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6. Introduction 

1.  Proteins as potent medical tools 

The use of various substances to solve medical and technological problems and suiting these sub-

stances to our needs is one of the most potent tools for humankind. These substances can be ac-

quired from natural sources, including biological ones. They can be produced by virtually all kinds 

of living cells, controlled by natural machinery employing genetic code as the source of information 

and protein synthesis system. Members of this group of useful biological products are proteins, 

proved to be extremely diverse and to represent a myriad of different activities. This variety can be 

observed within the entire biome on Earth, consisting of at least 8.7 million species (by low esti-

mates) (1). Structural analysis revealed that simple elements, such as proteins, create the complexity 

of the entire biome. Deep analysis of this biome led to the development of ideas regarding levels of 

organisation, like integrative levels in biology rooted in broader philosophical trends (2,3). This 

idea presents a process in which smaller elements at lower levels of organisation (e.g. proteins) cre-

ate higher levels of organisation (e.g. cells) which reciprocally affect lower levels, for instance by 

creating a controlled environment inside the cells, affecting them and allowing for new synergies 

and properties to emerge, often called in short emergent properties. These interactions at the level of 

the biome create incredibly complicated materials and substances with a plethora of purposes, from 

soft bodies of medusas to hard bone structures or turtle shells. 

Interest in exploitation of this potential of the biological world increased with the development of 

modern techniques such as protein expression in many expression systems (molecular biology) or 

molecular modelling (bioinformatics). The low cost of de novo synthesis of DNA coding for pro-

teins that can be expressed in microbial systems revolutionised biochemistry and allowed for crea-

tion of almost any recombinant protein and for testing their functions and applications in relatively 

simple laboratories (4,5). This created however the biggest challenge for protein research: how to 
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choose an optimal protein sequence that can be expressed, purified, and used to achieve specific, 

pre-defined functionality. This challenge is currently difficult due to two reasons: 

- limited knowledge necessary for accurate calculations of quantum interactions crucial for 

protein functionalities 

- the very high number of possible protein sequences (resulting from combinations of availa-

ble amino acidic constituents). 

The first problem relates to challenges in prediction of interactions at the atomic resolution. These 

are crucial for determination of protein folding, interactions with other molecules, and chemical 

reactions, often being the most important manifestation of a protein function. Precise calculations 

could allow us to establish general, simplified rules that govern proteins’ synthesis, folding, and 

interactions. Lack of this knowledge forces scientists to perform extensive wet-lab research and a 

trial-and-error approach to understand functions of a specific protein. Still, this knowledge cannot 

be extrapolated beyond similar proteins and application, all other holistic conclusions being greatly 

impeded. This challenge is shared with chemical sciences and nanotechnology where detailed 

knowledge about the structure-activity relationship or chemical activity would speed up develop-

ment of new chemicals and increase its potential to solve problems (4–6).  

The second problem is connected with the number of possible protein sequences, which is incredi-

bly large. In order to understand this problem, we need to consider a simplified theoretical model of 

a protein, which is a chain made of amino acids (primary structure) that interact with each other in 

three-dimensional space causing folding (secondary and tertiary structure), creating a macromole-

cule capable of interaction with other proteins/macromolecules through its entire surface (quater-

nary structure). This macromolecule can by subjected to chemical modification (post-translational 
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modifications) and it is able to interact with virtually any molecule in the environment. The primary 

structure of a protein, a sequence of amino acids on the protein backbone, is the main source of pro-

tein diversity. We can calculate the number of potentially existing proteins by limiting our consid-

eration only to 20 natural amino acids ubiquitously coded in the a genome (proteinogenic amino 

acids). Even for very short oligopeptides, the number of combinations is very large and increases 

rapidly with protein length; for instance, there are 8 000 (20
3
) possible combinations of tripeptides, 

and 3 200 000 (20
5
) of possible pentapeptides in total. Proteins do not have an intrinsic limit of their 

length and naturally occurring proteins can be thousands of amino acids in length. A median length 

for a human proteome equals to 375 aa allowing for 7.7*10
487

 different amino acid sequences (7). 

By comparing this with the number of atoms in the universe (10
82

) it can easily be concluded that 

there are far too few atoms in the observable universe to synthesise even a tiny fraction of the theo-

retically possible protein combinations (8–11).  

Secondary structure describes spatial configuration of amino acids close to each other in the se-

quence of amino acids. This structure strongly depends on angles in the peptide bond since its steric 

hindrances strongly limit possible configurations (12,13). There are 8 secondary structures original-

ly recognised in the Dictionary of Secondary Structure of Proteins (DSSP) and commonly used to-

day, namely: alpha helices, 3.10 helix (3-helix), pi-helix (5 helix), beta strand, bridge (a residue in 

isolated beta-bridge), turn, bend and a loop (irregular) (14,15). 

Tertiary structure describes the spatial configuration of amino acids distant on the protein backbone. 

From the perspective of protein modelling this structure is complicated to predict due to virtually 

infinite possibilities and currently available protocols fail to provide well-defined effects (16). The 

most typical approach in silico is in fact finding another protein with a detectable homology that has 

been physically analysed (crystallography) and to build on similarities between this already solved 
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protein structure and the new one under investigation. Another approach is to find energetically 

favoured spatial configurations (local energy minimum), however large proteins tend to have many 

low-energy tertiary structures that can be stable in biological conditions, but difficult to predict in 

silico. Prions causing diseases are a stark example of how differences in protein folding and differ-

ent stable local energy minima in conformational space can impact the function of proteins. 

Quaternary structure is a term used to describe interactions and spatial configuration of macromole-

cules (peptides) interacting with each other usually forming multi-peptide complexes that cooperate 

with each other. To make these interactions happen, a part of the protein structure needs to fit the 

other macro-molecule, both creating stronger-than-thermal energy interaction. Typically, it is a sum 

of van der Waals, hydrogen bonds, and interaction between charged particles on the surface of mol-

ecules. Often such interactions are characterized by specific distribution of electric charges on the 

surface or specific shape of the molecule. After creating many relatively weak interactions a mole-

cule can create stable interactions with other, different macro-molecules in multiple places of its 

surface. 

Levels of protein organisation as discussed herein are commonly accepted but not the only possible 

ones. Other structures such as super-secondary structures, motifs and domains are also applicable 

(17). One other possible approach in protein science is to focus on functional units and to try to 

overcome the complications originating from combinatorics, thus simplifying rules for protein de 

novo modelling. Functional classification of protein subunits in sets that serve specific function is 

increasingly often used. This classification allows protein structures to be grouped in clusters from 

the smallest, spanning one amino acid (such as post-translational modifications) through motifs and 

domains, up to the largest, multi-protein complexes (18).  
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For instance, the Pfam database (version 34.0 at http://pfam.xfam.org/) represents currently almost 

20 000 families and 645 classes of protein domains. In the Eukaryotic Linear Motif relational data-

base storing experimentally validated short linear motifs (http://elm.eu.org/) there are, at this mo-

ment, 3 934 experimentally validated instances (including post-translational modification sites) cat-

egorized in 317 classes. 

As a reference, the human genome codes for approximately 3.5 × 10
4
 proteins. Therefore, almost no 

proteins are synthesized in comparison to the theoretically possible 7.7*10
487

 amino acid combina-

tions for a 375 aa long protein (median length of the human proteome) (19,20). 22 000 of the inves-

tigated human proteins contain around 35 000 instances of folded domains belonging to 10 000 

families, and according to estimations there are 10
5
-10

6
 functional instances (post-translational 

modifications, motifs, domains, complexes) in total in the human proteome (18).  

The number of possible quaternary structures of dimers is estimated to be about 10
4
 times larger 

than measured, so an experimentally confirmed database of quaternary structures is not likely to be 

close to completion in the near future (21). Further complications arise when we consider 

non-proteogenic amino acids (non-ribosomal peptides).  

The above problems result in a lack of general rules that allow for quick and efficient protein design 

for specific requirements. Protein research is currently dependent on proteins found in nature and on 

further modifying these proteins to possibly achieve a desired outcome. 

In conclusion, our possibilities to exploit the potency of protein design and analysis are still very 

limited. An efficient approach to protein modelling needs to be goal-driven and it still requires tools 

that make it possible to design a protein/macromolecule that meets specific requirements. 

http://pfam.xfam.org/
http://elm.eu.org/
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2. Lysins as potential antibacterial biological drugs 

Protein drugs are a rapidly growing part of the health industry. Currently there are 704 protein drugs 

out of 4196 total drugs approved in the DrugBank Online database. Also, of all the drugs listed in 

the FDA-curated THPdb drug database 239 there is approved proteins and peptides as well as 380 

approved variants of these proteins (22,23). At the same time, development of new (not yet regis-

tered) protein drugs is probably the most dynamic area of protein research. Lysins are proteins with 

enzymatic activity, able to destroy the bacterial cell wall. Endolysins are a group of phage-encoded 

lysins (phage lysins) (24,25) often called enzybiotics. Enzybiotics is a term coined by Nelson, 

Loomis and Fischetti to describe antibacterial enzymes; “phage lysin” was mentioned as a specific 

example of this group of proteins that have been proposed as highly applicable in medicine (26). 

Particularly, enzybiotics are proposed as a response to increasing multi-drug resistance in bacteria. 

Enzybiotics have a potential to address problems with development of new antibacterials, since they 

are very different to traditional antibiotics, thus being unaffected by cross-resistance (26). The 

WHO has classified endolysins as antibacterial agents under development – ‘Hence, all these prod-

ucts can in principle be considered innovative, as they target new structures through new modes of 

action. So far, these non-traditional agents have been developed for pre-emptive or adjunctive ther-

apy’(27). 

The total number of naturally existing endolysins is not known, but 2629 putative endolysins were 

discovered in samples of uncultured phage genomes only in one study published in 2018, demon-

strating that large amounts of phage endolysins are yet to be discovered (28). Endolysins are charac-

terised by a fast mode of action, and the high specificity of their bactericidal activity is necessary 
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for evolutionarily successful phage strains, while on the other hand it protects the majority of the 

bacterial microbiome from destruction when an endolysin is used in vivo. 

3. Bacteria as a substrate 

Bacteria are one of the most basic units of biological diversity in the three-domain system and de-

scribe unicellular organisms without a nuclear membrane and consistent rRNA differentiating them 

from Archaea (29,30). The bacterial cell wall that is targeted by endolysins is chemically very dis-

tinct from any structures that can be found in animal or human bodies. One of its main functions is 

to stabilize the cell membrane withstanding high turgor pressure pushing outwards (31). Chemically, 

the bacterial cell wall is made of peptidoglycan: built from long glycan strands consisting of alter-

nating N-acetylglucosamine and N-acetylmuramic acid residues, cross-linked with short peptides, 

most often with L-Ala-g-D-Glu-meso- A2pm (or L-Lys)-D-Ala-D-Ala (A2pm, 2,6-diaminopimelic 

acid) (31). This feature has been observed in the peptidoglycan of all bacterial groups to date. Also, 

features such as presence of a characteristic sugar (MurNAc), of G-bonded D-Glu, of L–D (and 

even D–D) bonds and of nonproteinogenic amino acids (like A2pm) are considered distinctive for 

the bacterial cell wall (31). Peptidoglycan often has attachments (bound covalently or not) that 

physically alter the surface of the cell wall. The most common include teichoic acids – functionally 

related anionic glycopolymer (31–33). This structure, highly conservative among bacteria, is the 

target for endolysins. 

Endolysins destroy covalent bonds holding the cell wall solid and they create holes that release the 

bacterial spheroplast, resulting in disintegration of entire cells (34,35).  

Endolysin are categorized based on the type of chemical bond they lyse (36):  
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1. endopeptidases – targeting peptide bonds including L-alanoyl-D-glutamate endopeptidase 

and interpeptide bridge endopeptidase; 

2. amidases targeting amide bonds, including the N-acetylmuramoyl-L-alanine amidases; 

3. glycosidases targeting glyosidic bonds including N-acetyl-β- D-glucosaminidases; 

4. 4N-acetyl-β-D-muramidases; 

5. transglycosylases (37). 

 

4. Endolysin Cpl-1 and Pal 

Pal lysin (UniProt ID: ALYS_BPDP1) is classified as 3.5.1.28 N-acetylmuramoyl-L-alanine ami-

dase, since it acts on the carbon-nitrogen non-protein bond in linear amides. This enzyme is 196 aa 

long and it was described as early as 1983. It requires choline in the teichoic acid of the cell wall for 

its full activity, at the time being the first pneumococcal phage-encoded lysin to be isolated (38). 

Three amino acids (34, 99, 111) are crucial for Pal activity. The first 142 amino acids are consid-

ered the ‘active domain’ followed by repeats of the ‘cell wall binding domain’. 

Cpl-1 (UniProt ID: LYS_BPCP1) is classified as 3.2.1.17 (lysozyme in glycosidases). Its structure 

was published in 2003 using the single-wavelength anomalous diffraction method (39). Residues 1-

188 create a catalytic (active) domain folding into an irregular (β/α)5 β3 (40). Further residues form 

a linker (189-199 aa), and CI and CII domains. CI and CII domains contain choline binding sites. CI 

is divided into repetitive structures designated p1-p4 and CII contains p5, p6, and the C-terminal tail 

(324-339 aa). Comparisons of Cpl-1 structure to some better known complexes of chitinolytic en-

zymes and substrates indicated that peptidoglycan (substrate) is placed along a negatively charged 

groove formed by its catalytic domain (41).  
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Both Pal and Cpl-1 enzymes can kill multiple streptococcus strains and they destroy a vast majority 

of bacterial cells in a sample within a few minutes after their contact with the substrates, even in 

relatively low concentrations of 10 mg/L (42).  

5. Streptococcus pneumoniae as a difficult bacterial pathogen in 

humans 

Throughout the human body there are many ecological niches for bacteria to colonize, constituting 

the microbiome. Microbiomes have been under intensive investigations in the last 20 years and 

have been proved to have a significant impact on human health, for instance to have immunoregula-

tory effects, to influence severity of drugs side effects, or to affect pharmacokinetics of pharmaceu-

ticals (43). Bacteria are known to develop specific interactions to affect organisms of their hosts, 

such as Bacteroides fragilis using the capsular polysaccharide A to interact with plasmacytoid den-

dritic cells, effectively promoting IL-10 secretion from CD41 T cells (44).  

However, some elements of microbiomes may have detrimental effects on health conditions, partic-

ularly when they outweigh other, beneficial microbes and when they propagate in large amounts. 

Even in modern times after almost an age of successful antibiotic therapies, according to the WHO, 

lower tract respiratory infections are the 4
th

 worldwide, 2
nd 

and 6
th

 in low-income and high-income 

countries respectively, most common cause of death(45). Limitations of antibiotic use have been 

known for a long time; even Alexander Fleming in his Nobel Prize speech talked about an age of 

rising microbial resistance. In the last decades, new strands of multi-drug resistant bacteria have 

emerged, with some of strains resistant to all known antibiotic agents in medical use (46). This 

caused the WHO to repeatedly call for development of new antibiotics with new modes of action 

for a little more than two decades (27,47–50). Multi-drug resistant bacteria (MDR) are most com-
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monly, repeatedly reported to increase lengths of stays in hospital, increasing mortality, and rising 

general costs of treatment between 3000 and 40 000 USD per patient (51).  

Streptococcus pneumoniae is a potentially difficult bacterial pathogen. It is a lancet-shaped, Gram-

positive bacterium, commonly inhabiting the respiratory tract. These bacteria are facultative anaer-

obes and they are relatively common in humans: 20-60% of children and 5-10% of adults without 

children are colonized by this bacterium (52). Streptococcus pneumoniae may cause difficult and 

even life-threating infections. Pneumonia, bacteraemia and meningitis are commonly recognized 

clinical syndromes of invasive pneumococci. 

New, emerging antimicrobial therapies that affect bacteria in a different manner than traditional 

antibiotics are continuously under development. Nelson, Loomis and Fischetti proposed and 

demonstrated the applicability of endolysins in treatment of bacterial infections in mice in vivo in 

2001 (26,35). Since then, use of extremely active phage endolysins has remained one of the possible 

treatments alternative to traditional antibiotics. Phage therapy focuses on the use of bacterial viruses 

(phages) that when administered to a patient can infect and destroy harmful bacteria, at the same 

time amplifying themselves and circulating in an organism, preventing reinfection (53,54). Howev-

er, endolysins seem to lyse bacteria more rapidly, being less prone to filtering and removal by the 

mammalian immune system than whole phage virions. They also do not contain any genetic infor-

mation and they are not able to mutate, thus being better controlled. In summary, active destruction 

of vital, typically bacterial structures, controllable character and extraordinary activity are strong 

supporting factors in choosing endolysins for viable medical and veterinary treatments in future. 



22 

 

6. Immune response as the challenge in application of protein 

drugs 

Advantages of enzymes that could be used in medical therapies are described as “(…)superb speci-

ficity, well tolerated by the body, effective treatment, and versatility to modification and develop-

ment”(55). Successful clinical trials of human insulin in 1982 marked the beginning of modern use 

of recombinant proteins in medicine and proved the potential of this type of drugs. One of the most 

important disadvantages of protein-based drugs is however connected to the proteinaceous nature of 

enzymes. Proteins are efficient inducers of a specific immune response that is aimed at recognition 

of foreign proteins. For human-derived protein drugs, such as insulin, the immune response can be 

much less pronounced, but microbial, viral, and newly designed (recombinant) proteins tend to in-

duce a strong specific response from the immune system (56). Thus, the one of major challenges in 

medical applications of enzymes, including those of antibacterial activity, is to minimize the possi-

bility that the enzyme will be efficiently neutralized by specific antibodies, induced by the treatment.  

The major neutralizing agent produced by a specific part of the immune system is immunoglobulin 

G (IgG). It is capable of specific recognition of foreign proteins, accounting for 10-20% of proteins 

in human plasma as the major class of all immunoglobulins. The role of IgG is to recognise specific 

parts of antigens and trigger an immune response against them. As a result, foreign proteins are neu-

tralized, thus limiting the efficiency of non-human enzymes in medical use. This means that special-

ly repeated treatments with the same protein drugs are highly likely to fail due to the specific im-

mune response and a significant level of IgG targeting the drug, as a result of the first round of 

treatment (55,57,58). 
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7. The aim of the study 

Main goal of this work is to create variants of endolysins Cpl-1 and Pal with improved performance 

in vivo, particularly less prone to neutralization by specific antibodies without losing bacteriolytic 

activity. This will be done by completion of five steps: 

1. Safety assessment of Cpl-1 and Pal. 

2. Developing a new method for precise analysis of bacteriolytic activity of endolysin variants. 

3. Determination of amino acids within Cpl-1 and Pal structure that mediate interactions of 

these endolysins with the immune system interacting with IgG antibodies. 

4. Bioinformatic analysis and design of new variants of endolysins. 

5. Expression and analysis of bacteriolytic activity and immunogenicity of selected Cpl-1 and 

Pal variants. 

8. Materials and Methods 

1. General materials 

 

Genes coding for the investigated endolysins: 

1. Cpl-1 wild type (WT): a lysozyme (acc. no.: CAA87744.1) from Streptococcus 

phage Cp-1 (acc. no. Z47794.1). 

2. Pal wild type (WT): endolysin (acc. no.: YP_004306947.1) from Streptococcus 

phage Dp-1 (acc. no.: NC_015274.1). 

3. PlyCA wild type (WT): PlyCA (acc. no.: NP_852017.2) from Streptococcus phage 

C1 (acc. no.: NC_004814.1) 



24 

 

4. PlyCB wild type (W): PlyCB (acc. no.: NP_852015.1) from Streptococcus phage C1 

(acc. no.: NC_004814.1). 

Expression vectors: 

1. pBAD24 expression vector for E. coli – obtained with cloned ORFs from prof. Dan-

iel Nelson, Institute for Bioscience & Biotechnology Research (IBBR) (Univeristy of 

Maryland, MD, USA) 

2. pBAD/His_A expression vector for E. coli – obtained with cloned ORFs from prof. 

Daniel Nelson, Institute for Bioscience & Biotechnology Research (IBBR) (Univer-

isty of Maryland, MD, USA) 

Bacteria strains: 

1. DH5α: Escherichia coli DH5α (Invitrogen) genotype: F– Φ80lacZΔM15 Δ(lacZYA-

argF) U169 recA1 endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1 

(used for plasmid storage) 

2. B834: Escherichia coli B834 (DE3) (OverExpress) genotyp: F- ompT gal hsdSB (rB- 

mB-) met dcm Ion λDE3 (used for protein expression) 

3. Streptococcus pneumoniae strain PN135 (strain from Polish Collection of Microbes) 

susceptible to optochin and endolysins. 

Growth media: 

a) LB Broth high salt, pH = 7,5 (Fluka):  

- casein enzymatic extract 10 g/L, 

- yeast extract 5 g/L, 
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- NaCl 10 g/L, 

- 2% agar was added if necessary for solid medium (BioMerieux).  

 

b) THY broth (Todd-Hewitt broth with 2% Yeast extract) (Sigma) 

- beef heart infusion 500 g/L, 

- peptic digest of animal tissue 20 g/L, 

- dextrose 2 g/L 

- NaCl 2 g/L 

- Na3PO4 0.4 g/L, 

- Na2CO3 2.5 g/L, 

- yeast extract 20 g/L 

c) Liquid medium for eukaryotic cells (Laboratory of General Chemistry HIEET) 

- 10% bovine serum  

- 4,5% glucose 

- 1% aminoacid 

- 1:1 OR+ Gmax 

- 1 mM pyruvate 

- streptomycin 100 μg/mL 

- ampicillin 100 μg/mL 

1. Animals 

 We’ve used C57BL6 mice, (Mossakowski Medical Research Institute, Polish Academy of 

Sciences), 6-12 weeks old, male or female. Animals were held in specific pathogen free conditions 

(SPF) prior to experiments.  
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2. Equipment 

- fridge-freezer (Hoover A Class)  

- fluorescence plate reader (EnSpire Multilabel Plate Reader Perkin Elmer)  

- CO2 incubator CO14S (New Brunswick Scientific) 

- universal incubation shaker Minitron (Infors HT) 

- universal incubation shaker Unitron (Infors HT)  

- laminar flow hood Biohazard II mini (POLON Poznań S.A.)  

- laminar flow hood Biohazard II (Esco)  

- G:BOX ge documentation system (Syngene)  

- pH indicator (Fe-20 FiveEasy TM pH, Mettler Toledo)  

- magnetic stirrer (IKA RTC Basic)  

- microscope CX31 (Olympus) 

- single- and multi-channel pipettes (Eppendorf)  

- Spektrophotometer (BioPhotometer Eppendorf)  

- Thermocycler (Eppendorf)  

- Vortex (IKA MS 3 Basic)  

- laboratory scale (Scout Pro 6000 g OHAUS)  

- centrifuge (Mini Spin Plus Eppendorf)  

- centrifuge (Sigma Laboratory Centrifuges 6-16K)  

- ultra-low temperature freezer (Innova U101 New Brunswick Scientific)  

- vertical electrophoresis system (Cleaver Scientific Ltd)  

- horizontal electrophoresis system (Bio-Rad) 
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3. Ethical statement 

All the human subjects gave their informed written consent for inclusion before they participated in 

the study. The study was conducted in accordance with the Declaration of Helsinki, and the proto-

col was approved by the Bioethics Committee of Regional Specialist Hospital in Wrocław (Project 

identification code: KB/nr 2/2017). 

All animal experiments were performed according to EU directive 2010/63/EU for animal experi-

ments and were approved by the 1st Local Committee for Experiments with the Use of Laboratory 

Animals, Wrocław, Poland (project no. 76/2011). The authors followed the ARRIVE (Animal Re-

search: Reporting of in vivo Experiments) guidelines. 

4. Protein expression 

Expression vectors with protein sequences coding Cpl-1, Pal and PlyC (PlyCA and PlyCB) proteins 

were originally acquired from the laboratory of prof. Nelson (Institute for Bioscience and Biotech-

nology research, University of Maryland) on pBAD24 plasmids with C-terminal 6×-His tag. For 

creation of Pal variants, new variants were synthesized de novo commercially with similar C-

terminal 6×-His tag (BioCat GmbH) and cloned into pBAD/His_A vector (ThermoFisher Scientific). 

As for Cpl-1 variants, Cpl-1 WT and Cpl-1 v4 were synthesized and cloned into pBAD/His_A ex-

pression vector (BioCat GmbH). Variants were created by PCR Phusion Blood Direct Kit (Ther-

moFisher Scientific) with use of forward primers starting in the place of modification and reverse 

complement sequence starting at a first base before modification start served as a REV primer. Pri-

mers were 40bp in length optimized for the same temperature. Plasmid sequences were later con-

firmed by Sanger sequencing. Vectors were expressed in E. coli B834(DE3) cells (EMD), and 

grown at 37 °C with shaking in Luria-Bertani (LB) broth and ampicillin (100 µg/mL) (both from 

Sigma-Aldrich), until OD600 reached 1.0. Then, a protein expression was induced by the addition of 
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arabinose at a final concentration of 0.25%. The culture was subsequently incubated overnight at 

20 °C with aeration by shaking. 

5. Protein purification 

Bacteria were harvested using centrifugation and suspended in PBS (Na2HPO4 0,91738 mg/L, KCl 

200,0 mg/L, KH2PO4 200,0 mg/L, NaCl 8,0 g/L, Na2HPO4x12H2O 2,9 mg/L, pH 7.2), which was 

supplemented with PMSF (1 mM) and lysozyme (0.5 mg/mL). The slurry was incubated for 6–7 h 

on ice and lysed using the freeze-thaw method. Mg
2+

 (up to 0.25 mM), DNAse (up to 20 μg/mL), 

and RNAse (up to 40 μg/mL) were then added to the extract and allowed to incubate on ice for an 

additional 3 h. The fractions were separated using centrifugation (12,000× g, 30 min, 4 °C) and the 

soluble fraction (supernatant) was collected.  

For experiments not including endolysin variants proteins, samples were then incubated with NiN-

TA agarose (Qiagen) at room temperature washed with PBS (5× volume of the agarose) and an in-

creasing concentration of imidazole (0 mM, 50 mM, 100 mM, 250 mM, and 500 mM). The 100 

mM and 250 mM fractions containing the eluted endolysins were dialyzed against PBS at 4 °C. 

were separated using gel filtration (fast protein liquid chromatography) on a Superdex 75 10/300 

GL column (GE Healthcare Life Sciences). The final step was LPS removal, which was performed 

with an EndoTrap Blue column (Hyglos GmbH, Munich, Germany). Purified, endotoxin-free pro-

tein samples were dialyzed against PBS and filtered through sterile 0.22-μm polyvinylidene difluo-

ride filters (Millipore). 

Cpl-1 and Pal (both WT and variants) for experiments including variants were supplemented with 

imidazole before incubation with NiNTA agarose up to 80mM. Then it was washed with 10x of 

85mM of imidazole in PBS and active protein was eluted with 250mM of imidazole and dialyzed 



29 

 

against PBS at 4 °C (3,000 kDa molecular weight cut-off, 3 times, 2000 mL bottles for 20 mL of 

protein sample, 4°C, Spectra/Por, Repligen) against PBS. Samples were filtered through sterile 

0.22-μm polyvinylidene difluoride filters (Millipore). 

For experiments with mice, the final step was LPS removal, which was performed with an Endo-

Trap Blue column (Hyglos GmbH). Purified, endotoxin-free protein samples were dialyzed against 

PBS and filtered through sterile 0.22-μm polyvinylidene difluoride filters (Millipore). The LPS (en-

dotoxin) content was determined using the EndoLISA assay (Hyglos GmbH) and confirmed to be 

0.6–1.6 endotoxin units (EU) per mL for all of the microarray gene expression profiling and less 

than 10 EU per animal in animal experiments. 

All steps were monitored by SDS-PAGE at all stages. Protein concentration was determined by the 

Bradford assay (Sigma-Aldrich, Europe) following the manufacturer’s instructions. 

6. Microarray gene expression profiling 

The cell lines FaDu (human pharynx squamous cell carcinoma, ATCC HTB-43) and SC (human 

peripheral blood macrophages, ATCC CRL-9855) were cultured in media with and without protein 

solutions containing Cpl-1 or Pal (0.5 µM, i.e. 17.5 and 20 µg/mL, respectively) for 6 h. This time 

was chosen to allow for the development of cellular responses to external factors at the cellular gene 

expression level. Control cells were cultured with an equivalent amount of albumin (Sigma). After 

incubation, cells were harvested and the total RNA was immediately isolated with RNeasy Mini Kit 

(Qiagen). For this study, we used SurePrint G3 Human Gene Expression v3.8 × 60 K Microarrays 

(Agilent Technologies). The One-Color Microarray-Based Gene Expression Analysis Protocol (ver-

sion 6.9.1) was used to process the arrays. 



30 

 

After amplification, the total RNA was labeled with Cy3 using the Low Input Quick Amp Labeling 

Kit (Agilent Technologies, USA). The labeled RNA was purified (RNeasy Kit), and the RNA yield 

(nanograms of complementary RNA (cRNA)) as well as specific activity (picomoles of Cy3 per 

microgram of cRNA) were measured using a NanoQuant plate (Tecan Group) in an Infinite 200 

PRO reader. Next, the labeled cRNA was fragmented and placed on the microarray slide after mix-

ing with the hybridization buffer. Microarrays were incubated for 17 h at 65 °C and then washed 

twice in GE wash buffer (Agilent). Agilent’s High-Resolution C Microarray Scanner was used to 

scan the slides according to the 8 × 60 K array format. The scanned images were analyzed with the 

Agilent Feature Extraction software v. 12.1 (Agilent Technologies). The final analysis included dye 

normalization (linear and LOWESS), background subtractions, and filtering of outlier spots. 

7. Differentially expressed genes 

GeneSpring GX 13 (Agilent) was used to further analyze the data after extraction. The cut-off was 

set to 1.5-fold for the determination of significant differential expression (up or down regulation). A 

moderated Student’s t test was used to determine significant differences, defined as p ≤ 0.05, for 

gene expression. 

8. Enriched gene ontology terms & pathway analysis 

Lists of differentially expressed genes were uploaded to the DAVID 6.7—Database for Annotation, 

Visualization and Integrated Discovery Classification System to analyze their ontologies and partic-

ipation in curated pathways, and to perform a Gene Set Enrichment Analysis (GSEA). Ontologies 

and pathways were assigned independently to upregulated and downregulated gene lists. Annota-

tions (official gene symbols) were limited to Homo sapiens and the genome of this species was used 

as a background for analyses. For the pathway analysis, a Kyoto Encyclopedia of Genes and Ge-

nomes (KEGG) was used as a reference database. 
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9. Animal experiments (safety experiments) 

Six- to twelve-week-old male mice, either C57BL6/J (N = 6) or BALB/c (N = 5 or 7), were bred at 

the Animal Breeding Centre of the Institute of Immunology and Experimental Therapy (IIET). All 

the animal experiments were approved by the 1st Local Committee for Experiments with the Use of 

Laboratory Animals, Wrocław, Poland (projects no. 76/2011) and performed according to EU di-

rective 2010/63/EU. All the animal experiments adhered to the ARRIVE (Animal Research: Re-

porting of In Vivo Experiments) guidelines(59). 

For the general health condition (section 2.5), the microbiome assessment (section 2.6), and the 

inflammatory/cytokine assessment (section 2.7), BALB/c mice were injected with Pal or Cpl-1 in-

traperitoneally in one dose at 0.3 mg per mouse (15 mg/kg) for each protein. The negative control 

was inoculated with PBS and a positive control of inflammation was inoculated with LPS (2000 

EU/mouse). Murine blood was collected into clotting tubes under anesthesia from the tail vein. Se-

rum was separated from the blood using double centrifugation (2250× g for 5 min and 10,000× g 

for 10 min). The sera were stored at −20 °C. 

10. Overall health scoring matrix of mice 

A scoring matrix indicating the general health of mice was calculated on a 15-point scale by adding 

the scores of five aspects, each rated from 0 to 3 (with mid-values possible), where the highest score 

represented the worst condition. The specific criteria used included: Activity (0 = alert and active, 

or calm and resting; 3 = slow to move or non-responsive when coaxed or violent reaction to stimuli); 

Fur (0 = normal, well groomed; 3 = very rough hair coat); Eyes (0 = normal, open, clean, no exu-

date; 3 = closed, sunken or covered with suppurate exudates); Abdomen (0 = normal; 3 = large ab-

dominal mass and/or edema); and Skin (0 = normal, healthy skin; 3 = wounds, dermatitis, lesions). 
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11. Cytokine assay 

The progression of the inflammatory reaction in the murine blood was monitored by measuring in-

terleukin-6 (IL-6) serum levels using a commercially available Human/Mouse IL-6 Mini ABTS 

ELISA Development Kit (PeproTech Inc.) following the recommendations of the manufacturer. 

12. Specific Sera Induction 

For specific IgG induction, C57BL6/J mice were challenged with Pal or Cpl-1 (0.05 mg per mouse) 

or PlyC (0.1 mg/L) on day 0. Murine blood was collected into clotting tubes under anesthesia from 

the tail vein every 3–5 days. Serum was separated from the blood using double centrifugation 

(2250× g for 5 min and 10,000× g for 10 min). The sera were stored at −20 °C. 

13. Measurement of specific IgG and IgE antibody levels 

MaxiSorp flat-bottom 96-well plates (Nunc, Thermo Scientific) were sterilely coated overnight at 

4 °C with endolysins or PBS as control using 100 μL per well at a concentration of 10 μg/mL. Sub-

sequently, wells were washed 5 times with PBS and blocked for 1 h with 1% albumin or SuperB-

lock Blocking buffer (Life Technologies) at 150 μL per well at room temperature. Solution was 

removed and the plates were washed 5 times with 0.05% Tween 20 (AppliChem GmbH) in PBS at 

100 μL per well. One hundred microliters per well of diluted serum (1:100 in PBS) was applied to 

the wells coated with endolysins as well as control wells. Each sample was investigated in duplicate. 

The plates were incubated at 37 °C for 2 h after which serum was removed and the plates were 

washed 5 times with 0.05% Tween 20 in PBS at 100 μL per well. One hundred microliters per well 

of diluted detection antibody (peroxidase-conjugated goat anti-mouse IgG (Jackson Immu-

noResearch Laboratories) or IgE (ThermoFisher) was applied to the plates and incubated for 1 h at 

room temperature in the dark. The antibody solution was removed and the plates were washed with 

PBS with 0.05% Tween 20 5 times at 100 μL per well. TMB (50 μL) was used as a substrate rea-
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gent for peroxidase according to the manufacturer’s instructions (R&D Systems) and incubated for 

30 min. Twenty-five microliters of 2N H2SO4 was added to stop the reaction and the absorbance 

was measured at 450 nm (main reading) and normalized by subtracting the background absorbance 

at 550 nm. 

As a reference level of specific IgE antibody induction, an oral mouse allergy model to ovalbumin 

(OVA) was utilized. Allergy to OVA was induced in mice using a dedicated adjuvant as 

described(60). Briefly, the mice were injected subcutaneously with OVA (50 µg/mouse) with 

Al(OH)3 as an adjuvant promoting the hypersensitivity reaction. The injection was repeated after 14 

days. Seven days after the second sensitization, the mice were given 20% Egg White Solution 

(EWS) (Sigma, Poznan, Poland) in the drinking water. IgE levels specific for OVA were evaluated 

using ELISA as described above and compared to control mice injected with PBS instead of OVA. 

14. Complement system activity test 

Complement assays were performed with the WIESLAB® Complement System kits (Euro Diag-

nostica) to test the activation of the three complement pathways in the presence of Pal or Cpl-1. 

Briefly, the kits contained pre-coated plates with specific activators for the classic pathway (CP), 

alternative pathway (AP), or mannose-binding lectin (MBL) pathway (LP). Blood samples were 

collected from six healthy human donors. Blood was collected in clotting tubes and incubated for 60 

min at room temperature, followed by 10 min centrifugation at 2000× g, and isolated serum was 

immediately used for the tests. First, human serum was incubated at 37 °C for 10 min with 2 µg/mL 

of Pal, Cpl-1, or PBS in equal volumes. Then, sera were diluted with the provided buffers at 1: 200, 

1:18, 1:100 for the CP, AP and LP pathways, respectively, and transferred to the WIESLAB plate 

and processed according the manufacturer’s guidelines. Positive and negative controls included in 

the test kit served as quality control of the assay. 
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15. Testing activity, fluorometric assay 

Sytox Green solution from ViaGram™ Red+ Bacterial Gram Stain and Viability Kit (ThermoFisher 

Scientific) was used in this article. Kinetic experiments were performed at room temperature (23°C). 

Several controls were used to ensure technical suitability and reproducibility of experiments. Brief-

ly (detailed description below), in each experiments we measured fluorescence of PBS (technical 

control), killed bacteria with isopropanol (positive control), live bacteria only (negative control), 

lytic agent only (enzyme control) and bacteria killed by endolysins (lysis control) showing the level 

of fluorescence when lytic reaction is complete. 

The technical control (background) measures fluorescence of the background coming from the 

buffer, the plate and any unbound fluorescent dye. It consists of 150 µL PBS mixed with 50 µL of 

diluted (1/100) Sytox Green solution. The mean signal of this control was subtracted from all reads.  

The positive control is used to demonstrate that the DNA dye in the sample is of sufficient quantity 

(e.g., not saturated) and the measurements are valid. This control is comprised of a concentrated 

suspension of dead bacteria that gives extremely high fluorescent reads. The signal measured by 

this control sample should be higher than in any other sample, establishing that the DNA dye is not 

saturated in the experimental groups and are technically valid. Preparation of the concentrated sus-

pension of dead bacteria is based on a protocol provided by manufacturer of the DNA dyes (Ther-

moFisher). Briefly, 1 mL of S. pneumonia grown for 22 hr at 37°C in Todd-Hewitt broth without 

shaking was added to 20 mL of 70% isopropyl alcohol and incubated for 1 hr at room temperature 

with mixing every 15 min, followed by centrifugation (15,000 x g, 15 min, 4°C) and resuspension 

in 0.25 mL of PBS. 50 µL of this suspension was mixed with 50 µL of diluted (1/100) Sytox Green 

and 100 µL of PBS. 
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The negative control (bacteria) included 100 µL PBS with 50 µL of diluted (1/100) Sytox Green 

and 50 µL of previously prepared bacteria (OD600=1.0). This control was used for normalization to 

calculate progress equal to 0.0 for each timepoint.  

The enzyme control consists of 100 µL PBS with 50 µL of diluted (1/100) Sytox Green and 50 µL 

of previously prepared enzyme solution in PBS (at the highest concentration used for the experi-

ment).  

The lysis control (for calculation of max signal in normalization) contains 50 µL PBS, 50 µL of 

diluted (1/100) Sytox Green, 50 µL of previously prepared enzyme (80 mg/L for Cpl-1 and 40 mg/L 

for Pal enzyme) and 50 µL of bacteria solution. The max value is defined as the mean signal meas-

ured in the last 3 minutes of the reaction. If lysis has gone to completion, the progress curves should 

show no statistically significant change in the last 3 minutes (i.e., the curve is flat). Enzyme concen-

trations included in the experiments higher than proposed can be used for calculation of the max 

signal. The amount of lysin used for this control was chosen such that complete lysis (99.9%) oc-

curred within 10 min. Since activity of the bacteriolytic agent depends on bacteria strain, amount of 

the bacteriolytic agents needs to be sufficient for complete lysis in 10 min. For experiments present-

ed in this article, the lysis of more than 99.9% of bacteria was confirmed by dilution testing. 

1. Before experiment: 

1.1 Each sample is tested in triplicate. 

1.2 Prepare concentrations of the enzymes remembering that for a typical assay the enzyme 

is twice diluted after being added to the sample, so stock solutions of the enzyme needs 

to be twice the final desired concentration.  
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2. Bacteria preparation: 

2.1 Susceptible bacteria of S. pneumoniae were grown for 20 h at 36◦C in (50 mL) in THY 

broth, no shaking. 

2.2 Bacteria were harvested by centrifugation (7 000 x g, 7 min, 20°C). 

2.3 Supernatant was removed. 

2.4 Pellet was resuspended gently in PBS (25 mL). 

2.5 Sample was centrifuged again (7000 x g, 7 min, 20°C) 

2.6 Pellet was resuspended gently in PBS (25 mL). 

2.7 Sample was centrifuged again (7000 x g, 7 min, 20°C) 

2.8 Pellet was resuspended in PBS to final OD600 1.0. 

2.9 The sample was incubated for 30 min at a room temperature. 

2.10 The sample is now ready for fluorescent measurements (point no. 4). 

3. Controls preparation (each should be in triplicate per plate). 

3.1 Positive control (should be started 2 h before the experiment): 

3.1.1 Sytox Green solution from ViaGram™ Red + Bacterial Gram Stain and Viability Kit 

(ThermoFisher, alternatively - 5 mM solution of Sytox Green in DMSO can be used) 

was diluted in PBS 100 times (volume needed is 50 µL per well). 

3.1.2 10 mL of bacteria from step 2.10 was centrifuged (7 000 x g, 4°C, 7min). 

3.1.3 The supernatant was discarded. 

3.1.4 The pellet was resuspended in 1 mL of PBS. 

3.1.5 20 mL of 70% isopropyl alcohol was added (water solution). 

3.1.6 The sample was incubated 1 h at room temperature and mixed every 15 min. 

3.1.7 The sample was centrifuged (15 000 x g, 15 min, 4◦C). 

3.1.8 The supernatant was discarded. 
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3.1.9 The pellet was resuspended in 350 µL of PBS. 

3.1.10 50 µL of PBS with 50 µL of Sytox Green solution from step 3.1.1 and 100 µL of sample 

from point 3.1.9 was mixed in the well before the experiment. 

3.2 Technical control: 150 µL of PBS and 50 µL of Sytox Green solution from step 3.1.1 

was mixed. 

3.3 Lysis control: 50 µL of PBS, 50 µL of Sytox Green solution from step 3.1.1, 50 µL of 

bacteria from step 2.10 and 50 µL of endolysin (at least 80 µg/mL for Cpl-1 and 40 

µg/mL for Pal) was mixed. 

3.4 Enzyme background control: 100 µL of PBS with 50 µL of Sytox Green solution from 

step 3.1.1 and 50 µL of endolysin (equal to highest concentration used in the experiment) 

was mixed. 

3.5 Negative control (bacteria without endolysin): 100 µL of PBS, 50 µL of Sytox Green so-

lution from step 3.1.1, 50 µL of bacteria from step 2.10 was mixed. 

4. Fluorometric measurement. 

4.1 To each well, 50 µL of Sytox Green solution from step 1, and 100 µL of endolysin stock 

solution in PBS (two times higher than tested) was added. 

4.2 All necessary controls were prepared and mixed. 

4.3 Enzymatic lysis was started by adding 50 µL of bacteria suspension from step 2.10 to 

each well from step 4.1. 

4.4 Read was started immidately (ex./em.: 475/525 nm) each well every 45-60 sec. 

4.5 Measurements continued for at least 10 min. 

Validity of the experiment - results were considered valid only if: 

1. Average raw signal of technical control is lower than the average signal enzyme control. 
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2. Average raw signal of the enzyme control is lower than average signal of negative control. 

3. Average raw signal of positive control yields at least 33% higher reads than any other sam-

ple in the experimental setup. 

4. Average raw signal from lysis control from last 3 minutes of the experiment shows no statis-

tically significant change after the initial rise. 

16. Testing activity, turbidity reduction assay (TRA) 

As a comparison for the fluorometric assay, turbidity reduction assays were performed in parallel. 

The same protocol was followed with only the diluent (DMSO, 1% dilution in PBS) used in place 

of the solution of fluorescent dye. Otherwise, the same freshly prepared bacterial cells were utilized 

as was the same concentration range of endolysins. Technical and negative controls were the same 

as in the fluorometric assays. Samples were tested in standard 96-well plates in triplicate and ab-

sorbance readings were measured every for 10 min at 600 nm. 

17. Bacteria used for bacteriolytic experiments 

Clinically isolated Streptococcus pneumoniae strain (code PN135) was used for all experiments. It 

is susceptible to optochin, Pal and Cpl-1.  

18. Epitope analysis 

Identification of amino acids interacting with specific IgGs was performed in accordance with the 

protocol published by Xu et al. adapted to our research by using coding sequences of the investigat-

ed endolysins as the source for library design(61). The peptide library was created by selecting 56 

amino acid (aa) long fragments tailing through Pal and Cpl-1 endolysins, starting every 10 aa from 

the first amino acid (if necessary, oligopeptides with the end of the protein were shorter). In addi-

tion to the WT peptides, variants with consecutive single alanine substitutions, double alanine sub-

stitutions (i.e. targeted amino acid plus a neighbouring amino acid) and triple alanine substitutions 
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(targeted amino acid plus both neighbouring amino acids) were also created. Alanine residues in 

original sequences were substituted by glycine. Thus, our library contains all possible single-, dou-

ble- and triple substitutions for each position in the sequence for all oligopeptides designed as over-

lapping parts of the investigated endolysins. 

The peptide library was reverse translated into DNA sequences using codons optimized for expres-

sion in E. coli. The oligonucleotide library was synthesized using the SurePrint technology for nu-

cleotide printing (Agilent). These oligonucleotides were used to create a phage library representing 

all oligopeptides using the T7Select 415-1 Cloning Kit (Merck Millipore). 

Immunoprecipitation of the library was performed in accordance with a previously published proto-

col.11 Briefly, the phage library was amplified in a standard culture, purified by PEG precipitation 

and dialyzed against Phage Extraction Buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 6 mM 

MgSO4). All plastic equipment used for immunoprecipitation including Eppendorf tubes and 96-

well plates were prepared by blocking with 3% BSA in TBST buffer overnight on a rotator (400 

rpm). A sample representing an average of 10
5
 copies of each clone was mixed with 2 µL of serum 

with high levels of specific anti-endolysin IgGs. This mix was prepared in 250 µL phage extraction 

buffer and incubated overnight at 4°C on a rotator (400 rpm). A 20 μl aliquot of a 1:1 mixture of 

Protein A and Protein G Dynabeads (Invitrogen) was added and incubated for an additional 4 h at 

4°C on a rotator (400 rpm). Liquid in all wells was separated from Dynabeads on a magnetic stand 

and removed. Beads were washed 3 times with 150 µL of a wash buffer (50 mM Tris-HCl, pH 7.5, 

150 mM NaCl, 0.1% Tween-20) and beads were resuspended in 60 µL of water. 

The immunoprecipitated part of the library was then used for amplification of the insert region (ac-

cording to the manufacturer’s instructions) with a Phusion Blood Direct PCR Kit (Thermo Fisher 
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Scientific). The primers T7_Endo_Lib_LONG_FOR GCCCTCTGTGTGAATTCT and 

T7_Endo_Lib_LONG_REV GTCACCGACACAAGCTTA were used and a second round of PCR 

was carried out with the IDT for Illumina UD indexes (Illumina Corp.) to add adapter tags. Se-

quencing of the amplicons in accordance with Illumina next generation sequencing (NGS) technol-

ogy was outsourced (Genomed). 

19. Sequencing data analysis 

Sequenced amplicons were mapped to original nucleotide library sequences by the bowtie2 soft-

ware as published by Xu et al(61).  

NGS sequencing reads were mapped by the bowtie2 software package with use of the originally 

synthesised nucleotide library as indexes (local mode)(62). A number of hits that mapped to each 

reference sequence (highest score) was counted (count, c). 

The signal in each sample was calculated according to a formula (1). 

 

𝒔𝑖𝑗𝑚 =
𝑐𝑖𝑗𝑚

∑ 𝑐𝑖𝑗𝑚𝑖∈𝐼
 (1) 

 

s – signal of i-th sequence in j-th serum sample and m-th technical replicate 

c – number of reads mapped to i-th sequence in m-th technical replicate of j-th serum sam-

ple 
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I – set of all reference sequences (used as indexes to in mapping by the bowtie2 software) 

The vast majority of clones were washed away and were not enriched, if detected at all thus, a zero-

inflated negative binomial model was used to evaluate the probability of each signal to be random. 

Next, all p-values of oligopeptides detected in the sample were adjusted for multiple hypotheses 

(FDR method) (25). Relative signal (enrichment): an average signal in technical replicates of the 

sample divided by average signal in ‘input samples’ of the same sequence resulted in signal ratio 

(relative signal). A series of t-tests evaluated the significance of differences in signals for each oli-

gopeptide separately between input samples (one group) and the tested sera. 

20. Variant design 

Every detected immunogenic amino acid was substituted in silico with every other possible amino 

acid and the difference in free folding energy (ddG) was calculated using the FoldX software(63). A 

three-dimensional model of Cpl-1 endolysin was downloaded from the PDB (Crystal structure of 

the modular the Cpl-1 endolysin complexed with a peptidoglycan analogue (wild-type 

endolysin)(64). The three-dimensional structure of Pal was not available in the databases, so it was 

created using the I-Tasser software(65). Variants were chosen based on the following assumptions: 

a) amino acids that differed from wild-type in their electrostatic charge and chemical structure 

were selected to disrupt epitope interaction with specific antibodies; 

b) the lowest energy state of the folded variant was preferred; 

c) smaller amino acids were preferred for the substitution (due to lower steric tensions). 
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For design of point mutants based on this analysis, amino acid sequences were reverse translated 

using frequent E. coli codons. Gene sequences coding the variants were synthesized de novo and 

cloned into pBAD vectors (BioCat GmbH, Germany). 

21. Measurement of specific IgG antibody levels (recognition of 

variants by wild-type specific antibodies) 

MaxiSorp flat-bottom 96-well plates (Nunc, Thermo Scientific) were coated in sterile conditions 

overnight at 4°C with endolysins or PBS as a control using 100 μL per well at a concentration of 10 

μg/mL or 80 μg/mL. Subsequently, wells were washed 5 times with PBS and blocked for 0.5 h with 

SuperBlock Blocking buffer (Life Technologies Europe BV, Bleiswijk, Netherlands) at 150 μL per 

well at room temperature. The solution was removed and the plates were washed 5 times with 0.05% 

Tween 20 (AppliChem GmbH, Darmstadt, Germany) in PBS at 100 μL per well. One hundred mi-

croliters per well of diluted serum (1:350 in PBS) was applied to the wells coated with endolysins. 

Each sample was investigated in five repeats. The plates were incubated at 37°C for 2 h, after which 

serum was removed and the plates were washed 5 times with 0.05% Tween 20 in PBS at 100 μL per 

well. One hundred microliters per well of diluted detection antibody (peroxidase-conjugated goat 

anti-mouse IgG (Jackson ImmunoResearch Laboratories, Cambridgeshire, UK) was applied to the 

plates and incubated for 1 h at room temperature in the dark. The antibody solution was removed 

and the plates were washed with PBS with 0.05% Tween 20 five times at 100 μL per well. TMB 

(50 μL) was used as a substrate reagent for peroxidase according to the manufacturer’s instructions 

(R&D Systems, Minneapolis, MN, USA) and incubated for 30 min in the dark. Twenty-five micro-

liters of 2N H2SO4 was added to stop the reaction and the absorbance was measured at 450 nm 

(main reading) and normalized by subtracting the background absorbance at 550 nm. 
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22.  Ethical statement 

All human subjects gave informed consent for inclusion before they participated in the study. The 

study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved 

by the Bioethics Committee of the Regional Specialist Hospital in Wrocław (Project identification 

code: KB/nr 2/2017). 

All animal experiments were performed according to EU directive 2010/63/EU for animal experi-

ments and were approved by the 1st Local Committee for Experiments with the Use of Laboratory 

Animals, Wrocław, Poland (project no. 76/2011). The authors followed the ARRIVE (Animal Re-

search: Reporting of in vivo Experiments) guidelines(59). 
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9. Results 

1. Development of a new method for measurement of bacterial lysis 

dynamics 

Studies of endolysin activity are limited by traditional, however not enough robust nor informative 

techniques for measurements of bacteriolytic activity. Two most widely used methods are the dilu-

tion method and the indirect turbidity reduction assay (TRA). They both are not sufficient for pre-

cise measurement in time nor for comparisons of lytic activity between different variants and wild-

type endolysins. Dilution method delivers information on a number of live bacteria in a specified 

time and it is not appropriate for precise detection of enzyme kinetics. Turbidity method requires 

relatively large amounts of bacteria and it is characterized with low precision. One of the major 

parameters that characterize lysis is the lytic activity that refers to the initial velocity of lysis in 

terms of enzyme kinetics and is calculated by dedicated mathematical models. If a lytic component 

with known activity is mixed with an unknown amount of bacteria, the lytic activity value can be 

referred to as the susceptibility to lysis. This setup can be used for characterization of bacteria mix-

tures and analysis of unknown samples, such as clinical or environmental isolates, however calcula-

tion of these parameters require a detection method that is enough sensitive, precise, and controlla-

ble to yield with precise mathematical values. For this reason I developed and validated new a lysis 

detection method that employs DNA-binding fluorescent dyes.  

1. Sytox Green demonstrates the best applicability for detection of bacte-

rial lysis when compared to DAPI, SYTO9 and propidium iodide 

Potential dyes for bacterial lysis detection were chosen and their applicability to measurement of 

bacterial lysis were evaluated by comparison with TRA method. I selected the DNA dye suitable for 

the fluorometric assay with following assumptions: 
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1) A suitable DNA dye should provide a stable, linear signal for the negative control (bacterial 

sample, see Materials and Methods for details) as determined by a linear regression model. If the 

signal from the negative control (bacteria, without endolysin) changes over time, a linear regres-

sion model evaluates a coefficient of determination (R
2
 value) and a statistical significance of the 

model showing probability that a measured change in time (slope) is accidental. A coefficient of 

determination (R
2
), specifies the goodness-of-fit, that is it describes how much the developed 

model varies from the experimental data. The statistical significance of the model is expressed as 

a p-value, where p<0.05 means that the slope deviates statistically significantly from zero.  

2) The DNA dye should enable a detection of a fluorescent signal reaching a plateau after the lysis 

reaction ends during the reaction time. This plateau was used later as the max signal (progress 

equal to 1.0, meaning lysis of all the cells in the sample). The same plateau is seen in the turbidi-

ty reduction assay. The DNA dye showing practically no change in the last 3 min of the meas-

urement was deemed suitable for our purposes.  

3) A suitable DNA dye should show high responsiveness, meaning it should rapidly enter dead cells 

and bind the bacterial DNA immediately, preferentially not requiring complete lysis of the cells 

by the bacteriolytic agent. The DNA dye showing the most rapid change of the fluorescent signal 

in response to a bacteriolytic agent added to a sample may provide the highest speed and preci-

sion of measurements. This comparison was evaluated by a minimal time required to detect the 

change of fluorescent signal equal to 50% of the total detected change.  

Four commercially available fluorescent DNA dyes were tested, Sytox Green and DAPI from the 

ViaGram™ Red+ bacterial Gram Stain and Viability Kit, and SYTO9 and propidium iodide from 

the LIVE/DEAD® BacLight™ Bacterial Viability Kit. DAPI and SYTO9 DNA dyes are used 
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commonly to stain live cells. Sytox Green and propidium iodide are used to stain metabolically in-

active cells, so a rise of the signal after addition of the endolysin is expected due to the increase in 

metabolically inactive cells.  

Comparison of propidium iodide, SYTO9, Sytox Green and DAPI proved that Sytox Green was the 

most suitable for my purpose of bacterial lysis detection. For the other dyes, the coefficient of de-

termination was higher (R
2
=0.047 for Sytox Green, R

2
>0.3 for other dyes) and the statistical signif-

icance of the slope being accidental was the highest (slope = 0; p=0.21 for Sytox Green, p<0.001 

for other dyes). The plateau (max signal) was detected only for DAPI and Sytox Green. DAPI re-

quired almost 6 minutes to reach 50% of the measured reaction progress and Sytox Green required 

only 4 minutes, making this dye the best choice for further experimentation.  

Raw data from fluorometric assay and TRA can be normalized to an objective value: progress [of 

the lysis]. This is required for comparison between experiments using different measurement meth-

ods, enzymes, concentration of bacteria and/or enzymes. The progress (𝑥) is defined as a part of the 

bacterial sample that is lysed, with values ranging between 0 (no lysis) to 1 (complete lysis of 

100%bacterial cells). Progress is calculated by equation (1). Lysis control was used to calculate 

max signal for the purpose of normalization. 

𝑥(𝑡) =
|𝑟(𝑡) − 𝑏𝑐(𝑡)|

|𝑚𝑎𝑥 − 𝑏𝑐(𝑡𝑚𝑎𝑥)|
 

x(𝑡)– progress at time t 

r(𝑡)– signal of the sample at time t 

bc(𝑡) – signal of bacterial control at time t 
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(tmax) –signal of negative control at 10 min (end of the experiment) 

𝑚𝑎𝑥 – signal of lysis control (enzymatically lysed bacteria) 

Progress values can be used to calculate lytic activity as a part of the total bacterial sample that is 

lysed per unit of time [min
-1

]. Raw data representative for kinetic measurements from TRA and 

fluorometric assay are presented for endolysins Pal and Cpl-1 (Figure 1A). Results of normalization 

in accordance to equation no. 1 with use of the same data are show progress of lysis 0 what part of a 

bacteria sample is lysed at the specific time (Figure 1B). 
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Figure 1. Fluorometric assay and turbidity reduction assay in a detection of bacterial lysis: 

representative raw measurements and normalized reads. Bacterial lysis was detected in PBS 

(200 μl) with 1.6x107 CFU, Cpl-1 or Pal (final concentrations of 46 mg/L and 13 mg/L, respective-

ly) Sytox Green solution in DMSO or DMSO (fluorometric assay respectively or turbidity reduc-

tion). Reads measured in fluorometric (A) and turbidity assays (B). Data normalization: the bacteri-

al fraction lysed (progress) calculated from reads for fluorometric (C) and turbidity reduction assays 

(D) (see: Equation 1; progress equal 0 means no lysis and progress equal 1 means all bacteria in a 

sample are lysed, for details see Materials and Methods). Average values from three technical re-

peats are demonstrated, whiskers represent the standard deviation. 
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The Cpl-1 lysin demonstrated a lytic activity that fulfils the requirements of a linear regression 

model. This model was calculated from progress values 0.2 to 0.75. In contrast, a one-phase associ-

ation model best fit the data for the Pal endolysin (GraphPad Prism 7; R
2
 >0,99 for both measure-

ment methods) from 1 mg/L to 110 mg/L. Lytic activity in this model is evaluated by a K value, 

which depicts the change of progress at the beginning of the reaction (i.e. the initial velocity). In 

low concentrations of endolysins (below 1 mg/L of Pal and below 2 mg/L for Cpl-1), all measured 

points were used for calculation of linear regression due to insufficient lysis by the end of the 10 

min assay. In these cases, the measured slope was used to define the lytic activity (Figure 2). 
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Figure 2. Fitted mathematical models for Cpl-1 and Pal lytic curves for exemplary data. Bac-

terial lysis was detected in PBS (200 μL) with 1.6x10
7
 CFU, Cpl-1 or Pal (final concentrations of 

46 mg/L and 13 mg/L, respectively) and 0.25% DMSO or Sytox Green solution (turbidity reduction 

or fluorometric assay respectively). Graphical representation of mathematical models calculated 

from data presented in Figure 4 for Cpl-1 (A) and Pal (B). Proposed best-fit models allow for highly 

accurate (R2>0.99 in each model) and statistically significant (probability of inadequate model, 

p<0.0002, GraphPad Prism). Average values from three technical repeats are demonstrated and 

whiskers represent the standard deviation. Points between grey lines were used for the linear regres-

sion model of the Cpl-1 endolysin. All points measured for the Pal endolysin were used for mathe-

matical modelling. * - the significant difference between lytic activity detected in fluorometric and 

turbidity reduction assays for Cpl-1 (p=0.048); ** - the significant difference between lytic activity 

detected in fluorometric and turbidity reduction assays for Pal (p<0.0001). 

2. General mode of action for Sytox™ Green dye 

Sytox Green fluorescent dye emits a signal after binding to double stranded DNA. This specific dye 

is also excluded from entering metabolically active bacteria (Figure 6). Taken together, observed 

fluorescence after addition of Sytox Green dye can arise from three sources: metabolically inactive 

(dead) bacteria, DNA contamination in the sample and background fluorescence. After addition of a 

bacteriolytic agent such as an endolysin, live bacteria are lysed (killed) and their DNA becomes 

available to Sytox Green. An increase in fluorescent signal that follows such lysis therefore directly 

corresponds to the activity of the bacteriolytic agent (Figure 3).  



51 

 

Figure 3: Mode of action for Sytox™ Green DNA dye. When added to a bacterial mixture, Sytox 

Green is excluded from metabolically active (live) bacteria and DNA remain sequestered inside the 

bacterial cell resulting in no signal (A). When a bacteriolytic agent (e.g., endolysin) is added to a 

mixture of live bacteria and Sytox Green, lysis of the bacterial cell begins. The bacterial cell be-

comes metabolically inactive and dies when sufficient lysis occurs, allowing Sytox Green to enter 

the cell ghost and bind to DNA resulting in increased fluorescence (B). In the case of extensive 

damage or even complete disintegration of the bacteria, bacterial DNA can leak outside the cell and 

Sytox Green in the mixture binds the DNA producing a signal (C). 
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3. Fluorometric assay measures a lytic activity of endolysins with a high-

er responsiveness and in a wider range of enzyme concentrations than 

the turbidity reduction assay 

 Lytic activities, relative lytic activities, and specific lytic activities were calculated from fluoromet-

ric assay and compared to turbidity reduction assays (TRA). Results are summarized in Figure 4. 

For the first time Cpl-1 and Pal endolysins were characterized with presented three measures: 

 A lytic activity is expressed as progress (part of the bacterial sample lysed per minute).  

A relative lytic activity is a lytic activity presented as a percentage of lytic activity detected by the 

turbidity reduction assay under the same conditions.  

A specific lytic activity represents activity of 1 nmol of the endolysin in a specific experimental set-

up.  

Lytic activity was tested in a range of enzyme concentrations, ranging from 0.18 to 375 mg/L for 

Cpl-1 and 0.05 to 110 mg/L for Pal. Lytic activity was detected by Sytox Green as low as 0.36 mg/L 

for Cpl-1 and 0.1 mg/L of Pal, while the minimum concentrations shown to have activity with the 

turbidity reduction assay were four times higher. These values were found significant in comparison 

to negative control (bacteria, no bacteriolytic agent) (p < 0.001 and p < 0.008, for Cpl-1 and Pal, 

respectively). The lytic activity detected by fluorometric assay was significantly higher than that 

detected by turbidity reduction assay, thus demonstrating higher responsiveness of the Sytox Green-

based method. For Cpl-1, statistically significant differences between assays were observed only at 

concentrations 11.7 mg/L and lower (p < 0.05) (Figure 4A), whereas significance between assays 

was detected in all concentrations of Pal (p < 0.05) (Figure 4B). 
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A relative lytic activity allows for comparison of the two methods by artificially setting the activity 

detected by the turbidity reduction assay to 100% for a given set of conditions (Figures 4C,D). In 

doing so, differences in lytic activity at lower concentrations of a bacteriolytic agent are revealed. 

Such differences might be important in situations where only low concentrations of an enzyme are 

possible (e.g., due to side effects, cost, poor penetration to the target site). This analysis also re-

vealed that relative lytic activity detected by fluorometric assay was significantly higher than that 

detected by turbidity reduction assay, demonstrating higher responsiveness of the Sytox Green-

based method. Statistically significant differences between assays were observed for Cpl-1 only at 

concentrations 11.7 mg/L and lower (p < 0.05) (Figure 4C), while significant differences were de-

tected for Pal in all concentrations (p < 0.05) (Figure 4D). Analysis of correlation between relative 

lytic activity and enzyme concentrations for Cpl-1 revealed negative correlation (p < 0.0001, 

Spearman correlation). However, the correlation for the Pal endolysin was not observed (p > 0.18, 

Spearman correlation), therefore, we calculated average relative lytic activity of Pal, which was 180 

± 23% (p < 0.005).  

A specific lytic activity, as revealed by fluorometric assay and turbidity reduction assay, differed 

markedly (Figures 4E,F). The fluorometric assay detected up to 2.44 times higher specific lytic ac-

tivity for Cpl-1 and 3.19 times higher for Pal in comparison to the turbidity reduction assay depend-

ing on the enzyme concentration. A drop in specific lytic activity at low enzyme concentrations are 

related to detection limits for concentrations below 0.36 mg/L for Cpl-1 and 0.1 mg/L of Pal. Con-

versely, a drop in specific lytic activity at high enzyme concentrations (Figures 4E,F) likely relates 

to inhibitory effects due to many endolysin molecules binding surface of one bacteria despite only a 

single lytic event possible for each bacterial cell. I recommend evaluation of a max specific lytic 
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activity for an endolysin for purposes of comparison between enzymes (2.75 ± 0.09 for Cpl-1 WT, 

5.7 ± 1.4 for Pal WT).  
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Figure 4. Comparison of Sytox™ Green fluorometric assay and turbidity reduction assay in 

characterization of Cpl-1 and Pal. Bacterial lysis was detected in PBS (200 mL) with 1.6x10
7
 

CFU, Cpl-1 or Pal at indicated concentrations and 0.25% DMSO or Sytox Green solution (turbidity 

reduction or fluorometric assay, respectively). Lytic activity of Cpl-1 (A) and Pal (B) is measured 

by both methods in concentrations ranging from 0.05 to 110 mg/L for Pal and from 0.18 to 375 
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mg/L for Cpl-1. Comparison of relative lytic activities for Cpl-1 (C) and Pal (D). Specific lytic ac-

tivity of Cpl-1 (E) and Pal (F) measured by both methods. * - statistically significant difference in 

activity as detected by the two methods (adj. p < 0.05). Points represent results of two identical ex-

periments. Bars represent the standard error. 

4. Fluorometric assay detected bacterial lysis in a wider range of bacteri-

al concentrations than the turbidity reduction assay (3.4×10
3
 CFU/mL) 

The lytic activity of Cpl-1 was detected in all measured bacterial concentrations, from as low as 

3.4×10
3
 CFU/mL (6.8×10

2
 CFU/sample) to 8×10

7
 CFU/mL (1.6×10

7
 CFU/sample) in the fluoro-

metric assay (Figures 5A,B). In contrast, optical density based methods, including the turbidity re-

duction assay, struggle to measure bacterial concentrations lower than 10
6
 CFU/mL (66–69). Corre-

lation between bacterial concentration and the detected signal of lysis was very high (0.9989, p < 

0.0001 when 1.0 describes ideal correlation, Spearman correlation, GraphPad Prism 7) (Figures 

5A,B). We assessed potential dependence of Cpl-1 lytic activity detected by fluorometric assay on 

bacterial concentrations and we found no statistically significant correlation (p > 0.2). Mean lytic 

activity was constant for all bacterial concentrations exceeding 5×10
3
 CFU/mL, not deviating from 

0.192 (95% CI from 0.1849 to 0.1985 min
−1

; p < 0.01, GraphPad Prism 7). The fluorescent signal 

was measured after 10 min lysis by Cpl-1 over a range of bacterial concentration from 1.6×10
7
 

CFU/sample to 6.8×10
2
 CFU/sample (Figure 5C). Bacterial lysis was detected in PBS (200 µL) 

with bacteria at indicated concentrations and 0.25% Sytox Green solution.  

However, lytic activity of Cpl-1 in bacterial concentrations lower than 5×10
3
 CFU/mL deviated 

from the used model for Cpl-1, but one-phase association model for this data was statistically sig-

nificant in comparison to linear regression (adj. R
2
 of 0.802 to 0.608 respectively). This effect likely 

resulted from a relatively large contribution of signal generated by the endolysin in comparison to 

other bacteria concentrations in which protein fluorescence is negligible (Figure 5C). This contribu-
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tion is a background signal from protein added at the start of the lytic reaction. Most probable cause 

of this are some minor non-specific interactions between the protein and the dye. Nonetheless, this 

contribution is lower than 1/1000
th

 of the activated dye and is considerable only in this extremely 

low concentration of bacteria. Thus, this model was used for evaluation of lytic activity at the lower 

limit of bacterial concentrations (Figure 5C). 

5.  Optimal concentration of bacteria for fluorometric assay was between 

2.5×10
7
 and 2.5×10

6
 CFU/mL per sample 

 The optimal concentration of substrate bacteria was determined experimentally to further improve 

experimental design for practical applications. Signal to noise ratio for different bacterial concentra-

tions for the Cpl-1 endolysin was determined. An optimal range in the presented experimental setup 

was between 5×10
6 

and 5×10
5
 CFU, where the final signal reached a value over 12 times higher 

than the background signal value (Figure 5D).  

6. The Cpl-1 endolysin is characterized by Michaelis-Menten model 

A lytic activity of the Cpl-1 endolysin in varying concentrations of bacteria was used to calculate 

Michaelis-Menten statistics to develop a molecular characterization of the enzyme. I have demon-

strated that Cpl-1 can be described by the Michaelis-Menten model when measured by the fluores-

cent method. Vmax represents theoretical upper limit for activity of the enzyme in an abundance of 

substrate. For Cpl-1, this was 7.2 ± 0.2 × 10
6
 CFU/min. The Km represents the concentration in 

which an enzyme demonstrates half of its maximum activity. For the Cpl-1 endolysin, it was 51 ± 

3×10
6
 CFU/mL (Figure 5E) 
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Figure 5. Results of fluorometric assay in varying concentrations of bacteria and calculated 

Michalis-Menten model. Fluorescent signal of Sytox Green after 10 min of bacterial lysis in low 

(A) and high (B) concentrations of bacteria (red) and background signal of bacteria with no endoly-

sin (black). Blue line shows background signal of Cpl-1 alone. Kinetics of Cpl-1 activity in the 

lowest concentration of bacteria (680 CFU/sample) in comparison to background signals from bac-

teria (negative control) and Cpl-1 only (blue line) (C). Ratio of signals from Cpl-1-lysed bacteria to 

negative control (bacteria) tested in a range of bacterial concentrations; the highest values represent 

optimal bacterial concentrations (D). Graphical representation of a Michaelis-Menten model calcu-

lated for the Cpl-1 endolysin with experimental data (E). * – statistically significant difference be-

tween samples and background (p < 0.003). ** and *** signifies statistically significant difference 

between K values of plotted curves (** is p < 0.0001, and *** is p = 0.0269). Points or bars repre-

sent average of measurements for two independent experiments and whiskers represent the standard 

deviation. A yellow line represent graphically Km value. 

2. Immunogenicity of endolysins Cpl-1, Pal, and PlyC in mouse 

model 

Immune system is expected to produce specific antibodies as a response to exposure to proteins of 

non-human origin. Profile of antibodies induction by the investigated endolysins was assessed in 

mice by an intraperitoneal challenge with 50 µg/mouse (Cpl-1 and Pal) or 100 µg/mouse (PlyC) of 

a tested protein (one dose application). Higher amount of PlyC was applied due to its higher (than 

Cpl-1 and Pal) molecular mass. Murine sera were then collected for up to 50 days after exposure. 

Serum levels of specific antibodies were measured by ELISA test. Negative control consisted of a 

mouse group treated with PBS instead of endolysin solutions.  

Immunogenicity was demonstrated in mice challenged with Cpl-1, Pal and PlyC; these animals 

showed a typical profile of specific IgG induction, that can be observed also for other proteinaceous 

antigens, including pathogen-derived proteins or vaccines. In comparison to negative control, these 

mice showed significantly higher levels of endolysin-specific IgGs on day 15 after administration of 



60 

 

Pal or PlyC, and on day 30 for Cpl-1 (adj. p< 0.05). After 30
th

 day levels of IgG specific to the test-

ed proteins reached a plateau (Figure 6A).  

 

 

Figure 6. Antibody levels of IgG in mice challenged with Cpl-1, Pal and PlyC. Animals were 

exposed to purified protein by injection (i.p.). Serum samples were collected on days 1, 5, 10, 15, 

20, 25, 30, and 50 and tested for levels of specific to Cpl-1, Pal or PlyC antibodies by ELISA. * - 

significantly different levels between groups exposed to PlyC or Pal tested group and respective 

control groups on the same day (adj. p < 0.05). ** - significantly different levels between a groups 

exposed to Cpl-1 and a respective controls on the same day (adj. p < 0.05). Each line represent av-

erage of antibody levels in a group (n=6 in each group). 
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3. Identification of immunogenic regions in endolysins - EndoScan 

technology 

Identification of antigenic epitopes was done by epitope scanning (EndoScan, Figure 7), a new ap-

proach proposed herein for protein epitope identification, modified from the innovative VirScan 

technology developed by Xu et al.(61). Detailed specification of our EndoScan method is presented 

in Figure 3. Briefly, a T7 phage display library of 56 aa fragments of endolysins starting each sub-

sequent 10 aa (46 aa overlap) was constructed. Murine sera were developed by challenging mice 

with the investigated endolysins and their respective sera with high titers of specific antibodies were 

collected. T7’s library was then incubated with murine sera containing high levels of anti-Cpl-1, 

anti-Pal and anti-PlyC IgG. Complexes of specific IgGs attached to oligopeptides on the surface of 

T7 phages were then precipitated with magnetic beads binding to IgG (immunoprecipitation). Thus, 

a fraction of the phage display library that presented endolysin epitopes reactive to IgG present in 

the sera was isolated, while the rest, not recognized by IgG, was washed away. Since the library 

contains whole phage particles, each phage that displays a specific epitope contains a sequence cod-

ing for this epitope in its genome. Thus, NGS sequencing of the relevant region in the library ge-

nomes was used to reveal which epitopes were effectively recognized by specific IgG. Occurrences 

of each oligopeptide after immunoprecipitation were counted, normalized and compared to input 

library. Statistical significance was calculated between a group of sera from mice exposed previous-

ly to tested protein and input library. 
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Figure 7. EndoScan technology. (a) in silico design of peptides covering sequences of Pal and 

Cpl-1, (b). synthesis of oligonucleotides coding for the peptides, (c). constructing of phage display 

library of endolysin-derived peptides, (d) reaction of the library with specific sera, (e) immunopre-

cipitation with magnetic beads binding Fc fragments of antibodies, (f) amplification by PCR reac-

tion, (g) NGS sequencing, modified from Xu et al. (61). 

1. Immunogenic regions of Pal, Cpl-1, and PlyC identified in a mouse 

model 

Significantly increased reactivity with Cpl-1, Pal, and PlyCA specific IgGs was detected in 7, 3, and 

7 oligonucleotides (within the EndoScan library) respectively, but no increased reactivity was de-

tected in PlyCB subunit (Figure 8, adj. p <0.05).   
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Figure 8: Immunogenic regions in endolysins Cpl-1 (A) Pal (B), PlyCA (C) and PlyCB (D) 

identified with murine sera. Reactivity of murine endolysin-specific sera with phage-display li-

brary containing oligopeptides coding fragments tailing endolysin sequence (10 aa shift) has been 

presented. Endolysin-specific serum was developed in mice and was used for immunoprecipitation. 

NGS sequencing was used to identify the immunoprecipitated fraction of the phage display library. 

The relative signal of oligopeptides after immunoprecipitation is presented, indicating the relative 

strength of interaction between 56 aa oligopeptide and specific IgG. Red lines represent the signal 

of the ‘input sample’ (that is: the library before immunoprecipitation), normalized as 1.0 * - adj. 

p<0.05 from comparison between normalized signals from immunoprecipitated sample and input 

sample, for each oligopeptide. Datapoints represent average and SD of 6 biological replicates (n=6), 

two technical replicates were completed. 

2. Immunogenic regions of Pal, Cpl-1, and PlyC identified in human sera 

Phage library was also immunoprecipitated with human sera (n=56). This allowed to identify re-

gions in Cpl-1, Pal and PlyC (Figure 9) that can be recognized by antibodies in humans non-

exposed to endolysin. Such interactions may either represent unintended exposure for instance from 

natural components of human microbiome, or cross-reactions (false-positive recognition) by some 

IgG fractions induced by different antigens. Significantly increased reactivity with Cpl-1, Pal, and 

PlyCB specific IgGs was detected in 8, 4, and 2 oligonucleotides respectively, but no increased re-

activity was detected in PlyCA subunit (Figure 3, adj. p <0.05).   
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Figure 9: Immunogenic regions in endolysins Cpl-1 (A) Pal (B), PlyCA (C) and PlyCB (D) 

identified with human sera. Reactivity of human sera with phage-display library containing oligo-

peptides coding for fragments tailing endolysin sequence (10 aa shift) has been presented. Sera 

from healthy humans was used in immunoprecipitation. NGS sequencing was used to identify the 

immunoprecipitated fraction of the phage display library. The relative signal of oligopeptides after 

immunoprecipitation is presented, indicating the relative strength of interaction between 56 aa oli-

gopeptide and specific IgG. Red lines represent the signal of the ‘input sample’ (that is: the library 

before immunoprecipitation), normalized as 1.0 * - adj. p<0.05 from comparison between normal-

ized signals from immunoprecipitated sample and input sample, for each oligopeptide. Datapoints 

represent average and SD of 6 biological replicates (n=6), two technical replicates were completed. 

3. Natural immunogenicity in humans is mediated by PlyCB subunit of 

PlyC protein 

Human serum samples from healthy volunteers (n=56) were also tested for their reactivity to PlyC 

by ELISA. Anti-PlyC IgG levels showed significantly higher levels in 12.5 % of the samples (7 out 

of 56) compared to the overall population (outliers) (Figure 10A). Since the PlyC holoenzyme con-

sists of two subunits, PlyCA (the domain of enzymatic activity) and PlyCB (the binding domain), 

both domains were tested individually. Approximately 10% (5 out of 56) of samples showed signif-

icantly higher anti-PlyCB IgG levels than the overall population. Noticeably, all 5 outliers for 

PlyCB layed within outliers detected for the whole PlyC holoenzyme. Levels of anti-PlyCA showed 

no outliers. Furthermore, anti-PlyCA IgG levels followed a normal Gaussian distribution whereas 

both PlyC and PlyCB significantly skewed from a Gaussian distribution because of overrepresenta-

tion of the high reads (Table 1). Next, reactivity of sera for PlyC, PlyCA, and PlyCB were plotted 

against each other to elucidate any correlations in reactivity within each individual. PlyC values 

were found to strongly correlate with those observed for PlyCB (Spearman r = 0.820, p<0.0001), 

however, correlation of PlyC with PlyCA was markedly lower and found to be statistically insignif-
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icant (Spearman r = 0.24, p>0.01) (Figure 10B and 10C, Table 2). Taken together, the data suggests 

the PlyCB subunit mediates PlyC-IgG interactions in the investigated human sera. 
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Table 1. Evaluation of anti-PlyC, anti-PlyCA, and anti-PlyCB IgG levels in human sera by 

normal distribution analysis. The Anderson-Darling analysis tests the null-hypothesis that a cu-

mulative distribution curve does not vary from expected Gaussian distribution. Similarly, the 

D’Agostina & Pearson analysis tests whether skewness and kurtosis of the data vary significantly 

from expected in Gaussian distribution. 

 

PlyCB PlyCA PlyC 

Anderson-Darling test 

A2 3.391 0.5596 4.376 

p-value <0.0001 0.1415 <0.0001 

Passed normality test 

(alpha=0.05) 

No Yes No 

D'Agostino & Pearson test 

K2 33.64 5.251 34.13 

p-value <0.0001 0.0724 <0.0001 

Passed normality test 

(alpha=0.05) 

No Yes No 
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Table 2. Correlations of human serum IgG reactivity to PlyC and its domains: PlyC vs. PlyCA (first 

row), and PlyC vs. PlyCB (second row). 

 

Spearman r p-values CI Pearson r p-values CI 

PlyCA 0.24 0.078 -0.035 to 0.48 0.32 0.017 0.06 to 0.54 

PlyCB 0.82 <0.0001 0.71 to 0.89 0.95 4.9E-30 0.92 to 0.97 
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Figure 10. IgG reactivity against PlyC and its subunits, PlyCA and PlyCB. (A) Sera from 

healthy volunteers (n=56) were tested against recombinant PlyC, PlyCA, and PlyCB by ELIS. Lev-

els of antibodies as ELISA signal; the mean value was presented as the vertical line, 25
th

 and 75
th

 

percentile were presented as the box, whiskers designate outliers cut-off (Tukey method, 

GraphPadPrism), points (triangles or circles) represent outliers in each group. All five outliers that 

demonstrated the highest levels of anti-PlyCB IgG (circles) demonstrated also the highest levels of 

anti-PlyC IgG’s (triangles). (B) Correlation (blue line) between levels of antibodies specific to PlyC 

and antibodies specific to PlyCA (insignificant). (C) Correlation (blue line) between levels of anti-



71 

 

bodies specific to PlyC and antibodies specific to PlyCB. Correlation between levels of antibodies 

specific for PlyC and PlyCB was statistically significant. * - p-value < 0.0001. 

4. Determination of immunogenic amino acids in Cpl-1 and Pal endoly-

sins 

Basing on the statistical analysis, selected oligopeptides were further processed for identification of 

amino acids that are directly engaged in endolysin-antibody interaction. These oligopeptides were 

located at C-end of Cpl-1 endolysin (301-339 aa) and within Pal endolysin (141-194 and 251-304 

aa) (Figure 11). The oligopeptides were further analysed by site-directed mutagenesis. Consecutive 

pair or trio of amino acid in their sequences was substituted with alanine (or glycine, if a wild type 

amino acid was alanine). This yielded a mutagenized library that was tested with the same technol-

ogy (Figure 7) and allowed to identify amino acids which substitution caused the loss of reactivity 

between an oligopeptide and endolysin-specific antibodies. Noteworthy, no oligopeptides showed 

statistically significant increase in enrichment what confirms immunogenicity of wild type oligo-

peptide. 
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Figure 11: Amino acids that mediate immunogenicity of endolysins Cpl-1, Pal, and PlyC. Im-

munogenicity of C-end fragment of Cpl-1 (A), 141-193 aa of Pal (B) and 251-303 aa fragment of 

Pal (C) were defined in the reaction of a phage-display library consisting of oligopeptides with ala-

nine substituted consecutive pairs or triplets (alanines were substituted with glycine). After incuba-

tion with murine sera exposed to a tested protein alanine substituted oligopeptides not recognized 

by specific to wild-type oligopeptides antibodies were washed away. Relative signal shows strength 

of recognition of this substituted oligopeptide. A low relative signal correlates with lack of recogni-

tion by wild-type antibodies meaning that immunogenic amino acids crucial for interaction with 

IgG antibodies have been substituted. Green lines represent the signal of the original, non-

substituted oligopeptide, normalized as 1.0 red areas - adj. p<0.05 from comparison between nor-

malized signals from immunoprecipitated sample and input sample for aminoacids whose substitu-

tion showed lowering of the relative signal for all oligopeptides with substituted aminoacid on this 

position. Datapoints represent average and standard deviation of 6 biological replicates (n=6), two 

technical replicates were completed. 

4. Preclinical basic safety evaluation 

1. Pal and Cpl-1 endolysins show no intrinsically toxic activity 

In addition to specific immune reaction (IgG induction), biological drugs may potentially mediate 

other undesirable effects that should be excluded at advanced level of synthetic drugs design. Since 

my goal was to propose new variants of endolysins with improved performance in vivo, I assessed 

these enzymes for other (than IgG induction) undesirable effects. For this purpose, I conducted 

basic toxicity tests of selected endolysins (Cpl-1, Pal) to evaluate potential changes in mammalian 

gene expression profiles, changes in activity of a complement system, hypersensitivity (identified 

by IgE induction and overall health condition in mice treated with large quantities of the tested pro-

teins).  

Possible detection of increase in protein-specific IgE is a marker of hypersensitivity, since IgE frac-

tions mediate allergic reactions. Here, no tendency for the development of Cpl-1- or Pal-specific 
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IgE was observed in mice (Figure 12). Serum levels of endolysin-specific IgE were significantly 

lower than in a positive control group and not significantly higher than negative control. 

 

Figure 12: Antibody levels of IgE in mice challenged with Cpl-1, Pal and PlyC. Animals were 

exposed to purified protein by injection (i.p.). Serum samples were collected on days 1, 5, 10, 15, 

20, 25, 30, and 50 and tested for levels of specific to Cpl-1, Pal or PlyC antibodies by ELISA. Posi-

tive signal- reference level of IgE antibodies detected in mice allergic to a model antigen (OVA). 

No significant difference detected between Cpl-1 or Pal treated groups and a respective (negative) 

control. Difference between positive signal and all groups at all time points is statistically signifi-

cant (p>0.05). Each line represent average level in a group of mice (n=6). 

Analyzing profiles of gene expression in eukaryotic cells before and after an exposure to investigat-

ed agents is a powerful tool for identification of possible harmful effects. Analysis of changes that 

those agents cause in eukaryotic cells can identify potential toxicity, oncogenic activity, and other 

problems. Human cell lines, pharyngeal carcinoma (FaDu) and normal SC macrophage, were ex-

posed to 0.5 µM of bacteriolytic agent (17.5 µg/mL of Pal and 20 µg/mL of Cpl-1) for 6h. Cellular 
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mRNA was isolated and analyzed by microarray technology. Statistical analysis of microarrays 

results showed no statistically significant (p< 0.05) changes in gene expression after exposure to 

Cpl-1 or Pal (in comparison to those exposed to BSA as a control) in both cell lines. I performed 

two types of statistical analysis, the Bonferroni Holm method for the family-wise error rate (FWER) 

and the Benjamini Hochberg method for the false discovery rate (FDR). Results demonstrate that 

Pal and Cpl-1 has no negative effects on the human cells, including a toxicity, inflammatory re-

sponse induction, or activation of oncogenes. 

2.  Pal and Cpl-1 do not activate complement system 

The complement cascade/system is a component of blood playing a crucial role in development of 

immune responses. It enhances the ability of antibodies and phagocytic cells to remove damaged or 

abnormal cells or many types of microbes. Proteins that affect and interfere with this cascade can 

cause a serious harm during treatment, especially treatment of microbial infections. Commercially 

available test quantifies activity of classic, alternative, and MBL-dependent pathways. Pal and Cpl-

1 endolysins were tested ex vivo (human blood) with Cpl-1 and Pal and compared with a control 

consisting of PBS only.  

Cpl-1 and Pal in concentration of 2 µg/mL during testing showed no effect on the activation of the 

complement system (classic, alternative or MBL-dependent pathway) compared to the control with 

PBS only (p <0.05) (Figure 13). In other words, Pal and Cpl-1 do not affect significantly first line of 

non-cellular immune response in humans. 
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Figure 13: Levels of classic, alternative and MBL pathway of the complement system in human 

serum after exposure to a concentration of 2 µg/mL. IC: inactivated complement system (as sup-

plied by the manufacturer), dashed line - control of normal complement activity (as supplied by the 

manufacturer). 

3.  Mice challenged with Cpl-1 and Pal show no adverse side effects and 

no inflammatory response after treatment with large amounts of the 

proteins. 

Evaluation of general health condition in animal models and side effects of potential therapeutics 

may demonstrate adverse activity that cannot be identified in vitro and ex vivo. For this reason, a 

general assessment of mice treated with Cpl-1 or Pal endolysins was performed. The health status 

scoring was used after 2 h and 5 h after exposure to Cpl-1 or Pal. Since in the endolysin preparation 

some trace amounts of LPS was detected, negative controls were treated with the same level of LPS 

as contained in the purified endolysin solutions. A toxic dose of LPS (2000 EU per mouse) served 

as a positive control of toxicity. An inflammatory marker (IL-6) was also assessed in these animals.  
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Cpl-1 and Pal exerted no negative effects 2h and 5h after exposure to 0.3 mg of endolysin (Figure 

14). No significant difference in health status scorings was detected in the negative control mice and 

endolysin treated mice (p<0.05). Positive control (mice exposed to high LPS dose) showed a 

marked, negative effect at both time points and significantly worse health status than animals treat-

ed with the endolysins (p<0.05). Measurements of IL-6 levels in murine blood 5 hours after treat-

ment with the endolysins showed no significant differences to negative control mice (p>0.05) (Fig-

ure 15). Both animals treated with endolysins and negative controls showed significantly lower lev-

els of IL-6 than the positive control consisting of mice exposed to high LPS dose (p<0.05). 
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Figure 14: Health status scoring in mice treated intraperitoneally with Pal and Cpl-1. Pal: 

mice treated with 0.3 mg of Pal; Pal control: mice treated with PBS containing the same residual 

LPS content as Pal (0.6 EU); Cpl-1: mice treated with 0.3 mg of Cpl-1; Cpl-1 control: mice treated 

with PBS containing the same residual LPS content as Cpl-1 (8 EU); positive control: mice treated 

with a toxic LPS dose (2000 EU). Upper panel: 2 h after treatment; Lower panel: 5 h after treatment. 
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Figure 15: IL-6 cytokine levels in murine blood 5 h after intraperitoneal treatment with Pal or 

Cpl-1. Pal: mice treated with 0.3 mg of Pal; Pal control: mice treated with PBS containing the same 

residual LPS content as Pal (0.6 EU); Cpl-1: mice treated with 0.3 mg of Cpl-1; Cpl-1 control: mice 

treated with PBS containing the same residual LPS content as Cpl-1 (8 EU); positive control: mice 

treated with a toxic LPS dose (2000 EU). 

5. Deimmunization of endolysins Pal and Cpl-1 

Since other types of analyses did not reveal any important biological activities of Cpl-1 and Pal, my 

further work was focused on decreasing their ability to enter interactions with IgG antibodies. Bas-

ing on my previous results: identified amino acids that mediate interaction of immunogenic regions 

in the investigated endolysins with IgGs, and having developed a sensitive and precise method for 

testing bacterial lysis efficacy (fluorometric assay), I conducted deimmunization of selected endoly-

sins. Deimmunization was conducted in Pal and Cpl-1, since identification of their immunogenic 

regions gave consistent results in animal model and in human population. Thus, potential for 

deimmunization had both good technological basics and high applicability. PlyC endolysin was 

excluded from further studies due to differences in reactions between human sera that recognized 

PlyCB subunit as immunogenic and murine that recognized PlyCA subunit as an immunogenic one.  
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Engineering of Pal and Cpl-1 to escape recognition by epitope-specific antibodies was conducted by 

amino acid substitutions with the following assumptions: 

- different charge and chemical type of substituted aminoacids prevents establishing the same 

interaction between IgG and antigen; 

- lowering of folding energy (ddG) with substitution improves stability and creates minimal 

risk of severe conformational changes 

- larger aminoacids are avoided as possible in order to avoid creation of additional steric ten-

sions. 

Nine possible variants of Pal were designed (Table 3) and ORF coding these variants were synthe-

sized, cloned and expressed. Expression in an E. coli expression system yielded three variants that 

expressed as soluble proteins: Pal v1, Pal v3, Pal v9. Five Cpl-1 (v1 -v5) variants were designed 

and processed similarly as Pal variants. They all yielded satisfactory expression of soluble enzymes 

(Table 3).  

1. Pal and Cpl-1 variants with engineered immunoreactive epitopes show 

altered bacteriolytic efficiency 

 All efficiently expressed variants of Pal and Cpl-1 were tested for their antibacterial activity prov-

ing that all engineered and expressed endolysins are still capable to lyse target Streptococcus pneu-

moniae. Activity was tasted in a range of enzyme concentrations and for v1 and v9 of Pal and vari-

ants v2, v4, and v5 of Cpl-1 was significantly lower than in the wild-type enzymes (Figure 16). Var-

iants Cpl-1 v1 and Cpl-1 v3 were active similarly to WT enzyme, and Pal v3 was significantly more 

active against sensitive bacteria than the wild-type enzyme (Figure 16). Since all variants demon-

strated at least partial antibacterial activity, they were all used in further immunological studies. 

Every variant of Cpl-1 endolysin with modified 316 aa lost majority of its bacteriolytic activity 
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suggesting this amino acid to be important for stability of a catalytic domain in spite of being far 

from an active site in primary structure. Difference between variants Pal v1 and Pal v9 is one amino 

acid but their activity is significantly different. 
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Figure 16 Antibacterial activity of endolysins Activity of Cpl-1 (A), Pal (B), and variants with 

engineered epitopes identified by EndoScan. Activity was measured in PBS. * - adj. p<0.05. Bars 

represent an average, two technical replicates were completed. Whiskers represent standard error of 

the activity. 

Table 3. Designed Pal and Cpl-1 variants with engineered immunoreactive epitopes.  

protein variant designation position of a modification wild-type sequence modified sequence 

Pal v1 257-259 MKS TFK 

v2 265-268 YNDG DKGL 

v3 280-282 DKP GGA 

v4 283-285 QFT GLA 

v5 257-259 

265-268 

280-285 

MKS 

YNDG 

DKPQFT 

AAA 

AAAA 

AAAAAA 

v6 257-259 

265-268 

280-285 

MKS 

YNDG 

DKPQFT 

TFK 

DKGL 

GGAGLA 

V7 257-259 

280-282 

MKS 

DKP 

TFK 

GGA 

v8 265-268 YNDG LAGL 

v9 257-259 MKS TFG 

Cpl-1 v1 309-311 SGK DAW 
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v2 316 M R 

v3 329-331 TKE LQP 

v4 309-311 

316-317 

329-331 

MKS 

MN 

TKE 

DAW 

RF 

LQP 

v5 309-339 SGK…TVA deleted 

 

Biologically active proteins can be prone to non-specific inactivation by the complex serum matrix. 

This might change the variants’ applicability in vivo, independent of their possible improved per-

formance in the presence of specific antibodies. Endolysin variants were therefore tested for their 

antibacterial activity ex vivo in naïve sera (from unchallenged animals). In wild-type enzymes and 

in most of the tested variants similar, significantly decreased activity was observed (Figure 17). 

Two Cpl-1 variants, Cpl-1 v4 and Cpl-1 v2, demonstrated no significant change in their activity 

with or without serum, but overall activity of these variants was poor in general. Pal v1, also with 

intrinsic poor activity, demonstrated improved activity in the presence of serum, but it was still 

lower than that of the WT protein (Figure 17). 
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Figure 17. Effect of naïve (non-specific) murine serum on antibacterial activities of endolysins 

Pal (A) and Cpl-1 (B), and variants with engineered epitopes identified by EndoScan. Concen-

tration of endolysins and all variants was 10 µg/mL. Serum concentration was 15%. Non-

inactivated serum was used. * - p<0.05. Bars represent average, two technical replicates were com-

pleted. Whiskers represent standard error of the activity. 

2. Ability of new Pal and Cpl-1 variants to induce specific IgG 

Pal and Cpl-1 variants were further investigated for their in vivo immunogenicity in an animal mod-

el. Immunogenicity herein was considered as efficiency of a protein to induce specific antibodies 

(measured as serum levels of specific IgG). None of the variants demonstrated significantly 

changed immunogenicity to Cpl-1, but in the case of Pal v9 its immunogenicity was significantly 

decreased (only on days 40 and 50 after challenge, p<0.001) and for Pal v1 its immunogenicity was 

significantly increased (only on days 40 and 50 after challenge, p<0.001) (Figure 18). Thus, the 

overall ability of the variants to induce specific antibodies in comparison to wild-type enzymes was 

moderately decreased only in one case, and this variant demonstrated lower antibacterial activity 

than the WT endolysin.  
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Figure 18. Serum levels of specific IgG induced by Pal and its variants with engineered 

epitopes identified by EndoScan. Levels of specific IgG antibodies detected by ELISA. Mice (n=6) 

were exposed (i.p.) to variants of Pal endolysin (100 µg/mouse), Pal endolysin (wild type) and PBS 

(K0). Sera were collected until 50
th

 day after initial exposure and levels of specific to a respective 

protein were measured. * - p value < 0.05 between a group exposed to variant and wild type Pal. 

Each group represent six mice (n=6), two technical replicates of each sample were conducted, 

points represent average and whiskers represent standard deviation. 

3. Ability of new variants of Cpl-1 and Pal to escape cross-reactions with 

IgGs induced by the wild type endolysins 

Specific antibodies induced by an active protein can potentially limit success of this protein in situa-

tions of repeated use. Protein variants with the same overall immunogenicity but different immuno-

genic epitopes may escape cross-reactions with antibodies induced by wild-type protein, thus being 

useful in repeat treatments. Therefore, we investigated cross-reactions of Pal and Cpl-1 variants 

with IgG induced by wild-type endolysins. In all variants, cross-reactivity was weaker than the reac-

tivity of WT Pal or Cpl-1, with the decrease of the Pal variants’ cross-reactivity being more marked 
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(Figure 19). Therefore, we next tested ex vivo how the Pal variants escaped cross-neutralization by 

specific serum induced by WT Pal. Lytic activity of Pal WT, and its variants v3 and v9, was com-

pared in the reaction with Pal-specific serum used as a blocking agent. Pal v1 was not investigated 

due to its overall significantly weakened antibacterial activity. This testing revealed that Pal v3 

demonstrated significantly stronger antibacterial activity in Pal-specific serum than the WT Pal en-

zyme (p<0.05). Specifically, two effects contributed to this advantage: Pal v3 was not neutralized 

by Pal-specific serum, and it demonstrated intrinsic higher activity than WT Pal (Figure 20). Thus, 

Pal v3 is a variant of the Pal endolysin that escapes cross-neutralization with specific antibodies 

induced by the WT Pal, and it has overall improved antibacterial activity. 
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Figure 19. Cross reactivity of Cpl-1, Pal and their variants by specific to wild type murine 

serum. Comparison of immunogenicity (cross-reactivity) of Pal (A) and Cpl-1 (B) variants with 

engineered epitopes identified by EndoScan to wild-type enzyme specific IgG. * - adj. p<0.05. Bars 

show average, normalized levels of ELISA from six murine sera (n=6), whiskers show standard 

deviation. Two technical replicates of this experiment were performed.  
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Figure 20. Bacteriolytic activity of Pal and Palv3 endolysins in serum specific to Pal WT. Bac-

teriolytic activity was measured in murine serum with confirmed high titer of IgG specific to Pal 

WT and compared with serum without detectable level of such IgG. Concentration of endolysins is 

20 µg/mL. Serum concentration was 15%. * - p<0.05. Bars show average, two technical replicates 

were completed. Whiskers represent standard error of the activity. 



90 

 

10. Discussion 

Bacteriophage endolysins gain increasing attention. These enzymes are promising and potent alter-

natives to traditional antibiotics. In the past decade at least three companies have been enrolling 

patients for Phase 2 clinical trials with endolysin-based therapeutics, according to clinicaltrials.gov. 

SAL200, a pharmaceutical composition containing the SAL-1 endolysin, which tar-

gets Staphylococcus aureus showed no toxicity in rodent and dog single- and repeated-dose studies 

and pharmacology studies demonstrated no signs of toxicity in central nervous and respiratory sys-

tem function tests(70,71). Next, SAL200 was tested in monkeys to reveal pharmacokinetic and safe-

ty information. No laboratory abnormalities or adverse events were detected after injection of a sin-

gle dose (up to 80 mg/kg per day) or injection of multiple doses (up to 40 mg/kg per day) and final-

ly, the results for two human Phase 1 trials of SAL200, the first in-human studies for a bacterio-

phage endolysin-based drug, were recently published(71). SAL200 was well-tolerated, and no seri-

ous adverse effects were observed in this clinical study, with most adverse events being mild, self-

limiting, and transient. Furthermore, no clinically significant values with respect to clinical chemis-

try, hematology, coagulation, urinalysis, vital signs, or physical examinations were observed. 

In a study presented in this work, gene expression analyses of human SC macrophages and human 

pharyngeal FaDu cells after exposure to Pal and Cpl-1 are presented. Macrophages were chosen as 

they allow for the identification of potential effects of the endolysins on immune responses, where-

as the pharyngeal cells represent non-immunological cells from a body site commonly colonized by 

S. pneumoniae. In both types of cells, no statistically significant changes in the expression levels of 

over 16,000 genes were noted compared to albumin-treated cells indicating that no specific path-

ways, like apoptosis, oncogene or inflammatory responses, were activated by the enzymes, thus 

strongly supporting the safety of Pal and Cpl-1. It should be noted that Entenza et al. (72) found 

https://clinicaltrials.gov/
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increased serum pro-inflammatory cytokine (i.e., IL-1β, IL-6, TNF-α, and INF-γ) levels in a rat 

endocarditis model of S. pneumoniae when treated with high, continuous levels of Cpl-1. However, 

both our gene profiling results as well as the direct serum measurements of IL-6 showed no increase 

due to endolysins, suggesting that the results of Entenza et al. reflect responses to the lysed bacterial 

cells rather than endolysins themselves. This is supported by Witzenrath et al. (73), who showed 

that lower levels of Cpl-1 reduced pro-inflammatory cytokines in infected mice in comparison to 

untreated infected mice. It was hypothesized that higher concentrations of Cpl-1 generate a more 

complete digestion of the peptidoglycan, thereby generating more pro-inflammatory fragments to 

induce the response. Due to the lytic nature of these enzymes, detailed dosing studies in conjunction 

with safety profiles will be needed to achieve an optimal safe, effective dose. Nonetheless, our re-

sults demonstrate that the purified enzymes themselves cause no inflammatory responses. 

General prove of preclinical tests showed safety of both endolysins in vivo, at concentrations (0.3 

mg/mouse; ~15 mg/kg based on a 20 g mouse) higher than previously used to show the efficacy of 

Cpl-1 in a pneumococcal sepsis model(74). Here, the overall health status scoring indicated no ad-

verse effects of endolysin treatment. The endotoxin levels in the Cpl-1 preparations was >10 times 

higher than the levels in the Pal preparations (8 EU vs. 0.6 EU), demonstrating the importance of 

further optimization of endotoxin removal and testing. Moreover, our results demonstrate for the 

first time in any pneumococcal endolysin that they do not generate an IgE response, that would in-

dicate association with hypersensitivity and allergic reactions. Still, active enzymes can be prone to 

non-specific inactivation by serum components.  

In this work, I developed a new fluorimetric assay that employs a DNA dye, Sytox Green, for detec-

tion of bacterial lysis I validated this new method with two phage endolysins, Cpl-1 and Pal, both 

bacteriolytic toward Streptococcus pneumoniae, in varying concentrations of enzymes and bacteria. 
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This new method for the detection of bacterial lysis and for characterization of bacteriolytic agents 

provides a unachievable earlier, very high sensitivity and it is able to yield a kinetics curve even at 

concentrations of bacteria as low as 3.4×10
3
 CFU/mL (6.8×10

2
 CFU/sample). Importantly, the 

method offers direct, real-time measurements of reaction kinetics, thus allowing for calculation of 

progress and lytic activity parameters. A mathematical approach to evaluate lytic activity measured 

from raw reads has been proposed and it has demonstrated fluorescence dyes applicability in vary-

ing concentrations of two endolysins and bacteria. To demonstrate the potential of Sytox Green, I 

compared it to commonly used turbidity reduction assays thatdetect absorbance of 600 nm light 

passing through a sample whereby a drop in the absorbance is considered an indirect indicator of 

bacterial lysis. As demonstrated in this study, the use of DNA dye allows for detection of higher 

lytic activity of both enzymes, is more responsive, efficient, and capable for measuring progress of 

bacterial lysis in very low bacterial concentrations with no requirement of bacterial growth, thus 

having potential for detection of differences non-detectable for indirect turbidity assays like TRA 

and testing of samples collected without further processing. I also propose the use of maximum spe-

cific activity for general comparisons of different endolysins. 

Major limitations for this fluorometric assay can be estimated from presented data. In the tested 

conditions, activity can be detected in enzyme concentration as low as 0.36 mg/L for Cpl-1 and 0.1 

mg/L for Pal. The maximum detectable activity was over 1.0 min
−1

 for the Pal enzyme, which can 

be interpreted as complete lysis in less than 2 min. The highest measured concentration of bacteria 

is over 8×10
7
 CFU/mL (0.2 mL volume of the sample) and lowest concentration of bacteria is 

3.4×10
3
 CFU/mL (680 CFU in 0.2 mL volume of the sample). I hypothesize that lower concentra-

tion of bacteria can probably be measured by extending the monitoring time, but this problem re-

quires further investigation. All these listed limits are, however, marked improvements in compari-
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son to TRA. Additionally, a fit of a mathematical model to describe how the Pal enzyme activity 

(one-phase association) changes in response to different concentrations of bacteria has not presently 

been tested, but represents the next planned extension of this assay for my future experiments. 

Implementation of this protocol in other laboratories requires determination of two parameters: 

- concentration of bacteriolytic agent that lyse all bacteria in the sample during the experiment, typ-

ically with agar plating method (lysis control),  

- concentration of fluorescent dye that is not saturated during lysis (positive control). 

There are three technical requirements to implement the protocol described herein. If a signal from 

lysis control (1) shows initial increase, (2) reaches a plateau near the end of the assay and (3) signal 

from positive control is around 33% larger than the plateau, the fluorescent protocol can be imple-

mented. Determination of optimal bacteria/bacteriolytic agent concentrations or time/interval of the 

measurements during the assay improves the reproducibility and precision of the measurements, but 

still is technically optional. Implementation of the mathematical model is highly beneficial for com-

parison between other lytic agents and different bacteria concentrations, but not mandatory.  

Traditionally, application of Michaelis-Menten calculations for bacteriolytic enzymes has been 

challenging since the substrate for the endolysin is the peptidoglycan, yet, the measured signals rep-

resent either light scattering, or in our case, DNA bound by the fluorescent dye rather than lysed 

peptidoglycan (75,76). Michaelis-Menten calculations measure the correlation between concentra-

tions of substrate and the rate of the enzymatic reaction. Moreover, a bacterial cell is not a typical 

substrate due to the capability to simultaneously bind thousands of endolysin particles despite only 

a single lytic event “converting” a cell into a signal. Nonetheless, calculations of a Michaelis-
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Menten model for our data reveals a strong correlation between enzyme activity and a bacteria lysis, 

thus providing grounds for prediction of enzyme behavior in comparison to other enzymes, and 

supporting an earlier hypothesis that a fixed number of bonds in the peptidoglycan need to undergo 

reaction before the bacteria is lysed(77). In the opposite case, varying number of bonds required for 

the lysis would cause high randomness in the model and large errors (75). Of note, our use of math-

ematical models and calculations is limited to the data available in this study and it requires further 

testing and validation in other conditions, for instance, the one-phase association model used herein 

for Pal endolysin. Other attempts to characterize Michaelis-Menten for endolysin characteristics 

exist, such as the EnzChekTM Lysozyme Assay Kit (Invitrogen) that uses labelled purified pepti-

doglycan. This commercially available assay, however, does not target the phenomenon of bacteria 

lysis, instead it detects peptidoglycan-derived substrate hydrolysis by agents of strictly defined 

specificity (78).  

Sytox Green produces its signal by interaction with released bacterial DNA, but it can also penetrate 

into metabolically inactive bacteria, so the fluorescent signal is directly correlated to the amount of 

bacteria that have been inactivated, not necessarily completely disintegrated (76). Minor damage of 

the peptidoglycan that renders bacteria inactive but not destroyed cannot be detected by the indirect 

turbidity reduction assay. Moreover, large particles (if present in the investigated solution) blocking 

light in the indirect turbidity assay may strongly affect results, but in the fluorometric assay, where 

the dye itself is the source of light, such particles may have a lesser impact. On the other hand, both 

fluorometric assay and turbidity reduction assay employ light detection. Thus, they both may have 

decreased precision in environments that are not fully transparent for specific spectra. Importantly, 

fluorescent DNA dyes are constantly being developed, including a very wide range of offered spec-

tra (79–81). 
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This presented approach can be used for rapid detection of susceptible bacteria in a variety of sam-

ple matrices or even in a mixture of bacterial strains when a defined selective bacteriolytic agent 

(e.g., a specific endolysin) is used. Further, with the use of the well-defined specificity of a bacte-

riolytic agent, bacterial identification can be achieved. Since fluorescent dyes that bind DNA deliv-

er quantitative, real-time measurable signal of bacterial lysis, they have a potential for development 

of new, precise, high-throughput, low-cost, and rapid tests, applicable even in very low concentra-

tion and/or mixtures of bacteria.  

The World Health Organization (WHO) and the Centres for Disease Control and Prevention repeat-

edly called for development of new or alternative antibacterial treatments (World Health Organiza-

tion (47,48,50,82,83). I propose the use of fluorescent dyes and this fluorometric assay as a way to 

develop and improve methods broadening possibilities in microbiology both in the research of bac-

teriolytic agents and in the analysis or identification of bacteria samples 

My results show that specific IgG response is readily generated against endolysins, which is not 

unexpected due to the proteinaceous nature of these enzymes. I have identified immunogenic re-

gions within the investigated endolysins and then within Cpl-1 and Pal I identified specific amino 

acids that are engaged in the endolysin-IgG interactions. This identification was used to design new 

variants of Cpl-1 and Pal with potentially decreased immunoreactivity. Intrinsic immunogenicity 

(an ability of a variant to induce specific IgG) was assessed in a mouse model (Figure 18) and sig-

nificant differences were only noted for two Pal variants, v1 and v9, although in the case of v1 its 

intrinsic immunogenicity was higher than that of Pal WT. Only in animals challenged with Pal v9 

was the induced level of enzyme-specific IgG lower than in animals challenged with Pal WT. 

Moreover, this effect was detectable only in long-term observation, that is on days 40 and 50 after 

challenge, but not at the earlier phase of response development (Figure 18). Thus, the effect of 
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deimmunization was very limited, since it was only observed in a later phase and the overall level 

of detected antibodies was significantly higher than that observed in non-challenged control mice. 

This suggests limited applicability of this particular variant as a deimmunized endolysin. Moreover, 

the Pal v9 variant demonstrated decreased intrinsic antibacterial activity (Figure 16) due to the ami-

no acid substitution, so its potential for therapeutic use can be expected to be weak. Nonetheless, 

our observation demonstrates that antigenic epitopes identified by epitope scanning can be 

deimmunized by substitutions of amino acids identified as key elements of the epitopes. 

I further investigated cross-reactions of Pal and Cpl-1 variants with IgGs induced by wild-type en-

zymes, since escaping cross-reactions may be useful in repeated treatments. In all Pal variants 

cross-reactivity was weaker than the reactivity of wild-type Pal. For Cpl-1, it was weaker in variants 

v4 and v5. Since the overall bacteriolytic activity of Cpl-1 v4, Cpl-1 v5 and Pal v1 was low, I con-

tinued with Pal v3 and v9 in an ex vivo assay by blocking with WT Pal-specific serum. This assay is 

a model of in vivo conditions in a human or animal organism where previous treatment/s with the 

WT endolysin yielded increased levels of specific IgG. No decrease of Pal v3 activity in WT Pal-

specific serum in comparison to its activity in naïve specific serum was observed. Thus, this variant 

escapes cross-reaction and resulting cross-neutralization by specific antibodies induced by WT Pal. 

Furthermore, overall antibacterial activity in the presence of WT Pal-specific serum was significant-

ly higher than of WT Pal in the same conditions. Two effects contributed to this advantage: Pal v3 

was not neutralized by Pal-specific serum, and its intrinsic activity was higher than Pal WT.  

Possible reason of low effectiveness of Cpl-1 deimmunization is the immunogenic region in the 

catalytic domain of the enzyme that was not modified (not to disrupt the enzymatic activity) and 

retained its immunogenic activity in all variants. Noteworthy, Cpl-1 v4 with all three proposed 

epitopes altered shows also altered immunogenicity. It can be hypothesized that epitopes in fact has 
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been detected, but strength of each signal epitope is too low in comparison to overall immunogenic-

ity. Joined effect of not altered epitopes close to the active site and relatively weak effect of each 

single epitope tested cause alteration in immunogenicity to be visible only in variant with all three 

chosen epitopes altered (Cpl-1 v4) or with all three epitopes removed (Cpl-1 v5). 

I observed that in all Pal variants reaction to WT Pal-specific serum was weaker than that of WT 

Pal, and in Cpl-1 it was weaker in variants v4 and v5. Overall bacteriolytic activity of Cpl-1 v4 and 

Cpl-1 v5 was relatively low, so I continued with selected Pal variants: v3 and v9. I conducted an ex 

vivo assay by blocking their activity with WT Pal-specific serum, thus mimicking in vivo conditions 

where previous treatment with the WT endolysin induced considerable concentration of WT-

specific IgG. I did not observe any decrease of Pal v3 activity when mixed with WT Pal-specific 

serum (comparing to activity in naïve serum). This observation demonstrates that Pal v3 variant 

escapes cross-reaction and resulting cross-neutralization by specific antibodies induced by WT Pal. 

Notably, the antibacterial activity of Pal v3 in the WT Pal-specific serum was significantly stronger 

than of WT Pal in the same conditions (Figure 20). I hypothesize, that two features of Pal v3 con-

tributed to this advantage: it was not neutralized by serum specific to Pal and its basic bacteriolytic 

activity was higher than Pal. These data support the potential of Pal v3 in repeated use where induc-

tion of antibodies (by the first round of treatment with WT Pal) may be a concern. 

This study demonstrates a new efficient approach using EndoScan for identification of antigenic 

epitopes in proteins. These epitopes can be selectively modified, without losing antibacterial activi-

ty of the endolysins, to decrease immunoreactivity of the proteins. To some extent, summary im-

munogenicity of a protein can be decreased (as in Pal v9), or its cross-reactions with wild-type-

induced antibodies can be minimized (as in Pal v3). Thus, EndoScan can be used for optimization 

of active enzymes designed for therapeutic applications, by modifying immunogenicity of a protein 
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without sacrificing its activity, with a relatively low number of tested proteins. Importantly, this 

approach is universal and can be applied in many active proteins, so its applicability reaches far 

beyond endolysins and has potential in the design of numerous biological drugs.  
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11. Conclusions 

Most crucial conclusion of this work in my opinion is that presented process characterized by wet-

lab analysis, bioinformatics protein modelling and a next round of limited experiments yields modi-

fied enzymes that both retain (or even improve) their activity while showing modified biochemical 

feature (here: recognition of a protein by wild-type protein specific antibodies). Thorough testing in 

a first round of wet-lab experiments allows for precise protein modelling during bioinformatic anal-

ysis. It in turn allows to downsize enormous and impossible to calculate number of possible variants 

to literally a few variants with very high chance of success without loosing most important feature 

of the modified protein. This approach require precise planning of experiments during the first 

round, as data are crucial for eliminating variants with low or medium chance for success. Most 

variants tested herein show altered antibacterial activity, even though amino acid substitutions were 

not within catalytic site of the enzymes. This shows the importance of precisely determine what 

features cause a researched property of a protein. In return, bioinformatic analysis can isolate vari-

ants that shift as little features outside of the feature of interest as possible.  



100 

 

12. Summary 

In presented work I investigated the potential for improving endolysin performance in vivo. I de-

termined pre-clinical safety assessment of Cpl-1 and Pal endolysins. They induce a normal profile 

of specific IgG production, and no health threatening effects were noted. I developed a new method 

based on the use of DNA dye to precisely measure bacteriolytic activity of endolysins and their var-

iants, including ex vivo conditions in biological samples. This method focuses on killing efficiency 

of an bacteriolytic agent. I also provided mathematical description of results that allows for direct 

comparison of activity for both endolysins and their variants in various environments or concentra-

tions. I further identified amino acids that interact with the endolysin-specific IgG’s in immunogen-

ic regions of CPl-1 and Pal. I used this knowledge to propose potentially deimmunized variants of 

Cpl-1 and Pal. I designed and produced eight variants that retained antibacterial activity. All these 

variants were relatively immunogenic, but at the same time recognized weaker by wild type endoly-

sins-specific antibodies, five of them demonstrated markedly decreased reactivity. All variants 

showed bacteriolytic activity: in five of them this activity was weaker than that of wild type endoly-

sins, two retained the same activity, and one (Pal v3) showed increased bacteriolytic activity in 

comparison to wild type endolysin. Two variants of Pal endolysin (Pal v3 and pal v9) demonstrated 

no decrease in bacteriolytic activity  when treated wild-type specific murine serum, while wild type 

Pal showed decrease in its enzymatic activity in the same conditions. Thus, I propose Pal v3 as the 

new highly active variant of endolysin Pal with improved performance in vivo, particularly less 

prone to neutralization by specific antibodies without losing bacteriolytic activity. 
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13. Streszczenie 

W mojej pracy badałem możliwość poprawy działania endolizyn Cpl-1 i Pal w warunkach in vivo. 

Stwierdziłem, że obie te endolizyny indukują normalny, oczekiwany profil ekspresji przeciwciał 

specyficznych klasy IgG, nie zaobserwowałem żadnych innych oddziaływań potencjalnie 

negatywnych dla ludzkiego zdrowia. W toku swojej pracy opracowałem nową metodę 

wykorzystującą barwniki fluorescencyjne DNA do badania bakteriolitycznej aktywności endolizyn 

i ich wariantów, także w warunkach jakie występują w próbach biologicznych badanych ex vivo. Ta 

metoda skupia się na określaniu zdolności białka do niszczenia całych bakterii. Wraz z metodą 

dostarczyłem także matematyczną charakterystykę wyników pozwalającą na bezpośrednie 

porównanie aktywności obu endolizyn i ich wariantów w różnych warunkach lub stężeniach. 

Następnie w białkach Cpl-1 i Pal określiłem aminokwasy wchodzące w interakcję ze specyficznymi 

do nich przeciwciałami IgG. Na podstawie tej wiedzy zaproponowałem warianty tych endolizyn o 

potencjalnie obniżonej reaktywności immunologicznej. Wszystkie z tych wariantów okazały się 

wzbudzać niemal normalny poziom przeciwciał IgG in vivo, ale jednocześnie były rozpoznawane 

znacznie słabiej niż przeciwciała, które wzbudziła dzika forma endolizyn, pięć z tych wariantów 

było rozpoznawane znacząco słabiej. Wszystkie z zaproponowanych przeze mnie wariantów 

wykazywały aktywność bakteriolityczną, pięć z nich niższą, dwa z nich podobną, a jeden (Pal v3) 

wyższą w porównaniu do naturalnych endolizyn. Co więcej, dwa warianty endolizyny Pal (Pal v3 i 

Pal v9) wykazały brak wrażliwości na neutralizację przez przeciwciała specyficzne do dzikiej 

formy Pal i zachowały pełną aktywność bakteriolityczną.  

Dlatego jako rezultat mojej pracy proponuję wariant Pal v3 jako nową endolizynę o szczególnym 

potencjale terapeutycznym, posiadającą zwiększoną aktywność bakteriolityczną, a jednocześnie 

obniżoną wrażliwość na neutralizację przez specyficzne przeciwciała indukowane przez dziką 

formę Pal. 
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