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ABSTRACT 

 

Staphylococcus aureus is usually a commensal organism of the human’s 

microbiota, although it can become invasive when the host’s defenses are 

breached, becoming an important nosocomial opportunistic pathogen, with 

high morbidity and mortality rates across the globe. It is responsible for a wide 

array of infections that range from minor skin and soft tissue infections to 

more severe ones, such as endocarditis, osteomyelitis and sepsis. This 

microorganism harbors a plethora of virulence factors that alongside its 

capacity to acquire resistance to virtually all antibiotics have enabled it to 

become one of the most prominent pathogens of this era. In fact, S. aureus is 

one of the major causes for infections associated with indwelling devices, 

which are usually related with biofilm development. Biofilms are multicellular 

sessile microbial communities in which cells are attached to a surface and/or 

to other cells and encased within a self-produced protective extracellular 

matrix. The biofilm forming capacity of S. aureus is part of the myriad of 

virulence mechanisms that enables this bacterium to resist both antibiotic 

treatment and the action of the host immune system.  

Knowledge on the physiology of S. aureus is of major importance since it could 

lead to the development of new effective ways to control infections by this 

bacterium. In this context, the peptidoglycan molecule, the major component 

of the cell wall of Gram-positive bacteria, and its biosynthetic and turnover 

pathways have been subject of study, since they are unique to bacteria and the 

target of many antibiotics in clinical use. This protective polymeric molecule 

surrounds the cell and is critical for keeping the cell’s integrity. To allow for 

bacterial growth, peptidoglycan is continuously synthesized and hydrolyzed in 

a tightly controlled manner. The hydrolytic cleavage of peptidoglycan is 

accomplished by dedicated enzymes termed peptidoglycan (murein) 

hydrolases. In S. aureus, the major murein hydrolase is Atl, a bifunctional 

autolysin with amidase (AM) and glucosaminidase (GL) catalytic domains, that 

is primarily involved in cell separation, as well as in cell wall turnover and 
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antibiotic- and stress-induced lysis, among other important roles. Atl is 

translated as a single peptide, and is proteolytically processed into mature AM 

and GL extracellularly, after attachment to the cell wall. This binding is 

mediated by repeat units (R1R2R3) that not only bind peptidoglycan but also 

lipoteichoic acids, vitronectin, and fibronectin. After processing, the mature 

AM protein harbors R1-2, while GL retains the R3 repeat. 

The first part of this doctoral thesis involved the study of the unexpected 

observation of the binding of the GL domain of Atl to DNA. This protein was 

found to be associated with DNA in a pull-down assay, and its binding 

characteristics were addressed. Different recombinant Atl proteins were 

constructed, and their DNA-binding ability was assessed by electrophoretic 

mobility shift assays. Not only the GL catalytic domain was found to bind to 

DNA without sequence specificity, but also the sticky and promiscuous repeat 

units. In this manner, the pro-peptide consisting of the whole Atl protein, as 

well as the AM and GL mature proteins were shown to bind DNA. However, the 

AM catalytic domain, lacking its repeat units R1-2 did not have this capacity. 

Assays using surface plasmon resonance and isothermal titration calorimetry 

were unsuccessful in retrieving binding and kinetic constants, but confirmed 

the capacity of the GL catalytic domain to bind to double stranded DNA 

molecules of variable length.  

Subsequently, evidence was obtained that the Atl protein is able to bind DNA 

at the cell surface of S. aureus, by conducting an assay in which radioactively 

labeled DNA was bound to cells of wild-type and atl mutant strains. The atl 

mutant strain showed a 2 to 3-fold decrease in the amount of DNA-bound at 

the cell surface. The hydrolytic capacity of GL against purified S. aureus 

peptidoglycan was assessed by reverse-phase high performance liquid 

chromatography, and was shown to be inhibited in the presence of DNA, 

indicating that this association could hinder the enzyme’s activity and may 

have roles in cell growth and division.  

Of the many physiological roles that the GL-DNA association could affect, we 

focused our study on biofilm formation in S. aureus. Atl has been reported to 

be necessary for biofilm formation and mutants in this gene do not form 
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biofilms. The currently accepted model suggests that this is due to at least two 

different factors. First, Atl is thought to be the main component responsible 

for cell autolysis that leads to genomic DNA release, an important structural 

element of the biofilm extracellular matrix. Second, the direct adhesive 

properties of this protein are important for adhesion within the biofilm 

context. The GL-DNA association could expand the potential roles of Atl during 

biofilm formation: GL may associate with extracellular DNA (eDNA) 

contributing to intercellular and/or cell-matrix adhesion in DNA-dependent 

biofilm formation of S. aureus. Biofilm assays were performed in microtiter 

format (static) and in the microfluidics flow-cell Bioflux 1000 system. In both 

systems the addition of recombinant Atl proteins to the biofilm media of the 

atl mutant functionally complemented the biofilm deficiency of this strain. 

When eDNA was supplemented in the media, biofilm development was greatly 

enhanced but only when the recombinant Atl proteins were also present, as 

eDNA alone was not able to complement biofilm formation of atl mutants. 

Furthermore, the GL domain without its repeat R3 was able to functionally 

complement biofilm formation only when eDNA was added simultaneously, 

while the AM domain without its repeats R1-2 was not, even in the presence of 

eDNA. These findings suggest that the GL-eDNA interaction is indeed relevant 

for the DNA-dependent biofilm formation of S. aureus. The visualization of S. 

aureus biofilms with confocal laser scanning microscopy using antibodies for 

GL and dsDNA suggested the possible interaction between these molecules in 

the biofilm matrix, corroborating this hypothesis. The repeat units of Atl were 

also found to be important in cellular adhesion during this multicellular 

lifestyle, in particular in assays where the recombinant proteins were added to 

the atl mutant biofilm media exogenously.  

Overall, the work developed in this doctoral thesis has expanded our 

understanding of the interaction between Atl and eDNA as well as its role in 

biofilm formation. 
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RESUMO 

 

Staphylococcus aureus é parte integrante do microbioma humano, mas num 

hospedeiro imunocomprometido pode tornar-se invasivo, sendo um dos 

microrganismos patogénicos mais importantes a causar infecções nosocomiais 

e estando associados a altas taxas de morbilidade e mortalidade em todo o 

mundo. S. aureus é responsável por um grande número de doenças, desde 

infecções menos graves, como da pele e tecidos moles a outras bastante mais 

severas como endocardite, osteomielite e sépsis. Estas bactérias não só 

possuem um vasto leque de factores de virulência, como têm a capacidade de 

adquirir determinantes de resistência a virtualmente todos os antibióticos 

existentes, tornando S. aureus num dos agentes patogénicos mais importantes 

da nossa era. S. aureus é um dos principais microrganismos responsáveis por 

infecções associadas ao uso de dispositivos médicos invasivos, que 

usualmente estão relacionadas com o desenvolvimento de biofilmes. Os 

biofilmes são comunidades multicelulares de microrganismos, em que as 

células estão ligadas a um substrato e/ou a outras células e envoltas numa 

matriz extracelular protectora, produzida pelas próprias células. A capacidade 

de S. aureus de formar biofilmes é um dos mecanismos de virulência desta 

espécie, visto que protege as células do tratamento com antibióticos e também 

da resposta do sistema imunitário do hospedeiro. 

O estudo da fisiologia de S. aureus é de extrema importância pois poderá levar 

ao desenvolvimento de novos métodos para erradicar este tipo de infecções. 

Neste contexto, o estudo do peptidoglicano, o principal componente da 

parede celular das bactérias Gram-positivas, é essencial, visto que este 

polímero é encontrado exclusivamente em bactérias e é o alvo primário dos 

antibióticos mais utilizados. Este polímero protector envolve a célula e é 

indispensável para a integridade bacteriana. Durante o crescimento e divisão 

celular, o peptidoglicano é continuamente sintetizado e degradado, de um 

modo extremamente controlado. A degradação do peptidoglicano é feita por 

enzimas especializadas denominadas hidrolases de peptidoglicano (mureína). 
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Em S. aureus, a principal hidrolase de peptidoglicano, Atl, é uma autolisina 

bifuncional, composta por dois domínios catalíticos independentes: amidase 

(AM) e glucosaminidase (GL). A função principal desta hidrolase é a separação 

das células durante a divisão celular, mas possui também papéis 

determinantes no turnover da parede celular e na autólise induzida por 

antibióticos ou stress ambiental, entre outras funções. A proteína Atl é 

traduzida como um único polipéptido, e é processada extracelularmente após 

a ligação à parede celular, originando as enzimas AM e GL. Esta ligação é 

mediada por unidades repetitivas (R1R2R3) que têm a capacidade de se ligar ao 

peptidoglicano, mas também aos ácidos lipoteicóicos, à vitronectina e à 

fibronectina. Depois do processamento, as unidades repetitivas R1-2 mantêm-se 

ligadas à proteína AM, enquanto que a unidade R3 fica associada à proteína GL 

processada. 

A primeira parte desta tese de doutoramento incluiu o estudo da ligação do 

domínio GL da proteína Atl ao DNA, observada através de ensaios de pull-down 

de proteínas que se ligam ao DNA. Após este resultado inesperado, 

construíram-se proteínas recombinantes de Atl, sendo a sua capacidade de 

ligar ao DNA estudada através de ensaios de retardação em gel. O domínio 

catalítico GL ligou DNA sem especificidade de sequência, tal como as unidades 

repetitivas, que se sabe serem promíscuas nas ligações que efectuam. 

Utilizando esta técnica, demonstrou-se que os domínios GL e AM, e também o 

pró-péptido constituído pela proteína Atl completa, são capazes de ligar DNA. 

Contudo, o domínio AM sem as suas unidades repetitivas R1-2 não tem esta 

capacidade. Os ensaios de ressonância de plasma de superfície e de 

calorimetria de titulação isotérmica efectuados não permitiram a obtenção de 

constantes de ligação e cinéticas, mas confirmaram a capacidade de ligação do 

domínio catalítico GL a moléculas de DNA em cadeia dupla de diferentes 

tamanhos. 

A evidência de que a proteína Atl é capaz de ligar DNA à superfície da célula 

bacteriana foi obtida através de um ensaio em que DNA marcado 

radioactivamente foi misturado com células parentais e células de um mutante 

no gene atl. A estirpe mutante no gene atl mostrou uma capacidade de ligação 
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ao DNA duas a três vezes menor do que a estirpe parental, sugerindo que a 

proteína Atl liga DNA à superfície da célula. A actividade hidrolítica do domínio 

GL foi estudada com peptidoglicano purificado de S. aureus por cromatografia 

líquida de alta eficiência em fase reversa e os resultados mostraram que esta é 

inibida na presença de DNA, indicando que esta associação poderá impedir a 

actividade enzimática de GL, com possíveis repercussões no crescimento e no 

processo de divisão celular. 

Das variadas consequências que a associação GL-DNA poderá ter, focámos o 

nosso estudo na capacidade de S. aureus formar biofilmes. A proteína Atl já 

foi relacionada com a formação de biofilme, e a inactivação do gene atl causa 

uma redução drástica na capacidade de desenvolver biofilmes. O modelo 

actualmente aceite sugere que a redução da capacidade dos mutantes atl de 

formar biofilmes é devida a pelo menos dois factores: em primeiro lugar, a 

proteína Atl é o principal responsável pela autólise, o principal modo de 

libertação de DNA para o meio exterior, sendo o DNA um elemento estrutural 

de extrema importância nos biofilmes; e em segundo lugar, a proteína Atl tem 

propriedades adesivas importantes para a adesão das células no contexto do 

biofilme. A ligação entre GL e DNA poderá alargar as funções possíveis da 

proteína Atl durante a formação de biofilmes: o domínio GL poderá associar-se 

com o DNA extracelular (eDNA), contribuindo para a adesão entre as células 

e/ou com a matriz do biofilme, durante a formação de biofilmes dependentes 

de DNA em S. aureus. Ensaios de biofilme foram efectuados em microplacas 

(estáticos) e no sistema microfluídico de células de fluxo Bioflux 1000. Em 

ambos os casos a adição de proteínas Atl recombinantes ao meio de cultura de 

uma estirpe mutante no gene atl complementou funcionalmente a falta de 

biofilme nesta estirpe. Quando se adicionou eDNA, para além das proteínas 

recombinantes, verificou-se um acentuado desenvolvimento de biofilme. 

Quando apenas se adicionou eDNA, não se observou complementação. Além 

disso, verificou-se que o domínio GL sem a sua unidade repetitiva R3 só foi 

capaz de complementar a formação de biofilme quando o eDNA foi adicionado 

simultaneamente, enquanto que o domínio AM sem as suas unidades 

repetitivas R1-2 não complementou o biofilme, mesmo na presença de eDNA, 

sugerindo que a interacção GL-eDNA é importante e necessária para a 
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formação de biofilmes em S. aureus. A visualização de biofilmes por 

microscopia confocal por laser de varrimento utilizando anticorpos para o GL e 

para dsDNA mostrou a possível interacção entre estas moléculas, 

corroborando esta hipótese. Confirmou-se também a importância das 

unidades repetitivas de Atl na adesão celular durante o desenvolvimento de 

biofilmes em S. aureus, particularmente nos ensaios em que proteínas 

recombinantes constituídas pelas unidades repetitivas foram adicionadas ao 

meio de cultura da estirpe mutante no gene atl.  

Através do trabalhos desenvolvido nesta tese de doutoramento, contribuímos 

para o esclarecimento da interacção entre a proteína Atl e o eDNA, assim como 

a sua função na formação de biofilmes em S. aureus. 
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THESIS OUTLINE 

 

Staphylococcus aureus is a remarkably versatile microorganism: it can 

harmlessly colonize humans, but it is also a very important and successful 

pathogen causing a vast array of diseases. Notably, S. aureus is the leading 

cause of nosocomial infections worldwide. Considering that this bacterium is 

also able to acquire resistance to a large number of antibiotics, with the rates 

of resistant bacteria rising, treatment opportunities for these infections are 

diminished. Thus, it is important to understand the physiology of S. aureus so 

that we can find novel methods to control infections by these bacteria. The 

peptidoglycan molecule is the major component of the cell wall of bacteria, 

and it is the target of many antibiotics in use in clinical practice. This 

macromolecule undergoes continuous synthesis and hydrolysis to allow for 

cellular growth and cell division. The study of its biosynthetic pathway, 

components and interactions is of an uttermost importance for gaining 

knowledge on how bacteria grow and divide. While focusing our study on the 

S. aureus peptidoglycan, we identified the glucosaminidase domain (GL) of the 

extracellular, major autolysin of S. aureus Atl, as a DNA-binding protein. This 

novel finding was the starting point of the studies included in this doctoral 

thesis, which aimed to decipher the roles of this interaction in the physiology 

of S. aureus. The DNA-binding capacity of a peptidoglycan hydrolase has not 

been previously reported, and the implications of this interaction could be 

numerous. The hypothesis we proposed is that extracellular DNA (eDNA) could 

play a major role in regulating several functions of the GL protein, by directly 

binding to it and taking part in important metabolic processes.  

 

Chapter I, General Introduction, consists of an overview of the current 

knowledge on the subjects discussed in this doctoral thesis. The bacterial cell 

wall of Staphylococcus aureus is described with particular emphasis on the 

peptidoglycan molecule, its properties and biosynthetic pathway. The 

peptidoglycan hydrolases and their characteristics are summarized, and the 
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major autolysin Atl, as well as its importance in staphylococcal physiology, is 

reviewed. Finally, the mechanisms of biofilm formation in S. aureus are 

outlined, along with the most relevant determinants that play roles in this 

important mode of growth. 

 

In Chapter II, the identification of the glucosaminidase (GL) domain of Atl as a 

DNA-binding protein is described. Different recombinant Atl-derived proteins 

were constructed, expressed and purified, and their ability to bind to DNA of 

unspecific sequence was determined by electrophoretic mobility shift assays. 

The GL domain of Atl was shown to be able to bind to DNA even in the 

absence of the repeat domain, while the amidase (AM) domain only showed 

DNA-binding activity when the repeat domains were present. Additional data 

indicative of protein-DNA interaction resulting from surface plasmon 

resonance and isothermal titration calorimetry are also described. These 

studies introduced the possibility that GL could be binding DNA at the outer 

surface of the cell, with numerous physiological implications for S. aureus. Part 

of this chapter is published in: 

Grilo, I. R., A. M. Ludovice, A. Tomasz, H. de Lencastre and R. G. Sobral. 

2014. The glucosaminidase domain of Atl – the major Staphylococcus aureus 

autolysin – has DNA-binding activity. MicrobiologyOpen. 3(2):247-56. DOI: 

10.1002/mbo3.165. 

 

Chapter III explores the GL-DNA interaction at the bacterial cell surface. An atl 

mutant was used to show that lack of this protein is responsible for a decrease 

in the amount of extracellular DNA that is able to bind at the cell surface. The 

enzymatic activity of GL was analyzed by reverse-phase high performance 

liquid chromatography (RP-HPLC), and this protein was shown to be able to 

cleave S. aureus peptidoglycan, even though it was not capable of lysing heat-

inactivated S. aureus cells. The binding of GL to DNA did not affect the lysis of 

heat-inactivated bacterial cells, but RP-HPLC results suggest that this binding 

leads to the inhibition of the glucosaminidase lytic activity towards purified 
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peptidoglycan. These results suggest that the lytic activity of GL in vivo may be 

modulated by the presence and concentration of eDNA in the extracellular 

milieu.  

 

In Chapter IV, one of the proposed physiological roles of the GL-DNA 

interaction was examined: its involvement in biofilm development of S. aureus. 

The addition of GL or AM proteins was able to functionally complement the 

biofilm deficiency of atl mutants, both in static and flow-cell assays, and 

results suggest that these two Atl domains appear to work synergistically. 

Addition of eDNA to the media greatly enhanced biofilm development, but only 

when the Atl-derived proteins were also present. The GL catalytic domain 

without its repeat was also shown to complement biofilm formation, but only 

when eDNA was also present, whereas the AM catalytic domain without the 

repeats was not, even when eDNA was present, suggesting that the GL-eDNA 

interaction is indeed relevant for the DNA-dependent biofilm formation in S. 

aureus. Confocal laser scanning microscopy of statically grown biofilms was 

used to detect the presence of GL and dsDNA using specific antibodies, and 

showed the possible interaction between these two molecules, corroborating 

this hypothesis. Additional results showed that the repeat domains of Atl have 

a significant impact on biofilm formation.  

 

Chapter V is dedicated to the Conclusions and Future Perspectives. It 

reflects on the results obtained throughout the work performed during this 

doctoral thesis, and also offers some directions on how one might proceed to 

investigate further the most interesting results obtained. 
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Chapter 1 

1. General Introduction 
 

 

1.1. Staphylococcus aureus 

1.1.1. General description 

The Staphylococcus genus includes more than 40 species of bacteria, most of 

which are harmless commensals residing on the skin and mucous membranes 

of both humans and other animals (1). Nonetheless, some members of this 

genus can also cause infections. Staphylococcus aureus is without a doubt the 

most relevant pathogen of the genus, although other species such as 

Staphylococcus epidermidis, Staphylococcus haemolyticus and Staphylococcus 

saprophyticus are also significant opportunistic pathogens, in most cases 

causing infections due to the use of indwelling or implanted medical devices.  

S. aureus are low G+C Gram-positive cocci with approximately 1 μm in 

diameter, first isolated in 1884 by Rosenbach. The name of the genus, 

Staphylococcus, comes from the greek ‘staphylé’ meaning a bunch of grapes, 
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due to the way these microorganisms divide; cell division occurs sequentially 

in three perpendicular planes, resembling grape-like clusters (2, 3). S. aureus 

was so called because the isolated colonies were gold in color, in contrast with 

Staphylococcus albus colonies, later renamed Staphylococcus epidermidis, 

which were white (4). 

Staphylococci are facultative anaerobes, capable of respiring as well as 

fermenting, in this case yielding mainly lactic acid. They are non-motile and do 

not form flagella or pili, and they do not produce spores (5, 6). S. aureus can 

be distinguished from other members of the genus because it produces the 

enzyme coagulase, that is able to clot fibrinogen in human blood, and hence 

the distinction from the other Staphylococcus that are termed coagulase-

negative staphylococci (5, 6). Besides coagulase, S. aureus also produces 

catalase, that protects the cell from oxidative damage by reactive oxygen 

species. S. aureus can grow at a temperature range from 15 to 45 ºC and at 

sodium chloride (NaCl) concentrations as high as 15% (7). 

 

1.1.2. S. aureus as an important pathogen 

S. aureus is a commensal microorganism that is frequently found in the skin, 

skin glands, mucous membranes, and in particular in the anterior nares of 

healthy individuals, although the axillae, groin and intestinal tract are also 

preferred sites (8, 9). In fact, it has been estimated that 20-30% of the human 

healthy population are S. aureus carriers, while 60% are transient carriers (10, 

11). Nonetheless, colonization by S. aureus has been associated with infection, 

acting as a reservoir from which bacteria can become invasive when host 

defenses are breached (8, 12, 13). 

S. aureus is a potentially very pathogenic bacterium, responsible for various 

infections that range from minor skin and soft tissue infections to post-

operative wound infections, and more life-threatening diseases such as 

endocarditis, pneumonia, meningitis, osteomyelitis, infections associated with 
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foreign bodies and septicemia. Furthermore, S. aureus can also cause toxic 

shock syndrome and food poisoning (9, 14). 

Before the discovery of antibiotics, the mortality rate of patients with S. aureus 

infections exceeded 80% (15). The introduction of penicillin into clinical 

practice in the 1940s successfully cured many S. aureus infections, but it was 

only two years later that resistant strains emerged, and in the 1960s 

essentially all S. aureus were resistant to penicillin. The emergence of 

penicillin resistance was associated with the presence of penicillinase (a β-

lactamase enzyme, able to hydrolyze penicillin), which is typically plasmid-

encoded and therefore readily transferred horizontally (16-18). 

1.1.2.1. Methicillin resistant Staphylococcus aureus (MRSA) 

To overcome the problem of penicillin resistance in S. aureus, methicillin, a 

semi-synthetic antimicrobial resistant to hydrolysis by the S. aureus β-

lactamase, was introduced into clinical practice in 1960. As happened with 

penicillin, and would happen with every other antibiotic introduced into clinical 

practice thus far, resistance emerged extremely fast and in 1961 the first 

methicillin resistant S. aureus (MRSA) strain was reported in the United 

Kingdom (19, 20). The mechanism of resistance of MRSA strains is conferred 

by the expression of an exogenous penicillin-binding protein, PBP2A (PBP2’), 

which has low affinity for β-lactam antibiotics and confers intrinsic resistance 

to all β-lactams and its derivatives. S aureus has four endogenous PBPs, 

necessary for peptidoglycan biosynthesis, and the extra PBP2A is encoded by 

the heterologous mecA gene which is located on a mobile genetic island, the 

staphylococcal cassette chromosome mec (SCCmec) (21, 22). More recently, a 

mecA homologue, the mecC gene, was described in a S. aureus strain of 

animal origin, conferring low level resistance to methicillin (23). Since then, it 

has been described in diverse S. aureus strains of both animal and human 

origin (24). 

Since its emergence, MRSA strains have become an increasing critical threat in 

hospital environments worldwide, despite the development of successive 
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generations of antibiotics (20). MRSA strains have a propensity to become 

multi-resistant, exhibiting resistance to virtually all classes of antibiotics, and 

are a major cause of nosocomial infections in both developing and developed 

countries (20, 25). In the hospital setting, MRSA strains easily accumulate more 

resistances and are easily transferred from patient to patient. Currently, MRSA 

strains account for more than 50% of all S. aureus isolates causing disease in 

the United States of America, and 44% of the hospital-acquired infections in the 

European Union (26, 27). MRSA strains, once confined to the hospital settings 

(hospital-associated MRSA, HA-MRSA), have since the 1990s been described 

emerging in communities of different countries worldwide (28-31). These 

strains of MRSA were particularly virulent (32), and resistant to penicillin and 

methicillin, but not to most or all other drug classes. They were initially 

isolated from healthy individuals lacking any risk factors for infection with 

nosocomial strains, and appeared to occur only in the community (community-

acquired MRSA, CA-MRSA) (28, 33). Nonetheless, these strains have rapidly 

disseminated through the general population and now affect patients with and 

without exposure to the health care environment, and hospital outbreaks have 

occurred (34, 35). 

1.1.2.2. Virulence potential of S. aureus 

Besides its capacity to accumulate resistance to numerous antibiotics, the 

importance of S. aureus as a pathogen also lies in the expression of a wide 

array of virulence factors that contribute to the pathogenesis of infection. S. 

aureus usually causes severe infections associated with the colonization of the 

host tissue, but also with foreign body devices and are known to cause 

persisting and relapsing infections. Coagulase negative staphylococci on the 

other hand, cause less acute infections and are usually associated with chronic 

infections or medical indwelling devices in immunocompromised hosts (1, 36, 

37). The main difference between these species regarding virulence potential 

relates to the capacity of S. aureus to produce a plethora of virulence factors: a 

variety of adhesins, extracellular enzymes and toxins (38). S. epidermidis, in 
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contrast, has a much lower number of adhesins and a less pronounced 

capacity to produce and secrete extracellular enzymes and toxins (1, 36, 37).  

Adherence to either biotic or abiotic surfaces is a critical first event in the 

establishment of an infection in staphylococci. This ability relates in particular 

with biofilm-associated infections, where cells are able to adhere to surfaces 

and proliferate in a multicellular lifestyle, with altered physiologies (Section 

1.4. Biofilm development, page 55). S. aureus harbors a high range of 

proteinaceous and non-proteinaceous adhesins, capable of mediating the 

attachment of the cells to a multitude of host factors, such as the extracellular 

matrix during biofilm formation, proteins from the extracellular matrix of the 

host and human host cells, or intercellular adhesion, which is essential for 

biofilm accumulation. Examples of such factors include the fibronectin binding 

proteins (FnBPs), S. aureus surface protein G (SasG), the polysaccharide 

intercellular adhesin (PIA), teichoic acids and a high number of moonlighting 

proteins that in addition to their initial and primary described function also act 

as adhesins (e.g. major autolysin Atl, protein A, iron-regulated surface 

determinants IsdA and IsdB), among many others (37). The fibronectin binding 

proteins are important for adherence during colonization and also in the 

internalization of S. aureus by human host cells. When internalized, S. aureus 

cells are protected from the immune system, can replicate intracellularly and 

act as a reservoir for recurrent infections, as well as induce cell damage from 

within by bacterial cytotoxins (39-42). The clumping factors A and B (ClfA and 

ClfB) are cell-wall bound proteins that not only act as adhesins in biofilm 

formation and colonization, but are also able to bind platelets and fibrinogen 

in blood, leading to the formation of clumps (43, 44).  

Along with cell wall-associated proteins, S. aureus secretes a number of 

extracellular enzymes that also stimulate adherence and interact with a broad 

array of host ligands whilst interfering with host defense mechanisms (39). 

Coagulase is one of such secreted enzymes, that interacts with prothrombin 

enabling the conversion of fibrinogen to fibrin, resulting in blood clotting (39).  
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The expression of toxins by S. aureus is a hallmark for its infection capacity. S. 

aureus can express an array of toxins, although their presence is not 

ubiquitous in the species. Cytolytic toxins, such as α-hemolysin and the bi-

component leukotoxins like γ-hemolysin as well as the Panton Valentine 

Leukocidin (PVL), form β-barrel pores in the cytoplasmic membrane of host 

cells, causing lysis (45-47). Short α-helical amphipathic peptides such as the δ-

toxin and some classes of phenol soluble modulins (PSMs) are cytolytic and 

insert into membranes (48-50). S. aureus is also able to produce a group of 

enterotoxins that interfere with intestinal function and are implicated in 

gastroenteritis, causing emesis and diarrhea (51). These enterotoxins are 

superantigens, potent immuno-stimulatory molecules that are capable of 

generating a massive immune response (52). The toxic shock syndrome toxin 

(TSST-1) is another superantigen produced by S. aureus that causes a severe 

and potentially fatal disease, toxic shock syndrome, due to the activation of 

immune cells, although fortunately is only present in a small number of strains 

(53). 

 

1.2. S. aureus cell wall 

The cell wall of bacteria is a complex surface organelle that confers and 

maintains the shape of the microorganism, protecting it from osmotic pressure 

and serving as an interface with the external milieu. Gram-negative bacteria 

have relatively thin cell walls of about 5-10 nm of thickness, with only two to 

five layers of peptidoglycan (54-56). Externally to this thin peptidoglycan layer, 

Gram-negative bacteria possess a periplasmic space that is enclosed by an 

external membrane that usually contains lipopolysaccharides (LPS). In contrast, 

Gram-positive bacteria do not possess an external membrane and so, the thick 

peptidoglycan layer, major component of the cell wall, is in direct contact with 

the environment. In S. aureus, the peptidoglycan matrix can account for up to 

50% of its cellular mass (57). The cell wall envelope of Gram-positive bacteria is 

a dynamic organelle that responds to the outside environment through a 
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number of cell wall-associated molecules, and is therefore continuously 

assembled, disassembled and modified in response to external stimuli. The 

peptidoglycan macromolecule is decorated with proteins, polysaccharides and 

secondary cell wall polymers that promote interactions between bacteria and 

the external environment. Particularly for pathogens, these molecules are of 

great importance since they contribute greatly to virulence and interactions 

with the host.  

 

1.2.1. Peptidoglycan 

The peptidoglycan (or murein) of S. aureus is typically 30-100 nm thick (57, 

58), creating a mesh that surrounds the cell conferring both strength and 

flexibility to the cell wall. It acts as a protective barrier against the 

environment, and also as a scaffold for the attachment of surface proteins and 

extracellular matrices, which are required for a number of cellular processes 

such as cell division and pathogenesis (57). 

 
Figure 1–1. Schematic tridimensional macromolecular structure of peptidoglycan. The 
peptidoglycan backbone is formed by neighboring glycan strands composed of alternating N-
acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) molecules, linked to the stem 
peptide, that is cross-linked by pentaglycine bridges. 
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The peptidoglycan polymer is assembled from repeat monomer units 

consisting of a disaccharide, a stem peptide, and a glycine bridge (Figure 1–1). 

The disaccharide backbone is formed by two alternating amino sugars, N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc), connected by 

β-1,4-glycosidic bonds. The average glycan chain length is in the range of 5-

10 disaccharides (59-61). The pentapeptide stem is linked to the MurNAc 

saccharide and its composition in S. aureus is L-alanine-D-iso-glutamine-L-

lysine-D-alanine-D-alanine (Figure 1–2). The pentaglycine bridge cross-links the 

ε-amino group of the L-lysine of one stem peptide to the fourth D-alanine of a 

neighboring pentapeptide, and it is a characteristic feature of the 

staphylococcal peptidoglycan. About 90% of the stem peptides are cross-linked 

in S. aureus (62) and since this reaction cleaves the terminal D-alanine, non-

cross-linked stem peptides carry the fifth amino acid (57). 

 
Figure 1–2. Structure of the disaccharide backbone and the pentapeptide stem of S. aureus 
peptidoglycan building block unit. MurNac denotes N-acetylmuramic acid, and GlcNAc denotes 
N-acetylglucosamine. 

Synthesis of the peptidoglycan molecule occurs in three different stages, each 

in a distinct subcellular compartment (Figure 1–3). 
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The pathway starts in the cytoplasm, with the formation of the nucleotide 

sugar-linked precursors uridine diphosphate (UDP)-MurNAc and UDP-GlcNAc. 

The UDP-MurNAc moiety is altered by the sequential addition of the five amino 

acids that comprise the pentapeptide, through the catalytic activity of the 

highly specific Mur ligases, MurC, MurD, MurE and MurF, in an ATP-dependent 

manner (63-67). 

 
Figure 1–3. Scheme of the biosynthetic pathway of peptidoglycan assembly in S. aureus. The 
biosynthesis of peptidoglycan occurs in three stages: it starts in the cytoplasm, with the assembly 
of the peptidoglycan precursors, which are subsequently associated with the cytoplasmic 
membrane via a lipid carrier, yielding lipid I. Addition of the GlcNAc molecule yields lipid II, which 
is translocated across the cytoplasmic membrane. At the outer side of the cytoplasmic membrane, 
the peptidoglycan building block is polymerized and incorporated into the growing peptidoglycan 
via transglycosylation and transpeptidation reactions. Adapted from (3, 68). 

The second stage occurs in the cytoplasmic membrane and consists of the 

synthesis of the precursor lipid intermediates. MraY transfers the phospho-

MurNAc-pentapeptide to the membrane acceptor bactoprenol, yielding lipid I 
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[MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol] (69, 70). Subsequently 

the MurG transferase catalyzes the addition of GlcNAc from UDP-GlcNAc to 

lipid I, yielding lipid II [GlcNAc-β-(1,4)-MurNAc-(pentapeptide)-pyrophosphoryl-

undecaprenol], where the two backbone sugars are linked (71-73). The 

residues that comprise the pentaglycine bridge are then added sequentially to 

the ε-amino of L-lysine by the highly specific enzymes FemX (the first glycine), 

FemA and FemB (two glycines each) (74-76). Finally, the modified lipid II 

precursor is translocated across the cytoplasmic membrane where it will serve 

as substrate for the assembly of peptidoglycan. 

The third stage of peptidoglycan biosynthesis occurs at the outer side of the 

cytoplasmic membrane. The newly synthesized disaccharide-peptide units are 

polymerized and incorporated into the growing peptidoglycan via 

transglycosylation and transpeptidation reactions, catalyzed by penicillin-

binding proteins (PBPs) (77). The transglycosylation reaction forms the β-1,4-

glycosidic bonds between a disaccharide-peptide precursor and an existing 

glycan strand, building a polymerized chain, while the transpeptidation 

reaction mediates the cross-linking of the stem peptides via the pentaglycine 

bridge, incorporating the nascent peptidoglycan into the surrounding cell wall 

(77). Transglycosylation reactions can also be accomplished by the non-

essential monofunctional transglycosylases MGT and SgtA (78-81). 

The S. aureus peptidoglycan precursors are further modified, as can be 

ascertained by the chemical analysis of peptidoglycan. Some hydroxyl groups 

of the MurNAc moiety in the glycan chain are O-acetylated by the O-

acetyltransferase OatA (82, 83), and the iso-glutamic acid, the second amino 

acid of the stem peptide, is amidated into iso-glutamine by the MurT-GatD 

enzyme complex (84, 85). These modifications appear to occur during the 

lipid-linked stage and although their physiological roles are still debated, they 

have a role in the resistance of S. aureus to lysozyme and β-lactam antibiotics, 

and pathogenesis (82, 84, 85). 
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After the assembly of the peptidoglycan macromolecule, the covalently linked 

structures, such as teichoic acids (86), proteins (87, 88) and capsule (89), are 

added.  

 

1.2.2. Teichoic acids 

Teichoic acids are secondary cell wall glycopolymers that can be either 

covalently attached to peptidoglycan (wall teichoic acids, WTA) or anchored to 

the cytoplasmic membrane (lipoteichoic acids, LTA). These glycopolymers are 

polyanionic in nature, form a negatively charged microenvironment at the 

proximity of the cell wall, and they are present in most Gram-positive bacteria 

with widely differing structures, even at the species level (86, 90, 91). In most 

S. aureus strains, WTAs are composed of linear chains of 11 to 40 repetitive 

ribitol phosphate units that are covalently linked to the 6-OH of MurNAc 

residues of the peptidoglycan molecule via a disaccharide that is composed of 

GlcNAc-1-phosphate and N-acetylmannosamine, followed by two units of 

glycerol phosphate (86, 91). In contrast, LTAs are attached to the cytoplasmic 

membrane via a glycolipid anchor, and their backbone is most commonly 

composed of an average of 25 repeating units of glycerol phosphate (92, 93). 

WTAs protrude through the cell wall and are in direct contact with the external 

environment, being able to interact with host cells, bacteriophages and inert 

surfaces. 

Both WTAs and LTAs are modified through D-alanylation after the biosynthesis 

of the polymers is completed, in this way reducing the highly negative net 

charge of the cell envelope (90). This modification is fundamental in keeping 

the pH and microenvironment of the cell wall, controlling the metal cation 

homeostasis (94) and contributing to the maintenance of the proton gradient 

across the cytoplasmic membrane (95, 96). Mutants that lack D-alanylation are 

highly susceptible to cationic molecules such as antimicrobial peptides 

(CAMPs) (97-99), and have a reduced ability to bind to epithelial and 
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endothelial cells and to cause infections (100, 101). The ability of D-alanylation 

of teichoic acids to reduce the net charge combined with the maintenance of 

the proton gradient across the cell membrane is likely the reason why these 

glycopolymers are involved in the control of the activity of cell envelope 

enzymes (95), such as peptidoglycan hydrolases. Mutants that lack or have 

reduced amounts of LTAs exhibit reduced autolysis rates (102, 103), in 

agreement with the reports that show that autolysins have high affinities for 

LTAs in vitro (104-107). On the other hand, mutants that lack WTAs have 

remarkably increased autolysis rates (108-110). In fact, it has been shown that 

WTAs are present in the old cell wall but are less abundant or have an altered 

structure in the septal region, preventing the binding of the major autolysin 

Atl-derived enzymes anywhere else than in the septum (110). For this reason, 

in WTA mutants, Atl-derived autolysins localize all around the surface of the 

cell, leading to increased autolysis rates (110), and the same has been 

reported for autolysins that contain a LysM domain, such as Sle1 and LytN 

(111). Teichoic acids are also responsible for mediating interactions with a 

wide range of mammalian host receptors (112-115) and are thought to 

mediate colonization and infection processes (86). Although WTAs are not 

essential in S. aureus, at least under laboratory conditions, they are important 

for colonization in vivo (100). WTAs contribute to and are significant for 

biofilm formation (108, 116), adhesion to epithelial (100) and endothelial cells, 

and invasive infections such as endocarditis (101).  

The presence of WTAs is also required for the PBP2A-mediated β-lactam 

antibiotic resistance (117-119), and mutants that lack WTAs are susceptible to 

antimicrobial fatty acids from the human skin (91) and more sensitive to 

lysozyme (120), suggesting a protective role for this molecule in antimicrobial 

resistance. WTAs have also been shown to be receptors for a number of 

staphylococcal phages, which are thought to be predominantly responsible for 

horizontal gene transfer in Staphylococcus (121, 122). 
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In S. aureus LTAs seem to be dispensable at temperatures below 30 ºC (103, 

123) and are responsible for resistance to low osmolarity in this species (103). 

It is also suspected that LTAs contribute for the correct positioning of the 

division machinery in S. aureus, since depletion of LTAs leads to distorted cell 

shapes and wrongly positioned septa (103, 124). As mentioned above, Atl-

derived autolysins are able to bind to LTAs, and LTAs might be the receptor 

molecules for these enzymes (107). 

 

1.2.3. Extracellular and surface proteins 

Most virulence factors of S. aureus are secreted factors that can be surface-

associated. Since this bacterium lacks pili or fimbriae, it relies mostly on 

surface proteins to ensure adhesion to host cells or abiotic surfaces and to 

invade tissues (125). In Gram-positive bacteria, several of these surface 

proteins are covalently linked to the peptidoglycan matrix by the sortase 

family of transpeptidases (87, 88, 126, 127). Furthermore, S. aureus also 

possesses a number of virulence factors that are not covalently bound to the 

cell wall, such as adhesins like Atl, proteins that act as toxins and 

superantigens, and enzymes required for proliferation and immune evasion 

(128-131). 

1.2.3.1. Protein secretion mechanisms 

The general protein secretory pathway (Sec) is responsible for translocating a 

large number of proteins across the cytoplasmic membrane (132). The 

precursor protein includes an N-terminal signal peptide that directs it towards 

the Sec system at the membrane (133). The polypeptide is then translocated, 

the signal peptide is cleaved and the protein folded. While some of the 

proteins that are exported through the Sec pathway become anchored to the 

cell wall by sortases (Section 1.2.3.2. Cell wall anchored proteins – the role of 

sortases, page 40), others are released into the surrounding medium, and 

some of these are again directed towards the cell surface via different 
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mechanisms. Murein hydrolases (134, 135), for example, are not covalently 

bound to the cell wall, but usually harbor species-specific repeat structures 

flanking the enzymatic domain (136) that are required for their attachment at 

specific sites on the bacterial cell surface, after secretion. In addition to the N-

terminal signal peptide, some S. aureus proteins possess a YSIRK/GS (tyrosine-

serine-isoleucine-arginine-lysine/glycine-serine) motif within their signal 

peptides, directing their secretion to the septum, where they are localized in a 

ring-like manner. Proteins that do not have this motif are secreted throughout 

the cell wall envelope (137), and the mechanism by which this selection is 

performed is still unknown.  

The Sec pathway is also responsible for the translocation of lipoproteins, that 

are subsequently lipid-modified and remain attached to the cytoplasmic 

membrane via a lipid anchor (132, 138, 139).  

An accessory SecA2-SecY2 pathway was identified in S. aureus and other 

pathogenic Gram-positive bacteria (140-145), although this pathway is not 

essential. Thus far, only the SraP adhesin (serine rich adhesion for platelets) 

has been found to be translocated across the cytoplasmic membrane in this 

manner in S. aureus (146). 

Contrary to the Sec translocase that is only able to transport pre-proteins in an 

unfolded conformation, the Tat-pathway (twin-arginine translocation system) 

translocates folded proteins, proteins with co-factors and oligomeric 

complexes, independently from the Sec pathway (147, 148). Proteins that are 

secreted by this pathway contain N-terminal signal peptides with RR/KR motifs 

(arginine-arginine/lysine-arginine) (147, 148). S. aureus encodes a minimal Tat 

translocase, and while four or five proteins are predicted to be exported by 

this pathway by sequence analysis, only the iron-dependent peroxidase FepB 

was shown to be exported in this manner (128, 149, 150). Interestingly, S. 

epidermidis and S. saprophyticus lack the Tat-pathway for translocation of 

proteins across the cytoplasmic membrane (128, 151). 
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In staphylococci, proteins/peptides can be exported by other mechanisms that 

are not Sec- or Tat-dependent and do not possess signal peptides (152, 153). 

ATP-binding cassette (ABC) transporters (154-156), the cid and lrg encoded 

holin-antiholin system (157-159), as well as the ESAT-6 (early secreted antigen 

6 kDa) also named type seven secretion system (T7SS), are responsible for the 

export of specific proteins/peptides (160-162).  

A number of proteins, usually described as cytosolic in nature and lacking any 

signal sequence, have been found in the extracellular medium, as evidenced 

by secretome analysis (128, 131, 163). Although cellular lysis had been 

suggested to be the cause for such observation, evidence indicated that the 

presence of many cytoplasmic proteins is due to a non-classical excretion 

pathway, termed excretion of cytoplasmic proteins (ECP) (164). In S. aureus 

not all of the cytoplasmic proteins are present extracellularly nor at the same 

concentration (165), suggesting the existence of a selection mechanism (153, 

164, 166). The major autolysins Atl of S. aureus and AtlE of S. epidermidis, are 

responsible for this secretion mechanism and their role in this process is 

specific, since the overexpression of other autolysins in atl mutants does not 

compensate for the defect in the excretion of proteins (165). The recently 

described involvement of the glucosaminidase peptidoglycan hydrolase SagB in 

ECP complicates this mechanism even further (167). sagB mutants show 

increased release of cytoplasmic proteins, and one such protein is Atl, the 

main protein responsible for this process, although once more the increased 

expression of Atl did not cause higher levels of bacterial cell lysis, suggesting 

that autolysis was not the culprit for ECP (167). This mechanism is important 

during biofilm formation in S. aureus, for example, when various cytoplasmic 

proteins are found in the extracellular matrix, suggesting that these proteins 

have a specific role in biofilm structure and processes (116, 168, 169). 

Furthermore, the excretion of cytoplasmic proteins has been reported not only 

in bacteria, but also in eukaryotes, and with diverse roles, suggesting that this 

mechanism is both general in bacteria and ubiquitous (152). 
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1.2.3.2. Cell wall anchored proteins – the role of sortases 

Cell wall-associated proteins are synthesized in the cytoplasm as precursors 

that besides the N-terminal signal peptide that directs them towards the Sec 

pathway, also include a C-terminal cell wall sorting signal that retains the 

protein in the cell wall (133). After translocation, the cell wall sorting signal is 

recognized by the membrane-bound sortases, retaining the polypeptide within 

the secretory pathway for subsequent anchoring (170). The cell wall sorting 

signal comprises a pentapeptide recognition motif followed by a hydrophobic 

region of approximately 20 residues and a positively charged tail (171-176). 

The sortase transpeptidase cleaves the pentapeptide motif and promote 

anchoring to the cell wall peptidoglycan glycine bridge of lipid II, which is then 

incorporated into the mature peptidoglycan by transglycosylation and 

transpeptidation reactions (126). 

S. aureus has two genes which encode two sortases. Sortase A (SrtA) is a class 

A sortase that recognizes the specific LPXTG (leucine-proline-any amino acid-

threonine-glycine) cell wall sorting signal (Figure 1–4). SrtA then cleaves the 

LPXTG cell wall sorting signal between the threonine and the glycine residues, 

and subsequently binds the protein to the lipid II precursor (126, 127, 174, 

177, 178). Several virulence factors are wall anchored by SrtA in S. aureus, 

including protein A (Spa), clumping factors A and B (ClfA and ClfB), and the 

fibronectin-binding proteins A and B (FnBPA and FnBPB) (127, 172, 179, 180). 

S. aureus mutants in srtA are unable to anchor any of the 19 surface proteins 

with LPXTG sorting signals to the cell wall envelope and are highly attenuated 

in virulence (179). 

Class B sortases are involved in the iron homeostasis by anchoring heme 

acquisition proteins to the cell envelope (181). Sortase B (SrtB) in S. aureus 

recognizes the NPQTN (asparagine-proline-glutamine-threonine-asparagine) 

cell wall sorting signal and plays a key role in the regulation of heme uptake 

into cells in iron-limited conditions (182, 183). The iron-regulated surface 

determinant C (IsdC) protein is the only known target of the S. aureus SrtB 
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(182). The isdC gene is part of the isd locus, which encodes all the necessary 

proteins for heme uptake and of which srtB is also part (87, 182, 183). The 

other proteins encoded by the isd operon are anchored by SrtA, but IsdC has 

the NPQTN cell wall sorting signal and is only covalently linked to 

peptidoglycan by SrtB (87, 182, 183). Unlike the other Isd proteins that are 

anchored by SrtA at the cell surface, IsdC is localized deeper within the 

peptidoglycan layer, to an anchoring point that is thus far undetermined (182, 

184). 

 
Figure 1–4. Pathway for sortase A-mediated protein anchoring to the cell wall in S. aureus, (1) 
Surface proteins precursors possess an N-terminal signal peptide (SP) that is recognized by the 
general secretory pathway (Sec), and a C-terminal LPXTG motif sorting signal, followed by a 
hydrophobic domain (yellow box) and a positively charged tail (+). (2) After translocation to the 
cell’s exterior and cleavage of the SP by the Sec apparatus, (3) sortase A cleaves the polypeptide 
between the threonine (T) and the glycine (G) residues of the LPXTG motif. (4) Sortase A then 
catalyzes the bond formation between the threonine residue of the protein and the amino group of 
the pentaglycine bridge of the lipid II precursor, incorporating the proteins into the cell wall. 
Adapted from (185, 186). 

1.3. Peptidoglycan hydrolases 

Peptidoglycan hydrolases are a vast group of enzymes that catalyze the 

degradation of peptidoglycan at specific sites (187, 188). To allow the cells to 

grow and divide, the peptidoglycan molecule must be remodeled and 

hydrolyzed at specific times and specific sites, and the peptidoglycan 

hydrolases accomplish this task (187, 188). Peptidoglycan hydrolases have 
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many roles in the physiology of bacteria, including cellular growth, cell 

separation and cell division, cell wall turnover, and autolysis under specific 

conditions (135, 187-194). The hydrolysis of peptidoglycan is also involved in 

more specific functions such as sporulation and germination (195-197), 

assembly of secretion systems, pili and flagella (198-200), genetic 

transformation and competition (201-204), biofilm formation (205), and host 

recognition in host-pathogen interactions (206-209). These important enzymes 

have been identified and characterized not only in bacteria, but also in 

eukaryotes. Some of these enzymes have bactericidal properties and so they 

are extensively studied for their potential as antimicrobial agents (210, 211). 

Bacteria are known to possess an array of different peptidoglycan hydrolases, 

and enzymes exist that are able to hydrolyze almost all covalent bonds of 

peptidoglycan (187, 190). These enzymes are categorized according to the 

bonds they cleave (Figure 1–5) (187, 188, 190). Frequently, peptidoglycan 

hydrolases are specific for a certain peptidoglycan type, or have different 

affinities for peptidoglycan with different modifications, lengths or molecular 

weights (187, 212, 213).  

 
Figure 1–5. Schematic structure of S. aureus peptidoglycan, indicating the cleavage sites of 
peptidoglycan hydrolases. Peptidoglycan hydrolases are categorized in five different classes, 
according to their specific site of cleavage. Arrows point to the bonds cleaved by each category of 
peptidoglycan hydrolases. Adapted from (214). 
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N-acetylmuramoyl-L-alanine amidases hydrolyze the amide bond between the 

MurNAc moiety of the peptidoglycan and the first amino acid of the stem 

peptide, L-alanine, and they are normally referred to as amidases (187). These 

enzymes are usually part of the bacterial autolytic system and they carry an N-

terminal signal peptide for secretion. Amidases are also found in 

bacteriophage genomes as endolysins, and in these cases do not carry the 

signal peptide, and their translocation through the cytoplasmic membrane is 

thought to occur through bacteriophage-encoded holins (135, 187, 215-217). 

Amidases usually have their catalytic domain linked to one or several cell wall-

binding domains, responsible for binding the protein to the cell wall. 

Interestingly, some eukaryotic peptidoglycan-recognizing proteins (PGRPs) 

have structures similar to those of amidases. These proteins are part of the 

innate immune system and recognize peptidoglycan as a pathogen-associated 

molecular pattern and initiate an inflammatory response to eliminate invading 

bacteria (208). In mammals, some PGRPs are also able to hydrolyze 

peptidoglycan, reducing the pro-inflammatory activity of peptidoglycan or 

killing bacteria (208, 209). 

Carboxy- and endopeptidases cleave the various amide bonds within the stem 

peptides (135, 218). Carboxypeptidases remove a C-terminal amino acid, 

whereas endopeptidases cleave bonds within the peptide, and these enzymes 

can also be stereospecific, cleaving only between two D-amino acids (DD-

peptidases) or between L- and D-amino acids (DL- and LD-peptidases) (135, 

195). Interestingly, PBPs from different species have also been identified as DD-

endopeptidases and DD-carboxypeptidases (219). DD-carboxypeptidases are 

able to remove the terminal D-alanine residue of the stem peptide, blocking a 

transpeptidation reaction from occurring with that particular stem peptide, in 

this manner controlling the level of peptidoglycan cross-linking (220-223). An 

important enzyme of this category is lysostaphin, a glycyl-glycine 

endopeptidase from Staphylococcus simulans that while it does not lyse S. 

simulans, it recognizes and hydrolyzes the glycine bridge in S. aureus, and can 

therefore be seen as a weapon in interspecies competition (224-226). 



Chapter 1 
– General Introduction – 
 
 

 
| 44  

N-acetylmuramidases cleave the β-1,4-glycosidic bond between MurNAc and 

GlcNAc, and can be further divided into lytic transglycosylases and lysozymes, 

which are able to cleave the same bond but in two different ways: lysozymes 

hydrolyze the glycosidic bond resulting in a reducing MurNAc residue, while 

the hydrolysis of the glycosidic bond by lytic transglycosylases results in a 

MurNAc residue with a 1,6-anhydro ring. Furthermore, lysozymes and lytic 

transglycosylases also differ in substrate specificity; for example, some lytic 

transglycosylases have exolytic activity and some lysozymes are only able to 

cleave peptidoglycan that contains stem peptides (227-229). Lysozymes are 

ubiquitous enzymes, present in vertebrates and invertebrates to protect 

against bacteria, found in bacteriophages to infect bacteria, and bacteria use 

them to maintain the peptidoglycan structure and for assembly of secretion 

systems (199, 230, 231). 

N-acetylglucosaminidases, or just glucosaminidases, cleave the β-1,4-

glycosidic bond between GlcNAc and MurNAc. In fact, different N-

acetylglucosaminidases are able to hydrolyze the bond between the β-N-

acetylglucosamine residues and adjacent monosaccharides in different 

oligosaccharide substrates such as peptidoglycan, chitin and N-glycans (232). 

As with amidases, most glucosaminidases are also fused to one or several cell 

wall-binding domains for attachment to cell wall structures. An exception is 

NagZ, an intracellular glucosaminidase that is involved in the peptidoglycan 

recycling pathway, cleaving peptidoglycan disaccharides in Gram-negative 

bacteria such as Escherichia coli (233). 

Many peptidoglycan hydrolases are associated with cell wall-binding domains 

that can be of different types. Examples of cell wall binding domains include: 

lysine motif domains (LysM) that bind directly to peptidoglycan (136, 234-

236), GW (glycine-tryptophan) motifs that can bind LTAs (237-239) and 

choline-binding domains that bind the choline moiety present in LTAs of 

Streptococcus pneumoniae and members of the Clostridium genus (240-242). 
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Bacterial genomes generally encode more than one peptidoglycan hydrolase 

with the same lytic activity, suggesting the need to compartmentalize the 

hydrolytic activity both in time and in place. Accordingly, they will most times 

have different localizations, and/or be active in different stages of the cell 

cycle, while the presence of different cell wall binding domains could be the 

differentiating feature. 

 

1.3.1. Peptidoglycan hydrolases of S. aureus 

The S. aureus genome includes several peptidoglycan hydrolases with different 

activities and also a number of additional, putative enzymes of this class. Only 

a few staphylococcal peptidoglycan hydrolases have been described and none 

appears to have lysozyme activity. Some of these enzymes are autolysins that 

cleave the peptidoglycan when the bacterial cells face unfavorable conditions 

that lead to cell lysis (243). 

1.3.1.1. The major staphylococcal autolysin, Atl, and its many roles 

The major peptidoglycan hydrolase in S. aureus and in other species of the 

Staphylococcus genus is Atl (244), a 138 kDa bifunctional autolysin with an N-

acetylmuramoyl-L-alanine amidase (AM, ~63 kDa) and an endo-β-N-

acetylglucosaminidase (GL, ~51 kDa) catalytic domains (189, 244-246). This 

autolysin is primarily involved in cell separation during the division process, 

but it also has a role in cell wall turnover and in antibiotic-induced lysis, 

among others (189, 243, 246-248). atl deletion mutants in both S. aureus and 

S. epidermidis are defective in cell separation and therefore form large cell 

clusters but do not show growth defects (245, 249). 

The Atl protein of S. aureus and its homolog AtlE from S. epidermidis exhibit 

high similarity and their amidase domains have been shown to be 

interchangeable (249). Furthermore, the atl gene is present in all species of 

Staphylococcus studied so far, with the conservation of the overall domain 

organization (250). 
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These enzymes are translated as a single unit with an N-terminal signal 

peptide that does not include the YSIRK/GS motif, directing the pro-Atl protein 

to the Sec pathway (244). After secretion, the pro-Atl protein is non-covalently 

bound to the cell wall and proteolytically processed by a thus far 

uncharacterized mechanism, producing the mature AM and GL domains (Figure 

1–6) (251). Besides these catalytic domains, Atl harbors a propeptide of 

unknown function and three similar repeat regions between the catalytic 

domains (R1R2R3) (Figure 1–6) (246, 251, 252). After processing, repeats 1 and 

2 (R1-2) become associated with the AM domain, while repeat 3 (R3) is 

associated with the GL domain (246, 251, 252). These repeats do not possess 

lytic activity, but they are responsible for the binding of Atl to the cell wall 

(107, 249). 

 
Figure 1–6. Structural organization of S. aureus Atl protein and its processing. The precursor 
138 kDa Atl protein is exported from the cytoplasm through an N-terminal signal sequence 
(marked in dark blue), and undergoes proteolytic processing by two cleavage events to generate 
the two 51 kDa and 63 kDa extracellular peptidoglycan hydrolases (244). The mature AM domain 
harbors the R1 and R2 repeat regions while the GL domain is associated to the R3 repeat region. 

Both the AM and the GL domains localize at the septum of dividing cells, in a 

remarkable ring that marks the equatorial plane of dividing cells. Moreover, 

these proteins also localize at a ring that is perpendicular to the division 

septum, marking the site of the next cell division event (243, 247). The 

localization of the Atl-derived proteins at the division septum is dependent on 
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WTA, as the presence of this glycopolymer around the cells prevents the 

binding of the repeats of Atl. WTA is thought to be present at the septum in 

much lower amounts, or in not fully matured structures, which allow the 

binding of Atl in this area (110). Moreover, in a deletion mutant in tagO, the 

first gene in the WTA biosynthesis, the Atl-derived proteins no longer localize 

specifically at the septum, as they are present all around the cells (110).  

The structure of the amidase repeat R2, that together with R1 directs the AM 

protein towards its proper location, has been solved (107). Detailed analysis of 

the repeats of Atl has shown that each repeat can be subdivided into two 

repeat subunits, a-type and b-type. The a-type repeats are more related to each 

other than the b-type repeats, and although R2(a,b) appears to have arisen 

through duplication of R1(a,b), R3(a,b) is much more divergent (107, 250). The 

two Atl-derived proteins have different substrate sites in peptidoglycan and the 

fact that the R3 repeat of GL is more divergent may suggest a different target 

site for the binding domain of GL (107, 250). Between the catalytic domain of 

AM and R1, and also between R1-R2 and R2-R3 lie linker regions that are thought 

to provide mobility to the catalytic domain, whilst the cell wall-binding 

structures are attached to the cell wall (107). The R2a and R2b subunits fold 

into similar half-open β-barrel rigid structures. These repeats belong to the 

bacterial SH3 family (SH3b) (253), structurally similar to conserved eukaryotic 

SH3 domains: the SH3 fold is able to bind to DNA and RNA (254-256). Each 

subunit type of each repeat carries a conserved GW (glycine-tryptophan) motif 

(237-239), responsible for binding to the cell wall, that is located in a 

conserved hydrophobic pocket in the center of the SH3b domain (107). 

Moreover, the repeats R1R2 are able to bind to peptidoglycan and LTA, but not 

to WTA, suggesting that the LTA glycopolymer could be the receptor in the cell 

wall (107, 249). 

The AM domain cleaves the bond between the N-acetylmuramic acid and the L-

alanine of the stem peptide in peptidoglycan, and its lytic activity is not 

influenced by the presence of the repeats (249). The structure of the AM 



Chapter 1 
– General Introduction – 
 
 

 
| 48  

domain without repeats from S. epidermidis has been solved and it shows a 

globular mixed α/β fold (257). The crystallographic analysis showed that the 

AM domain is dependent on a zinc ion, and that the smallest substrate it is 

able to cleave is a muramyltripeptide: N-acetylmuramic acid with three amino 

acids in the stem peptide (257). 

The GL domain cleaves the bond between N-acetylglucosamine and N-

acetylmuramic acid in the peptidoglycan backbone. There are no structural 

studies on the GL domain of Atl, although structures of four members of its 

enzyme family (glycoside hydrolase family 73, GH73) have been solved: the S. 

pneumoniae glucosaminidase LytB (258), the Auto glucosaminidase from 

Listeria monocytogenes (259), the flagellar protein FlgJ from Sphingomonas sp. 

(260), and TM0633 from Thermotoga maritima (261). The structures of the 

catalytic domains of these proteins are remarkably superimposable, in 

particular the catalytic site (258). The cell wall binding domains of the four 

proteins and that of the GL domain of Atl of S. aureus are different, which 

could account for different specificities of the enzymes (258). Strikingly, the GL 

domain of Atl does not have lytic activity against S. aureus heat-inactivated 

cells, although it is able to lyse Micrococcus luteus cells (245, 262), and for 

this reason its specific role in cell separation is less evident, even though this 

protein also localizes to the septum (247).  

1.3.1.1.1. Physiological Roles 

Besides its important role in cell separation, Atl was attributed many other 

roles, related to its adhesive capacities and to the virulence of Staphylococcus. 

Atl plays a role in biofilm formation, as atlE mutants in S. epidermidis are not 

able to associate with abiotic surfaces, and complementation with just the AM 

domain of Atl is able to restore the wild-type phenotype in this bacterium 

(245). This outcome is most likely a consequence of the adhesive properties of 

Atl, as this protein and the AM domain in particular are able to bind to proteins 

from the host’s extracellular matrix such as vitronectin and fibronectin as well 

as to polystyrene (245, 263). On the other hand, Bose et al. have shown that 
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the importance of Atl in biofilm formation of S. aureus is most likely due to its 

contribution to lysis and genomic DNA release (264), which is an important 

structural component of the biofilm matrix (265). Thus, Atl probably has (at 

least) a dual role in biofilm development. Furthermore, these authors also 

show that both the AM and the GL domains are necessary for biofilm 

formation, as mutants lacking either one of the domains are impaired in 

biofilm development, and the presence of both domains of Atl is necessary for 

establishing full biofilm phenotype (264). 

The ability to be internalized by non-professional phagocytic human host cells 

is a hallmark of the pathogenicity of S. aureus in chronic infections, and the 

FnBPs are the major adhesins involved in this mechanism (39-42). In S. aureus 

strains that lack these adhesins, as well as in S. epidermidis, internalization 

was shown to occur and be dependent on the adhesive properties of Atl and 

AtlE, respectively (266). Strains in which the atl gene was absent were 

significantly impaired in their abilities to be internalized by endothelial cells, 

and the pre-incubation of endothelial cells with recombinant Atl inhibited the 

internalization of S. aureus and S. epidermidis. Furthermore, the AMR1-2 protein 

was found to be the predominant functional binding domain, as the 

recombinant AM protein by itself, as well as recombinant R1-3 protein, showed 

only moderate binding to endothelial cells. The binding capacity of R3GL to 

fibronectin, vitronectin, fibrinogen and endothelial cells was negligible. The 

binding receptor for Atl in endothelial cells was determined by a pull-down 

assay to be Hsc70 (Heat shock 70 kDa protein 8), a mostly cytoplasmic protein 

that is also found on the surface of endothelial cells (267). Recombinant Atl 

and AMR1-2 proteins were found to bind directly to Hsc70, and the expression 

of this protein on the surface of epithelial cells was induced upon infection 

with S. aureus cells, with a 90-fold increase on the number of cells containing 

Hsc70 on their surface, after infection (266). 

During infection, the host’s peptidoglycan recognition proteins (PGRPs) are 

able to recognize peptidoglycan at the surface of bacterial cell wall, activating 
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an immune response. The amidase and the glucosaminidase domains of Atl 

have been shown to have a major role in concealing the peptidoglycan 

molecule from Drosophila melanogaster PGRPs, by trimming the peptidoglycan 

molecules protruding on the surface of the cell wall that could otherwise be 

detected by the host (206).  

Recently, Atl has been documented to be responsible for the ECP, a non-

classical protein excretion pathway in S. aureus, that occurs in a Sec- and Tat-

independent manner (Section 1.2.3.1. Protein secretion mechanisms, page 39) 

(165). 

1.3.1.1.2. Regulation of Atl activity 

The expression of peptidoglycan hydrolases must be tightly controlled, since 

these proteins are capable of inducing cellular lysis. It is therefore not 

surprising that they have been shown to be regulated at the transcriptional, 

post-transcriptional, and post-translational levels (e.g., proteolytic cleavage), as 

well as through the presence of secondary wall polymers and substrate 

modification.  

Atl is positively regulated by the essential WalKR two-component system (268) 

and by the GraSR (glycopeptide resistance-associated) two-component system 

(269, 270). The WalKR two-component system (also termed YycG/YycF system) 

is essential, responds to environmental signals and controls both virulence and 

cell wall metabolism in low G+C Gram-positive bacteria, such as Bacillus 

subtilis, S. pneumoniae, Streptococcus pyogenes, L. monocytogenes and S. 

aureus (271). In S. aureus, this two-component system has been shown to 

transcriptionally regulate the expression of nine hydrolases, including Atl, 

LytM and IsaA, enhancing their transcription, along with thirteen genes 

involved in cell wall metabolism and degradation (268, 271, 272). Depletion of 

this two-component system led to a decrease in autolysis, peptidoglycan 

biosynthesis and turnover, changes in the cell wall composition, including 

increased peptidoglycan cross-linking and glycan chain length, and deficient 

cell division (268). The WalKR system also impacts virulence in S. aureus by 
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indirectly inducing the expression of the SaeRS two-component system, a 

major virulence regulatory system (273). The GraSR two-component system 

(also known as antimicrobial peptide sensor ApsRS) was unveiled by its 

overexpression in vancomycin intermediate S. aureus strains (VISA), as it 

influences the resistance to glycopeptide antibiotics (270). This system has 

been shown to regulate the immediate downstream locus, vraFG which 

encodes an ABC transporter associated with glycopeptide antibiotics and CAMP 

resistance (155, 274). Furthermore, the graSR system has been shown to be 

associated with keeping the bacterial net surface charge in S. aureus in at least 

two ways: by controlling the expression of the dltABCD operon, responsible for 

the D-alanylation of teichoic acids and by regulating the expression of mprF 

(multiple peptide resistance factor), which encodes an enzyme that catalyzes 

the lysinylation of phosphatidylglycerol leading to a reduced negative charge 

of the membrane surface (155, 269, 274, 275). Both these modifications, as 

well as the expression of VraFG, have been associated with resistance to 

CAMPs and neutrophil killing, and attenuated virulence in a mouse infection 

model in S. aureus (276, 277). GraR directly regulates the transcription of atl 

and of other eight autolysin genes, and most of them overlap with those 

transcriptionally regulated by the WalKR system, suggesting an interaction 

between the two systems (278). Besides the direct influence of GraSR on atl, it 

is likely that the increased autolysis rate viewed in graSR mutants could be due 

to the altered net charge of the bacterial surface, although it remains to be 

tested (155, 278). Overall, the GraSR regulon includes regulators of the 

expression virulence genes, including the agr (accessory gene regulator) 

system, colonization factors and toxin-encoding genes (155, 269, 278). 

The LytSR two-component system is an important regulator of autolysis in S. 

aureus, as disruption of these genes led to spontaneous cell lysis (279, 280). 

LytSR regulates autolysis via the cidABC and lrgAB operons that have been 

shown to regulate the control of programmed cell death and lysis in S. aureus, 

encoding a probable holin-antiholin system (159, 280, 281). LrgA shares 

characteristics with bacteriophage-encoded holin proteins involved in murein 
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hydrolase transport, and mutants deficient in this locus had increased 

extracellular murein hydrolase activity (280, 281). In fact, LrgA, might function 

as antiholin to inhibit murein hydrolase export, with antagonistic effects over 

its potential holin counterpart, CidA (159, 281, 282). The cidAB locus, 

identified by similarity to the lrgAB operon, possibly encodes the holin part of 

the system, as mutations in these genes lead to reduced murein hydrolase 

activity (159, 282). Furthermore, LytSR appears to control lrgAB expression by 

monitoring changes in the proton motive force associated with the cytoplasmic 

membrane, perhaps by responding to a collapse in membrane potential by 

inducing the transcription of the lrgAB operon (283). As a membrane potential 

sensor, the LytSR system is also important for the resistance to CAMPs, and 

lytS mutants show increased sensitivity to these molecules, although lrgAB 

mutants did not have altered susceptibility to CAMPs (283, 284). By inducing 

autolysis, and thus the release of genomic DNA, an important structural 

component of the biofilm matrix, LytSR also has an important role in the 

development of S. aureus biofilms (265, 285, 286). 

The transcription of the atl gene is controlled by a transcriptional repressor, 

AtlR, which is encoded immediately downstream of atl and binds directly to its 

promoter region (287). According to Houston et al., changes in the 

transcription of atl influenced by AtlR are slight at 37 ºC, but clear at 30 ºC, 

and are particularly apparent in biofilm development, as mutants in atlR show 

higher biofilm formation at 30 ºC, due to an increase in atl expression (287). 

The localization of the Atl-derived proteins has an important effect on the 

activity of these enzymes, and this is in part due to the presence of D-

alanylated teichoic acids. Lack of WTA leads to a displacement of Atl, which 

becomes localized at the surface of the whole cell, exerting its activity in an 

uncontrolled manner leading to higher autolysis rates and eventually cell lysis 

(108-110). A number of cationic molecules have been documented to trigger 

cell lysis in S. aureus, most likely because they displace Atl from its cognate 

receptor (104, 105, 288, 289).  
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1.3.1.2. Sle1/Aaa 

Sle1 (also termed Aaa for autolysin/adhesin from S. aureus) is a CHAP 

(cysteine-histidine dependent amidohydrolase/peptidase) amidase that was 

first described in S. epidermidis as Aae (autolysin/adhesin from S. epidermidis) 

(290-292). The enzymes from S. aureus and S. epidermidis are homologous 

(291, 293). In S. aureus, Sle1 was described by other authors as a 

peptidoglycan hydrolase that, in addition to Atl, was involved in cell separation 

and division, and atl and sle1 double mutants were severely impaired in 

separation (293). This enzyme, with a predicted molecular mass of 35.8 kDa, 

contains a signal peptide for secretion followed by three LysM motifs for 

binding to the cell wall, although the exact binding partner has not been yet 

defined (290, 291, 293). WTAs inhibit the binding of the LytM domain of Sle1 

around the cell, forcing this protein to localize at the septum, where the WTA 

structures are less abundant or have an altered structure, similarly to what 

happens with Atl (111). Furthermore, in accordance to its Aaa designation, this 

autolysin also acts as an adhesin capable of binding fibronectin, vitronectin 

and fibrinogen, and is important for pathogenesis during infection (290, 291, 

293). Sle1 has also been recently implicated in the remodeling of the septum 

architecture during cell division (294). 

1.3.1.3. LytN 

LytN is a peptidoglycan hydrolase with a CHAP domain that has both amidase 

and D-alanine-glycine endopeptidase activities. LytN is also involved in cell 

division, as lytN mutants display irregular cell shapes and impaired cell 

separation (111, 295). This enzyme harbors a YSIRK/GS motif in its signal 

peptide, and a LysM domain for peptidoglycan-binding (111). As with Sle1, the 

LysM domain of LytN localizes this hydrolase to the cell septum, where WTAs 

are lacking (111). 
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1.3.1.4. LytM 

LytM is a glycyl-glycine endopeptidase with a high homology to the lysostaphin 

protein of S. simulans, whose biological role is still not clear (296, 297). 

Exogenously added LytM displays very little activity towards S. aureus cells, 

and this reduction in activity when compared to lysostaphin is due to the lack 

of a cell wall-binding domain in LytM (296, 298). Furthermore, LytM carries an 

N-terminal domain that occludes the active site of the hydrolase domain, 

though expression of the catalytic domain alone shows peptidoglycan 

hydrolyzing activity (299, 300). The LytM protein that is found in the cell wall 

envelope fraction of S. aureus is the full length protein and therefore has very 

little activity, further supporting the idea that this protein does not possess 

lytic activity in vivo and should have other functions (297, 301). 

1.3.1.5. SagA, SagB and ScaH 

Besides the glucosaminidase encoded by the atl gene, S. aureus has at least 

three more putative glucosaminidase peptidoglycan hydrolases, that have been 

recently identified in two independent studies: SagA and SagB for S. aureus 

glucosaminidase A and B, respectively, and ScaH (167, 302). Analysis of the 

amino acid sequence of these glucosaminidases predicts that both SagA and 

SagB are membrane proteins with their C-terminal glucosaminidase domains 

outside the plasma membrane, while ScaH is secreted (167). Wheeler et al. 

showed the essentiality and redundancy of the glucosaminidase lytic activity in 

S. aureus, since a mutant in all four enzymes was lethal, though deleting atl, 

sagA and scaH did not result in decreased cell viability, suggesting that SagB is 

the most important glucosminidase, as the growth requirement was mostly 

dependent on it. (302). Using a different strain, Chan et al. were able to grow a 

mutant in all four enzymes, albeit at a slightly reduced growth rate, and added 

that the roles of Atl, SagA and ScaH are different from that of SagB, while loss 

of additional glucosaminidase activity on sagB mutants aggravates its 

phenotype (167). Both studies were able to demonstrate that SagB was 

responsible for regulating glycan chain length, cleaving the glycan strands to 
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its physiological length, probably after transglycosylation (167, 302). sagB 

mutants were also shown to affect cell separation, and a cumulative effect was 

seen when atl was simultaneously deleted, as well as when all glucosaminidase 

enzymes were absent (167). Nonetheless, the activity of the four 

glucosaminidase enzymes seems to be important for the cellular enlargement 

that allows cells to grow during the cell cycle (302). Most interestingly, Chan et 

al. presented evidence for the importance of SagB in the secretion of proteins 

via the Sec pathway and also for the ECP mechanism, as sagB mutants possess 

lower secreted proteins but a higher number of cytoplasmic proteins in the 

extracellular milieu (167). Atl was one of such proteins with increased 

expression and secretion in sagB mutants although this increase did not drive 

to higher autolysis levels (167).  

1.3.1.6. IsaA and SceD 

S. aureus also possesses two putative lytic transglycosylases, IsaA 

(immunodominant staphyloococcal antigen A) and SceD that have lytic activity 

against S. aureus cells (303-305). IsaA is also a major antigen in S. aureus that 

is expressed in vivo (306, 307). SceD is implicated in cell separation and cells 

lacking this protein clump in liquid media, demonstrating a lytic function for 

this enzyme (303). Furthermore, both lytic transglycosylases are necessary for 

pathogenicity and SceD is required for nasal colonization (303).  

 

1.4. Biofilm development 

Biofilms are sessile microbial communities where cells are attached to a 

surface and/or to other cells and encased within a self-produced protective 

extracellular matrix (308). Cells grown within biofilms exhibit altered 

phenotypes regarding their metabolism, gene expression and physiology (116, 

309, 310).  

More than 80% of microbial infections are associated with biofilms, with S. 

aureus and S. epidermidis being the most prominent microorganisms in 



Chapter 1 
– General Introduction – 
 
 

 
| 56  

biofilm-associated infections (311, 312). In fact, a large array of S. aureus 

infections are associated with the development of biofilms, such as wound 

infections, endocarditis, septic arthritis and osteomyelitis, as well as infections 

associated with indwelling devices such as catheters and prosthetic devices 

(313-315).  

The capacity of S. aureus to grow in biofilms represents not only a mechanism 

of adhesion and colonization of abiotic surfaces, but essentially an important 

virulence mechanism that enables the bacteria to resist both antibiotic 

treatment and the host immune system (316-321). This higher fitness 

advantage is due to the altered phenotypes that S. aureus cells display when 

grown within biofilms, and also to the presence of the biofilm matrix that can 

block the access of components of the immune system, such as macrophages, 

and some antibiotics (320, 322). Interestingly, cells within biofilms display 

increased tolerance to antibiotics in a transient manner, since they regain their 

normal antibiotic sensitivity once they reenter a planktonic state (323-327). 

Owing to the defense provided by the biofilm mode of growth, these bacterial 

communities are able to persist and cause repeated surges of damage. 

Ultimately, biofilms can also function as foci of infection, spreading bacteria 

that can seed new sites and releasing toxins into the bloodstream (116, 310, 

326, 328, 329). 

The extracellular matrix that is produced by S. aureus cells within biofilms is 

composed of secreted and lysis-derived proteins, polysaccharides and 

extracellular DNA (eDNA), and the contribution of each of these factors is 

dependent on strain and on growth conditions (328, 330).  

Biofilm formation in S. aureus occurs in multiple stages as shown in Figure 1–

7: (i) initial attachment, (ii) biofilm accumulation and maturation, and (iii) 

biofilm detachment and dispersal (326, 329, 331). 
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Figure 1–7. The stages of biofilm development in S. aureus. Planktonic cells attach to an inert 
or biotic surface through surface-associated proteins. After the initial attachment, cells grow, 
divide and begin producing the extracellular matrix, leading to the formation of microcolonies. 
With the continuous growth of cells and increase in biomass, the biofilm matures. Eventually, 
environmental signals within the biofilm will trigger dispersal mechanisms. Cells released from the 
biofilm reenter a planktonic growth state and are able to seed new sites and form new biofilms. 
Adapted from (330). 

 

1.4.1. Initial attachment 

During the initial attachment, planktonic cells attach to an inert or a biotic 

surface. Attachment of staphylococci to abiotic surfaces is dependent on the 

characteristics of the material and on several bacterial surface components. 

The major autolysin Atl in S. aureus (264, 287) and AtlE in S. epidermidis (332) 

are able to promote binding to hydrophobic surfaces during the initial 

attachment phase and possibly during biofilm maturation (245, 266, 287). 

Furthermore, AtlE was able to bind several proteins from the host’s 

extracellular matrix such as vitronectin and fibronectin (266, 287). Proteins 

like the accumulation-associated protein (Aap) from S. epidermidis and the 

closely related S. aureus surface protein G (SasG) can also promote the primary 

attachment to uncoated surfaces (333), and are relevant for biofilm 
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accumulation (334-337). The teichoic acid molecules, and in particular their D-

alanylation, are essential for the initial attachment phase in S. aureus, as they 

stabilize the net charge of the bacterial cell surface (338, 339). Lack of this 

modification probably results in stronger negative net charges on the cell 

surface, making these bacteria unable to bind to abiotic surfaces due to strong 

repulsive electrostatic forces (339). In addition, S. aureus mutants without 

WTAs are deficient in biofilm formation due to inefficient primary attachment, 

although in this case the authors propose it should be due to an aggregation 

phenotype (108). However, results with S. epidermidis WTA mutants indicated 

that the inability to bind to uncoated surfaces was due to a significant increase 

in hydrophobicity in these cells (338). The importance of teichoic acids in 

biofilm formation goes well beyond its need during initial attachment, as they 

are also important later during the accumulation phase (108, 338).  

Primary attachment to biotic surfaces in host tissues or to synthetic surfaces 

coated with plasma or host’s extracellular matrix proteins occurs through a 

number of cell surface proteins, either covalently or non-covalently bound to 

the cell wall, that are able to bind to the mammalian extracellular matrix and 

plasma proteins such as fibronectin, vitronectin, collagen, fibrinogen or 

laminin (340, 341). Among these proteins are clumping factors A and B (ClfA 

and ClfB) (342) and the fibronectin-binding proteins A and B (FnBPA and FnBPB) 

from S. aureus (263, 343) or the fibrinogen-binding protein SdrG/Fbe from S. 

epidermidis (344, 345). The importance of these cell wall-anchored proteins in 

biofilm formation extends from the role in the initial attachment of cells to 

surfaces, as they can also promote intercellular adhesion and biofilm 

accumulation in the maturation phase, in an ica-independent manner (263, 

345-347). 
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1.4.2. Biofilm accumulation and maturation 

As cells accumulate, the synthesis of the components of the extracellular 

matrix allows for the maturation of the biofilm into the typical tower or 

mushroom-shaped structures with internal channels, allowing the delivery of 

nutrients to the deepest layers of the biofilm (329, 348). The extracellular 

matrix of staphylococci is composed of polysaccharides, proteins and eDNA 

(116, 329, 349). The most important polysaccharide produced is 

polysaccharide intercellular adhesin (PIA) or poly-N-acetylglucosamine (PNAG) 

(310, 350). PIA is a positively charged linear homoglycan composed of β-1,6-N-

acetylglucosamine residues produced by enzymes encoded by the icaADBC 

locus, and is an important structural constituent of both S. aureus and S. 

epidermidis biofilms (310, 350-352). The net positive charge of PIA is due to 

the partial deacetylation of the N-acetylglucosamine residues, which is 

essential to interact with the negatively charged surfaces of the bacterial cells 

via electrostatic interactions, and teichoic acids could be the interacting 

molecules at the cell surface (108, 310). For S. epidermidis, PIA seems to be 

the major player in the pathogenesis of device-related infections, as most 

infection-related strains contained the ica locus, whereas saprophytic strains 

did not (85% and 6%, respectively) (353). In S. aureus, although nearly all 

strains include the icaADBC locus, its expression and PIA production is tightly 

controlled in vitro, but apparently upregulated in vivo (328, 351, 354-358). In 

this species, the presence of PIA is not essential for biofilm development and 

in fact, numerous S. aureus strains are capable of forming ica-independent 

biofilms, with proteins and eDNA as the major components functioning as 

intercellular adhesins (263, 265, 285, 328, 337, 346, 359-363). Also, 

mutations in the ica locus have little effect on biofilm formation in MRSA 

strains, emphasizing the importance of ica-independent biofilm formation 

among these highly virulent strains (327, 328, 364).  

The number of proteins involved in the biofilm maturation phase in S. aureus 

is large and expanding. These proteins possibly form specific interactions with 

other proteins expressed in different cells, in a mechanism that promotes 
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intercellular adhesion and thus biofilm maturation. The cell wall-anchored 

proteins that were regarded as fundamental for the initial stages of biofilm 

formation are also important for the accumulation and maturation of biofilm. 

Aap and SasG from S. aureus and S. epidermidis, respectively (334-337), as 

well as the SraP adhesin (365-367), the SdrC surface protein from S. aureus 

(368) and IsdC from Staphylococcus lugdunensis (369), have been shown to 

promote biofilm accumulation by forming homophilic bonds between proteins 

in different cells, promoting cell-cell adhesion. Proteins such as FnBPA and 

FnBPB from S. aureus (263, 343) or SdrG/Fbe from S. epidermidis (344, 345), 

as well as ClfB (342) are also thought to promote biofilm accumulation by 

mediating cell-cell interactions. Other proteins, such as the biofilm-associated 

protein (Bap) (360, 370, 371), the S. aureus surface protein SasC (372) and 

protein A (362) have also been described as being important in intercellular 

interactions during biofilm maturation, although their modes of action are still 

not understood and their roles vary greatly between strains. Bap, for example, 

has not yet been found in any human isolate of S. aureus and is largely 

associated with bovine mastitis isolates (360, 370, 371).  

Besides cell wall-anchored proteins, the extracellular matrix of staphylococcal 

biofilms also contains a number of secreted proteins such as extracellular 

adherence protein (Eap) of S. aureus (373), and β-toxin (Hlb) (374), that play a 

role in biofilm maturation. β-toxin also has a structural role within the biofilm 

matrix by forming covalent cross-links with itself in the presence of DNA, 

although it is variably produced in clinical S. aureus isolates (374).  

Additionally, besides the presence of dedicated matrix proteins, many 

cytoplasmic proteins are also found within the biofilm matrix (116, 168, 169). 

These intracellular proteins reversibly associate with the cell surface in 

response to decreasing pH during biofilm formation (168). Although the 

presence of these proteins was thought to be due to cell lysis (168), evidence 

indicates that the presence of many cytoplasmic proteins is due to a non-

classical excretion pathway, the ECP (153, 164, 166) (Section 1.2.3.1. Protein 
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secretion mechanisms, page 39). This dedicated secretion mechanism for 

cytoplasmic proteins is specific and dependent on the major staphylococcal 

autolysin, Atl (165). 

Another important component of the biofilm matrix of S. aureus is eDNA (265, 

285, 359, 375-377). eDNA has an important structural role in the biofilm 

matrix, that seems to be more important in S. aureus biofilms than in those 

produced by S. epidermidis (265, 359). S. aureus biofilms can be readily 

dispersed by the addition of DNase I or of endonucleases and 

thermonucleases, with no effect on bacterial viability (265, 359). It is thought 

that a subpopulation of cells lyses releasing its genomic DNA, contributing to 

the adhesive properties of the biofilm extracellular matrix, by facilitating both 

cell-cell and cell-surface interactions (265, 285). CidA-mediated lysis 

contributes to S. aureus biofilm formation both in vivo and in vitro via the 

release of eDNA (265). This lytic event is thought to be accomplished by the 

major staphylococcal autolysin, Atl (264, 265, 285). Disruption of the atl gene 

in both S. aureus and S. epidermidis leads to a dramatic decrease in biofilm 

formation (245, 249). The inactivation of a gene that encodes a homologue of 

Atl in Streptococcus mutans also leads to reduced biofilm formation (205, 

378). Although Atl is most likely the responsible for the presence of genomic 

DNA in the biofilm matrix (376), this protein is also known to have adhesive 

properties that are necessary during the attachment stages of biofilm 

formation, and it was found to have binding activity towards not only 

polystyrene but also vitronectin and fibronectin (245, 266, 287). 

The most recently uncovered component of the biofilm matrix of S. aureus is 

amyloid fibrils (379, 380). These fibers are composed of phenol soluble 

modulins (PSMs), which had already been described as surfactant-like peptides 

that promote biofilm disassembly (381, 382) (Section 1.4.3. Biofilm 

detachment and dispersal, page 63). Under certain conditions, these peptides 

are able to assemble into amyloid fibrils that contribute to the biofilm’s 

structural integrity (379). Furthermore, the presence of DNA stimulates the 



Chapter 1 
– General Introduction – 
 
 

 
| 62  

assembly of these peptides into amyloid fibers, representing a new interaction 

in the biofilm matrix (380).  

 

1.4.3. Biofilm detachment and dispersal 

Biofilm detachment and dispersal is regarded as a mechanism that allows the 

infection to spread within an infected host, most likely initiated by changes in 

the environment such as nutrient depletion, changes in pH, and waste 

accumulation within the biofilm (325, 383, 384). This process involves the 

degradation and solubilization of adhesive components of the biofilm matrix. 

Since the bacterial cells are encased in the biofilm matrix, the degradation of 

the matrix results in the detachment of the cells from the biofilm and their 

subsequent release into the environment. Agents that have been identified so 

far in the biofilm detachment process are proteases, nucleases and surfactants 

(285, 286, 325, 326, 382, 385-387), and this process is dependent on the 

accessory gene regulator (agr) system (Section 1.4.4.1. The agr system, page 

64) (325, 388). Although the genetic background and the assay conditions can 

influence the results (325, 385, 389), the accepted hypothesis is that the agr 

regulatory system is repressed during the initial stages of biofilm formation, 

and its activation leads to the detachment and dispersal phase.  

In S. aureus, mutants in extracellular proteases have a significant increase in 

biofilm formation and at the same time show a decrease in disassembly, upon 

agr activation (325). Furthermore, the addition of protease inhibitors promotes 

biofilm formation and inhibits disassembly (325, 327, 346), while mutations 

that lead to the up-regulation of the extracellular proteases (e.g. sarA and sigB 

mutants, Section 1.4.4.3. SarA, page 67, and Section 1.4.4.4. SigB, page 67) 

render S. aureus incapable of forming biofilms (327, 385, 390). 

The potent DNase secreted by S. aureus (Nuc, also referred to as 

thermonuclease or micrococcal nuclease) has been implicated in cell 

detachment from biofilms (285, 386, 387, 391). Addition of exogenous DNase 
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disperses biofilms of S. aureus, and a nuc mutant showed significantly 

increased biofilm formation, illustrating the importance of eDNA as an adhesin 

in the biofilm matrix and suggesting that Nuc can function as a mediator of 

biofilm detachment and dispersal in this species (285, 359, 386, 387, 391). 

The activity levels of Nuc are not dependent on the agr system (386). 

PSMs are surfactant-like short α-helical amphipathic peptides that also 

contribute to detachment in biofilms (381, 382). These small peptides act as 

surfactants, disrupting the non-covalent intercellular interactions within the 

biofilm matrix (379, 381). PSMs also cause a pro-inflammatory response in 

human immune cells, and some are cytotoxic (48). The production of PSMs is 

directly mediated by AgrA (325, 388) (Section 1.4.4.1. The agr system, page 

64). It has also been suggested that the action of PSMs leads to the formation 

of the characteristic tower-like structures and channels during the maturation 

phase of biofilm development, by disrupting the non-covalent forces on a 

preexisting large mass of cells (308, 388). The use of flow-cell systems that 

acquire microscopic images of biofilms over time (391-393) provided a 

different view on how biofilms develop their characteristic structure and 

showed that biofilm formation includes extra stages in between the 

attachment and the maturation phases (391). Moormeier et al. termed these 

stages as ‘multiplication’ and ‘exodus’; during the multiplication stage, the 

cells grow and divide rapidly to reach a confluent “lawn”, that is then dispersed 

during the exodus phase leaving distinct foci of cells where biofilm will 

robustly grow, in the characteristic tower shape (391). Thus, the authors 

concluded that the distinctive structural features of the biofilm are formed 

after the exodus phase, driven by the rapid growth of the cells that remain, 

and before the maturation of the biofilm (391), contrary to the PSM-driven 

model that suggests that these towers and channels only occur after 

maturation and for biofilm dispersal (308, 388). 
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After detachment, cells are able to leave the biofilm site to infect a new 

location, reacquiring their planktonic metabolic state until they adhere to a 

new surface and initiate new biofilm formation. 

 

1.4.4. Regulation of biofilm formation 

The regulation of biofilm formation in staphylococci is extremely complex, as 

it is apparent by the numerous studies on the genetic control of this process. 

Multiple factors contribute to the development of biofilm and in particular to 

the establishment of the extracellular matrix, and not only vary with bacterial 

species but also within the species, being strain-specific (325, 389, 394-397).  

1.4.4.1. The agr system 

An important capacity of cells in biofilms is the ability to communicate using 

quorum sensing systems. The most important and best characterized quorum 

sensing system in staphylococci is the accessory gene regulator (agr) system 

that controls the expression of virulence factors in response to cell density 

(Figure 1–8) (398, 399). The expression of the agr system happens at the end 

of exponential growth and entry into stationary phase, together with the 

upregulation of several secreted virulence factors and the concomitant 

downregulation of the genes responsible for cell adhesion (389, 398, 400).  

As depicted in Figure 1–8, the agr locus contains two divergent promoters, P2 

and P3 that originate two transcripts, RNAII and RNAIII, respectively. RNAII 

encodes four proteins responsible for the production of the autoinducer 

peptide (AIP): AgrA, AgrB, AgrC and AgrD (398). AIP, an 8 amino acid long 

peptide, is encoded by AgrD, and post-translationally modified and exported 

by AgrB, forming a thiolactone-containing ring structure (401-403). When a 

certain cell density is reached and the AIP extracellular concentration reaches a 

certain threshold, AIP binds to AgrC, the sensor kinase of the two-component 

regulatory system. AgrC will then activate the response regulator AgrA, which 

in turn will induce the transcription from P2 and P3 (398). AgrA is also capable 
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of directly regulating the transcription of other genes (325, 388, 404). Thus, 

the production of AIP is stimulated by a positive feedback loop that is 

dependent on its own concentration, leading to a rapid change of gene 

expression at a certain cell density. RNAIII, transcribed from P3, is the effector 

molecule of the agr system and regulates the expression of its target genes 

post-transcriptionally (405-407). The RNAIII molecule also comprises the gene 

hld that encodes the PSM δ-toxin (405). Interestingly, it has been found that 

different S. aureus strains encode at least four AIP molecules with different 

amino acid sequences that are capable of inhibiting the agr activity of the 

other groups, thereby reducing the expression of virulence factors of 

competing microorganisms (408, 409). 

 
Figure 1–8. The agr quorum sensing in staphylococci. agrD encodes for the autoinducer 
peptide (AIP), the extracellular signal of the agr quorum sensing system. The membrane-bound 
protein AgrB is responsible for the maturation and export of AIP. AgrC and AgrA are part of a two-
component signal transduction system. AIP binds to AgrC until a threshold concentration is 
achieved, when AgrA becomes active. The promoter regions P2 and P3 are activated by AgrA, 
resulting in the transcription of RNAII and RNAIII, respectively. Target genes are regulated by the 
regulatory RNAIII molecule, and RNAIII also encodes for the PSM δ-toxin (hld). Adapted from (403, 
404, 406). 
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The agr system does not seem to affect the expression of icaADBC or the 

production of PIA but has a profound effect on biofilm development (389). 

Biofilms of agr mutants are thicker, a phenotype that is consistent with the 

role of this quorum sensing system during the detachment and dispersal stage 

of biofilm development, as it increases the expression of proteases and PSMs, 

as mentioned before (325, 327, 381, 388, 389, 410). S. aureus expresses at 

least ten extracellular proteases, under the control of the agr system (163, 

400, 411): two serine proteases Staphopain A and B (scpA and sspB, 

respectively), the metalloprotease aureolysin (aur) and seven serine proteases 

(sspA (V8) and splABCDEF) (412). It has also been shown that the transcription 

of the fnb genes that encode the fibronectin-binding proteins in S. aureus is 

negatively regulated by agr, in accordance with its role in downregulating 

adhesins (413, 414). 

AtlE of S. epidermidis is downregulated by the agr system: in an agr mutant 

AtlE is overexpressed, likely increasing the adhesive properties of the cells. In 

contrast, the homologous Atl protein in S. aureus is not regulated by the agr 

system, indicating that the agr regulons are disparate in the two species (389). 

1.4.4.2. LuxS 

LuxS is a quorum sensing system present not only in staphylococci but also in 

a large number of other Gram-positive and Gram-negative bacteria (415). The 

luxS system is responsible for the production of auto-inducer 2 (AI-2) that is 

not species specific and can therefore affect gene expression in multiple 

bacterial species (416). Although LuxS affects biofilm formation in S. 

epidermidis via downregulation of the icaADBC locus thereby repressing the 

expression of PIA, its role on biofilm formation in S. aureus is still unclear 

(417-419). Results suggest that in S. aureus AI-2 activates the transcription of 

icaR, subsequently decreasing icaADBC transcription, decreasing biofilm 

formation in an ica-dependent manner (419). Mutants of luxS in S. epidermidis 

form thicker and more compact biofilms compared to the wild-type strain and 
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are better colonizers in an animal model of central venous catheter infection 

(417). 

1.4.4.3. SarA 

SarA (staphylococcal accessory regulator) is a global regulatory protein that 

affects the expression of several genes in S. aureus, including many that 

encode virulence factors (400, 420). SarA positively regulates the agr system, 

and would be therefore expected to also decrease biofilm formation in S. 

aureus (411, 421-423). However, it appears that agr and sarA have opposing 

roles in the S. aureus biofilm formation. sarA mutants have reduced biofilm 

forming capacities, and SarA is seen as an activator of biofilm formation, as 

this regulator affects the expression of multiple targets that have a role in 

biofilm formation, in an agr-independent manner (385, 424). For example, 

SarA is able to bind to the icaADBC promoter, acting as an activator of 

expression (424, 425). Likewise, studies suggest that SarA represses the 

expression of extracellular proteases such as aureolysin (aur) and sspA, and 

nucleases, which have a negative impact on biofilm formation. The repression 

of these genes seems to be the most important factor in the regulation of 

biofilm formation via SarA (385, 390, 426). The production of these proteases 

has a negative impact on the expression of surface adhesins that contribute to 

biofilm formation, such as the fibronectin-binding proteins and protein A (263, 

343, 427, 428).  

1.4.4.4. SigB 

σB is an alternative sigma factor of the RNA polymerase found in staphylococci 

and other Gram-positive bacteria. σB has a major role in stress response, and 

regulates a large number of genes during biofilm formation (429-432).  

The icaADBC locus is not directly regulated by σB in S. aureus or S. epidermidis, 

since there is no consensus σB promoter sequence in the promoter region of 

icaADBC (352, 433-435). However, σB is able to regulate PIA synthesis through 

the downregulation of icaR, the repressor of the ica locus, in S. epidermidis 
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(433). More importantly, σB regulates biofilm formation in an ica-independent 

manner (327). 

σB mutants produce less biofilm when compared to wild-type, apparently due 

to the influence σB exerts on the agr quorum sensing system. In the absence of 

σB, the level of RNAIII increases, leading to increased extracellular protease 

activity (325, 327). Furthermore, deletion of genes encoding proteases in a σB 

mutant background resulted in restoration of biofilm formation, indicating that 

the upregulation of these proteases, through the agr system, is responsible for 

the lack of biofilm formation in σB mutants (327). There is some evidence to 

suggest that these proteases may be responsible for the cleavage of murein 

hydrolases (327), which are known to be important for biofilm formation (245, 

249, 265, 436). Additionally, σB is known to be required for full sarA 

expression, which could also account for the reduced biofilm biomass 

observed in σB mutants (327, 430, 431). 

1.4.4.5. IcaR and TcaR 

The icaR gene encodes a transcriptional repressor that is involved in the 

environmental regulation of the ica locus both in S. aureus (437) and S. 

epidermidis (438). Another negative regulator of the ica locus is TcaR, a 

transcriptional regulator of the teicoplanin-associated locus, although the 

deletion of tcaR alone did not induce changes in PIA production and adherence 

to polystyrene (437). 

 

Several other systems have been reported to modulate the biofilm forming 

ability of different S. aureus strains such as the walKR, the arlRS, the lytSR, the 

graSR and the ssrAB two-component systems (268, 280, 286, 346, 363, 397, 

439-442), the cidABC and the lrgAB operons (159, 265, 285, 392, 443, 444), 

the alsSD operon (346, 397), the Rbf and the Rot transcriptional regulator 

proteins (361, 445), and many others, supporting the notion that biofilm 

formation truly is a multifactorial growth mode. 
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The environment in which biofilms occur is also a large modifier of biofilm 

development, not only in the manner as it grows but also in the type of 

extracellular matrix it produces. Consequently, the type of media employed to 

grow biofilms in vitro can alter its gene expression and protein production, 

and therefore its characteristics. 
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Chapter 2 

2. The Glucosaminidase domain of 
Atl – the major Staphylococcus 

aureus autolysin – has DNA-binding 
activity 

 

2.1. Abstract 

Atl is the major peptidoglycan hydrolase of Staphylococcus aureus, responsible 

for cell separation during the cell division process. This bifunctional enzyme, 

has two distinct catalytic domains: N-acetylmuramoyl-L-alanine amidase (AM) 

and endo-β-N-acetylglucosaminidase (GL). After secretion of the pro-Atl 

protein, Atl suffers proteolytic processing rendering the two catalytic domains 

associated with repeat regions that are responsible for binding to the cell wall 

and substrate recognition. In this communication, we describe evidence 

demonstrating the capacity of Atl to bind DNA. Electrophoretic mobility shift 

assays (EMSA) show that both the Atl protein and the GL domain were able to 
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bind DNA of nonspecific sequence. The catalytic domain of GL, without its 

repeat region, was able to bind DNA, whereas the catalytic AM domain, without 

repeats, was not. Furthermore, we attempted to obtain binding constants for 

the GL-DNA interaction unsuccessfully, though the results of the surface 

plasmon resonance and isothermal titration calorimetry assays, indicated that 

binding between the catalytic domain of GL and DNA occurred. The 

implications of this unexpected observation for the physiology of S. aureus 

remain to be explored. 

 

2.2. Introduction 

In S. aureus, the major peptidoglycan hydrolase is Atl, a bifunctional protein 

(1) with amidase (AM) and endo-β-N-acetylglucosaminidase (GL) domains, 

primarily involved in the separation of daughter cells during cell division, but 

also contributing to cell wall turnover and antibiotic-induced lysis (2-4). The atl 

gene is translated as a single pro-peptide, which is secreted and proteolytically 

processed extracellularly, yielding the mature forms of AM (~63 kDa) and GL 

(~51 kDa). Besides the two catalytic domains, the Atl protein also harbours an 

N-terminal signal peptide and three repeat regions (R1, R2 and R3) located 

between the two catalytic domains (1). After secretion, the thus far 

uncharacterized extracellular processing yields the mature AM associated with 

repeats R1 and R2 and GL associated with R3. Although these repeat regions 

show no lytic activity, they are responsible for attachment and substrate 

recognition (5, 6). 

The binding of both AM and GL to the staphylococcal surface occurs at precise 

locations of the equatorial surface rings, not only at the septum of dividing 

cells but also at a perpendicular surface ring that marks the future cell division 

site (4, 7). Wall teichoic acids prevent the binding of Atl-derived proteins, 

targeting them to the septal region through an avoidance strategy (8). 
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Most data available in the literature are related to the characterization of the 

amidase domain of this enzyme, which catalyzes the cleavage of the amide 

bond between N-acetylmuramic acid and L-alanine residues of the stem peptide 

(6). The structure resolution of AmiE of S. epidermidis AtlE was a major 

contribution to the elucidation of the mechanisms of peptidoglycan 

attachment and catalysis by AM (9). In contrast, only few reports are available 

on the activity and role of the GL domain, which is involved in the cleavage of 

the glycosidic bonds between the sugar molecules – N-acetylmuramic acid and 

N-acetylglucosamine – in the peptidoglycan backbone. 

As expected from the multiple physiological roles of Atl, S. aureus mutants in 

the atl gene exhibit a variety of phenotypic alterations that include a 

disordered division pattern; formation of large cell clusters indicating defective 

cell separation; a rough outer surface; production of lower amounts of 

secreted and cell wall bound proteins, and impairment of biofilm formation (1, 

4, 6, 10). 

In a recent series of exploratory experiments, we made the unexpected 

observation that the Atl protein – more specifically its GL domain – can bind 

DNA of unspecific sequence. The DNA-binding capacity of a peptidoglycan 

hydrolytic enzyme has not been previously reported, and the physiological 

implications of such interaction could be numerous and remain to be explored.  

 

2.3. Results 

2.3.1. Identification of the DNA-binding activity of S. aureus 
autolysin Atl  

In an attempt to identify proteins involved in the regulation of the expression 

of cell wall biosynthesis genes in S. aureus, a DNA-binding protein pull-down 

assay was performed using total crude cell extracts of strain COL and the 

biotinylated DNA fragment A (Table 2–3) immobilized to the surface of 
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streptavidin-coated magnetic particles. The proteins that bound to the 

biotinylated DNA fragment were eluted and separated by SDS-PAGE.  

Three major bands were obtained with approximate molecular masses of 

70 kDa, 50 kDa and 15 kDa. The corresponding proteins bound to the DNA-

coated beads but not to uncoated beads, which were used as a control (Figure 

2–1–A). 

To test the DNA sequence binding-specificity of these proteins, the pull-down 

assays were repeated using other biotinylated DNA fragments as bait 

molecules: fragment B, encompassing the promoter of the housekeeping gene 

pta, and fragment C, enclosing an internal region of the pta gene (Table 2–3). 

The band pattern was identical to the one previously obtained (Figure 2–1–B), 

suggesting that the proteins corresponding to the bands with molecular 

masses of 70 kDa, 50 kDa and 15 kDa bound to DNA without sequence 

specificity. As a control for specificity, the crude extracts were pre-incubated 

with heterologous DNA (salmon sperm DNA) in excess, prior to incubation with 

the DNA-coated beads (Figure 2–1–C). Under these conditions, no protein was 

found to associate with the biotinylated DNA fragments. Together, these 

assays indicated that these proteins bound to double-stranded DNA but in a 

sequence-independent manner.  

Bands of interest were excised from the gel for identification by mass 

spectrometry (Figure 2–1–A). The higher molecular mass band (70 kDa) was 

composed of three bands, which although distinct, had very similar molecular 

masses and therefore could not be independently analyzed. The 15 kDa and 

50 kDa bands were identified as IsaB, immunodominant antigen B, and the 

mannosyl-glycoprotein endo-β-N-acetylglucosaminidase domain of the 

bifunctional autolysin Atl, respectively.  
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Figure 2–1. Identification of DNA-binding proteins from S. aureus. Crude extracts from strain 
COL were incubated with DNA-coated magnetic beads. The beads-DNA-protein complexes were 
recovered using a magnet, and the proteins associated with the DNA were separated by SDS-PAGE. 
Lane 1: Protein marker, molecular masses in kDa. (A) Lane 2: beads coated with DNA fragment A, 
from ddlA-murF promoter. Lane 3: uncoated beads. Solid triangle – 70 kDa bands; grey triangle – 
50 kDa band, GL domain; white triangle – 15 kDa band, IsaB protein. (B) Lane 2: uncoated beads; 
Lane 3: beads coated with DNA fragment A, from ddlA-murF promoter; Lane 4: beads coated with 
DNA fragment C, from pta gene; Lane 5: beads coated with DNA fragment B, from pta promoter. 
(C) Salmon sperm DNA was added to the protein extracts prior to incubation with the DNA-coated 
beads. Lane 2: beads coated with DNA fragment A from ddlA-murF promoter. Lane 3: beads 
coated with DNA fragment C, from pta gene. 

The DNA-binding activity of IsaB, the 15 kDa protein, has been previously 

reported (11). However, the Atl protein, the major autolysin responsible for the 

separation of daughter cells in S. aureus, had not been previously described to 

bind any type of nucleic acid.  
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2.3.2. Assessment of DNA binding activity by gel-shift analysis 

In total crude extracts, the GL domain was observed to bind to DNA in a 

sequence-unspecific manner. In order to determine if the DNA-binding activity 

was a characteristic intrinsic to the GL domain and not dependent on other 

factors present in the crude extract, gel-shift assays were performed with 

different purified recombinant proteins. 

 
Figure 2–2. Structural organization of S. aureus Atl and constructed His-tagged recombinant 
proteins. (A) Atl is a bifunctional protein composed of a signal peptide (SP), a pro-peptide (PP) and 
the catalytic domains amidase (AM) and glucosaminidase (GL). Repeat regions are indicated in 
dashed boxes. The first amino acid residue of each recombinant protein is indicated, except for 
Tyr424, which corresponds to the last amino acid of AM protein. (B) Constructed recombinant 
proteins. Approximate molecular masses of recombinant proteins are indicated in kDa. 

Two GL recombinant proteins were constructed and purified: R3GL and GL 

without the R3 repeat (Figure 2–2–B). The repeat units have no lytic activity, but 

they are responsible for attachment to peptidoglycan (6), to LTA (5), 

fibronectin and vitronectin (12). Furthermore, each repeat region harbors a 

prokaryotic SH3-related domain, structurally similar to conserved eukaryotic 

SH3 domains, being the SH3 fold able to bind to DNA and RNA (13, 14).  
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In order to determine if the DNA-binding activity observed was the result of the 

presence of the repeat region, electrophoretic mobility shift assays (EMSAs) 

were performed using the R3GL and GL recombinant proteins (Figure 2–3–A 

and B). Both proteins were able to completely shift 10 nM of the DNA 

fragment A for a protein concentration of 500 nM, indicating that the GL 

catalytic domain has DNA-binding activity independently of the presence of the 

R3 repeat unit. 

 

2.3.3. DNA binding to the complete Atl protein 

As the Atl protein is processed extracellularly, the GL domain in its mature 

form should only be present at the outer surface of the cell or in the external 

environment. To address the question if pre-processed Atl was also able to 

bind DNA, attempts were made to obtain the complete His-tagged Atl protein 

without the signal peptide. The successful approach involved the construction 

of the Atl protein without the signal peptide and the without pro-peptide 

(AMR1-3GL). This recombinant protein, at a concentration of 250 nM, proved 

capable of shifting 10 nM of DNA fragment A (Figure 2–3–C). This result raises 

the possibility that the Atl protein may be able to bind to DNA intracellularly as 

well. Furthermore, in order to shift 10 nM of DNA, 250 nM of the whole Atl 

protein was sufficient while 500 nM of GL was necessary. 
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Figure 2–3. Electrophoretic 
mobility shift assays with 
different Atl recombinant 
proteins. 10 nM of 5’-fluorescein 
labeled DNA fragment A was 
incubated with increasing amounts 
of the different recombinant 
proteins, and the DNA shift was 
visualized. (A) R3GL – GL domain; (B) 
GL – GL domain without the repeat 
region; (C) AMR1-3GL – full Atl 
recombinant protein (lacking the SP 
and PP sequences); (D) AMR1-2 – AM 
domain with the repeat region; and 
(E) AM – AM domain without the 
repeats. 

 

 

2.3.4. DNA binding to the AM domain of Atl 

In order to determine if the AM domain also has DNA-binding activity that 

could contribute to the activity of the full protein, recombinant proteins for the 
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AM domain including the R1R2 repeat regions (AMR1-2) and the AM domain 

without the R regions (AM) were constructed, expressed and purified (Figure 

2–2). Although the AMR1-2 protein shifted DNA at a concentration of 

approximately 500 nM, the corresponding recombinant protein without the 

repeats did not shift DNA at any of the concentrations and conditions tested 

(Figure 2–3–D and E, respectively). This observation suggests that the DNA-

binding activity of the AM domain is, in contrast to the GL domain, restricted 

to the repeat regions. 

 

2.3.5. DNA binding to the catalytic domain of GL 

To determine if the catalytic domain of GL was involved in the DNA-binding 

activity, two recombinant proteins were constructed encompassing the first 

127 amino acids immediately after the R3 repeat (GLN) and the following 197 

amino acids of the C-terminus of Atl (GLC) (Figure 2–2). In the first reference to 

the Atl protein by Oshida et al. (10), the glucosaminidase lytic activity was 

found to be located in a C-terminal fragment of GL encoded by the DNA 

sequence downstream from a SphI restriction site. This restriction site overlays 

the position Ala1060 (1). Accordingly, GLN and GLC proteins correspond to the 

N-terminal and C-terminal regions of the catalytic domain of GL relative to the 

amino acid Ala1060. However, the EMSA results showed that both proteins 

were able to bind to DNA albeit at much higher protein concentrations (Figure 

2–4–A, i and ii), indicating that both protein regions are necessary for the full 

DNA-binding activity.  
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Figure 2–4. Electrophoretic mobility 
shift assays with different GL 
recombinant proteins. (A) EMSA 
performed with recombinant proteins 
corresponding to (i) the N-terminal-GLN 
and (ii) C-terminal-GLC regions of the 
catalytic domain of GL. Both proteins 
were able to shift 10 nM of the 5’-
fluorescein labeled DNA fragment A, at 
high protein concentrations. (iii) EMSA 
performed with the 57-bp fragment D 
and recombinant GL protein, that was 
able to shift fragment D at a 
concentration of 500 nM, as with the 
238-bp DNA fragment A. (B) Competition 
EMSAs. All binding reactions were 
performed with 10 nM of 5’-fluorescein 
labeled fragment A, and ~200-fold molar 
excess of unspecific DNA (low molecular 
weight salmon sperm DNA, ssDNA) was 
added in the lanes specified. (i) AMR1-3GL 
protein, (ii) GL protein. 

 

2.3.5.1. Lack of sequence specificity in DNA binding 

For all proteins that were able to delay the electrophoretic movement of the 

DNA in the EMSAs, addition of 200-fold molar excess of nonspecific competitor 

DNA to the reaction mixture abolished the shift (representative gel shifts are 

shown in Figure 2–4–B), indicating that the interactions are not specific for 

DNA sequence. Furthermore, DNA fragments B and C (Table 2–3), of unrelated 

sequences were also tested in EMSA with the Atl-derived recombinant protein 
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and confirmed the lack of sequence specificity of these DNA-protein 

interactions (data not shown). 

These findings indicate that the DNA-binding activity of Atl protein is 

independent of the DNA sequence and due primarily to the GL catalytic domain 

and to the repeat regions. 

2.3.5.2. Influence of the size of the DNA molecule in GL-DNA binding 

An EMSA was performed using a 57-bp double stranded DNA fragment (DNA 

fragment D, Table 2–3) and the recombinant GL protein, without its repeat 

region. As with the 238-bp DNA fragment A, this protein was able to shift 

10 nM of DNA fragment D at a concentration of 500 nM (Figure 2–4–A, iii). A 

supplementary gel shift assay performed with a 20-bp dsDNA fragment (DNA 

fragment E, Table 2–3) and the GL recombinant protein, without repeats, 

showed that this protein was able to bind smaller double stranded DNA 

fragments (data not shown). 

 

2.3.6. Determination of the binding constants of the GL-DNA 
interaction 

To determine the binding constants of the GL-DNA interaction, two different 

methods were used, surface plasmon resonance (SPR) and isothermal titration 

calorimetry (ITC) (for methodology details, Section 2.5.8. SPR assays, page 123 

and Section 2.5.9. ITC assays, page 125). 

2.3.6.1. Surface Plasmon Resonance (SPR) 

The biotinylated DNA fragment A (Table 2–3) was immobilized onto flow cell 2 

of a streptavidin-coated chip (SA chip), while the GL recombinant protein, 

without the R3 region, was in solution. Binding of GL to the immobilized DNA 

was apparent as the binding sensorgram of the GL protein showed an increase 

in the resonance units, in a concentration dependent manner (Figure 2–5–A). 

The profile of the sensorgram was very different from those obtained with 
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proteins that were not able to bind DNA, such as the recombinant AM protein 

without its repeats and the recombinant MurF protein, both of which produced 

baseline sensorgrams with no alteration of resonance units (Figure 2–6). 

Although binding of GL to the DNA immobilized at the surface of the sensor 

chip was seen, the GL protein was also able to bind to the empty control flow 

cell (flow cell 1), which did not have DNA immobilized at its surface and was 

subjected to the same treatment as flow cell 2, with immobilized DNA (Figure 

2–5–B). The resonance unit values obtained from the binding of GL to the 

empty flow cell (flow cell 1) were subtracted from the binding of GL to the 

immobilized DNA fragment A, obtaining corrected binding values (Figure 2–5–

C). Although binding of GL to DNA is still seen, even with the lowest protein 

concentration (Figure 2–5–C, 100 nM of GL, in red), the shape of the curve did 

not allow for the retrieval of any binding constants due to poor mathematical 

fitting to the binding models (15). Furthermore, the association of GL to DNA 

seemed to be very rapid, as well as the dissociation of these two molecules. 

 
Figure 2–5. Biacore sensorgrams of the GL-DNA interaction assays. DNA fragment A was 
immobilized in a streptavidin-coated Biacore sensor chip via a biotin molecule, while the GL 
protein was in solution and flowed through the surface of the sensor chip, in different 
concentrations. (A) Sensorgrams obtained from the binding of the GL protein to DNA in flow cell 2, 
where DNA fragment A was immobilized. (B) Sensorgrams obtained from the binding of the GL 
protein to the empty flow cell 1, used as a negative control. (C) Sensorgram of the interaction 
between GL and the immobilized DNA fragment A after correction for non-specific binding to the 
sensor chip’s matrix. Note the abnormal shape of the sensorgram in all protein concentrations. 
Experiments were performed in three different times and in duplicate, whilst only the average 
result of one experiment is showed, for simplification. 

The atypical shape of the sensorgram (Figure 2–5–C) could be due to a number 

of factors, which lead to an apparent high binding to the control flow cell. 

First, a high bulk refractive index change can lead to negative values in the 
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corrected sensorgram, as a mismatch between the running buffer and the 

injected analyte can occur, and a small difference in resonance between the 

reference and ligand channel can lead to negative curves. In our case, care was 

taken to use the same buffer to dilute the protein solution to the 

concentrations needed, but we cannot certify that the minimal amount of 

protein added to make up the dilutions could not be responsible for this. 

Second, and most likely, there could be non-specific binding of the GL protein 

to the sensor chip’s matrix. The SA chip carries a matrix of carboxymethylated 

dextran, onto which streptavidin has been covalently attached. Although 

usually regarded as an inert surface, the carboxymethylated dextran matrix 

can capture the analytes in solution in a non-specific manner due to its chains 

and to a non-saturated surface. In the case of DNA-protein interactions, for 

which the association rate is usually very rapid, a small amount of ligand 

should be immobilized to reduce problems caused by mass transport 

limitations, which was the case in this work (15). The highly positive pI of the 

GL protein (theoretical pI ~9.58) could also be responsible for the interaction 

of the protein with the sensor chip’s surface matrix.  

Another influential factor to take into account in these interactions analyzed by 

SPR is the volume that the streptavidin-biotin complex may occupy on top of 

the sensor chip’s surface, affecting the non-specific binding signals obtained. 

An interaction that occurs within the first 10 nm from the metal surface of the 

chip results in an almost three times higher response than the same process at 

a distance of 300 nm, and as a result molecules binding at the outer limit of 

the dextran layer may not be fully “sensed” (16, 17). Streptavidin is a 60 kDa 

tetramer that binds biotin with extremely high affinity, and this complex has a 

molecular volume of 133 nm3, whilst the streptavidin tetramer by itself has a 

volume of 105 nm3 (18). DNA fragment A is 238-bp and so it has a theoretical 

length of approximately 80 nm. If we take these values into account, we can 

suspect that the non-specific binding that might occur between GL and the 

sensor chip’s surface might have its signal enhanced when compared to the 

interaction of GL with DNA, farther away from the surface.  
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To assert if the non-specific binding was due to the buffers used, different 

compositions were tested [e.g. HBS buffer (10 mM HEPES pH 7.4, 150 mM 

NaCl, 50 μM EDTA, 0.005% surfactant P20); TME buffer (10 mM Tris pH 7.5, 

10 mM MgCl2, 1 mM EDTA, 25 mM NaCl); EMSA binding buffer (10 mM Tris 

pH 7.5, 5 mM KCl, 1 mM DTT)] but every time interaction between GL and DNA 

was seen, there was also non-specific binding to the empty control flow cell 

(data not shown). 

Furthermore, an Ni-NTA Biacore sensor chip was also used. In this case, the GL 

protein was immobilized to the surface of the chip via its 6xHis-tag, while DNA 

fragment A was in solution and was flowed over the sensor chip. The resulting 

sensorgrams showed once more non-specific binding, with resonance unit 

values that were negative, as previously (data not shown). Several buffers were 

tested as before. Additionally, the binding of DNA to the immobilized GL 

protein reflected a small change in the resonance units when compared to the 

binding of the GL protein to immobilized DNA, presumably due to the size of 

the molecules, as the binding of bulkier molecules leads to larger changes in 

the refractive index. The use of Ni-NTA sensor chips is also complicated by the 

fact that every time the surface is regenerated (i.e. after each binding 

interaction) removal of the bound ligand (6xHis-tagged GL protein) also occurs, 

and a new immobilization must be accomplished before a new interaction is 

tested. This leads to shifts in the baseline that can influence the results and 

affect the reproducibility and overall outcome of the assays. 

Other Atl-derived recombinant proteins, such as AMR1-3GL, R3GL and AM were 

also tested by SPR using the SA sensor chip with the biotynilated DNA 

fragment A immobilized at the chip surface. Interestingly, when recombinant 

proteins that included the repeat regions were used in Biacore assays, the 

association was so strong that no dissociation of the proteins from the 

DNA/sensor chip’s surface was seen and the removal of the proteins from the 

chip’s surface was very difficult to accomplish, as seen with recombinant 

proteins AMR1-3GL and R3GL (Figure 2–6). This result is in accordance with the 
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reports that claim that the repeat regions are promiscuous in binding and are 

able to bind to a various number of molecules (5, 6, 19). As with the GL 

protein, proteins AMR1-3GL, R3GL also bound non-specifically to the empty 

control flow cell, whilst proteins AM and MurF showed no binding to the empty 

control cell (data not shown). 

 
Figure 2–6. Biacore sensorgram obtained from the binding of proteins AMR1-3GL, R3GL, GL, AM 
and MurF to DNA fragment A. Proteins in solution (50 nM) were injected sequentially into the 
Biacore system, and flowed over the SA sensor chip with immobilized DNA fragment A. Asterisks 
denote two minute injections of 1 M NaCl used to dissociate the protein from the immobilized 
DNA at the surface of the sensor chip. 

Due to these technical reasons, we were not able to obtain quality data 

necessary to retrieve binding constants and kinetic data for the GL-DNA 

interaction, although it was clear that the GL protein, even in the absence of its 

repeat domain, was able to bind to DNA. 

2.3.6.2. Isothermal Titration Calorimetry 

To avoid the limitations of the Biacore system, which includes immobilization 

of one of the interacting partners in the solid matrix of the sensor chip, the 

isothermal titration calorimetry (ITC) technique was used to test the GL-DNA 

interaction, as it does not require any kind of matrix attachment or 

modification of the biomolecules in the interaction. 

The assay performed here used recombinant protein GL without its repeat at a 

concentration of 22 μM in the cell and was titrated with 1 mM of the double 
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stranded 20-bp DNA fragment E (Table 2–3), in PBS. Previous EMSAs had 

already shown that the GL protein was able to bind to this particular DNA 

fragment (data not shown). 

Results showed binding of the GL protein to the DNA fragment E, as the 

sequential injection of fragment E led to peaks that gave rise to a thermal 

titration curve (Figure 2–7). Integration of the peaks led to an incomplete 

isotherm, which did not allow the retrieval of any binding constants, since 

saturation of binding was not achieved and therefore the curve could not be 

fitted to the mathematical binding model.  

Further assays using the 57-bp DNA Fragment D, the 238-bp DNA fragment A 

(Table 2–3) and low molecular weight salmon sperm DNA (ssDNA) resulted in 

equivalent isotherms that also did not reach saturation, not allowing for proper 

peak integration (data not shown). Although saturation was not obtained, 

when fitting was attempted for the interaction between GL and DNA fragment E 

(Figure 2–7), the binding constants obtained had bizarre values and, for 

example, the stoichiometry of the reaction suggested a high number of protein 

molecules binding to a single DNA fragment, regardless of their size. 

A control assay with DNA in the syringe, titrating buffer only in the cell was not 

accomplished due to time constraints. This result would be important to 

exclude the heat of the dilution of the injected DNA into solution as the cause 

of the peaks of the thermal titration curve. 
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Figure 2–7. Isothermal 
titration calorimetry (ITC) 
assay of the GL-DNA 
interaction. 22 μM of 
recombinant protein GL was 
titrated with sequential 2 μl 
injections of 1 mM of DNA 
fragment E, at 25 ºC. 
Although binding is clearly 
seen by the titration curve 
(above), saturation could not 
be achieved resulting in an 
incomplete isotherm and 
therefore no thermodynamic 
binding constants could be 
retrieved. 

 

 

2.3.7. Hydrolytic activity of the recombinant proteins  

The recombinant proteins retained their native cell wall hydrolytic activity, as 

shown by zymograms performed with heat-inactivated cells of S. aureus or of 

Micrococcus luteus (Figure 2–8–B and C, respectively). The clear zones 

observed in the zymograms corresponded to the band sizes determined by 

Coomassie blue staining (Figure 2–8–A). As expected, AMR1-3GL, AMR1-2 and AM 

showed hydrolytic activity against heat-inactivated cells of both S. aureus and 

M. luteus while R3GL, GL and GLC were only capable to lyse M. luteus (1). Protein 

GLN that did not include the lytic domain had no hydrolytic capacity. 
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The activity of the recombinant proteins was further confirmed in vivo, 

demonstrating their capacity to catalyze separation of cell clusters and 

restoring the parental phenotype in atl mutant cells (20). 

 

Figure 2–8. Purified recombinant 
proteins and assessment of 
hydrolytic activity. (A) Staining of 
the purified recombinant proteins 
with Coomassie Brilliant Blue after 
SDS-PAGE and the corresponding 
zymograms performed with 
incorporated heat inactivated (B) S. 
aureus cells and (C) M. luteus cells. 
Proteins: a) AMR1-3GL, b) R3GL, c) 
GL, d) GLC, e) GLN, f) AM, g) AMR1-2. 

 

2.3.8. GL-DNA binding activity does not affect GL hydrolytic capacity 

The primary physiological role of Atl is its hydrolytic activity on the 

staphylococcal peptidoglycan. To determine if the DNA binding capacity of the 

Atl domains influences their hydrolytic activity, we performed hydrolytic assays 

using heat-inactivated cells of M. luteus as substrate in combination with 

different DNA concentrations and the AMR1-2 and R3GL proteins as catalysts of 
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cell wall degradation (Figure 2–9–A, B and C). No significant effect was 

observed for any of the DNA concentrations tested, and the same result was 

obtained with heat-inactivated cells of S. aureus (Figure 2–9–D, E and F).  

 
Figure 2–9. Hydrolytic assays of heat inactivated cells. Recombinant proteins were added at 
different concentrations to heat inactivated M. luteus and S. aureus cells and hydrolysis was 
followed by measuring the decrease in OD600. Different concentrations of added DNA did not affect 
significantly the hydrolysis of cells. Results are shown for M. luteus and S. aureus cells, 
respectively. (A) and (D) Protein R3GL. (B) and (E) Protein AMR1-2 (C) and (F) Proteins R3GL and  
AMR1-2. 
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2.4. Discussion 

The major autolysin of S. aureus – Atl – plays a variety of roles in the 

physiology of this bacterium: deletion mutants of atl form large cell clusters, 

have a “rough” outer surface, produce lower amounts of secreted and cell wall 

bound proteins, and are impaired in biofilm formation (1, 4, 6, 10). The novel 

observations described in this communication show that Atl, specifically its GL 

domain, also plays an additional role in binding DNA.  

Atl exists intracellularly as an unprocessed protein but after secretion it 

becomes attached to the external cell surface and undergoes proteolytic 

cleavage into two smaller polypeptides, which have hydrolytic activity. The 

observations described in this communication indicate that both forms of the 

hydrolase – the processed and the unprocessed – were able to bind DNA 

molecules, suggesting multiple possible roles for such activity. 

Electrophoretic mobility shift assays showed that the DNA binding activity was 

not sequence specific and did not require interaction with other proteins. DNA-

binding activity was present in the unprocessed Atl protein, in the catalytic 

region of the GL domain and in the repeats as well. While the repeats are 

known to be able to attach to a wide variety of different molecules, this activity 

could only account for part of the total DNA-binding described in this report. 

The GL catalytic domain showed DNA-binding activity independent of the 

presence of the R3 repeat unit. In contrast, DNA binding activity of the AM 

domain appears to be restricted to the repeats, and DNA binding to the 

catalytic domain was not observed. 

The sensorgrams obtained in the SPR interaction assays (Biacore) in which the 

DNA molecule was immobilized on the surface of the sensor chip, are in 

accordance with the EMSA results, since the AM domain without its repeats did 

not bind DNA, while recombinant proteins that had the repeat regions bound 

to the immobilized DNA in such a robust manner that full dissociation of the 

proteins from the DNA was difficult to achieve. The GL protein bound to the 
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DNA immobilized at the surface of the sensor chip, in a concentration 

dependent manner. However, due to non-specific binding of the GL protein to 

the surface of the sensor chip that did not have immobilized DNA, as well as of 

the other recombinant Atl-derived proteins tested, no kinetic or affinity 

constants could be retrieved from these assays, although they clearly showed 

DNA binding. The use of sensor chips with different chemistries could reduce 

the non-specific binding of the proteins to the SA sensor chip dextran matrix. 

Sensor chip CM4, for example, has a lower carboxymethylation level than the 

SA chip, and is used to reduce non-specific binding in particular of positively 

charged molecules (21). The use of different buffers could also improve the 

binding of GL and the remaining Atl-derived recombinant proteins to the 

immobilized DNA and reduce non-specific binding to the chip’s matrix. 

Meticulous and thorough optimization of the surface of the sensor chip and of 

the buffers used to test the interactions through SPR are vital, because of the 

very sensitive and not selective nature of this method. Any artifacts that occur 

due to defective or suboptimal surfaces and buffers are amplified and 

immediately visible (16). 

Due to the limitations encountered with SPR, a different approach was pursued 

and ITC was used to elucidate the binding interaction between GL and DNA. 

Although binding was seen with ITC, the interaction that occurs between GL 

and DNA did not permit the acquisition of data favorable for the retrieval of 

binding constants. In this case it proved impossible to saturate the GL protein 

with DNA, and the integration of the peaks obtained from the interaction led to 

an incomplete isotherm, that did not allow for a good fitting of the data.  

The suggested low stoichiometry of the interaction that was obtained from the 

ITC fitting proposes that one DNA fragment is able to bind to a high number of 

protein molecules. Prongidix-Fix and colleagues obtained similar 

stoichiometries when studying a peptide-DNA interaction by ITC (22). In the 

referenced report, an amphipathic transfecting peptide bound unspecifically to 

DNA, and the authors suggest that the peptide’s positively charged parts cover 
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the DNA’s anionic surface generating large complexes, that are also not able 

to enter the gel matrix in EMSAs (22). This could also be occurring with the GL-

DNA interaction, and the binding of GL to DNA without sequence specificity 

could account for a way for S. aureus to hold DNA molecules at a particular 

place at the cell surface. Due to the highly positive pI of the GL protein, even 

without its positively charged repeat region (theoretical pI of GL without R3 

~9.58, theoretical pI of R3GL ~9.71), this protein is positively charged at the pH 

used in the assays described, as well as at physiological pH. This could result 

in a strong interaction with the DNA molecules that could be present in the 

milieu surrounding the bacterial cells. The structure of the GL protein and the 

mechanism by which it binds to DNA are already being addressed by Nuclear 

Magnetic Resonance (NMR), and the results could elucidate this possible new 

way of protein-DNA interaction. 

In the context of S. aureus cell division one might speculate that the binding of 

the whole Atl protein to DNA molecules may be involved in the process of 

anchoring the chromosome to the cell envelope in order to orient it during cell 

division (23). Were this the case, one would expect to detect in Atl mutants cell 

division abnormalities such as asymmetric septa and slower division rate. 

However tests with the atl mutant RUSAL9 (10) detected no abnormalities (4). 

Therefore we favor the hypothesis that the DNA-binding capacity of Atl 

described in this report is primarily related to the capture and binding of 

extracellular DNA molecules. The possibility that the DNA binding of GL 

described here may be involved with the cellular uptake of DNA is being 

explored. DNA-mediated genetic transformation was recently reported in S. 

aureus (24). 

The fact that the hydrolytic activity of GL against heat-inactivated cells does 

not seem to suffer any changes in the presence of DNA suggests that the two 

activities of this protein – peptidoglycan hydrolysis and DNA-binding – were 

unrelated, at least under the conditions tested.  
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S. aureus atl mutants are impaired in biofilm formation (6); GL and AM are 

both able to independently and partially restore this phenotype although the 

full complementation requires both domains (25). The GL-DNA interaction 

described in this report may play a role in the formation and/or stability of 

biofilms. 

The main biological role of this association remains to be explored, and 

further experiments are in progress to test the effect of this interaction in 

biofilm formation. 

 

2.5. Materials and Methods 

2.5.1. Bacterial strains, plasmids, and growth conditions  

Bacterial strains and plasmids used in this study are listed in Table 2–1. All 

strains were grown at 37 ºC with aeration, in the following media: tryptic soy 

broth (TSB) or tryptic soy agar (TSA) (Difco Laboratories, Detroit, MI, USA) for S. 

aureus strains, Lysogeny broth (LB) or Lysogeny agar (LA) (Difco Laboratories) 

for Escherichia coli strains, and Brain Heart Infusion broth (BHI) or BHI-agar 

(Difco Laboratories) for M. luteus.  

Antibiotic kanamycin (30 μg/ml) was used when needed as recommended by 

the manufacturer (Sigma-Aldrich, St. Louis, MO, USA). 

2.5.2. DNA methods  

Restriction enzymes (New England Biolabs, Ipswich, MA, USA) were used as 

recommended by the manufacturer. Routine PCR amplification was performed 

with GoTaq Flexi DNA polymerase (Promega, Madison, WI, USA) and PCR 

amplification for cloning purposes was performed using Phusion High Fidelity 

DNA polymerase (Finnzymes, Thermo Fisher Scientific, Waltham, MA, USA). 

For plasmid DNA extraction, High pure Plasmid Purification Kit (Roche, Basel, 

Switzerland) was used. PCR and digestion products were purified with High 
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pure PCR Purification Kit (Roche). Ligation reactions were performed with Rapid 

DNA Ligation kit (Roche). 

2.5.3. DNA Binding Protein Purification Assays 

Cells were harvested at mid-exponential phase and lysed as described (26). 

The lysate was dialyzed using 3500 MWCO slide-a-lyzer cassettes (Pierce 

Biotechnology, Thermo Fisher Scientific) against the dialysis buffer described. 

The biotinylated DNA fragments were amplified using DNA from S. aureus 

strain COL and primer pairs pmurFGS4 and Biotin-pddlAlow3 (Fragment A – 

238-bp of the promoter of ddlA-murF operon), pFptaF and Biotin-pFptaR 

(Fragment B – 422-bp of the promoter of pta gene) and Biotin-ptaF and ptaR 

(Fragment C – 314-bp of an internal region of pta gene) (Table 2–3 and Table 

2–2).  

The biotinylated fragments were bound to streptavidin coated magnetic 

Dynabeads (Invitrogen, Thermo Fisher Scientific) as recommended by the 

manufacturer. The beads were washed in B&W buffer and resuspended in 

2X B&W buffer, with an equal volume of the biotinylated DNA. After incubation 

with constant rotation, the DNA-coated beads were washed and separated with 

a magnet (Invitrogen, Thermo Fisher Scientific). 

Binding reactions were performed as described (27), with minor adjustments: 

DNA-coated beads were incubated with 600 μg of crude extracts in protein 

binding buffer at RT with rotation. Following several washes, the beads were 

boiled in 0.1% SDS and the eluted proteins were separated by SDS-PAGE and 

stained with Coomassie blue silver (28). Protein bands were analyzed by mass 

spectrometry (MALDI-TOF/TOF) at the Mass Spectrometry Laboratory, 

Analytical Services Unit, ITQB, UNL. 

To assess binding specificity, salmon sperm DNA (Sigma-Aldrich) was added to 

the extracts (200-fold molar excess) prior to incubation with the beads. 
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2.5.4. Construction of recombinant plasmids for protein expression 

Different Atl DNA fragments were amplified by PCR using DNA from S. aureus 

strain COL as template and specific primers (Table 2–2), which included the 

appropriate restriction sites for cloning. The fragments were purified, digested 

with respective restriction enzymes, and cloned into pET28a (+) plasmid 

(Novagen, Merck Millipore, Darmstadt, Germany), using E. coli DH5α in-house 

prepared competent cells. The correct recombinant plasmids (Table 2–1) were 

confirmed by restriction analysis and sequencing, and used to transform in-

house prepared E. coli BL21(DE3) competent cells for protein expression.  

To construct the His6-AMR1,2 recombinant protein, plasmid pET28a-AMR1-3GL 

was used as template for site-directed mutagenesis using primers Pexp_stop1 

and Pexp_stop2 (Table 2–2), to change codon 175 from AAA (Lys) to TAA (stop 

codon). 

To construct the MurF protein, a DNA fragment of the murF gene was 

amplified by PCR using primers PmurF28aup and PmurF28alow (Table 2–2), 

which included appropriate restriction sites for cloning, using DNA from S. 

aureus strain COL as a template. The DNA fragment correspondent to the MurF 

protein was purified, digested with respective restriction enzymes, and cloned 

into pET28a (+) plasmid (Novagen, Merck Millipore) using E. coli DH5α 

competent cells. The recombinant plasmid (Table 2–1) was confirmed by 

restriction analysis and sequencing, and used to transform E. coli BL21(DE3) 

competent cells for protein expression.  

2.5.5. Protein expression and purification 

The constructed proteins were expressed as N-terminal 6xHis-tagged fusion 

proteins. Expression was performed using an auto-induction expression 

method (29). Cells were harvested at late-log phase and resuspended in 1/10 

volume of Purification Lysis buffer containing 10 U/ml of benzonase nuclease 

(Novagen, Merck Millipore) and Complete-Mini Protease Inhibitor Cocktail 

EDTA-free Tablet (Roche). After cell disruption, the lysates were cleared. The 
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recombinant proteins were all soluble and therefore present in the 

supernatant. For an example of protein expression, see Section 2.6. 

Supporting Information, Figure 2–10, page 129. 

The recombinant proteins were purified using Ni-NTA agarose columns 

(Qiagen, Hilden, Germany) under native conditions, according to the 

manufacturer’s instructions. The expression and purification yields were 

monitored by SDS-PAGE. For an example for protein GL, see Section 2.6. 

Supporting Information, Figure 2–11, page 130. The most concentrated elution 

fractions were dialyzed using a 3500 MWCO snakeskin tubing (Pierce 

Biotechnology, Thermo Fisher Scientific) at 4 ºC, against 100 mM Tris pH 7.5.  

2.5.6. Zymogram analysis 

Heat-inactivated cells were prepared as described (30), with some 

modifications. S. aureus and M. luteus were grown to mid-exponential phase 

and cells were recovered by centrifugation, washed twice, resuspended in cold 

water and heat-inactivated by autoclaving at 121 ºC for 15 minutes. After 

cooling, the heat-inactivated cells were washed twice with cold water, and kept 

in 0.05% sodium azide. 

Zymograms were performed in 12% SDS-PAGE gels with the incorporation of 

2 x 109 heat-inactivated cells of S. aureus or M. luteus, and 100 ng of each 

purified protein were used. After electrophoresis, the zymogram gels were 

washed thrice with water, and incubated with renaturation buffer (0.1% 

Triton X-100, 10 mM CaCl2, 10 mM MgCl2, 50 mM Tris-HCl pH 7.5) for an hour. 

Gels were stained with methylene blue staining (1% methylene blue in 0.01% 

KOH) and destained with water. 

2.5.7. Electrophoretic Mobility Shift Assays (EMSA) 

Gel shift assays were performed using purified recombinant proteins and a 5’-

fluorescein labeled DNA fragment A, amplified by PCR, using primers 

Fluorescein-pddlalow3 and pmurFGS4 (Table 2–3 and Table 2–2). Prior to the 

binding reaction, the DNA fragment was purified. 
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Lyophilized complementary oligonucleotide primers Pexp_stop1 and 

Pexp_stop2 as well as the pair pmurFGS4 and pmurFGS4-comp (Table 2–2), 

were resuspended in annealing buffer (10 mM Tris pH 7.5, 1 mM EDTA, 50 mM 

NaCl) at a final concentration of 1 mM, to generate DNA fragment D and DNA 

fragment E, respectively (Table 2–3). Oligonucleotide primers were mixed in a 

1:1 ratio and the tubes inserted into a heat block at 95 ºC. The heat block was 

disconnected and the primers were allowed to anneal for 15 minutes. Tubes 

were further cooled down for another 45 minutes at the bench top. Annealing 

was assessed by gel electrophoresis. 

The binding reaction components were combined to a final volume of 20 μl, in 

the following order: ultrapure water, 10x EMSA binding buffer (100 mM Tris 

pH 7.5, 50 mM KCl, 10 mM DTT), 10 nM of target DNA, purified recombinant 

proteins in increasing amounts, and 200-fold molar excess of unspecific DNA 

(low molecular weight salmon sperm DNA, Sigma-Aldrich), when applicable. 

Final protein concentrations ranged from 0 to 1 μM. Following a 30-minute 

incubation period at room temperature, the binding reactions were separated 

by electrophoresis in 1% agarose gels (1x TAE). Visualization was performed in 

a Fuji Fluorescent Analyzer TLA-5100, except for the gel shift experiment 

performed with the DNA fragment D, which was visualized using ethidium 

bromide. 

2.5.8. SPR assays 

SPR assays were performed in a Biacore 2000 system (GE Healthcare Life 

Sciences, Buckinghamshire, UK), to assess the GL-DNA binding kinetics and 

affinity. This microfluidics biosensor uses surface plasmon resonance 

detection for macromolecular interaction studies. One of the interacting 

partners is immobilized onto the surface of a sensor chip, while the binding 

partner in solution is flowed over the sensor chip’s surface. The SPR 

phenomenon occurs when a polarized light beam is projected through a prism 

onto a thin metal film, causing a reduction in the intensity of the light that is 

reflected at a specific angle from the sensor chip’s surface. The binding of a 
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biomolecule on top of the sensor chip’s surface leads to a change in the 

refractive index close to the surface, altering the angle of the reflected light, 

proportionally to the mass of the material bound. The change in the refractive 

index, and thus binding, is continuously monitored and displayed in a 

sensorgram where the binding response in resonance units is plotted as a 

function of time. The shape of the sensorgram produced reveals the binding 

characteristics for the interaction, such as binding kinetics (ka, association rate 

constant; kd, dissociation rate constant) and affinity (KA, equilibrium 

association constant; KD, equilibrium dissociation constant) (15). 

A sensor chip SA (GE Healthcare Life Sciences), coated with streptavidin, was 

used to immobilize the biotinylated DNA fragment A (Table 2–3), amplified by 

PCR from primer pairs pmurFGS4 and Biotin-pddlAlow3 (Table 2–2). After PCR 

amplification, DNA fragment A was purified with High pure PCR Purification Kit 

(Roche), and diluted in TMEN-Immobilization buffer (10 mM Tris pH 7.5, 

10 mM MgCl2, 1 mM EDTA, 0.5 M NaCl, 0.025% Nonidet P-40). 

Recombinant proteins AMR1-3GL, R3GL, GL, AM and MurF were expressed and 

purified as described earlier.  

Immobilization of the DNA fragment A to flow cell 2 of the SA sensor chip was 

accomplished as follows: flow cells 1 and 2 were primed with TMEN-

Immobilization buffer, and subsequently conditioned with three consecutive 

one-minute injections of 1 M NaCl in 50 mM NaOH, at a flow rate of 10 μl/min. 

Flow cell 2 was injected with 5 μl of DNA fragment A at a concentration of 

42.27 pM, followed by a 10 μl injection of 1 M NaCl, at a flow rate of 5 μl/min. 

Binding of proteins to the DNA fragment A was performed in TMEN buffer 

(10 mM Tris pH 7.5, 10 mM MgCl2, 1 mM EDTA, 25 mM NaCl, 0.025% Nonidet 

P-40), at a flow rate of 5 μl/min. Protein GL was injected at different 

concentrations, ranging from 50 to 600 nM, in 20 μl injections, followed by a 

10 μl injection of 1M NaCl to dissociate the protein from the immobilized DNA. 
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Proteins AMR1-3GL, R3GL, AM and MurF were injected in a similar manner, at a 

concentration of 50 nM. 

Analyses of Biacore sensorgrams were performed using the BIAevaluation 

software (GE Healthcare Life Sciences). 

2.5.9. ITC assays 

ITC studies the binding of two interacting partners by mixing one component 

with the other in solution, at constant temperature, while measuring the heat 

change that occurs in this interaction. The sample cell, where one interacting 

partner is introduced, is fitted with an injection syringe that also acts as a 

stirrer, rotating at constant speed during the thermal titration process. The 

ligand solution is injected in small aliquots into the sample solution, giving 

rise to small temperature changes. The sequential injections of ligand into the 

sample will retrieve a sequence of heat pulses that represent the differential 

thermal titration curve for the process and can be analyzed to give the 

thermodynamic constants such as the equilibrium constant (K), the enthalpy 

change (ΔH) and the stoichiometry of the reaction (n) (31).  

ITC experiments were performed in a MicroCal ITC200 isothermal titration 

calorimeter (GE Healthcare Life Sciences) at 25 ºC, with constant stirring of 

400 rpm. 300 μl of recombinant protein GL at a concentration of 22 μM was 

titrated with forty sequential 2 μl injections of 1 mM of DNA fragment E (Table 

2–3), over the course of 80 minutes. Due to volume restrictions, two sequential 

assays of forty minutes each were performed and concatenated in order to try 

to obtain saturation in binding. Analyses of the ITC assays were performed 

using the Origin software (OriginLab, Northampton, MA, USA). 

2.5.9.1. Oligo annealing 

Lyophilized oligonucleotides pmurFGS4 and pmurFGS4-comp (Table 2–2) were 

annealed as described earlier (Section 2.5.7. Electrophoretic Mobility Shift 

Assays (EMSA), page 122). Annealing was assessed by gel electrophoresis, and 

the DNA fragment E was further dialyzed against PBS using the Mini Dialysis 
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Kit, 1 kDa MWCO (GE Healthcare Life Sciences). Concentrations were assessed 

using a Nanodrop 1000 apparatus (Thermo Fisher Scientific). 

2.5.9.2. Recombinant protein expression and purification 

Recombinant protein GL was expressed and purified as described earlier, 

except that it was buffer exchanged to PBS using PD-10 Desalting Columns (GE 

Healthcare Life Sciences), following the manufacturer’s instructions. Care was 

taken to use the exact same PBS batch as the one used to dialyze DNA 

fragment E, as to prevent buffer mismatch during the ITC runs. Protein 

concentration was assessed using a Nanodrop 1000 apparatus (Thermo Fisher 

Scientific) at 208 nm and using the recombinant protein’s theoretical 

molecular weight and extinction coefficient (ε). 

2.5.10. Hydrolytic assays of heat inactivated cells 

Hydrolytic assays were performed in sterile non-treated 96-well microplates 

(Brand, Wertheim, Germany) at 37 ºC with shaking (400 rpm) for 2 hours. Heat-

inactivated cells of S. aureus strain COL and M. luteus were prepared as above 

(Section 2.5.6. Zymogram analysis, page 122), and were resuspended in 

50 mM Tris pH 8.0 to an initial OD600 of 0.3. Low molecular weight salmon 

sperm DNA and purified proteins AMR1-2 and R3GL were added to the wells at 

the beginning of the assay at different concentrations. Three biological 

replicates were performed in triplicate in an Infinite F200 PRO microplate 

reader (Tecan Group Ltd., Mannedorf, Switzerland). 

The decrease in OD600 observed for each protein/DNA concentrations was 

calculated as a percentage of the initial OD600 value. 

2.5.11. Statistical analysis 

Hydrolysis assays data were analyzed by performing a one-way ANOVA with 

Tukey multiple comparison tests, using GraphPad Prism. 
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Table 2–1. Strains and plasmids used in this study. 

Strain or 
plasmid 

Description 
Source or 
reference 

S. aureus   

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

E. coli    

DH5α 
recA endA1 gyrA96 thi-1 hsdR17 supE44 relA1 
ϕ80 ΔlacZΔM15. 

Invitrogen 

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

-mB
-) λ(DE3 [lacI 

lacUV5-T7 gene 1 ind1 sam7 nin5]). 
Invitrogen 

Plasmids   

pET28a(+) E. coli expression vector.  Novagen 

pET-AMR1-3GL 
pET28a(+) expressing AMR1-3GL as an N-terminal 
His-tag fusion (fragment amplified with Pexp1 and 
Pexp4). 

This study. 

pET-AMR1-2 

pET28a(+) expressing AMR1-2 protein as an N-
terminal His-tag fusion. pET-AMR1-3GL was used to 
insert a stop codon by directed mutagenesis with 
primers Pexp_stop1 and Pexp_stop2. 

This study. 

pET-AM 
pET28a(+) expressing AM as an N-terminal His-tag 
fusion (fragment amplified with Pexp1 and Pexp5). 

This study. 

pET-R3GL 
pET28a(+) expressing R3GL as an N-terminal His-
tag fusion (fragment amplified with Pexp2 and 
Pexp4). 

This study. 

pET-GL 
pET28a(+) expressing GL as an N-terminal His-tag 
fusion (fragment amplified with Pexp3 and Pexp4). 

This study. 

pET-GLN 
pET28a(+) expressing GLN as an N-terminal His-tag 
fusion (fragment amplified with Pexp3 and Pexp7). 

This study. 

pET-GLC 
pET28a(+) expressing GLC as an N-terminal His-tag 
fusion (fragment amplified with Pexp6 and Pexp4). 

This study. 

pET-MurF 
pET28a(+) expressing MurFC as an N-terminal His-
tag fusion (fragment amplified with PmurF28aup 
and PmurF28alow) 

R.G.Sobral, 
unpublished 
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Table 2–2. Oligonucleotide primers used in this study. 

Primer Nucleotide Sequence (5’ – 3’) Source 

Recombinant protein expression 

Pexp1 CCAGGATCCGCTTCAGCACAACCAAGATCAG This study 

Pexp2 CGTGGATCCGCTTATACTGTTACTAAACC This study 

Pexp3 CGTGGATCCGCACCAACTGCTGTGAAACC This study 

Pexp4 CCAGTCGACTTATTTATATTGTGGGATGTCG This study 

Pexp5 CCAGTCGACTTAGGTAGTTGTAGATTGCG This study 

Pexp6 CCAGGATCCGCAATGGATACGAAGCGTTTAGC This study 

Pexp7 
CCTGTCGACTTAATGCTTAACATCATTAAAGTTAG
C 

This study 

Pexp_stop1 
GCAGTAGCACAACCAAAAACAGCTGTAtaaGCTTAT
ACTGTTACTAAACCACAAACG 

This study 

Pexp_stop2 
CGTTTGTGGTTTAGTAACAGTATAAGCttaTACAGC
TGTTTTTGGTTGTGCTACTGC 

This study 

PmurF28aup CGCGCCATGGCAATTAATGTTACATTAAAGC 
R.G.Sobral, 
unpublished 

PmurF28alow CACGGTCGACTGAAATTAAAGCATTTACCAC 
R.G.Sobral, 
unpublished 

Electrophoretic Mobility Shift Assays, DNA Binding protein Purification Assays, SPR 
and ITC 

PmurFGS4 CACAGTGATATCAGCTATAG This study 

PmurFGS4-
comp 

CTATAGCTGATATCACTGTG This study 

pmurFGS2 CAATTAACAATAGGACTAAATC This study 

Biotin-
PddlAlow3 

biot-CCTCCAATGATATATCAGGG This study 

PFptaF CCCAAGCTTGATCACCAGATTTTG This study 

Biotin-PFptaR biot-CGTTCGTCCTCTCCTTCAGG This study 

Biotin-ptaF biot-CCTGAAGGAGAGGACGAACG This study 

ptaR GCTGCACCACTAACTAAACC This study 

PddlAlow3 CCTCCAATGATATATCAGGG This study 

Fluorescein-
PddlAlow3 

fluo-CCTCCAATGATATATCAGGG This study 

The restriction sequences included in the primers are underlined. 

 



Chapter 2 
– The Glucosaminidase domain of Atl – the major Staphylococcus aureus autolysin – has 

DNA-binding activity – 
 

 
129 | 

Table 2–3. Generated DNA fragments for EMSA, DNA Binding protein Purification Assays, SPR 
and ITC. 

DNA fragment 
Forward 
Primer 

Reverse Primer Size 
(bp) 

Coordinates in S. 
aureus COL genome* 

Biotinylated DNA 
fragment A 

pmurFGS4 Biotin-pddlAlow3 238 2141930 – 2142168 

Fluorescein DNA 
fragment A 

pmurFGS4 
Fluorescein-
pddlAlow3 

238 2141930 – 2142168 

DNA fragment A pmurFGS4 pddlAlow3 238 2141930 – 2142168 

Biotynilated DNA 
fragment B 

pFptaF Biotin-pFptaR 422 666409 – 666831 

Biotinylated DNA 
fragment C 

Biotin-ptaF ptaR 314 666831 – 667145 

DNA fragment D Pexp_stop1 Pexp_stop2 57 1069932 – 1069989 

DNA fragment E pmurFGS4 pmurFGS4-comp 20 214148 – 2142168 

*NCBI Reference Sequence: NC_002951.2 

 

2.6. Supporting Information 

 

Figure 2–10. SDS-PAGE of soluble 
total extract of cell lysates from 
protein expression by auto-induction, 
before protein purification with Ni-
NTA agarose columns. (A) AMR1-3GL, 
(B) R3GL, (C) GL, (D) GLC, (E) GLN, Protein 
overexpression is clearly seen as thick 
bands in the gel. Approximate 
molecular masses are indicated in kDa. 
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Figure 2–11. SDS-PAGE of 
purification of protein GL. Samples 
of different fractions were separated 
after purification with Ni-NTA agarose 
columns. TE – total extract, FT – flow 
through, W1 – wash 1, E1 – elution 1, 
E2 – elution 2. Approximate molecular 
masses are indicated in kDa. 
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The author of this dissertation performed all the experiments described in this chapter. 

 

 

 

 

Chapter 3 

3. Binding of Atl to DNA at the cell 
surface 

 

 

3.1. Abstract 

The major murein hydrolase of S. aureus, Atl, is a key factor in the physiology 

of this bacterium, as it is responsible for cell separation and peptidoglycan 

turnover, among other important functions. Our previously reported 

association between the glucosaminidase (GL) domain of Atl and DNA could 

have implications in these processes, as this interaction suggests that this 

peptidoglycan hydrolase could respond to the presence of DNA. In this report, 

Atl was shown to be able to bind DNA at the cell surface, as the addition of 

radiolabeled DNA to cells of wild type and atl mutant showed a 2 to 3-fold 

decrease in the amount of DNA bound to the cell surface of the atl mutant. 

The hydrolytic activity of GL against purified S. aureus peptidoglycan was 

assessed by reverse-phase high performance liquid chromatography, and was 

shown to be inhibited in the presence of DNA. Addition of the same 



Chapter 3 
– Binding of Atl to DNA at the cell surface – 
 
 

 
| 134 

concentration of DNA that inhibited the hydrolytic activity of GL to the growth 

media of S. aureus cells did not result in growth arrest at physiological pH 

values, as was anticipated from the role of GL in cell division, and therefore no 

function for this inhibition was disclosed.  

 

3.2. Introduction 

Atl is the major bifunctional autolysin of S. aureus, with N-acetylmuramoyl-L-

alanine amidase (AM) and endo-β-N-acetylglucosaminidase (GL) catalytic 

domains (1-3). The primary described role for this autolysin is to separate cells 

during cell division, but it also acts in the metabolic turnover of surface 

peptidoglycan and in antibiotic-induced cell lysis, among others (3-6). Even 

though Atl plays such an essential role in critical processes, it is remarkable 

that atl mutants show no growth defects, although they do form large cell 

clusters due to the deficiency in cell separation (7, 8).  

Atl is translated as a single pro-peptide that is exported to the external milieu 

via the Sec apparatus (1). After secretion, the pro-Atl protein is non-covalently 

attached to the cell wall and proteolytically processed into the two mature AM 

and GL catalytic domains, in a thus far uncharacterized manner (9). 

In our previous work, we have reported that the GL protein is capable of 

binding DNA (10), and we assumed this occurs extracellularly, where the 

protein is correctly folded. However, the implications of this association have 

not been yet explored. 

We sought to test whether the association between GL and DNA occurred at 

the cell surface of S. aureus and if GL could be responsible for the presence of 

extracellular DNA (eDNA) molecules at the cell surface. This process could be 

important, for example, in biofilm formation, where eDNA plays a role as an 

intercellular adhesin (11). 
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Furthermore, we speculated that the interaction of DNA with GL could have an 

effect on the hydrolytic activity of the enzyme. One of the hypothesized 

biological implications of this association was that it could lead to a decrease 

in the enzyme’s hydrolytic activity, ultimately slowing down cell division and 

cellular growth. 

 

3.3. Results 

3.3.1. Inactivation of atl reduces the binding of extracellular DNA to 
the bacterial cell surface 

To determine whether the native, cell surface-associated Atl was capable of 

binding extracellular DNA at the bacterial cell surface, strain COL and its 

isogenic atl mutant RUSAL9 were used. RUSAL9 is a Tn551 transposition 

mutant with diminished lytic activity, in which the transposon has inserted at 

172 bps of the 3´-end of the atl gene (1, 12). Transcription of the atl gene was 

not detectable by Northern blotting in an analogous mutant of S. aureus strain 

RN450 (13), and Western blotting analysis, performed with anti-GLN raised 

antibody, showed virtually no GL protein product in the total cellular extracts 

of the RUSAL9 mutant (Figure 3–1). 

 

Figure 3–1. Western blotting of GL 
protein. Anti-GLN raised antibody was 
used for protein detection in crude cellular 
extracts of S. aureus COL strain (A) and 
its isogenic RUSAL9 atl mutant (B). 

The cultures of parental strain COL and mutant RUSAL9 were first treated with 

AM recombinant protein in order to separate the cell clusters, so that the same 

surface area would be available for DNA-binding in both strains. Treatment 

with AM protein (without the R1-2 repeat regions) did not lead to cell death and 

successfully dispersed the cell clusters, as confirmed by the number of colony 
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forming units (CFU/ml) of both strains (Figure 3–3) and visualized by optical 

microscopy (Figure 3–2).  

 
Figure 3–2. Optical microscopy of COL and atl mutant RUSAL9 cultures treated with AM 
protein. Cells of S. aureus strain COL and RUSAL9 in exponential phase of growth were recovered 
and resuspended in binding buffer. AM protein was added (25 μg/ml) to separate RUSAL9 cell 
clusters. Addition of AM did not kill cells as seen by plating and CFU counting (Figure 3–3). (A) 
Phase microscopy of COL cells with and without AM protein. (B) Phase microscopy of RUSAL9 cells 
with and without AM protein. The scale bar corresponds to 10 μm. 
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Figure 3–3. Determination of the 
colony forming units (CFU/ml) of S. 
aureus strains COL and atl mutant 
RUSAL9 cultures at an OD600 of 0.4, 
and after incubation with binding 
buffer (BB, 20 mM HEPES, 1 mM DTT, 
20 mM KCl, 200 μg/ml BSA) or 
25 μg/ml of AM recombinant protein 
(AM) in BB. The CFU/ml did not 
significantly change after treatment with 
BB or AM. 

 

The cell suspensions were then independently incubated with two 

concentrations of radiolabeled DNA fragment A. After a thorough wash step, 

cells were resuspended and the amount of radiolabeled DNA that persisted 

associated to the bacterial cells was analyzed using a scintillation counter to 

determine the counts per minute (CPM). There was an approximately 2 to 3-

fold decrease in the amount of DNA (CPM counts per CFU) bound to the atl 

mutant RUSAL9 in comparison to the wild type strain COL (Figure 3–4–A). 

In order to analyze to what extent the radiolabeled DNA was localized at the 

exterior of the cell, an additional assay was performed in which the cells were 

incubated with DNase I prior to the scintillation counting. In this experiment, 

the extracellular DNA bound to cells was digested with the endonuclease and 

the CPMs of the supernatants were determined. The results of the DNase I 

treatment showed an approximately 6.5-fold decrease in the CPM of the cell 

supernatant from RUSAL9 in comparison to COL (Figure 3–4–B). 
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Figure 3–4. Determination of DNA bound to Atl at the cell surface. (A) Radioactively labeled 
DNA fragment A was added to cells of strain COL and RUSAL9 isogenic atl mutant cultures, after 
treatment with AM protein for dispersion of cell clusters. The cells were washed and the 
radioactive counts measured in a scintillation counter. (B) Same assay as in A, except that after the 
binding reaction the cellular suspensions were treated with DNase I and the radioactive counts of 
the supernatant were measured. Shown are means (n = 3) with SEM. Results are statistically 
different (* p<0.05, ** p<0.01, *** p<0.001). 

These results do not exclude the possibility that some of the radiolabeled DNA 

added to the cells may have been internalized through the action of Atl. On the 

other hand, the Atl protein is clearly responsible for binding of extracellular 

DNA to the surface of S. aureus. 

 

3.3.2. Effects of the GL-DNA interaction on the peptidoglycan 
hydrolytic activity of GL 

Previous results had shown that the hydrolytic activity of GL was not affected 

by the presence of DNA, when GL was incubated with heat-inactivated cells of 

both S. aureus and Micrococcus luteus (10). In contrast to purified 

peptidoglycan preparations, heat-inactivated cells still contain all the cell wall-

associated components (e.g. teichoic acids, proteins), that could hinder the 

access or activity of GL towards the peptidoglycan layer. Furthermore, GL could 

exert its lytic activity on the peptidoglycan of the heat-inactivated cells at 

specific and discrete locations, that would not result in a detectable alteration 

of the optical density. Thus, the question was raised whether this hydrolytic 

enzyme could have activity towards purified S. aureus peptidoglycan and if, 

with this substrate, DNA could have an impact on GL activity.  
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3.3.2.1. GL is able to hydrolyze purified S. aureus peptidoglycan 

Peptidoglycan from S. aureus strain COL was purified and hydrolyzed with GL 

and mutanolysin independently and sequentially (GL treatment followed by 

mutanolysin), and the resulting muropeptides were separated by reverse-phase 

high performance liquid chromatography (RP-HPLC) (Figure 3–5). The obtained 

profiles showed that GL is indeed able to hydrolyze the purified peptidoglycan, 

rendering muropeptide fragments with slightly delayed retention times, when 

compared with the retention times of the respective muropeptides generated 

by mutanolysin activity. In fact, mutanolysin is an N-acetylmuramidase that 

hydrolyzes glycan strands between the MurNAc and GlcNAc residues, whereas 

GL is a glucosaminidase that cleaves the glycosidic bond between GlcNAc and 

MurNAc residues (Section 1.3. Peptidoglycan hydrolases, page 41). The 

observed shift is subtle in peak II (approximately 0.5 minutes at peak start) but 

becomes noticeable from peak III onwards (approximately 1-2 minutes at peak 

start) (Figure 3–5, blue line). Digestion with GL also showed an increase in the 

amount of muropeptides with high degree of cross-linking (oligomeric fraction) 

that elute from the column at high retention times, typically over 100 minutes, 

when compared to the digestion with mutanolysin. In fact, the typical “hump” 

that represents the poorly separated oligomeric fraction shows an elongated 

profile, reaching higher retention times, suggesting that the oligomeric 

fraction is composed of more complex material that was not completely 

digested (Figure 3–5, blue arrows). The percentage of the oligomeric 

components of peptidoglycan hydrolyzed with mutanolysin was 54.703 %, 

whereas the digestion with GL led to a percentage of oligomeric components 

of 62.765%. This result suggests that GL could have a greater affinity for 

peptidoglycan fragments with lower cross-linking degrees. The sequential 

digestion of peptidoglycan with GL followed by mutanolysin showed a larger 

number of peaks, most probably corresponding to structures that suffered the 

loss of one or more GlcNAc residues. This observation is consistent with the 

existence of different cutting sites for the two enzymes, although the minor 

proportion of new peaks in contrast to the primary peaks indicates that 
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mutanolysin has lower activity towards substrates with only two sugar residues 

(Figure 3–5, lower chromatogram). 

 
Figure 3–5. RP-HPLC profiles of muropeptides resulting from the hydrolysis of peptidoglycan 
from S. aureus strain COL with mutanolysin, GL, and sequentially with GL followed by 
mutanolysin. I to V indicate muropeptide species form monomers to pentamers, respectively, 
whilst a indicates the monomer muropeptide species without the pentaglycine bridge. The poorly 
resolved part of the HPLC profile, eluting with retention times higher than 100 min contains highly 
oligomeric components. 

3.3.2.2. GL-DNA interaction affects the peptidoglycan hydrolytic activity of 
GL 

To test whether DNA has an impact on GL activity, different concentrations 

(0.05, 0.1 and 0.5 mg/ml) of low molecular weight salmon sperm DNA (ssDNA) 

were added to the digestion reaction of the purified peptidoglycan with GL. 

The elution profiles of the muropeptides obtained suggested that the digestion 

of peptidoglycan by GL is inhibited by DNA in a concentration dependent 

manner (Figure 3–6). For the lowest ssDNA concentration tested (0.05 mg/ml), 
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the only observable peaks corresponded to monomeric, dimeric, trimeric and 

tetrameric muropeptides. The complete absence of higher oligomers suggests 

that this fraction was not digested by GL and in this way remained insoluble. 

This hypothesis is sustained by the observation that, after the 16-hour 

digestion with GL and centrifugation of the digested sample, a higher amount 

of precipitate was recovered. The highly oligomeric muropeptides were 

therefore probably lost before loading into the RP-HPLC column. The second 

ssDNA concentration tested (0.1 mg/ml) confirmed the first observations, as 

the corresponding GL digestion profile was similar regarding the elution times 

of the peaks but corresponded to even less amount of digested material. The 

chromatogram corresponding to the higher concentration of ssDNA tested 

(0.5 mg/ml) shows a complete shift of the profile to shorter retention times, in 

accordance with inhibition of GL activity. 

As a control, the same ssDNA amounts used were subjected to the same 

digestion treatment, but without peptidoglycan or hydrolytic enzymes, and 

separated by RP-HPLC. The resulting elution profile showed no peaks, apart 

from sharp peaks in the first 15 minutes of the chromatogram (Section 3.6. 

Supporting information, Figure 3–11, page 158).  

Taken together, these chromatograms show that higher DNA concentrations 

are responsible for decreased GL peptidoglycan hydrolytic activity. It is likely 

that GL is not able to hydrolyze peptidoglycan, or hydrolyzes it poorly, in the 

presence of DNA, due to the interaction of this enzyme with DNA. 

Furthermore, in the presence of DNA, GL may have even higher substrate 

preferences for muropeptides with lower cross-linking level, since monomers, 

dimers and trimers are still apparent in the chromatograms. This may reflect a 

preference for regions of the peptidoglycan mesh that present lower cross-

linking level. 
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Figure 3–6. RP-HPLC profiles of muropeptides resulting from the hydrolysis of peptidoglycan 
from S. aureus strain COL with GL in the presence of different concentrations of ssDNA. 
Addition of ssDNA to the digestion mixture led to concentration dependent inhibition of GL 
hydrolysis, as can be seen by the decreasing number of peaks in the chromatogram. I to V indicate 
muropeptide species form monomers to pentamers, respectively, whilst a indicates the monomer 
muropeptide species without the pentaglycine bridge. 

When the peptidoglycan that was subjected to digestion with GL in the 

presence of DNA was further hydrolyzed with mutanolysin, the elution profile 

of the resulting muropeptides was nearly identical to that of peptidoglycan 

digested with mutanolysin only (Figure 3–7, compare chromatograms A and 

D). Furthermore, the delay in the retention times of the eluted muropeptides 

that is seen from peak III onwards when peptidoglycan is digested with GL 

(Figure 3–7, compare A, B and C, blue line) is reverted in the elution profile of 

the muropeptides resulting from the digestion with GL in the presence of DNA 

and subsequently digested with mutanolysin (Figure 3–7–D, blue line). The fact 

that the shift in the peaks is restored in this sequential digestion, 

demonstrates that the incubation of the peptidoglycan with GL and DNA did 

not lead to hydrolysis by GL, but the subsequent digestion with mutanolysin 
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did result in hydrolysis, supporting the suggestion that the hydrolysis activity 

of GL is inhibited by the presence of DNA and specific to GL. 

 
Figure 3–7. RP-HPLC profiles of muropeptides resulting from the hydrolysis of peptidoglycan 
from S. aureus strain COL with mutanolysin and in the presence of 0.5 mg/ml of ssDNA. DNA 
denotes 0.5 mg/ml of ssDNA. I-V represent muropeptide species from monomers to pentamers, 
respectively, and a indicates the monomer muropeptide species without the pentaglycine bridge. 
Different digestions of the S. aureus strain COL muropeptides were performed: (A) mutanolysin, 
(B) GL, (C) sequential digestion with GL followed by mutanolysin, (D) sequential digestion with GL 
and 0.5 mg/ml of ssDNA followed by mutanolysin, (E) GL with 0.5 mg/ml of ssDNA. 

3.3.2.3. Inhibition of hydrolytic activity by DNA is specific to GL 

The inhibition of the hydrolytic activity of GL by DNA was shown to be specific 

to GL: when DNA is added to the digestion of peptidoglycan with mutanolysin, 

the number and elution time of the peaks in the profile is not affected (Figure 

3–8). The overall baseline of the chromatogram is altered in a similar way of 

the chromatogram corresponding to the digestion of peptidoglycan with GL in 

the presence of the same concentration of ssDNA (0.5 mg/ml), suggesting that 
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these alterations are related with the DNA molecules. We did not assay the 

ability of mutanolysin to bind to DNA. 

 
Figure 3–8. RP-HPLC profiles of muropeptides resulting from the hydrolysis of peptidoglycan 
from S. aureus strain COL with mutanolysin and in the presence of 0.5 mg/ml of ssDNA. 
Contrary to what is seen with GL, DNA does not inhibit hydrolysis of the muropeptides by 
mutanolysin. I to V indicate muropeptide species form monomers to pentamers, respectively, 
whilst a indicates the monomer muropeptide species without the pentaglycine bridge. 

 

3.3.3. Growth monitoring in the presence of DNA 

Since Atl binds DNA at the cell surface and it has been shown that the 

hydrolytic activity of this enzyme towards purified peptidoglycan is inhibited in 

the presence of DNA, we hypothesized that this inhibition could slow down the 

division rate of S. aureus, seeing that GL is involved in cell division and cell 

separation.  
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In a report from Mulcahy and coworkers, physiologically high concentrations of 

eDNA were described to lead to growth inhibition in Pseudomonas aeruginosa, 

and also in S. aureus (14). The authors demonstrated that physiological DNA 

concentrations cause cell lysis by chelating cations that stabilize the 

lipopolysaccharide layer and the outer membrane. In S. aureus, this 

phenomenon could be explained by our hypothesis of GL-DNA association 

being responsible for a slower growth rate. We duplicated the reported 

experiments on the effect of added DNA on the growth rate of S. aureus 

strains COL and WIS (Figure 3–9) and verified the DNA inhibitory effect on 

growth. However, for the respective atl mutants, we did not obtain the same 

effect for both strains: while for WISL9, the inhibitory effect of DNA seemed to 

be reduced, suggesting that both Atl and DNA were involved in growth 

impairment, for RUSAL9 the inhibitory effect of DNA did not show the same 

reduction (Figure 3–9–B). Furthermore, by monitoring the pH of the culture 

along growth, we were able to observe that the extracellular pH was 

immediately acidified by the addition of DNA: the pH value of TSB decreased 

from 7.4 to 5.75 when 1% (w/v) ssDNA was added; and LB with a 

supplementation of 1% (w/v) ssDNA reached a pH of 4.39, a value that S. 

aureus probably cannot tolerate (15, 16). 
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Figure 3–9. Effect of added extracellular DNA on growth of S. aureus parental and isogenic 
atl mutants strains in non-buffered media. (A) Growth curves of WIS and WISL9 in the absence 
and in the presence of 0.5% and 1% (w/v) of low molecular weight salmon sperm DNA. Optical 
density was monitored for approximately 24 hours. Growth experiments were performed three 
times and a representative curve is shown. (B) Optical density of strains COL and WIS, and their 
respective atl isogenic mutants RUSAL9 and WISL9 measured after 24 hours of growth. Shown are 
means (n = 3) with the standard error. Results are statistically different from growth of strains 
without DNA added, as shown in the figure (*** p<0.001). 

To address the pH effect on the DNA-associated growth inhibition, the growth 

assays with added DNA were repeated in buffered culture media (Figure 3–10). 

In these conditions, the inhibitory effect of DNA on the growth rate of the S. 

aureus strains is non-existent. In fact, there seems to be an increase of growth 

when DNA is present, particularly with the WISL9 strain (compare light red 

symbols for WISL9 with 1% added ssDNA with dark red symbols for WISL9 

without DNA in Figure 3–10). These results allowed us to conclude that the 

growth arrest in the presence of DNA was most probably due to the acidic 

environment (15), induced by the addition of the DNA molecule. 
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Figure 3–10. Effect of added extracellular DNA on growth of S. aureus WIS parental strain and 
isogenic atl mutant WISL9 strain in buffered TSB media (pH 7.4). Growth curves in the absence 
and in the presence of 0.5% and 1% (w/v) of low molecular weight salmon sperm DNA (ssDNA) in 
buffered TSB (pH 7.4). Optical density was monitored for 24 hours. Growth experiments were 
performed twice and the average values are shown with SEM. 

 

3.4. Discussion 

As the major hydrolase of S. aureus, Atl is a very important protein in the 

physiology of this bacterium. As demonstrated by our studies, Atl is able to 

bind DNA, and we hypothesize that this association might have numerous 

consequences. Some of the hypothetical functions of this association were 

addressed in this study.  

First, our results showed that the Atl hydrolase is involved with the binding of 

eDNA to the cell surface of S. aureus, although the functional relevance of this 

interaction is unknown. The 2 to 3-fold decrease in the amount of DNA bound 

to the atl mutant when compared to the wild-type strain demonstrates that the 

Atl-derived proteins are major players in the binding of DNA at the cell surface 

of this bacterium. However, other elements, such as the immunodominant 

staphylococcal antigen B, IsaB (17), must also play some role in binding DNA at 

the cell surface, accounting for the DNA that remains associated to the atl 

mutant cells.  



Chapter 3 
– Binding of Atl to DNA at the cell surface – 
 
 

 
| 148 

The possibility that Atl could be involved in the cellular uptake of DNA was 

suggested by the fact that the amount of DNA present in the supernatant of 

DNase I-treated cells was decreased over 4-fold in the atl mutant, while the 

amount of DNA associated with the cell fraction was only decreased by 

approximately 2 to 3-fold in the atl mutant, in comparison with COL. However, 

no further assays were performed to explore this hypothesis, as we privileged 

other possibilities for the physiological function of Atl-DNA binding. 

A possible consequence of GL-DNA binding at the cell surface would be the 

interference with the hydrolytic activity of GL and such a mechanism could 

have an enhancing or an inhibitory effect. Indeed, by adding increasing 

amounts of DNA to GL-peptidoglycan digestions, we observed that the 

hydrolysis of S. aureus peptidoglycan by GL is inhibited by the presence of 

DNA. Additionally, this inhibitory effect seems to be specific for GL, as the 

presence of DNA did not affect the peptidoglycan hydrolytic activity of another 

peptidoglycan hydrolase, mutanolysin from Streptomyces globisporus, an 

enzyme widely used for the study of the structure of S. aureus peptidoglycan 

(18). The assessment of the inhibition of hydrolytic activity of other 

glucosaminidase enzymes in the presence of DNA should be tested, to assess 

if this inhibition is specific to GL or to this class of murein hydrolases. 

Furthermore, the activity of AM towards purified peptidoglycan in the presence 

of DNA should also be assayed, as well as that of mutanolysin. As a 

consequence of the inhibition of GL, one would expect that the division rate of 

S. aureus could be slowed down, in the presence of high concentrations of 

DNA. 

To address this point, we tested if growth was impaired by the addition of 

physiologically high concentrations of eDNA, as had already been described 

(14). Although our results showed an inhibition of growth when the media was 

supplemented with 1% ssDNA, when this assay was repeated using buffered 

media at physiological pH (pH 7.4) growth inhibition was not observed. The 

detected discrepancy in growth suggested that the inhibition of growth in the 
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presence of 1% ssDNA is a result of the acidification of the media by the 

addition of the highly acidic DNA molecules, as the pH dropped to a value of 

4.39 when no buffering conditions were met.  

On another hand, one might speculate that the pH alteration induced by the 

addition of high concentrations of DNA could be physiological; it has been 

shown that S. aureus biofilms have an acidic local pH in areas where oxygen 

levels are low (19, 20) and therefore the observed arrest in growth of S. aureus 

induced by eDNA could occur in specific environmental conditions, as cells in 

biofilms are also known to be less metabolically active (19). However, it is fair 

to assume that the sharp and immediate pH drop that accompanies the DNA 

addition is due to the highly anionic nature of DNA and is not physiologically 

relevant, as in native conditions the increase of eDNA amounts is bound to be 

a gradual process. Along with the accumulation of eDNA, accompanied by a 

stepwise pH decrease, mechanisms to gradually counteract the acidity should 

exist. Taken together, these results suggest that the hydrolytic activity of GL 

does not actively contribute to cellular growth and cells may continue to grow 

without it. 

Apart from demonstrating that GL is indeed inhibited by the presence of DNA 

when hydrolyzing purified peptidoglycan, the RP-HPLC profiles obtained also 

pointed out that GL cleaves the S. aureus peptidoglycan at sites that are 

distinct from those hydrolyzed by mutanolysin, as expected from their 

different enzymatic activities. Furthermore, this hydrolytic enzyme seems to 

have low activity for highly cross-linked peptidoglycan, as the highly 

oligomeric species were present in higher amounts in the chromatogram 

obtained with GL, when compared to the ones obtained with mutanolysin. To 

identify the resulting muropeptides from GL digestion, the eluted peaks from 

the RP-HPLC assay could be collected and their structures determined by mass 

spectrometry (21). Those results should be able to give the composition of the 

GL-generated products, so that the cleavage site of GL and preferences in 

terms of cross-linking and secondary modifications could be ascertained. A 
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recent study using RP-HPLC to examine the cleavage products of different S. 

aureus glucosaminidases has shown that the hydrolysis of S. aureus 

peptidoglycan with the glycyl-glycyl endopeptidase lysostaphin and the GL 

domain of Atl together, generated mostly disaccharide products, as expected 

for the action as an endo-β-N-acetylglucosaminidase activity of GL (22). This 

result is in striking contrast to the S. aureus glucosaminidase SagB, which 

appears to cleave the glycan strands only sporadically (22), pointing to the 

different levels of substrate specificities that the peptidoglycan hydrolases may 

possess, even when having the same catalytic activity. The recently solved 

structure of the major glucosaminidase from Streptococcus pneumoniae LytB 

(23) and the study of its catalytic mechanism and substrate recognition (24) 

have demonstrated the differences that exist between the glucosaminidases 

from the GH73 family, of which GL is a part of (Section 1.3.1.1. The major 

staphylococcal autolysin, Atl, and its many roles, page 45).  

Interestingly, the study of the hydrolytic activity of LytB has shown that this 

enzyme is not able to hydrolyze peptidoglycan with deacetylated GlcNAc 

residues, a result that does not extend to all the glucosaminidases from the 

GH73 family studied (24). Although the deacetylation of GlcNAc residues does 

not occur in S. aureus (25), the fact that GL is present in the external milieu, 

discloses the possibility of GL having substrate specificities associated with the 

peptidoglycan of other species. The substrate specificity present in LytB 

suggests that the glucosaminidases of this protein family could differentiate 

between secondary modifications in peptidoglycan, and experiments that 

include the RP-HPLC analysis of the digestion of S. aureus peptidoglycan 

derived from an O-acetylation deficient mutant (26) and a glutamate amidation 

mutant (27), with GL, are under way. If this sort of specificity is also present in 

GL, then it could account for the lower hydrolysis that this enzyme has against 

heat-inactivated S. aureus cells. Perhaps the prior removal of modified 

peptidoglycan residues by other peptidoglycan hydrolases could enhance the 

affinity or improve the access of GL to its hydrolysis site, within a highly 

“decorated” peptidoglycan molecule. It is however more likely that the lower 
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activity against S. aureus cells relies on the presence of the secondary wall 

polymers and covalently bound proteins, since the hydrolysis of purified S. 

aureus peptidoglycan by GL has been demonstrated. LytB also showed a 

preference towards uncross-linked S. pneumoniae peptidoglycan (24). GL 

seems to also have higher affinity to peptidoglycan with lower levels of cross-

linking, although more experiments are needed to ensure this. Mass 

spectrometry identification of the peaks resulting from the digestion of S. 

aureus peptidoglycan and their relative quantification should be able to 

elucidate as to the cross-linking preference of GL. It is important to note that 

the peptide bridge responsible for peptidoglycan cross-linking in S. 

pneumoniae is different from that of S. aureus and is comprised of two amino 

acid residues only (L-Ala-L-Ser or L-Ala-L-Ala) (28, 29), which could account for 

different activities of the glucosaminidase hydrolases. 

In conclusion, we were able to show that Atl is able to bind DNA at the cell 

surface, and that this association inhibits the peptidoglycan hydrolytic activity 

of the protein. Although we could not assess its physiological role, we were 

able to demonstrate that GL-DNA binding does not affect cellular growth. 

An attractive hypothesis for GL-DNA binding at the surface of the cell is to 

assist in intercellular adhesion during biofilm formation. After processing of 

the Atl protein, the GL domain could act as an eDNA scavenger, and when 

bound to the staphylococcal surface could serve as an anchor for this 

structural component of the biofilm. 

 

3.5. Materials and Methods 

3.5.1. Bacterial strains, plasmids, and growth conditions  

Bacterial strains and plasmids used are listed in Table 2–1. All strains were 

grown at 37 ºC with aeration, in the following media: tryptic soy broth (TSB) or 

tryptic soy agar (TSA) (Difco Laboratories, Detroit, MI, USA) for S. aureus 
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strains, Lysogeny broth (LB) or Lysogeny agar (LA) (Difco Laboratories) for 

Escherichia coli strains.  

Antibiotics erythromycin (10 μg/ml) and kanamycin (30 μg/ml) were used 

when needed as recommended by the manufacturer (Sigma-Aldrich, St. Louis, 

MO, USA). 

3.5.2. DNA methods  

Restriction enzymes (New England Biolabs, Ipswich, MA, USA) were used as 

recommended by the manufacturer. Routine PCR amplification was performed 

with GoTaq Flexi DNA polymerase (Promega, Madison, WI, USA) and PCR 

amplification for cloning purposes was performed using Phusion High Fidelity 

DNA polymerase (Finnzymes, Thermo Fisher Scientific, Waltham, MA, USA). 

For plasmid DNA extraction, High pure Plasmid Purification Kit (Roche, Basel, 

Switzerland) was used. PCR and digestion products were purified with High 

pure PCR Purification Kit (Roche). Ligation reactions were performed with Rapid 

DNA Ligation kit (Roche). 

The atl mutant WISL9 was obtained by transduction of the RUSAL9 

transposition mutant with phage 80α (12) into WIS strain (30). 

3.5.3. Protein expression and purification 

Recombinant Atl proteins AM, R3GL and GLN were expressed and purified using 

the previously constructed recombinant plasmids, as described (10) (Table 2–1 

and Table 2–2).Proteins were expressed as N-terminal 6xHis-tagged fusions 

using the auto-induction expression method (31). Cells were harvested after 

18 hours of growth, and after cell disruption proteins were present in the 

soluble fraction. Purification was achieved using Ni-NTA agarose columns 

(Qiagen, Hilden, Germany) under native conditions, according to the 

manufacturer’s instructions. The expression and purification yields were 

monitored by SDS-PAGE. The most concentrated elution fractions were dialyzed 

using 3500 MWCO snakeskin tubing (Pierce Biotechnology, Thermo Fisher 
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Scientific) at 4 ºC, against 100 mM Tris pH 7.5. Protein concentrations were 

assessed using a Nanodrop 1000 apparatus (Thermo Fisher Scientific) at 

208 nm and using the recombinant protein’s theoretical molecular weight and 

extinction coefficient (ε). 

3.5.4. Antibody production 

Recombinant protein GLN, which encompasses the first 127 amino acids of the 

GL domain immediately after the R3 repeat, was expressed and purified for 

polyclonal antibody raising in rabbits (Davids biotechnologie, Regensburg, 

Germany), according to the standard immunization protocols. The polyclonal 

antiserum was subsequently used for Western blotting detection. 

3.5.5. Western blotting 

Exponentially growing cells of S. aureus strains COL and RUSAL9 were 

recovered by centrifugation, washed and lysed with 25 μg/ml of lysostaphin. 

The supernatant was collected and quantified using the BCA Protein Assay Kit 

(Pierce Biotechnology, Thermo Fisher Scientific). 20 μg of crude protein 

extracts were separated in polyacrylamide SDS-PAGE gels, and the resolved 

proteins were electroblotted to a Hybond-ECL nitrocellulose membrane (GE 

Healthcare Life Sciences, Buckinghamshire, UK) in a Mini Trans-Blot 

Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA, USA. Blocking of 

unspecific binding sites on the membrane was achieved using PBST [PBS 1X – 

Tween 20 0.5% (w/v)] with 5% (w/v) non-fat dried milk, and washing was 

performed with PBST. 

ECL Western blotting detection reagents (GE Healthcare Life Sciences) and ECL 

rabbit IgG, HRP-linked secondary antibody (GE Healthcare Life Sciences) were 

used according to the manufacturer’s instructions to detect the primary anti-

GL antibody in a 1:5000 dilution. Detection was performed using a Chemidoc 

apparatus (Bio-Rad).  
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3.5.6. Dispersion of RUSAL9 cell clusters 

Cells of S. aureus strains COL and RUSAL9 were grown to an OD600 of 0.4, 

recovered, washed and resuspended in binding buffer (20 mM HEPES, 1 mM 

DTT, 20 mM KCl, 200 μg/ml BSA). Recombinant AM protein (without the repeat 

regions) was added at a final concentration of 25 μg/ml, to separate the cell 

clusters characteristic of atl mutants, as RUSAL9. After an incubation period of 

30 minutes, cells were once more washed and resuspended in binding buffer 

prior to visualization by optical microscopy. Images were captured using a 

Leica DMR Microscope and a Leica DFC320 camera system. Cells treated in the 

same manner were used to determine colony forming units (CFU/ml).  

3.5.7. Binding of radioactively labeled DNA to S. aureus cell surface 

S. aureus strains COL and RUSAL9 were grown to an OD600 of 0.4. Cells were 

recovered by centrifugation, washed in binding buffer, and resuspended in 

200 μl of binding buffer. In order to separate the cell clusters formed by 

RUSAL9, cells were treated with AM recombinant protein as described above, 

prior to incubation with labeled DNA. 

DNA fragment A, amplified from primers PmurFGS4 and Pddlalow3 (Table 2–2) 

using DNA from S. aureus strain COL, was labeled with [α-32P]-dCTP (Perkin 

Elmer, Waltham, MA, USA) using the Ready-to-go DNA labeling beads (GE 

Healthcare Life Sciences) according to the manufacturer’s instructions. The 

radioactively labeled DNA fragment A was added to the cells to a final 

concentration of 250 ng/ml and 500 ng/ml, and the suspension was incubated 

at room temperature for 15 minutes. The cells were washed with binding 

buffer and resuspended in water.  

The cellular suspension was then transferred to scintillation vials and mixed 

with an appropriate volume of Ready Safe scintillation cocktail (Beckman 

Coulter, Brea, CA, USA). The radioactive counts per minute (CPM) were 

recorded in a Tri-Carb 2810TR Liquid Scintillation Counter (Perkin Elmer).  
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In an independent experiment, an additional step was performed prior to 

scintillation counting. After incubation with DNA and washing, the cells were 

resuspended in 50 mM Tris pH 8.0 containing 4 U of DNase I (Sigma-Aldrich). 

After a 30-minute digestion, the cells were discarded and the CPM of the 

supernatant was measured as before. 

Serial dilutions of labeled DNA were used as standards, and the experiments 

were performed in triplicate.  

3.5.8. Peptidoglycan isolation for RP-HPLC analysis 

Cell wall isolation was performed essentially as described (18). Briefly, cells 

were harvested by centrifugation and cell wall associated proteins were 

removed by boiling with 4% (w/v) sodium docedyl sulfate (SDS). After complete 

removal of SDS, as confirmed by the Hayashi method (32), the cell wall was 

mechanically disrupted with 106 μm glass beads (Sigma-Aldrich) in a FastPrep 

FP120 apparatus (Bio 101, MPBio, Santa Ana, CA, USA), purified by DNase I, 

RNase and trypsin digestion, and washed. The purified cell walls were 

lyophilized, and the peptidoglycan fraction was extracted with 48% (w/v) 

hydrofluoric acid (HF, Sigma-Aldrich) to remove teichoic acids. Purified 

peptidoglycan was thoroughly washed as to remove any traces of HF and 

lyophilized.  

3.5.9. Peptidoglycan digestion and RP-HPLC analysis 

The same amounts of peptidoglycan were digested with 0.5 mg/ml of 

mutanolysin (Sigma-Aldrich) or 0.5 mg/ml of purified recombinant R3GL 

protein for 16 hours at 37 ºC. For peptidoglycan sequentially digested with GL 

followed by mutanolysin, the digestion mixture was boiled for 5 minutes after 

the first 16-hour digestion, 0.5 mg/ml of mutanolysin were added and further 

incubated for another 16 hours at 37 ºC. Low molecular weight salmon sperm 

DNA (Sigma-Aldrich) was added to the digestion mixture when needed, at final 

concentrations of 0.05, 0.1 and 0.5 mg/ml. The muropeptides that resulted 

from the digestions were reduced with sodium borohydride and separated by 
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reverse phase high performance liquid chromatography (RP-HPLC) using a 

Hypersil ODS (Runcorn Cheshire, UK) column (3 μm particle size, 

250 × 4.6 mm, 120 Å pore size) and a linear gradient from 5% to 30% (v/v) 

methanol in 100 mM sodium phosphate buffer pH 2.5 at a flow rate of 

0.5 ml/min, as described (18).  

The same amounts of ssDNA used in the assays described above were 

subjected to the same treatment as peptidoglycan digestion, although without 

adding peptidoglycan or hydrolytic enzymes, reduced and separated by RP-

HPLC, to serve as control. 

3.5.10. Growth monitoring  

Strains COL, RUSAL9, WIS and WISL9 were grown in sterile non-treated 96-well 

microplates (Brand, Wertheim, Germany) in LB supplemented with 0.5% and 1% 

(w/v) of low molecular weight salmon sperm DNA (Sigma-Aldrich). Overnight 

cultures were diluted to an initial OD600 of 0.05 and cultures were grown at 

37 ºC with shaking (180 rpm) for 24 hours in an Infinite F200 PRO microplate 

reader (Tecan Group Ltd., Männedorf, Switzerland). Three biological replicates 

were performed in triplicate. Additionally, growth was also monitored using 

buffered TSB (pH 7.4), supplemented with low molecular weight salmon sperm 

DNA at a final concentration of 0.5% and 1% (w/v). Buffering conditions were 

achieved by preparing the solutions with 100 mM MOPS pH 7.4. Strains WIS 

and WISL9 were grown in flasks with aeration at 250 rpm, and growth was 

assessed by measuring OD600 hourly until 12 hours, and once more at 24 

hours. The pH was assessed at the beginning and at the end of the assay, 

ensuring that the pH had not changed throughout the 24-hour growth.  

3.5.11. Statistical analysis 

Data obtained from radioactive assays were analyzed with t-tests comparing 

each two experiments, using GraphPad Prism. Growth monitoring data were 

analyzed by performing a one-way ANOVA with Tukey multiple comparison 

tests, using GraphPad Prism. 
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Table 3–1. Strains and plasmids used in this study. 

Strain or 
plasmid 

Description 
Source or 
reference 

S. aureus   

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

RUSAL9 
Backcross of lytic mutant RUSAL1 (Tn551) of RN450 
into COL, Emr. Tn551 inserted in the catalytic region 
of the GL domain. 

(12, 13) 

WIS 
Biofilm producing CA-MRSA strain, from Taiwan clone, 
Ems. 

(33) 

WISL9 Transductant of RUSAL9 into WIS strain. Emr. This study. 

E. coli    

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

-mB
-) λ(DE3 [lacI lacUV5-T7 

gene 1 ind1 sam7 nin5]). 
Invitrogen 

Plasmids   

pET-AM 
pET28a(+) expressing AM as a N-terminal His-tag 
fusion (fragment amplified with Pexp1 and Pexp5). 

(10) 

pET-R3GL 
pET28a(+) expressing R3GL as a N-terminal His-tag 
fusion (fragment amplified with Pexp2 and Pexp4). 

(10) 

pET-GLN 
pET28a(+) expressing GLN as a N-terminal His-tag 
fusion (fragment amplified with Pexp3 and Pexp7). 

(10) 

 

Table 3–2. Oligonucleotide primers used in this study. 

Primer Nucleotide Sequence (5’ – 3’) Source 

Recombinant protein expression 

Pexp1 CCAGGATCCGCTTCAGCACAACCAAGATCAG (10) 

Pexp2 CGTGGATCCGCTTATACTGTTACTAAACC (10) 

Pexp3 CGTGGATCCGCACCAACTGCTGTGAAACC (10) 

Pexp4 CCAGTCGACTTATTTATATTGTGGGATGTCG (10) 

Pexp5 CCAGTCGACTTAGGTAGTTGTAGATTGCG (10) 

Pexp7 CCTGTCGACTTAATGCTTAACATCATTAAAGTTAGC (10) 

Binding of radioactively labeled DNA to S. aureus cell surface 

PmurFGS4 CACAGTGATATCAGCTATAG (10) 

PddlAlow3 CCTCCAATGATATATCAGGG (10) 

The restriction sequences included in the primers are underlined. 



Chapter 3 
– Binding of Atl to DNA at the cell surface – 
 
 

 
| 158 

3.6. Supporting information 

 
Figure 3–11. RP-HPLC profile of ssDNA. DNA was treated as a purified peptidoglycan sample, but 
no digestion with GL or mutanolysin was performed before loading the sample in the column. The 
elution profile of DNA shows only sharp peaks in the first minutes. 
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Chapter 4 

4. The GL-DNA interaction in biofilm 
formation 

 

 

4.1. Abstract 

An important player in the development of biofilms by Staphylococcus aureus 

is Atl, a bifunctional autolysin with amidase (AM) and glucosaminidase (GL) 

catalytic domains. These enzymes are involved in cell separation during the 

division process and in cell wall turnover and lysis. The inability to produce Atl 

results in a deficiency in biofilm formation, and the importance of this protein 

in this developmental process is thought to be due to a combination of cellular 

autolysis and subsequent genomic DNA release, and the direct adhesive 

properties of Atl. We have previously reported the DNA-binding capacity of the 

glucosaminidase domain of Atl, and we have shown that Atl binds DNA at the 

cell surface. In this manner, the role of the Atl-DNA association was examined 

in biofilm formation. In the current study, we demonstrated that the biofilm 

formation of atl mutants can be reestablished upon addition of exogenous 
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recombinant GL protein in static and flow-cell assays, even in the absence of 

the recombinant AM protein. When eDNA was also added to the media, total 

reestablishment of biofilm production occurred, although addition of DNA by 

itself did not complement biofilm formation. In flow-cell assays, the GL domain 

without its repeat R3 was able to functionally complement the biofilm 

formation of the atl mutant only when eDNA was also present, whilst the AM 

domain without its repeats was not, even in the presence of eDNA. 

Furthermore, the repeat units of Atl were also found to be important for 

cellular adhesion during biofilm development.  

 

4.2. Introduction 

S. aureus is a microorganism that is part of the human’s normal microbiota, 

but when the host’s immunity becomes compromised these bacteria can 

become opportunistic and lead to severe infections (1). S. aureus can be 

particularly pathogenic as it contains a wide array of virulence factors (2). The 

capacity of this species to form biofilms, particularly important for infections 

related with invasive medical devices, makes them a prominent cause of 

nosocomial situations that are very difficult to eradicate and can lead to 

chronic infections due to their recalcitrance to antimicrobial therapies and host 

immune defenses (3-5).  

Biofilms are polymicrobial communities that adhere to a solid surface, 

surrounded by a bacterially produced extracellular matrix composed of 

polysaccharides, proteins and extracellular DNA (eDNA) (6-8). In S. aureus, 

biofilm formation is a multifactorial process that relies on different stimuli and 

multiple genetic factors that vary within the species, in a strain-specific 

manner (9-11).  

Amongst the different factors that contribute to biofilm formation is Atl, the 

major staphylococcal autolysin, whose role in the establishment of biofilms 

has been recurrently reported (12-16). In S. aureus, Atl is the major 
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bifunctional peptidoglycan hydrolase with two catalytic domains: an amidase 

(AM) and a glucosaminidase (GL) (17). After translation of the single pre-

protein, the polypeptide is exported and proteolytically processed 

extracellularly giving rise to the mature AM and GL domains (18). After 

processing, the AM and GL domains harbor not only their catalytic regions but 

also three repeat regions that are responsible for the attachment of the 

hydrolases to the cell wall and substrate recognition; AM is associated with 

repeats R1 and R2, while GL is associated with repeat R3 (18, 19). 

The major described role for this murein hydrolase is in cell separation during 

cell division (20), but it is also involved with cell wall turnover and antibiotic-

induced lysis (21-23), among other processes such as internalization into host 

cells (24) and the excretion of cytoplasmic proteins (25). 

In both Staphylococcus epidermidis and S. aureus, disruption of the atl gene 

caused a dramatic decrease in the ability of these species to form biofilms (12-

14, 16), and the adhesion characteristics of these deletion mutants resembled 

those of DNase I-treated samples (26). Currently, it is thought that Atl is 

involved in the development of biofilms in S. aureus in at least two different 

ways. On the one hand Atl is able to bind to proteins from the extracellular 

matrix of the host, such as vitronectin and fibronectin, as well as to 

polystyrene surfaces, allowing for the adhesion of the cells to the matrix and 

surfaces wherein biofilms form (14, 27). On the other hand, as an autolysin, 

Atl is directly involved with cellular autolysis and genomic DNA release (12, 

13), an important structural component in the biofilm matrix (8). It is thought 

that due to these properties, Atl assists in the attachment of cells to the 

surface during the first phases of biofilm formation (28). 

eDNA is a major structural component of the biofilm extracellular matrix in S. 

aureus, as can be ascertained by the dispersion of biofilms upon addition of 

DNase I or endonucleases (7, 8, 29, 30). Being an adhesive molecule, the 

presence of eDNA in the extracellular matrix is thought to facilitate biofilm 
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development by providing cell-surface and intercellular interactions during the 

initial and maturation stages of biofilm formation (8, 30).  

In view of our previous observations on the interaction between the GL domain 

of Atl and DNA (31), we hypothesized that Atl could have yet another function 

in biofilm formation, as GL could provide an attachment point between the cell 

surface and the biofilm matrix via eDNA molecules. 

Hence, we aimed to study the specific roles of the distinct Atl domains 

regarding the eDNA-dependent biofilm formation in S. aureus. We speculate 

that whilst Atl is important for both the adhesion of cells to proteins of the 

extracellular matrix of the host and hydrophobic surfaces, as well as for 

genomic DNA release, the GL domain could also be relevant by itself, when 

regarding its DNA-binding capacity.  

 

4.3. Results 

4.3.1. The importance of Atl in static biofilm formation 

To assess the distinct roles of the Atl-derived proteins in biofilm formation, 

different Atl recombinant proteins were constructed, expressed and purified in 

order to be used as complementing elements in the biofilm development of atl 

mutants, permitting the study of the independent and combined roles of the 

AM and GL domains of Atl. 

S. aureus strain COL is not a biofilm proficient strain when tested with 

standard biofilm media, as can be assessed by the result obtained in static 

biofilm assays (Figure 4–1, COL and its isogenic atl mutant RUSAL9). In order 

to study the role of the Atl domains in biofilm formation, atl mutants were 

constructed in biofilm proficient strains by transferring the atl mutation from 

strain RUSAL9 (32), an isogenic atl mutant of COL strain.  
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4.3.1.1. Involvement of GL in biofilm formation of strain MW2 

The highly virulent CA-MRSA MW2 strain, whose biofilm forming capacity had 

been previously described (33-36), was able to form high amounts of biofilm in 

static assays in TSB supplemented with 1% glucose, while its isogenic mutant 

MW2L9 was not able to form biofilms in these conditions (Figure 4–1, MW2 and 

MW2L9). 

 

Figure 4–1. Static biofilm 
formation assays of S. aureus 
strains COL and MW2 and their 
respective isogenic atl mutants, 
RUSAL9 and MW2L9. Values shown 
are mean values with the standard 
error of the mean (SEM), referring 
to the percentage of biofilm when 
compared to the MW2 strain. Three 
experiments were performed, in 
triplicates. Results were statistically 
significant (*** p<0.001, ns = non-
significant). 

Using MW2 strain and its isogenic atl mutant MW2L9, biofilm complementation 

assays were performed with the recombinant Atl proteins, corresponding to 

the AM and GL domains of Atl (Figure 4–2), by adding the proteins to the 

biofilm media at the beginning of growth. 

 
Figure 4–2. Recombinant Atl proteins constructed, expressed and purified for use in biofilm 
assays. SP – signal peptide, PP – pro-peptide, AM – amidase domain, GL – glucosaminidase 
domain. Approximate molecular masses of the recombinant proteins are indicated in kDa. 
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Protein AMR1-2 was able to complement the biofilm forming capacity of the atl 

mutant (Figure 4–3, AMR1-2). This result was expected and most likely due to 

the lytic activity of the added recombinant protein, that should lead to the 

release of genomic DNA, a key element of the biofilm matrix. 

When AMR1-2 and R3GL proteins were added together, as well as when the 

complete protein AMR1-3GL was added, the biofilm forming capacity of the atl 

mutant was again fully reestablished (Figure 4–3, AMR1-2 + R3GL and AMR1-3GL). 

In spite of the results obtained with the AM domain and the full Atl protein, 

when R3GL was added alone no complementation of biofilm formation occurred 

(Figure 4–3, R3GL). This result was obtained even for a higher range of protein 

concentrations added (from 0.1 μg/ml to 100 μg/ml, data not shown). 

 
Figure 4–3. Static biofilm formation assays of strain MW2, its isogenic atl mutant MW2L9, and 
MW2L9 with added recombinant AM and GL proteins. Three experiments were performed, in 
duplicate. Results represent the average values of the percentage of biofilm formation when 
compared to the wild-type strain MW2, with SEM. Results were statistically significant 
(*** p<0.001). 

The complementation of biofilm formation of atl mutants with the complete atl 

gene has been reported (12, 16), whilst Bose et al. showed that 

complementation of atl mutants with the GL and the AM DNA sequences 

independently were able to partially restore the wild-type biofilm phenotype 

(13), so the complementation of the biofilm forming capacity of the atl mutant 
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was expected to occur by adding the different Atl recombinant proteins. The 

results obtained suggested that the recombinant R3GL used could be not fully 

active. 

For this reason, new strategies were designed to express different GL fusion 

proteins, to assess if the constructed R3GL protein was inactive and if biofilm 

forming capacity could be restored with other GL protein constructs.  

The first hypothesis addressed was the possible structural deleterious effect of 

the affinity tag, which could be dependent on its position at the C- or N-

terminus of the recombinant proteins. Furthermore, as the repeat regions are 

responsible for the attachment of the Atl-derived proteins to the cell wall, an 

affinity tag adjacent to these regions could interfere with substrate 

recognition. All the previously constructed GL proteins included an N-terminal 

6xHis-tag. For both AMR1-3GL and AMR1-2 there should be no concern with the 

position of the 6xHis-tag, since the repeat regions are in the middle and in the 

C-terminal position of the proteins, respectively. However, the repeat region of 

the R3GL protein is located at its N-terminus and therefore the presence of a 

6xHis-tag could prevent the correct binding of the repeat to the cell wall. In 

this manner, the N-terminal 6xHis-tag that is present in the R3GL protein was 

cleaved using thrombin protease (Section 4.6. Supporting information, Figure 

4–27, page 219). As an alternative approach, we also constructed a new GL 

protein with a C-terminal 6xHis-tag (R3GL-His6).  

Another feature that could be responsible for the lack of biofilm 

complementation, was the fact that the GL protein of MW2 strain contains 

three amino acid substitutions, A1025T, G1051D and V1226I, in comparison 

with the GL protein from the COL strain, used to complement biofilm 

formation in the assays described. Although none of these amino acids are 

localized in the repeat region and only the last one is in the glucosaminidase 

catalytic domain, these substitutions could alter the function of GL, especially 

regarding biofilm formation as there is a clear difference between the biofilm 

producer MW2 strain and non-biofilm producing COL. Furthermore, the 
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Western blotting performed with anti-GL antibody showed distinct protein 

patterns for MW2 and for COL (Figure 4–7), suggesting different Atl processing 

mechanisms in these two strains. For this reason, we also constructed the 

MW2-GL protein as a C-terminal 6xHis-tagged fusion protein (MW2)R3GL-His6. 

 
Figure 4–4. Static biofilm formation assays of strain MW2, its isogenic atl mutant MW2L9, and 
MW2L9 in the presence of recombinant GL proteins with differently positioned tags. 
Experiments were performed twice in duplicate, and were statistically significant (*** p<0.001). 
Results represent the average values of the percentage of biofilm formation when compared to the 
wild-type strain MW2 with SEM. 

All the newly constructed GL proteins as well as the protein cleaved with 

thrombin protease behaved in the same manner as the first recombinant 

protein, His6-R3GL (Figure 4–4), even with a higher range of protein 

concentrations (from 0.1 μg/ml to 100 μg/ml, data not shown), and were not 

able to complement biofilm formation, suggesting that the affinity tag was not 

affecting the activity of the R3GL protein in the static biofilm formation. 

An additional hypothesis was that the correct proteolytic cleavage of GL was 

not being achieved, since the recombinant R3GL protein only includes R3. 

Although the GL domain is described to be associated only to R3, it is 

conceivable that other forms of GL may exist in lower proportion. The other 

repeat regions R1 and R2 could be needed for correct proteolytic cleavage or for 

targeting at alternative cellular locations. For this reason, we also constructed 

GL recombinant proteins that included the preceding repeats, R1-3GL-His6 (GL 
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domain including repeats R1, R2 and R3) and R2-3GL-His6 (GL domain including 

repeats R2 and R3). Interestingly, upon the addition of these GL fusion proteins 

to the culture media of MW2L9, the biofilm formation levels were even lower 

than for the MW2L9 strain, indicating an inhibitory effect towards biofilm 

formation (Figure 4–5).  

 
Figure 4–5. Static biofilm formation assays of strain MW2, its isogenic atl mutant MW2L9, and 
MW2L9 in the presence of recombinant GL proteins with one, two or three repeat regions. 
Experiments were performed twice in duplicate, and were statistically significant (*** p<0.001). 
Results represent the average values of the percentage of biofilm formation when compared to the 
wild-type strain MW2, with SEM. 

 

 
Figure 4–6. Static biofilm formation assays of strain MW2, its isogenic atl mutant MW2L9, and 
MW2L9 in the presence of the recombinant GL proteins with extra repeats and AMR1-2. 
Experiments were performed twice in duplicate, and were statistically significant, (*** p<0.001). 
Results represent the mean values of the percentage of biofilm formation when compared to the 
wild-type strain MW2, with SEM. 



Chapter 4 
– The GL-DNA interaction in biofilm formation – 
 
 

 
| 170 

Also, upon the addition of the GL proteins with the extra repeat units together 

with the amidase recombinant protein (AMR1-2) the same inhibitory effect was 

observed, as the level of biofilm formation was lower than for strain MW2L9 

(Figure 4–6). 

The results suggested that the association of the first two repeat units R1 and 

R2 to the GL domain may prevent the amidase domain to complement biofilm 

formation in the atl mutant. The fact that the amount of biofilm decreases 

when R1-3GL and R2-3GL were added together with AMR1-2 may result from 

competition between the repeats in binding to the cell wall. Consequently, the 

amidase protein (AMR1-2) would not be able to bind as effectively to the cell wall 

and its activity would be diminished, resulting in the observed decrease in 

biofilm formation. The fact that the repeats R1 and R2 exert an inhibitory effect 

on the capacity of AMR1-2 to reestablish biofilm formation in the atl mutant, 

allows us to propose that R3 may bind to a receptor that is different from that 

of repeats R1-2 in the cell wall. 

Although these results seem to eliminate the proposition that GL is necessary 

for biofilm formation, the studies by Bose et al. which describe the partial 

complementation of biofilm formation by expressing GL in a plasmid under the 

control of the native atl promoter in atl mutants (13), suggest otherwise. The 

complementation methods used in both approaches were different: while our 

complementation assays were performed with purified recombinant proteins 

added exogeneously, the other strategy used genetic complementation from a 

plasmid source. The fact that both studies used different genetic backgrounds 

may also contribute to the discrepancy of results.  

4.3.1.2. Involvement of Atl in biofilm formation of different strains 

To determine if strain-specificity was a factor in the role of the Atl-derived 

proteins for biofilm formation, the atl mutation was transferred into biofilm 

proficient S. aureus strains from different genetic backgrounds. The RUSAL9 

transposition mutation was transduced into CA-MRSA strain WIS (37), HA-MRSA 

HDE288 (38) and the MSSA strain NCTC 8325 (39). The resulting isogenic atl 
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mutants were confirmed by PCR (data not shown) and Western blotting with 

anti-GL antibody (Section 3.5.4. Antibody production, page 153) (Figure 4–7). 

No GL protein was observed by Western Blotting in any of the transductants 

generated, in accordance with the PCR results. However, different patterns and 

relative amounts of GL protein were found between the different strains, 

suggesting strain-specific differences in Atl expression and proteolytic 

cleavage. 

 
Figure 4–7. Detection of GL protein performed by Western blotting using anti-GL raised 
antibody against whole extracts of S. aureus strains and their respective isogenic atl 
mutants. Approximate molecular masses are shown in kDa. 

The biofilm forming capacity of these strains, as well as of their atl mutants, 

was tested in static biofilm assays (Figure 4–8, and Section 4.6. Supporting 

information, Figure 4–28, page 219). Surprisingly, the results showed that the 

inactivation of atl did not lead to an abolishment of biofilm formation in all 

strains tested: MW2L9 and WISL9 showed a defective biofilm formation 

phenotype when compared to the wild-type strains, while atl mutants of MSSA 

strain NCTC 8325 and HA-MRSA strain HDE288 did not (Figure 4–8, and 

Section 4.6. Supporting information, Figure 4–28, page 219). 
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Figure 4–8. Static biofilm formation assays of different S. aureus strains and their respective 
isogenic atl mutants. Shown are average values with SEM, referring to the percentage of biofilm 
compared to the wild-type strain. Biofilm percentage of strain COL and RUSAL9 refer to the 
percentage of biofilm compared to the WIS strain. Three experiments were performed, in triplicate. 
Results were statistically significant (*** p<0.001, ns = non-significant). 

The dissimilar patterns found in the anti-GL Western Blotting could also 

account for the different impact that the lack of Atl has in biofilm formation, 

which is strain-dependent. Interestingly, the strains for which the lack of atl 

results in diminished biofilms (MW2 and WIS) have similar Western patterns 

with many smaller bands, perhaps corresponding to extensive processing of 

GL protein.  

4.3.1.3. Involvement of GL in biofilm formation of strain WIS 

We proceeded to study the biofilm forming capacity of strain WIS and its atl 

mutant by adding the different Atl recombinant proteins, as before. The 

independent addition of proteins AMR1-3GL, AMR1-2 and R3GL to the culture 

media of the WISL9 mutant in different concentrations progressively restored 

the biofilm forming capacity of strain WIS, achieving full complementation for a 

protein concentration of 50 μg/ml (Figure 4–9). The addition of AMR1-2 and 

R3GL recombinant proteins jointly resulted in a higher biofilm forming 

capacity, when compared to the addition of only one of these proteins, 

suggesting that the two proteins may work synergistically in promoting biofilm 
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formation. As expected, the addition of AMR1-3GL also had a greater impact on 

biofilm formation than the individual proteins, although not as high as the 

joint addition of AMR1-2 and R3GL proteins.  

The biofilm phenotype resulting from the addition of the R3GL protein was 

different for the WISL9 and MW2L9 atl mutants: while for MW2L9 no 

complementation of biofilm formation occurred, in the case of WISL9 the 

biofilm levels were similar to those obtained with the addition of the AMR1-2 

protein. The most evident explanation for this contrasting behavior is the 

difference in the genetic background of the strains, although we are not able 

to explain why this occurred. For WISL9, complementation of the biofilm 

phenotype was achieved by adding both domains of Atl separately.  

 
Figure 4–9. Static biofilm formation assays of S. aureus strain WIS and its isogenic atl mutant 
WISL9 with added recombinant AM and GL proteins. Biofilms were grown with different 
concentrations of extracellularly added recombinant GL domain (R3GL), AM domain (AMR1-2), and 
entire Atl lacking the SP and PP sequences (AMR1-3GL). The amount of biofilm produced was 
calculated as a percentage of the biofilm produced by the parental WIS strain. Shown are means 
(n = 3) with the SEM.  

4.3.1.4. Impact of Atl-eDNA binding in biofilm formation of strain WIS 

In order to analyse the contribution of GL-DNA binding to biofilm formation in 

the WIS strain, static biofilm assays were performed in the presence of added 
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low molecular weight salmon sperm DNA (ssDNA). By itself, ssDNA was not 

able to complement the biofilm forming capacity of the WISL9 strain, 

suggesting that other factors besides the presence of the eDNA that is 

produced through cellular lysis, are necessary to form biofilms in the S. aureus 

WIS strain (Figure 4–10). 

 

Figure 4–10. Static biofilm formation 
assays of S. aureus strain WIS and 
its isogenic atl mutant WISL9 in the 
presence of low molecular weight 
salmon sperm DNA (ssDNA). Addition 
of DNA was not able to restore the 
biofilm forming capacity of strain WIS. 
The biofilm forming capacity is 
significantly different between WIS and 
WISL9, with or without added ssDNA. 
The mean difference between WISL9 
and WISL9 with added ssDNA is non-
significant. Shown are averages of 
experiments performed in triplicate 
(n = 2) with SEM. 

Although by itself, ssDNA was not able to complement biofilm formation in the 

WISL9 mutant, in the presence of Atl recombinant proteins, ssDNA was able to 

contribute to biofilm formation. In fact, while a concentration of 50 μg/ml of 

the recombinant proteins was necessary to fully restore WIS biofilm formation 

levels (Figure 4–9), the addition of ssDNA was able to complete the partial 

complementation achieved with 5 μg/ml of protein (Figure 4–11). Full 

restoration was not achieved when only AMR1-2 was added (Figure 4–11). This is 

consistent with a critical role for eDNA in the GL-dependent biofilm formation 

process, suggesting that the presence of eDNA is not important by itself, if Atl 

is not present at the cell surface. 
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Figure 4–11. Static biofilm formation assays of S. aureus strain WIS and its isogenic atl 
mutant WISL9 with added AM and GL recombinant proteins, and ssDNA or DNase I. Biofilms 
were grown with 5 μg/ml of the different recombinant proteins and with 500 μg/ml of ssDNA or 
50 μg/ml of DNase I. The amount of biofilm produced was calculated as a percentage of the 
biofilm produced by the parental WIS strain. Shown are means (n = 3) with SEM. 

 
Figure 4–12. Static biofilm formation assays of S. aureus strain WIS and its isogenic atl 
mutant WISL9 in the presence of AM and GL recombinant proteins and DNase I. Biofilms were 
grown with 50 μg/ml of the different recombinant proteins and supplementation with DNase I at 
50 μg/ml disrupted biofilm formation. The amount of biofilm produced was calculated as a 
percentage of the biofilm produced by the parental WIS strain. Shown are means (n = 3) with SEM. 

Moreover, addition of complementing amounts of any of the recombinant 

proteins together with 50 μg/ml of DNase I to the culture media of the WISL9 

mutant resulted in severe impairment of biofilm formation (Figure 4–12). This 

effect was less pronounced when only AMR1-2 was added, supporting the 

suggestion that the GL domain of the autolysin Atl plays a more important role 
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than the AM domain of this protein in the DNA-dependent formation of biofilm 

in this strain. 

 

4.3.2. Biofilm formation under flow conditions 

Following the results obtained regarding the static biofilm formation assays of 

WIS and its isogenic atl mutant WISL9, we aimed to further explore the role of 

Atl by studying biofilm formation under flow-cell conditions. Contrary to static 

assays, flow-cell systems allow for the continuous-flow of fresh media across 

the bacterial cells that are attached to a synthetic solid surface, in this manner 

providing a constant supply of nutrients under the pressure of a shear force. 

The study of biofilms under continuous-flow conditions is more biologically 

relevant than in steady-state conditions, as bacteria are frequently exposed to 

flows in natural environments (40). To study the biofilm formation in flow-cell 

assays, the microfluidics Bioflux 1000 System was used.  

4.3.2.1. Biofilm formation of the WIS atl mutant under continuous-flow 

Our previous assays showed that the WISL9 atl mutant was unable to form 

biofilm in static microtiter assays, a result that was also expected from 

previous studies (12, 13, 16). Under continuous-flow conditions, in the Bioflux 

1000 system, the WIS strain was able to form robust biofilms, whilst the WISL9 

atl mutant did not, as expected, probably due to its incapacity to adhere to the 

abiotic surface during the initial stages of biofilm formation, since the cells 

were no longer in the chamber immediately after seeding (Figure 4–13 and 

Figure 4–14–A and C, supporting video 1 and 2, respectively). 

 

 

 

 



Chapter 4 
– The GL-DNA interaction in biofilm formation – 

 
 

 
177 | 

 Wild-type – WIS  atl mutant – WISL9 

A
ft

er
 s

ee
d
in

g
 

  

1
6
 h

o
u
rs

 

 
Figure 4–13. Biofilm formation assay of strain WIS and its isogenic atl mutant WISL9 under, 
continuous-flow performed on the Bioflux 1000. Shown are pictures taken at time 0 (after 
seeding) and at 16 hours. The scale bar represents 50 μm. 

Also in accordance with the results obtained in static biofilm assays, addition 

of DNase I abolished biofilm formation of the WIS strain; however, the results 

are not as drastic as those observed in static biofilm assays or with the WISL9 

mutant in flow conditions, since the cells are still able to attach to the chamber 

of the microfluidics channel (Figure 4–14–B), suggesting that DNA is not 

involved in the initial attachment.  

Addition of 0.5 mg/ml of ssDNA alone to the biofilm development of WISL9 

was not able to complement the biofilm formation of the atl mutant, as 

previously seen in the static biofilm assays. This result once again suggests 

the need for factors other than eDNA that rely on the Atl-derived proteins and 

are not exclusively due to the presence of the structural properties of eDNA, 

such as the adhesin properties of Atl itself (Figure 4–14–D, supporting video 

3). 
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4.3.2.2. Effect of AM and GL domains in biofilm formation of the WIS strain 

To assess the importance of the two catalytic domains of Atl (AMR1-2 and R3GL) 

in biofilm formation, the recombinant Atl proteins were added to the seeding 

media and to the sterile media that was perfused through the developing 

biofilm of the atl mutant strain (Figure 4–14). 

Addition of the AMR1-2 or R3GL recombinant proteins reestablished biofilm 

formation, as it did in the static assays (Figure 4–14–J and E, respectively, 

supporting videos 4 and 5, respectively), and the addition of R3GL and AMR1-2 

together led to a much more robust biofilm formation, suggesting, as it did 

with the static biofilm assays, a synergistic effect (Figure 4–14–O, supporting 

video 6).  
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Figure 4–14. Biofilm formation assays of strains WIS and isogenic atl mutant WISL9 with 
added recombinant proteins, under continuous-flow grown in the Bioflux 1000 microfluidic
channels. Different Atl recombinant proteins were added to the media at a concentration of
100 nM. When mentioned, DNA was added at a concentration of 0.5 mg/ml and DNase I at a 
concentration of 1 U/ml. 
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Figure 4–14. (Cont.) Biofilm formation assays of strains WIS and isogenic atl mutant WISL9 
with added recombinant proteins, under continuous-flow grown in the Bioflux 1000
microfluidic channels. Different Atl recombinant proteins were added to the media at a
concentration of 100 nM. When mentioned, DNA was added at a concentration of 0.5 mg/ml and 
DNase I at a concentration of 1 U/ml. 
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Figure 4–14. (Cont.) Biofilm formation assays of strains WIS and isogenic atl mutant WISL9 
with added recombinant proteins, under continuous-flow grown in the Bioflux 1000 
microfluidic channels. Different Atl recombinant proteins were added to the media at a 
concentration of 100 nM. When mentioned, DNA was added at a concentration of 0.5 mg/ml and 
DNase I at a concentration of 1 U/ml. 

Although the addition of ssDNA to the media perfused through the atl mutant 

cells did not by itself lead to the development of biofilm (Figure 4–14–D), when 

the Atl-derived proteins were also present, the biofilm formation was greatly 

increased, whether the protein added was AMR1-2 (Figure 4–14–K, supporting 
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video 7) or R3GL (Figure 4–14–F, supporting video 8). This result suggests that 

the interaction between the Atl-derived proteins and DNA is necessary for 

biofilm formation.  

4.3.2.2.1. Role of the enzymatic activity of Atl-derived recombinant proteins in 
biofilm formation of strain WIS 

Besides the AM and GL catalytic domains, Atl harbors repeat regions 

responsible for the attachment of the hydrolases to the cell wall and substrate 

recognition (16, 19). Since these repeats are known to bind to a number of 

molecules such as fibronectin, vitronectin and LTA, as well as to hydrophobic 

surfaces (14, 27), recombinant AM and GL proteins without repeats were 

added to the media of the atl mutant, to assess if the repeats and their 

adhesive properties were responsible for the role of Atl in biofilm 

development. The addition of either one of these proteins without the repeats 

was not able to complement the biofilm development of the atl mutant (Figure 

4–14–M and Figure 4–15–B for the AM domain, and Figure 4–14–H and Figure 

4–16–B for the GL domain, respectively), demonstrating the importance of the 

repeats of Atl in biofilm formation. 

Due to our reported interaction between the catalytic domain of R3GL and DNA 

(31), we also assessed if the addition of ssDNA together with the recombinant 

proteins without repeats was able to induce biofilm formation in the WISL9 atl 

mutant. When eDNA was added to the recombinant GL protein, without its 

repeat, biofilm formation was reestablished in a comparable manner to the 

result obtained with the R3GL protein with added DNA (Figure 4–14–I compare 

with Figure 4–14–F, and supporting videos 11 and 12). However, when the 

same assay was performed with the AM protein without its repeats and ssDNA, 

there was no biofilm formation, similarly to the case when only the 

recombinant protein without repeats was added (Figure 4–14–N compare with 

Figure 4–14–M, and supporting videos 9 and 10). This result is in accordance 

with the hypothesis of the GL-DNA interaction being important for biofilm 

formation in this strain. 
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Previous reports have supported the hypothesis that both AMR1-2 and R3GL are 

necessary for biofilm formation, and that both need to be enzymatically active 

for S. aureus to form a biofilm (13). To test for this requirement, recombinant 

AMR1-2 and R3GL proteins with specific amino acid substitutions that led to 

enzymatically inactive proteins, as ascertained by zymographic analyses 

(Section 4.6. Supporting information Figure 4–29, page 220), were added to 

the media that flowed through the atl mutant cells. The inactivation of the lytic 

activity of either AMR1-2 (Figure 4–14–L and Figure 4–15–C, supporting video 

13) or R3GL (Figure 4–14–G and Figure 4–16–C, supporting video 14) did not 

affect the capacity of the recombinant proteins to complement the biofilm 

formation of the atl mutant, indicating that that the hydrolytic activity of the 

Atl-derived proteins is not a required factor for biofilm formation in this strain. 

4.3.2.2.2. Role of the repeat regions of Atl-derived recombinant proteins in 
biofilm formation of strain WIS 

Interestingly, when AMR1-2 and R3GL were added to the media, the cells showed 

a different aggregation pattern immediately after seeding. The AMR1-2 moiety is 

capable of lysing S. aureus cells, whilst R3GL is not, at least in vitro, and thus 

AMR1-2 is described to be responsible for cell separation during division (17). 

Accordingly, one would expect that the addition of AMR1-2 to the atl mutant 

would separate the cellular clusters caused by the deficient cell separation. 

The results, however, showed the opposite, with the addition of AMR1-2 leading 

to the aggregation of cells (Figure 4–15–A, t = 0), while the addition of R3GL led 

to cellular separation (Figure 4–16–A, t = 0). 
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Figure 4–15. Biofilm formation under continuous-flow of the atl mutant WISL9 grown in the 
Bioflux 1000 microfluidic channels with different recombinant AM proteins. (A) Recombinant 
AMR1-2 protein was added to the media at a final concentration of 100 nM. (B) Recombinant AM 
protein, without its repeats was added to the media at a final concentration of 100 nM. (C) 
Recombinant AMR1-2 protein harboring a H263A substitution that renders the catalytic domain 
enzymatically inactive was added at a final concentration of 100 nM.  

 
Figure 4–16. Biofilm formation under continuous-flow of the atl mutant WISL9 grown in the 
Bioflux 1000 microfluidic channels with different recombinant GL proteins. (A) Recombinant 
R3GL protein was added to the media at a final concentration of 100 nM. (B) Recombinant GL 
protein, without its repeat was added to the media at a final concentration of 100 nM. (C) 
Recombinant R3GL protein harboring an E1129A substitution that renders the catalytic domain 
enzymatically inactive was added at a final concentration of 100 nM.  
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We hypothesized that the unexpected different aggregation effect resulting 

from the addition of AMR1-2, should be associated with the repeat regions, as 

this effect was not observed upon addition of the same protein without the 

repeat regions (Figure 4–15–B). For R3GL this effect was not observed (Figure 

4–16). It is not clear why the repeats R1-2, associated with AM caused the 

aggregation of cells whilst the repeat R3, associated with GL, did not (Figure 4–

15–A and Figure 4–16–A, respectively). This result could be related to the 

possibility that the receptor in the cell wall for R3 may be different or have 

different characteristics than that for R1-2, as proposed previously (Section 

4.3.1.1. Involvement of GL in biofilm formation of strain MW2, page 165). 

To test whether the different repeats had distinct effects on biofilm formation, 

different recombinant proteins containing only the repeat regions were 

constructed, expressed and purified (Figure 4–17). In this manner, a protein 

containing the repeats from AM, R1-2, a protein formed only of the repeat of GL, 

R3, and a protein containing the three repeats, R1-3, were constructed. Finally, 

we considered if the addition of extra repeats to GL could alter its function, so 

the R1-3GL and the R2-3GL proteins were engineered (Figure 4–17).  

 
Figure 4–17. Different recombinant Atl repeat proteins constructed as N-terminal His-tag 
fusions. SP – signal peptide, PP – pro-peptide, AM – amidase domain, GL – glucosaminidase 
domain. Approximate molecular masses of the recombinant proteins are indicated in kDa.  
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The addition of the proteins that encompassed only the repeat regions (R1-3, R1-2 

and R3) to the media of WISL9 led to the development of biofilm formation in 

this strain (Figure 4–14–P–R, supporting videos 15, 16 and 17, respectively). 

Additionally, the same appearance of cellular aggregation seen with the AMR1-2 

protein was observed when the proteins that included the repeats of the AM 

domain were used, R1-3 and R1-2, while R3 did not appear to aggregate cells, at 

least not at the same extent (compare Figure 4–14–J at seeding for AMR1-2 with 

Figure 4–14–P for R1-3, Figure 4–14–Q for R1-2 and Figure 4–14–R for R3, also at 

seeding). Addition of the GL domain with the extra repeats also led to biofilm 

formation, but no aggregation at seeding was observed (compare Figure 4–14–

F for R3GL with Figure 4–14–S and supporting video 18 for R1-3GL and Figure 4–

14–T for R2-3GL and supporting video 19). 

The results obtained here suggest that the repeat regions have a more 

important function than the enzymatic activity of Atl for biofilm formation, 

which is inconsistent with the published results from Bose et al. (13) that 

showed that the enzymatic activity of both AM and GL were essential for 

biofilm formation, but is in accordance with the hypothesis of a pivotal role for 

the repeats in the adherence of S. aureus cells during biofilm development. 

Furthermore, the work of Bose and colleagues used a different S. aureus 

strain, the biofilm proficient MSSA osteomyelitis isolate UAMS-1 (41), and the 

differences observed could also reflect the strain specificity regarding biofilm 

formation. 

4.3.2.3. Role of the AM and GL domains in biofilm formation of the UAMS-1 
strain 

To determine if the difference observed between the complementation 

obtained by adding the Atl-derived proteins exogenously to the WISL9 atl 

mutant and complementing the atl mutation genetically in the UAMS-1 strain 

was due to the genetic background of the different strains used, or due to the 

intrinsic properties of the proteins, the same mutant strains published by Bose 
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et al. (13) were used in complementation assays with the recombinant Atl-

derived proteins. 

In this manner, strain UAMS-1 and its atl deletion mutant, UAMS-1Δatl, were 

used in flow-cell biofilm assays, supplemented with the recombinant Atl 

proteins. Likewise, strain UAMS-1Δatl complemented with plasmids encoding 

for atl, atlGL, and atlAM were also used (13). 

As expected from the results reported by Bose et al., strain UAMS-1 was able 

to form biofilms, whilst UAMS-1Δatl was not (Figure 4–18–A and B, 

respectively). Complementation of UAMS-1Δatl with a plasmid containing the 

entire atl gene was able to restore biofilm formation of the atl mutant (Figure 

4–18–C), whereas the independent complementation with plasmids containing 

only GL or AM were not able to fully restore biofilm formation of the mutant 

(Figure 4–18–D and E, respectively). atl mutant strains that contained deletion 

in only the GL or the AM domain were also not able to form biofilms (Figure 4–

18–F and G, respectively), in accordance with the reported results obtained 

from static biofilm assays (13). Also in agreement with Bose et al. is the fact 

that abolishment of the AM domain of Atl is more deleterious regarding 

biofilm than the lack of the GL domain (compare Figure 4–18–D strain with 

plasmid encoding for GL and Figure 4–18–G strain with only the GL domain 

and Figure 4–18–E strain with plasmid encoding AM and Figure 4–18–F strain 

with only the AM domain). Furthermore, the UAMS-1Δatl with a plasmid 

containing the AM domain with a point mutation that renders the hydrolase 

enzymatically inactive was also not able to recover the biofilm phenotype, as it 

occurred in static assays (Figure 4–18–H) (13). The results obtained were in 

concordance with those reported (13). 

Addition of the recombinant proteins to the media of the UAMS-1Δatl mutant 

delivered the same results as the ones obtained with the WISL9 atl mutant. 

Addition of R3GL to the UAMS-1Δatl mutant resulted in the apparent full 

complementation of biofilm development, as well as the addition of the 

enzymatically inactive R3GL(E1129A) protein (Figure 4–18–I and J, respectively). 



Chapter 4 
– The GL-DNA interaction in biofilm formation – 
 
 

 
| 188 

The same occurred with the AMR1-2, whether it was enzymatically active or not 

(Figure 4–18–K and L, respectively). Addition of both R3GL and AMR1-2 together 

also led to biofilm development of the UAMS-1Δatl strain (Figure 4–18–M). 

When the proteins were added exogenously to the media of the UAMS-1Δatl 

mutant in continuous-flow assays, full complementation of biofilm formation 

occurred, as opposed to the report by Bose and colleagues (13). Moreover, 

when the Atl-derived proteins were added exogenously, their hydrolytic activity 

was not essential for biofilm formation of the UAMS-1 strain. 

These results suggest different properties for the Atl-derived proteins whether 

they are synthesized within the cell, transported across the membrane, and 

processed or added extracellularly in a post-processed form. 
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Figure 4–18. Flow-cell biofilm formation in the Bioflux 1000 using strain UAMS-1 and different 
UAMS-1Δatl mutants, as well as added recombinant proteins. Different Atl recombinant 
proteins were added to the media at a concentration of 100 nM. 
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Figure 4–18. (Cont.) Flow-cell biofilm formation in the Bioflux 1000 using strain UAMS-1 and 
different UAMS-1Δatl mutants, as well as added recombinant proteins. Different Atl 
recombinant proteins were added to the media at a concentration of 100 nM.  
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4.3.3. Confocal microscopy of biofilms 

In order to visualize the presence and the eventual co-localization of GL and 

DNA in the biofilm structure, static biofilm assays of strain WIS and its atl 

mutant WISL9, were performed for visualization in Confocal Laser Scanning 

Microscopy (CLSM).  

 
Figure 4–19. CLSM images of static biofilms of WIS and WISL9 S. aureus strains. The samples 
were stained with Syto-9 (green) and Toto-3 (red) to indicate live and dead cell populations, 
respectively. A and B – Biofilm of the WIS strain. C and D – Biofilm of the isogenic atl mutant, 
WISL9. The scale bar represents 30 μm in the orthogonal views (A and C) and 40 μm in the 3D 
representations (B and D). 

First, biofilms were grown statically for 24 hours and stained with live/dead 

fluorescent stains, Syto-9 (visualized in green) and Toto-3 (visualized in red). 

Syto-9 is a fluorescent stain that was applied to identify the viable cells in the 

biofilm, whilst Toto-3 is a nucleic acid-specific fluorophore and was therefore 

used to stain both dead cells and eDNA. As expected, the biofilms of the atl 
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mutant WISL9 were much thinner than those of the wild-type (Figure 4–19). 

Furthermore, the biofilms of the atl mutant presented a much higher number 

of dead cells, as evidenced by the greater staining by Toto-3, likely due to the 

presence of dead cells that could not lyse, considering that they were atl 

mutants (Figure 4–19–C and D). Dead cells were also present, although in 

lower frequency, in the biofilms of the wild-type WIS strain, as illustrated by 

the presence of red puncta (Figure 4–19–A and B). It is relevant to note that the 

washing procedures before the visualization and imaging of the biofilms, 

although made with extreme care, may have somewhat disrupted biofilms and 

removed eDNA that might have been present in higher amounts. 

In order to detect the presence of the GL protein in the biofilm, the anti-GL 

antibody (detected with a secondary antibody conjugated to Alexa Fluor 647 

and visualized in red) was added to the 24-hour statically grown biofilms, and 

revealed the presence of this protein in the biofilms of the wild-type WIS strain 

(Figure 4–20–A–D). The GL protein was present throughout the biofilm, with no 

particular localization within it (Figure 4–20–C). The low detection of GL may 

be associated with difficult penetration of the antibody on the biofilm matrix. 

As expected, biofilms of the atl mutant WISL9 did not have any signal for the 

GL protein (Figure 4–20–E–H).  

Subsequently, the anti-dsDNA antibody (conjugated to Alexa Fluor 594 and 

visualized in blue) was added in combination with the GL antibody, and 

allowed to observe that the eDNA was also present all through the biofilm 

(Figure 4–21). Additionally, dsDNA co-localized with the GL protein, although 

at low frequency, as evidenced by the purple puncta seen, the combination of 

red (GL localization) and blue (dsDNA localization) dots (Figure 4–21–A–B, and 

respective zoomed-in cut-outs). This result may suggest the interaction 

between GL and eDNA within biofilms, although the resolution of these images 

is not high enough to claim that these two macromolecular structures are in 

fact co-localizing. Furthermore, due to time constraints this assay was 
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performed only once and will be repeated to be quantitative and statistically 

significant.  

 
Figure 4–20. CLSM images of static biofilms of WIS and WISL9. The samples were stained with 
Syto-9 (green) to indicate live cells and anti-GL antibody/secondary anti-rabbit conjugated to Alexa 
Fluor 647 (red). A-D – Biofilm of the WIS strain. E-H – Biofilm of the isogenic atl mutant, WISL9. 
B, F – Green channel only, representative of the live cells. C, G – Red channel only, showing the 
localization of the GL protein within the biofilm. As expected, the WISL9 atl mutant biofilm does 
not have GL. The scale bar represents 30 μm in the orthogonal views of WIS (A-C), 20 μm in the 
orthogonal views of WISL9 (E-G), 40 μm in the 3D representation of WIS (D), and 30 μm in the 3D 
representation of WISL9 (H). 
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Figure 4–21. CLSM images of static biofilms of WIS. The samples were stained with Syto-9 
(green) to indicate live cells, anti-GL antibody/secondary anti-rabbit conjugated to Alexa Fluor 647 
(red) and anti-dsDNA antibody/secondary anti-mouse conjugated to Alexa Fluor 594 (blue). A- 
Green, red and blue channels, representing live cells, GL and dsDNA, respectively. B – Blue and red 
channels, representing GL and dsDNA, respectively. C – 3D representation of the biofilm with 
green, red and blue channels, representing live cells, GL and dsDNA, respectively. The scale bar 
represents 30 μm in the orthogonal views (A and B) and 40 μm in the 3D representation (C). The 
zoomed-in cut-outs represent an example of a spot where GL and dsDNA appear to be co-
localized. 
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4.3.4. atl expression 

To analyse the expression of the atl gene both spatially and temporally in the 

biofilm, a plasmid containing an atl promoter::sGFP fusion was constructed 

and introduced into different S. aureus strains. 

The inactivation of the gene encoding for the atlR regulator, a transcriptional 

repressor of atl, is reported to lead to an increase of atl expression and 

subsequent increase of biofilm formation, at 30 ºC (12). The effect of this 

regulator on atl expression was also studied.  

In this manner, besides the WIS and its isogenic atl mutant WISL9, we also 

used the LAC USA300 derivative strain JE2 and its derivative bursa aurealis Tn 

insertion mutants for atl (NE460) and atlR (NE1066), part of the Nebraska 

Transposon Mutant Library (42). With these strains, we would also be able to 

test if AtlR does indeed repress the expression of Atl during biofilm formation 

under flow conditions, leading to higher biofilm development. 

4.3.4.1. Planktonic assays 

Prior to biofilm assays, cells were grown planktonically to test for differences 

in atl expression. 

 
Figure 4–22. GFP expression under the control of the atl promoter in WIS and WISL9 strains at 
30 ºC, in planktonically growing cells. The average of two independent experiments is shown 
with the SEM. 
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Figure 4–23. GFP expression under the control of the atl promoter in WIS and WISL9 strains at 
37 ºC, in planktonically growing cells. The average of three independent experiments is shown 
with the SEM.  

 

 
Figure 4–24. GFP expression under the control of the atl promoter in JE2 strain and bursa 
aurealis Tn insertions mutants of atl and atlR at 30 ºC, in planktonically growing cells. The 
average of two independent experiments is shown with the SEM.  
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Figure 4–25. GFP expression under the control of the atl promoter in JE2 strain and bursa 
aurealis Tn insertion mutants of atl and atlR at 37 ºC, in planktonically growing cells. The 
average of three independent experiments is shown with the SEM.  

Results from atl expression during planktonic growth showed a steady 

increase in atl transcription over time for the WIS strain, with a stagnation of 

expression after 10 hours of growth at 30 ºC (Figure 4–22 and Figure 4–23). 

Moreover, for its isogenic atl mutant WISL9, an increase in atl transcription 

was seen, suggesting some sort of self-regulatory loop for the transcription of 

atl (Figure 4–22 and Figure 4–23). This difference was more subtle at 37 ºC 

(Figure 4–23), but it was very apparent at 30 ºC (Figure 4–22).  

Regarding the JE2 strain and its derivative Tn insertion mutants for atl and 

atlR, the same slight increase of atl transcription over time was seen (Figure 4–

24 and Figure 4–25). Disruption of the atlR gene did not increase atl 

transcription as reported, regardless of the temperature used (Figure 4–24 and 

Figure 4–25) (12). In fact, there seemed to be a modest decrease in atl 

transcription, albeit not significant, a result that is not consistent with the role 

of a transcriptional repressor for AtlR. The media and the growth parameters 

used herein differ from the ones reported by Houston et al., which could be 

cause for the contradiction in the results (12). Houston and colleagues used 

the CA-MRSA strain BH1CC and their atlR deletion mutant grown in BHI media 

supplemented with 1% glucose for their RTq-PCR experiments, and cells were 

collected at an OD600 of 2. 
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4.3.4.2. Flow-cell biofilm assays 

The assays using these strains in the Bioflux, in order to assess the temporal 

and spatial expression of atl in biofilms under flow conditions showed higher 

expression of GFP in the biofilm towers later during biofilm formation, 

although expression could also be seen in some cells in the basal layer 

(Section 4.6. Supporting information, Figure 4–30, page 220). atl mutant 

strains WISL9 and JE2-atl were not able to form biofilms, as expected, although 

expression of GFP was seen in the cellular clumps present at the beginning of 

the assay (Section 4.6. Supporting information, Figure 4–30–B and D, page 

220). Regarding the atlR mutant, strain JE2-atlR was able to develop biofilm 

but seemingly not more than the wild-type strain JE2, while GFP expression did 

not seem to suffer any changes when compared to JE2, as well (Section 4.6. 

Supporting information, Figure 4–30–E, page 220). Due to time constraints, 

these assays were performed only once, in duplicate, and therefore the results 

shown here are preliminary and will be repeated. Also, the atl expression 

assays in flow conditions will be repeated using a strain that contains both the 

atl promoter::sGFP fusion plasmid and another plasmid with an S. aureus 

constitutive promoter fused to another fluorescent protein, to distinguish 

fluorescence signal due to cell accumulation from fluorescence signal due to 

expression. 

Basing our experiments in the published reports, we were expecting that the 

JE2-atlR would have a higher biofilm formation, which did not occur. It is 

important to note, however, that the assays were performed at a temperature 

of 37 ºC, whereas the effect of atlR in biofilm formation was reported at 30 ºC 

(12), a temperature that was not tested herein. 
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4.4. Discussion 

The study of the importance of Atl in biofilm formation proved to be a 

complex task, mostly due to the multiple roles of this protein in the physiology 

of S. aureus. Besides the fact that atl mutants are described to not be able to 

develop biofilms, it is important to note that these mutants also show a 

number of phenotypic defects, such as a rough outer surface and a different 

composition of secreted and cell-bound proteins (16, 23). In this manner, it is 

not completely appropriate to conclude that the biofilm defects that occur in 

atl mutants are directly dependent on the absence of the protein and its major 

enzymatic activity since pleiotropic effects also apply. 

In this study we were able to demonstrate that the role of Atl in biofilm is 

strain specific, and in fact, for some of the strains tested, the lack of Atl did 

not impact the biofilm forming capacity, in direct contrast with the generally 

accepted idea. Furthermore, we showed that the Atl domains GL and AM have 

different and complementing roles in biofilm formation, in static as well as in 

the more biologically relevant continuous-flow assays, and that the GL-DNA 

interaction is relevant for the eDNA-dependent biofilm formation in S. aureus.  

4.4.1. Atl has different roles in distinct strains of S. aureus 

An important result that came out of these experiments is the diversity by 

which Atl is important, or not, to biofilm formation. It was surprising to 

observe that not all strains require Atl for biofilm formation; the most 

straightforward hypothesis is that their biofilm extracellular matrix relies on 

PIA or other polysaccharides and/or proteins, and not eDNA, but this remains 

to be tested. The impairment of the atl gene was expected to result in a 

decrease in biofilm formation in S. aureus, but our results pointed to different 

responses to this mutation, reinforcing the importance of the genetic 

background on biofilm formation in S. aureus.  

Additionally, the fact that the strains WIS and MW2 respond to the GL domain 

of Atl differently strengthens the idea that biofilm formation is a complex and 
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multifactorial phenomenon with strain-specific characteristics; one would 

expect that the lytic activity of the glucosaminidase would be the same in all 

the strains and thus act accordingly in biofilm formation. The GL sequence, 

including its repeat region R3, from the different strains are highly similar and 

do not include substitutions that should result in major differences in the 

protein’s stability or activity. In fact, the Atl sequence of WIS strain is identical 

to COL (J. Silva, unpublished results). The results from Western blotting using 

anti-GL antibody did show differences in the pattern of the protein bands, and 

this result could suggest a distinct processing of the Atl protein, and therein 

the differences observed among the strains. It is currently unknown how Atl is 

proteolytically processed, if it suffers self-processing and/or which of the at 

least ten extracellular proteases of S. aureus (43) is involved in this process. 

Understanding this mechanism could clarify the issues related to the 

processing of Atl and cell wall binding. 

It was very clear, however, that GL had an important role by itself in the biofilm 

formation of strain WIS, while in MW2 it only had an effect when associated 

with its counterpart AM domain, in static assays. Nonetheless, S. aureus 

encodes for at least three more glucosaminidases: SagA, SagB and ScaH (44, 

45), that could have compatible roles with GL and fulfill its hydrolytic role 

during biofilm formation. It is not known whether the other glucosaminidases 

are able to associate with DNA as GL is, and if this could influence biofilm 

formation. 

Conversely, the addition of the AMR1-2 recombinant protein to the biofilm 

media of the atl mutants MW2L9 and WISL9 in static assays was able to restore 

the biofilm development of these strains, in a concentration dependent 

manner, which we hypothesized was due to its hydrolytic activity and 

subsequent genomic DNA release. The addition of this recombinant protein to 

the growth media of WISL9 on flow cell assays was also able to functionally 

complement biofilm formation of this strain. Moreover, the joint addition of 

AMR1-2 and R3GL to the biofilm media of WISL9 in both static and continuous-
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flow assays led to the development of biofilms that were much more robust 

than those produced by the addition of only one of the recombinant proteins, 

suggesting a synergistic effect for the two domains of Atl. 

4.4.2. eDNA in biofilm formation  

Adding eDNA to the growth media of the atl mutants did not complement 

biofilm formation, suggesting that eDNA by itself is not capable of providing 

adhesion to the cells. However, addition of DNA together with the Atl-derived 

proteins to the growth media of the atl mutants resulted in the 

reestablishment biofilm formation, suggesting that an interaction between the 

Atl-derived proteins and eDNA should occur so that a biofilm can develop. An 

alternate proposal is that atl mutant cells, that are known to have altered cell 

walls and cell wall-bound protein profiles, lack the DNA-interacting elements 

that enhance biofilm formation (16, 23). It had been previously suggested that 

eDNA is important in the initial attachment phase of biofilm formation, and 

subsequently acts as a component of the biofilm matrix (12). Recent studies 

have shown that the addition of DNase I to the inoculum of continuous-flow 

biofilms or at the beginning of the assay had little effect on the attachment of 

cells, while addition of Proteinase K abolished biofilm formation, suggesting a 

more important role for proteins that are required for adherence during the 

initial stages of this developmental life style (46-48). When we added DNase I 

to the biofilm media of the WIS strain, no biofilm development occurred, 

although our assay differed since DNase I was continuously pumped in the 

media and could therefore affect the biofilm formation throughout time. This 

is consistent with our results that point to a more important role for Atl as an 

adhesin for biofilm formation. 

4.4.3. Adhesion versus lysis, the two roles of Atl in biofilm 
formation 

atl mutants grow in large clumps that difficultly adhere to surfaces, and most 

likely are dragged away by the shear pressure of flow due to their large size. 

With this in mind, we cannot say that Atl-dependent cell lysis, and resultant 
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genomic DNA release, is not important for biofilm formation, as the two 

mechanisms may be interdependent: the cells cannot adhere to the surface 

because they do not have Atl required for primary attachment, but since they 

do not adhere the forming biofilm does not reach the phase where eDNA is 

fundamental, the phase where we could test for the requirement for Atl for cell 

lysis.  

To test this, we set to determine if the repeat regions, known to be molecules 

with sticky properties, were important for the attachment of cells during 

biofilm formation of strain WIS. Contrary to our expectations, addition of the 

repeats alone led to biofilm development of S. aureus in flow cell assays, 

whilst the addition of enzymatically active AM and GL domains without repeats 

did not. This result, that clearly showed an important role for the adhesive 

properties of the repeats of Atl in biofilm formation, was in striking contrast 

with that of Bose et al., and replicated by us in continuous-flow assays, which 

showed that the enzymatic activities of GL and AM are required for the 

development of biofilm formation in S. aureus (13). 

4.4.4. Addition of recombinant Atl proteins exogenously has 
different outcomes than genetic complementation 

Since the strains used in both studies were different, assays were performed 

using the UAMS-1 strain, its Δatl mutant and the recombinant Atl proteins, to 

verify if the discrepancy of the results was due to strain specificity. The results 

of biofilm complementation in continuous-flow for the UAMS-1 strain were 

similar to the ones obtained with WIS. Bioflux assays were also performed 

using UAMS-1 atl mutant strains that were genetically complemented with the 

atl gene or its derived domains AM and GL, present on a plasmid or in the 

chromosome. These results showed again a dependency of the lytic activity of 

the Atl-derived proteins, as reported by Bose et al. (13). These contrasting 

results reflect the complexity inherent to the development of biofilm 

communities and to the role that Atl has in this process, which was found to 

be complex and highly diverse.  
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The striking difference observed is most probably related to the different atl 

complementation strategies adopted. It is evident from these results that the 

extracellular addition of the recombinant proteins is different from their 

expression inside of the cells. This could simply be due to the difference in the 

cell wall of the atl mutants, which have a rough outer surface and have lower 

amounts of extracellular and cell wall-bound proteins (16, 23). Another 

hypothesis is that it is the secretion and localization of the Atl protein itself 

that leads to its correct positioning and action in the cell wall. Atl is secreted 

via the Sec apparatus, without the YSIRK/GS motif and its secretion is therefore 

not directed towards the septum of dividing cells (17, 49). The mechanism by 

which Atl localizes at the septum relies on the absence and/or different 

structure of the teichoic acids that are present in that cellular region (50), but 

other factors may be in play, and these could rely on the different repeats and 

their proper localization. Furthermore, it has been shown with LytN that the 

addition of recombinant protein does not fully complement the growth 

phenotype of lytN mutants, and this seems to be due to the inability of the 

recombinant polypeptide to penetrate the cross-wall of S. aureus (51). 

Likewise, it might be that the added recombinant proteins do not pass through 

the intricate peptidoglycan mesh in order to achieve its correct localization 

within the cell wall. Although Gram-positive bacteria clearly do not have a 

membrane-enclosed compartment like a periplasm, it is suggested that S. 

aureus possesses a distinct environment associated with the cell wall, the 

inner wall zone (52, 53). This zone is thought to have a lower pH value, due to 

a high membrane proton gradient, and consequently murein hydrolases have 

lower activity in this region, and are more active in the outer layers of the cell 

wall, as pH increases. If this is the case, the extracellular addition of the Atl-

derived proteins could have altered functions simply due to the physical and 

chemical properties of the cell wall of the bacterium, as well as its correct 

positioning. We cannot discard the possibility that the concentration of 

proteins used is not ideal, and that we could be overflowing the cells with 

hydrolases which could be detrimental to the cells. However, no cellular death 
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due to lysis is observed with the concentrations used and up to 10-fold higher 

(data not shown). 

4.4.5. R1-2 repeats may be responsible for intercellular adhesion 

The results that implicate the adhesive properties of Atl, and in particular of 

the repeats, as the most important component of Atl for biofilm formation also 

exhibit differences in the behavior of the repeats R1-2 of AM and of the repeat 

R3 of GL. First, the repeats R1-2 appear to have different receptors in the cell 

wall than the repeat R3, since addition of proteins with the three repeats 

inhibits the reestablishment of biofilm formation induced by AMR1-2 in static 

biofilm assays, with the WISL9 strain.  

Second, addition of proteins with repeats R1-2 to WISL9 cells causes the cells to 

”clump”, suggesting that their intercellular adhesive properties were much 

enhanced, a behavior that was not apparent with R3. This second observation 

could be related to the former, as different receptors for the different proteins 

could result in different properties due to their localization within the cell wall 

structure or steric hindrance. Another hypothesis is that the repeats R1-2 have 

different adhesive properties and are more sticky, and could promote their 

self-aggregation as it occurs with the surface protein SasG (54), SraP adhesin 

(55, 56) and the SdrC surface protein of S. aureus (57) and IsdC from 

Staphylococcus lugdunensis (58). These proteins promote cell-cell adhesion 

within biofilms by forming homophilic bonds between proteins in different 

cells. 

4.4.6. Importance of GL-DNA interaction in biofilm formation 

The most interesting observation obtained from the Bioflux results regarding 

the GL-DNA interaction was the reestablishment of biofilm formation of the 

WISL9 atl mutant when the GL protein without its repeat and DNA were added 

to the media. This effect was not seen when only GL without its repeat was 

added and neither when AM without its repeats was used, with or without 
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addition of extracellular DNA. These observations highlight an important role 

of GL-DNA binding for biofilm formation.  

It is reasonable to assume that the GL-DNA interaction occurs in biofilms, and 

our results suggest that this association is relevant under biologically relevant 

flow conditions. The visualization by CLSM of the static WIS biofilm with the 

antibodies for GL and dsDNA showing the possible interaction between the GL 

protein and DNA corroborates this assumption, although our results are too 

preliminary to state that the protein and dsDNA co-localize. The assay will be 

repeated for the acquisition of more data. Also, the co-localization assay will 

be repeated using antibodies raised against other surface proteins that bind or 

not to DNA (e.g. IsaB as DNA-binder), as negative and positive controls. The 

use of high resolution microscopy would facilitate the visualization of the GL-

DNA interaction, but even then the result obtained could be inconclusive. An 

alternative would be the use of FRET (fluorescence resonance energy transfer) 

in these immunofluorescence assays.  

The S. aureus β-toxin has been shown to be able to bind to eDNA and 

covalently cross-link to itself, producing an insoluble nucleoprotein biofilm 

matrix (59). eDNA has also been implicated in the formation of amyloid fibers, 

by interacting with the PSMs and facilitating their aggregation (60). It would be 

interesting to verify if GL could be acting in the same manner as the β-toxin 

and prompt the formation of aggregates within biofilms. 

4.4.7. atl expression 

In the conditions and strains tested, there seems to be a higher expression of 

atl in the biofilm towers. This higher expression could lead to a higher cell 

lysis and subsequent genomic DNA release, important for adhesion and 

structure, within these biofilm structures. Alternatively, the GL-eDNA 

interaction that we hypothesize occurs within biofilms could partly account for 

the tower structures, by providing a mode of intercellular adhesion. 

Planktonically, the expression of atl increases slightly over time, and the fact 
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that atl mutants show an increase of GFP expression when compared to wild-

type strains, suggests that atl expression could be controlled by an auto-

regulatory loop. More experiments are needed to confirm the existence of 

such a mechanism.  

The full regulatory network of atl is not known, and the modulation of its 

expression is further complicated by the fact that this protein is processed 

extracellularly through an unknown process, that could lead to its activation 

and/or inhibition.  

It has been reported that the atl gene suffers the influence of a transcriptional 

regulator, AtlR, which is encoded immediately downstream of atl and binds 

directly to its promoter region (12). According to the authors, the expression 

of atl is induced 5-fold when atlR is not present at 30 ºC, whilst the induction 

of atl is only increased by ~2-fold at 37 ºC. The induction of atl transcription in 

the atlR mutant had no significant effect on biofilm production at 37 ºC, but 

resulted in a 7-fold induction at 30 ºC (12).  

Although we did not see any difference in the biofilm formation of the atlR 

mutant when compared to wild-type, the GFP expression of the atl promoter in 

the JE2-atlR was not consistent with the role of a transcriptional repressor of 

atl since the results actually reflected a decrease in atl transcription. The strain 

used in the referenced study, as well as the parameters of the assay, such as 

the growth media used, were different, which could account for the 

contradiction in the results attained (12). This discrepancy of results had 

already been described by other authors that did not find a significant 

difference in the expression of atl between JE2 and the JE2-atlR mutant by RT-

qPCR or a difference in biofilm levels between these two strains, at 37 ºC (61). 

It is most likely that Atl is post-transcriptionally regulated, whether at the 

mRNA level or after transduction, at the level of secretion and/or proteolytic 

cleavage, being the turnover of the proteins also important for regulation. 

Nonetheless, it is interesting to note that at the transcriptional level there 
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seems to be some self-regulatory loop, since in atl mutants there seems to be 

an increased drive for the transcription of the atl gene. 

 

4.5. Materials and Methods 

4.5.1. Bacterial strains, plasmids, and growth conditions  

Bacterial strains and plasmids used in this study are listed in Table 4–1. All 

strains were grown at 37 ºC with aeration except when otherwise mentioned, 

in the following media: tryptic soy broth (TSB) or tryptic soy agar (TSA) (Difco 

Laboratories, Detroit, MI, USA) for S. aureus strains and Lysogeny broth (LB) or 

Lysogeny agar (LA) (Difco Laboratories) for Escherichia coli strains.  

Antibiotics kanamycin (30 μg/ml and 75 μg/ml), erythromycin (10 μg/ml) and 

chloramphenicol (20 μg/ml) were used when needed as recommended by the 

manufacturer (Sigma-Aldrich, St. Louis, MO, USA). 

4.5.2. DNA methods  

Restriction enzymes (New England Biolabs, Ipswich, MA, USA) were used as 

recommended by the manufacturer. Routine PCR amplification was performed 

with GoTaq Flexi DNA polymerase (Promega, Madison, WI, USA) or Midas Mix 

(Monserate Biotechnology Group, San Diego, CA, USA), and PCR amplification 

for cloning purposes was performed using Phusion High Fidelity DNA 

polymerase (Finnzymes, Thermo Fisher Scientific, Waltham, MA, USA). 

For plasmid DNA extraction, High pure Plasmid Purification Kit (Roche, Basel, 

Switzerland) or ZR Plasmid Miniprep Classic (Zymo Research, Irvine, CA, USA) 

were used. PCR and digestion products were purified with High pure PCR 

Purification Kit (Roche) or DNA Clean and Concentrator (Zymo Research). 

Ligation reactions were performed with Rapid DNA Ligation kit (Roche) or T4 

DNA ligase (Thermo Fisher Scientific). 
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4.5.3. Construction of recombinant plasmids for protein expression 

Different Atl DNA fragments were amplified by PCR using DNA from S. aureus 

strain COL as template and specific primers (Table 4–2), which included the 

appropriate restriction sites for cloning. The fragments were purified, digested 

with respective restriction enzymes, and cloned into pET28a (+) plasmid 

(Novagen, Merck Millipore, Darmstadt, Germany), using E. coli DH5α 

competent cells. The correct recombinant plasmids (Table 4–1) were confirmed 

by restriction analysis and sequencing, and used to transform E. coli BL21(DE3) 

competent cells for protein expression.  

To construct the recombinant proteins which harbored the point mutations, 

pET-R3GL(E1129A) and pET-AMR1-2(H263A), plasmids pET-R3GL and pET-AMR1-2, 

respectively, were used as templates for site-directed mutagenesis using 

primers Pexp_E1129A1 and Pexp_E1129A2 and Pexp_H263A1 and 

Pexp_H263A2 (Table 4–2), to change the respective codons into GCA (Alanine). 

Protein (MW2)R3GL-His6 was constructed using the same primers as the 

respective protein from COL (Pexp8 and Pexp9, Table 4–2), but S. aureus 

strain MW2 DNA was used. 

4.5.4. Thrombin cleavage of N-terminal 6xHis-tagged R3GL 

N-terminal 6xHis-tagged R3GL protein was cleaved with the Thrombin 

CleanCleave Kit (Sigma-Aldrich) to remove the 6xHis-tag present in the 

sequence of the pET28a(+) plasmid, according to the manufacturer’s 

instructions. Briefly, 1 mg of purified 6xHis-tag R3GL was cleaved in a final 

volume of 1 ml using the 4% beaded agarose resin embedded with thrombin, 

with the buffers provided. Cleavage of the 6xHis-tag was completed by 24 

hours, as assessed by SDS-PAGE (Section 4.6. Supporting information, Figure 

4–27, page 219). 
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4.5.5. Protein expression and purification 

Recombinant Atl proteins were expressed and purified from the previously 

constructed recombinant plasmids, as described (31) (Table 4–1). Proteins 

were expressed using the auto-induction expression method (62). Cells were 

harvested after 18 hours of growth, and after cell disruption proteins were 

present in the soluble fraction. Purification of the proteins was achieved using 

Ni-NTA agarose columns (Qiagen, Hilden, Germany) under native conditions, 

according to the manufacturer’s instructions. Proteins expressed for use in 

flow-cell biofilm assays were purified using HisPur Ni-NTA Spin Purification Kit 

(Pierce Biotechnology, Thermo Fisher Scientific) and HisPur Cobalt Spin 

Purification Kit (Pierce Biotechnology, Thermo Fisher Scientific), according to 

the manufacturer’s instructions. The expression and purification yields were 

monitored by SDS-PAGE. The most concentrated elution fractions were dialyzed 

in a 3500 MWCO snakeskin dialysis tubing (Pierce Biotechnology, Thermo 

Fisher Scientific) at 4 ºC, against 100 mM Tris pH 7.5 overnight. Proteins 

purified for use in flow-cell biofilm assays were buffer exchanged to 100 mM 

Tris pH 7.5 using PD-10 Desalting Columns (GE Healthcare Life Sciences, 

Buckinghamshire, UK), following the manufacturer’s instructions. Protein 

concentrations were assessed using a Nanodrop 1000 apparatus (Thermo 

Fisher Scientific) by reading the absorbance at 208 nm and using the 

recombinant protein’s theoretical molecular weight and extinction coefficient 

(ε). All proteins were tested for hydrolytic activity (data not shown). 

4.5.6. Zymogram analysis 

Heat-inactivated cells were prepared as described (63), with some 

modifications. S. aureus and M. luteus were grown to mid-exponential phase 

and cells were recovered by centrifugation, washed twice, resuspended in cold 

water and heat inactivated by autoclaving at 121 ºC for 15 minutes. After 

cooling, the heat-inactivated cells were washed twice with cold water, and kept 

in 0.05% sodium azide. 
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Zymograms were performed in 12% SDS-PAGE gels with the incorporation of 

2 x 109 heat-inactivated cells of S. aureus or Micrococcus luteus, and 100 ng of 

each protein were used. After electrophoresis, the zymogram gels were 

washed thrice with water, and incubated with renaturation buffer (0.1% 

Triton X-100, 10 mM CaCl2, 10 mM MgCl2, 50 mM Tris-HCl pH 7.5) for an hour. 

Gels were stained with methylene blue staining (1% methylene blue in 0.01% 

KOH) and destained with water. 

4.5.7. Static biofilm assays 

Biofilm assays were performed essentially as described (64). Overnight cultures 

were diluted in TSB + 1% glucose, transferred to a sterile tissue-culture treated 

96-well assay plate (Corning Costar 3595, Sigma-Aldrich) and incubated at 

37 ºC for 18 hours without shaking. Purified recombinant Atl proteins were 

added to the wells at the beginning of the assay at different concentrations. 

DNase I (Sigma-Aldrich) was added to the wells at a concentration of 50 μg/ml 

and 500 mg/ml of low molecular weight salmon sperm DNA (Sigma-Aldrich) 

was used to test complementation of biofilm formation. 

Overall bacterial growth was similar for all wells (OD600). The media and non-

adherent cells were removed and the wells were carefully washed twice in 

water. Biofilms were fixed by incubating the microplates at 60 ºC for 1 hour, 

and stained in a 0.06% (w/v) solution of crystal violet for 10 minutes. Excess 

stain was removed by washing carefully thrice in water. The resulting biofilms 

were eluted with 30% acetic acid and OD600 was measured in an Infinite F200 

PRO microplate reader (Tecan Infinite 200 Pro, Tecan, Männedorf, Switzerland). 

The amount of biofilm produced by each strain was calculated as a percentage 

of that produced by the wild-type strain and was determined based on the 

average from three biological replicates. 
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4.5.8. Continuous-flow biofilm formation assay 

Biofilm formation under continuous-flow was monitored using the Bioflux 

1000 System (Fluxion Biosciences Inc., San Francisco, CA). This microfluidics 

system allows the simultaneous comparison of gene expression and biofilm 

formation of up to 24 different samples (65).  

The Bioflux system (Figure 4–26) is coupled to an epifluorescence microscope 

with an automated temperature-controlled stage, and to a high-resolution 

camera (Figure 4–26–A). A pneumatic compressor is connected to specialized 

Bioflux 24- or 48-well plates (Figure 4–26–B) via an interface that attaches to it. 

The Bioflux plates are equipped with microfluidic channels that connect two 

adjacent wells, one for sterile media and the other for the effluent (Figure 4–

26–C–D) (65, 66). 

 
Figure 4–26. Bioflux 1000 system. (A) Photograph of the system. The pneumatic pump is 
connected to an interface that attaches to the top of the Bioflux plate. (B) Schematic diagram of a 
24-biofilm Bioflux plate. Shown are the 48-wells (24 inlet and 24 outlet wells) and the 24 
independent channels that connect the pairs of wells. (C) Schematic diagram showing the inlet and 
outlet wells, and media flow. (D) Close-up of two channels (black lines), The chamber for 
microscope viewing is marked with an arrow. In (65). 
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48-well plates were used, and all strains/protein combinations were tested in 

duplicate in a plate, at least in three different experimental replicates. The 

microfluidic channels were first primed for 5 minutes with 200 μl of TSB at 

5.0 dyn/cm2. After priming, TSB was removed from the output wells and 

replaced with 200 μl of overnight cultures at an OD600 of 0.8. The channels 

were seeded by pumping from the output wells to the input wells at 

2.0 dyn/cm2 for approximately 5 seconds. Cells were then allowed to attach to 

the surface of the channels for 1 hour at 37 ºC. Excess inocula were carefully 

removed and 1.3 ml of 50% TSB was added to the input well and pumped at 

0.6 dyn/cm2 for 18 hours (flow rate, 64 μl/h). During the time of the 

experiment, biofilms grew within the channels, under the constant pressure of 

media flowing through them. Brightfield images were taken at x200 

magnification at 5-minute intervals, in a total of 217 time points for each 

sample. 

To study the role of Atl in biofilm formation, strain WIS (37) and its isogenic atl 

mutant WISL9 were monitored. The effect of adding the different Atl-derived 

proteins to the media that was used to grow the biofilms of the atl mutant 

WISL9 was also monitored. The different recombinant proteins were added at a 

concentration of 100 nM to the seeding media and to the media that perfused 

through the cells during the duration of the assay. When mentioned, low 

molecular weight salmon sperm DNA (ssDNA, Sigma-Aldrich) was added both 

at the seeding media and to the media that passed through the cells 

throughout the duration of the experiment, at a concentration of 0.5 mg/ml, 

as well as DNase I (Fermentas, Thermo Fisher Scientific) at a concentration of 

1 U/ml. 

4.5.9. Confocal microscopy of biofilms 

Static biofilms were grown for visualization by Confocal Laser Scanning 

Microscopy (CLSM). Biofilms were grown statically for 24 hours in 8-chamber 

slides (Nunc, Rochester, NY, USA) in TSB + 1% glucose at 37 ºC. At the end of 

24 hours, media was carefully removed and the biofilms were washed with PBS. 
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For live/dead bacterial staining, cells were stained with Syto-9 at a final 

concentration of 1.3 μM (Life Technologies, Thermo Fisher Scientific) and Toto-

3 at a final concentration of 2.0 μM (Life Technologies, Thermo Fisher 

Scientific). Toto-3 was only applied when antibodies were not used to visualize 

the GL protein, due to the overlapping excitation/emission spectra of this 

fluorophore and that of the secondary antibody used. Excitation of Syto-9 was 

achieved using a 488 nm laser, and emissions were collected at 493-628 nm, 

and Toto-3 was excited with a 633 nm laser and emissions were collected from 

638-755 nm. 

The spa mutation in S. aureus strain AH2157 was transduced into S. aureus 

strains WIS and isogenic atl mutant WISL9 using phage φ11 (67). 

Transductants were confirmed by PCR using described oligonucleotide primers 

(68).  

The anti-GL rabbit-raised serum (Chapter 3, Section 3.5.4. Antibody 

production, page 153) was affinity-purified (Davids biotechnologie, 

Regensburg, Germany), yielding purified anti-GL antibody at a concentration of 

1.5 mg/ml. The affinity purified anti-GL antibody was used at a 1:1000 dilution 

to determine the presence of GL in the biofilms, together with a goat anti-

rabbit secondary antibody conjugated to the Alexa Fluor 647 fluorophore 

(Jackson ImmunoResearch, West Grove, PA, USA), also at a 1:1000 dilution. The 

Alexa Fluor 647 fluorophore was excited with a 633 nm laser and the emission 

was collected from 638-755 nm. 

The presence of dsDNA was also assessed using a primary mouse-raised anti-

dsDNA antibody at a 1:1000 dilution (cat. ab27156, Abcam, Cambridge, UK), 

and a secondary anti-mouse antibody conjugated to the Alexa Fluor 594 

fluorophore at a 1:1000 dilution (Jackson ImmunoResearch), excited with a 

561 nm laser and emission collected from 585-656 nm. 

Biofilms were imaged on an inverted Zeiss laser scanning confocal microscope 

(LSM 710; Carl Zeiss, Oberkochen, Germany) with an EC Plan-Neofluar 40x oil 
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objective. Zen software was utilized to collect z-stacks of 24 hour static 

biofilms with 1 μm thick sections from the bottom of the glass slide extending 

to above the point where bacteria could no longer be detected. Three-

dimensional images were rendered using Imaris software (Bitplane AG, Zurich, 

Switzerland). Parameters were set using wild-type biofilm and were used as 

standard settings for comparison to the biofilms produced by the mutant 

strains. 

4.5.10. Atl expression by GFP gene reporter 

A 483-bp sequence of the atl promoter region was amplified from S. aureus 

strain JE2 DNA with primers Patl_gfp_fw and Patl_gfp_rv (Table 4–1). The 

resulting DNA fragment was digested with restriction enzymes BamHI and 

SphI. The insert from plasmid pEM81 (Table 4–1) was exchanged with the atl 

promoter sequence using restriction digestion with the same restriction 

enzymes and ligation using T4 DNA ligase (Thermo Fisher Scientific) rendering 

plasmid pIG4 (Table 4–1). Plasmid pIG4 was confirmed by restriction analysis, 

PCR and sequencing (data not shown). After confirmation, plasmid pIG4 was 

electroporated into the highly transformable, restriction-deficient S. aureus 

strain RN4220 and subsequently transduced into strains WIS, WISL9, JE2, 

NE460 and NE1066 using phage φ11 (67). 

For planktonic assays, cells were grown for 24 hours at 250 rpm with aeration, 

and timepoints were assessed every two hours between 4-12 hours, and again 

at 24 hours. Fluorescence was measured in a microplate reader (Tecan Infinite 

200 Pro) and normalized by optical density at 600 nm. 

For continuous-flow biofilm assays, strains were inoculated into 48-well Bioflux 

plates as mentioned previously (Section 4.5.8. Continuous-flow biofilm 

formation assay, page 211). Brightfield and epi-fluorescence images were 

acquired at 200x magnification, every five minutes, in a total of 217 time 

points. Epifluorescence images observing GFP expression were acquired using 
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a fluorescein isothiocyanate (FITC) filter, with constant acquisition settings 

(gain, 10; exposure, 500 ms). 

4.5.11. Statistical analysis 

Static biofilm assays data were analyzed by performing a one-way ANOVA with 

Tukey multiple comparison tests, using GraphPad Prism. 

Analysis of data obtained from atl expression by GFP gene reporter in 

planktonic growth was performed using a one-way ANOVA with Tukey multiple 

comparison tests, using GraphPad Prism.  

Table 4–1. Strains and plasmids used in this study. 

Strain or 
plasmid 

Description 
Source or 
reference 

S. aureus   

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

RUSAL9 
Backcross of lytic mutant RUSAL1 (Tn551) of RN450 
into COL, Emr. 

(32) 

WIS 
Biofilm producing CA-MRSA strain, from Taiwan clone, 
Ems. 

(37) 

WISL9 Transductant of RUSAL9 into WIS strain. Emr. This study. 

MW2 Biofilm producing CA-MRSA, from USA400 clone, Ems. (33) 

MW2L9 Transductant of RUSAL9 into MW2 strain. Emr. This study. 

JE2 
Biofilm producing, USA300-LAC (CA-MRSA) derivative 
strain, cured from plasmids, Ems.  

(42) 

NE460 JE2 bursa aurealis Tn insertion mutant in atl, Emr. (42) 

JE2L9 Transductant of RUSAL9 into JE2 strain. Emr. This study. 

UAMS-1 Biofilm producing MSSA osteomyelitis isolate. (41) 

UAMS-1L9 Transductant of RUSAL9 into UAMS-1 strain. Emr. This study. 

KB5000 UAMS-1Δatl (13) 

KB5001 UAMS-1ΔatlGL (13) 

KB5002 UAMS-1ΔatlAM (13) 

NE1066 JE2 bursa aurealis Tn insertion mutant in atlR, Emr. (42) 

NCTC 8325 Biofilm producing MSSA strain. (39) 

NCTC 8325L9 Transductant of RUSAL9 into NCTC 8325 strain. Emr. This study. 
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Table 4–1. (Cont.) Strains and plasmids used in this study. 

Strain or 
plasmid 

Description 
Source or 
reference 

HDE288 
Biofilm producing HA-MRSA strain, from Pediatric 
clone, Ems. 

(38) 

HDE288L9 Transductant of RUSAL9 into HDE288 strain. Emr. This study. 

AH2157 USA300 LAC spa∷kan, Kmr. (69) 

WIS spa∷kan Transductant of AH2157 into WIS strain, Kmr. This study. 

WISL9 spa∷kan Transductant of AH2157 into WISL9 strain, Emr, Kmr. This study. 

E. coli    

DH5α 
recA endA1 gyrA96 thi-1 hsdR17 supE44 relA1 ϕ80 
ΔlacZΔM15. 

Invitrogen 

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

-mB
-) λ(DE3 [lacI lacUV5-T7 

gene 1 ind1 sam7 nin5]). 
Invitrogen 

Plasmids   

pET28a(+) E. coli expression vector.  Novagen 

pET-AM 
pET28a(+) expressing AM as an N-terminal His-tag 
fusion (fragment amplified with Pexp1 and Pexp5). 

(31) 

pET-R3GL 
pET28a(+) expressing R3GL as a N-terminal His-tag 
fusion (fragment amplified with Pexp2 and Pexp4). 

(31) 

pET-GLN 
pET28a(+) expressing GLN as an N-terminal His-tag 
fusion (fragment amplified with Pexp3 and Pexp7). 

(31) 

pET-AMR1-3GL 
pET28a(+) expressing AMR1-3GL as an N-terminal His-
tag fusion (fragment amplified with Pexp1 and Pexp4). 

(31) 

pET-AMR1-2 

pET28a(+) expressing AMR1-2 protein as an N-terminal 
His-tag fusion. pET-AMR1-3GL was used to insert a stop 
codon by directed mutagenesis with primers 
Pexp_stop1 and Pexp_stop2. 

(31) 

pET-GL 
pET28a(+) expressing GL as an N-terminal His-tag 
fusion (fragment amplified with Pexp3 and Pexp4). 

(31) 

pET-R3GL-His6 
pET28a(+) expressing R3GL-Hisx6 as a C-terminal His-
tag fusion (fragment amplified with Pexp8 and Pexp9). 

This study. 

pET-(MW2)R3GL-
His6 

pET28a(+) expressing R3GL-Hisx6 from S. aureus 
strain MW2 as a C-terminal His-tag fusion (fragment 
amplified with Pexp8 and Pexp9). 

This study. 

pET-
R3GL(E1129A) 

pET28a(+) expressing R3GL as an N-terminal His-tag 
fusion with amino acid substitution E1129A. pET-R3GL 
was used to insert a the point mutation by directed 
mutagenesis with primers Pexp_E1129A1 and 
Pexp_E1129A2. 

This study. 



Chapter 4 
– The GL-DNA interaction in biofilm formation – 

 
 

 
217 | 

Table 4–1. (Cont.) Strains and plasmids used in this study. 

Strain or 
plasmid 

Description 
Source or 
reference 

pET-AMR1-

2(H263A) 

pET28a(+) expressing AMR1-2 protein as an N-terminal 
His-tag fusion with amino acid substitution H263A. 
pET-AMR1-2 was used to insert the point mutation by 
directed mutagenesis with primers Pexp_H263A1 and 
Pexp_H263A2. 

This study. 

pET-R3 
pET28a(+) expressing R3 as an N-terminal His-tag 
fusion (fragment amplified with Pexp2 and Pexp15). 

This study. 

pET-R1-2 
pET28a(+) expressing R1-2 as an N-terminal His-tag 
fusion (fragment amplified with Pexp14 and Pexp12). 

This study. 

pET-R1-3 
pET28a(+) expressing R1-3 as an N-terminal His-tag 
fusion (fragment amplified with Pexp14 and Pexp15). 

This study. 

pET-R2-3GL-His6 
pET28a(+) expressing R2-3GL-Hisx6 as a C-terminal His-
tag fusion (fragment amplified with Pexp10 and 
Pexp9). 

This study. 

pET-R1-3GL-His6 
pET28a(+) expressing R1-3GL-Hisx6 as a C-terminal His-
tag fusion (fragment amplified with Pexp11 and 
Pexp9). 

This study. 

pET-R2-3GL 
pET28a(+) expressing R2-3GL-Hisx6 as an N-terminal 
His-tag fusion (fragment amplified with Pexp13 and 
Pexp4). 

This study. 

pET-R1-3GL 
pET28a(+) expressing R1-3GL-Hisx6 as an N-terminal 
His-tag fusion (fragment amplified with Pexp14 and 
Pexp4). 

This study. 

pEM81 cidABC promoter::sGFP, Cmr (70) 

pIG4 atl promoter::sGFP, Cmr This study. 

pJB111 UAMS-1 atlAM  complement plasmid (13) 

pJB122 UAMS-1 atlAMH263A complement plasmid (13) 

pJB135 UAMS-1 atlGL Complement plasmid (13) 

pJB141 UAMS-1 atl complement plasmid (13) 

pJB142 UAMS-1 atlGLE1129A complement plasmid (13) 
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Table 4–2. Oligonucleotide primers used in this study. 

Primer Nucleotide Sequence (5’ – 3’) Source 

Pexp1 CCAGGATCCGCTTCAGCACAACCAAGATCAG (31) 

Pexp2 CGTGGATCCGCTTATACTGTTACTAAACC (31) 

Pexp3 CGTGGATCCGCACCAACTGCTGTGAAACC (31) 

Pexp4 CCAGTCGACTTATTTATATTGTGGGATGTCG (31) 

Pexp5 CCAGTCGACTTAGGTAGTTGTAGATTGCG (31) 

Pexp7 CCTGTCGACTTAATGCTTAACATCATTAAAGTTAGC (31) 

Pexp_stop1 
GCAGTAGCACAACCAAAAACAGCTGTAtaaGCTTAT
ACTGTTACTAAACCACAAACG 

(31) 

Pexp_stop2 
CGTTTGTGGTTTAGTAACAGTATAAGCttaTACAGCT
GTTTTTGGTTGTGCTACTGC 

(31) 

Pexp8 CGTCCATGGCTTATACTGTTACTAAACC This study. 

Pexp9 CCACTCGAGTTTATATTGTGGGATGTCG This study. 

Pexp10 GCACCATGGCTCCTACACCAACACCTAAGCC This study. 

Pexp11 GCTCCATGGCTCCTACTACACCATCAAAACC This study. 

Pexp12 CCAGTCGACTTATTTTACAGCTGTTTTTGG This study. 

Pexp13 GCAGGATCCCCTACACCAACACCTAAGCC This study. 

Pexp14 GCTGGATCCCCTACTACACCATCAAAACC This study. 

Pexp15 CCAGTCGACTTAAGTTAAATCTTTTGCATTTACC This study. 

Pexp_E1129A1 
CTTATCTCACATGCCCTATTAgcaACAGGTAACGGT
ACTTCTCAATTAGC 

This study. 

Pexp_E1129A2 
GCTAATTGAGAAGTACCGTTACCTGTtgcTAATAGG
GCATGTGAGATAAG 

This study. 

Pexp_H263A1 
GGTCGTCCTGAAGGTATCGTAGTTgcaGATACAGCT
AATGATCGTTCGACG 

This study. 

Pexp_H263A2 
CGTCGAACGATCATTAGCTGTATCtgcAACTACGAT
ACCTTCAGGACGACC 

This study. 

Patl_gfp_fw GTAGCATGCTATTAATGAAACAACTGTC This study. 

Patl_gfp_rv CCTGGATCCTCTATTTATTACTCCTAAC This study. 

The restriction sequences included in the primers are underlined. 
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4.6. Supporting information 

 
Figure 4–27. Analysis by SDS-PAGE of the cleavage reaction of 6xHis-tag from 1mg of protein 
6xHis-tag R3GL performed with the Thrombin CleanCleave kit. Complete cleavage of the 6xHis-
tag was achieved at 24 hours. Approximate molecular masses are shown in kDa. 

 

 
Figure 4–28. Biofilm formation of different S. aureus strains and their respective isogenic atl 
mutants. Values shown correspond to crystal violet absorbance at an OD of 600 nm, after a 1:10 
dilution. Three experiments were performed, at least in triplicates. Results are statistically 
different (*** p<0.001, ns = non-significant). 
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Figure 4–29. Assessment of hydrolytic activity of the purified recombinant proteins by 
zymogram analysis. Heat inactivated cells of S. aureus were used to assess the lytic activity of (A) 
AMR1-2 and (B) AMR1-2(H263A) proteins, whereas M. luteus heat inactivated cells were used to 
evaluate the lytic activity of (C) R3GL and (D) R3GL(E1129A) recombinant proteins. Recombinant 
proteins with the point mutations did not retain their peptidoglycan hydrolytic activity. 

 

 
Figure 4–30. GFP expression driven by the atl promoter in flow-cell biofilm assays. Images 
selected represent results from multiple experiments. As expected, WISL9 and JE2-atl were not 
able to develop a biofilm in the flow cells.  
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Chapter 5 

5. Conclusions and Future 
Perspectives 

 

 

The unexpected finding that Atl is able to bind to DNA, showed in our studies, 

led us to define as primary aims of this doctoral thesis to characterize this 

association and unravel its role in the physiology of S. aureus.  

With this work we have demonstrated the association of Atl to DNA with 

pleiotropic effects. We showed that the catalytic domain of the 

glucosaminidase GL bound DNA, in contrast to the catalytic region of the 

amidase AM. Furthermore, the repeat units of Atl were also able to bind to 

DNA. The binding of Atl to DNA was observed to occur at the bacterial cell 

surface, opening a wide range of hypothetic roles for this association. The 

presence of DNA was shown to affect the hydrolytic activity of GL towards 

purified peptidoglycan, as well as the eDNA-dependent biofilm formation in S. 

aureus. The study of the involvement of the GL-eDNA interaction in biofilm 

formation demonstrated the importance of this association and also showed 
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the importance of the repeat regions of Atl, in particular their role as adhesins, 

responsible for the initial attachment stages of biofilm formation. 

The major S. aureus autolysin Atl has a new role – DNA-binding. 

The fortuitous finding of the interaction between Atl and DNA was surprising; 

it was unexpected that a peptidoglycan hydrolase, a protein whose primary 

described function is on cell separation, had DNA-binding activity. 

The catalytic domain of GL, as well as the repeat regions of Atl, were able to 

bind DNA, without sequence specificity. The pre-processed protein also 

presented DNA-binding capacity, most likely due to the additive effect of the 

different DNA-binding domains. The repeats were already known to be highly 

positively charged adhesive molecules, able to bind to a number of molecules 

such as vitronectin, fibronectin, LTA and peptidoglycan (1-4). Each of these 

repeat regions belong to the bacterial SH3 family (3), structurally similar to 

their conserved eukaryotic counterparts, that are known to have substrate 

promiscuity and be able to bind to RNA and DNA (5-7). Of particular interest 

was the interaction between the catalytic domain of the GL murein hydrolase 

and DNA. The implications of a peptidoglycan hydrolase binding to DNA could 

be numerous, because conceivably a protein with hydrolytic capacities could 

respond to the presence of DNA. In the presence of DNA, the hydrolytic activity 

could be enhanced or inhibited, or even altered regarding substrate 

preference. Furthermore, the presence of extracellular DNA may be due to a 

number of conditions, such as cell death, controlled DNA release or from the 

presence of other species in a polymicrobial environment. 

We hypothesized that some of the functions of this interaction could relate to 

the DNA’s ability of acting as a signal molecule in activities such as cell 

division and separation, since the GL hydrolytic activity could be affected by 

the presence of DNA. The fact that the hydrolytic activity of GL towards 

purified peptidoglycan was inhibited in the presence of DNA suggests that in a 

medium with high DNA concentration, such as the biofilm matrix, cell division 
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could be slowed down. However, the growth of S. aureus was not inhibited by 

the presence of high concentrations of eDNA at physiological pH, indicating 

that the inhibition of the hydrolytic activity of GL does not actively impair 

growth, as is seen with atl mutants that show no growth defects. It is also 

possible that the conditions in which the assays were performed do not 

accurately mimic the physiological growth conditions of S. aureus in such 

environments. Nevertheless, from our results we can state that one molecular 

consequence for the GL-DNA association is the inhibition of GL hydrolytic 

activity against peptidoglycan, however we still have not found a physiological 

function for this inhibitory event.   

The molecular mechanisms by which GL interacts with DNA are unknown. Our 

efforts to disclose the binding constants for this interaction were unsuccessful. 

Studies with other DNA-protein complexes in which the interaction is strong 

and not sequence-specific could deliver some clues as to how this interaction 

occurs. The study of a transfecting peptide-DNA interaction that presented 

similar results on ITC assays to what we have obtained with GL-DNA 

association, such as a high DNA:protein ratio, suggested that the peptide’s 

positively charged surfaces were able to cover the DNA’s anionic surface 

forming large globular aggregates (8). In that case, the association between 

the amphipathic peptide and the DNA facilitated the entry of the complex 

through the cell membrane, allowing for DNA transfection (8). Lysozyme is 

another protein that interacts with DNA, inhibiting the activity of the 

muramidase while co-precipitating (9, 10). Furthermore, it was suggested that 

the defense mechanism provided by this peptidoglycan hydrolase could be 

broadened by its DNA-binding activity, inhibiting viral replication and infection, 

such as of HIV (9-11). Smaller peptides derived from lysozyme also showed 

DNA-binding activity and the interaction is mostly due to electrostatic 

interactions between the protein/derived peptides and DNA, rendering the 

DNA conformation important (9, 10). 
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The interaction between proteins and eDNA in biofilms can be of major 

importance: the proteins that associate with DNA may protect it from the 

action of nucleases, and protein-DNA complexes are critical to the formation of 

the biofilm matrix (12, 13). The assembly of a nucleoprotein matrix in 

staphylococcal biofilms by the β-toxin is an example of a DNA-protein 

interaction that is not sequence-specific and leads to the formation of large 

oligomeric complexes, that in this case precipitate (14). The presence of DNA 

induces the formation of covalent cross-links between β-toxin monomers that 

produce an insoluble matrix that promotes biofilm formation (14). In another 

example, the association between eDNA and the short α-helical amphipathic 

PSMs, results in polymerization of the PSMs into insoluble amyloid fibers that 

are important structural components of S. aureus biofilms (15, 16). LytC, a 

pneumococcal lysozyme, was shown to interact with DNA molecules, 

regardless of their origin or size, and to be important in the development of 

biofilms by Streptococcus pneumoniae (17). As in the interaction of DNA with 

β-toxin, the aggregates formed were unable to migrate in gels, but in this case 

no evidence for the formation of oligomers was found (17). Contrary to what 

happens with GL in the presence of DNA, the activity of LytC against 

pneumococcal cell wall was not affected (17). It would be interesting to verify if 

GL could be acting in the same manner as the β-toxin, as its interaction with 

DNA could lead to the formation of aggregates that could aid in the structure 

of the biofilm matrix. Our results from the EMSAs and the preliminary ITC 

observation indicate that the GL-DNA interaction could have these 

characteristics.  

A thorough molecular study of the GL-DNA interaction must be accomplished 

to describe the mechanism by which it occurs. In this manner, the specificity of 

the nucleic acid molecule that binds to GL will be addressed. EMSAs will be 

performed with distinct types of DNA and RNA, adding possible co-factors and 

inhibitors for the association in different conditions. To assess if the 

interaction could result in the oligomerization or cross-linking of GL, the 

protein-DNA complexes should be separated by SDS-PAGE and the resulting 
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protein bands analyzed by mass spectrometry. NMR structural studies of GL 

and of the GL-DNA complex are already in place to determine both the 

structure of GL and subsequently the interaction of GL with DNA. 

The binding of GL to DNA is important in biofilm formation. 

The major physiological role identified for the GL-DNA interaction pertains to 

biofilm formation. The fact that GL binds to DNA is relevant for this 

multicellular lifestyle since the presence of just the catalytic domain of GL 

together with DNA can induce biofilm formation in an atl mutant. 

The binding of DNA to other regions of Atl also seems to play a role, as 

addition of DNA to Atl-derived proteins always resulted in a more robust 

biofilm formation, whereas addition of DNA alone was not capable of 

reestablishing biofilm formation. This result suggests that there is a need for 

the presence of both the Atl-derived proteins and eDNA for efficient biofilm 

formation. Additionally, the altered cell surfaces of atl mutants could be 

devoid of interacting partners needed for the eDNA to be relevant in biofilm 

formation. In any case, the presence of the Atl-derived proteins, in particular 

GL, is necessary in addition to eDNA to form biofilms.  

Our results also point out to a more important role for eDNA in the maturation 

stage of biofilm formation, with the initial attachment stages being more 

protein-dependent, which has also been suggested by others (18, 19).  

To visualize and confirm that the GL-DNA interaction occurs in biofilms, 

scanning electron microscopy images could be obtained in which anti-dsDNA 

antibodies conjugated with colloidal gold could be used to visualize the 

presence and structure of eDNA in S. aureus biofilms. Furthermore, super 

resolution fluorescence microscopy pictures could also be acquired using anti-

GL and anti-dsDNA antibodies, as was already performed in this work using 

CLSM. These methodologies have proven effective in demonstrating the 

presence and structure of eDNA structures in the biofilms of Enterococcus 
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faecalis (20) and the association between LytC and eDNA in S. pneumoniae 

biofilms (17).  

A more reliable method to localize AM and GL would require the construction 

of fluorescent fusion proteins. This method would be an improved alternative 

to the immunofluorescence methodology because the size of the antibodies 

that may mask the real localization of the proteins, especially in co-localization 

studies, and because antibodies are not able to penetrate the cross wall of S. 

aureus (21). Furthermore, the use of immunofluorescence for the localization 

of different proteins implies the use of a large number of antibodies, a process 

that can become laborious and time consuming, in particular because of the 

need to use S. aureus strains that lack protein A, the IgG binding protein (22). 

Although the fluorescence of the secreted fluorescent fusion proteins in S. 

aureus is usually lost upon translocation via the Sec pathway (23), some 

reports have used fusion proteins with mCherry that is fully fluorescent after 

secretion (21, 23, 24). In this manner, we propose to construct a fusion 

protein in which the catalytic AM and GL domains would be exchanged by 

mCherry, while keeping the SP and PP amino acid sequences of Atl, as well as 

the repeats. This exchange should be done in two different strains; one for AM 

and the other for GL, to localize the different repeats after the regular 

proteolytic processing occurs. An alternative would be to use the super-folder 

GFP variety that can be translocated through the Sec pathway while 

maintaining fluorescence, albeit at lower levels (23, 25-27), at the same time 

as mCherry. This strategy would allow us to determine if the localization sites 

of the different repeats are different.  

The repeats of Atl act as adhesins in biofilm formation. 

The importance of the repeats of Atl for biofilm development was also 

demonstrated in this work. More specifically, the repeat regions seem to be 

involved in the initial attachment of cells to the hydrophobic surface. In the 

biofilm assays performed no plasma coating of the surfaces was used and so 

the described binding properties of the repeats to vitronectin and fibronectin 
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(1, 2) do not occur. The results obtained showed a “clumping” of the cells 

when the repeats were present, particularly with R1 and R2. Although we do not 

know how the repeats might act into aggregating the cells together, we can 

speculate that these sticky molecules can bind to each other in a manner 

reminiscent of what occurs with several proteins that are important during the 

accumulation phase of biofilm, such as SasG (28) and SraP (29, 30). These 

biofilm accumulation proteins associate with proteins from different cells, 

forming homophilic and sometimes heterophilic interactions, promoting 

intercellular adhesion. This effect might be enhanced by the extracellular 

addition of the proteins because in these conditions, the proteins might not be 

able to penetrate the cell wall properly and in this way associate with the more 

external layers of the cell wall. If these proteins remain at the periphery of the 

cell wall, and are able to bind to each other, it is reasonable to assume that 

they will contribute to cell-cell association in a more efficient way. Although 

the structure of repeat R2 of Atl has been solved by X-ray crystallography, there 

is no information on the possibility of dimerization of this module (3).  

The differences observed between the R3 repeat of GL and the R1-2 repeats of 

AM should be further investigated. Besides our results that suggest different 

binding sites between R3 and R1-2, there is one report that shows that a 

recombinant R3GL protein is not able to bind to fibronectin, fibrinogen, 

vitronectin and to endothelial cells, while recombinant AMR1-2 is (31), 

suggesting that the repeats indeed have different characteristics. The 

elucidation of the localization of the different repeats on the staphylococcal 

cell surface should be assessed by fluorescence microscopy, as mentioned 

previously, along with the determination of their binding specificity, in 

particular for R3, for which there are no experimental results, only data inferred 

from studies using the repeats R1-2 from AM (3). 

The role of the GL-DNA interaction in biofilm formation, as well as the 

structural implications of this association within the biofilm matrix should be 

further studied. Other S. aureus strains should be tested, for example the MW2 
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strain and its isogenic atl mutant MW2L9, for which the addition of 

recombinant R3GL protein exogenously did not result in an increase in biofilm 

formation, in static biofilm assays. A GL protein without its repeat and the 

point mutation that renders it inactive could also elucidate if the lytic activity 

of GL is necessary for its interaction with DNA, in the biofilm setting. 

Furthermore, the elucidation of how Atl is processed and bound to the cell wall 

could provide clues as to how this important murein hydrolase functions and 

how it is responsible for such major alterations in the cell wall. The role of Atl 

in biofilm formation is far from being completely understood, as this protein 

appears to have multiple functions in this process. The results obtained herein 

demonstrate the intrinsic complexity of these multicellular communities and 

extend our knowledge on the diverse and complex role of Atl in this process: 

(i) it is needed for the lytic-dependent genomic DNA-release, (ii) it functions as 

an adhesin, not only in promoting cell-surface/matrix interactions but 

probably also in cell-cell adhesion through its repeats, and (iii) it is important 

for the establishment of the structural eDNA component of the biofilm matrix 

through, at least, GL-DNA binding.  

Other possible physiological roles for the GL-DNA interaction. 

Another hypothetic physiological role for the GL-DNA is the involvement of GL 

in DNA uptake. S. aureus is thought to not be naturally competent, although 

orthologues of most competence genes are present in its genome (32). In S. 

aureus, the expression of the competence operons comE and comG, encoding 

for the DNA uptake machinery, is directed only by the expression of the 

staphylococcal alternative sigma factor σH (32, 33). This alternative sigma 

factor is cryptic and its expression was until now only detected, in vitro, under 

very specific growth conditions (34). The comG operon of Bacillus subtillis 

encodes for pilin-like proteins, that are located at the cytoplasmic membrane 

and cell wall, and the ComGC major pilin-like protein is thought to be the first 

protein to interact with DNA during the DNA translocation (35). This 

interaction is anticipated to occur via the negatively charged DNA backbone 
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and the positively charged residues of the ComGC protein (35). In S. aureus, 

ComGC also localizes to the membrane, cell wall and cell surface, but its 

maturation requires the presence of the σH induced ComC processing protease, 

which is only transcribed at a low-level in the late stationary phase (33). We 

propose that GL could be aiding ComGC or performing its role, by acquiring 

DNA at the cell surface during transformation, in specific conditions. Such 

mechanism could be involved with the Com system, or with another not yet 

identified alternative system of DNA uptake. The combined roles of a 

peptidoglycan hydrolase and DNA-binding of GL render it a very attractive 

candidate for the initial binding and translocation of DNA during 

transformation. This hypothesis is particularly appealing in the biofilm setting, 

where the presence of eDNA can constitute a dynamic gene pool from which 

bacteria can acquire new genetic information by horizontal gene transfer, in 

particular related with antibiotic resistance (36-39).  

The fact that GL is not able to effectively lyse S. aureus cells (1) prompts us to 

suspect that this hydrolytic enzyme could be used as a weapon against other 

bacterial species, as in natural settings mixed populations normally occur. The 

GL protein from S. warneri was shown to be capable of lysing 17 different 

Gram-positive bacteria (40), and GL from S. aureus is likely to have similar 

activity. In this manner, DNA could act as a signal for high density populations 

in a similar manner as to what occurs with quorum sensing systems, and GL 

could be the effector. The binding of DNA to GL could not only act on its own 

hydrolytic activity, but also on the processing and activity of the whole Atl 

protein. 

 

In conclusion, in this work we have uncovered novel physiological roles for the 

GL domain of the major staphylococcal autolysin, Atl. Specifically, we have 

shown that this murein hydrolase is able to bind to DNA at the cell surface of 

S. aureus with a critical role in biofilm development. The results obtained here 

shed light on the significance of the GL-DNA interaction within biofilms, 
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although the manner through which this association occurs still needs to be 

uncovered. DNA was also shown to block the hydrolytic activity of GL, with 

possible roles in cellular growth and on the activity of Atl. More studies are 

needed to understand how this multifaceted hydrolytic enzyme affects the 

physiology of S. aureus. 
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