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Abstract 
Keywords: Staphylococcus aureus; cell wall synthesis; β-lactam resistance; DNA repair; 

Homologous recombination 

World wide spread of multidrug resistant Staphylococcus aureus pathogen and the 

ability to infect healthy individuals in the community calls for development of new 

chemotherapies against this pathogen, as well for deeper knowledge of its antibiotic resistance 

mechanisms. PBP2 is a protein that catalyzes the last stages of cell wall synthesis at the 

bacterial septum and is involved in β-lactam resistance. The pbp2 gene is encoded within an 

operon where it is transcribed either alone or together with recU, which encodes for a non 

biosynthetically related protein, a Holliday junction resolvase. In Bacillus subtilis RecU is a key 

enzyme in homologous recombination and is fundamental to chromosome segregation and 

DNA repair. In this work we aimed to investigate the function of recU in S. aureus and to 

determine if it needed to be co-regulated with pbp2 to ensure coordination between septum 

synthesis and chromosome segregation. We therefore characterized RecU function in S. aureus 

and showed that it is indeed involved in DNA damage repair and chromosome segregation.  As 

PBP2 and RecU are two proteins fundamental for cell division, a process which requires tight 

coordination between chromosome replication/segregation and septum synthesis, we asked if 

co-expression of pbp2 and recU would constitute a possible checkpoint for the cell division 

process. Through uncoupling the regulation of these two proteins we concluded that the recU-

pbp2 operon does not constitute a checkpoint in cell division in S. aureus, neither during normal 

growth, nor during exposure to DNA damaging compounds and β-lactams. 
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Resumo  
Palavras-chave: Staphylococcus aureus; síntese de parede celular; resistência a β-lactâmicos; 

reparação de DNA; Recombinação homóloga 

Staphylococcus aureus é uma bactéria patogénica nosocomial com uma enorme 

capacidade de adaptação a diferentes ambientes. Ao longo do tempo a sua evolução levou ao 

aparecimento de estirpes Staphylococcus aureus resistentes à meticilina (conhecidas pela sigla 

inglesa como MRSA) que são hoje em dia virtualmente resistentes a todos os antibióticos 

disponíveis e que possuem a capacidade de matar pessoas saudáveis na comunidade. A 

elevada mortalidade de infecções causadas por S. aureus, e as opções limitadas de 

quimioterapias eficazes dão ênfase à necessidade de descoberta de novas estratégias de 

tratamento e à importância do conhecimento dos mecanismos de resistência aos antibióticos 

adquiridos por esta bactéria patogénica. Uma das principais e mais eficazes classes de 

antibióticos é constituída pelos β-lactâmicos que têm como alvo a síntese da parede celular 

bacteriana, mais precisamente as proteínas de ligação à penicilina (PBPs). Quando estas 

proteínas são aciladas por β-lactâmicos perdem a capacidade de fazer o “crosslinking” do 

peptidoglicano, o que leva à lise celular. Porém estirpes MRSA são capazes de crescer 

normalmente na presença de elevadas concentrações de β-lactâmicos, devido à aquisição de 

uma proteína adicional (PBP2A). Apesar desta proteína ser fundamental para a aquisição da 

resistência à meticilina, o mecanismo de resistência aparenta ser muito mais complexo, 

envolvendo proteínas nativas que são codificadas por um grupo de genes denominados por 

aux ou fem cuja ausência tem como consequência a redução da resistência aos β-lactâmicos.  

S. aureus possui quatro PBPs nativas que catalisam os últimos passos da síntese do 

peptidoglicano, mas apenas a PBP2 é bifuncional, capaz de realizar as reações de 

transglicosilação e transpeptidação que originam longas cadeias de peptidoglicano ligadas por 

pontes de cinco glicinas. Esta proteína está incluída no grupo dos genes fem, pois a sua 

inativação leva a uma redução bastante acentuada na resistência aos β-lactâmicos. A proteína 

PBP2 é codificada por um operão que contém a montante um gene sem aparente relação 

biossintética com a PBP2 e que, por homologia com Bacillus subtilis, foi denominado por recU. 

Neste operão o gene pbp2 é assim transcrito a partir de dois promotores que dão origem a dois 

transcritos distintos, um que contém a sequência de mRNA correspondente apenas à pbp2 e 

outro transcrito que possui as sequências de mRNA quer de recU quer de pbp2. Os dois genes 

sobrepõem-se por dois nucleótidos e na extremidade 3’ de recU situam-se as sequências 

reguladoras que originam o transcrito que contém apenas o mRNA da pbp2. Este operão é 

aparentemente conservado em outras espécies Gram-positivas tais como B. subtilis, onde a 

função de RecU foi previamente estudada.  

Em B. subtilis recU codifica para uma resolvase de “Holliday junctions”, enzima que 

catalisa o passo fundamental de clivagem da “Holliday junction” durante o processo de 

recombinação homóloga. RecU é também uma proteína fundamental para a reparação de 
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danos no DNA e segregação cromossómica em B. subtilis. Assim, neste trabalho, começámos 

por estudar a função de RecU em S. aureus construindo uma estirpe cujo gene recU foi 

eliminado mas em que cuidadosamente mantivemos a região 3’ do gene, que corresponde às 

sequências reguladoras da pbp2. Ao analisar o crescimento de S. aureus na ausência de RecU 

verificámos que estas estirpes têm um crescimento significativamente mais lento. Investigámos 

depois a razão para tal diminuição da taxa de crescimento, nomeadamente através da 

observação das células após marcação do seu DNA ao microscópio de fluorescência e 

concluímos que o decréscimo da taxa de crescimento se deve provavelmente à alteração da 

morfologia do nucleiode e à incapacidade das células segregarem os cromossomas para as 

células filhas durante o processo de divisão celular. Para confirmar a hipótese de que tais 

aberrações no DNA resultam de uma incapacidade de reparação do DNA por parte dos 

mutantes S. aureus sem RecU, incubámos estirpes de S. aureus que não produzem RecU com 

compostos que danificam o DNA e verificámos que os mutantes são muito mais sensíveis a 

estes compostos do que as estirpes parentais. Assim nesta tese demonstrámos que RecU é 

uma proteína fundamental em S. aureus para o crescimento bacteriano, estando envolvida na 

reparação de DNA e na segregação cromossómica. Também verificámos que a ausência de 

RecU numa estirpe que possui um profago no seu genoma leva à lise maciça das células 

bacterianas. Esta lise pode ser justificada pelo fato de, na ausência de RecU, o DNA danificado 

induz a ativação do sistema SOS (modelado por RecA e LexA) que leva consequentemente à 

indução do ciclo lítico do profago, que produz particulas fágicas e lisa as células. 

Um outro objetivo deste trabalho foi encontrar uma explicação biológica para que duas 

proteínas que aparentemente não têm qualquer relação biosintética (PBP2 e RecU) sejam co- 

expressas num operão. Dado que PBP2 é uma proteína fundamental para a síntese da parede 

celular, processo que ocorre no septo bacteriano durante a divisão celular, e RecU está 

envolvido na segregação cromossómica, a co-regulação da biossíntese destas duas proteínas 

poderia ser um fator fundamental para evitar a formação de septos sobre o DNA e assim 

coordenar a divisão celular. Para testar esta hipótese criámos uma estirpe em que recU foi 

eliminado do seu locus nativo mas é expresso ectopicamente no locus spa sob controlo do 

promotor Pspac,, um promotor indutível por IPTG e reprimível pela proteína LacI. Assim, nesta 

estirpe podemos controlar a expressão de recU de um modo completamente independente da 

expressão de pbp2, eliminando assim a co-expressão/co-regulação dos dois genes. Ao incubar 

esta estirpe com IPTG (que induz a expressão de recU) verificámos que o crescimento era 

igual ao da estirpe “wild-type” e que esta não possuía danos no DNA indicando que S. aureus é 

capaz de crescer normalmente em condições em que recU e pbp2 são regulados 

independentemente. Em seguida incubámos estas células na presença de β-lactâmicos e de 

compostos que danificam o DNA e verificámos que a expressão ectópica de recU é suficiente 

para a estirpe indutível recuperar o fenótipo “wild-type”, pelo que a co-expressão de recU e 

pbp2 também não é necessária nestas condições. Uma outra hipótese para explicar a 

presença de recU e pbp2 no mesmo operão seria o fato de RecU regular a atividade da PBP2 

ou ser necessário para que a PBP2 seja funcional. Com o objetivo de testar a funcionalidade 
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do domínio da transpeptidase da PBP2 na ausência de RecU, e dado que a atividade de 

transpeptidase é essencial para a viabilidade de uma estirpe MSSA, eliminámos a sequência 

codificante de recU na estirpe sensível NCTC 8325-4. O fato de conseguirmos crescer esta 

estirpe na ausência de RecU indica que a atividade de transpeptidase da PBP2 é mantida. A 

atividade de transglicosilase da PBP2 é essencial para a resistência ao β-lactâmico oxacilina. 

Assim para testar se este domínio está funcional na ausência de RecU procedemos à 

determinação da concentração mínima inibitória (CMI) para a oxacilina no mutante recU 

indutível na ausência de IPTG e observámos uma ligeira redução. Porém dado que a 

inativação do domínio transglicosilase da pbp2 causa uma perda massiva da resistência, esta 

ligeira redução não é relevante para indicar a perda de actividade de transglicosilase da PBP2 

na ausência de RecU. Esta ligeira redução no CMI para a oxacilina é recuperada caso RecU 

seja sintetizado ectópicamente. Para esta ligeira influência de RecU na resistência à oxacilina 

propomos várias hipóteses: (i) o efeito indireto dos danos no DNA que implica severos defeitos 

no crescimento poderá, de alguma forma influenciar a capacidade de resistência aos β-

lactâmicos; (ii) na ausência de RecU existe uma ligeira diminuição na expressão da PBP2 que 

poderá ser recuperada caso RecU esteja presente ou (iii) RecU está envolvido na resistência a 

β-lactâmicos através de um mecanismo desconhecido.  

Neste trabalho, através do desacoplamento da expressão de recU e pbp2, concluímos 

que a expressão coordenada destes genes não é crucial para a divisão celular em S. aureus, 

quer durante o crescimento aeróbio, quer quando S. aureus é sujeito à acção de β-lactâmicos 

ou de compostos que danificam o DNA. Concluímos ainda que RecU é uma proteína 

necessária para a reparação do DNA em S. aureus. 
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Introduction 

Staphylococcus aureus, an antibiotic resistant pathogen 

Staphylococcus aureus is a Gram-positive cocci with a low G/C genomic content. 

Although it is a common commensal of the skin and mucosal surfaces, it is also an extremely 

versatile human pathogen responsible for several diseases such as pneumonia, septicemia, 

skin infections and endocarditis (Boucher et al. 2010). It is normally transmitted by skin-to-skin 

contact between individuals or contaminated objects (Kazakova et al. 2005, LeDell et al. 2003, 

Miller and Diep 2008) and is one of the major causes of nosocomial infections (Edmond et al. 

1999, Kazakova et al. 2005, Thompson et al. 1982). Although the severity of the infections can 

vary greatly, before the antibiotic era the mortality rate of untreated septicemia caused by S. 

aureus was almost 90% which emphasizes the need for effective treatment (Smith and Vickers 

1960). In 2007, the CDC reported that S. aureus strains were responsible for 18,650 deaths in 

the US during 2005 (Klevens et al. 2007), which represents more deaths than those caused by 

AIDS and tuberculosis combined (Boucher and Corey 2008) in the same country. 

Together with vaccination, antibiotic chemotherapy has been the leading cause for the 

dramatic rise of average life expectancy in the twentieth century (Butler 2004). Antibiotic 

chemotherapy began in 1929, when Sir Alexander Fleming observed an inhibition halo in a 

staphylococcal plate contaminated with a penicillium mold. He called the substance penicillin 

but was unable to isolate it. After being isolated in 1939 by Ernst Chain and Howard Florey, 

penicillin became available for use in humans and, for the first time, bacterial infections could be 

effectively treated (Plorde and Sherris 1974). The period during which penicillin was the 

universal treatment for bacterial infections met its end in the following years, and in 1948 it was 

estimated that 60% of hospital isolates of S. aureus were resistant to penicillin (Barber and 

Rozwadowska-Dowzenko 1948). The reason for this was the occurrence of strains containing a 

plasmid-encoded penicillase (later called β-lactamase) that hydrolyzes penicillin (Bondi and 

Dietz 1945, Kirby 1944). As penicillin became ineffective for the treatment of staphylococcal 

infections, synthetic β-lactamase-resistant penicillins were developed, such as methicillin and 

oxacillin, and brought about a general decline in the prevalence of resistant S. aureus strains 

(Shanson 1981). However, after only one year of methicillin therapy in hospitals, a methicillin 

resistant Staphylococcus aureus (MRSA) strain was isolated from a patient in Colindale, UK. 

This strain was named COL and is one of the most studied MRSA strains (Jevons et al. 1963). 

This new type of resistance mechanism which did not involve the degradation of the antibiotic, 

was effective not only against methicillin but also against β-lactams such as cephalosporines 

and carbapenems (Seligman 1966). It was not long before MRSA strains spread all over the 

world and during the 1970’s MRSA clones were identified in all continents (Lyon and Skurray 

1987). Since then the situation has escalated and currently there are strains of S. aureus 

resistant to virtually all known antibiotics, and MRSA now more commonly stands for multidrug 

resistant Staphylococcus aureus. Traditionally, MRSA has been recognized as a nosocomial 
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pathogen. In 1980 however, the first case of infection in a healthy individual by a community-

acquired MRSA strain (CA-MRSA) was reported (Saravolatz et al. 1982). These new strains are 

less resistant to antibiotics but more virulent and therefore capable of causing infections in 

healthy individuals. The spread of such a dangerous pathogen to the community increases the 

urgency for a better understanding of the resistance mechanisms of S. aureus and the search 

for new therapeutic agents.  

 

Cell wall synthesis and β-lactams resistance 

Many of the most effective antibiotics, such as β-lactams target the synthesis of the 

bacterial cell wall. The cell wall is extremely important for viability, it defines cell shape and 

performs a stress bearing function, which makes it an ideal target for antibiotics (Green 2002). 

The cell wall is a mesh-like structure consisting of long glycan chains cross-linked via flexible 

peptide bridges forming the peptidoglycan (PG), present in almost all bacteria except for 

Mycoplasma and a few other non-cell-wall-containing species. The glycan chains consist of 

alternating polysaccharide units of β-1,4-linked N-acetyl glucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) subunits. Attached to the carboxyl group of the MurNAc residue 

are stem peptides, the amino acid composition of which varies between different species 

(Schleifer and Kandler 1972). In S. aureus the stem peptides are composed of the sequentially 

added L-Alanine (L-Ala), D-Glutamic acid (D-Glu), L-Lysine (L-Lys), D-Alanine (D-Ala), D-Ala 

amino acids. Five glycine residues are added to the L-Lys residue and this pentaglycine bridge 

is then used to crosslink different layers of PG (Kopp et al. 1996). The biosynthesis of 

peptidoglycan can be divided in three stages  as depicted in Figure 1 (van Heijenoort 1998). 

The first stage involves the cytoplasmic synthesis of the nucleotide sugar linked precursors 

UDP-MurNAc-pentapeptide and UDP-GlcNAc. The second stage takes place on the inner side 

of the cytoplasmic membrane where the UDP-MurNAc-pentapeptide is bound to the membrane 

acceptor bactoprenol, yielding the lipid I intermediate. Then the β-1,4 linkage is made between 

UDP-GlcNAc and lipid I yielding lipid II and five glycines are sequentially added to the L-Lys 

residue of the lipid II intermediate. It is proposed that the lipid II is then translocated to the outer 

side of the membrane by a flippase. The final stage of PG biosynthesis takes place in the outer 

membrane and consists in the incorporation of the lipid II precursor into the growing PG chain. 

This event occurs mainly if not only, at the division septum of S. aureus and is catalyzed by the 

membrane-anchored penicillin binding proteins (PBPs) (Pinho and Errington 2003). PBPs are 

enzymes anchored to the cytoplasmic membrane facing the extracellular surface, where they 

catalyze the elongation of the glycan strands (transglycosylase activity) and/or the peptide 

crosslinking between glycan strands (transpeptidation activity). The transglycosylation reaction 

occurs between the reducing end of MurNAc from the nascent lipid-linked PG strand and the C-

4 carbon from the glucosamine residue of the lipid-linked PG precursor. This leads to the 

attachment of the newly synthesized subunit to the growing glycan chain. The transpeptidation 

reaction, which results in PG crosslinking, is achieved by the cleavage of the D-Ala-D-Ala bond, 
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releasing the terminal D-Ala and forming the substrate for the next enzymatic reaction between 

the peptidyl moiety and an acceptor. In bacteria that have direct crosslinking the acceptor is the 

dibasic amino acid of the stem peptide being incorporated. In S. aureus the acceptor is the last 

glycine of the 5-glycine bridge (van Heijenoort 1998). S. aureus has only four native PBPs and 

while all four have transpeptidation activity, only PBP2 is bifunctional and capable of both 

transpeptidation and transglycosylation (Massova and Mobashery 1998, Murakami et al. 1994, 

van Heijenoort 2001) 
 

 

β-lactam molecules act as suicidal substrate homologues of the PBPs, blocking the final 

stages of PG biosynthesis (Waxman and Strominger 1983). These antibiotics irreversibly 

acylate the PBPs through binding to its transpeptidase active site. In methicillin sensitive 

Staphylococcus aureus (MSSA) strains the lack of transpeptidation reaction in the presence of 

antibiotics leads to a PG with no crosslinking and consequently to bacterial cell death. Although 

β-lactams also acylate the native PBPs of MRSA, these strains still manage to catalyze 

transpeptidation because they contain an extra enzyme that confers β-lactam resistance, 

PBP2A, which possesses a β-lactam insensitive transpeptidase domain able to perform the 

Figure 1 – Cell wall biosynthesis in S. aureus. The image represents the three stages of cell 
wall synthesis: (i) cytoplasmic biosynthesis of the UDP-MurNAc-pentapeptide and the UDP-
GlcNAc; (ii) inner membrane biosynthesis of the lipid II precursor and (iii) outer membrane 
polymerization of glycan chains and peptide crosslinking. The enzymes which catalyze each 
biosynthetic step are represented. The chemical structure of a muropeptide is also shown
(Pinho et al. 2008) 
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crosslinking reaction even in the presence of high concentrations of β-lactam antibiotics. The 

PBP2A is encoded by the mecA gene which is located on a mobile genetic element, the 

Staphylococcal Cassette Chromosome mec (SCCmec), that can be horizontally transferred 

among bacterial species (Hiramatsu et al. 2001).  The origin of the mecA gene remains 

unknown as there is no homologue in MSSA strains. Nevertheless, a mecA homologue was 

found in Staphylococcus sciuri with a high level of amino acid similarity between the two 

proteins (88%) which emphasizes the hypothesis of an extraspecies origin (Couto et al. 1996, 

Wu S. et al. 1996).  

Although mecA is the main determinant for β-lactam resistance, there are other genes, 

which contrary to mecA are also present in MSSA strains, involved in this mechanism. These 

genes, named aux (auxiliary) and fem (factor essential for methicillin resistance) were identified 

by screening transposon libraries for mutants with a decreased resistance to methicillin (Berger-

Bachi et al. 1992, de Lencastre and Tomasz 1994, de Lencastre et al. 1999). Although some of 

these genes are not essential for bacterial growth, all of them are required for full methicillin 

resistance, which makes them good targets for the development of new drugs (Berger-Bachi et 

al. 1992). In fact one of the new approaches for treatment of staphylococcal infections focus 

upon the development of new synthetic compounds that act synergistically with the antibiotics 

already in use.  It was very surprising to find that inactivation of the pbp2 gene caused a 

massive reduction (from 800 to 12 µg/mL) in the minimum inhibitory concentration (MIC) of 

oxacillin in COL, as PBP2 is inactivated by β-lactams. Furthermore a pbp2 mutant continues to 

produce normal levels of PBP2A which indicates that it is the pbp2 gene product itself that is 

involved in the resistance mechanism (Pinho et al. 1997). Further studies showed that it was the 

transglycosylase domain and not the transpeptidase domain of PBP2 (which is the one acylated 

in the presence of β-lactams) that was required for methicillin resistance. Importantly, the 

transpeptidase domain is required for viability in MSSA strains, but its function is taken over by 

PBP2A in MRSA strains, and therefore the transpeptidase domain is essential only in MSSA 

strains. The transglycosylase domain is not required for growth in the absence of antibiotics, but 

becomes essential in the presence of β-lactams, presumably because in these conditions the 

degree of PG crosslinking decreases and the cell requires long glycan strands to ensure the 

stability of the cell wall (Pinho  et al. 2001a, Pinho  et al. 2001b). Figure 2 shows the postulated 

model for the functional cooperation between PBP2 and PBP2A where the PBP2 

transpeptidase domain is acylated in the presence of β-lactams but its transglycosylase domain 

is still functioning and cooperating with the β-lactam-insensitive transpeptidase domain of 

PBP2A (Pinho et al. 2001a). Further evidence for the cooperation between these two proteins 

came from PBP2 localization studies. In the absence of antibiotics, a fluorescent derivative of 

PBP2 localizes to the division septum. This septal localization is lost in a MSSA strain when 

PBP2 is acylated due to the presence of β-lactams, indicating that PBP2 is dependent on its 

transpeptidation substrates to localize properly and catalyze PG synthesis. However, in a 

MRSA strain, PBP2 maintains its septal localization even in the presence of β-lactams, 

suggesting that the transpeptidase domain of the extra-species PBP2A is capable of 
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recognizing the substrates, localizing PBP2A to the septa and then recruiting the acylated PBP2 

by direct or indirect protein interaction (Pinho and Errington 2005). 

 

 

  

Figure 2 – Model for the cooperative function between PBP2 transglycosiyase domain 
(TGase) and PBP2A transpeptidase domain (TPase) in the presence or absence of β-
lactams. When cells are growing without antibiotic PBP2 is fully functional and its TGase and 
TPase domains build glycan chains and perform crosslinking respectively. It is not known 
whether in these conditions the TPase domain of PBP2A also catalyzes peptidoglycan
crosslinking. In the presence of β-lactams the TPase domain of PBP2 is acylated and is no 
longer capable of performing peptide crosslinking. However in a MRSA strain, where PBP2A is 
available, its TPase domain is capable of substituting for PBP2 TPase activity. It was also
shown that in the presence of the antibiotic PBP2 TGase domain is functional and is able to
catalyze synthesis of the glycan chains. (Pinho  et al. 2001a) 
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The recU-pbp2 operon  

The pbp2 gene is part of an operon which can be transcribed from two distinct 

promoters (P1 and P2 in Figure 3). As a consequence, pbp2 can be transcribed either alone or 

together with a second gene named recU (initially known as prfA) (Pinho et al. 1998). The 

regulatory sequences were identified and are highlighted in Figure 3. 

Operons usually encode genes involved in the same functional pathways. However, 

there are also examples of operons that contain genes with no obvious functional relationship. 

Genes in operons of this kind may be required under the same environmental conditions 

despite being involved in different pathways (Price et al. 2006). The fact that the recU-pbp2 

operon is conserved among other Gram-positive species such as Bacillus subtilis (Popham and 

Setlow 1995) and Streptococcus pneumonia (Martin et al. 1992) suggests that the co-regulation 

of recU and pbp2 is biologically important.  

 

 
 

Figure 3 – The upstream sequence of pbp2 operon from S. aureus Promoter regions are 
highlighted by -35 and -10 boxes and represent two upstream promoters P1 and P1´, and the 
promoter within recU coding sequence, P2. The P1’ promoter corresponds to a weaker 
promoter. If the RNA polymerase binds to the P1 promoter a polycistronic 3 kilo base-pair (kb) 
mRNA encoding both recU and pbp2 will be synthesized. Alternatively if the RNA polymerase 
binds to the P2 promoter a 2.4 kb transcript will be synthesized corresponding to pbp2 mRNA 
alone. The recU coding sequence contains 672 bps and overlaps pbp2 coding sequence by 2 
nucleotides. At the 3’ end of recU are the pbp2 regulatory sequences (P2 and ribossome 
binding site (RBS)) SD sequences stand for Shine-Dalgarno, and represent the putative RBSs. 
The +1 represents the 5’ end of RNA determined by primer extension analysis. Start codons are 
bold and underlined and the recU stop codon is indicated by an asterisk on top of the sequence. 
Adapted from (Pinho et al. 1998) 
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In Bacillus subtilis recU was also identified due to its co-transcription with the B. subtilis 

pbp2 homologue, ponA, suggesting a role in either cell wall synthesis or its regulation (Popham 

and Setlow 1995). Indeed the first analysis of recU mutants showed a 50% reduction in cell 

growth rate, suggesting a common role of the two genes in cell proliferation (Popham and 

Setlow 1996) However, later studies showed that recU encoded a protein that was not involved 

in cell wall synthesis, but in DNA repair, functioning as a Holliday junction (HJ) resolvase (Ayora 

et al. 2004, Carrasco et al. 2004, Fernandez et al. 1998). Further analysis of recU mutants in B. 

subtilis showed an increased number of anucleated cells and cells containing septa over DNA 

(Carrasco et al. 2004, Pedersen and Setlow 2000), and an increased sensitivity to DNA 

damaging agents (Carrasco et al. 2004, Sanchez et al. 2005), emphasizing the role of this 

protein in proper chromosome segregation and highlighting its importance in DNA damage 

repair. However it remains unclear why PBP2 and RecU are encoded in the same operon 

(Popham and Setlow 1996). 

 

Homologous Recombination and DNA damage repair 

HJ resolvases were maintained through evolution as are present in Archea, Eukarya 

and Bacteria kingdoms which points to the importance of their function (Aravind et al. 2000, 

Declais and Lilley 2008, West 2009). Bacterial HJ resolvases can be grouped in two classes: 

those similar to E. coli RuvC, that belong to the RNaseH/integrase superfamily and those similar 

to the B. subtilis RecU that belong to the restriction endonuclease superfamily (Aravind et al. 

2000, McGregor et al. 2005, West 1994). Despite their structural differences, all HJ resolvases 

bind, distort and symmetrically nick HJs with certain sequence specificity (McGregor et al. 2005, 

West 1997). The HJ is a key DNA structure during homologous recombination which is a 

fundamental cellular process for gene rearrangement, DNA repair and chromosome 

segregation. Incubation of dividing cells with DNA damaging agents, such as UV and mitomycin 

C, generates damage in DNA and impairs its replication as these abnormalities lead to stalled 

replication forks or collapse of the replication machinery, which may result in double strand 

breaks (DSBs) (Cox et al. 2000, Iijima and Hagiwara 1960, Setlow et al. 1963, Sherratt 2003). 

Lesions that affect both DNA strands such as DSBs are the most deleterious damage that DNA 

can sustain as it makes cells more prone to unsuccessful DNA repair due to the lack of a 

complementary template and exposure of the cut strands to degradation (van Gent et al. 2001). 

These damages have severe consequences in human cells, leading to serious diseases such 

as immunodeficiency syndromes and cancer (Blundred and Stewart 2011, Pierce et al. 2001).  

Nevertheless, cells irradiated with UV light are able to survive and duplicate, which indicates 

that they have efficient mechanisms to overcome the damage (Howard-Flanders et al. 1969).  It 
is now known that, not only in the presence of DNA damaging agents, but also during normal 

aerobic growth, bacteria are challenged with DNA damage (Cox 1998, Cox et al. 2000). The 

systems that repair stalled or collapsed replication forks during normal growth are mainly non-

mutagenic and are not easy to highlight as they rely upon the coordinated action of over twenty 
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different proteins (Cox et al. 2000). During DNA replication if there is a homologous copy of the 

lesion sequence, that can be used as a template for repair of the damaged region, the DNA 

identity is preserved and therefore repair via homologous recombination is the preferred 

mechanism in bacteria by which DSBs are repaired (Cromie et al. 2001). As can be seen in 

Figure 4 when a DSB is formed (step1) it is processed by a helicase and/or a nuclease to yield 

free overhanging 3’-single-stranded DNA ends (step 2). The RecA then associates with the 

overhanging 3’ strand (step 3) forming the nucleoprotein filament which is homologously paired 

forming a D-loop intermediate (Kuzminov 1999). Following D-loop formation, the HJ is formed 

by pairing of the displaced complementary strands (step 4) and it is extended unidirectionally by 

branch migration proteins (step 5). The HJ resolvases such as RecU associate with the branch 

migration proteins and resolve HJ through cleavage, giving either cross-over or non-crossover 

products (step 6) (Holliday 1964, 2007, Kowalczykowski 2000). If the cleavage of the HJ occurs 

randomly, the percentage of the two possible products should be roughly equal (Figure 5). 

However, it has been shown that in circular genomes there is a bias towards the formation of 

non-crossover products. This is important because the crossover products generate one dimeric 

chromosome instead of two monomeric ones and the dimeric chromosome cannot be 

segregated into the daughter cells (McClintock 1938, Steiner and Kuempel 1998). These dimers 

have to be resolved prior to chromosome segregation, a task performed by Xer-like site specific 

recombination systems (Chalker et al. 2000, Recchia and Sherratt 1999). Interestingly, the 

positioning of the resolvasome (RuvABC in E. coli and RuvAB-RecU in B. subtilis) seems to 

provide a biochemical mechanism by which cells can control crossing over during DNA 

replication and bias HJ resolution towards non-crossover products (Michel et al. 2000). 

Therefore the resolvasome is a fundamental complex to maintain chromosome stability, integrity 

and segregation during DNA replication. Recombination systems are common to all organisms 

but are mainly studied in the Gram-negative model Escherichia coli with some of its 

counterparts already described in B. subtilis. However, virtually nothing has been described in 

S. aureus.  
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Figure 4 – Biochemical mechanism of homologous recombination. In E. coli when a DSB 
is formed, either through exogenous damage or a programmed in vivo process, it is processed 
by a helicase and/or a nuclease (RecBCD) to yield free 3’-ssDNA overhangs. In step 3 RecA 
associates with the overhanging 3’ strand which is homologously paired forming a D-loop 
intermediate and then the Holliday junction is formed by pairing of the displaced 
complementary strands (step 4). In step 5 the Holliday junction is extended unidirectionally by 
branch migration proteins (RuvAB) and in step 6 is resolved by cleavage  (RuvC) giving cross-
over (left) or non-crossover products (right). The light blue lines indicate DNA that has been 
recently synthesized. Adapted from (Bianco et al. 1998). 
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Figure 5 – Holliday junction resolution generates crossover and non-crossover products. 
This schematic representation shows the resulting molecule of the four strand exchange 
between two dsDNA molecules which results in the formation a Holliday junction (HJ) and two 
heteroduplex DNA (hDNA). Arrow heads in yellow represent the cleavage sites that generate 
crossover products (CO) between the two DNA duplexes and the arrow heads in pink represent 
the cleavage sites that generate non-crossover (NCO) products. The mismatch repair of hDNA 
leads to gene conversion (highlighted in dotted green boxes). Adapted from (Schwartz and 
Heyer 2011). 
 

RecU structural and functional studies in B. subtilis 

RecU is a highly conserved protein among Gram-positive organisms (Figure 6). In B. 

subtilis each RecU monomer consists of 206 amino acids that display an α/β architecture and 

form homodimers with a mushroom like appearance, containing a cap and a flexible stalk region 

(Figure 7) (Kelly et al. 2007, McGregor et al. 2005). The catalytically important residues are 

located in the cap region and its N-terminal region is essential for protein activity (Carrasco et 

al. 2009, McGregor et al. 2005). The dimeric protein binds to divalent cations and through its 

endonucleolytic activity makes two simultaneous cuts in the phosphodiester bonds of different 

DNA strands resolving the HJ. It is now known that RecU acts both in early and later stages of 

recombination as it possesses two described activities: in early stages, RecU modulates RecA 

activities through its stalk region and in later stages the stalk region binds HJs and the RuvAB 

binds to the cap region stimulating the HJ resolution (Canas et al. 2008, Carrasco et al. 2005, 

Carrasco et al. 2009, Sanchez et al. 2005). Therefore RecA modulation and HJ resolution are 

two mutually exclusive functions of RecU and the respective binding either to HJs or RecA 

through RecU stalk region has to be regulated. In 2011 Cañas et al showed that RecU 

modulates RecA only if it is not bound to the HJ, as once it binds the HJ it loses the ability to 

bind RecA (Canas et al. 2011). The insights of this mechanism and exactly how RecU regulates 

RecA activities are still not fully understood. 
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Figure 6 – Alignment of the RecU protein sequence from Gram-positive bacteria B. 
subtilis, Bacillus stearothermophilus, S. aureus, Streptococcus pneumonia 
Enterococcus faecalis and Mycoplasma genitalium. Residues are colored according to type. 
Fully conserved residues are shown below the alignment in green arrows. Catalytically 
important residues are boxed. Secondary structure elements in the B. subtilis enzyme are 
shown above the alignment in red with relevant residue numbers. (McGregor et al. 2005). 

 
Figure 7 – Schematic image of the tertiary structure of the RecU dimer from B. subtilis. 
The two monomers are represented in different colours (red and blue). Conserved catalytic 
residues are shown in yellow. Stalk and cap regions are highlighted. Adapted from (McGregor 
et al. 2005). 

  

Cap 
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Cell division requires coordination between septum synthesis and 
chromosome segregation 

As previously stated PBP2 is a fundamental protein in septum synthesis as the final 

stages of PG biosynthesis occur at the septum (Pinho and Errington 2005), while and RecU 

appears to play a very important role in chromosome segregation (Carrasco et al. 2004). In 

order for bacterial cells to divide, synchronization between DNA replication, chromosome 

segregation and placement of the division septum at the right place and time is mandatory. 

These processes are mainly studied in the rod-shaped model bacteria E. coli and B. subtilis 

which divide by placing the septum always in the same plane. In S. aureus the coordination of 

these events is particularly important as this organism divides by switching the division plane 

three consecutive perpendicular orientations in successive division cycles (Koyama et al. 1977, 

Tzagoloff and Novick 1977). Before the formation of the septa and beginning of cell division, the 

genomic content of each cell is already replicated and segregated (Veiga et al. 2011). Therefore 

a tight coordination between cell division and chromosome segregation is crucial, otherwise 

DNA would be guillotined by the septum. The fact that PBP2 is part of the division machinery 

localized at the septum and RecU is a protein supposed to be involved in chromosome 

segregation raised the hypothesis that the two proteins are encoded in an operon to 

synchronize cell division. In this work we wanted to test this hypothesis by uncoupling the 

expression of this two proteins in order to verify if their co-regulation is required for proper cell 

division and/or for full resistance to β-lactams, as well as to study the function of RecU in S. 

aureus and compare it with the function of the RecU homologue in B. subtilis.  

 

  



13 
 

Materials and Methods 

Bacterial strains and growth conditions 

The bacterial strains and plasmids used during this study are listed in Table 1. S. 

aureus strains were grown at 37ºC with aeration in Tryptic soy broth medium (TSB; Difco) or on 

Tryptic soy agar (TSA; Difco) supplemented with antibiotics (erythromycin 10 µg/ml (Ery) or 

chloramphenicol 10 µg/ml (Cm) Sigma) and with isopropyl-D-thiogalactopyranoside (IPTG; 

VWR) when required. E.coli DH5α transformants were grown at 37ºC in Luria-Bertani broth 

medium (LB broth; Difco) or LB agar (Difco) supplemented with ampicillin 100 µg/ml (Sigma). 

Molecular cloning 

DNA purification and manipulation 

Total DNA was purified from S. aureus cells grown overnight on TSA plates at 37ºC. 

Cells were scraped from plate and re-suspended in 100 µl of Ethylenediaminetetraacetic acid 

(EDTA) 50mM containing Lysostaphin 10 µg/mL (Sigma) and RNase 20 µg/mL (Sigma) and 

incubated at 37ºC for 30 minutes. A volume of 400 µL of EDTA 50 mM and 500 µl of Nuclei 

Lysis Solution (Promega) were added to lyse cells and incubated for 5 minutes at 80ºC. The 

samples were cooled to room temperature before addition of 200 µl of Protein Precipitation 

Solution (Promega) followed by 10 minutes incubation on ice. DNA was precipitated with 

isopropanol, washed with ethanol 70% and re-suspended in sterile water.  

Plasmid DNA of interest was purified from E. coli DH5α using the Wizard SV Plus 

Miniprep kit (Promega) accordingly to manufacturers instructions. DNA was digested with 

restriction enzymes purchased from New England Biolabs (NEB) following the manufacturers 

instructions.  

DNA ligations were performed following standard molecular biology techniques using T4 

DNA ligase (Fermentas) and recommended reactions conditions. PCR reactions were 

performed using Phusion polymerase (Finnyzymes) for cloning and GoTaq polymerase 

(Promega) for colony screenings according to manufacturers instructions. 

E. coli transformation 

In order to propagate plasmid DNA of interest the latest was used to transform E. coli 

competent cells. E. coli competent cells were prepared according to the Rubidium Chloride 

protocol (Sambrook 1989). Briefly, early exponential growing cells (O.D 0.4-0.5) were incubated 

on ice for 15 minutes and then centrifuged (1320 x g for 15 minutes at 4ºC). The pellet was then 

re-suspended in 1/3 of culture volume of RF1 (RbCl2 100 mM; Potassium acetate pH 7.5 35 

mM; MnCl2 tetrahydrate 50 mM; CaCl2 bihydrate 10 mM; Glycerol 15 %). The samples were 

then incubated on ice for 15 minutes, centrifuged (1320 x g for 15 minutes at 4ºC) and re-
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suspended in 1/2 volume of cold RF2 buffer (MOPS 10 mM; RbCl2 10 mM; CaCl2 bihydrate 75 

mM; Glycerol 15%). The competent cells were frozen in liquid nitrogen and stored at -80ºC in 

100 µL aliquots. For transformation, 10 µL of the resulting ligation DNA or 1 µL of extracted 

plasmid DNA, was added to thawed competent cells, which were incubated on ice for 5 

minutes, heat shocked (1 minute at 42 ºC) and rescued in 1 ml of LB. Cells were then incubated 

at 37 ºC for 1 hour with aeration and plated on LA supplemented with ampicillin (100 µg/ml). 

 

Table 1 – Bacterial strains and Plasmids  

Strain/Plasmid Relevant Characteristicsa Source/Reference 

E. coli   

     DH5α Cloning strain, recA endA1 gyrA96 thi-1 
hsdR17 supE44 relA1 ϕ80 ΔlacZΔM15 

Gibco-BRL 

S .aureus   

     RN4220 MSSA strain, restriction negative Rockefeller  

University collection 

     NCTC8325-4 MSSA strain R. Novick 

     COL Homogeneous MRSA strain (MIC 800 µg/ml) Rockefeller 

University collection 

     COL-S MRSA strain COL with SCCmec excised (Pereira et al. 2007) 

     COLΔrecU COLΔrecU This study 

     COL-SΔrecU COL-SΔrecU This study 

     NCTCΔrecU NCTC8325-4ΔrecU This study 

     COLΔrecUΔspa::recU COL ΔrecU Δspa::Pspac-recU-lacI This study 

     COLrecUi COL ΔrecU Δspa::Pspac-recU-lacI lacImc, Cmr This study 

     COLpMGPII COL lacImc, Cmr This study 

Plasmids   

 

     pMAD 

E. coli – S. aureus  shuttle vector with the 
bgaB gene encoding a ß-galactosidase and 

thermosensitive origin of replication for 
Gram-positive bacteria, Ampr Eryr 

 

(Arnaud et al. 2004) 

     pBCB13 pMAD derivative with up- and downstream 
regions of the spa gene and Pspac-lacI, Ampr 

Eryr 

(Pereira et al. 2010) 

     pMGPII Plasmid encoding lacI gene; Cmr (Pinho et al. 2001b) 

     pMADrecUKO pMAD derivative containing the up-and 
downstream regions of recU 

This study 

     pBCB13recUspaL pBCB13 derivative containing Pspac-recU-lacI This study 
a abbreviations: Ampr – Ampicillin resistant; Eryr – Erythromycin resistant; Cmr – 
Chloramphenicol resistant; lacI mc – cells expressing multiple copies of the lacI gene (encoded 
by pMGPII); 
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S. aureus transformation 

RN4220 electrocompetent cells were prepared as previously described (Kraemer 1990). 

Briefly, the cells were incubated at 37 oC with aeration until an OD600nm 0.4 and then harvested 

by centrifugation (1321 x g at 4 ºC for 30 minutes). The cell pellet was washed with equal 

volume of ice-cold sucrose 0.5 M (Sigma), harvested and washed again with 1/2 volume of 

sucrose 0.5 M. Cells were then incubated on ice for 20 minutes, harvested and re-suspended in 

1/100th of the initial volume of sucrose 0.5 M. Glycerol (Fluka) was added to a final 

concentration of 10% and 50 µl aliquots were frozen in liquid nitrogen and stored at -80ºC. For 

transformation, RN4220 competent cells were thawed on ice and mixed with 0.5 µg of purified 

DNA. Electroporation of the cells was performed in a gene pulser xcell (Bio-Rad) using the 

following conditions: 2.5 kV; 25 µF and 100Ω in a 0.2 cm BioRad Gene Pulser cuvette. After 

electroporation cells were rescued in 1ml of TSB and incubated at 37 ºC for 1 hour with 

aeration, before plating on TSA supplemented with appropriate antibiotics. 

 

S. aureus transduction 

Transductions were performed using phage 80α as previously described (Oshida and 

Tomasz 1992). To prepare the phage lysates, cells from the donor strain where re-suspended in 

1 ml of TSB containing CaCl2 5 mM (final concentration). The 80α phage was serially diluted to 

10-7 in Phage Buffer (MgSO4 1mM, CaCl2 4 mM, Tris-HCl 50 mM pH 7.8, NaCl 5.9 g/L, gelatin 1 

g/L). CaCl2 was added to a final concentration of 5mM to phage top agar (casamino acids 3 g/l, 

Difco; yeast extract 3g/L, Difco; sodium chloride 5.9 g/L, Sigma; agar 5 g/L, Difco; pH 7.8) which 

was equilibrated for one hour at 45 ºC before being mixed with 10 µl of donor strain and 10 µl of 

each phage dilution. The mixtures were poured onto the top of phage bottom agar (the same 

composition as the phage top agar but containing 15 g/L of agar) supplemented with CaCl2 5 

mM and incubated at 30ºC overnight. Plates showing confluent lysis were incubated with ice-

cold phage buffer (3 ml) for 1 hour at 4ºC. The top agar and phage buffer were then recovered, 

placed in a 50 mL centrifuge tube and vortexed to disrupt the phage top agar. The tubes were 

incubated at 4 ºC for 1 hour and centrifuged at 1320 x g for 30 minutes at 4 ºC. The supernatant 

was recovered and filtered through a 0.45 µm sterile filter. 

For transduction, cells of the recipient strain were ressuspended in TSB containing 

calcium chloride 5mM. This cell suspension (100 µl) was mixed with phage lysate (1 µl), phage 

buffer (100 µl) and CaCl2 5 mM (2 µl). A control sample in which no phage lysate was added 

was also prepared. The samples were incubated for 20 minutes at 37 ºC. The mixtures were 

then added to pre-heated (1 hour at 45 ºC) 0.3 GL top agar (casaminoacids 3 g/L; yeast extract 

3 g/L; NaCl 5.9 g/L; sodium lactate 60% syrup 3.3 ml/L, Sigma; glycerol 50%, 2 ml/L, Sigma; 

Tri-sodium citrate 0.5 g/L, Sigma; agar 7,5 g/L; pH 7.8). These samples were poured onto 

plates containing a layer of 10 mL of 0.3GL bottom agar (the same as the 0.3GL top agar but 

containing 15g/L of agar) supplemented with 30 µg/mL of appropriate antibiotic and a 20 mL 
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layer of 0.3GL bottom agar without antibiotic. The 0.3GL bottom agar plates were used within 

an hour of preparation. 

 

Construction of recU null mutant  

Sequences of the primers used in this study are listed in Table 2. The restriction sites are 

underlined. 

Table 2. Primers 

 

To construct the S. aureus ΔrecU null mutant strains we amplified 1Kb DNA fragments 

from S. aureus COL genomic DNA where the upstream fragment contains the upstream region 

of recU until the recU start codon (using primers p1recUKO and p2recUKO), and the 

downstream fragment contains the 3´end of recU including promoter P2 and the 5’ region of 

pbp2 (using primers p3recUKO and p4recUKO). The resulting PCR products were joined by 

overlap PCR using primers p1recUKO and p4recUKO. The overlap PCR product was digested 

with BamHI and BglII and cloned into the thermosensitive pMAD plasmid (Arnaud et al. 2004) 

resulting in the plasmid pMADrecUKO. This plasmid was used to transform E. coli DH5α strain 

and after extraction of the plasmid DNA from this strain the presence of the insert was 

confirmed by enzymatic digestion with BamHI and BglII and by DNA sequencing. The 

Primer Name Sequence (5’-3’) Restriction Enzyme 

p1recUKO ATCGAGATCTATGTACTTCAGGTGCGT Bgl II 

p2recUKO TAGACTTTTTAAAATTTCACCACACAAGTTTGGTAG  

p3recUKO ACTTGTGTGGTGAAATTTTAAAAAGTCTATAAC  

p4recUKO ATCGGGATCCCAATGTTTTGACGTTC BamHI 

p5recUKO  TGGTGTATTGTGTCTTTCG  

p6recUKO TTCCCACCATTATTACCG  

pUPrecUseq ATCTGCATGCTTAATTATGTTGGC  

pMADII CGTCATCTACCTGCCTGGAC  

p1recUspaL ATACCCGGGTGTGTGGTGAAATTTATG XmaI 

p2recUspaL TATGCTCGAGTCATACGCGGTCC XhoI 

spa_p4_NcoI TGCAGTCCATGGTTGAAAAAGAAAAACATTTATTC NcoI 

Pspac_p1_pDH88EcoRI GCTGAATTCTTCTACACAGCCCAGTCCAGAC EcoRI 
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pMADrecUKO plasmid was introduced into RN4220 by electroporation and subsequently 

transduced from this strain into S. aureus COL, COL-S and NCTC 8325-4 backgrounds using 

phage 80α as previously described (Oshida and Tomasz 1992). 

One erythromycin resistant colony of each strain was inoculated in fresh TSB containing 

Ery at 30ºC for 16h. The overnight culture was diluted 1:1000 into fresh TSB with Ery, incubated 

at 30ºC for 8 hours, then diluted again into the same media and incubated overnight at a non-

permissive temperature (43ºC) that impairs the plasmid from replicating, as the plasmid 

contains a thermosensitive origin of replication. The overnight culture was serially diluted and 

100 µL of 10-4,  10-5 and 10-6 dilutions were plated in TSA containing Ery and bromo-chloro-

indolyl-galactopyranoside (X-GAL) 100µg/mL at 43ªC. Several light blue colonies (candidates 

for integrated plasmid) were picked and restreaked in the same conditions. The integration of 

pMADrecUKO plasmid into the chromosome was confirmed by PCR using primers pUPrecUseq 

and pMADII. One clone with pMADrecUKO integrated into the chromosome was inoculated in 

TSB at 30ºC overnight. The overnight culture was diluted 1:500 in the same conditions, 

incubated at 30ºC for 8 hours and then serial dilutions (10-3, 10-4 and 10-5) were plated on TSA 

containing X-GAL 100 µg/mL at 43ºC. White colonies, that represent candidates for the double 

crossover event and loss of the plasmid, were restreaked in TSA X-GAL 100 µg/mL and TSA 

Erythromycin 10 µg/mL X-GAL 100 µg/mL through replica plating. In order to check identify 

recU null mutants, the white and erythromycin sensitive colonies were screened by PCR to 

check the loss of the plasmid (using primers pUPrecUseq and pMADII) and the absence of the 

recU gene (using primers p5recUKO and p6recUKO). The null mutants were named 

RN4220ΔrecU, NCTCΔrecU, COLΔrecU and COL-SΔrecU.  

Construction of a recU inducible mutant 

In order to clone the recU gene under the control of the IPTG-inducible/lacI-repressible 

Pspac promoter (Yansura and Henner 1984), in the spa locus of S. aureus strain COL (Pereira et 

al. 2010), the entire recU coding sequence including the RBS was amplified by PCR from COL 

genomic DNA using primers p1recUspaL and p2recUspaL. The PCR product was digested with 

XmaI and XhoI restriction enzymes and ligated into pBCB13 plasmid digested with the same 

enzymes, generating the plasmid pBCB13recUspaL. E. coli DH5α was then transformed with 

this plasmid and after extraction of plasmid DNA, the presence of the cloned insert was 

confirmed by enzymatic digestion and sequencing. The plasmid pBCB13recUspaL was 

introduced into RN4220 by electroporation and then transduced into COL. Integration of the 

plasmid into the chromosome was performed as described above for the construction of the null 

mutant and verified by PCR using primers pMADII and spa_p4_NcoI. Excision of the plasmid 

was performed as described above and the substitution of the spa gene by recU was confirmed 

by PCR using primers Pspac_p1_pDH88EcoRI and p2recUspa. The resulting strain, which has 

two copies of recU gene, one in the native locus and the other in the spa locus under the control 

of Pspac promoter was named COLrecUspaL.  
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In order to delete recU from its normal locus in the background of strain COLrecUspaL, the 

pMADrecUKO plasmid was transduced into this strain and deletion of the recU gene was 

performed and verified as described above resulting in COLΔrecUΔspa::recU strain. In order to 

ensure tight regulation of the expression of recU from the Pspac promoter (Jana et al. 2000) we 

transduced the pMGPII plasmid, which encodes the lacI gene, into COLΔrecUΔspa::recU and 

the resulting strain was named COLrecUi.  As a control, we also transduced pMGPII into COL 

which resulted in COLpMGPII strain. 

 

Growth analysis of S. aureus strains 

Growth of the S. aureus parental and mutant strains in liquid culture was analyzed by 

diluting overnight cultures (inoculated from single colony except for COLΔrecU) 1:200 into fresh 

TSB. Cultures were incubated at 37ºC with aeration and the optical density at 600 nm (OD600nm) 

was followed. The growth of COLrecUi and COLpMGPII strains was tested on solid media 

(TSA) supplemented with chloramphenicol 10 µg/ml (Cm10) and supplemented or not with 0.5 

mM IPTG. Growth of COLrecUi and COLpMGPII was also followed in liquid culture (TSB) as 

described above, except that overnight cultures were harvested and washed three times with 

TSB before diluting in fresh TSB supplemented or not with IPTG.  

Western blot analysis 

            Analysis of expression levels of PBP2 was done by western blotting using a 

polyclonal anti-PBP2 antibody. A polyclonal anti-FtsZ antibody was used as an internal control. 

Overnight cultures of COL and COLΔrecU were diluted 1:500 into fresh TSB and incubated at 

37oC until an O.D600nm of 0.8. Cells were harvested by centrifugation (845 x g, 15 minutes at 

4ºC) and broken with 200 µl of glass beads in a FastPrep FP120 (Thermo Electro Corporation). 

The unbroken cells were removed by centrifugation (9400 x g, 5 minutes at 4ºC) and the total 

protein content of the extracts was quantified by the Bradford method, using bovine serum 

albumin as a standard (BCA protein assay kit, Pierce). Equal amounts of protein from each 

sample were loaded onto an 8% SDS-PAGE gel and separated at 120V until the loading buffer 

came out of the gel. Proteins were then transferred to a Hybond-P Polyvinylidene fluoride 

(PVDF) membrane (GE Healthcare) using a semidry transfer cell (Bio-Rad) according to 

manufacturers instructions. The membranes were blocked with blocking buffer (PBS, 5% milk, 

5% Tween 20) for 1 hour and incubated with a polyclonal anti-PBP2 antibody (1/1000 dilution in 

blocking buffer) or an anti-FtsZ antibody (1/5000 dilution in blocking buffer) overnight at 4ºC. 
The following day membranes were washed three times with 1 x PBS-T (PBS containing 5% of 

Tween 20) and incubated with secondary antibodies (anti-rabbit for PBP2, anti-sheep for FtsZ) 

diluted 1/100,000 in blocking buffer. The detection was performed using ECL Plus Western 

blotting detection system from Amersham according to manufactures recommendation. The 

amount of protein produced was calculated measuring the intensity values for the PBP2 bands, 

using the ImageJ software, and dividing them by the intensity values for the FtsZ control bands. 
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Fluorescence Microscopy  

Strains were grown overnight at 37ºC with agitation in TSB supplemented when 

required with antibiotics or 0.5 mM IPTG. Cultures were diluted 1:500 in fresh TSB and 

supplemented with IPTG when required. During exponential phase (O.D600nm 0.5) 1 ml of culture 

was taken and incubated with membrane dye Nile Red (5 µg/ml, Invitrogen) and DNA dye 

Hoesch 33342 (1 µg/ml, Invitrogen) at room temperature for 5 minutes with shaking. The 

cultures were then centrifuged at 13500 x g for 2 minutes, cells were re-suspended in 1 x PBS 

and 1 µl was placed on a thin layer of 1.2 % agarose in PBS. Fluorescence microscopy was 

performed using a Zeiss Axio Observer.Z1 microscope equipped with a Photometrics 

CoolSNAP HQ2 camera (Roper Scientific), using Metamorph software (Molecular devices). 

Analysis of fluorescence images was performed using Metamorph and ImageJ softwares.  

Determination of Minimum Inhibitory Concentrations (MICs) 

Determination of the MIC to Mitomycin C of parental COLpMGPII and recU inducible 

mutant COLrecUi strains was performed by micro-dilution in liquid medium. Overnight cultures 

containing IPTG 0.5 mM and Cm 10 µg/ml were washed three times with fresh TSB and added 

to wells containing 2-fold dilutions of Mitomycin C, diluted in TSB supplemented or not with 0.5 

mM IPTG and Cm 10 µg/ml, at a final cell density of 5x10-5 CFU/ml.  Plates were incubated for 

24 hours at 37ºC and the MIC was recorded as the lowest concentration of Mitomycin C used 

that inhibited bacterial growth. All MIC determinations were performed in triplicate. 

Population analysis profiles (PAPs) were determined in order to test the MIC of 

COLpMGPII and the COLrecUi strains to oxacillin. Strains were grown overnight in TSB 

supplemented with Cm 10 µg/ml and IPTG 0.5mM. Overnight cultures were washed three times 

with TSB and 25 l of serial dilutions (100 to 10-6) were plated on TSA Cm 10 µg/ml and TSA 

Cm 10 µg/ml plus IPTG 0.5 mM containing increasing concentrations of oxacillin (from 0 µg/ml 

to 1600 µg/ml). Plates were incubated at 37ºC for 48 hours and the CFUs were counted. The 

logarithmic base ten of the number of colony forming units per mL (CFU/ml) was plotted against 

the antibiotic concentration, and the MIC was defined as the antibiotic concentration required to 

inhibit the growth of 99.9 % of cells. 

UV survival assay 

COLpMGPII and COLrecUi strains were grown overnight at 37ºC with aeration in TSB 

supplemented with Cm 10 µg/ml and IPTG 0.5 mM. Overnight cultures were diluted 1:100 in 

fresh TSB supplemented or not with IPTG 0.5 mM and incubated at 37ºC until O.D600nm 0.5. 

Serial dilutions (100 to 10-6) were made in TSB and 10 µl of each dilution were spotted on TSA 

plates containing Cm 10 µg/ml and supplemented or not with IPTG 0.5 mM. Plates were then 

irradiated with UV light (Vilber Lourmat, VL-6.LC model, 254 nm) at a dose of 4 J/m2 for 0, 1, 3, 

5, 10, 20 and 30 seconds. Plates were incubated overnight at 37ºC in the dark (to avoid photo-
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reactivation). The number of CFUs was counted and the fraction of CFUs surviving at UV 

exposure was calculated and plotted against the UV exposure time. Experiment was done in 

triplicate. 

Phage infection assay 

COL, COLΔrecU, NCTC 8325-4 and NCTCΔrecU strains were grown in liquid media at 

37oC for 16 hours. Then 3 mL of each culture were filtered through a 0.44 µm filter to remove 

the bacterial cells and keep the phage particles. 100 µL of the filtered supernatant was used to 

infect NCTC 8325-4 cells with any phage present. The infection of NCTC 8325-4 was performed 

as described above for obtaining phage lysates. Plates were then incubated overnight at 37ºC 

and phage plaques were counted. Experiment was done in triplicate. 
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Results 
 

RecU is required for normal cellular growth of Staphylococcus aureus 

In B. subtilis RecU has been characterized as a Holliday junction (HJ) resolvase 

fundamental for proper DNA repair and chromosome segregation (Carrasco et al. 2004, 

Fernandez et al. 1998, McGregor et al. 2005, Pedersen and Setlow 2000). Although it is not 

essential for survival, it is fundamental for normal growth, as its deletion causes a 2-fold 

increase in duplication time (Popham and Setlow 1996). In order to characterize the function of 

recU in S. aureus we first constructed a strain in which the recU gene was deleted. The genes 

encoding recU and pbp2 are situated in an operon with the recU gene located upstream of pbp2 

and overlaying the 5’ end of the gene by two nucleotides (Pinho et al. 1998). Upstream of recU 

there is promoter P1 (see Figure 3) that drives the expression of a co-transcript containing recU 

and pbp2 mRNA sequences. The pbp2 gene is also regulated by a second promoter, P2, the 

coding sequence of which resides within the recU gene. In order to construct a mutant lacking 

recU without interfering with the pbp2 gene or its regulatory sequences, we constructed a 

deletion mutant that retains all of the promoter sequences and RBS sites that are present in the 

wild-type recU-pbp2 operon. The resulting strain possesses a deletion of the first 67 amino acid 

residues of the RecU protein. The effect of recU deletion was analysed in the MSSA strain 

NCTC 8325-4 (NCTCΔrecU) and MRSA strain COL (COLΔrecU).  

recU deletion in the MRSA strain COL leads to slower growth  

The COLΔrecU strain was able to grow on solid media (TSA). However, the resulting 

colonies were smaller than those of the parental strain COL (Figure 8). Furthermore, when 

single colonies were used as inocula, the recU null mutant failed to grow in liquid media when 

incubated overnight. As the B. subtilis RecU is involved in DNA damage repair (Fernandez et al. 

1998, Sanchez et al. 2005) we tested growth of COLΔrecU in two growth conditions that reduce 

DNA damage, namely growth with no aeration to reduce the formation of Reactive Oxygen 

Species (ROS) and growth in the dark to reduce UV damage, as well as lower temperatures (30 

ºC instead of 37 ºC). We found that none of these conditions enabled COLΔrecU to grow in 

liquid media from single colony when incubated overnight. Therefore all experiments described 

concerning this mutant were performed using confluent growth as the inoculum. We then 

followed growth of the parental strain COL and the null mutant COLΔrecU in liquid culture 

(Figure 9) and determined that COLΔrecU had a slower growth rate (doubling time 53 minutes) 

when compared to COL (doubling time 34 minutes) indicating that deletion of recU has a 

dramatic effect on the ability of cells to duplicate.  
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.  

Figure 8 – COLΔrecU shows a reduced colony size in solid media. COL (A) and COLΔrecU 
(B) colony morphology on a TSA plate incubated overnight at 37ºC.  

 

 

 

recU deletion in the MRSA strain COL leads to abnormal nucleoid morphology 
and cell lysis 

In order to determine if the slow growth of recU deletion mutant was related to defects in 

nucleoid morphology and/or chromosome segregation, we have observed exponentially growing 

cells of both parental COL and COLΔrecU strains by phase and fluorescence microscopy. For 

that purpose cells were stained with the DNA dye Hoesch 33342 and membrane dye Nile Red. 

Analysis of 1093 cells showed that deletion of recU leads to 43% abnormal cells such as 

condensed DNA (21%), lysed cells (11,7%) and anucleated cells (10,4%) (Figure 10 A). These 

Figure 9 – recU deletion severely affects growth of the MRSA strain COL. The graphic 
represents the growth curves of COL and COLΔrecU strains. Cultures were grown overnight in 
TSB at 37ºC as described in materials and methods, diluted 1:100 in fresh media and the 
absorvance at OD600nm was followed. 
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phenotypes were not seen in the wild-type strain COL (Figure 10 B) and may justify the slow 

growth of recU deletion mutant in COL. 

 

recU deletion in the MRSA strain COL does not abolish PBP2 biosynthesis 

S. aureus recU has previously been shown to be co-transcribed with pbp2 (Pinho et al. 

1998). Although we were careful to leave the regulatory sequences of pbp2 intact during the 

construction of the recU deletion mutant, we necessarily decreased the spacing between P1 

and P2 promoters (see Figure 3) which could affect PBP2 expression. Even though PBP2 is not 

essential in COL and the pbp2 null mutant has no effect in growth (Pinho et al. 2001b) we could 

argue that the growth defects observed in COLΔrecU could be due to a conjugation of DNA 

                  Phase                 Membrane               DNA                       Overlay 
A 

Figure 10 - recU deletion leads to anucleated and lysed cells and condensed DNA in the 
MRSA strain COL. The microscopy images show single cells of COLΔrecU (A) and COL (B)
strains. Panels from left to right show phase-contrast image, cells stained with membrane dye 
Nile Red, DNA dye Hoesch 33342 and the overlay between Nile red and Hoesch 33342
images. The recU mutation in COL leads to DNA condensation (first row), annucleated cells 
(second row) and cell lysis (third row). Arrows point to the mentioned cells. Images are false-
coloured. Scale bars 1 µm. 

 

B 
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damage and PG biosynthesis defects. In order to determine whether deletion of part of the recU 

gene abolished the expression of PBP2, we analysed its abundance in the COLΔrecU mutant 

strain by western blotting, using a polyclonal anti-PBP2 antibody, as described in materials and 

methods. An anti-FtsZ antibody was used as an internal control (Dinh and Bernhardt 2011). 

Figure 11 shows that PBP2 expression was decreased although not abolished in the mutant 

strain. 

 

Figure 11 – recU deletion does not abolish PBP2 production in the MRSA strain COL. 
Western blot for PBP2 using COL and COLΔrecU total protein extracts. Detection of FtsZ was 
used as an internal control. The quantification of relative density of bands corresponding to 
PBP2 versus FtsZ shows that the mutant has approximately a 2-fold reduction in PBP2 
expression. 

 

recU null mutant in the MSSA strain NCTC 8325-4 showed slower growth 

    PBP2 has been shown to be essential in an MSSA but not in an MRSA strain (Pinho 

et al. 2001b). PBP2 transpeptidase activity is required for viability in MSSA strains. However 

MRSA strains possess an extra transpeptidase (PBP2A) that takes over PBP2 function in PG 

crosslinking (Pinho et al. 2001a). As PBP2 and RecU are encoded in the same operon, deletion 

of recU in a MSSA strain could lead to different phenotypes when compared to an MRSA strain. 

We tested this hypothesis by deleting recU in the NCTC 8325-4 background.  Deletion of recU 

in this strain was successful as verified by PCR, resulting in strain NCTCΔrecU. Surprisingly 

when growth of NCTCΔrecU was analysed in solid TSA medium, we found that there was no 

major difference in colony size between the null mutant and wild-type strains (Figure 12) and 

that the cells were able to grow overnight when single colonies were used as inocula in liquid 

media. This result not only suggests that the transpeptidase activity of PBP2 (essential in MSSA 

strains) is functional in the absence of RecU, but also that deletion of recU has a different effect 

in the MRSA strain COL and in the MSSA strain NCTC 8325-4. Nevertheless, when growth of 

NCTCΔrecU was followed in liquid culture (Figure 13) we noted a slower growth rate of the 

mutant (doubling time 39 minutes) in comparison to the parental strain (doubling time 22 

minutes), similarly to what was observed in the COL background. 

 
 

Anti-PBP2 
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COL COL ΔrecU 

75 kDa 
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Figure 12 – NCTCΔrecU strain shows normal colony size. NCTC 8325-4 (A) and 
NCTCΔrecU (B) colony morphology on a TSA plate incubated overnight at 37ºC.  

 

 

Figure 13 - recU deletion dramatically affects growth of the MSSA strain NCTC 8325-4 
Growth curves of parental NCTC 8325-4 and NCTCΔrecU strains. NCTCΔrecU shows slower 
growth than NCTC 8325-4 indicating that recU deletion affects growth of the sensitive strain. 
Cultures were grown overnight in TSB at 37ºC, diluted 1:100 fresh media and the absorbance at 
OD600nm was followed. 
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Neither SCCmec nor orfX contribute to the difference between recU 
deletion phenotypes in MSSA and MRSA strains 

When NCTCΔrecU cells were visualised by fluorescence microscopy, we noted DNA 

defects similar to those observed in COLΔrecU. In a total of 579 cells analysed, 3.3% were 

anucleated, and 34% had abnormal DNA staining patterns. However no lysed cells were 

observed. One important difference between NCTC 8325-4 and COL, and the reason COL is 

resistant to β-lactam antibiotics, is the presence of the SCCmec cassette within its genome, 

which contains the mecA gene that encodes PBP2A. The cassette is inserted in the orfX region 

of the chromosome (Ito et al. 1999) and no function has yet been described for the gene 

product of this ORF. It is therefore possible that absence of the product encoded by orfX in COL 

could lead to a much more deleterious phenotype upon recU deletion than in NCTC 8325-4, 

which has a complete orfX. To test this hypothesis we constructed a recU null mutant in the 

background of COL-S, a strain in which the SCCmec cassette has been excised and orfX 

reconstituted (Pereira et al. 2007). The COL-SΔrecU strain showed the same growth and DNA 

defects and cell lysis as COLΔrecU. It was also unable to grow from single colony when 

incubated in liquid culture overnight (data not shown). This result suggests that neither orfX nor 

mecA gene products are responsible for the differences we have observed between COLΔrecU 

and NCTCΔrecU strains.  

 

Phage induction in COL recU null mutants causes cell lysis 

The differences observed between COL and NCTC 8325-4 recU null mutants were not 

at the level of DNA segregation or morphology, but at the level of cell lysis, a phenotype 

observed for COLΔrecU but not for NCTCΔrecU. The MRSA strain COL contains a prophage 

(L54a) very similar to phage λ in its genome (Iandolo et al. 2002, Lee and Iandolo 1985, 1986) 

while the sensitive strain NCTC 8325-4 has been cured from the four phages initially present in 

its genome (Novick R. 1967). The most common way to induce prophages to enter the lytic 

cycle is to damage the DNA using Mitomycin C or UV light, which activates the SOS response 

in a RecA dependent manner and allows the phage to enter a lytic life cycle, where the phage 

replicates within the host cell, leading to lysis of the bacteria (Novick R. P. 1963, Ptashne 1992, 

Sjostrom et al. 1978). We therefore raised the hypothesis that the inability of cells to repair DNA 

damage, due to the lack of recU, could lead to induction of the L54a phage lytic cycle in COL 

and consequently to cell lysis. In order to test this hypothesis we grew COL, COLΔrecU, NCTC 

8325-4 and NCTCΔrecU in liquid media and then filtered the culture to remove the bacterial 

cells and maintain the phage particles. The filtered supernatants were then used to infect NCTC 

8325-4 cells as described in materials and methods. NCTC 8325-4 and NCTCΔrecU filtered 

supernatant did not produce any phage plaques while supernatants from COL and COLΔrecU 

lead to the appearance of plaques indicating that both COL strains produced phage particles 

during normal growth. However, the number of phage plaques observed when COLΔrecU 



27 
 

supernatant was used was 100 times greater than when COL supernatant was used to infect 

NCTC 8325-4 ((2.04 ± 0.23) x 105 plaque forming units per mL (pfu/mL) from COL parental 

strain and (2.91 ± 0.32) x 107 pfu/mL for COLΔrecU). These results show that COLΔrecU 

cultures contain a large number of phage particles, while NCTCΔrecU cultures do not. 

Therefore, the presence of lysed cells in COLΔrecU mutant probably results from the fact that 

the absence of recU leads to accumulation of DNA damages, which in turn leads to activation of 

the SOS response and, as a consequence, the phage lytic cycle is induced in the COL 

background, leading to cell lysis.   

 

Co-regulation of recU and pbp2 expression is not required for normal 
growth of the MRSA strain COL 

In order to study the importance of co-expression/co-regulation of pbp2 and recU, we 

constructed a strain in which both genes were present but no longer in the same operon (Figure 

14). For that purpose we replaced the spa gene by the recU gene, under the control of IPTG 

inducible / LacI repressible Pspac promoter (Yansura and Henner 1984), in the COL background. 

We subsequently deleted the native copy of the recU gene from its wild-type chromosomal 

locus in the recU-pbp2 operon. Therefore, in the resulting COLΔrecUΔspa::recU strain, pbp2 is 

regulated by the native P1 and P2 promoters while recU is independently regulated by the Pspac 

promoter.  

  

The fact that recU deletion causes deleterious effects in COL growth was taken in 

account during the construction of the strain COLΔrecUΔspa::recU. For that reason recU was 

placed in the spa locus before being deleted from its native locus and all integration and 

Figure 14 – Schematic representation of the inducible mutant strain COLrecUi. recU was 
deleted from its normal locus and cloned at the distant spa locus where it is ectopically 
expressed under the control of the Pspac promoter. The pMGPII plasmid was also transduced to 
this strain in order to ensure tight regulation from Pspac. The P1 and P2 native promoters control
only pbp2 expression. 
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excision steps involving the deletion of recU were performed in the presence of IPTG i.e. in the 

presence of RecU in order to avoid the accumulation of DNA damage, cell lysis or appearance 

of suppressor mutations. Although the pBCB13 plasmid used for the inducible mutant 

construction already encodes a copy of lacI, it has been previously shown that tight regulation of 

genes under the control of the Pspac promoter in S. aureus requires additional expression of the 

lacI gene from a multicopy plasmid (Jana et al. 2000). Therefore in order to ensure tight 

regulation of expression of recU from the Pspac promoter we transduced the pMGPII plasmid 

(Pinho et al. 2001b), which encodes the lacI gene, generating COLrecUi strain. As a control we 

also transduced pMGPII to COL and the strain was named COLpMGPII. The COLrecUi strain 

allows us not only to study the effect of uncoupling pbp2 and recU expression, but also the 

effects of temporarily depleting the cells from RecU minimizing the problem of cell lysis due to 

phage induction. 

If the growth defects and morphological differences observed in the null mutant strain 

were due to deletion of recU, growth of COLrecUi in the presence of IPTG, and therefore in the 

presence of RecU, should result in recovering of the wild-type phenotype. However if co-

regulation of recU and pbp2 expression was required for cells to grow and segregate DNA 

normally, a full recovery should not be observed upon addition of IPTG. We first analysed the 

colony size of the COLrecUi by plating on solid media (Figure 15) and noted that colony size 

was restored in the presence of IPTG. Growth of the inducible mutant was also analysed in 

liquid culture in the presence and absence of IPTG and compared to that of the control strain 

COLpMGPII. As shown in Figure 16A, the COLrecUi strain grows slower than the COLpMGPII 

strain in the absence of IPTG. However in the presence of even low concentrations (0.1 and 

0.25mM) of IPTG, the doubling time of COLrecUi is recovered to wild-type levels (Figure 16B). 

These results show that ectopic expression of recU from the spa locus enabled cells to grow 

like wild-type indicating that the presence of RecU within the cell was sufficient for cells to divide 

normally and suggesting that coupled regulation/expression of recU and pbp2 was not required. 

 

Figure 15 – COLrecUi grows normally when RecU is ectopically expressed. COLpMGPII 
(A) and COLrecUi (B) strains were grown overnight at 37ºC in TSA Cm 10 µg/mL supplemented 
(left plate) or not (right plate) with 0.5 mM of IPTG.  
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IPTG (mM) COLpMGPII doubling time (min) COLrecUi doubling time (min) 
0 32 57 

0.1 ---- 35 
0.25 ---- 34 
0.5 ---- 34 
1 31 34 

 

RecU depletion leads to aberrant nucleoids and cell lysis in the MRSA strain COL 
background 

We used strain COLrecUi to determine if co-regulation of pbp2 and recU exression was 

required for coordination between cell wall synthesis and chromosome segregation. For that 

purpose we used a DNA dye and a membrane dye and observed this mutant by fluorescence 

microscopy. Cells were grown in the presence of IPTG so that they were expressing recU from 

a non-native locus to investigate whether un-coupling of recU-pbp2 regulation would result in 

problems of chromosome segregation and in the formation of septa over DNA. Analysis of 1965 

cells of the recU inducible strain grown without IPTG (Figure 17 A) showed that 24.4% of cells 

had defects such as condensed DNA (9.5%), anucleated cells (6.5%), lysed cells (4.7%) and 

cells that we could see that had recently lysed (3.7%). COLpMGPII was used as a control strain 

grown with and without IPTG 0.5 mM and no aberrant cells were observed (data not shown).  

When the mutant COLrecUi was supplemented with IPTG there was a dramatic decrease in the 

Figure 16 – RecU depletion severely affects growth of the inducible mutant COLrecUi 
which is restored to wild-type levels by the adition of IPTG. Growth analysis of COLpMGPII 
and COLrecUi without and with several concentrations of IPTG. Cultures from COLpMGPII and 
COLrecUi were grown overnight in TSB Cm 10 µg/mL 0,5 mM IPTG at 37ºC, washed three 
times with TSB and re-inoculated in fresh TSB or TSB with 0.1; 0.25; 0.5; or 1 mM of IPTG. 
Figure A shows the growth curve obtained through regular measurements of absorbance at 
OD600nm. Figure B represents the doubling times in minutes of each strain in each growth 
condition. 

B 

A 
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Figure 17 – RecU depletion leads to anucleated and lysed cells and cells with 
condensated DNA in the MRSA strain COL. The images show COLrecUi without (A) and with 
(B) IPTG. Panels show, from left to right, phase-contrast images, cells stained with membrane 
dye Nile Red; DNA dye Hoesch 33342 and the overlay between Nile red and Hoesch 33342 
images. The RecU depletion in COL leads to DNA condensation (first row), annucleated cells 
(second row) and cell lysis (third and fourth rows). The inducible recovers the wild-type 
phenotype upon adition of IPTG 0.5 mM. Arrows point to mentioned phenotype. Images are 
false-coloured. Scale bars 1 µm.  

number of aberrant cells (1535 cells analysed, 2.5% had defects) as shown in Figure 17 B. 

Importantly, we did not observe cells with septa over DNA.  

 

Re 

 

       Phase                    Membrane               DNA                       Overlay  
A 

B 
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These results indicate that S. aureus cells are able to grow normally when pbp2 and 

recU expression is not co-regulated. These date also confirms that defects in DNA 

segregation/repair observed in the recU null mutant and in the recU inducible mutant in the 

absence of IPTG are in fact due to lack of RecU (as they can be complemented by recU 

expression from the spa locus), and not the result of disruption of the regulation of recU-pbp2 

operon confirming the importance of RecU in the maintenance of DNA integrity and cell viability. 

RecU depletion impairs DNA repair 

In Bacillus subtilis RecU plays an important role in DNA repair, functioning as the sole 

HJ resolvase (Ayora et al. 2004, Fernandez et al. 1998). In order to further investigate the 

function of S. aureus RecU and determine if the aberrations in DNA were associated with lack 

of DNA repair, we studied the effect of DNA damaging agents upon parental and mutant strains. 

Mitomycin C is an antitumor drug that forms DNA adducts and causes interstrand cross-links 

leading to double-strand breaks and replication fork arrest (Iijima and Hagiwara 1960). We 

determined the MIC of Mitomycin C of COLpMGPII and COLrecUi strains in the presence or 

absence of IPTG (Table 3), and observed an 8-fold reduction in the MIC for Mitomycin C for 

COLrecUi in the absence of IPTG, when compared to the control strain COLpMGPII. 

Furthermore, we observed that resistance to Mitomycin C was restored to wild-type levels when 

cells were grown in the presence of IPTG showing that the reduction of the MIC was due to the 

lack of RecU. 

Table 3- Depletion of RecU in COLrecUi results in an 8-fold reduction in the Mitomycin C 
MIC. MIC of Mitomycin C for COLpMGPII and COLrecUi strains suplemented or not with 0.5mM 
of IPTG as determined by microdilution method. The values were obtained based on three 
independent experiments. 

Strain Mitomycin C MIC (ng/mL)  

COLpMGPII 100  

COLpMGPII 0.5 mM IPTG 100  

COLrecUi 12  

COLrecUi 0.5 mM IPTG 100  

 

We then tested resistance to UV damage. For that purpose COLpMGPII and COLrecUi 

strains were grown with and without IPTG and irradiated with UV, as described in materials and 

methods. A un-radiated control plate was made for each strain. As shown in Figure 18 A, UV 

irradiation had a dramatic effect on the viability of the inducible mutant COLrecUi grown in the 

absence of IPTG, a phenotype which was complemented by addition of IPTG. The surviving 
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fraction was determined by dividing the number of colonies from the irradiated sample by the 

number of colonies of the un-radiated control (FIG 18 B). Exposure to UV at a dose of 4 J/m2 for 

5 seconds kills 99 % of cells in COLrecUi strain incubated without IPTG while 20 seconds were 

required to observe the same effect in COLpMGPII strain. When COLrecUi strain was incubated 

with IPTG, enabling expression of recU from the Pspac promoter, the strain recovered UV 

resistance to wild-type levels. These results indicate that the observed sensitivity to UV 

exposure is due to the absence of RecU. Taken together, the reduction in the MIC for Mitomycin 

C and the increase in sensitivity to UV light suggest that RecU is involved in DNA damage 

repair.  

 

 

 

 

 

 

 

Figure 18 – RecU depletion results in increased sensitivity to UV DNA damage. Survival 
of UV-irradiated MRSA strains COLpMGPII and COLrecUi grown with and without IPTG. The 
cells were irradiated with a UV dose of 4J/m2 during 0, 1, 3, 5 10 20 and 30 seconds. Plates 
were incubated at 37ºC and colonies were counted. As an example Figure A shows plates 
containing 10 uL spots of serial dilutions from 10-2 (left) to 10-5 (right) exposed to UV at 4J/m2

during 0, 1 or 10 seconds. Figure B represents the fraction of surviving cells of each strain for 
different periods of UV exposure. The values were obtained based on three independent 
experiments. 

 

B 

A 
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RecU depletion does not lead to oxacillin sensitivity 

As PBP2 is essential for oxacillin resistance in the MRSA strain COL (Pinho et al. 1997, 

Pinho et al. 2001b) it is possible that uncoupling the expression of recU and pbp2 affects the 

mechanism of oxacillin resistance. To investigate this hypothesis, we determined the oxacillin 

MIC of the COLrecUi strain. PAPs were performed, as described in the materials and methods, 

for the COLrecUi strain in the presence and absence of IPTG. The control strain COLpMGPII 

was grown under the same conditions. As can be seen in Figure 19, COLpMGPII control strain, 

as well as the COLrecUi supplemented with IPTG showed an oxacillin MIC of 400 µg/mL. The 

COLrecUi strain grown without IPTG i.e. in the absence of RecU, displaces a decreased 

oxacillin MIC of 200 µg/mL. This result show that depletion of RecU in the MRSA strain COL 

has a very small impact on methicillin resistance.  

 

 

 

We tried to determine if the two-fold decrease in the oxacillin MIC of COLrecUi grown in 

the absence of IPTG was associated with a decrease in pbp2 expression, similarly to what was 

observed in the null mutant COLΔrecU (see Figure 11). However, the PBP2 quantifications for 

the inducible mutant COLrecUi were highly variable between different westerns and therefore 

these results were not conclusive. 
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Figure 19 – RecU depletion does not lead to oxacillin sensitivity. The graphic shows the 
result from PAPs for oxacillin of COLpMGPII and COLrecUi with and without IPTG. The assay 
was conducted as described in materials and methods. COLpMGPII and COLrecUi with IPTG 
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Discussion 

Synchronization of cell growth, division and chromosome segregation is an essential 

mechanism common to all living cells. During the cell division process in S. aureus, the 

synthesis of cell wall occurs at the septum that progressively closes and originates the two 

daughter cells.  During this process the chromosome is replicated and the two resulting DNA 

molecules are segregated, one to each daughter cell. Tight coordination between septum 

synthesis and chromosome segregation, two biosynthetically unrelated events, is essential for 

proper division to occur, ensuring that the septum does not form over the nucleoid which would 

result in DNA damage. In S. aureus the fact that two proteins, one involved in septum synthesis 

(PBP2) and another involved in chromosome segregation (RecU), are encoded within an 

operon suggested a possible checkpoint for the coordination of cell division and chromosome 

segregation. In this work we aimed to investigate the function of recU in S. aureus and to 

determine if it needed to be co-regulated with pbp2 to ensure coordination between septum 

synthesis and chromosome segregation.  

In the Gram-positive bacteria B. subtilis, RecU is a homodimeric protein that has been 

characterised as a Holliday junction resolvase important for DNA damage repair and 

chromosome segregation (Carrasco et al. 2004, Fernandez et al. 1998, McGregor et al. 2005, 

Pedersen and Setlow 2000). S. aureus RecU shares 58% sequence homology with the Bacillus 

protein (The Institute of Genomic Research Website in http://www.tigr.org) suggesting that the 

function of the two proteins may be similar. In order to study RecU function in S. aureus, we 

started by generating a recU null mutant. It has been shown that the recU and pbp2 genes are 

co-transcribed and that two main promoters (see P1 and P2 in Figure 3) regulate the expression 

of pbp2, with P2 being located within the recU coding sequence. Therefore, in order to avoid 

affecting pbp2 expression when creating a recU null mutant strain, we left 129 bp of the 3’ 

region of the recU sequence in the chromosome as this region encodes the P2 promoter and 

RBS regulatory regions of pbp2. Analysis of growth of the recU null mutant showed that 

although RecU was not essential in S. aureus, its presence was important for normal cell growth 

as its absence resulted in a 2-fold increase in doubling time of both MRSA and MSSA strains. 

The deleterious effects of RecU depletion on cellular growth could be a result of DNA defects. 

Observation of single cell phenotypes using fluorescence microscopy showed indeed that 16% 

of the cells displayed DNA abnormalities such as DNA condensation and anucleated cells. 

These results allowed us to conclude that the slow growth of recU null mutants could be due to 

the increase in the amount of aberrant nucleoids and lack of correct chromosome segregation 

resulting from RecU depletion. In B. subtilis recU mutants, the anucleated cells visualized by 

microscopy are attributed to uneven chromosome segregation where, after cell division, one of 

the daughter cells has no DNA (Carrasco et al. 2004, Pedersen and Setlow 2000). Inefficient 

chromosome segregation in recU mutants could be due to an accumulation of interconnected 

strands of DNA caused by unresolved Holliday junctions, resulting in two joint chromosomes 
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that are unable to segregate (Donaldson et al. 2006). However we could also argue that recU 

mutants were not able to direct HJ resolution towards non-crossover products which would 

result in the accumulation of dimeric chromosomes that also cannot be segregated (Austin et al. 

1981, Carrasco et al. 2004, Michel et al. 2000). It is however curious to find that, unlike in B. 

subtilis, S. aureus recU mutants that have non-segregated chromosomes did not appear to 

contain DNA guillotined by the septa. Recently it was shown that in S. aureus, chromosome 

segregation initiates prior to septum assembly which means that the chromosomes already 

have to be segregated before the formation of the septa (Veiga et al. 2011). The correct 

temporal and spatial control of the assembly of the division septum largely depends on the 

regulation of FtsZ localization. One of the mechanisms involved in the control of FtsZ 

localization is the nucleoid occlusion i.e. the inhibition of FtsZ polymerization over the nucleoid, 

a process mediated by the Noc protein in S. aureus and B. subtilis (Bramkamp and van Baarle 

2009, Veiga et al. 2011). Interestingly, the Noc protein prevents bisection of the chromosome 

during normal growth of S. aureus (Veiga et al. 2011). In contrast, B. subtilis Noc protein is only 

required to prevent bisection of the chromosome when DNA segregation/replication is perturbed 

(Wu L. J. and Errington 2004). Taken together these results suggest that RecU may have a 

different function in S. aureus to that in B. subtilis. In B. subtilis RecU is not only necessary to 

properly segregate the chromosomes but also to avoid septum formation over DNA. In S. 

aureus this effect was not observed suggesting that RecU is not a part of the DNA binding 

proteins that avoid guillotining of unsegregated chromosomes by the septa.  

As RecU depletion leads to DNA aberrations, we wanted to further investigate if such 

effects were due to defects in DNA repair. In order to test this hypothesis we incubated 

inducible mutant COLrecUi cells expressing or not RecU ectopically from the spa locus, with 

DNA damaging agents and observed if it caused loss of viability. We have shown that RecU 

depletion in COL recUi strain leads to an increased sensitivity to DNA damaging agents such as 

UV and mitomycin C and the resistance to these harmful compounds was overcome through 

ectopic expression of the recU gene. The successful complementation of the mutant phenotype 

proves that it is the RecU protein itself that is involved in resistance to these DNA damaging 

compounds and thus DNA repair. We now have evidence to suggest that RecU is involved in 

DNA repair in S. aureus, yet further experiments to prove that it binds and cleaves Holliday 

junctions should be performed to effectively demonstrate its activity.  

The results presented in this thesis emphasize the need to analyse a gene function in 

more than one strain in order to clarify all the processes in which it is involved. In this work we 

deleted recU in a MRSA strain (COL) and in a MSSA strain (NCTC 8325-4) and observed that 

the mutant phenotypes were the same at the DNA level but different in terms of cell lysis. These 

results could suggest that recU deletion may trigger different pathways/responses in a resistant 

and sensitive strain. Furthermore, the frequency of deletion mutants in NCTC 8325-4 was much 

larger than in COL (data not shown) indicating that the deletion of recU was not as deleterious 

in NCTC 8325-4 as in COL. COL and NCTC 8325-4 are not closely related staphylococcal 
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species and their backgrounds differ in many aspects. The genomic backgrounds of S. aureus 

strains can vary by over 20% and this contributes to the different strain-specific resistance 

levels, phenotypes and gene expression (McCallum et al. 2010). Much of the dissimilarity 

observed between S. aureus resistant and sensitive strains is dependent on the presence of 

mobile genetic elements such as plasmids, phages, pathogenicity islands, transposons and 

insertion sequences (Holden et al. 2004, Kuroda et al. 2001). Of particular interest is the SCC-

mec cassette responsible for β-lactam resistance observed in COL and many other MRSA 

strains (Hiramatsu et al. 2001). This cassette is inserted in the orfX region (Ito et al. 1999) which 

made us consider if the absence of SCCmec in a sensitive strain, and the existence of a 

complete orfX sequence, which function is unknown, could be responsible for the difference in 

growth/lysis between NCTC 8325-4 and COL recU null mutants. However, when recU was 

deleted in COL-S, a strain derived from COL by excision of the SCCmec cassette (Pereira et al. 

2007), no improvement in growth was observed. Therefore neither the SCCmec cassette nor 

orfX are involved in the differences we observed between COL and NCTC 8325-4 recU null 

mutants.  

A second important difference between COL and NCTC 8325-4 is that the former 

contains prophages in its genome while the later has been cured from all the prophages 

(Iandolo et al. 2002, Lee and Iandolo 1986, Novick R. 1967), therefore we hypothesized that 

prophage induction could account for the observed difference in cell lysis between COL and 

NCTC 8325-4  Many prophages are induced by environmental conditions that lead to DNA 

damage, including exposure to reactive oxygen species (ROS) generated by leukocytes or 

exogenous agents such as antibiotics (Kohanski et al. 2007, Maiques et al. 2006, Nystrom 

2004, Taddei et al. 1995). One of the most common methods to activate the lytic cycle of 

prophages is to damage DNA with mitomycin C or UV light (Novick R. P. 1963, Ptashne 1992, 

Sjostrom et al. 1978). In E. coli, damaged DNA interacts with the multifunctional protein RecA 

which leads to the induction of the autoproteolysis of the SOS repressor LexA that consequently 

induces the SOS response (Ptashne 1992). Damaged DNA is also described as a inducer of λ 

phage lytic cycle. During normal growth the prophage is in a lysogenic state where the only 

gene that it is expressed is the cI repressor. This protein is both a positive and a negative 

regulator of gene expression as it turns off all the other phage genes but it promotes expression 

of its own, impairing phage replication through the lytic cycle. When host bacteria are 

challenged with DNA damaging agents, the protease domain of RecA is activated and it 

specifically cleaves the cI phage repressor. The cI can no longer repress the other phage genes 

and the phage is able to enter a lytic cycle. Therefore the outcome of cI repressor proteolysis as 

a result of damaged DNA is the activation of the phage lytic cycle where the phage is able to 

replicate inside the bacteria and then lyse its host (Ptashne 1992, Walker 1996). Although the 

SOS response is more limited in S. aureus, it also involves RecA and LexA (Wirtz et al. 2009, 

Wyman et al. 1974).  COL encodes in its genome the prophage L54a, which has been 

described as being similar to phage λ (Iandolo et al. 2002, Lee and Iandolo 1986). We therefore 

asked if the increased cell lysis displayed in COL recU mutants could result from the lytic 
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induction of the L54a phage. In fact stationary phase cultures from COLΔrecU mutant contained 

phage particles while cultures from NCTCΔrecU did not. Therefore the differences observed in 

cell lysis and consequently growth, between COLΔrecU and NCTCΔrecU are probably due to 

lytic cycle induction of phage in COL, triggered by DNA damage. Interestingly, cultures from 

COL wild-type strain also contained phage particles, although 100 fold less abundant than 

cultures from the COLΔrecU mutant. During stationary phase the cells are subjected to several 

stresses that trigger the SOS response such as starvation and ROS species (Nystrom 2004) 

which can also explain the phage induction observed in the wild-type strain. However, the 

COLΔrecU mutant cells are subjected to not only this stress but also to accumulating DNA 

damage due to the lack of RecU and therefore an inability to repair DSBs by homologous 

recombination. This is likely to result in greater induction of the SOS response leading to a 

higher percentage of cells where the phage is in its lytic cycle and consequently cell lysis 

occurs.  

Besides studying the function of RecU in S. aureus another aim of this work was to 

investigate why recU and pbp2 are encoded in one operon. One hypothesis would be that RecU 

is responsible for regulating either the synthesis of PBP2 and/or its function. We have discarded 

the hypothesis that RecU is a strong regulator of PBP2 synthesis as when PBP2 production 

was analysed by western-blot in COLΔrecU strain we verified that it is still produced in the 

absence of RecU. Nevertheless we have observed variations in PBP2 abundance which should 

be further addressed, for example, through reverse transcription-PCR (RT-PCR). We also 

tested whether both transpeptidase and transglycosylase activities of PBP2 were functional in 

the absence of RecU. The activity of the transpeptidase domain was confirmed by analysing the 

recU deletion mutant in a sensitive strain (NCTC 8325-4). The transpeptidase domain of PBP2 

is essential in antibiotic sensitive strains of S. aureus (Pinho et al. 2001b) and therefore the fact 

that NCTCΔrecU is a viable strain indicates that the transpeptidase domain of PBP2 is active in 

this strain. The transglycosylase domain of PBP2 is required for methicillin resistance in MRSA 

strains such as COL (Pinho et al. 2001b). Therefore the fact that RecU depletion caused only a 

minor decrease in oxacillin MIC, when compared with the control strain, indicates that the PBP2 

transglycosylase activity is also present in the absence of RecU. We conclude that RecU is not 

essential for PBP2 synthesis nor does it affect the protein activity. Nevertheless we cannot 

discard the observation that when RecU is depleted there is a 2-fold reduction in resistance to 

oxacillin that is recovered when RecU is ectopically expressed from the spa locus. This could be 

due to (i) minor impact on PBP2 expression; (ii) the RecU protein is somehow involved in S. 

aureus β-lactam resistance through an unknown mechanism or (iii) the indirect effect of DNA 

damage leading to growth defects somehow influencing the resistance capacity of the strain. 

A second hypothesis for pbp2 and recU to be present in the same operon would be that 

the cell requires tight regulation of expression of both proteins for the coordination between 

chromosome segregation and cell division. If these two processes are not regulated, DNA will 

be guillotined by the septa during cell division and the genetic information will not be faithfully 
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transmitted to the daughter cells. Expressing pbp2 and recU from the same operon would allow 

the two proteins to be expressed in a coordinated way and to test the importance of this co-

regulation we have constructed the COLrecUi strain where expression of the two proteins is 

uncoupled as recU is expressed ectopically under the control of the non-native promoter Pspac 

while the native promoters only regulate pbp2. In this construct, the cell is unable to 

downregulate or upregulate simultaneously the expression of the two genes. As the Pspac 

promoter is IPTG inducible, we can control RecU synthesis by incubating cells with IPTG. 

Therefore, in our experimental conditions, RecU was constitutively expressed from the spa 

locus. We have observed that incubation of COLrecUi with IPTG does not lead to any abnormal 

phenotypes, as it grows normally, and cells do not have septa over DNA or other defects that 

could be detected in the laboratory conditions tested. This means that expression of recU from 

the non-native Pspac promoter, i.e. uncoordinated from PBP2 expression, does not lead to 

detectable growth defects. Although PBP2 and RecU are not biosynthetically related, both are 

very important during stress responses as PBP2 is essential in β-lactam resistance and RecU is 

fundamental for DNA repair. Therefore it was possible that co-regulation of PBP2 and RecU 

was only required under stress conditions during which the two proteins would be required (i.e. 

when challenged with β-lactams or with DNA damaging agents). Our data however suggests 

that this is not the case, as the ectopical expression of RecU in the COLrecUi strain allowed 

cells to recover the resistance to mitomycin C, UV and oxacillin. We therefore concluded that 

the recU-pbp2 operon does not constitute a checkpoint in the synchronization between 

chromosome segregation and septum synthesis during normal growth, or during exposure to 

cell wall targeting compounds (β-lactams) and DNA damaging compounds (UV and mitomycin 

C).  

Final considerations 

S. aureus has a remarkable ability to adapt to different environmental conditions and 

this ability is strongly correlated with the virulence of this pathogen for which stress response 

genes play an important role (Clements and Foster 1999). The SOS system in bacteria is 

triggered when RecA nucleoprotein filaments induce the autocleavage of the SOS repressor 

LexA. The protein is then released from the promoter region of the stress response genes 

allowing their transcription. It is very intriguing that the recU-pbp2 operon is downregulated 

when the SOS response is activated, as determined by microarray analysis (Anderson et al. 

2006). Both DNA damage and β-lactams trigger the SOS response (Maiques et al. 2006, 

Ptashne 1992) and therefore one could expect that the recU-pbp2 operon would be up-

regulated in this situation. A possible explanation for this down-regulation could be the fact that 

when damaged DNA cannot be repaired through homologous recombination, the RecA 

nucleoprotein filaments might accumulate and trigger the SOS response. This would result in 

down-regulation of recU so that other mechanisms that do not rely on homologous counterparts 

(and therefore can repair any damaged DNA) take over the DNA repair. The SOS response 
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could also down-regulate pbp2 expression in order to slow down cell division in cases of serious 

DNA damage. 

 The choice of which repair mechanism is used can also be seen as an adaptation of S. 

aureus to survive in hostile environments. As β-lactams trigger the SOS system, the decrease 

of homologous recombination and the rise of error-prone DNA repair mechanisms could result 

in an increase in the number of mutations in the bacterial genome, some of which could be 

selected as favourable to that specific environment.  

In conclusion we report in this thesis that RecU is an important protein for proper growth 

of S. aureus as it is involved in both DNA damage repair and chromosome segregation. 

Contrary to what has been described in B. subtilis, S. aureus RecU is not required to prevent 

septum synthesis over the nucleoid when segregation of the chromosomes is not complete.  

From the observations reported in this work, uncoupling recU expression from its operon does 

not lead to reduced cell viability neither during normal growth nor when bacteria are challenged 

with DNA damaging agents or β-lactams. Further experiments are required to effectively prove 

that RecU functions as a HJ resolvase in S. aureus and to understand if there are conditions in 

which its gene has to be co-regulated with pbp2. 
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