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ABBREVIATIONS 

 

Besides the abbreviations and units accepted by the International System of Units 

(SI, https://physics.nist.gov/cuu/Units/units.html) and the International Union of Pure and 

Applied Chemistry (IUPAC, https://iupac.org/nomenclature-and-terminology), the follow-

ing abbreviations have been used throughout this thesis: 

 

aa Amino acid/s 

AMP Antimicrobial peptide 

AMR Antimicrobial resistance 

AP Ampicillin 

AUC Area under the curve 

AZI Azithromycin 

BHI Brain heart infusion 

C+Y C medium pH 8.0 with 0.08% yeast extract 

CAP Community-acquired pneumonia 

CBD Choline binding domain 

CBP Choline binding protein 

CBR Choline binding repeat 

CHL Chloramphenicol 

CID Collision induced dissociation 

CLSI Clinical and Laboratory Standards Institute  

CLSM Confocal laser scanning microscopy 

CV Crystal violet 

CWBD Cell wall binding domain 

DEAE Diethylaminoethanol/diethylaminoethyl 

DLS Dynamic light scattering 

EAD Enzymatically active domain 

ECDC European Centre for Disease Prevention and Control 

ERY Erythromycin 

FIC Fractional inhibitory concentration 

FICI Fractional inhibitory concentration index 

FPR False positive rate 

G− Gram-negative 

G+ Gram-positive 

GAM Generalized additive model 

GAS Group A streptococci, Streptococcus pyogenes 

GBS Group B streptococci, Streptococcus agalactiae 

GEN Gentamycin 

GEWL Goose egg white lysozyme  

HAP Hospital-acquired pneumonia 

HCAP Healthcare-associated pneumonia 

HEWL Hen egg white lysozyme  

HM Hydrophobic moment 

https://physics.nist.gov/cuu/Units/units.html
https://iupac.org/nomenclature-and-terminology/
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HMM Hidden Markov Model 

ICU Intensive care unit 

IPTG Isopropyl-β-D-thiogalactopyranoside 

KAN Kanamycin 

kNN k-Nearest Neighbours 

LB Lysogeny broth 

LPS Lipopolysaccharide 

LRTIs Lower respiratory tract infections 

LVX Levofloxacin 

MDR Multi-drug resistant 

MIC Minimum inhibitory concentration 

MRSA Methicillin-resistant Staphylococcus aureus 

MSA Multiple sequence alignment 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

MurNAc N-acetylmuramic acid 

NAG N-acetylglucosamine 

NAM-amidase N-acetylmuramoyl-L-alanine amidase 

NaPiB Sodium phosphate buffer 

NCBI National Center for Biotechnology Information 

NCPR Net charge per residue 

NHS N-hydroxysuccinimidyl  

NP Nanoparticle 

NPN N-phenyl-1-naphthylamine 

OD Optical density 

OM Outer membrane 

PBS Phosphate buffer saline 

PDI Polydispersity index 

PDR Pandrug resistant 

PF Pfam 

PI Propidium iodide 

RBB Remazol brilliant blue 

ROC Receiver operating characteristic 

RP-HPLC Reverse-phase high-performance liquid chromatography 

SAR Signal-arrest-release 

SDS-PAGE Sodium dodecylsulphate-polyacrylamide gel electrophoresis 

SMG Streptococcus milleri group 

SSN Sequence similarity network 

TFE 2,2,2-trifluoroethanol  

TPP Tripolyphosphate 

TPR True positive rate 

TSB Trypticasein soy broth 

VAP Ventilator-associated pneumonia 

WHO World Health Organization  

XDR Extensively drug resistant 
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SUMMARY 

Nowadays, antibiotic resistance is one of the most urgent global health issues to be 

tackled. Among the infective bacteria, Gram-negative ones are the main causative 

agents of nosocomial infections, causing an important death burden, partly due to anti-

microbial resistance. Currently, phage therapy research is experiencing a renaissance 

as a viable alternative or complement to common antimicrobial chemotherapy. Not only 

complete virion particles but also phage-derived products have a series of advantages 

over antibiotics. In particular, phage (endo)lysins are the phage-encoded proteins re-

sponsible for bacterial host lysis and subsequent death due to their cell wall lytic activity. 

Lysins are being repurposed to be exogenously applied, in a purified form, against bac-

teria, functioning as lytic antimicrobials, and thus are also called ‘enzybiotics’. Among the 

many advantages of enzybiotics, we may cite their lower chance to provoke resistance 

in the target bacteria and their versatility to be screened and engineered using bioinfor-

matic and biotechnological tools. The current literature already proves that enzybiotics 

are efficient in killing Gram-positive bacteria. However, they have been deemed less 

effective against Gram-negative ones due to the presence of the outer membrane, which 

acts as a permeability barrier that prevents the access of the exogenously added enzyme 

to its target (the bacterial peptidoglycan). However, not only some recent engineering 

efforts have rendered lysins active against Gram-negative ‘from without’, but also there 

are reports of some lysins from phages that infect Gram-negatives that are intrinsically 

active against such bacteria. Such an intrinsic activity has been related to antimicrobial 

peptide-like regions located within the lysins. However, the evolutionary importance of 

those regions or their actual spread among the Gram-negative phage lysins is still un-

known. 

In this thesis, a full design and development path towards the obtention of phage 

lysin-based antimicrobials especially directed against Gram-negative pathogens was in-

vestigated. Firstly, a comprehensive database of lysin sequences was compiled and an-

alysed to detect structural features related to the architecture of the corresponding bac-

terial hosts. This analysis supported a widespread appearance of antimicrobial peptide-

like subdomains within a relevant subpopulation of lysins from Gram-negative bacteria 

infecting phages. Making use of this database, a bioinformatic screening method was 

set up to predict antimicrobial peptide-like regions within the lysin sequences to select a 

set of enzybiotic candidates with the potential to interact (and disrupt) the Gram-negative 

outer membrane. In this way, an enzybiotic candidate, named Pae87, was selected for 

researching its intrinsic activity against Gram-negative pathogens, particularly Pseudo-

monas aeruginosa, and to serve as a scaffold for the developing of efficient antimicrobial 
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molecules. A three-dimensional model of the protein with a bound peptidoglycan frag-

ment was obtained in the course of this research. In this way, a putative substrate-bind-

ing subdomain was identified within the very catalytic domain of the protein. In addition, 

the ability of Pae87 to bind and disrupt the Gram-negative outer membrane was proven, 

and it was related to a specific C-terminal region termed peptide P87. This peptide had 

an antimicrobial activity of its own, comparable to that of the full protein. Moreover, pep-

tide P87 was enhanced by rational point mutation and thus the derived peptide P88 was 

obtained. Peptide P88 had a greater bactericidal efficiency against a similar range of 

Gram-negative bacteria but no dramatic increase in its cytotoxic effect against eukaryotic 

cells was found. In order to improve the therapeutic potential of P88, its synergistic ac-

tivity with a set of antibiotics was tested. The peptide displayed a potent in vitro synergy 

when used in combination with various antibiotics with intracellular targets (namely mac-

rolides, chloramphenicol, and tetracycline). Using this strategy, the effective concentra-

tion of peptide (and antibiotics) was 4-fold reduced. Additionally, Pae87 activity was en-

hanced by fusing it to a calcium-binding domain, giving rise to the Pae87F chimera. The 

calcium-binding activity was expected to improve the outer membrane-disrupting ability 

of the enzyme or its attachment to it by binding the cations that usually stabilize the outer 

membrane. In this way, the use of this kind of domain as enhancing modules for engi-

neering enzybiotics was for the first time demonstrated.  

Finally, a strategy for the in vivo enzybiotics behaviour enhancement was developed. 

Since lysins in vivo half-life is known to be rather short (30-60 min), one of the currently 

explored approaches for enzybiotics administration is encapsulation and controlled re-

lease. Based on the Streptococcus pneumoniae surface structure, which stands out for 

the presence of choline residues that serve as anchorage for physiologically relevant 

surface proteins, a chitosan-based polymer was designed. Such a polymer was grafted 

with diethylaminoethanol (DEAE) moieties which can act as a structural and functional 

analogue of choline. Therefore, the nanoparticles prepared with chitosan-DEAE were 

able to specifically bind choline-binding proteins. Due to this ability, the treatment of 

pneumococcal cultures with chitosan-DEAE nanoparticles provoked the chaining of the 

bacterial cells because of the competitive inhibition of housekeeping choline-binding pro-

teins responsible for daughter cell separation. The chitosan-DEAE nanoparticles were 

thus also able to bind choline-binding enzybiotics, such as the antipneumococcal Cpl-

711, and release it in a controlled manner, although with some cytotoxic effect against 

eukaryotic cells. 

Altogether, the results presented in this thesis investigate state-of-the-art tools and 

methods for the development of alternative, phage-derived antimicrobials to tackle some 

of the most relevant public health issues that we have to face in the years to come.
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RESUMEN 

Hoy en día, la resistencia a antibióticos es uno de los problemas de salud mundial 

más urgentes que deben abordarse. Entre las bacterias infecciosas, las Gram-negativas 

son los principales agentes causantes de infecciones nosocomiales, provocando una 

importante mortalidad, en parte debido a la resistencia a antimicrobianos. Actualmente, 

la investigación en terapia fágica está experimentando un renacimiento, entendida como 

alternativa viable o complemento de la quimioterapia antimicrobiana común. No solo las 

partículas fágicas completas sino también los productos derivados de fagos tienen una 

serie de ventajas sobre los antibióticos. En particular, las (endo)lisinas fágicas son las 

proteínas codificadas por los fagos que son responsables de la lisis y muerte bacteriana 

debido a su actividad enzimática que hidroliza la pared celular. Las lisinas se están re-

utilizando para aplicarlas exógenamente en forma purificada contra bacterias, funcio-

nando como antimicrobianos líticos y, por ello, también se denominan "enzibióticos". 

Entre las muchas ventajas de los enzibióticos, podemos citar su menor probabilidad de 

provocar resistencias en las bacterias diana y su versatilidad para ser detectadas y di-

señadas utilizando herramientas bioinformáticas y biotecnológicas. La literatura actual 

prueba que los enzibióticos son altamente eficaces contra bacterias Gram-positivas. Sin 

embargo, se han considerado menos efectivos contra las Gram-negativas, debido a la 

presencia de la membrana externa que actúa como una barrera de permeabilidad que 

impide el acceso de la enzima exógenamente añadida a su diana (el peptidoglicano 

bacteriano). Sin embargo, no solo existen recientes estrategias de ingeniería de proteí-

nas que han producido lisinas activas contra Gram-negativas "desde fuera", sino que, 

además, hay ejemplos en la literatura de algunas lisinas de fagos que infectan a Gram-

negativas que son intrínsecamente activas contra dichas bacterias. Tal actividad intrín-

seca se ha relacionado con regiones similares a péptidos antimicrobianos presentes en 

las propias lisinas. Sin embargo, aún se desconoce la importancia evolutiva de esas 

regiones o su propagación real entre las lisinas de fagos que infectan a bacterias Gram-

negativas. 

En esta tesis se ha llevado a cabo una estrategia completa de diseño y desarrollo de 

antimicrobianos basados en lisinas fágicas, especialmente dirigidos contra patógenos 

Gram-negativos. En primer lugar, se compiló y analizó una base de datos exhaustiva de 

secuencias de lisinas para detectar características estructurales relacionadas con la ar-

quitectura de los hospedadores bacterianos correspondientes. En este análisis se ob-

servó la presencia generalizada de subdominios similares a péptidos antimicrobianos 

dentro de una subpoblación relevante de lisinas de fagos de Gram-negativas. Haciendo 

uso de esta base de datos, se estableció un método de cribado bioinformático para 
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predecir regiones similares a péptidos antimicrobianos dentro de las secuencias de lisi-

nas con el objetivo de obtener un conjunto de candidatos a enzibióticos con el potencial 

de interactuar (y desestructurar) la membrana externa Gram-negativa. De esta manera, 

un enzibiótico candidato, denominado Pae87, fue seleccionado para investigar su acti-

vidad intrínseca contra patógenos Gram-negativos, particularmente Pseudomonas ae-

ruginosa, y para servir como base para el desarrollo de moléculas antimicrobianas efi-

cientes. En el curso de la investigación, se obtuvo un modelo tridimensional de esta 

proteína conteniendo un fragmento de peptidoglicano unido. De esta manera, se identi-

ficó un posible subdominio de unión a sustrato dentro del propio dominio catalítico de la 

proteína. Además, se demostró la capacidad de Pae87 para unirse y permeabilizar la 

membrana externa Gram-negativa, y esta actividad se relacionó con una región C-ter-

minal específica denominada péptido P87. Este péptido mostró actividad antimicrobiana 

propia, comparable a la de la proteína completa. Además, el péptido P87 se potenció 

mediante mutaciones puntuales racionales y como resultado se obtuvo el péptido deri-

vado P88. El péptido P88 mostró una mayor eficacia bactericida contra un rango similar 

de bacterias Gram-negativas, pero sin un aumento importante en su efecto citotóxico 

contra células eucariotas. Para mejorar el potencial terapéutico de P88, se probó su 

actividad sinérgica con un conjunto de antibióticos. El péptido mostró una potente siner-

gia in vitro cuando se usó en combinación con varios antibióticos con dianas intracelu-

lares (a saber, macrólidos, cloranfenicol y tetraciclina). Usando esta estrategia, la con-

centración efectiva de péptidos (y antibióticos) se redujo 4 veces. La actividad de Pae87 

también se mejoró, en este caso, fusionándola con un dominio de unión a calcio, dando 

lugar a la quimera Pae87F, esperando que la actividad de unión al calcio mejorara la 

capacidad de alteración de la membrana externa de la enzima o bien su unión a ella 

mediante la unión de los cationes que normalmente estabilizan la membrana externa. 

De esta forma, se ha demostrado por primera vez el posible uso de este tipo de dominios 

como módulos para mejorar enzibióticos mediante ingeniería de proteínas. 

Finalmente, se desarrolló una estrategia para mejorar el comportamiento in vivo de 

enzibióticos. Dado que se sabe que la vida media in vivo de las lisinas es bastante corta 

(30-60 min), uno de los enfoques actualmente explorados para la administración de en-

zibióticos es su encapsulación y liberación controlada. Basándonos en la estructura su-

perficial de Streptococcus pneumoniae, que destaca por la presencia de residuos de 

colina que sirven de anclaje para proteínas superficiales fisiológicamente relevantes, se 

diseñó un polímero a base de quitosano. Dicho polímero se derivatizó con dietila-

minoetanol (DEAE) que pueden actuar como un análogo estructural y funcional de la 

colina. Por ello, las nanopartículas preparadas con quitosano-DEAE resultaron ser ca-

paces de unir específicamente proteínas de unión a colina. Debido a esta capacidad, el 
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tratamiento de cultivos neumocócicos con nanopartículas de quitosano-DEAE provocó 

el encadenamiento de las células bacterianas debido a la inhibición competitiva de las 

proteínas de unión a colina responsables de la separación de las células hijas. Las na-

nopartículas de quitosano-DEAE también fueron capaces de unir enzibióticos de unión 

a colina, como el antineumocócico Cpl-711, y liberarlo de forma controlada, aunque con 

cierto efecto citotóxico en las células eucariotas. 

En conjunto, los resultados presentados en esta tesis proporcionan herramientas y 

métodos de última generación para el desarrollo de antimicrobianos alternativos deriva-

dos de fagos para abordar algunos de los problemas de salud pública más relevantes 

que tendremos que enfrentar en los próximos años. 
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1. BACTERIAL RESPIRATORY INFECTIONS AND ANTIMICROBIAL RESISTANCE 

It is almost unnecessary these times to remark that communicable diseases are still 

a key player in the global health landscape. The current pandemic has taught us at least 

not to underestimate the threat of infectious diseases, for even though scientific actors 

have been long time warning about the perils of gathering epidemics, the COVID-19 has 

taken over and completely changed our lifestyles. Even before the pandemic, communi-

cable diseases still represented an important percentage of the global death burden (Fig-

ure 1.1A). In 2016 estimates, lower respiratory tract infections (LRTIs) remained the 

leading infectious cause of death, with more than 2 million deaths per year (1). LRTIs 

are even more relevant in low-income countries, where they represented the second 

cause of death by burden (2). Community-acquired pneumonia (CAP) was, in fact, the 

single largest global bacterial infectious cause of death in children (3). Streptococcus 

pneumoniae accounted for most of CAP cases, followed by some other bacterial and 

viral pathogens such as respiratory syncytial virus, Haemophilus influenzae type b, influ-

enza virus, Streptococcus pyogenes (Group A streptococci, GAS), non-typeable H. in-

fluenzae, Staphylococcus aureus, Mycoplasma pneumoniae, Moraxella catarrhalis, and 

Klebsiella pneumoniae (1, 4, 5) (Figure 1.1B). While COVID-19 has changed the global 

health game rules ⎯at least for the time being⎯ there are already some reports sug-

gesting that respiratory bacterial co-infections can be a critical risk factor regarding se-

verity and mortality in COVID-19 patients, especially in those admitted to intensive care 

units (ICUs) (6, 7). Nosocomial respiratory infections have always been a major concern 

regarding hospital-admitted patients because they present etiological and therapeutic 

challenges of their own (8). Indeed, hospital-acquired pneumonia (HAP) and ventilator-

associated pneumonia (VAP) are the leading nosocomial infections worldwide, and, 

among their most frequent causative agents, we may cite many Gram-negative (G−) 

bacteria (Pseudomonas aeruginosa, Klebsiella sp., Escherichia coli, Acinetobacter sp. 

or Enterobacter sp.; and, with lower prevalence, Serratia sp. or Stenotrophomonas 

maltophilia). In the clinical setting, the most common Gram-positive (G+) causative agent 

is, indisputably, S. aureus and, in some cases, community-acquired G+ bacteria such as 

S. pneumoniae (Figure 1.1C) (9, 10). While HAP, VAP, and Healthcare-associated 

pneumonia (HCAP) represent, in percentage, less than CAP hospitalizations (Figure 

1.1D), nosocomial pneumonia cases have a death rate that is almost four times that of 

CAP (11) (Figure 1.1E). And, getting to the root of the problem, this higher mortality is 

typically associated with high inherent antibiotic resistance rates especially among the 

G− bacteria causing HAP and VAP (10, 11). 
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Figure 1.1. Impact and causative agents of pneumonia. A: Top 15 global death causes in 2016 (2). B: 
Causative agents of CAP (12). C: Causative agents of HAP or VAP (13). D: Percentage of hospitalizations 
due to CAP, HCAP, HAP, and VAP among total hospital stays due to pneumonia (11). E: Percentages of 
death during hospitalization due to CAP, HCAP, HAP, and VAP (11). 

 

 

The introduction of antibiotics (1930-1940s) as antibacterial therapeutics changed for-

ever the way we handle bacterial infections. However, since antibiotics are just a part of 

the complex ecological system in which bacteria are included, microorganisms have also 

evolved mechanisms to evade their action. This is why the discovery of antibiotic re-

sistance (AMR) mechanisms was almost simultaneous to the beginning of their use as 

antimicrobials (14, 15). The extensive use of antibiotics as chemotherapeutic agents has 

thus provoked an additional evolutionary pressure that has historically led to the selec-

tion of resistant pathogenic strains. However, a good discovery pace of novel antibiotics 

allowed circumventing such problem in the clinic until rather recently. Nowadays, given 

the widespread use of antibiotics, AMR has become a serious health threat that has been 

called to be tackled by many public actors (16-20). In an already classically cited report, 

the Review on Antimicrobial Resistance estimated that, by 2050, the world would have 

as much as 10 million deaths due to AMR if the trends should continue, more than the 

current 8.3 million yearly deaths due to cancer (19). Although such estimations have a 

clear aim to stir the public opinion from a scientific point of view (and should be taken 

with care (21)) even such entities as the World Bank are already warning about the eco-

nomic perils of the AMR threat. They estimate that the world will suffer an annual shortfall 

loss between $1 and $3.4 trillion by 2013 due to AMR (22). 
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Figure 1.2. Evolution of antibiotic resistance in Europe in selected pathogens. Data adapted from 
European Centre for Disease Prevention and Control (ECDC) report on AMR (16). 

 

 

Looking at the AMR surveillance data from the ECDC, if a trend should be underlined, 

is that of a generally slow but steady decay (or, at least, a generalized non-increasing 

tendency) (Figure 1.2). However, it is difficult to assess the relevance of such a general 

trend, given the wide variety that is also observed between regions and pathogens (16). 

For example, while the methicillin-resistant S. aureus (MRSA) prevalence or that of ami-

noglycosides and carbapenem resistance in P. aeruginosa seem to decline over the 

2015−2019 period (Figure 1.2AD), the tendency is clearly reversed for the multi-drug 

resistant (MDR) Acinetobacter sp. (Figure 1.2C). On the other hand, the two bacterial 

pathogens responsible for most of the CAPs and HAP/VAPs, P. aeruginosa, and S. 

pneumoniae, show somewhat stable proportions of antibiotic resistance, in the range of 

10−20% (Figure 1.2AB). These percentages put them into the World Health Organiza-

tion (WHO) priority list of antibiotic-resistant bacteria for the development of novel anti-

microbials (18), together with other relevant pathogens such as S. aureus, Acinetobacter 

baumannii or other members of the so-called ESKAPE bugs (Enterococcus faecium, S. 

aureus, K. pneumoniae, A. baumannii, P. aeruginosa, Enterobacter sp.).  

 

As for the specific situation in Spain, a recent study yielded that, among P. aeruginosa 

clinical isolates, 17.3% were extensively drug-resistant (XDR), 8.8% MDR and non-XDR, 
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and 0.1% pandrug resistant (PDR)1 (24). Altogether, these numbers mean that Spain is 

at the European average percentage of resistance for P. aeruginosa, as confirmed by 

the ECDC latest report (16). For comparison, the lowest carbapenem-resistant P. aeru-

ginosa percentage recorded in Europe is below 1% (Iceland) and the highest one is 

above 50% (Romania) (Figure 1.3A).  

 

 

 

Figure 1.3. Regional distribution of antibiotic-resistant bacteria. A: Percentage of carbapenem-resistant 
P. aeruginosa isolates by country in the EU/EEA (16). B: Distribution of P. aeruginosa XDR phenotypes in 
Spanish regions, adapted from (24). C: Percentage of S. pneumoniae penicillin-resistant isolates (16). D: 
Percentage of carbapenem-resistant Acinetobacter sp. isolates (16). 

 

 

Another interesting point of such study is that the percentage of resistant isolates is 

much higher in samples from ICU patients than in those from other hospital wards, as it 

would be expected, thus further complicating the management of already problematic 

patients (24). Another trend that is replicated in Spain is the wide inter-regional variation 

of the resistance prevalence (Figure 1.3B), which implies that measures to counter AMR 

must be guided by local epidemiological data, rather than by general trends. Data from 

a Spanish hospital also underlines the negative impact of AMR on patient’s outcome, 

 
1 The common definition of MDR is “non-susceptibility to at least one agent in at least three antibiotic 

classes”, while XDR profile is “non-susceptibility to at least one agent in all but one or two antibiotic 
classes”. A related concept, PDR indicates that the strain is resistant to all of the antimicrobial agents 
considered (23).  
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rendering that P. aeruginosa infections by an MDR strain increase long-term mortality 

risk by more than 30% (25). While among G+ pathogens the classical main source of 

concern is MRSA, S. pneumoniae still poses a major epidemiological challenge due to a 

relatively high incidence among risk groups (20-30% in persons aged 65 or more by 2015 

(26)) and to serotype replacement. The latter phenomenon is due to the nature of the 

currently used pneumococcal vaccines, which are made up of capsular polysaccharides 

from a series of prevalent serotypes. The fact that only a certain set of the more than 98 

pneumococcal serotypes are included in these vaccines leads to the evolutionary selec-

tion of non-vaccine serotypes, that tend to epidemiologically replace those against which 

vaccines provide protection (27). Adding to those issues, there is a relevant percentage 

of penicillin or macrolide-resistant strains which, in the case of Spain, is in the range of 

10−25% (Figure 1.3C). Although the more recent trend is towards a slow decrease in 

the resistance prevalence, a wide historical series shows a general increase (from the 

≈10% resistance to macrolides in the early 1990s up to the ≈30% in the 2000s) that must 

be surveilled and tackled (28). This is even more so if we consider the variability in re-

sistant phenotypes among serotypes and the phenomenon of serotype replacement (29, 

30). Anyway, by all means, the higher AMR epidemiological representative in Spain is 

Acinetobacter sp., with a current carbapenem resistance percentage >50% (Figure 

1.3D). The time series from the late 1990s to nowadays is also worrying, with some 

hospitals reporting up to 80-90% of strains resistant to a somewhat wide range of antibi-

otics (31, 32). This reveals an alarming situation that also merits close monitoring. 

Higher AMR rates have been associated with the misuse and abuse of antibiotics both 

at an individual and population level (33, 34). To worsen the problem, the new antibiotics 

pipeline has dried out since the 1980s (35), rendering that there are no new drugs to 

make up for the ones to which bacteria are becoming resistant. Therefore, antimicrobial 

stewardship2 programs have been proposed and implemented to try and control antibi-

otic use and lengthen the effective life of currently available drugs (36). It might be a 

temptation to link the apparent decrease in resistance among some bacterial populations 

to a rationalization of antibiotics use. However, the highly heterogeneous implementation 

of such interventions, together with the great difficulties of their evaluation (37), discour-

ages considering that the current measures are working. The enormous variability in 

AMR management and prevalence depending on bacterial species, antimicrobial group, 

and geographical region should also prevent any overly optimistic conclusion (16). For 

 
2 The term “stewardship” has proven to be rather difficult to translate, given the lack of equivalent terms 

in many languages. So, antibiotic stewardship programs have been labelled as “bon usage des antibi-
otiques” in French, “rationaler Einsatz von Antibiotika” in German or “programas de optimización de uso 
de antimicrobianos (PROA)” in Spanish. 
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example, as is the case for many other issues, low and middle-income countries have a 

disproportionately large burden due to AMR in comparison with high-income regions 

(19). In this case, multipronged approaches are especially needed. Too much focus in 

the healthcare sector, as it is usual for AMR management particularly in high-income 

countries, would require an important investment and a strong infrastructure that is lack-

ing in poor economies (38). Particularly, improving sanitation is expected to have a very 

high impact in low to middle-income countries (19). On the other hand, weak governance, 

impervious social beliefs or low public awareness make technological approaches (intro-

duction of novel antimicrobials, etc.) more viable as a “quick-fix” in these settings, alt-

hough it would obviously require adequate funding (38). 

Whichever the case, a general conclusion is that, since the surveyed bacterial popu-

lations thus far contain indisputably high AMR proportions, effective interventions should 

be enforced sooner rather than later. Or, as it has been said, being AMR a public health 

issue, in which individual actions affect broader populations, it “demands moral solutions 

because it represents situations in which each of us acting alone can produce a worse 

outcome than all of us working together” (39). Indeed, natural history is currently showing 

us the potential risks of ignoring the evolutionary forces operating on pathogenic micro-

organisms, and their close relationship to human action. In the meantime, academic, pre-

clinical, and clinical pipelines are already in place to deliver antimicrobial alternatives as 

soon as possible. 

 

2. RISE, FALL, AND RENAISSANCE OF PHAGE THERAPY 

One of the oldest alternatives to antibiotics is phage therapy: using bacteriophages 

⎯viruses that infect bacteria⎯ to control harming bacterial populations. The first phage-

related observation is considered to be that of a naturally occurring ‘phage therapy’, since 

Ernest Hankin pointed out the bactericidal ability of river water against Vibrio cholerae in 

1896, although whether such reference can be considered a phage observation or not is 

currently disputed (40). About the same time (1898), the Russian bacteriologist Nikolái 

Gamaleya observed a ‘transmissible lytic agent’ specifically active against Bacillus sub-

tilis (41). Nonetheless, the formal discovery of phages, at least in the West, is considered 

to be related to the independent observations of Frederick Twort (1915) and Felix 

d’Herelle (1917) (42-44). While it is generally accepted that Twort was the first to suggest 

that a virus was indeed the agent that killed bacteria, it was d’Herelle who coined the 

term ‘bacteriophage’ (from the Greek, literally meaning ‘bacteria eater’). He was also the 

first to propose using such infectious particles to treat bacterial infections, starting in 1919 

by having dysentery patients ingest bacteriophage solutions, although he did not publish 
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his results until 1931 (45). Although many early studies following d’Herelle’s contribution 

addressed the potential use of phage as therapeutics (46), since then, the history of 

phage therapy became clearly bifurcated. With the discovery of antibiotics (Fleming’s 

seminal paper on penicillin is dated in 1929) (47) and their extensive therapeutic intro-

duction (which began around 1942), the Western world disengaged from phage therapy 

research and commercial production of phages (Figure 1.4), which had already started 

both in Western Europe and the US around 1940. The reasons for this disengagement 

were probably an apparently superior efficacy of antibiotic therapy, together with their 

non-infective nature, but also a certain controversy about the robustness of the phage 

therapy trials back then (46).  

 

 

 

Figure 1.4. Timeline of the major events in phage therapy and antibiotics. Taken from (48). 

 

 

Nonetheless, phages were continued to be used as a complement or alternative to 

antibiotics in Eastern Europe and, particularly, in the (former) Soviet Union. Two institu-

tions maintained the phage therapy legacy in the East: the Eliava Institute of Bacterio-

phage, Microbiology and Virology, in Tbilisi, Georgia, and the Ludwik Hirszfeld Institute 

of Immunology and Experimental Therapy, in Wroclaw, Poland (49). As a conclusion 

thus far, the ‘Golden Age’ of antibiotic development (1940−1970) completely prevented 

the good fortune of phage therapy as a real alternative, especially in the West, and, while 

intense research still continued in Eastern Europe, several alleged problems of phage 

therapy and their research contributed to precluding its wide use as prophylactics or 
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therapy. Among such problems, Sulakvelidze et al. cite: i) a narrow host range of phages 

that may have contributed to produce negative results in trials due to a defective pre-

screening process against the targeted bacterial strain; ii) insufficient purity of early ther-

apeutic phage preparations (including the presence of inflammatory endotoxins); iii) low 

stability or viability of phage solutions; iv) lack of knowledge on the mechanism of action 

of phages (e.g., temperate phages do not produce generalized lysis); v) exaggerated 

claims of effectiveness of commercial phage preparations; vi) failure to establish con-

vincing scientific proof of efficacy, mainly due to studies lacking placebo controls or sub-

jective interpretation when placebo controls were used (46). 

Since those early reports, the landscape of antimicrobial therapy has changed a lot. 

With the ‘dry pipeline’ of new antibiotics and the rise of AMR, a true ‘renaissance’ of the 

phage therapy concept has occurred. The newly sparked interest in phages has granted 

new efforts to gather evidence supporting this alternative therapy. Although the first ran-

domized and controlled trial of phage therapy was conducted back in 1966 (50), the first 

one to have an impact in the phage therapy renaissance era was published in 2009 (51). 

In that trial, the safety of a topical phage preparation was proven, and no differences 

were found between treatment groups in terms of efficacy. Similar results have been 

provided by a series of later trials examining different routes of administration (topical, 

oral, intravenous…) (48). Thus, safety can be considered proven not only by the classical 

evidence of almost 100 years of safe use of phage therapy in Eastern Europe but also 

by recent clinical trials that comply with current standards. In fact, the oldest reports of 

alarming side effects (i.e., inflammatory or anaphylactic reactions) can be attributed to 

contaminants from early phage preparations (probably, lipopolysaccharides or other mol-

ecules from the bacterial host) (48). Other concerns of phage therapy, such as the in-

volvement of phages in transmitting virulence factors or resistance genes can be also 

overcome by current technology (for example, by examining the phage genomes before 

their application and issuing some sort of ‘genetic passport’ for phages used for therapy, 

discarding temperate phages and using exclusively virulent ones). Nonetheless, since 

most proteins are still hypothetical, with no experimental data to clarify their function, this 

may pose an important challenge in practically implementing phage therapy. 

Phage therapy trials have also experienced some drawbacks in this new renaissance 

era. The trial Phagoburn, for example, which ran between 2015 and 2017 to evaluate 

the topical treatment of burn wounds infected with P. aeruginosa with a 12 phages cock-

tail, failed to live up to expectations (52). While, again, they reported no side effects due 

to the phage product, and the cocktail decreased the bacterial load in the wounds, this 

decrease happened at a slower rate than with the standard-of-care treatment (thus su-

periority or non-inferiority was not proven). The main reasons for this failure have been 
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cited to be a diminishing in the phage titers of the cocktail after manufacturing (thus pa-

tients received less than the initially expected dose) and also that some bacterial strains 

from the patients were resistant to the phages in the cocktail (52). Other studies that took 

place between 2005 and 2017 on the safety and efficacy of an oral administration of 

phages to treat diarrheal disease failed to detect viral replication in the gut of healthy 

individuals nor patients, and no significant beneficial effects were found for phage ther-

apy in comparison with standard-of-care (53). These issues, which have been mainly 

attributed to experimental design mistakes (54), have not precluded, however, the con-

tinuance of phage therapy trials with different approaches. For example, in 2018, a phage 

cocktail was tested as a prebiotic to treat gut dysbiosis with some success in reducing 

symptoms of intestinal inflammation (55). Other clinical trials are also underway, either 

in phase 1-2 (NCT02664740, NCT03808103) or entering phase 3 (NCT03140085).  

 

 

 

Figure 1.5. Geographic distribution of institutions that have participated in compassionate phage 
therapy cases or have demonstrated interest to do so. Taken from (56). 

 

 

Nonetheless, the translation of phage therapy from the lab to the bedside must still 

walk a long way. The so-called ‘compassionate use’, however, can shorten such a 
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journey. It is known as compassionate use the application of not yet approved drugs or 

medical devices, without the coverage of a clinical trial, on a specific patient whose con-

dition precludes the successful use of approved therapies (56). The advantages of com-

passionate phage therapy are: i) the possibility of immediate clinical use for a particular 

need or patient; ii) obtaining data to inform future work and iii) its applicability to virtually 

any form of phage therapy, provided that the conditions for compassionate use are ful-

filled (48, 56). There have been many examples of successful compassionate phage 

therapy in literature, many of them encouraging the practical possibility of introducing 

phage therapy in clinical practice (Figure 1.5). However, the drawbacks of the recent 

clinical trials suggest that perhaps the approach should substantially vary to achieve 

some sort of universally recognized success.  

To begin with, phages are known to attack specific bacterial hosts: often they are 

species-specific, sometimes even they only target a limited number of strains. Secondly, 

the nature of strictly virulent phages, which imposes bacterial host killing for their propa-

gation, produces, as a consequence, an antagonistic co-evolution between host and par-

asite (54). In this reciprocal evolution, the host (bacterium) evolves to acquire resistance 

to phage infection, and, thus, this provokes the selection of phages able to overcome 

said resistance. This dynamic behavior makes phages indisputably different than other 

antimicrobials. Therefore, the current understanding of phage therapy is drifting away 

from the common chemotherapeutic framework of ‘static’ drugs (i.e., antibiotics: one spe-

cific drug is approved and marketed for a given application). In this way, the proposed 

future for phage therapy works more like a ‘personalized’ or ‘precision therapy’, in which 

the infective bacteria isolated from the patient are screened against a ‘phage library’ from 

which the more suitable phages, i.e., to which the bacteria are susceptible, are chosen 

for the treatment (54, 57). In fact, in most of the more recent successful case reports of 

phage therapy, phages were selected to target the patient’s infecting strains and even 

phage mutants have been selected in vitro with enhanced therapeutic properties (58, 

59). This new paradigm even gives room to some theoretical elaboration, such as the 

one presented by J. P. Pirnay: a world in which the infectious bacterium is automatically 

identified by genome analysis and a suited phage to treat it is then synthesized based 

on an artificial intelligence-driven platform (60). What this latter approach generally lacks 

nowadays is a consistent legal framework. The most advanced experience in this direc-

tion is that of Queen Astrid’s Military Hospital in Belgium, favored by the acceptance of 

phage therapy as magistral preparations (61). Under European law, a magistral prepa-

ration is “any medicinal product prepared in a pharmacy in accordance with a medical 

prescription for an individual patient” (European Directive 2001/83/CE, Art. 3). Therefore, 

the proposal was to consider phages as active pharmaceutical ingredients of magistral 
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preparations to be delivered to specific patients under the direct responsibility of a med-

ical doctor and a (hospital) pharmacist. Requirements for this framework were, basically, 

the production and external quality control of the phage active ingredients based on an 

ad hoc monograph (which, in this case, was jointly prepared by experts in the Queen 

Astrid military hospital, the national regulatory agency, and the Belgian Institute of Public 

Health). Under this regulation, phage therapy can be currently administered in Belgium. 

This experience proves that the use of phage therapy requires, first of all, an expert 

initiative (given the special character of phage as medicines), and then the awareness 

(and will to collaborate) of the competent authorities to set up a suitable regulatory frame-

work, preferably within the limits of the current regulation. In Spain, the case for compas-

sionate use or a magistral phage preparation is uncertain. The competent agency (Agen-

cia Española de Medicamentos y Productos Sanitarios, AEMPS) has not issued an offi-

cial opinion on phage therapy. In early 2020, a group of experts from the FAGOMA net-

work (62), comprising researchers in phage and phage-derived products and their bio-

medical application (including the author of this thesis and his thesis supervisor), com-

piled a comprehensive dossier on the current phage therapy state-of-the-art for the 

AEMPS. The agency is currently reviewing it, and an official statement on the matter is 

still, supposedly, on its way. 

Despite all these efforts, the industrial and financial ecosystem still prefers, nowadays, 

a phage cocktail-based approach, more in tune with the current pharmacoeconomic 

model (54). Given the difficulties that such ‘universal’ phage cocktails have encountered 

in their development, some other alternatives have arisen. 

 

3. REPURPOSING PHAGE LYSINS AS ANTIMICROBIALS: ENZYBIOTICS 

Not all phages lyse the host bacterial cell to release the progeny, but the ones that do 

so in the course of their infective cycle (Figure 1.6) have devoted an important number 

of genetic resources to the lysis itself. Lysis is accomplished by breaking the bacterial 

outer barriers. This is to say that, for lysis to occur, the cell wall must be broken. The 

bacterial cell wall is an essential and highly conserved structure that is found in a few 

different arrangements among bacteria. It always contains a layer of a conserved and 

complex polymer, the peptidoglycan, which is made up of a glycan strand (composed of 

alternating β-(1,4)-linked residues of N-acetylglucosamine [NAG] and N-acetylmuramic 

acid [MurNAc]) linked to a peptide subunit of three to five alternating L- and D- amino 

acids (aa) that stems out of the MurNAc. 
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Figure 1.6. Phage infective cycles. Relevant steps of the lytic and lysogenic cycles of phages are ex-
plained. 

 

 

The peptide subunits of different glycan strands are cross-linked to each other, on 

many occasions through an interpeptide bridge of variable length (Figure 1.7A). The 

specific composition and structure of peptidoglycan is a taxonomical trait, i.e., phyloge-

netically close bacteria tend to display the same peptidoglycan variants (63). Among the 

many essential functions of the cell wall, it works as a limiting barrier that provides the 

cell its shape, facilitates and regulates the exchange of substances between the bacte-

rium and the environment and contains the osmotic pressure due to the solute-crowded 

cytoplasm in comparison with the hypotonic outside (64). The capital importance of the 

cell wall in general and of peptidoglycan in particular makes it a most relevant target for 

antibacterial drugs. In fact, the first-ever discovered group of antibiotics, β-lactams, to-

gether with many others, target the molecular machinery that is responsible for synthe-

sizing or remodeling cell wall components such as the peptidoglycan itself. This is also 

convenient since there is no eukaryotic counterpart to the bacterial cell wall, therefore 

antimicrobials that target such element and its biosynthesis/remodeling machinery have 

a lesser chance to harm eukaryotic hosts (65). Phages have evolved strategies to break 

this barrier, mainly by disrupting the peptidoglycan structure. They do so by timely ex-

pressing a particular enzyme, termed (endo)lysin, which functions as a murein hydrolase, 

i.e., by catalyzing the hydrolysis of specific bonds within the peptidoglycan mesh. 
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Figure 1.7. Peptidoglycan and cell wall structures. A: Schematic structure of peptidoglycan, including 
catalytic activities present among phage lysins with their cleavage sites. G = N-acetylglucosamine, M = N-
acetylmuramic acid, L = L-aa, D = D-aa. B, C, D: Schematic representation of the cell wall architectures of 
G+ (B), G− (C), and Mycobacterium and relative bacteria (D). IM = inner membrane, PG = peptidoglycan, 
LTAs = (lipo)teichoic acids, OM = outer membrane, LPS = lipopolysaccharides, AG = arabinogalactan, MA 
= mycolic acids. 

 

 

According to the bond they break, lysins can be classified into different catalytic ac-

tivities (Figure 1.7A) (66). A general classification relies on the peptidoglycan element 

they attack. In this regard, they are (i) glycosidases, if they target the peptidoglycan gly-

can bonds, (ii) N-acetylmuramoyl-L-alanine amidases (NAM-amidases, EC 3.5.1.28), if 

they break the bond between the glycan strand and the peptide subunit, and (iii) 

(endo)peptidases if they target any point within the peptide subunit or the interpeptide 

bridge (EC 3.4.X.X). Then, within these classes, different specific catalytic activities can 

be distinguished. Among glycosidases, some break the β(1,4) glycosidic bond between 

MurNAc and NAG, on the reducing side of the former. Depending on the mechanism, 

these enzymes can be either lytic transglycosylases (EC 4.2.2.n1), if they operate by a 

non-hydrolytic mechanism that cleaves the glycosidic bond by an intramolecular reac-

tion, resulting in an N-acetyl-1,6-anhydro-muramyl moiety; or N-acetylmuramidases (EC 

3.2.1.17), generically termed just ‘muramidases’ or ‘lysozymes’3, if they are true murein 

hydrolases. Peptidoglycan glycosidases can also break the bond between NAG and Mur-

NAc, on the reducing side of NAG, in which case they are N-acetylglucosaminidases (or 

just ‘glucosaminidases’, EC 3.2.1.52). Among murein peptidases, there are also a variety 

 
3 The term ‘lysozyme’ has provoked some equivocations in the literature. The generic ‘lysozyme’ has 

been used to name, in general, phage lysins, although its exact meaning is that of N-acetylmuramoyl-
β-1-4-N-acetylglucosamine hydrolase. This probably dates back to the historic naming of such en-
zymes, as the so-called T7 ‘lysozyme’, which is a misleading name, given that, actually, it is a NAM-
amidase (67).  
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of specific activities. The most common activities cleaving within the peptide subunit 

would be L-alanyl-D-glutamate endopeptidases or -D-glutamyl-meso-diaminopimelate 

endopeptidases (EC 3.4.19.11), while there exists a somewhat wide range of interpep-

tide bridge endopeptidases, given the already variable nature of such peptidoglycan 

component (there are, for example, D-alanyl-glycyl endopeptidases, glycyl-glycyl endo-

peptidases, etc.).  

 

 

 

Figure 1.8. Different phage-encoded lysis mechanisms. PG = peptidoglycan; IM = inner membrane. 

 

 

When the lysin is expressed, it reaches the periplasmic space and catalyzes the 

cleavage of certain peptidoglycan bonds. This disrupted peptidoglycan is no longer able 

to contain the osmotic pressure, and thus lysis occurs by osmotic shock. For the lysin to 

be able to reach the periplasm, additional phage gene products are required (Figure 

1.8). In particular, the canonical phage-mediated lysis theory implicated a second pro-

tein, the holin, which accumulates within the cytoplasmic membrane in such an arrange-

ment that produces non-specific pores through which lysins are leaked towards its poly-

meric target (68). A different strategy is that of the signal-anchor-release (SAR) endolysin 

(Figure 1.8). These lysins contain an N-terminal so-called SAR which engages the host 

sec mechanism that, therefore, exports the lysin, which then remains anchored to the 

cytoplasmic membrane. For the SAR-lysin to be released, a sort of holin intervenes, 

named pinholin, which creates thin pores in the membrane (with a nanometric diameter, 

in contrast with the micrometric range of the canonical holin channels). Such pores cause 

the membrane to depolarize, and such depolarization functions as a signal that causes 

the detachment and refolding of the SAR-lysin into a catalytically active conformation 
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(68, 69). Finally, there are some additional genes or lysis variants coupled to different 

arrangements of the cell wall. The G− cell wall differs from that of G+ in that the former 

contains just a thin peptidoglycan layer that is covered by an outer membrane (OM), 

while the latter has a thick peptidoglycan layer and, typically, an outer layer of 

(lipo)teichoic acids (Figure 1.7BC). The G− OM is composed, in its inner face, by phos-

pholipids, and in the outer one, by lipopolysaccharides (LPS). Since these LPS contain 

negatively charged phosphate groups, the OM is electrostatically stabilized by bound 

divalent cations (Mg2+, Ca2+). Given the presence of the OM, the phages that infect G− 

bacteria have evolved a unique strategy to overcome such barrier: spanins (Figure 1.8). 

Spanins are proteins that work either as a single molecule or as a two-component com-

plex to insert both in the inner and the outer membrane (by a transmembrane domain 

and a lipoylated end, respectively) and span the periplasm. The nonenzymatic action of 

spanins provokes the fusion of inner and outer membranes and the formation of lethal 

pores after lysin-mediated peptidoglycan degradation (70). It has been established that 

spanins are essential for effective lysis of G− bacteria (71). An additional element is pre-

sent in phages infecting Mycobacterium and some other Corynebacteriales (such as 

Rhodococcus or Corynebacterium). Although originally considered G+, these bacteria 

are, as G−, diderm (i.e., contain both an inner and an outer lipidic layer). In the case of 

Corynebacteriales, the outer layer is composed of an arabinogalactan moiety, covalently 

attached to the peptidoglycan and to an external coating of fatty acids, mainly mycolic 

acids (72) (Figure 1.7D). Due to this particular structure, the mycobacterial cell wall is 

sometimes referred to as a mycolyl-arabinogalactan-peptidoglycan complex. The pres-

ence of the mycolyl-arabinogalactan is an additional hurdle for bacterial lysis, therefore 

mycobacteriophages, corynephages, etc., usually encode an esterase activity that de-

taches the mycolic acids esterified to the arabinogalactan layer. This esterase activity is 

known as LysB (or lysin B) and cooperates with a canonical murein hydrolase (LysA or 

lysin A) to trigger bacterial lysis (73). 

This lytic arsenal, evolved by phages to specifically and efficiently lyse (and thus kill) 

their bacterial hosts, has been proposed to be repurposed for antibacterial means. To 

tell the whole story, the antimicrobial potential of lysozymes has been long known (even 

since Fleming’s reports of lysozyme in human secretions (74); or with many other reports 

or suggestions throughout phage research history). However, in our opinion, it was the 

seminal proposal by Vincent Fischetti et al. in 2001 (75, 76) that triggered the collective 

realization that a huge reservoir of genetic resources to fight harmful bacteria was out 

there to be profited (77). Since then, the exogenous use of recombinantly produced and 

purified lysins (and the scientific literature about it) has done nothing but grow. The con-

cept underlying the so-called ‘enzybiotics’ (lysins repurposed as antimicrobials) is 
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remarkably simple: since the lysin is the one phage molecule responsible for host lysis 

(‘from the inside’), let us use it ‘from the outside’, in a pure form, to kill infectious bacteria 

by inducing the breakage of their peptidoglycan. Since the introduction of the enzybiotic 

concept, many advantages have been pointed out advocating for their use, and very few 

drawbacks in comparison with antibiotics of whole virion phage therapy (Table 1.1). 

Among the advantages: i) a certain specificity towards the original bacterial host and 

some closely related bacteria, which would prevent normal microbiota to be harmed (78, 

79), or, conversely, the possibility to have broad-range lysins, if needed (80); ii) a lower 

chance to provoke the appearance of de novo resistant bacteria, which is thought to be 

because of the essential nature of the highly conserved peptidoglycan (this is, changes 

in its structure would lead to a decreased fitness and/or virulence) (81, 82); iii) neither 

adverse immune responses nor production of neutralizing antibodies are expected, pos-

sibly due to the usual presence of phages ―and their products― among the normal 

cohabitating microbial populations in humans (83). Besides, the particular mode-of-ac-

tion of lysins enables them to remain unaffected by antibiotic resistance mechanisms 

(i.e., they can be equally active against antibiotic-resistant strains), and they also display 

activity against metabolically inactive cells (e.g., persister cells).  

 

 

Table 1.1. Summary of some advantages and disadvantages of enzybiotics in comparison with anti-
biotics and phages. Cells are coloured to remark a negative feature (red), a positive one (green), or a 
somewhat neutral one (orange).  

Feature Antibiotics Phages Enzybiotics 

Specificity Low specificity 
Highly specific (species or strain-
specific) 

Highly specific, tunable specifi-
city 

Resistance 
Medium basal population re-
sistance proportions, easily se-
lected resistance genes 

Easily evolved resistance, but 
compensated by reciprocal host-
parasite co-evolution and high 
phage variability 

Low chance of resistance, re-
duced fitness/virulence in re-
sistant mutants 

Side effects 
Many known side effects (aller-
gies, dysbiosis, etc.) 

Absence of severe side effects Absence of severe side effects 

Pipeline 
Slowed-down pipeline since 
the 1980s 

High natural diversity, possibility to 
engineer ad hoc synthetic phages 

High natural diversity, possibil-
ity to engineer ad hoc synthetic 
phages. Very easy to manage 
in the lab 

Industrial 
production 

Currently worldwide produced 
May require specific infrastructure 
and expertise, especially under the 
personalized therapy paradigm 

Technology in place (experi-
ence from other biomedical het-
erologous proteins) 

Bedside 
handling 

Very easy, consolidated stand-
ard-of-care 

Easy administration, although may 
require joint expertise (or techno-
logical solutions) to couple diag-
nostic, prescription, and drug prep-
aration 

Easy, current protocols can be 
easily adjusted 

Regulatory 
status 

Approved and in use 
Only compassionate use or per-
sonalized magistral preparations. 
Some infrastructure in place. 

Ongoing clinical trials 

 

 

This said, the actual behavior of lysins as antimicrobials will not be fully apprehended 

until their introduction in the clinic. For example, a recent review suggests that horizontal 



INTRODUCTION   | 

41 
 

gene transfer, a not easily reproduced evolutionary force in laboratory conditions, may 

spread lysin resistance from those intrinsically resistant species to the initially suscepti-

ble ones (84). On the other hand, the same work suggests that the higher cost of lysin-

based therapy compared with antibiotics would probably restrict its misuse and thus 

lessen the concerns of forcing the evolution towards generalized resistance. 

It is also worth mentioning that there are many examples in the literature of synergy4 

between enzybiotics and antibiotics, allowing the formulation of complementary combi-

nation therapies that could also include the current standard-of-care drugs (85), and they 

can also act synergistically with each other due to them breaking different peptidoglycan 

bonds (86). The process of killing bacteria using lysins is straightforward in the case of 

G+ bacteria, whose peptidoglycan is readily available from without. Thus, the therapeutic 

potential of lysins against G+ has been extensively proven both in vitro and in vivo for a 

wide variety of bacteria (Table 1.2). Another important benefit of enzybiotics is that they 

very well fit in the traditional new drugs regulatory path. As a consequence, there are 

many companies around the world investing in enzybiotic therapeutics5, and even some 

clinical trials are underway (87) (NCT03089697), with at least one entering Phase III 

(NCT04160468). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4 A synergistic activity is defined as the one that arises from the cooperative action of two or more 

agents in such a way that the result of the combined action is greater than the mere sum of the activities 
of each of the agents involved. 
5 Some of the companies currently engaged in developing enzybiotic products are: ContraFect 

(https://www.contrafect.com), iNtRON Biotechnology, Lysando (www.lysando.com), GangaGen 
(https://gangagen.com), Telum Therapeutics (https://telumtherapeutics.com), Micreos (https://www.mi-
creos.com) or Bioharmony Therapeutics (https://bioharmonytherapeutics.com). 

https://www.contrafect.com/
http://www.lysando.com/
https://gangagen.com/
https://telumtherapeutics.com/
https://www.micreos.com/
https://www.micreos.com/
https://bioharmonytherapeutics.com/


|   INTRODUCTION 

42 
 

Table 1.2. Some examples of phage lysins experimentally proven as enzybiotics against G+ and My-
cobacterium. Taken from (83). 

Species Lysin/phage 
Susceptible 
bacteria tested 

Methodology used 
Acc. No.; com-
ments 

Refer-
ences 

In vitro In vivo 

S. pneumoniae             

  Pal/Dp-1 
Pneumococci 
and relatives 

Biofilm; synergy with 
Cpl-1 

Colonization and 
sepsis (mice) 

O03979 
(76, 88-
90) 

 

  Cpl-1/Cp-1 
Pneumococci 
and relatives 

Biofilm; synergy with 
Pal and antibiotics; 
cell culture 

Colonization, otitis, 
pneumonia, sepsis 
(mice) 

P15057 (88-97)  

  LytA 
Pneumococci 
and relatives 

Biofilm Sepsis (mice) 
P06653; major 
autolysin 

(90, 98) 

 

 

  Cpl-7/Cp-7 
Streptococci; 
other G+ 

Biofilm   P19385 (97, 99)  

  Cpl-7S 
Streptococci; 
other G+ 

Cell culture 
Colonization (mice), 
pneumococcal in-
fection (zebrafish) 

Engineered pro-
tein 

(97, 99)  

  Cpl-711 
Pneumococci 
and relatives 

Biofilm, synergy with 
antibiotics; cell culture; 
synergy with PL3 

Colonization and 
sepsis (mice), pneu-
mococcal infection 
(zebrafish)  

Chimera of Cpl-7 
and Cpl-1 

(80, 86, 
97) 

 

 

  PL3 
Pneumococci 
and relatives 

Biofilm; synergy with 
Cpl-711 

Pneumococcal in-
fection (zebrafish) 

Chimera of Pal 
and LytA 

(86, 100)  

GAS   

  PlyC/C1 
GAS and other 
streptococci 

Biofilm, cell culture (in-
tracellular killing of 
GAS) 

Colonization (mice)  J7M5V6 
(75, 101, 
102) 

 

  
PlyPy/MGAS315 
prophage 

GAS and other 
streptococci 

  Sepsis (mice) AAM79913 (103)  

S. agalactiae (GBS)  

  PlyGBS 
GAS, GBS and 
other strepto-
cocci 

  Colonization (mice) Q5MY96 
(104, 
105) 
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Table 1.2 (Cont.). Some examples of phage lysins experimentally proven as enzybiotics against G+. 
Taken from (83). 

Species Lysin/phage 
Susceptible 
bacteria tested 

Methodology used 
Acc. No.; comments References 

In vitro In vivo 

S. aureus             

  Lysostaphin Staphylococci 

Biofilm, synergy 
with LysK, CHAPK 
and antibiotics, 
controlled release 

Sepsis and coloniza-
tion (mice, rats) 

P10547; from Sta-
phylococcus simu-
lans 

(81, 106-
117)  

 

  LysK/K Staphylococci 
Biofilm, complex 
with peptides 

  Q6Y7T6 
(116, 118, 
119) 

 

  CHAPK Staphylococci 
Biofilm, synergy 
with lysostaphin, 
controlled release  

Colonization (mice) 
CHAP domain of 
LysK 

(117, 120-
123) 

 

 

  ClyS Staphylococci 
Synergy with oxacil-
lin and vancomycin 

Colonization and 
septicemia (mice) 

Chimera of Twort 
phage lysin 
(O56788) and 
phiNM3 phage lysin 
(Q2FWV2) 

(124)  

  SAL-1/SAP-1 Staphylococci Biofilm 

Bacteremia (mice), 
toxicity and pharma-
cokinetics (rats, 
dogs, monkeys), 
pharmacokinetics 
and pharmacody-
namics (healthy hu-
mans) 

SAL200 is a drug 
formulation of SAL-
1 

(87, 125-
128) 

 

 

  P128 Staphylococci 
Biofilm activity, cell 
culture, synergy 
with antibiotics 

Colonization and 
sepsis (rats) 

Chimera of Gp57 
(Q6Y7R1) and lyso-
staphin. Under clini-
cal testing 

(129-136) 
 

 

  LysGH15/GH15 Staphylococci Biofilm 
Sepsis and pneumo-
nia (mice) 

D6QY02 (137-141) 
 

 

  

CF-301 
(PlySs2)/S. suis 
9/1591 
prophage 

S. aureus, S. 
pyogenes, S. 
pneumoniae; 
other G+ 

Biofilm, synergy 
with antibiotics  

Sepsis (mice) 
M1NS67; under 
clinical testing 

(82, 142, 
143) 

 

 

  ClyF Staphylococci Biofilm  Sepsis (mice) 
Chimera of Ply187 
(O56785) and 
PlySs2 

(144) 
 

 

Mycobacterium sp.   

  LysB/Ms6 Mycobacteria 
Growth inhibition 
with surfactants 

  Q9ZX49; esterase (145, 146)  

  LysB/Bxz2 Mycobacteria 
Growth inhibition 
with surfactants 

  Q9FZR9; esterase (145)  

  LysA/BTCU-1 Mycobacteria Cell culture   
O64203; intracellu-
lar killing of M. 
smegmatis 

(147)  

  LysB/BTCU-1 Mycobacteria Cell culture   

R9R591; intracellu-
lar killing of M. 
smegmatis; ester-
ase 

(147)  
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4. SECOND GENERATION ENZYBIOTICS: CHIMERIC LYSINS 

Another huge advantage of phage lysins is their very well described modular archi-

tecture. This is to say that phage lysins are typically composed of several different func-

tional modules, usually an enzymatically active domain (EAD), which catalyzes the cleav-

age of the peptidoglycan mesh, and a cell wall binding domain (CWBD), which serves to 

recognize and bind a target ligand within the cell wall, directing the lysin towards its sub-

strate (78). This structure appears especially among lysins from phages that infect G+, 

whereas it is not so common among those of G− (which more typically bear monomod-

ular lysins, harboring a single EAD). The modularity of phage lysins makes them ame-

nable for synthetic biology strategies based on the construction of chimeric proteins, 

made up of modules from different origins. This was early shown by our laboratory as 

proof of the modular evolution of lytic enzymes from the system of S. pneumoniae and 

its phages (148). Recently, a periodization for lysins research has been proposed (149), 

according to which the first generation of lysin-based therapeutics was that of wild type 

lysins, then the second generation is that of lysins engineered (either by the combination 

of modules or by other strategies) to improve biochemical properties (bactericidal activ-

ity, stability…). The third generation, which will be reviewed later on, is that of engineered 

lysins with improved clinical properties (bioavailability, biocompatibility, and half-life) 

(Figure 1.9).  

 

 

 

Figure 1.9. Periodization of lysin-based antimicrobials research. 

 

 

In our laboratory, several chimeric lysins have been constructed within a second-gen-

eration framework, to either improve activity (Cpl-711, PL3) or to tune the activity range 
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(Csl2, Figure 1.10) (80, 100, 150). Cpl-711 was constructed by fusing the N-terminal 

EAD of Cpl-7, the lysin of pneumococcal phage Cp-7, which is a muramidase domain 

from the Glyco_hydro_25 (PF01183) family, to the linker and C-terminal CWBD of Cpl-

1, lysin of Cp-1 phage. Such CWBD (from family CW_binding_16, PF01473, made up of 

six almost perfect repeats) has the peculiarity that it specifically recognizes the choline 

residues found within the teichoic acids of pneumococci and some other related bacteria. 

Thus, such repeats are named “choline-binding repeats” (CBRs), and the CWBD has 

been also termed “choline-binding domain” (CBD). The CBDs are common elements of 

relevant surface proteins within the pneumococcal system, and thus the presence of 

choline in the pneumococcal teichoic acids is a required trait for it to maintain normal 

physiology (151). The original CWBD of Cpl-7, on the contrary, belongs to family CW_7 

(PF08230) and it recognizes a conserved and widespread peptidoglycan motif (152); 

therefore, it is not as specific as Cpl-1 or Cpl-711.  

 

 

 

Figure 1.10. Engineered enzybiotics previously constructed at the Host-Parasite Interplay in Pneu-
mococcal Infection group of CIB Margarita Salas. Chimeric lysins are those indicated in a blue-shaded 
frame.  

 

 

 
6 CW_binding_1 family has been renamed as Choline_bind_1 in the latest Pfam version (34.0). How-

ever, the name CW_binding_1 was maintained in this thesis for coherence with the many results pre-
sented (for example, in RESULTS Chapter 1) based on a previous Pfam release. 
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The chimera Cpl-711 was found to be more efficient as an antimicrobial than both 

parental Cpl-7 and Cpl-1 enzymes (80, 86, 97). Since the EAD of Cpl-1 and the one of 

Cpl-711 is the only differing section between both enzymes, it was speculated that the 

improved activity of Cpl-711 relative to Cpl-1 was due to Cpl-7 EAD having evolved to-

wards a higher catalytic efficiency given that the parental wild type enzyme contains a 

less specialized CWBD (80). Cpl-711 has been tested both in vitro and in vivo in a variety 

of settings, such as pneumococcal biofilms (80), to prevent pneumococcal carrier-state 

in an in vivo murine model (97), or in synergy with antibiotics (85). PL3 was a similar 

case of artificial evolution of lysins by a rational combination of domains. In this case, the 

EAD of Pal, lysin of the pneumococcal phage Dp-1, which is a NAM-amidase belonging 

to the Amidase_5 family (PF05382), was fused to the last four C-terminal CBRs of S. 

pneumoniae major autolysin LytA, preserving the linker and first two CBRs of Pal. PL3 

was equally superior to both parental enzymes in terms of antimicrobial activity (86, 100). 

A synergistic action between both chimeric enzymes, Cpl-711 and PL3, has been ob-

served, proposed to be because they cleave different peptidoglycan bonds. Such syn-

ergy has enabled to lower the dose of enzymes needed to achieve an in vivo therapeutic 

effect down to minimum amounts (86). Csl2 was constructed to check whether slightly 

different versions of CWBDs from CW_7 had different bacterial specificities. Thus, Csl2 

is a version of Cpl-7 but bearing the CWBD of lysin LySMP from the Streptococcus suis 

SMP phage. Csl2 was shown to have a lytic preference for S. suis strains in comparison 

with the parental Cpl-7 (150). Engineering by point mutation was applied in the case of 

lysin Cpl-7S to invert the net charge of its CWBD (making it more positive), on the basis 

that a higher net charge would allow better interaction with the negatively charged bac-

terial surface (153). Using this approach, a broad-range lysin was obtained with a more 

potent bactericidal effect than the parental Cpl-7 (99). 

Currently, chimeric lysins generation has been elevated to the next level by applying 

a custom, high throughput cloning platform based on type IIs restriction enzymes termed 

‘VersaTile’, developed by the group of Yves Briers at Ghent University (154). The main 

advantage of these kind of strategy is that it enables to massively construct and then test 

many modules and chimeric variants at once. Therefore, many interesting conclusions 

can be reached, such as rational ‘construction rules’ for further engineering (155), or 

variants enriched against a certain target or bearing specific traits of interest (154). With 

these novel tools, a remarkable advance in the synthetic biology of modular lysins is 

warranted for the next few years. 
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5. ENZYBIOTICS AND GRAM-NEGATIVE BACTERIA 

Second-generation lysins have been especially useful to overcome the OM (156). 

Indeed, for some time since the foundational proposal of lysins as a new generation of 

antimicrobials for the post-antibiotic era, G− bacteria had been deemed refractory to ly-

sins activity when added from without the cell. The explanation relied on the presence of 

the G− OM, which would act as a permeability barrier to prevent the lysin from reaching 

its target, the bacterial peptidoglycan. Many initial attempts at enabling lysins activity 

from without against G− bacteria used co-administered OM-permeabilizing molecules 

(e.g., EDTA, organic acids, essential oils, etc., Figure 1.11A) with good outcomes in 

terms of bactericidal activity (99, 157, 158). However, although these combinations may 

be readily applicable in fields such as food preservation, the co-administration of OM-

permeabilizers could prove challenging or even impracticable for in vivo treatments. Due 

to this potential difficulty, later approaches focused on the engineering of the enzymes 

themselves (Figure 1.11B). The common approach is the fusion of the enzyme to mem-

brane-interacting parts of a diverse nature, giving rise to some lysin-based neologisms: 

i) artilysins, lysins fused to OM-permeabilizing antimicrobial peptides (AMPs) (159), ii) 

lysocins, fusions with bacteriocin elements (160), iii) innolysins, containing phage recep-

tor binding proteins (161). Irrespective of the name (i.e., of the identity of the additional 

membrane-active part), all such chimeras should be considered under the same anti-G− 

paradigm.  

 

 

Figure 1.11. Strategies to render G− bacteria susceptible to exogenously added lysins. A: Use of wild-
type lysins in combination with OM permeabilizing agents (such as EDTA, essential oils, or organic acids). 
B: Generation of synthetic lysins containing membrane-active parts (such as AMPs, receptor binding pro-
teins, or bacteriocin elements). C: Intrinsically active enzymes from without the G− cell. 
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Although the first attempts to test the antimicrobial activity of wild type lysins against 

G− bacteria failed to convey as exciting results as those rendered by their G+ counter-

parts, there already were several notions in the literature suggesting an intrinsic ability 

of some phage lysins to interact with the G− surface with a bactericidal effect, mostly 

from the laboratory of Prof. Tanji Yasunori in the early 2000s (162-164). Such reports 

pointed out to non-enzymatic elements (normally located at C-terminal region) within the 

very proteins, capable of killing bacteria via membrane damage in a similar way as AMPs 

do, and as previously hinted for common lysozymes (165, 166) and later also for those 

of phage origin (167). More recent reports have since also joined such evidence, sug-

gesting that the AMP-like subdomains represent a relatively common trait, and even pro-

posing the use of peptides based on these elements as AMPs or parts for further devel-

opment of antimicrobials (168-171). It has been suggested that such AMP-like elements 

might cooperate to host lysis by providing an additional affinity towards the cell wall, 

because of their high net charge (172-174). Such AMP-like elements could be either an 

alternative to the CWBDs found in multimodular G+ phage lysins for substrate binding or 

additional aid to G− lysis due to their ability to interact with membranes (172). However, 

it has not been yet properly examined how widespread this trait would actually be, and, 

therefore, its true functional and evolutionary implications are largely unknown. Either as 

wild-type enzymes co-administered or not with permeabilizing agents or as engineered 

ones, there already exists a remarkable body of evidence that advocates for the possi-

bility of using enzybiotics also against G− bacteria (Table 1.3). 

On another subject, AMPs have also long been considered as a possible alternative 

to antibiotics. AMPs are small proteinaceous molecules with activity against microbial 

pathogens. The main mechanism by which AMPs have been said to kill microorganisms 

is membrane disruption, although some other modes of action have also been proposed, 

such as intracellular components targeting, interference with cell wall synthesis, or dis-

placement of membrane proteins (175). Among some of the cited advantages of AMPs 

are a slower emergence of resistance, good antibiofilm activity, and immunomodulatory 

properties (176). Some AMPs are a part of the innate immune response, but the general 

AMP reservoir is broad, as it includes many sources among all of life’s domains, as well 

as, being proteins, AMPs can be relatively easily designed, tuned, and synthesized. The 

latest literature implies that AMPs can also be derived from phage lysins, particularly 

from those of phages that infect G− bacteria (167, 169).  
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Table 1.3. Some examples of phage lysins experimentally proven as enzybiotics against Gram-neg-
ative bacteria. Taken from (83). 

Species Lysin/phage 
Susceptible  
bacteria tested 

Methodology used Acc. No.; comments References 

P. aeruginosa         

  
Lys1521/Bacillus amylolique-
faciens phage 

G– Activity on intact bacteria Q94ML9 (162-164) 

  EL188/EL G– 
Activity on permeabilized 
bacteria 

CAG27282 (157, 177) 

  KZ144/fKZ G– 
Activity on permeabilized 
bacteria 

AAL83045 (177, 178) 

  OBPgp279/OBP G– Activity on intact bacteria YP_004958186 (179) 

  Art-175 G– Activity on intact bacteria 
Chimera of KZ144 
and SMAP-29 peptide 

(180, 181) 

  LysPA26/JD010 G– 
Activity on intact bacteria, 
biofilm 

A0A1V0EFL1 (170) 

A. baumannii         

  LysAB2/FAB2 G– and S. aureus 

Activity on intact bacteria  

F1BCP4 (171, 182) In vivo: sepsis (mice) 

 

  LysABP-01/ØABP-01 G– 
Activity on intact bacteria; 
synergy with colistin 

KF548002 (183) 

  PlyAB1/Abp1 A. baumannii Activity on intact bacteria YP_008058242 (184) 

  PlyF307/RL-2015 
A. baumannii; ot-
ther G– 

Activity on intact bacteria, 
biofilm 

AJG41873 (169, 185) 
In vivo: sepsis (mice) 

 

  
LysAB3/A. baumannii ATCC 
17978 prophage 

A. baumannii Activity on intact bacteria ABO12027 (186) 

  
LysAB4/A. baumannii ATCC 
17978 prophage 

A. baumannii Activity on intact bacteria CP000521 (186) 

E. coli           

  Lysep3/Ep3 
E. coli,  
P. aeruginosa 

Activity on permeabilized 
bacteria  

A0A088FRS5 (187) 

 

  Lysep3-D8 
G–, Streptococcus 
sp. 

Activity on intact bacteria 
Chimera of Lysep3 
and Lys1521 

(Q94ML9) 

(188)  

  Colicin-lysep3 E. coli 
Activity on intact bacteria 

Chimera of Lysep3 
and colicin A 
(Q47108) 

(189) 
 

In vivo: intestinal infection  

  EndoT5/T5 E. coli  
Activity on permeabilized 
bacteria 

Q6QGP7 (190)  

  
PlyE146/E. coli 8.0569 pro-
phage 

G– Activity on intact bacteria EKK47578 (191)  

K. pneumoniae          

  K11gp3.5/K11 G– 
Activity on permeabilized 
bacteria 

B3VCZ3 (192)  

  KP32gp15/KP32 G– 
Activity on permeabilized 
bacteria 

D1L2U8 (192)  

  KP27 lysin/KP27 G– 
Activity on permeabilized 
bacteria; cell culture 

K7NPX3 (193)  

Citrobacter freundii          

  CfP1 lysin/CfP1 Citrobacter sp. Activity on intact bacteria A0A1B1IXL3 (194)  

S. maltophilia          

  P28 G– and some G+ Activity on intact bacteria 
Lytic enzyme from a 
bacteriocin system 

(195)  

Burkholderia sp.          

  AP3gp15/AP3 G– 
Activity on permeabilized 
bacteria 

A0A1S5NV50 (173)  
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Since surface-related interactions are the fundamental mechanism underlying AMPs 

activity (Figure 1.12), some physicochemical properties that enable AMPs to closely in-

teract with biological membranes are reportedly widespread among them, such as a high 

cationic charge or high hydrophobic moment (HM)7 (197). The specific properties of 

AMPs have allowed proposing data mining or in silico optimization strategies to detect 

or improve AMPs (198, 199). However, although it is safe to say that there is a set of 

physicochemical properties common among AMPs, it is also now commonly acknowl-

edged that there may be some AMP features not so easily recognizable which can also 

be crucial for their function (176, 197). 

 

 

 

Figure 1.12. Some membrane-related mechanisms of action of AMPs. Adapted from (176). 

 

 

AMPs are currently used as active ingredients of commercial pesticides (200) and can 

be safely used as antimicrobials for aquaculture or livestock feeding (201), or as food 

preservatives (202). However, several factors have hampered the translation of AMPs 

towards an actual clinical application so far. To begin with, AMP production presents 

many challenges. Chemical synthesis is rather expensive, and biotechnological produc-

tion is hampered by the fact that being antimicrobial agents in nature, on many occasions 

AMPs are not well tolerated by microbial hosts, and thus production is not cost-effective. 

 
7 The hydrophobic moment is a vector variable proposed by D. Eisenberg that measures the am-

phiphilic nature of a given 3D peptide conformation (196). 
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However, recent experiences suggest that biotechnological production can be adapted 

to actually produce AMPs with high yields at affordable prices, for example by using 

alternative heterologous hosts or expressing peptides fused to a carrier protein (203, 

204). Other causes of failure of AMPs reaching the market for clinical applications are 

instability of peptide formulations, low in vivo half-life mainly due to degradation by pro-

teases, or confounding biological effects on the host immune system (176). Neverthe-

less, perhaps the major drawback is the systemic or local toxicity effects described for 

many membrane-disrupting AMPs. Many efforts have been conducted towards reducing 

toxicity and increasing selectivity against pathogenic bacteria. Some engineering efforts 

have focused on the AMPs physicochemical properties, and some rational rules have 

been provided, for example: i) increased net charge enhances antimicrobial activity, but 

excessive charge can induce hemolytic effects (205); ii) the positioning of positive 

charges, rather than its number, is what mainly affects the therapeutic index of AMPs 

(206), e.g., a smaller angle subtended by the positively charged residues improves se-

lectivity against bacteria and enhances permeabilization (207); iii) tuning amphipathicity 

also has consequences on the balance between antibacterial activity and cytotoxicity —

decreasing helicity by introducing D-enantiomers lowers hemolytic activity (208); iv) acet-

ylation of N-terminus or amidation of C-terminus protect AMPs from degradation, alt-

hough acetylation diminishes net charge, while amidation favors a positive net charge 

(176). Other strategies rely on the formulation of combined synergistic therapies with 

currently standard-of-care antibiotics to lower the effective concentration of peptides. 

Synergy has been proven for a variety of peptide-antibiotic combinations, although the 

specific mechanisms (or the potential consequences of the AMP-antibiotics interaction 

for cytotoxicity) have not been clarified. A commonly adduced mechanism of synergy is 

the increased permeability induced by AMPs that may allow antibiotics with intracellular 

targets to better reach them (209). Despite potential drawbacks, clinical research on 

AMPs is currently still underway, with at least three recent AMP-based clinical trials that 

have successfully entered phase III (NCT03409679, NCT01597505, and 

NCT01598311). This milestone underlines the feasibility of AMPs-based antimicrobial 

therapies. 

 

6. THIRD GENERATION ENZYBIOTICS: TOWARDS AN IMPROVED APPLICABILITY 

As previously explained (see Section 4), the name ‘third generation lysins’ refers to 

those lysins or lysin-based products or formulations devised to enhance the antimicrobial 

performance in an in vivo clinical setting (149). As such, the fundamental issues to be 

addressed under clinical conditions can be summarized as: i) immune responses to the 
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lysin upon systemic administration (to date, some mild inflammatory reactions and the 

elicitation of slightly lysin-neutralizing antibodies have been described) (89, 96); ii) avail-

ability of the active compound at the specific site of infection; iii) in vivo half-life, which is 

rather short (20−60 min) for systemically administered lysins (87, 91), presumably due 

to protease-mediated proteolysis. As seen in Table 1.4, many different strategies have 

been assayed thus far with a diversity of purposes. Encapsulation and controlled release 

of lysins have already been explored as means to improve the in vivo half-life due to the 

sustained release of the cargo. With this aim, different nanoscale materials are now be-

ing considered as carriers. This interest is prompted also by features such as the high 

surface area to volume ratio of nanomaterials, and the unique chemical and physical 

properties of the polymers used to produce them.  

 

 

Table 1.4. Some examples of third-generation engineered lysins. Adapted from (149). 

Lysin/s Application Approach Reference 

Cpl-1 Pulmonary Aerosolization (96) 

Cpl-1 Pulmonary Loading in chitosan nanoparticles (210) 

Cpl-1, Lysostaphin Systemic Dimerisation of lysin to prolong half-life (211, 212) 

LysKCHAP Topical 
Co-formulation with lysostaphin in a thermorespon-
sive PNIPAM gel (117) 

LysK, Lysostaphin Systemic 
Fusion to an albumin binding domain to prolong half-
life (213, 214) 

Lysostaphin Topical Formulation in chitosan-protein sponges (215) 

Lysostaphin Musculoskeletal Formulation in a PEG-hydrogel (216) 

Lysostaphin Topical Formulation in an antimicrobial chitosan gel (217) 

Lysostaphin Topical Formulation in nano-emulgels (218) 

Lysostaphin Topical 
Coating on liposomes containing standard-of-care an-
tibiotics (219) 

Lysostaphin Topical Covalent linkage to cellulose fibers (220) 

Lysostaphin Catheter Coating on plastic surfaces (polystyrene and FEP) (221, 222) 

Lysostaphin Systemic Glycosylation to prolong half-life (223) 

Lysostaphin, Cpl-1, Hen 
egg-white lysozyme Systemic PEGylation to prolong half-life 

(111, 224, 
225) 

Lysostaphin, JDlys Topical Fusion to a peptide to target intracellular S. aureus (226, 227) 

PlySs2, SAL-1 Implant/catheter Immobilisation on self-assembling spider silk proteins (228, 229) 

T4 lysozyme Topical 
Fusion to cellulose-binding module for immobilisation 
on bandages (230) 

T4 lysozyme, Hen egg-
white lysozyme Topical Immobilisation on cellulose nanoparticles (231) 

 

 
In particular, polymeric nanoparticles (NPs) are quite versatile for engaging in biomi-

metic modular designs that may emulate specific bacterial traits. A perfect example of 

these biomimetic designs are dendrimeric NPs bearing choline (or choline analogue) 

residues, thus resembling the already mentioned architecture of pneumococcal cell wall 

(232). These choline residues act as binding ligands for the so-called choline binding 
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proteins (CBPs), a family of surface proteins to which bacterial and phage peptidoglycan 

hydrolases in the pneumococcal system typically belong. Because of the specificity of 

such a trait, choline and CBPs have emerged as sources or targets for novel antipneu-

mococcal molecule design (151). CBPs are able to bind pneumococcal choline residues 

within the cell wall using CBDs, but they also recognize structural analogue molecules, 

such as diethylaminoethanol (DEAE) (233). This property has been exploited for the de-

sign of different antipneumococcal therapeutics based on choline or choline analogues 

either as free molecules or grafted onto dendrimeric particles (232, 234-236). Through 

competition with the choline residues in the teichoic acids, choline analogues are able to 

sequester CBPs and avoid pneumococcal autolysis and daughter cells separation, thus 

inducing chain formation (234). Moreover, the multivalent effect achieved by cell wall-

mimicking dendrimers, containing several copies of choline on their surface, exponen-

tially increases the affinity of the ligand for the CBPs and, therefore, induces chaining in 

a concentration-efficient manner (232). Such chained pneumococcal cells have been 

shown to be better removed by phagocytosis, thus posing an alternative, non-lytic ap-

proach to tackle pneumococcal infections (235). As a conclusion, there is evidence in 

the literature to propose a polymeric material containing either choline or choline ana-

logues to specifically bind CBPs, including lytic enzymes bearing CBDs. 

There are additional advantages to this kind of strategy when bio-based polymers are 

employed as a scaffold. For example, chitosan is a β(1,4)-linked linear copolymer of 2-

amino-2-deoxy-D-glucopyranose and 2-acetamido-2-deoxy-D-glucopyranose, obtained 

by N-deacetylation of chitin (Figure 1.13). Chitin can be easily obtained from shrimp and 

crab shells, common by-products of the food industry, thus making chitosan preparation 

a sustainable process in which residues are valorized (237). Turning residues into 

added-value products, such as biomedical devices, is a must if we are to close the loop 

of a circular economy, in which waste production is minimized (238). Of note, chitosan 

bears some properties that make it a good candidate for biomedical and pharmaceutical 

applications, including biocompatibility, biodegradability, and mucoadhesiveness (239). 

In the context of respiratory diseases, chitosan has already been used to deliver a variety 

of drugs into the respiratory tract (240) and, particularly, at least one proof-of-concept of 

chitosan NPs as a carrier for lysins into the lungs has been reported (210).   
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Figure 1.13. Chemical structure of chitin and chitosan. 

 

 

On the other side, some authors addressed different chemical modifications of chi-

tosan to improve its applicability and antifungal effectiveness, including derivatization 

with DEAE (241).    

 



 

 
 

 

 

 

 

 

II. OBJECTIVES 
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Antimicrobial resistance is a problem that must be immediately tackled, being the de-

velopment of new antimicrobials one of the most urgent courses of action. One of the 

main efforts currently carried out in this regard relies on phages, the natural parasites of 

bacteria. Lysins are the main phage-encoded molecules directly responsible for bacterial 

lysis upon infection. Therefore, lysins have been proposed as antibacterial agents when 

applied exogenously in a purified form, thus also named ‘enzybiotics’. While Gram-neg-

ative bacteria have been traditionally thought to be refractory to the exogenous action of 

enzybiotics due to the presence of an outer membrane, there are reports on phage lysins 

intrinsically active against Gram-negative bacteria from without. This intrinsic activity is 

suggested to be related to the presence of antimicrobial peptide-like motifs within many 

of the lysins from phages that infect Gram-negative bacteria. However, the evolutionary 

reach of this kind of motifs is still largely unknown. Many of the most dangerous bacterial 

pathogens that are now becoming increasingly drug-resistant are Gram-negative. Such 

bacteria as Pseudomonas aeruginosa or Acinetobacter baumannii are responsible for 

high rates of mortality, mainly due to the establishment of nosocomial respiratory infec-

tions difficult to treat with standard-of-care antibiotics. On the other hand, the actual ap-

plicability of enzybiotics (and their derivatives) may depend on the development of spe-

cific formulations or administration strategies with enhanced clinically relevant properties 

(such as an increased bioavailability). In this regard, encapsulation and controlled re-

lease of enzybiotics is a promising approach to enhance their in vivo half-life. Moreover, 

using sustainable biopolymers, such as chitosan, as a scaffold contributes to waste val-

orization. Choline-binding domains from the pneumococcal system can be used as an 

affinity tag to specifically bind choline or choline analogues grafted onto the desired pol-

ymer, mimicking the structure and function of the pneumococcal cell wall. Taking into 

account all of the above stated, the proposed objectives for this thesis were: 

1. Constructing a wide database of phage lysin sequences both for analyzing 

evolutionarily relevant structural patterns and as a tool for screening experi-

mentally interesting lysins. 

2. Selecting an enzybiotic candidate intrinsically active against the Gram-nega-

tive pathogen P. aeruginosa and characterizing its mode-of-action. 

3. Designing and characterizing viable antimicrobial agents against P. aeru-

ginosa and other relevant respiratory pathogens based on the selected en-

zybiotic candidate. 

4. Developing a chitosan-based biomimetic system for the immobilization of en-

zybiotics based on the pneumococcal cell wall. 
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1. BIOINFORMATIC AND STATISTICAL ANALYSES 

1.1. Construction of a phage lysin sequences database 

A search was conducted in the National Center for Biotechnology Information (NCBI) 

nucleotide database (https://www.ncbi.nlm.nih.gov/nuccore) for complete genomes from 

phages infecting a series of bacterial taxa of interest. Such collection was further sub-

jected to a screening protocol looking for genes annotated as lysins. Key terms for the 

inclusion within the lysin products subset were ‘lysin’, ‘lysozyme’, ‘murein’, ‘amidase’, 

‘cell wall hydrolase’, ‘peptidase’ or ‘peptidoglycan’, while ‘structural’, ‘tail’, ‘holin’, 

‘baseplate’ or ‘virion protein’ were used as exclusion criteria to avoid misidentifications. 

Other information contained in the GenBank genomic files (bacterial host, aa sequence, 

source phage denomination, and protein/genome unique identifiers) were also included 

in the lysin sequences database. 

 

1.2. Curation of the lysins database 

The previously gathered sequences were then subjected to a curation process that 

involved:  

1) A sequence length cut-off based on the aa length distribution of the sequences. 

Only sequences between 50 and 550 aa (≈95% of sequences) were kept. 

2) A sequence identity cut-off to avoid redundant entries. CD-HIT algorithm was 

used with default parameters and a 98% identity cutoff (242). 

3) A functional domains search using PfamScan (243). All sequences for which no 

relevant hits were found were ruled out. A relevant hit was defined as the pre-

diction of any kind of Pfam (PF) domain whose proposed or proved function 

would be functional within a phage lysin. 

4) Finally, a literature-based careful manual curation was performed, resulting in 

several re-assignations of bacterial host genera and other amendments. 

The complete, curated lysins collection, hereinafter named 𝕊𝐿𝑌𝑆 is available at DIGI-

TAL.CSIC (http://hdl.handle.net/10261/221469) (244). 

 

1.3. Sequence-based calculation of physicochemical properties of proteins  

The R package ‘Peptides’ was employed to calculate physicochemical properties 

based on the lysin sequences in our database (245). Dawson’s pKa scale was used for 

prediction of net charge assuming pH = 7.0 (246); hydrophobicity scale was that pro-

posed by Kyte and Doolittle (247) and average HM was calculated as previously 

https://www.ncbi.nlm.nih.gov/nuccore
http://hdl.handle.net/10261/221469
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proposed (248) with a specified rotational angle of 100°, the one recommended for α-

helix structures, and a window of 11 aa. Such properties were predicted in the whole 

sequences, in sequence quartiles (contiguous fragments of sequences that account in 

length each for a quarter of the whole sequence), or in peptides of 11 aa length to provide 

either a global vision or more local information.  

 

1.4. Random Forest prediction of the Gram group of bacterial hosts 

A random forest model was implemented to check the ability of physicochemical prop-

erties to predict lysin sequences as from a G+ or G– infecting phage. R package ‘caret’ 

(249) was employed for creating, fitting, and testing the random forest, and further anal-

yses on the model (Receiver Operating Characteristic [ROC] curve, etc.) were performed 

using packages ‘pROC’ (250) and ‘randomForest’ (251). Net charge per residue (NCPR), 

hydrophobicity, HM, and aliphatic index were the variables included into the model. 𝕊𝐿𝑌𝑆 

was randomly partitioned in a training subset (75% of all entries) and a testing subset. 

The training subset was used to fit the random forest parameters (namely, the randomly 

selected variables for each node, which was fixed in 4) by a 5-fold cross-validation algo-

rithm with 3 repeats. Then the constructed random forest was validated using the previ-

ously defined testing subset. 

 

1.5. Construction of a training-testing dataset for AMPs prediction 

A peptide sequence dataset of experimentally recognized AMPs and non-AMPs was 

constructed to generate a simple predictive algorithm able to distinguish between AMPs 

and non-AMPs. AMPs were obtained from the Antimicrobial Peptide Database (current 

URL: https://wangapd3.com/; original URL: http://aps.unmc.edu/AP; last time accessed 

October 2020) (252). A total of 3167 entries were retrieved and, of them, only those 

under 55 aa were considered for our database (2863 AMPs). Non-AMPs or, more spe-

cifically, ‘random’ peptides were obtained by sampling peptides from an aa sequence 

randomly generated using RandSeq (253), set up with the average aa composition com-

puted from Swiss-Prot (254). The length of each random peptide was determined by 

sampling from a simulated normal distribution with the same mean (27.5) and standard 

deviation (11.0) as those of the length distribution of the cut-off AMPs collection. The 

final database (𝕊𝐴𝑀𝑃) was constructed by combining 2000 sampled elements from each 

set (i.e., 2000 AMPs and 2000 non-AMPs). Sequence-based physicochemical properties 

(NCPR, hydrophobicity, HM, and aliphatic index) were calculated as described in Sec-

tion 1.3. The final dataset can be accessed as Table S1 in the Supplementary Materials 

https://wangapd3.com/
http://aps.unmc.edu/AP
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of Vázquez et al., 2021 (255). The previously constructed database 𝕊𝐿𝑌𝑆 was used to 

analyse the differential presence of predicted AMP-like subdomains at the C-terminal 

end of lysins. For mining membrane-active enzybiotic candidates, a subset of 𝕊𝐿𝑌𝑆 

named 𝕊𝑃𝑆𝐸 was obtained, containing only the aa sequences of the monomodular lysins 

from phages whose host bacteria were annotated as Pseudomonas (80 elements). 

A k-Nearest Neighbours (kNN) algorithm was used to predict AMPs. R package ‘caret’ 

was employed for fitting, testing, and applying the kNN, based on the random partition 

of 𝕊𝐴𝑀𝑃into a training set (𝕊𝑇𝑅𝐴𝐼𝑁, 75% of elements) and a testing set (𝕊𝑇𝐸𝑆𝑇). Normalized 

NCPR, hydrophobicity, average HM, and aliphatic index were used as the descriptor 

variables to calculate the distances within the kNN model. The kNN parameters (namely, 

the k number of neighbours, which was fixed at k = 30) were fitted with 𝕊𝑇𝑅𝐴𝐼𝑁 by 10-fold 

cross-validation with 3 repeats. The kNN was furthermore evaluated using 𝕊𝑇𝐸𝑆𝑇 as an 

‘independent’ dataset (whose elements were not considered during training). The good-

ness of the model was assessed as explained in Section 1.4, calculating standard pa-

rameters such as sensitivity, specificity, accuracy, or the area under the ROC curve 

(AUC-ROC). For predicting AMP-like regions at the C-terminal end of the elements in 

𝕊𝐿𝑌𝑆and 𝕊𝑃𝑆𝐸, the aforementioned physicochemical properties were only considered at 

the region between coordinates 0.75 × length of the sequence and 0.9 × length, accord-

ing to previous results suggesting that AMP-like regions are not located at the C-terminal 

apex but rather immediately before (248). 

 

1.6. Data visualization and statistical analysis of computational data 

Default methods for data representation implemented in ‘ggplot2’ R package (256) 

such as kernel density estimation or Generalized Additive Model (GAM) smoothing were 

used for visualization of computational data analyses or, when noted, for summarising 

complex experimental data. Datasets derived from physicochemical computations of ly-

sins sequences were generally deemed non-normal and heteroskedastic according to 

Shapiro-Wilk normality test and Breusch-Pagan test as performed in R. Thus, for per-

forming comparisons among our data, robust statistical methods were used (257). Spe-

cifically, a generalization of Welch’s t-test with trimmed means (default trimming level γ 

= 0.20) was used for multiple comparisons, adjusting p-values with the Bonferroni 

method. Effect sizes were calculated according to Wilcox and Tian’s ζ (258). A general 

interpretation for ζ is given in the previous reference, being values of around 0.10 a small 

effect size, around 0.30 a medium effect and 0.50, and above a large one. All robust 

methods were used from the implementation in R Package ‘WRS2’ (259). 
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1.7. General use software (I): bioinformatic analysis of sequences 

A variety of online available programs were used to get information on the genes, 

proteins, or genomes investigated in this thesis. For the general analysis of DNA se-

quences or the design of synthetic sequences (chimeric genes, oligonucleotides, etc.) 

the Geneious suite (Biomatters) was used. Multiple sequence alignments were per-

formed using Clustal Omega as implemented at the EMBL-EBI (243) and visualized us-

ing JalView (260). Structural and functional features of aa sequences were probed using 

BLAST (261), HMMER (262), and PF (263) to detect sequence-similar entries, homolo-

gous proteins or to classify potential functional domains within the proteins. Further in-

formation was obtained using TMHMM (264), SignalP (265), Phobius (266), LipoP (267), 

JPred (268), HeliQuest (269), and EMBOSS charge (270) to predict, respectively: trans-

membrane helices and protein topology, signal peptides, both topology and signal pep-

tides (Phobius), lipoylation or signal peptides, secondary structure, physicochemical 

properties of aa helices, and local charge plot of a protein sequence. Relevant parame-

ters (molecular weight, isoelectric point, molar extinction coefficient) for protein manage-

ment (estimation of concentration, etc.) were obtained from the ExPASy ProtParam tool 

(271). Dali server (272) was used for the pairwise comparison of three-dimensional struc-

tures. 

Sequence Similarity Networks (SSNs) were sometimes generated for visually as-

sessing the similarity clustering of sequence sets. For this purpose, the Enzyme Similar-

ity Tool from the Enzyme Function Initiative server (EFI-EST) was employed (273). 

Briefly, this tool performs a local alignment from which every possible pair of sequences 

receives a score similar to the E-value obtained from a typical BLAST analysis. A thresh-

old score value was selected for each SSN so that below such threshold, sequence pairs 

were considered non-similar and, therefore, the pair would not be connected in the re-

sulting representation. Scores were selected so that sequence pairs whose similarity 

was below 30-40% were deemed non-similar. The SSN graphs were produced Cyto-

scape 3 with yFiles organic layout (274). 

 

1.8. General use software (II): analysis and representation of experimental 

data 

Several programs were used to manage experimental data. Spreadsheet software, 

such as Excel, or statistical language R within the RStudio environment, were used for 

data treatment and datasets construction. Data were represented either using the R 

package ‘ggplot2’ or GraphPad 6.0. Statistical analyses were performed either in R or 

using GraphPad InStat. Unless otherwise stated, quantitative differences between 
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experimental conditions were analysed to determine whether such differences were sta-

tistically significant under the assumption of a signification level α = 0.05 by using 

ANOVA. The post hoc tests of Bonferroni, Tukey, or Dunnett were further used for mul-

tiple comparisons. 

 

2. BACTERIAL STRAINS, PLASMIDS, AND OLIGONUCLEOTIDES 

Bacterial strains, plasmids, and oligonucleotides used in the course of this thesis are 

detailed in Tables 3.1 to 3.3. Bacterial strains used for susceptibility testing at the S. 

Albertí laboratory (UIB) are published in: (275-278). 

 

 
Table 3.1. Bacterial strains used throughout this work. 

Species Strain Description Reference or sourcea 

Escherichia coli strains for plasmid maintenance and protein expression 

E. coli 
DH10B Strain for plasmid maintenance CIB 

BL21(DE3) Strain for protein expression  CIB 

Strains for antimicrobials testing 

P. aeruginosa 
PAO1 Standard P. aeruginosa laboratory strain CIB 

109.1 Clinical strain HUB 

126.1 Clinical strain HUB 

2-006 Clinical strain HUB 

39.5 Clinical strain HUB 

57.1 Clinical strain HUB 

68.1 Clinical strain HUB 

M. catarrhalis 
MC-RYC-1 Clinical strain HRYC 

MC-RYC-2 Clinical strain HRYC 

MC-RYC-3 Clinical strain HRYC 

A. baumannii 
AB-RYC-2 Clinical strain HRYC 

AB-RYC-3 Clinical strain HRYC 

Acinetobacter pittii 
AB-RYC-1 Clinical strain HRYC 

K. pneumoniae 
KP-RYC-1 Clinical strain HRYC 

KP-RYC-2 Clinical strain HRYC 

KP-RYC-3 Clinical strain HRYC 

E. coli 
EC-RYC-1 Clinical strain HRYC 

EC-RYC-2 Clinical strain HRYC 

EC-RYC-3 Clinical strain HRYC 

S. aureus 
ATCC 12600 Type strain CECT 

S. pyogenes 
ATCC 12344 Type strain CECT 

Streptococcus milleri group 
(SMG) C5-C20 Clinical strain UCM 

S. pneumoniae 
R6 

Standard S. pneumoniae nonencapsulated la-
boratory strain CIB 

D39 Serotype 2 strain, R6 isogenic CIB 
a CIB, Centro de Investigaciones Biológicas Margarita Salas; HUB, Hospital Universitario de Bellvitge 

(Hospitalet de Llobregat), donated by Carmen Ardanuy; HRYC, Hospital Ramón y Cajal (Madrid), do-

nated by Rosa del Campo; CECT, Colección Española de Cultivos Tipo; UCM, Universidad Complu-

tense de Madrid, donated by Juan Miguel Rodríguez. 
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Table 3.2. Plasmids used throughout this work. 

Plasmid Description 
Reference or 
source 

pET-28a(+) Expression vector. Enables 6×His tag fusion at N-terminal end. KANR Novagen 

pUC-PA87 Derived from pUC57. Contains synthetic gene pae87. APR 
GenScript, This 
work 

pET-PA87 

Derived from pET-28a(+) and pUCPA87, overexpresses gene pae87 for 
production of protein Pae87, fused to a 6×His tag at N-terminal end. 
KANR This work 

pT7-PA87 
Derived from pT7-7 and pUC-PA87, overexpresses gene pae87 for pro-
duction of protein Pae87 without a 6×His tag. APR This work 

pET-PA87-E29 
Derived from pET-PA87, overexpresses gene pae87-e29 which encodes 
protein Pae87 with mutation E29A. KANR This work 

pET-PA87-E46 
Derived from pET-PA87, overexpresses gene pae87-e46 which encodes 
protein Pae87 with mutation E46A. KANR This work 

pET-PA87-E2946 
Derived from pET-PA87-E29, overexpresses gene pae87-e2946 which 
encodes protein Pae87 with mutations E29A and E46A. KANR This work 

pET-PA87-F 

Derived from pET-28a(+), overexpresses gene pae87-f for production of 
chimeric protein Pae87-F, composed of Pae87 fused to domain F at C-
terminal end. KANR 

GenScript, This 
work 

pET-PA87-RF 

Derived from pET-28a(+), overexpresses gene pae87-rf for production of 
protein Pae87-RF, similar to Pae87-F but with F domain sequence ran-
domized. KANR 

GenScript, This 
work 

pTRD762 
Derived from pT7-7, overexpresses chimeric antipneumococcal enzybi-
otic Cpl-711. APR  (80) 

pTRD750 Derived from pT7-7, expresses enzybiotic Cpl-7S. APR  (99) 

pET-A7S 

Derived from pET-29a(+), overexpresses gene cpl-a7s for production of 
chimeric protein Cpl-A7S, composed of Cpl-7S fused to LytA CBD at C-
terminal end. KANR 

GenScript, This 
work 

 

 

Table 3.3. Oligonucleotides used throughout this work. 

Oligonucleotide Sequence (5’→ 3’)a Annealing site 

T7p TAATACGACTCACTATAGG T7 promoter (forward) 

T7t GCTAGTTATTGCTCAGCGG T7 terminator (reverse) 

pae87_f CTAAGGTACCCATATGGCTCTGACCGAGCAAGACTTCC  5' of pae87 (forward) 

pae87_3' TACAAAGCTTATTTGAAGGATTGATAGGCTTCTGCCAG 3' of pae87 (reverse) 

e29a_f   
Triplet coding for E29 of pae87, 
for mutation (forward) 

e29a_r   
Triplet coding for E29 of pae87, 
for mutation (reverse) 

e46a_f  TTCTGTTCGCACGCCACTGG 
Triplet coding for E46 of pae87, 
for mutation (forward) 

e46a_r  TGGCGTGCGAACAGAATTTTCGG 
Triplet coding for E46 of pae87, 
for mutation (reverse) 

a Restriction enzyme recognition sites are underlined and mutated bases with respect to the wild-type 

sequence are highlighted in grey. 

 

 

3. CULTURE CONDITIONS AND MEDIA 

All solutions and media were autoclaved at 120 °C and 1 atm for 20 min or filtered 

sterilized through 0.22 µm pore Millipore filters.  

For long-term storage, bacterial strains were frozen in the corresponding culture me-

dium with 10% (v/v) glycerol and kept at −80 °C. All G− bacteria (P. aeruginosa, E. coli, 

M. catarrhalis, A. baumannii, etc.) were routinely grown in Lysogeny Broth (LB) at 37 °C 

with shaking at 200 rpm. G+ bacteria (S. aureus, S. pyogenes, SMG) were cultured in 
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Brain Heart Infusion (BHI) at 37 °C and without shaking. S. pneumoniae was grown in C 

medium adjusted at pH 8.0 (279) supplemented with 0.08% yeast extract (C+Y) in the 

same conditions as other G+. Culture growth was monitored by turbidimetry at 550-600 

nm (OD550 or OD600) using a Thermo Scientific Helios Epsilon spectrophotometer.  

Solid culture was carried out either on LB plates (LB with 1.5% agar), for G− strains, 

or in blood agar (trypticase soy agar with 5% defibrinated sheep blood) for G+. Antibiotics 

as positive selection markers were used at 100 µg/ml (AP) or 5 µg/ml (KAN).  

 

4. DNA TECHNIQUES 

The DNA techniques used throughout this paper were essentially those described 

in (280). 

 

4.1. E. coli cells transformation 

Competent E. coli cells were prepared using the Hanahan rubidium chloride method 

(281). Transformation of pure plasmid or ligation products into previously prepared com-

petent cells was accomplished by applying a heat shock (37 °C, 3 min) on the ice water 

pre-cooled cells mixed with the DNA. Heat shock-transformed cells were further incu-

bated for 1 h at 37 °C after adding four volumes of LB medium and were finally plated 

on LB agar plates containing the appropriate antibiotic for selection. 

 

4.2. Plasmids isolation 

Plasmids were isolated from 5-10 ml stationary phase cultures of the corresponding 

E. coli strain bearing the plasmid of interest. NZYMiniprep kit, based on the alkaline lysis 

protocol, was generally used for plasmid purification according to the manufacturer’s in-

structions (NZYTech). 

 

4.3. DNA gel electrophoresis 

Agarose gels (0.7% or 1.5%, w/v) were prepared in TAE buffer (40 mM Tris-HCl, 20 

mM acetic acid, 2 mM EDTA, pH 8.1). DNA samples were mixed with 1/4 volume of 

loading buffer (30% [w/v] Ficoll 400, 0.2% [w/v] bromophenol blue, 0.2% [w/v] xylene 

cyanol and 40 mM EDTA) and then applied onto the gel. Electrophoreses were run at 

constant voltage (100 V) during 60-90 min and then gels were stained with GreenSafe 

(NZYTech). DNA bands were observed under UV light. 

DNA electrophoresis was used throughout this work either analytically, for DNA visu-

alization in middle steps of recombinant DNA construction processes (PCR products 
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detection, transformants/recombinants screening, restriction enzymes digestion checks, 

etc.); or preparatively, for obtaining enough quantities of purified fragments of DNA. In 

the latter case, the NZYGelpure kit (NZYTech) was used for DNA purification. 

 

4.4. PCR DNA amplification and mutation 

PCR was used for screening of E. coli colonies, to test for the presence of recombi-

nant transformants using the appropriate primers (typically T7p and T7t). In this case, 

colony biomass was used as a template for amplification. Otherwise, plasmid DNA was 

used as a template (50-100 ng per reaction) for site-directed mutagenesis, which was 

carried out by overlap extension PCR (see Section 4.6). PCR was conducted using ei-

ther Taq (for screening purposes, TaKaRa) or NZYProof polymerase (NZYTech), for high 

fidelity amplification in PCR point mutation protocol, according to the manufacturers’ in-

structions. Reaction mix would usually contain 1.5 mM MgCl2, primers at 0.5 µM, and 

0.25 mM dNTPs. PCR products were cleaned up with the NZYGelpure kit (NZYTech). 

 

4.5. DNA sequencing 

Sequencing was routinely used to check the constructed DNA molecules. DNA se-

quencing was performed by the Sanger method, using an automated sequencer ABI 

Prism 3700 (Applied Biosystems) at the sequencing service of the Centro de Investi-

gaciones Biológicas Margarita Salas (Secugen). ddNTPs-terminated amplification reac-

tions were performed in a thermal cycler using BigDye Terminator v3.1 (Applied Biosys-

tems).  

 

4.6. Synthetic genes construction and cloning 

The synthetic genes pae87, pae87-f, pae87-rf, cpl-a7s, and the DNA fragment encod-

ing domain F were purchased from GeneScript. DNA and aa sequences are available at 

Annex 2. Except for the first one, the rest were provided cloned into expression vector 

pET28-a(+) between restriction sites NdeI and HindIII, in frame with an N-terminal 6×His 

tag (Table 3.2). Gene pae87 was provided cloned into a pUC57 vector, and it was after-

wards subjected to restriction enzyme digestion (using NdeI and HindIII) and ligation 

(with T4 DNA ligase) into pET28-a(+). 

 

For the construction of pae87 mutants (E29A, E46A, and E29A/E46A), an overlap 

extension PCR protocol was performed. Briefly, plasmid pET-PA87 was used as a tem-

plate for two separate PCR reactions per mutation. Each of those reactions amplified a 

fragment of gene pae87 in such a way that both fragments shared an overlapping section 
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(≈20 nucleotides [nt]) in which the mutated bases were. A third PCR reaction was then 

performed using the external, pae87 flanking primers pae87_f and pae87_3’ (Table 3.3). 

Optionally, an intermediate PCR reaction was performed using overlapping fragments 

as their own 3’-OH priming ends prior to adding the external pae87 oligonucleotide pri-

mers and amplifying the whole mutated gene. Cycling conditions for the PCR followed 

the recommendations of the manufacturer for NZYProof polymerase. Final PCR prod-

ucts were cleaned up with NZYGelpure kit, digested with NdeI and HindIII, cloned into a 

pre-digested pET-28a(+) vector, and transformed into E. coli DH10B. Colonies were 

screened by PCR and vectors putatively bearing the mutated gene were then checked 

by sequencing. 

 

5. PROTEIN TECHNIQUES 

5.1. Proteins production 

Typically, all proteins were obtained from 1 l cultures of the corresponding producing 

E. coli strain in LB medium containing the corresponding selection antibiotic. Such cul-

tures were inoculated with 10 ml of a stationary phase pre-culture and were incubated 

up to an OD600 ≈ 0.8. Cultures were then induced with 0.4 mM isopropyl-β-D-thiogalac-

topyranoside (IPTG) and further incubated overnight at room temperature (≈ 20 °C). 

Then biomass was collected by centrifugation (12,000 × g, 20 min, 4 °C) and resus-

pended in an appropriate buffer (binding buffer, see Section 5.2) up to 20-30 ml total 

volume. Cells were disrupted either using a French Press at 8.3 MPa or sonication (five 

30 s pulses in a Branson 450 sonifier, interspersed with 30 s incubations on ice). Cell 

disruption was checked by microscopic observation (see Section 6.8), and cell debris 

was separated by centrifugation (18,000 × g, 20 min, 4 °C). Supernatants were collected 

and DNA was precipitated with streptomycin sulphate (0.6 mg/mg protein as quantified 

by the Bradford assay [NZYBradford reagent, NZYTech]) at 4 °C and centrifuged again 

in the same conditions to remove the DNA precipitate. Finally, the clarified supernatant 

was subjected to the purification process. 

 

5.2. Proteins purification and quantification 

Protein purification was accomplished by chromatographical procedures, with additional 

steps in some cases. Three distinct processes were used:  

1) For CBPs, such as Cpl-711 or Cpl-A7S, the collected biomass was resuspended 

in a binding buffer composed of 20 mM sodium phosphate buffer (NaPiB), pH 

6.0, 1 M NaCl. The clarified supernatants containing the protein of interest were 
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then circulated through a DEAE-Sepharose column (HiTrap DEAE FF 5 ml, GE 

Healthcare) using an automated liquid chromatography system (ÄKTA Start, GE 

Healthcare). DEAE behaves in this case as an affinity ligand for CBPs, since it is 

a structural analogue of choline, the natural ligand of such proteins (233, 282). 

The column was then washed with the binding buffer until A280 baseline was re-

covered and, afterwards, bound CBPs were eluted with an eluting buffer com-

posed of 20 mM NaPiB, pH 6.0, 1 M NaCl, 2% choline. In this case, choline acts 

as a competitive ligand for the DEAE-bound CBPs. Eluted purified fractions were 

dialyzed against storage buffer (20 mM NaPiB, pH 6.0, 100 mM NaCl), and kept 

at −20 °C. 

2) Non-CBP, His-tagged proteins (e.g., Pae87 and all of its derivatives) were puri-

fied by immobilized metal ion affinity chromatography using a HisTrap FF 5 ml 

column (GE Healthcare) loaded with Ni2+. The chromatographic procedure was 

performed essentially as described in the previous paragraph, but using 20 mM 

NaPiB, pH 7.4, 0.3 M NaCl, 40 mM imidazole as a binding buffer and 20 mM 

NaPiB, pH 7.4, 0.3 M NaCl, 0.5 M imidazole as an elution buffer. Proteins were 

dialyzed against a storage buffer composed of 20 mM NaPiB, pH 7.4, 100 mM 

NaCl and kept at 4 °C for no more than a month. 

3) Finally, non-CBPs nor His-tagged proteins (Cpl-7S, Pae87 as expressed from 

pT7-PA87) were purified by anion exchange chromatography preceded by am-

monium sulphate fractional precipitation, as described in (283). Cpl-7S precipi-

tated at (NH4)2SO4 concentration ≈ 20−35% (w/v) and was then dialyzed against 

20 mM NaPiB, pH 6.0. Afterwards, the dialyzed protein solution was loaded onto 

a DEAE-Sepharose column. Then a NaCl gradient was applied up to 0.5 M. Cpl-

7S eluted approximately at 0.3 M NaCl, while Pae87 was not retained in the col-

umn at such pH. The buffer of the purification fractions was finally exchanged to 

20 mM NaPiB, pH 6.0, 100 mM NaCl and kept at −20 °C. 

All purified proteins were checked by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE, see Section 5.3), and concentration was estimated by A280 

measurement and applying Lambert-Beer law with predicted molar extinction coefficients 

and molecular weights displayed in Table 3.4.  
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Table 3.4. Protein parameters as predicted by ProtParam. 

Protein 
Molecular mass 
(kDa) Number of aa pI 

Molar extinction co-
efficient (M-1 cm-1) 

Pae87 23.05 206 9.11 32555 

Pae87-His 20.88 186 8.95 32555 

E29A 22.99 206 9.24 32555 

E46A 22.99 206 9.24 32555 

E29A E46A 22.93 206 9.35 32555 

Pae87F 27.95 250 9.12 37150 

Pae87RF 27.95 250 9.12 37150 

Cpl-711 39.12 339 4.63 126865 

Cpl-7S 38.58 342 4.86 68425 

Cpl-A7S 56.87 505 4.93 149785 

 

 

5.3. SDS-PAGE 

SDS-PAGE was used to monitor protein purification and to check protein integrity in 

terms of its predicted molecular weight, and it was conducted according to the protocol 

described by Laemmli (284). 12.5% or 15% SDS-polyacrylamide gels were used as pre-

pared in 100 × 75 × 1 mm plates, and samples were loaded onto them after 10 min 

treatment at 98 °C in the presence of one volume of 2× Laemmli buffer (125 mM Tris-

HCl pH 6.8, 20% [v/v] glycerol, 10% [v/v] β-mercaptoethanol, 0.004% [w/v] bromophenol 

blue). Then, electrophoresis was conducted at a constant voltage (100-150 V) with the 

gels immersed into 25 mM Tris-HCl, 192 mM glycine, and 0.1% (w/v) SDS. After the run, 

gels were stained with BlueSafe (NZYTech) for 15-30 min. Pre-stained NZYColour Pro-

tein Marker II from NZYTech was used to estimate the molecular weight of the samples. 

 

5.4. Fluorochrome labelling of proteins 

An N-hydroxysuccinimidyl (NHS) ester of Alexa488 fluorochrome (NHS-Alexa488, 

ThermoFisher) was used to fluorescently label purified proteins. A labelling reaction was 

set up by incubating the dye together with the protein at a 1:5 (protein:dye) ratio in 20 

mM NaPiB, pH 7.4, 100 mM NaCl for 1 h at room temperature. At this pH, N-terminal 

amino groups would be more reactive than lateral chains amino groups, and therefore 

the dye would preferentially be incorporated at N-terminal. The reaction was stopped by 

adding 10% volume of 1 M Tris-HCl, pH 7.4. Free dye was then separated using a HiTrap 

Desalting FF 5 ml column on an ÄKTA Start liquid chromatography system with 20 mM 

NaPiB, pH 7.4, 100 mM NaCl as a mobile phase. The much smaller molecule of the dye 

was longer retained within the column, while the dyed protein eluted earlier. The degree 

of labelling of each elution sample was calculated by estimating the protein and dye 
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concentrations measuring, respectively, A280 and A495 and applying the Lambert-Beer law 

with the respective molar extinction coefficients. A280 was corrected with a factor of 0.11 

(corresponding to A280/A495 for the dye). Only samples with a labelling degree of ≈ 1 were 

used for experiments. 

 

5.5. Synthesis and quantification of synthetic peptides 

Peptides P87 and P88 were synthesized and provided by GenScript as a freeze-dried 

powder. They were dissolved in water and concentration was estimated by measuring 

A280, with a molar extinction coefficient of 5500 M-1 cm-1. 

 

6. FUNCTIONAL ASSAYS 

6.1. Peptidoglycan purification and muralytic activity assay 

A dye-release assay to measure P. aeruginosa PAO1 peptidoglycan degradation was 

set up using Remazol Brilliant Blue (RBB) to label purified peptidoglycan (285, 286). To 

purify PAO1 peptidoglycan, a culture of at least 1 l of PAO1 in LB was grown up to OD600 

≈ 0.8-1.0. Cells were harvested by centrifugation (4,000 × g, 15 min, 4 °C) and resus-

pended in 20 ml phosphate buffer saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4) per culture litre. Cells were permeabilized by adding 

80 ml/l of culture of 5% SDS and boiling for 30 min with vigorous shaking. Biomass was 

further incubated in the presence of SDS overnight at room temperature. Next, cell debris 

was collected by ultracentrifugation (100,000 × g, 1 h, 20 °C) and washed with distilled 

water. The resuspended biomass was subjected to dialysis against distilled water for 24 

to 72 h to wash out as much SDS as possible. Then the samples were ultracentrifuged 

and washed again as many times as necessary to remove all SDS (typically 1-3 times 

more, SDS was considered to be mostly washed when samples no longer generated a 

thick foam upon resuspension). Two further purification steps were applied: 1) removal 

of nucleic acids by treating with RNase and DNase (50 µg/ml each) for 30 min at 37 °C; 

2) proteins degradation with 300 µg/ml trypsin overnight at 37 °C. Finally, the purified 

peptidoglycan was ultracentrifuged again, the supernatant was removed and the pellet 

was dried for 24-48 h at 37 °C to determine the dry weight yield of the process. Typically, 

some 12 mg of purified PAO1 sacculi were obtained per litre of culture. 

Purified sacculi were dyed by resuspending them in a freshly prepared 0.02 M RBB 

solution containing 0.2 M NaOH. Incubation in this solution was prolonged for about 6 h 

at 37 °C with shaking and then overnight at 4 °C. After staining, several ultracentrifuga-

tion and washing steps with distilled water were conducted until supernatants were clear 
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(usually, 3-4 washing steps). The resuspension water volume of the final pellets was 

adjusted for an A595 ≈ 1.5 of the supernatant of an overnight digestion (see below) of the 

RBB-sacculi with a known active enzyme (Pae87). In this way, the usual yield of dyed 

substrate per liter of culture was around 2 ml at 5-6 mg/ml. 

For the dye release assay, 100 µl of the RBB stained sacculi were centrifuged (12,000 

× g, 20 min, room temperature) and the supernatant was discarded. Then, the pelleted 

sacculi were resuspended in 100 µl of a solution of an appropriate reaction buffer (for 

Pae87 and its derivatives, 20 mM NaPiB, pH 6.0, 150 mM NaCl) containing the desired 

concentration of a putatively muralytic enzyme or just buffer for the blank control. Then 

the samples were incubated for 10 min at 37 °C and reactions were stopped by incubat-

ing further 5 min at 95 °C. Samples were then centrifuged (12,000 × g, 20 min, room 

temperature) and the A595 of supernatants was measured in a VersaMax multi-well plate 

spectrophotometer. 

 

6.2. Analysis of degradation products 

To analyze the degradation products that resulted from Pae87 activity, a similar pro-

tocol to that described in (287) was followed. Data acquisition and analysis were per-

formed with the collaboration of Virginia Rivero-Buceta (Polymer Biotechnology group, 

CIB-CSIC). Briefly, 100 μl of the P. aeruginosa PAO1 peptidoglycan purified as indicated 

in Section 6.1 were centrifuged (12,000 × g, 20 min, room temperature) and resus-

pended again in the same volume of a suitable reaction buffer (20 mM NaPiB, pH 6.5, 

100 mM NaCl for Pae87 or 50 mM NaPiB, pH 4.9, for the positive control cellosyl). Then, 

10 μg of the corresponding enzyme (or the corresponding volume of water for the nega-

tive control) were added and incubated overnight at 37 °C. Reactions were stopped by 

incubating at 98 °C for 5 min. The tubes then were centrifuged (12,000 × g, 20 min, room 

temperature) and the supernatants were collected. 0.5 M borate buffer, pH 9.0 was 

added to adjust the samples’ pH to 8.5-9.0 and 10 μl of freshly prepared 2 M NaBH4 were 

added to reduce the sample at room temperature for 30 min. Next, sample pH was ad-

justed to 2.0-4.0 with 25% orthophosphoric acid. 

Then the soluble muropeptides of each sample were separated by reverse-phase 

high-performance liquid chromatography (RP-HPLC) on a Kinetex C18 Column (1.7 µm, 

100 Å, 150 x 2.1 mm, Phenomenex) coupled to an LXQ mass spectrometer equipped 

with a linear ion trap (Finnigan TM LXQTM, Thermo Scientific). Ionization was achieved 

by electrospray. Muropeptides were eluted at a flow rate of 0.4 ml/min with the elution 

gradient: t = 0 min, 95% A; t = 0.5 min, 93% A; t = 3 min, 82% A; t = 11 min, 50% A; t = 

12 min, 50% A; t = 12.1 min, 95% A, t = 15 min, 95% A; being A: 0.1% formic acid in 
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water and B: 0.1% formic acid in 40% acetonitrile. The mass spectrometer was operated 

on a double play mode in which the instrument was set to acquire a full MS scan (150–

2,000 m/z) and a collision-induced dissociation (CID) spectrum on selected ions from the 

full MS scan. Spectra were analyzed using Xcalibur software (Thermo Scientific). 

 

6.3. Antibacterial activity assays (I): resting cells 

Except when noted, all antibacterial assays were performed in 96-well plates. For 

testing antibacterial activity on resting cells, i.e., in non-growing cells, overnight cultures 

of the bacterial strains of interest were used to inoculate fresh cultures. Such cultures 

were grown up to mid-to-late exponential phase as evaluated by turbidimetry. The OD600 

at which biomass was harvested by centrifugation (3,000 × g, 10 min, 4 °C) varied ac-

cording to the assayed bacteria, ranging between 0.3 and 0.6. The pelleted cells were 

resuspended in ½ volume of an appropriate buffer and plated onto a 96-well plate (100 

µl per well). In parallel, a ‘drugs plate’ was prepared, adding 100 µl of buffer per well 

containing the desired concentration of the compounds to be assayed (or just buffer for 

the control). Then, 100 µl of these drug solutions were transferred to each well of the 

assay plate, which was then incubated typically at 37 °C for a given time. Turbidity could 

be monitored during the incubation time in a VersaMax multi-well plate reader. After in-

cubation, samples were taken to plate 10-fold serial dilutions on the appropriate culture 

media and evaluate the viable cell counts. Unless otherwise stated, distilled water was 

used as the diluent. Morphology and viability of the treated bacterial cells could also be 

assayed by microscopy (see Section 6.8). 

 

6.4. Antibacterial activity assays (II): growing cells 

Antibacterial assays on growing cells were also done in 96-well plates. Each well was 

filled with 180 µl of a dilution from an overnight culture of the desired bacterium in the 

appropriate culture medium. OD was then monitored up to early exponential phase and 

then 20 µl of a solution containing the compounds to test (or just medium/buffer for the 

control) were added to each well. Growth (OD) was measured for the desired time (usu-

ally 16-24 h) at 37 °C. 

 

6.5. Antibacterial activity assays (III): biofilms 

P. aeruginosa biofilms were prepared by plating 200 µl/well of a 1:100 dilution of over-

night cultures in trypticase soy broth (TSB) medium onto a 96-well polystyrene plate. 

Biofilm cultures were incubated overnight (16-20 h) at 37 °C without shaking. After 
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incubation time, OD600 was recorded in a VersaMax multi-well plate reader to evaluate 

total growth. Supernatants were carefully removed from each well and the biomass at-

tached to the plate surface (biofilms) was washed thrice with 250 µl of sterile distilled 

water per well. For the disaggregation assay, 250 µl of buffer (20 mM NaPiB, pH 6.0, 

150 mM NaCl) were added onto each well containing or not the corresponding amount 

of the antibacterial compound assayed. Incubation was then resumed at 37 °C for 2 h.  

For quantifying the antibiofilm activity, after removing the supernatants and washing 

thrice with sterile distilled water, 200 µl of water and 50 µl of a 1% solution of crystal 

violet (CV) were added onto each well. Biofilms were stained for 15 min and then the 

liquid was carefully removed and biofilms were washed thrice with distilled water. Finally, 

200 µl of ethanol were added to solubilize the stained biofilms, which were thoroughly 

scratched and dissolved into the ethanol by pipetting up and down several times. The 

amount of biofilm was then estimated by measuring A595. Alternatively, some wells were 

reserved for measuring viable cells, in which case, biofilms were directly dissolved into 

200 µl of buffer without prior staining, and 10-fold dilutions of each well were plated onto 

LB agar. 

 

6.6. Antibacterial activity assays (IV): MICs and synergy 

Minimum Inhibitory Concentrations (MICs) of antibiotics or AMPs were determined 

according to the Clinical and Laboratory Standards Institute (CLSI) guidelines for P. ae-

ruginosa antimicrobial susceptibility testing (288). 5 × 105 to 106 CFU/ml inocula were 

plated onto each well of a 96-well plate containing equal volumes of serial 2-fold dilutions 

of the antimicrobials to be tested in cation-adjusted Mueller-Hinton broth. Plates were 

then incubated at 37 °C for 20-24 h and then examined both visually and spectrophoto-

metrically (measuring OD600 in a microplate reader) to confirm growth or absence of it. 

When these observations were insufficient to conclude whether there was bacterial 

growth in any well, p-iodonitrotetrazolium was used as a vital stain, adding 20 μl 0.2 

mg/ml p-iodonitrotetrazolium per 100 μl culture. 

Interactions between antibiotics and peptides were tested by the checkerboard assay 

(86, 289). Such assays were performed in the same microtiter plates using the same 

medium and incubation conditions as described for MIC determinations. Compounds 

were usually tested in a range from 1/32 to 2× MIC. The fractional inhibitory concentra-

tion (FIC) for each well was calculated (FICA = CA/MICA; where FICA is the fractional 

inhibitory concentration of compound A, CA is the concentration of compound A in a given 

well and MICA is the MIC of compound A) and the sum of FIC or FIC index (FICI = FICA 

+ FICB) was used to assess whether the combination was synergistic. Synergy was 
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defined, as usual, by a FICI ≤ 0.5. Checkerboard assays were complemented by final 

point viable cell determinations in selected combinations. 

6.7. Membrane interaction assays 

The physiological effects of the interaction of proteins or peptides with bacterial mem-

branes were measured by using fluorescent probes, respectively, SYTOX Green, for 

measuring complete permeabilization (OM + inner membrane) or N-phenyl-1-naphthyl-

amine (NPN), to measure OM permeabilization.  

SYTOX assays were conducted with suspensions of PAO1 resting cells (≈ 107 

CFU/ml) prepared from an actively growing culture (OD600 ≈ 0.4-0.6) pelleted (3,000 × g, 

10 min, 20 °C) and resuspended in 20 mM NaPiB, pH 6.0, 150 mM NaCl, 100 mM sor-

bitol. The sorbitol was added as an additional osmoprotectant to maintain cellular integ-

rity. 100 µl of this suspension were added to each well of a FluoroNunc 96-well plate 

together with 5 µM of the probe, and fluorescence was recorded in a Varioskan Flash 

microplate reader (Thermo Scientific) with an excitation wavelength of 485 nm and 520 

nm for the fluorescence detection. Incubation was prolonged until baseline was reached 

and then 100 µl of the compounds assayed at the proper concentration were added to 

each well. Then, measurements were prolonged for 60 min at 37 °C. NPN assay was 

similar, but the bacterial suspension was obtained by centrifuging and resuspending in 

½ volume of the same buffer a 108 CFU/ml culture (OD600 ≈ 0.5), and the final probe 

concentration was 10 µM. The fluorescence recording settings were 350 nm excitation, 

420 nm emission. In both cases, non-dyed PAO1 cells treated with just buffer were in-

corporated as background measurement, and dyed cells treated with buffer as a nega-

tive control.  

 

6.8. Microscopy assays 

Morphological examination of bacterial cells was carried out with a phase-contrast 

Leica DM4000B microscope. Routinely, BacLight LIVE/DEAD kit was used to stain 

treated or control bacterial cells and check cell viability by differential red/green fluores-

cence in the same microscope equipped with an L5 (excitation bandpass 480-440), an 

N2.1 (515-560), and an A filter cube (340-380), and viewed either under an HC PL APO 

63×/1.40–0.60 or an HC PL APO 100×/1.40 oil objective. The same equipment was used 

to observe NHS-Alexa488 labelled proteins (see Section 5.4). Propidium iodide (PI) was 

sometimes added at a final concentration of 20 μM for observing membrane-compro-

mised cells. Confocal laser scanning microscopy (CLSM) was used on occasions to ob-

tain better-resolved images. In such cases, samples were observed at a 63× 
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magnification using a Leica TCS-SP2-AOBS-UV CLSM equipped with an argon-ion la-

ser. Images were analysed using LAS X software from Leica.  

 

7. PHYSICOCHEMICAL AND STRUCTURAL ASSAYS 

7.1. Circular dichroism 

Circular dichroism spectra were acquired at 4 °C in 20 mM NaPiB, pH 6.5, 150 mM 

NaCl using a Jasco J700 spectropolarimeter equipped with a temperature-controlled 

holder. Far UV spectra were recorded from 260 to 200 nm in a 1 mm path length quartz 

cuvette. Each spectrum was obtained by averaging 5 accumulations collected at a scan 

rate of 50 nm/min and 2 s of response time. Buffer spectra were subtracted from protein 

or peptide spectra and molar ellipticity was calculated. Far UV spectra collected with 

different concentrations of 2,2,2-trifluoroethanol (TFE) were used to predict the ability of 

peptides to form secondary structures in the presence of biological membranes. 

 

7.2. Protein crystallization and X-ray diffraction-based structural modelling 

Crystallization and generation of the three-dimensional model of Pae87 based on ex-

perimental X-ray diffraction data were performed by Mateo Seoane-Blanco, at the Mark 

J. van Raaij laboratory in the Centro Nacional de Biotecnología (CNB-CSIC). Purified 

Pae87 was initially crystallized in a buffer composed of 20% (w/v) polyethylene glycol 

8000, 0.1 M CHES, pH 9.5. The structure of this crystal was solved by molecular re-

placement using AP3gp15 structural model (PDB 5NM7, 50% identity) as a template. 

The resulting model had a resolution of 2.50 Å. Next, a second model including Pae87 

ligand (PAO1 peptidoglycan solubilized by the enzyme itself before crystallization) was 

also obtained. In this case, crystallization conditions were 20% (w/v) polyethylene glycol, 

5000 monomethyl ether, 0.1 M Tris base-HCl, pH 8.0, 8% ethylene glycol. The second 

model was solved by molecular replacement with the first one. It had a resolution of 1.22 

Å, and thus it was the only one considered for further analysis since it had better resolu-

tion and did not substantially differ from the first one (RMSD = 0.4, Z-score = 32.3). The 

definitive Pae87 structural model presented an R-work/R-free of 0.142/0.176 and a 

molprobity score (290) of 1.12, in the 97th percentile of a set of structures with the same 

resolution. 

 

 

 

8. NANOPARTICLES PRODUCTION AND ASSAYS 
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8.1. Chitosan derivatization and nanoparticles production 

Chitosan and DEAE-chitosan (ChiDE) nanoparticles (NPs) were produced and pro-

vided by Javier Caro-León and María Rosa Aguilar, from the Instituto de Ciencia y 

Tecnología de Polímeros (ICTP-CSIC, Madrid). ChiDE was obtained by reacting a solu-

tion of Cs in hydrochloric acid with DEAE-Cl at pH 8.0 and 65 °C for 2 h. The product 

was then dialyzed against distilled water, then against NaOH 0.05 M, and finally against 

distilled water. The ChiDE was then recovered by lyophilization. Chitosan NPs (ChiNPs) 

and ChiDENPs were obtained by ionotropic gelation mediated by sodium tripolyphos-

phate (TPP) as a cross-linker agent. For producing DCsNPs loaded with the enzybiotic 

Cpl-711, equal volumes of Cpl-711 1.5 mg/ml and DCs 2 mg/ml pH 4.0 were mixed to-

gether with the cross-linker agent. Standard quality measurements (hydrodynamic diam-

eter, polydispersity index [PDI]) were performed on each batch by dynamic light scatter-

ing (DLS).  

 

8.2. Bioassays of NPs with pneumococcal cells 

To check for the aggregating ability of NPs against R6 pneumococcal cells, resting 

cell suspensions were obtained in 20 mM NaPiB, pH 6.5, 150 mM NaCl, roughly as ex-

plained in Section 6.3. 900 µl of such suspensions were mixed with 100 µl of an NPs 

suspension at a maximum concentration of 0.5 mg/ml (to reach a final assay concentra-

tion of 50 µg/ml) or water as a control, in a 5 ml test tube. Tubes were subsequently 

incubated at 37 °C for 1 h measuring OD550 without shaking or resuspending sedimented 

cell aggregates. After incubation, samples were obtained for viable cell counts and viable 

cells observation by fluorescence microscopy (see Sections 6.3 and 6.8). Alternatively, 

the assay was conducted with R6 growing cells using the protocol described in Section 

6.4 with a maximum final concentration of NPs of 50 µg/ml. Samples were taken at mid-

stationary phase for microscopical observation. 

 

8.3. CBPs loading onto ChiNPs and ChiDENPs by surface adsorption 

Two types of assays were devised to test the ability of NPs to bind CBPs. Firstly, an 

activity assay on R6 resting cells in which the compounds to test were the 0.5 mg/ml NPs 

suspensions together with 20 µg/ml of Cpl-711 for 30 min at room temperature filtrated 

or not through a 0.1 μm pore size syringe filter (Ministart High Flow PES, Sartorius) to 

remove most of the NPs. Secondly, Alexa488-labelled Cpl-711, Cpl-7S or Cpl-A7S at 20 

µg/ml were mixed with NPs at 0.5 mg/ml and then observed under the fluorescence mi-

croscope or CLSM (Section 6.8). 



MATERIALS AND METHODS   | 

79 
 

 

8.4. In vitro release of Cpl-711 from ChiDENPs 

The supernatant samples from the in vitro release experiment were provided by the 

ICTP group. Briefly, a sample of freeze-dried ChiDENPs-711 was dispersed in the same 

volume of PBS at 37 °C with stirring. Every hour, aliquots of the sample were centrifuged 

(24,000 × g, 45 min, 25 °C) and the supernatants were removed and replaced with fresh 

buffer. The presence of Cpl-711 in such supernatants was tested by SDS-PAGE and to 

ensure the functional integrity of the released Cpl-711, an activity assay on R6 resting 

cells was performed as previously described but adding 20 µl of the release sample onto 

180 µl of the R6 suspension in 20 mM NaPiB, pH 6.5, 150 mM NaCl. 

 

9. BIOCOMPATIBILITY ASSAYS 

Cell culture assays were performed by Carmen Doñoro, from the Cell Cultures service 

of the Centro de Investigaciones Biológicas Margarita Salas (CIB-CSIC). Cytotoxicity 

was assessed using A549 adenocarcinoma human alveolar basal epithelial cells. The 

culture medium was Dulbecco’s Modified Eagle’s Medium with 10% fetal bovine serum. 

80 μl of A549 cells were seeded at a density of 104 cells/ml in culture medium in a 96-

well culture plate. Samples from the release experiment obtained at 1, 2, and 3 h were 

used to set up a drug plate in which 1/3 serial dilutions of each sample were prepared in 

PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl). 20 μl of each 

dilution and sample were added onto the cells grown for 24 h at 37 °C (accounting for a 

final dilution of 1/5 of the samples with respect to the drug plate). Culture medium was 

used as a negative control. Incubation was prolonged for 4, 24, or 48 h at 37 °C. 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was used as an indicator 

of cell viability adding 20 μl per well from a 2.5 mg/ml stock. Afterwards, plates were 

incubated in the absence of light for 4 h, and MTT reaction was stopped with 100 μl of 

10% SDS, 45% dimethylformamide, pH 5.5 per well. Absorbance at 570 nm and 690 nm 

was measured using a multiwell plate reader, and the percentage of cell viability was 

calculated with respect to the 100% signal (OD570 – OD690) of the negative control. 
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1. INTRODUCTION 

Current literature suggests that specific features, characteristic of lysins from phages 

infecting G−, are responsible for improved interaction with G− envelope. It could be pos-

sible to profit such features (AMP-like elements) for antimicrobial molecules design and, 

hence, are relevant both from an evolutionary and an applied perspective. Therefore, in 

this chapter, a wide database of phage lysin sequences was constructed, containing 

relevant information such as domain architectures, available data of the phages’ host 

bacteria, and sequence-based calculated physicochemical properties. Based on such 

classifiers, a review on the differential appearance of certain features and their then pos-

sible link with an evolutionary function was conducted. In this way, the actual spread of 

AMP-like elements was uncovered and a data foundation for posterior work was pro-

duced. 

 

2. CONSTRUCTION OF A PHAGE LYSINS DATABASE 

The lysin sequences for our database (named as 𝕊𝐿𝑌𝑆) were obtained from a set of 

9,539 genomes retrieved from the NCBI database (accessed on April 2020). Gene an-

notations were used as criteria for preliminary inclusion into 𝕊𝐿𝑌𝑆. So, for example, genes 

labelled as ‘lysin’, ‘lysozyme’, etc., were included, while such terms as ‘structural’, ‘tail’, 

etc., were exclusion criteria. After a curation process that included a length and identity 

cut-off, functional domains identification, and a literature-based review (for details see 

Section 1.2 in MATERIALS AND METHODS), 𝕊𝐿𝑌𝑆 final version, available at http://hdl.han-

dle.net/10261/221469, contained 2,182 lysin sequences for which a total of 3,303 PF 

domains were predicted (Table 4.1.1). However, considering all the identical sequences, 

all the sequences of our dataset corresponded to 36,365 entries in the NCBI Reference 

Sequence database (RefSeq release 202). Each of our 2,182 sequences was associated 

with a bacterial genus corresponding to its described bacterial host, for which data on its 

Gram group and peptidoglycan chemotype was added (for the sake of this work, mycolic 

acid-containing diderm bacteria such as those belonging to the Corynebacteriales family 

were considered as G+). Only about 30% of the preliminarily included genes were main-

tained within 𝕊𝐿𝑌𝑆 curation, with varying numbers among the 47 different genera but no 

apparent bias between G+ and G−. Of all the 2,182 sequences, 770 (35.29%) were as-

signed to G− bacterial hosts, while 1,412 (64.71%) were lysins from phages described 

as infecting G+ cells. Up to 45 different PF domain families were found within 𝕊𝐿𝑌𝑆 (Table 

4.1.2). 

http://hdl.handle.net/10261/221469
http://hdl.handle.net/10261/221469


 

 
 

Table 4.1.1. Traceability and yield of the curation process for 𝕊𝐿𝑌𝑆 construction. 

  

Host genus Gram Outer architecture 
Chemo-
type (a) 

Retrieved 
phage  

genomes 

Genes  
detected by  
annotation 

Proteins after 
length cut-off 

Proteins after 
similarity  

cut-off 

Proteins with 
at least one 

relevant PF hit 

Proteins after 
genus  

reassignation 

% Effective  
genes 

PF hits 
Average 

PF hits per 
protein 

Achromobacter − Diderm (LPS) A1γ 36 32 30 17 10 10 31.25% 13 1.30 

Acidovorax − Diderm (LPS) A1γ 3 4 4 3 2 2 50.00% 2 1.00 

Acinetobacter − Diderm (LPS) A1γ 139 152 138 61 50 50 32.89% 57 1.14 

Aeromonas − Diderm (LPS) A1γ 95 77 68 31 26 26 33.77% 27 1.04 

Bacteroides − Diderm (LPS) A1γ 5 6 6 4 3 3 50.00% 3 1.00 

Burkholderia − Diderm (LPS) A1γ 72 61 58 31 27 27 44.26% 36 1.33 

Caulobacter − Diderm (LPS) A1γ 42 58 55 19 17 17 29.31% 17 1.00 

Cellulophaga − Diderm (LPS) A1γ 52 38 35 10 9 9 23.68% 9 1.00 

Cronobacter − Diderm (LPS) A1γ 45 64 61 32 24 24 37.50% 26 1.08 

Enterobacter − Diderm (LPS) A1γ           1   1 1.00 

Enterobacteria − Diderm (LPS) A1γ 797 300 271 97 76 3 25.00% 3 1.00 

Enterovibrio − Diderm (LPS) A1γ           2   2 1.00 

Escherichia − Diderm (LPS) A1γ 684 745 682 173 150 211 20.13% 231 1.09 

Fusobacterium − Diderm (LPS) A1γ (b) 4 3 3 3 3 3 100.00% 3 1.00 

Klebsiella − Diderm (LPS) A1γ 266 259 241 96 66 67 25.48% 71 1.06 

Microcystis − Diderm (LPS) A1γ 8 8 8 6 5 5 62.50% 5 1.00 

Pseudomonas − Diderm (LPS) A1γ 625 485 455 132 89 89 18.35% 98 1.10 

Ralstonia − Diderm (LPS) A1γ 68 21 21 15 14 14 66.67% 15 1.07 

Salmonella − Diderm (LPS) A1γ 414 444 424 123 83 90 18.69% 93 1.03 

Serratia − Diderm (LPS) A1γ 31 40 32 20 13 13 32.50% 16 1.23 

Shewanella − Diderm (LPS) A1γ           1   1 1.00 



 

 
 

Table 4.1.1 (cont.). Traceability and yield of the curation process for 𝕊𝐿𝑌𝑆 construction. 

 

  

Host genus Gram Outer architecture 
Chemo-

type 

Retrieved 
phage  

genomes 

Genes  
detected by  
annotation 

Proteins after 
length cut-off 

Proteins after 
similarity  

cut-off 

Proteins with 
at least one 

relevant PF hit 

Proteins after 
genus  

reassignation 

% Effective  
genes 

PF hits 
Average 

PF hits per 
protein 

Shigella − Diderm (LPS) A1γ           3 - 3 1.00 

Sphingobium − Diderm (LPS) A1γ 2 2 2 1 1 1 50.00% 2 2.00 

Sphingomonas − 
Diderm (glycosphin-
golipid) 

A1γ 7 2 2 1 1 1 50.00% 1 1.00 

Stenotrophomonas − Diderm (LPS) A1γ 28 25 20 8 6 6 24.00% 8 1.33 

Vibrio − Diderm (LPS) A1γ 578 225 216 103 79 76 35.11% 85 1.12 

Yersinia − Diderm (LPS) A1γ 70 62 57 18 16 16 25.81% 16 1.00 

Arthrobacter + Monoderm A3α (c) 316 400 375 124 103 103 25.75% 161 1.56 

Bacillus + Monoderm A1α 348 400 377 170 150 150 37.50% 286 1.91 

Bifidobacterium (d) + Monoderm A4α 10 2 2 1 1 1 50.00% 1 1.00 

Clostridioides + Monoderm A1γ           23   25 1.09 

Clostridium + Monoderm A1γ 109 174 163 67 53 30 30.46% 43 1.43 

Corynebacterium + Diderm (mycolic acid) A1γ 40 30 30 16 16 16 53.33% 24 1.50 

Cutibacterium + Monoderm A3γ           65   65 1.00 

Enterococcus + Monoderm 

A3α (E. fae-

calis, e) 
A4α (E. 
faecium) 

127 150 150 64 51 50 34.00% 77 1.54 

Lacticaseibacillus + Monoderm A4α           13   28 2.15 

Lactiplantibacillus + Monoderm A4α           18   42 2.33 

Lactobacillus + Monoderm A4α 105 133 130 83 68 22 51.88% 41 1.86 

Lactococcus + Monoderm A3α 388 376 375 128 120 121 31.91% 144 1.19 

Leuconostoc + Monoderm A3α 35 45 45 17 11 11 24.44% 16 1.45 

Levilactobacillus + Monoderm A4α           9   14 1.56 

Limosilactobacillus + Monoderm A4α           6   14 2.33 



 

 
 

Table 4.1.1 (cont.). Traceability and yield of the curation process for 𝕊𝐿𝑌𝑆 construction. 
 

(a) Chemotype assignations were based on (63). 
(b) Contains lanthionine instead of m-DAP. 

(c) Although there seems to be some variety in peptidoglycan structure among Arthrobacter, the most common chemotype was assigned. 

(d) There are several chemotypes described within Bifidobacterium, but A4α was assigned to the only Bifidobacterium host entry in our database (Bifidobacterium ther-

mophilus). 

(e) Phage lysins with unassigned Enterococcus host species were assigned E. faecalis chemotype Aα3. 

(f) % Effective genes is the proportion of the initially retrieved genes that were kept after all curation steps (i.e., column 10 / column 6). 

In the lowest three rows, summary numbers are shown: either the sum of each column values or weighted averages, in the case of the percentage of effective genes and 

PF hits per protein. 

 

  

Host genus Gram Outer architecture 
Chemo-

type 

Retrieved 
phage  

genomes 

Genes  
detected by  
annotation 

Proteins after 
length cut-off 

Proteins after 
similarity  

cut-off 

Proteins with 
at least one 

relevant PF hit 

Proteins after 
genus  

reassignation 

% Effective 
Genes (f) 

PF hits 
Average 

PF hits per 
protein 

Listeria + Monoderm A1γ 75 87 72 19 17 17 19.54% 32 1.88 

Mycobacterium + Diderm (mycolic acid) A1γ 1990 3596 3456 584 299 299 8.31% 374 1.25 

Propionibacterium + Monoderm A3γ 202 214 214 89 70 5 32.71% 8 1.60 

Rhodococcus + Diderm (mycolic acid) A1γ 70 83 80 37 31 31 37.35% 70 2.26 

Staphylococcus + Monoderm A3α 349 456 377 93 79 79 17.32% 155 1.96 

Streptococcus + Monoderm A3α 1064 739 734 361 246 246 33.29% 688 2.80 

Streptomyces + Monoderm A3γ 240 208 207 104 97 97 46.63% 151 1.56 

  
Total 

  
9539 10206 9676 2962 2182 2182 28.22% 3303 1.51 

  
Gram-negative 

  
4071 3113 2889 1005 770 770 27.37% 844 1.1 

  
Gram-positive 

  
5468 7093 6787 1957 1412 1412 28.68% 2459 1.74 
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A literature review was conducted to assign a function to each of those domains. Most 

of them were deemed EADs (28 examples) while there were 15 types of CWBDs and 2 

structural domains (that would probably be a part of virion-associated lysins). It is fair to 

warn that the screening method was biased by the annotation of the source genomes 

and by the current knowledge about the functional domains present in lysins (i.e., by the 

present set of PF-identified lysin functional domains). Therefore, while the final curated 

data set will be useful to produce a landscape view of our current understanding of phage 

lysins, generalizations should be taken with care, since future works may clarify some 

still unknown parcels of lysins composition and function. 

 

3. GENERAL DIFFERENCES AMONG G− AND G+ LYSINS 

For most of the sequences within 𝕊𝐿𝑌𝑆 (1,512; 69.3%), only one PF hit was predicted 

(Figure 4.1.1). However, as hinted before, there is an important difference between ly-

sins from G+ infecting phages, which contained a single predicted domain in nearly 60% 

of the cases, and those from G−, with 90.6% of a single predicted domain (Figure 

4.1.1A). On the other hand, just a few lysins contained four or more PF hits. However, 

all these figures do not necessarily reflect the actual structure of the corresponding pro-

teins since: 1) there are domains that are made up of several repeats (up to 5), which 

are recognized as individual PF hits artificially inflating the ‘number of domains’; 2) some 

sequences for which a single domain has been predicted may contain additional, still 

undescribed domains; or 3) some repeats or even full domains may not be appropriately 

predicted when there is enough evolutionary sequence divergence from the family model 

(as an example, the domain structure based on the 3D folding of pneumococcal autolysin 

LytA (291) shows six repeats at the CWBD, while a homology search only predicts five 

of them).  

Consequently, to assess whether the G− lysins actually seem to be monomodular 

while for G+ the case is contrary, lysin lengths were examined. Lysins from G+ infecting 

phages were generally larger (distribution median = 317 aa) than those from G− infecting 

ones (median = 164 aa, Figure 4.1.1C). Complementing this observation, as shown in 

Figure 4.1.1D, EADs in G− lysins started approximately at the same point as those of 

G+ (i.e., at the N-terminal end), but with a slight shift towards C-terminal in the case of 

G−. This small shift could be explained by the fact that some G− lysins have been de-

scribed to have a CWBD at N-terminal, a case that rarely (if ever) has been observed for 

G+ ones (172).  



 

 
 

Table 4.1.2. PF families detected within 𝕊𝐿𝑌𝑆 and their proposed function.  
 

Name PF Interpro Domain Type Reference Activity Comments 

Amidase02_C PF12123 IPR021976 CWBD  (292, 293) Cell wall binding Experimentally confirmed binding to Bacillus vegetative cells 

Big_2 PF02368 IPR003343 CWBD  (294) Cell wall binding Similar to lectins; possibly binds carbohydrates 

CW_7 PF08230 IPR013168 CWBD  (152, 283) Cell wall binding Shown to bind the N-acetyl-D-glucosaminyl-(β1,4)-N-acetylmuramyl-L-alanyl-D-isoglutamine moiety of peptidoglycan 

CW_binding_1 PF01473 IPR018337 CWBD  (295) Cell wall binding Known to bind choline residues at the teichoic acids of some Mitis group streptococci 

CW_binding_2 PF04122 IPR007253 CWBD  (296) Cell wall binding Clostridial cell surface motif; binds to surface glycans (specifically to highly conserved capsular polysaccharide PSII) 

LGFP PF08310 IPR013207 CWBD  (297) Cell wall binding Found in proteins from mycobacteria, next to esterase domains. Also found at C-terminal of glycoside hydrolase domains. Probable binding do-

main 

LysM PF01476 IPR018392 CWBD  (298) Cell wall binding Recognizes polysaccharides containing NAG  residues, including peptidoglycan 

PG_binding_1 PF01471 IPR002477 CWBD  (151) Cell wall binding Appears at N- or C-terminal of enzymes involved in cell wall degradation. Presumed to bind peptidoglycan 

PG_binding_3 PF09374 IPR018537 CWBD  (299) Cell wall binding Potential peptidoglycan binding 

PSA_CBD PF18341 IPR041341 CWBD  (300, 301) Cell wall binding Binding to cell wall teichoic acids. Determines specific binding to different Listeria serovars 

SH3_3 PF08239 IPR003646 CWBD   Cell wall binding Putative binding domain 

SH3_5 PF08460 IPR003646 CWBD  (302-304) Cell wall binding Peptidoglycan binding (in staphylococcal phages, full specificity determined by the presence of pentaglycine bridge; in Lactobacillus it has been 

suggested to bind peptidoglycan stressing participation of glucosamine and low specificity) 

 SPOR PF05036 IPR007730 CWBD  (305, 306) Cell wall binding Peptidoglycan binding domain found in proteins involved in sporulation and cell division. Displays preferent binding to septal peptidoglycan 

lacking stem peptides 

ZoocinA_TRD PF16775 IPR031898 CWBD  (307) Cell wall binding Proposed to recognize A3α peptidoglycan, perhaps only with 2× alanine interpeptide bridges 

 DUF3597 PF12200 IPR022016 CWBD  (301) Cell wall binding Probable binding domain. Similar to Listeria phage lysin Ply118 CWBD responsible for specific binding to cell wall elements. Found at C-termi-

nal of hydrolytic domains 

3D PF06725 IPR010611 EAD  (308) Lytic transglyco-

sylase 

 

Amidase_2 PF01510 IPR002502 EAD  (309, 310) NAM-amidase  

Amidase_3 PF01520 IPR002508 EAD  (311) NAM-amidase  

Amidase_5 PF05382 IPR0002508 EAD  (312) NAM-amidase  

CHAP PF05257 IPR007921 EAD  (313-316) Amidase or pepti-

dase 

It has been described to have either an amidase activity or an endopeptidase activity (cutting between D-Ala and the poly-Gly interpeptide bridge 

of staphylococci) 

Cutinase PF01083 IPR000675 EAD  (317, 318) Esterase Present in fungal enzymes that detach acetyl side groups from polysaccharides 

FSH1 PF03959 IPR005645 EAD  (319) Esterase  

Glucosaminidase PF01832 IPR002901 EAD  (320) Glucosaminidase  

Glyco_hydro_108 PF05838 IPR008565 EAD  (321) Muramidase  

Glyco_hydro_19 PF00182 IPR016283 EAD  (322) Glucosaminidase 

(or muramidase) 

Described as chitinase, probable glucosaminidase activity (or muramidase). Their only recognized function is as chitinases, which is hydrolysing 

bonds between NAG residues. Since such homopolymer does not exist amongst bacteria, it is speculated that Glyco_hydro_19 in phage lysins has 

a glycosidase, murolytic activity. 

Glyco_hydro_25 PF01183 IPR002053  EAD  (323) Muramidase  

GPW_gp25 PF04965 IPR007048 EAD  (324) Muramidase Virion associated lysin domain 



 

 
 

Table 4.1.2 (cont.). PF families detected within 𝕊𝐿𝑌𝑆 and their proposed function. 
 

 

Name Pfam Interpro Domain Type Reference Activity Notes 

Hydrolase_2 PF07486 IPR011105 EAD  (325) Lytic transglyco-

sylase 

 

Muramidase PF11860 IPR024408 EAD  (326) Muramidase  

NLPC_P60 PF00877 IPR000064 EAD  (327, 328) Peptidase D-Glu-m-DAP endopeptidase 

Peptidase_C39_2 PF13529 IPR039564 EAD  (73) Peptidase D-Glu-m-DAP endopeptidase 

Peptidase_C93 PF06035 IPR010319 EAD  (329) Peptidase  

Peptidase_M15_3 PF08291 IPR013230 EAD  (330) Peptidase  

Peptidase_M15_4 PF13539 IPR039561 EAD  (73, 331) Peptidase D-Ala-m-DAP/m-DAP-m-DAP/L-Ala-D-Glu endopeptidase 

Peptidase_M23 PF01551 

 

IPR016047 EAD  (332-334) Peptidase Peptidase (cuts at Gly-Gly interpeptide bridge or L-Ala-D-Glu) 

Pesticin PF16754 IPR031922 EAD  (335) Muramidase  

Phage_lysozyme PF00959 IPR002196  EAD  (336) Muramidase  

Phage_lysozyme2 PF18013 IPR041219 EAD  (337) Muramidase Virion associated lysin domain 

Prok-JAB PF14464 

 

IPR028090 EAD  (338) Peptidase  

SLT PF01464 IPR008258 EAD  (339) Lytic transglyco-

sylase 

 

Transglycosylase PF06737 IPR010618 EAD  Lytic transglyco-

sylase 

 

PE-PPE PF08237 IPR013228 EAD  (340) Esterase C-terminal to mycobacterial PE and PPE proteins, possible esterase based on active site homology 

Prophage_tail PF06605 IPR010572 EAD  Peptidase Virion associated endopeptidase domain 

Gp5_C PF06715 IPR010609 Structural  Structural  

Gp5_OB PF06714 IPR009590 Structural  Structural  
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Figure 4.1.1. General properties of lysins from phages that infect G+ or G− bacteria. A: distribution of 
the number of PF hits predicted per protein. B: distribution of domain types. C: distribution of protein lengths.  
D and E: distributions of the number of aa before (D) or after (E) predicted EADs. F: Percentage of lysins 
with a predicted N-terminal signal peptide according to Phobius. G: PF domains variability (different colours 
stand for different PF domain families, corresponding to those shown in Table 4.1.3). In distribution charts 
(B, C, D) Y-axis shows an estimation of the distribution density. 

 

 

Also, as shown in Figure 4.1.1F, there might be a high representation of SAR-lysins 

among G– phage lysins. The latter panel shows that a signal peptide was predicted by 

the Phobius server for 27.9% (215 lysins) of the G– phage lysins, while such elements 

were only predicted for a 7.5% (106 lysins) of the G+ ones. The prediction of a signal 

peptide is indicative of a SAR mechanism of lysins export into the periplasm (engaging 

the Sec secretion system), although signal peptide prediction algorithms may overlook 

some true SAR-signals mainly due to them lacking a cleavage site. Of note, Figure 

4.1.1D also shows a secondary local maximum at around 200 aa, consistent with the not 

uncommon presence of CWBDs at a medial position (and, subsequently, the appearance 

of EADs immediately after the medial CWBD), or with a second, medial EAD predicted 

after an N-terminal one. Finally, Figure 4.1.1E illustrates that for most G− lysins there 

was little ‘additional space’ at the C-terminal end after the predicted EAD (in contrast with 
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G+, where there was a wide range of C-terminal lengths well above 100 aa). Hence, all 

these results strongly support the commonly sustained hypothesis that most lysins from 

phages that infect G− are monomodular, bearing a single EAD, while those from G+ are 

more variable in architecture, typically containing one or two EADs and a CWBD. Indeed, 

the percentage of CWBDs among the PF hits predicted in the G− group was much lower 

(8.5%) than that of G+ (39.9%, Figure 4.1.1B). Also, G+ presented a high diversity of 

different types of domains in contrast with the relatively lower diversity among the hereby 

analysed G− (Figure 4.1.1G). It is worth noting the high prevalence of Phage_lysozyme 

EADs in G−, which makes up to 45.4% of the total PF hits of G−, while Amidase_2, the 

most frequent EAD among G+, accounted only for 22.2% of total hits.  

 

4. DIFFERENCES IN DOMAIN ARCHITECTURES ACROSS BACTERIAL HOST GROUPS 

4.1. Domains distribution between G+ and G− 

When checking the differential prevalence among G+ or G− of the different PF domain 

families detected within 𝕊𝐿𝑌𝑆, it was noted that most domain types were preferred either 

in G+ or in G− (Figure 4.1.2). In other words, domain families that appear indistinctly in 

lysins from phages that infect G+ or G− seem scarce. Among EADs, Amidase_5, 

Glyco_hydro_25, Peptidase_C39_2, and Transglycosylase appeared exclusively in ly-

sins from phages that infect G+. Other EADs such as Amidase_2, Amidase_3, CHAP, 

Glucosaminidase, Peptidase_M15_4, and Peptidase_M23 were common in G+ but ap-

peared also among G−. 

 

Figure 4.1.2. Differential distribution of PF hits among G− and G+ bacterial hosts. Y-axis shows the 
proportion of PF hits found in G+ within a given domain family. Grey bars and numbers above represent the 

total number of hits of each PF domain in 𝕊𝐿𝑌𝑆. 



|   IV. RESULTS 

92 
 

The distribution was reversed for Glyco_hydro_19, Hydrolase_2, and Phage_lyso-

zyme, predominant in G−. Only the EADs Muramidase and Glyco_hydro_108 appeared 

exclusively in G− lysins, the latter often accompanied by the only G− exclusive CWBD in 

𝕊𝐿𝑌𝑆, PG_binding_3, making up the characteristic architecture [Glyco_hydro_108] 

[PG_binding_3]. As for the other CWBDs, they were almost only predicted in lysins from 

G+ bacteria phages (some domains, such as LysM, PG_binding_1 or SH3_3 were also 

present in those from G− but not frequently). 

 

4.2. Domains distribution across genera 

There were also some trends uncovered in the PF hits distribution among host cell 

genera (Figure 4.1.3, Figure 4.1.4, Figure 4.1.5). We will review several genera of in-

terest with enough representation in the database: 

1) Streptomyces phage lysins seemed to prefer amidase EADs and, particularly, 

Amidase_2 or CHAP (although CHAP domains have been reported to have a 

peptidase activity on occasions) (313, 314). CWBDs present were those from 

CW_7, LysM, or PG_binding_1 families. It is worth noting that most of the CW_7 

occurrences in Streptomyces lysins have a predicted architecture [un-

known][CW_7], in which the unknown N-terminal sections are quite similar be-

tween them (the lowest identity detected was 60%). This points out to a yet un-

described N-terminal EAD within such proteins as QGJ96544.1, QAY17123.1, or 

YP_009615350.1. 

2) Streptococcus genus presents a wide variety of EADs and CWBDs. This may be 

due to the clinical relevance of several species within Streptococcus, which has 

led to an important research effort focuses on phages and lytic enzymes within 

this genus (it is, in fact, the genus with the higher number of lysin sequences in 

our data set, up to 688, with the second one, Mycobacterium, having just 374). 

This, in turn, may have resulted in a deeper characterization of the structure of 

the lysins within this group. There are, however, quite important architectural dif-

ferences between lysins from phages that infect different streptococcal species 

that may be worth comment (Figure 4.1.4): 

a) Among the Mitis streptococci (S. pneumoniae, Streptococcus mitis, Strepto-

coccus oralis), one of the most remarkable features is that all occurrences of 

CW_binding_1 were in this group. This is easily explainable by the fact that 

these repeats have been shown to bind choline residues at the teichoic acids 

of the Mitis group cell wall (295). This confers to the CW_binding_1-bearing 

lysins of Mitis group a very high specificity against bacteria belonging to this 
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group. The most common architecture (Figure 4.1.5) resembles the major 

pneumococcal autolysin LytA ([Amidase_2] 5×[CW_binding_1]). Other com-

mon structures featuring CW_binding_1 are [Glyco_hydro_25] 5×[CW_bind-

ing_1], [Amidase_5] 4×[CW_binding_1] or [CHAP] 5×[CW_binding_1]. Alt-

hough the most common CWBD was CW_binding_1 by far, some other 

CWBDs were also found, such as SH3_5 or CW_7, which, incidentally, also 

appear to be quite spread among the other pseudotaxonomical groups of 

Streptococcus. 

 

 

 
Figure 4.1.3. Heatmap of PF hits distribution across host bacterium genera. Numbers within each tile 
indicate the number of hits predicted for the corresponding taxon and PF family. The colour scale represents 
the number of hits from low (red) to high number (yellow). Grey bars at the right represent the total number 
of PF hits predicted within each genus.  

 

 
b) It was common to find trimodular lysins among Streptococcus suis phages, 

bearing, apparently, two distinct EADs. The most common architecture was 

[Amidase_5] 2×[CW_7] [Glucosaminidase], together with [Amidase_3] [LysM] 

[CHAP]. Some other bimodular architectures with SH3_5 were also found. 
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Figure 4.1.4. Heatmap of PF hits distribution. Numbers within each tile indicate the number of hits pre-
dicted for the corresponding taxon and PF family. The colour scale represents the number of hits from low 
(red) to high number (yellow). Grey bars at the right represent the total number of PF hits predicted within 
each genus.  

 

 

c) The Streptococcus thermophilus phage lysins present in 𝕊𝐿𝑌𝑆 contained 

ZoocinA_TRD as a CWBD, bearing the typical architecture [Amidase_5] 

[ZoocinA_TRD]. 

d) In the case of the Pyogenic group phage lysins, there was a certain variability. 

The trend, however, was towards trimodular, bicatalytic examples such as in 

S. suis, with the [Glucosaminidase] [CHAP] [SH3_5] architecture standing 

out. The same trimodular architectures that appeared in S. suis were also 

present among the Pyogenic group phage lysins. 

3) Staphylococcal phage lysins presented less EADs variability, normally containing 

Amidase_2, Amidase_3, and/or CHAP domains, and SHB3_5 seems to be the 

undisputedly preferred CWBD, as previously demonstrated (341). Staphylococ-

cal SH3_5 has been shown to bind the characteristic peptidoglycan type bearing 

a pentaglycine interpeptidic bridge (302). Common architectures were trimodular 

([CHAP] [Amidase_3] [SH3_5], [CHAP] [Amidase_2] [SH3_5] or 
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[Peptidase_M23] [Amidase_2] [SH3_5]), but there were also some bimodular ex-

amples ([CHAP] [SH3_5]). 

4) Most monocatalytic lysins from Rhodococcus phages contain an Amidase_2 do-

main, either accompanied by LGFP repeats (a probable binding domain for my-

colyl-arabinogalactan containing bacteria, see Table 4.1.2) or by an unknown 

domain (as in YP_005087066.1, YP_009013817.1, YP_009017624.1). There 

were also some bicatalytic architectures, mostly [Peptidase_M23] [Glyco_hy-

dro_25] [unknown], in which the unknown C-terminal domain contained around 

100 aa (see for example AWY04393.1, AWY04019.1, or AQP30934.1). 

5) Among Propionibacterium and Cutibacterium phages, there was also a wide pre-

dominance of Amidase_2 as an EAD, either accompanied by PG_binding_1 or 

by a ≈110 aa unknown domain (e.g. YP_009151220.1, AGI12651.1, or 

YP_009148291.1). 

6) Mycobacterium, or Corynebacteriales in general including thus Corynebacterium 

and Rhodococcus as well, are a very particular group regarding cell wall struc-

ture. Their cell wall is diderm and thus contains an ‘outer membrane’ composed 

of a variety of lipids among which outstand mycolic acids. Some of those mycolic 

acids are esterified with arabinogalactan, which is also covalently bound to the 

peptidoglycan (see Figure 1.7). To sufficiently disturb the micolyl-arabinogalac-

tan-peptidoglycan complex and allow bacterial lysis, mycobacteriophages usually 

contain a pair of catalytically distinct lytic proteins, namely lysin A (a canonical 

endolysin that degrades peptidoglycan) and lysin B (a lipolytic enzyme that dis-

rupts the mycolic acid layer by detaching it from the arabinogalactan). This is why 

PF domains putatively assigned an esterase activity (Cutinase, FSH1, PE-PPE, 

Table 4.1.2) were only predicted in Mycobacterium or Rhodococcus phage ly-

sins, as proteins annotated as type B lysins. Among mycobacteriophages in 𝕊𝐿𝑌𝑆, 

such lysins B normally contained one of the putative esterase domains and some-

times a single PG_binding_1 repeat located at N-terminal as a CWBD. There are 

some type B lysins for which only a significant N-terminal CWBD (of PG_bind-

ing_1 family) is found, but, at the C-terminus, there is still room for a catalytic 

domain. In some cases (e.g.: YP_009125503.1, YP_007869957.1), this C-termi-

nal sequence resembles other esterase domains according to a HMMER homol-

ogy search. There are also lysins B with a catalytic C-terminal domain and a non-

assigned N-terminal end. Altogether this suggests the presence of CWBDs or 

EADs not present within the current PF framework. PG_binding_1 also seemed 

to be the preferred CWBD for mycobacteriophage lysins A. EADs were, as it has 

been already pointed out (73), quite diverse. Mycobacteria stand out among other 
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bacteria hereby classified as G+ because of the variety of confirmed peptidase 

activities among their phage lysins (Peptidase_C39, Peptidase_M15_4, Pepti-

dase_M23) accompanied, sometimes in the same protein, by different glyco-

sidase activities (Amidase_2, Glyco_hydro_19, Glyco_hydro_25, Transglycosyl-

ase). It has been established (73) that the preferred lysin A structure is at least 

trimodular, with two EADs (typically a peptidase and a glycosidase/amidase) and 

a CWBD. Among this kind of architectures that was observed in 𝕊𝐿𝑌𝑆, we may 

cite [Peptidase_C39_2] [Amidase_2] [PG_binding_1] or [Peptidase_M23] [Ami-

dase_2] [PG_binding_1]. 

7) Listeria phage lysins also seem to contain a CWBD of its own, namely 

PSA_CBD, which appears at the C-terminal end of listeriophage lysins together 

with a peptidase or amidase EAD at N-terminal (rendering such structures as 

[Amidase_2] (1 or 2)× [PSA_CBD], [Amidase_3] 2×[PSA_CBD] or [Pepti-

dase_M15_4] (1 or 2)× [PSA_CBD]).  

8) Lactococcus, Enterococcus, and the genera in which lactobacilli have been re-

cently reclassified (Lactobacillus, Limosilactobacillus, Levilactobacillus, Lac-

toplantibacillus, Lacticaseibacillus) (342) often displayed Amidase_2 (preferential 

in the cocci) or Glyco_hydro_25 as EADs. The unidentified C-terminal end of ar-

chitectures that display an N-terminal Amidase_2 within these groups of bacteria, 

again, evokes the plausible presence of a yet undescribed CWBD (e.g., 

AGE60657.1, etc.). The most typical CWBD in this group was LysM. One or sev-

eral LysM repeats at the C-terminal moiety often appear accompanying an N-

terminal Glyco_hydro_25. SH3_5 also would work as a CWBD for some lactoba-

cilli and enterococci phage lysins. A general conclusion is that, in these phages, 

lysins are commonly bimodular.  

9) There was an important diversity of CWBDs among Bacillus phage lysins. Of the 

many families of CWBDs found, Amidase02_C and the putative CWBD DUF3597 

were exclusively observed in Bacillus phage lysins. Also, SPOR CWBD, which 

was also present in lysins from phages of clostridia, is known to be present in 

proteins involved in spore formation and maintenance (Table 4.1.2), so it is evo-

lutionary plausible that it specifically appears in lysins from phages that infect 

sporulating bacteria such as Bacillus and clostridia. As for EADs in Bacillus phage 

lysins, there was a rather high variability as well but also presented some inter-

esting features. For example, along with phages from Corynebacteriales and 

clostridia, Bacillus phage lysins were the only ones from G+ in which peptidase 

domains other than CHAP are somewhat widespread. Such peptidase-bearing 

lysins from Bacillus phages displayed a characteristic bimodular architecture 
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([Peptidase_M15_4] (1 or 2)× [PG_binding_1]). Very few Bacillus phage lysins 

presented a multicatalytic architecture (in fact, only two examples were found, 

[NLPC_P60] [SLT] and [Peptidase_M23] [SLT]). Most of the Bacillus lysins, then, 

display the traditional [EAD] [CBWD] architecture, with varying types of domains. 

10) As previously concluded, the norm among the G– bacteria-infecting phages in 

𝕊𝐿𝑌𝑆 is to code for monomodular lysins, rendering that CWBDs were not quite 

widespread among these phages. However, there was a PF domain with an as-

signed CWBD function (namely, PG_binding_3) that was only present in G– bac-

teria within our dataset. Presumably, then, it might either specifically recognize a 

G– trait or be in some manner especially functional within the G– architecture. 

Other CWBDs that could occasionally be found were PG_binding_1 and LysM. 

A differential trait of some G– lysins was the occurrence of N-terminal CWBDs 

together with an EAD at the C-terminal position. In this regard, the architecture 

[PG_binding_1] [Muramidase] was quite common. However, the most widely 

spread architecture among G– lysins was monomodular, with a single Phage_ly-

sozyme domain. This was the most common architecture and family amongst G– 

bacteria by far, accounting for half [50.8%] of the identified G– lysins in our data-

base, although it also appears, less commonly, in phages infecting some G+ bac-

teria (some bacilli, lactococci, and lactobacilli). There was still, however, a variety 

of EADs within G– lysins, among which we may cite Muramidase, Amidase_2, 

Amidase_3, Hydrolase_2, or Peptidase_M15_4, which, in turn, shows that G– 

phage lysins pose a certain diversity of catalytic activities, although muramidases 

dominate quantitatively. 

 

Many of the aforementioned remarks are summarised in Figure 4.1.5 and Table 4.1.3 

to facilitate interpretation. 
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Figure 4.1.5. Relevant architectures observed in lysins from phages infecting different taxonomic 
groups of bacteria. Different colours mean different domains; brackets denote domains that appear only in 
some representatives of the depicted architecture. 
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Table 4.1.3. Summary table of the distribution of PF hits of phage lysins from G+ and G−a. 
Domain Domain 

type 
G+ (%) G‒ (%) Total Encoded by phages of: 

3D EAD 7 
 

7  

Amidase_2 EAD 547 (85.7) 91 (14.3) 638 Widely distributed in G+ 

Amidase_3 EAD 93 (81.6) 21 (1.4) 114 Bacillus, Streptococcus, Clostridium, 
Staphylococcus  

Amidase_5 EAD 81 (100) 
 

81 Streptococcus, Lactococcus 

CHAP EAD 186 (93.9) 12(6.1) 198 Streptococcus, Staphylococcus, Strep-
tomyces, Arthrobacter  

Cutinase EAD 24 
 

24  

FSH1 EAD 3 
 

3  

Glucosaminidase EAD 73 (97.3) 2 (2.7) 75 Streptococcus 

Glyco_hydro_19 EAD 9 (14.3) 54 (85.7) 63 Acinetobacter and other genera 

Glyco_hydro_25 EAD 142 (100) 
 

142 Lactobacilli, Bacillus, Streptococcus 

Glyco_hydro_108 EAD 
 

43 (100) 43 Widely distributed in G– 

GPW_gp25 EAD 
 

12 12  

Hydrolase_2 EAD 3 (5.8) 49 (94.2) 52 Escherichia, Pseudomonas, Vibrio 

Muramidase EAD 
 

35 (100) 35 Pseudomonas, Burkholderia 

NLPC_P60 EAD 7 6 13  

PE-PPE EAD 13 
 

13  

Peptidase_C39_2 EAD 42 (100) 
 

42 Mycobacterium 

Peptidase_C93 EAD 
 

4 4  

Peptidase_M15_3 EAD 
 

10 10  

Peptidase_M15_4 EAD 96 (71.1) 39 (28.9) 135 Mycobacterium, Bacillus 

Peptidase_M23 EAD 77 (97.5) 2 (2.5) 79 Arthrobacter, Mycobacterium, Rhodo-
coccus 

Pesticin EAD 
 

2 2  

Phage_lysozyme EAD 32 (8.0) 366 (92.0) 398 Widely distributed in G– 

Phage_lysozyme2 EAD 1 
 

1  

Prok-JAB EAD 
 

1 1  

Prophage_tail EAD 3 
 

3  

SLT EAD 6 16 22  

Transglycosylase EAD 32 (100) 
 

32 Mycobacterium 

Amidase02_C CWBD 20 
 

20  

Big_2 CWBD 1 
 

1  

CW_7 CWBD 125 (100) 
 

125 Streptococcus, Arthrobacter, Strepto-
myces 

CW_binding_1 CWBD  
(repeat) 

205 (100) 
 

205 Streptococcus 

CW_binding_2 CWBD  
(repeat) 

3 
 

3  

DUF3597 CWBD 5 
 

5  

LGFP CWBD  
(repeat) 

31 (100) 
 

31 Rhodococcus 

LysM CWBD 210 (97.7) 5 (2.3) 215 Widely distributed in G+ 

PG_binding_1 CWBD 130 (83.3) 26 (16.7) 156 Mycobacterium, Bacillus, Streptomyces 

PG_binding_3 CWBD 
 

40 (100) 40 Widely distributed in G– 

PSA_CBD CWBD 13 
 

13  

SH3_3 CWBD 20 1 21  

SH3_5 CWBD 164 (100) 
 

164 Streptococcus, Staphylococcus, lacto-
bacilli, Bacillus 

SPOR CWBD 5 
 

5  

ZoocinA_TRD CWBD 50 (100) 
 

50 Streptococcus, Enterococcus 

Gp5_C Structural 
 

3 3  

Gp5_OB Structural 
 

3 3  
aPercentages and further remarks are only shown for domains represented by, at least, 30 hits. 

 

 

4.3. Domains distribution across peptidoglycan chemotypes 

To try to shed some more light on the potential evolutionary reasons for the differential 

distribution of EAD and CWBD families between the different bacterial groups, such dis-

tribution was examined regarding the different peptidoglycan chemotypes [as defined 
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by (63)] present in 𝕊𝐿𝑌𝑆 (Table 4.1.1). Briefly, such peptidoglycan structure classification 

hierarchically relies on 1) the site of cross-linkage of the peptide subunit of the pepti-

doglycan, which defines the type (either A or B); 2) the nature of the cross-link, which 

defines the subtype (1, 2 or 3); and 3) the specific residue at position 3 within such pep-

tide subunit, which makes up the specific peptidoglycan variant denoted by a Greek letter 

(Figure 4.1.6A). 

Classification of PF hits by chemotypes did not provide a general explanation for 

CWBDs specificity better than other genus-specific traits (Figure 4.1.6B), such as the 

aforementioned presence of choline for the Mitis group streptococci that correlated with 

CW_binding_1. Some CWBDs did appear, however, only in restricted chemotypes.  

 

 

 
Figure 4.1.6. Differential distribution of CWBDs and catalytic activities across peptidoglycan chemo-
types and taxonomic groups of bacterial hosts. A: Schematic representation of the relevant peptidogly-

can chemotypes present for the bacterial hosts in 𝑆𝐿𝑌𝑆. B: Distribution of CWBD PF hits among chemotypes. 
C: Distribution of catalytic activities of EAD PF hits among chemotypes and taxonomic groups.  

 

 

Such is the case of Amidase02_C or PG_binding_3, for example, which were only 

observed in lysins from phages that infect chemotype A1α and A1γ bacteria, respectively 

(since, as explained before, the former was only found in Bacillus phages and the latter 

in G− phages). Although current evidence does not allow drawing determinant 
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relationships between CWBD families and peptidoglycan composition in general, in 

some cases there is evidence supporting this. For example, ZoocinA_TRD is associated 

with A3α and it is known to bind precisely this peptidoglycan variant with two alanine 

residues at the cross-link (307). However, the causal link here goes from the published 

evidence backwards, i.e., chemotype does not function as a good a priori predictor of 

the CWBD families’ function. This is more clearly evident if we consider that some CWBD 

types appeared widespread among many different chemotypes, such as LysM and 

SH3_5. To check whether this apparent ‘promiscuity’ may be linked to the presence of 

subfamilies with potentially different ligands or if it could rather be a true promiscuous 

binding, SSNs were constructed with the PF hits of LysM and SH3_5 (Figure 4.1.7). The 

LysM SSNs did not show prominent similarity clusters either classified by taxon or by 

chemotype of the bacterial host.  

 

 

 

Figure 4.1.7. SSNs of the PF hits in 𝕊𝐿𝑌𝑆 corresponding to different domain families. A: Classification 
of sequences according to the taxonomic group of the corresponding bacterial host. B: Classification by 
peptidoglycan chemotype of the host. Each node represents a single sequence. Dashed lines separate rec-
ognizable similarity clusters. Edge similarity cut-off was ≈ 40% for CHAP, LysM, and SH3_5 and ≈ 30% for 
Amidase_2. 
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This observation suggests that LysM could be a truly ‘universal’ CWBD that may thus 

bind to a conserved cell wall ligand. The rather generic description of LysM ligands in 

the literature (as ‘NAG-containing polysaccharides’) supports this hypothesis (298). 

SH3_5, however, displayed at least two different sequence similarity groups that corre-

lated well with different taxonomic groups. In this way, a cluster for staphylococcal phage 

domains was separated from another that comprised streptococci and lactobacilli, while 

lactobacilli phage domains also clustered together and apart from the ones from strep-

tococcal phages. This strongly suggests the existence of different ‘subfamilies’ within 

SH3_5 that would account for its apparent wide presence among different bacterial host 

groups. In fact, literature reflects that, while lytic enzymes with predicted SH3_5 domains 

typically recognize polysaccharides (and peptidoglycan itself in particular) there seem to 

be different specializations. For example, the CWBD of the Lactiplantibacillus plantarum 

major autolysin Acm2 bound many different peptidoglycans with low affinity, being glu-

cosamine the minimal binding motif (304). On the other hand, SH3_5 domains from 

staphylolytic enzymes specifically bind crosslinked peptidoglycans (like the A3α pepti-

doglycan of Staphylococcus and Streptococcus), and the nature of the crosslink itself 

determines the affinity of such CWBDs for the peptidoglycan (302, 303). 

The distribution of catalytic activities of the EAD PF hits in 𝕊𝐿𝑌𝑆among chemotypes 

was more informative (Figure 4.1.6C). First of all, NAM-amidases were the most repre-

sented type of domains and also those that appeared among more different taxonomic 

groups and chemotypes, even more so than lysozymes. Indeed, Amidase_2, the most 

abundant PF domain in 𝕊𝐿𝑌𝑆 (with 638 hits, Table 4.1.3), appeared both in lysins from 

G+ and G− phages. The SSN in Figure 4.1.7 shows, however, that although Amidase_2 

seems a rather diverse group, with various observable similarity clusters, none of such 

clusters correlate with any of the classifiers of the bacterial hosts tested. Therefore, it 

cannot be posed any specialization hypothesis for Amidase_2 at this point. Regarding 

muramidases, they were quite common among chemotype A1γ, probably in correlation 

with the widespread presence of Phage_lysozyme domains in G− infecting phage lysins. 

Glucosaminidases appeared evenly in lysins from phages that infect bacteria with pepti-

doglycans A1 and A3, but whereas in G+ (all A3s and a few A1s) glucosaminidase ac-

tivity was mainly attributed to Glucosaminidase PF hits, the only domain family among 

G– putatively assigned a glucosaminidase activity was Glyco_hydro_19. Even more in-

teresting, PF domains with peptidase activity were much more common in lysins from 

phages that infect subtype A1 bacteria. Thus, peptidases were not uncommon among 

G– and were also present in phages from A1 G+ (Corynebacteriales, Listeria, clostridia, 

or Bacillus). On the other hand, amidases/peptidases (which is the label given to CHAP 

domains) were much more prevalent among phages with A3 host bacteria, and only 
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seldom present in A1 (namely some G−). This suggests the presence of two different 

peptidase family clusters, one specialized in A1 and the other in A3 chemotype pepti-

doglycans, which would make sense given that the complexity of the peptide moieties is 

the main difference between these two subtypes. Adding to this conclusion, the CHAP 

SSN (Figure 4.1.7) did show clustering of the few CHAP examples in lysins from A1 

phages, besides an apparent differentiation of Staphylococcus and Streptococcus/En-

terococcus. 

 

5. PHYSICOCHEMICAL DIFFERENCES BETWEEN PHAGE LYSINS FROM GRAM-POSITIVE AND 

GRAM-NEGATIVE BACTERIA 

Thus far, a correlation of certain architectural features with different bacterial groups 

has been demonstrated, and some insights into the possible nature of these specializa-

tions have been provided in an evolutionary context. One of our prior hypotheses in this 

work was to provide evidence on the appearance of certain computable physicochemical 

properties in lysins from G−, thus linking one of such observable specializations with a 

possible role in the function of the respective lysins. To check the reach of these pre-

sumed AMP-like elements, first, a custom random forest predictive algorithm based on 

sequence-calculated physicochemical properties (NCPR, hydrophobicity, HM, aliphatic 

index) was set up (Figure 4.1.8ABC). The resulting algorithm yielded rather good quality 

parameters (e.g., ROC-AUC = 0.897; testing set prediction accuracy = 87.9%, Figure 

4.1.8AB) given the simplicity of the proposal. According to the subsequent analysis of 

the random forest model (Figure 4.1.8C), NCPR was the most relevant variable to dis-

tinguish between G+ and G− host bacteria, followed by HM and aliphatic index and, 

finally, hydrophobicity. The quality of the prediction could be much improved in a variety 

of manners, for example, including additional descriptors such as protein length, which 

is a quite good discriminator between lysins of G+ and G− (Figure 4.1.1). A second 

model built including such variables as protein length, the number of PF hits per protein 

and the presence or absence of a signal peptide achieved, in fact, a 96.15% accuracy 

and much better classification performance (Figure 4.1.8DE). As expected, in this case, 

the variable with a greater impact in classification was the protein length (Figure 4.1.8F) 

which, given the inevitably incomplete character of the PF predicted domains, is a better 

account of the architecture of the proteins (i.e. of the presence of just one or many do-

mains, which is arguably the main difference between the two classes considered). How-

ever, the aim here was not to perform an accurate prediction of the bacterial host Gram 

group, but rather to assess how well a set of relevant physicochemical features could 

predict the Gram group. Indeed, the results indicate that there must be a certain physi-

cochemical difference between G+ and G− lysins.  
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Figure 4.1.8. Random forest prediction and classification of lysin sequences according to their bac-
terial host Gram group. Two models are presented, the first one based on just lysins physicochemical 
properties (A, B, C) and the second one including also other variables relative to lysin architecture (D, E, F). 
A, D: ROC curves of the random forest predictive models (TPR: true positive rate, FPR: false positive rate). 
ROC best points of positive group (G+) probability for outcome maximization are presented, as well as the 
AUCs. B, E: Random forest castings of bacterial host Gram group on the testing subset of lysin sequences. 
The dashed lines represent the G+ probability threshold for classification based on the respective ROC best 
points. C, F: Importance (i.e., mean Gini index decrease for each variable) of each of the four descriptors 
used for classification within each model. 

 

 

This difference was further examined by comparing the distribution of said properties 

between lysins from G+ and G− phages by performing a series of analyses (Figure 

4.1.9). The distribution of NCPR presented significantly higher values in G− than in G+ 

(p ≤ 0.0001; ES = 0.66, Figure 4.1.9A). Moreover, the average prediction of local net 

charge (Figure 4.1.9B) indicated that such difference is mainly located at the C-terminal 

part of lysins from G−. A statistical comparison of NCPR at the last quarter of the proteins 

(Q4) between G+ and G− also confirmed that the main difference in net charge was 

located at this end (Figure 4.1.9C). Although the difference between the G+ and G− 

bacterial host groups was deemed statistically significant in every sequence quartile (p 

≤ 0.0001), the effect size was only ‘moderate’ at Q1-Q3 (ranging between 0.24 and 0.38), 

but it was higher at the final quartile (ES = 0.52). Hydrophobicity was also generally 

higher in G− lysins, but the difference regarding G+ was smaller (p ≤ 0.0001; ES = 0.36). 

G– lysins had a more hydrophobic N-terminal part, which could be correlated to the pre-

viously discussed greater abundance of predicted signal peptides among the G– group 

(Figure 4.1.1F).  
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Figure 4.1.9. Differential physicochemical properties distribution among G+ and G− phage lysins. A: 
Distribution of net properties calculated along the whole protein sequences of lysins from phages infecting 
G− or G+. B: Local computation of physicochemical properties. Each dot represents the particular value 
calculated for an 11-aa window in a given lysin. Continuous lines are average tendencies based on either 
all G− or all G+ data points. C: Distribution of different properties at quartiles of lysin sequences. Asterisks 
indicate p-values (** ≤ 0.01, *** ≤ 0.001) obtained from the Yuen-Welch test for trimmed means with a trim-
ming level of γ = 0.2; ES indicates the Wilcox and Tian’s ζ measurement of effect size, as explained in 
MATERIALS AND METHODS Section 1.6. 

 

 

The tendency was reversed at the C-terminal moiety, something that can be explained 

by the relative abundance of positively charged residues shown before for G–. It is at the 

third quartile (Q3), immediately before the high positive net charge patch described 

above, where the difference was statistically more relevant (p ≤ 0.001; ES = 0.59). These 
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observations could also reflect the lysins’ architecture: we have already established that 

the ones from G– infecting phages are generally monomodular and the G+ ones are 

multimodular. The multimodular architecture of the latter implies longer sequences and 

the presence of inter-domain linkers, which, being more exposed, tend to have more 

polar or charged residues (343). These circumstances would support an altogether lower 

hydrophobicity in lysins from G+ infecting phages, together with the fact that the G–, 

containing a single domain, would mostly tend to be globular, and thus comprise less 

exposed portions and relatively more hydrophobic residues. Perhaps linked to these 

phenomena, there was also found a statistically significant difference in the amphipathi-

city, measured by the average HM distributions, and in the aliphatic index. The G– pre-

sented greater average HM values along the whole protein sequence but the N-terminal 

end; while the aliphatic index was also consistently higher in G– than in G+ except at C-

terminal (coincidental with the high net charge patch). Precisely, it is the presence of a 

high NCPR coupled with a still higher HM that evokes a similarity with AMPs. The lower 

hydrophobicity at Q4 of the G− group can be easily explained by the presence of posi-

tively charged residues, but the high HM suggests that nonpolar residues remain at such 

regions, potentially allocated in amphipathic 3D structures.  

 

 

 
Figure 4.1.10. Net charge distribution of lysins from G− infecting phages classified according to the 
predicted EAD. The rightmost grey bars depict the number of lysins classified into each EAD group (lysins 
within the NA group are those for which an EAD was not assigned). All groups were compared with the 
distribution of the Amidase_2 domain, as a highly represented, near-neutral control using Welch’s test on 
trimmed means with post hoc Bonferroni correction (*, p-value ≤ 0.05; **, p-value ≤ 0.01; ***, p-value ≤ 
0.001). The horizontal line separates EADs preferentially found in G+ (top) and those preferential for G−. 

 

 

A closer examination of NCPR of lysins from G– infecting phages indicated that the 

high positive charge patch trait seems specific to some EAD domain families (Figure 
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4.1.10). Specifically, a statistically significant higher NCPR was found in lysins bearing 

Phage_lysozyme, Hydrolase_2, and Glyco_hydro_19 domain families. When the analy-

sis was restricted to the C-terminal end, the NCPR difference was observed for the same 

domains mentioned above but also in SLT and Muramidase. The average local net 

charge tendency for each EAD group found in G− lysins confirmed that a local positive 

net charge peak appears in the protein region immediately before the C-terminal end for 

all of the aforementioned domains (Figure 4.1.11). Interestingly, all of those domains 

were preferentially present in lysins from G− phages, according to Figure 4.1.2. This 

observation provides a basis to argue an evolutionary tendency in some G– infecting 

phages towards developing AMP-like subdomains at the C-terminal moiety of their lysins. 

 
Figure 4.1.11. Local computation of physicochemical properties in lysins from G− phages classified 
according to EAD predictions. Each dot represents the particular value predicted for an 11-aa window 
from a given lysin. Continuous lines are average tendency lines. 
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Part of the results in this chapter are published in: 

Roberto Vázquez, Sofía Blanco-Gañán, Susana Ruiz, Pedro García*. 2021. Mining of Gram-

negative surface-active enzybiotic candidates by sequence-based calculation of physicochemical 

properties. Front. Microbiol. doi: 10.3389/fmicb.2021.660403. 

 

Other results are included in the following manuscript in preparation: 

Roberto Vázquez, Mateo Seoane-Blanco, Virginia Rivero-Buceta, Susana Ruiz, Mark J. van 

Raaij, Pedro García*. 2021. Pseudomonas aeruginosa phage JG004 lysozyme (Pae87) contains 

a bacterial surface-active antimicrobial peptide-like region and a possible independent substrate 

binding subdomain. 
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1. INTRODUCTION 

Since many G− phage lysins bear AMP-like elements and, intrinsically, such domains 

should be able to interact with the G− bacterial surface, and even disrupt it, a bioinfor-

matic search for AMP-like domains was set up for uncovering potential enzybiotic candi-

dates. To this end, a simple kNN model was built to distinguish AMPs from regular, ran-

dom peptides. Such a predictive model was applied to a database subset consisting of 

the monomodular Pseudomonas-infecting phage lysins in 𝕊𝐿𝑌𝑆 (see the previous chap-

ter). A further screening procedure was applied based on current literature and, in this 

way, a small collection of enzybiotic candidates was obtained. Enzybiotic candidate 

Pae87 was overexpressed, purified, and subsequently characterized. General evidence 

is thereby provided on Pae87 antimicrobial potential and, more specifically, its mode-of-

action, including its ability to interact with G− bacterial surface. A three-dimensional 

structural model of Pae87 was obtained, and its potential AMP-like subdomain (named 

P87) was defined and tested. 

 

2. DIFFERENTIATING ANTIMICROBIAL PEPTIDES BY THEIR PHYSICOCHEMICAL PROP-

ERTIES 

As explained in MATERIALS AND METHODS (Section 1.5), a database named 𝕊𝐴𝑀𝑃, 

comprising aa sequences of AMPs and randomly generated peptides was constructed. 

Physicochemical properties (NCPR, hydrophobicity, average HM, aliphatic index) were 

calculated based on such sequences. As pointed out in previous literature (344, 345), 

AMPs in 𝕊𝐴𝑀𝑃 displayed a statistically significant higher NCPR, hydrophobicity and HM 

(p-values < 0.0001; respective effect sizes 0.74, 0.37, 0.57, Figure 4.2.1A). No signifi-

cant differences, however, were found in the aliphatic index, unlike what observed in the 

previous chapter for the mostly monomodular lysins of G−. Aliphatic aa (specifically Ile, 

Val, and Leu) are known to play a role in the folding and stabilization of globular proteins 

(346, 347), and thus it is understandable that they may be overrepresented in the glob-

ular G− lysins with respect to the multimodular G+ ones (Figure 4.1.9). Multimodular 

lysins necessarily contain linkers, which are known to be rich in polar residues and pro-

line, rather than nonpolar or aliphatic ones (343). Although AMPs stand out by a some-

what higher hydrophobicity than randomly picked peptides, such hydrophobicity will not 

be necessarily contributed by aliphatic aa, which are not needed for globular stabilization 

or folding of a tertiary structure in short peptides such as AMPs in general. 
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Figure 4.2.1. Characteristic features of AMPs and kNN predictive model construction. A: Distribution 

of sequence-based physicochemical features in 𝕊𝐴𝑀𝑃 comparing between AMPs and non-AMPs. Original 
and trimmed (trimming level γ = 0.2) distributions are shown. Yuen-Welch test was applied to analyse sig-
nificant differences and effect size was calculated according to Wilcox and Tian’s ζ. B: parameter k fitting for 

the kNN model. C: ROC curve analysis of the kNN using the testing subset of 𝕊𝐴𝑀𝑃. AUC and ROC-based 
best AMP probability threshold point for classification are provided. D: Classification of the testing subset 
using the kNN model. The dashed line represents the AMP probability threshold for classification based on 
the ROC best point. Sensitivity (Sen), Specificity (Spe) and Accuracy (Acc), are provided considering such 
classification threshold. 

 

 

𝕊𝐴𝑀𝑃 was partitioned into a training and a testing subset (respectively 75% and 25% 

of the total entries, randomly sampled and classified into either of the subsets), and those 

subsets were used to build and evaluate a kNN model aimed to distinguish between 

AMPs and non-AMP peptides. Using the training subset, the model was fitted (with k = 

30, optimal accuracy = 87.7%, Figure 4.2.1B) and subsequently evaluated with the test-

ing subset (Figure 4.2.1CD). The ROC analysis yielded an AUC-ROC of 0.941 and op-

timal TPR and FPR of 0.888 and 0.116, respectively. The best cut-point of AMP proba-

bility for classification was established in 0.4833, based on this analysis. With this cut-

off, classification quality metrics are shown in Figure 4.2.1D. Many efforts have been 

previously conducted to accurately predict AMPs, some with accuracies well above 90% 

(198, 348-351). However, these works aimed to produce depurated, highly reliable pre-

dictions of AMPs (often using resources out of scope here, such as larger descriptor sets 

or more sophisticated sequence metrics). Our purpose, however, was rather to get a 

simple and customized prediction in line with our analytic approach, and therefore the 

results yielded can be considered good enough to further proceed. It is more so if we 

consider that, rather than predicting AMPs themselves, our purpose was to generate a 
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‘similarity metric’ (which would be the AMP probability score computed by the kNN) 

based on physicochemical properties, with as less sequence bias as possible. 

 

3. APPLICATION OF THE KNN TO THE PREDICTION OF AMP-LIKE ELEMENTS WITHIN 

LYSINS AND SCREENING OF ENZYBIOTIC CANDIDATES 

The next step was applying the AMP-recognizing model to predict AMP-like peptides 

within the C-terminal end of the lysins in 𝕊𝐿𝑌𝑆 (Figure 4.2.2A). Coherently with our ob-

servations in Chapter 1, most of the lysins for which an AMP was predicted at the C-

terminal analysed region were G− (66.3%). Ultimately, this meant that AMPs were pre-

dicted for around 32% of all of the G− entries, in contrast with the G+ ones, for which 

only ≈ 10% contained a predicted C-terminal AMP. 

 

 

 
Figure 4.2.2. Prediction of AMP-like elements within lysin sequences. A: AMPs prediction at the C-

terminal end of the lysins in 𝕊𝐿𝑌𝑆, classified by the Gram group of their host bacteria. B: AMPs prediction at 

the C-terminal end of the lysins in 𝕊𝑃𝑆𝐸. Dashed line represents the AMP probability cut-off for classification. 

C: Secondary screening of AMP-positive 𝕊𝑃𝑆𝐸 entries by maximizing HM and NCPR. GenBank identifiers of 
the final candidates are shown. The dashed lines indicate the parameter cut-off values (HM ≥ 0.31 and 
NCPR ≥ 0.13). C-t means C-terminal region. 
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After this check, the kNN model was used to screen for enzybiotic candidates against 

bacterial pathogen P. aeruginosa using a subset of 𝕊𝐿𝑌𝑆, named 𝕊𝑃𝑆𝐸, only containing 

lysins whose bacterial host was labelled as Pseudomonas and whose architecture was 

monomodular. The 23.75% (19 examples) of the lysins in 𝕊𝑃𝑆𝐸 were positive for an AMP-

like element at the examined C-terminal region (Figure 4.2.2B). This does not rule out 

that any of the negative ones could bear AMP-like elements, but rather that there would 

be a low probability for it to be located exactly at the analysed coordinates within the 

respective sequences (between 0.75 × length of the protein and 0.9 × length, see MATE-

RIALS AND METHODS Section 1.5). However, only the ones for which we found plausible 

AMPs at such region were kept for the sake of the screening, and a second selection 

step was applied to be left with the most promising ones for further testing (Figure 

4.2.2C). This second screening was based on the C-terminal maximization of NCPR and 

HM. Cut-offs were defined by the lowest observed values of such variables in regions 

positively classified as AMPs among previous examples of enzybiotics intrinsically active 

against G− (Table 4.2.1, NCPR = 0.13, HM = 0.31).  

 

 

Table 4.2.1. Previously published examples of lysins with intrinsic activity against Gram-negative 
bacteria from without. 

GenBank ID Phage Bacterial host PF architecture aa 

AMP 

scorea 

NCPR at 

C-tb 

HM at 

C-tb Reference 

AJG41873.1 RL-2015 A. baumannii Phage_lysozyme 146 0.7000 0.1279 0.4097 (169) 

ARB16052.1 JD010  P. aeruginosa Phage_lysozyme 145 0.1333 0.0844 0.1580 (170) 

ALC76575.1 vB_AbaP_CEB1 A. baumannii Glyco_hydro_19 185 0.6667 0. 2392 0.3111 (352) 

AEV89716.1  OBP P. aeruginosa NA (bimodular) 328 0.0000 −0.0021 0.2372 (179) 

YP_006383882.1 SPN9CC Salmonella enterica Phage_lysozyme 167 0.4333 0.1127 0.4908 (168) 

ADX62345.1 φAB2 A. baumannii Glyco_hydro_19 185 0.7333 0.2393 0.3236 (182) 

AAK40280.1 Morita2001 

Bacillus amylolyquefa-

ciens 

[Phage_lysozyme] 

2× [LysM] 258 0.1333 0.1008 0.2575 (164) 

YP_009285691.1 vB_CfrM_CfP1 C. freundii Peptidase_M15_4 131 0.0000 −0.0028 0.2331 (194) 

aAMP probability as computed for the peptide comprised between 0.75 × length and 0.9 × length coordinates. 

Values above the AMP probability threshold are underlined.  
bC-t means C-terminal region. The NCPR and HM values used as a cut-off for the screening depicted in 

Figure 4.2.2C are shaded in black. 

 

 

It is worth noting that only three of the eight examples provided in Table 4.2.1 yielded 

a positive result in the kNN AMP classification. Again, this does not imply that the nega-

tive ones do not contain AMP-like regions, but rather that such regions were not detected 

by the model within the predefined coordinates. The latter explanation is supported by 

the profiles of local AMP predictions shown in Figure 4.2.3. In this figure, a plausible 
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accumulation of AMP-positive peptides can be observed in all of the lysins in Table 4.2.1, 

although in some of them those areas lie outside the [0.75, 0.9] region considered here 

for the screening.  

 

 

 

Figure 4.2.3. Local predictions of AMPs on 11-aa window peptides along the sequences of experi-
mentally proven lysins active against Gram-negative bacteria. The blue shade indicates the [0.75, 0.9] 
window on which the original predictions were made for Table 4.2.1. The red shade indicates CWBDs. 
Lysins with an asterisk correspond to those in Table 4.2.1 for which an AMP was predicted in the [0.75, 0.9] 
region. Plausible areas of accumulation of 11-aa predicted AMPs are indicated with a green, dashed circle. 

 

 

In any case, five enzybiotic candidates were finally derived from the bioinformatic 

screening (Table 4.2.2). Three of them contained a Phage_lysozyme catalytic domain 

and the other two were Muramidase, both catalytic domains typically found among G− 

(see the previous chapter). In this thesis, we have focused on the characterization and 

potential antibacterial profiting of one of them, the putative endolysin of the JG004 phage, 

named throughout this work as Pae87 (353), on the basis of its good heterologous ex-

pression yield in a soluble form. 
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Table 4.2.2. Final enzybiotic candidates after the screening process. 

GenBank ID Phage Bacterial Host Pfam Architecture Length (aa) NCPR at C-ta 

Average HM 

at C-ta 

YP_009596190.1 VSW-3 P. fluorescens  Phage_lysozyme 156 0.1485 0.3764 

YP_009276446.1 phi3 P. aeruginosa Phage_lysozyme 170 0.1103 0.3756 

YP_008873241.1 PPpW-3 P. plecoglossicida Phage_lysozyme 168 0.1383 0.3990 

YP_007002453.1 JG004 P. aeruginosa Muramidase 186 0.1465 0.2816 

QEM40954.1 PAP-JP P. aeruginosa Muramidase 187 0.1421 0.3113 

aC-t means C-terminal region. 

 

4. GENERAL CHARACTERISTICS OF PHAGE JG004 AND ITS ENDOLYSIN, PAE87 

Myoviridae phage JG004 was originally isolated from environmental samples (sew-

age water) by selecting lytic activity against P. aeruginosa (353). No genetic elements 

suggesting lysogenic ability have been described for it within the 93,017 bp of its ge-

nome, and it has been used as a proof-of-concept for the formulation of nanodroplet 

emulsions for respiratory therapy against P. aeruginosa (354). The gene PJG4_087, en-

coding putative endolysin Pae87, is found in a typical lytic cassette context within the 

phage genome: surrounded by other genes possibly dedicated to bacterial host lysis 

(Figure 4.2.4). Specifically, downstream of the lysin gene there is a gene putatively cod-

ing for a holin (with small size, and two transmembrane regions predicted) and there may 

be one or more spanin genes. Interestingly, the putative holin of the JG004 phage is in 

an opposite location to the typical 5’-holin-lysin-3’ cassette.  

 

 

 
 
Figure 4.2.4. Pseudomonas phage JG004 lytic cassette. All putatively claimed functions have been pro-
posed based on the bioinformatic analysis results depicted below each open reading frame (ORF). The 
rightmost bold number is the phage genome size in base pairs. Vertical numbers mark the coordinates of 
the corresponding ORFs. 
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Pae87 EAD, which is predicted to occupy the whole length of the protein (the Hidden 

Markov Model (HMM) alignment produced by PF covers from coordinate 19 to the very 

end of the sequence), belongs to the recently described Muramidase catalytic family 

(326). Pae87 shows 52.2% sequence identity with the first described member of the Mu-

ramidase family, Salmonella phage lysin Gp110, for which a muramidase activity was 

experimentally proven (Figure 4.2.5).  

 

 

 

Figure 4.2.5. Multiple sequence alignment of Pae87 and other lysins with EADs from the same family 
reported in the literature. Conserved aa are coloured, domain architectures comprised by the analysed 
lysins, and respective percent identity matrices are also shown. 

 

 

To date and up to our knowledge, a single experimental 3D structure example of the 

Muramidase family has been contributed: that of the Burkholderia phage lysin AP3gp15 

(173). The fundamental difference between Pae87 and AP3gp15 is the presence, in the 

latter, of a PG_binding_1 CWBD at the N-terminal end. Besides, a member of the family, 

the P. aeruginosa PaP1 phage lysin, which has been reported to degrade purified P. 

aeruginosa cell walls and inhibit S. aureus (but not P. aeruginosa) growth at very high 

concentrations (up to 10 mg/ml droplets on agar plates), is very similar to Pae87 (97.9% 

identity) (355). 
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5. PAE87 EXPRESSION, PURIFICATION, AND PRELIMINARY ANTIBACTERIAL ACTIVITY 

TESTING 

Pae87 was overexpressed in an E. coli BL21(DE3) host, fused to an N-terminal 6 × 

His tag, and subsequently purified by immobilized nickel ion chromatography followed 

by a chromatographic buffer exchange step to remove imidazole and NaCl (Figure 

4.2.6). Production yield was about 20 to 30 mg/l. 

 

 

 
Figure 4.2.6. Purification of Pae87. A: Chromatogram of the two-step chromatographic protocol for Pae87 
purification. B: SDS-PAGE of a crude Pae87 expression extract (lane 1) and samples from the affinity chro-
matography elution peak (lane 2) and the desalting peak (lane 3). 

 

 

Muralytic activity assay on RBB-labelled purified P. aeruginosa PAO1 peptidoglycan 

demonstrated that Pae87 has a catalytic peptidoglycan-degrading activity since it was 

able to solubilize the substrate polymer in a much greater degree than the negative con-

trol, anti-pneumococcal enzyme Cpl-711 (Figure 4.2.7A). Also, Pae87 was observed to 

have a viable cell counts decrease effect (Figure 4.2.7B) when in contact with P. aeru-

ginosa PAO1 cells, down to a maximum of ≈ 2 log units in the assayed conditions (pH 

6.0, 150 mM NaCl, ≈ 108 CFU/ml). This apparent viability decrease, however, did not 

correlate with a pronounced turbidity reduction as it would be expected for a lytic enzyme 

(Figure 4.2.7C). Such bacteriolytic effect is easily observed, in general, among lysins 

that attack G+ bacteria (78). It is, nonetheless, normally impeded by the OM in the G− 

setup, and proper lysis is usually only observed in G− with wild-type lysins when the OM 

is permeabilized through a pre-treatment with an organic acid or adding a permeabilizing 

agent, such as EDTA (356). When Pae87 was used to treat PAO1 cells permeabilized 

with 0.5 mM EDTA, however, there were no remarkable changes in the turbidity de-

crease profile (Figure 4.2.7C). EDTA did produce, nonetheless, a synergistic bacteri-

cidal effect when applied in combination with Pae87 (Figure 4.2.7D), likely due to the 

OM disrupting effect of EDTA, which would improve the interaction of the protein with 
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the bacterial cell wall. While the killing activity was ≈ 2 log units in the absence of EDTA, 

it was around 5 log units when 0.5 mM EDTA was added. 

 

 

 

Figure 4.2.7. Pae87 activity on P. aeruginosa PAO1. A: Muralytic activity of different Pae87 concentrations 
against RBB-labelled purified P. aeruginosa PAO1 sacculi. B: Viability decrease of P. aeruginosa PAO1 cell 
suspensions treated with different concentrations of Pae87 for 2 h at 37 °C with respect to an untreated 
control. C: Turbidity decrease of P. aeruginosa PAO1 cell suspensions treated with different concentrations 
of Pae87 and with 10 μM of Pae87 + 0.5 mM EDTA. Representative results are shown. D: Comparative 
bactericidal effect of 10 μM of Pae87 on a PAO1 suspension in the presence of 0.5 mM EDTA. E: Fluores-
cence microscopy images of the PAO1 cell suspensions either untreated or treated with 10 μM of Pae87 
and stained with SYTO9/PI. White bars at the lower-left corner indicate the scale (10 µm). 

 

 

Fluorescence microscopy observations showed a clear cell aggregation effect in-

duced by the Pae87 treatment as compared with the control (Figure 4.2.7E). This ag-

gregation was accompanied by red fluorescence due to PI, indicative of a compromised 

cell surface and, possibly, as hinted by the viable cell counts, bacterial death. Also, the 

cells in the aggregates presented abnormal morphologies (such as rounder shapes or 

opacity loss when observed by phase-contrast microscopy), which altogether indicate 

that they are more cell debris masses than clusters of relatively healthy cells. The ability 

of the enzymes to keep the cells and cell debris bound together would explain the fact 

that a viability reduction was observed without a proper correlation with generalized lysis 

since cell disintegration did not occur. Actually, cell aggregation has been previously 

observed when testing bacterial surface-active proteins (165). This may be due to a gen-

eral protein surface propensity to interact with the bacterial envelope, or, perhaps, to the 

existence within the protein of several affinity contact points with the cell wall. In this way, 

when the antibacterial proteins coat the surface of a bacterium, such a protein layer may 

recruit adjacent bacteria. Then, the surface interaction of Pae87 would potentially cause 
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membrane disruption and/or peptidoglycan degradation due to its catalytic activities, re-

sulting in the cellular damage evidenced by Figure 4.2.7. The aggregation could also be 

the reason for the saturation of the dose-response curve in Figure 4.2.7B, since lysin 

molecules entrapped within the aggregates may not be able to attack other bacterial cells 

in suspension. Nonetheless, the aggregative effect, if conserved in vivo, could also be a 

therapeutic asset. Aggregation would probably prevent the dissemination of proinflam-

matory lysis by-products, and cellular aggregates have been shown, on occasions, to be 

better recognized and cleared (phagocyted) by the immune system cells (235, 357).   

 

 

 
Figure 4.2.8. Bactericidal activity spectrum of Pae87 and Ppl65. The decrease in the viable cell counts 
of bacterial suspensions treated with 10 μM enzyme with respect to an untreated control is shown.  

 

 

Finally, the bactericidal activity range of Pa87 was assessed (Figure 4.2.8). For com-

parison, the activity range of Ppl65 (endolysin of the PPpW-3 phage, Table 4.2.2) is also 

provided for comparison (255). Pae87 presented a semi-broad range activity spectrum 

against a collection of relevant respiratory pathogens. It displayed generalized activity 

against all of the P. aeruginosa strains tested (1-3 log kill), mild activity (≤ 1 log kill) 

against M. catarrhalis, greater activity (1-2 log kill) against Acinetobacter, and no activity 

against K. pneumoniae or the G+ strains in general, although it was found that the SMG 

strain tested was susceptible to Pae87. In comparison, Ppl65 had a similar spectrum, 

but somewhat broader, since some activity was found against E. coli strains. The SMG 

strain, however, was not attacked by Ppl65. The similarity in the tendencies across 
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Pae87 and Ppl65 activity ranges, on the other hand, points out to an analogy in their 

mechanisms of action.  

 

6. STRUCTURAL-FUNCTIONAL STUDIES OF PAE87 

The next aim was to elucidate the mechanism by which Pae87 interacts with suscep-

tible bacterial cells. To this end, Mateo Seoane-Blanco in the lab of Mark J. van Raaij 

(CNB-CSIC) crystallized the protein, obtained X-ray diffraction data at 1.22 Å resolution, 

and constructed a high-quality, three-dimensional structure model of Pae87.  

 

 

 

Figure 4.2.9. Structural model of Pae87 compared with AP3gp15. The 3D model of Pae87 (green) is 
shown superimposed on AP3gp15 structure (yellow, EAD; blue, CWBD). Relevant features are highlighted, 
such as the putative catalytic and substrate binding sites and conserved residues at the catalytic pocket. 

 

 

The 3D structure of Pae87 was quite similar to that of the only experimental structure 

precedent of Muramidase PF family, AP3gp15 (PDB 5NM7), except for Pae87 lacking 

the CWBD that is present in AP3gp15 (Figure 4.2.9; RMSD~1.1 Å over 187 residues, 

50% identity, Z-factor = 26.3, according to a structural pairwise combination at the Dali 

server). Pae87 was crystallized in the presence of purified PAO1 peptidoglycan previ-

ously solubilized by the action of the same enzyme. By co-crystalizing the enzyme and 
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substrate, the resulting 3D model showed that a fragment of peptidoglycan (NAG-Mur-

NAc-L-Ala-D-Glu) appeared not bound into the presumed catalytic pocket, as it would be 

expected, but rather to a small cleft on the opposite side to the catalytic centre (Figure 

4.2.9). A subsequent interaction analysis performed with QtPISA (358) revealed the spe-

cific residues involved in the interaction with the peptidoglycan fragment (Table 4.2.3, M. 

Seoane, personal communication).  

 

 

Table 4.2.3. Total number of sidechain interactions of the respective Pae87 residues with the pepti-
doglycan fragment ligand. 

 NAG MurNAc L-Ala D-Glu 

Gln79 2    

His82 1 (1)    

Glu83 1    

Asp86 1 (1) 1 (1)   

Arg93 2 5 (3)   

Gln121  2 (1)  2 (2) 

Asn125    2 (2) 

Tyr128 1 (1)    

Numbers between brackets indicate interactions that occur directly (not through a water molecule). 

 

 

An MSA analysis of the peptidoglycan binding site using all the Muramidase entries 

of 𝕊𝐿𝑌𝑆 (removing two low-coverage examples, YP_009639957.1 and YP_337984) re-

vealed that the residues relevant for the peptidoglycan binding were much more con-

served in those lysins bearing a single Muramidase EAD domain than in those which 

had an additional CWBD (Figure 4.2.10A, AKU43570.1 and YP_009595839.1 were re-

classified as non-CWBD bearing lysins since they contained an unidentified N-terminal 

end that could probably be a still undescribed CWBD). Specifically, in the case of Tyr128 

and Arg93, together with Gln121 and Asn125, both the aa frequency8 and the relative 

BLOSUM62 score (which is a similarity metric) were close to the maximum value, 1.0, 

for the non-CWBD bearing entries (Figure 4.2.10BC). For the bimodular lysins of the 

Muramidase family, the scores were below 0.4 and 0.2 for Tyr128 and Arg93, respec-

tively.  

 

 

 
8 The relative frequency at which the alluded residue appears at the said position within the 
MSA. 
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Figure 4.2.10. Multiple sequence alignments of the peptidoglycan binding site of Muramidase family 

lysins in 𝕊𝐿𝑌𝑆. A: MSA of the peptidoglycan binding site of Muramidase family lysins grouped by the pres-
ence or absence of an N-terminal CWBD. Residue coordinates indicated at the top are those of Pae87. B, 
C: Residue conservation metrics for the residues putatively involved in contacts with peptidoglycan at the 
peptidoglycan binding site according to the Pae87 3D model (B: relative BLOSUM62 score, C: relative fre-
quency of the Pae87 residue across the MSAs in each respective position). D: SSN of the 33 sequences of 
the MSAs distinguished by the presence or absence of a CWBD. Percentages are average identities for 
each group. 

 

 

The SSN in Figure 4.2.10D shows that no sequence identity bias was introduced by 

the classification since the average identity percentage both within each subgroup and 

in the whole collection of sequences was around 46-52% and there was no apparent 

clustering. From these results, the existence of a cell wall binding site within the very 

catalytic domain can be proposed, whose evolutionary purpose could be to compensate 

for the lack of a proper, independent CWBD, given that it only appears in the examples 

without a CWBD. Although most enzymes contain residues within their catalytic clefts 

whose purpose is to interact with the substrate in such a way that it is correctly positioned 
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for catalysis, there is, to our knowledge, just a single example in literature of a lysin 

containing a cell wall binding site within the previously described catalytic domain outside 

the cleft. It is the case of Bacillus lysin PlyG, which contains a region located in the NAM-

amidase catalytic domain that specifically recognizes Bacillus anthracis spores (359). 

However, it is hardly a comparable case, since for PlyG the secondary substrate binding 

site seems to have evolved to recognize a chemically distinct form of the target bacteria 

that cannot be recognized by the canonical CWBD. In contrast, for Pae87 and its close 

relatives, it could be argued that a region with affinity to peptidoglycan has arisen to take 

over the function of a lacking CWBD. 

Previous structure-function studies performed with AP3gp15 suggested that the cat-

alytic pocket was rather different from that of other common lysozymes, such as hen 

egg-white lysozyme (HEWL) or goose egg-white lysozyme (GEWL) (173). A single glu-

tamic acid has been pointed out to be involved in catalysis for AP3gp15. A corresponding 

Glu residue is also conserved in the Pae87 structure (Glu29, Figure 4.2.9) and in all of 

the 32 Muramidase sequence examples in 𝕊𝐿𝑌𝑆. In the same structural region, there is a 

second Glu residue (Glu46, according to Pae87 notation) which is perfectly conserved 

across all of the Muramidase examples considered (Figure 4.2.11). This conservation 

strongly suggests that it plays a relevant role, possibly as a second catalytic residue. The 

cooperation of two acidic residues at the catalytic site has been extensively reported as 

the main known mechanism of catalysis for glycosidase enzymes (360). Other conserved 

residues facing the catalytic cleft were His48 and Tyr174, which, therefore, could also 

play a significant role in the catalytic pocket integrity and function (Figure 4.2.11). In fact, 

it has been described that Tyr (and Trp) residues are common within glycosidase active 

sites since their combination of hydrophobic character and an ability to form hydrogen 

bonds favour sugar binding (360). Aromatic side chains have also been shown to be 

pivotal in sugar binding through CH−π interactions (between the electropositive patches 

of sugar C−H bonds and the π electron cloud of the aromatic side-chain) (361). As for 

the His48 residue, it also bears catalytic potential, since it has been described that His 

may be involved in catalysis, either as a sole catalytic residue or in cooperation with 

carboxylic aa (362, 363). 



CHAPTER 2: Use of physicochemical properties calculation for the mining 
of enzybiotic candidates. Characterization of enzybiotic candidate Pae87 

 

125 
 

 

Figure 4.2.11. Multiple sequence alignment of Muramidase family domains in 𝕊𝐿𝑌𝑆 showing the con-
servation of residues facing the catalytic pocket. Selected segments of the PF HMM logo of the family 
are displayed at the bottom. Relevant positions are connected to their respective columns in the MSA. 

 

 

His48 may play its role by providing electrostatic stabilization of transition states or 

pKa value modulation within the active site. All of the aforementioned residues also pre-

sented high conservation levels within the PF HMM of the family, judging by the HMM 

logos (Figure 4.2.11), strengthening their presumptive functional role. Previous research 

on the Muramidase family catalytic center did not focus on many of the hereby reviewed 

conserved residues due to their approach, which relied on the structural comparison with 

known lysozymes. It was claimed, however, that the studied lysin, AP3gp15, should have 

an “unusual catalytic mechanism” due to the lack of suitable equivalent residues at the 

key positions of the presumed catalytic center (173).  
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Since the canonical catalytic mechanism for glycoside hydrolysis relies on a couple 

of carboxylic acids, a mutational analysis was conducted to confirm the catalytic implica-

tion of both Glu29 and Glu46. Pae87 single mutants E29A, E46A, and the double mutant, 

E29A/E46A, were constructed by overlap extension PCR and their muralytic and bacte-

ricidal activities were tested (Figure 4.2.12). Both residues, Glu29 and Glu46, were 

deemed relevant for the catalytic degradation of PAO1 peptidoglycan since all the mu-

tants displayed a remarkable decrease in their cell wall solubilization ability when com-

pared to wild type Pae87 (Figure 4.2.12AB). At the maximum non-saturating concentra-

tion (0.1 μM), Pae87 retained about 75% of its maximum activity detected, while the 

mutants displayed no peptidoglycan solubilization activity.  

 

 

 

Figure 4.2.12. Activities of wild-type Pae87 and of mutants in which conserved catalytic site glutamic 
acid residues were mutated. A: Muralytic activity of Pae87 and its mutants on RBB labelled purified PAO1 
cell walls at different concentrations, as explained in MATERIALS AND METHODS (Section 6.1). B: Comparison 
of muralytic activities at the maximum concentration tested (1 μM). C: Bactericidal activity of 10 μM of Pae87 
and its mutants against bacterial suspensions of PAO1 (2 h, 37 °C). D: Fluorescence microscopy of some 
of the treated suspensions in C, dyed with SYTO9 and PI. White bars at the lower-left corner indicate the 
scale (10 µm). One-way ANOVA was used in B and C followed by Tukey post-test to perform an all-against-
all multiple comparison (ns = non-significant difference; *** = p ≤ 0.01).       

 

 

The three mutants also retained some residual activity at the maximum concentration 

tested (less than 50% than the wild type enzyme), suggesting that there may be other 

residues involved in catalysis (perhaps His48 and/or Tyr174). It is also worth noting that, 

if we consider both Glu-29 and Glu46 to be involved in catalysis, as our results suggest, 

it would mean that the Pae87 catalytic cleft is unusually large since the average distance 
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between the side chain oxygens of the acidic residues in our 3D model is 15.9 ± 1.6 Å 

(Figure 4.2.9). For context, the typical O…O intercarboxylic distance has been recorded 

to be, in average, of 8.5 ±  2.0 Å in inverting β-glycosidases, while it is shorter (4.8 ± 0.3 

Å or 6.4 ± 0.6 Å) in β-glycosidases that use the retaining mechanism (364). A putative 

conclusion from these observations is that the hydrolysis mechanism of Pae87 may op-

erate with net inversion of the anomeric configuration. The size of the Pae87 catalytic 

cleft remains, however, remarkably large, which was also noted for the previously re-

ported comparisons between AP3gp15 and other canonical lysozymes such as HEWL, 

GEWL, or T4, and it was suggested to imply an extended substrate-binding surface for 

Muramidase family enzymes when compared with other more typical glycosidases (173). 

It cannot be ruled out, however, that there may exist some hinge flexibility that could 

allow the two lobes, each with a Glu residue, to approach each other and perform the 

catalytic function with a more typical spatial configuration. 

Regarding the catalytic activity of Pae87, the disaccharide found in the soluble prod-

uct bound into the crystallized protein (NAG-MurNAc) already points out a lysozyme ac-

tivity, as described in the literature for this family. The degradation products analysis by 

RP-HPLC coupled to mass spectrometry firstly showed that both Pae87 and the positive 

control (the lysozyme cellosyl) mobilized an array of soluble compounds, in contrast with 

the untreated blank (Figure 4.2.13A). When comparing the mass spectrometry chroma-

tograms of cellosyl and Pae87, a coincidental pattern for the main degradation peaks 

was found (Figure 4.2.13B). This observation supports the catalytic nature of Pae87 as 

a muramidase. Moreover, the CID spectrum for one of the main peaks of Pae87-de-

graded peptidoglycan (the one eluted at 4.3 min) presents peaks compatible with the 

loss of a non-reduced NAG (−203.078 mass units) from a NAG-MurNAc-Ala-Glu-mDAP-

Ala or a NAG-MurNAc-Ala-Glu-mDAP fragment (Figure 4.2.13C). Conversely, there is 

no evidence coherently compatible with losing a reduced NAG (−223.106). This serves 

as proof for a muramidase activity, which leaves a MurNAc end susceptible to be re-

duced. NAG is susceptible to reduction when the glycan strand is degraded by a glu-

cosaminidase activity (326, 365).  
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Figure 4.2.13. Analysis of the degradation products of Pae87 activity on P. aeruginosa PAO1 pepti-
doglycan. A: UV (204 nm) chromatograms of PAO1 peptidoglycan solubilized with either cellosyl or Pae87 
and of the soluble fraction of an untreated sample. B: Liquid chromatography-mass spectrometry chroma-
tograms of the degradation products of cellosyl (green) and Pae87 (purple) activities on PAO1 peptidogly-
can. Retention time (rt) and a representative monoisotopic mass value are shown for selected peaks. C: CID 
spectrum of the rt = 4.30 min peak of the Pae87 peptidoglycan degradation. Selected m/z values are dis-
played. The dissociation of a GMR-AEmA fragment is presented. G = nonreduced NAG; MR = reduced Mur-
NAc; A = alanine; E = glutamic acid; m = meso-diaminopimelic acid. 

 

 

On the other hand, there were no significant differences in the observed bactericidal 

activity against PAO1 between Pae87 and its mutants or in the fluorescence microscopy 

images (Figure 4.2.12CD). This may mean that the main effective mechanism in the 

Pae87 antibacterial activity would be a noncatalytic one. However, the mutation of the 

negatively charged, exposed Glu residues into Ala would increase the surface positive 

net charge, and such change may improve the affinity of the protein for the bacterial 

surface, perhaps making up for the loss of the catalytic activity up to some point. This 

observation does not necessarily downplay the conclusion that most or some of the 

Pae87 activity is due to noncatalytic interactions, but rather provides a further explana-

tion to the nearly identical bactericidal effect observed for the mutants with respect to the 

parental enzyme. 
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Figure 4.2.14. Definition and localization of P87 peptide within Pae87. A: Physicochemical profile of 
Pae87, depicting HM and net charge in each of the 11-aa windows of the protein, as well as the score used 
to measure both of the properties. P87 sequence is also shown code-coloured regarding the properties of 
each residue (yellow, nonpolar; green, polar without charge; red, positively charged; black, proline; blue, 
negatively charged). B: 3D model of Pae87 with peptide P87 highlighted in red. Catalytic Glu residues and 
peptidoglycan ligand (in blue) are displayed as spatial references. 

 

 

The leading hypothesis in this work is that the noncatalytic activity of Pae87 may re-

side in the previously detected C-terminal AMP. A closer examination of the physico-

chemical profile of Pae87 allowed us to postulate a specific 29-aa peptide, hereinafter 

named P87, which would make up the AMP-like region (Figure 4.2.14). The definition of 

P87 was based on the concurrent maximization of net charge and HM that takes place 

in such coordinates of Pae87. For measuring said properties simultaneously, a score 

variable was calculated consisting in the half-sum of the min-max standardized net 

charge and HM for each 11-aa fragment of Pae87 (Equation 1): 

 

 
1

2
(

𝐻𝑀𝑖− min (𝐻𝑀)

max(𝐻𝑀)−min (𝐻𝑀)
) +  

1

2
(

𝑁𝐶𝑖− min (𝑁𝐶)

max(𝑁𝐶)−min (𝑁𝐶)
) Equation 1 

 

 

Where HMi and NCi are specific values of HM or net charge, respectively, and HM 

and NC the respective sets of values for each variable. In this way, the score measured 

the magnitude of both parameters with equal weight and on a 0-1 scale. The P87 se-

quence contains seven positively charged Arg or Lys residues (and a negatively charged 

Glu), interspersed with mostly nonpolar residues. This structure, together with the fact 

that it forms three alpha-helices within the Pae87 structure (Figure 4.2.14), suggests 

that it may form amphipathic helices with membrane-interaction potential. Nonpolar res-

idues of P87 are mostly buried within Pae87, but not in all cases. For example, Ile144 or 

even Phe141 are especially exposed. Lys and Arg residues, on the other hand, are 
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located at the outer surface of the protein, therefore available for electrostatic interaction 

with negatively charged elements of the bacterial surface (namely, the phosphate groups 

of the lipopolysaccharide). 

Peptide P87 was synthesized and provided by GenScript for further analysis of its 

antimicrobial properties. Circular dichroism spectra in the presence of increasing con-

centrations of TFE provided evidence on the ability of P87 to form amphipathic helices 

in the presence of biological membranes (Figure 4.2.15A).  

 

 

 

Figure 4.2.15. Antimicrobial activity of P87 peptide. A: Far UV circular dichroism spectra of 20 μM P87 
in 20 mM NaPiB, pH 6.0, with 100 mM NaCl and different v/v concentrations of TFE (as indicated in the 
legend). B: Turbidity decrease assay of a 10 μM P87 or Pae87 treatment to PAO1 cell suspensions. C: 
Bactericidal activity range of 10 μM P87. Pae87 bactericidal range from Figure 4.2.8 is also shown for com-
parison. 

 

 

P87 presented an unordered conformation in aqueous solution, but, beginning at 20% 

TFE, it started to shift towards an α-helix conformation, as evidenced by the typical peaks 

at, roughly, 222 nm and 208 nm. It is thus presumed that the acute lytic effect that P87 

causes when in contact with a PAO1 bacterial suspension is due to the formation of 

amphipathic helices induced by the presence of the cell membranes (Figure 4.2.15B). 

Such helices could then insert into the membranes in such a way that leakage of the cell 

content occurs, leading to osmotic shock and lysis. It differs, in this regard, with the poor 
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lytic outcome of Pae87 treatment (Figure 4.2.15B). This difference may be due to the 

much smaller size of P87, which could enable it to properly insert into the membranes 

rather than interact superficially, as it is assumed that Pae87 does. Peptide P87 was also 

able to kill PAO1 and other bacteria in a range and magnitude similar to Pae87 (Figure 

4.2.15C). The antimicrobial capacity of P87 is thus considered proven, and therefore a 

role in the Pae87-bacterial surface interaction can be proposed with supporting evidence. 

 

7. DETERMINATION OF THE BACTERICIDAL MECHANISM OF PAE87 AND P87 

Since the OM has traditionally been labeled as the main obstacle when attacking G− 

bacteria from without, a fluorescent probe was used to detect OM permeabilization in-

duced by Pae87 and its derivatives (i.e., the noncatalytic mutants and the antimicrobial 

peptide P87). NPN is a hydrophobic molecule that fluoresces when reaches the phos-

pholipid layer of the inner membrane upon OM permeabilization. Typically, NPN uptake 

kinetics are recorded with short incubation times (with a maximum of 10 min and a min-

imum of 3 min) (366, 367). However, we extended the incubation period up to 2 h due to 

the increasing fluorescence values of Pae87 kinetics over such time (Figure 4.2.16A). 

At the average kinetic estimations shown in Figure 4.2.16A, two different tendencies can 

be observed: the ‘canonical’ OM permeabilization peak induced by P87 in the first 

minutes after peptide addition, and the slow but steady increase in fluorescence for 

Pae87 and its mutants. For the sake of statistical comparison, the average values of 

NPN fluorescence reached 5 min after reagent addition were considered (Figure 

4.2.16B). At such a short period, the NPN fluorescence of Pae87 and its noncatalytic 

mutants is still low, although, for Pae87, significantly different than the control. The fluo-

rescence induced by P87 was above that obtained for EDTA positive control. Fluores-

cence microscopy images at the end of incubation visually confirmed the damage to the 

OM for all the compounds tested (Figure 4.2.16C). The first conclusion drawn is that 

both the peptide and the proteins can permeabilize the OM, although with remarkably 

different kinetics. Also, catalytic activity is not required for OM permeabilization, as it 

would be expected. A fluorescent version of Pae87 labeled with Alexa488 (see MATERI-

ALS AND METHODS Section 5.4 for details) was used in combination with PI, a DNA-

intercalating fluorescent probe. In this way, the temporal localization of Pae87 and its 

effect on a suspension of PAO1 cells were traced (Figure 4.2.17).  

 

 



|   IV. RESULTS 

132 
 

 
Figure 4.2.16. OM permeabilization assays with fluorescent probe NPN. A: GAM estimation of the av-
erage tendencies of the NPN fluorescence kinetics (excitation wavelength was 350 nm, emission was rec-
orded at 420 nm). Estimation was based on three independent replicates, mean estimation ± 95% C.I. (grey 
shade) is shown for each experimental condition. B: Comparison of the average NPN signal (minus back-
ground fluorescence) after 5 min incubation. Mean ± sd of three independent replicates is shown; a one-way 
ANOVA test with Dunnett post-test was applied to statistically compare each condition with the control (un-
treated cells in the presence of the probe). *, p ≤ 0.05; ****, p ≤ 0.0001. C: NPN fluorescence microscopy 
observation of each experimental condition after 2 h incubation. Superimpositions of phase-contrast images 
with blue fluorescence signal observed with an A filter cube (excitation bandpass 340-380) are shown. RFU 
= fluorescence units relative to the maximum value achieved during the assay. 

 

 

At t0, Pae87 already began binding to the bacterial surface, as green fluorescence 

rims were observed around the P. aeruginosa cells (Figure 4.2.17A). Over time, the 

Pae87 molecules bound to the cell walls promoted an increasing aggregation among 

close bacteria. According to the visual estimations of the areas of such aggregates, their 

maximum size was reached approximately after 30-60 min under the assay conditions 

(Figure 4.2.17B). Also, at t0, a discrete intracellular spot of red fluorescence (PI) was 

observed. Afterwards, PI fluorescence underwent a gradual diffusion concomitant to the 

aggregation. At 60 min of incubation, red fluorescence appeared as a halo around the 

aggregates, with a distorted bacterial morphology. Altogether, the conclusion is that the 

enzyme promotes aggregation as well as damage to the cell surface, with DNA leakage 

ensued, and with no dispersion nor disintegration of the cell debris. Therefore, these 

observations, together with the NPN fluorescence results, support the mechanism of ac-

tion of Pae87 proposed in Section 5 of this chapter with the occasion of the results 

presented in Figure 4.2.7. 
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Figure 4.2.17. Microscopic observation of a PAO1 suspension treated with Pae87 over time. A: Fluo-
rescence and phase-contrast images representative of the observations made along 2 h of incubation (37 
°C, 20 mM NaPiB, pH 6.0, 150 mM NaCl) of a PAO1 suspension (≈108 CFU/ml) treated with 10 μM of 
Alexa488-labelled Pae87 and stained with PI. White bars indicate 10 μm. B: Time-wise distributions of cells 
or aggregates areas estimated using LAS X microscopy image analysis software in, at least, ten frames per 
time point. A one-way ANOVA followed by Tukey’s post-test was applied for multiple comparisons. Distribu-
tions marked with different letters are significantly different from each other, while, between those indicated 
with the same letter, no significant differences were found.  

 

 

8. INFLUENCE OF DIFFERENT REACTION CONDITIONS ON PAE87 AND P87 BACTERI-

CIDAL ACTIVITY 

Several incubation conditions were examined to check their importance in Pae87 and 

P87 killing activity (Figure 4.2.18). The peptide:bacteria stoichiometry was critical for the 

killing efficacy of P87 peptide and, to a lesser extent, for Pae87 (Figure 4.2.18A).  
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Figure 4.2.18. Parameters of Pae87 and P87 bactericidal activity on P. aeruginosa PAO1. A: En-
zyme:bacteria or peptide:bacteria stoichiometry. B: Dose-response curves. C: Variation of killing activity with 
pH. D: Variation of killing activity with ionic strength. E: Variation of killing activity with the concentration of a 
non-ionic osmolyte (sorbitol), maintaining a fixed concentration of 50 mM NaCl. F: Viable counts after a 0, 
5, or 15 min vortexing. G: Effect of the nature of the diluent for plating. H: Role of His-tag in the observed 
Pae87 activity (Pae87-His = Pae87 lacking the His-tag). One-way ANOVA with Dunnett post-test was ap-
plied to compare with the control or the highest value condition (A: 107 CFU/ml; B: 20 μM; C: 6.5; D: 50 or 
150 mM; E: 0 mM sorbitol; F: the corresponding viable count without vortex treatment, H: Pae87 treatment). 
Unless otherwise stated, the incubation conditions were 20 mM NaPiB, pH 6.0, 150 mM NaCl, ≈108 CFU/ml 
PAO1, 10 µM of the bactericidal compound, 37 °C, 2 h. Asterisks indicate p-values of significant comparisons 
(* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001), non-significant comparisons are not indicated. When 
marked by letters, an all-against-all multiple comparison was applied with ANOVA plus Tukey post-test. 
Different letters indicate significantly different results. 
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In both cases, the optimal ratio was achieved at around 107 CFU/ml for 10 μM Pae87 

or P87, which roughly corresponds to some 1010 molecules per cell. At 107 CFU/ml and 

below, the maximum detectable killing was observed for P87, while higher bacterial 

doses reduced the bactericidal effect, surely due to a sub-optimal number of antimicro-

bial molecules per cell. P87 maximum activity at 10 μM, against 107 CFU/ml PAO1, was 

above 4-log kill, while with increasing bacterial concentrations it decays to nil activity at 

109 CFU/ml. This is in agreement with a cooperative mechanism of action where a 

threshold number of bound peptides is required for the bactericidal activity. As for the 

dose-response curves (Figure 4.2.18B), the one of Pae87 quickly saturated, as it was 

shown before in Figure 4.2.7. This was speculated to be due to the entrapment of Pae87 

molecules within the aggregates. P87 presents a more canonical curve, in line with the 

effect of the peptide:bacteria ratio, with an increasing activity with higher concentrations 

(up to 5-log kill at the maximum concentration tested). pH does not seem a major deter-

minant of Pae87 activity (Figure 4.2.18C), although the best killing numbers were ob-

tained at mildly acidic pH, as it was for P87 too. This could be explained due to the higher 

positive charge that both protein and peptide may have at acidic pHs, improving interac-

tion with the negatively charged bacterial surface. Given that the activity increase was 

observed at pH 6.0 and below, protonation of histidine residues is the most plausible 

explanation, at least in the case of P87. Although P87 was almost inactive at near-phys-

iological pH (≈ 7.5), the fact that it was highly effective at acidic pH is relevant for infection 

treatment, since it has been many times suggested that the pH at the infection site is 

acidified by a combination of bacterial metabolic activity and immune system responses 

(368, 369). This acidification is especially relevant in certain conditions, such as cystic 

fibrosis, whose patients are already infection-prone at the respiratory tract, with P. aeru-

ginosa being one of the main causative agents of cystic fibrosis exacerbation (370). Ionic 

strength did not have a remarkable impact at near-physiological concentrations (50-200 

mM NaCl) for Pae87, but P87 only displayed a relevant killing activity between 50 and 

150 mM (Figure 4.2.18D). It is possible that a slight salt concentration might be neces-

sary for P87 proper solubility (in fact, the Aggrescan server (371) detects an N-terminal 

hotspot for aggregation), but that higher concentrations might shield charged residues. 

This latter hypothesis is supported by the results in Figure 4.2.18E, in which the activity 

of 10 μM P87 was tested in the presence of different concentrations of a non-ionic os-

molyte (sorbitol). In such results, the killing activity of the peptide was not affected by the 

increasing concentrations of the non-ionic solute. The 2 h-treated PAO1 suspensions 

were subjected to different vortexing treatments before plating, to check whether the 

observed aggregative effect was underestimating the viable cell counts (Figure 4.2.18F). 

The vortex treatment would disintegrate the aggregates and thus release viable cells 
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that, grouped within the aggregates, might have produced a single colony. The results in 

Figure 4.2.18F, however, suggest that this is not the case, i.e., the observed decrease 

in viable cell counts cannot be solely attributed to the mere aggregation, and thus a bac-

tericidal mechanism must be occurring. This is because no significant differences were 

found in the viable counts after vortexing with respect to the non-vortexed samples, ex-

cept with the samples treated with Pae87 and vortexed for 15 min. In this latter case, the 

cell count in fact decreased over the control without vortexing. This is in agreement with 

our previous proposal that aggregates actually comprise damaged cells and, thus, the 

mechanical shaking would increase the apparent killing by definitely harming these al-

ready damaged bacteria. Of note, when observing the vortexed samples under the mi-

croscope, while the control cells appeared clearly unharmed, a mostly blank background 

was observed for the Pae87-treated ones (data not shown), further supporting the afore-

mentioned interpretation of this experiment. It has been previously shown that a high 

turgor pressure (i.e., using a low tonicity reaction buffer or using a high tonicity reaction 

buffer and then applying an osmotic shock by diluting in a low tonicity buffer) can be 

crucial to enable the efficient killing activity of an inherently active anti-G− lysin (372). 

This was claimed to be due to a sub-lethal peptidoglycan degradation effect. We tested 

this hypothesis by diluting the PAO1 cells treated in the standard buffer with 150 mM 

NaCl in different media: LB, the same high tonicity buffer (20 mM NaPiB, pH 6.0, 150 

mM NaCl) and just distilled water (which was the usual diluent in the other assays). Our 

results show that turgor pressure has not a clear impact on the antibacterial activity itself: 

nor the low tonicity reaction buffer enhances activity (Figure 4.2.18D) nor does a higher 

tonicity of the diluent (LB or NaPiB plus 150 mM NaCl versus water) increase the bacte-

rial count (Figure 4.2.18.G). The previously cited work, in which the importance of turgor 

pressure is discussed, presents an inherently active lysin ‘from without’ that does exert 

a measurable bacteriolytic effect, unlike Pae87, which implies that it does not bear such 

an aggregative effect as Pae87 (although no explicit evidence on this matter is provided 

in the article). The aggregative effect of Pae87 may enhance its contact with the bacteria 

and thus improve the lethal effect upon them, probably by increasing the contact time 

and adding a multivalent effect. In this way, the turgor pressure-independence of Pae87 

may be explained. The activity of Pae87 on the bacterial surface and membranes can 

be due to or enhanced by the presence of the N-terminal His-tag, which can acquire a 

relevant positive charge when protonated at lower pHs. To test the involvement of the 

His-tag in the bactericidal activity, a non-His-tagged version of Pae87 was tested against 

P. aeruginosa PAO1 at equimolar concentrations (Figure 4.2.18H). No significant differ-

ences between the bactericidal activity exerted by Pae87 and its analogue protein 
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lacking the His-tag were found. Therefore, the current evidence does not support a spe-

cific role for the His-tag in the observed antibacterial activity of Pae87.  
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1. INTRODUCTION 

In the previous chapter, an enzybiotic candidate (Pae87) was mined out of a putative 

phage lysins collection based on its G− surface interaction potential. Evidence was pro-

vided on its antimicrobial ability and mode-of-action, concluding that at least part of its 

effect was due to a nonenzymatic action most probably located at the C-terminal peptide 

termed P87. Hereafter, we intended to explore the applicability of Pae87 and its deriva-

tives, including P87-based AMPs, as molecules designed for antibacterial purposes. This 

was accomplished by a double strategy: 1) devising ways to improve Pae87 and P87 

activities; and 2) testing such original and derived products in a variety of experimental 

platforms aimed to provide preliminary results on their validity in practical settings. Ap-

proaches for the former aim were increasing HM and net charge of peptide P87 by intro-

ducing five mutations, while for trying to improve Pae87, it was fused to an additional 

cation-binding domain. In this way, improved antimicrobial molecules P88 and Pae87-F 

were constructed. As for the second aim, such molecules were tested for synergy with 

standard-of-care antibiotics and against in vitro grown P. aeruginosa biofilms. 

 

2. MUTATIONAL OPTIMIZATION OF P87: DESIGN OF PEPTIDE P88 

A most relevant starting point for this work is the assumption that a higher net charge 

and HM within a proteinaceous structure implies a better chance for it to interact with the 

G− surface. On this basis, several modifications of peptide P87 were proposed to in-

crease both its net charge and the HM values to improve its bactericidal activity (Figure 

4.3.1A). In this way, first-hand evidence on the relevance of HM and net charge for anti-

G− activity would also be provided. Similar mutation-based tuning has been previously 

reported in the literature (373, 374). The five mutations in P87 proposed to design the 

enhanced antimicrobial peptide P88 theoretically increase the net charge by ≈ 2 units 

while also increasing amphipathicity (from 0.63 to 0.81). Given JPred secondary struc-

ture prediction, such mutations were not expected to significantly hamper the peptide 

helix propensity (Figure 4.3.1B). 
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Figure 4.3.1. P88 peptide design. A: Wheel representation of the three possible α-helices of P87 and the 
derivative P88. The five P88 mutations with respect to P87 are displayed, as well as the net charge (z), 
hydrophobicity (h), and HM calculated for each of the helices. B: P87 and P88 sequences, together with the 
full sequence net charge, hydrophobicity and HM values, and the JPred secondary structure prediction (a 
residue marked with an “H” indicates that it is involved in an α-helix). Residues shaded in grey are those 
mutated in P88.  

 

 

P88 retained the ability to form α-helices as demonstrated by the circular dichroism 

far-UV spectra in the presence of different concentrations of TFE (Figure 4.3.2A). As-

says with membrane permeabilization probes also showed that equimolar concentra-

tions of P88 permeabilized the OM (Figure 4.3.2B) and both the outer and the inner 

membrane (Figure 4.3.2CD) more effectively than P87. Altogether, these results prove 

that P88 has better disruptive interaction with the biologic membranes, and thus the de-

signed mutations accomplished their predicted aim. 
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Figure 4.3.2. Ability of P88 to form amphipathic helices and permeabilize biological membranes. A: 
Far-UV circular dichroism spectra of P88 in the presence of different concentrations of TFE. B: Average 
NPN fluorescence signal after 5 min incubation. C: GAM estimation of the average tendencies of the SYTOX 
fluorescence kinetics. Estimation was based on three independent replicates, mean estimation ± 95% C.I. 
(grey shade) is shown for each experimental condition. D: Average SYTOX fluorescence after 60 min incu-
bation. In B and D, means ± sd of three independent replicates are shown and a one-way ANOVA test with 
Tukey post-test was applied for multiple comparisons. Different letters indicate significant differences. 

 

 

To further check whether the enhanced properties of P88 correlate with greater anti-

bacterial ability, the modified peptide was tested against P. aeruginosa PAO1 suspen-

sions in comparison with equimolar amounts of P87 (Figure 4.3.3). Like P87, P88 also 

exerted a rapid lytic effect when added to a PAO1 suspension (Figure 4.3.3A). It is worth 

noting that P88 lytic kinetics seemed faster than that of P87. While for P87 a relevant 

dependency on the peptide:bacteria ratio was observed, yielding that maximum activity 

at 10 µM P87 was achieved with a bacterial dose of 107 CFU/ml or lower, the activity of 

10 µM P88 was not hampered with as much cell density as 108 CFU/ml (Figure 4.3.3B). 

This indicates that killing efficiency was increased 10 times with P88 mutations in com-

parison with P87.  
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Figure 4.3.3. Parameters of P87 and P88 bactericidal activity on different bacteria. A: Bacteriolytic 
effect. Representative results are shown. B: Peptide:bacteria stoichiometry. C: Dose-response curves. One-
way ANOVA plus Tukey post hoc test was applied to compare concentrations within each curve. Different 
letters indicate significantly different results. D: Variation of killing activity with pH. Two-way ANOVA followed 
by Dunnett post-test was applied to test significant differences with respect to pH 5.7 (*** p ≤ 0.001, **** p ≤ 
0.0001) E: Bactericidal range. Unless otherwise noted, standard assay conditions were: 20 mM NaPiB, pH 
6.0, 150 mM NaCl, ≈108 CFU/ml PAO1, 10 µM of the bactericidal compound, 37 °C, and 2 h incubation. P87 
data are those generated and displayed in Chapter 2 of this thesis.  
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Likewise, the dose-response curve of P87 up to 20 μM against 108 CFU/ml PAO1 was 

linear, while P88 rapidly achieved maximum activity at 5 μM (Figure 4.3.3C). As for the 

variation of activity with pH, P88 replicated the trend observed for P87 in the previous 

chapter, i.e., its activity is maximized at acidic pHs (Figure 4.3.3D). Nonetheless, P88 

maintained a remarkable killing activity (around 4 log units) at pHs 6.5−7.0, which could 

be explained by its higher net charge at the same pHs. The bactericidal spectrum of P88 

was the same as P87, pointing to a common mechanism of action, but, again, P88 dis-

played much higher killing values for all of the susceptible bacteria tested (Figure 

4.3.3E). Finally, P88 activity was tested against a collection of clinical P. aeruginosa 

strains to check the impact of bacterial genetic variability on its antimicrobial potential 

(Figure 4.3.4). Such experiments were performed by Antonio Doménech-Sánchez at the 

laboratory of Sebastián Albertí (Universidad de las Islas Baleares, UIB). 

 

 

 

Figure 4.3.4. Impact of P. aeruginosa genetic variability on P88 activity. Experiments were carried out 
by A. Doménech-Sánchez at the laboratory of S. Albertí (UIB). A: Bactericidal activity of 10 μM P88 on 105 
CFU/ml P. aeruginosa clinical strains suspensions (in 20 mM NaPiB, pH 6.0, 150 mM NaCl) incubated for 2 
h at 37 °C. B: Mean activity of P88 against the clinical isolates from different origins (275, 278). One-way 
ANOVA followed by Tukey post-test was applied to analyse statistical differences. C: Activity of 10 μM P88 
on 105 CFU/ml P. aeruginosa PAO1 and a collection of isogenic mutants (276, 277). One-way ANOVA and 
Dunnett post-test were used to detect statistical differences with respect to the activity against PAO1. 
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As shown in Figure 4.3.4A, all 30 P. aeruginosa clinical isolates tested demonstrated 

to be susceptible to P88 activity. A low variability was observed in the magnitude of the 

killing effect (ranging between 4-6 logs) except for four more recalcitrant strains. While it 

is not uncommon to find that isolates from different niches present diverse antibiotic re-

sistance profiles, our results showed no significant differences in susceptibility between 

the strains from different origins (Figure 4.3.4B). In addition, a panel of different isogenic 

mutants of P. aeruginosa strain PAO1 bearing different phenotypes (non-encapsulated, 

highly encapsulated, etc.) was checked. Again, no specific P88 resistance determinants 

were found (there were no statistically significant differences in P88 susceptibility among 

the mutant strains, Figure 4.3.4C). All these observations demonstrate that the en-

hanced ability of P88 to interact with the bacterial membranes with respect to P87 makes 

it a better antimicrobial. 

 

3. APPLICABILITY OF P88 AS AN ANTIMICROBIAL: CYTOTOXICITY AND SYNERGY 

One of the drawbacks usually adduced for the therapeutic application of AMPs is their 

possible cytotoxic effect against eukaryotic cells. Indeed, our experiments rendered rel-

atively low IC50 values as calculated after examining the viability of epithelial A549 lung 

cell cultures ncubated with different P88 peptide concentrations for 48 h (Figure 4.3.5). 

While the parental enzyme, Pae87, displayed no remarkable cytotoxic effect at the con-

centrations tested (Figure 4.3.5A), both P87 and P88 were somewhat toxic for the A549 

cells (Figure 4.3.5BC). After fitting the dose-response curves (for details, see Figure 

4.3.5 legend), the calculated IC50 was 49 μM for P87 and 34.4 µM for P88. Although a 

cytotoxic effect may hamper the therapeutic potential of the peptides, the positive note 

is that, while the results of the previous section show that P88 is ten times more efficient 

against bacteria than P87, the fold change in toxicity is just 1.42. The known toxic peptide 

melittin, present in honeybee venom and included as a positive control in the study, had 

an IC50 of 1.9 µg/ml (Figure 4.3.3D). This value (≈ 0.7 µM) is much lower than those 

estimated for the Pae87-derived peptides. On the other hand, the observed P88 MICs 

for PAO1 and the clinical strain 39.5 were, respectively, 20 µM and 50 μM (Table 4.3.1). 

The ratio between MIC and IC50 is much more reasonable in the case of P88 than in that 

of the toxic melittin, which is described to have a MIC against P. aeruginosa strains rang-

ing between 64 and 128 μg/ml (more than 30 times the IC50) (375, 376). Of note, such 

cytotoxicity should not be an issue whatsoever if the peptides are purposed for such 

applications as disinfection or food preservation. 
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Figure 4.3.5. Cytotoxicity of different Pae87-based peptidic compounds on A549 cell cultures. The 
residual MTT measured viability with respect to an untreated control after 48 h treatment of A549 cells with 
different concentrations is shown (A: Pae87; B: P87; C: P88; D: melittin as a cell toxicity positive control). 
Actual data were non-linear fitted to a negative sigmoidal curve (with generalized equation 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

 100 (1 +  10𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒×(𝐿𝑜𝑔𝐼𝐶50−𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛))⁄ ) using GraphPad Prism 6. In this way, IC50 was calculated 
when the fitted sigmoid presented clear top and bottom sections (i.e., B, C, and D). R2 is also presented as 
a goodness of fit metric.  

 

 

In the spirit of reducing the effective concentration of P88 and its side cytotoxic effect, 

experiments on the synergistic activity of the peptide together with several antibiotics 

were conducted. Both the MICs of P88 and several antibiotics were calculated for the 

standard strain PAO1 and the clinical isolates 39.5 and 126.1 (Table 4.3.1).  
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Table 4.3.1. MICs of P88 and a range of antibiotics against P. aeruginosa strains.  

  PAO1 39.5 126.1 
 

P88 20 50 50 µM 

LVX 0.25 0.13 0.25 

µg/ml 

ERY 512 512 256 

KAN 16 256 256 

CHL 512 512 128 

TET 64 1024 32 

GEN 0.20 >16.00 2.00 

AZI 128 512 256  

 

 

Using these MIC values, both a checkerboard assay and an end-point viability deter-

mination were performed with different combinations of P88 and the antibiotics, using 

initially PAO1 and strain 39.5 as models (Figure 4.3.6). The checkerboard assay demon-

strated synergy for ERY, CHL, and TET in 39.5 strain (Figure 4.3.6ABC), but not for 

LVX, KAN, or GEN (data not shown). The common criterium to prove synergy of a mini-

mum FICI value of 0.5 or below is hereby met since minimum FICI values were 0.46, 

0.44, 0.48, and 0.5 respectively for ERY, CHL, TET, and AZI. 

 

 

Figure 4.3.6. Synergy of peptide P88 with several antibiotics. A, B, C: Checkerboard assay isobolo-
grams of different P88-antibiotic combinations against P. aeruginosa 39.5 (A: ERY; B: CHL; C: TET; D: AZI). 
Mean ± sd of the minimum FICI values are displayed. D, E: Viable counts of P. aeruginosa 39.5 (E), PAO1 
(F) or (G) 126.1 treated overnight (≈16-20 h) at 37 °C in Mueller-Hinton medium (initial inocula ≈ 105 CFU/ml) 
with 0.25 × MIC of an antibiotic, P88 or a combination of 0.25 × MIC of each, plus the untreated control. 
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Further experiments confirmed synergy both in strain 39.5 and in PAO1 (Figure 

4.3.6DE). In this case, overnight cultures of each strain in the presence of 0.25 × MIC of 

P88 did not display a significant decrease in the viable cell counts. A concentration of 

0.25 × MIC of each antibiotic caused a 1-3 log units decrease in the case of ERY and 

CHL and ≈ 4 log units for TET. However, the combination of a mildly active antibiotic 

concentration with a peptide concentration without effect in viability yielded viable counts 

at least 2 logs below the ones of the cultures treated only with the antibiotic. In fact, in 

some cases, the viable counts of the peptide-antibiotic combination were below the de-

tection limit of the assay. Therefore, the viability criterium for synergy (an increase in 

killing effect ≥ 2 logs higher in the combination than in the sum of the effects of each 

compound alone) was also met. As for the possible synergy mechanism, it is quite 

straightforward to say that AMPs (and particularly those which interact with biological 

membranes) can synergize with antibiotics by enhancing the bacterial cell permeability 

and, thus, the access of antibiotics to their targets (377). However, this does not provide 

a clear explanation of the actual reason why P88 demonstrates synergy with some anti-

biotics with intracellular targets and not others, even more so if we consider the lack of 

correlation of any of the antibiotic properties displayed in Table 4.3.2 with the presence 

or absence of synergy. In reality, the mechanisms of synergy are not well understood 

and may even rely on AMP antibacterial activities other than cell permeabilization, or 

their particular mode of action (378).   

 

 

Table 4.3.2. Properties of the antibiotics used in this work, as taken from Drugbank (379). 

Antibiotic 
Molecular 
Weight (g/mol) LogPa Mechanism 

Synergy 
with P88 

LVX 361.4 2.1 Interferes with DNA replication NO 

ERY 733.9 2.6 Interferes with protein synthesis YES 

KAN 484.5 -6.3 Interferes with protein synthesis NO 

CHL 323.1 1.14 Interferes with protein synthesis YES 

TET 444.4 -1.3 Interferes with protein synthesis YES 

GEN 482.5 -4.1 Interferes with protein synthesis NO 
a LogP = partition coefficient 

 

The presence of a biological fluid (lysed horse blood), had a slightly detrimental effect 

on P88 antimicrobial activity, increasing strain 39.5 MIC up to ≈128 μM with 50% lysed 

horse blood (Figure 4.3.7A). The AZI MIC, however, dramatically decreased with the 

blood concentration (down to 8 μg/ml at 50% lysed horse blood), as already reported in 

the literature (380). This is explained by an increased cell permeability in complex media, 

and such a phenomenon is also susceptible to hamper the synergistic cooperation of 
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antibiotic and peptide. Our results in 25% lysed horse blood indeed showed a slight de-

crease of the synergistic activity, but synergy can still be observed (Figure 4.3.7B). 

 

 

 

Figure 4.3.7. Impact of blood on the antimicrobial activity of P88 and AZI and their synergy. A: MIC 
determined in Mueller-Hinton broth supplemented with different concentrations of lysed horse blood. A two-
way ANOVA followed by Tukey post-test was applied to find statistically significant differences between 
concentrations. Different letters indicate significantly different results. B: Viable counts of P. aeruginosa 39.5 
treated overnight (≈16-20 h) at 37 °C in Mueller-Hinton medium (initial inocula ≈ 105 CFU/ml) with 0.25 × 
MIC of an antibiotic, P88 or a combination of 0.25 × MIC of each, plus the untreated control, with or without 
25% lysed horse blood. 
 

 

In conclusion, synergy provides a possible strategy to therapeutically use P88 with 

concentrations well below the IC50 (the effective concentrations in the presence of sub-

inhibitory amounts of antibiotics are 5.0 μM and 12.5 μM for PAO1 and 39.5/126.1, re-

spectively) and allows to postulate such P88 as a molecule able to resensitize bacteria 

to antibiotics. Nonetheless further in vivo proofs shall be needed to ascertain the thera-

peutic value of P88 and its combined administration with antibiotics. 

 

4. IMPROVING PAE87 ACTIVITY BY FUSING IT TO A CATION-BINDING DOMAIN: PAE87F 

Although the full antimicrobial potential of Pae87 is difficult to assess without proper 

in vivo studies, it is clear that its bactericidal effect numbers are mid-to-low, especially in 

comparison with other engineered anti-G− lysins (such as artilysins). To increase the 

bactericidal activity of Pae87, we proposed the yet undescribed strategy of fusing the 

enzybiotic to a cation binding domain. The rationale for this approach lays in the fact that 

the G− OM is electrostatically stabilized by positive cations (Mg2+ and Ca2+) that bind to 

the negatively charged lipid A moiety of the lipopolysaccharide (381). This is why cation 

chelating agents, such as EDTA or organic acids have a disturbing effect on the OM. 

With this in mind, we conducted a literature search for bacterial cation-binding domains. 

An Excalibur (PF) domain from Bacillus subtilis endonuclease YokF was selected to be 
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fused to Pae87, based on previous evidence of Ca-binding abilities for this domain family 

and a positive net charge (even if the proposed residues responsible for cations binding 

are acidic ones).  

 

Figure 4.3.8. Design of Pae87F. A: Chimeric lysin Pae87F design comprising an EAD from Pae87 and 
cation-binding domain from exonuclease YokF. B: Sequence of Excalibur domain from YokF and a “ran-
domized” version of the same domain, containing the same residues in random positions. Predicted net 
charge (z) at pH 7.0 is displayed, and basic (red) and acidic (blue) residues are indicated. 

 

 

With this approach, we intended to enhance Pae87 tropism towards the bacterial OM 

and even increase the OM disrupting abilities of the new protein, named Pae87F. The 

resulting protein contained an N-terminal 6×His tag to facilitate purification, contributed 

by the expression vector pET-28a(+), the full Muramidase domain of Pae87, a (GS)3 

flexible short linker, and the 38 aa long Excalibur domain from YokF (Figure 4.3.8). 

Pae87F was expressed and purified as described in MATERIALS AND METHODS. A Pae87F 

variant named Pae87RF (Figure 4.3.8B), which contains a randomized Excalibur se-

quence that maintains net charge but is designed not to keep the cation binding ability, 

was also constructed, produced, and purified. Next, a set of antibacterial activity tests 

were run against suspensions of P. aeruginosa PAO1 and other bacteria (Figure 4.3.9). 

Firstly, the turbidity decrease profile of equimolar amounts of Pae87F did not differ 

substantially from that of Pae87 (Figure 4.3.9A), from which no dramatic changes in the 

mode-of-interaction are deduced for the chimeric protein.  

 

Pseudomonas JG004 phage endolysin Bacillus subtilis endonuclease YokF

Pae87F

>Excalibur_YokF_z=+2

TFKNCTELRKKYPNGVPSSHPAYQSKMDRDHDNYACER

>Randomized_F
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Figure 4.3.9. Comparative parameters of Pae87 and Pae87F bactericidal activity on P. aeruginosa 
PAO1 and other bacteria. A: Bacteriolytic activity curves on PAO1 strain. Representative results are 
shown. B: Protein:bacteria stoichiometry. C: Dose-response curves. D: Average NPN fluorescence signal 
after 5 min incubation. RFU = fluorescence units relative to the maximum value achieved during the assay. 
E: Fluorescence microscopy observation of fluorescence due to NPN after 2 h incubation, including a 2 mM 
EDTA positive control. Superimpositions of phase-contrast images with blue fluorescence signal observed 
with an A filter cube (excitation bandpass 340-380) are shown. F: bactericidal activity of Pae87, Pae87F, 
and an equimolar concentration of Pae87RF. G: Bactericidal range. Unless otherwise noted, standard assay 
conditions were: 20 mM NaPiB, pH 6.0, 150 mM NaCl, ≈108 CFU/ml PAO1, 10 µM of the bactericidal com-
pound, 37 °C and 2 h incubation; 100 mM sorbitol was included in the NPN assay. One-way ANOVA with 
Bonferroni post-test was applied to compare between Pae87 and Pae87F results within each experimental 
condition when indicated with asterisks (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). When marked 
with letters, an all-against-all multiple comparison was applied using ANOVA plus Tukey post-test. Different 
letters indicate significantly different results. Pae87 data are those generated and displayed in Chapter 2 of 
this thesis. 

 

 

However, Figure 4.3.9BC showed a consistent 1 log unit increase in bacterial killing 

in the case of Pae87F compared to Pae87, which is maintained across the different pro-

tein:bacteria ratios and protein concentrations tested. The quantification of fluorescence 

due to NPN incorporating into the phospholipidic membrane upon addition of Pae87 or 
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Pae87F (Figure 4.3.9D) was not significantly different, although comparisons, in this 

case, should be made with care because of the aggregative effect that is also present in 

Pae87F (Figure 4.3.9E). The relatively lower activity displayed by Pae87RF indicates 

that the observed increase in bactericidal activity should be due to such specific activity. 

Such bactericidal enhancement was observed in many but not all of the susceptible bac-

teria tested in the bactericidal range (Figure 4.3.9G). Although the present results do 

suggest that the improvement must be due to the cation binding, it is not possible yet to 

claim a specific mechanism for such enhancement. It is considered, however, that the 

fusion to a cation-binding domain could be a valid strategy to improve enzybiotic activity. 

The improved effect of Pae87F over Pae87 has been hereby provided as the first exam-

ple of such a strategy. However, the optimization of Pae87 activity by enhancing the 

interaction with the bacterial surface has not yielded too notable results, probably be-

cause Pae87 already showed signs of a remarkable ability to interact with the cell wall.  

 

5. TESTING OF PAE87 AND ITS DERIVATIVES IN BIOFILMS 

The proteinaceous antimicrobials developed in this thesis were also tested in an in 

vitro biofilm model, given the currently acknowledged relevance of biofilms in clinical 

infectious settings. To that end, our available P. aeruginosa strains were tested for biofilm 

formation in polystyrene plates. A fixed inoculum of each strain (≈ 106 CFU/ml) was 

added into each well in TSB medium and biofilms were formed overnight (≈ 16-20 h) at 

37 °C without shaking. Figure 4.3.10A shows a rather high variability among the CV-

quantified biofilms in the different strains, which is not uncommon. Two clinical strains 

(126.1 and 57.1) were selected to proceed on the basis of their good-biofilm forming 

capacity and susceptibility to the compounds based on Pae87. In both cases, a rather 

mild disaggregation effect (as evidenced by the CV measurements) correlated with some 

log units of killing (Figure 4.3.10BC). Not too surprisingly, P88 exerted the highest killing 

activity, reaching up to three log units of killing, however, somewhat below its previously 

shown activity against planktonic cultures. Given the structure of biofilms, it is to some 

point expected a hampering to the effectiveness of the different antimicrobials. However, 

the fact that a relevant bactericidal effect is detected against biofilms of two different 

clinical P. aeruginosa strains is a good prospect towards their application as therapeutics 

or disinfectants. 
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Figure 4.3.10. Activity test of Pae87 and its derivatives against P. aeruginosa biofilms. A: Evaluation 
of the biofilm formation capacity of our available clinical P. aeruginosa strains. B, C: Biofilm disaggregation 
assays of P. aeruginosa with 10 μM of different compounds applied for 2 h at 37 °C.  
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The results in this chapter are intended to be published in the following manuscript in preparation: 

Roberto Vázquez*, Francisco J. Caro-León*, Alberto Nakal, Susana Ruiz, Carmen Doñoro, Luis 

García, Blanca Vázquez-Lasa, Julio San Román, Jesús Sanz, Pedro García*, María Rosa Agui-

lar*. (2021). DEAE-chitosan nanoparticles as a pneumococcus-biomimetic material for the de-

velopment of antipneumococcal therapeutics.   
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1. INTRODUCTION 

The introduction of enzybiotics as novel therapeutic agents may face some chal-

lenges because of their nature. Common antimicrobial chemotherapy has relied on small 

molecules (antibiotics), which, in general, are less susceptible to provoke immune reac-

tions or to be degraded by specific host mechanisms. Enzybiotics, as proteins, are sus-

pected to induce an immune reaction in which neutralizing antibiotics may be produced 

(although it has been shown that neutralization is not absolute), and they are also sus-

ceptible to host proteases. Because of these particularities, the current interest of en-

zybiotics research has derived towards the formulation of lysin-based preparations in 

which certain properties relevant for clinical applications are enhanced. This novel gen-

eration of enzybiotics has been labelled as a ‘Third Generation’, following the first one of 

wild-type phage lysins and the second one of lysins engineered to enhance biochemical 

or antimicrobial features. Among the many approaches to develop third-generation ly-

sins, one of them is the immobilization of the enzybiotics in polymeric scaffolds, either in 

the form of layers of wound dressing bandages or as NPs for systemic or local admin-

istration. The advantages of such immobilization range from the possibility to adminis-

trate the active compound into niches difficult to reach (such as the deep lung), the ad-

ministration in specific areas, such as the skin, by formulating emulsions or wound dress-

ings, or the sustained release of the active compound. This latter property of enzyme-

immobilized systems may pose a great gain in terms of active compound stability in in 

vivo settings. Bearing this in mind, in this chapter, the design and testing of a novel chi-

tosan-based material with the ability to bind CBPs is presented. Such chitosan, derivat-

ized with DEAE radicals (ChiDE) was used to prepare NPs into which a previously de-

veloped enzybiotic (Cpl-711) was encapsulated for controlled release. 

 

2. RATIONALE FOR THE DEVELOPMENT OF A PNEUMOCOCCUS-BIOMIMETIC CHI-

TOSAN 

As explained in the INTRODUCTION (Section 6), S. pneumoniae, the main bacterial 

pathogen causing CAP in the world, contains choline residues grafted onto the teichoic 

acids of its G+ cell wall (Figure 4.4.1A). Such choline residues are of the utmost im-

portance for the physiology of the bacterium since they serve as ligands for several func-

tionally relevant surface proteins (CBPs), such as murein hydrolases responsible for 

peptidoglycan remodeling, autolysis, or fratricide (151). Besides, most phages that infect 

pneumococcus have evolutionarily imitated such host enzymes by acquiring choline-

binding murein hydrolases as lysins for the release of their progeny. Moreover, CBPs 

also recognize molecules chemically analogous to choline, such as the DEAE radicals 
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(Figure 4.4.1B) that are widely used, for example, in ion-exchange chromatography. 

This is why a chitosan-based material was designed in which some of the deacetylated 

C-2 sites of the polymer chains were derivatized with DEAE radicals, aiming to imitate 

the multivalent disposition of choline in the pneumococcal surface (Figure 4.4.1C).  

 

 

 

Figure 4.4.1. Rationale for the consideration of ChiDE as a mimic of the pneumococcal cell wall. A: 
Scheme of the pneumococcal cell wall, remarking the choline residues present in its teichoic acids. B: Chem-
ical structures of choline and DEAE. C: Chemical representation of ChiDE. 

 

 

Such derivatization was carried out by Javier Caro-León at the laboratory of María 

Rosa Aguilar (ICTP-CSIC) by reacting chitosan with DEAE-Cl at a slightly basic pH. The 

grafting of DEAE onto the polysaccharide was confirmed by 1H NMR, rendering a 46 

mol% degree of substitution (J. Caro-León, personal communication). Using this ChiDE, 

NPs (ChiDENPs) were obtained by ionotropic gelation, based on the interaction between 

the cationic amino groups of the ChiDE and the anionic phosphate groups of tripolyphos-

phate molecules (382). The mean hydrodynamic diameter of the ChiDENPs, as recorded 

by DLS, was 168 ± 5.4 nm, with a PDI of 0.137 ± 0.010 (J. Caro-León, personal commu-

nication). Using the same procedure, NPs of unmodified chitosan (ChiNPs) were also 

obtained for comparison, displaying a similar size (152 ± 4.8) but greater PDI (0.217 ± 

0.013). 

 

3. CHIDENPS PREVENT PNEUMOCOCCAL AUTOLYSIS AND PROMOTE CHAIN FOR-

MATION 

Given that the aim was to investigate the biomimetic properties of ChiDENPs with 

respect to the S. pneumoniae cell wall, firstly, the interactions between the NPs with 

pneumococcal cells were analyzed (Figure 4.4.2). S. pneumoniae R6 cultures grown in 
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the presence of up to 50 µg/ml ChiNPs showed more pronounced autolysis than the 

control cells and the ones treated with ChiDENPs (Figure 4.4.2AB). A clearer effect, 

however, was observed when the treatment was applied to resting cell suspensions (Fig-

ure 4.4.2CD). In this latter case, turbidity decrease due to inherent pneumococcal auto-

lysins during 1 h incubation time was diminished in a dose-dependent manner for 

ChiDENPs, while ChiNPs induced a more marked turbidity decrease, rather than lysis 

protection. This timewise decrease of OD550 with ChiNPs was accompanied by biomass 

sedimentation at the bottom of the test tube and correlated with lower counts of viable 

cells (Figure 4.4.2E). On the other hand, no changes were found in cell counts of 

ChiDENPs-treated resting pneumococci with respect to the control (Figure 4.4.2F). 

Taken these observations together, the conclusion is that ChiDENPs were able to inter-

fere with the normal CBP physiology.  

Under this hypothesis, ChiNPs directly interact with the bacteria, as hinted by the ag-

gregation and aberrant morphologies —loss of spheroidal shape, presence of cell de-

bris— observed in the micrographs of Figure 4.4.2IK. But ChiDENPs would rather se-

quester CBPs, protecting cells from CBPs-mediated autolysis and promoting their chain-

ing (Figure 4.4.2JL), in contrast with the typical diplococcal morphology of the control 

cells (Figure 4.4.2G). The hijacking of CBPs has long been associated with a chained 

phenotype (383). The simplest way of getting such phenotype is, indeed, adding an ex-

cess amount of choline. Assuming a 46 mol% degree of substitution, 50 µg/ml ChiDENPs 

would approximately contain 126 µM DEAE residues. As shown in Figure 4.4.2H, 200 

µM free choline is not able to exert a comparable chaining effect. In fact, the lowest 

concentration threshold for choline to provoke a relevant pneumococcal chained pheno-

type is in the millimolar order (234) (specifically, some experiments point out to 25 mM, 

J. Sanz, personal communication). Therefore, an exponentially enhanced CBP-binding 

effect of ≈ 200-fold was observed due to the multivalent disposition on the ChiDENPs, 

which is better recognized by CBPs, as previously observed for other multivalent choline-

bearing NPs (232). Such increased efficiency has been proposed to be beneficial for the 

application in clinical settings, in which the chained phenotype can improve the ability of 

the immune system to detect and clear pneumococci (235, 357). 
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Figure 4.4.2. Effect of ChiNPs and ChiDENPs on S. pneumoniae R6 cultures. A, B: Pneumococcal 
growth in C+ Y medium in the presence of different concentrations of ChiNPs (A) or ChiDENPs (B). C, D: 
Turbidity change over time of pneumococcal resting cell suspensions in the presence of different concen-
trations of ChiNPs (C) or ChiDENPs (D). Values in panels A and B are representative of three independent 
replicates. Results in panels C and D are means ± sd of three independent replicates. E, F: Viable cell counts 
of pneumococcal resting cell suspensions after 1 h incubation with ChiNPs (E) or ChiDENPs (F). Mean 
values ± sd of three independent replicates are shown and a one-tailed ANOVA followed by a Tukey post-
test was performed to assess significant differences with respect to the control. The asterisk means p-value 
≤ 0.05. G, H, I, J: Projections from CLSM imaging of pneumococcal cultures at early stationary growth phase 
(≈ 4 h incubation) either untreated (G), or grown in the presence of 200 μM free choline (H), 50 μg/ml ChiNPs 
(I) or 50 μg/ml ChiDENPs (J). K, L: Fluorescence microscopy images of the late stationary growth phase of 
pneumococcal cultures (≈6 h incubation) grown either in the presence of 50 μg/ml ChiNPs (K) or 50 μg/ml 
ChiDENPs (L). White bars in microscopy images represent 5 μm, green fluorescent cells are alive cells, 
while red fluorescent cells are membrane-compromised or dead cells. 

 

 

4. CHIDENPS SPECIFICALLY BIND PROTEINS THROUGH DEAE AFFINITY MEDIATED 

BY CBDS 

To explicitly test whether ChiDENPs were able to bind CBPs through affinity interac-

tion, an enzybiotic CBP (namely, the chimeric lysin Cpl-711, Figure 4.4.3A) was incu-

bated in NPs suspensions, as explained in MATERIALS AND METHODS. Such suspensions 

were subsequently filtered through 0.1 µm pore size filters and both the whole and the 

filtered fractions were tested for bactericidal activity on S. pneumoniae R6 resting cell 

suspensions at a final enzyme maximum concentration of 2 µg/ml and maximum ChiNPs 

0 20 40 60
0.0

0.2

0.4

0.6

Time  (min)

O
D

5
5
0

0 20 40 60
0.0

0.2

0.4

0.6

Time  (min)

O
D

5
5
0

0 5 10 15
0.0

0.2

0.4

Time (h)

O
D

5
5

0

0 5 10 15
0.0

0.2

0.4

Time (h)

O
D

5
5

0

0 20 40 60
0.0

0.2

0.4

0.6

Time  (min)

O
D

5
5
0

0 20 40 60
0.0

0.2

0.4

0.6

Time  (min)

O
D

5
5
0

C
on

tro
l

g/
m

l



12
.5

 
g/

m
l



25
.0

 
g/

m
l



50
.0

 

0

2

4

6

8

ns

*

L
o

g
1

0
(C

F
U

/m
l)

C
on

tro
l

g/
m

l



12
.5

 
g/

m
l



25
.0

 
g/

m
l



50
.0

 

0

2

4

6

8

ns

L
o

g
1

0
(C

F
U

/m
l)

0 20 40 60
0.0

0.2

0.4

0.6

Control

12.5 g/ml

25.0 g/ml

50.0 g/ml

Time  (min)

O
D

5
5

0
A B

C

E

D

F

G H

I J

K L



CHAPTER 4: Development of a pneumococcus-biomimetic material for  
encapsulation and controlled release of choline-binding proteins 

161 
 

or ChiDENPs concentration of 50 µg/ml (Figure 4.4.3B). Free Cpl-711 that had been 

incubated in the absence of NPs caused a 2-log cell viability decrease with respect to 

the water-treated control. ChiNPs decreased viability with respect to the control by 

around 1 log, but only in the whole fraction and not in the filtrate, indicating that most of 

the NPs are indeed being retained in the filter. On the other hand, ChiNPs incubated 

together with Cpl-711 exerted a viability decrease more similar to that of free Cpl-711, 

but only in the whole fraction, with a significant difference with the viable cells treated 

with the filtrate. This indicates that the enzybiotic was in the whole fraction (i.e., bound 

to the ChiNPs), but it still was able to release upon contact with the bacteria and exert 

its bactericidal activity. This points out to non-specific adsorption of the enzyme that is 

easily overcome by the presence of the natural affinity ligand of the CBP (i.e., the bacte-

rial cell wall). On the other hand, ChiDENPs, as seen before, had no impact on cell via-

bility with respect to the control, either alone or those incubated with Cpl-711. The fact 

that there was no activity in the filtrate of ChiDENPs incubated with Cpl-711 suggests 

that the enzyme was indeed associated or bound to the ChiDENPs. But, since there was 

also no activity in the whole fraction, in contrast with the ChiNPs, this association must 

be different in nature, i.e., stronger and most probably due to an affinity interaction. This 

also clearly supports the ability of ChiDENPs to neutralize the physiological activity of 

natural CBPs in the presence of S. pneumoniae. 

When observing Alexa488-labeled Cpl-711 interaction with the different NPs under 

the microscope (Figure 4.4.3CDEF), large fluorescent aggregates were visible in the 

case of ChiNPs (Figure 4.4.3C), while with ChiDENPs, fluorescence was located in dis-

crete, nanometric particles (Figure 4.4.3E). Immediately after treatment with 2% choline, 

ChiNPs incubated with Alexa488-Cpl-711 showed little morphological difference with re-

spect to their appearance before treatment (Figure 4.4.3D), while ChiDENPs lost the 

previously observed locally-focused fluorescence (Figure 4.4.3F), suggesting the elution 

of the protein from the ChiDE.  
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Figure 4.4.3. Surface interaction of CBPs and non-CBPs with ChiNPs and ChiDENPs. A: Structural 
schemes of the proteins used throughout this work. Black boxes are CBDs, grey boxes are catalytic domains 
and white boxes are non-CBD CWBDs. B: Cpl-711 surface adsorption assay where cell viable counts are 
shown from S. pneumoniae R6 suspensions treated with water (control), 2 μg/ml Cpl-711 or 50 μg/ml 
ChiNPs/ChiDENPs pre-incubated or not with Cpl-711 at a 0.04 protein/polymer mass ratio. Viable cells were 
assayed both from the whole treated pneumococcal suspension fractions or from the filtrated fractions 
through a 0.1 μm pore diameter filter. Mean values ± sd are shown for three independent replicates, and 
statistical significance is indicated (***: p-value ≤ 0.001) according to two-way ANOVA followed by Tukey 
post-test to compare whole fractions vs. filtrated ones. C,D,E,F: CLSM images from ChiNPs (C,D) or 
ChiDENPs (E,F) preincubated for 30 min at room temperature with Alexa488-labeled Cpl-711 at a mass 
ratio of 0.04 and then treated with 2% choline (D,F). G,H,I,J: CLSM images from ChiNPs (G,I) or ChiDENPs 
(H,J) preincubated for 30 min at room temperature with Alexa488-labeled Cpl-7S (G,H) or Cpl-A7S (I,J). K: 
Fluorescence microscopy images of different mass ratios of Alexa488 labeled Cpl-711/ChiDENPs. Inserts 
in E and J are 2x zoomed images. White bars in all images represent 40 µm. 

 

 

To confirm that the nature of the specific interaction of Cpl-711 with ChiDENPs was 
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non-CBP enzybiotic Cpl-7S. Cpl-7S has a similar structure to that of Cpl-711, exclusively 

differing in their C-terminal CWBDs (Figure 4.4.3A). Similar to what was observed for 

Cpl-711, ChiNPs incubated together with Alexa488-Cpl-7S produced large fluorescent 

aggregates (Figure 4.4.3G). Both enzymes also have a relatively high negative net 

charge, which would explain a nonspecific, electrostatic interaction with ChiNPs, given 

its positive ζ-potential as has been previously observed with other proteins in water (384-

386). But, furthermore, aggregates were also produced when incubating Cpl-7S with 

ChiDENPs (Figure 4.4.3H). A fusion protein based on Cpl-7S but bearing an N-terminal 

tag consisting of a CBD derived from pneumococcal autolysin LytA (C-LytA) was also 

designed to determine if the presence of a CBD would impact the mode of interaction of 

Cpl-7S with the NPs. This fusion protein, termed Cpl-A7S, was indeed very similar to 

Cpl-711 in terms of net charge but was substantially larger (56.87 kDa versus 38.58 

kDa). Alexa488-Cpl-A7S showed an identical propensity to aggregate in the presence of 

ChiNPs than its parental enzyme, Cpl-7S (Figure 4.4.3I), but not when put together with 

ChiDENPs (Figure 4.4.3J). In this latter case, as with ChiDENPs in the presence of Cpl-

711, a dispersion of fluorescent particles was observed rather than aggregates. Taking 

all these results together, it is clear that the specific interaction between the DEAE moi-

eties of ChiDENPs and the CBD of a protein maintains the stability of the nanoparticulate 

suspension better than the non-specific interaction that keeps together the proteins with 

the NPs. 

Finally, the ability to retain a stable nanoparticulate state in the presence of different 

concentrations of CBPs was investigated by observing ChiDENPs incubated with differ-

ent concentrations of Alexa488-Cpl-711. Up to a polymer/protein mass ratio of 0.04, the 

suspensions appeared nanoparticulate, but above such ratio, aggregates started to be 

apparent (Figure 4.4.3K). It could be argued that, while the DEAE residues provide a 

net positive charge to the ChiDENPs that keep them apart by electrostatic repulsion, 

binding of the CBPs causes hiding of these groups from the solvent, resulting instead in 

non-polar particle-particle interactions that produce the same aggregative effect as ob-

served with the non-functionalized ChiNPs. 

 

5. ENCAPSULATION OF CPL-711 WITHIN CHIDENPS AND ITS SUSTAINED RELEASE 

In a step forward to achieve therapeutically relevant in vivo concentrations and re-

lease of therapeutic proteins, the ChiDENPs were loaded with the enzybiotic Cpl-711, 

thus, exploring the possibility of this system (ChiDENPs-711) to release a substantial 

amount of the protein in a controlled manner. In this case, such protein was included 

together with the chitosan or ChiDE solution during the ionic gelation process in the 
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fabrication of NPs. In this way, we expected to get a nanoparticulate system with a higher 

active compound concentration, provided that Cpl-711 could be included within the NPs, 

and bound to inner DEAE residues that otherwise would be non-accessible. A range of 

protein/polymer ratios well above the aggregation threshold described in the previous 

section (0.1-0.3) was studied to determine the optimum ratio for the production of 

ChiDENPs-711. At a ratio of 0.25, an encapsulation efficiency9 of ≈70% and a loading 

capacity10 of ≈ 20% were achieved while maintaining reproducible and good values of 

hydrodynamic diameter (J. Caro-León, personal communication). Therefore, successive 

experiments were conducted with ChiDENPs-711 produced at a protein/polymer mass 

ratio of 0.25. The incorporation of Cpl-711 into the NPs was confirmed by a range of 

techniques, including thermogravimetric analysis, attenuated total reflectance-Fourier 

transform infrared spectroscopy (ATR-FTIR), or X-ray diffraction by J. Caro-León at the 

ICTP-CSIC.  

The next step was to check the ability of such a system to release its cargo and allow 

its subsequent activity against S. pneumoniae. After incubation of ChiDENPs-711 at 37 

ºC and pH 7.4, an initial burst release of the enzybiotic (2-3 first hours, accounting for 

almost 60% of release) was observed (Figure 4.4.4A), followed by a constant release. 

After 12 h, the cumulative release of Cpl-711 from ChiDENPs was ≈ 82% of the total 

encapsulated mass. The protein released from the NPs retained the same molecular 

mass as free Cpl-711, as proved by the SDS-PAGE analysis (Figure 4.4.4B). Further-

more, such released enzyme demonstrated to retain activity against S. pneumoniae (Fig-

ure 4.4.4CD). However, activity assays showed a particular effect: both turbidity de-

crease (Figure 4.4.4D) and bactericidal activity (Figure 4.4.4C) were greater at the high-

est dilutions tested of the first release samples (i.e., dilutions −3 and −4 from the release 

sample taken after 1 h incubation and dilutions −2 to −4 from the 2 h sample). Only in 

the 3 h sample, there was an activity decrease upon dilution. Additionally, the Cpl-711 

released from samples produced turbidity decrease kinetics with a pronounced sigmoidal 

shape, in contrast with the exponential decrease of free Cpl-711. One possible explana-

tion for this observation is the presence of degradation products or smaller NPs bearing 

DEAE groups in the released samples. 

 
9 The proportion of initially added enzyme that was incorporated into the NPs. 
10 The fraction of the net weight of the freeze-dried NPs that can be attributed to the incorpo-
rated enzyme. 
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Figure 4.4.4. In vitro release profile of Cpl-711 from ChiDENPs-711. A: Cumulative mass release profile 
of Cpl-711 from ChiDENPs as estimated from three SDS-PAGE replicates (means ± sd are shown). B: SDS-
PAGE of the samples from the release assay. The arrow shows approximately 39 kDa (corresponding to 
Cpl-711 molecular weight) and the final lane shows a sample from a Cpl-711 solution at the maximum the-
oretical concentration (1.5 μg/ml) loaded into ChiDENPs-711. C: S. pneumoniae R6 killing activity of 2-fold 
serial dilutions of samples from the in vitro release assay (those corresponding to 1 h, 2 h, and 3 h incubation) 
or a 1.5 μg/mL of Cpl-711 solution. A two-way ANOVA was applied with Tukey post-test to compare the 
effect of each dilution to that of the undiluted sample for each time (* = p ≤ 0.05; ** = p ≤ 0.01) D: Turbidity 
decrease assay of 2-fold serial dilutions of samples from the in vitro release assay (1 to 5 h), together with 
a 1.5 μg/ml Cpl-711 positive control and a NaPiB-treated R6 negative control. Light grey shades represent 
± sd of each data point. 

 

 

This kind of product would be available as ligands for the CBDs of the released Cpl-

711. If this would be the case, when put together with pneumococcal cells, these Cpl-

711 molecules with their CBDs occupied with DEAE moieties would require a relatively 

low DEAE to pneumococcal choline ratio to displace the binding equilibrium from the 

DEAE to the bacterial surface. Therefore, when decreasing the release products con-

centration by dilution while maintaining the same bacterial concentration, an increase in 

the bactericidal activity is observed (Figure 4.4.4C).   
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6. BIOCOMPATIBILITY OF CHIDENPS-711 

To propose the use of ChiDENPs-711 for in vivo treatment, its biocompatibility was 

tested by exposing A549 cell cultures to serial dilutions of the release products during 

different periods (Figure 4.4.5). 

 

 

 

Figure 4.4.5. Cytotoxicity of ChiDENPs-711 release products on A549 cell cultures. Residual % via-
bility is shown with respect to the untreated control after either 4 h, 24 h, or 48 h of exposure to 10-fold se-
rial dilutions of the release product samples corresponding to 1 h, 2 h, or 3 h incubation. 

 

 

After 4 h incubation, the viability of the cells treated with the 3 h-release products had 

not significantly decreased (it maintained around 85%), while those of the cells treated 

with the more concentrated samples (1 h and 2 h) decreased to ≈ 45%. Nonetheless, 

upon dilution, even with the latter samples the viability rapidly improved. With longer 

incubation times, however, a certain toxic effect was indeed observed. After 24 h incu-

bation viability ranged between 40% and 85%, and, after 48 h, it was only between 20% 

and 50%, depending on the dilution factor or the sample. This altogether points out a 

toxic effect of the released products of ChiDENPs-711 that is dependent on the local 

concentration and the time of exposure to said products.  
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As it has been made clear by the data provided in the INTRODUCTION of this thesis, 

one of the main health-related problems to be urgently tackled in the years to come are 

infections caused by antibiotic-resistant bacteria (19). Among many other issues that 

should be combined in multipronged strategies involving many public actors, the devel-

opment of novel antimicrobial agents is a priority (387). Such a new generation of anti-

microbials would fill the void left by the dried antibiotic pipeline, providing alternative and 

complementary tools to treat bacterial infections. The current state of affairs suggests 

that the better positioned technological alternative to antibiotics to be implemented in the 

short term is that posed by phages and their derived products (388). While phage therapy 

itself is currently making important advances into the clinical practice by opening new 

paths in the way we understand antimicrobial therapeutics both from a biological and a 

regulatory point of view (54, 60), the so-called enzybiotics may better fit into the current 

paradigm of pharma industry business ecology (54). This is one of the reasons why the 

research in repurposing phage lysins as enzybiotics has tremendously thrived in recent 

years. But not only the possible economic and regulatory framework for enzybiotics 

seems better suited to an imminent entry to the market, almost assured by the phage 

lysins currently undergoing phase III clinical trials11. Also, enzybiotics present some crit-

ical advantages over antibiotics and even whole virions that make them, in our opinion, 

especially suited for a post-antibiotic era, as shown in Table 1.1. An obvious example is 

their experimentally proven lower chance to induce the selection of enzybiotic-resistant 

bacteria since modification of the cell wall and/or the targeted essential elements of the 

bacterial surface comes with a great cost for the bacterial fitness (81). In addition, the 

modular architecture of phage lysins is being profited for protein engineering strategies 

that rely on the long-time proposed approach of ‘domain shuffling’ to create chimeric 

proteins with novel emergent properties (389). The current state-of-the-art of domain 

shuffling has moved towards the high-throughput, type IIs restriction enzyme-based ge-

netic engineering, which allows creating wide chimeric protein libraries to be screened 

looking for some pre-determined traits (154). So, taken all these advances together, the 

real question today in lysins research is: where do we take enzybiotic-based therapy in 

the long term? How can enzybiotics contribute to the revolution of antimicrobial therapy 

to come? As already hinted in the INTRODUCTION, J. P. Pirnay creatively paints a not-so-

science-fiction future in which integrated technologies could automatically provide a per-

sonalized phage-based drug directly delivered to treat the specific infection of a specific 

patient (60). It could be argued that not only full virion therapy can fit into this new 

 
11 https://www.contrafect.com/pipeline/exebacase 

https://www.contrafect.com/pipeline/exebacase
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personalized framework, but also lysins constructed by modular engineering, provided 

that we can count on a strong knowledge base on the structure-function relationship of 

lysins. 

Many benefits can be derived from engineering-based knowledge production. For ex-

ample, the aforementioned high-throughput strategies are already providing rapidly and 

easily derived 'rules' for lysin engineering (155). Rules that the classical production of 

chimeras would only produce after exhausting efforts. But such eminently applied (or 

top-down) approaches still need to be properly contextualized by a more basic research, 

which would provide the appropriate foundation for a productive interpretation and im-

plementation of the technological advances. In this thesis, we have adopted an inte-

grated approach that encompassed the elucidation of a data-sustained paradigm onto 

which to build the whole process of designing and preclinically developing an antimicro-

bial. Thus, we have intended both to take advantage of the novel, holistic knowledge-

derivation techniques (such as the data mining presented in Chapters 1 and 2) and also 

of a more traditional, knowledge-driven design of phage lysin antimicrobials (as devel-

oped in Chapters 2 and 3).  

In Chapter 1, the construction and analysis of an exhaustive database comprising 

2,182 lysin sequences have produced a series of relevant conclusions towards both un-

derstanding phage-mediated bacterial lysis and designing phage-derived antimicrobials. 

To begin with, important architectural differences between lysins from phages that infect 

either G+ or G− bacteria have been brought out, thus probably correlated to the funda-

mental difference between the G− and the G+ envelope. The primary difference between 

such groups of lysins is that while G+ ones are typically multimodular, their G− counter-

parts usually have just a single EAD. Indeed, most carbohydrate enzymes known to date 

pose a CWBD that enables them to approach their substrate, since polysaccharidic sub-

strates are insoluble and thus non-diffusible (390). Therefore, if the enzyme is not able 

to encounter its target substrate in solution, it must be able to approach it. It does so, 

then, by possessing a tropism towards the polymeric substrate, which lies on the CWBD. 

It can be speculated that since G− bacteria contain just a thin peptidoglycan layer, the 

passive pumping of massive amounts of lysins may be enough to degrade this single 

layer without needing an additional affinity towards the insoluble substrate. However, our 

results in Chapter 2 serve to hypothesize the presence of a substrate-binding function 

in at least one family of EADs (the Muramidase PF family) that make up the lysins of 

many G− phage lysins. Moreover, the proposed essential residues for the affinity towards 

peptidoglycan are only conserved in those G− phage lysins that do not contain a sepa-

rate CWBD. These observations altogether point out an evolutionary compensation for 

the lack of a distinct CWBD. Therefore, the typically maintained hypothesis of G− phage 
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lysins lacking or not needing a cell wall binding function should be perhaps revised once 

sufficient evidence is gathered on i) whether these regions function as true CWBDs and 

ii) how widespread this trait is. If we accept that monomodular lysins may contain internal 

cell wall binding subdomains, it is tempting to speculate that this may be explained by 

the existence of two differential evolutionary routes: one that has evolved multimodular 

lysins by fusing domains through horizontal gene transfer (148); and another in which 

functional, substrate-binding monomodular enzymes are evolved by fixation of certain 

beneficial mutations within the EAD. 

The multimodular architecture of G+ phage lysins has even given rise to lysin archi-

tectures in which not just two but three domains are involved. In many cases, trimodular 

lysins bear two EADs and a CWBD. A possible explanation for multicatalytic lysins is an 

increased lytic efficiency over monocatalytic ones since activities attacking different sites 

of the peptidoglycan are known to act synergistically in peptidoglycan degradation, as 

our results have previously demonstrated (86). Since the G+ peptidoglycan layer is much 

thicker than the one of G− bacteria, it is conceivable that such synergistic cooperation 

may pose a significant benefit towards efficient lysis in G+ but not in G−. Such synergy 

could also imply a decreased chance for the appearance of resistant peptidoglycan mu-

tants (391). It has also been shown that the synergistic concurrence of both activities is 

sometimes needed for full activity. Thus, some phages may have evolved a regulatory 

mechanism to avoid the lysis of other potential host cells relying on the proteolysis of 

bicatalytic lysins by host-cell proteases. Then, both EADs would be disjointed by prote-

olysis upon host cell lysis and the degraded lysins would no longer be active against the 

nearby bacterial population (392). This should be especially relevant for phages infecting 

G+ bacteria, which lack a protective OM hindering the lysis of other bacterial cells from 

without, and hence the exclusiveness of the bicatalytic architecture among phages in-

fecting G+. In some other cases, however, it is the high affinity of the CWBD that has 

been proposed as the mechanism that maintains lysins tightly bound to cell debris pre-

venting widespread lysis of the bacterial community (301), which is also an argument for 

the widespread presence of CWBDs among G+ and not among G–. Additionally, it has 

also been shown that, at least in some cases, the central domain predicted as an EAD 

may have an auxiliary role in substrate binding, rather than being an actual EAD (393). 

These architectural differences uncovered by our analysis of lysin sequences just re-

mark the importance of bacterial surface to make sense of phage lysins structural-func-

tional specialization. Even peptidoglycan structure (or chemotype) has been pointed out 

by our data as a possible determinant for the appearance of specific traits in the corre-

sponding lysins. For example, it has been shown that while peptidases are very diverse 

among lysins from phages that infect bacteria with A1 subtype peptidoglycan (lacking an 
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interpeptide bridge between peptide subunits), it is not the case in bacteria with an in-

terpeptide bridge in their peptidoglycan. In A3-subtype bacteria phage lysins, the only 

generally predominant peptidase would be the CHAP family. It makes sense that a more 

complex peptide moiety (such as that found in the A3 chemotype versus A1) would have 

driven the evolution of a specific peptidase. On the other hand, of course, there are ex-

amples of widely distributed domain families, such as LysM or Amidase_2, that probably 

target generally conserved bacterial surface traits. It is, however, risky to state anything 

about the ecological importance for a phage lysin to be highly specific to the bacterial 

host or somewhat wide-ranged, since it would probably be case-dependent.  

Among the evolutionary specializations of lysins, which are already quite evident, the 

analyses presented in Chapter 1 have uncovered some traits of a physicochemical na-

ture. Such differential physicochemical properties have allowed us automatically distin-

guishing between lysins from G– and G+ infecting phages using a machine learning al-

gorithm. We can conclude from our results that such difference resides in the presence 

of a cationic C-terminal region, akin to AMPs, which is present at least in a subpopulation 

of G– phage lysins well represented in our dataset. This observation does not imply that 

the presence of an AMP-like region is a sine qua non feature of G– lysins but rather 

suggests that it is widespread among the currently known G– phage lysin architectural 

variants. To illustrate this with some numbers, our results in Chapter 2 indicated that an 

AMP could be predicted in at least 32% of the G– entries of the dataset. Such a result is 

sure biased by the selection of the specific region that was screened by our algorithm 

within the sequences, as also shown by the results in Figure 4.2.3. Consequently, 

chances are that this number underestimates the actual presence of AMP-like subdo-

mains, as hinted by the results in Chapter 1 (particularly, by the association of the cati-

onic C-terminal end with several widespread domain families in G– phage lysins). 

As for the possible biological explanation for the presence of AMP-like regions in G– 

lysins, several hypotheses can be proposed. For example, it could be argued that they 

may take over the function of a typically lacking CWBD, by granting a tropism towards 

the cell surface. But two reasons prevent us from arguing that this should be the case: i) 

a positively charged region would be surely useful for the lysin to approach the bacterial 

surface ‘from without’, given the negative charge that the phosphate groups confer to the 

LPS that makes up the outer face of the OM. But it is unclear how this would benefit a 

lysis ‘from within’, considering that the peptidoglycan itself bears no charge and that the 

features of the AMP-like region make it reportedly able to interact with membranes, but 

not with polysaccharides nor proteins (163, 174, 394); ii) the already mentioned possibil-

ity of the presence of a cell wall binding subdomain within the EAD would make a second 

cell wall binding region redundant. Another proposal, bearing in mind the aforementioned 
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ability of AMP-like regions to interact with membranes, would be that they could act 

somewhat as spanins, providing a complementary or substitutive membrane-disturbance 

ability necessary for the phage-mediated lysis of G– cells (71). Indeed, there have been 

described some G– phages that lack spanins (and have evolved alternative mechanisms 

to compensate) (395). Since spanins have been suggested to be essential for lysis, their 

role could be fulfilled by AMP-like regions in lysins. This possibility could be supported 

by a preferential appearance of AMP-like subdomains in lysins from ‘spaninless’ phages. 

However, although this should be closely examined in the available data, the variety of 

lysis cassettes found in the AMP-positive candidates derived from the screening pre-

sented in Chapter 2, many of which contain plausible spanin candidates, urges to tone 

down the generalization of this proposal. Finally, since there are also proofs in the liter-

ature of some lysins being able to transverse the inner membrane by themselves (without 

the concurrence of a holin), and even linking this ability to AMP-like subdomains (162, 

394), AMP-like regions may also have a holin-like function. Whichever the case, and 

given that they appear preferentially among G–, it is clear to us that their evolutionary 

sense arises in the context of the G– cell wall, and, specifically, in the presence of a dual 

membrane structure. Therefore, while at this point the available evidence does not allow 

proposing nor discarding one hypothesis or another, the conclusion may be that AMP-

like regions enhance the interaction with G– membranes and plausibly plays a role in the 

execution of efficient lysis. 

Taking forward this message, in Chapter 2 we used the prediction of AMP-like regions 

to obtain enzybiotic candidates foreseen to have an increased ability to interact (and 

perhaps disrupt) the P. aeruginosa OM as well as the peptidoglycan. The finally selected 

candidate, Pae87, was able to interact with the G– bacterial surface, as shown, for ex-

ample, by its aggregative effect (165) and by its intrinsic bactericidal activity. Regarding 

the bactericidal activity of Pae87, certainly, the killing values reached (1-3 log reduction 

in CFU/ml with respect to the untreated control) cannot compete with the bactericidal 

efficiency displayed by ad hoc engineered lysins: e.g., artilysins Art-175 or 1D10 achieve 

4-5 log reduction against P. aeruginosa or A. baumannii with 3 to 10 times less amount 

of enzyme (154, 180). However, its bactericidal potency is comparable to that of some 

other previously reported lysins intrinsically active against G− from without. For example, 

lysin OBPgp270 caused a 1-log decrease in viable cells at a concentration of 1.5 µM 

against P. aeruginosa PAO1 in the absence of EDTA and 4-log killing with 0.5 mM EDTA, 

very much like Pae87 (179). In this regard, the bactericidal activity results obtained with 

our candidate are within the expected range. The fact that Pae87 was able to solubilize 

purified P. aeruginosa peptidoglycan and the degradation peaks observed in the RP-

HPLC analysis confirmed that Pae87 is a peptidoglycan hydrolase. Moreover, the 
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observed peaks are compatible with the literature reports stating that the members of 

the Muramidase family, to which Pae87 EAD belongs, are lysozymes. The experimental 

data provided in this thesis, however, indicate that the membrane activity is the major 

determinant for Pae87 antimicrobial potential, rather than the catalytic activity, as pointed 

out for other intrinsically active lysins (166). In this work, a specific AMP-like C-terminal 

region (P87) with intrinsic membrane-permeabilizing and bactericidal activity has been 

identified as the most probable part of the enzyme responsible for the aforementioned 

effect. The three-dimensional model provided by the CNB “Structural Biology of Viral 

Fibers” group confirmed that P87 was located at the surface of the protein, supporting 

the hypothesis that it would be able to directly interact with membranes. Moreover, 

Pae87 had an OM permeabilizing activity of its own. Based on these results, a mecha-

nism for Pae87 activity from without was proposed: i) the P87 region of the enzyme would 

coat the OM and cause the aggregation of adjacent cells; ii) then the membrane-perme-

abilizing action would act, probably together with the peptidoglycan hydrolysis activity, to 

disrupt the cell wall, iii) causing the leakage of intracellular components and cell death 

without provoking a full disintegration of the bacteria (‘lysis’), but rather keeping the cell 

debris tightly bound in compact aggregates. As hinted before, this ‘death without lysis’ 

could be beneficial from the point of view of in vivo therapy, since it would prevent the 

dissemination of pro-inflammatory factors. Also, bacterial aggregates have been previ-

ously shown to be better cleared by the immune system (235, 357). However, the true 

potential of this kind of antimicrobial agent should be tested in vivo to clarify its possible 

benefits. 

On another hand, using the Pae87 3D model and sequence analysis based on MSAs, 

two acidic residues within the catalytic cleft have been identified as relevant for the pep-

tidoglycan hydrolase activity. One of such residues has been for the first time identified 

in the Muramidase family, which, in any case, given its recent discovery, must still be 

fully described. It can be stated, anyway, that the structure of Pae87 and, in general, the 

Muramidase family, is somewhat unusual due to the large distance between the catalytic 

residues. The presence of such a large catalytic cleft may indicate an unusual, alternative 

catalytic mechanism. Alternatively, the two catalytic lobes could approach down to a 

more canonical distance enabling a classical glycoside hydrolysis mechanism, provided 

that the hinge between such lobes would allow some flexibility. Knowledge of the precise 

mechanisms that operate in the activity of phage lysis is important towards a more pre-

cise, even ‘surgical’ engineering of enzybiotics. For example, the results achieved by 

increasing the surface interaction potential of Pae87 by fusing it to a calcium-binding 

domain (in the Pae87F chimera, Chapter 3) suggest that no important benefits could be 

gained with this engineering strategy in this specific case. But, perhaps, an enhancement 
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of the hydrolytic activity by tuning the structural composition of its catalytic center may 

have yielded a better antimicrobial activity. In any case, the results of this thesis show, 

for the first time, that cation-binding domains can also be considered as enzybiotic activ-

ity enhancers in the future, perhaps rendering better results when coupled to other types 

of EADs. 

In Chapter 3, we intended to unfold the true potential of Pae87 and its derivatives as 

antimicrobial agents. To that end, P87 was rationally engineered to maximize its HM and 

net charge. As a result, the derivative peptide P88 was obtained. This peptide achieved 

a greater bactericidal efficiency (our results indicate that the killing efficiency was 10-fold 

increased with respect to the parental peptide). For many of the bacterial strains tested, 

10 μM P88 caused a decrease of the viable cell counts below the detection limit of the 

experiment (i.e., ≤ 102 CFU/ml). This altogether makes P88 the better antimicrobial agent 

candidate proposed in this thesis in terms of bactericidal power. Additional experiments 

provided by the S. Albertí group of the UIB also proved that P88 had no major resistance 

determinants among a somewhat wide collection of P. aeruginosa strains, furthermore 

highlighting the potential of P88 as an antimicrobial. Nonetheless, if P88 were to be used 

in an in vivo therapy, the main risk would be its cytotoxicity. A toxic effect of AMPs is 

often cited as one of their drawbacks for systemic treatment. Our results with A549 epi-

thelial lung cell cultures demonstrate that, indeed, P88 has a cytotoxic effect, as does 

P87. However, while P88 is ten times more active on bacteria than P87, the toxicity in-

crease of P88 over P87 is not as high. Therefore, our path towards positioning P88 as a 

valid antimicrobial was to test its ability to enhance bacterial susceptibility to antibiotics 

via synergistic cooperation between antibiotic and peptide. Several antibiotics (CHL, 

TET, ERY, and AZI) showed synergy when tested together with P88, achieving viable 

cell counts below the detection limit when the synergistic combination was applied in a 

range of P. aeruginosa strains and lowering the peptide concentration needed for growth 

inhibition to 0.25 × MIC (12.5 μM) in the synergy checkerboard assays. At such concen-

trations, P88 only displayed a mild cytotoxic effect (viability of ≈ 75% with respect to the 

untreated control). The fact that synergy was detected in the four strains tested also 

suggests that it may not be a strain-dependent effect. With these data, P88 could be 

tested in vivo in combination with antibiotics as a viable therapy. Nonetheless, as pointed 

out in the INTRODUCTION, other rational engineering approaches could be adopted to 

improve the therapeutic index of P88. For example, such strategies as diminishing the 

angle subtended by the positive charge at the polar side of the helices or introducing D-

enantiomers have been shown to reduce cytotoxicity and increase bacterial selectivity 

(207, 208). Regarding the synergy, it has been many times described that AMPs may 

act synergistically with antibiotics, especially those which have intracellular targets, and 
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thus explaining the synergy as a mechanism in which the AMP improves the cell enve-

lope permeability and thus the antibiotic gains access to its target more easily (378). The 

synergy displayed with macrolides (ERY, AZI) is interesting on its own, since, although 

P. aeruginosa strains usually show rather high in vitro MIC values for macrolides, this 

kind of antibiotics are successfully used in the clinic to treat P. aeruginosa respiratory 

infections. The reason behind this is that macrolides seem to impede the production of 

virulence factors (396). It has also been shown that the macrolides MIC determined for 

P. aeruginosa strains in media supplemented with biological fluids is much lower than in 

the commonly recommended medium (Mueller-Hinton broth). This is due to an enhanced 

OM permeability in such supplemented media, which would thus explain to a certain 

point the success of macrolides in anti-infective chemotherapy against P. aeruginosa 

(380). The trade-off of this phenomenon is that a further increase of OM permeability, 

such as that provided by P88, may be redundant in vivo. Although our results show that 

synergy is still present when a blood lysate is added to the testing medium, the synergy 

of P88 with macrolides should be tested in vivo to ascertain its true therapeutic potential. 

Finally, Chapter 4 dealt with the possibility of further engineering enzybiotics together 

with other elements, such as polymeric scaffolds, to improve the in vivo performance of 

a lysin-based therapeutic preparation. In this case, we have followed a rather popular 

design strategy that has been termed ‘biomimicry’ (397). To that end, a chitosan-based 

polymer bearing DEAE moieties was produced (by the M. R. Aguilar group at the ICTP) 

to emulate the multivalent disposition of choline on the pneumococcal surface. The final 

aim was to obtain a nanoparticulate material able to bind CBPs, such as pneumococcal 

surface does. The results obtained with our ChiDENPs preparations, in comparison with 

the ChiNPs, clearly show that the derivatization with DEAE has an enormous impact on 

how NPs behave in the presence of elements from the pneumococcal system (i.e., the 

proposed aim was achieved). To begin with, the multivalent disposition of DEAE was 

shown to efficiently bind housekeeping CBPs and provoke pneumococcal chaining, 

which could be profitable for therapy (235, 357). As a side-effect of the integrated ChiDE-

CBP system, the protein-coated ChiDENPs were more stable, less prone to aggregation 

than NPs bearing proteins bound just by unspecific interactions (in the case of ChiNPs, 

electrostatic interaction is proposed to be the main interactive effect given the opposite 

charges of the tested proteins and the NPs surface). The ChiDENPs loaded with Cpl-

711 have been shown to sustainedly release the cargo, at 37 °C, in a 3 h period. This 

time span has the potential to increase the systemic in vivo half-life of lysins, which has 

been reported to be in the range of 20-60 min (149). In addition, the results of this thesis 

prove that the released enzyme still retains activity against S. pneumoniae. These re-

leased products, however, display a peculiar behavior: the first supernatants collected 
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during the release experiment have a higher bactericidal effect when they are the most 

diluted. This phenomenon can only be explained by the presence of an inhibitory com-

pound in the released fractions. Since the system contains DEAE, which is a CBPs ac-

tivity competitive inhibitor (as shown by the pneumococcal chaining effect of the 

ChiDENPs), it is plausible to assume that the presence of either smaller ChiDENPs de-

ficiently separated by the centrifugation step or either low molecular weight fragments of 

ChiDE produced by the degradation of the ChiDENPs may be present in such superna-

tants. In an in vivo setting, where the dilution rate of the released products may be higher 

than in an in vitro experiment within a confined vessel, and there is a high concentration 

of pneumococcal cells due to infection, the ratio of DEAE vs pneumococcal choline 

should be low enough to allow the action of the enzybiotic. Whichever the case, this 

should not be an issue when using other non-CBPs tagged with an additional CBD to be 

used in the ChiDENPs system. The cytotoxicity results support a model in which the 

enzyme is released because of or accompanied by the degradation of the polymer. Since 

the first released supernatants (the ones collected in hours 1 and 2) provoke a higher 

cytotoxic effect they must have a higher concentration of the cytotoxic product. Such 

toxic product cannot be the enzyme, since enzybiotics have been repeatedly shown to 

be non-toxic in vivo (due to the bacterial and phage populations that cohabit in our or-

ganism, we are constantly exposed to these enzymes). Therefore, ChiDENPs-derived 

products should be present in greater amounts in the first samples, i.e., they are being 

collected at a similar pace as the released protein. Additional experiments should cast 

some light on the actual release mechanism, but current literature points to host lyso-

zymes as the effectors of chitosan biodegradation in vivo (398, 399). Therefore, it is not 

unreasonable to propose that Cpl-711 may be contributing to the ChiDENPs degradation 

since it contains a lysozyme activity. Moreover, a previous attempt to load Cpl-1 (a pa-

rental enzyme of the chimeric Cpl-711) into ChiNPs reported a burst release time of 12-

14 h (210). The release behavior observed in our system might be perhaps explained by 

a faster autodegradation of the ChiDENPs-711 due to the presence of DEAE moieties 

that could potentially improve the interaction between Cpl-711 lysozyme and the poly-

mer. In this sense, ChiDENPs-711 degradation and, hence, Cpl-711 release could be 

tuned by modifying the substitution degree of DEAE moieties in the polysaccharide back-

bone. These pending questions deserve future investigation. On the other hand, certain 

toxicity is to be expected in the case of polycationic polymers, according to the literature. 

For example, for dextran-DEAE, similar concentration- and time-dependent toxicity has 

been observed (400). Toxicity has also been shown to be dependent on the molecular 

weight of the polymer (it increases with the molecular weight) (400, 401); therefore, future 

developments might include chitosan modifications such as using lower MW polymer, 
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modifying it to facilitate the breaking of the chains and/or reducing the DEAE substitution 

degree. With the current formulation, the therapeutic utility would heavily depend on a 

hypothetical therapeutic window in which the active cargo is released upon reaching the 

infection site while degraded ChiDE is quickly cleared and excreted in such a way that 

the antimicrobial benefit surpasses the toxic hazard. Current literature suggests that 

ChiNPs are absorbed and excreted rapidly, mostly in the first hours after pulmonary ad-

ministration (402, 403), but, again, in vivo confirmation shall be provided. 

 

 

 

Figure 5.1. Workflow for the development of lysin-based antimicrobials under the current state-of-
the-art. 

 

 

To wrap up, the different strategies for the design and development of protein antimi-

crobials presented in this thesis aim to contribute to a novel workflow for the development 

of lysin-based antimicrobials (Figure 5.1). Such workflow shall benefit from the newest 

developments lately provided by the lysin research community. For example, as demon-

strated here, the massive amounts of genomic information currently available online can 

be mined based on literature to obtain enzybiotic candidates foreseen to possess some 

predetermined features. Such candidates, very much as conducted throughout this work, 

can be then in-depth characterized and such information can be used either to design 

and develop engineered proteinaceous antimicrobials or to define knowledge-driven 
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strategies for future engineering efforts. On the other hand, the state-of-the-art high-

throughput combinatorial engineering platforms, such as VersaTile (154) shall benefit 

from the previously characterized elements (modules) to use them as construction parts 

of multimodular lysin variants. Such combinatorial libraries can be experimentally 

screened to detect architectural variants of interest from which sets of ‘construction rules’ 

can be derived. Of course, the screening method selected determines the construction 

rules that are discovered and thus such rules must be semantically tagged and charac-

terized to provide the desired results when applied ab initio. 

 

 

 

Figure 5.2. Summary of a typical high-throughput combinatory cloning experiment. A: Design of the 
library. For each position, a certain number of different modules are added to the reaction mixture. B: Screen-
ing experiment (growth inhibition measurement of an S. pneumoniae culture treated with the protein variants 
expressed in a 96-well plate). The arrows indicate those wells whose protein variant was able to inhibit 
pneumococcal growth. C: Domain structure of some positive hits derived from the screening experiments. 
Experimental details can be found in (154). 

 

 

During the course of this thesis, I did a short stay to learn about the high-throughput 

modular genetic engineering technology developed by Yves Briers' group at the Univer-

sity of Ghent (the VersaTile platform). Due to the recent circumstances, the results we 

obtained there could not be fully developed and included in this thesis. But, just as an 

example of how the derivation of ‘construction rules’ from the high throughput semi-ran-

dom combination of modules works, some results are presented in Figure 5.2. In these 
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constructed variants (Figure 5.2A). The initial purpose was to obtain viable structural 
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sometimes cause mixed infections of the respiratory tract (such as M. catarrhalis or H. 

AMPs G EADs
pneumococcal

CWBDs

Linkers

Position 1 Position 2 Position 3 Position 4

× 33 × 6 × 10 × 3

5940 posible variants

Variants

E
n

d
-p

o
in

t 
g

ro
w

th
 (

O
D

6
5

5
)

Variant Position 1 Position 2 Position 3 Position 4

1.1αB2 Nigrocin-2 Linker 5 BcepC6Bgp16 C-Cpl-7S

1.1αD11 CEM1 Linker 7 NPal C-LytA

1.1βF4 SSL-25 Linker 1 NCpl-7 C-Cpl-1

1.1γB7 CEM1 Linker 7 NCpl-7 C-Cpl-1

1.1γC9 CEM1 Linker 7 NPal C-Cpl-1

1.1γD5 Myxinidin Linker 1 NPal C-LytA

1.1γG4 Piscidin 119K Linker 2 NPal C-LytA

A

B

C

Variant Position 1 Position 2 Position 3 Position 4

1.1αB2 Peptide 1 Linker 1 EAD 1 CWBD 1

1.1αD11 Peptide 2 Linker 2 EAD 2 CWBD 2

1.1βF4 Peptide 3 Linker 3 EAD 3 CWBD 2

1.1γB7 Peptide 2 Linker 2 EAD 3 CWBD 2

1.1γC9 Peptide 2 Linker 2 EAD 2 CWBD 2

1.1γD5 Peptide 4 Linker 3 EAD 2 CWBD 2
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influenzae) (404). The full library of variants was tested against S. pneumoniae and those 

who rendered a growth inhibition activity against this bacterium were sequenced (Figure 

5.2B). In this way, a set of anti-pneumococcal lysins bearing specific AMPs and linkers 

at the N-terminal region was obtained (Figure 5.2C). The repeated structures across the 

positive hits yield certain preferred construction parts that, combined in a determined 

order are the construction rules.  

From any of the approaches shown in Figure 5.1 (rational, single-protein engineering; 

semi-random combination of modules and variants screening; construction rule-based 

rational design of lysins), ad hoc engineered enzybiotics can be derived. Then, such 

enzybiotics may be directly applied as enzybiotics or be further engineered to generate 

‘third generation’ drugs (encapsulated, deimmunized, etc.). The collective efforts in such 

a research scheme could lead to a ‘tailor-made’ paradigm in which (Figure 5.3): i) the 

‘problem’ is precisely identified (a specific pathogen and its antibiotic susceptibility/re-

sistance, a given niche, some application); ii) the construction rules are applied via a 

bioinformatically-aided procedure to decide on the protein architecture that better fits the 

predefined problem; iii) the protein-encoding gene is constructed by modular genetic en-

gineering and then biotechnologically produced; iv) the final product and its defined for-

mulation can be finally applied.  

 

 

 

 

Figure 5.3. The possible tailor-made framework for lysin-based enzybiotics. 

 

 

As a generic conclusion, the current advances in phage-derived antimicrobials sci-

ence give many reasons to be optimistic about a future in which antibiotic resistance can 

be overcome by the market entrance of these kinds of products. Phage-derived thera-

pies, as it has been shown, also threaten radically changing the way we understand 

infection treatment. The results and discussion presented in this thesis aim to be a part 

of this innovation. 
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CONCLUSIONS 

1. Through an exhaustive analysis of a database of phage lysin sequences, several 

correlations between lysins architecture and the features of the phage bacterial 

hosts have been uncovered. Specifically, it has been found that a relevant sub-

population of Gram-negative phage lysins contains antimicrobial peptide-like el-

ements in its C-terminal end. 

2. The prediction of antimicrobial peptides within the sequence of Gram-negative 

phage lysins has been proved as a method for screening and selecting outer 

membrane-interacting lysins as enzybiotic candidates. 

3. One of such candidates, Pae87, has a peptidoglycan degradation activity and an 

intrinsic antibacterial activity when exogenously applied against certain Gram-

negative bacterial pathogens. 

4. Pae87 harbors within its structure an unusually large catalytic center with two 

glutamic acid catalytic residues, a possible peptidoglycan binding region, and a 

C-terminal antimicrobial peptide-like region termed P87, which has an antibacte-

rial activity on its own against a similar range of pathogenic bacteria, and it is 

proposed to be responsible for the intrinsic activity of Pae87. 

5. The rational mutation of P87 to generate the derived peptide P88, with increased 

predicted net charge and hydrophobic moment, achieved an enhanced bacteri-

cidal efficiency without altering its antibacterial range nor dramatically increasing 

its cytotoxic effect, and showed in vitro synergy with some antibiotics. 

6. The fusion of Pae87 to a cation-binding domain produced a chimeric protein 

(Pae87F) with an increased bactericidal effect in vitro, providing a novel source 

of enhancing modules for generating novel chimeric enzybiotics. 

7. In this way, a complete workflow for the design and development of proteina-

ceous antimicrobial agents has been tested, taking advantage of both the many 

bioinformatic tools and source materials available and the experimentally-driven 

knowledge. 

8. Chitosan-DEAE nanoparticles mimic the choline-binding protein affinity of the 

pneumococcal cell wall and efficiently bind these proteins due to the multivalent 

disposition of the DEAE moieties. 

9. Such nanoparticles can be used as a scaffold for loading active choline-binding 

proteins with good stability of the nanoparticulate suspension due to the affinity-

mediated interaction and such loaded proteins are then sustainedly released. 
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CONCLUSIONES 

1. Mediante un análisis exhaustivo de una base de datos de secuencias de lisinas 

fágicas se han descubierto varias correlaciones entre la arquitectura de las lisi-

nas y las características de los hospedadores bacterianos de sus fagos. Especí-

ficamente, se ha encontrado que una subpoblación relevante de lisinas de fagos 

de Gram-negativas contiene elementos similares a péptidos antimicrobianos en 

su extremo C-terminal. 

2. Se ha demostrado que la predicción de péptidos antimicrobianos dentro de la 

secuencia de lisinas de fagos de bacterias Gram-negativas puede aplicarse para 

cribar y seleccionar lisinas que interactúen con la membrana externa como can-

didatos a enzibióticos. 

3. Uno de dichos candidatos, Pae87, presenta actividad de degradación del pepti-

doglicano y una actividad antibacteriana intrínseca cuando se aplica exógena-

mente contra ciertos patógenos bacterianos Gram-negativos. 

4. Pae87 comprende en su estructura un centro catalítico inusualmente grande con 

dos residuos catalíticos de ácido glutámico, una posible región de unión a pepti-

doglicano y una región similar a péptidos antimicrobianos en su extremo C-ter-

minal que se propone como responsable de la actividad intrínseca de Pae87. 

5. La mutación racional de P87 para generar el péptido derivado P88, con mayor 

carga neta y momento hidrofóbico predichos, logró una mejor eficiencia bacteri-

cida sin alterar el rango antibacteriano ni incrementar drásticamente su efecto 

citotóxico, y mostró sinergia in vitro con algunos antibióticos. 

6. La fusión de Pae87 a un dominio de unión a cationes dio lugar a una proteína 

quimérica (Pae87F) con un efecto bactericida aumentado in vitro, proporcio-

nando así una nueva fuente de módulos potenciadores de la actividad para ge-

nerar nuevos enzibióticos quiméricos. 

7. De este modo, se ha probado un flujo de trabajo completo de diseño y desarrollo 

de agentes antimicrobianos de naturaleza proteica aprovechando tanto las mu-

chas herramientas e información bioinformáticas disponibles como el conoci-

miento impulsado experimentalmente. 

8. Las nanopartículas de quitosano-DEAE imitan la afinidad por proteínas de unión 

a colina de la pared celular neumocócica y se unen a este tipo de proteínas de 

manera eficiente debido a la disposición multivalente de los residuos de DEAE. 

9. Dichas nanopartículas pueden usarse como soporte para cargar proteínas de 

unión a colina activas con una buena estabilidad de la suspensión de 
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nanopartículas debido a la interacción mediada por afinidad, y dichas proteínas 

cargadas se liberan de las partículas de forma sostenida. 
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Annex 2: DNA and aa sequences of the genes, proteins and peptides used in this 

work. 6 His tags are underlined and catalytic residues in blue. Linkers are shaded in 

grey and the calcium binding domain of Pae87F is in bold. 

 
>pae87 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGG 

CTCTGACCGAGCAAGACTTCCAATCGGCTGCCGATGATCTGGGCGTCGATGTTGCCAGTGTAAA 

AGCCGTCACCAAAGTAGAGAGTCGTGGGAGCGGCTTTCTGCTGTCTGGCGTCCCGAAAATTCTG 

TTCGAACGCCACTGGATGTTCAAACTGCTGAAACGCAAACTGGGTCATGATCCGGAAATTAACG 

ACGTTTGCAACCCGAAAGCTGGCGGCTACCTGGGCGGCCAAGCGGAGCACGAACGTCTGGATAA 

AGCAGTCAAAATGGATCGCGACTGCGCACTGCAAAGTGCCTCTTGGGGCCTGTTCCAGATTATG 

GGCTTCCATTGGGAGGCACTGGGTTATGCGAGTGTTCAGGCATTTGTGAATGCCCAGTATGCTA 

GCGAAGGCTCGCAACTGAACACCTTTGTTCGCTTCATCAAAATCAATCCGGCAATCCACAAAGC 

TCTGAAATCCAAAAACTGGGCAGAATTCGCAAAACGCTATAACGGGCCGGATTACAAAAAAAAC 

AACTACGATGTTAAACTGGCAGAAGCCTATCAATCCTTCAAATAA 

 

>Pae87 

MGSSHHHHHHSSGLVPRGSHMALTEQDFQSAADDLGVDVASVKAVTKVESRGSGFLLSGVPKIL 

FERHWMFKLLKRKLGHDPEINDVCNPKAGGYLGGQAEHERLDKAVKMDRDCALQSASWGLFQIM 

GFHWEALGYASVQAFVNAQYASEGSQLNTFVRFIKINPAIHKALKSKNWAEFAKRYNGPDYKKN 

NYDVKLAEAYQSFK 

 

>P87 

LNTFVRFIKINPAIHKALKSKNWAEFAKR 

 

>P88 

LNAFVRFKKIAPAIFKALKSKNWAQFAKR 

 
>pae87F 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGG 

CGTTGACCGAGCAAGACTTTCAAAGCGCTGCTGACGATCTGGGGGTAGACGTTGCGAGCGTCAA 

GGCCGTAACCAAAGTAGAATCTCGCGGTAGTGGCTTCTTATTGTCGGGCGTCCCAAAAATCCTG 

TTTGAACGTCATTGGATGTTCAAGCTCCTCAAGCGGAAACTTGGTCACGATCCTGAGATTAACG 

ATGTTTGTAACCCTAAGGCAGGTGGTTACCTTGGGGGTCAGGCCGAGCACGAGCGTCTCGATAA 

GGCTGTCAAGATGGATCGGGACTGCGCATTGCAAAGCGCATCCTGGGGGTTGTTTCAGATTATG 

GGCTTCCATTGGGAGGCTCTGGGTTATGCCAGTGTCCAAGCATTTGTCAACGCCCAATACGCCA 

GCGAGGGCTCTCAACTCAACACATTTGTACGCTTTATCAAGATCAACCCGGCTATCCATAAGGC 

CCTTAAATCTAAAAATTGGGCGGAATTTGCCAAACGGTACAATGGGCCAGACTATAAAAAGAAC 

AATTATGATGTAAAGTTGGCAGAGGCATATCAATCTTTCAAGGGCAGCGGCAGCGGCAGCACCT 

TTAAAAATTGCACCGAACTGCGCAAAAAATATCCGAATGGCGTGCCGAGCAGCCATCCGGCGTA 

TCAGAGCAAAATGGATCGCGATCATGATAATTATGCGTGCGAACGCTAAGCTT 

 

>Pae87F 

MGSSHHHHHHSSGLVPRGSHMALTEQDFQSAADDLGVDVASVKAVTKVESRGSGFLLSGVPKIL 

FERHWMFKLLKRKLGHDPEINDVCNPKAGGYLGGQAEHERLDKAVKMDRDCALQSASWGLFQIM 

GFHWEALGYASVQAFVNAQYASEGSQLNTFVRFIKINPAIHKALKSKNWAEFAKRYNGPDYKKN 

NYDVKLAEAYQSFKGSGSGSTFKNCTELRKKYPNGVPSSHPAYQSKMDRDHDNYACER 
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>pae87RF 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGG 

CCCTGACAGAGCAGGATTTTCAGAGCGCCGCCGACGATCTTGGTGTTGATGTGGCCTCAGTTAA 

AGCGGTTACGAAGGTTGAGAGTCGCGGCAGCGGCTTCCTGCTCTCAGGCGTGCCGAAAATCTTG 

TTCGAGCGTCATTGGATGTTCAAATTACTCAAGCGCAAACTGGGTCATGACCCTGAAATCAATG 

ATGTGTGTAACCCTAAGGCCGGGGGGTATTTAGGGGGGCAGGCAGAGCACGAACGGTTAGACAA 

GGCCGTGAAGATGGACCGTGACTGCGCCCTGCAGTCGGCATCCTGGGGTTTGTTTCAAATTATG 

GGTTTTCATTGGGAGGCTTTAGGGTATGCATCGGTTCAGGCATTTGTCAACGCGCAATATGCAT 

CAGAAGGGTCTCAACTCAACACCTTTGTACGGTTTATTAAGATCAACCCTGCGATCCATAAAGC 

ATTAAAGAGCAAAAATTGGGCTGAGTTCGCTAAACGGTACAACGGTCCTGACTATAAGAAGAAT 

AACTACGACGTGAAGCTGGCTGAGGCTTACCAAAGTTTTAAAGGGAGTGGTTCCGGCTCGGATC 

GGGTATCGAAATATCCAAAGGGCCCATTCGACTACGCCAAGAATCAGGAGTCGAACTGCCACAT 

GAGCAAAAACGCCACAACTGAATGCCGCCGTTTACCTGACCACTACTAA 

 

>Pae87RF 

MGSSHHHHHHSSGLVPRGSHMALTEQDFQSAADDLGVDVASVKAVTKVESRGSGFLLSGVPKIL 

FERHWMFKLLKRKLGHDPEINDVCNPKAGGYLGGQAEHERLDKAVKMDRDCALQSASWGLFQIM 

GFHWEALGYASVQAFVNAQYASEGSQLNTFVRFIKINPAIHKALKSKNWAEFAKRYNGPDYKKN 

NYDVKLAEAYQSFKGSGSGSDRVSKYPKGPFDYAKNQESNCHMSKNATTECRRLPDHY 
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