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Abstract 

Klebsiella pneumoniae, a gram-negative bacterium belonging to the Enterobacterales 

order, can cause various diseases, often nosocomial. The most important and widespread 

strains are multidrug-resistant (MDR); for this reason, several international health 

organizations consider it as one of the most critical opportunistic pathogens. The bacterial 

capsule and biofilm are important virulence factors for this species. The structure of the 

capsular polysaccharide (CPS) differs among the various K. pneumoniae strains in terms 

of sugar composition and glycosidic linkages, and more than 80 different CPS structures 

are known. Each CPS is composed of one oligosaccharide type, known as repeating unit 

(RU), which repeats a certain number of times to give a generally high molecular mass 

polysaccharide. The primary structure of the polysaccharides can be determined by 

means of Gas-liquid chromatography coupled to Mass Spectrometry (MS) after specific 

chemical derivatization to establish the composition and the position of the glycosidic 

linkages of the RU monosaccharides. Moreover, Nuclear Magnetic Resonance 

spectroscopy and MS are also widely used. The CPS is also a major component of bacterial 

biofilms and is considered a possible target for the development of novel and very specific 

antimicrobial strategies. 

This study is part of a project funded by the Italian Minister of University and Research 

whose general aim is to exploit the specificity of bacteriophage endoglycosidases (EG), 

hydrolases that have the CPS as substrate, to selectively deliver liposomes, or other 

carriers, to the microorganism without affecting the host microbiome. The idea is to 

anchor the endoglycosidase to the outer surface of the carrier to direct it to the target cells. 

By degrading the capsule, the EG allows the carrier to reach and fuse with the outer 

membrane of the bacterium, thereby delivering its antibacterial content into the 

periplasm. This project aims to be a proof of principle. 

My PhD project consisted of two parts, in which different K. pneumoniae strains were 

investigated. The first part focused on strains KpB-1 and KMn-7, both clinical isolates 

belonging to Sequence Type (ST) 512, a derivative of the Clonal Group (CG) 258, one of 

the main contributors to the global pandemic. In fact, CG258 strains are MDR and can 

produce carbapenemases, enzymes that inactivate carbapenems, one of the last antibiotic 

resources for K. pneumoniae infections. KpB-1 and KMn-7 produce the same CPS, whose 
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primary structure was determined before the start of this project, and are both capable of 

forming biofilms. 

My contribution to the project was to characterize the effect of a bacteriophage 

endoglycosidase on the CPS, planktonic cells, and biofilm of these clinical isolates, as a 

mandatory preliminary step to then proceed further with the modification of the carrier. 

The bacteriophage named ФBO1E (gift of Prof. M. M. D’Andrea, Univ. Rome Tor Vergata), 

was used in this study. It was demonstrated that this phage cleaves the CPS of these 

strains, thanks to its EG that specifically recognizes the α-L-Rhap-(1→3)-β-D-Galp linkage 

of the CPS RU. Moreover, at a concentration of 109 plaque-forming units, the phage is able 

to disrupt the KMn-7 preformed biofilm. In addition, the phage EG was cloned, purified 

and characterized in terms of thermal stability and activity against the same targets. A 3D 

structure prediction together with size exclusion chromatography, showed that the 

enzyme forms trimers and its trimeric conformation is active against the CPS. Even though 

the enzyme has no intrinsic antibacterial activity, it proved to have a synergistic effect with 

colistin, increasing the bactericidal activity of the antibiotic towards K. pneumoniae KpB-

1 and KMn-7. Since binding of the EG to the carrier involves lysine residues in the enzyme, 

in order to protect the active site, the primary structure of the EG was altered by adding 

two lysine residues to the N-terminal of the protein, which is rather flexible. The mutated 

version of the EG was cloned, purified and it resulted to be active. 

In the second part of the project, K. pneumoniae strain IT395 ST 307 was considered. First 

of all, the structure of its CPS was determined, as no data on this polymer was available in 

the literature. The activity of the specific bacteriophage GP1 (gift of Prof.  M. M. D’Andrea, 

Univ. Rome Tor Vergata) against the CPS of the strain was characterized and it was 

demonstrated that the EG associated to the phage cleaves the linkage β-D-Galp-(1→4)-α-

D-Galp in the CPS RU, thus obtaining the basic information to then proceed further in the 

research as done with the other two strains. 

My research data provided the fundamental knowledge necessary to proceed with the 

project of combining the EG with a specific carrier loaded with an antimicrobial agent and 

evaluating its effect on K. pneumoniae cells and biofilm.
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Chapter 1. Introduction 

1.1 The antibiotic resistance issue 

In the 19th century, infectious diseases were one of the main causes of morbidity and 

mortality in the human population. For this reason, even in industrialized countries such 

as the USA, the average lifespan was less than 50 years (1). The discovery of antibiotics 

was one of the most outstanding achievements in the history of medicine since these 

molecules are able to kill or stop the growth of bacterial cells by interfering with their 

physiology and metabolism, making it possible to reduce the morbidity and mortality 

associated with bacterial infections rapidly. Furthermore, this discovery increased the 

success rate of surgical procedures, thus driving enhancements in modern medicine. The 

extent of the discovery of penicillin in 1928 was so great that started the Antibiotic Era, 

and in the following years, the isolation of putative microorganisms able to produce 

antimicrobial compounds became a systematic procedure. Thus, the period from 1950-

1970 was known as the Golden Age since the discovery of new classes of active 

compounds happened on a regular basis, and the average life expectancy increased by 

more than 20 years (2). Unfortunately, in the subsequent years, bacteria started to 

develop defense mechanisms against these treatments due to the appearance and 

transmission of protective mutations and the misuse of antibiotics that selected the 

resistant strains. In general, it is possible to say that two or three years after a novel 

compound enters the market, antibiotic resistance appears and starts to spread (3). 

Today, many bacterial species are still treatable, but some have developed resistance 

mechanisms to the most commonly used antibiotic treatment. Moreover, multidrug 

resistance (MDR) phenotypes have started to spread worldwide, thus representing one of 

the burdensome challenges for global health and making it more difficult to treat common 

infections (4). Among these species, a small group consisting of Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa, and Enterobacter, also known as ESKAPE organisms, has gained relevance, 

particularly in the hospital environment (5). Together, these pathogens increased 

infection-related morbidity and mortality, spreading worldwide and reaching pandemic 

proportions. For this reason, the World Health Organization has designated some of these 

species as “urgent threats” or “critical priorities” (6). Unfortunately, the discovery and 

development of new antibiotics takes a long time and effort; for this reason, the available 
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alternatives are often derivatives of existing antibiotics used alone or in combination 

rather than novel classes of drugs. Therefore, the occurrence of resistance towards these 

“reused” treatments may be an extremely rapid process, thus nullifying the efforts made 

by the research community. Hence, to tackle this problem, new approaches are needed 

for developing novel antibacterial compounds, for instance, taking advantage of different 

strategies and targets. In this regard, bacteriophages, particularly those that kill their host 

during their reproductive cycle, are a good alternative given that they are natural enemies 

of bacteria. In contrast to antibiotics, which generally attack a broad spectrum of bacteria, 

including those that are part of the host's microbiota (7), phages can target specific 

species or strains of bacteria without affecting the human beneficial microbiota. This 

selectivity, together with the ability of phages to evolve in parallel with bacterial 

resistance mechanisms, make them a promising tool in the fight against MDR organisms 

such as K. pneumoniae. In addition, phage-derived enzymes target specific bacterial 

virulence factors, increasing their potential as therapeutic agents by destroying the 

protective barriers that bacteria expose to resist both antibiotics and immune responses. 

1.2 Klebsiella pneumoniae 

1.2.1 Background on Klebsiella pneumoniae 

Klebsiella pneumoniae is a gram-negative, encapsulated, non-motile pathogen belonging 

to the Enterobacterales order. Historically, it has been defined as an opportunistic 

pathogen, as it is commonly found in the environment, for instance, in soil, water, and 

other surfaces, but also colonizes the human mucosa, particularly the gastrointestinal and 

nasopharynx upper respiratory tracts. In some cases, it invades other tissues (8), and this 

transition is commonly led by deficiencies in the host’s immune response due to pre-

existing diseases or medical treatments that could weaken the host’s defense 

mechanisms. This invasion can cause various infection outbreaks, such as pneumonia, 

bacteremia, and urinary tract infections (9), particularly in immunocompromised 

patients and in hospital settings. However, some clones may become hypervirulent and 

cause disease in previously healthy patients, typically causing liver abscesses, meningitis, 

and systemic infections (10). In addition, many clones have gained particular relevance 

as they produce enzymes like K. pneumoniae carbapenemases (KPC), New Delhi metallo-

β-lactamase (NDM), and oxacillinase (OXA)-48, which can inactivate carbapenems. The 

clonal group (CG) 258 is the most common carbapenem-resistant clone in the USA and 
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Europe, with other clones, such as sequence type (ST) 307 and ST11, gaining prevalence 

in South America, Africa, and Asia (11). Carbapenem resistance represents a serious 

threat since it is one of the latest resources to treat these infections. Another therapeutic 

strategy is represented by the association of β-lactams and β-lactamase inhibitors, but for 

instance, mutations in KPC-2 and KPC-3 can reduce the efficacy of the combination of 

ceftazidime-avibactam (5). 

1.2.2 Virulence factors of Klebsiella pneumoniae 

Virulence is the relative capacity of a microbe to cause damage in a susceptible host. A 

virulence factor is a microbial component that has the ability to provoke damage. From 

the damage-response point of view, a virulence factor can be defined as a microbial 

component that alters the host-microbe interaction by increasing the degree of damage 

relative to the degree of the host response and time. According to this definition, countless 

types of virulence factors can be observed in different contexts. Focusing on the K. 

pneumoniae species (12), the most important are (Fig. 1): 

• Fimbriae 

• Siderophores 

• Lipopolysaccharide (LPS) 

• Capsular polysaccharide (CPS) 

• Biofilm 

 

Figure 1. Main K. pneumoniae virulence factors. Adapted from Adriano de Souza Santos Monteiro, 
Soraia Machado Cordeiro, and Joice Neves Reis, “Virulence Factors in Klebsiella pneumoniae: A 
Literature Review” Indian J Microbiol, Vol 64, Page 390, (Apr–June 2024) (13). Reproduced with 
permission from Springer Nature. Copyright © 2024, Association of Microbiologists of India. 

https://link.springer.com/article/10.1007/s12088-024-01247-0#:~:text=The%20main%20studied%20virulence%20factors,in%20the%20mice%20infection%20model.
https://link.springer.com/article/10.1007/s12088-024-01247-0#:~:text=The%20main%20studied%20virulence%20factors,in%20the%20mice%20infection%20model.
https://link.springer.com/article/10.1007/s12088-024-01247-0#:~:text=The%20main%20studied%20virulence%20factors,in%20the%20mice%20infection%20model.
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=af08469a-c876-4a45-a1c4-5047710d7a90
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1.1.2.1 Fimbriae 

Fimbriae are filamentous proteins that form polymeric structures on the external surfaces 

of bacteria and are usually present in hundreds. Most gram-negative species possess these 

structures; they consist of a minor and major subunits that are self-aggregating and 

together constitute the structure of the organelle that binds to the membrane (14). They 

possess adhesive properties that permit adherence to different surfaces (15). Different 

type of fimbriae production allows bacteria to adhere to surfaces and form biofilms, thus 

contributing to the persistence of the infection. K. pneumoniae has two main types of 

fimbriae that enable bacterial adhesion to host surfaces, facilitating invasion. Type 1 

fimbriae are found to increase K. pneumoniae virulence in urinary tract infections (16), 

while type 3 fimbriae are typically important for biofilm formation, adhesion to 

extracellular matrices, and medical devices (17). Expression levels of these fimbriae vary 

depending on the tissue and environment (18). 

1.1.2.2 Lipopolysaccharide 

The LPS is an important component of the gram-negative bacteria outer membrane. In 

fact, it constitutes the external layer of the membrane itself thus, it is one of the main 

surface antigens presented by gram-negative bacteria such as K. pneumoniae. It is a large 

lipoglycan composed of a specific polysaccharide, the O antigen, an oligosaccharide 

named core, and a lipid domain named lipid A which acts as an endotoxin (19). The LPS 

helps K. pneumoniae to resist complement-mediated bacterial lysis by diverting C3b from 

the bacterial membrane. The absence of the O antigen makes the bacterium more 

vulnerable to the host’s immune response (20). The oligosaccharide that constitutes the 

polymer of the O antigen is known as repeating unit (RU) and is variable between species 

and strains, thus it can be used for serotyping and classification. Focusing on K. 

pneumoniae strains, to date, it is possible to classify 11 different structures with few sub-

serotypes and variants deriving from different arrangements of a relatively small number 

of sugars. The most abundant are galactose and mannose in addition to rhamnose and 

glucose and a few more monosaccharide types. The variability in the O antigen structures 

with respect to the K antigen (that will be discussed in chapter 1.1.2.4) is limited, and the 

main and most diffuse serotypes are only three: O1, the most prevalent in human disease, 

O2, and O3. In light of this narrow spectrum of variability, the O antigen has been 

considered a good candidate for developing glycoconjugate vaccines (21). The known O 

antigen serotypes are represented in Figure 2. 
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Figure 2. O antigen RU structures known for K. pneumoniae. The sugars contained within the squares 
are part of the RU of the O polysaccharide. The non-stoichiometric O-acetyl groups that distinguish 
serotypes O1 and O8 and a pyruvate group terminus for some of O1 (O1b) and O2ac antigens are not 
shown. The methyl groups are indicated as Me, and the phosphate methyl groups as Me-P. 
Reproduced under a Creative Commons Attribution CC-BY license. Copyright © 2023 by Daria 
Artyszuk, Wojciech Jachymek, Radosław Izdebski, Marek Gniadkowski, and Jolanta Lukasiewicz (22). 

1.1.2.3 Siderophores 

Bacteria need to acquire iron from the environment in order to perform many 

biochemical reactions that are part of their metabolism, therefore, for their growth and 

replication. For this reason, they produce a class of molecules named siderophores that 

chelate iron and release it for bacteria utilization. In simple terms, siderophore 

production allows bacteria to acquire iron from the host. These molecules bind iron more 

effectively than the host's transport proteins, such as transferrin. The bacterium’s 

primary siderophore is enterobactin, but hypervirulent strains may produce additional 

siderophores like salmochelin, yersiniabactin, and aerobactin, thus allowing rapid 

bacterial growth and infection (23) (24). For these reasons, siderophores are considered 

one of the main virulence factors in gram-negative bacteria, as their presence not only 

enables bacterial survival but also increases the overall state of inflammation in the host 

organism (25). 

1.1.2.4 The capsular polysaccharide 

The bacterial capsule is an important virulence factor for this species. As for a general 

description, it is possible to say that it consists of long chains of polysaccharides linked to 

https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S0144861723010469&orderBeanReset=true
https://www.sciencedirect.com/science/article/pii/S0144861723010469
https://www.sciencedirect.com/science/article/pii/S0144861723010469
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the bacterial wall or outer membrane that form a protective layer for the bacterial cell. 

The advantages that are conferred by the capsule are summarized here (26): 

• Innate immune system evasion: it acts as a barrier and masks surface antigens, 

thus helping the bacterium to escape phagocytosis and complement components 

(27); 

• Resistance to microbial agents: in particular, the action of cationic antimicrobial 

peptides and antibiotics is affected by the presence of the capsule, reducing the 

effectiveness of the treatment (8); 

• Survival in the host: the capsule has an important role in K. pneumoniae survival in 

the bloodstream and its dissemination in organs different from the gut, such as 

lungs, spleen, and liver (28); 

• Biofilm structure: the capsule is mostly involved in the late stages of the biofilm 

cycle, in between the initial surface adhesion and the formation of the mature 

biofilm. In this phase, the capsule contributes by thickening the matrix that 

protects the bacterial community. It acts as a physical shield, protecting bacteria 

from environmental threats, for instance, the host’s immune systems or 

antibiotics. Overall, the presence of the capsule in mature biofilms enhances 

bacterial survival, contributing to the increased resistance of biofilms to external 

stresses (29). 

As a consequence, the hypervirulent K. pneumoniae phenotype is often related to 

hypermucoviscosity (3). The CPS is composed of one oligosaccharide type, known as 

repeating unit (RU) that is repeated a certain number of times to give a generally high 

molecular mass polysaccharide, in the range 105 - 106 Da (31)(32). 

In general, three main pathways can lead to capsule production (26) (Fig. 3): 

• The first system involves the Wzx flippase and the Wzy polymerase. The first 

monosaccharide of the RU is linked to a lipidic carrier on the inner membrane on 

the cytoplasmic surface, then Wzx facilitates the transport of the RU to the outer 

surface of the membrane and Wzy builds the polysaccharide by linking the RUs to 

the growing chain. In this way, the polysaccharide is built on the outside of the 

inner membrane, and then its transport to the outer membrane is mediated by a 

transmembrane protein; 
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• The second system is dependent on the ATP binding cassette (ABC) transporter. In 

this case, the whole polysaccharide is built inside the cytoplasm, similar to the WZY 

mechanism. Then, the macromolecule is transported through the inner membrane 

by the ABC system. This mechanism uses energy derived from ATP hydrolysis to 

transport the polymer. Finally, the polysaccharide is led through the periplasmic 

space and outside the outer membrane; 

• The third and less common pathway is the Synthase-dependent mechanism. Here 

the same enzyme is used to transfer the sugar molecules to lipid carriers and to 

proceed with the elongation. The polysaccharide is then translocated outside the 

membrane and the capsule is assembled and anchored to the surface. 

 

 

Figure 3. Schematic representation image of the different pathways to build the capsular 
polysaccharide. From left to right: Wzx/Wzy dependent pathway, ATP-binding cassette dependent 
pathway, and synthase dependent pathway. Reproduced under a Creative Commons Attributions 
CC-BY 4.0 license. Copyright © 2015 by Jochen Schmid, Volker Sieber, and Bernd Rehm. Published 
by Frontiers Research Foundation; Frontiers Media SA (33). 

In K. pneumoniae, the pathway for capsule production is mediated by the Wzx/Wzy 

system (34). 

The primary structure of the polysaccharides can be determined using Gas-liquid 

chromatography coupled to Mass Spectrometry (GLC-MS) after specific chemical 

derivatization to establish the composition and the position of the glycosidic linkages of 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2015.00496/full#h11
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the RU monosaccharides. Moreover, Nuclear Magnetic Resonance (NMR) spectroscopy 

and Mass Spectrometry (MS) are also widely used. The structure of the CPS differs among 

the various K. pneumoniae strains in terms of sugar composition and glycosidic linkages. 

Despite this wide variety of RU structures, the sugar composition is quite simple: it usually 

contains typical hexose such as rhamnose, glucose, galactose, and mannose, only one 

charged monosaccharide is present, glucuronic acid or galacturonic acid, and pyruvate 

and/or acetyl groups may be also found (22). The different serotypes can be classified 

according to the structure of the capsular antigens (K antigens). Currently, about 80 

different CPS structures or K antigens are known for these species, but many more have 

been added in recent years, and the newly isolated clinical isolates often do not show any 

of the serotypes already described (23). Some examples of K antigens RU already 

described in the literature are listed in Table 1. 

Table 1. Examples of K antigens structures described in the literature. 

 

In a subsequent analysis, the K antigens of K. pneumoniae were classified based on genetic 

differences in the locus for capsule synthesis, the so-called K locus (KL). In particular, the 

genes involved in the Wzx/Wzy-dependent pathway (wza, wzb, wzc, wzi, wzx, wzy, wbaP, 

and wcaJ) play a crucial role in the biosynthesis and export of CPS. In this analysis, a total 

of 141 different K types were identified, 79 of which correspond to the previously 

characterized serotypes that had been identified both serologically and genotypically 

[K1–K81 with some gaps such as K29 and K42, and some additions such as K21b (35)]. 

The remaining 62 K types were classified based on genomic data and are referred to as 

KL types (KL101–KL149, KL151, KL153–KL155, KL157–KL165) to distinguish the newer 

identification method. The K-types from 1 to 81 are characterized by serotyping and 

genetics, whereas the RU structures of the newly identified KL serotypes are yet to be 
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determined. This high structural diversity within the CPS of K. pneumoniae represents a 

promising target for the development of highly specific antimicrobial strategies (36). 

1.1.2.5 Biofilms 

1.2.2.5.1 General aspects 

Biofilms are communities of bacterial cells that are surrounded by an extracellular matrix 

produced by the microorganisms themselves. It can consist of microorganisms of 

different species, both prokaryotes and eukaryotes, which usually are in close contact 

with the colonized surface (37). The surface can be biotic or abiotic and serves as support. 

If no physical support is present, the biofilm is referred to as a flocculus instead. Living in 

a biofilm structure confers many advantages to bacteria (38): 

• Cells capable of forming biofilms have an increased ability to colonize the host; 

• Biofilms serve as a physical defense against both external agents and other 

organisms; 

• Biofilm confers better adaptability to changes in the environment; in fact, cells 

living in such structures are more resistant to UV damage, highly acidic 

environments, changes in salinity, desiccation, heat shock, antibiotics, and host 

immune defenses (39); 

• Due to its nature, biofilm forms different micro-niches supporting different types 

of bacteria populations. In fact, inside its structure, there are different 

environments with variations in oxygen levels and with nutrients, pH, and quorum 

sensing molecules gradients between the surface that is in contact with the 

external environment and the deepest layers that are more isolated (40). 

Therefore, both aerobic and anaerobic bacteria can grow. Furthermore, many cells 

can live in a quiescent state that gives them resistance to many compounds that 

can be effective only against metabolically active cells (41); 

Biofilms can increase both mutation rate and gene transfer across bacteria, thus 

increasing the development of resistance mechanisms such as the ability to produce 

antibiotic-degrading enzymes and overexpression of efflux pumps. 

The biofilm matrix consists of polysaccharides (PS), proteins, and extracellular DNA 

(eDNA) secreted by the bacteria, as well as lipids and inorganic substances, such as 

mineral crystals. 

• Extracellular DNA: the presence of eDNA is important to confer some advantages, 

such as structural improvements and chelation of ions that can help in resisting 
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certain classes of antibiotics like cationic compounds (42). Its presence in the 

biofilm is ensured by different mechanisms, such as autolysis of cells, secretion, 

and horizontal gene transfer; 

• Proteins: the presence of proteins is also a key factor in biofilm formation. Indeed, 

they have both a structural role as well as adhesion and aggregation properties. 

They can be anchored to the bacterial cells or secreted in the matrix; 

• Polysaccharides: they confer structural support acting like a scaffold for the 

development of the 3D structure. The structure of the matrix is determined by the 

nature of the polysaccharides that compose it, in particular by the primary 

structure of the carbon chain: the number of atoms, the type of bonds, any 

branching that confers greater or lesser rigidity, and solubility. In addition, these 

polysaccharides can be neutral or have a net charge. The negative charge is 

generally conferred by the presence of uronic acids and gives the matrix additional 

properties, such as the ability to bind cations (e.g. calcium and magnesium) to 

obtain a structure that is kept stable by a variety of bonds and interactions (43). 

Another important feature of the matrix is the high degree of hydration, which is 

essential for the survival of the bacteria and is made possible by the fact that the 

matrix, which consists of polar or amphipathic molecules, incorporates water and 

retains it in the structure through hydrogen bonds. The structure formed by the PS 

is neither spatially nor temporally uniform. It has been seen that 

exopolysaccharides (EPS) synthesis is usually upregulated in response to the 

presence of stressor compounds, for instance, oxidative stress mediators (44). 

As it is possible to understand from the previously reported description of the main 

biofilm features, the biofilm is a dynamic structure, its formation and dispersion are 

continuously occurring and generally, this process is known as the biofilm life cycle which 

is schematized in Figure 4, and can be described as follows: 

• Initially, planktonic cells colonize the surface: the first stages of adhesion are due 

to chemical-physical interactions between cell and substrate, mainly through 

hydrophobic bonds and Van der Waals interactions. In addition, some cells can 

secrete amphipathic substances that facilitate adhesion. Up to this point, the 

interaction is reversible, as the bonds are weak. In these very early stages of 

interaction, repulsive electrical forces are sometimes also present, as both 

microorganisms and surfaces can have a net negative charge. To overcome this 
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charge incompatibility, the cells produce cationic molecules and release them onto 

the surface (45); 

•  After reversible adhesion, a more stable adhesion is established by the production 

of specific adhesion factors such as fimbriae and flagella (46) that enable bacteria 

to counteract the repulsive forces. These structures are generally formed after the 

reversible adhesion phase, as changes in the gene expression are related to the 

initial contact with a solid surface (47); 

• If adhesion is successful and the necessary nutrients are present, the cells begin to 

proliferate, leading to the formation of a microcolony. At the same time, secretion 

of cell adhesion and aggregation factors continues; flagellar synthesis is inhibited, 

as cell motility is not an essential function at this stage. In addition, individuals of 

different species can also associate with the microcolony, resulting in a 

heterogeneous population (48); 

• As the microcolony grows, it becomes spatially organized so that most of the cells 

are directly exposed to the nutrient-rich environment. At this stage, a high cell 

density is achieved, triggering the mechanism of quorum sensing (49), which in 

turn activates the transcription of genes coding for the production of 

polysaccharides and extracellular proteins (50). This defines the architecture of 

the mature biofilm; 

• As the biofilm matures, nutrient and oxygen gradients develop within the structure 

so that the cells in contact with the adhesion surface are almost in a quiescent state 

and in anaerobiosis, while the cells on the surface are viable and actively dividing. 

When the biofilm reaches a large size, it can rupture and flake off due to external 

influences (passive dispersal) or activated by bacteria (active dispersal) in which 

enzymes such as glycosidase, protease, and DNase are released to degrade the 

matrix and free the cells. The detached flakes can then colonize other surfaces (51); 
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Figure 4. Schematic representation of biofilm formation stages: initial adhesion to a surface, 
formation of microcolonies, interaction between different microcolonies, maturation to a 
macrocolony, dispersal, and dissolution of the biofilm. Reproduced under a Creative Commons 
Attribution CC-BY 4.0 license. Copyright © 2023 by Satish Sharma, James Mohler, Supriya D. 
Mahajan, Stanley A. Schwartz, Liana Bruggemann, and Ravikumar Aalinkeel. Published by MDPI, 
Basel, Switzerland (52). 

1.2.2.5.2 Clinical relevance related to biofilm production 

Numerous bacterial species are capable of forming biofilms; indeed, it appears that under 

optimal conditions, most microorganisms choose the community lifestyle, regardless of 

whether they live in extreme conditions or not. Therefore, it is not surprising that, 

according to the USA Center for Disease Control (CDC), about 70 percent of human 

infections are caused by bacteria organized in biofilms (52). This percentage is steadily 

increasing, in part, due to the increased incidence of hospital-acquired infections in long-

term patients who come into prolonged contact with plastic or metal medical devices on 

which biofilms can form. Bacteria such as K. pneumoniae, which are normally colonizing 

the guts, can colonize medical and surgical instruments, gaining access to patients' 

internal organs and causing chronic infections and inflammation. Situations in which 

there is a high risk of infection include the insertion of catheters in patients and, less 

frequently, prostheses. If the infection is not treated or the prosthesis is not replaced, the 

biofilm inside the host can dissolve and release the planktonic cells into the bloodstream, 

spreading throughout the body and causing generalized infections that can lead to septic 

shock. An infection caused by biofilm-producing microorganisms is more likely to become 

chronic because the bacteria in the biofilm are protected from the immune system. In 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/2076-2607/11/6/1614
https://www.mdpi.com/2076-2607/11/6/1614
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addition, the immune system may not only be ineffective but also lead to tissue necrosis 

as leukocytes, especially neutrophil granulocytes, returning to the site of infection, release 

nitric oxide and other oxidizing agents that are not sufficient to degrade the biofilm and 

are harmful to the host tissues. 

1.2.2.5.3 Resistance to antibiotics 

First of all, in the context of biofilms, it is important to distinguish the concept of 

resistance from that of tolerance: resistance is the genetically inherited ability to be not 

susceptible to antibiotic agents, while tolerance is the non-transmissible ability of 

microorganisms that are normally susceptible to certain antibiotics to survive an 

antimicrobial attack when inside the biofilm, for example, thanks to the physical barrier 

conferred by the matrix or by changing into a dormant state (53). The development of 

tolerance precedes the development of resistance, as no genetic mutations have yet 

occurred. As already mentioned, the bacteria in the basal layers of this organization are 

primarily protected by the fact that antibiotics cannot reach them; in fact, the matrix 

prevents the diffusion of these substances through the three-dimensional structure both 

passively and actively by interacting chemically with these compounds. In addition, as 

previously described, inside the biofilm 3D structure, cells are in different metabolic 

states. Most antibiotics can be effective only on metabolically active cells, whereas those 

that are in a state of metabolic slowdown are protected and less susceptible. In contrast, 

antibiotics such as colistin, which exhibit their effect by causing damage to the 

membranes, maintain their activity against quiescent bacteria when tolerance 

mechanisms are not involved (54). Consequently, the biofilm nature protects the cells 

immersed in it without them having to develop specific resistance mechanisms. In the 

treatment of biofilm infections, patients are often subjected to numerous antibiotic 

therapies, which often do not eradicate the infection but, in any case, greatly raise the risk 

of selecting resistant strains. In addition to increased tolerance, the emergence of true 

resistant mutants within the biofilm is also favored, as antibiotic resistance determinants 

spread more widely within the biofilm due to the increased frequency of horizontal gene 

transfer among cells (55). The sensitivity of the infection-causing strains to drugs is 

usually evaluated by determining the minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) values of common antibiotics against 

planktonic cells, whereby the sensitivity of sessile cells is often significantly lower. In 

general, to achieve an antimicrobial effect against biofilm, antibiotics are required in 
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concentrations that are 10-1000 times higher compared to those needed to kill planktonic 

cells (56). However, such high doses are not expected to be used in vivo as they would be 

cytotoxic even to eukaryotic cells. For this reason, another approach has been proposed, 

which consists of combining the antibiotic with a substance capable of disrupting the 

biofilm, preventing its formation, or altering its properties so that the infecting cells 

become more accessible to the action of the antibiotic and the immune system. The term 

anti-biofilm was introduced in the 1990s and to date this concept encompasses all 

strategies that aim to reduce bacterial biomass by altering biofilm formation, integrity, 

and properties (57). 

1.3. Bacteriophages 

1.3.1 Background on bacteriophages 

Bacteriophages, or simpler phages, are viruses that infect and replicate in bacterial hosts. 

Like other viruses, they do not possess the machinery to replicate on their own, therefore, 

acting as parasites for their host. They consist of genetic material that can be single or 

double-stranded DNA or RNA enclosed by a protective protein case named capsid (58). 

Depending on the envelope containing this genetic material, phages are classified 

according to the morphology of the capsid and the presence of a protein appendage, the 

so-called tail (59) (Fig. 5). The classification of the main phage families, as well as a brief 

description of the most important characteristics, are reported in Table 2 (60). 

 

 

Figure 5. Classification of viruses by families according to their genetic material and morphology. 
A) Myoviridae; B) Siphoviridae; C) Podoviridae; D) Microviridae; E) Inoviridae; F) Corticoviridae; 
G) Tecviridae; H) Leviridae; I) Cystoviridae. Created with BioRender.com. 
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Table 2. Schematic description of the most important bacteriophage families. The few less 
characterized and not classified families are not reported. 

Shape Nucleic Acid Family Characteristics 

 

Tailed 

dsDNA Myoviridae Contractile tail 

dsDNA Siphoviridae Non-contractile tail 

dsDNA Podoviridae Short tail 

 

 

Polyhedral 

ssDNA Microviridae Many capsomers 

dsDNA Corticoviridae Presence of lipids 

dsDNA Tectiviridae Double capsid, lipids, pseudo-tail 

ssRNA Leviviridae Poliovirus-like 

dsRNA Cystoviridae Envelope, lipids 

 

Filamentous 

ssDNA Inoviridae Long filaments 

dsDNA Lipothrixviridae Envelope, lipids 

dsDNA Rudiviridae Rigid, three-tailed 

 

Pleomorphic 

dsDNA Plasmaviridae Envelope no capsid 

dsDNA Fuselloviridae Envelope 

dsDNA Guttaviridae Drop-like shape 

 

To replicate, phages have to inject their genome into the bacterial cell, and to do so, there 

must be a phage receptor exposed by the host. Once it enters, replication of the genetic 

material can occur mainly following one of two possible paths: either killing the host (lytic 

cycle) and releasing the newly produced phage particles into the environment or by 

integrating their genome inside the bacteria’s one (lysogenic cycle). Furthermore, in 

certain contexts, the lysogenic cycle can arrest and switch to the lytic cycle (61). 

Bacteriophages are characterized by their high specificity towards their host. Only in 

certain species, a single phage can kill several strains, but in species with high clonal 

diversity, the specificity reaches the strain level. Given this narrow spectrum of activity, 

in addition to their ability to kill bacteria, phages are considered valuable antimicrobial 

weapons, especially against antibiotic-resistant species and strains. The main advantages 

are the limited occurrence of resistance, as misuse of the tool should not occur, the 

preservation of the host microbiota, and the relative ease of production (62). 
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1.3.2 Phages as therapeutical tools 

Commercial phage therapy dates back to the 1940s, when the laboratories of D'Herelle in 

Paris and the Eli Lilly Company in the USA produced phages for the treatment of 

Staphylococcal infections, Streptococci in abscesses, pyogenic wounds, vaginitis, acute 

and chronic upper respiratory tract infections, and mastoid infections (63). However, 

with the advent of antibiotics, the commercial production of therapeutic phages ended in 

most countries of the Western world (64). In recent years, the use of bacteriophages as 

antimicrobial therapy has gained importance due to the increasing threat of antibiotic 

resistance and the evolution of superbugs. In the USA and Western European countries, 

the efficacy of phage therapy to treat a variety of multidrug-resistant infections, from lung 

infections in patients with cystic fibrosis to urinary tract infections, has been highlighted 

(65). The rapid development of antibiotic resistance in ESKAPE bacteria, together with 

the lack of immediate availability of new modern antibiotics, have focused attention on 

the use of phages as an alternative to antibiotics. As already mentioned, K. pneumoniae is 

one of the most difficult pathogens to treat as it possesses resistance genes and causes 

various types of infections in the human body. Phage-based therapeutic approaches are a 

promising strategy to combat virulent, resistant, and biofilm-forming strains of K. 

pneumoniae, as studies indicate that phages have high antibacterial activity (66)(67). 

Interestingly, the use of phages against K. pneumoniae is not limited to pathological 

conditions caused directly by the bacterium. For instance, the versatility of phage therapy 

has also been investigated in sclerosing cholangitis, an inflammatory disease where a 

phage cocktail was used to control the effects of K. pneumoniae-mediated dysbiosis, 

showing that oral and intravenous administration of phage successfully suppressed K. 

pneumoniae levels and attenuated liver inflammation and disease severity in mice (68). 

Nevertheless, the use of bacteriophages for clinical therapies is still an object of debate 

given the following factors (69): 

• There is not enough clinical data to support the safety and effectiveness of 

bacteriophages-based therapies (BPT); 

• As lytic phages as natural entities, it is not well understood how to manage the 

intellectual property related to their use; 

• The use of bacteriophages must be tailored to the specific pathogen or combination 

of pathogens infecting each patient, meaning it cannot be a one-size-fits-all 
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solution. Consequently, the investment required to meet such specific needs could 

be significant; 

• Phages are characterized by a high degree of mutability which could affect their 

effectiveness, but it is also difficult to predict and control; 

• Bacteria can develop resistance mechanisms towards phages; therefore, an 

inappropriate use could lead to even worse consequences. 

For all these reasons, no phage therapy products approved for human use are available at 

the moment in the EU or the USA (70). 

1.4 Phage enzymes 

1.4.1 Background on phage-derived enzymes 

The keys to lytic bacteriophages’ reproduction success are represented by their ability to 

infect their host, replicate, and then release the virions into the environment. Focusing on 

tailed phages or Caudovirales, the most diffuse type of bacteriophages affecting human 

pathogens (70), it is possible to generically describe the type of enzymes that are used in 

the reproduction of bacteriophages. In their life cycle, phages have to breach the bacterial 

walls in two different moments: in the infection phase, they have to inject their genetic 

material into the cell, minimizing the damage for the host, and in the virion release phase, 

they have to obtain the lysis of the cell, therefore the breaking of the layers will be much 

more extensive and can be described as a bursting process (Fig. 6). Furthermore, if 

bacteria are associated in biofilms, the barriers to overcome are even more extended and 

include proteins, lipids and DNA in addition to polysaccharidic structures as these 

molecules form the thick matrix. For this reason, the enzymes that are used are different 

depending on the context and the type of host. 



18 
 

 

Figure 6. Typical reproductive cycle of a tailed lytic phage highlighting the importance of possessing 
adequate phage enzymes to breach bacterial barriers. Reproduced under a Creative Commons 
Attribution CC-BY 4.0 license. Copyright © 2021 by Katarzyna M. Danis-Wlodarczyk, Daniel J. 
Wozniak, and Stephen T. Abedon. Published by MDPI, Basel, Switzerland (64). 

The barriers that must be overcome by the phage depend also on the bacterium’s nature: 

• gram-positive bacteria are surrounded by a thick peptidoglycan (PG) layer. 

• gram-negative bacteria have a much thinner PG layer surrounded by an outer 

membrane. 

Therefore, to overcome these barriers at different moments, there are different types of 

phage enzymes. First, there is the host recognition. In this phase, specialized tail enzymes 

or receptor binding proteins (RBP) will recognize receptors on the bacterial surface, such 

as LPS in gram-negative bacteria and teichoic acid in gram-positive. In addition, a class of 

enzyme named depolymerase degrades the LPS, the capsule, or the exopolysaccharide if 

bacteria are embedded in the biofilm matrix, to reveal the receptors. These enzymes are 

typically part of the capsid or the tail and will be further discussed in this chapter. After 

the recognition of the receptor, the bacterium barriers are slightly breached thanks to the 

enzymatic digestion of the PG mediated by proteins such as virion-associated lysins (VAL) 

that degrade the PG locally. These mild degradation processes allow the phage particle to 

finally inject its genome into the bacterial cell. Once the replication cycle is completed, the 

bacterium cytoplasm is full of virions and lytic enzymes can play their part. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/2079-6382/10/12/1497
https://www.mdpi.com/2079-6382/10/12/1497
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1.4.1.1 Endolysins 

Endolysins are phage-derived PG hydrolases. They are used in the latest phases of phage 

infection to release the virions that were replicated in the host cell. Once the PG layer is 

breached, the bacterial cell osmotically lyses, and the virions are released, therefore, in 

nature, they break the PG layer from the inside, but it is possible to produce recombinant 

enzymes to be applied from the outside. These enzymes are highly specific towards 

species and serotypes. Their structure differs depending on the target bacterium. 

1.4.1.2 Holins 

Holins are produced in the latest phases of infection to create pores in the cytoplasmic 

membrane to allow endolysins to access the PG. These molecules are in control of the lysis 

phase as it cannot take place until these proteins have reached a certain concentration 

inside the cytoplasm. 

1.4.1.3 Spanins 

Spanins have a crucial role in the lysis of gram-negative bacteria because they are 

involved in the breaching through the outer membrane, in fact, they localize in both 

membranes and promote the formation of bridges between the two, therefore causing the 

fusion of the two membranes while the PG is degraded by the endolysins(71)(72). 

In addition, different types of DNAses and proteases can be employed to breach the 

biofilm 3D matrix (73). 

1.4.1.4 Depolymerases 

As previously mentioned, bacteriophages use enzymes named depolymerases to breach 

the bacterial external layer and inject their genomic information inside the cell. Different 

types of molecules constitute the outside barrier of bacteria, such as CPS, LPS, and EPS; 

therefore, there are specific and distinct types of enzymes that the phages can use. In 

general, phage depolymerases are classified based on their mechanism of action between 

lyases and hydrolases (64) (74) (75): 

• Lyases are enzymes that do not use hydrolysis during polysaccharide degradation, 

but the β elimination mechanism. Phages can expose different classes of lyases 

depending on their target such as hyaluronate, pectate, K5, alginate, K-specific, and 

O-specific lyases. 
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• Hydrolases are capable of cleaving covalent bonds in polysaccharides by 

hydrolytic reaction. These enzymes are usually used by phages to degrade the cell 

wall or capsule. Many classes of hydrolases can cleave very specific bonds inside 

the polysaccharide. Some examples of phage-derived hydrolases are: 

rhamnosidases, sialidases, LPS deacetylase, levanases, xylanases, and dextranases. 

The high specificity of these phage-derived enzymes has been often used in the studies of 

the structure of polysaccharides produced by bacteria such as the CPS. In fact, since they 

cleave only one bond within the RU, they allow the highly precise hydrolysis of the huge 

polysaccharide macromolecules to obtain smaller oligosaccharides identical to each 

other, the single RU, which are less viscous and easier to analyze. Some examples of the 

application of this methodology are given by the structural investigation of the CPS from 

various K. pneumoniae serotypes: K3(76), K13(77), K 15 (78), K18(79), K25(80), K30(81), 

K32(82), K40(83), K71(84), and SK1(85). 

1.4.2 Phage enzymes as therapeutical tools 

In view of this depolymerization activity, the research community focused the attention 

on the production of phage recombinant enzymes that could be used to specifically target 

various bacterial species and in the case of K. pneumoniae, even different strains with 

outstanding precision (86). These enzymes could serve the double function of receptor 

recognizer to drive an antimicrobial molecule to the specific target and to depolymerize 

the bacterial capsule, which on one hand could affect the virulence capacity of bacteria, 

and on the other hand, could be used in synergy with antibacterial molecules to enhance 

their efficacy. Significant progress has already been made in this field, with many CPS-

degrading recombinant enzymes produced and tested in vitro. A few notable examples 

include: 

• Recombinant depolymerase from the phage SH-KP152226 has demonstrated 

activity against both CPS and biofilms of K. pneumoniae 2226 (serotype K47). In 

this study, the enzyme was tested alone and in combination with polymyxin (87). 

• Recombinant depolymerase from phage IME180 was effective against P. 

aeruginosa 1193, targeting both CPS and biofilm structures (88). 

• Recombinant depolymerase from the phage vB_KleM_RaK2 (RaK2) is effective 

against the CPS of K. pneumoniae K54. This enzyme was identified by further 

characterization as a β-(1→4)-endoglycosidase (89). 
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• Recombinant depolymerase from phage KP34p57 was shown to be effective 

against both planktonic cells and biofilms formed by K. pneumoniae K77, with 

enhanced results in combination with ciprofloxacin (90). 

These examples underline the therapeutic potential of phage-derived enzymes, 

demonstrating their versatility in combating different bacterial species and strains and 

even complex biofilm structures. These data inspired the research work presented in this 

thesis aimed to discover some of the possible applications of these enzymes in the 

development of new strategies to fight multidrug-resistant infections.
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Chapter 2. Aims of the study 

This study is part of a project funded by the Italian Minister of University and Research 

whose general aim is to exploit the specificity of bacteriophage endoglycosidases (EG) 

against Klebsiella pneumoniae. These enzymes, classified as lyases or hydrolases, have the 

bacterial pathogen's capsular polysaccharide as a substrate. Each EG is specific for one 

capsular polysaccharide structure and, therefore, can be employed to selectively deliver a 

carrier, like liposomes or nanoparticles, to the microorganism without affecting the host 

microbiome. This approach involves the anchoring of the endoglycosidase to the outer 

surface of the carrier, in order to direct it to the target cells, and the subsequent delivery 

of the antibacterial drug carried inside. In fact, by degrading the capsule, the 

endoglycosidase enables the carrier to reach and possibly fuse with the outer membrane 

of the bacterium, allowing the antibacterial content to enter the periplasm. 

This work should serve as a proof of principle and provide a general strategy for the 

production of phage endoglycosidase functionalized carriers capable of targeting specific 

K. pneumoniae strains. 

The aim of my PhD project was to deeply characterize the endoglycosidase activity in 

order to set the necessary knowledge for the production of functionalized carriers. Two 

different sequence types of K. pneumoniae were investigated: 

• Characterization of the phage and phage-born depolymerase activity against 

strains KpB-1 and KMn-7. 

The first objective was to characterize the activity of a bacteriophage against the CPS, 

planktonic cells and biofilm of strains KpB-1 and KMn-7, both clinical isolates belonging 

to ST512, a derivative of CG258, one of the main causative agents of the global pandemic, 

as the strains of this group are MDR and carbapenemase producers. KpB-1 and KMn-7 

produce the same capsular polysaccharide and are both capable of forming biofilms. Their 

CPS structure was determined before the start of this project. Subsequently, the 

recombinant phage endoglycosidase protein was obtained and its activity against the 

same targets characterized. Finally, a mutant version of this protein was produced to 

enable its binding to a carrier such as liposomes or nanoparticles. 
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• Characterization of the capsular polysaccharide structure of K. pneumoniae IT-395 

and the related phage GP1 depolymerase. 

The second aim was to determine the CPS structure of K. pneumoniae strain IT395, as no 

data on this polymer was available in the literature. This strain belongs to the ST 307, 

which has displayed MDR phenotype and is now spreading around Europe. Once the 

structure of the CPS was characterized, the activity of the specific bacteriophage GP1 

against the CPS of the strain was investigated. These are mandatory steps to then proceed 

with the work involving the cloned phage depolymerase.
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Chapter 3. Utilization of a specific bacteriophage 

endoglycosidase as a tool against Klebsiella pneumoniae   

KpB-1 strain ST 512 

3.1 Introduction 

The strain KpB-1 belongs to the ST512, a derivative of CG258, characterized to be one of 

the main responsible for the worldwide pandemic and producing the KPC-3 

carbapenemase an enzyme able to inactivate carbapenems, one of the latest antibiotic 

resources for some infections. The RU structure of the CPS produced by this strain was 

already described by previous worked of this laboratory (91). A bacteriophage able to 

lyse KpB-1 strain, named ФBO1E (92) and provided by Prof. M. M. D’Andrea (Univ. Tor 

Vergata, Rome) was used in this project. This phage encodes for an endoglycosidase which 

specifically cleaves the CPS of this strain making it possible for the phage to reach the 

bacterial membrane in order to penetrate into the cells. Considering this cleavage ability, 

this phage may be also able to disrupt the preformed biofilm and/or counteract its 

formation besides killing planktonic cells. Since the use of bacteriophages for the 

treatment of human infections is controversial, due to their biological complexity and the 

difficulty of predicting their interactions with the organism, the endoglycosidase, 

responsible for the capsule hydrolysis, was cloned in Escherichia coli. The activity of the 

recombinant enzyme was characterized, and eventually modified in order to functionalize 

the outer membrane of liposomes or other carriers that can be loaded with an 

antibacterial molecule and target specific K. pneumoniae strains belonging to the same K-

serotype.



25 
 

3.2 Results and Discussion 

3.2.1 Characterization of the phage endoglycosidase activity on the capsular 

polysaccharide and identification of the enzyme cleavage site. 

3.2.1.1 Phage-mediated CPS digestion 

In order to investigate the enzymatic activity of the EG associated to the bacteriophage 

ФBO1E on the KpB-1 CPS, a series of analyses were performed. First of all, the site of 

cleavage on the KpB-1 CPS of the EG associated to the phage particles was determined. 

The structure of the RU is reported in Fig. 7 A. KpB-1 CPS was produced and purified as 

described in the Materials and Methods section (5.2.1) and a 1H NMR spectrum (Fig. 7 B) 

verified its structure and purity. In the 1H NMR spectrum, the resonances of the anomeric 

protons and of the methyl groups of rhamnose residues are indicated (91).  

 

 

 

Phage particles, at a concentration of approximately 1×10¹¹ plaque-forming units (PFU), 

were incubated with 30 mg of CPS. After the incubation, the products of the reaction were 

Figure 7. Verification of the purity of the KpB-1 CPS. A) structure of the RU and B) 1H NMR spectrum 
recorded at 50 °C and 500 MHz. Assignments are indicated. H4 and H5 of residue GA overlap with 
H1 of residue G. 

B) 

A) 
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then separated by size exclusion chromatography (SEC) on a Bio Gel P2 column 

(separation range 100 – 1800 Da) (Fig. 8); two peaks (named P1 and P2) eluted in the 

separation range of the column, indicative of extensive degradation of the CPS and 

oligosaccharides production. The oligosaccharide P1 was analyzed using Electrospray 

Ionization Mass Spectrometry (ESI-MS) and NMR spectroscopy. In addition, the 

oligosaccharide P1 was reduced at its reducing end using sodium borohydride (NaBH₄) 

or sodium borodeuteride (NaBD₄) in order to identify the reducing sugar of the 

oligosaccharide and thus the linkage cleaved by the EG associated to phage particles. 

 

 

3.2.1.2 Electrospray Ionization Mass Spectrometry of the fraction peak 1 (P1) 

ESI-MS analyses were performed to characterize the structure of the oligosaccharides 

produced by phage degradation. Fraction P1 was treated with NaBH4 in order to reduce 

the monosaccharide at the reducing end to an alditol (the aldehyde function in C1 is 

reduced to a primary alcohol group, thus tagging the reducing end) and subsequently 

subjected to ESI-MS in the negative ion mode. In the mass spectrum obtained (Fig. 9A) a 

major ion was detected at 941.6 m/z, thus determining the MM of the oligosaccharide to 

be 942, in agreement with an oligosaccharide having the size of one repeating unit of the 

KpB-1 CPS and containing 1 GalA, 1 Gal and 4 Rha, with one of these residues present as 

alditol (Fig. 9A). The sodium adduct of the oligosaccharide P1 (signal at 965.5 m/z) was 

then subjected to fragmentation in the positive ion mode after reduction with NaBD4. The 

fragment ions obtained, detected as Na+ adduct and dehydrated Na+ adducts, are shown 

Figure 8. Elution profile of the CPS fragments separated by size-exclusion chromatography on a Bio 
Gel P2 column (separation range 100-1800 Da). 
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in Fig. 9B; they identified the sequence of the residues in the repeating unit, thus 

determining that the glycosidic linkage cleaved is -L-Rha-(1→3)--D-Gal. 

 

 

 

The ESI-MS data obtained showed that the oligosaccharide P1 produced by phage 

associated EG action corresponds to one KpB-1 CPS repeating unit and strongly indicated 

that it has the following structure: 

 

3.2.1.3 Nuclear Magnetic Resonance spectroscopy analyses 

The oligosaccharides P1 and the NaBH₄ reduced P1 (P1-ol) derived from hydrolysis of 

KpB-1 CPS (Fig 10A) were subjected to 1D NMR spectroscopy. The anomeric regions of 

the 1H NMR spectra obtained are shown in Figure 10B together with that of the native 

KpB-1 CPS. Peaks are labeled according to Table 3 and to the assignment of the spin 

systems of the KpB-1 CPS (Fig 10A) (91). 

 

 

 

Gal⎯GalA⎯Rha⎯Rha⎯Rha-ol 

                

             Rha 

Figure 9. ESI-MS analysis of the P1. A) Negative ion mode ESI-MS of the NaBH4 reduced P1 shows 
that the molecular mass (MM) is 942 Da. B) Positive ion mode ESI-MS fragmentation pattern of P1 
after NaBD4 reduction reveals the sequence of the residues in P1.  

A) B) 
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A) 

 

B) 

 

 

The anomeric region of P1 is similar to that of the native KpB-1 CPS except for the 

appearance of two small peaks at 5.23 and 4.88 ppm. The latter was attributed to the β-

anomer of the newly formed reducing end, and the former to the sugar next to the 

reducing end because of the twinning effect. Moreover, the peaks between 4.70 and 4.55 

ppm are much more resolved than in the CPS, as expected for an oligosaccharide. After 

reduction, the resonance at 5.2 ppm (H1 of R-III) has disappeared from the anomeric 

spectral region, as well as the two signals at 5.23 and 4.88 ppm, due to the reduction of C1 

to an alcoholic function. Thus, the residue R-III was identified with the reducing end and, 

therefore, with the site of cleavage of the EG. The resonance attributed to R-II has shifted 

to lower ppm values, indicating that it is the one directly linked to the reducing end R-III. 

Figure 10. Comparison of native and hydrolyzed KpB-1 CPS 1H NMR spectra A) structure of the RU. 
B) Anomeric regions of KpB-1 CPS, P1, and P1-ol 1H NMR spectra recorded in D₂O at 50 °C. Peaks are 
labeled as in Table 3. 
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The H1 of the other residues, t-R, R-I, GA, and G, did not change their chemical shifts, 

indicating that their chemical environment did not change with respect to the CPS. 

The structure of P1-ol was determined by use of an array of 1H-1H homonuclear 

experiments (COSY, TOCSY, NOESY) and 1H-13C heteronuclear correlation experiments 

(HSQC, HMBC). In the HSQC spectrum (Fig. 11) the proton/carbon pairs are labeled, and 

the NMR data are collected in Table 3. It can be observed that C1/H1 of the reducing end 

residue has moved from the anomeric region to the -CH2-OH region of the spectrum, as 

expected. 

 

Figure 11. HSQC NMR spectrum of P1-ol with peak assignments as reported in Table 1. The spectrum 
displays both the ring and anomeric regions, with the anomeric region shown in the top-left corner. 
Cross-peaks are labelled according to Table 3, eg: t-R-1 C1/H1 of terminal non-reducing Rha. 
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a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm 

for 13C). 

1D and 2D NMR spectroscopy together with ESI-MS determined that fraction P1 

corresponds to one repeating unit of the CPS KpB-1 and that the site of cleavage of the EG 

associated to phage particles is the linkage α-L-Rhap-(1→3)-β-D-Galp. It follows that 

fraction P2 most likely corresponds to an oligosaccharide constituted by two or more 

repeating units, considering the elution profile and the separation range of the column 

used. The structure of the reduced oligosaccharide is shown in Figure 12. 

 

Figure 12. Structure of the oligosaccharide P1-ol. 

3.2.1.4 Dinitrosalicylic acid assay 

The phage-associated endoglycosidase activity was assessed by monitoring the formation 

of reducing sugars, which indicate cleavage in the polysaccharide. The formation of 

reducing sugars can be measured using colorimetric assays, such as the 3,5-

Table 3. 1H and 13C chemical shift assignments of the oligosaccharide P1-ol recorded in D2O at 
500 MHz and 50 °C. 

a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm 

for 13C). 
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dinitrosalicylic acid (DNS) method. 30 mg of pure CPS were incubated with bacteriophage 

to a final concentration of 1013 PFU/1g of polysaccharide. 500 μL of the sample were 

withdrawn at different time points, then the DNS assay was performed to reveal the 

formation of reducing ends due to enzyme activity. Since this method depends on the 

oligosaccharide size, maltohexaose was used to generate the calibration curve, because 

the RU of KpB-1 is also constituted by six sugar residues. In Figure 13, standard curves 

obtained using glucose and maltohexaose are reported for comparison. 

 

 

The data obtained on the activity of the EG associated to phage particles are reported in 

Figure 14. The increase in absorbance value is noticeable, and the curve is consistent with 

an enzyme kinetics and similar to the data in the literature (93). The reaction starts right 

after time 0 and there is a steady increase in reducing end concentration during the first 

hours of incubation, reaching a plateau around 0.6 mM after approximately 20 hours. On 

the other hand, the untreated CPS shows no significant increase in reducing end 

concentration compared with the treated sample, confirming that the release of reducing 

ends is due to enzymatic activity of the phage-associated endoglycosidase and not 

spontaneous degradation. 

 

Figure 13. DNS standard curve obtained using glucose and maltohexaose. 
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Figure 14. Increase in reducing sugar formation after incubation of the CPS KpB-1 with 
bacteriophage particles. The concentration of reducing end is obtained using the maltohexaose 
standard curve of Figure 13. 

3.2.2 Characterization of the phage activity on biofilm 

3.2.2.1 Preliminary studies for setting experimental conditions 

3.2.2.1.1 Strain end growth conditions 

After the effect of the phage-associated depolymerase on the pure CPS had been 

investigated, the bacteriophage was tested for its capacity to disrupt the preformed 

biofilm. In order to carry out this assay, the biofilm biomass must be present in a good 

quantity and stable to a certain degree. The formation of the biofilm matrix depends on 

many factors such as the availability of nutrients and the balance between the production 

and destruction of the matrix, but also on the bacterial strain. First, the ability of KpB-1 to 

form biofilm was tested using the crystal violet (CV) assay. Different growth conditions 

were tested (data not shown), and the best were selected for further experiments: 

incubation in Wolfer-Ferguson (W-F) broth at 37 °C with shaking. The strain appears to 

produce a good amount of biofilm starting from 72 hours of incubation in the previously 

reported conditions. If incubated for longer periods, the total biomass slightly decreases 

but remains abundant even at 120 hours (Fig. 15A). Considering that the amount of 

biofilm was low in the first two days of incubation and that after three days, the biomass 

was still abundant, three days of growth were selected as the optimal time of incubation. 

The subsequent step was to incubate the preformed biofilm with SM buffer (prepared as 

described in the Materials and Methods section 5.1.2), which is used for phage suspension, 

in order to assess the biofilm stability in the absence of medium. As shown in Figure 15B, 
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the quantities of biomass dramatically decreased, meaning that the structure was not 

strong enough to endure further testing; therefore, additional biofilm growth conditions 

were tested, for instance different times of exposure to the buffer alone, but the amounts 

of biofilm were low and the data were not reproducible (data not shown). These findings 

indicate that working with this strain’s biofilm may not be a good strategy, since the 

biomass tends to disaggregate when washes are applied or when the carbon source is 

removed. 

 

 

Since the biofilm produced by KpB-1 is not stable in the conditions required to perform 

the phage-activity assay, different clinical isolates belonging to the same K-serotype, 

therefore producing the same CPS, were tested for their biofilm production. The strains 

KMn-7, KKBO-1 and KKBO-4 were selected and the biofilm biomass was determined as 

previously described, using the CV method with the same growth conditions and buffer 

exposure as for KpB-1 (Fig. 16). 

Figure 15. Crystal Violet biofilm quantification assay of strain of KpB-1 grown in W-F broth at 37°C 

with shaking. A) Amount of biomass after different incubation times and B) difference in biofilm 

quantities after treating the preformed biofilm with SM buffer. 

A) B) 
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Since both KMn-7 and KKBO-4 gave good and comparable results in terms of biofilm 

production, it was decided to use the occurrence of phage resistance as a discriminating 

factor in strain selection for further experiments. To this end the spot test was performed 

and the plaques that formed on agar plates after exposure to phages were examined. This 

assay is used to assess the activity of bacteriophages or endoglycosidases. This test allows 

to examine the lytic ability of the phage and the enzymatic activity of the endoglycosidase 

in a simple and rapid manner. In the spot test, samples containing the enzyme are applied 

to a bacteria layer. After a few hours of incubation, it is possible to notice the formation of 

lysis plaques that indicate the presence of the phage. The plaques are surrounded by clear 

haloes due to the presence of the endoglycosidase that cleaves the CPS during the 

infection phase. As can be noticed from Figure 17, the plaque in panel A appears much 

clearer than the plaque in panel B, indicating that the occurrence of resistant mutants is 

much rarer in strain KMn-7, with respect to KKBO-4. For this reason, KMn-7 was selected 

for the following experiments. First, it was decided to further investigate the phenotypic 

characteristics of the KMn-7 phage-resistant mutants. Therefore, a resistant colony was 

selected from the plaques formed during phage titration and plated on W-F agar plate in 

parallel with a wild-type (WT) colony. 

 

Figure 16. Biofilm quantification of different K. pneumoniae clinical isolates. The growth conditions 
were: 24 hours incubation in W-F broth at 37 °C with gentle agitation followed by 24 hours of 
incubation with SM buffer. 
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As can be seen in Figure 18, the KMn-7 WT colonies exhibit a mucoid appearance, while 

the mutant colonies are dry. This could indicate the loss of the capsule in the mutant 

colonies. The loss of the capsule, which is a known target for the bacteriophage, may serve 

as a resistance mechanism towards the phage attack in the mutant strain, but at the same 

time, it constitutes the loss of one of the most important virulence factors for K. 

pneumoniae (94)(95)(96). 

 

 

3.2.2.1.2 Confirmation of the presence of CPS in biofilm 

Since the phage's endoglycosidase specifically cleaves the linkage -L-Rha-(1→3)--D-Gal 

of KpB-1 CPS, it was crucial to first examine the polysaccharide component of the biofilm 

before assessing the phage's potential ability to disrupt it. To this end, bacteria were 

cultured on a cellulose membrane which was deposited on agar plates. The cellulose 

membrane served as a solid support and allowed bacteria to grow forming biofilm (97). 

 

    

Figure 17. Spot test of ФBO1E on A) KMn-7 and B) KKBO-4 strains highlighted differences in phage 
resistance.  

 

Figure 18. Phenotypic characterization of KMn-7 phage-resistant mutant. A) WT KMn-7 plated on 
a W-F agar plate, with colonies appearing mucoid. B) Mutant KMn-7 isolated from a phage lysis 
plaque, with colonies appearing dry, which could indicate the loss of the capsule as a resistance 
mechanism. 
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The polysaccharide was then purified and analyzed by 1H NMR spectroscopy. The 

resulting 1H NMR spectrum was compared with that of KpB-1 CPS, revealing that the two 

spectra were identical (Fig. 19). This indicates that the same polysaccharide is present in 

both samples. 

 

 

3.2.2.1.3 Identification of the best time of phage-exposure 

Once the optimal conditions for the cultivation of a well-developed biofilm had been 

determined, the ideal timing for phage exposure was evaluated in order to minimize the 

risk of occurrence of phage resistance. To achieve this, a growth kinetic assay was 

performed in the presence of the different phage concentrations, using both KMn7 and 

KpB-1 strains. As shown in Figure 20, after approximately ten hours, the phage-treated 

KMn-7 cells start to grow, while the untreated cells start to grow earlier, after two hours 

of incubation. The time of regrowth is not dependent on the dose of phage applied to the 

growing bacteria. In Figure 21, the kinetics of growth of KpB-1 in the presence of phage is 

displayed. Treated cells start to grow after approximately four hours, while untreated 

cells start to grow after one hour of incubation. Bacteria treated with lower phage 

Figure 19. Comparison of the 1H NMR spectra of KpB-1 CPS (red) and the polysaccharide extracted 
from the KpB-1 biofilm (green), both recorded in D2O at 50 °C, shows that the spectra are identical. 
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concentrations start to grow slightly earlier than bacteria treated with the highest 

concentration, but after a few hours, the curves overlap. The results clearly show that the 

bacteria start to grow again after a few hours of incubation with the bacteriophage. 

Notably, the regrowth occurs more rapidly in the KpB-1 strain. In the KMn7 strain, 

regrowth is observed after 10 hours. Based on these results, it was decided to limit the 

duration of phage exposure during biofilm treatment to a shorter period, in order to 

reduce the likelihood of developing phage resistance. 3 6 9 

 

 

 

 

Figure 20. Kinetics of KMn-7 growth in LB broth at 37 °C with shaking in the presence of different 
ΦBO1E concentrations. 

 

Figure 21. Kinetics of KpB-1 growth in LB broth at 37 °C with shaking in the presence of different 
ΦBO1E concentrations. 
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3.2.2.2 Evaluation of the phage activity on preformed biofilm 

To examine how the presence of phage affects the preformed biofilm, the CV 

quantification assay was performed. KMn-7 biofilm was grown for 24 hours in W-F broth 

at 37 °C with shaking as these conditions were selected in section 3.2.2.1.1. Then, the 

preformed biofilm was incubated for 4 hours with different concentrations of phage 

particles as for experiments described in section 3.2.2.1.3 (Fig. 22). 

 

 

The obtained data indicate that the highest phage concentration (109 PFU/mL) was able 

to significantly reduce the total biomass of the KMn-7 biofilm, while sub-inhibiting 

concentrations may actually increase the formation of biofilm, probably as a defense 

mechanism as already described in literature (44)(98)(99)(100). 

3.2.3 Cloning and purification of bacteriophage endoglycosidase 

3.2.3.1 First Endoglycosidase Expression and Purification Attempt 

The phage endoglycosidase cloned in E. coli BL21 (DE3) using the plasmid pET-24a (+) 

encoding for the C-terminal His-tagged enzyme (EG-C) was a kind gift of Professor M. M. 

D’Andrea. 

3.2.3.1.1 Expression and purification 

As described in the Materials and Methods section 5.2.7, various expression conditions 

were tested. First, autoinduction with ZY5052 was tested. This method exploits bacterial 

Figure 22. Biofilm eradication assay. CV quantification assay shows that the phage ФBO1E at the 
highest concentration (109 PFU/mL) can significantly reduce the total biomass of the biofilm. 
Statistical analysis was performed using a one-way ANOVA with p<0.001. 
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metabolism to promote the induction of protein expression since the broth is enriched 

with both glucose and α lactose. The bacteria grow and consume the glucose until lactose 

is the only carbon source. In this system, the protein expression is controlled by the T7 

promoter and regulated by the lac operon; thus, the metabolism of lactose induces the 

enzyme expression. Unfortunately, this method did not work as the endoglycosidase was 

not expressed. For this reason, a second attempt was made using classical protein 

expression, growing bacteria in LB medium, and the induction was performed with 

Isopropyl-β-D-1-tiogalattopiranoside (IPTG), a non-metabolizable analogue of 

allolactose. Cells were grown at 37 °C, and when the optical density at 600 nm (OD600) 

was 0.6, the expression was induced and carried out at 18 °C overnight. This time, the 

protein was successfully expressed, as verified by SDS-PAGE of the lysate. After the 

expression of the enzyme, the culture was pelleted and lysed and then centrifuged to 

obtain the supernatant containing the protein. A drop of the lysate was then spot-tested 

to verify if the EG was active. 

3.2.3.1.2 Evaluation of the enzyme activity: Spot test 

To quickly assess the activity of the enzyme, a spot test can be performed, similar to the 

method used previously with the bacteriophage. In this test, a drop of the purified enzyme 

was applied to a bacterial layer of KMn-7. However, after incubation, no clear halo zones 

formed around the enzyme spots, indicating a lack of enzymatic activity.  The cloned EG 

was purified using immobilized metal affinity chromatography (IMAC), followed by a 

second purification step using SEC on a (Superdex 200, range: 10-600 kDa) column (data 

not shown). The presence of many peaks in the SEC chromatogram may indicate protein 

instability and possible aggregates formation. Despite successful expression and 

purification of the protein, it showed no activity during the spot test on KMn-7. For this 

reason, many other expression conditions have been tested, as reported in the Materials 

and Methods section, changing broth composition, growth conditions, concentrations of 

inducing factors, and host cells. In every tested condition, the enzyme did not show any 

activity. For this reason, the investigation moved towards the folding state of the protein. 

3.2.3.1.3 Checking for proper folding of the enzyme: Circular Dichroism 

spectroscopy 

In order to understand why the EG-C was not active, circular dichroism (CD) spectra were 

recorded. CD spectroscopy allows to assess whether the expressed and purified 

recombinant protein exhibits proper folding. Considering that denaturation processes 
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significantly change the secondary structure; the circular dichroism spectrum can also be 

used to follow denaturation processes. CD spectroscopy was performed at different 

temperatures to identify secondary structures and the enzyme-melting curve. The 

minimum value of absorbance was detected at 218 nm, which is typical of β-sheet 

structures (101) while the maximum is located at a point on the graph that is difficult to 

interpret because of the interference given by the buffer (Fig. 23). Keeping in mind the 

uncertainty regarding the positive part of the CD spectrum, it is likely that the EG-C 

contains β-sheet secondary structures, in line with the structure of other EG (102)(103). 

 

 

The data obtained from the CD analysis can be used to create a denaturation profile from 

which the melting temperature, that is, the temperature at which 50 percent of the protein 

is denatured, is determined. Denaturation profiles were generated by plotting the 

minimum of the circular dichroism curves as a function of temperature (Fig. 24). The 

resulting trend is sigmoidal and the inflection point corresponds to the melting 

temperature. The melting temperature was determined to be 45 °C which is rather low 

for a bacteriophage protein. 

Figure 23. CD spectra of endoglycosidase in 50 mM HEPES buffer pH 7.4 recorded between 15 and 
81 °C at 2 °C intervals. 
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3.3.3.1.4 Prediction of the 3D structure of the EG using AlphaFold2 

The structure prediction for the endoglycosidase was performed using AlphaFold2. 

AlphaFold is an AI system developed by Google DeepMind and European Bioinformatics 

Institute (EMBL) that predicts a protein 3D structure from its amino acid sequence. 

AlphaFold2 provided predictions of the 3D structure giving the five highest-ranked 

models, each of which exhibited a tertiary structure with many β-sheets, consistent with 

structural features observed in analogous enzymes (102)(103) (Fig. 25). 

 

 

 

Since it is known that the active form of similar endoglycosidases is a homotrimer (102) 

(103) (104), a trimeric model of the enzyme was generated using AlphaFold2 (Fig. 26). 

The analysis reveals that the N-terminal domain of the protein is highly flexible, while the 

C-terminal region is more rigid and may play a crucial role in the trimerization process. 

This C-terminal rigidity is most likely essential for stabilizing the assembly of the 

endoglycosidase trimer. 

Figure 24. Temperature-dependent denaturation profile of endoglycosidase. The melting 
temperature is around 45 °C. 

Figure 25. AlphaFold2 highest rank structure prediction of ФBO1E endoglycosidase monomer. 
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Therefore, an additional structure prediction including the C-terminal His-tag was 

performed, in order to understand if the His-tag could impede the formation of the trimer 

(Fig. 27). 

 

 

The 3D structure of the C-terminal His-tagged trimer appears to differ from that of the 

untagged version. Studies by Gage MJ and Robinson AS have demonstrated the crucial role 

of the C-domain in the trimerization of the P22 tailspike protein (106). Their findings, 

along with structural differences highlighted by AlphaFold2 predictions presented in this 

chapter, suggest that the C-terminal tag may interfere with the trimerization process, 

potentially impairing the enzyme’s functionality and explaining the observed lack of 

activity. 

Figure 26. AlphaFold2 highest rank structure prediction of ФBO1E endoglycosidase trimer without 
His-tag. 

 

Figure 27. AlphaFold2 highest rank structure prediction of ФBO1E endoglycosidase trimer His-
tagged on the C-terminal. 
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3.2.3.2 Endoglycosidase with the His-tag at the N-terminal: cloning, 

expression and purification Attempt 

3.2.3.2.1 Expression, purification, and activity evaluation 

Given the 3D structure prediction obtained, it was decided to clone the enzyme with 

modifications: the His-tag was removed from the C-terminal region and introduced into 

the N-terminal domain instead (EG-N). This repositioning of the His-tag should possibly 

resolve the observed problems of the lack of activity. The construct was designed to 

contain an additional sequence that is recognized by the Tobacco Etch Virus (TEV) 

protease and is essential for the subsequent removal of the His-tag if needed (see Material 

and Methods section 5.2.8). The construct was transformed into E. coli BL21(DE3) for 

protein expression. The bacteria were grown in LB broth containing 50 µg/mL ampicillin 

at 37 °C with shaking until the OD600 reached 0.6. Protein expression was then induced by 

the addition of 0.5 mM IPTG and cultured O/N at 18 °C. The protein was purified from the 

bacterial cell lysate using IMAC. SDS-PAGE analysis of the purified fractions confirmed the 

successful isolation of a substantial amount of endoglycosidase. In fact, in Figure 28 are 

shown the different fractions corresponding to the purification steps: the soluble 

fractions obtained by centrifugation of the cell lysate (lys) are allowed to interact with the 

resin for one hour at 4 °C so that the recombinant protein can be bound. The soluble 

fraction is separated from the resin in the chromatography column. This fraction is named 

flow-through (F-T). Two washes (W1 and W2) of the stationary phase with buffer 

solutions allow the removal of all non-specifically bound proteins from the resin. At the 

end of the purification, the soluble fraction of the initial cell lysate (lys), the flow-through 

(FT), the two wash solutions (W1 and W2), and the elution solutions (E1, E2, E3, E4, E5) 

are analyzed by electrophoretic SDS-PAGE separation (Fig. 28). This is used to check the 

purity of the enzyme of interest and any loss of protein during the washing steps. A very 

intense band with a molecular weight of approximately 52 kDa is present in the lysate and 

in the elutions, which corresponds to the value of the recombinant protein (54.117 kDa 

considering the His-tag and spacers) and confirms the high yield reached with this new 

construct and new expression conditions. 
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After IMAC, SEC was used as a second step of purification (Superdex 200, range:10-600 

kDa), the chromatogram is reported below (Fig 29). 

 

 

Of the visible peaks, the highest (with a retention volume of 12 mL) corresponds 

approximately to 150 kDa, therefore to the trimeric form of the enzyme, as inferable from 

the use of standard proteins (data not shown), while the shorter one may correspond to 

protein aggregates. The protein was expected to exhibit a trimeric conformation; 

therefore, the presence of aggregates could affect its stability and functionality. For this 

reason, a series of analyses were performed, to check its thermal stability and activity, 

starting from the spot test. Both peaks exhibited hydrolytic activity when tested on the 

sensitive strain KMn-7 as shown in Figure 30. 

Figure 28. SDS-PAGE analysis of the protein fractions obtained by IMAC purification. From left to 
right are displayed: the marker of the molecular weight, the bacteria lysate (lys), the flow-through, 
the two washes (W1, W2), and the elutions from 1 to 5 (E1-E5). 

Figure 29. Chromatogram obtained from SEC purification of EG-N. The curve represents the 
absorbance measurement at 280 nm. 
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The formation of visible haloes indicates protein activity against bacteria CPS. Since the 

concentration of protein in each fraction was not checked, the presence of the halo should 

be considered as qualitative information and not quantitative. 

3.2.3.2.2 Analysis of the thermal stability of the EG-N 

One of the most important steps in the production of recombinant proteins is the 

optimization of protein stability, which depends on many factors, such as the buffer used, 

the pH of the solution, and the possible addition of stabilizers. To determine the 

conditions that stabilize the protein in solution, the behavior of the protein is observed 

with a gradual increase in temperature to determine the melting temperature under 

different conditions. There are several techniques, including circular dichroism 

spectroscopy, that can be used to observe the thermal denaturation of the sample. A good 

way of testing thermal stability is the thermal shift assay (TSA). This assay is based on the 

use of the reagent SYPRO Orange™, which emits fluorescence of varying intensity 

depending on binding to hydrophobic regions of the protein. When the protein is properly 

folded, the hydrophobic regions are not exposed to the solvent, and the dye is free in the 

solution. When the thermal denaturation process begins, the hydrophobic core of the 

protein is exposed and accessible to the dye. At this point, the fluorescence of SYPRO 

Orange™ increases. In this assay, fluorescence is indirectly dependent on temperature and 

provides a profile of protein denaturation from which the melting temperature can be 

inferred. A typical trend is an initial low fluorescence corresponding to a non-denatured 

protein. Beyond a certain temperature, a rapid increase in the signal can be observed, 

Figure 30. Spot test of the fractions obtained from protein purification by SEC of EG-N. HEPES buffer 
50mM pH 7.4 was used as negative control. 
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which is due to the transition from the correctly folded form to the denatured form. The 

fluorescence signal reaches a peak and then decreases again. This decrease is due to the 

aggregation process of denatured proteins, which results in a lower available 

hydrophobic surface area and consequently, less interaction with the dye (105). This 

method is fast, requires a small amount of sample, and allows the identification of 

conditions where the protein is more stable, that is, where the melting temperature is 

higher. To evaluate the stability of the enzyme in different buffers, the TSA was performed. 

The melting profiles reported in Figure 31 show that the protein thermal stability does 

not have a strong dependency to the buffer used, in fact, the curves are almost 

superimposable. The melting temperature corresponds to the minimum of the curve and 

for every tested condition is around 50 °C (Fig. 31A). A second graph was plotted: in 

abscissa is reported the temperature, while in ordinate is the derivative of fluorescence 

with respect to temperature (Fig. 31B). In this plot, the melting temperature corresponds 

to the inflection point of the graph.  

 

Figure 31. Thermal stability evaluation of EG-N in different buffers using TSA experiment. A) 
Denaturation curve and B) derivatives of the denaturing curves obtained from the TSA experiment. 
The melting temperature can be obtained as the minimum of the derivative of the fluorescence versus 
temperature curve. 

A second TSA experiment was performed in order to try to increase the enzyme stability; 

it was decided to use HEPES buffer 50 mM pH 7.4 with an addition of 100 mM NaCl and 

test it as previously reported. For changing the buffer from HEPES alone to HEPES + 100 

mM NaCl, the protein was dialyzed against the desired buffer. This method allows for a 

gentle buffer exchange, minimizing the risk of protein precipitation due to sudden 

changes in ionic strength or buffer composition.  The TSA was carried out again to 

compare the two buffer solutions (Fig. 32). 
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Figure 32. Denaturation curve obtained from the TSA experiment. The enzyme is dissolved in the 2 
different buffers in order to compare its thermal stability. 

The curve obtained after the addition of NaCl is shifted towards higher temperature 

values, thus the enzyme stability appears increased. Therefore, the endoglycosidase was 

purified in HEPES supplemented with NaCl 100 mM and the EG-N obtained was compared 

with the enzyme dissolved in buffer alone in terms of both thermal stability and 

chromatography peaks profile. The SEC chromatogram (Fig. 33) shows three peaks: the 

third and most intense (12 mL) corresponds to the protein trimer while the other less 

intense peaks correspond to protein aggregates. The fractions 8, 10, and 14 were Spot-

tested and all of them contained active protein. 

 

 

In order to decrease the amount of aggregated enzyme, the concentration of NaCl was 

increased to 400 mM in the purification buffer. The SEC chromatogram obtained (Fig. 34) 

shows a decrease in intensity of the peaks corresponding to protein aggregates, thus 

Figure 33. Chromatogram obtained from SEC purification of EG-N using HEPES 50 mM pH 7.4 + 
NaCl 100 mM. The curve represents the absorbance measurement at 280 nm. 
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demonstrating that by increasing the concentration of NaCl the formation of protein 

aggregates decreased. 

 

Figure 34. Chromatogram obtained from SEC purification of EG-N using HEPES 50 mM pH 7.4 + 
NaCl 400 mM. The curve represents the absorbance measurement at 280 nm. 

The comparison of the three chromatograms (Fig. 35) clearly indicates that the addition 

of salt into the purification buffer decreases the formation of protein aggregates in a 

concentration-dependent way (when higher amounts of NaCl are added, the peaks 

corresponding to protein aggregates decrease in height with respect to the trimeric form). 

SDS-PAGE of the collected fractions showed the presence of the endoglycosidase in every 

peak and the Spot test proved their functionality (data not shown). 

 

Figure 35. Superimposition of the chromatograms obtained from SEC purification of EG-N. The 
orange curve represents the enzyme purified in HEPES 50 mM pH 7.4, the blue curve represents the 
enzyme purified in HEPES with the addition of 100 mM NaCl while the green curve represents enzyme 
purified in HEPES with the addition of 400 mM NaCl. 
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The TSA was performed again to compare the thermal stability of the protein in HEPES 

buffer 50 mM with the addition of different concentrations of NaCl (Fig. 36).

 

Figure 36. Thermal stability evaluation of EG-N in different buffers using TSA experiment A) 
Denaturation curve. The different curves correspond to the EG-N dissolved in HEPES buffer with the 
addition of various NaCl amounts. B) Derivative curves obtained from the denaturation curves of the 
TSA experiment. The melting temperature can be obtained as the minimum of the derivative of the 
fluorescence versus temperature curve. 

The data obtained by TSA together with the chromatogram analysis suggest that the 

enzyme in its trimeric form is more stable and less likely to form aggregates when 0.4 M 

NaCl is added to HEPES buffer. 

3.2.4 Characterization of the enzyme activity on the CPS, planktonic cell, and 

biofilm 

3.2.4.1 Dinitrosalicylic acid assay 

The recombinant EG-N activity on the CPS was monitored via quantification of the 

formation of reducing sugars as described in section 3.2.1.4 when the phage-associated 

enzyme activity was investigated. The enzyme was applied at a concentration of 100 

μg/mL and samples were collected every few hours. The absorbance was measured at 570 

nm and a calibration curve of maltohexaose (Fig. 13) was used for the mM conversion. In 

Figure 37, the concentration of the reducing ends was plotted as a function of time. The 

reaction started immediately, and the enzyme seemed very effective in degrading the CPS; 

in fact, the concentration of reducing end rapidly increased within the first few hours of 

incubation, reaching a plateau around the concentration of 3.0 mM after seven hours. The 

untreated CPS, used as control, shows no increase in reducing end concentration. 
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Figure 37. Increase in reducing sugar formation after incubation of the CPS KpB-1 with EG-N. The 
concentration of reducing end is obtained using the maltohexaose standard curve of Figure 13. 

3.2.4.2 Endoglycosidase in combination with colistin 

As the enzyme alone degrades the bacterial capsule but has no bactericidal effect, it was 

decided to investigate its use in combination with an antibiotic to evaluate possible 

synergistic effects against both planktonic bacteria and biofilms. For this purpose, colistin 

was selected, since it is a cationic polypeptide used as a last resort in human treatment 

against multidrug-resistant gram-negative bacteria (MDR-GNB) due to its significant 

toxicity (106). Colistin was chosen for its specific properties as a membrane permeabilizer 

targeting the outermost layers of bacterial cells (107). The hypothesis was that the 

enzyme that cleaves the bacterial capsule could increase the efficacy of colistin by 

reducing the amount of antibiotic required, thereby mitigating its toxic effects in human 

patients. This combination could provide a more effective treatment strategy against 

stubborn bacterial infections while minimizing the adverse side effects associated with 

high doses of colistin. 

3.2.4.2.1 MIC of colistin 

The degree of susceptibility of KMn-7 to colistin was first assessed using the broth 

microdilution technique, which made it possible to determine the minimum inhibitory 

concentration (MIC) or the lowest concentration of colistin that can inhibit bacterial 

growth. A lower MIC value therefore corresponds to a higher efficacy of the antimicrobial 

molecule. The assay was performed in 96 well microtiter plates using cation adjusted 

Müller-Hinton broth (MHB) (108). The MIC value was assessed considering the well in 

which no growth was observed after 24 hours of treatment (109) and was determined to 



51 
 

be 1 µg/mL therefore, the strain is susceptible to the antibiotic in agreement with the 

breakpoint value (MIC<2 µg/mL) reported by EUCAST (110). 

3.2.4.2.2 MIC of colistin in association with EG-N 

In order to assess whether the enzyme has a synergistic effect with colistin, the molecules 

were tested in combination against KMn-7 planktonic cells. The broth microdilution 

method was used and the treatments were tested alone or in combination. The MIC of 

colistin alone was consistent with the previous experiment, while the enzyme alone did 

not show any antibacterial activity. The combined treatment showed that the MIC was 

slightly lower compared to the MIC of colistin alone. In fact, the combination of colistin 

and endoglycosidase showed a MIC of 0.5 µg/mL for all the concentrations of the enzyme 

that were tested (10 µg/mL, 100 µg/mL, 500 µg/mL). 

3.2.4.2.3 Cytofluorimetry 

To corroborate the results obtained with the broth microdilution method, which showed 

a synergistic effect of the combined treatment of colistin and EG-N on planktonic cells, 

flow cytometric experiments were performed. In the preliminary studies, colistin was 

used at a concentration of 1 µg/mL, which corresponds to its MIC value. However, this 

resulted in a high level of autofluorescence, so the concentration of colistin was halved. 

The Live/Dead commercial kit (111) was used to stain the samples and assess the viability 

of the cells. In this kit propidium iodide (PI) and SYTO9 are provided. PI is a red 

fluorescent molecule able to bind to DNA that is not permeable to live cells, therefore it is 

widely used for identifying dead cells whose membrane is damaged. SYTO9 is a green 

fluorescent molecule that also binds to DNA, but it is permeable to the functional cell 

membrane, therefore it can enter the cells and help visualize the viable ones. Preliminary 

investigations were performed to avoid unspecific autofluorescence and adequately 

compensate for fluorescence signals due to probes used in tandem. After setting the 

protocol, the experimental conditions were defined. It was decided to grow the bacteria 

in 3 different broths as described in the material and methods section: 

• LB, a classical nutrient medium, where KMn-7 strain used in this study grows well. 

• MH broth cation adjusted, as this medium is used for the determination of the MIC. 

• W-F broth, since this sugar-enriched medium increases capsule production. 
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In addition, bacteria were pre-treated with the EG-N at a concentration of 500 μg/mL for 

2 hours at 37 °C. Figure 38 shows some of the representative dot plots resulting from the 

analysis. The first panel displays dot plots describing the cell morphology: in the ordinate 

are reported the size indicative values (FSC-A), and in abscissa are reported the values 

(SSC-A) related to the internal complexity or granularity of the cell. For both signals, the 

light scattering is independent of the fluorescence but depends only on the cell properties. 

Every dot represents a cell that underwent the analysis which is known as an event. The 

blue square defines the cells inside the gate that was imposed in order to eliminate signals 

that do not correspond to bacteria. 

 

 

In Figure 38, plots 1, 2, 3, 5, and 6 are representative of all the analyses that were 

performed, as no changes in the morphology were observed neither in the various 

untreated controls nor in the treated samples. On the other hand, plot number 4 is 

different; in fact, here it is possible to observe a change in morphology. This happened 

when bacteria were grown in W-F broth thus the capsule production was enhanced, 

therefore the removal of the capsule led by EG-N, together with the membrane 

Figure 38. Morphological evaluation of KMn-7 treated with EG-N and colistin. Dot plots were 
obtained by plotting the cell morphology-related parameters, Forward (FSC) and Side Scatter (SSC). 
A) shows the plots of all 4 testes conditions in W-F broth, while B) shows plots of the combination of 
treatment of colistin and EG-N in the other two media used for the experiments. In each plot, 20000 
events were run in the flow cytometer. 
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permeabilization provoked by colistin dramatically changed the general aspect of the 

treated population. This interesting finding could be verified by repeating the experiment 

together with confocal microscopy. In Figure 39, representative density plots with red 

fluorescence of propidium iodide (BL3-A, dead cells) in Y ordinate and green fluorescence 

of Syto 9 (BL1-A, live cells) in abscissa are shown. These are divided into quadrants to 

highlight dead bacteria (top left) and viable bacteria (bottom right). The top right 

quadrant identifies bacteria that are double positive to both stains, those cells are 

undergoing the process of membrane permeabilization that precedes lysis. 

 

 

Figure 39 shows that the untreated bacteria are viable and their membrane is intact, the 

application of the enzyme alone does not kill bacteria and does not permeabilize the 

membrane, while the treatment with colistin alone and in combination with the EG-N have 

a bactericidal effect and interestingly, the combined treatment seems to have a stronger 

effect. These results are summarized in the histograms in Figure 40. These plots help to 

Figure 39. Representative contour plots for the cytofluorimetry analysis. The square number one 
show that in absence of treatment the majority of control cells are viable, number 2 shows that 
after treatment with colistin less than 50% of cells are viable, number 3 shows that the application 
of the EG-N alone does not affect bacterial viability, number 4 shows that the combined treatment 
has a synergistic effect and the viable cells are less than 30%, while the damaged (PI+) are 
increased to 40%. 
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visualize an interesting result of the experiments, in fact, it is clear that the same 

treatments have a different effect depending on the broth in which bacteria are grown. In 

particular, the strongest antimicrobial effect is obtained in cation-adjusted MH broth (top 

right), followed by W-F broth (bottom), and last is LB.  

 

 

The explanation for this result lies in the presence of ions such as calcium and magnesium 

in the growth media. The MHB is enriched with both chlorine salts, while the W-F only 

contains MgCl2. The LB broth, on the other hand, is not enriched with these salts. Calcium 

and magnesium ions play an important structural role in bacterial LPS in fact they act as 

a bridge linking together LPS molecules. When bacteria grow in broths enriched with 

these ions, the latter, which are abundant, become part of the structure of the LPS and thus 

make themselves indispensable for its stability. Colistin subverts these ions and inserts 

itself into the structure of the LPS, creating pores (112). The dense presence of ions thus 

leads to an enormous infiltration opportunity for colistin, resulting in much more 

Figure 40. Histograms obtained from the analysis of the cytofluorimetry data reporting bacterial 
growth in A) cation adjusted MHB, B) LB and C) W-F broths. Where the error bar is reported, n=2 
for the treated samples and n= 4 for the controls. 
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catastrophic membrane permeabilization. These results together with the one obtained 

from the MIC assay indicate that when planktonic cells are treated with the combination 

of enzyme and colistin, the two treatments act synergistically and increase the 

bactericidal effect compared to colistin alone. Therefore, the addition of endoglycosidase 

may reduce the colistin dose required for treatment. 

3.2.4.2.4 Effects of the EG-N on preformed biofilm 

The next step was to investigate the enzyme's effect on preformed biofilms. The enzyme 

was tested under the same conditions previously used to evaluate bacteriophage activity. 

Different concentrations of enzyme were incubated with 24 hours-old biofilm. After 4 

hours of treatment, the biofilm was stained with CV. The excess of CV was rinsed away, 

while the remaining stain was quantified by measuring the absorbance at 570 nm. The 

assay was performed in triplicate and the results of this experiment are shown in Figure 

41. 

 

 

The CV quantification assay shows no significant biomass disruption. The data obtained 

are consistent with the studies reported in the literature (113). 

3.2.4.2.5 Effects of the EG-N on biofilm formation 

As no significant results were obtained on preformed biofilm, it was decided to evaluate 

the potential activity during biofilm formation. For this reason, the bacterial cells were 

exposed to different enzyme concentrations from time 0, and the biofilm was grown for 

24 hours under the same conditions as in the previous experiment. The data derived from 

Figure 41. KMn-7 biofilm eradication assay employing different concentrations of EG-N. Statistical 
analysis was performed using a one-way ANOVA. 
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the assay performed in triplicate are summarized in Figure 42. The results obtained with 

these two experiments were not unexpected, as the enzyme alone is not able to kill 

bacteria, therefore its presence could lead to an increase in the total biomass when the 

biofilm is stained. In addition, the saccharide oligomers released by the enzyme activity 

could serve as a carbon source and further promote bacterial growth or inactivate the 

depolymerase in a negative feed-back like mechanism. Finally,  the presence of 

polysaccharides could be itself a stimulus for biofilm formation (114), in fact, as already 

mentioned in this study, the increase in matrix production has been observed when 

stressor factors are present and occasionally when bacteriophages are applied (115), 

therefore it is possible that something similar happens when an active phage-derived 

enzyme is used as treatment on biofilm. 

 

 

3.2.4.2.6 Effect of the combination of colistin and endoglycosidase on the biofilm 

In view of the flow cytometry results, it was decided to test the combination of treatment 

with EG-N and colistin against the KMn-7 biofilm. The CV assay was performed under the 

same conditions as previously described. The pre-formed biofilm was treated with the 

enzyme for 2 hours before colistin treatment, that was incubated with the biofilm for 4 

hours. The results are shown in the Figure 43. 

Figure 42. KMn-7 biofilm formation in presence of EG-N. The biomass significantly increased with 
respect to the untreated sample at all concentration tested. Statistical analysis was performed using 
a one-way ANOVA. 
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The CV quantification assay shows no change in biomass when the combined treatment is 

applied. Overall, it seems that the pre-treatment with the enzyme increases the total 

biomass as already observed in Figures 41 and 42. The presence of colistin and the 

enzyme could act as a stress factor for the bacteria, potentially inducing biofilm formation. 

Nevertheless, CV stains both the matrix and the bacteria cells, namely the total biomass, 

therefore, no information about the number of alive cells with respect to the dead ones is 

obtained. Further studies should be performed, for instance estimating the viable cell or 

visualizing the biofilm using Confocal Microscopy experiments, in order to deeply 

understand what happens when this combined treatment is applied to the biofilm (113). 

3.2.5 Production of the endoglycosidase for liposomes functionalization: 

obtainment of a mutant EG-N with the addition of two lysine residues at the N-

terminal 

This study is part of a national project founded by the Ministry of University and Research 

with the aim of obtaining functionalized liposomes that expose the endoglycosidase on 

their surface and contain an antibacterial molecule like an antibiotic or bactericidal 

compound of phage origin. The liposomes will be made in service by a specialized 

company. For functionalization, some lysine residues contained in the enzyme will be 

randomly activated to bind to the outer layer of the liposomes. 

3.2.5.1 Cloning, expression and purification 

Since the endoglycosidase has many lysine residues in its structure (Fig. 44) and some of 

them might be important for the maintenance of its activity, it was decided to replace the 

Figure 43. KMn-7 biofilm eradication assay employing different concentrations of colistin in 
presence of 500 μg/mL of EG-N. 
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TEV site at the N-terminal with a sequence containing 2 lysine residues (KK-EG-N) to 

increase the likelihood that essential residues would not be affected. A spacer with 3 

histidine residues was inserted between the 2 lysine residues. 

 

 

The resulting plasmid was amplified, in DH5α cells. It was then transformed into 

BL21(DE3) for protein expression. The spot test of the cell lysate in comparison with the 

spot test of the purified EG-N confirmed the presence of KK-EG-N and its functionality 

(Fig. 45). 

 

Figure 45. Spot test of KK-EG-N in comparison with EG-N. HEPES buffer was used as negative control. 

The halo zone is visible in both cases, since the mutant protein was not purified it was less 

concentrated therefore the halo is smaller. 

3.2.5.1.2 Expression scale-up and purification 

In order to purify the KK-EG-N, the first attempt made was to maintain the same 

conditions used for EG-N, that is eluting with 150 mM imidazole, but it was unsuccessful, 

in fact, the enzyme was still bound to the resin, likely because of the addition of more His 

residues. To solve the problem, the protein was purified using different elution buffers: 

500 mM Histidine in HEPES buffer 50 mM + 100 mM NaCl, 500 mM imidazole in HEPES 

Figure 44. AlphaFold2 highest rank structure prediction of ФBO1E endoglycosidase monomer. 
Negatively charged residues are colored red, and positively charged residues, including histidine, are 
colored blue. The lysine residues are shown as spheres. 
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buffer 50 mM + 100 mM NaCl, 20 mM MES buffer at a pH of 5. A total of 15 elutions was 

performed on the same resin, and the samples were analyzed by SDS-PAGE (Fig. 46). 

 

 

As shown in Figure 46, a small amount of protein was present in E1 to E5 (500 mM 

Histidine), but the major amount was found in E7 to E10 (500 mM imidazole), while no 

protein was present in E11 to E15, and neither in the resin. This proves that the elution 

buffer able to detach the protein from the resin was the one containing 500 mM imidazole. 

Furthermore, the absence of protein in the subsequent elutions and in the resin 

demonstrates that the 500 mM elution buffer was able to clean the resin completely. 

Considering these findings, the buffer containing 500 mM imidazole was chosen for 

further purification processes. 

3.2.5.1 Dinitrosalicylic acid assay 

The recombinant KK-EG-N activity on the CPS was monitored via quantification of 

reducing sugar formation as previously performed when the phage-associated enzyme 

and the EG-N activities were investigated. The enzyme was applied at a concentration of 

100 μg/mL and samples were collected every few hours (Fig. 47). The curve is similar to 

the one obtained with EG-N (Fig. 37) both in terms of final reducing end concentration 

reached (3.0 mM) and in terms of velocity (plateau was reached after 8 hours). Overall, 

this experiment proves that the enzyme activity is maintained after the addition of the 

lysin residues at the N-terminal. 

Figure 46. SDS-PAGE analysis of the protein fractions obtained by IMAC purification using different 
conditions. From left to right are displayed: the marker of the molecular weight, the bacteria lysate 
(lys), the flow-through (F-T), the two washes (W1,W2), and the elutions (E) from 1 to 5 with 500 mM 
Histidine + 0.1 M NaCl, 6 to 10 with 500 mM imidazole + 0.1 M NaCl and 11-15 with 20 mM MES 
buffer, and last is a sample of the purification resin. 
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Figure 47. Increase in reducing sugar formation after incubation of the CPS KpB-1 with KK-EG-N. 
The concentration of reducing end is obtained using the maltohexaose standard curve of Figure 13. 

Based on these experiments, KK-EG-N appears to be a suitable candidate for further 

investigation and potential use in the development of endoglycosidase-functionalized 

drug-delivery carriers.   



61 
 

Chapter 4. Determination of the primary structure of the 

capsular polysaccharide of K. pneumoniae strain IT395 ST307 

and investigation of a phage-associated endoglycosidase 

4.1 Introduction 

Kp-IT395 belongs to ST307, a clone that has recently emerged as a possible high-risk 

strain in many countries. ST307 was first identified in the early 1990s and has spread 

widely in healthcare settings, particularly in the United States and Europe, where it has 

contributed to outbreaks in hospitals (116). ST307 is often associated with resistance to 

major classes of antibiotics, including carbapenems, due to the acquisition of 

carbapenemase genes; in fact, this pathogen is able to exchange genetic material thanks 

to the mechanisms of horizontal gene transfer. Some of the main virulence factors of this 

strain are the capsule and the biofilm; in addition, many clinical isolates show a 

hypermucoviscous phenotype (117). Its ability to evade the immune responses and 

adhere to medical equipment further contributes to its pathogenicity, which has led to 

repeated outbreaks in both Europe and the USA. The need for increased surveillance and 

containment measures in healthcare facilities to combat this MDR pathogen has been 

emphasized (118). Since the CPS and the biofilm are of great importance for the 

pathogenicity of this strain, but the structure of its CPS has not yet been described, this 

characterization was included in this study. Moreover, a specific bacteriophage has already 

been isolated by Prof. M. M. D’Andrea (Univ. Tor Vergata, Rome). Therefore, this work has 

provided the basic information for any kind of future work based on bacteriophages 

targeting K. pneumoniae strains that possess the same CPS of Kp-IT395.
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4.2 Results and Discussion 

4.2.1 Isolation and purification of the Capsular polysaccharide 

The strain Kp-IT395 was cultivated for four days at 30 °C on W-F agar plates to promote 

optimal growth. After this incubation, the CPS was extracted from the bacterial culture. 

The extracted CPS was purified and then analyzed by HP-SEC and 1H NMR spectroscopy 

to confirm the purity and structural integrity of the sample. 

The HP-SEC chromatogram (image not reported) showed a single peak indicating a 

homogeneous polysaccharide population, and pullulan standards were used to determine 

the molecular mass of the CPS to be approximately 1400 kDa. Further structural analysis 

by 1D 1H NMR spectroscopy revealed six different signals in the anomeric region of the 

spectrum (designated A to F) at 5.45, 5.06, 4.81, 4.67, 4.65, and 4.50 ppm, indicating a 

hexasaccharide RU with two α- and four β-sugars. The 1H NMR spectrum did not contain 

any signal that could be assigned to methyl groups of rhamnose, fucose, pyruvyl, or acetyl 

groups, indicating the absence of these residues in the CPS structure. This analysis 

confirms the purity and provides information on the structural characteristics of the CPS 

isolated from Kp-IT395 (Fig. 48).  

 

Figure 48. ¹H NMR spectrum of the Kp-IT395 purified capsular polysaccharide recorded in D2O at 
45 °C. The anomeric protons corresponding to different residues are named from left to right (A-F). 

4.2.2 Composition, the position of the glycosidic linkage, and absolute 

configuration 

Analysis of the composition of the sugars derivatized to the TMS methylglycoside 

derivatives revealed the presence of galactose, glucuronic acid, and glucose in the molar 

ratios 3:2:0.7. The absolute configuration established that all sugars are present in D form. 
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The position of the glycosidic linkages was determined by GLC and GLC-MS analysis on a 

HP-1 capillary column after derivatization of the sugar components to partially 

methylated alditol acetates: four peaks were detected and assigned to t-glucose, 3-linked 

galactose, 6-linked galactose, and 3,4,5-linked galactose in the molar ratios 2.2:1.2:1.0:0.4. 

The results are summarized in Table 4. With the derivatization protocol used, the 

glucuronic acid was not detected by methylation analysis and its linkage in the side chain 

was determined by NMR analysis. The discrepancy in the molar ratios of the sugars 

between the composition and the glycosidic linkage is due to the different stability of the 

sugars to the methanolysis or acid hydrolysis used to prepare the derivatives. 

Table 4. Determination of the composition and position of the glycosidic linkages of the Kp-IT395 
CPS obtained by GLC and GLC-MS analyses. 

Composition Linkage 

Sugar Molar ratio Sugar Molar ratio 

Gal 3.0 t-Glc 2.2 

GlcA 2.0 3-Gal 1.2 

Glc 0.7 6-Gal 1.0 

  3,4,6-Gal 0.4 

 

4.2.3 1D- and 2D-NMR spectroscopy investigation of the Kp-IT395 CPS. 

NMR spectroscopy analysis of the Kp-IT395 CPS was done in collaboration with Professor 

Neil Ravenscroft (Dept. of Chemistry, University of Cape Town) and his team. The structure 

of Kp-IT395 CPS RU was determined by use of an array of 1H-1H homonuclear experiments 

(COSY, TOCSY, NOESY) and 1H-13C heteronuclear correlation experiments (HSQC, HMBC). 

The COSY spectrum (data not shown) established the H2 resonances for each spin system, 

while the TOCSY experiment (Fig. 49) together with a series of 1D TOCSY and NOESY 

experiments (data not shown) gave full assignments of the six spin systems. All the 

proton/carbon cross-peaks in the HSQC-DEPT spectrum (Fig. 50) were identified from 

proton assignments aided by HMBC long range 1H/13C intra-residue correlations (Fig. 51). 
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The chemical shift data thus obtained are reported in Table 5 and they allowed to identify 

the residues as: -Glc (A), -Gal (B), -GalI (C), -GalII (D), -GlcA (E), and -Glc (F). The 

structure of this repeating unit does not include sugars in a mannose configuration. 

Therefore, the anomeric configuration of the present sugars, glucose and galactose, can be 

determined by evaluating the H1,H2 coupling. This coupling is sufficiently distinct 

between the α form (J = 3–4 Hz) and the β form (J = 8 Hz) to allow for reliable 

differentiation. HMBC gave diagnostic intra-residue correlations from H5 and H4 of 

residue E to the COOH signal, confirming residue E as -GlcA. Moreover, the HMBC gave 

major intra-residue correlations: H1 to C3 and C5 for -Glc (A) and -Gal (B). The key 

inter-residue correlations of H1 of -Glc (A) to C4 of -GlcA (E), H1 of -Gal (B) to C6 of 

-GalII (D), H1 of -GalI (C) to C4 of -Gal (B), H1 of -GalII (D) to C3 of -GalI (C), H1 of -

GlcA (E) to C3 of -Gal (B), and H1 of -Glc (F) to C6 of -Gal (B), establish the linkage 

positions and sequence of the sugar residue in the RU of Kp-IT395 CPS. 

 

Figure 49. TOCSY spectrum of the anomeric region of Kp-IT395 CPS recorded at 600 MHz and 318 
K. All the proton/proton cross-peaks of the repeating unit have been labeled according to the 
corresponding residue (A = -Glc, B = -Gal, C = β-GalI, D = β-GalII, E = β-GlcA, and F =β-Glc). 
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Table 5. 1H and 13C chemical shift assignments of the Kp-IT395 CPS. Carbon atoms involved in the 
glycosidic linkages are underlined. 

 

a Chemical shifts are given relative to internal acetone (2.225 ppm for 1H and 31.07 ppm 
for 13C). 

 

Figure 50. 1H-13C NMR HSQC plot of the Kp-IT395 CPS recorded at 600 MHz and 318 K. The 
proton/carbon cross-peaks for the hexasaccharide RU are labeled (A = -Glc, B = -Gal, C = β-GalI, D 
= β-GalII, E = β-GlcA, and F = β-Glc). 
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Figure 51. 1H-13C NMR HMBC plot of the anomeric region of Kp-IT395 CPS recorded at 600 MHz and 
318 K. The intra- and inter-residue proton/carbon cross-peaks for the hexasaccharide RU are 
labeled. (A = -Glc, B = -Gal, C = β-GalI, D = β-GalII, E = β-GlcA, and F = β-Glc). 

The NMR spectroscopy together with the GLC and GLC-MS analysis resulted in the 

determination of the CPS RU structure (Fig. 52). This is a new structure not previously 

reported. 

 

 

4.2.4 Characterization of the activity of the phage GP1 on the CPS of Kp-IT395 

4.2.4.1 Phage-mediated CPS digestion 

To test the endoglycosidase activity on KpB-1 CPS, phage particles were incubated with 

the CPS previously purified from a bacterial culture; separation of the products by SEC on 

Figure 52. Primary structure of Kp-IT395 CPS repeating unit. 
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a Bio Gel P2 column (chromatogram not shown, similar to the one in Fig. 8) gave two peaks 

named P1 and P2. Sample P1 was analyzed by ESI-MS and NMR spectroscopy. 

4.2.4.2 Electrospray Ionization Mass Spectrometry 

The ESI-MS was performed in the positive ion mode to identify the molecular mass of P1 

and the mass spectrum obtained is shown in Figure 53. The ion at 1027.6 corresponds to 

the sodium adduct of an oligosaccharide composed of five hexoses and one uronic acid in 

the carboxylic form, while the ion at 1049.6 corresponds to the same oligosaccharide but 

with the uronic acid in the sodium carboxylate form. Thus, it was determined that P1 has 

a MM of 1004, corresponding to one RU of the Kp-IT395 CPS. 

 

Figure 53. ESI-MS of the Kp-IT395 CPS single RU confirms its MM to be 1004 Da. 

4.2.4.3 Nuclear Magnetic Resonance analysis 

In order to identify the glycosidic bond cleaved by the phage endoglycosidase, a 1H NMR 

spectrum of P1 was recorded and compared with the spectrum of the polysaccharide (Fig. 

54). The spectra are similar, but not identical. The peak corresponding to H1 of β-GalI is 

not present in the single RU, but 2 additional peaks at 5.29 and 4.63 ppm (the latter 

established from an HSQC experiment) were detected and assigned to the α- and β- forms 

of the reducing end, respectively. Furthermore, the resonance of H4 of α-Gal (B) is shifted 

to lower ppm values. 
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Together these data indicate that the cleavage site of the endoglycosidase is the (1-4) 

linkage between the residues β-GalI (C) and α-Gal (B), and that P1 has the following 

primary structure (Fig. 55): 

 

Figure 55. Structure of the oligosaccharide obtained after phage-mediated hydrolysis of the CPS. 

Figure 54. Comparison of the anomeric region of the 1H NMR spectra, both recorded in D2O at 45 °C, 
of Kp-IT395 CPS (red) and the oligosaccharide P1 obtained from CPS phage-mediated hydrolysis 
(green). The resonances corresponding to the α- and β- forms of the reducing end are labeled in orange 
boxes. 
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4.2.4.4 Dinitrosalicylic acid assay 

The activity of the phage-associated endoglycosidase was monitored by quantifying the 

formation of reducing sugars, as previously reported for phage ΦBO1E (Fig. 14). The curve 

shown in Figure 56 is similar to that obtained for the phage-mediated hydrolysis of KpB-

1 CPS. The GP1 phage exhibits higher activity than ΦBO1E, reaching a plateau after 8 

hours of incubation and a higher concentration of reducing ends, about 0.9 mM. In this 

experiment, the untreated CPS shows a slightly higher value than in Figure 14; however, 

no further increase is observed after an initial increase during the first hour of incubation. 

Thus, the increase in reducing ends in the treated sample can be attributed to enzyme 

activity. 

 

Figure 56. Increase in reducing sugar formation after incubation with bacteriophage. The 
concentration of reducing ends is obtained using the maltohexaose standard curve of Figure 13. 

Overall, these results confirmed that phage GP1 produces an endoglycosidase specifically 

targeting the CPS of Kp-IT395. Future work will focus on cloning, expressing, and 

purifying this enzyme to assess its potential application alone and in combination with 

antibiotics as a therapeutical tool. 
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Chapter 5. Materials and Methods 

5.1 Materials 

5.1.1 Growth media 

All the media used were sterilized in an autoclave at 121°C for 21 minutes. 

- LB broth: 10g/L Tryptone, 5 g/L Yeast extract, 5 g/L NaCl in MilliQ water. 

- LB Agar: 10g/L Tryptone, 5 g/L Yeast extract, 5 g/L NaCl, 15g/L in MilliQ water. 

- LB Soft agar: 10g/L Tryptone, 5 g/L Yeast extract, 5 g/L NaCl, 7g/L in MilliQ water. 

- MHB Cation adjusted: Beef extract powder 2 g/L, Acid digest of casein-17.5g/L 

Soluble starch 1.5g/L + CaCl2 and MgCl2 to a final concentration of Ca2+ and Mg2+ 

respectively of 50 μg/mL and 25 μg/mL. 

- W-F broth: 20 g Sucrose/L, 2 g NaCl, 1g/L K2SO4, 0.25 g/L MgSO4 * 7 H2O/L in MilliQ 

water. 

- W-F agar: W-F medium + 15 g agar/L. 

- ZY5052P medium: ZY medium (tryptone 20 g/L; yeast extract 5 g/L), 1mM MgSO4, 

1 X Metals mix, 1 X 5052, 1 X NPS. 

- ZY5052M medium:1XM (Na2HPO4; KH2PO4 NH4Cl; Na2SO4) instead of NPS. 

- P-0.5G medium: 1 mM MgSO4, 0.1X Metals mix, 0.5% glucose, 1X NPS. 

5.1.2 Buffers and solutions 

All buffers and solutions used were sterilized in an autoclave at 121°C for 21 minutes or 

filtered and degassed if used for SEC. 

- NaNO3: 0.05 M. 

- HEPES buffer: 50 mM pH 7.4. 

- SM buffer: 5.8 g NaCl, 2 g MgSO4 ∙7 H2O, 50 mL Tris-HCl 1M pH 7.5, H2O to 1 L with 

MilliQ water. 

- PBS: 10mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 1.37 mM NaCl, pH 7.4. 

- 50x TAE: 242 g Tris Base, 57.1 mL acetic acid, 100 ml 0.5 M EDTA to 1L with MilliQ 

water. 

- 4x SDS-PAGE loading buffer: 200 mM Tris-HCl pH 6.8; 8% SDS; 40% glycerol; 400 

mM DTT; 0.08% w/v bromophenol blue. 
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- 12% running solution for SDS-PAGE: 12% (v/v) Acrylamide/Bis-acrylamide, 30% 

solution (Sigma-Aldrich), 375 mM Tris pH 8.8, 0.1% SDS, 0.1% ammonium 

persulfate, 0.04% TEMED. 

- 5% stacking solution for SDS-PAGE: 5% (v/v) Acrylamide/Bis-acrylamide, 30% 

solution (Sigma-Aldrich), 125 mM Tris pH 6.8, 0.1% SDS, 0.1% Ammonium 

Persulfate, 0.1% TEMED. 

- SDS-PAGE running buffer: 25 mM Tris, 192 mM Glycine, 0.1% SDS. 

5.1.3 Bacterial strains bacteriophages and cloned enzyme 

Klebsiella pneumoniae KpB-1 is a clinical-isolated strain from the pleural fluid of an 

inpatient admitted at an Italian hospital. This strain belongs to the ST512, a derivative of 

CG258, characterized to be one of the main responsible for the worldwide pandemic, and 

produces the KPC-3 carbapenemase. The structure of the CPS repeating unit was already 

determined in the laboratory of Prof. P. Cescutti (91), and it is reported in Figure 7A. 

K. pneumoniae KKBO-1 and KMn-7 produce the same CPS and they both are clinical 

isolates used in this study. 

Kp-IT395 belongs to the ST307, a clone recently emerged in many countries as a possible 

high-risk strain. The structure of the CPS has not been determined yet, while a specific 

bacteriophage possessing a glycosidase able to hydrolyze its polysaccharide has been 

already isolated by Prof. M. M. D’Andrea (University of Tor Vergata, Rome). 

Lytic bacteriophages able to infect CG258 (ФBO1E) and ST307 (GP1) as well as the ФBO1E 

cloned and His-tagged on the C-terminal endoglycosidase (EG-C) that are used in this 

project are a kind gift of Prof. M. M. D’Andrea (University of Tor Vergata, Rome). 

5.2 Methods 

 5.2.1 Purification of polysaccharides 

5.2.1.1 Capsular polysaccharide purification 

An overnight (O/N) liquid culture of KpB-1 or Kp-IT395 was diluted 50 X in Wolfer-

Ferguson (W-F) medium. 100 µL of the cell suspension were spread on Wolfer-Ferguson 

agar plates and incubated at 30 °C for 4 days. Then, the cells were harvested with sterile 

0.9% NaCl, and the suspension was incubated at 10 °C with shaking for 3 hours to dissolve 

the polysaccharide. The cell suspension was then centrifuged at 40000 RCF at 4 °C for 30 

minutes and the supernatant, containing soluble polysaccharide, was recovered and 
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precipitated in 4 volumes of cold ethanol and let sit at -20 °C ON. The suspension was then 

centrifuged at 40000 RCF for 30 minutes at 4 °C, and the pellet consisting of 

polysaccharide was collected and resuspended in Milli-Q water, then dialyzed (12–14 kDa 

molecular weight cut-off) against water until the conductivity reached 1µS. The solution 

was taken to neutral pH, filtered through a 0.22 μm pore size filter (KX Sterile Syringe 

Filter, Kinesis), and lyophilized. The purity of the sample was assessed by 1H NMR 

spectroscopy. 

5.2.1.2 Biofilm polysaccharide purification 

Bacteria were grown on a cellulose membrane, used as solid support to allow the biofilm 

formation. Briefly, a dialysis tube was cut in circles to fit a petri dish, boiled in 5% Na2CO3 

solution for 15 minutes then boiled in MilliQ water for 15 minutes, rinsed, then covered 

with fresh MilliQ water and finally autoclaved. The subsequent day each membrane was 

laid on a petri dish already filled with W-F agar and the excess of water was let dry for a 

few minutes. Then an O/N bacterial suspension was diluted in W-F broth to reach the final 

concentration of 1∙106 cells/mL. 20 µL of the diluted suspension were spotted on 3 points 

of the membrane and incubated at 30 °C for 4 days. After the incubation, the biofilm was 

collected using sterile 0.9% NaCl, then, NaOH was added to reach a final concentration of 

0.1 M. The cell suspension was incubated at 10 °C, with shaking. After 3 hours, the 

suspension was centrifuged 2 times at 40000 RCF at 4 °C for 40 minutes, and the 

supernatant was collected and dialyzed in water (12–14 kDa MWCO). To precipitate 

proteins and nucleic acids, the recovered solution was added with 20% w/v of 

trichloroacetic acid and let sit in ice for 30 minutes, then centrifuged at 40,000 RCF for 30 

minutes at 4 °C. The supernatant was collected, brought to neutral pH, and dialyzed 

against water (12-14 kDa MWCO). Finally, the solution was filtered using 0.45 µm filters, 

brought to pH 7 and freeze-dried. The purity of the sample was assessed by 1H NMR 

spectroscopy. 

5.2.2 Phage handling 

5.2.2.1 Phage propagation 

LBA plates were prepared in advance. Then, an O/N culture of the bacterial strain 

susceptible to the phage (KpB-1) was grown in LB at 37 °C with shaking. Phage and 

bacterial suspensions were prepared in falcon by calculating the volumes according to the 

desired number of plates considering that for each plate a suspension prepared as follows 
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is needed. 5 mL of Soft Agar preboiled and let cool to reach 50 °C + 10 μL of phage ≈105 

/mL + 400 μL of indicator strain resuspended in 1/10 SM buffer. The suspension was 

poured on the LBA plates and allowed to solidify, then incubated O/N at 37 °C. The 

subsequent day, 3-5 ml of SM buffer were added to each plate to easily recover the soft 

agar with a spatula taking care not to scratch the agar underneath, nor the bacterial 

colonies. The suspension was left for about 1 hour in agitation with orbital shaking, then 

centrifuged at 5000 RCF for 30 minutes. The supernatant was recovered, centrifuged 

again to eliminate the remaining soft agar particles and filtered to 0.22 μm with syringe 

filters. 

To recover even more phage particles, the soft agar recovered from the plates was 

resuspended in SM buffer a second time for at least 1 hour in agitation and all the 

subsequent steps of purification were repeated. This operation allowed to recover almost 

the same amount of phage particles obtained through the first purification steps. 

5.2.2.2 Phage Titration 

The phage suspension obtained through the previously reported production protocol was 

serially diluted in SM buffer. Then, an O/N bacterial culture of the strain sensitive to the 

phage (KpB-1) was diluted in the same buffer, to reach the final concentration of: 1.5∙108 

bacteria/mL. 1 mL of diluted bacteria was added to 1 mL of diluted phage for each phage 

dilution, then incubated for 30 minutes at 30 °C. The phage-bacteria suspension was 

mixed with 5 mL of Soft Agar preboiled and let cool to reach 50 °C. The mixture was then 

poured on LBA plates, let cool, then incubated at 30 °C for 4 hours or O/N at room 

temperature (RT). The lytic plaques were counted in the plates where the number of 

plaques was between 50 and 150, then the number was multiplied for the dilution factor 

to reveal the phage concentration. The concentration of phage particles usually obtained 

was around 1∙109/mL, with some variation depending on the quantity of buffer that was 

added during the recovery. The concentration can be increased up to 1011-1012 plaque 

forming unit (PFU)/mL using centrifugal concentrators. 

5.2.3 Phage activity on the CPS 

5.2.3.1 Phage-mediated degradation of the CPS 

30 mg of pure polysaccharide were dissolved in 5 mL of SM buffer and autoclaved to 

sterilize. Then 1 mL of phage suspension (1011 PFU/mL) to maintain the ratio of 1013 PFU 

per gram of polysaccharide was added to the CPS solution and incubated at 37 °C with 
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shaking. After 24 and 48 hours, another mL of phage suspension was added. After a total 

of 72 hours of incubation, the suspension was boiled for 30 minutes to inactivate the 

phage particles. Size exclusion chromatography was performed to separate the fragments 

corresponding to different-sized oligomers. 

5.2.3.2 Size Exclusion Chromatography separation of the fragments obtained 

by phage degradation. 

Two chromatographic systems were used. A low-pressure chromatography system 

constituted by a Bio Gel P2 (separation range: 100-1800 Da) column (1.6 cm i.d. × 90 cm) 

connected to a refractive index detector (Knauer, RI detector K-2301, Lab-Service 

Analitica) which was interfaced with a computer via PicoLog software. Samples were 

dissolved in 0.05 M NaNO3 at a concentration of about 7 mg/mL, loaded on the column 

and elution was performed with 0.05 M NaNO3. Fractions were collected every 12 

minutes, pooled according to the elution profile. The Bio-Gel P2 column was calibrated 

with glucose and malto-oligosaccharides of different sizes. A medium-pressure size 

exclusion Bioline chromatography system composed of a Superdex 30 (separation range 

<1∙104 Da) column (1.4 cm i. d. x 85 cm) connected to a Smartline 1050 pump (Knauer). 

Elution was carried out with 0.15 M NaCl using a flow rate of 1 mL/min and monitored 

with a refractive index detector (Smartline 2300, Knauer, Lab-Service Analitica) which 

was interfaced with a computer via Clarity software. Fractions were collected at 30-

second intervals and pooled according to the elution profile. All the fractions were 

collected and were dialyzed against deionized water, recovered, and lyophilized to be 

dissolved in the desired amount of solvent to be analyzed using 1H NMR spectroscopy and 

mass spectrometry. 

5.2.3.3 Reduction of oligosaccharides reducing ends 

The sample containing the single repeating unit was reduced with NaBH4 or NaBD4 

according to previously described method (119) for subsequent 2D NMR spectroscopy 

and ESI-MS analysis. 0.5 μg of sample were dissolved in 1 mL of water, and100 μL of 

NH4OH 1M were added. Then, 2 spatulas of NaBH4 or NaBD4 were added, the sample was 

then stirred at RT for 18 hours. To stop the reaction 50% acetic acid (CH3COOH) was added 

drop by drop until bubble formation was exhausted. The sample was then dialyzed against 

deionized water and lyophilized to be dissolved in the desired amount of solvent. 
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5.2.3.4 Nuclear Magnetic Resonance experiments 

The polysaccharides and oligosaccharides were exchanged two times with 99.9% D2O by 

lyophilization and subsequently dissolved in 0.6 mL of 99.96% D2O. Spectra of KpB-1 CPS, 

of its derived oligosaccharides produced by phage degradation, and of the 

oligosaccharides produced by phage degradation of Kp-IT395 CPS were recorded on a 500 

MHz VARIAN spectrometer operating at 50 °C and 45 °C (for Kp-IT395 oligosaccharides). 

2D experiments were performed using standard VARIAN pulse sequences and pulsed field 

gradients for coherence selection when appropriate. HSQC spectra were recorded using 

145 Hz (for directly attached 1H–13C correlations). HMBC experiments were recorded 

using a coupling constant of 8 Hz (for long-range 1H–13C correlations) and relaxation time 

1.2 s. TOCSY spectra were acquired using 150 ms mixing time and 1.2 s relaxation time. 

ROESY experiments were recorded with 200 ms mixing time and 1.2 s relaxation time. 

Chemical shifts are expressed in ppm using acetone as an internal reference (2.225 ppm 

for 1H and 31.07 ppm for 13C). NMR spectra were processed using MestreNova 14.3 

software. 2D NMR spectra of Kp-IT395 CPS were recorded on a 600 MHz Bruker 

spectrometer operating at 45 °C by Prof. N. Ravenscroft (University of Cape Town, South 

Africa). 

5.2.3.5 Electrospray Ionization Mass Spectrometry  

The KpB-1 oligosaccharide obtained through phage-mediated degradation of the 

polysaccharide was reduced with NaBH₄ or NaBD₄, dialyzed against MilliQ water, freeze-

dried, then it was dissolved in H2O:MeOH 1:1 and analyzed. Kp-IT395 oligosaccharide was 

not reduced. KpB-1 oligosaccharide was analyzed using the Bruker Esquire™ 4000 Ion 

Trap Mass Spectrometer while the Kp-IT395 oligosaccharide was analyzed with a Thermo 

Fisher LTQ XL™ Linear Ion Trap Mass Spectrometer.   

5.2.3.6 Colorimetric method for the detection of reducing sugars. 

Dinitrosalicylic acid assay 

60 mg of pure polysaccharide were dissolved in 4 mL of SM buffer or HEPES buffer and 

autoclaved to sterilize. Then, 2 mL of phage suspension (1011 PFU/mL) or EG-N/KK-EG-N 

solution (100 μg/mL) was added to the CPS solution and incubated at 37 °C with shaking. 

At intervals of one hour each time, a sample was harvested from the suspension and frozen 

immediately. Untreated polysaccharide dissolved in the same buffer was used as control. 

When all fractions were collected, they were boiled for 15 minutes and centrifuged to 

remove the pellet. 100 μL of sample were added with 1 mL of DNS reagent (0.25 g of 3,5-
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dinitrosalicylic acid, 75 g sodium potassium tartrate, 4 g of NaOH to a final volume of 250 

mL), boiled for 10 minutes, and rapidly cooled in ice. Then, the absorbance was measured 

at 570 nm as described in literature (120) and the values were compared with a standard 

curve obtained with maltohexaose. 

5.2.4 Isolation of phage-resistant KMn-7 colony 

To observe the phenotype of a Kmn-7 phage-resistant mutant, after phage titration, a petri 

dish with just a few lysis plaques was selected. The plate was incubated at 37 °C until the 

plaques reached a diameter of around 1 cm. Here visible resistant colonies were growing 

inside the plaque. One colony was picked and plated on a W-F agar plate and let grow at 

37 °C for 24 hours. Thanks to this method, the colonies were big enough to be evaluated 

and compared with the WT strain. 

5.2.5 Kinetics of growth of strains in the presence of bacteriophage 

Bacteria were incubated O/N in LB, at 37 °C in agitation. The subsequent day the cell 

culture was diluted 500X using W-F broth, and 100 µL of bacterial suspension was added 

to each well of a flat-bottom microtiter plate avoiding the frame. After the bacteria, a phage 

suspension diluted in the same broth was added to each well in different concentrations, 

considering at least three wells per condition (different phage concentrations + negative 

control to which only broth is added). The plate was then incubated in a microplate reader 

(Synergy H1, BioTek, Winooski, USA) at 37 °C with shaking and absorbance at 590 nm was 

recorded every 30 minutes for 23 hours. 

5.2.6 Phage activity on biofilm 

5.2.6.1 Biofilm quantification assay 

The formation of biofilm matrix depends on many factors, such as nutrients availability 

and balance between production and disruption of the matrix. Therefore, different strains 

that produce the same CPS (KpB-1, KMn-7, KKBO-1, KKBO-4) and different growth 

conditions were tested, comparing days of growth (24, 48, and 72 hours), incubation 

conditions (static or shaking), and three culture broths: LB, MH, and W-F. The biofilm 

quantification assay was performed in 96-well microtiter plates using Crystal Violet (CV) 

as stain. The protocol was modified from Stepanovic et al, 2007 (121). Briefly, bacteria 

were incubated O/N in LB, at 37 °C in agitation. The subsequent day the cell culture was 

diluted 1000X using different broths as reported above and 200 µL of bacterial suspension 

was added to each well of a flat-bottom microtiter plate avoiding the frame. Each condition 
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was repeated for at least three wells both in the case of samples and negative controls 

(broths alone). The plate was incubated for 24 to 120 hours ± 30 minutes under static or 

shaking conditions (80 rpm). After the desired amount of time had passed, the absorbance 

at 590 nm was read in a microplate reader to assess the growth of the bacteria. Then, each 

well was washed 3X with 300 µL of buffered saline solution at RT. After the washes, the 

plates were drained by inverting them on absorbent paper. The cells were fixed by 

incubating the plates at 60 °C for 1 hour, then stained for 15 minutes with 300 µL of 2% 

Hucker Crystal Violet per well, at RT in the dark. After the incubation, the dye was washed 

under running water and the plates were left to dry upside down at RT O/N (longer if 

needed). The subsequent day, 200 µL of 33% acetic acid were added to each well and the 

plate was left in the dark for 30 minutes. Eventually, absorbance was read at 570 nm in a 

microplate reader. 

5.2.6.2 Phage-mediated degradation of biofilm 

The biofilm was grown according to the results obtained by screening the strains and the 

best biofilm growth conditions: strain KMn-7 for 24 hours in W-F broth in agitation. Then, 

the pre-formed biofilm was incubated with different concentrations of phage particles for 

4 hours (half the time needed to have a recovery of growth as shown by the kinetics assay). 

5.2.7 C-terminal His-tagged endoglycosidase cloning, expression, and 

purification 

5.2.7.1 Cloning 

The pET 24a (+) plasmid was used as a vector to clone the phage endoglycosidase with a 

tag of 6 histidine located at the C-terminal of the protein using a spacer of two amino acids 

between the tag and the protein sequence. The protein obtained from this construct is 

named EG-C.  The nucleotide and amino acidic sequences are reported below. 

• Sequence of nucleotides: 

ATGAATTTAGTAAAAGCAAAGTATCCGGTAGTAGAGGATTACACTGTAAACGTAATGGATTTCG

GTGCAGTAGGTGACGGCGTAACCGACGATACCGCGGCATTTGTAGCGGCCTACAACTCCGCTGC

TACAGCCATCATAATCCCCGGGGACGGTAAACGGTTTCTGATTACTGAGCCGGTTGGTTCTACTA

CTGTGGCAAAAAAGAAGTTGTGGACTGGGCATCCAGGGGCTGAGGTCGTGCTTACTGGTACCG

GCGGTTTTCAGGTGGCGGGCCTTGGTTGGGGGTTCTCTGATATTAGGTTTACACCAGGAGCAGC

GGCGGTACCTTTTGCTATTAAGTCCGGCACACTGCAGTCTAACCGATTCTCGTATGTGCGCGGCT

GCGAGTTCCGCGGCCGGGTTGCCGGGCATTATTTTGACGTGTGCGTAGATTTATACAACGTCTG
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GTACTCTAACTTTAATGACAACTACATCAACCAAAGTGGCGGCGCGGATTTCTCTACTGGGGAG

ATTCACGGTATCGGCATACGTATGTCCTACTGTGTAAACAACTCTGTTAGAGATAACCGCATTGG

TAGTTGTGCTGTGAACTTGCAGCTTACCGCCACTGAGGCCCCTCTTGGGATGATGTCGTCCCAG

TTCTGCTGTGAGGGCATAGTTATCTCCGGTAACACCCTGATTGCTAGTCCCCGTAACTTGGATGT

ACGTGAAGGTTATTATATTGACGTGCATGATAACGTTATTGATATACCGGTACCATCCACCACTA

ACCCTGTATACTTTGCTTGTATGTGCTCGCGCCTAGCCAGTAACTGGATTAGCACTATGTATGGC

AGCGTTTATGTAGGGAAAGGTGAGTCCGTCCTAAGTCATTACGATGGCACAGGTAATGCTGTAG

ACTCTAACGTTATTCGAGCCACCTCTACCGCTACGCATGATATGCTGGTAATTGGGGGTGTCGGG

TTGTTGAGCATCAAGGGCAACCAGATTACGTTTGGACGTACCGCTATATCTGGGGGCAACAGTG

GGGGTAACTGGAATATCTCAGACAACGTGTTCTCTGCGCAGTCTGAGAAGGTTTATGACCTGGG

CGGTATTAACCGGGTGCTGTACAGCAACAACAAGGTCTATACTACTCTGCCTAAGGCATTGAAG

ACGGTAAGTGAGACTAGTCACGTAAACCCGATAACCTGGAGCACACAGTTATCCGTAGCACTGG

CGGCTGCACCTCTCACTACCGCCGGGGTGGTTACTCCCGGACAGACCTTCTTTGTAGCTTTGCCG

CCAGGCAAGTTCAACGGTGCACCAGAAGGGGCTTCGGCTACTCTAGCTAACACTAATACCTTCG

GAGTGGCGCGGTATAATAAGTCCATGAGTTCTAGTACCGCCGTGGTGTTTGACTACGTCGGGATA

GGCTCCCCTGTGGTTGCTGGTAACTATAACTTCATTATAACGGTTATGGATACCCAGGCAGCTTT

CCTCGAGCACCACCACCACCACCAC 

• Sequence of amino acids: 

MNLVKAKYPVVEDYTVNVMDFGAVGDGVTDDTAAFVAAYNSAATAIIIPGDGKRFLITEPVGST

TVAKKKLWTGHPGAEVVLTGTGGFQVAGLGWGFSDIRFTPGAAAVPFAIKSGTLQSNRFSYVRG

CEFRGRVAGHYFDVCVDLYNVWYSNFNDNYINQSGGADFSTGEIHGIGIRMSYCVNNSVRDNRI

GSCAVNLQLTATEAPLGMMSSQFCCEGIVISGNTLIASPRNLDVREGYYIDVHDNVIDIPVPSTTN

PVYFACMCSRLASNWISTMYGSVYVGKGESVLSHYDGTGNAVDSNVIRATSTATHDMLVIGGVG

LLSIKGNQITFGRTAISGGNSGGNWNISDNVFSAQSEKVYDLGGINRVLYSNNKVYTTLPKALKT

VSETSHVNPITWSTQLSVALAAAPLTTAGVVTPGQTFFVALPPGKFNGAPEGASATLANTNTFG

VARYNKSMSSSTAVVFDYVGIGSPVVAGNYNFIITVMDTQAAFLEHHHHHH 

5.2.7.2 EG-C expression and purification 

The first attempt involved the use of the autoinduction method as described by Studier et 

al, 2005 (122). A single colony was inoculated into 10 ml of P-0.5G medium in a 100 ml 

Erlenmeyer flask and incubated O/N at 37 °C with agitation at approximately 300 rpm. 

The following day, 500 µL of sterile glycerol was added to 1 mL culture aliquots, which 

were then frozen at -80°C to serve as starter cultures. One aliquot of the starter culture 
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was used to inoculate 1 L of ZYP5052 medium, which was incubated at 37 °C with 

agitation at around 300 rpm. After 24 hours, 10 mL of the culture was collected, 

centrifuged, and the supernatant was removed and stored. The pellet was resuspended in 

a 1:100 ratio of HEPES 50 mM, pH 7.4, and sonicated. Sonication was carried out for five 

cycles of 60 seconds at 45W with 1 minute of “rest” on ice between each cycle. The sample 

was then centrifuged for 60 minutes at 6000 RCF, and both the resulting supernatant and 

pellet were retained. 

This step was repeated after another 24 hours, resulting in a total growth time of 48 hours. 

Finally, the various fractions obtained were tested by spot test. 

After the autoinduction method was tested, many different conditions have been tested in 

order to obtain the active enzyme and are summarized in the tables 6 and 7. 

Table 6. EG-C expression conditions tested in BL21(DE3). 

 

Table 7. EG-C expression conditions tested in different hosts. 
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5.2.7.3 Circular Dichroism spectroscopy 

The correctness of folding and the thermal stability of the EG-C enzyme were analyzed 

using the circular dichroism (CD) technique. 130 μL of HEPES buffer solution at pH 7.4, 

containing the enzyme at a concentration of 0.6 mg/mL, was added to a quartz cell 

(Hellma Analytics) with an optimal path of 0.5 mm. The CD spectrum was recorded at 

wavelengths between 250 nm and 190 nm in a temperature range from 15 °C to 81 °C, 

with a spectrum being recorded every 2 °C. The device used is a circular dichroism 

spectropolarimeter (Jasco, model J-815) coupled with a PMT detector (scan speed 50 

nm/min, D.I.T. 1 sec, 3 accumulations, temperature ramp 3 °C/min) and a Peltier effect 

thermostat (Jasco, mod. CDF-426S/15). 

5.2.8 N-terminal His tagged- endoglycosidase cloning, expression and 

purification 

5.2.8.1 EG-N cloning 

Since EG-C was not functional, its gene was re-cloned, moving the His-tag from the C-

terminal domain to the N-terminal domain. A sequence encoding the cleavage site for the 

TEV protease was also inserted between the His-tag and the endoglycosidase sequence, 

so that the His-tag can be removed after purification. To clone the enzyme from the 

plasmid with the EG-C sequence, the Restriction-free cloning (RF cloning) technique was 

used, which eliminates the need for restriction enzymes and relies solely on the 

polymerase chain reaction (PCR). Custom primers designed using the online tool 

www.restrictionfreecloning.com and purchased from Merck, were partially 

complementary to both the gene ends on the original plasmid and to specific sites on the 

new vector (pET 302). The first PCR reaction using the above-mentioned primers, enabled 

the formation of a megaprimer. 

Reagents (50 µL total): 

• 5x Q5® Reaction Buffer → 10 µL 

• 10 mM dNTPs Solution → 1 µL (final concentration 200 µM) 

• Reverse primer (10 µM) → 5 µL (final concentration 1 µM) 

• Forward primer (10 µM) → 5 µL (final concentration 1 µM) 

• pET 24a (+) plasmid containing the gene → 0.25 µL (total 15 ng) 

• Q5® HF DNA Polymerase → 0.5 µL (final concentration 0.02 U/µL) 

• Ultrapure sterile H2O → 28.25 µL (to a final volume of 50 µL) 
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PCR Program (Techne Prime Thermal Cycler): 

1. Initial denaturation: 98 °C, 30 seconds 

2. 35 cycles: 

o Denaturation: 98 °C, 10 seconds 

o Annealing: 64 °C, 30 seconds 

o Elongation: 72 °C, 45 seconds (30 seconds per kb) 

3. Final elongation: 72 °C, 120 seconds 

4. Hold: 4 °C 

The megaprimer obtained through PCR reaction was then isolated by electrophoresis on 

agarose gel: 

• 0.8% agarose gel was prepared in TAE buffer (Tris 40 mM, acetic acid 20 

mM, EDTA 1 mM, pH 8). 

• The gel was stained with EuroSafe Nucleic Acid intercalating agent (2.5 µL 

per 50 mL). 

• After running at 100V for 50 minutes, the megaprimer band was 

visualized under a UV transilluminator and excised. 

DNA Extraction: The megaprimer was purified using the GenElute™ Gel Extraction Kit 

(Thermo Fisher Scientific) according to the manufacturer’s instructions. Concentration 

Measurement: A SimpiNano™ microvolume spectrophotometer was used to measure the 

concentration of the purified megaprimer, which was 80 ng/µL. The purified megaprimer 

was used in a second PCR reaction with the pET 302 vector, resulting in a plasmid 

containing the recombinant gene. 

Reaction Setup (25 µL total): 

• 5x Q5® Reaction Buffer → 5 µL 

• 10 mM dNTPs solution → 0.5 µL (final concentration 200 µM) 

• Megaprimer (80 ng/µL) → 5 µL (400 ng total) 

• pET 302 plasmid (50 ng/µL) → 1.3 µL (total 65 ng) 

• Q5® HF DNA Polymerase → 0.25 µL (final concentration 0.02 U/µL) 

• Ultrapure sterile H2O → 12.95 µL (to a final volume of 25 µL) 
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PCR Program (Techne Prime Thermal Cycler): 

1. Initial denaturation: 98 °C, 30 seconds 

2. 35 cycles: 

o Denaturation: 98 °C, 10 seconds 

o Annealing: 62–70 °C, 30 seconds (gradient used for optimization) 

o Elongation: 72 °C, 210 seconds (30 seconds per kb) 

3. Final elongation: 72 °C, 120 seconds 

4. Hold: 4 °C 

To avoid false-positive results in the selection of the transformed cell cultures, the reaction 

mixture was treated for 6 hours at 37 °C with the restriction enzyme DpnI. This enzyme 

targets methylation patterns specific to the original plasmid amplified in the bacterial 

cells and therefore digests the parental vector, leaving only the newly constructed plasmid 

for transformation. 1 μL of DpnI (20000 U/mL, New England Biolabs) was added to 10 μL 

of the PCR product. The final construct, located within the T7 RNA polymerase 

transcription window, contains a sequence of six histidine residues and the TEV cleavage 

site located upstream of the gene of interest. The correctness of the plasmid was verified 

by sequencing (Eurofins Genomics – Sequencing Lab). 

5.2.8.2 EG-N plasmid amplification 

The plasmid was amplified in the E. coli DH5α strain. To transform the cells, 1 μL of the 

plasmid is added to 50 μL of competent cells, then placed on ice for 30 minutes. A thermal 

shock was performed by heating the cells to 42 °C for 45 seconds and then placing them 

on ice for 2–4 minutes to allow the plasmid to penetrate the cells. The transformed 

bacteria were mixed with 300 μL of LB and incubated at 37 °C with shaking at 180 rpm 

for 1 hour. The cells were then diluted in 10 mL of LB with 50 μg/mL of ampicillin. The 

addition of ampicillin allows to select bacteria that contain the antibiotic resistance gene 

or those that have been properly transformed. The mixture was incubated overnight at 37 

°C and 180 rpm. A commercial DNA extraction kit was used to extract the plasmids from 

the cells (GenEluteTM Plasmid Miniprep Kit, Merck) following manufacturer's 

instructions. The plasmid concentration was measured using a SimpiNanoTM 

microvolumetric spectrophotometer, and then stored at −20 °C. 
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5.2.8.3 EG-N expression 

The His-tagged-endoglycosidase was transformed in E. coli BL21 (DE3) using the same 

protocol as for DH5α transformation. Then, bacteria were grown in LB + 50 µg/mL of 

ampicillin at 37 °C with shaking until the culture reached an OD600 of 0,6 and EG-N 

expression was induced adding IPTG to a final concentration of 0.5 mM and leaving the 

culture O/N at 18 °C. 

5.2.8.4 EG-N purification 

5.2.8.4.1 Immobilized Metal Affinity Chromatography 

The protein was purified by IMAC using a Co²⁺ functionalized resin (TALON® 

Superflow™) that was prepared in advance according to manufacturer’s instructions. 

Briefly, the selected amount of resin (in this case, 6 mL of resin for 200 mL of culture) was 

inoculated in a plastic column that can contain 10X the volume of the resin. The resin was 

washed by adding 20 volumes of water and then conditioned with 20 volumes of buffer. 

Meanwhile, bacterial cells were harvested from the O/N culture by centrifugation, the 

supernatant was eliminated, while the pellet was resuspended in HEPES buffer and lysate 

through homogenization. The cell lysate was centrifuged at 6000 g for 50 minutes and the 

supernatant containing the soluble enzyme was recovered and then incubated with pre-

treated cobalt resin for 1 hour at 4 °C under agitation. 

After the incubation, the resin suspension in the soluble fraction was transferred back to 

the column where the resin was conditioned to proceed with purification. The liquid 

phase was separated from the resin by percolation (flow through). The resin was then 

washed with two different solutions: 

- the first (wash 1) consisting of HEPES pH 7.4 (volume equal to 10 times the volume 

of the resin); 

- the second (wash 2) consisting of HEPES pH 7.4 and imidazole 5 mM (volume equal 

to 10 times the volume of the resin). This wash in needed to eliminate the proteins 

that linked to the resin non-specifically. After washing the resin, the protein of 

interest was eluted with a solution of imidazole 150 mM in HEPES buffer pH 7.4. 

Imidazole is a ligand with a high affinity for metal ions that competes with the His-

tag and replaces it binding to the cobalt ion. 
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A higher concentration of imidazole (150 mM) allows elution of the protein from the resin 

and recovery of the protein of interest. The protein was eluted from the resin with 5 

successive aliquots of the elution solution. 

To assess the presence of the protein of interest in the different purification fractions, an 

electrophoretic run was performed under denaturing conditions (SDS-PAGE). 

5.2.8.4.2 EG-N purification evaluation: SDS-PAGE 

Using a 12% Tris polyacrylamide gel. 30 μL of samples + 10 μL of 4x Loading Buffer (120 

mM Tris pH 6.8; 8% w/v SDS; 40% w/v glycerol; 14% w/v ß-mercaptoethanol; 0.1% w/v 

bromophenol blue) were incubated at 98°C for 5 minutes to denature the proteins, then 

10 µL of each sample was loaded into the gel. To check the molecular mass of the samples, 

5 μL of a marker (mPAGE™, Millipore) was also loaded in the same gel. The gel was 

immersed in running buffer (192 mM glycine, 25 mM Tris pH 8.5, 3.5 mM SDS). The 

generator (Major Science MP-300V) was set to 190V and 80 mA. At the end of the 

electrophoresis, the gel was stained using ProBlue Safe Stain (Giotto 112 Biotech) 

following the protocol provided by the manufacturer: the gel was washed with distilled 

water, microwaved for two minutes and rinsed, the dye was then added and microwaved 

again for 45 seconds, the gel was left to incubate with the dye for 5 minutes with shaking 

and then decolorized to remove the excess stain using distilled water microwaved again. 

5.2.8.5 Second step of purification of the EG-N by Size Exclusion 

Chromatography 

To further purify the sample obtained from affinity chromatography, a SEC was 

performed. The chromatographic run was conducted on an automated system, the FPLC 

instrument GE Healthcare, ÄKTA FPLC UPC-900 P-920 using the column Superdex™ 75 

10/300 GL using HEPES buffer 50 mM pH 7.4. At the end of the chromatographic run, the 

fractions corresponding to the peaks in the chromatogram were loaded onto the 

polyacrylamide gel for electrophoretic analysis, as previously described. The fractions 

containing the enzyme of interest were collected for further testing. 

5.2.8.6 EG-N rapid activity evaluation: Spot test 

This assay evaluates the depolymerase activity on the CPS of a layer of bacteria, similarly 

to the phage titration, but in this case, it is not lysis plaques that are forming, but halos. An 

overnight culture of a phage-sensitive strain was grown at 37 °C in 10 mL of LB, pelleted 

and resuspended in 1 mL of SM buffer. 400 µL of concentrated culture were mixed with 5 
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mL of Soft Agar and the suspension was poured onto a LBA plate. Once the Soft Agar 

solidified, 10 µL of each obtained fraction were spotted on the plate surface and incubated 

O/N at 37 °C. 

5.2.9 Antimicrobial assays 

5.2.9.1 Determination of the minimal inhibitory concentration of different 

antibiotics 

The antimicrobial activity against bacteria in planktonic form was evaluated using the 

broth microdilution method (107), which allowed the identification of the lowest 

inhibitory concentration (MIC) for colistin. O/N culture of each bacterial strain (KKBO-1, 

KKBO-4, KMn-7, sensitive E. coli ATCC as positive control) was diluted 2000X in Müller-

Hinton broth (MHB, Difco) cation-adjusted, to obtain a suspension containing 106 

CFU/mL. 50 μL of each suspension were inoculated in a 96-well microplate (round-

bottom), then 50 μL of MHB containing scaled concentrations of antibiotic were added to 

each well, including a well for each condition with no antibiotic as control of growth. The 

plate was incubated at 37 °C for 24 hours. MIC was defined as the lowest concentration of 

the substance that showed no visible growth. 

5.2.9.2 Cytofluorimetry 

Flow cytometric analyses of membrane permeabilization were performed as described 

previously 2,3. Briefly, mid-exponential cultures of K. pneumoniae (1×106 CFU/mL) in LB, 

MHB cation-adjusted and W-F. The samples were treated with antibiotic concentrations 

corresponding to ½ MIC values for 15 minutes at 37°C or pretreated with EG-N for two 

hours at 37°C. The Live/Dead kit was used to stain the samples adding 3 μL of stain 

mixture 50:50 to 1 mL of sample. The experiments were repeated at least twice while the 

control in LB was repeated four times. Prior to these analyses, preliminary experiments 

were performed in order to settle the optimal conditions: 

• single staining was performed to eliminate autofluorescence signals from the 

final results; 

• The concentration of colistin equal to 1 MIC and ¼ MIC was also tested. 

After setting the protocol, the experimental conditions were defined and used for all the 

experiments. 
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The Attune NxT Flow Cytometer from Thermo Fisher Scientific was used, with a single 

excitation laser at a wavelength of 488 nm and a standard configuration of the optical 

bench, equipped with four emission collection channels (BL1: 530/30 nm; BL2: 574/26 

nm; BL3: 695/40 nm; BL4: 780/60 nm); the emission channels used in this analysis are 

BL1, which corresponds to the green SYTO9 signal and BL3 which corresponds to the red 

Pi signal; BL1 and BL3 were electronically compensated before analysing double-stained 

cells. All signals, including FSC and SSC, were acquired in logarithmic scale. The 

acquisition rate was kept low to avoid coincident events. 

5.2.9.3 Biofilm quantification assay 

To evaluate the activity of the enzyme on biofilm, the CV assay was performed following 

the protocols described in section 5.2.6. Bacteria were grown in W-F broth at 37 °C with 

shaking. Different concentrations of enzyme were tested alone and in combination with 

colistin on the 24 hours preformed biofilm. In addition, this method was used to test the 

effect of EG-N when applied before biofilm was formed. In this case the biofilm was grown 

for 24 hours in presence of different enzyme concentrations. 

5.2.10 Evaluation of the thermal stability of EG-N: Thermal Shift Assay 

To evaluate the thermal stability of the enzyme under different conditions, a TSA was 

performed (123). Different buffer solutions and different NaCl concentrations were 

tested. Each buffer solution not containing the protein is also analyzed for control. The 

assay is performed in a white 96 well plate suitable for Real-Time PCR. Each well contains 

a final volume of 50 μL, and around 6 μg of the protein of interest are added. All conditions 

are prepared in triplicate. After preparing the plate, 1 μL of SYPRO Orange™ reagent 

(Sigma-Aldrich, 5000-fold concentration) is diluted to a 100-fold concentration and, just 

before the measurement, is added to each well so that the final concentration is 2x. The 

plate is then placed in a thermal cycler with a fluorescence indicator (Real-time PCR, Bio-

Rad CFX). 

5.2.11 Cloning and expression of mutant version of EG-N 

Point mutations were introduced into the plasmid encoding the WT enzyme using the 

Site-Directed Mutagenesis technique in order to insert to additional lysine residues in the 

N-terminal sequence, though removing the TEV site. The sequence corresponding to 

KHHHK was inserted between the His-tag and a spacer located just before the starting of 

the gene. Primers were designed using the online software NEBaseChanger 
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(www.nebasechanger.neb.com). Forward and reverse primers were purchased from 

Sigma-Aldrich in lyophilized form. 

25 μl reaction mixture is composed as follows: 

• 5 μL of 5x Q5® reaction buffer (final concentration 1X), 

• 0.5 μL of 10 mM dNTPs solution (final concentration 200 μM), 

• 1.25 μL of 10 μM forward primer (final concentration 0.5 μM), 

• 1.25 μL of 10 μM reverse primer (final concentration 0.5 μM), 

• 0.5 μL template DNA at a concentration of 50 ng/μL (final amount 25 ng), 

• 16.5 μL of sterile ultrapure H2O (to reach a final volume of 25 μL). 

The thermal cycler program was set as follows: 

1. Preheating at 105 °C; 

2. Initial denaturation at 98 °C for 30 seconds; 

3. 35 cycles: 

o Denaturation: 98 °C, 10 seconds 

o Annealing: 62–70 °C, 30 seconds (gradient used for optimization) 

o Elongation: 72 °C, 210 seconds (30 seconds per kb) 

4. Final elongation: 72 °C, 120 seconds 

5. Hold: 4 °C 

To remove the parental plasmid, present in the solution, the Dpn1-mediated digestion was 

carried out. The plasmid was amplified, purified and sequenced, as previously described. 

5.2.12 Determination of composition, glycosidic linkage position and absolute 

configuration of the Kp-IT395 CPS by gas-liquid chromatography-mass 

spectrometry 

To determine the sugar composition of the Kp-IT395 CPS, the purified polysaccharide was 

derivatized to trimethylsilylated methyl glycosides (TMS) (124) whilst to determine the 

position of the glycosidic linkages to Partially Methylated Alditol Acetates (PMAA) 

following the procedure described by Harris et al. (125). Finally the absolute configuration 

was established after derivatization of the sugars to trimethylsilylated (+)-2-butyl 

glycosides(126)(127). The obtained derivatives were analyzed by gas liquid 

chromatography (GLC) and gas liquid chromatography coupled to Mass Spectrometry 

(GLC-MS). 
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5.2.12.1 Determination of the sugar composition by derivatization to 

trimethylsilylated methyl glycosides 

An aliquot of 0.5 mg of CPS was placed in a 5 mL vial, 50 µL of inositol (1 mg/mL) were 

added and the solution was then freeze-dried. The sample was placed in a vacuum oven 

at 50 °C for about 3 h. Then, 0.5 mL of 3 N HCl in methanol were added and left to react in 

an oven at 85 °C for 16 hours. The subsequent day, the sample was cooled and dried under 

N2, then it was washed with 0.5 mL of methanol (MeOH was added, the mixture was 

vortexed and brought to dryness under a stream of N2) for 5 times. Afterwards, the sample 

was placed in a vacuum oven at 50 °C for about 3 hours, then 0.5 mL of 1,1,1,3,3,3-

Hexamethyldisilazane:Chlorotrimethylsilane (HMDS:TMCS)-Pyridine 2:1:10 reagent 

(Sylon™ HTP (Merck)) was added. N2 was fluxed before closing the vial and the sample 

was vortex and placed in oven at 80 °C for 25 minutes. At the end of the reaction, the 

sample was dried under a stream of N2 with mild heating, then washed with hexane (1 mL 

of hexane was added to the vial and vortexed; then transferred to a tube and centrifuged 

at 8600 g for 8 minutes, the supernatant was transferred to a vial and brought to dryness 

under a stream of N2) for 3 times. The sample was dissolved in 200 µL of hexane and 

analyzed by GLC. Sugar standards underwent the same reactions and were used to 

identify the monosaccharides present in Kp-IT395 CPS. 

5.2.12.2 Determination of the glycosidic linkages position 

An aliquot of 0.5 mg of sample dissolved in 0.5 mL of water was placed in 10 mL screw-

cap tube and freeze-dried. A two-necked round-bottom flask with magnet and rubber 

stoppers was placed in an oven at 80 °C to dry while the samples was placed in a vacuum 

oven at 40-50 °C. A couple of spatulas of KH was placed in the two-necked round-bottom 

flask. The oil was washed off with hexane (hexane was added, stirred with Pasteur pipette 

for a few minutes and then removed) for 6 times. After the washes, it was dry under flow 

of N2. Subsequently, a volume of DMSO (in mL) equal to about 10 times the weight of KH 

was added under a N2 flow and let stirring for about half an hour to form K-dimsyl. In the 

meantime, the sample was dissolved in 0.3 mL of anhydrous DMSO. 0.3 mL K-dimsyl were 

then added to the sample and it was gently vortexed for 30 min. After this, the sample was 

put in ice to freeze and 0.3 mL of cold CH3I were added, then the mixture was brought back 

to RT and left to react for 30 minutes, stirring occasionally. Subsequently, 3 mL of 

CHCl3:MeOH 2:1 v/v and 2 mL H2O were added. The organic and water phases were 

separated by centrifugation (8600 g for 10 minutes). The organic phase was washed 5 
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times with water. At the end of the washes, the organic phase was recovered, transferred 

to a 5 mL cone vial then brought to dryness under a stream of N2. About 1 mL of 2 M 

trifluoroacetic acid was added to the sample and incubated at 125 °C for 1 hour then 

cooled and brought to dryness under a stream of N2. The sample was dissolved in a small 

amount of water; after addition of 0.1 mL NH4OH 1M, 50 µL of inositol used as internal 

standard (1 mg/mL), and 2 spatulas of NaBD4, the sample was stirred at RT for 18 hours. 

To stop the reaction 50% acetic acid (CH3COOH) was added drop by drop until bubble 

formation is exhausted, followed by evaporation under reduced pressure. When dried, the 

sample was washed with 10% CH3COOH in MeOH for 3 times (after each addition the 

sample was dried under reduced pressure), then washed with MeOH for 3 times following 

the same procedure. The sample was dissolved in MeOH, transferred to a vial, then 

brought to dryness under a N2 flow. The vial was then placed in a vacuum oven at 50 °C 

for 3 hours. A volume of 0.3 mL of pyridine and about 1 mL of acetic anhydride were added 

to the sample which was left to react for 30 minutes at 100 °C and then at RT under stirring 

for 16 hours. The sample was brought to dryness under a stream of N2 with mild heating, 

then CHCl3 was added followed by H2O (H2O:CHCl3 2.5:1 V:V). The organic phase was 

recovered in a vial after being washed six times with water.  and brought to dryness under 

a flow of N2. The sample was dissolved in 200 µL of hexane and analyzed by GLC and GLC-

MS 

5.2.12.3 Determination of the absolute configuration 

0.5 mg of CPS were placed in 5 mL vial and dried in a vacuum oven at 50 °C for about 3 

hours. To the sample, 0.5 mL of 3 N HCl in methanol (commercial reagent) were added 

and left to react at 85 °C for 18 hours. The sample was cooled, and dried under a stream 

of N2. About 1 mL of anhydrous methanol was added and the sample was dried again 

under a N2 flow; this procedure was repeated three times. The sample was placed in 

vacuum oven at 50 °C for about 3 hours, 0.5 mL of S-butanol/acetyl chloride reagent was 

added followed by incubation at 80 °C for 16 hours. After cooling, Ag2CO3 (silver 

carbonate) was add to stop the reaction The sample was centrifuged at 8600 g for 8 

minutes in order to recover the supernatant which was transferred into a vial. The 

precipitate was washed three times with anhydrous methanol, the supernatant was 

recovered by centrifugation and dried under a N2 flow followed by incubation in a vacuum 

oven at 50 °C for 3 hours. About 0.5 mL of HMDS + TMCS + Pyridine reagent 2:1:10 (Sylon™ 

HTP (Merck)) was added to the sample, the mixture was vortexed and left at RT for 1 hour, 
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then dry under a stream of N2. Finally, 1 mL of hexane was added to the vial and vortexed, 

then the sample was centrifuged at 8600 g for 8 minutes, the supernatant was recovered 

and brought to dryness under a N2 stream. These hexane washes were repeated three 

times. The sample was dissolved in 50 µL of hexane and analyzed by GLC. Sugar standards 

underwent the same reactions and were used to identify the absolute configuration of the 

monosaccharides present in Kp-IT395 CPS. 

5.2.12.4 GLC and GLC-MS analysis conditions 

Analytical GLC was performed on an Agilent Technologies 6850 gas chromatograph 

equipped with a flame ionisation detector and using He as carrier gas. A ZB-5MSi capillary 

column (Zebron, 30 m) was used to separate partially methylated alditol acetates 

(temperature program: 140–200 °C at 5 °C/min then, 200-280 °C at 10 °C/min), 

trimethylsilylated methyl glycosides (temperature program: 150–280 °C at 5 °C/min) and 

trimethylsilylated (+)-2- butyl glycosides (50–150 at 50 °C/min, then 150-220 °C at 

1°C/min). GLC–MS analyses were carried out on an Agilent Technologies 7890A gas 

chromatograph coupled to an Agilent Technologies 5975C VLMSD. Integration values of 

the areas of the partially methylated alditol acetates were corrected by the effective 

carbon response factors (128). 

5.2.13 Statistical analysis 

Statistical analyses were conducted using GraphPad Prism (version 8.0.1). For multiple 

comparisons, a one-way ANOVA was used, followed by Dunnett’s multiple comparison test 

to compare each treatment group against a control. 
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Chapter 6. Conclusions and Future Perspectives 

The spread of MDR among ESKAPE pathogens has become a very important issue and new 

strategies have been proposed in recent years to address this problem. Outstanding 

candidates among these options are the mortal enemies of bacteria: bacteriophages. 

These viruses are able to break through the barriers of bacteria; thus, they can be used in 

the development of new and very specific antimicrobial strategies. This study focused on 

bacteriophages capable of lysing K. pneumoniae strains and their depolymerases. The 

results showed that the recombinant His-tagged depolymerase, EG-N, was effective in 

degrading the capsular polysaccharide (CPS) of K. pneumoniae strains KpB-1 and KMn-7, 

both members of the high-risk ST512. The CPS is a critical virulence factor that shields 

bacteria from the host immune system and prevents the penetration of antimicrobial 

agents. By targeting this barrier, EG-N could reduce the virulence of bacteria by limiting 

their ability to evade the innate immune response and improving the efficacy of 

antibacterial treatments. NMR analysis and MS determined that the phage-associated EG 

specifically cleaves the α-L-Rhap-(1→3)-β-D-Galp glycosidic linkage within the CPS, 

leading to its degradation into smaller oligosaccharide fragments. The role of EG in CPS 

destruction was also tested on planktonic cells alone and in combination with colistin, the 

last-line antibiotic used against gram-negative MDR bacteria. The results of the 

microdilution broth method, together with those obtained with flow cytometry analyses, 

showed that the capsule degradation promoted by EG-N increased the bactericidal effect 

of colistin, overall having a synergistic effect. Therefore, the addition of EG-N could reduce 

the colistin dose required for a bactericidal effect; thus, the combined treatment has the 

potential to reduce the toxicity associated with high doses of colistin, making it a safer 

therapeutic option. Interestingly, the effect of EG-N on preformed biofilms was an increase 

in total biomass. Biofilm formation is a crucial aspect of bacterial pathogenicity when 

dealing with K. pneumoniae species and contributes to chronic infections and antibiotic 

resistance. In the biofilm structure, bacteria are surrounded by a self-produced matrix of 

extracellular polymeric molecules including polysaccharides, which limit the penetration 

of antibiotics. While the enzyme effectively degraded the CPS in the planktonic cells, 

disruption of the biofilm was not observed. This is consistent with previous publications 

indicating that biofilms pose a particular challenge due to the complexity of their matrix, 

which contains not only polysaccharides but also proteins, lipids, and eDNA. The dense 
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biofilm structure might trap the soluble EG and thus reduce its effectiveness. In addition, 

the EG-mediated release of oligosaccharides during matrix degradation may act as a 

nutrient source for bacteria. A different hypothesis is that the release of oligosaccharide 

is perceived as a stress signal and promotes biofilm growth: the bacteria in the biofilms 

could increase matrix production as a defense mechanism in response to capsule 

degradation, effectively enhancing their protection. However, the Crystal Violet assay, 

commonly used to evaluate the activity of EG-N on the biofilm, does not provide 

information about the viability of the cells; therefore, further studies using other 

techniques are needed to better understand the interactions that occur when the enzyme 

is applied to the biofilm. Overall, these results suggest that while EG is highly effective in 

destroying the CPS of planktonic cells, its role in the treatment of biofilms may need to be 

further optimized or combined with other biofilm-destroying agents such as antibiotics 

or even phage-derived degradative enzymes. In addition, this study focused on K. 

pneumoniae strain IT-395. The CPS structure of this strain was determined, and the action 

of bacteriophage GP1’s-associated EG was investigated leading to the identification of its 

cleavage site inside the polysaccharide: the (1-4) linkage between the residues β-GalI and 

α-Gal. These preliminary studies are important for future work involving the cloning and 

production of the GP1-derived EG. Further investigation on both enzymes’ structures will 

be performed, and that information could increase our understanding of the mechanisms 

of action and may be useful to make the most out of these depolymerases as therapeutic 

tools. This study will further advance in the direction of functionalizing carriers with the 

EG. Herein, preliminary and yet fundamental information has been provided for the use 

of enzymes such as EG-N as a targeting agent in drug-delivery systems. In particular, the 

cloning, expression, and characterization of EG-N activity and stability were crucial steps 

in gaining the knowledge required for the functionalization of carriers with this enzyme. 

In addition, a mutant version of the enzyme, KK-EG-N, was designed and obtained in order 

to facilitate its incorporation into a drug-delivery carrier. The addition of two lysin 

residues did not affect the activity of the enzyme, as demonstrated by monitoring the 

formation of reducing ends and comparing the activity kinetics curves of the two enzymes. 

Liposomes could represent an interesting vehicle to deliver the selected antibacterial 

molecules directly to the site of infection due to their ability to encapsulate hydrophilic 

molecules. By anchoring KK-EG-N to the liposome surface, it may be possible to obtain a 

highly specific drug-delivery system. In this way, the carrier could bind and degrade the 
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bacterial capsule before releasing its contents. This would allow more efficient targeting 

of K. pneumoniae and potentially reduce the systemic side effects of antibiotics by, for 

example, leaving the microbiota intact. In conclusion, this study provides new 

understandings supporting the high specificity of this type of enzymes as the unique 

cleavage sites were identified for both endoglycosidases. The combination of EG-N with 

colistin represents a promising way to reduce the dose of antibiotics required and 

overcomes the protective barriers of the bacterial capsule. However, the unsuccessful 

treatment of biofilms with the endoglycosidase and colistin suggests that further research 

is needed to optimize the use of these enzymes. Future work should focus on combining 

EG-N with other antimicrobial strategies and investigating the potential of functionalized 

liposomes for personalized therapy. The results of this study contribute to the evidence 

supporting the use of bacteriophages and their enzymes as viable alternatives alone or in 

combination with conventional antibiotics in the fight against antibiotic-resistant 

bacteria.
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