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Abstract
The increasing threat of antibiotic resistance calls for the development of new treatment methods. Bacteriophages are
interesting candidates since they can lyse bacteria with great efficiency. Bacteriophages produce enzymes called endolysins
which break down the peptidoglycan in the cell wall at the end of the infection cycle. The endolysins are also of great
interest to use against bacteria since they can lyse cells from the outside, when the peptidoglycan is accessible.  When using
bacteriophages and endolysins as therapeutics there is a risk that the human immune system will react to them since they
are foreign particles. The lysate from the bacteria can cause the immune system to react with a massive release of cytokines.
The plasma half-life can also become short since the protein is cleared from the blood stream. With protein engineering it
is possible to combine functional domains from different proteins to construct new chimeric proteins, these domains can
also be optimized for new functions through modification. 

In project 1 a chimeric protein was created that contained a cell wall binding domain from an endolysin and a domain
from another protein that binds to IgG. Assays were made to see if the chimeric protein could attach non-specific IgG to
bacteria and if this could induce binding of phagocytes to the bacteria. Induction of phagocytosis can potentially help clear
the infection with lower risk of cytokine release, because the bacterial lysate will not be released.

In project 2 the endolysin SAL-1 and the enzyme dispersin B were fused respectively with the spider silk protein
4RepCT to create antibacterial coatings. The ability of SAL-1-4RepCT to break down bacteria in the liquid surrounding
the surface was measured. The dispersin B-4RepCt was examined for its ability to prevent biofilm formation.

Project 3 characterized the bacteriophage SU57. Both host interaction parameters and the genome were examined. One
challenge that phage treatment faces is that bacteriophages can only be added in low concentrations and must thus multiply
in situ. This requires that the bacteriophage has a large burst size while having a high adsorption rate and short latency
period. To assess promising bacteriophages it is important to be able to decipher their genome.

The goal of project 4 was to find the tertiary structure and active site of the endolysin SU57e. Bioinformatics were used
to predict properties of the protein, the tertiary structure and the active site. Attempts were made to produce and purify the
protein in order to enable crystallization for X-ray crystallography.

Overall the projects in this thesis aim to increases the knowledge of the use of bacteriophages and phage derived proteins
as antibacterials.
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Abstract 

 

The increasing threat of antibiotic resistance calls for the development of 

new treatment methods. Bacteriophages are interesting candidates since 

they can lyse bacteria with great efficiency. Bacteriophages produce 

enzymes called endolysins which break down the peptidoglycan in the 

cell wall at the end of the infection cycle. The endolysins are also of great 

interest to use against bacteria since they can lyse cells from the outside, 

when the peptidoglycan is accessible.   

When using bacteriophages and endolysins as therapeutics there is a risk 

that the human immune system will react to them since they are foreign 

particles. The lysate from the bacteria can cause the immune system to 

react with a massive release of cytokines. The plasma half-life can also 

become short since the protein is cleared from the blood stream.  

With protein engineering it is possible to combine functional domains 

from different proteins to construct new chimeric proteins, these 

domains can also be optimized for new functions through modification.   

In project 1 a chimeric protein was created that contained a cell wall 

binding domain from an endolysin and a domain from another protein 

that binds to IgG. Assays were made to see if the chimeric protein could 

attach non-specific IgG to bacteria and if this could induce binding of 

phagocytes to the bacteria. Induction of phagocytosis can potentially 

help clear the infection with lower risk of cytokine release, because the 

bacterial lysate will not be released.  

In project 2 the endolysin SAL-1 and the enzyme dispersin B were fused 

respectively with the spider silk protein 4RepCT to create antibacterial 

coatings. The ability of SAL-1-4RepCT to break down bacteria in the 

liquid surrounding the surface was measured. The dispersin B-4RepCt 

was examined for its ability to prevent biofilm formation. 

Project 3 characterized the bacteriophage SU57. Both host interaction 

parameters and the genome were examined. One challenge that phage 

treatment faces is that bacteriophages can only be added in low 

concentrations and must thus multiply in situ. This requires that the 

bacteriophage has a large burst size while having a high adsorption rate 
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and short latency period. To assess promising bacteriophages it is 

important to be able to decipher their genome.  

The goal of project 4 was to find the tertiary structure and active site of 

the endolysin SU57e. Bioinformatics were used to predict properties of 

the protein, the tertiary structure and the active site. Attempts were 

made to produce and purify the protein in order to enable crystallization 

for X-ray crystallography.  

 

Overall the projects in this thesis aim to increases the knowledge of the 

use of bacteriophages and phage derived proteins as antibacterials.     
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Abbreviations  
 

aa Amino acid 

Ala Alanine 

Arg Arginine 

Asn Aspargine 

Asp Aspartic acid 

CBD Cell wall Binding Domain 

Cys Cysteine 

EAD Enzymatically Active Domain 

E. coli Escherichia Coli 

ECOR57 Escherichia Coli Reference collection Strain 
number 57 

eDNA Extracellular DNA 

Fab Fragment Antigen Binging on IgG 

Fc Fragment crystallisable region (of IgG) 

FcγR Fc-gamma Receptor 

FcRn Neonatal Fc-receptor 

Fig Figure 

Glu,  Glutamic Acid 

Gly Glycine 

IgG Immunoglobulin G 

Ile Isoleucine  

ISTAb Infection Site Targeted Anti-toxin antibody 

ISTUA Infection Site Targeted Universal Antigen 

kDa Kilo Dalton 

Leu Leucine 

Lys Lysine 

MRSA Methicillin Resistant Staphylococcus Aureus 

P. aeruginosa Pseudomonas aeruginosa 

phage Bacteriophage 

SAR  Signal Anchor Release 

S. aureus Staphylococcus aureus 

Ser Serine 

Src Sarcoma  

SU57 The phage vB_EcoD_SU57 

SUMO Small ubiquitin-related modifier 

Thr Threonine 

TSST-1 Toxic Shock Syndrome Toxin 

Tyr Tyrosine 
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Populärvetenskaplig sammanfattning på svenska 

 
Det finns många olika typer av bakterier, vissa är ofarliga eller till och 

med gynnsamma för människor. Det finns dock många bakterier som är 

skadliga för människor där ibland Staphylococcus aureus. När bakterier 

gör människor sjuka behandlas detta vanligtvis med antibiotika. Det 

finns olika typer av antibiotika men det som de flesta har gemensamt är 

att de är små (30-60 atomer) kemiska preparat som interagerar med 

något protein i bakterien. Alla antibiotika fungerar inte på alla bakterier, 

dessutom har många bakterier blivit resistenta eller immuna mot en eller 

flera antibiotika. Resistensen beror oftast på att bakterien har fått 

förmåga att förstöra antibiotikan eller att proteinet den ska interagera 

med har ändrats.  

I takt med att allt fler bakteriestammar bli resistenta mot allt fler typer av 

antibiotika och sprider sig över allt större delar av världen blir detta ett 

allt mer vanligt förekommande problem för människor. Ungefär 700 000 

människor dör varje år till följd av infektioner orsakade av 

antibiotikaresistenta bakterier. Detta antal befaras öka till 10 miljoner per 

år ifall ingenting görs för att förhindra det.  

Anledningen till att det ökar är för att allt fler olika typer av bakterier 

blir resistenta mot fler typer av antibiotika och bakterierna sprider sig 

över allt fler områden. Utöver de döda tillkommer även ytterligare 

miljoner sjuka. När risken för svårbehandlade infektioner ökar försvårar 

det för andra delar av sjukvården, till exempel kirurgi där det finns risk 

för sårinfektion och cancerbehandling som ofta sänker patientens 

naturliga immunförsvar.  

 

Kan något då göras för att förhindra detta? Det finns många saker som 

kan göras. Till exempel kan mängden antibiotika som bakterier kommer 

i kontakt med minskas, ifall bakterierna inte kommer i kontakt med 

antibiotika minskar nämligen förekomsten av resistens.  

Det går även att hindra spridningen av resistens och att minska risken att 

människor drabbas av infektioner genom förbättrade hygienrutiner. Det 

som den här avhandlingen kommer att fokusera på är utvecklingen av 

helt nya behandlingsmetoder. Detta för oss in på bakteriofager.  
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Bakteriofager är en typ av virus som angriper bakterier. De kan inte 

föröka sig själva utan måste parasitera på bakterier. Det finns flera 

miljarder olika bakteriofager och de är alla väldigt specifika i vilka 

bakterier de kan infektera. Till följd av den enormt komplexa skillnaden 

mellan bakterier och människor kan bakteriofager inte infektera 

människor. En bakteriofag kan lättast beskrivas som en kapsel som 

innehåller arvsmassa (DNA/RNA). Kapseln kan känna igen bakterier 

och fastna vid dem. Därefter injiceras bakteriofagens arvsmassa in i 

bakterien. Då bakteriofagens arvsmassa är uppbyggd på samma sätt som 

bakteriens så börjar bakterien att läsa av den och sedan skapar den nya 

kopior av bakteriofagen, den exakta processen är väldigt komplicerad 

och varierar mellan olika fager. I slutet av bakteriofagens infektion av 

bakterien har flera kopior av bakteriofagen skapats och de måste komma 

ut ur bakterien. Se figur 2 för infektionscykeln.  

 

Bakterier har en hård cellvägg som till stor del består av peptidoglykan. 

Många sorters bakteriofager använder sig av ett enzym som heter 

endolysin för att bryta ner peptidoglykanet. Endolysinet bryter ner 

cellväggen och de nya kopiorna av bakteriofagerna kan åka vidare och 

leta efter nya bakterier.  

Det är just endolysin som kommer ha en särskilt stor roll i denna 

avhandling. Endolysiner är enzymer, det vill säga proteiner vars främsta 

syfte är att bryta ner olika ämnen. De har två väldigt viktiga egenskaper, 

de kan fästa till bakteriens cellvägg och de kan bryta ner den. Det finns 

många olika bakteriofager och sålunda många olika endolysiner som till 

exempel kan bryta ner cellväggen på olika sätt. Dessa två förmågor kan 

kombineras med förmågor och egenskaper från andra proteiner, vilket vi 

gör i det första projektet.    

 

I projekt 1 använder vi endolysinets förmåga att fästa till bakteriens 

cellvägg i kombination med ett annat proteins förmåga att fästa till delar 

av det mänskliga immunsystemet. Vi skapar sålunda ett helt nytt protein 

som kan fästa till båda bakterier och till delar från immunsystemet 

samtidigt. Detta hjälper immunsystemet att hitta bakterier som det 

annars skulle ha svårt att känna igen ifall det inte träffat på bakterierna 

förut.  
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I Projekt 2 skapar vi en antibakteriell yta. Det är vanligt att bakterier kan 

skapa något som kallas för biofilm. Det innebär att bakterierna bygger ett 

skyddande lager som de kan gömma sig under. När bakterier har skapat 

ett sådant skydd är de väldigt svåra att få bort. I projektet skapar vi två 

olika typer av ytor, en som dödar bakterier som kommer nära och en 

som hindrar biofilm från att formas på ytan.    

 

Projekt 3 handlar om bakteriofagen SU57. Vi karaktäriserar den för att se 

hur den interagerar med sin värd ECOR57. Eftersom att bakteriofager 

dödar bakterier är det av intresse att utveckla behandlingsmetoder som 

använder bakteriofager. Ifall bakteriofager ska användas som 

behandlingsmetod är det väldigt viktigt att veta mycket om dem. Våra 

undersökningar visar att SU57 besitter vissa karaktärsdrag som är 

viktiga för att en bakteriofag ska kunna användas för att bekämpa 

infektioner. 

I dess DNA kunde vi se att den är väldig likt andra kända bakteriofager. 

Vi kunde även hitta några gener med okänd funktion. Dessa undersöks 

vidare i andra projekt. Gener med okända funktioner kan visa sig vara 

viktiga eller farliga.  

 

Projekt 4 handlar om endolysinet SU57e ifrån bakteriofagen SU57. 

Huvudsyftet är att ta reda på hur endolysinets tredimensionella struktur 

ser ut och vilka aminosyror som är viktiga för den katalytiska 

funktionen. Denna kunskap kan sedan användas för att förbättra 

endolysinet eller skapa nya proteiner med liknande förmåga.  

 

Sammanfattningsvis har projekten i denna avhandling undersökt 

proteiner för potentiella nya behandlingsmetoder. Projekten har även 

givit mer kunskap om bakteriofager och endolysiner. 
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This thesis ‘Engineering of Antibacterial Phage-Derived Proteins’ 

contains an introduction that goes through background that is important 

for the projects. Then each project and its results is presented. The 

concluding discussion connects the projects’ results with their respective 

fields and looks at a future perspective.    
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This thesis ‘Engineering of Antibacterial Phage-Derived Proteins’ is 
based upon the following projects:  

 
Project 1:  
 
Fredrik Seijsing, Therese de Neergaard, Pontus Nordenfelt, Johan 
Seijsing, Anders S Nilsson. 
“Improved bacteria-phagocyte interaction by means of a fusion protein 
binding Staphylococcus peptidoglycan and Immunoglobulin G” 
Manuscript  

 

Project 2:  
 
Fredrik Seijsing, Linnea Nilebäck, Oskar Öhman, Rajeev Pasupuleti, 
Camilla Ståhl, Johan Seijsing, My Hedhammar  
“Recombinant spider silk coatings functionalized with enzymes 
targeting bacteria and biofilms” 
Published in Microbiology Open 

 

Project 3:  
 
Shazeeda Koonjan, Fredrik Seijsing, Callum J. Cooper, Anders S. 
Nilsson 
“Infection Kinetics and Phylogenetic Analysis of vB_EcoD_SU57, a 
Virulent T1-Like Drexlerviridae Coliphage”  
Published in Frontiers in Microbiology 

 

Project 4:   
 
Fredrik Seijsing, Johan Seijsing, Anders Nilsson 
“Structure prediction of endolysin SU57e” 
Manuscript 
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Introduction  
 
This thesis is mainly about new protein based treatment methods against 
bacterial infection, the main focus being on phage based proteins often 
improved by protein engineering. The projects in it will focus mostly on 
creating and in vitro testing them but also looking at some obstacles they 
may encounter in vivo. Two projects create novel chimeric proteins and 
two projects are basic research about phage characterization and 
endolysin studies.    

The introduction will first present infection and how the human immune 
system can react to them. It has an emphasis on Staphylococcus aureus and 
Immunoglobulin G as they are important for the thesis. Protein A and G 
that are important for project 1 are given their own paragraph, as is 
biofilm which is import for project 2.  
The introduction will then go into the problem with antibiotic resistance. 
Followed by an explanation of phages and endolysins, which can kill 
antibiotic resistant bacteria. Endolysin can be changed with protein 
engineering and endolysin domains can be used in chimeric proteins 
with antibacterial properties. Then follows the concepts of antibacterial 
linker proteins and coatings, which are important for the main projects 
of the thesis. 
 
 
Infection 
 
Infections are the third most common cause of death globally, 17 million 
people die each year from bacterial infections and this number is 
increasing. The increase in deaths is mainly due to the increase of 
antibiotic resistance [1]. 
 

Staphylococcus aureus is a common bacterium that has shown an increase 
in antibiotic resistance. It is opportunistic and can cause severe illness 
and sepsis, infection from it can be lethal [2]. It can be found on human 
skin and in the nose where it can live without causing harm as a part of 
the microbiota.  
S. aureus is a Gram-positive, round shaped, coccus present in the 
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microbiota in about 30% of the population. It can form biofilm, is non-

motile and does not form spores [3]. It can cause infections in many 

different tissues, the most common one being skin infection but it is also 

well known for causing biofilm-based infections on surgical implants [4], 

such as infections in cardiac implants, vascular grafts and catheters.  

S. aureus is the most common cause of infection in orthopaedic implants 

[4, 5]. Van Hal et al estimate that S. aureus affects 20-50 persons per 

100,000 people yearly in the nations of the western world. Of these 

patients 10-30% will die [6]. Various strains of S. aureus can produce 

potent exotoxins for example TSST-1 that is responsible for toxic shock 

syndrome and exfoliative toxins that causes staphylococcal scalded skin 

syndrome [7]. S. aureus does not only harm humans but also causes 

mastitis in cattle [8].  

There are numerous other bacteria that can cause harm in various ways, 

and require different methods for treatment and prevention. The projects 

in this thesis have used just a few bacterial strains but the methods used 

can be applied to other bacteria. 
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Immune system  

 

The human body has many ways to protect itself from pathogens, such 

as S. aureus. This introduction will be limited to the parts that are 

relevant for this thesis.  

Antibodies are an important part of the immune system. The most 

important for this thesis is the antibody Immunoglobulin G (IgG), there 

are four classes of IgG, this thesis will generalise IgG1 as IgG. 

IgG consists of two heavy chains and two light chains, with a total mass 

of about 150 kDa (Fig. 1).  

 

Figure 1 
The schematic structure of human 
Immunoglobulin G (IgG). The IgG 
consist of two heavy chains and two 
light chains. The domains of the heavy 
chain are marked with H and the 
domains on the light chain are marked 
with L. Some domains are constant (C) 
and others are variable (V). It is the 
variable regions that bind to antigens. 
The VL, VH, CL and CH1 makes up 
the Fab-domain, thus each IgG has two 
Fab-domains. The CH2 and CH3 from 
both heavy chains together constitute 
the Fc-domain and IgG has 
consequently only one fc-domain. 
 

The base of the heavy chains constitutes the Fc-domain and the other 

end, together with the light chains, the Fab-domain, which contains the 

antigen binding site [9]. The antigen binding site binds to specific targets, 

for example a part of a specific protein of a pathogen. Cells from the 

immune system such as macrophages have Fc-gamma receptors (FcγR) 

which can bind to the Fc-domain [10]. This usually ends with 

phagocytosis where the immune cell engulfs and destroys the target that 

the IgG has bound to.  

Various FcγR binds to different parts of the IgG but usually the binding 

site is around the lower hinge region. Roberts et al describes several 

variants; Human FcγRI binds to Gly316-Lys338, Human FcγRIII binds to 

Tyr407–Arg416 and Lys274–Arg301, murine FcγRRII binds Asn297 and 
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Glu318, human FcγRRIIIA binds residues Leu234–Ser239, Asp265–

Glu269, Asn297–Thr299, and Ala327–Ile332 [11].  

 

The human neonatal Fc receptor (FcRn) is expressed mostly in myeloid 

cells and other hematopoietic cells. From the perspective of this thesis its 

most important function is to elongate the half-life of IgG [12–14].  

One function of these cells is to take up proteins from the blood through 

pinocytosis and destroy them within the lysosome. But the FcRn can 

bind to IgG and albumin and protect them from destruction and return 

them to the blood stream, and hence extend the half-life of the IgG [15].  

 

Protein A and Protein G 

 

Two proteins which are important for this thesis are protein A and 

protein G, due to their capacity to bind to IgG. Protein A is a surface 

protein of S. aureus, it has five three-helix bundle domains which binds 

antibodies, all domains have a highly hydrophobic core, and the size of 

the binding domains of are around 60 amino acids [16–18]. Protein A can 

bind to the IgG of the human immune system. This is believed to serve 

two purposes; first, it inactivates the IgG by binding it in such a way that 

the Fc-gamma receptors of certain immune cells are unable to bind the 

IgG (see below). Second, when the surface of the S. aureus is covered 

with proteins from the host it is harder for the immune system to 

recognize it as a foreign object [19–22]. 

Protein G is similar in its function to protein A though it shares no 

structure or sequence similarity [23]. Protein G is of Streptococcal origin 

and binds to a wider range of IgG compared to protein A [23]. It has 

three IgG binding domains, C1, C2 and C3 which are 55 amino acids 

each and highly similar to each other. The C2 domain is a beta sheet 

consisting of four antiparallel beta strands. The C2 binds the IgG in two 

different places, both in the CH1 domain and between the CH2 and CH3 

domain [23]. 
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Biofilm  

 

Some bacteria can make biofilm, this makes infections harder to treat. 

Biofilm consists of an extracellular matrix and the bacteria live, multiply 

and persevere within it. The matrix consists mainly of eDNA, proteins 

and polysaccharides [24]. The biofilm of S. aureus contains the 

polysaccharide 1,6-N-acetyl-D-glucosamine [25]. Common traits for 

various types of biofilm is that they contain channels that nutrition can 

flow through, progeny cells leave the biofilm, and in the depths of the 

film there are dormant cells which can awaken and regrow the biofilm if 

it is damaged [26, 27]. For some species the biofilm state is reversible and 

the cells can revert to being planktonic if the surroundings changes [26]. 

When cells are released from the biofilm they utilize enzymes to cut its 

own matrix, one such enzyme is dispersin B that cuts poly-β-1,6-N-

acetyl-d-glucosamine, targeting the terminal monosaccharide residues in 

the polymers non-reducing end [28]. 

 

Biofilm can form on many different surfaces, both organic and non-

organic [26, 29]. Currently there is no effective treatment against biofilm 

infections on surgical implants and infected implants often have to be 

removed [4]. Since the colony is protected from outer threats by this 

extracellular matrix, and the biofilm can regrow if just a few cells 

survive, it is hard to eliminate an infection completely. In addition, the 

dormant cells are metabolically inactive and therefore hard to target with 

antibiotics. 

  

Antibiotic resistance crisis 
 

The most common way to treat bacterial infections is by using 

antibiotics. Unfortunately bacteria can become resistant to antibiotics.   

There are numerous kinds of antibiotics such as penicillin, 

cephalosporin, tetracycline, aminoglycoside and chloramphenicol [29]. 

Different antibiotics works in different ways and target a wide array of 

different functions in bacteria. Beta-lactams, e.g. penicillins are named 

after the beta-lactam ring in their structure, and they disrupt the cell wall 

synthesis [30, 31]. This is done by blocking the enzyme DD-

transpeptidase that connects the peptides in the peptidoglycan [32, 33]. 



15 
 

Beta-lactamase is an enzyme that breaks down the antibiotic by targeting 

the beta-lactam ring [34], this type of resistance can be found in MRSA. 

The problem with antibiotic resistant bacteria is lethal and is 

continuously getting worse. It is estimated that about 700,000 people die 

every year due to infections by antibiotic resistant microorganisms. It is 

foreseen that this number can increase to 10 million per year globally by 

2050 [35]. Increased number of antibiotic resistant bacterial strains do not 

only threaten to increase the number of deaths, it can also cancel surgical 

procedures and immunosuppressing treatments.  

 

The number of new antibiotics to be released to the market have declined 

to critically low levels. There are several reasons for that, the 

development time and cost have increased due to new rules and 

regulations. There have also been mergers of companies which are 

believed to have had an negative effect on research and development 

[30]. Since most antibiotics come from natural sources, such as the 

bacterial order Actinomycetales including the many antibiotics found in 

Streptomyces, and have been discovered rather than invented, it is natural 

that it will be harder to develop new antibiotics [30, 36].  

Antibiotics put an evolutionary pressure on bacteria eventually resulting 

in the emergence of new antibiotic resistant strains, this often occurs 

through horizontal gene transfer of resistance genes. Humanity has been 

careless in the use of antibiotics, this has furthered the rate of 

development and spread of antibiotic resistance [37]. 

There are however numerous things that can be done to lower the threat 

of antibiotic resistance. The misuse and overuse of antibiotics can be 

decreased and thus lower the rate of development of new resistance. The 

risk of acquiring infection can be decreased through hygienic measures 

and would lead to less people falling ill. It is also possible to develop 

new treatment methods, both by modifying the structure and usage of 

old antibiotics. Or, as this thesis focuses on, develop new types of 

antibacterials.  
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Bacteriophages 
 

Bacteriophages (phages) are viruses that target bacteria but not 

mammalian cells, this often leads to the death of the bacteria. Most 

phages consist of a capsid, whose shape and size vary between species, 

containing a single- or double-stranded DNA or RNA genome [38]. The 

exact detail of the infection cycle varies between phages. The two main 

approaches are lysogenic cycles and lytic cycles [39]. A temperate phage 

can use the ability to reside inside the host cell, where it often is inserted 

in the host’s genome, thus forming a prophage. In the majority of 

infections however, the temperate phages replicate and lyse the host cell 

shortly after infection. A prophage can stay dormant in the host cell for a 

long time, but can be induced to move into the lytic cycle. Induction can 

be initiated by various stress caused to the bacteria by for example 

starvation, UV-light or exposure to toxins. Virulent phages however, 

always begin their lytic phase immediately, ending with the lysis of the 

host cell (Fig. 2). The phage needs the host in order to multiply since it 

has no cellular machinery of its own. The methods by which the phages 

recognize their host and insert their genomes vary, but a phage generally 

has the ability to infect only a few strains [38, 39]. 

 

Phages’ ability to kill bacteria have made them an interesting alternative 

for treating infections. Historically, phages have been used to treat 

various types of infections including dysentery, typhoid fever, skin 

infection, surgical wound infections, urinary tract infections, 

septicaemia, peritonitis and external otitis [40]. However, the phage 

studies from the 20th century failed in delivering convincing evidence of 

efficacy, and with the introduction of antibiotics in the 1940s, phage 

therapy disappeared, at least from Western nations [41].  

Due to the antibiotic crisis, the interest for phage therapy has been 

revived. One of the projects in this field is the phagoburn project that has 

undergone phase I and II trials [42]. The phagoburn treatment cocktail 

with 12 natural virulent phages was tested against burn wounds infected 

with Pseudomonas aeruginosa, it was shown that the bacterial burden was 

lowered in some of the patients but they were not entirely cured [42].  
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Intravenous phage treatment, in combination with antibiotics, has also 

been effective against internal infections by Acinetobacter baumannii in a 

human patient [43]. Wright et al performed a phase I/II trial using 

phages to treat chronic otitis caused by antibiotic resistant Pseudomonas 

aeruginosa. The trial showed differing results, some patients were 

completely cleared from the infection while in other patients the 

treatment had no effect, but no treatment related side effects or toxicity 

were detected [44].   

 

Although phage therapy can be a possible treatment method against 

antibiotic resistant bacteria it faces many difficulties regarding rules and 

regulations. For example, one problem is that each individual phage 

would have to undergo clinical trials, which would make it very 

expensive to produce libraries from where to pick phages based upon 

the individual need of each patient.  

There are also problems regarding the pharmacokinetics and 

pharmacodynamics. Phages are large and heavy with a high molecular 

weight compared to regular antibiotic molecules, it is therefore hard to 

apply them at a dose that will result in a high concentration in the 

patient. Since infections often contain several bacterial strains it would be 

necessary to add a cocktail of phages. Furthermore, bacteria can develop 

resistance to phages and therefore it would be advantageous to use 

cocktails including phages that target different surface receptors, even if 

the infection is only from one strain. The use of cocktails can result in 

antagonistic effects between the phages in the cocktail. If the phages are 

chosen to have partially overlapping specificity, one phage can be 

outcompeted for hosts by more efficient phages, this could mean that it 

will not retain high enough concentration to be effective against the 

strain that it alone can target [45].     

Phages also have a relatively short half-life [45] and can have problems 

reaching bacterial cells that are hidden deep down in the tissue.  

There are also numerous genes with unknown functions in all phages 

[46]. These genes could be of importance to understand the interaction 

between phage and bacterium. Finding their function can be important 

for the possibility to develop pharmaceutical products.  

To experimentally gather phages from the environment can give access 

to many phages that are effective against known bacterial strains. But, 
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without a deeper understanding of the mechanisms which control the 

phage-host interaction it will not be possible to optimize these phages for 

therapeutic use. 

 

Figure 2 

The Infection cycle of lytic bacteriophages. The phage finds a host cell, attaches to it and 

inserts it genome. The genome is transcribed and translated, as well as replicated. The new 

phages are assembled and holins, endolysins and spanins are formed. The holins makes pores 

in the plasma membrane, the endolysin breaks down the peptidoglycan and the spanins make 

holes in the outer layer. The cells lyse and the phage progeny can escape to look for new 

bacteria and start the circle anew.   
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Endolysins  
 

At the end of the infection cycle, the phage utilizes certain proteins to 

break through the cell wall and release the phage progeny. The cell wall 

of Gram-positive bacteria consist of an inner plasma membrane of bi-

layered lipids and a thick layer of peptidoglycan [47]. Gram-negative 

bacteria have an extra outer layer and their peptidoglycan layer is not as 

thick. The peptidoglycan consists of chains of N-acetylglucosamine and 

N-acetylmuramic acid which are connected by oligopeptides, forming a 

mesh like structure [47] (Fig. 3). The endolysin is a protein that breaks 

down the peptidoglycan layer in the cell wall. It is also common for 

phages to encode a type of protein called holin that make pores in the 

plasma membrane allowing the endolysins to reach the peptidoglycan 

[48].  

 

 

Figure 3 

Peptidoglycan structure. The 

peptidoglycan consists of chains made out 

of N-acetylglucosamine and N-

acetylmuramic acid. These chains are 

connected by oligopeptides consisting of a 

few amino acids. The cell wall contains 

many layers of peptidoglycan.  

 

Endolysins are target specific and usually lyse a specific specie or set of 

species [49]. In Gram-positive bacteria, the peptidoglycan is accessible 

from the outside [50], but Gram-negative have an outer layer that 

https://en.wikipedia.org/wiki/N-Acetylglucosamine
https://en.wikipedia.org/wiki/N-Acetylmuramic_acid
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prevents the endolysin from reaching the peptidoglycan from the 

outside [51]. There are numerous endolysins which target different 

bonds in the peptidoglycan, and some endolysins can cleave more than 

one bond. In general, glycosidases target the sugar chains and amidases 

and peptidases target the peptide sidechains [50]. Glucoamidases break 

the beta(1,4) glycosidic bond between N-acetyl glucosamine and N-

acetyl muramic acid. Muramidases, lysozymes and transglycosylases 

target the beta(1,4) glycosidic bond between N-acetyl muramic acid and 

N-acetyl glucosamine. Amidases cut the amid bond between the lactic 

acid group of N-acetyl muramic acid and the stem peptide. 

Endopeptidases sever the peptide bonds between amino acids and the 

stem peptide of the inter-peptide bridge [52, 53].  

 

Endolysins are of interest when it comes to finding new treatments 

against antibiotic resistant bacteria, and numerous research groups are 

working with this [49, 54–57]. Bacteria do not seem to easily develop 

resistance against endolysins [49]. Several groups have made 

experiments to try this and it appears that it is much harder for bacteria 

to develop resistance against endolysins than antibiotics [[58–60] and 

references therein]. 

Many endolysins from phages that target Gram-positive bacteria have 

two distinct domains; one cell wall binding domain (CBD), usually 

found in the C-terminal, that binds to the cell wall, and one 

enzymatically active domain (EAD), usually found in the N-terminal, 

that performs the enzymatic activity [61]. These two domains can often 

function separately from each other and maintain their function even if 

separated from each other [49]. 

Using endolysins against infections may lead to an unwanted reaction 

from the immune system, since the endolysin is a foreign protein. 

Several animal studies have been carried out, where endolysin treatment 

appears not to induce unwanted reactions from the immune system [59, 

62–66]. To what extent it will be a problem when applied in humans 

remains to be seen. Jun Sy et al presented a clinical trial phase I of the 

endolysin SAL-200, showing only low levels of adverse effects in the 

treated arm of the patients [67].  
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The immune system can react to foreign particles with release of 

cytokines such as interleukin-6 (IL-6) [68]. IL-6 is an interleukin that acts 

as a cytokine, macrophages secrets IL-6 when they detect molecular 

patterns with their pattern recognition receptors [69]. Release of IL-6 can 

lead to severe complications for the patient, as it induces serum amolyid 

A that can induce chronic inflammation, deterioration of organs [70] and 

other adverse effects as reviewed by Tisoncik et al [71]. 

Harhala et al [72] and Witzenrath et al [73] have shown that the presence 

of endolysins in a test animal does not increase the levels of IL-6. But 

when the animal is infected, and endolysins are added, the IL-6 levels 

goes up [74]. This likely depends on the body’s reaction to the bacterial 

lysate [72, 74]. Lysate contains debris such as proteins, DNA and cell 

wall components like lipopolysaccharides, which can cause the immune 

system to induce a systemic inflammation response. In many cases 

antibiotics lysing cells have had negative overall impact on the host since 

the immune system reacts to the cell debris [75].  

The release of cytokines such as IL-6 and the activation of macrophages 

and leukocytes are common part of this problem and may result in septic 

shock, sepsis and multiple organ failure. In the case of antibiotics it has 

been shown that the amount of lipopolysaccharide released from 

treatment depends on amount and type of antibiotics used [75].  

 

Several endolysins have gone into clinical trial phase I and II, the 

endolysin SAL200 has shown promising results [67]. The endolysin CF-

301 (also called PlySs2) from a Streptococcus suis prophage is currently 

undergoing clinical trials. One candidate that has shown good trial 

results in rats [66] and dogs [76] is the chimeric enzybiotic P128 made to 

target S. aureus. Staphefekt SA-100 is a commercially available 

recombinant endolysin that targets S. aureus. It has proved efficient for 

treating skin condition caused by S. aureus [77]. Since it is classified as a 

medical device it has not passed through clinical trial. In addition, the 

endolysin Cpl-1 by Loeffler et al reduced infection by three orders of 

magnitude [78]. Cpl-1 showed effect even when antibodies against it 

were added [72, 79]. The Artilysin project has identified several peptides 

which help the endolysin to penetrate the outer layer of Gram-negative 

cells. This has been successful with several endolysins and against 

several Gram-negative species [80].  
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Linker proteins 

 

In this thesis, linker protein will refer to chimeric proteins with two 

binding domains whose purpose is to link bacteria to parts of the 

immune system. These proteins can be a new alternative for treatment of 

antibiotic resistant bacteria.  

The lysibody, invented by Vincent Fischetti’s lab, is a fusion between a 

cell wall binding domain from either an autolysin or an endolysin, and 

an Fc-domain from an IgG [81]. The cell wall binding domain attaches to 

the cell wall and the Fc-domain enables FcγR to bind to it. Fischetti’s 

group made several variants, one that used a staphylococcal autolysin 

and two different variants using the ClyS and PlySs which come from 

endolysins specific against S. aureus. The Fc-domain consists of two 

chains and their constructs thus consisted of two cell wall binding 

domains as well. For the Fc-domain to function it is required that the 

chimeric protein was produced in mammalian cells since glycosylation is 

necessary for the function. Fluorescent microscopy was used to prove 

that the linker protein bound to cell surfaces of several different strains 

and flow cytometry assays were used to prove that it increased the 

phagocytosis of S. aureus by macrophages and neutrophils. Mice models 

were used and the lysibody could lower the death rates of mice in both 

kidney abscess and bacteremia models. 

Another linker, PLL-g-PEG-Van-Fc, was presented by Katzenmeyer et al 

[82, 83]. Katzenmeyer’s linker has a mass of 120 kDa and is a fusion of an 

Fc-domain and thiolated vancomycin. The linker has a poly(L-lysine)-

graft-poly(ethylene glycol) backbone that is a synthetic polymer. The 

bacteria is bound with vancomycin and the human IgG Fc-domain binds 

to FcγR. The vancomycin targets the d-Ala-d-Ala-terminated peptides in 

the cell wall of the bacteria [83]. Alanine most commonly occurs in l-form 

but in the peptidoglycan of some bacteria it occurs in d-form [81]. The 

linker was shown to contribute to increased phagocytosis and increased 

production of Interleukin 8 and reactive oxygen species (ROS) in the 

neutrophils [83].  

 

Vida et al [85] invented a chimeric protein using the human IgG Fc-

domain and the pattern recognition receptor CD14. CD14 is a 356 amino 
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acid glycoprotein capable of recognizing lipopolysaccharide. The protein 

was produced in HEK293 cells and flow cytometry was used to prove 

that it binds to Gram-negative cells. Experiments with Salmonella 

typhimurium showed increased phagocytosis when the bacteria was 

treated with linker and exposed to either neutrophils, monocytes or 

dendritic cells. No increase of uptake was seen on the Gram-positive 

strains which were tested.    

 

Aman et al have filed two interesting patents [86]. The first, Infection Site 

Targeted Anti-toxin antibody (ISTAb), is a chimeric protein consisting of 

a monoclonal antibody connected to two cell wall binding domains. The 

idea is that the CBD will bind to the bacteria and that the toxins released 

by the bacteria will be bound to the Fab-domains of the antibody. This 

will in theory reduce the damage of the exotoxins and attract the 

immune system. The second, Infection Site Targeted Universal Antigen 

(ISTUA), the ISTUA consists of a cell wall binding domain linked to an 

antigen. The given example is a detoxified Staphylococcal enterotoxin B 

that most people have developed antibodies against. Those antibodies 

will attach to the linked antigen and immune cells will attach to the Fc-

domain of the IgG. This will help the immune system to find and 

phagocytize the bacteria. 

  

Fletcher et al [65] created a chimeric protein by fusing the 

lipopolysaccharide binding domain CAP18 to an IgG using the coupling 

agent N-succinimidyl-3-(2-pyridyldithio) propionate to fuse them 

together. CAP18 is a lipopolysaccharide binding protein that comes from 

rabbit granulocytes. The chimeric protein showed antibacterial effects 

and could decrease lethality in mice injected with lipopolysaccharides. 

No phagocytosis experiments were implemented [64], and although the 

original article came out in 1996, there is no follow up article reporting 

phagocytosis experiments. Jindong et al created a chimeric protein using 

the Fc-domain of human IgG and the human bactericidal/permeability-

increasing protein (BPI) [87]. BPI is a 60 kDa neutrophil granule-

associated defence molecule that works specifically against Gram-

negative bacteria. The protein showed the ability to kill bacteria and 

protect infected mice. The phagocyte binding assay showed that the 

linker protein can act as an artificial opsonin [87]. 
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Coatings  

 

Sites of surgical implants often become infected, and that can cause 

severe pain and suffering as well as death for the patient. Antibacterial 

coating of the implant surface can be a way to eliminate the onset of 

these infections.  

Gomes et al used polycationic polymers derived from chitin, alginates 

(alginic acid) and chitosan (poly-(D)glucosamine) to create antibacterial 

surfaces on bandages [88]. The treatment showed antibacterial effect in a 

plating-experiment and reduced bacterial growth in experiments where 

the bandages were soaked with a bacterial culture overnight [88]. Umair 

et al used N-halamines in a similar way with the aim of preventing cell 

adhesion to sutures [89]. Zhengbing Cao et al suggests that N-halamines 

causes death of bacteria by releasing Cl+ that penetrates the cell wall, 

binds to targets in the cell, and eventually inhibits cell metabolism [90]. 

Another substance that has shown good qualities for creating 

antibacterial surfaces is poly(ethylene glycol) [91, 92]. It can resist cell 

adhesion and protein attachment. Several different methods to attach 

PEG to surfaces have been developed. Swartjes et al formed a coating by 

attaching DNase-1 to poly(methylmethacrylate) using dopamine. This 

deteriorated eDNA and decreased the formation of biofilm on the 

surface [94] .  

The spider silk protein 4RepCT (named after its 4 repeats of glycine and 

alanine rich segments and the nonrepetitive globular C-terminal end 

domain) has shown promising qualities for becoming a base for 

antibacterial coating, since it is biocompatible and nontoxic [95–98]. 

Enzymes can be attached to 4RepCT using recombinant expression, 

attached by unspecific binding or sortase A fusing. Sortase A recognizes 

the amino acid sequence tag LPXTG, cleaves off the Glycine and joins the 

protein with an N-terminal Glycine from another protein with an N-

terminal alpha-glycine-n [99].  
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Present Study 

Project 1 

 

Project 1 aimed at creating a linker protein. Herein linker protein refers 

to a protein with two or more binding domains that links bacteria to the 

immune system. The linker protein created here consists of the Src 

homology domain 3b from the Staphylococcus phage K endolysin (LysK) 

and the IgG binding domain C2 from protein G. The SH3b will bind to 

the peptidoglycan in the cell wall of the bacteria and the C2 will bind to 

IgG. The immune cells will in turn bind to the IgG and thus come in 

contact with the bacteria.  

The project consisted of designing and constructing the protein, followed 

by tests of its binding capacity, both the binding to IgG and bacteria as 

well as the ability to link the immune cells to bacterial cells. 

The idea for project 1 came from a combination of phage studies and the 

possibility to improve their endolysins using protein engineering. 

It has long been known [49] that the endolysins of bacteriophages 

contain domains which can be used for creating functional chimeric 

proteins. In this project, a cell wall binding domain from an endolysin 

was utilized as a part of a linker protein. As mentioned above, other 

types of linkers already existed when the project started, as reported by 

Vida et al [85], Fletcher et al [65] and Katzenmeyr et al [82]. But linkers 

using endolysin domains had not been presented by any other group by 

then. There were originally plans for numerous different linker proteins 

but after the Lysin Meeting in New York 2016, where Fischetti presented 

the Lysibody, it was decided that the C2(N35W,D40T)-SH3b linker would be 

in focus. One argument for that was based on the work of Kanje et al [20] 

who showed that C2 could be a good choice for binding IgG. Kanje et al 

showed that the mutations N35W and D40T removes the binding 

between C2 and the Fc-domain while keeping the binding to the Fab-

domain, which in theory would enable FcγR to bind to the Fc-domain. 

These mutations where included in C2(N35W,D40T)-SH3b as suggested by 

the name.    

The protein engineering methods presented in the paper are rather 

standard and will not be described further. It must be said that extensive 

work was done during 2017 to increase the binding capacity of the C2 
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domain, but the attempts were unfortunately unfruitful. The main 

method of these attempts where to add a few extra amino acids to C2. 

Based upon studies of the protein structure of the binding site, this could 

potentially increase binding. The plan was to create a library of C2-

variants and use the phage-display method to find the best binding 

candidate.  

Several methods of phagocyte assay were applied in an attempt to assess 

the difference between phagocytised and bound bacteria, but none of 

them were successful. The quantitative phagocyte interaction assay 

performed with Staphylococcus carnosus was successful, and showed a 

significant increase in binding between bacteria and phagocytes, when 

both IgG and the C2(N35W,D40T)-SH3b were present compared to when 

C2(N35W,D40T)-SH3b was replaced with buffer. The increase was not 

significant for the experiments done at Multiplicity Of Prey=5, the t-test 

have p>0.05.   

The quantitative phagocyte interaction assay done on S. aureus showed 

however no significant increase of binding. The exact reason for that is 

unknown, but it is assumed to be because of the protein A expressed by 

S. aureus. Since protein A is known to bind to IgG in such a way that 

FcγR cannot bind to the IgG. The binding of IgG to protein A could have 

meant that not enough IgG remained to bind to C2(N35W,D40T)-SH3b. The 

problem could also be that the IgG binds to both C2(N35W,D40T)-SH3b and 

protein A simultaneously, which would prevent binding to the immune 

cells. Other groups, who have worked on S. aureus, have either used 

strains not expressing protein A or saturated the bacteria with IgG. 

But despite the setbacks, the project managed to prove something 

important, namely that it is possible to create a linker protein that 

simultaneously have the two following attributes; it works with 

unspecific IgG and it can be produced in E. coli. This is important as it 

expands the linker protein toolbox and also shows that C2(N35W,D40T) is a 

domain that can be used in linker proteins.  

From my experience of working with protein production in the medical 

industry it is much easier to produce proteins in E. coli as compared to 

production in mammalian cells, mainly due to production being quicker, 

with E. coli methods taking less than half the time. The production 

capacity of industrial manufacturing can of course change, and the most 

important ability of a linker protein will be the outcome when 
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administered to patients.  

Most linker proteins made by other research groups have been designed 

to bind to the bacteria and directly to the phagocytes, whereas 

C2(N35W,D40T)-SH3b binds to the bacteria and IgG that in turn interacts 

with phagocytes. The need to add antibodies, to patients with a low level 

of antibodies, is a small drawback. But to add IgG together with the 

linker should be easy, especially since the antibodies do not need to be 

specific.  

The C2(N35W,D40T)-SH3b can be modified to be used for other bacterial 

strains and it can be improved further. If it will be possible to develop 

into a pharmaceutical product remains to be seen. Additional S. aureus 

tests can be implemented with greater consideration taken to protein A. 

The work with improving C2 binding could also be continued and in 

vivo experiments performed. If the C2 domain can extend the half-life of 

a linker protein remains to be seen, but that ability is indicated in the 

work of Unverdorben et al [100]. 

It has been shown that when bacteria are lysed in humans undergoing 

antibacterial treatment, the lysate causes an increase of IL-6. It remains to 

be seen if this can be avoided by inducing phagocytosis instead of lysing 

the cells. No tests have been done to see if linker protein treatment 

increases IL-6 levels. Other problems that the linker protein can 

encounter is that the immune system reacts to the linker itself, this has 

been a problem for some pharmaceutical candidate proteins, but not for 

all. How the immune system will react to C2(N35W,D40T)-SH3b remains to 

be seen. 

Chimeric linker proteins can be made in different ways and there are 

many different domains and peptides that can be used. The concept of 

linker proteins can be used not only to target bacteria, it is also possible 

to construct linkers which target for example cancer cells, by using other 

domains [101]. Linkers can be made that help other parts of the immune 

system. The cascade complement system binds to bacteria, some part of 

the complement system relies on IgG that is specific for the pathogen, 

and it could be of interest to see if linkers can be produced that would 

aid the complement system.  
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Project 2 

 

Project 2 aimed to create antibacterial coatings using an endolysin and an 

enzyme, which were fused to another protein. The project also 

investigated the ability of the enzyme sortase A to fuse protein domains 

to the coating protein 4RepCT, as well as ways to measure the 

effectiveness of peptidoglycan degradation. The endolysin SAL-1 was 

attached to the surface coating protein 4RepCT and the effectiveness of 

the coating’s ability to lyse planktonic cells were measured. The second 

part of the project investigated the ability of the enzyme dispersin B, 

attached to 4RepCT, to prevent biofilm formation. The protein 4RepCT 

comes from spider silk and has several advantages for making coatings 

since it is biocompatible [102], meaning that human cells can grow on it 

[103], it is possible to attach complex proteins to it [96, 97], and it is easy 

to coat various surfaces with it [98]. It has previously been shown that 

binding domains from protein A expressed recombinantly with the 

4RepCT maintain their binding capabilities [96].  

We examined the enzyme sortase A’s usefulness in attaching enzymes to 

the 4RepCT in order to produce coatings which inhibit biofilm formation 

and lyse planktonic cells. Such findings would both increase the known 

potential of 4RepCT and show new ways in which endolysin domains 

can be used. 

We showed that it is possible to attach antibacterial and anti-biofilm 

enzymes to 4RepCT, and retain their activity. Also that these constructs 

lowered the amount of biofilm formation and that it killed planktonic 

bacteria. This is an important discovery that can be taken further, e.g. be 

examined in vivo, but additional in vitro tests are necessary before that to 

predict that the constructs may have sufficient effect in vivo. Testing it on 

metal surfaces would be necessary, since the coating is intended to be 

used on surgical implants. It has previously been shown that 4RepCT 

can bind to metal surfaces.    

The two proteins attached were dispersin B, that targets poly-β-1,6-N-

acetyl-d-glucosamine, and SAL-1 that targets the penta-glycine in the 

peptidoglycan. SAL-1 is capable to lyse several different Staphylococcus 

strains from different species including MRSA and it has undergone a 

phase 1 clinical study with positive results [67]. SAL-1 retained its 
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activity and it could lyse bacterial cells while attached to the 4RepCT. 

Three different methods of attaching the enzymes to the 4RepCT were 

used in this project; recombinant expression, attachment with sortase A 

and attachment with unspecific binding [67].  

The coatings in our experiments were examined both by substrate and 

bacterial assays. The ability to breakdown the substrate was measured 

using fluorescence and the antibacterial assays were measured using 

crystal violet and turbidity reduction assays. The enzymes degrade the 

substrates by breaking the same bond as they would target in a biofilm 

or in a cell wall. 

When comparing attachment with or without sortase A, a trend could be 

observed; the surfaces where sortase A was used to attach the substrate 

gave better results as compared to when sortase A was not used. Both 

methods showed a significantly higher result than the negative control in 

the experiments with bacteria. This shows that binding with sortase A 

leads to better attachment of enzyme to 4RepCT.  

In the experiments with dispersin B, a difference was observed between 

the tests with substrate (NP-GlcNAc) and with biofilm forming cells. In 

the tests with substrate there was a significant difference between the 

sample with and without sortase A but not between the untreated 

sample and the sample without sortase A. But in the experiments with 

biofilm forming cells the results were different, there was no significant 

difference between the samples with or without sortase A, and they were 

both significantly better than the recombinantly expressed protein that in 

turn was significantly better than the control sample with only 4RepCT. 

The exact reason for this is unknown. For SAL-1, the experiments with 

substrates showed similar results as the experiments with bacteria.  

The main finding of the experiments is that antibacterial enzymes can be 

attached to 4RepCT using sortase A both with retained functionality. It 

was also shown that the enzymatically active domain from an endolysin 

can be combined with domains of other origin and form a chimeric 

protein with novel functions. This expands the field of antibacterial 

protein-based coatings.  

These experiments can continue and be improved to make even better 

coatings. The experiments can be carried out under in vivo conditions 

and the enzymes can be mutated in an attempt to find even better 
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alternatives. Coatings can be made that contain several different 

enzymes which can for example target diverse components of the 

extracellular matrix of the biofilm. The anti-planktonic function and anti-

biofilm function could also be combined. How the body will react to the 

bacterial lysate at the site of a surgical implant is unclear and additional 

research must be done regarding this aspect. There are many types of 

surgical implants and this method can prove to be better in some cases 

than others. In some cases the anti-biofilm coating can prove to be a 

better alternative.   
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Project 3 

 

Project 3 had as main goal to characterize the phage vB_EcoD_SU57 

(SU57). The genome, morphology, phylogeny and infection kinetics were 

examined. The adsorption rate was fast, the latency period was short and 

burst size was small. Within the genome several genes with unknown 

function were found.  

Phages are present almost everywhere in nature and have a profound 

role in many ecological systems. They impact the aquatic ecosystems by 

targeting heterotrophic bacteria and cyanobacteria which constitute a 

large part of the biomass in the sea. In soil they prey on, among others, 

carbon-cycling and nitrogen-fixing bacteria. Phages are also constantly 

present as a part of the human microbiota. It is therefore desirable to 

have knowledge about phages, and about their interaction with bacteria 

in large systems as well as on a molecular level.    

There is also a possibility to use phages for antibacterial treatment, but 

that will not be the focus of this project. 

Adsorption rate is a measurement of how quickly a phage is adsorbed to 

a bacterial cell over time. The adsorption rate constant of the phage, 

depends on the diffusion rates, the size of the bacterial target and the 

phage’s affinity for the bacteria [104, 105]. The size of the target cells can 

vary depending on the amount of nutrition in the environment. The 

adsorption rate experiments showed that the ‘adsorption rate constant’ 

was 8.5*10-10 mL*min-1. Not all phages that attaches to a host will lead to 

a successful infection.  

For the phage SU57, the latency period was found to be 14 minutes, and 

the burst size was 13 PFU/cell.  

A short latency period will give less time for the phage to multiply. If the 

latency period is short the host will need to have a high capacity to 

synthesize DNA and proteins, in order to produce many progeny phages 

in a short time. Abedon et al have proposed that in environments which 

are rich in healthy hosts, phages will evolve to short latency periods and 

thus lower burst sizes [105]. In such an environment the adsorption rate 

may increase. 

Since sewer water is an environment rich in hosts and nutrition, there 

will be a bias towards what kind of phages will be found there.       
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The SU57 was classified as a T1-like Braunvirinae phage of the 

Drexlerviridae family, based upon phylogeny and morphology. Within 

the genome, it was found that SU57 has genes for holin, endolysin and 

spanin, the endolysin is examined further in project 4.  

The bioinformatic searches could give no clue to what the purpose of the 

unknown genes were. Some of these genes are being investigated in 

another project. 
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Project 4 

 

Project 4 aimed to find the structure and the catalytic site of the 

endolysin SU57e, that has previously proved to be very efficient at 

cleaving peptidoglycan [unpublished data].  Bioinformatic research 

showed that there are similarities between SU57e and the endolysin R21. 

This has given some insight into possible structures and which amino 

acids form the catalytic site. The attempts to crystalize the protein for X-

ray crystallography [106] have not yet been successful, partly due to 

problems with the protein purification.    

According to the structure predictions done with Phyre2 and I-Tasser, 

SU57e’s 3d structure (Fig 4) is likely similar to the 3d-structure of 

endolysin R21 that was crystalized by Sun et al [107]. The similarity to 

R21 indicates that Glutamic acid 26, Aspartic acid 35 and Threonine 41 

form a catalytic triad. Due to the tertiary structure of the protein these 

three amino acids are close to each other. This Glu-8aa-Asp/Cys-5aa-Thr 

catalytic triad can be found in other endolysins [107]. 

The predictions also suggests that SU57e contains two disulfide bridges 

which are located at corresponding positions in R21. SU57 Cys43 is 

predicted to connect to Cys62 and Cys123 to connect to Cys155. It is not 

yet known if these bridges are both necessary for maintaining the 

structure of the catalytic triad. 

There are several endolysins whose amino acid sequences show high 

identity to SU57e, but unfortunately, none of those proteins have been 

crystalized. R21 and SU57e have an identity at 43.38%.  

A Signal-Anchor-Release (SAR)-like domain was hypothesized in the 

protein, and it can be investigated further.  

R21 has a Signal-Anchor-Release domain (SAR) and SU57e has a domain 

that appears to be similar [108]. The domain in SU57e has a different 

amino acid sequence (25% identity), but according to Phyre2 and I-

Tasser, it forms two alpha-helixes similar in secondary and tertiary 

structure to the ones in R21. Also, SignalP indicates that the first 16 

amino acids in SU57e form a signal peptide, which strengthens the idea 

that SU57e has a SAR-like domain. SAR-domains are believed to use the 

host’s sec-system to be transported to the periplasm [108]. The SAR-

domain binds to the plasma membrane in the periplasm, this inactivates 
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the catalytic site by pulling the Glu away from the Thr and Asp [109]. 

The SAR-domain of R21 is one alpha helix when it is inside the plasma 

membrane but folds into two shorter helixes when it is outside of the 

membrane, this change of structure is likely because of its 

hydrophobicity [110]. Upon a signal, the SAR-domain releases from the 

plasma membrane and the endolysin assumes its active form. What this 

signal is or how it functions is unknown. The phages that have endolysin 

with SAR-domains also have holins. In experiments performed by Xu et 

al it is shown that phage P1 endolysin caused lysis without its holin 

[111]. Some endolysins can function without their SAR-domains and 

retain their catalytic function, while others need them in order to work. 

There are two main reasons to why an endolysin would need its SAR-

domain to retain its catalytic function. First, the SAR-domain is needed 

for the 3d structure to keep the catalytic site together. Second, the active 

site can be inactivated by a disulphide cage, such is the case in endolysin 

Lyz103 [111]. This cage is opened when one of the cysteines forms a 

bridge with a cysteine in the SAR-domain instead, after the SAR-domain 

has released from the plasma membrane. 

 

Figure 4 

Predicted structure of SU57e. The 

putative SAR-domain is shown in 

blue and the Glu-8aa-Asp-5aa-Thr 

catalytic triad is shown with ball-

and-stick structure. The predicted 

structure is very similar to that of 

R21.  
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When this project is finished it will hopefully give more knowledge 

about SAR-like domains, the tertiary structure of SU57e and the catalytic 

triad. Besides the R21 there are other endolysins with SAR-domains that 

have been crystalized. Some of them are similar in structure to R21, but 

have low amino acid identity with SU57e.   

The SAR-like domain has probably caused trouble with expression and 

purification of the endolysin. It is very hard to produce the protein in 

bacteria, since it lyses them. We have seen that the protein aggregates, so 

the purification is difficult. Attempts were made to express the protein in 

yeast but the yield was too low. New attempts have been started, using 

the small ubiquitin-related modifier (SUMO) system. The theory is that 

when the SU57e is expressed with an attached SUMO-tag, it will not be 

able to lyse the cells from within during production and therefore it can 

be expressed in bacterial cells. This will hopefully give a higher yield. 

The SUMO-tag can be cleaved off during purification. For further 

experiments it would be interesting to see if the catalytic activity can be 

improved by making alterations to the protein, it would also be of 

interest to see if the protein can be truncated and retain its activity. 

When using protein engineering to modify proteins or to make chimeric 

constructs it is of importance to have detailed understanding of the 

parental protein’s function. Such a case can arise when attempting to 

construct a protein with an enzymatic domain, it is then important to 

know what the catalytic site looks like, how it functions and which 

amino acids that are necessary for the function.  

 

  



35 
 

Concluding Discussion 
 

The four projects of this thesis are all connected to phages or phage 

derived proteins. Project 1 creates a linker protein that can link IgG to the 

surface of bacteria and increase binding to immune cells. Linker protein 

refers here to proteins with two or more different binding domains 

whose purpose is to link bacteria to parts of the immune system. In 

Project 2 endolysins and dispersin B are attached to 4RepCT and creates 

antibacterial and anti-biofilm surfaces. Project 3 examines the genome of 

SU57 and its interaction with ECOR57. Project 4 attempts to find the 

structure of SU57e. Project 3 and 4 are basic research which helps to 

expand the knowledge of phages and endolysins, they will hopefully be 

helpful further on for other researchers. Basic research is important, 

project 1 and 2 would not have been possible if there had not been 

previous work done on all the components used.  

There is a long way for the chimeric proteins of project 1 and 2 to go 

before they can potentially be used on patients. The next major step 

would be animal testing, but before that, optimization would be needed.  

It would be interesting to see if C2(N35W,D40T)-SH3b can decrease bacterial 

burden without an unwanted increase of interleukines. The papers on 

linker proteins from other groups have not looked at this. Even if the 

proteins from the projects do not reach clinical trials they have still made 

important contributions to their fields. Project 1 has shown that it is 

possible to produce a linker protein that simultaneously have the 

following two abilities; it can be produced in E. coli and it can use 

nonspecific IgG. This has never been done before and it broadens the 

field of linker proteins. The application of the C2-domain is particularly 

interesting since that type of domain has not been used in any other 

linker protein targeting bacteria. 

Project 2 has furthered the 4RepCT field by showing that it is possible to 

add enzymes to it by using sortase A. Furthermore, that these enzymes 

maintain their function, and are capable of preventing biofilm formation 

and lysing planktonic cells. It also shows a possible way to utilize 

endolysins through surface coating. Infections at implants are common 

and it can be hard to reach an infected site through intravenous injection. 

Adding endolysin to a surface would also protect it from renal clearance 
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since it would not have to circulate the blood stream.   

Project 3 characterises the phage SU57, the characterization shows that it 

is a T1-like Braunvirinae phage of the Drexlerviridae family. The endolysin 

SU57e that is being examined in project 4 was found in SU57. The other 

genes with unknown functions are examined in other projects.   

Project 4 is not yet finished, but the bioinformatics research shows that, 

the predicted 3d-structure of SU57e (Fig 4) resembles the 3d structure of 

R21. The findings give more knowledge about the structure and active 

site of SU57e. SU57e has a domain that is similar to the SAR domain of 

R21, even though the two proteins have low identity. The active site is 

also found in other proteins with low identity.   

Regarding project 1, the linker proteins presented in literature and ours 

require that the patient has normally functioning immune cells present. 

Our linker also requires IgG, but that can be added if the patient suffers 

from IgG deficiency.   

As mentioned earlier the usage of endolysins to treat bacteria can cause 

an unwanted increase in cytokines that can be problematic for the 

patient. To what extent this will be as problem for the linker proteins 

remains to be seen, no other group has yet looked at it. 

To return to the main problem that is the rising severity of antibiotic 

resistance we can see that the projects in this thesis have helped in the 

search for new treatment methods, although the problem still remains 

and there is much more work to be done. From what I have seen it will 

be hard to find new treatments which are as effective, cheap and easy to 

use as antibiotics have been. But I remain certain that it will be possible 

to prevent disaster. There are numerous ways of creating new treatment 

methods and we have looked at some of them. Although it is unlikely 

that one single method will be able to fully replace antibiotics, it should 

at least be possible to reduce the number of deaths. Especially if many 

different methods are applied against the infections they are best suited 

to treat. One thing that is important to remember is that the risk of being 

infected in the first place can be reduced with increased hygiene 

routines, and that the general health of the population can also be 

increased. Furthermore, it is possible to slow down the spread of 

antibiotic resistance.  

For new treatment methods there are numerous obstacles to overcome 
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such as, clearance, immune reactions, cytokine storms and specificity for 

bacterial strains. These obstacles can most likely be overcome with more 

research. To what extent one specific protein or phage can overcome all 

of them remains to be seen. This research will take a lot of hard work 

and time and it will cost a lot of money. Other problems that will be hard 

to solve are production, storage and administration. Over all we will 

most likely see that antibacterial treatment will increase in cost 

compared to traditional treatment. Since the money available for 

research is limited is will be necessary to spend that money wisely.  

I see both endolysins and linker proteins as valid options for treating 

infections. I would suggest that the next step within linker research 

would be to investigate how it affects the cytokine release.  

When it comes to phages I am a bit uncertain, although I strongly believe 

phages to be a valid method of treatment I am uncertain whether or not 

it is overambitious to aim for intravenous treatment. For treating skin, 

wound, lung or gastrointestinal infections I think it is a good treatment 

method to consider.  
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