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Abstract 

Staphylococcus aureus, a successful opportunistic pathogen, causes life-threatening 

disease through mechanisms of survival and proliferation, as antibiotic resistance and virulence 

factors. The major S. aureus murein hydrolase Atl, a bifunctional autolysin, is involved in crucial 

physiological processes as cell separation, cell wall turnover and biofilm development. 

The glucosaminidase (GL) domain of Atl has DNA-binding capacity, already 

demonstrated as important for biofilm development. In this work, we explored the molecular 

features of GL-DNA interaction using mobility shift assays and atomic force microscopy, in an in 

vitro approach. Going one step ahead, we aimed to unravel how the GL-DNA interaction interferes 

with Atl roles, namely peptidoglycan hydrolytic activity. 

Our study revealed that a low pH environment enhances the DNA-binding capacity of GL 

although the interaction does not seem to be purely electrostatic, and that specific divalent cations 

prevent the interaction in vitro. Furthermore, GL was observed to interact with linear DNA 

molecules and plasmid DNA from different bacteria, in a molar ratio proportional to the DNA 

length. The interaction of DNA with GL seems to not promote protein oligomerization. The GL 

hydrolytic activity, tested against several microorganisms, was inhibited in vitro by DNA, but the 

S. aureus growth rate was not affected by the addition of DNA to the medium or by different 

growing temperatures. The activity of the atl promoter was not altered at different temperatures 

or for different added DNA concentrations in strain WIS. 

These results provided insights on the molecular mechanism of GL-DNA binding and 

contributed to unveiling physiological consequences of this association, namely an eventual role 

in bacterial interspecies interactions. 

 

Key words: S. aureus; Atl murein hydrolase; protein-DNA interaction; hydrolysis; 
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Resumo 

Staphylococcus aureus é um agente patogénico oportunista com capacidade de causar 

doenças fatais através de mecanismos de sobrevivência e proliferação, como resistência a 

antibióticos e fatores de virulência. A principal hidrolase do peptidoglicano de S. aureus, Atl, é 

uma proteína autolítica bifuncional e está envolvida em processos fisiológicos fundamentais 

como a separação celular, a renovação da parede celular e o desenvolvimento de biofilmes. 

Um dos domínios da Atl, o domínio glicosaminidase (GL), possui capacidade de ligação 

ao DNA, característica importante para o desenvolvimento de biofilmes. Neste trabalho, 

exploramos as características moleculares da interação GL-DNA através de ensaios de diferença 

de mobilidade (EMSA) e microscopia de força atómica, de forma a compreender como esta 

interação pode interferir com a principal função do Atl, a hidrólise do peptidoglicano. 

O nosso estudo revelou que valores de pH baixos favorecem a ligação GL-DNA, embora 

esta não seja puramente eletrostática, e que catiões divalentes específicos interferem 

negativamente na interação. Além disso, a GL tem capacidade para interagir tanto com 

moléculas de DNA linear como de DNA plasmídico, proveniente de bactérias diferentes, em 

razões molares concordantes com comprimento da molécula de DNA. A interação com DNA 

parece não promover a oligomerização do domínio GL. A atividade hidrolítica do GL, testada in 

vitro, para vários microrganismos diferentes, foi inibida pela presença de DNA, contrariamente 

ao crescimento bacteriano, que não foi afetado pela adição de DNA ao meio, nem por diferentes 

temperaturas de crescimento. A atividade do promotor do atl não foi alterada a diferentes 

temperaturas bem como com diferentes concentrações de DNA na linhagem WIS. 

Esses resultados forneceram informações importantes sobre o mecanismo molecular da 

interação GL-DNA e contribuíram para desvendar algumas das consequências fisiológicas dessa 

associação. 

 

Palavras-chave: S. aureus; Proteína hidrolítica Atl; Interação proteína-DNA; hidrólise; 
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1- Introduction 

 

1.1 - Staphylococcus aureus 

 

1.1.1- S. aureus - the microorganism 

Staphylococcus aureus from the Greek staphyle (bunch of grapes) and kokkos (berry), 

was first described in 1880 by Alexander Ogston, found in pus from abscesses1. The species was 

named later, from the Latin aurum due to its colonies’ goldish colour as other species from this 

genus2. Most of the members of this genus are harmless commensals for humans and other 

animals, found in the skin and mucous membranes3. However, some of them can cause a wide 

range of infections and S. aureus is the most relevant species of this group. 

S. aureus is a gram-positive bacterium with spherical shape and a diameter of 1.0 µm, 

approximately. Its yellowish colour is due to the production of carotenoids, more pronounced in 

some strains than in others4,5. This bacterium can grow in a varied type of conditions, as 

temperatures from 15 to 45 ºC, pH from 4.8 up to 9.4 and at sodium chloride (NaCl) concentrations 

as high as 10%5. In terms of metabolism, S. aureus is an aerobic and facultative anaerobic 

microorganism, able to respire as well as to ferment yielding, in this case, mainly lactic acid. Its 

susceptibility to suffer lysis through lysostaphin action, a metalloendopeptidase that targets 

specifically the pentaglycine bridge of peptidoglycan, can help distinguish staphylococci from 

micrococcus5. S. aureus can be distinguished in the staphylococci genus through its capacity to 

produce coagulase, an enzyme responsible for fibrinogen clotting in human blood6. Like all the 

other staphylococci, S. aureus produces catalase, in a much higher level than the coagulase 

negative species7. 

 

1.1.2 - S. aureus, commensal and opportunistic pathogen 

S. aureus is a frequent cause of infections, becoming a relevant pathogen when the host 

is in an immunocompromised state. 

 

1.1.2.1 – S. aureus as a commensal pathogen 

Humans are a natural reservoir of S. aureus, that acts as a permanent colonizer in 

approximately 30% of the human population8. The skin, mucous membranes, axillae, groins and 

intestinal tract are the most frequently colonized body parts3,9. Despite being a human 

commensal, S. aureus is also a frequent cause of infections from minor skin infections to wound 

infections in post-operative situations. Other diseases that can be caused by S. aureus include 

endocarditis, pneumonia, meningitis, osteomyelitis, infections associated with foreign bodies, 

septicaemia, toxic shock syndrome and food poisoning, being some of them life-threatening 
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conditions10. Over the years, many antimicrobials were used to overcome S. aureus infections, 

but the bacteria continuously acquired mechanisms to resist and proliferate to the adopted 

strategies. 

 

1.1.2.2 – Antibiotic Resistance 

β-lactam antibiotics, such as penicillin, target the bacterial cell wall due to their similarity 

with the substrate of penicillin binding proteins (PBPs), responsible for the transpeptidation and 

transglycosylation terminal steps of the peptidoglycan synthesis, inhibiting the cross-links 

formation11,12. In the presence of β-lactams, PBPs no longer bind to their natural substrate in the 

peptidoglycan subunits, interrupting the cross-link formation leading to cell lysis11. Despite the 

introduction of penicillin in the clinical practice in the 1940s and its effectiveness against S. aureus 

infections, in a few years, the bacteria acquired resistance due to the acquisition of penicillinase, 

a β-lactamase enzyme that can hydrolyse penicillin, encoded by the blaZ gene13. This gene is 

plasmid-encoded, acquired by S. aureus through lateral gene transfer13,14. 

S. aureus can be not only resistant to penicillin but also to other variants of β-lactams, 

being the methicillin-resistant S. aureus (MRSA) the clinically most relevant strains. One year 

after the introduction of methicillin, S. aureus acquired resistance to this semi-synthetic penicillin, 

due to the expression of exogenous penicillin binding protein 2A (PBP2a), a transpeptidase with 

lower binding affinity for β-lactams than the native PBPs15. This extra PBP is encoded by mecA, 

a heterologous gene located on the mobile staphylococcal cassette chromosome mec 

(SCCmec)16. SCCmec includes regulatory genes, insertion sequences and recombinase genes 

that, along with many housekeeping genes designated as factors essential for methicillin 

resistance (fem) or auxiliary genes (aux), are responsible for the heterogeneity of the MRSA 

phenotype17,18. MRSA strains are virtually resistant to all classes of antibiotics used in the clinical 

practice, even if their target is the synthesis of proteins or nucleic acids19. 

Along the years, multiple MRSA strains emerged, becoming a severe nosocomial 

problem around the world, with high mortality rates. These strains, associated with the hospital 

environment (HA-MRSA), became extremely worrying since the population in these environments 

are usually immunocompromised and more susceptible to cross-infections between individuals20. 

In the late 1990s, MRSA strains were no longer restricted to hospital environments, but emerged 

also in the healthy community causing serious skin and soft tissue infections (SSSTI)21,22. 

These two variants of MRSA have different ways of action due to the environment where 

they proliferate. HA-MRSA strains have higher levels of antibiotic resistance but less virulence 

factors in comparison with the community-associated strains (CA-MRSA) that have more and 

stronger virulence factors that are crucial to infect healthy individuals23, and have shown potential 

to become the dominant strain in the healthcare setting24. 

 



3 
 

1.1.2.3 – Virulence factors 

Despite the antibiotic resistance capacity of S. aureus that makes it a dangerous 

pathogen, virulence factors play an essential role for infection to occur. They contribute to the 

process of infection and for bacteria to proliferate in the environment, facilitating the adhesion to 

host’s tissue or other biotic and abiotic surfaces, immune evasion and suppression to block the 

host’s immune response and cell injury through toxins21. Several different molecules are 

contributors, such as antigens, proteins and toxins that participate differently, depending on the 

infection stage and the surrounding environment25,26. 

S. aureus is a strong adhesin producer, an important feature for successful infection, 

mainly for biofilm formation. Adhesins are proteins or other type of molecules that help the cellular 

attachment in multiple situations, especially in the early stages of a successful infection. They 

include fibronectin binding proteins (FnBPs)27, S. aureus surface protein G (SasG)28 among other 

proteins, polysaccharide intercellular adhesin (PIA)29 and teichoic acids30. 

 

1.1.2.4- Biofilms 

One important virulence factor is the capacity to produce biofilms. A biofilm is a bacterial 

community involved in a self-produced extracellular matrix (ECM) that can be composed by 

proteins, polysaccharides and extracellular DNA (eDNA)31–33. These elements are designated 

extracellular polymeric components (EPS) and help the bacterial community to adhere and stay 

cohesive to the surface to which they are attached, despite a large number of other functions33. 

Biofilm formation is divided in several steps, attachment, maturation and dispersion (Figure 1.1) 

and all require different processes and components. Biofilms are a major burden in healthcare 

because they result in chronic infections, by providing a protection shield for bacteria against 

treatments and the immune system defences and increasing the mortality rate34. 

For the initial attachment, adherence properties are very significant, and depend on the 

bacterial surface characteristics, but also on the surface, that can be virtually any kind of abiotic 

or biotic surface. This first stage of biofilm development is fundamentally mediated by extracellular 

proteins. When the attachment is made in a biotic surface, a large number of surface proteins, 

known as Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs), 

can attach to host proteins, such as fibrinogen, fibronectin and collagen31,35. These proteins 

include Bap36, Spa37, FnBPs27 and SasG28. When the surface is inert, proteins together with 

teichoic acids are important for the attachment to virtually any kind of surface34. One of these 

proteins is Atl, the major S. aureus autolysin protein, significant to biofilm formation, due to its 

adhesive properties along with its primary function of autolysis38,39. 
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Figure 1.1: Biofilm growth cycle. Different stages of biofilm formation from planktonic growth to initial 
attachment, accumulation, maturation and finally dispersion of the biofilm. Biofilm constituents and dispersal 
agents colour correspond to the schematic colours for each different molecule. (adapted from 40) 

 
Cell multiplication starts after the attachment is established and sufficient amounts of 

nutrients are available for cell division34. Proteins remain an important component, but other 

molecules, such as polysaccharides and eDNA, start to contribute to the biofilm development.  

The proteins involved in the attachment stage are still necessary to keep the adhesion, 

but other proteins become important to establish intercellular interactions. Most them are cell wall-

anchored proteins that promote biofilm accumulation and mediate cell-cell interactions as the 

fibronectin binding proteins (FnbPs)27,41,42 or the serine-rich repeat glycoprotein (SraP)43–45. Also, 

other secreted proteins are involved in biofilm maturation, such as the β-toxin (Hlb)46 that is 

present in some S. aureus strains and despite its primary role as a toxin, it can also create 

covalent crosslinks with itself when eDNA is present, being an important structural feature in 

biofilm maturation. Some cytoplasmic proteins are found in the ECM as well, and their secretion 

can be related with the autolysin Atl that can mediate their excretion47 through a selective 

nonclassical pathway48–50, not depending on known signals or secretion motifs50. This suggests 

different moonlight functions for these cytoplasmic proteins in the biofilm development51,52.  

Polysaccharides are another important component of ECM in biofilms, particularly 

polysaccharide intercellular adhesin (PIA), also named polymeric N-acetyl-glucosamine (PNAG)53 

since it is a polymer composed by β-1,6-linked N-acetylglucosamine monomers29. This 

polysaccharide is synthesized by enzymes encoded by the icaADBC operon, that is present in 

numerous S. aureus strains capable to produce biofilms54. This molecule has a positive net 

charge, an important characteristic for the electrostatic interactions that can occur with the cell 

surface and the negative charges of molecules like teichoic acids55. However, PIA is not 

indispensable for biofilm production, as some strains can develop ica-independent biofilms, with 

different proteins and eDNA performing the intercellular adhesion function of PIA32,36,37,56,57. 
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eDNA plays a major role in this stage of biofilm formation, not only due to its function as 

a nutrient source but also promoting colony spreading and structuring of the biofilm matrix, being 

an important feature in S. aureus biofilms32,58,59. The cellular organization, traffic flow and biofilm 

expansion can also be controlled by the presence of eDNA in specific areas of the ECM59. This 

happens particularly in strains where the polysaccharide’s contribution is lower, so eDNA 

contributes to cell-surface adhesion and to cell-cell interactions32,60,61. The eDNA adherence to 

cells requires the presence of extracellular proteins. Together they create an electrostatic net, 

forming large clumps that hold cells together62. CA-MRSA strains are more likely to develop PIA-

independent biofilms, having proteins and eDNA as major components63. 

The biofilm growth cycle ends in the dispersal stage, with some parts of the ECM 

detaching from the rest of the biofilm essentially through the action of exoenzymes or 

surfactants34,64. This is a way to colonize other areas and start the process again, making a more 

effective infection. Proteases and nucleases are some of the exoenzymes that act more 

effectively in biofilms composed of proteins and eDNA. Phenol soluble modulins (PSMs) are 

surfactant-like peptides that contribute to dispersion of biofilms in a non-specific manner65,66. 

PSMs can form amyloid fibrils that can contribute to the biofilm structure, especially if associated 

to eDNA67,68. These molecules are also very aggressive toxins, being themselves virulence 

factors. 

 

1.1.3- S. aureus cell wall 

As all gram-positive bacteria, S. aureus possesses a cell wall with a thick layer of 

peptidoglycan, teichoic acids, surface proteins and other molecules that directly contact with the 

external environment, since it does not have outer membrane as gram-negative bacteria (Figure 

1.2). The cell wall functions as a protective barrier and contributes to the attachment of surface 

proteins required for cellular processes such as cell division and pathogenesis69–71. 

The structure, biosynthesis and degradation of peptidoglycan, the major compound of the 

cell wall, will be described in section 1.1.3.1. 

S. aureus teichoic acids can be divided in two groups: lipoteichoic acids (LTAs) and wall 

teichoic acids (WTAs). LTAs are composed of 18 to 50 repeating units of glycerol phosphate that 

are bound to the cytoplasmic membrane by a glycolipid and WTAs are composed of 40 units of 

ribitol phosphate linked to peptidoglycan N-acetylmuramic acid (MurNAc) through a disaccharide 

followed by two units of glycerol phosphate72. Both types of teichoic acids can suffer D-alanylation 

after biosynthesis, altering its properties by reducing the negative charge of the TA backbone73, 

which is important for the contact with the external environment. Teichoic acids also play a role 

in cell division, since their lower presence in specific regions of the cell mark the area where the 

next cell division will occur74. 

Besides these major compounds, the cell wall also contains proteins and 

polysaccharides, as for example the already referred MSCRAMMs31 and PIA53 respectively, that 

help bacteria to survive and communicate with the surrounding environment31,75. These molecules 

contribute to virulence, attachment capacity, biofilm formation and other interactions with the host, 
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becoming factors that contribute to all varieties of infections that S. aureus can cause. Many 

staphylococcal surface proteins have structural features in common. The majority is synthetized 

in the cytosol and then directed to the cell surface through the general protein secretion pathway 

(Sec)76. This mechanism directs proteins that possess an N-terminal signal peptide and that 

remain unfolded until reaching the cell membrane to be translocated and processed in the 

exterior77. Then, the signal peptide is cleaved, the protein suffers folding and it is covalently bound 

to the cell wall or is released in the surrounding medium and directed to the place where it should 

perform its function. In the case of peptidoglycan hydrolases, as the major autolysin Atl, the 

attachment to the cell wall is not done covalently but through specific repeat structures that flank 

the enzymatic domains of the proteins. 

 

Figure 1.2: gram-positive cell wall schematic representation. Peptidoglycan is represented in yellow and 
attached to its structure are the other components of the cell wall: surface proteins, wall teichoic acid (WTA) 
and lipoteichoic acid (LTA) that attach to the cell membrane. (adapted from 72) 

 

1.1.3.1 – Peptidoglycan structure, biosynthesis and degradation 

Peptidoglycan is the major cell wall component of S. aureus, representing about 50% of 

the cellular weight5,78. Peptidoglycan, also called murein, is a macromolecule composed by two 

polysaccharide subunits of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) 

linked by β-1,4-glycosidic bonds. The N-acetylmuramic acid unit is linked to a stem peptide, 

composed by L-alanine-D-iso-glutamine-L-lysine-D-alanine-D-alanine79. To create a three-

dimensional structure, S. aureus has a characteristic pentaglycine bridge, that binds the L-lysine 

of one stem peptide to the fourth amino acid, D-alanine, of a neighbouring pentapeptide. When 

the cross-linking reaction occurs, the terminal D-alanine residue is lost79. This pentaglycine bridge 

is long and flexible enough to ensure the strength of S. aureus peptidoglycan80. 

Peptidoglycan biosynthesis is a complex process that occurs in three stages (Figure 1.3) 

and starts in the cytoplasm with the formation of the nucleotide precursors of GlcNAc and 

MurNAc, followed by the sequential attachment of the five amino acids to MurNAc through the 

action of Mur ligases (MurC to MurF)81. In the next stage, the MurNAc-stem peptide is bound to 

the membrane acceptor bactoprenol, by MraY protein, forming Lipid I. The GlcNAc precursor is 

linked to MurNAc on Lipid I, leading to the formation of Lipid II, where the pentaglycine bridge is 
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added through the activity of specific peptidyltransferases82. This structure is translocated through 

the membrane through the action of a flippase, MurJ83. At the outer side of the cell membrane, 

Lipid II suffers transglycosylation (glycan chain extension) and transpeptidation (cross-linking of 

stem peptides via the glycine bridge) by the action of PBPs84 (Figure 1.3). Peptidoglycan can 

suffer modifications that confer different characteristics in different bacterial microorganisms. 

Some of these modifications in S. aureus are the O-acetylation of MurNAc and amidation of the 

stem peptide, among others85. 

 
Figure 1.3: Peptidoglycan biosynthesis in S. aureus. Peptidoglycan biosynthesis occurs in three stages: 
assembly of the nucleotide precursors and sequential attachment of the amino acids that form the stem 
peptide in the cytoplasm; association of the MurNAc-stem peptide precursor to the membrane, forming Lipid 
I and subsequently Lipid II by the addition of GlcNAc, that is translocated to the outer side of the cell 
membrane; where will suffer transglycosylation and transpeptidation reactions resulting in the peptidoglycan 
polymerization. (Adapted from 83) 

 

Several antimicrobials act on steps of peptidoglycan biosynthesis in order to interrupt this 

process, disrupting the cell wall and consequently leading to cell death, as for example the β-

lactams mentioned before86. 

Both synthesis and degradation of peptidoglycan are necessary for proper cell growth 

and division: while it is necessary to cleave the peptidoglycan structure to incorporate new 

peptidoglycan monomers, peptidoglycan hydrolysis is also necessary to allow cells to divide and 

separate. Peptidoglycan hydrolases are the enzymes responsible for cleaving the covalent bonds 

in peptidoglycan at specific cleavage sites87, being involved in several bacterial processes as 

cellular growth, cell separation and cell division, cell wall turnover, autolysis and also immune 

evasion. 
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1.2 - S. aureus extracellular protein Atl 

 

1.2.1 Atl protein - the major autolysin and its domains 

Among other peptidoglycan hydrolases in S. aureus, Atl is the major and most important 

of the group. Atl is a bifunctional autolysin with two catalytic domains, N-acetylmuramoyl-L-

alanine amidase (AM) and endo-β-N-acetylglucosaminidase (GL)88. It is fundamentally involved 

in cell separation during cell division, cell wall turnover and in lysis induced by antibiotics88,89.  

The open reading frame for atl is 3768 bp in length, encoding a protein of 1256 amino 

acids with a theoretical molecular size of 137.381 kDa90. Atl protein is translated as a single unit 

and is directed to the Sec pathway to be translocated to the exterior90. After secretion, the protein 

is proteolytically processed: the signal peptide and the propeptide are cleaved and the separation 

of its two catalytic domains occurs by an unidentified mechanism91 (Figure 1.4). As with other 

peptidoglycan hydrolases, Atl is non-covalently attached to the cell wall through its repeat regions. 

The repeat regions are differently associated with the two catalytic domains: repeats 1 and 2 

(R1R2) are associated with the AM domain, and repeat 3 (R3) is associated with the GL domain. 

In both cases, the repeat regions do not show lytic activity, being responsible for cell wall 

attachment39,92 among other functions as in biofilm formation93,94. The binding of AM and GL to 

the cell wall is localized at the septum of dividing cells, marking the equatorial plane of cell 

division91,95 and is targeted by the lower amount of WTA in this cell wall region74. 

 

 
Figure 1.4: Atl protein processing and organization. Signal peptide (SP-dark blue), propeptide (PP-
orange) and the catalytic domains amidase (AM-light blue) and glucosaminidase (GL-red) are exported to 
the extracellular milieu where Atl is proteolytically processed, generating the two mature proteins AM and 
GL, coupled to R1R2 and R3 repeat regions, respectively. (adapted from 96) 

 

1.2.2- Physiological roles and activity of Atl 

Atl protein, as the major autolysin, is essentially involved in cell separation during cell 

division, and cell wall turnover. Deletion mutants of atl form large cell clusters with an unclear 
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separation between cells39, despite the growth capacity not being affected, demonstrating the 

importance of a functional autolysin. Atl not only has the capacity to hydrolyse S. aureus 

peptidoglycan but also peptidoglycan from other microorganisms, as it was verified in the case of 

Micrococcus luteus90. 

Furthermore, as it was previously mentioned, Atl is also involved in biofilm formation, not 

only due to its lytic activity that leads to cell lysis and consequent release of genomic DNA to the 

ECM, but also because of its adhesive properties to host’s proteins and abiotic surfaces. 

Furthermore, the secretion of cytoplasmic proteins through a specific secretion process (ECP) 

that Atl seems to be involved with47, also contributes to biofilm formation. These roles will be 

discussed in later sections. 

 

1.2.2.1- Regulation of Atl activity 

As it is involved in many different and important physiological functions, the regulation of 

atl expression must be highly controlled to ensure it does not compromise cell survival. Several 

regulatory systems are involved, from gene transcription to protein localization. 

The gene atl is negatively regulated by AtlR transcriptional repressor97, that is located 

immediately downstream of atl and binds to its promoter region, preventing atl expression. This 

leads to evident cellular alterations, especially in the development of biofilm97. Positive 

transcriptional regulation is controlled by two different systems: the WalKR two-component 

system and the GraSR (glycopeptide resistance-associated) two-component system98,99. The first 

one is highly conserved in low-G+C gram-positive bacteria and its transcriptional regulation of atl 

can lead to a decrease in autolysis activity, defects in cell organization and in cell wall structure 

and composition100. The GraSR system seems to be essential in S. aureus and S. epidermidis to 

resist cationic antimicrobial peptides. It is associated with atl in a similar way as the WalKR 

system, since both systems are also involved in the regulation of S. aureus virulence factors by 

influencing regulatory virulence expression systems99. 

Another regulatory system, LytSR, is a two-component system that regulates autolysis in 

S. aureus through the cidABC and lrgAB operons involved in programmed cell death and 

lysis101,102. LrgA and CidA proteins have a role in peptidoglycan hydrolysis in an opposite way, 

and both have characteristics similar to the bacteriophage holin family of proteins101. LrgA may 

function as an inhibitor of peptidoglycan hydrolase activity, while CidA seems to enhance their 

activity101,103,104. The expression of the lrgAB operon seems to be influenced by changes in the 

proton motive force of the cytoplasmic membrane105 and other environmental conditions, such as 

pH, glucose concentration and metabolism by-products103. Moreover, the LytSR system is also 

involved in S. aureus biofilm development due to its role in the induction of autolysis and DNA 

release61,106,107. 

Protein localization in the cell is important for its correct function. In the case of the Atl 

proteins, their localization is regulated by D-alanylated wall teichoic acids, since a lower amount 

of WTA is indispensable for Atl attachment at the equatorial division plane of the cell wall74. When 
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WTAs are in lower amounts along the entire cell surface, Atl can localize everywhere at the 

bacterial cell surface, leading to uncontrolled autolysis74,108. 

1.2.2.2- N-acetylmuramoyl-L-alanine amidase (AM) 

The N-acetylmuramoyl-L-alanine amidase (AM) domain of atl gene ranges from bp 614 

to bp 2325, with the corresponding polypeptide extending from Ala199 to Lys77590. After 

proteolytic processing, the AM domain has a molecular mass of 63 kDa and cleaves 

peptidoglycan between the N-acetylmuramic acid moiety and the L-alanine of the stem peptide39. 

Along with the catalytic domain, the AM domain encompasses two repeat regions (R1R2) that are 

involved in the attachment of the protein to the S. aureus cell wall. These repeat regions have 

more affinity for peptidoglycan than the AM catalytic domain39. 

The function of the AM domain has been more frequently described and studied, since it 

is very similar with amidases from other Staphylococci109. The AM catalytic domain structure of 

S. epidermidis was determined by Zoll et al.110. The AmiE protein has a globular fold, with a six-

stranded central β-sheet surrounded by seven α-helices. It has a zinc ion coordinated by three 

amino acids (His-265, His-370, and Asp-384) and a water molecule, creating a typical active site 

of zinc-dependent metalloenzymes110. Also, the AM-associated repeats R1R2 have its structure 

characterized92. The repeats are able to bind LTA, suggesting that the AM domain is bound to the 

cell wall through this interaction39,92. The repeat units R1R2 can be individually divided into two 

subunits a and b, and both carry a highly conserved glycine-tryptophan (GW)-motif that can play 

a role in host ligands binding93, as for example vitronectin and fibronectin. 

 

1.2.2.3- endo-β-N-acetylglucosaminidase (GL) 

The endo-β-N-acetylglucosaminidase (GL) catalytic domain begins at bp 2326 and ends 

at bp 3768 of atl gene, with the corresponding polypeptide extending from Ala776 to Lys125690. 

This 51 kDa domain cleaves the bond between the two polysaccharide subunits N-

acetylglucosamine and N-acetylmuramic acid of peptidoglycan. The GL domain is associated with 

repeat region R3, that binds to the S. aureus cell wall in its proper localization90. Contrarily to the 

AM domain, the structure of GL domain has not been resolved yet. The repeat region R3 is more 

divergent from the other two repeat regions (R1R2) that are more similar to each other109. An 

evidence that supports this is the inability of R3 to bind to host plasma proteins, contrary to R1R2 

repeat regions111. 

The GL domain does not show lytic activity against S. aureus heat-inactivated cells, 

despite its primarily role of hydrolysing the bond between the two polysaccharide subunits of 

peptidoglycan, but it is capable to lyse M. luteus cells94. The degree of peptidoglycan cross-

linking, the presence of other components of the cell wall besides peptidoglycan and the chemical 

properties of the peptidoglycan itself, are factors that can influence the capacity of hydrolases to 

perform their functions112, which may occur with the GL domain. The structural differences 

between S. aureus and M. luteus peptidoglycan, as they belong to different peptidoglycan sub-

groups79, suggests that S. aureus peptidoglycan may have to be pre-digested by the AM domain 
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or other peptidoglycan hydrolases so that the GL domain can reach the bond between N-

acetylglucosamine and N-acetylmuramic acid for hydrolysis113. 

 

1.2.3- DNA-binding activity of Atl at cell surface 

eDNA is present in several environmental locations, most of them of microbial origin114. 

In this way it is normal for cells to interact with DNA molecules present on the extracellular 

surrounding. The role of eDNA in biofilm formation has been largely discussed and what kind of 

interactions it can perform. 

Among its many functions, the Atl protein can also bind DNA molecules at the cell surface 

(Grilo, I.R., unpublished). The GL catalytic domain, the repeat regions and the whole pre-

processed Atl protein are able to bind to DNA with no sequence specificity, in contrast to the AM 

catalytic domain, that does not show DNA binding capacity96. The repeat regions are known to 

bind to a variety of molecules such as LTA and peptidoglycan92, and its properties and structural 

similarities with other SH3-like proteins, able them to also bind to RNA and DNA93,115. The AM 

domain only can bind eDNA due to the adhesive properties of R1R2 repeat regions96. 

In the case of the GL catalytic domain, no specific function for this interaction has been 

assigned. Since GL and eDNA are present in the biofilm structure, the GL-DNA interaction can 

have some importance during the biofilm development and it is also possible that the DNA binding 

capacity of GL domain may be involved with the cellular uptake of DNA. DNA-mediated genetic 

transformation was reported in S. aureus116, and the GL domain could be an important factor for 

this process. Also, the presence of eDNA seems to not affect the hydrolytic activity of the GL 

domain96. The DNA binding ability of GL opens a whole new range of interactions and roles in the 

already known functions of Atl. 

The complete Atl protein can also bind DNA, strengthening the hypothesis of Atl being 

able to bind DNA not only in the extracellular milieu but also intracellularly96. 

 

1.2.4- Biofilms: the role of Atl  

The Atl protein has a vital role in biofilm development. It is involved in the initial stage of 

attachment and both AM and GL domains are essential in this process38,97. The repeat regions 

R1R2 are also important, since they can bind to several host proteins as vitronectin and 

fibronectin93 and abiotic surfaces94. In atl mutants, biofilm development is highly decreased39,94, 

especially in strains that produce PIA-independent biofilm comparing with strains that produce 

PIA-dependent biofilm97. When atl mutant strains are complemented with AM and GL, a normal 

biofilm formation can be restored, but not entirely if only one of the Atl domains is added38, 

confirming the importance of the two catalytic domains of Atl for biofilm development. 

The controlled autolysis activity of Atl is directly involved with biofilm formation and with 

the release of genomic DNA to the ECM38,97,107. S. aureus biofilms have a high contribution of 

eDNA, and the DNA availability is crucial for proper biofilm development60, as well as the 

interactions of eDNA with other biofilm components, particularly with proteins that possibly protect 
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eDNA from the action of nucleases62. The interaction of eDNA with proteins and peptides such 

as PSM68, β-toxin 46 or LytC in pneumococcal species117 were already described. 

Besides the autolysis and release of all cell components, the possible involvement of Atl 

in the cytoplasmic proteins secretion to the ECM can be another role for the protein during biofilm 

development. It was thought that the presence of these cytoplasmic proteins was due to cell lysis, 

but the most abundant cytoplasmic proteins are not found in the exoproteome of S. aureus, 

suggesting that this excretion happens through non-classical secretion pathways47,49. Atl protein 

can be involved in this process since the secretome pattern of the atl mutant was different 

compared with the wild type, being also suggested that the cytoplasmic protein excretion occurs 

at the septum region, the Atl binding site47. 

 

1.2.4.1- GL-DNA interaction in biofilm formation  

Grilo et al.96 demonstrated that the GL domain has the capacity to bind DNA with no 

sequence specificity, with or without the presence of the R3 repeat region. This interaction 

between the GL domain and DNA can reveal a whole new gathering of functions that involves 

both molecules. During biofilm development, the association between proteins and eDNA is 

important for the maintenance of the biofilm structure, as mentioned in the previous sections. Atl 

has many roles during biofilm formation, and the GL-DNA interaction could be an additional 

function, although the mechanism behind the GL-DNA interaction is still unknown. In this way, the 

interactions between DNA and other proteins also involved in biofilm formation46,117 can provide 

clues on the binding mechanism between eDNA and the GL catalytic domain.  
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2- Materials and Methods 

2.1 - Bacterial strains, plasmids and growth conditions 

Bacterial strains used in this work (Table 2.1) were grown at 37ºC with aeration except 

for S. pyogenes cells that were grown statically, M. luteus at 30ºC and C. marina and M. 

hydrocarbonoclasticus that were grown at 28ºC, in the following media: Tryptic Soy Broth (TSB) 

or Tryptic Soy Agar (TSA) (Biokar, Odivelas, Portugal or BD, New Jersey, USA) for S. aureus and 

S. epidermidis strains, Lysogeny Broth (LB) or Lysogeny Agar (LA) (Liofilchem, Roseto degli 

Abruzzi, TE, Italy) for E. coli, S. agalactiae and S. pyogenes strains, Brain Heart Infusion (BHI) 

(Oxoid, Thermo Fisher Scientific, Waltham, MA, USA) for M. luteus and E. faecalis strains and 

Marine Broth (MB) (Carl Roth, Karlsruhe, Germany) for C. marina and M. hydrocarbonoclasticus 

strains. Antibiotics kanamycin (Km, 30 μg/ml), chloramphenicol (Cm, 10 µg/ml), erythromycin 

(Em, 10 µg/ml) and ampicillin (Amp, 100 µg/ml) were used as needed (Sigma-Aldrich, St. Louis, 

MO). 

Table 2.1: Strains and plasmids used in this study. 

Strains Description Source 

Staphylococcus aureus 

COL Homogenous Mcr (MIC, 1,600 μg/ml); Ems 
Rockefeller University 

Collection 

WIS 
Biofilm producing CA-MRSA strain, from 

Taiwan clone, Ems 
118 

WISΔatl WIS strain with an atl deletion. Ems This study 

Escherichia coli 

DH5α 
recA endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 ϕ80 ΔlacZΔM15 
Thermo Fisher Scientific 

BL21 (DE3) 
F–ompT gal dcm lon hsdSB (rB

-mB
-) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]) 
Thermo Fisher Scientific 

K12 (MG1655) F– λ– rph-1 119 

Micrococcus luteus   High G+C content gram-positive 

actinobacteria  
Laboratory collection 

Cobetia marina DSMZ 

4741 

Marine bacterium isolated from coastal 

seawater 

Leibniz Institute DSMZ – 

Collection of Microorganisms 

and Cell Cultures 

Marinobacter 

hydrocarbonoclasticus 

DSMZ 8798 

Isolated from sediments at the mouth of a 

petroleum refinery  

Leibniz Institute DSMZ – 

Collection of Microorganisms 

and Cell Cultures 

Staphylococcus 

epidermidis RP62A 

Methicillin resistant S. epidermidis (MRSE) 

biofilm-producing clinical isolate 
120 

Streptococcus 

agalactiae NEM316 

Group B Streptococcus serotype III isolate 

(NEM316) 

121 
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Streptococcus 

pyogenes GAP58 

Clinical clone from invasive infection. 

Tetracycliner 

122 

Enterococcus faecalis 

ATCC19433 
Control strain for Group D Streptococcus 

American Type Culture 

Collection (ATCC) 

Plasmids Description Source 

pET28a(+) E. coli expression vector Novagen 

pET-AM 
pET28a(+) expressing AM as an N-terminal 

His6-tag fusion 
96 

pET-R3GL 
pET28a(+) expressing R3GL as an N-terminal 

His6-tag fusion 
96 

pET-GL 
pET28a(+) expressing GL as an N-terminal 

His6-tag fusion 
96 

pIG4 atl promoter::sGFP, Cmr I.R. Grilo (unpublished) 

pGC1 

Shuttle vector for gene regulation studies. pta 

promoter controlling GFP expression; Ampr, 

Cmr 

G. Cavaco (unpublished) 

pMAD-Atl 
pMAD vector carrying downstream and 

upstream regions of atl gene. Emr 
123 

 
 

2.2 - DNA methods  

2.2.1 – DNA extraction and manipulation 

For extraction of the plasmids described in Table 2.1, ZR Plasmid Miniprep – Classic Kit 

(Zymo Research, Irvine, CA, USA) was used. For S. aureus plasmids, an additional initial lysis 

step was performed: lysostaphin was added to a final concentration of 50 ng/µl (AMBI 

PRODUCTS LLC, Lawrence, NY, USA) to the initial kit buffer, and samples were incubated at 

37ºC for 45 min, before continuing the extraction process as described by the manufacturer.  

For genomic DNA extraction from S. aureus strain COL to use as PCR template, Wizard 

Genomic DNA Purification Kit (Promega, Madison, WI, USA) was used. Overnight culture was 

centrifuged and resuspended in 50 mM EDTA and 250 ng/µl lysostaphin. The samples were 

incubated at 37ºC for 45 min and centrifuged again before continuing the extraction process as 

described by the manufacturer. 

For genomic DNA extraction to perform S. aureus colony screening, 2 colonies from the 

desired strain were resuspended in TE (10 mM Tris, 1 mM EDTA, pH 8) enriched with lysostaphin 

at a final concentration of 250 ng/µl and incubated in a water bath at 37ºC for 15 minutes. A 

denaturation is performed at 95ºC for 15 minutes followed by the addition of 180 µl of dH2O and 

a centrifugation of 16 060 g for 5 minutes recovering the supernatant.  
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2.2.2 – PCR amplification  

Routine PCR amplification was performed with NZYTaq DNA polymerase (NZYTech, 

Lisboa, Portugal), to amplify Fragment A with primers pddlalow3 and pmurFGS4 (Table 2.2) using 

DNA from S. aureus strain COL as a template. The PCR product was purified with NZYGelpure 

Kit (NZYTech).  

 

Table 2.2: Primers used in this study. 

Primer Nucleotide Sequence (5’ – 3’) Source 

PmurFGS4 CACAGTGATATCAGCTATAG 96 

PddlAlow3 CCTCCAATGATATATCAGGG 96 

pGLSH3fwBamHI CCAGGATCCGCAATGGATACGAAGCGTTTAGC I.R. Grilo (unpublished) 

pAMR2rvSalI CCAGTCGACTTAGGTAGTTGTAGATTGCG I.R. Grilo (unpublished) 

pMADrv CGTCATCTACCTGCCTGGAC I.R. Grilo (unpublished) 

pMADfw CTCCTCCGTAACAAATTGAGG I.R. Grilo (unpublished) 

pGLR3fwBamHI CGTGGATCCGCACCAACTGCTGTGAAACC I.R. Grilo (unpublished) 

pMADatlupfwBglII CCTGCAGATCTTTGTTAGGATGTGGAGG I.R. Grilo (unpublished) 

pMADatldownrvBamHI CGGCAGGATCCAATTGCTGTTGCGTTGTC I.R. Grilo (unpublished) 

pGLrvSalI CCAGTCGACTTATTTATATTGTGGGATGTCG I.R. Grilo (unpublished) 

 

2.3 – Expression and purification of recombinant proteins  

To purify recombinant Atl proteins, the respective plasmids (Table 2.1) were expressed 

in E. coli BL21 (DE3) through an auto-induction expression method described by Studier, 2005123. 

The auto-induction medium composition was 0.1% 1M MgSO4, 2% 50X 5052 (25% glycerol, 2.5% 

glucose and 10% α-lactose monohydrate), 5% 20X NPS (1M Na2HPO4, 1M KH2PO4, and 0.5 M 

(NH4)2SO4) and 100 µg/mL of Km in LB medium. The culture was incubated at 37°C with high 

aeration and shaking (180 rpm) for 18 hours. Cells were centrifuged at 8 421 g for 10 min at RT 

and the pellets obtained were resuspended in Lysis Buffer (50 mM Na2HPO4, 300 mM NaCl, 10 

mM Imidazole, pH 8), enriched with benzonase nuclease (Novagen, Merck Millipore) to remove 

nucleic acids and with Pierce Protease Inhibitor Mini Tablets, EDTA Free (Thermo Fisher 

Scientific) to protect proteins from degradation during the purification process.  

After mechanical cell disruption, that was done using a sonicator (UP200S Ultrasonic 

Processor, Hielscher Ultrasonics) at an 80% amplitude, 0.5 of pulse mode cycles to perform 5 

cycles of 1 minute with pauses, proteins were present in the soluble fraction. The lysates were 

cleared by centrifugation at 8 421 g for 60 min at 4°C. Purification was achieved using Ni-NTA 

agarose columns (Thermo Fisher Scientific) under native conditions, according to the 

manufacturer’s instructions. The lysate supernatant was placed in the pre-prepared column 

equilibrated with Lysis Buffer. The column was washed with Lysis buffer and with Wash buffer 

(50 mM NaH2PO, 30 mM imidazole, 300 mM NaCl, pH 8.0). To recover the His-tagged protein, 

Elution buffer (50 mM NaH2PO4, 300 mM imidazole, 300 mM NaCl, pH 8.0) was used. 
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SDS-PAGE was performed for all fractions collected to identify the most concentrated 

elution fractions. PD10 desalting columns (GE Healthcare Life Sciences, Buckinghamshire, UK) 

were used following the manufacturer’s instructions and loaded with PBS, pH 7.4 (phosphate 

buffered saline: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). The 

concentrations of each protein were determined with the Nanodrop Spectrophotometer ND-1000 

using its respective theoretical molar extinction coefficient (ɛ). The protein samples were aliquoted 

and maintained at -20°C. 

 

2.4 - Electrophoretic Mobility Shift Assay (EMSA) 

2.4.1 – EMSA in agarose electrophoresis 

EMSAs were performed using recombinant protein GL and purified DNA fragment A, 

amplified by PCR. The binding reaction was performed with recombinant GL protein at different 

final concentrations from 0 to 1 μM, in PBS pH 7.4. All EMSA reactions were performed with DNA 

fragment A (16 nM) or with pGC1 plasmid DNA extracted from E. coli or from S. aureus cells 

(Table 2.1), at a final concentration of 1.1 nM. After a 30 min incubation step at RT, each binding 

reaction was separated by 1% agarose gel electrophoresis (Tris-Acetate-EDTA buffer, TAE: 40 

mM Tris-base, 20 mM Glacial Acetic Acid, 1 mM EDTA). Visualization was performed in Universal 

Hood II Gel Doc System, using ethidium bromide (Bio-Rad, Hercules, CA, EUA) as DNA 

intercalator. 

EMSA reactions were performed for different pH values as described above using PBS 

and TAE buffers with altered pH values in a 5 to 10 range. Sequential concentrations in the range 

of 0 – 200 mM of NaCl, KCl, CaCl2, CdCl2, CoCl2, CuSO4, FeCl2, MgCl2, MnSO4, Na2MoO4, NiCl2 

and ZnSO4 salts were used for three different protein concentrations (0, 50 and 1000 nM). 

The gel images of every different EMSAs performed at different pH values were analysed 

using FIJI (https://imagej.net/Fiji/Downloads), by calculating the intensity of each band. The bands 

were plotted, and the generated areas corresponded to the intensities of each band. The bands 

without protein were used as controls, corresponding to 100% of DNA, i.e. no binding, and as a 

comparison to all the other bands. The results were analysed using non-linear regression curve 

fit using GraphPad Prism 6. 

 

2.4.2 – EMSA in polyacrylamide electrophoresis 

To perform Protein-DNA binding reactions, GL was used in a 2.5 to 12.6 µM range, 3.85 

nM of pCG1 plasmid in PBS pH 7.4 as binding buffer. After 4 hours of binding reaction at RT, 

each reaction was separated in 12% SDS-PAGE (Tris-Glycine-SDS buffer). Visualization was 

performed using Coomassie Brilliant Blue R-250 (AppliChem, Darmstadt, Germany). 

Acidic native-PAGE gels were assembled using buffers for native gels at various pH 

values as described previously125. The chosen buffer had a pH of 6.1, composed by 25 mM 

Histidine and 30 mM MES, and it was used subsequently as sample buffer and running buffer. 
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Protein-DNA binding reactions were performed as for SDS-PAGE. GL protein was used in a 2.5 

to 12.6 µM range, pCG1 plasmid in a 0.55 to 55.03 nM range and PBS pH 7.4 was used as 

binding buffer. After 4 hours of binding reaction at RT, each reaction was separated in 6% acidic 

native-PAGE at 140V for 55 minutes and the electrophoretic cell poles were changed for a positive 

to negative migration. Visualization was done with Coomassie Brilliant Blue R-250. 

 

2.5 – Atomic Force Microscopy (AFM) measurements of Protein-DNA 

interaction 

To perform AFM measurements, 220 pM of pGC1 plasmid DNA were placed in a 

muscovite mica together with 2.5 mM of NiSO4 and left to be adsorbed for 5 minutes. The solution 

was rinsed off using MilliQ water and dried using pressurized air. In case of Protein-DNA 

interaction samples, the protein was added after DNA adsorption, incubated for 10 minutes and 

then washed and dried. Two recombinant proteins were used separately, GL (505 nM) and AM 

(690 nM).  

The operation of the AFM was performed in intermittent contact mode in air, using 

Nanosensors SSS-NCHR (Nanosensors, Switzerland) rectangular silicon probes with aluminium 

reflex coating. These have advertised resonant frequency of 330 kHz, spring constant of 42 N/m 

and average tip radius of 2 nm with an aluminium coat.  

Experiments were done in the Nanofabrication Laboratory - Atomic Force Microscopy of 

CENIMAT/I3N at Faculdade de Ciências e Tecnologia of Universidade Nova de Lisboa (FCT-

UNL). The AFM operated was an Asylum Research MFP-3D Stand Alone. 2D AFM images and 

analysis were generated with Gwyddion (gwyddion.net). In order to increase contrast between 

elements of study and the background, images were plane fitted and had its scalebar range 

limited to at least ±4 RMS. 

 

2.6 – Hydrolytic activity assays  

2.6.1 – Preparation of heat-inactivated cells  

Heat-inactivated cells of several different microorganisms, listed in Table 2.1, were used 

as substrate for the hydrolytic activity assay. Heat inactivated cells were prepared following a 

previously described procedure126. Briefly, cultures were incubated until an OD600nm of 0.7. Cells 

were recovered by centrifugation at 8 421 g, 4ºC for 10 min and washed twice in 200 ml ice-cold 

ultrapure water. After resuspension, cells were heat-inactivated by autoclaving at 121ºC for 15 

minutes. Once again, heat-inactivated cells were washed twice in the same amount of ice-cold 

ultrapure water. Cells were finally resuspended in the minimum amount of water with 0.05% NaN3 

and stored.  
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2.6.2 - Hydrolytic activity assays in the presence of extracellular DNA  

The hydrolytic activity of the GL domain, with and without R3, in presence of extracellular 

DNA (eDNA) was performed through optical density monitorization. First, the pH for hydrolytic 

activity was optimized using several 50 mM sodium phosphate buffers with different pH values 

(5.85 to 8.07). Heat-inactivated cells of M. luteus were resuspended in 50 mM sodium phosphate 

buffer to an initial OD600nm of 0.7. Purified GL or R3GL proteins were added at a 10 µg/ml 

concentration. OD600nm was measured immediately and at several subsequent timepoints up to 

120 minutes. During the assay, the samples were maintained at 37ºC with shaking.  

The hydrolytic activity of each protein for heat-inactivated cells of the different 

microorganisms was determined using the previously optimized buffer pH. These assays were 

repeated in the presence of low-molecular weight salmon sperm DNA (Sigma-Aldrich) at different 

concentrations (0.1 to 10 mg/ml), using the same conditions as before. The hydrolytic activity was 

determined by comparing, for each sample, the OD600nm of each timepoint with the respective 

initial OD600nm in percentage. Each assay was performed in triplicate and the results are shown 

as Mean and SEM (standard error of the mean) of each assay. 

Hydrolysis assays data were analysed by performing a two-way ANOVA with Tukey 

multiple comparison tests, using GraphPad Prism 6. 

 

2.7 – Monitoring S. aureus growth 

2.7.1 - WISΔatl mutant construction using pMAD plasmid 

WISΔatl strain was obtained through an allelic replacement strategy using the pMAD 

vector, essentially as described127. The previously constructed pMAD-Atl plasmid in WIS strain 

(I.R. Grilo, unpublished) was integrated into the chromosome through homologous recombination 

at a non-permissive temperature (43ºC) in TSA with X-Gal (100 µg/ml) and Em (10 µg/ml). 

Genomic DNA extraction from several clones and screening for pMAD integration was done using 

primers pairs pGLSH3fwBamHI/pMADrv and pAMR2rvSalI/pMADfw, listed in Table 2.2. Positive 

clones were inoculated in TSB at a permissive temperature (30ºC) and then plated in TSA with 

X-Gal (100 µg/ml) at the same temperature. White colonies were chosen, and the efficiency of 

the allelic replacement event was confirmed through PCR screening using primers pairs 

pMad_atl_up_fw/pMad_atl_down_rv and pGLrvSalI/pGLR3fwBamHI, listed in Table 2.2. 

The pIG4 plasmid was later transduced to the chosen WISΔatl clone using phage Φ11128. 

An overnight culture from WISΔatl was diluted in TSB media and incubated at 37ºC for 1 hour. 

Cells were recovered by centrifugation at 1747 g for 10 min and the resulting pellet resuspended 

in 500 µl of TSB, enriched with 400 ng/µl CaCl2. Φ11 phage containing pIG4 was added to the 

media followed by two incubations, at the room temperature for 10 minutes and at 30ºC for 35 

minutes. Without mixing, 2.5 ml of TSB were added and then centrifuged in same conditions as 

above. The pellet was resuspended in 5 ml of TSB and incubated at 37ºC for 90 minutes with 

agitation (250 rpm). The cells were then recovered in 500 µl TSB and plated with Cm (10 µg/ml).  
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2.7.2- Monitoring S. aureus growth 

Overnight cultures were diluted to an initial OD600nm of 0.05 in 50 ml TSB and were grown 

with shaking (180 rpm) for 24 hours. Several growth conditions were altered, including different 

growth temperatures (25ºC, 30ºC, 37ºC and 42ºC) and presence of low molecular weight salmon 

sperm DNA (at 0.1%, 0.5% and 1% (w/v)). Also, the pH of the culture was stabilized by preparing 

the growth medium with 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS) pH 7.4. Growth 

was assessed by measuring OD600nm hourly for 10 hours, and then at 24 hours. For the non-

buffered growth assays performed in the presence of DNA, the pH was assessed the end of the 

assay, to confirm that the pH did not change during the 24-hour growth. Biological replicates were 

performed in triplicate and the results are shown as Mean and SEM of each assay. 

2.8- Determination of gene expression by promoter fusion assays 

atl expression was determined for strains WIS with plasmid pIG4 (Table 2.1). Several 

expression conditions were tested, at different temperatures (25ºC and 37ºC), presence of low 

molecular weight salmon sperm DNA at final concentrations of 0.1%, 0.5% and 1% (w/v) and pH 

7.4 buffered growth medium. Cultures were grown for 24 hours at 180 rpm with aeration. An 

aliquot of culture was collected at hourly timepoints until 10 hours, and then at 24 hours. The cells 

were harvested by centrifugation, 1 min at 16 060 g, washed in PBS pH 7.4, resuspended in 500 

µl of fresh buffer and introduced into 96-wells Black Polystyrene Microplates (BrandTech 

Scientific, Essex, CT, USA). The fluorescence was measured using a Tecan i-control infinite 200 

apparatus (Tecan, Männedorf, Switzerland) and normalized using the respective value of 

OD600nm. The excitation and emission wavelengths were 485 nm and 535 nm respectively. Each 

assay with the different conditions, was only performed once. 
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3 – Results and Discussion 

Previous studies suggested that Atl protein is essential in different stages of the S. aureus 

life cycle, participates in several physiological processes and interacts with different molecules, 

which have essential roles for the bacterial survival and proliferation38,39,97. One of these 

molecules is DNA, which was shown to associate with the Atl protein, namely with the GL 

domain96. In this study, our aim was to explore the molecular features of the interaction between 

the GL domain and DNA, and to determine how it interferes with other functions of the protein, 

namely the primary physiological role of Atl, peptidoglycan hydrolysis. 

 

 

3.1 – Molecular characterization of GL-DNA association 

The DNA-GL interaction was studied using electrophoretic mobility shift assays (EMSA) 

with the purpose to understand some of the interaction features, since different parameters can 

affect the DNA-GL binding, such as pH, ion concentration or the nature of the nucleic acid 

molecules. At the same time, the Atl peptidoglycan hydrolytic activity in the presence of DNA was 

studied to understand the role of this interaction and if it can interfere with the Atl primary function 

of hydrolysis. 

3.1.1 – DNA-binding capacity of GL at different pH values 

GL polypeptide sequence includes many basic amino acids such as Lysine and 

Arginine90, with positively charged side chains at biological pH, that are responsible for the high 

theoretical pI value of the protein (9.58). Therefore, the GL-DNA interaction could be of 

electrostatic nature and if so, different pH values could affect the DNA-binding capacity of GL 

domain. 

To test this hypothesis, a 5-10 pH value range was tested by EMSA and compared to the 

physiological pH (7.4) (Figure 3.1). At the tested pH values, the DNA molecules are predominantly 

negatively charged, and the recombinant GL protein has both positive and negative charges. 

Phosphate buffer saline (PBS) at the different pH values was used as binding reaction buffer, and 

TAE electrophoresis buffer was also used at the same pH values, to guarantee that the pH was 

not altered during electrophoresis (TAE used in agarose electrophoresis has a pH of 8.3). 
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Figure 3.1: EMSA with recombinant GL protein at pH 7.4. 16 nM of DNA fragment A (238bp) were 
incubated with increasing concentrations of GL (0 to 1000 nM) for 30 minutes in PBS buffer at pH 7.4, and 
agarose gels were used to visualize the GL-DNA interaction. The gels were stained with ethidium bromide. 

 

The interaction was more efficient at lower pH values, when the net charge of the protein 

is increasingly positive (Figure 3.2). At pH 5, 100 nM of the GL protein were sufficient to retain 16 

nM of the DNA fragment on the gel well (Figure 3.2-A). This concentration is five times lower than 

the GL concentration needed to retain 16 nM of DNA fragment at pH 7.4 (500 nM). At pH 6 and 

7, the GL concentrations needed to retain all the DNA molecules were 200 nM and 250 nM 

respectively (Figure 3.2-B and C). At pH 8 and 9, the concentration of GL capable of retaining the 

DNA fragment was the same as at pH 7.4 (Figure 3.2-D and E) and at pH 10, above the theoretical 

pI value of GL of 9.58, the protein lost the capacity to bind DNA, at the concentrations tested 

(Figure 3.2-F). From the concentration of GL necessary to retain 16 nM of the DNA fragment, we 

were able to calculate the GL:DNA molar ratio (Table 3.1), and indicate how many protein 

molecules can interact with each DNA molecule at the different pH values. At the lowest pH value 

tested (pH 5), the number of GL molecules that bound to DNA was lower (molar ratio 6.25:1), 

while at the highest pH value tested that still allowed GL-DNA interaction (pH 9), the molar ratio 

was five times higher (molar ratio 31.25:1). These results indicate that the apparent binding affinity 

of GL-DNA association is higher at lower pH values. 
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Figure 3.2: EMSA with recombinant GL protein at different pH values. 16 nM of DNA fragment A was 
incubated with increasing concentrations of GL (0 to 1000 nM) for 30 minutes in PBS buffer at different pH 
values, and agarose gels were used to visualize the GL-DNA interaction. The pH of the TAE electrophoresis 
buffer was modified according to the binding reaction. The gels were stained with ethidium bromide. 

 

The performed EMSAs showed that the pH value influences the GL-DNA interaction. At 

pH 5, the estimated charge of the protein is highly positive, +33.5 (Table 3.1). However, the DNA 

molecule has a negative net charge at physiological pH, but at pH 5, its net charge is close to 

zero, as the pI value of DNA is reported to be 4-5, depending on the characteristics of the DNA 

molecule129 due to the ionization of the phosphate groups130. This stronger interaction between 

GL and DNA at pH 5 can be explained by the conformational changes that occur on DNA 

molecules when their net charge is close to zero. In fact, it has been reported that at low pH 

values, DNA molecules are reported to condensate131. It is possible that a more condensed DNA 

conformation facilitates protein binding due to a lower surface area of DNA molecule available for 

interaction resulting in a low molar ratio.  

As the pH value increased, the GL:DNA molar ratio also increases. The results obtained 

at pH 8 and 9 indicated that the influence of the net charge was less evident at higher pH, when 

the charge is above +18, the estimated charge at pH 7.4. At pH 10, GL has negative net charge, 

-13.1, and no retention of the DNA fragment was observed. In this case, the capacity to interact 

with the DNA fragment was lost. 

These results revealed that the DNA-binding capacity of GL is not totally dependent of 

the electrostatic forces between the opposite charges of the two molecules.  
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Table 3.1: Estimated net charge of the recombinant GL domain at different pH values and respective 
GL:DNA molar ratio needed to retain all DNA fragment on the gel well. Protein charges were estimated 
using Protein Calculator v3.4, last update at May 13th, 2013; http://protcalc.sourceforge.net/ (Last visit at 
September 10th, 2018).  

pH value Estimated charge GL: DNA ratio 

5.0 + 33.5 6.25 

6.0 + 26.7 12.5 

7.0 + 19.8 15.6 

7.4 + 18.0 31.25 

8.0 + 16.3 31.25 

9.0 + 10.8 31.25 

10.0 - 13.1 No binding 

 

To obtain quantitative parameters of the GL-DNA binding, an attempt to calculate the 

dissociation constant (KD) of the interactions between GL and DNA at different pH values was 

performed. The KD corresponds to the concentration of GL protein at which half of the DNA is 

bound to the protein, meaning that a lower KD value corresponds to a higher affinity between the 

two molecules132. The results obtained from the plots of the band intensities of the EMSAs, had 

too wide confidence intervals (CI 95%) to validate the generated data or the software was 

incapable to generate a KD value or a non-linear fitting curve (Annex 1 – Figure A.1). This inability 

to obtain equilibrium data can be explained by the differences between the GL concentrations 

tested. A higher number of different GL concentrations within the tested range could had given a 

more adequate curve to retrieve such data. Having a non-proportional stoichiometry between GL 

and DNA had also difficulted the generation of a KD value or a non-linear fitting curve as well as 

the lower intensity of the band without protein, used as the control, due to a low quality of the 

image. 

 

3.1.2 – Effect of different cations on GL-DNA binding 

The effect of the presence of different monovalent and divalent cations for the GL-DNA 

interaction was tested at pH 7.4. Since the pH value can alter the DNA-binding capacity of GL 

domain, different charges and ion concentrations could also play a role in the interaction. To test 

this hypothesis, different salts with monovalent and divalent cations with biological relevance were 

used. Different GL concentrations were tested, above and below 500 nM, the concentration at 

which GL retains all the DNA molecules on the gel wells at pH 7.4. The influence of the cations 

on the GL-DNA interaction was tested for two different effects: the ability to benefit the interaction 

by increasing the binding affinity of GL for DNA, using 50 nM of recombinant GL (Figures 3.3, 3.4 

and 3.5 middle panels), and the ability to prevent the interaction by disrupting or inhibiting it using 

1000 nM of recombinant GL (Figures 3.3, 3.4 and 3.5 right panels). As a control, the influence of 

these cations on DNA migration was also tested in the absence of GL protein (Figure 3.3, 3.4 and 

3.5 left panels). All shown EMSAs were performed at least two times to confirm the reproducibility 

of the results. 

Sodium (Na+) and potassium (K+) monovalent ions did not affect the DNA migration 

(Figure 3.3-A and D) and the GL-DNA interaction was not affected at the tested NaCl and KCl 

concentrations. The presence of these cations did not increase the DNA-binding capacity of GL 
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(Figures 3.3-B and E), neither did it disrupt the interaction when 1000 nM of GL protein were used 

(Figure 3.3-C and F), a concentration at which GL retains all DNA molecules at the gel well. 

 
Figure 3.3: Effect of monovalent cations on the DNA migration and GL-DNA binding. 16 nM of DNA 
fragment A (238bp) was incubated in PBS buffer at pH 7.4 with different concentrations of recombinant GL 
protein and increasing concentrations of several cations for 30 minutes, and agarose gels were used to 
visualize the DNA molecules. The gels were stained with ethidium bromide. Left panels (A and D): Effect of 
Na+ and K+ on DNA migration; Middle panels (B and E): Effect of Na+ and K+ on the GL-DNA using 50 nM 
of GL; Right panels (C and F): Effect of Na+ and K+ on the GL-DNA using 1000 nM of GL. 

 

For divalent cations, different results were obtained depending on the ion used. Most of 

the divalent cations studied were shown to influence the migration of free DNA at some 

concentration (Calcium, Ca2+, Cadmium, Cd2+, Cobalt, Co2+, Cupper, Cu2+, Iron, Fe2+, 

Molibdenium oxide, MoO4
2+, Manganese, Mn2+, Nickel, Ni2+ and Zinc, Zn2+) (Figure 3.4 – left 

panels and Figure 3.5 – A). The cation concentrations tested were adjusted for the EMSAs with 

50 nM of GL to avoid the influence of the cations on the DNA migration itself and so determine 

the specific effect on the binding affinity of GL for DNA. This adjustment was not needed for the 

EMSA with 1000 nM of GL since the aim was to verify the ability to inhibit the interaction. 

For Ca2+, Cd2+, Co2+, Cu2+, MoO4
2+, Mn2+, Ni2+ and Zn2+ the results were essentially the 

same, regarding the GL-DNA interaction. Through the assays performed with a GL concentration 

of 50 nM (Figure 3.4-middle panels), a concentration at which GL does not bind to all the DNA 

molecules, it was possible to determine that none of these cations assisted the GL-DNA 

interaction. In the same way, the assays performed with a GL concentration of 1000 nM (Figure 

3.4-right panels), a concentration at which GL binds to all the DNA molecules, allowed to 

determine that none of the presented cations, Ca2+, Cd2+, Co2+, Cu2+, MoO4
2+, Mn2+, Ni2+ and Zn2+ 

had the capacity to inhibit the GL-DNA interaction. 
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Figure 3.4: Divalent cations without effect on GL-DNA binding. 16 nM of DNA fragment A (238bp) was 
incubated in PBS buffer at pH 7.4 with different concentrations of recombinant GL protein and increasing 
concentrations of several cations for 30 minutes, and agarose gels were used to visualize the DNA 
molecules. The gels were stained with ethidium bromide. Left panels (A, D, G, J, M, P, S and V): Effect of 
Ca2+, Cd2+, Co2+, Cu2+, MoO4

2+, Mn2+, Ni2+ and Zn2+ on DNA migration; Middle panels (B, E, H, K, N, Q, T 
and W): Effect of Ca2+, Cd2+, Co2+, Cu2+, MoO4

2+, Mn2+, Ni2+ and Zn2+ on the GL-DNA using 50 nM of GL; 
Right panels (C, F, I, L, O, R, U and X): Effect of Ca2+, Cd2+, Co2+, Cu2+, MoO4

2+, Mn2+, Ni2+ and Zn2+ on the 
GL-DNA using 1000 nM of GL. 
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Figure 3.4 (cont.): Divalent cations without effect on GL-DNA binding. 16 nM of DNA fragment A 
(238bp) was incubated in PBS buffer at pH 7.4 with different concentrations of recombinant GL protein and 
increasing concentrations of several cations, for 30 minutes, and agarose gels were used to visualize the 
DNA molecules. The gels were stained with ethidium bromide. Left panels (A, D, G, J, M, P, S and V): Effect 
of Ca2+, Cd2+, Co2+, Cu2+, MoO4

2+, Mn2+, Ni2+ and Zn2+ on DNA migration; Middle panels (B, E, H, K, N, Q, 
T and W): Effect of Ca2+, Cd2+, Co2+, Cu2+, MoO4

2+, Mn2+, Ni2+ and Zn2+ on the GL-DNA using 50 nM of GL; 
Right panels (C, F, I, L, O, R, U and X): Effect of Ca2+, Cd2+, Co2+, Cu2+, MoO4

2+, Mn2+, Ni2+ and Zn2+ on the 
GL-DNA using 1000 nM of GL. 

On the other hand, Fe2+ and Mg2+ cations were found to disrupt the GL-DNA interaction 

(Figure 3.5-right panel). In the EMSAs performed with 1000 nM of GL, a concentration at which 

GL retains all the DNA molecules on the gel wells at pH 7.4, the ferrous ion (Fe2+) destabilized 

the interaction at concentrations above 5 mM and a Mg2+ ion concentration above 0.1 mM was 

sufficient to unable GL to interact with the DNA fragment. 

 
Figure 3.5: Divalent cations that affect the GL-DNA binding. 16 nM of DNA fragment A (238bp) was 
incubated in PBS 1X buffer at pH 7.4 with 1000 nM of recombinant GL protein and increasing concentrations 
of several ions, for 30 minutes, and agarose gels stained with ethidium bromide were used to visualize the 
GL-DNA interaction. Left panels (A and D): Effect of Fe2+ and Mg2+ on DNA migration; Middle panels (B and 
E): Effect of Fe2+ and Mg2+ on the GL-DNA using 50 nM of GL; Right panels (C and F): Effect of Fe2+ and 
Mg2+ on the GL-DNA using 1000 nM of GL. 

 

The different effects observed for the different cations with the DNA molecules should be 

related with their affinity for the DNA molecules and also with their interaction within the DNA 

structure. The alkali metal cations, Na+ and K+, interact exclusively with the phosphate groups of 
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DNA133, alkaline earth metals, Ca2+ and Mg2+, have higher affinity for the phosphate groups than 

for the nitrogenous bases133,134, while transition metals, all the other divalent cations studied, have 

higher affinity for the nitrogenous bases134. Also, the transition metals disturb the DNA molecules 

more than the alkaline earth metals, due to their higher affinity to the nitrogenous bases, being 

the double helix structure more affected comparing with the interaction with the phosphate 

groups134.  

The disruption of the DNA-GL interaction, caused by cations Fe2+ and Mg2+ is most 

probably due to the interaction of the cations with the GL protein, since at the concentrations at 

which the disruption was observed, the cation has no effect on the free DNA molecule migration. 

How these cations interact with the GL protein was not previously reported and remains to be 

understood. One hypothesis is that the Fe2+ and Mg2+ cations interact with the negative amino 

acids of the protein at pH 7.4, altering its tertiary structure as happens with other proteins135. This 

protein-cation interaction can unable a proper interaction between GL protein and DNA 

molecules, by conformational change or by occupying interaction spots.  

 

3.1.3 - GL interaction with different nucleic acid molecules 

The ability of GL to bind non-specifically to different DNA fragments with different sizes 

has already been described96, but its capacity to bind to different nucleic acid molecules had not 

been tested before. The interaction of GL with plasmid DNA was thus tested, since plasmids can 

adopt different conformations that could influence the GL binding capacity. Furthermore, plasmid 

DNA from different bacterial species, namely S. aureus and E. coli, was used to assess if the GL-

DNA binding is altered by different methylation patterns. 

The recombinant GL protein showed the capacity to bind to the 7 Kb pGC1 plasmid DNA 

extracted from E. coli, and over than 600 nM of GL protein were necessary for the complete 

retention of all the DNA molecules (1.1 nM) in the gel well at pH 7.4 (Figure 3.6-A). Using this 

protein concentration, the molar ratio of GL association to E. coli plasmid DNA was determined 

to be 545:1 (GL:DNA), which means that 545 GL molecules were necessary to retain each 

plasmid DNA molecule on the well. 

The binding of GL to pGC1 plasmid DNA extracted from S. aureus was tested by EMSA 

using the same conditions as for E. coli (Figure 3.6-B). The GL-binding capacity was 

approximately the same as for E. coli, with more than 550 nM of GL being necessary to completely 

retain the S. aureus plasmid DNA in the gel well. In this case, the determined molar ratio of the 

GL association to S. aureus plasmid DNA was determined to be 500:1 (GL:DNA). 

The electrophoresis migration pattern of the same plasmid, extracted from different 

microorganisms, was different. Four bands with different intensities were visualized for each 

sample, corresponding to different plasmid conformations. The plasmid conformation that 

presented a lower migration rate probably corresponds to the nicked circular conformation, 

followed by circular, linear and supercoiled conformations, being this last the fastest. For the E. 

coli plasmid (Figure 3.6.A), the band corresponding to the supercoiled conformation was more 

intense, followed by the circular conformation. The intensity of all bands progressively decreased 
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with GL concentration, until a 600 mM GL concentration. For the S. aureus plasmid (Figure 3.6.B), 

the band corresponding to the supercoiled conformation was the most intense, followed by the 

nicked conformation. The intensity of the bands decreased faster for the slowest conformations, 

but all conformations were still visible for a GL concentration of 550 nM. 

 
Figure 3.6: EMSA of plasmid DNA with recombinant GL protein. 1.1 nM of pGC1 plasmid DNA (7 Kb) 
extracted either from A) E. coli or B) S. aureus were incubated with increasing concentrations of GL, from 0 
to 1000 nM, for 30 minutes in PBS buffer at pH 7.4, and agarose gels were used to visualize the GL-DNA 
interaction. The gels were stained with ethidium bromide. 

 

Despite the differences in the methylation patterns of the plasmid DNA from E. coli and 

from S. aureus due to the restriction-modification systems136, these did not seem to play a major 

role on the GL-DNA interaction, since the protein concentrations needed to retain all plasmid DNA 

on the well are very similar, differing only in 50 nM.  

In comparison with the EMSA results obtained for the linear DNA fragment (Figure 3.1), 

the molar ratio of the GL-DNA binding was much higher in case of plasmid DNA, which was 

expected due to the different number of base-pairs of the two DNA molecules tested. According 

to the lengths of the different DNA molecules, it is possible to accommodate one GL protein for 

each 8 base pairs of linear DNA fragment and one GL protein for each 13 base pairs of plasmid 

DNA, which can indicate a slightly higher binding affinity for GL protein and fragment DNA. Also, 

the spatial conformation of the different molecules may result in a different manner of GL 

association with the DNA molecule, parallel with the effect of the pH on the GL-DNA binding, 

already described (Section 3.1.1). If the alterations in spatial arrangement of DNA, creating a 

more condensed structure, can enhance the DNA-binding capacity of GL protein, the same could 

happen with the different conformations that the plasmid DNA can adopt.  

Similarly to what occurred with the EMSA performed at different pH values, it was not 

possible to calculate the KD of the interactions (Annex 1 - Figure A.2). 

This assay was performed in triplicate and the concentration of GL needed to retain all 

plasmid DNA was determined to be between 500 nM and 600 nM for the plasmids extracted from 

both microorganisms. The presented gels, with protein concentrations ranging from 400 to 600 

nM were performed once. More replicates should be done to confirm the difference in the binding 

affinity of GL to plasmid DNA from E. coli or S. aureus to ensure these results. 
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3.1.4 – GL does not oligomerize in the presence of DNA  

3.1.4.1 - GL-DNA interaction in SDS-PAGE 

The presence of DNA can induce the oligomerization of S. aureus proteins involved in 

biofilm formation, as the case of β-toxin46 that also has a high pI value, similarly to the GL domain 

(β-toxin pI >10, GL domain pI 9.58). Since the GL domain is important for biofilm 

development38,(I.R. Grilo, unpublished) and is capable to bind DNA, the oligomerization of GL in the 

presence of DNA could also occur. To test this hypothesis, EMSA were performed in 

polyacrylamide gel electrophoresis (PAGE) to monitor the GL protein instead of the DNA 

molecules. Denaturant conditions (SDS-PAGE) were used to verify if covalent bonds were 

established between the GL molecules, in the presence of DNA. Bands of higher molecular mass 

should appear on the gel, if the presence of DNA promoted covalent association of the protein. 

High concentrations of protein were used to guarantee a good visualization. 

No high molecular mass bands were visualized by SDS-PAGE for any of the protein 

concentrations tested (Figure 3.7), comparing with the control sample without DNA, indicating 

that the presence of plasmid DNA did not promote covalent association of the GL domain. 

 
Figure 3.7: SDS-PAGE of GL-DNA interaction showed no covalent binding between different GL 
molecules. Different concentrations of recombinant GL protein, from 2.5 to 12.6 µM, were incubated with 
3.85 nM of pGC1 plasmid DNA (7 Kb) in PBS, pH 7.4. 6.3 µM of GL protein was used for comparison. MWM: 
Molecular weight marker. The gel was stained with Coomassie Brilliant Blue R-250. 

 

3.1.4.2 - GL-DNA interaction in Acidic native-PAGE 

Although the presence of DNA did not promote the oligomerization of the GL domain, 

another hypothesis was considered. Since the interaction between the two molecules seems to 

have some electrostatic nature, as suggested through the EMSA at different pH values, non-

covalent bonds could also contribute to the binding, affecting the GL protein in its native structure. 

SDS-PAGE could not be used due to its denaturant properties, so polyacrylamide gels in native 

conditions were performed. As the assays were performed in non-denaturant conditions, factors 

such as the pI of the protein and the gel pH were considered. Since the estimated pI of the GL 

domain is approximately 9.58, an acidic native-PAGE was used to guarantee that the pH of the 
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gel was sufficiently different from the pI value, ensuring that the GL protein was positively charged. 

A pH 6.1 McLellan’s buffer125 was used to guarantee the pH-pI separation. 

In the absence of DNA, the GL protein migrated at the same rate for all protein 

concentrations in only one band (Figure 3.8, lanes 1, 2 and 3), suggesting that GL does not 

oligomerize. Also, size-exclusion chromatography was performed (in collaboration with S. 

Pauleta, UCIBIO) and only the GL domain corresponding fraction was obtained (30.7± 2 kDa), 

confirming that the free GL domain does not oligomerize. In the presence of DNA, differences in 

the migration rate can be observed (Figure 3.8, lanes 4, 5 and 6). For the reaction in which 2.5 

µM of GL protein was incubated with 3.85 nM of plasmid DNA, corresponding to a molar ratio of 

650:1 (GL:DNA), the mobility of the protein in the gel was lower. This observation indicates a 

difference in the charge/mass ratio of the protein conditioned by the presence of DNA. However, 

the number of bands did not change, suggesting that protein oligomerization did not occur in the 

presence of DNA. 

 

Figure 3.8: EMSA in acidic Native PAGE for different GL concentrations. 3.85 nM of pGC1 plasmid 
DNA (7 Kb) was incubated with different concentrations of GL in PBS, pH 7.4 (lanes 4, 5, and 6). The same 
concentrations of purified GL were used for comparison (lanes 1, 2, and 3). The gel was stained with 
Coomassie Brilliant Blue R-250. 

 

With the evidence that DNA interacts with the GL protein interfering with its migration in 

a native PAGE, a wide range of pGC1 plasmid DNA concentrations were used for the same 

protein concentration in acidic native PAGE, to determine at which protein:DNA ratio the 

interaction delays the migration of GL in the gel (Figure 3.9). Using the same conditions as before, 

this assay showed that a 1636:1 (GL:DNA) molar ratio was sufficient to delay the migration of the 

protein in the gel (Figure 3.9, lane 5). Furthermore, for GL:DNA molar ratios below 573:1, no 

protein bands were detected in the gel.  
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Figure 3.9: EMSA in Acidic Native PAGE for different DNA concentrations. Different amounts of pGC1 
plasmid DNA (7 Kb) extracted from E. coli, were incubated with 6.3 µM of GL in PBS, pH 7.4 (Lanes 2-9). 
6.3 µM of purified GL was used for comparison (Lane 1). The gel was stained with Coomassie Brilliant Blue 
R-250. 

 

Considering the electrophoresis conditions of the acidic native PAGE performed, the 

alterations on the protein migration rate could be due to the interaction of GL with the 7 Kb pGC1 

plasmid DNA molecules, forming a transient complex with a high molecular weight which does 

not enter the gel. Furthermore, the electrical current on the native PAGE electrophoresis runs 

from positive to negative poles, enabling the positively charged protein to enter the gel, but at the 

same time acting in the opposite way towards the DNA molecules that in this manner are likely 

not to enter the gel. An additional acidic native PAGE was performed and stained with ethidium 

bromide to confirm if the DNA was able to enter the gel. In fact, no band was identified, confirming 

that the DNA was unable to enter in the acidic native PAGE (data not showed). The fact that the 

GL protein migrates slower in the gel when the GL:DNA ratio is below 1636:1 (GL:DNA) (Figure 

3.9, lanes 5, 6 and 7) could be due to the electrostatic forces of the negative charges of the DNA 

molecule that overlap the electrostatic forces of the electric current, disturbing the normal 

migration of the protein molecules. When all the protein molecules interact with the DNA, the 

protein band is no longer visible as presumably the protein does not enter the gel due to its binding 

to the DNA molecules (Figure 3.9 lanes 8 and 9). 

The results obtained in these assays show a molar binding ratio of 573:1 (GL:DNA), which 

is in agreement with the those obtained in the EMSA with plasmid DNA in agarose gels (Figure 

3.6), where the number of GL molecules calculated to retain all E. coli plasmid DNA was 545:1. 

 

3.1.5 - Imaging of GL-DNA interaction by atomic force microscopy 

The GL-DNA interaction has been previously demonstrated96 and further characterized 

in this study, mainly using EMSA. Atomic force microscopy (AFM) has been described as a useful 

technique to characterize biological interactions, namely protein-DNA interactions137. Images of 

GL incubated with pGC1 plasmid DNA were obtained using AFM and were compared with 

negative controls, namely images of free pGC1 plasmid DNA and the same plasmid DNA 

incubated with the catalytic AM domain of Atl, a protein without the capacity to bind DNA96. 
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For these assays, the molar ratio of the protein:DNA interaction was 2295:1 (GL:DNA), 

approximately four times higher than the 573:1 (GL:DNA) molar ratio corresponding to the total 

interaction obtained in the EMSAs to plasmid DNA. This ratio was chosen to ensure that all DNA 

molecules deposited on the mica interacted with the GL protein, so that images could reflect the 

GL-DNA interaction. 

In the AFM images of free DNA (Figure 3.10-A), the plasmid molecules deposited on the 

solid support were observed to be in supercoiled topology, as they were similar to already 

described images of supercoiled DNA138,139. In the close-up image, DNA strings are visible as well 

as areas with more intense signal, due to higher degree of supercoiling (Figure 3.10-B). Circle-

shaped particles appear, likely corresponding to proteins naturally associated with the plasmid 

molecules or to non-biological material contaminations, which are not related to the sample and 

were not removed by the washing step. This image is essential to compare with the assay of the 

GL-DNA interaction, in order to understand how the interaction occurs and discard artefacts that 

could happen during the imaging process, as well as molecular interactions independent from 

GL.  

 
Figure 3.10: AFM topographic image of pGC1 plasmid DNA. (A) 5x5 µm image and (B) a close-up of a 
1x1 µm area. To remove outliers, a root mean squared (RMS) value of 4.00 was used. 

 

Upon plasmid incubation with GL, small circle-shaped structures were visible, mainly 

concentrated in regions of higher DNA supercoiling (Figure 3.11-A). These structures most 

probably correspond to GL protein since they were very similar to the structures identified in an 

image of free GL protein that was performed as a control (Figure 3.12). The GL protein 

concentration used was the same as for the GL-plasmid DNA image. Low amount of protein was 

detected possibly due to the low affinity of the protein to the surface and subsequent wash step, 

performed before imaging. The structure of TATA-box binding protein (Tbp, 38 kDa) which has a 

molecular mass similar to the GL protein, was previously studied by AFM140. The images obtained 

for Tbp protein reflect a circle-shaped structure of a similar size to what was observed for the GL 

protein. In the close-up image of the GL-DNA interaction (Figure 3.11-B), the signal from the GL 

protein had a much higher intensity than in the image obtained with the free GL protein (Figure 
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3.12), possibly caused by the position of the protein molecules above the plasmid DNA molecules, 

as this image is topographic and brighter signals correspond to more elevated structures. 

 
Figure 3.11: AFM topographic image of pGC1 plasmid DNA and recombinant GL protein. (A) 5x5 µm 
image and (B) a close-up of a 1x1 µm to a detail of one of the aggregates between the two molecules are 
shown. To remove outliers, a RMS value of 4.00 was used in all images. 

 

 
Figure 3.12: Topographic image of recombinant GL protein. 2x2 µm image. To remove outliers, a root 
mean squared (RMS) value of 4.00 was used. 

 

In the case of the assay of pGC1 plasmid DNA with the AM domain, the resulting image 

was similar to the image of free plasmid DNA (Figure 3.13). The supercoiled DNA topology was 

visible, but the circle-shaped structures were not present, which indicates the absence of the AM-

DNA association, as AM protein must have been removed during the wash step of the procedure. 

Some rare brighter areas could be seen but, as in the free DNA image, these should correspond 

to other proteins that naturally are associated to DNA or to non-biological material contamination. 

Taken together, AFM technology allowed to visualize the structure of the complex formed 

by GL protein and plasmid DNA, as well as the spatial arrangement of both molecules upon 

association. 
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Figure 3.13: AFM topographic image of pGC1 plasmid DNA and recombinant AM protein. (A) 5x5 µm 
image and (B) a close-up of a 2x2 µm to a detail of one of the aggregates between the two molecules are 
shown. To remove outliers, a RMS value of 4.00 was used in all images. 

 

3.1.6 – Hydrolytic activity of GL and R3GL proteins 

Atl protein is the major S. aureus autolysin and therefore it is important to determine if the 

peptidoglycan hydrolytic activity of GL is affected by its interaction with DNA. The recombinant 

proteins GL and R3GL were used to perform hydrolytic assays against heat-inactivated cells from 

different microorganisms. The heat inactivated cells integrity was verified through optical 

microscopy (data not shown). The optimum pH for GL hydrolytic activity was determined 

beforehand with M. luteus heat-inactivated cells, since the capacity of GL to hydrolyse the cell 

wall of this microorganism was already described90. 

For both GL and R3GL, lower pH values were found to enhance the hydrolytic activity, 

increasing the percentage of hydrolysed cells in approximately 20%, comparing the highest (8.07) 

and the lowest (5.85) pH values (Figure 3.14). Sodium phosphate buffer (50 mM), pH 6.08 was 

chosen for the subsequent hydrolytic activity assays due to a higher activity of the GL protein.  

 
Figure 3.14: Hydrolytic activity of GL and R3GL recombinant proteins at different pH values. 10 µg/ml 
of each protein was added to heat inactivated M. luteus cells and hydrolysis was followed by measuring the 
decrease in OD600nm for 120 minutes. Sodium phosphate buffer 50 mM was used at different pH values from 
5.85 up to 8.07. 
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Nine different microorganisms were used to test the GL hydrolytic activity in the presence 

of added low molecular salmon sperm DNA (ssDNA). Mulcahy et al. 2008, had shown that 1% 

(w/v) of extracellular DNA inhibits the bacterial growth in S. aureus and lower concentrations can 

be consider as physiological141. Following that evidence, the ssDNA concentrations were used up 

until this value (10 mg/ml corresponds to 1% (w/v)). 

The hydrolytic activity of both GL and R3GL proteins was monitored for 120 minutes, and 

the final results at 120 minutes are represented for comparison (Figures 3.15 to 3.23). In these 

assays, the effect of ssDNA added to heat-inactivated cells of the different microorganisms was 

also tested. These results are also summarized in Annex 2 (Tables A.1, A.2 and A.3). 

As previously described 90, M. luteus cell wall is susceptible to hydrolysis by either GL or 

R3GL proteins (Figure 3.15-A and B). GL and R3GL proteins hydrolysed approximately 34% and 

40% of the heat-inactivated cells available, after 120 min of incubation, respectively. As ssDNA 

was added, the hydrolytic capacity decreased to less than 15%, for both proteins, for the lowest 

ssDNA concentration used (0.5 mg/ml). This inhibitory trend continued with the increase of ssDNA 

concentration, and when 10 mg/ml of ssDNA was added the hydrolytic capacity of the proteins 

was only around 5%, (Figure 3.15-C). 

 
Figure 3.15: Hydrolytic activity of recombinant GL and R3GL proteins with M. luteus heat-inactivated 
cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of low molecular 
salmon sperm DNA (ssDNA) were used. Hydrolytic activity was followed by measuring the decrease in 
OD600nm for 120 minutes. The results are an average of three biological replicates, shown in percentage, 
calculated by the difference in OD600nm at each time-point, compared with the initial OD600nm. A: Hydrolytic 
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activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

Oshida et al. showed that the GL domain did not have the capacity to hydrolyse S. aureus 

heat-inactivated cells90, and the same was verified in this assay, at pH 6.08 (Figure 3.16). The 

presence of ssDNA, did not improve the hydrolytic activity of GL, but in the case of R3GL, the 

addition of ssDNA at low concentrations (0.5 mg/ml to 2.5 mg/ml) seemed to slightly enhance its 

hydrolytic activity against S. aureus cells, but without statistical significance (Figure 3.16-C). 

 
Figure 3.16: Hydrolytic activity of recombinant GL and R3GL proteins with S. aureus heat-inactivated 
cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of low molecular 
salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the decrease in 
OD600nm for 120 minutes. The results are an average of three biological replicates, shown in percentage, 
calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: Hydrolytic 
activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

S. epidermidis heat-inactivated cells were also tested and in this case the GL protein 

showed low hydrolytic activity, as it reduced the cell percentage by only 10% (Figure 3.17-A). 

Upon addition of ssDNA, no major alterations were visualized; the percentage of hydrolysed heat-
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inactivated cells oscillated between 11% and 4%. In the case of R3GL, the hydrolytic activity was 

slightly higher, reaching 18% of heat-inactivated cells at the end of 120 minutes, while the 

percentage of hydrolysed heat-inactivated cells remained between 16% and 10% with the 

addition of ssDNA (Figure 3.17-B). All reported differences did not show statistical significance 

(Figure 3.17-C). 

 
Figure 3.17: Hydrolytic activity of recombinant GL and R3GL proteins with S. epidermidis heat-
inactivated cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of 
low molecular salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the 
decrease in OD600nm for 120 minutes. The results are an average of three biological replicates, shown in 
percentage, calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: 
Hydrolytic activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

S. agalactiae was one of the less susceptible species to GL and R3GL hydrolytic activity. 

For both proteins, the percentage of heat-inactivated cells remained close to the initial value, as 

well as in the presence of different ssDNA concentrations (Figure 3.18-A and B). No statistical 

differences were detected between the results of all conditions tested (Figure 3.18-C)  
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Figure 3.18: Hydrolytic activity of recombinant GL and R3GL proteins with S. agalactiae heat-
inactivated cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of 
low molecular salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the 
decrease in OD600nm for 120 minutes. The results are an average of three biological replicates, shown in 
percentage, calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: 
Hydrolytic activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

The addition of GL or R3GL proteins led to hydrolysis of heat-inactivated cells of S. 

pyogenes (Figure 3.19). In particular, the R3GL protein led to a 12% decrease of heat-inactivated 

cells (Figure 3.19-B). Upon addition of ssDNA, both proteins partially lost their hydrolytic activity, 

for all concentrations tested. Despite the differences between the percentages obtained for all the 

conditions tested, those did not present statistical significance (Figure 3.19-C). 
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Figure 3.19: Hydrolytic activity of recombinant GL and R3GL proteins with S. pyogenes heat-
inactivated cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of 
low molecular salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the 
decrease in OD600nm for 120 minutes. The results are an average of three biological replicates, shown in 
percentage, calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: 
Hydrolytic activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

E. faecalis heat-inactivated cells were not hydrolysed by either GL or R3GL (Figure 3.20-

A and B). Upon addition of ssDNA, no major differences could be seen in any concentration tested 

for both GL and R3GL proteins. This species seemed to be one of the less affected by the 

presence of the GL and R3GL proteins or ssDNA. 
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Figure 3.20: Hydrolytic activity of recombinant GL and R3GL proteins with E. faecalis heat-inactivated 
cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of low molecular 
salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the decrease in 
OD600nm for 120 minutes. The results are an average of three biological replicates, shown in percentage, 
calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: Hydrolytic 
activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA.  

 

Gram-negative bacteria were also tested. These species’ heat-inactivated cells were 

most susceptible to hydrolysis by both proteins tested than Gram-positive species. For E. coli, the 

presence of GL or R3GL reduced the percentage of heat-inactivated cells by approximately 53% 

(Figure 3.21-C). Upon addition of ssDNA, the hydrolytic activity of both proteins was severely 

decreased, as for the lowest DNA concentration (0.5 mg/ml), only 12% of heat inactivated cells 

were hydrolysed and this percentage continued to decrease with the increase of ssDNA 

concentration (Figure 3.21-A and B). 
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Figure 3.21: Hydrolytic activity of recombinant GL and R3GL proteins with E. coli heat-inactivated 
cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of low molecular 
salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the decrease in 
OD600nm for 120 minutes. The results are an average of three biological replicates, shown in percentage, 
calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: Hydrolytic 
activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

In the presence of GL or R3GL, the percentage of hydrolysed heat-inactivated cells from 

C. marina was very high, reaching 59% and 65%, respectively (Figure 3.22-A and B). The major 

decrease in the percentage of heat-inactivated cells started only after 20 minutes of incubation 

for both proteins. The addition of ssDNA contributed to a decrease in the GL and R3GL hydrolytic 

activity, leading to a percentage of heat-inactivated cells of approximately 14% at the end of the 

assay in the presence of 0.5 mg/ml ssDNA. As the ssDNA concentration increased, so did the 

inhibition of hydrolytic activity of GL and R3GL. 
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Figure 3.22: Hydrolytic activity of recombinant GL and R3GL proteins with C. marina heat-inactivated 
cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations of low molecular 
salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the decrease in 
OD600nm for 120 minutes. The results are an average of three biological replicates, shown in percentage, 
calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: Hydrolytic 
activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

M. hydrocarbonoclasticus heat-inactivated cells could be hydrolysed by both the GL 

protein and by the R3GL protein, with a reduction of 30% and 42% of the heat-inactivated cells, 

respectively (Figure 3.23-C). In contrast to what occurred with C. marina cells, the major decrease 

in percentage of heat-inactivated cells occurred during the first 20 minutes of the assay. With the 

addition of ssDNA, the hydrolytic activity dropped to values below 10% of hydrolysed heat-

inactivated cells and continued with the increase of ssDNA concentration as occurred with E. coli 

and C. marina heat-inactivated cells (Figure 3.23-A and B). 
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Figure 3.23: Hydrolytic activity of recombinant GL and R3GL proteins with M. hydrocarbonoclasticus 
heat-inactivated cells. 10 µg/ml of protein was added to heat-inactivated cells and different concentrations 
of low molecular salmon sperm DNA (ssDNA) were used. Hydrolysis activity was followed by measuring the 
decrease in OD600nm for 120 minutes. The results are an average of three biological replicates, shown in 
percentage, calculated by the difference in OD600nm at each timepoint, compared with the initial OD600nm. A: 
Hydrolytic activity of recombinant GL (Mean ± the standard error of the mean, SEM). B: Hydrolytic activity of 
recombinant R3GL (Mean ± SEM). C: Percentage of heat-inactivated cells at the end of the assay (120 
minutes) (Mean ± CI 95%). Blue: heat inactivated cells and ssDNA, Green: heat inactivated cells and 
GL+ssDNA, and Orange: heat inactivated cells and R3GL+ssDNA. 

 

Overall, the heat-inactivated cells most affected by the presence of GL and R3GL proteins 

were C. marina, E. coli, M. hydrocarbonoclasticus and M. luteus and the least affected were S. 

agalactiae, S. pyogenes and E. faecalis (Table 3.2). 
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Table 3.2: Summarized activity of GL and R3GL proteins against heat inactivated cells of different 
species. Symbols represent the hydrolytic activity in presence of ssDNA comparing with the activity of the 
protein: ↑ - increase in the hydrolytic activity; ↓- decrease in the hydrolytic activity; = - hydrolytic activity not 
affected. 

Bacterial species Protein Without ssDNA 
With 0.5 mg/ml 

ssDNA 
With 10 mg/ml 

ssDNA 

M. luteus 
GL Yes ↑ ↑ 

R3GL Yes ↑ ↑ 

S. aureus 
GL No = = 

R3GL No ↓ ↑ 

S. epidermidis 
GL No = = 

R3GL Yes = = 

S. agalactiae 
GL No = = 

R3GL No = = 

S. pyogenes 
GL No = = 

R3GL No = = 

E. faecalis 
GL No = = 

R3GL No = = 

E. coli 
GL Yes ↑ ↑ 

R3GL Yes ↑ ↑ 

C. marina 
GL Yes ↑ ↑ 

R3GL Yes ↑ ↑ 

M. hydrocarbonoclasticus 
GL Yes ↑ ↑ 

R3GL Yes ↑ ↑ 

 

The different hydrolytic activities of GL and R3GL proteins towards gram-positive bacteria 

revealed different scenarios between the microorganisms. The GL protein showed hydrolytic 

activity, against the heat inactivated cells of M. luteus, but the hydrolytic activity was lost when 

ssDNA was added. In case of the other species, GL protein did not show hydrolytic activity and it 

continued to be unaffected in the presence of ssDNA. The R3GL protein showed similar hydrolytic 

activity compared with GL protein towards all gram-positive heat inactivated cells, differing only 

on the percentage of hydrolyzed cells but without alterations on the activity pattern towards all the 

species.  

Gram-positive bacteria have a greater variation in the composition and structure of 

peptidoglycan79, a fact that may help to understand the differences in the hydrolytic activity of the 

GL and R3GL proteins towards the different heat-inactivated cells. According to the literature113, 

the lower degree of cross-linking in M. luteus peptidoglycan (around 20%142) facilitates the 

hydrolytic activity of the GL domain, compared with S. aureus peptidoglycan that has a higher 

cross-linking degree (up to 90%143). This may indicate that the GL domain hydrolyses the β-1,4-

glycosidic bond between GlcNAc and MurNAc only if the peptidoglycan was already pre-digested 

by AM domain, since AM has hydrolytic activity against S. aureus heat inactivated cells, contrarily 

to GL90,96. The cross-linking degree of the peptidoglycan of the bacteria used in this study and its 

peptidoglycan types are presented in the Table A.4 of Annex 2. Despite the differences between 

strains of the same species, in general, most of the gram-positive bacteria have a high degree of 

peptidoglycan cross-linking, being M. luteus the more evident exception. The degree of 

peptidoglycan cross-linking can influence the hydrolytic capacity of peptidoglycan hydrolases, but 

this activity is also influenced by the length and composition of the cross-bridge and the other 

components of the cell wall79.  
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All gram-negative bacteria tested were hydrolyzed by GL or R3GL. Along with the heat 

inactivated cells of M. luteus, the heat inactivated cells of E. coli and the other gram-negative 

bacteria tested were hydrolysed to a higher degree by GL and R3GL (above 30% for M. 

hydrocarbonoclasticus and above 60% for E. coli and C. marina). In the presence of ssDNA the 

hydrolytic activity against heat inactivated cells from all gram-negative bacteria was gradually lost, 

as happened with the heat inactivated cells from gram-positive bacteria. Contrarily to the gram-

positive bacteria, the peptidoglycan of gram-negative bacteria shows a low degree of cross-

linking79,112, which could indicate that a higher degree of cross-linking can hinder the 

peptidoglycan hydrolytic activity of GL, by for example, not allowing the protein to reach its 

substrate. The E. coli peptidoglycan is structurally different when compared with gram-positive 

bacteria112, and has a low cross-linking degree, approximately 20%144. 

 

The overall loss of hydrolytic activity of GL and R3GL proteins against the studied heat 

inactivated cells in the presence of ssDNA can be caused by the interaction of the protein with 

the DNA molecules, inhibiting the hydrolytic action of the GL domain against the heat-inactivated 

cells. Only two exceptions were obtained: the increase of R3GL hydrolytic activity against S. 

epidermidis without ssDNA; and the increase of R3GL hydrolytic activity against S. aureus with 

ssDNA below 2.5 mg/ml concentration. In both cases, the differences in the percentage of the 

respective heat inactivated cells did not have statistical significance. These slight differences can 

be explained by a possible higher affinity of the R3 to the staphylococcal lipoteichoic acids than 

to the DNA molecules, anchoring the GL protein to the cell wall in a way that is more available to 

the reach the β-1,4- glycosidic bond, than in the absence of the repeat region. Is important to 

retain that the repeat regions do not have lytic activity39 so it does not contribute directly to a 

higher hydrolytic activity. 

3.2 - Impact of GL-DNA association in S. aureus physiology 

3.2.1 – Effect of Atl on S. aureus growth profile 

Since the Atl protein is essential for cell growth and separation, we aimed to determine 

the impact of the GL-DNA association on the growth profile of S. aureus. For this purpose, the 

growth of the atl mutant strain, WISΔatl and the respective parental strain WIS, were monitored 

under several conditions. 

3.2.1.1 – Growth profiles at different temperatures 

The optimal growth temperature of S. aureus is 37ºC, but it can grow at a temperature 

range from 15ºC to 45ºC145. Therefore, four different growth temperatures within this range were 

tested: 25ºC, the typical room temperature; 30ºC, the temperature at which the AtlR transcriptional 

repressor has been shown to influence atl expression97; 37ºC, the optimal bacterial growth 

temperature for S. aureus; and 42ºC, for a higher temperature in the temperature range of S. 

aureus growth. The bacterial growth of S. aureus strains WIS and WISΔatl was monitored hourly 

up to 10 hours and at 24 hours. 
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The growth curves of the two strains were virtually identical, indicating that the absence 

of the atl gene did not alter the growth profile at any temperature (Figure 3.24). The growth rate 

at the exponential phase of WIS and WISΔatl was 0.01 min-1 at higher temperatures (37ºC and 

42ºC), and 0.004 min-1 for lower temperatures (25ºC and 30ºC), reflecting a lower rate of growth 

at lower temperatures. 

 
Figure 3.24: Growth monitoring of S. aureus parental and mutant strain, WIS and WISΔatl, at different 
temperatures. Optical density (OD600nm) was monitored hourly until 10 hours, and then at 24 hours. Growth 
assays were performed three times and a representative curve is shown. 

 

3.2.1.2. – Growth profiles in presence of ssDNA using non-buffered media 

The effect of the presence of eDNA in the growth media on bacterial growth was assayed, 

since the hydrolytic activity of the GL protein towards heat inactivated cells was affected by its 

interaction with DNA, as described above. Different ssDNA concentrations were tested, and their 

effects were compared with the growth at 37ºC, without added DNA (Figure 3.25). S. aureus strain 

WIS and its atl mutant WISΔatl were tested. For both strains, the presence of ssDNA at low 

concentrations (0.1 and 0.5 mg/ml, corresponding to 0.1% and 0.5%) had a negligible effect on 

the bacterial growth, being the growth curves very similar to the control growth curve, at 37ºC 

without added ssDNA (Figure 3.24). For the highest tested ssDNA concentration (1 mg/ml 

corresponding to 1%), the effects on growth were very evident for both strains. The fact that this 

behaviour happened either in WIS or in WISΔatl, indicates that the absence of the Atl protein did 

not affect bacterial growth. The pH of the media was measured at 24 hours, showing that the 

addition of 1% of ssDNA led to a pH decrease to a value of approximately 4-5, contrary to what 

occurred in the media enriched with 0.5% ssDNA, in which the pH remained approximately 7-8 

(Annex 3). This could mean that the low pH values, induced by the presence of 1% ssDNA, were 

detrimental to bacterial growth, and the cells could not overcome this condition. 

The growth rate at the exponential phase of WIS and WISΔatl was around 0.01 min-1 at 

0, 0.1 and 0.5 % of ssDNA, and 0.004 min-1 for 1% of ssDNA, reflecting a lower rate of growth at 

this ssDNA concentration. 
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Figure 3.25: Growth monitoring of S. aureus parental and mutant strains, WIS and WISΔatl, in the 
presence of ssDNA in non-buffered media. 0.1%, 0.5% and 1% (w/v) of low molecular weight salmon 
sperm DNA (ssDNA) were added separately to TSB non-buffered media. Optical density (OD600nm) was 
monitored hourly until 10 hours, and then at 24 hours. Growth assays were performed three times and a 
representative curve is shown. 

 

3.2.1.3 – Bacterial growth in presence of ssDNA using buffered media 

To prevent the alteration of the pH of the media due to added ssDNA, the media was 

buffered at 7.4 to ensure that the pH was not altered during bacterial growth. As a result of media 

buffering, no differences were observed in growth. Both WIS and WISΔatl presented a similar 

growth rate of approximately 0.0117 min-1, and the different ssDNA concentrations did not affect 

growth, indicating that the low pH of the media was the factor that had more impact rather than 

the presence/absence ssDNA (Figure 3.26). 

 
Figure 3.26: Growth monitoring of S. aureus parental and mutant strains, WIS and WIS-Δatl, in the 
presence of ssDNA in buffered media. 0.1%, 0.5% and 1% (w/v) of low molecular weight salmon sperm 
DNA (ssDNA) were added separately to TSB buffered media at pH 7.4. Optical density (OD600nm) was 
monitored hourly until 10 hours, and then at 24 hours. Growth assays were performed three times and a 
representative curve is shown. 

 

3.2.2 – atl promoter activity for different conditions 

atl promoter activity was monitored during the bacterial growth, as gene expression can 

change along time to respond to the bacterial needs at the different growth phases. To monitor 

atl promoter activity, the pIG4 plasmid, carrying the GFP gene under the control of atl promoter 

was used (Table 2.1). At different time points, fluorescence was measured, corresponding to the 
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level of atl promoter activity. Different factors such as temperature and the presence of ssDNA 

were tested, in the same conditions and concentrations previously used for growth monitoring. 

3.2.2.1 – atl promoter activity at different temperatures 

Both WIS and WISΔatl strains showed high fluorescence values at the beginning of the 

assay, around 200 A.U. This value continuously decreased at 25ºC until 360 minutes to a 

minimum value of 20 A.U (Figure 3.27-A and B), and at 37ºC until 180 minutes to a minimum 

value of 30 A.U (Figure 3.27-C and D). The temperature effect on atl expression was more 

pronounced in the WIS strain, as fluorescence decreased more rapidly at 37ºC (124 A.U. in the 

first 60 minutes of the assay), but more slowly at the 25ºC (36 A.U. in the first 60 minutes of the 

assay). At 37ºC, the fluorescence started to increase again at 240 minutes, while at 25ºC, this 

occurred at 420 minutes. After these time-points, the activity of atl promoter increased until 600 

minutes, at both temperatures for the two strains to values above 70 A.U. The last time point at 

1440 minutes showed a decrease of the fluorescence to values below 35 A.U. 

 
Figure 3.27: GFP expression under the control of the atl promoter of S. aureus parental strain WIS 
and mutant strain WISΔatl, at different temperatures. Each strain was grown at 25ºC and 37ºC and the 
fluorescence was monitored hourly until 10 hours, and then at 24 hours. Fluorescence values were 
normalized by the respective optical density value for comparison. Fluorescence/OD600nm is shown in bars 
(grey) at each time point and the respective OD600nm is represented by a line. 

 

Comparing these results with the respective growth curves, the increase of atl promoter 

activity started at the beginning of the stationary phase at both temperatures and for both strains. 

The differences in the expression of atl along time can be explained by the delay in bacterial 



50 
 

growth induced by the lower growth temperature. Comparing atl expression along the growth 

curve, the expression of this gene seems similar for both strains, at both temperatures. The 

decrease in fluorescence at the beginning of the assay was less steep at 25ºC, compared with 

the obtained values at 37ºC, which can be a result of the different progression of the growth curve. 

Despite that, the overall values of fluorescence do not present evident variations at any growth 

phase, regardless of the different temperatures or strains.  

3.2.3.2 - atl promoter activity in presence of eDNA 

The presence of eDNA could be a major factor for the expression of the atl gene, since 

the GL domain has the capacity to bind DNA. As before, assays with non-buffered TSB and 

buffered TSB media were performed to verify the influence of the pH of the media during the 

assay. To compare the impact of different ssDNA concentrations and the absence of ssDNA in 

non-buffered media, the previous results at 37ºC were used. Only the S. aureus parental WIS 

strain was monitored. 

Using non-buffered media, the S. aureus WIS strain showed similar fluorescence values 

regardless of the ssDNA concentration, presenting a high atl promoter activity at the beginning of 

the growth curve (Figure 3.28-A, C and E). After the initial values, the expression of the atl 

promoter gene in the presence of 0% and 0.1% ssDNA, suffered a decrease in fluorescence in 

the first 180 minutes to very similar values, 24 and 33 A.U. respectively. From that time-point on, 

these bacterial cultures had an increase in the fluorescence values until 600 minutes. In the 

presence of 0.5% ssDNA, the decrease in fluorescence values continued until the 600 minutes, 

with some fluctuations between 25 and 50 A.U. (Figure 3.28-E). All assays showed a decrease 

of the fluorescence values in the last time-point at 1440 minutes as happened with all atl promoter 

gene expression assays performed.  

Nonetheless, the fluorescence values of buffered media were more diverse at the 

beginning of the assay than in the non-buffered media (Figure 3.28-B, C and F). When 0.1% of 

ssDNA was added, the fluorescence value was 378 A.U., 77% higher than in the absence of 

ssDNA, 214 A.U., indicating a high atl promoter gene expression (Figure 3.28-D). At 0.5% ssDNA 

concentration, the fluorescence values decreased to 146 A.U, indicating a lower atl promoter 

gene expression at the beginning of the assay (Figure 3.28-F). After 240 minutes, the 

fluorescence values start to slightly increase for all ssDNA concentrations tested, with some 

fluctuations, until 600 minutes reaching 84 A.U. in the absence of ssDNA, 53 A.U. with 0.1% 

ssDNA and 65 A.U. with 0.5% ssDNA. The last time-point at 1440 minutes showed a decrease in 

the fluorescence to values of approximately 27 A.U. for all ssDNA concentrations. 

Taken together, the atl promoter seems more active at the beginning of the bacterial 

growth curve corresponding to the growth phase immediately before the exponential phase, when 

the cell division machinery is more required. The bacteria used to initiate the assay were at a 

more advanced growth stage in the moment of inoculation to the culture, around 16-18 hours of 

overnight inoculation. This can be an explanation to the higher fluorescence values in the initial 

time-point, a phenomenon related with the methodology of the assay. This can also be an 

explanation for the differences between the different ssDNA concentrations, since each inoculum 
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could be at different growth phases. It can only be assured after performing more replicates of 

the assay. 

 
Figure 3.28: GFP expression under the control of the atl promoter of S. aureus parental strain, WIS 
in presence of eDNA. Concentrations of 0%, 0.1 % and 0.5% (w/v) of low molecular weight salmon sperm 
DNA (ssDNA) were used to enrich TSB media, non-buffered or buffered at pH 7.4. Fluorescence was 
monitored hourly until 10 hours, and then at 24 hours. Fluorescence values were normalized by the 
respective optical density value for comparison. Fluorescence/OD600nm is shown in bars (grey) at each time 
point and the respective OD600nm is depicted in a line. 
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4 – Conclusions 

 

This work aimed to study the molecular interaction between the glucosaminidase domain 

(GL) of the major S. aureus autolysin Atl and DNA, and the roles of this interaction on the activity 

of this protein. The DNA-binding capacity of the GL catalytic domain of Atl had been reported96, 

and a wide range of new features were hypothesized for this protein. 

This work allowed to uncover the hydrolytic activity of GL in the presence of extracellular 

DNA and also the dynamics of the interaction between the two molecules.  

The GL-DNA interaction has an electrostatic component and is affected by specific 
cations 

Since the GL-DNA interaction did not show sequence specificity96, it was hypothesized 

to be of electrostatic nature. EMSAs performed at different pH values showed that the surrounding 

pH influences the DNA-binding capacity of GL protein. The binding affinity of the GL-DNA 

interaction was increased in acidic environments, as a lower GL protein concentration was 

required to interact with the same amount of DNA, 100 nM of GL protein was required at pH 5 

and 500 nM of GL protein at pH 7.4. The binding affinity decreased gradually with the pH increase, 

which can be visualized in the EMSA images, despite the impossibility to calculate the dissociation 

constant of the interaction, reaching a pH value for which the protein no longer had the capacity 

to bind DNA molecules. Such pH value was above the estimated pI of GL domain (9.58), for which 

the net charge of the protein is negative. Despite the evidences, the interaction between the two 

molecules is not totally dependent of the electrostatic forces, since the DNA pI value is 

approximately 5129, the molecule has nearly a neutral net charge at this pH value. This higher 

interaction between GL and DNA can be explained by conformational changes of the DNA 

molecule at these conditions. For low pH values it has been reported that DNA molecules have 

the capacity to condensate131. It is possible that a more condensed conformation facilitates the 

protein binding capacity due to a lower surface area of DNA molecule available to interaction. It 

is interesting to note that the pH of the human skin is approximately 5 and that it was reported 

that an acid skin pH (4-4.5) keeps the resident bacterial flora attached to the skin. On the other 

hand, S. aureus is a typical example of the potentially pathogenic transient flora that can colonize 

the human skin being more successful at pH ≥ 5146. Several S. aureus adhesins have the capacity 

to bind collagen31, the main structural protein of the human skin. The balance between the 

surrounding pH, the apparent higher affinity of GL-DNA interaction at pH 5 can be important to a 

proper attachment to the skin and consequently a better colonization of the host, since the skin's 

pH never rises to much higher values146. 

Another feature tested was the behaviour of the GL-DNA interaction in the presence of 

different cations. Cations are known to interact with DNA molecules through electrostatic forces 

correlated with their different charges133,134, a fact that was confirmed for Na+, K+, Ca2+, Cd2+, 

Co2+, Cu2+, Mg2+, Mn2+, Ni2+ and Zn2+ from the studied cations. None of the tested cations was 

able to enhance the association between the GL protein and DNA. However, two divalent cations, 

Fe2+ and Mg2+, showed the capacity to disturb the GL-DNA binding, probably due to the interaction 
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of these cations with the GL protein, since the DNA molecules were not influenced by Fe2+ and 

Mg2+ at the used concentrations. The structural changes that can occur in the GL protein due to 

the presence of these cations that hinder its DNA-binding capacity were not investigated and 

should be tested in subsequent studies.  

S. aureus can grow in a varied type of conditions, at pH values from 4.8 up to 9.4 and at 

NaCl concentrations as high as 10%5. S. aureus bacteria is prepared to tolerate low pH values, 

as it can occur in biofilm formations, where the eDNA can act as an electrostatic net, 

interconnecting cells surrounded by positively charged matrix proteins at a low pH62. These are 

the conditions mimicked by the EMSA at pH 5, for which the highly positive protein, GL, and DNA 

showed higher biding affinity. This result suggests a role for GL-DNA binding in the establishment 

of cell-cell interactions during biofilm development. 

All the studied cations are essential elements for the normal function of the human 

body147. S. aureus tolerates high concentrations of Na+ and K+ as well (10% NaCl and 700 mM in 

medium, respectively)5,148. In the case of Ca2+ and Mg2+ the survival rate of S. aureus diminishes 

to about 50% when the cation concentrations are around 40 mM149. In the case of some of the 

transient metal cations used, as Cd2+, Cu2+ and Zn2+, these demonstrate antibacterial activity 

against S. aureus (Cu2+: 150 ng/ml150; Cd2+ and Zn2+: 6.25 µg/ml151). These cations are also 

present in the human blood at low concentrations (in the order of µg/l)152. Despite the importance 

of all these electrolytes, they have to be present at very low concentrations to not be harmful to 

the cells. This can be the cause to the high interference of DNA molecules with transition metal 

divalent cations, as the case of ferrous cation through the Fenton reaction and the creation of 

reactive oxygen species that are known to damage DNA153. 

These results indicate that the DNA-binding capacity of GL is not exclusively due to 

electrostatic forces or the overall ionic strength of the solution, but the components of the 

surrounding environment can also influence the interaction. Thus, despite the influence of the pH 

on the GL-DNA interaction, the surrounding net charge is not the only factor that influences GL-

DNA interaction, as the presence of Fe2+ and Mg2+ also affects the interaction, in contrast to the 

other ions tested, suggesting a specific effect. One hypothesis is that these cations interact with 

the acidic amino acids of the protein, altering GL tertiary structure as happens with other 

proteins135. This protein-cation interaction can unable a proper interaction between GL protein 

and DNA molecules, by conformational change or by occupying interaction spots. 

GL binds to different nucleic acid molecules 

Besides binding to linear DNA fragments of different sizes, the GL protein showed the 

capacity to bind plasmid DNA, either extracted from S. aureus or E. coli, regardless of the 

restriction-modification systems differences that exist between the two species136. This assay 

suggested that GL protein can have a slightly higher affinity for E. coli plasmid DNA. However, 

more repetitions must be performed to ensure that the small difference of 50 nM of GL 

concentration needed to retain all plasmid DNA of E. coli and S. aureus consistently occurs. 

Nevertheless, the assays showed that the GL protein can bind plasmid DNA, and the fact that 

this interaction can occur with DNA molecules extracted from different bacterial species 
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strengthens the premise that GL protein can be involved in the process of natural competence for 

DNA genetic transformation of S. aureus116. To acquire natural competence for DNA genetic 

transformation, eDNA has to be in the surrounding environment to bind, non-covalently, to sites 

present on the cell surface in order to be uptaken by the cells through a sequence-independent 

mechanism154. GL binds to eDNA without sequence specificity and at the cell surface (Grilo, I.R, 

unpublished), meaning that it is possible that GL protein can have a function in the DNA uptake 

process. 

Thus, the GL protein has the capacity to bind DNA fragments without length or sequence 

specificity, and plasmid DNA, showing that GL can bind DNA in different conformations, although, 

the spatial conformation of the different molecules may result in different a GL association with 

the DNA molecule, parallel with the effect of the pH on the GL-DNA binding, already described 

(Section 3.1.1). If the alterations in spatial arrangement of DNA, creating a more condensed 

structure, can enhance the DNA-binding capacity of GL protein, the same possibly happens with 

the different conformations that plasmid DNA can adopt. 

The interaction of GL with RNA molecules remains to be tested. 

GL binding to different DNA molecules 

Other features of the GL-DNA interaction, as the DNA capacity to promote 

oligomerization of the GL protein were also assessed. β-toxin (pI above 1046,155), an S. aureus 

protein involved in biofilm development, oligomerizes in the presence of DNA molecules 46. The 

assays performed with GL demonstrated that DNA did not promote covalent binding between 

different GL protein molecules, since no additional bands of higher molecular mass were visible 

in the SDS-PAGE performed for the GL-DNA complex. Also, EMSA performed in acidic native-

PAGE, showed that DNA did not promote GL oligomerization of non-covalent nature either. 

Instead, this assay elucidated about the GL-DNA interaction, confirming results already obtained 

with the EMSA performed in agarose electrophoresis: As the DNA concentration increased, the 

capacity of the protein to migrate on the native-PAGE decreased, as for a GL:DNA ratio below 

573:1 no protein bands were detected, suggesting that all protein molecules are interacting with 

the available DNA. This molar ratio represents the number of protein molecules that can interact 

with one plasmid DNA molecule and is in agreement with the molar ratio obtained for the EMSA 

performed with plasmid DNA by agarose gel electrophoresis, which was 500 for S. aureus plasmid 

and 545 for E. coli plasmid. The molar ratio for the GL:DNA interaction obtained for the DNA 

fragment was 31.25:1, indicating that it is possible to accommodate one molecule of GL protein 

for each 8 base pairs of fragment DNA. In the case of plasmid DNA, the results indicate that one 

molecule of GL associates with 13 DNA base, suggesting that the binding capacity of GL is similar 

for both nucleic acid molecules and that GL may have slight higher affinity for linear molecules 

than for supercoiled conformations. It was not possible to determine with certainty if GL had 

different affinities for the plasmid conformations, although it appeared that GL could bind to all 

plasmid conformations equally.  

AFM imaging of the GL-DNA interaction revealed information that the EMSA could not 

provide, as how the interaction occurs in terms of spatial rearrangement. The AFM images of 
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DNA alone showed high amounts of supercoiled plasmid DNA molecules, as visualized in the 

EMSAs performed with plasmid DNA. After imaging of the DNA molecules, the GL protein was 

added onto the mica, allowed to interact with the immobilized DNA, and excess protein was 

washed. The obtained images revealed that the GL protein co-localizes with the plasmid DNA 

molecules into an intricate agglomeration. The image of GL protein without DNA helped in the 

identification of the GL molecules in the GL-DNA image, as another protein, Tbp, with a similar 

molecular weight, was previously studied by AFM140. The images obtained for Tbp protein reflect 

a circle-shaped structure of a similar size to what was observed for the GL protein. It remains 

unknown if the GL protein promoted a higher condensation degree of the DNA molecules, since 

the co-localization of the two molecules seemed to create a more intricate conformation of DNA, 

already imaged in a supercoiled topology. The image between AM and DNA confirms the 

evidence of AM domain being unable to interact with DNA molecules, since no interaction was 

detected. All these generated images, suggested that with Atomic Force Microscopy it is possible 

the identify DNA interactions with specific proteins as well as the spatial arrangement of the 

molecules, allowing the study of other interactions within the scope of Atl-DNA interactions. Other 

recombinant Atl proteins can be tested, as the repeat regions of both GL and AM domains, since 

they have strong adhesive properties and bind to DNA39,96. Lower DNA concentrations and 

different nucleic acid molecules, as smaller DNA fragments, should also be used to obtain a better 

individual visualization of the interactions. If the imaging could be optimized, it would likely be 

possible to confirm the protein:DNA molar ratio calculated from the EMSAs, since it could make 

it easier to visualize the interactions of GL molecules with each individual DNA molecule. 

The presence of extracellular DNA affects the hydrolytic activity of the GL domain  

The GL domain is able to hydrolyse heat-inactivated cells of M. luteus but is unable to 

hydrolyse S. aureus heat-inactivated cells90,96. Also, the hydrolytic activity of R3GL protein against 

M. luteus heat-inactivated cells in the presence of ssDNA had been reported to have no significant 

effect96. In this work, the hydrolytic activity of both R3GL and GL was more thoroughly studied, 

using a wider range of ssDNA concentrations and a larger group of bacterial species as source 

of heat inactivated cells. Some of the bacterial species tested, such as M. luteus, S. epidermidis 

and S. pyogenes can co-colonize the same site of the host as S. aureus and compete for nutrients 

and space156,157. 

Both GL and R3GL independently show the ability to hydrolyse a significant percentage 

of heat-inactivated cells from different species such as M. luteus, E. coli, C. marina and M. 

hydrocarbonoclasticus. The hydrolytic activity of both proteins towards all heat inactivated cells 

had a similar pattern. The small differences in the hydrolytic activity of both proteins against the 

heat-inactivated cells used are related with the different cell walls and diversity of peptidoglycan 

types present in these species79, as the different peptidoglycan types reflect different 

compositions and cross-linking degrees, which can interfere with the hydrolytic activity. 

The presence of ssDNA altered the hydrolytic activity of GL and R3GL proteins under the 

conditions tested, revealing that the presence of extracellular DNA inhibits the peptidoglycan 

hydrolytic activity of the GL domain against the majority of the bacteria tested. This can be caused 
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by the interaction of the proteins with the DNA molecules, that prevent the protein from reaching 

the β-1,4- glycosidic bond between GlcNAc and MurNAc of peptidoglycan. The only two cases 

that showed different results were the increase of R3GL hydrolytic activity against S. epidermidis 

in the absence of ssDNA and the increase of R3GL hydrolytic activity against S. aureus for ssDNA 

concentrations below 2.5 mg/ml concentration. Since the repeat regions do not have lytic activity39 

they do not contribute directly to a higher hydrolytic activity. Despite the lack of statistical 

significance, this slight increase of activity can be explained by a possible higher affinity of the R3 

domain to the S. aureus lipoteichoic acids than to the DNA molecules, anchoring the GL protein 

to the cell wall in such a way that the protein reaches the β-1,4- glycosidic bond more easily than 

in the absence of the repeat region. This hypothesis could be tested with competition assays 

between lipoteichoic acids and DNA to know if R3GL protein actually has a higher affinity to 

teichoic acids than to DNA.  

The fact that the GL hydrolytic activity is impaired in the presence of DNA is especially 

important with microorganisms that share the same ecological niche as S. aureus, being 

commonly a part of the normal human microbiota like M. luteus, S. epidermidis and S. pyogenes 

which are part of the normal skin flora and E. coli and E. faecalis that belong to the normal 

intestinal and urogenital flora157. The ability of S. aureus to hydrolyse other bacteria can be 

essential to a better survival in a multi-species environment, or to uptake DNA  from other species, 

as in case of blaZ gene responsible for the S. aureus penicillin resistance13,14. 

Also, the fact that DNA is one of the components of the extracellular matrix (ECM) of 

biofilms, the effect of its interaction with GL domain can interfere in the biofilm development. Since 

both GL and eDNA have adhesive roles in the ECM38,61,62, the interaction of the two molecules 

could be related with the adhesion process to surfaces or to maintain the intracellular cohesion. 

The absence of atl gene does not affect the bacterial growth rate 

The Atl protein is only required for normal cellular separation of S. aureus, and due to 

that, the absence of atl gene showed no alterations on the growth rate, since the parental and 

mutant strains WIS and WISΔatl showed virtually no differences in their growth profiles. This 

behaviour had already been described39, and this result was not unexpected.  

However, the study of the influence of Atl at different growth temperatures and in the 

presence of DNA had not been tested. Overall, WIS and WISΔatl responded to temperature 

changes in the same manner, regarding their growth rate. At higher temperatures (37ºC and 

42ºC), the strains reached the stationary phase more rapidly than at lower temperatures (25ºC 

and 30ºC). When the presence of extracellular DNA was tested, only the highest ssDNA 

concentration tested (1% w/v) showed an effect on the growth rate in both strains. This 

concentration of extracellular DNA had been previously shown to inhibit the bacterial growth of S. 

aureus141. However, the inhibition of bacterial growth was not caused by the presence of DNA in 

the media but to the resultant decrease in the pH of the media, due to the addition of DNA. The 

differences between the pH values of the TSB media with the addition of 0.5 % and 1% of ssDNA 

at the end of the assay were very high; TSB with 0.5% ssDNA had a pH value of 8, while TSB 

with 1% ssDNA had an acidic pH of approximately 4. The pH of the media had more relevance 
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than the presence of ssDNA, as was confirmed by performing the same assay with TSB medium 

buffered at pH 7.4, for which no differences on growth rate between ssDNA concentrations were 

detected. Another condition that could be tested would be using growth media with different pH 

values.  

The effect of the presence of eDNA on the activity of the atl promoter was monitored 

under the same conditions as the growth assays. The results showed that the atl promoter seems 

more active at the beginning of the bacterial growth curve. The activity of the atl promoter of S. 

aureus strains WIS and WISΔatl was always similar, regardless of the concentration of DNA 

added. At different temperatures, the evolution of the activity of the atl promoter along time was 

consistent with the progression of the growth curve and no major differences between 

temperatures were detected. In the presence of eDNA, the 0.1% (w/v) ssDNA concentration 

enhanced the expression of the atl promoter gene at the beginning of the growth curve, when 

compared with the absence of ssDNA. On the other hand, the addition of 0.5% (w/v) ssDNA 

seemed to inhibit the activity of the atl promoter at the same time points. Despite that initial 

difference, the overall effect of the ssDNA concentration did not affect the activity of the atl 

promoter during the rest of the bacterial growth, being similar for all the tested conditions. This 

higher atl promoter expression at the beginning of the bacterial growth curve can be caused by 

fact that the bacteria used to initiate the assay were at a later growth stage upon inoculation to 

the culture, around 16-18 hours of overnight inoculation. The higher fluorescence values in the 

initial time-point can be a phenomenon related with the methodology of the assay and not an atl 

promoter expression feature. This can also be an explanation for the differences between the 

different ssDNA concentrations, since each inoculum could be at different growth phases. It can 

only be assured after performing more replicates of the assay.  

All the assays that included growth curves at different temperatures and in the presence 

of different ssDNA concentrations, were performed only once, and therefore the results may not 

be conclusive regarding the activity of the atl promoter, and replicates should be performed so 

that a proper interpretation can be made. The temperatures of 30ºC and 42ºC and the 1% (w/v) 

ssDNA concentrations must be tested as well. The atl promoter gene expression at 30ºC is 

especially relevant since this temperature is optimum for the expression of AtlR transcriptional 

repressor that has been shown to influence atl expression96.  

 

 

This study revealed important molecular features of the GL-DNA interaction and also 

insights into the importance of this association for the physiology of the bacteria and its 

interactions with the host environment and other bacterial species. The new data obtained should 

be complemented with the proposed assays, but also with other experiments.  

With all the new information obtained in this work, several different growing assays should 

be performed, namely inter-species competition. Co-cultures of S. aureus growing together with 

another species, a species that is hydrolyzed by GL (E. coli or M. luteus) and a species that is not 

affected by GL (S. pyogenes or E. faecalis), would be monitored to determine which species, S. 
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aureus or the competing species, prevails. These assays would then be repeated for the DNA 

concentrations already tested to determine if eDNA has an impact in species competition. Then, 

the same experiments would be repeated for atl mutant strains of S. aureus. The integration of 

all these results will provide evidence on whether the GL-DNA interaction plays a role on species 

competition. 

Performing static biofilm assays with GL domain in the presence of different ssDNA 

concentrations must be performed, since both Atl protein catalytic domains38,97 and eDNA32,58,59 

are essential for a proper biofilm assembly in S. aureus. Biofilm assays using atl mutants and 

enriching the media with ssDNA and several recombinant Atl proteins were already performed 

and showed that the addition of DNA together with Atl proteins, resulted in the reestablishment of 

biofilm, compared with the parental strain, meaning that both molecules are essential for proper 

biofilm formation (Grilo, I.R., unpublished). Static biofilms were only monitored for recombinant 

Atl protein with repeats. Performing these assays with the GL domain, without repeats, could give 

important information about the dynamic of the GL-DNA interaction and how it interferes with the 

biofilm development.  
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Annexes 

Annex 1 

 

 
Figure A.1: Percentage of unbound DNA as GL protein concentrations increased at different pH 
values. Shown is the data after adjusting to a non-linear regression curve fit, plotted with a logarithmic X-
axis.  
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Figure A.2: Percentage of unbonded plasmid DNA, extracted from E. coli or S. aureus, as GL protein 
concentration increased. Shown is the data after adjusting to a non-linear regression curve fit using 
GraphPad, plotted with a logarithmic X-axis. 
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Annex 2 

 

Table A.1 - Percentage of heat-inactivated cells of the different microorganisms at the end of the 
assay (120 min) by addition of ssDNA. Shown is the average of the three biological replicates and the 
standard error of the mean (SEM).  

 Heat-inactivated cells (%) 

ssDNA concentration 
(mg/ml) 

0.0 0.5 1 2.5 5.0 7.5 10.0 

M. luteus 
92.8 
±1.9 

95.1 
±1.2 

95.8 
±0.7 

96.2 
±0.6 

97.1 
±0.7 

98.2 
±0.2 

98.7 
±0.3 

S. aureus 
97.5 
±0.8 

98.1 
±0.1 

97.7 
±0.6 

98.8 
±0.9 

98.8 
±0.8 

99.5 
±1.2 

98.3 
±0.5 

S. epidermidis 
93.4 
±0.2 

94.6 
±0.3 

95.5 
±0.8 

97.9 
±2.2 

96.8 
±3.0 

98.6 
±1.1 

96.4 
±1.9 

S. agalactiae 
92.3 
±2.6 

93.7 
±0.2 

94.4 
±0.5 

97.2 
±1.1 

101.6 
±0.4 

97.2 
±1.2 

96.5 
±2.6 

S. pyogenes 
90.9 
±0.9 

89.9 
±0.2 

91.5 
±0.4 

92.8 
±0.7 

93.2 
±2.6 

96.5 
±2.9 

99.0 
±1.7 

E. faecalis 
97.4 
±1.7 

93.0 
±0.9 

94.6 
±1.3 

93.9 
±1.5 

94.4 
±0.6 

95.2 
±0.8 

96.9 
±1.3 

E. coli 
85.4 
±1.9 

87.3 
±2.1 

87.4 
±0.6 

89.5 
±0.1 

90.9 
±0.1 

94.3 
±1.0 

98.1 
±0.8 

C. marina 
91.1 
±0.7 

93.4 
±1.4 

93.7 
±1.2 

94.9 
±1.9 

98.2 
±2.4 

102.4 
±3.3. 

102.2 
±1.1 

M. hydrocarbonoclasticus 
89.4 
±1.6 

90.4 
±1.7 

93.1 
±0.3 

94.5 
±0.1 

98.5 
±0.4 

107.4 
±1.5 

106.2 
±1.4 

 
 
Table A.2 - Summary of the % of heat-inactivated cells of different microorganisms at the end of the 
assay by addiction of GL + ssDNA. Shown is the average of the three biological replicates and the 
standard error of the mean (SEM). 

 Heat-inactivated cells (%) 

ssDNA concentration 
(mg/ml) 

0.0 0.5 1 2.5 5.0 7.5 10.0 

M. luteus 
66.5 % 

±2.6 
86.4 % 

±5.2 
91.4 % 

±3.7 
86.3 % 

±3.2 
93.5 % 

±0.8 
96.0 % 

±0.3 
93.8 % 

±3.4 

S. aureus 
104.5 % 

±1.0 
99.3 % 

±1.6 
98.7 % 

±0.7 
100.9 % 

±2.4 
102.9 % 

±1.8 
100.8 % 

±1.1. 
96.4 % 

±7.7 

S. epidermidis 
89.8 % 

±2.8 
94.7 % 

±3.4 
93.2 % 

±3.6 
93.9 % 

±2.1 
96.7 % 

±3.3 
95.0 % 

±1.9 
91.8 % 

±5.1 

S. agalactiae 
96.8 % 

±2.6 
98.9 % 

±2.0 
99.7 % 

±2.4 
99.3 % 

±3.3 
99.9 % 

±1.1 
93.3 % 

±4.6 
100.6 % 

±1.9 

S. pyogenes 
85.6 % 

±1.7 
93.1 % 

±1.7 
93.1 % 

±1.8 
93.9 % 

±0.5 
90.1 % 

±4.4 
92.5 % 

±3.5 
90.8 % 

±7.2 

E. faecalis 
100.3 % 

±2.1 
94.4 % 

±0.9 
96.1 % 

±1.3 
98.4 % 

±2.5 
93.8 % 

±2.0 
95.8 % 

±0.4 
93.5 % 

±1.7 

E. coli 
32.9 % 

±4.9 
88.4 % 

±1.2 
90.4 % 

±0.7 
92.2 % 

±0.6 
94.4 % 

±0.2 
100.7 % 

±1.1 
104.9 % 

±2.6 

C. marina 
32.4 % 

±7.1 
86.3 % 

±3.9 
90.4 % 

±0.1 
92.0 % 

±0.2 
97.9 % 

±1.4 
103.7 % 

±0.5 
103.4 % 

±1.2 

M. hydrocarbonoclasticus 
58.5 % 

±0.5 
93.0 % 

±2.6 
94.6 % 

±0.9 
95.5 % 

±0.3 
99.1 % 

±0.5 
108.7 % 

±3.5 
105.7 % 

±1.6 
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Table A.3 - Summary of the % of heat-inactivated cells of different microorganisms at the end of the 
assay by addiction of R3GL + ssDNA. Shown is the average of the three biological replicates and the 
standard error of the mean (SEM). 

 Heat-inactivated cells (%) 

ssDNA concentration 
(mg/ml) 

0.0 0.5 1 2.5 5.0 7.5 10.0 

M. luteus 
59.6 
±0.8 

90.2 
±0.8 

91.8 
±0.8 

93.4 
±0.5 

95.7 
±1.7 

96.6 
±0.4 

98.7 
±0.7 

S. aureus 
96.3 
±3.1 

88.2 
±0.8 

89.8 
±0.6 

91.4 
±0.1 

96.6 
±3.3. 

96.9 
±0.2 

100.6 
±1.4 

S. epidermidis 
82.8 
±2.3 

88.4 
±1.4 

86.0 
±0.6 

84.6 
±1.9 

89.9 
±3.7 

89.9 
±0.5 

98.4 
±2.8 

S. agalactiae 
95.7 
±0.7 

94.9 
±0.4 

96.6 
±0.6 

96.4 
±0.3 

97.2 
±0.8 

97.6 
±0.4 

99.1 
±0.7 

S. pyogenes 
78.7 
±2.7 

91.1 
±0.9 

93.3 
±0.7 

95.7 
±1.4 

90.1 
±5.2 

91.2 
±5.8 

91.1 
±7.7 

E. faecalis 
95.2 
±1.7 

95.4 
±1.9 

94.9 
±0.7 

95.5 
±0.5 

94.9 
±1.3 

96.1 
±0.4 

96.0 
±0.6 

E. coli 
30.9 
±0.8 

88.9 
±1.1 

90.5 
±0.7 

91.6 
±1.2 

94.7 
±1.1 

99.5 
±2.5 

101.9 
±2.1 

C. marina 
25.8 
±2.5 

86.2 
±2.1 

90.9 
±0.1 

93.3 
±0.4 

97.8 
±0.2 

103.9 
±0.1 

103.8 
±0.1 

M. hydrocarbonoclasticus 
47.4 
±0.2 

93.2 
±0.8 

96.9 
±0.7 

95.6 
±0.5 

96.6 
±0.5 

104.9 
±1.8 

105.6 
±1.1 

 
 
Table A.4: Cross-linking degree and peptidoglycan type of the bacterial species used in the 
hydrolytic activity assays. ND: not determined 

Bacterial species Cross-linking degree Peptidoglycan type 79 

M. luteus 20 % 142 L-Lys-peptide subunit 

S. aureus 90 % 143 L-Lys-Gly5,6 

S. epidermidis 85 % 158 L-Lys-L-Ala-Gly4., L-Lys-Gly4, L-Ser 0.5-1.5 

S. agalactiae 63 % 159 L-Lys-L-Ala2 (L-Ser) 

S. pyogenes ND L-Lys-L-Ala2-3 

E. faecalis 73 % 160 L-LyS-L-Ala2-3 

E. coli 50 % 161,162 
direct cross-linkage 

position 3 → position 4. 

C. marina ND Data unavailable 

M. 

hydrocarbonoclasticus 
ND Data unavailable 
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Annex 3 

 

 
Figure A.3: pH at the end of the bacterial growth in presence of ssDNA using non-buffered media. 
The pH of TSB media enriched with 0.5% and 1% of ssDNA from both S. aureus WIS and WISΔatl strains 
was measured using pH-indicator paper (Merck) at 24 hours of bacterial growth.  

 


