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Abstract 

The Type VII secretion system (T7SS), is a protein secretion pathway found in Gram 

positive bacteria. In S. aureus the T7SS, termed Ess, is dispensable for laboratory 

growth but is essential for virulence. The Ess system is encoded by the ess locus, the 

first six genes of which esxA, esaA, esaB, essA, essB and essC code for the core 

components of the secretion apparatus. 

The genetic organisation of the ess locus was investigated in five closely related S. 

aureus strains. It was shown that esxA is a monocistronic gene in strains RN6390 and 

Newman, but is part of a transcriptional unit with esaA in strains COL, USA300 and 

SA113. The eleven genes downstream of esxA were shown to be co-expressed in all 

strains tested. A transcriptional start site for esaA was identified in the esxA-esaA 

intergenic region in strain RN6390. It was shown that esxA is expressed in large excess 

over esaA regardless of these differences in transcriptional organisation. 

Analysis of EsaD, encoded at the ess locus, showed that it was a large secreted 

substrate of the T7SS. Bioinformatic predictions suggested that EsaD has a nuclease 

domain at its C-terminus and in support of this EsaD was shown to lead to DNA damage 

when produced in E. coli. in vitro nuclease assays using the purified EsaD C-terminal 

domain confirmed that it has Mg2+-dependent DNase activity. EsaG, encoded directly 

downstream of esaD at the ess locus, is a cytoplasmic protein that possesses the ability 

to interact with the nuclease domain of EsaD and block its activity. EsaE, a third ess-

encoded protein was also shown to interact with EsaD, but with the N-terminal region 

rather than the nuclease domain. Co-purification experiments show that the three 

proteins form a ternary complex. EsaE and EsaD were seen to be co-secreted whereas 

EsaG remained in the cytoplasm. Fractionation and crosslinking experiments showed 

that a proportion of EsaE localised to the cell membrane and interacted with the integral 

membrane T7SS core component EssC, suggesting it may target the complex for 

secretion. Secreted EsaD was shown to inhibit the growth of closely related strains of S. 

aureus indicating that it plays a role in intra-species competition.  
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1.1. Staphylococcus aureus  

Staphylococcus aureus, a Gram-positive bacterium, is a leading cause of community-

acquired and hospital-acquired infections. It is commonly found on/in the human body. 

The main ecological niche for S. aureus is the anterior nares, but other moist and soft 

regions inside the human body can also be colonized by this organism (Sibbald, Ziebandt 

et al. 2006, Weidenmaier, Goerke et al. 2012). Approximately 20% of individuals 

persistently carry S. aureus nasally, with 30% carrying it intermittently (van Belkum, 

Melles et al. 2009). When S. aureus colonises, the chance to infect the host increases. 

Once S. aureus enters the bloodstream, the bacteria have the capability to enter almost 

any site of the human body (Gordon & Lowy, 2008). Therefore, S. aureus is associated 

with life-threatening diseases such as pneumonia, meningitis, endocarditis, toxic shock 

syndrome, bacteraemia, and sepsis. It is still one of the five most common causes of 

nosocomial infections and is often the cause of postsurgical wound infections.  

1.1.1. S. aureus virulence factors 

The pathogenicity of S. aureus relies on the production of virulence factors that allow the 

bacterium to evade the host immune system and/or promote survival during infection 

(Wardenburg, Patel et al. 2007, Gordon and Lowy 2008). S. aureus is reported to be 

able to produce more than 300 virulence factors. Surface proteins, which are anchored 

in the cell wall, are able to mediate bacterial adherence to host tissues, and to bind 

antibodies to evade the immune system, such as protein A. Toxins are major virulence 

factors of S. aureus. A series of extracellular toxin proteins are secreted during the post-

exponential and early stationary phases of growth (Kong, Neoh et al. 2016). These toxins 

include superantigenic toxin (toxic shock), exfoliative toxin (scalded skin syndrome) and 

Panton-Valentine leukocidin toxin (necrotising fasciitis). During infection, S. aureus also 

produces numerous extracellular enzymes, such as proteases, lipases, coagulase, 

staphylokinase and elastases (Lindberg, Jonsson et al. 1990). These enable it to invade 

and destroy host tissues, to avoid or incapacitate the host immune defence, to grow and 

disseminate inside host cells and to metastasize to other sites (Foster 2005, Spaan, 

Surewaard et al. 2013). 

http://en.wikipedia.org/wiki/Pneumonia
http://en.wikipedia.org/wiki/Meningitis
http://en.wikipedia.org/wiki/Endocarditis
http://en.wikipedia.org/wiki/Toxic_shock_syndrome
http://en.wikipedia.org/wiki/Toxic_shock_syndrome
http://en.wikipedia.org/wiki/Bacteremia
http://en.wikipedia.org/wiki/Sepsis
http://en.wikipedia.org/wiki/Nosocomial_infection
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1.1.2. Resistance of S. aureus to antibiotics 

S. aureus is not only able to cause a wide range of diseases, but also has the strong 

tendency to develop antibiotic resistance. The increasing frequency of antibiotic resistant 

S. aureus infections over the last decade has been described as a public health 

emergency. The resistance of S. aureus to penicillin was observed very soon after the 

introduction of this antibiotic. Methicillin-resistant S. aureus (MRSA) was first observed 

in 1961 in nosocomial isolates of S. aureus, just one year after the introduction of 

methicillin into clinical practice (Jevons, Rolinson et al. 1961). MRSA has increased in 

frequency to such an extent that it has been estimated to cause over 170 000 hospital 

acquired infections annually in Europe with over 5 000 of these cases leading to death 

(Kock, Becker et al. 2010). Moreover, reduced sensitivity to vancomycin, which has long 

been a last-resort antibiotic for multiple-drug-resistant S. aureus strains, was first 

reported in 1996 (Hiramatsu, Hanaki et al. 1997). Shortly afterwards, vancomycin-

resistant S. aureus (VRSA) was isolated in several different countries. The identification 

of new drug targets and development of new antimicrobial agents active against S. 

aureus is therefore critical to prevent the very real prospect of untreatable, antibiotic 

resistant S. aureus infections in the future. 

1.2. Bacterial protein translocation systems 

Protein translocation systems are essential in both prokaryotic and eukaryotic 

organisms, since 20%-30% of all proteins are located outside of the cytosol (Holland 

2010). Proteins are transferred from their sites of synthesis to intracellular sites, or 

secreted out to extracellular locations by different protein translocation systems, and are 

then targeted to their site of activity to perform physiological functions (Kudva, Denks et 

al. 2013). In bacteria, most of the secreted proteins play key roles in general physiology, 

including nutrient acquisition from the environment, respiration and competition with 

other organisms. Many proteins produced by pathogenic bacteria are important virulence 

factors, which can target and infect host cells, or allow the bacteria to escape destruction 

by immune systems (Burts, Williams et al. 2005, Luckett, Darch et al. 2012, Kneuper, 

Cao et al. 2014, Alcoforado Diniz, Liu et al. 2015). 
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1.2.1. The Sec and Tat export pathways 

The most commonly used pathway for bacterial protein transport is the general secretory 

(Sec) pathway, which has been studied both in Gram-positive bacteria and Gram-

negative bacteria. In B. subtilis, Sec is responsible for the secretion of most of the 

extracellular proteins, and this is probably true for most other Gram-positive bacteria, 

including S. aureus (Tjalsma, Antelmann et al. 2004). The Sec pathway is known to 

transport unfolded proteins. This pathway comprises, a motor protein, SecA, and a 

membrane integrated conducting channel, called the SecYEG translocase (Papanikou, 

Karamanou et al. 2007). Secretion by the Sec pathway depends on the presence of a 

cleavable signal peptide at the N-terminus of the secretory protein. This hydrophobic 

secretion signal is typically 20 amino acids in length and contains 3 regions: a positively 

charged amino terminal, a hydrophobic core, and a polar carboxyl-terminal (Papanikou, 

Karamanou et al. 2007). There are a number of Sec accessory proteins that are required 

to support the secretion of some specific substrates in Gram-positive bacteria (Tjalsma, 

Antelmann et al. 2004, Fagerlund, Lindback et al. 2010). Since the Sec pathway is able 

to secrete large numbers of proteins, it has been reported to play an important role in 

virulence (Fagerlund, Lindback et al. 2010).  

Similar to Sec pathway, the twin-arginine translocation (Tat) pathway is present both in 

Gram-positive bacteria and Gram-negative bacteria. However, the Tat pathway is 

harnessed to transport fully folded proteins across the bacterial cytoplasmic membrane 

(Muller and Klosgen 2005, Palmer and Berks 2012). The Tat system in Escherichia coli 

is composed of three small membrane proteins, TatA, TatB and TatC, and translocation 

of substrates by the Tat pathway relies on a signal peptide with a consensus pair of 

arginine residues in the N-terminal domain. Briefly, Tat transport occurs in four steps, 

including recognition of the twin-arginine consensus residues in the signal peptide by 

TatC, polymerization of TatA to form a transport channel, passage of the substrate 

protein across the membrane facilitated by polymerized TatA, and finally cleavage of the 

signal peptide and depolymerisation of TatA (Palmer and Berks 2012). The Tat pathway 
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transports a wide range of substrates, including redox enzymes, multimeric proteins, 

certain membrane proteins, and proteins that are incompatible with Sec pathway (Lee, 

Tullman-Ercek et al. 2006). These substrates are involved in diverse cellular activities, 

such as anaerobic metabolism, metal acquisition, and virulence (Lee, Tullman-Ercek et 

al. 2006). Recent experimental evidence has shown that Tat pathway is essential in 

virulence for bacterial infection in both animals and plants (Palmer and Berks 2012).  

1.2.2. Specialised protein secretion systems in Gram-negative bacteria 

Gram-negative bacteria possess a large variety of protein transport systems, by which 

the proteins that are synthesised in the cytosol are exported to destinations in the cell 

envelope or entirely secreted into the extracellular environment by a single step or two 

steps. In Gram-negative bacteria, the cell envelope contains two membranes: the outer 

membrane and the inner membrane. Secreted proteins are synthesised in the cytosol 

and must be translocated across both inner and outer membranes to reach the 

extracellular environment. 

There are six major types of Gram-negative protein secretion systems identified so far, 

numbered from Type I- Type VI (Henderson, Navarro-Garcia et al. 2004, Bingle, Bailey 

et al. 2008, Costa, Felisberto-Rodrigues et al. 2015).  Each of these protein translocation 

systems have their own characteristics, which depend upon the nature of the proteins to 

be transported and their final destinations. Using these different systems, folded or 

unfolded proteins, with or without signal peptide sequences, can be secreted to the 

extracellular environment, or even injected into host cells directly by the needle-like 

apparatuses possessed by some secretion systems.  

Type I-VI secretion systems can be divided into two groups: those that function as a one-

step secretion pathway, and those that function as a two-step pathway (shown in Fig 

1.1). There are four one-step type secretion systems in Gram-negative bacteria: Type I, 

Type III, Type VI and Type VI. These transport proteins from the cytoplasm to the 

extracellular environment or even into target cells directly in a single step. In these four 

one-step secretion systems, three translocate proteins without using a signal sequence 
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(Type III, Type VI, and Type IV), while the Type I system recognises a C-terminal signal 

sequence present in the substrates. Type I, III, IV and VI secretion systems are essential 

for the virulence of pathogenic bacteria by allowing interactions between bacterial and 

eukaryotic cells, and the translocation of bacterial effector molecules directly into the 

cytosol of host cells is mediated by the Type III, IV and VI secretion systems through 

their needle-like apparatuses without using a readily recognisable linear signal 

sequence. 

Type I is the simplest system with only three components: an outer-membrane pore-

forming protein (TolC), a membrane fusion protein (MFP: HlyD), and an inner-membrane 

ATP binding cassette (ABC) transporter HlyB (Binet, Letoffe et al. 1997). It is responsible 

for the secretion of various proteases, lipases, S-layer proteins and toxins into the 

extracellular space (Lenders, Weidtkamp-Peters et al. 2015). The Type III system has a 

much more complicated structure, which can be separated into three main parts: a base 

complex or basal body, the needle structure component, and the translocon (Abrusci, 

McDowell et al. 2014). The base complex contains cytoplasmic components and spans 

the inner and outer membrane, consisting of several rings with a rod-like centre to form 

the socket-like structure (Kubori, Matsushima et al. 1998). The translocon plays a key 

role in forming the pore that is essential for the delivery of effectors through the host cell 

membranes, but not for secretion of effectors outside of the bacterium (Hakansson, 

Schesser et al. 1996). The needle complex is a central multiprotein structure that can 

mediate the passage of effector proteins through the bacterial envelope (Schraidt, 

Lefebre et al. 2010).  

Similar to the Type III system, Type IV also has a needle-like component. The Type IV 

system is related to the bacterial DNA conjugation systems and is capable of delivering 

a variety of effectors, including single proteins and protein-protein or DNA-protein 

complexes into a number of different target cells, including the same or different species 

of bacteria, and eukaryotic cells (Cascales and Christie 2003). Type VI is the most recent 

general secretion system discovered in Gram-negative bacteria (Mougous, Cuff et al. 
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2006). Diverse effectors, which have been identified to be secreted directly into 

eukaryotic or prokaryotic target cells by Type VI secretion, are used as anti-bacterial or 

anti‐eukaryotic weapons (Alcoforado Diniz, Liu et al. 2015). These four secretion 

systems have their own distinct sets of substrates (or effectors) and all of them play an 

essential role in virulence. 

The two remaining secretion systems in Gram-negative bacteria are the two-step 

secretion systems, Type II and Type V, which generally require the presence of an N-

terminal signal peptide in order to use either the Sec or Tat pathways to export the 

proteins to the periplasm, from where the secretion machinery transports the proteins 

across the outer cell membrane (Holland 2010).  

Type II secretion systems, which can transport folded proteins from the periplasm into 

the extracellular environment, are conserved in most Gram-negative bacteria. Type II 

secretion systems are multi-protein complexes and contain four sub-assemblies: a 

periplasmic filamentous pseudopilus, an inner-membrane platform, an outer-membrane 

complex, and a cytoplasmic secretion ATPase (Korotkov, Sandkvist et al. 2012). The 

Type II secretion systems have a wide range of substrates, which must have a Sec- or 

Tat-type cleavable signal sequence at their N-terminus and fully fold in either the 

cytoplasm (Tat) or periplasm (Sec) before transport across outer membrane. The Type 

II secretion system in Acinetobacter has been identified to be essential to both free living 

and pathogenesis lifestyles by exporting various toxins (LipA lipase, LipB lipase) as well 

as proteins associated with the degradation of biopolymers (Harding, Kinsella et al. 

2016). Compared to Type II secretion systems, Type V secretion systems are much more 

simple, with only of a single polypeptide chain (or two chains in the case of two-partner 

secretion) (Luckett, Darch et al. 2012, Fan, Chauhan et al. 2016). The proteins secreted 

by Type V secretions systems are firstly translocated across the inner membrane to the 

periplasm by the Sec pathway, and then finally released to outside of the outer 

membrane through a pore, which is formed by the passenger domain. The passenger 

domain has been shown to interact with BamA, the core component of the outer 
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membrane protein (OMP) assembly machinery (Jain and Goldberg 2007), during its 

translocation across the bacterial OM (Ieva and Bernstein 2009).  
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Figure 1.1 Overview of Type I to Type VI secretion systems in Gram-negative bacteria, adapted from (Abdallah, Gey van Pittius et al. 

2007, Costa, Felisberto-Rodrigues et al. 2015). HM: host membrane, OM: Outer membrane, IM: inner membrane. 
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1.2.3. Protein targeting in Gram positive bacteria by sortase  

In Gram-positive bacteria, the cell wall, which is largely composed of peptidoglycan and 

surrounds the plasma membrane, is much thicker than the cell wall in Gram-negative 

bacteria. The peptidoglycan layer serves as the matrix for the attachment of surface 

proteins, wall teichoic acid, and the polysaccharide capsule (Schneewind, Fowler et al. 

1995, Richter, Anderson et al. 2009). The surface proteins of S aureus are linked to the 

cell wall by sortase, which is a membrane-associated transpeptidase that is able to 

cleave polypeptides at a conserved amino acid sequence designated the sorting motif 

(LPXTG) (Mazmanian, Liu et al. 1999, Mazmanian, Liu et al. 2000). Proteins that contain 

the cell wall sorting signal are covalently attached to the peptidoglycan by the action of 

SrtA (Levesque, Voronejskaia et al. 2005). Recent findings have shown that inactivation 

of the sortase gene resulted in a loss of biofilm formation, and purified SrtA protein has 

been used for screening of compounds that inhibit cell wall sorting (Mazmanian, Liu et 

al. 1999, Selvaraj, Sivakamavalli et al. 2014). Since it plays an important role in the cell 

adhesion and biofilm formation, SrtA could be harnessed as a general target for a new 

therapeutic strategy against human infections caused by Gram-positive bacterial 

pathogens (Weiner, Robson et al. 2010, Selvaraj, Sivakamavalli et al. 2014).  

1.2.4. The Type VII secretion system (T7SS)  

The cell envelope of Gram-positive bacteria is simpler than that of Gram-negative 

bacteria and secreted proteins need to pass through only the cytoplasmic membrane 

and peptidoglycan layer to reach the extracellular environment. The Sec and Tat 

pathways are general secretion systems in Gram positive bacteria, and for each of these, 

signal peptides are essential for substrate targeting. However, a specialised secretion 

pathway named the Type VII secretion system (T7SS), is also found in Gram-positive 

bacteria and can secrete proteins without distinguishable N-terminal signal peptides.  

The T7SS, which is required to transport virulence factors across the cell envelope to 

extracellular environment, was first discovered in Mycobacterium tuberculosis (Stanley, 

Raghavan et al. 2003) and has since been identified in other bacteria, such as S. aureus 
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(Burts, Williams et al. 2005). M. tuberculosis is a high G+C ‘Gram-positive’ bacterium 

with a highly complex cell envelope, which contains a regular plasma membrane and a 

specialised outer membrane (the mycomembrane) which contains complex lipids 

(Hoffmann, Leis et al. 2008, Ates, Ummels et al. 2015). Additionally, there is a capsular 

layer present in the cell envelopes of both pathogenic and non-pathogenic mycobacterial 

species, of around 30 nm thickness (Sani, Houben et al. 2010). According to the type of 

organism, T7SSs are classed into two types, T7SSa (Esx) in Actinobacteria and T7SSb 

(Ess) in Firmicutes. The T7SSs are defined by the presence of one or more WXG100 

family substrates in addition to an FtsK/SpoIIIE family ATPase, often called EccC/EssC, 

which is required for substrate secretion (Abdallah et al., 2007). The genetic organisation 

of some T7SSa and b systems is shown in Fig 1.2.  
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Figure 1.2 Comparison of the genetic organisation of different T7SSs in Actinobacteria and Firmicutes  
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1.2.4.1. The T7SSa or ESX system of Actinobacteria  

The T7SS plays a key role in the virulence of M. tuberculosis by delivering a range of 

virulence factors over the unusual diderm cell envelope. Most of the substrates secreted 

by the T7SS can be classed into two families: the Esx proteins, which are best known 

and found in both Firmicutes and Actinobacteria, and the PE and PPE proteins, which 

are mycobacterium-specific (Ates, Houben et al. 2016). The two best-studied virulence 

factors of M. tuberculosis, ESAT-6 (Early Secreted Antigenic Target-6kDa) and CFP-

10(Culture Filtrate Protein-10kDa) are small α-helical proteins belonging to the WXG100 

family. These proteins, which are ~100 amino acids long, fold into helical hairpins and 

contain a characteristic hairpin bend formed by the conserved Trp-Xaa-Gly (WXG) motif 

(Renshaw, Lightbody et al. 2005). The esat-6 and cpf-10 genes are located in the region 

of difference 1 (RD1) and are absent from the BCG (Bacille Calmette-Guérin) strain, a 

live vaccine from avirulent Mycobacteruim bovis (Harboe, Oettinger et al. 1996, Pym, 

Brodin et al. 2002), suggesting that RD1 plays an important role in mycobacterial 

virulence. It has been shown that ESAT-6 and CFP-10 are crucial for mycobacteria to 

replicate in macrophages and suppress the immune response of host cells (Pym, Brodin 

et al. 2002, Pym, Brodin et al. 2003). ESAT-6 is reported to be a pore forming toxin, 

which is capable of mediating mycobacterial cytosolic translocation within host 

macrophages by rupturing the phagosomal membrane (Peng and Sun 2015). ESAT-6 

and CFP-10 are substrates of by ESX-1 in M. tuberculosis and have been found to be 

secreted as antiparallel heterodimers (Renshaw, Lightbody et al. 2005). The other major 

class of T7SS substrates are PE/PPE proteins, which account for approximately 10% of 

the M. tuberculosis proteome and are encoded by 176 open reading frames which are 

scattered through the genome (Akhter, Ehebauer et al. 2012). PE/PPE proteins have 

only been identified in Actinobacteria, mostly in slow-growing mycobacterial species. PE 

proteins are named for the conserved proline-glutamic acid motifs at positions 8 and 9 in 

the N-terminus of the proteins, while PPE proteins are named for the conserved proline-

proline-glutamic acid motifs in positions 7-9 (Ates, Houben et al. 2016). The PE/PPE 

proteins are able to form the heterodimers similar to EsxA and EsxB in mycobacteria and 
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can be secreted into the medium or localized at the cell surface. Currently, some PE/PPE 

proteins are identified as virulence factors, and are involved in, for example, evasion of 

the host immune response (Tiwari, Ramakrishnan et al. 2015).  

In addition to the two major types of T7SS substrate, other T7SS substrates have been 

identified, which include members of the DUF2560, DUF2580 and LXG protein families. 

The DUF2580 family is restricted to mycobacteria, such as EspC and EspF that are 

secreted by ESX-1. EspB, also a substrate of ESX-1 is the best studied of the secreted 

Esp proteins and is required for host-cell death. Lack of EspB secretion is associated 

with delays in extrapulmonary dissemination of M. tuberculosis in mice (Ohol, Goetz et 

al. 2010).  

T7SS are highly versatile secretion systems, and there are up to five different T7SS in 

pathogenic mycobacteria, termed ESX-1 to ESX-5 (Fig 1.3) (Cole, Brosch et al. 1998, 

Bitter, Houben et al. 2009). Comparing the gene clusters of these five T7SS, there are 

conserved core components encoded by all the T7SSs, for example EccC, EccD, ExsA 

(ESAT-6), EsxB (CFP-10) and mycosin. Mycosins, are membrane proteins with 

extracytoplasmic serine protease domains (Dave, Gey van Pittius et al. 2002), and are 

encoded in all known ESX clusters (Brown, Dave et al. 2000). MycP1 in M. tuberculosis 

has been shown to be essential for export and cleavage of ESX-1 secretion-associated 

protein B (EspB), which is a secreted substrate of ESX-1 involved in pathogenesis (Ohol, 

Goetz et al. 2010).  

The different T7SS ESX-1 to ESX-5 each have specific characteristics including the 

presence of accessory components, and have differing substrate repertoires and roles 

in bacterial physiology and virulence. Models for the organisation of these five T7SSs in 

mycobacteria are indicated in Fig 1.4. EccC, EccD, EccB and MycP are core membrane 

components in each of the ESX systems, however, EccA and EccE are not present in 

ESX-4 (Ates, Houben et al. 2016). As indicated above, they have different ranges of 

substrates. For example, ESX-1 has been reported to transport 
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Figure 1.3 Genetic organization of the five ESX secretion system loci in M. tuberculosis. Adapted from (Bitter, Houben et al. 2009)  
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Figure 1.4 Models for the organisation of the five T7SSs in M. tuberculosis 
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EspA/B and EsxA/B (Callahan, Nguyen et al. 2010, Kennedy, Hooley et al. 2014, 

Solomonson, Setiaputra et al. 2015), while ESX-5  has been identified as a major 

pathway for secretion of PE/PPE proteins (van der Woude, Luirink et al. 2014). It has 

been shown that ESX-1, ESX-3 and ESX-5 have functions in virulence, while ESX-2 and 

ESX-4 are not directly involved in virulence (Sassetti, Boyd et al. 2003). ESX-1 is the 

best-studied T7SS, and was the first to be identified. In addition to secreting ESAT-6 and 

CFP-10 proteins, some PE/PPE proteins have been found to be secreted by ESX-1, 

aided by the specific chaperone, EspG (Daleke, van der Woude et al. 2012). ESX-1 also 

plays an important role in infecting host cells by disrupting the host cell membrane 

(Smith, Manoranjan et al. 2008) and inducing apoptosis in macrophages to establish and 

spread mycobacterial infection (Aguilo, Alonso et al. 2013, Aguilo, Marinova et al. 2013). 

ESX-2 is specifically associated with the slow-growing mycobacteria, however 

mutagenesis studies have shown that ESX-2 is not required for growth or virulence 

(Sassetti, Boyd et al. 2003, Sassetti and Rubin 2003). 

ESX-3, present in both non-pathogenic and pathogenic mycobacteria, contains all of the 

conserved ESX components EccA to E, MycP, Esx and PE/PPE pairs as well as EspG 

(Newton-Foot, Warren et al. 2016). Expression of the ESX-3-encoding genes is 

transcriptionally controlled by the zinc uptake repressor (Zur) and by the iron-dependent 

transcriptional repressor (IdeR) and the secretion system is involved in zinc and iron 

homeostasis (Sassetti, Boyd et al. 2003, Maciag, Dainese et al. 2007, Serafini, Boldrin 

et al. 2009, Tinaztepe, Wei et al. 2016). ESX-3 is also responsible for the secretion of 

soluble factor(s) required for growth that are probably essential for optimal iron and zinc 

uptake (Sassetti, Boyd et al. 2003, Serafini, Boldrin et al. 2009, van der Woude, Luirink 

et al. 2014). Some additional effectors, which play a key role in modulating virulence in 

an iron-independent manner, have also been identified to be secreted by ESX-3 

(Tufariello, Chapman et al. 2016). In pathogenic mycobacteria, such as M. tuberculosis, 

ESX-3 is responsible for impairing the phagosome maturation and is crucial for the 

virulence (Tinaztepe, Wei et al. 2016).  
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ESX-4, considered to be the most archaic T7SS in mycobacteria, was identified in 

several Actinobacteria lacking the mycomembrane, such as Pseudonocardiales and 

Glycomycetales, as well as in the mycomembrane-containing species, such as 

Mycobacterium and Corynebacteriales (Newton-Foot, Warren et al. 2016). ESX-4 is the 

simplest of the five T7SS and is encoded by the fewest genes, just 7 genes in M. 

tuberculosis. EsxU and EsxT (shown in Fig 1.4) were classified as substrate candidates 

by bioinformatics analysis, but secretion could not be detected under laboratory 

conditions by proteomic methods (Malen, Berven et al. 2007, Stoop, Bitter et al. 2012). 

There is no functional data for ESX-4 and it has shown that the ESX-4 genes are not 

essential by multiple M. tuberculosis genetic screens (Lamichhane, Zignol et al. 2003, 

Sassetti, Boyd et al. 2003, Stoop, Bitter et al. 2012).  

The ESX-5 secretion system, which is only present in slow-growing species that have 

large genomic expansions of pe and ppe genes (Gey van Pittius, Sampson et al. 2006), 

is characterised as a major secretion system for PE/PPE proteins (van der Woude, 

Luirink et al. 2014), although it has shown to be responsible for the secretion of ESAT-

6-like proteins as well. It is one of the most important modulators of host-pathogen 

interactions and crucial for cell wall stability (Di Luca, Bottai et al. 2012). ESX-5 plays a 

major role in the localisation of cell envelope proteins that are required for nutrition 

uptake, such as hydrophobic carbon sources and phosphate (Ates, Ummels et al. 2015, 

Elliott and Tischler 2016), and as such it is essential for mycobacterial growth. Deletion 

mutants of esx5 showed loss of secretion of the ESX-5-encoded EsxN and PPE41, the 

representative member of the large PPE protein family, and attenuation in macrophages 

and a mouse infection model (Bottai, Di Luca et al. 2012). Similarly, through the use of 

ESX-5 mutants it was shown that ESX-5 is a major secretion pathway for mycobacteria  
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and that this system is responsible for the secretion of the recently evolved PE_PGRS 

and PPE proteins (Abdallah, Verboom et al. 2009). 

1.2.4.2. Ess or T7SSb: the Type VII secretion system (T7SS) in firmicutes 

As discussed above the T7SSb system has been described in Firmicutes (low G+C 

Gram-Positive bacteria), such as Bacillus subtilis and S. aureus. The cell wall structures 

of these low G+C bacteria are different from the mycobacteria, and have no thick external 

mycomembrane. According to the analysis of the gene loci from the species shown in 

Fig 1.2, WXG100 family proteins are predicted to be present in T7b systems, in addition 

to an FtsK/SpoIIIE family protein, both of which have homologues in the T7SS of high 

G+C Gram-positive bacteria. However, genes coding for other T7a components are 

lacking in the gene loci from low G+C Gram-positive bacteria, in which a variable 

numbers of other genes appear.  

In Bacillus, the T7b gene cluster is known as the yuk locus, which contains five members, 

yukAB, yukC, yukD, yueB and yukE. yukE codes for a homolog of a WXG-100 family 

protein and has been identified as secreted substrate that is dependent on the conserved 

FtsK/SpoIIIE family ATPase YukBA for secretion in B. subtilis (Baptista, Barreto et al. 

2013, Huppert, Ramsdell et al. 2014). (Champion, Stanley et al. 2006).  

1.3.  The S. aureus Type VII secretion system 

The T7SS from S. aureus was the first functional T7SS described outside of 

mycobacteria (Burts, Williams et al. 2005), and is encoded by the ess operon (Fig 1.5A). 

At the outset of this thesis, EsaA, EssA, EssB, EssC and EssD were described as 

membrane proteins whilst EsxA, EsxB, EsaB and EsaC were shown or predicted to be 

soluble proteins (Fig 1.5B). Below the known Ess substrate proteins and machinery 

components are described in more detail. 

1.3.1. T7SS substrates in S. aureus 

EsxA and EsxB were first characterised as substrates of the T7SS by subcellular 

fractionation, with both of them detectable in the medium and cytoplasmic fractions. EsxA 

and EsxB from S. aureus each contain the W-X-G-100 motif. EsxA shows 20.8% 
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sequence identity to ESAT-6 of M. tuberculosis, whereas S. aureus EsxB and M. 

tuberculosis EsxA are 17.8% identical (Burts et al., 2005). Both proteins have been 

identified as virulence factors in S. aureus, playing an important role in the pathogenesis 

of staphylococcal abscesses in mice.  

The X-ray structure of S. aureus EsxA was solved in 2008 (Sundaramoorthy, Fyfe et al. 

2008). The protein crystallizes as homodimer and is reported to be a small acidic protein 

of 97 amino acids forming an elongated cylindrical structure of side by side α helices 

linked with a hairpin bend, which is formed by the WXG motif. EsxB is thought to be 

similar to EsxA in structure. Features of the solved structure led the authors to predict 

that EsxA from T7SS of S. aureus contributes to virulence by acting as a transport 

chaperone or adaptor protein to modulate the interactions with the receptor proteins at 

host cell surface (Sundaramoorthy, Fyfe et al. 2008). However there is no experimental 

evidence to support these predictions. Recently it has been reported that EsxA is able to 

interfere with apoptosis pathways in the host, and with the help of EsxB to mediate the 

release of S. aureus from the host cells (Korea et al., 2014).  

More recently, two additional proteins of S. aureus have been identified as T7SS 

substrates, EsxC (formerly EsaC) (Burts, DeDent et al. 2008) and EsxD (formerly EsaF) 

(Anderson, Aly et al. 2013). Both of these proteins lack the WXG100 motif, nor do they 

share the sequence features of PE/PPE or Esp families of proteins. EsxC is a small 

protein of 130 amino acids. Similar to EsxA and EsxB, EsxC is produced during murine 

infection by S. aureus, and is required for persistence (Anderson, Aly et al. 2013). The 

second substrate, EsxD contains a conserved C-terminal YxxxD/E motif, which has been 

suggested to be a recognition motif for secretion by the T7SS (Poulsen, Panjikar et al. 

2014). Genetic and biochemical analysis has indicated that EsxA and EsxB form 

homodimers but not heterodimers with each other, whereas EsxC can homodimerise or 

form heterodimers with EsxA, and EsxD can interact with EsxB (Anderson, Aly et al. 

2013). 
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1.3.2. Additional small soluble proteins encoded at the ess gene cluster 

Three other soluble proteins are encoded at the ess gene cluster: EsaB, EsaE and EsaG. 

esaB encodes a small soluble protein of 80 amino acids, which is conserved in many 

Gram-positive bacterial genomes and is closely associated with the esxA and essC 

genes (Burts et al., 2005). A homologue of EsaB is found in B. subtilis, called YukD, 

which is closely related to ubiquitin (van den Ent and Lowe 2005). However, EsaB is 

predicted to lack the canonical C-terminal tail which is essential for the activity of 

ubiquitin. EsaB has been suggested by RT-PCR and immunoblot analysis in the S. 

aureus Newman strains to act as a negative transcriptional regulator of esxC (Burts, 

DeDent et al. 2008). However, in strain RN6390, EsaB does not regulate EsxC levels. 

Instead it has been shown to be essential for the activity of the Ess secretion system and 

has been suggested to regulate activity of the secretion machinery post-translationally. 

Thus, it was shown that deletion of esaB resulted in a loss of secretion of EsxA and EsxC 

but not a loss of protein production (Kneuper, Cao et al. 2014), and likewise, deletion of 

yukD in B. subtilis also abolished activity of the T7SS (Baptista, Barreto et al. 2013). 

EsaE is encoded between esxB and esxD, and at the outset of this thesis was a protein 

of unknown function. It is predicted to be a soluble protein of 227 amino acids. EsaG is 

encoded by the last gene in the T7SS ess gene cluster of S. aureus (Kneuper, Cao et 

al. 2014). Like EsaE, it is predicted as a small soluble protein, of 164 amino acids. EsaG 

belongs to the DUF600 family, which is characterised by the DUF600 domain (Domain 

of unknown function). It has been reported that the number and arrangement of DUF600-

encoding genes varies between different clonal complexes of S. aureus, and even 

between isolates of the same clonal complex (Warne, Harkins et al. 2016). The roles of 

EsaE and EsaG will investigated described in Chapters 5 and 6 of this thesis, 

respectively.
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Figure 1.5 T7SS in S. aureus. (Burts, Williams et al. 2005, Anderson, Chen et al. 2011, Anderson, Aly et al. 2013, Anderson, Aly et al. 2013). A, The ess gene 
cluster, encoding the T7SS of well characterised S. aureus strains. B, Schematic representation of subcellular location and predicted topologies of the proteins 
encoded at the ess locus (not to scale). Green: membrane components of T7SS, Red: secreted substrates of T7SS, Blue: soluble cytoplasmic protein, Yellow: 
hypothetical proteins. 

A 
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1.3.3. Membrane protein components of the T7SS in S. aureus 

The remaining genes at the ess locus have been described to encode membrane 

proteins, most of which are crucial for activity of the T7SS. No secretion of substrate 

protein was detected in strains deleted for esaA, essA, essB, or essC (Kneuper, Cao et 

al. 2014, Jager, Zoltner et al. 2016).  

The largest membrane protein in T7SS of S. aureus is the FtsK/SpoIIIE family ATPase, 

EssC. It comprises around 1480 amino acids and has two transmembrane helices with 

large cytoplasmic globular domains at the N- and C-terminus. EssC-like proteins have 

been shown to be crucial for the secretion activity of the T7SS, as the deletion of the 

entire essC or truncation of the FtsK/SpoIIIE domains leads to total loss of substrate 

secretion (Burts, Williams et al. 2005, Kneuper, Cao et al. 2014). There is a predicted 

intracellular twin forkhead-associated (FHA) domain at the N-terminus of EssC (Zoltner, 

Ng et al. 2016). The FHA domain has been identified in a number of proteins in different 

species with a wide range of functions, such as transcription, translation, 

phosphothreonine epitope recognition, intracellular signalling transduction, DNA repair 

and protein degradation (Tanaka, Kuroda et al. 2007, Li, Lu et al. 2013, Xu, Deller et al. 

2014, Liang, Suhandynata et al. 2015). This may suggest the N-terminus of EssC plays 

a role in interacting with the other proteins in the T7SS. The C-terminus of EssC has 

three FtsK/SpoIIIE family domains with putative ATP binding p-loop motifs (Tanaka, 

Kuroda et al. 2007, Zoltner, Ng et al. 2016), termed D1, D2 and D3. Module D2 binds 

ATP with high affinity whereas D3 does not. The deletion of EssC D3 suggests that D3 

is essential for T7SS activity as no secretion of EsxA or EsxB was detected; however, 

D2 and FHA domains were shown to be required for the production of a stable and 

functional protein, since the deletion of either the D2 or FHA domains led to the loss of 

either detectable EssC or the substrates EsxA  and EsxB in the supernatant (Zoltner, Ng 

et al. 2016). The 5’ portion of essC was shown to be conserved among all S. aureus 

strains, but there are four variants of the 3’ region of essC, which largely encompasses 

the final ATPase domain (Warne, Harkins et al. 2016) Since the C-terminal domain of 
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EccC from mycobacteria is essential for substrate recognition, this suggests the EssC 

variable domain from different S. aureus species may be responsible for recognising 

different secreted substrates (Warne, Harkins et al. 2016).  

EssB is a 50 kDa biotopic integral membrane protein, which is well conserved in Gram-

positive bacteria (Zoltner, Norman et al. 2013). The N- and C-termini of EssB are globular 

domains on either side of the membrane linked with a transmembrane domain. EssB-N 

has been predicted to be localized in the cytoplasm and EssB-C at the trans-side of the 

membrane (Chen, Anderson et al. 2012, Zoltner, Fyfe et al. 2013, Zoltner, Norman et al. 

2013). The structure of EssB suggests it dimerises but to date no additional interaction 

partners have been identified (Jager, Zoltner et al. 2016). EssB is essential for T7SS 

activity and has also been shown to be required for the pathogenesis of S. aureus (Burts, 

Williams et al. 2005, Chen, Anderson et al. 2012, Kneuper, Cao et al. 2014).  

EsaA is an integral membrane protein consisting of six transmembrane domains and a 

large extracellular loop, which has been shown by protease shaving experiments to 

extend to the surface of S. aureus (Dreisbach, Hempel et al. 2010). EsaA has also been 

shown to act as an essential component of the Ess secretion machinery in strain RN6390 

(Kneuper, Cao et al. 2014), and in B. subtilis, but has been reported to be non-essential 

in S. aureus strain Newman (Burts, Williams et al. 2005, Baptista, Barreto et al. 2013). 

The final membrane protein is EssA, which is much smaller than the other three. EssA 

is critical for the secretion of EsxA, but may not be completely essential for the secretion 

of EsxC, as low levels of EsxC could still be detected in supernatants of the essA deletion 

mutant (Kneuper, Cao et al. 2014).  

EsaD, encoded downstream of esxB and comprising of 617 amino acids, has been 

reported as a membrane protein, which is also displayed on the staphylococcal surface 

(Anderson, Chen et al. 2011). EsaD has been shown to be required for the secretion of 

EsxA and to be essential to the pathogenesis of strain Newman in a mouse abscess 

infection model (Anderson, Chen et al. 2011). However EsaD is only encoded in some 
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S. aureus strains, and is absent from strains ST398 and MRSA252 (Warne, Harkins et 

al. 2016). This makes it unlikely to be an essential core component of the T7SS. The 

roles of EsaD will be discussed in detail in Chapters 4, 5 and 6 of this thesis. 

1.3.4. Genomic analysis of S. aureus strains 

Whole genome sequence analysis from 153 isolates of S. aureus (Warne, Harkins et al. 

2016) has shown that the five ess-encoded genes from esxA to essB are highly 

conserved among these representative isolates, with up to 100% similarity (Fig 1.6). The 

essC genes from these isolates showed high sequence conservation in their 5’ regions, 

but variability in their 3’ regions that encode the C-terminal ATPase domain (Warne, 

Harkins et al. 2016). This sequence variability extended beyond essC into the  

 

 

 

 

 

 

 

 

downstream portion of the ess locus. Thus, as discussed extensively above, three small 

secreted proteins, EsxB, EsxC and EsxD are encoded downstream of essC in strains 

such as RN6390 and Newman (NCTC8325 organisation in Fig 1.6). However, none of 

these genes are present in the other three strain variants, which all completely differ in 

the nature of the genes found downstream of essC. It was shown that 53% of the strains 

analysed had the NTCT8325 ess organisation, 30% had the MRSA252 organisation, 

12% the HO 5096 0412 organisation and 5% the ST398 organisation. Since each essC 

Figure 1.6 Four genetic variants of the ess locus are found across S. aureus strains. Taken from 
(Warne, Harkins et al. 2016) 
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variant was shown to be associated with a unique cluster of downstream genes, it 

suggests that the sequence-variable EssC encoded by these different species is 

responsible for secreted substrate recognition and interaction (Warne, Harkins et al. 

2016). It was also noted that all of the strains analysed encoded at least two proteins of 

the DUF600 family at their ess clusters (Warne, Harkins et al. 2016). The roles of these 

DUF600 proteins will be discussed extensively in chapter 6. 

1.4. Toxin-antitoxin systems 

Toxin-antitoxin (TA) systems are encoded widely and abundantly in bacterial and 

archaeal genomes. They are small genetic modules normally composed of an 

intracellular toxin and an antitoxin which can counteract the activity of the toxic protein. 

TA systems are usually not essential to the bacteria, but under certain conditions, TA 

systems can play critical roles. TA systems, which were first found encoded on low copy 

number plasmids, were shown to be essential for plasmid maintenance in growing 

bacterial populations by addiction or post-segregational killing mechanisms (Jaffe, Ogura 

et al. 1985, Bravo, Detorrontegui et al. 1987). By the addiction mechanism, the plasmid-

free daughter bacteria are killed selectively, and the plasmid prevalence in the bacterial 

population increases.  

With the advent of large-scale genome sequencing, ever-increasing numbers of TA 

systems have been identified in bacteria. So far, at least 88 TA systems are predicted in 

M. tuberculosis, and up to 70 predicted toxins and antitoxins are encoded by some 

cyanobacteria (Goeders and Van Melderen 2014). In general, genes encoding TA 

systems co-occur and are frequently encoded by bicistronic elements. The toxins of all 

the TA systems are proteins, but the antitoxins can be either proteins or non-coding small 

RNAs (sRNAs). Normally, the toxin is more stable than the antitoxin but the latter is 

expressed to a higher level. Based on the molecular nature of the antitoxin and its mode 

of interaction with the toxin, five classes of TA modules have been identified 

(Unterholzner, Poppenberger et al. 2013): Type I to Type V. In Type I and III TA systems, 

the antitoxins are sRNAs, but the antitoxins of Type II, Type IV and Type V are small 
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proteins. An overview of these five known classes of conventional TA systems is given 

in Fig 1.7 (Schuster and Bertram 2013). 

In Type I systems (Fig 1.7A), the antitoxin is a small antisense RNA, which base-pairs 

with the toxin-encoding mRNA (Unterholzner, Poppenberger et al. 2013, Brantl and Jahn 

2015). The antitoxin activity of Type I TA systems is activated by RNA-RNA interactions, 

which can can prevent toxicity in an irreversible way by inhibiting toxin translation or by 

promoting the degradation of the toxin mRNA. Type I TA systems have been found both 

on plasmids, such as hok/sok on the Escherichia coli plasmid R1 (Gerdes, Rasmussen 

et al. 1986) where it plays an essential role in preventing plasmid loss at cell division as 

a post-segregational killing mechanism, and in Gram-negative and Gram-positive 

bacteria chromosomes, such as yehI/yehL in E. coli, fst/par (RNAII) in S. pneumoniae 

and the ratA/tpxA module from B. subtilis (Fozo, Makarova et al. 2010)  

So far, Type II TA systems are the best characterized type among all of the TA types. In 

Type II TA modules both the toxin and antitoxin are small proteins, which are encoded 

by two genes in the same operon (Fig 1.7B). The inhibition of the toxin is carried out 

through protein-protein interactions. Under normal growth conditions, the antitoxin 

protein forms a stable complex with the toxin protein and blocks the toxin active site. 

However, under unfavourable conditions, the toxin protein can be released by the 

antitoxin, causing bactericidal or bacteriostatic effects, related to programmed cell death. 

There are a number of families belonging to Type II TA systems, such as vapBC, relBE, 

parDE, phd/doc, mazEF, ccd, hipBA and higBA (Zaychikova, Zakharevich et al. 2015). 

These modules have differences in their mode of action. In these TA families, some 

toxins are RNAses, such as the toxins from phd/doc, mazEF, higBA and relBE, while the 

toxins from parDE and ccd target DNA gyrase. Type II TA systems have been implicated  



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in various functions such as reducing production of virulence factors (e.g. pyochelin, 

pyocyanin), swarming, and biofilm formation. Therefore, this system can affect the 

virulence of pathogenic bacteria and be used as a defensive weapon against 

bacteriophage infection (Chan, Espinosa et al. 2016, Wood and Wood 2016).  

Figure 1.7 Overview of different types of TA systems. A-E are the canonical TA systems, 
while F is an atypical one. Toxins are shown in red and antitoxins in green. Adapted from 
(Schuster and Bertram 2013)  

A B C 
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In Type III TA modules, the antitoxin is an RNA with multiple tandem repeats, which can 

directly bind to the toxin protein to inactive it through an RNA–protein interaction (Fig 

1.7C). In contrast to the antitoxins from Type I TA systems, Type III antitoxins act 

reversibly by sequestration of their toxin proteins in trimeric complexes formed by the 

toxin and antitoxin (3 toxins: 3 antitoxins). The ToxIN Abi system from the phytopathogen 

Pectobacterium atrosepticum has been identified as a Type III TA system, in which the 

toxin ToxN inhibits bacterial growth while the tandemly repeated ToxI RNA antitoxin 

neutralises the toxicity (Fineran, Blower et al. 2009). Under unfavorable conditions, ToxN 

is released from the triangular heterohexameric complex and can target essential 

mRNAs, causing cell growth arrest and preventing phage replication (Fineran, Blower et 

al. 2009). This system was also suggested to be very important for the antiphage activity 

of the lactococcal abortive infection mechanism AbiQ (Belanger and Moineau 2015). 

YeeU-YeeV (CbtA) is a TA system in E. coli belonging to the Type IV class (Fig 1.7D). 

In this Type IV system, YeeU is a novel type of antitoxin, instead of interacting with the 

toxin protein directly it acts as an antagonist to YeeV (CbtA) toxicity. YeeV (CbtA) inhibits 

the polymerization of the bacterial cytoskeletal proteins, MreB and FtsZ, while YeeU has 

been reported to enhance the bundling of cytoskeletal polymers (Yamaguchi and Inouye 

2011, Masuda, Tan et al. 2012). 

A Type V TA system designation was proposed for the ghoS/ghoT TA module in E. coli. 

In this TA system, the antitoxin protein GhoS functions as an RNase, which cleaves the 

mRNA of toxin GhoT to prevent toxin expression (Fig 1.7E) (Wang, Lord et al. 2012). 

Unlike the other antitoxin families, the antitoxin of the Type V TA system is stable under 

stress conditions and does not bind to DNA to regulate transcription of the toxin. In 

contrast, it has a sequence-specific endoribonuclease activity to degrade ghoT mRNA. 

The toxin protein GhoT, which is small and hydrophobic, can interfere with membranes, 

causing membrane damage and generating so-called ghost cells (Schuster and Bertram 

2013). ghoS/ghoT is the only characterized Type V TA system, but orthologues of GhoS 
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have been found in Serratia, Erwinia and possibly other organisms (Wang, Lord et al. 

2012).  

Interestingly, a new TA system, SocAB, was recently discovered in Caulobacter 

crescentus. Both the toxin and antitoxin are proteins, but it is unlike the canonical Type 

II TA systems. As shown in Fig 1.7F, SocA does not neutralize the toxic activity of toxin 

SocB directly, but functions as a proteolytic adapter for the degradation of SocB by 

ClpXP (Aakre, Phung et al. 2013). 

1.5. Nuclease toxins in bacteria 

Bacteria have developed various mechanisms to communicate and compete among 

themselves. In order to fight for resources and survive in competitive environments, 

bacteria produce diverse toxins to attack other bacteria in wide range of different ways, 

such as diffusible small molecules (antibiotics) and enzymatic toxins (polymorphic toxins). 

Polymorphic toxin systems have been identified in all major bacterial lineages by 

bioinformatics analysis (Zhang, de Souza et al. 2012, Jamet and Nassif 2015). Most of 

the polymorphic toxins typically consist of a N-terminal domain, which is involved in 

secretion or surface anchorage, a central domain, which may play a role in the adhesion 

to target cells, and a C-terminal domain, which has the toxic activity (Zhang, de Souza 

et al. 2012). The N-terminal domains of the polymorphic toxins have suggested to be 

related to at least eight distinct secretion mechanisms, including the Type II, Type V and 

Type VI secretion systems in Gram-negative bacteria, and Type VII secretion system in 

Gram-positive bacteria (Zhang, Iyer et al. 2011, Zhang, de Souza et al. 2012). There are 

more than 150 distinct toxin domains identified by in silico analysis of polymorphic toxin 

systems, such as deaminase domains, nucleic acid modifying enzymes, protein 

modifying enzymes, peptidase domains cleaving essential protein targets, or nuclease 

domains involved in targeting genomic DNA, tRNA, or rRNA  (Williams 1998, Iyer, Zhang 

et al. 2011, Zhang, Iyer et al. 2011, Jamet and Nassif 2015). 

Genetic loci encoding polymorphic toxin systems harbour genes for one or more 

immunity proteins, which play an essential role in protecting the cells from the activity of 
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its own toxin (Zhang, de Souza et al. 2012). A large group of these toxins are enzymes 

that break down nucleic acids and proteins (Williams 1998). Contact-dependent growth 

inhibition (CDI) systems and colicins are well-known polymorphic toxin systems. CDI 

plays important functions in inhibiting the growth of competing neighbouring bacteria by 

delivering diverse nuclease toxins, such as CdiA (Webb, Nikolakakis et al. 2013, Willett, 

Gucinski et al. 2015). Similar to CdiA, the basic structure of a colicin comprises an N-

terminal translocation domain, a central receptor binding domain, and a C-terminal 

cytotoxic domain (Papadakos, Wojdyla et al. 2012).  

A DNase effector Tde different to the known polymorphic toxins and nucleases, has been 

identified in the soil bacterium Agrobacterium tumefaciens (Alvarez-Martinez and 

Christie 2009, Ma, Hachani et al. 2014). The Tde DNase, which is counteracted by a 

cognate immunity protein Tdi, is secreted by the Type VI secretion system and has been 

characterised as a weapon for inter-bacterial competition because of its antibacterial 

DNase activity (Ma, Hachani et al. 2014). A Type VI-secreted polymorphic DNase toxin 

from the Rhs repeat family of proteins has recently also been identified in Serratia 

marcescens (Alcoforado Diniz and Coulthurst 2015). 

1.6. Bacterial communities, competitive and co-operative behaviour 

Bacteria exist in complex ecological interaction networks and display a number of co-

operative and competitive behaviours. The interactions within the microbial ecological 

network can be classed into various types depending on the possible impact of 

combinations of the interactions. For example, a win-win relationship, in which the two 

species are able to benefit from each other, is known as co-operative behaviour. On the 

contrary, a win-loss interaction is defined as prey-predator relationship or parasite-host 

relationship (Faust and Raes 2012). These win-loss types of interactions, relate to 

bacterial competition behaviours. Two of these competition strategies, CDI and 

bacteriocin production, are discussed in more detail below.  
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1.6.1. Contact dependent inhibition  

Contact-dependent growth inhibition (CDI) was discovered in E. coli strain EC93, which 

is able to inhibit growth of other E. coli strains by direct cell-to-cell contact (Aoki, Pamma 

et al. 2005, Aoki, Diner et al. 2010). CDI is mediated by the two-partner secretion proteins 

CdiB/CdiA, (Webb, Nikolakakis et al. 2013, Willett, Gucinski et al. 2015). The N-terminus 

of CdiA is required to transport the toxin into the target cell by binding specific receptors, 

and the C-terminus of CdiA (CdiA-CT) has toxic nuclease activity that is translocated into 

the cytoplasm (Willett, Gucinski et al. 2015). The strains harbouring CdiA/B are protected 

from auto-inhibition by CdiI that is encoded downstream of cdiA and is capable of 

neutralising the toxic activity of CdiA (Aoki, Diner et al. 2010). So far, according to 

numerous bioinformatic and experimental analyses, functional CDI systems from 

different species of bacteria show high variability in the C-terminal of CdiA and the CdiI 

coding region (Aoki, Diner et al. 2010). The high sequence variability of CdiA-CT 

suggests a wide range of different toxic activities are used during contact dependent 

growth inhibition.  

1.6.2. Bacteriocins 

Protein antibiotics (bacteriocins) are a large and diverse family of multidomain toxins that 

kill specific Gram-negative bacteria during intraspecies competition for resources 

(Kleanthous, Klein et al. 2016). In order to avoid self-killing, bacteria that produce 

bacteriocins also produce specific immunity proteins, which bind to and neutralise the C-

terminal cytotoxic domain. The E-type colicins, which belong to the endonuclease 

bacteriocins, target sensitive strains of E. coli, and can be classed into three types - 

tRNase (ColE5), rRNaseA (ColE3, ColE4 and ColE6) and DNase (ColE2, ColE7, ColE8 

and ColE9) according to the types of the nucleic acid substrates that they cleave 

(Housden and Kleanthous 2012, Papadakos, Wojdyla et al. 2012). Other colicins cleave 

peptidoglycan, and pore-forming colicins damage the cytoplasmic membrane 

(Papadakos, Wojdyla et al. 2012).  
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The translocation pathway for colicin uptake into target cells has been well studied. The 

delivery of colicins across the target cell envelope requires multiple protein-protein 

interactions and the formation of a multiprotein translocon complex for colicin entry 

across the outer membrane of the target cells (Housden and Kleanthous 2012). Receptor 

binding is an essential first step in the process of the passage of colicins. When the 

colicins bind to receptors on the outer membrane of the target cells, usually nutrient 

transporters or glycolipids, they recruit porins, like OmpF and OmpC. The colicins 

penetrate through the porins to access the periplasm (Housden and Kleanthous 2012, 

Zakharov, Sharma et al. 2012). From here they may carry out their toxic function if they 

are periplasmically-acting, or cross the inner membrane to the cytoplasm. 

S-type pyocins, another kind of endonuclease bacteriocin, present the same spectrum 

of cell killing activities as the E-type colicins do, but target nucleic acids of pseudomonas 

aeruginosa (Michel-Briand and Baysse 2002, Elfarash, Dingemans et al. 2014). 

Research on the structure and architecture of nuclease colicins and pyocins indicate that 

E-type colicins and S-type pyocins share similarities structurally and topologically 

(Kleanthous, Klein et al. 2016). Like colicins, pyocins bind the cell surface receptors in 

target cells and  transport the C-terminal cytotoxic domain into cytoplasm of sensitive 

cells.  

1.7. Aims of this study 

A Type VII secretion system has been identified in S. aureus where it is linked with the 

ability to cause infection. The genetic island encoding the T7SS has been the most 

widely studied region in mycobacteria because of its pathological importance. However, 

relatively little is known about the T7SS in S. aureus, especially about how it functions, 

and very few secreted substrates have been identified. Therefore the aim of this project 

was to shed further light on this secretion system in S. aureus, including investigation of 

genetic organisation of ess locus in S. aureus strains, and the identification and 

characterisation of new Ess secretion substrates.  
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2.1. General methods 

2.1.1. Bacterial strains, growth conditions, media and buffers 

The bacterial strains used in this study are given in Table 2.1. The composition of the 

media used in this study is shown in Table 2.2. E. coli and S. aureus were grown in LB 

or TSB liquid media, respectively, at 37°C and 200 rpm, or on LB plates or TSB agar, 

also at 37°C. When using the bacterial two hybrid system, cells were grown on 

MacConkey agar supplemented with 1% maltose at 30°C. Antibiotics were added to 

medium as appropriate at the concentrations shown in Table 2.3. All reagents and 

buffers used in this study are listed in Table 2.4. Strains carrying temperature-sensitive 

plasmids were grown at 28°C. All strains were stored at -80°C in 25% glycerol. 

2.2. Genetic Methods 

2.2.1. RNA Extraction and Purification 

RNA was extracted for reverse transcription polymerase chain reaction (RT-PCR) and 

real time quantification PCR (RT-QPCR) using the SV Total RNA Isolation Kit (Promega). 

Strains were grown to OD600nm of 1 and 2, then stabilised in 5% phenol / 95% ethanol 

mixture and spun down at 4,000 g for 10 min. RNA was isolated following the 

manufacturer’s instructions, with the exception that the initial cell lysis was performed 

using 50 µl of 1mg/ml lysostaphin and 50 µl of 0.1 mg/ml lysozyme in TE buffer, followed 

by 75 µl of the kit lysis buffer. To produce high quality RNA, DNA and salt were removed 

using the DNA-free kit (Ambion). 

2.2.2. First-Strand cDNA synthesis and Reverse Transcription Polymerase 

Chain Reaction (RT-PCR) 

First-strand cDNA was synthesised for RT-PCR using Superscript III Reverse 

Transcriptase (Invitrogen) and RT-QPCR was undertaken using a QuantiTect Reverse 

Transcription kit (Qiagen). 10 pg - 5 µg of total RNA was used to generate the cDNA in 

accordance with the manufacturer’s instructions. The PCR programme included 5 min at 

25°C, 60 min at 50°C and 15 min at 70°C. To remove RNA complementary to the cDNA, 

1µl (2 units) of E. coli RNaseH was added and incubated at 70°C for 20 min.     
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Table 2.1. Strains used in this study 

Strain Relevant genotype or description  Source or 
reference 

S. aureus strains   

RN6390 NCTC8325 derivative, rbsU, tcaR, cured of 
φ11, φ12, φ13 

(Novick, Ross et 
al. 1993) 

RN6390::ermC  As RN6390, with ermC resistance gene This work 

RN6390 (rpsF+) As RN6390, with a rpsF promoter in the position 
of esxA promoter 

This work 

ΔessC As RN6390, ΔessC  (Kneuper, Cao 
et al. 2014) 

Δess Complete deletion from esxA – esaG  (Kneuper, Cao 
et al. 2014) 

ΔesaE As RN6390, ΔesaD  This work 

ΔesaD As RN6390, ΔesaE This work 

ΔesaDG As RN6390, ΔesaDG  This work 

ΔesaDG::ermC As ΔesaDG with ermC resistance gene from 
RN6390::ermC (phage ɸ11 transduction) 

This work 

Δsaouhsc00268-
00278 

As RN6390, ΔesaD-saouhsc00278 This work 

Δsaouhsc00268- 
00278::ermC 
 

As ΔesaD-saouhsc00278 with ermC resistance 
gene from RN6390::ermC (phage ɸ11 
transduction) 

This work 

Δsaouhsc00274-
00278 

As RN6390, Δsaouhsc00274-saouhsc00278 This work 

SA113 NCTC8325 derivative, agr, rbsU, tcaR, hsdR (Iordanescu and 
Surdeanu 1976) 

Newman ATCC 25904 (Duthie and 
Lorenz 1952, 
Baba, Bae et al. 
2008) 

USA300 Community-acquired MRSA (McDougal, 
Steward et al. 
2003) 

COL MRSA, agr (Gill, Fouts et al. 
2005) 

COL Δess Complete deletion from Sacol0271 (esxA) - 
Sacol0282 

(Kneuper, Cao 
et al. 2014) 

S. epidermidis strains 

NIHLM001  S. epidermidis (Conlan, Mijares 
et al. 2012) 

W23144 S. epidermidis lab stocks  

E. coli strains   

JM110 rpsL thr leu thi lacY galK galT ara tonA tsx dam 
dcm glnV44 Δ(lac-proAB) e14- [F’ traD36 
proAB+ lacIq lacZΔM15] hsdR17(rK−mK+) 

Stratagene 

MC1061 F− Δ(ara-leu)7697 [araD139]B/r Δ(codB-lacI)3 
galK16 galE15 λ− e14− mcrA0 relA1 
rpsL150(strR) spoT1 mcrB1 hsdR2(r−m+) 

(Casadaban and 
Cohen 1980) 
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BL21 (DE3) E. coli B: F-, dcm, ompT, hsdS(rB-, mB-), gal, 

DE3 

(Studier and 
Moffatt 1986) 

M15 [pREP4] F-, lac, ara, gal, mtl [(KanR, lacI] Qiagen 

BTH101 F- cya-99, araD139, galE15, galK16, rpsL1 
(Strr), hsdR2, mcrA1, mcrB1 

(Karimova, 
Ullmann et al. 
2000) 

 
 
 
 
Table 2.2 Growth media used in this study 

Medium Component Concentration 

Luria Bertani (LB) medium Tryptone 
Yeast extract 
NaCl 

1% 
0.5% 
1% 

LB agar Tryptone 
Yeast extract 
NaCl 
Bactoagar 

1% 
0.5% 
1% 
1% 

MacConkey agar MacConkey agar base 
maltose 

4% 
1% 

Tryptone Soy Broth (TSB) Oxoid Tryptone Soya Broth 
powder (CM129)  

3% 

TSB agar Oxoid Tryptone Soya Broth 
powder (CM129) 
Bactoagar 

3% 
 
1% 

 
 

 

Table 2.3 Media supplements used in this study 

Antibiotic Stock Solution Concentration  

Ampicillin (Amp) 125 mg/ml 125 μg/ml 

Chloramphenicol (Cml) 25 mg/ml (in 80% 
ethanol) 

25 μg/ml 

Anhydrotetracycline (ATC) 1 mg/ml 1 μg /ml for gene deletion 
250 or 500 ng/ml for 
protein expression in S. 
aureus 

Erythromycin (erm) 25 mg/ml (in 80% 
ethanol) 

25 μg/ml 

Kanamycin (Kan) 50 mg/ml 50 μg/ml 

Ortho-Nitrophenyl-β-
galactoside (ONPG) 

4 mg/ml 600 μg/ml 

isopropylβ-D-1-
thiogalactopyranoside (IPTG) 

1M  
 

1mM 

5-bromo-4-chloro-3-indolyl-β-
D-galactopyranoside (X-gal) 

1M  
 

40 μg/ml 

PFA (Paraformaldehyde) 100% 4% for fixing, 0.6%(v/v)  
for PFA crosslinking 
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Table 2.4 Reagents and buffers used in this study 

Solution composition 

TBST buffer 20 mM Tris Base, 150mM NaCl, 0.05% Tween 20 
(Polyoxyethylene sorbitane monolaureate) 

PBS buffer 137 mM  NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 
mM KH2PO4 

TAE buffer 40mM Tris-HCl (pH 8.0), 1.142%(v/v) acetic acid, 
1mM EDTA 

TE buffer 10mM Tris-HCl (pH 7.0), 1mM EDTA 

Trichloroacetic acid (TCA) 100% (w/v) TCA 

Wash buffer for TCA 
precipitation 

80% (v/v) acetone  

Resuspension buffer for TCA 
precipitation 

500 mM Tris HCl, pH7.5 4%SDS 

10x loading Dye 0.5%(w/v) Orange G, 50%(v/v) Glycerol 

Blocking buffer for western 
blot 

1xTBST buffer, 5%(w/v) skimmed milk powder 

Z-buffer  60mM Na2HPO47H2O, 40mM NaH2PO4H2O, 1mM 
MgSO47H2O, 10mM KCl, 50mM β-mercaptoethanol 

SDS running buffer 25 mM Tris, 192 mM Glycine, SDS 0.1 % (w/v) 

Bis-Tris buffer(pH6.8) 1.25M Bis-Tris 

MOPs running buffer 50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1 mM 
EDTA, pH 7.7 

MES SDS running buffer 
(20x) 

50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM 
EDTA, pH 7.3 

Tris-glycine Transfer buffer 25 mM Tris ,192 mM Glycine,10 % (v/v) Methanol 

Coomassie stain 
 

10 % (v/v)Methanol, 20 % (v/v) Acetic Acid, A few 
grams Coomassie blue 

T1 buffer 50 mM Tris/HCl( pH 7.5), 200 mM NaCl 

T2 buffer 50 mM Tris/HCl, pH 7.5,  200 mM NaCl, 2.5 mM 
EDTA, 1mM PMSF, 200 µg Lysostaphin 

Resuspension buffer 20 mM HEPES, 200 mM NaCl, pH 7.2 

Wash buffer 20 mM HEPES, 200 mM NaCl, 20 mM imidazole, pH 
7.2 

Elution buffer for pull-down 20 mM HEPES, 200 mM NaCl, 300 mM imidazole, 
pH 7.2 

Lysis buffer 8 M urea, 100 mM NaH2PO4, 10 mM Tris Cl, 10 mM 
imidazole, pH 8.0 

Denaturing wash buffer 8 M urea, 100 mM NaH2PO4, 150 mM NaCl, 20 mM 
imidazole, pH 8.0 

Native wash buffer 50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, 
pH 8.0 

Elution buffer for purification 50 mM NaH2PO4, 500 mM NaCl, 250 mM imidazole, 
pH 8.0 

MgCl2 1M MgCl2 

ZnCl2 1M ZnCl2 

 
 

2.2.3. Polymerase Chain Reaction (PCR) Amplification of DNA 

PCR was used for both DNA cloning and screening of S. aureus strains. When the PCR 

product was to be cloned, Herculase II (Agilent) was used for high fidelity amplification 

of DNA. Taq (Roche) and GoTaq (Promega) polymerases were used to verify cloning 
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and for colony PCR. A typical reaction mixture comprised reaction buffer at 1x final 

concentration, 5% DMSO, 0.2 mM dNTP, 1.2 µM each primer, and 5 U polymerase in a 

final volume of 100 µl. Templates were genomic DNA, plasmid or cDNA. The primers 

used in this study are shown in Table 2.5. A typical PCR programme comprised 30 

cycles: a 30 sec denaturation step at 94°C, an annealing step at 52°C for 45 sec and an 

extension step at 72°C. The extension time depended on the length of gene to be 

amplified. 

2.2.4. 5’ Rapid Amplification of cDNA Ends (5’ RACE) 

5’ RACE was used to verify transcriptional start sites. A 13 µl mixture containing 0.5 µg 

RNA, 1 µl 10 mM dNTP, 1 µl 2 mM gene specific primer 1 (GSP1) and sterile water was 

heated to 65°C for 5 min and then chilled on ice. First strand buffer (1x final 

concentration, Superscript III), 2 µl 0.1 mM DTT, 1 µl RNase Out inhibitor and 1 µl 

Superscript III were added and incubated at 55°C for 1 hr and 70°C for 15 min, followed 

by a final incubation at 37°C for 30 min and addition of 1 µl RNaseH. The products were 

purified using the Roche High Pure PCR Product Purification Kit (Roche). A Poly (A) tail 

was added to the first strand cDNA by terminal transferase. The mixture containing 19 

µl of purified cDNA, 1x final concentration of terminal transferase reaction buffer and 2.5 

µl of 2mM dATP was incubated at 94°C for 3 min and chilled on ice. After adding 1 µl 

terminal transferase into the mixture, the mixture was incubated at 37°C for 30 min and 

70°C for 10 min to inactivate terminal transferase. PCR with 5 µl of the poly(A)-tailed 

cDNA, 1.25 µl 10 µM gene specific primer 2 (GSP2), 1.25 µl 10 µM oligo-dT anchor 

primer 1, 1x final concentration buffer, 0.3 µl Taq polymerase and sterile water was 

performed using the following PCR programme: 95°C for 2 min, 10 cycles at 95°C for 15 

sec, 58°C for 30 sec, 72°C for 1 min; 15 cycles at 95°C for 15 sec, 58°C for 30 sec, 72°C 

for 2 min. The final extension step was at 72°C for 7 min.
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Table 2.5 Oligonucleotides used in this study 

Name Nucleotide Sequence (5’-3’) Template Restriction  
Enzyme 

Usage 

EsaE-for-bglII-esxA-RBS GCAGATCTAGGAGGTTTCTACTTATGAAAGATGTT AAGCGAAT gDNA BglII Construction of pRAB11-esaE-his1 
and pRAB11-esaE-HA1 

EasE-rev-sacI-HA GCGAGCTCTTATGCATAATCTGGAACATCATATGGATACTCCT 
CTGCTTTATTAATATGAT 

gDNA SacI Construction of pRAB11-esaE-HA1 

EasE-rev-sacI-His GCGAGCTCTTAGTGGTGGTGGTGGTGGTGCTCCTCTGCTTTATT
AATATGAT 

gDNA SacI Construction of pRAB11-esaE-his1 

EsaG-for-bgl II GCGCAGATCTAGGAGGTTTCTACTTCAACATGACATTTGAAGAGA gDNA BglII Construction of pRAB11-esaG-his1 
and pRAB11-esaG-HA1 

esaG-rev-SacI-HA GCGAGCTCTTATGCATAATCTGGAACATCATATGGATATTCTTCT
AGCTCTTTAATATATT 

gDNA SacI Construction of pRAB11-esaG-HA1 

esaG-rev-his-EcoRI GCGAATTCTTAGTGGTGGTGGTGGTGGTGTTCTTCTAGCTCTTTA
ATATATT 

gDNA EcoRI Construction of pRAB11-esaG-his1 

esaD-kpnI-for-esxA-RBS GAAAGGTACCAGGAGTTTCTACTTATGACAAAAGA 
TATTGAATATCTAAC 

gDNA KpnI Construction of pRAB11-
esaD(H528A)-his1 and pRAB11-
esaD(H528A)-HA1 

esaD-his-to-ala-for CGATGATGGAGGTGCATTAATCGCTAGAATG gDNA  Change of His to Ala codon at codon 
528 of esaD2 

esaD-his-to-ala-rev CATTCTAGCGATTAATGCACCTCCATCATCG gDNA  Change of His to Ala codon at codon 
528 of esaD2 

EsaD-his-rev-bgl II  GCGCAGATCTCTAGTGGTGGTGGTGGTGGTGCTTATTTAATATTC
TTCTAATATTTCT 

gDNA/ 
esaD(H528A) 

BglII Construction of pRAB11-
esaD(H528A)-his1 and pRAB11-
esaD (421-614aa; H528A)-His1 

EsaD-HA-rev-bgl II GCGCAGATCTCTATGCATAATCTGGAACATCATATGGATACTTAT
TTAATATTCTTCTAATATTTCT 

gDNA /esaD(H528A) BglII Construction of pRAB11-
esaD(H528A)-HA1 

esaD(421-614aa)-kpnI-
for-esxA-RBS 

GAAAGGTACCAGGAGGTTTCTACTTATGACACATGGTCCAAAAG
ATAGTATGGTGAG 

esaD(H528A) KpnI Construction of pRAB11-esaD (421-
614aa; H528A)-His1 
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pIMAY–seq1 TACATGTCAAGAATAAACTGCCAAAGC   Sequencing primer 

pIMAY–seq2 AATACCTGTGACGGAAGATCACTTCG   Sequencing primer 

00268-00278A1 CATGGAGCTCGATTGTACAATC gDNA SacI Construction of pIMAY-

saouhsc_00268-002783  

00268-00278A2 TGTCTGCTACATGTCATGCACCTATCCCTC gDNA  Construction of pIMAY-

saouhsc_00268-002783  

00268-00278B1 CATGACATGTAGCAGACATGTTATAAAAGACTGTG gDNA  Construction of pIMAY-

saouhsc_00268-002783  

00268-00278B2 GCGCGAGCTCCATCTATTTCAGTGTTAATTTAC gDNA SacI Construction of pIMAY-

saouhsc_00268-002783  

00268-00278-out1 TATGTATTTTGCACCATTTAGC   Sequencing primer 

00268-00278-out2 CGTTTAAATGTTTGACGCAAGA   Sequencing primer 

00274-00278A1 CATGGAGCTCGTATTACATATAGGTGTGGGT gDNA SacI Construction of pIMAY-

saouhsc_00274-002783 

00274-00278A2 TGTCTGCTACATGTTATCGCCCCTATGTGTTGC gDNA  Construction of pIMAY-

saouhsc_00274002783 

00274-00278B1 GATAACATGTAGCAGACATGTTATAAAAGACTGTG gDNA  Construction of pIMAY-

saouhsc_00274-002783 

00274-00278B2 GCGCGGTACCCATCTATTTCAGTGTTAATTTAC gDNA KpnI Construction of pIMAY-

saouhsc_00274-002783 

00274-00278-out1 GGAGCGTTTGCTTTTGTTGTAA gDNA  Sequencing primer 

0266A1        AGGATCCAGTGCTAATAAGGACAGTG gDNA BamHI Construction of pIMAY-esaE3 

0266A2      CTCTGCTTTATCTTTCATCATGGGTTCAC gDNA  Construction of pIMAY-esaE3 
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0266B1         ATGAAAGATAAAGCAGAGGAGTAATGACG gDNA  Construction of pIMAY-esaE3 

0266B2   TTCGGATCCAATTGAGATGCATAATC gDNA BamHI Construction of pIMAY-esaE3 

0268A1      AGAAGGATCCAATGATTGGGACTTTAAAC gDNA BamHI Construction of  pIMAY-esaD3 and 

pIMAY-esaDG3 

0268A2         CTTATTTAATTTTGTCATGTCATGCACC gDNA  Construction of pIMAY-esaD3 and 

pIMAY-esaDG3 

0268B1        ATGACAAAATTAAATAAGTAGAGGTGCC gDNA  Construction of pIMAY-esaD3 

0268B2       TGAGGATCCACTTTACGGTATCTATTG gDNA BamHI Construction of pIMAY-esaD3  

0269A1         GGTTGAATTCGGAGAACACTATGC gDNA EcoRI Construction of pIMAY-esaG3 

0269A2        TTATTCTTCAAATGTCATGTTGGCACCTC gDNA  Construction of pIMAY-esaD3  

0269B1 ATGACATTTGAAGAATAAACTATCTTAATG gDNA  Construction of pIMAY-esaD3 and 

pIMAY-esaDG3 

0269B2       AAAGGATCCATGTTGCAAATACTGCG gDNA BamHI Construction of pIMAY-esaG3 and 

pIMAY-esaD3  

EsaG-out1 TGGGTCAAAACATAAAGCGTGC   Sequencing primer 

EsaG-out2   ACGTGAACATTCCGCCAATTAC   Sequencing primer 

RT-PCR-primer pair 1-for ACATGGTCCAAAAGATAGTATGGTGAG gDNA  RT-PCR 

RT-PCR-primer pair 1-
rev 

GCACCTCTACTTATTTAATATTCTTC gDNA  RT-PCR 

RT-PCR-primer pair 2-for GAAGAATATTAAATAAGTAGAGGTGC gDNA  RT-PCR 
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RT-PCR-primer pair 2-
rev 

GTCATCATCTTCAGTGTTTAATTC gDNA  RT-PCR 

RT-PCR-primer pair 3-for GATACTCTTCGAAAGCCAGGTGCAC gDNA  RT-PCR 

RT-PCR-primer pair 3-
rev 

GTCATCATCTTCAGTGTTTAATTC gDNA  RT-PCR 

pT25-EsxA-F GCGCGGATCCCGCGATGATTAAAATGAGCCCGGAAG Synthetic esxA gene 
sequence 

BamHI Construction of pT25-esxA4 

pT25-EsxA-R GCGCGGTACCTTACTGCAGGCCAAAGTTGTTGCTCAGC Synthetic esxA gene 
sequence 

KpnI Construction of pT25-esxA4 

pT25-EsxB-F GCGCGGATCCCGGGCGGCTATAAAGGCATTAAAGC Synthetic esxB gene 
sequence 

BamHI Construction of pT25-esxB4 

pT25-EsxB-R GCGCGGTACCTTACGGGTTCACGCGATCCAGGCCCTG Synthetic esxB gene 
sequence 

KpnI Construction of pT25-esxB4 

pT25-EsaB-F GCGCGGATCCCAATCAGCACGTAAAAGTAACATTTG 
 

Synthetic esaB gene 

sequence 

BamHI Construction of pT25-esaB4 

pT25-EsaB-R GCGCGGTACCTTACAGCAGCAGTTTCAGAATATCGCCATCC Synthetic esaB gene 
sequence 

KpnI Construction of pT25-esaB4 

pT25-EsaC-F GCGCGGATCCCAACTTTAACGATATTGAAACGATG Synthetic esxC gene 
sequence 

BamHI Construction of pT25-esxC4 

pT25-EsaC-R GCGCGGTACCTTAGTTCATCGCTTTGTTAAAATATTCG Synthetic esxC gene 
sequence 

KpnI Construction of pT25-esxC4 

T25esaD-F GCGCGGATCCCACAAAAGATATTGAATATCT esaD(H528A) BamHI Construction of pT25-esaD(H528A)4  

T25esaD-R GCGCGGTACCATTACTTATTTAATATTCTTCTAAT esaD(H528A) KpnI Construction of pT25-esaD(H528A)4 

T25esaE-F GCGCGGATCCCAAAGATGTTAAGCGAATAGAT gDNA BamHI Construction of pT25-esaE4  

T25esaE-R GCGCGGTACCATTACTCCTCTGCTTTATTAATAT gDNA KpnI Construction of pT25-esaE4 

T25esaF-F GCGCGGATCCCACGTTGAGTGGAAAAATTAGTG gDNA BamHI Construction of pT25-esaF4 
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T25esaF-R GCGCGGTACCATTATCCCTCAATATTATAGT gDNA KpnI Construction of pT25-esaF4 

T25esaG-F GCGCGGATCCCACATTTGAAGAGAAGCTTAG gDNA BamHI 

 
Construction of pT25-esaG4 

T25esaG-R GCGCGGTACCATTATTCTTCTAGCTCTTTAATA gDNA KpnI Construction of pT25-esaG4 

T25esaD-1-420-R GCGCGGTACCATTACACGTGATTTTGTGGTGTAACAG gDNA BamHI 
 

Construction of pT25-esaD(1-

420aa)4 

T25esaD-421-614-F GCGCGGATCCCACACATGGTCCAAAAGATAG esaD(H528A) KpnI Construction of pT25-esaD(421-

614aa; H528A)4 

T25-060112-F GCGCGGATCCCACACATGGTCCAAAAGATAGTATG Synthetic 060112 
gene sequence 

KpnI Construction of pT25-SAU0601124 

T25-060112-R GCGCGGTACCATTATATGTTTTCTATTGTTTTAAC Synthetic 060112 
gene sequence 

BamHI 
 

Construction of pT25-SAU0601124 

T25-00716-F GCGCGGATCCCACACATGGTCCGAAAGATAG Synthetic 00716 gene 
sequence 

KpnI Construction of pT25-007164 

T25-00716-R GCGCGGTACCATTACTTATTTAATATTCTAATAT Synthetic 00716gene 
sequence 

BamHI 
 

Construction of pT25-007164 

pT18-EsxA-F GCGCCTCGAGGGCGATGATTAAAATGAGCCCGGAAG Synthetic esxA gene 
sequence 

XhoI Construction of pT18-esxA5 

pT18-EsxA-R GCGCAAGCTTGCCTGCAGGCCAAAGTTGTTGCTCAGC Synthetic esxA gene 
sequence 

HindIII Construction of pT18-esxA5 

pT18-EsxB-F GCGCCTCGAGGGGGCGGCTATAAAGGCATTAAAGC 
 

Synthetic esxB gene 
sequence 

XhoI Construction of pT18-esxB5 

pT18-EsxB-R GCGCAAGCTTGCCGGGTTCACGCGATCCAGGCCCTG Synthetic esxB gene 
sequence 

HindIII Construction of pT18-esxB5 

pT18-EsaB-F GCGCCTCGAGGAATCAGCACGTAAAAGTAACATTTG Synthetic esaB gene 

sequence 

XhoI Construction of pT18-esaB5 
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pT18-EsaB-R GCGCAAGCTTGCCAGCAGCAGTTTCAGAATATCGCCATCC Synthetic esaB gene 
sequence 

HindIII Construction of pT18-esaB5 

pT18-EsaC-F GCGCCTCGAGGAACTTTAACGATATTGAAACGATG Synthetic esxC gene 
sequence 

XhoI Construction of pT18-esxC5 

pT18-EsaC-R GCGCAAGCTTGC GTTCATCGCTTTGTTAAAATATTCG Synthetic esxC gene 

sequence 

HindIII Construction of pT18-EsxC5 

T18esaD-F GCGCGGGCCCCACAAAAGATATTGAATATCT esaD(H528A) ApaI Construction of pT18-esaD(H528A)5  

T18esaD-R GCGCCTCGAGGGCTTATTTAATATTCTTCTAAT esaD(H528A) XhoI Construction of pT18-esaD(H528A)5 

T18esaE-F GCGCGGGCCCCAAAGATGTTAAGCGAATAGAT gDNA ApaI Construction of pT18-esaE5  

T18esaE-R GCGCCTCGAGGGCTCCTCTGCTTTATTAATAT gDNA XhoI Construction of pT18-esaE5 

T18esaF-F GCGCGGGCCCCACGTTGAGTGGAAAAATTAGTG gDNA ApaI Construction of pT18-esaF5 

T18esaF-R GCGCCTCGAGGGTCCCTCAATATTATAGT gDNA XhoI Construction of pT18-esaF5  

T18esaG-F GCGCGGGCCCCACATTTGAAGAGAAGCTTAG gDNA ApaI Construction of pT18-esaG5 

T18esaG-R GCGCCTCGAGGGTTCTTCTAGCTCTTTAATA gDNA XhoI Construction of pT18-esaG5 

T18esaD-1-420-R GCGCCTCGAGGGCACGTGATTTTGTGGTGTAACAG gDNA XhoI Construction of pT18-esaD(1-

420aa)5   

T18esaD-421-614-F GAGAGGGCCCCCACACATGGTCCAAAAGATAG esaD(H528A) ApaI Construction of pT18-esaD(421-

614aa; H528A)5 

T18-060112-F GGGCCCCACACATGGTCCAAAAGATAGTATG Synthetic 060112 
gene sequence 

ApaI Construction of pT18-SAU0601124 

T18-060112-R GCGCCTCGAGGGTATGTTTTCTATTGTTTAAC Synthetic 060112 
gene sequence 

XhoI Construction of pT18-SAU0601124 

T18-00716-F GGGCCCCACACATGGTCCGAAAGATAG Synthetic 00716 gene 
sequence 

ApaI Construction of pT18-007164 
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T18-00716-R GCGCCTCGAGGGCTTATTTAATATTCTTCTAATAT Synthetic 00716gene 
sequence 

XhoI Construction of pT18-007164 

T18-00274-for GGGCCCCACTTTCGAAGAAAAATTAAGTG Synthetic 
saouhsc_00274 gene 
sequence 

ApaI  Construction of pT18-

saouhsc_002745 

T18-00274-rev GCGCCTCGAGGGTTGTTCAGCTTCTTCTTGCTC Synthetic 
saouhsc_00274 gene 
sequence 

XhoI Construction of pT18-

saouhsc_002745  

T18-00275/6-for GGGCCCCACTTTCGAAGAGAAAATAAGC Synthetic 
saouhsc_00275 and 
saouhsc_00276 gene 
sequence  

ApaI Construction of pT18-

saouhsc_002755 and pT18-

saouhsc_002765 

T18-00275-rev GCGCCTCGAGGGTATTTCAGCTTCATCTTGCTC Synthetic 
saouhsc_00275 gene 
sequence 

XhoI Construction of pT18-

saouhsc_002755   

T18-00276/7-rev GCGCCTCGAGGGTAGTTCAGCTTCATCTTGCTC Synthetic 
saouhsc_00276 and  
saouhsc_00277 gene 
sequence 

XhoI Construction of pT18-

saouhsc_002765 and pT18-

saouhsc_002775 

T18-00277-for GGGCCCCACTTTCGAAGAAAAACTAAGTC Synthetic 
saouhsc_00277 gene 
sequence 

ApaI Construction of pT18-

saouhsc_002775 

T18-00278-for GGGCCCCACTTTCGAAGAAAAGCTAAGTC Synthetic 
saouhsc_00278 gene 
sequence 

ApaI Construction of pT18-

saouhsc_002785 

T18-00278-rev GCGCCTCGAGGGCTCTTGCTCTTTAACATACTTC Synthetic 
saouhsc_00278 gene 
sequence 

XhoI Construction of pT18-

saouhsc_002785 

pT18-SAPIG0310-for GGGCCCCACTTTCGAAGAAAAACTAAGTC Synthetic SAPIG0310 

gene sequence 

ApaI Construction of pT18-SAPIG03105 

pT18-SAPIG0310-rev GCGCCTCGAGGGTATTTCAGCTTCTTCTTGTTC Synthetic SAPIG0310 
gene sequence 

XhoI Construction of pT18-SAPIG03105 
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pT18-SAPIG0311-for 
 

GGGCCCCAATTTCGAAGAAAAACTAAGTC Synthetic SAPIG0311 
gene sequence 

ApaI Construction of pT18-SAPIG03115 

pT18-SAPIG0311-rev GCGCCTCGAGGGTTCTTCTTGCTCTTTAATACAC Synthetic SAPIG0311 
gene sequence 

XhoI Construction of pT18-SAPIG03115 

pT18-SAPIG0314-for 
 

GGGCCCCACTTTCGAAGAGAAATTAAGTG Synthetic SAPIG0314 

gene sequence 

ApaI Construction of pT18-SAPIG03145 

pT18-SAPIG0314-rev GCGCCTCGAGGGATTCATCACTACCAGTTTAG Synthetic SAPIG0314 
gene sequence 

XhoI Construction of pT18-SAPIG03145 

pT18- SAR0293-for 
 

GGGCCCCACTTTCGAAGAGAAGTTAAGTC Synthetic SAR0293 
gene sequence 

ApaI Construction of pT18- SAR02935 

pT18- SAR0293-rev 
 

GCGCCTCGAGGGTTGTTCAGCTTCATCTTGCTC Synthetic SAR0293 

gene sequence 

XhoI Construction of pT18- SAR02935 

pT18- SAR0294-for 
 
 

GGGCCCCACTTTCGAAGAAAAATTAAGTG 
 

Synthetic SAR0294 
gene sequence 

ApaI Construction of pT18- SAR02945 

pT18-SAR0294/ 
SAR0295-rev 
 

GCGCCTCGAGGGTAGTTCAGCTTCTTCTTGCTC Synthetic SAR0294/ 
SAR0295 gene 
sequence 

XhoI Construction of pT18- SAR0294/ 

pT18- SAR02955 

pT18-SAR0295-for GGGCCCCACTTTCGAAGAAAAACTAAGTG Synthetic SAR0295 
gene sequence 

ApaI Construction of pT18- SAR02955 

pT18-SAR0297-for GGGCCCCACTTTCGAAGAAAAACAAAGTG 
 
 

Synthetic SAR0297 
gene sequence 

ApaI Construction of pT18- SAR02975 

pT18-SAR0297/ 
SAEMRSA15_02580-rev 
 

GCGCCTCGAGGGCTCTTGCTCTTTAACATACTTC Synthetic SAR0297/ 
SAEMRSA15_02580 
gene sequence 

XhoI Construction of pT18- SAR0297/ 

pT18- SAEMRSA15_025805 

pT18-
SAEMRSA15_02580-for 
 

GGGCCCCACTTTCGAAGAAAAACTAAGTC Synthetic 
SAEMRSA15_02580 
gene sequence 

ApaI Construction of pT18- 

SAEMRSA15_025805 
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pT18- 
SAEMRSA15_02570-for 
 

GGGCCCCACTTTCGAAGAAAAATTAAGTGAAATG 
 

Synthetic 
SAEMRSA15_02570 

gene sequence 

ApaI Construction of pT18- 

SAEMRSA15_025705 

pT18- 
SAEMRSA15_02570-rev 
 

GCGCCTCGAGGGTAGTTCAGCTTCATCTTGCTC Synthetic 
SAEMRSA15_02570 

gene sequence 

XhoI Construction of pT18- 

SAEMRSA15_025705 

SU18.1 CGTATGTTGTGTGGAATTGTGAGC   Sequencing primer 

SU18.2 GGGTAACGCCAGGGTTTTCCC   Sequencing primer 

esaE-for-BamHI GCGGATCCATGAAAGATGTT AAGCGAAT gDNA BamHI 
 

Construction of pSuprom-esaE-
his/puiprom-esaE-HA  

esaE-rev-his-BamHI GCGGATCCTTAGTGGTGGTGGTGGTGGTGCTCCTCTGCTTTATT
AATAT 

gDNA BamHI 
 

Construction of pSuprom-esaE-his  

esaE-rev-HA-BamHI GCGGATCCTTATGCATAATCTGGAACATCATATGGATACTCCTCT
GCTTTATTAATAT 

gDNA BamHI 
 

Construction of pUniprom-esaE-HA 

esaG-for BamHI GCGGATCCCAACATGACA TTTGAAGAGA T gDNA BamHI 
 

Construction of pUniprom-esaG-HA 

esaG-rev-HA-BamHI GCGGATCCTTATGCATAATCTGGAACATCATATGGATATTCTTCT
AGCTCTTTAATATATT 

gDNA BamHI 
 

Construction of pUniprom-esaG-HA 

Suprom-esxC-for-BamHI GCGCGGATCCATGAATTTTAATGATATTG gDNA BamHI Construction of pUniprom-esxC 

Suprom-esxC-rev-xbaI GAGATCTAGATTAGTGGTGGTGGTGGTGGTGATTCATTGCTTTAT
TAAAATATTC 

gDNA XbaI Construction of pUniprom-esxC 

pQE70-esaE-for GCGAGCATGCATGAAAGACGTTAAACGTATC Synthetic esaE gene 
sequence 

SphI Construction of pQE70-esaE-HA-
esaG-his 

pQE70-esaEG-
overlapping-for 

GAAATTAACCATGACCAAAAACAAATAATATTAAAGAGGAGAAAT
TAACCATGACCTTCGAAGAAAAACTGTC 

Synthetic esaEG gene 
sequence 

 Construction of pQE70-esaE-HA-
esaG-his 

pQE70-esaEG-
overlapping-rev 

CATATGATGTTCCAGATTATGCATAATGGATCCATTAAAGAGGAG
AAATTAACCATGACCAAAAACAAATAAT 

Synthetic esaEG gene 

sequence 
 Construction of pQE70-esaE-HA-

esaG-his 

pQE70-esaG-rev GCGCAGATCTTTCCAGTTCTTTGATGTACTG Synthetic esaG gene 
sequence 

BglII Construction of pQE70-esaE-HA-
esaG-his 
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pQE70-esaD-qc-F ACGACGACGGTGGTGCACTGATCGCGCGTATGTTCGGT Synthetic esaD gene 
sequence 

 Construction of pQE70-EsaE-HA-

EsaD(H528A)-Myc-EsaG-his5 

pQE70-esaD-qc-R ACCGAACATACGCGCGATCAGTGCACCACCGTCGTCGT        Synthetic esaD gene 
sequence 

 Construction of pQE70-EsaE-HA-

EsaD(H528A)-Myc-EsaG-his5 

EsaG-for-SphI 
 

GCGAGCATGCCCTTCGAAGAAAAACTGTCTAAAATC 
 

Synthetic esaG gene 
sequence 

SphI Construction of pQE70-esaG and 

pQE70-esaGG6 

EsaG-overlapping-for 
 

GTACATCAAAGAACTGGAATAATAAATTAAAGAGGAGAAATTAAC
C ATGACCTTCGAAGAAAAACTG 

Synthetic esaG gene 
sequence 

 Construction of pQE70-esaGG6 

 

EsaG-overlapping-rev
  

CAGTTTTTCTTCGAAGGTCATGGTTAATTTCTCCTCTTTAATTTAT
TATTCCAGTTCTTTGATGTAC 

Synthetic esaG gene 

sequence 

 Construction of pQE70-esaGG6 

 

EsaG-rev-apaI-bamHI 
 

GCGAGGATCCGGGCCCTTATTATTCCAGTTCTTTGATGTACTGTT
CG 

Synthetic esaG gene 

sequence 

ApaI/BamHI Construction of pQE70-esaG and 

pQE70-esaGG6 

EsaDnu-for-ApaI 
 

GCGAGGGCCCATTAAAGAGGAGAAATTAACCATGCACGGTCCG 
AAAGACTCTATGGTTC 

Synthetic esaD gene 
sequence 

ApaI 
 

Construction of pQE70-esaG-esaG-
esaD421-614(H528A)-his, 
pQE70-esaG-esaG-esaD421-614-his, 
pQE70-esaG-esaD421-614(H528A)-his 

and pQE70-esaG-esaD421-614-his7 

EsaDnu-rev-BglII 
 

GCGAAGATCTTTTGTTCAGGATACGACGGATGTTACG Synthetic esaD gene 
sequence 

BglII Construction of pQE70-esaG-esaG-
esaD421-614(H528A)-his, 
pQE70-esaG-esaG-esaD421-614-his, 
pQE70-esaG-esaD421-614(H528A)-his 

and pQE70-esaG-esaD421-614-his7 

pT7.5-esaD--for AGTCTAGAAAGCTTTACTATAATATTGAGG gDNA XbaI Construction of pT7.5-esaD and 
pT7.5-esaDG 

pT7.5-esaD-xhoI-rev CTACTCGAGCTTATTTAATATTCTTCTAAT gDNA XhoI Construction of pT7.5-esaD 

pT7.5-esaD/G- xhoI-rev  GCCTCGAGTTCTTCTAGCTCTTTAATATATT gDNA XhoI Construction of pT7.5-esaDG 

esxA-1 CAGGAGGTTTCTAGTTATGGC gDNA  RT-PCR 

esxA-2 GTTCTTGAACGGCATCAGC gDNA  RT-PCR 
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esxAop1 TTACGGGCAAGGTTCAGACG gDNA  RT-PCR 

esxA out2b GTAAATAATTCCGGGAAGTCG gDNA  RT-PCR 

esaA-1 CTAAGACAGGTAAAATCTATCGG gDNA  RT-PCR 

esaA out2 TGCTTCTTCAGCATCTCTAAAGGCG gDNA  RT-PCR 

essC out1 GCATATGTACGCAAAGTAGGAC gDNA  RT-PCR 

essC-1 TCGTTAGTTGCTCTTGAGTTC gDNA  RT-PCR 

essC-2 CTTGAACATTTTATTTGTCGGC gDNA  RT-PCR 

esaE-1 AGCCACTTTAAAACCTGCATC gDNA  RT-PCR 

esaE-2 ATGCAGGTTTTAAAGTGGCTAC gDNA  RT-PCR 

esaD-1 CGCATCATCCATTGTTGTATCT gDNA  RT-PCR 

esaG out1 TGGGTCAAAACATAAAGCGTGC gDNA  RT-PCR 

esaG op1 TCGCATGATGTCCATGGTTC gDNA  5’RACE 

Operon1-GSP1 GTTCTTGAACGGCATCAGC gDNA  5’RACE 

Operon1-GSP2 ACGGCATCAGCAGTGCTATTC gDNA  5’RACE 

Operon1-GSP3 CGCGCTCGAGATTTCTTCTAATAATTGTGC gDNA XhoI 5’RACE 

Operon2-GSP1 TCAAACCAGACTCAGCAACC gDNA  5’RACE 

Operon2-GSP2 AATGCTTGACCCAGCTCAAC gDNA  5’RACE 

Operon2-GSP3 CGCGAATTCCCTTTTTCTGATTGATCTCC gDNA EcoRI 5’RACE 

Anchor primer1 GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV  ClaI/SalI 5’RACE 

Anchor primer2 GACCACGCGTATCGATGTCGAC   5’RACE 

M13-F GTAAAACGACGGCCAGT   Sequencing primer  

esxA-QPCR-F TGGCAATGATTAAGATGAGTCC gDNA  RT-QPCR 

esxA-QPCR-R TCTTGTTCTTGAACGGCATC gDNA  RT-QPCR 
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esaA-QPCR-F TGGCTATAGAGCGAAATTCATC gDNA  RT-QPCR 

esaA-QPCR-R CCAAGCCTATAGGATGCTCTG gDNA  RT-QPCR 

essC-QPCR-F TTTCGATGTTGCAAGACACC gDNA  RT-QPCR 

essC-QPCR-R GACATGCGGAATTGTTTCAC gDNA  RT-QPCR 

esxB-QPCR-F GGTATTAAAGCAGATGGTGGCAAG gDNA  RT-QPCR 

esxB-QPCR-R GTCAGCCATCGGTTGTACTAATTC gDNA  RT-QPCR 

16S rRNA-F GTGCACATCTTGACGGTACCTA gDNA  RT-QPCR 

16S rRNA-R CCACTGGTGTTCCTCCATATC gDNA  RT-QPCR 

Restriction enzyme sequences are shown in underline. 
1esaE-His, esaE-HA and esaG-HA were cloned as BglII-SacI fragments, esaG-His was cloned as a BglII-EcoRI fragment and esaD(H528A)-His, esaD(H528A)-HA and esaDNuc(aa 
421-614; H528A)-His were cloned as KpnI-BglII fragments into similarly digested pRAB11. In each case the forward primer incorporated the esxA ribosome binding site (shown in red) 
to initiate translation. 
2esaD(H528A) was generated by overlapping PCR generating DNA covering the N-terminus of esaD to just beyond codon 528 (amplified with primers esaD-kpnI-for-esxA-RBS and 
esaD-his-to-ala-rev introducing the  H528A substitution) and from just prior to codon 258 to the end of esaD (amplified with primers esaD-his-to-ala-for and EsaD-his-rev-bgl II inducing 
H528A substitution). Subsequently the two fragments were spliced together by overlap PCR using primers esaD-kpnI-for-esxA-RBS and EsaD-his-rev-bgl II. 
3The two flanking regions, upstream and downstream of the gene to be deleted including the first three and last three codons, were separately amplified with the A1/A2 and B1/B2 primer 
pairs. Next, overlapping PCR was performed with the A1 and B2 primers using the amplified flanking regions as template and the product was subsequently cloned into PIMAY (as a 
SacI fragment for the saouhsc_00268-saouhsc_00278 deletion, a SacI-KpnI fragment for the saouhsc_00274-saouhsc_00278 deletion, a BamHI fragment for the esaD, esaDG and 
esaE deletions, and an EcoRI-BamHI fragment for the esaG deletion). The primers out1 and out2 were using for sequencing to check the deletions, as shown schematically below. 

 
 
 
 
 

4esxA, esxB, esxC, esaB, esaD(H528A), esaDNterm (aa 1-140), esaDNuc (aa 421-614), 060112, 00716, esaE, esaF and esaG were each cloned as BamHI-KpnI fragments into similarly 

digested pT25. 
5esxA, esxB, esxC and esaB were each cloned as XhoI-HindIII fragments and esaD(H528A), esaDNterm (aa 1-140), esaDNuc (aa 421-614), esaE, esaF, esaG, saouhsc_00274, 
saouhsc_00275,  saouhsc_00276,  saouhsc_00277, saouhsc_00278, SAPIG0310, SAPIG0311, SAPIG0314, SAR0293, SAR0294, SAR0295, SAR0297, SAEMRSA15_02570  and 
SAEMRSA15_02580 were each cloned as  ApaI-XhoI fragments into similarly digested pT18. 
6Two copies of esaG were amplified, one with primer pair EsaG-for-SphI and EsaG-overlapping-for and the second with primer pair EsaG-overlapping-rev and EsaG-rev-apaI-bamHI 

and cloned into pQE70 by three way ligation as an SphI-BamHI fragment. EsaD421-614 or EsaD421-614(H528A) were subsequently cloned into this as ApaI-BglII fragments. 
7The (H528A) substitution of EsaD was introduced into this construct by Quickchange using the indicated primers. 
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The final PCR products were purified and used for double digestion. The purified 

digestion products were inserted into vector pBluescript by ligation and transformed into 

competent E. coli MC1061. Colony PCR was undertaken to identify positive colonies. 

2.2.5. Plasmid DNA Preparation 

Plasmid DNA was extracted for cloning and sequencing using the QIAprep Spin Miniprep 

kit (Qiagen), according to the manufacturer’s instructions. The final elution was into 50 

µl distilled water. The DNA concentration was measured using the nanodrop 

spectrophotometer. The plasmids used in this study are shown in Table 2.6. Plasmid 

DNA was stored at -20°C. 
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Table 2. 6. Plasmids used in this study 

Plasmid Relevant genotype or description  Source or 
reference 

pIMAY E. coli/S. aureus shuttle vector, temperature 
sensitive, cmlr 

(Monk, Shah 
et al. 2012) 

pIMAY-esaE pIMAY carrying esaE deletion allele This work 

pIMAY-esaD pIMAY carrying esaD deletion allele This work 

pIMAY-esaDG pIMAY carrying esaDG deletion allele This work 

pIMAY-
saouhsc00268-
00278 

pIMAY carrying esaD-saouhsc00278 deletion 
allele  

This work 

pIMAY-
saouhsc00274-
00278 

pIMAY carrying saouhsc00274-saouhsc00278 
deletion allele  

This work 

pIMAY –rpsF pIMAY carrying rpsF allele This work 

pRMC2 E. coli/S. aureus shuttle vector, inducible protein 

expression, amp
r
, cml

r
 

(Corrigan and 
Foster 2009) 

pRAB11 E. coli/S. aureus shuttle vector, inducible protein 

expression, amp
r
, cml

r
 

(Helle, Kull et 
al. 2011) 

pRAB11-esaE-his pRAB11 producing C-terminally His-tagged EsaE  This work 

pRAB11-esaG-his pRAB11 producing C-terminally His-tagged EsaG This work 

pRAB11-esaD-HA pRAB11 producing C-terminally HA-tagged H528A 
substituted EsaD 

This work 

pRAB11-esaD-His-
esaG-HA 

pRAB11 producing C-terminally His-tagged EsaD 
and C-terminally HA-tagged EsaG 

This work 

pRAB11-esaD-HA-
esaG-His 

pRAB11 producing C-terminally HA-tagged EsaD 
and C-terminally His-tagged EsaG 

This work 

pRAB11-
esaD(H528A)-His 

pRAB11 producing C-terminally His-tagged H528A 
substituted EsaD 

This work 

pRAB11-esaG-HA pRAB11 producing C-terminally HA-tagged EsaG This work 

pRAB11-esaE-HA pRAB11 producing C-terminally HA-tagged EsaE This work 

pRAB11- 
esaD(H528A)-His-
esaE-HA 

pRAB11 producing C-terminally His-tagged H528A 
substituted EsaD and C-terminally HA-tagged 
EsaE 

This work 

pRAB11- 
esaD(H528A)-HA-
esaE-His 

pRAB11 producing C-terminally HA-tagged H528A 
substituted EsaD and C-terminally His-tagged 
EsaE 

This work 

pRAB11-
EsaDNUC(H528A)-
His-EsaG-HA 

pRAB11 producing C-terminally His-tagged H528A 
substituted nuclease domain of EsaD (aa 421-614) 
(H528A)and and C-terminally HA-tagged EsaG 

This work 

pRAB11-
EsaDNUC(H528A)-His 

pRAB11 producing C-terminally His-tagged H528A 
substituted nuclease domain of EsaD (aa 421-614) 

This work 

pRAB11-esxC pRAB11 producing native (untagged) EsxC This work 

pSuprom Cloning vector for expression of genes under the 
control of the tat and T7 promoters; AmpR 

(Jack, 
Buchanan et 
al. 2004) 

pUniprom Cloning vector for expression of genes under the 
control of the tat and T7 promoters; KmR 

(Jack, 
Buchanan et 
al. 2004) 

pSuprom-esaE-his pSuprom producing C-terminally His-tagged EsaE This work 

pUniprom-esaE-HA pUniprom producing C-terminally HA-tagged EsaE This work 

pSuprom-esaG-HA pSuprom producing C-terminally HA-tagged EsaG This work 

pSuprom-esxC PSuprom producing EsxC This work 
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pQE70 Vector for regulatable protein overproduction in E. 

coli (T5 promoter). Amp
r
 

Qiagen 

pQE70-esaE-HA- 
esaD-Myc-esaG-His 

pQE70 producing C-terminally HA-tagged EsaE, 
C-terminally Myc-tagged EsaD and C-terminally 
His-tagged EsaG 

This work 

pQE70-esaE-HA- 
esaD(H528A)-Myc-
esaG-His 

pQE70 producing C-terminally HA-tagged EsaE, 
C-terminally Myc-tagged H528A substituted EsaD 
and C-terminally His-tagged EsaG 

This work 

pQE70-esaE-HA-
esaG-His 

pQE70 producing C-terminally HA-tagged EsaE 
and C-terminally His-tagged EsaG 

This work 

pQE70-esaG-esaG-
esaD421-614(H528A)-
his 

pQE70 producing two EsaGs and C-terminally His-
tagged H528A substituted EsaD421-614 

This work 

pQE70-esaG-esaG-
esaD421-614-his 

pQE70 producing two EsaGs and C-terminally His-
tagged EsaD421-614 

This work 

pT7.5 Vector for regulatable protein production in E. coli 

(T7 promoter). Amp
r
 

(Tabor and 
Richardson 
1985) 

pT7.5-esaD(V584Y) pT7.5 producing V584Y substituted EsaD This work 

pT7.5-esaD/esaG pT7.5 producing EsaD and EsaG This work 

pT18 Vector encoding T18 fragment of B. pertussis 

cyaA; Amp
r
 

(Karimova, 
Pidoux et al. 
1998) 

pT18-esxA pT18 carrying esxA This work 

pT18-esxB pT18 carrying esxB This work 

pT18-esaB pT18 carrying esaB This work 

pT18-esxC pT18 carrying esxC This work 

pT18-esaE pT18 carrying esaE This work 

pT18-esaD(H528A) pT18 carrying esaD (H528A codon substitution) This work 

pT18-esaDN-term pT18 carrying esaD (codons 1-420) This work 

pT18-esaDNuc pT18 carrying esaD (codons 421-614, with H528A 
codon substitution) 

This work 

pT18-SAU060112 pT18 carrying C-terminal domain of esaD from 
SAU060112  

This work 

pT18-00716 pT18 carrying C-terminal domain of esaD from 
A8819  

This work 

pT18-esxD pT18 carrying esxD (esaF) This work 

pT18-esaG pT18 carrying esaG This work 

pT18-saouhsc00274 pT18 carrying saouhsc00274 This work 

pT18-saouhsc00275 pT18 carrying saouhsc00275 This work 

pT18-saouhsc00276 pT18 carrying saouhsc00276 This work 

pT18-saouhsc00277 pT18 carrying saouhsc00277 This work 

pT18-saouhsc00278 pT18 carrying saouhsc00278 This work 

pT18-SAPIG0310 pT18 carrying SAPIG0310 This work 

pT18-SAPIG0311 pT18 carrying SAPIG0311 This work 

pT18-SAPIG0314 pT18 carrying SAPIG0314 This work 

pT18-SAR0293 pT18 carrying SAR0293 This work 

pT18-SAR0294 pT18 carrying SAR0294 This work 

pT18-SAR0295 pT18 carrying SAR0295 This work 

pT18-SAR0297 pT18 carrying SAR0297 This work 

pT18-
SAEMRSA15_02570 

pT18 carrying SAEMRSA15_02570 This work 

pT18-
SAEMRSA15_02580 

pT18 carrying SAEMRSA15_02580 This work 
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pT18-SAU060112 pT18 carrying C-terminal domain of esaD from 
SAU060112  

This work 

pT18-00716 pT18 carrying C-terminal domain of esaD from 
A8819  

This work 

pT25 Vector encoding T18 fragment of B. pertussis 
cyaA; cmlr 

(Karimova, 
Pidoux et al. 
1998) 

pT25-esxA pT25 carrying esxA This work 

pT25-esxB pT25 carrying esxB This work 

pT25-esaB pT25 carrying esaB This work 

pT25-esxC pT25 carrying esxC This work 

pT25-esaE pT25 carrying esaE This work 

pT25-esaD(H528A) pT25 carrying esaD (H528A codon substitution) This work 

pT25-esaDN-term pT25 carrying esaD (codons 1-420) This work 

pT25-esaDNuc pT25 carrying esaD (codons 421-614, with H528A 
codon substitution) 

This work 

pT25-esxD pT25 carrying esxD This work 

pT25-esaG pT25 carrying esaG This work 

pT25-saouhsc00274 pT25 carrying saouhsc00274 This work 

pT25-saouhsc00275 pT25 carrying saouhsc00275 This work 

pT25-saouhsc00276 pT25 carrying saouhsc00276 This work 

pT25-saouhsc00277 pT25 carrying saouhsc00277 This work 

pT25-saouhsc00278 pT25 carrying saouhsc00278 This work 

pT25-SAPIG0310 pT25 carrying SAPIG0310 This work 

pT25-SAPIG0311 pT25 carrying SAPIG0311 This work 

pT25-SAPIG0314 pT25 carrying SAPIG0314 This work 

pT25-SAR0293 pT25 carrying SAR0293 This work 

pT25-SAR0294 pT25 carrying SAR0294 This work 

pT25-SAR0295 pT25 carrying SAR0295 This work 

pT25-SAR0297 pT25 carrying SAR0297 This work 

pT25-
SAEMRSA15_02570 

pT25 carrying SAEMRSA15_02570 This work 

pT25-
SAEMRSA15_02580 

pT25 carrying SAEMRSA15_02580 This work 

pSC1007 pQE80 derived plasmid with Kanamycin resistance 
cassette and EGFP insert for expression of GFP 
under IPTG induction 

SJC group 
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2.2.6. PCR product purification 

PCR products after 5’RACE were purified using the Roche High Pure PCR Product 

Purification Kit and standard PCR products and digestion products were purified using a 

QIAquick PCR purification Kit (Qiagen) to remove unwanted buffer, enzymes, primers 

and salt. The purified DNA products were finally eluted into 35 µl distilled water. 

2.2.7. Digestion of DNA  

Digestion of DNA fragments and vectors were carried out in 50 µl final volume, which 

consisted of 1x restriction enzyme buffer, 5U of each enzyme, purified DNA fragments 

or vectors and distilled water. For KpnI digestion, 0.1% BSA was also included. The 

digestion mixtures were incubated at the required temperatures for 3-4 hr. In order to 

improve the efficiency of ligation, rAPid Alkaline Phosphatase (Roche) was added into 

the digested vector reaction to dephosphorylate the free ends. Once digestion was 

complete, digested DNA was further purified prior to ligation. 

2.2.8. Ligation of DNA fragments 

Ligation of DNA fragments were carried out in 10 µl total volume, which consisted of 1x 

final concentration T4 ligation buffer, 1 µl T4 ligase, digested vector and DNA for cloning 

at various ratios, and sterile water. The ligation samples were incubated at room 

temperature overnight. 

2.2.9. Preparation and Transformation of chemically competent E.coli cells 

To prepare chemically competent cells, 50 µl of an overnight culture were subcultured 

into 5 ml fresh LB at 37°C with shaking until an OD600nm of 0.3-0.4 was reached. The cells 

were harvested by centrifugation at 4,000 g for 10 min, resuspended in 5 ml cold 0.1 M 

CaCl2 and chilled on ice for 10 min. The cells were then harvested as before and 

resuspended in 1 ml 0.1 M CaCl2. 

Transformation was performed by incubating ligation samples or plasmids with 200 µl of 

competent cells on ice for 30 min. The cells were heat-shocked at 42°C for 90 sec, and 

chilled on ice for 5 min before adding 1ml fresh LB. The cells were incubated at 37°C 

with shaking for 1 hr and then pelleted at 17,000 g for 1 min. The cells were resuspended 
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with about 200 µl remaining liquid and spread onto agar plates, which were incubated at 

37°C overnight. For transformation of E. coli strain BTH101, cells were heat shocked at 

42°C for 90 sec as described above, but incubated at 30°C for the following growth steps. 

2.2.10. Real-Time Quantification PCR (RT-QPCR) 

RT-QPCR was performed to quantify transcriptional levels of genes by using Brilliant II 

SYBR Green low ROX QPCR Master Mix (Agilent) with a Stratagene Mx3005P real time 

PCR machine. cDNAs diluted 1:20 were used as templates in this study. The preparation 

of QPCR samples followed the manufacturer’s instructions, in 15 µl of total volume. The 

typical PCR programme comprised of 1 cycle at 95°C for 10 min; 40 cycles at 95°C for 

30 sec, 55°C for 30 sec and 72°C for 30 sec; the final step for melting curves from 55°C 

to 95°C in 10 min. The data were analysed using the relative stand curve method with 

EXCEL2010. 

2.2.11. DNA sequencing 

All plasmids constructed in this study were sequenced to verify that there were no 

unwanted mutations introduced into the sequence. 600 ng of plasmid and 200 ng of PCR 

product DNA (>2kb) in 30 µl of water with 3.6 nM sequencing primer were provided to 

DNAseq, Dundee, UK. The sequencing results were analysed using Bioedit and Blast at 

NCBI. 

2.2.12. Preparation and electroporation of S. aureus 

To prepare S. aureus competent cells, 5 ml overnight culture was inoculated into 45 ml 

pre-warmed TSB and incubated at 37°C for 30 min, or until the OD578nm reached 0.8-0.9. 

The cells were incubated in ice-water slurry for 10 min and harvested in a swinging 

bucket centrifuge at 3,900 g for 10 min at 4°C. The cells were then resuspended in 30 

ml sterile ice cold MiliQ water and pelleted as before. The pellets were resuspended in 

1 ml sterile ice cold 10% (w/v) glycerol, dispensed into 5 x 50 aliquots and frozen at -

80°C or used for electroporation directly. 

For electroporation, the competent cells were thawed out on ice for 5 min and kept at 

room temperature for 5 min before being incubated at 55°C in a heat shock for 2 min. 
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The cells were centrifuged at 5,000 g for 1 min and resuspended in 50 µl of fresh 10% 

glycerol / 500 mM sucrose. Up to 5 µg purified plasmid were added to the cells and 

transferred into 0.1 cm electroporation cuvette after mixing gently. The electroporation 

programme was 21 kV / cm, 100 Ω and 25 µF. After electroporation, 1ml TSB/500mM 

sucrose was added to the cuvette immediately to resuspend the cells. The cells were 

transferred into a fresh sterile tube, incubated at 37°C (or 28°C for temperature sensitive 

plasmids) for 2 hr and then plated onto TSA with selective antibiotic. 

2.2.13. Construction of deletion strains 

To delete genes of interest from the chromosome of S. aureus strains, the suicide 

plasmid pIMAY (Table 2.6) was used. The deletion strains were constructed using 

several steps, which are outlined in the footnotes to Table 2.5 and explained below: 

2.2.13.1. Construction of deletion plasmids 

For in-frame deletion of entire genes, two 500 - 600 bp DNA flanking regions were 

amplified for each gene. The upstream flanking region covered the ATG start codon and 

encompassed the upstream 500 – 600 bp, and the downstream flanking region extended 

downstream from the TAA stop codon for 500-600 bp. The primers used to amplify the 

flanking regions in this work are detailed in Table 2.5. Restriction sites were present in 

forward primers of upstream flanks and the reverse primers of downstream flanks, and 

overlaps were present between reverse primers of upstream flanks and forward primers 

of downstream flanks. The up- and downstream flanking regions of each gene were 

synthesized by PCR and mixed together to be used as a template to amplify across the 

two flanking regions. The resultant PCR product was double-digested and inserted into 

pIMAY - ligations were transformed into E. coli JM110. The deletion plasmids were 

subsequently extracted by miniprep kit and sequenced.  

2.2.13.2. Electroporation of S. aureus 

5 µg of the appropriate deletion plasmid were used to transform electrocompetent cells 

of S. aureus directly as described above. Following electroporation, the cells were grown 

at 28°C for 2 hr with shaking, plated onto TSA containing 10µg/ml chloramphenicol (cml), 
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and incubated at 28°C for 48 hr. Positive clones were streaked out and grown overnight 

at 28°C on TSA with cml. Primers-pIMAY seq1 and pIMAY seq2 were used to screen 

colonies for those that were replicating pIMAY. 

2.2.13.3.  Integration onto the chromosome of S. aureus 

The colonies identified above were used to individually inoculate 200 µl aliquots of TSB. 

10-3 dilutions of each sample were prepared and plated onto TSA containing cml, which 

were incubated at 37°C overnight. Colony PCR with primers pIMAYseq1 and pIMAYseq2 

was subsequently performed to confirm the integration of plasmid onto the S. aureus 

chromosome. The colonies that gave no product (which would only be expected following 

chromosomal integration) were screened to ascertain the site of integration using gene-

specific primers. PCR with genomic DNA of S. aureus was used as control. All the 

primers used are shown in Table 2.5. 

2.2.13.4. Plasmid excision 

Colonies with integrated plasmids were inoculated into 10 ml aliquots of TSB and grown 

overnight at 28°C with shaking. The cultures were diluted 1:10 to 10-6 and 50 µl of 

dilutions of 10-4, 10-5, 10-6, plated onto TSA containing 1 µg/ml anhydrotetracycline (ATC) 

and incubated at 28°C for 48 hr. Large colonies were streaked onto both TSA containing 

cml and TSA with ATC and incubated at 37°C overnight. The colonies that were sensitive 

to cml were screened by colony PCR with appropriate primers (XXout1/XXout2). PCR 

analysis of genomic DNA of putative mutants was repeated and the amplified products 

were sequenced to confirm the authenticity of the mutation. 

2.2.13.5. Genomic DNA extraction and purification 

Genomic DNA of S. aureus was extracted using the GenElute Bacterial Genomic DNA 

isolation kit (Sigma) according to the manufacturer’s instructions. The cells were pelleted 

from 1.5ml overnight culture, and incubated at 37°C with addition of 200 µl of 0.1 mg/ml 

lysostaphin for 30 min. The cells were then treated with lysis solution C and proteinase 

K at 55°C for 10 min. The lysates were washed with ethanol and wash solution. The final 

elution was with 200 µl distilled water. 
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2.3. Enzyme assays 

2.3.1. Bacterial two hybrid assay of in vivo interactions 

The bacterial two-hybrid (BTH) system was used as reported previously (Karimova, 

Pidoux et al. 1998). The adenylate cyclase gene in this system is separated into two 

protein domain fragments, T18 and T25, which cannot reassemble on their own. If there 

is a positive interaction between the two proteins fused with T18 and T25, respectively, 

adenylate cyclase activity is restored resulting in cAMP synthesis, which can bind to the 

catabolite gene activator protein (CAP). The cAMP/CAP complex will recognize specific 

promoters and switch on the transcription of the corresponding reporter genes, such as 

lacZ or mal genes (Karimova, Pidoux et al. 1998). E. coli strain BTH101 was transformed 

with the vectors pT25 and pT18 carrying the candidate genes and grown at 30°C for 48 

hr on MacConkey plates with 1% maltose. Pink or purple colour indicated positive 

interaction, yellow or cream colour no interaction.  

2.3.2. β-galactosidase assays 

In order to quantify interactions in the bacterial two-hybrid system, β-galactosidase 

assays were performed. Single colonies from MacConkey maltose plates were grown at 

30°C overnight in LB. The overnight cultures were subcultured at a ratio of 1:100 into 

fresh LB and grown until the OD600nm reached 0.5. 1 ml of each culture was taken, 

vortexed with 50 µl of toluene for 30 sec and kept on ice for 15 min. 500 µl of cell 

suspension under toluene was transferred to a fresh tube. 50 µl of cells was added to 

450 µl Z-buffer (Table 2.4) containing β-Mercaptoethanol and equilibrated in a 28°C 

waterbath for 5-10 min. The start time was noted when 100 µl of 4 mg/ml o-nitrophenol-

β-D-galactopyranoside (ONPG) was added into the tubes. The reaction was stopped by 

addition of 250 µl of 1 M Na2CO3 when the colour changed to yellow, and the stop time 

was noted. The absorbance at 420 nm (A420) of each stopped sample was measured, 

and the β-galactosidase activity was calculated by using the following equation: 

β-galactosidase activity(Miller units) = (A420*103)/(T*V*OD600nm) 
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Where T=time from adding ONPG to adding Na2CO3 in minutes, and V=volume of cells 

in ml. 

2.4. Growth curve experiments 

2.4.1. E. coli toxicity assay by growth curve analysis 

E. coli strain BL21 (DE3) carrying either pT7.5, pT7.5esaD or pT7.5esaDG was cultured 

in LB at 37 ⁰C. When the optical density at 600nm reached 0.5, IPTG was added to a 

final concentration of 1 mM. The optical densities of cultures were recorded at 600 nm 

once per hour.  

2.5. Nuclease activity assay  

2.5.1. in vivo  

E. coli strain BL21 (DE3) carrying either pT7.5, pT7.5esaD(V585Y) or pT7.5esaDG was 

cultured in LB at 37 ⁰C and plasmid-encoded gene expression was induced with addition 

of 1 mM IPTG when cells had reached OD600nm of 0.5. Cells were collected after 3 hr for 

Miniprep and genomic DNA extraction using Mini prep and genomic DNA extraction kits, 

respectively. An equal amount of each samples was loaded onto a 1% agarose gel for 

analysis. 

2.5.2. In vitro 

 DNA plasmid, genomic DNA and PCR products were incubated either alone or in the 

presence of purified EsaD421-614 / EsaD421-614 (H528A) for 20-60 mins at 37°C. MgCl2 or 

ZnCl2 was added to the reaction mix when required.  

2.6. TUNEL Assay using FACS analysis 

DNA fragmentation was detected in fixed cells of E. coli BL21 (DE3) harbouring 

pT7.5esaD(V585Y) or pT7.5 esaDG using the Deadend fluorometric TUNEL system kit 

(Promega), which is an established method for detecting DNA fragments and quantifying 

apoptotic cells. Following induction of plasmid-encoded gene expression for 3 hr in the 

presence of 1mM IPTG, cells were collected, washed with 1 x PBS twice, and fixed in 

4% formaldehyde in PBS for 30 min on ice. After washing with 1 x PBS, cells were 

permeabilized with 1.5% Triton X-100 solution in PBS for 1 hr on ice. The cells were 
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stored in 70% ice cold ethanol at -20 ⁰C overnight. The cells were subsequently spun 

down, washed and resuspended in equilibration buffer for 1 hr at 37 ⁰C. While the cells 

were equilibrating, the nucleotide mix was thawed on ice and sufficient recombinant 

terminal deoxynucleotidyl transferase (rTdT) incubation buffer prepared for all reactions. 

The cells were incubated in reaction buffer comprising equilibration buffer, fluorescein 

12-dUTP, and rTdT at 37 ⁰C for 2 hr in the dark. Reactions were stopped by adding 2 x 

SCC buffer and cells were washed with 1 x PBS. The fluorescein-labelled DNA was 

detected and quantitated directly by flow cytometry (Flow cytometry Facility, Dundee 

University). For negative controls, no rTdT was added. 

2.7. Microscopy analysis 

2.7.1. Light Microscopy 

Cells were grown in LB at 37⁰C to an OD600nm of 0.5 and then supplemented with 1 mM 

IPTG for 3 hr. Cells were washed, resuspended in 1 x PBS and 1 μl of the cell suspension 

was added onto an agarose-padded slide and covered with a glass coverslip. Images 

were collected using a ZEISS microscope with a 100x oil objective, fitted with an AXIO 

camera (ZEISS) and data was analysed by OMERO analysis software. The average 

length of the cells was determined by measuring divisional cell length.  

2.7.2. TUNEL Assay using fluorescence Microscopy 

Cells were cultured and treated with rTdT at 37⁰C for 2 hr in the dark as described in 

Section 2.6. Reactions were stopped by adding 2 x SCC buffer and the cells washed 

with 1 x PBS. The cells were resuspended in 1 x PBS, and spotted onto poly-D-lysine-

treated slides. The slides were dried and sealed with fluorescent mounting media and a 

glass coverslip. Both light field and fluorescent Images were taken using a Zeiss 

fluorescence microscope with a 100x oil objective and a FITC filter, fitted with an AXIO 

camera (ZEISS). Data was analysed by OMERO analysis software.  

2.7.3. Fluorescence microscopy with DAPI staining 

The same strain and plasmid combinations as in Section 2.6 were grown in LB at 37⁰C 

to OD600nm of 0.5 and then supplemented with 1 mM IPTG for 3 hr. Cells were washed, 
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resuspended in 1 x PBS and fixed in 4% formaldehyde at room temperature for 20 min. 

Fluorescent staining of DNA was performed using the DNA specific stain, DAPI 

(1:1,000), which has an excitation maximum at 358 nm and an emission maximum at 

461 nm. After staining, cells were analysed using a microscope with a 100x oil objective 

and a DAPI filter, fitted with an AXIO camera (ZEISS). Data was analysed by OMERO 

analysis software. 

2.7.4. Scanning electron microscope analysis 

E. coli strain BL21 (DE3) harbouring plasmid pT7.5-esaD(V585Y) or pT7.5-esaD/esaG 

was cultured in LB at 37⁰C to an OD600nm of 0.5, and then supplemented with 1 mM IPTG 

for 3 hr. Cells were fixed directly in growth media by addition of a final concentration of 

2.5% glutaraldehyde for up to 24 hr. Cells were collected and pressed on Whatman 

nucleopore membranes and placed in 1 x PBS. After dehydration through a graded 

ethanol series, samples were critically point dried using BAL-TEC CPD 030. Membranes 

were then mounted on Al stubs using carbon adhesive tabs and coated with 30 nm Au/Pd 

using a cressington 208HR sputter coater. Specimens were examined using a Philips 

XL 30 ESEM operating at an accelerating voltage of 15kV. Photos were taken by 

Dr.Yongchang from School of Science and Engineering. 

2.8. Protein methods 

2.8.1. Western blotting 

For proteins smaller than 25kD (EsxA, EsxC, TrxA, EsaG, EsaE) antibody detection was 

performed following separation of samples on a 12% Bis-Tris gel (Table 2.7). Proteins 

larger than 25kD were separated on 10% Bis-Tris (or SDS) gels (Table 2.7). The 

separated samples were transferred onto polyvinylidene difluoride (PVDF) membranes 

by semi-dry transfer using 20 volts for 60 min. The PVDF membrane was incubated in 

TBS/Tween with 5% skim milk at room temperature for 1 hr, followed by incubating with 

primary antibody and secondary antibody if needed. Western blotting was performed 

according to standard protocols with antibody dilutions shown in Table 2.8. 
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Table 2.7 Composition of Bis-Tris and SDS-PAGE gels 

Bis-Tris gel   SDS-PAGE  

resolving gel stacking gel resolving gel stacking gel 

acrylamide (30%)    
 

acrylamide (30%)   acrylamide (30%)   acrylamide (30%)   

Bis-Tris pH 6.8 
(1.25M) 

Bis-Tris pH 6.8 
(1.25M) 

Tris-HCl pH8.8 
(1M) 

Tris-HCl pH6.8 
(1M) 

APS (10%) APS (10%) SDS (20%) SDS (20%) 

TEMED TEMED APS (10%) APS (10%) 

water water TEMED TEMED 

  water water 

 

Table 2.8 Antibodies used in this study 

Antibody Dilution Raised in  Source 

α-EsxA 1:2,500 rabbit (Kneuper, Cao et 
al. 2014) 

α-EsxC 1:2,000 rabbit (Kneuper, Cao et 
al. 2014) 

α-EssC 1:10,000 rabbit (Kneuper, Cao et 
al. 2014) 

α-EssB 1:10,000 rabbit (Kneuper, Cao et 
al. 2014) 

α-TrxA 1:25,000 rabbit (Miller, Donat et al. 
2010) 

α-SrtA 1:3,000 rabbit Abcam 

α-HA HRP conjugate 1:10,000 mouse Sigma 

α-His HRP conjugate 1:10,000 mouse Abcam 

α-Myc HRP conjugate 1:5,000 mouse Invitrogen 

α-GFP 1:5,000 mouse Roche 

α-Mouse IgG HRP conjugate 1:10,000 goat Bio-Rad 

α-rabbit IgG HRP conjugate 1:10,000 goat Bio-Rad 

 

2.8.2. Nickel affinity purification 

Cells of interest were harvested at 4000 g at 4°C for 10 min, resuspended in ice cold 

resuspension buffer (200 mM NaCl, 20 mM HEPES, pH 7.2) with a few added flakes of 

DNase I, lysozyme (or lysostaphin for S. aureus strains) and 1 mM phenylmethane 

sulfonyl fluoride (PMSF). The mixtures were incubated at 37°C for 0.5-1 hr with shaking. 

French press or sonication was used to break the cells. The supernatant (comprising the 

crude cell lysate) was collected by centrifugation at 17,000 g and 4°C for 30 min. 

The Ni-NTA slurry was equilibrated by washing twice in 1 ml ice cold wash buffer (200 

mM NaCl, 25 mM imidazole, 20 mM HEPES, pH 7.2). The cell lysate fraction was added 
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to the equilibrated Ni-NTA slurry and mixed for 1 hr at 4°C. The incubated Ni-NTA slurry 

was washed four times with 1 ml ice cold wash buffer (200 mM NaCl, 20 mM imidazole, 

20 mM HEPES, pH 7.2), spun down in a refrigerated microcentrifuge at top speed for 1 

min, and resuspended in 100 µl elution buffer (200 mM NaCl, 300 mM imidazole, 20 mM 

HEPES, pH 7.2), mixing at 4°C for 1 hr. Finally, the Ni-NTA slurry was spun down as 

before and the supernatant was carefully taken off and kept as the elution fraction.   

2.8.3. Immunoprecipitation with anti HA agarose beads 

Cells were spun down at 4,000 g and 4°C for 10 min, resuspended in ice cold 1 x PBS 

with a few added flakes of DNase I, lysozyme (or lysostaphin for S. aureus) and 1 mM 

PMSF. The mixtures were incubated at 37°C for 0.5-1 hr with shaking. French press or 

sonication was used to break the cells. The supernatants were collected by centrifugation 

at 17,000 g and 4°C for 30 min. 

40-100 µl of a 1:1 suspension of the anti-HA agarose beads were washed with 1 x PBS 

twice by a short spin (12,000 g, 30 sec) and added to the cell lysate. The mixtures were 

incubated at 4°C for at least 1 hr or overnight on an orbital shaker. The shaking was 

vigorous enough to suspend the resin. The resin was washed with 1 x PBS, 4 x 1 ml 

each. After the final wash the supernatant was aspirated and ~40 µl left above the beads. 

2 x SDS sample buffer was mixed with the resin and the proteins were denatured by 

heating at 95-100 °C for 3 min.  

2.8.4. Formaldehyde (PFA) crosslinking 

Formaldehyde crosslinking of cells was undertaken as described previously (Jager, 

Zoltner et al. 2016). Strains of interest were grown to OD600nm of 0.5, plasmid-encoded 

protein production was induced by addition of ATC, and cells cultured until an OD600nm of 

2.0 was reached. The cells were spun down and washed in 2 ml 1 x PBS. 300 µl of 4% 

PFA was added to crosslink the samples (final concentration of 0.6 %) and incubated for 

30 min at room temperature. The crosslinking reaction was quenched by adding 230 μl 

1M Tris/HCl, pH 8.0. Next, the cells were spun down by centrifugation for 10 min at 

4,000g, resuspended in 1 ml T2-Buffer (200 mM NaCl, 2.5 mM EDTA, 1mM PMSF, 200 
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µg Lysostaphin) and incubated at 37°C for 30 min, followed by sonicating at 20 % 

amplitude (1 sec, 1 sec, 3 min). The lysates were centrifuged for 15 min at 17,000 g to 

remove unbroken cells and cell debris, and then centrifuged at 265,000 g for 30 min at 

4°C to pellet the cell membrane. The pellet was resuspended in 100 µl T1 buffer (50 mM 

Tris/HCl, pH 7.5, 200 mM NaCl). The membrane fractions were stored at -80°C until use. 

The protein concentration of the fractions were measured using the DCTM Protein Assay 

kit (Bio-rad) against a standard of Bovine serum albumin (BSA). 

2.8.5. Protein purification, denaturation and renaturation 

E. coli strain M15 (pRep4) carrying pQE70-EsaG-EsaG-EsaD421-614 or pQE70-EsaG-

EsaG-EsaD(H528A)421-614 was cultured in LB medium to OD600nm  0.5, then supplemented 

with 1 mM IPTG and cultured for a further 3 hr. Cells were harvested and stored at -80°C 

for 30 min. The pellets were resupended in 1 ml lysis buffer (8 M Urea, 100 mM NaH2PO4, 

10 mM Tris·HCl, 10 mM imidazole, 1 mM PMSF, pH 8.0) and sonicated for 2 min on ice. 

The cell lysate was centrifuged at 13,200 g for 30 min at 4°C. Nickel affinity resin (Bio-

rad) was equilibrated with lysis buffer and added to the cleared lysate and gently mixed 

on a rotary shaker for 2 hr at 4°C. The resin was washed with both denaturing wash 

buffer (8 M Urea, 100 mM NaH2PO4, 150 mM NaCl, 20 mM imidazole, 1 mM PMSF, pH 

8.0) and native wash buffer 50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, 1 mM 

PMSF, pH 8.0) five times. Finally, 200 µl elution buffer (50 mM NaH2PO4, 500 mM NaCl, 

250 mM imidazole, 1 mM PMSF, pH 8.0) was used in the elution step.  

2.9. Subcellular fractionation  

For whole cell samples, cells were pelleted by centrifugation, washed with 1 x PBS buffer 

and normalized to an OD600nm of 2 in 1 x PBS. Cells were lysed by addition of 50 µg/ml 

lysostaphin (Ambi) and incubated at 37°C for 30 min. Samples were mixed with an equal 

volume of SDS sample buffer and boiled for 10 min. Samples for further subcellular 

fractionation were pelleted and washed as above and resuspended in fractionation buffer 

(50 mM TrisHCl, pH 7.6, 0.5 M sucrose, 10 mM MgCl2). Lysostaphin was added as above 

and the cell wall was digested at 37°C for 30 min. Protoplasts were sedimented (10,000 
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g, 10 min) and the supernatant kept as the cell wall fraction. Protoplasts were 

resuspended in 1 x PBS and broken by sonication (2 x 15 sec, 20 % amplitude, Branson 

Digital Sonifier). Non-integral membrane proteins were removed by resuspending the 

samples in 1 x PBS containing 4 or 5 M urea or alternatively 0.2 M Na2CO3 (Hopkins, 

Buchanan et al. 2014). Samples were ultracentrifuged at 227,000 g and 4°C for 30 min, 

the supernatant was kept as the cytoplasmic fraction and the membrane pellet was 

resuspended in 1 x PBS, 0.5% Triton X-100 as the membrane fraction. 

2.10. Trichloroacetic Acid (TCA) precipitation  

Trichloroacetic acid precipitation was used to concentrate protein from dilute cell culture 

supernatant samples. Cold TCA was added to supernatant samples to a final 

concentration of 10 % along with 20 µg/ml deoxycholate, and incubated on ice for at 

least 2 hr. The protein pellet was collected by centrifugation for 10 min at 10,000 g at 

4°C. The supernatant was discarded, the pellet washed with 80% ice cold acetone and 

spun down at 10,000 g for 5 min at 4°C. The pellet was dried at room temperature and 

resuspended in buffer (500 mM Tris/ 4% SDS, pH 7.5).  

2.11. Bacterial competition experiments 

Bacterial competition assays were carried out intra- and inter-species, both liquid (only 

for intra-) and solid media. When in liquid media, 100 µl final volumes were used and the 

co-culture was carried out in parallel to a solid media assay, at 37°C and with shaking 

(30°C for competition assays involving prey carrying the pMAD vector). On solid media, 

20 µl of the competition mix was spotted on a pre-warmed plate and once the drops were 

absorbed, the competition assays were co-cultured at 37°C for 4, 8, 16 or 36 hr (30°C 

for competitions involving prey carrying the pMAD vector). After incubation, samples 

were recovered with a sterile loop and resuspended in 1 ml of TSB medium. Serial 

dilutions were performed and spotted (5 µl) on LB plates supplemented with the 

appropriate antibiotics to only allow growth of the surviving target (prey) cells. Target 

cells always harboured an antibiotic resistance: chloramphenicol or erythromycin in S. 

aureus (pRAB11 or pMAD vector, respectively), kanamycin in B. subtilis 168 and 
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ampicillin in E. coli MG1655, BL21, BW25113 and DH5α (all with pSC1007) and 

incubated overnight at an appropriate temperature. 

S. aureus strains used as attackers were strain RN6390 and COL and the isogenic ess 

mutants to check for a T7-dependent phenotype. Strains used as prey for intra-species 

competitions were: S. epidermidis NIHLM001, SK135, W23144, S. aureus strain 

RN6390, RN6390 carrying pRAB11-EsaG, RN6390ΔesaDG, RN6390 Δsaouhsc00268-

00269, RN6390 Δsaouhsc00268-00278. Overnight cultures of the indicated strains were 

subcultured in TSB (supplemented with 2 µM hemin for attacker strains) and antibiotics 

as required and cultured with shaking at 37°C. Once OD600nm of 0.5 was reached, 

induction of EsaD-HA/EsaG-His production in the attacker strains was initiated by the 

addition of 500 ng/ml of ATC. When cells reached OD600nm of 2, 20 ml of the attacker 

strain, and 1 ml of the prey were separately harvested and resuspended in 1ml of TSB. 

100ul of resuspended attacker cells were mixed with the same volume of prey cells 

(giving a 20:1 ratio) and incubated at 37°C with shaking for 16 hr in sterile Eppendorf 

tubes. Co-cultures were then serially diluted in TSB and plated on selective agar (LB + 

5 μg/ml erythromycin as all prey strains carried a chromosomally-integrated ermC gene 

conferring resistance to erythromycin) for colony-forming unit determination. For 

experiments where plasmid-encoded EsaG-His was produced in prey cells, once strain 

RN6390 pRAB11-EsaG-His reached an OD600nm of 0.5, EsaG-His production was 

initiated by the addition of 250 ng/ml of ATC and cultured until an OD600nm of 2 was 

reached after which they were used as prey as described above. 
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3  

Defining the ess locus in S. aureus 
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3.1. Introduction 

S. aureus produces and exports a wide range of virulence factors (Dinges, Orwin et al. 

2000, Burlak, Hammer et al. 2007, Wardenburg, Patel et al. 2007). The production of 

virulence factors by S. aureus is extremely complex, and is controlled by a network of 

global regulators including several two-component systems (AgrAC, ArlRS, SaeRS, and 

SrrAB), and transcription factors (encoded by sarA, sarS, sarT, sarR, and rot) (Novick 

2003, Schulthess, Bloes et al. 2012). σB is the best-known alterative sigma factor in S. 

aureus, and is involved in the general stress response and partial regulation of the 

expression of virulence determinants (Chan and Foster 1998, Giachino, Engelmann et 

al. 2001, Ziebandt, Becher et al. 2004, Tuchscherr, Bischoff et al. 2015). The Sae 

regulatory system is required for the escape of S. aureus from human macrophages by 

regulating the expression of lukAB and pvl (Munzenmayer, Geiger et al. 2016). The 

ArlRS signal transduction regulatory system plays a role in positively or negatively 

mediating the expression of more than 114 genes that are involved in autolysis, cell 

division, pathogenesis and growth (Liang, Zheng et al. 2005). Moreover, previous 

findings have also shown that the production of most toxins of S. aureus is under the 

control of accessory gene regulator (Agr) (Novick, Ross et al. 1993, Novick and 

Geisinger 2008, Le and Otto 2015, Munzenmayer, Geiger et al. 2016). 

The Agr system is a two-component quorum sensor that regulates gene expression in a 

growth dependent manner. The agr locus comprises two divergent transcripts, RNA II 

and RNA III, and their transcription is driven by promoters P2 and P3, respectively 

(Novick and Geisinger 2008). The RNA II transcription unit is a 3.5-kb polycistronic 

mRNA encoding four polypeptides, AgrA, AgrB, AgrC and AgrD (Le and Otto 2015). agr 

encodes an auto-activation circuit (Novick and Geisinger 2008, Le and Otto 2015): AgrB 

processes the C-terminus of AgrD, to form a tailed thiolactone ring termed autoinducer 

peptide (AIP) that is secreted into the extracellular environment. Extracellular AIP binds 

to the transmembrane receptor domain of AgrC; activated AgrC activates AgrA by 

phosphorylation and then activated AgrA activates transcription from both P2 and P3 
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promoters. The P3 promoter then drives transcription of RNA III, which is essential for 

the upregulation of secreted toxin proteins and downregulation of surface proteins. 

Previous findings indicate that RNA III transcription is enhanced by SarA (Chien and 

Cheung 1998), SarU (Manna and Cheung 2003), SarX (Manna and Cheung 2006), MgrA 

(Ingavale, van Wamel et al. 2005) and ClpP (Michel, Agerer et al. 2006), and is 

depressed by ArlRS (Fournier, Klier et al. 2001) and σB (Ziebandt, Becher et al. 2004, 

Andrey, Jousselin et al. 2015).  

The esxA gene is under complex control. Previously, esxA was reported to be 

upregulated directly or indirectly by σB and σB-dependent regulatory elements, such as 

SarA, RNAIII, SpoVG and ArlR (Liang, Zheng et al. 2005, Schulthess, Bloes et al. 2011, 

Schulthess, Bloes et al. 2012). For example, deletion of the σB-controlled operon yabJ-

spoVG led to a more than 2 fold downregulation of transcription of both esxA and esaA 

in S. aureus strain Newman compared to the wild type strain, while esxA transcription 

was significantly upregulated in the absence of σB (Schulthess, Bloes et al. 2011). It was 

also reported that agr upregulates the expression of esxA (Dunman, Murphy et al. 2001), 

most likely mediated through the σB-dependent inhibition of agr (Bischoff, Entenza et al. 

2001). Schulthess et al. (2012) found that esxA is located on a monocistronic 

transcriptional unit that is driven by a σA promoter and is not co-transcribed with the other 

ess genes in the ess gene cluster in S. aureus strain Newman.  

The ess genes have been found to be highly up-regulated in the lungs of cystic fibrosis 

(CF) patients by RT-QPCR and RNA sequencing (Ishii, Adachi et al. 2014, Windmuller, 

Witten et al. 2015). Additionally, free fatty acids in pulmonary surfactant are able to 

induce the expression of S. aureus virulence genes, including essC. Palmitate was 

shown to be the active component in pulmonary surfactant promoting this effect, which 

is mediated through σB (Ishii, Adachi et al. 2014).  

3.2. Aims of this chapter 

 At the outset of this thesis work relatively little was known about the identity of 

components of the core Ess secretion machinery, and very few substrates had been 
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identified. Since genes with common functions are frequently co-expressed in operons, 

one of the main aims of the work in this chapter was to define the ess locus boundary, 

with the goal of identifying likely components and potential substrates of the secretion 

system. Further aims were to determine whether there any differences in ess gene 

expression across S. aureus strains that had been commonly used in the literature. For 

this work the clinical isolates USA300 (methicillin-resistant) (Diep, Gill et al. 2006), COL 

(methicillin-resistant) (Gill, Fouts et al. 2005), Newman (methicillin-susceptible) (Duthie 

and Lorenz 1952) and the laboratory strains RN6390 (Peng, Novick et al. 1988) and 

SA113 (Iordanescu and Surdeanu 1976) (both methicillin-susceptible) were used. The 

genome sequences are publically available for strains USA300 (Diep, Gill et al. 2006), 

Newman (Duthie and Lorenz 1952), and NCTC 8325 (parental strain of RN6390).  

 

Results 

3.3. Defining the boundaries of the ess locus by RT-PCR  

The ess gene cluster (Fig.3.1) has been reported to comprise at least 11 genes, several 

of which have essential or accessory roles in the secretion of Ess substrate proteins 

(Burts, Williams et al. 2005, Burts, DeDent et al. 2008, Anderson, Chen et al. 2011). 

Previous work using the S. aureus Newman strain showed that esxA was a 

monocistronic gene, but the arrangement of the downstream genes was not examined 

(Schulthess, Bloes et al. 2012). The genetic organisation around esxA is shown in Fig 

3.1. The region from the start of esxA to the end of SAOUHSC_00269 covers 

approximately 14 kb and is almost 100% identical between the RN6390, Newman, COL 

and USA300 strains (only two nucleotide differences between these strains over this 

region). There is a 247bp gap between esxA and the divergently transcribed 

SAOUHSC_00256, and is the location of the esxA promoter identified by (Schulthess, 

Bloes et al. 2012).  
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The gap between esxA and esaA is 83bp, large enough to accommodate a promoter, 

however from esaA through to esaG the intergenic regions are small, and in some cases 

the genes overlap making it unlikely that additional promoters are present (with the 

possible exception of the 29bp gap between essC and esaC). There is a much larger 

gap (207bp) between esaG and the neighbouring downstream gene, SAOUHSC_00270 

which is encoded on the same strand, making it less likely that these two genes are co-

expressed. 

Initial work focused on strain RN6390 and covered analysis from esxA through to esaG. 

If genes within the cluster are co-transcribed, RT-PCR should amplify the intergenic 

regions from extracted mRNA. Seven sets of primers were designed (shown 

schematically in Fig 3.1) that should amplify: 1- within esxA; 2- between esxA and esaA 

(to determine whether these genes are also separately transcribed in RN6390); 3- from 

the end of esaA through to essB; 4- between essB and essC; 5- from the end of essC 

through to esaE; 6- from esaE through to esaD and 7- between esaD and esaG. RNA 

from RN6390 was extracted during exponential growth in TSB medium (OD600 of 2.0) 

using a Total RNA Isolation Kit and this RNA was used to generate cDNA using 

Superscript III reverse transcriptase (Invitrogen) and random primers. 

Figure 3.1. Schematic representation of the S. aureus ess locus derived from the NCTC8325 
genome sequence. The region from the start of esxA to the end of SAOUHSC_00269 covers 
approximately 14 kb. Genes encoding secreted substrates are coloured in red, membrane 
components in green, cytoplasmic components in blue and unknown components in orange. 
Putative unrelated genes are shaded in white. The sizes of the intergenic regions are as indicated. 
Regions marked 1-7 were chosen for amplification by PCR from isolated mRNA to examine 
whether the genes are co-expressed.  
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As shown in Fig 3.2, six of the seven PCR reactions using the cDNA template gave 

products of the expected size. These products were not detected in control samples 

where reverse transcriptase was omitted, indicating that they arose from the mRNA and 

not from chromosomal DNA contamination. Thus it can be concluded that it is very likely 

that genes esaA through to esaG are co-transcribed in RN6390. However, primer pair 2 

gave no amplification of the region between esxA and esaA, but a band at the expected 

size was obtained when gDNA was used as PCR template. This means that, consistent 

with the previous findings in Newman, esxA is a monocistronic gene (Schulthess, Bloes 

et al. 2012). Downstream of esxA all 11 genes examined are co-transcribed.  

 

 

 

 

 

 

 

 

 

 

 

 

To define the downstream boundary of the esaA-esaG transcription unit, primers were 

designed to determine whether esaG was co-transcribed with SAOUHSC_00270. Three 

Figure 3.2. RT PCR analysis of cDNA prepared from mRNA isolated from strains RN3690. A. 
The expected sizes of the amplified products 1-7 are 272, 953, 1023, 1153, 1168, 959 and 946 
bp, respectively, at Fig 3.1. B.The RNA samples without the reverse transcriptase steps served 
as templates for the negative control reactions. C. Genomic DNA of RN6390 was used as a 
template control to confirm that primer pair two could produce a product of the expected size. 
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primer pairs were used (show schematically in Fig 3.3A). Primer pairs 1 and 3 were 

control primers that should amplify within esaD or within SAOUHSC_00270 to confirm 

that these genes are being expressed under the growth conditions where the mRNA was 

harvested. As shown in Fig 3B, both of these pairs yielded DNA products of the expected 

size from cDNA. Primer pair 2 spans the region from the end of esaD to the start of 

SAOUHSC_00270 to determine whether these genes are encoded on the same mRNA. 

As shown in Fig 3.3B, there is no PCR product found from the region saouhsc00268 

(esaD) to saouhsc00270 indicating saouhsc00270 is not part of the same transcriptional 

unit as esaD and esaG.  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.3. Genes downstream of ess locus in strain RN6390 are not co-transcribed with esaG. 
A. Genetic organisation at the 3’ end of the ess locus in S. aureus strain NCTC8325 (parent of 
RN6390). The regions amplified by primer pairs used for RT-PCR analysis (listed in Table 2.5) 
are indicated. B. RT-PCR analysis of cDNA isolated from mRNA isolated from S. aureus strain 
RN6390, using the indicated primer pairs. The lanes are labelled + (reverse transciptase added; 
cDNA present), - (no reverse transcriptase added, cDNA absent) or gDNA (genomic DNA used 
as template). The expected sizes for PCR products 1-3 are 573, 1143 and 684 bp, respectively. 
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3.4. The esxA gene is co-transcribed with downstream genes in S. aureus 

COL, USA300 and SA113, but not in Newman. 

As shown above, esxA in strain RN6390 is not co-transcribed with the other eleven 

downstream genes at ess locus. To investigate whether this transcriptional organisation 

was conserved across S. aureus strains, the organisation at the ess locus in four further 

S. aureus strains - COL, USA300, SA113 and Newman was examined. All of these 

strains, including RN6390, are closely related strains from clonal complex 8 (CC8) and 

the sequence across the ess locus is almost 100% identical between these strains. RNA 

was extracted from each strain under growth conditions identical to those used for strain 

RN6390, and was analysed by RT-PCR as described above, using same seven primer 

pairs that were employed for examination of RN6390 mRNA (Fig 3.1).  

As expected, there was no amplification of the region between esxA and esaA for mRNA 

isolated from strain Newman, but the other six PCR reactions gave clear products (Fig 

3.4), identical to what was observed for RN6390. However, surprisingly, seven bands of 

the expected sizes were detected, including a band covering the esxA - esaA intergenic 

region, for mRNA isolated from strains USA300, SA113 and COL (Fig 3.5). Since no 

bands were detected when the reverse transcriptase step was omitted, this confirms that 

the band arose from the mRNA present in these strains and therefore in these three 

strains all twelve of the genes, from esxA through to esaG, are co-transcribed and are 

present on a single mRNA. Therefore, it can be concluded that there is heterogeneity in 

the transcriptional organization of the ess gene cluster between different strains of S. 

aureus.  
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Figure 3.4. RT PCR analysis of cDNA prepared from mRNA isolated from strain Newman. A. 
The expected sizes of the amplified products products 1-7 are 272, 953, 1023, 1153, 1168, 
959 and 946 bp, respectively, at Fig 3.1. B. The RNA samples without the reverse 
transcriptase steps served as templates for the negative controls. 
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Figure 3.5. RT PCR analysis of cDNA prepared from mRNA isolated from strains USA300 (A 
and B), SA113 (C and D) and COL (E and F) using the primer pairs indicated in Fig 3.1 and 
Table 2.5. The expected sizes of the amplified products 1-7 are 272, 953, 1023, 1153, 1168, 
959 and 946 bp, respectively. The RNA samples without the reverse transcriptase steps 
served as templates for the negative controls (B, D and F are the negative controls for 
USA300, SA113 and COL, respectively). 
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3.5. A promoter is present in esxA-esaA intergenic region in strain 

RN6390 but not in USA300 

In order to confirm the findings of the RT-PCR and to define the transcriptional start 

site(s) within the esxA-esaA intergenic region and upstream of esxA, strains RN6390 

and USA300, which were chosen to represent the two different transcriptional 

organizations of the ess locus, were analysed. RNA was extracted from RN6390 and 

USA300 at two time points during exponential growth in TSB medium (OD600 of 1.0 and 

2.0, respectively) as described in Chapter 2 and reverse transcribed into cDNA using 

gene specific primer 1 (GSP1, shown in Table 2.5). 5’ RACE products gained after two 

PCRs by anchor primer 1 and GSP2, anchor primer 2 and GSP3, (shown in Table 2.5) 

were cloned and sequenced.  

This approach identified two transcriptional start sites in RN6390, and only a single start 

site in USA300, as anticipated from the prior RT-PCR analysis. The start site 5’ to esxA 

in both RN6390 and USA300 is identical (Figure 3.6), and corresponds to the 

transcriptional start site previously identified for strain Newman (Schulthess, Bloes et al. 

2012). The second transcriptional start site in RN6390 is located within the esxA-esaA 

intergenic region (Fig 3.6). The start site is downstream of a likely promoter sequence 

representing a reasonable match to the -35 and -10 regions. However, the sequencing 

results of the same region in USA300 demonstrate that the transcribed mRNA reads 

beyond this point and into the upstream gene, esxA (Fig 3.7). Thus it can be concluded 

that there is no obvious promoter located in the esxA-esaA intergenic region of USA300, 

despite both strains sharing 100% sequence identity in this region of the genome. This 

will be discussed further below. 
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Figure 3.6. Transcriptional start sites of the ess transcript/s in S. aureus 1: Sequence obtained from 5’ RACE analysis using a primer that primes 
within esxA, with mRNA isolated from RN6390; 2: Sequence obtained from 5’ RACE analysis using a primer that primes within esaA, with mRNA 
isolated from RN6390 3: Sequence obtained from 5’ RACE analysis using a primer that primes within esxA, with mRNA isolated from USA300. TSP: 
Transcriptional start point (most likely point underlined); START: gene start codon. The start site that was previously identified by (Schulthess, Bloes 
et al. 2012) is highlighted with an asterisk above. The hypothetical -35/-10 box is indicated underlined in red upstream of each TSP. 
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Figure 3.7. Sequence obtained from 5’ RACE analysis using a primer that primes within esaA, 
with mRNA isolated from USA300 and RN6390. Sample 1 shows the sequence of part of esaA 
and upstream obtained by 5’ RACE analysis of RN6390 mRNA. Samples 2-6 indicate the 
sequence obtained from 5 independent clones from the 5’ RACE analysis of USA300 mRNA. 
Lane 7 shows the genomic DNA sequence (which is identical in this region in both strains). 
The stop codon of esxA is shown in red and the start codon of esaA is shown in green. 
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3.6. The esxA gene is overexpressed compared to the other genes in the 

ess gene cluster 

The results presented above clearly show that the transcriptional organisation of the ess 

locus varies between S. aureus strains, with some strains expressing esaA under the 

control of its own promoter, whereas other strains co-express esaA with esxA under 

control of the esxA promoter. To examine whether these two different transcriptional 

organizations of the ess clusters affect the ratio between the esxA transcript level and 

the levels of downstream transcripts, mRNA was isolated from strains RN6390, USA300 

and COL when the culture optical density at 600 nm reached 1.0 and 2.0, respectively, 

and the relative expression level of selected ess genes was determined. To this end, 

reverse transcription of the mRNA was undertaken, followed by quantitative PCR to 

determine the relative levels of the esxA, esaA, essC and esxB genes, using the 16s 

rRNA gene as the endogenous control in these experiments.  

Firstly, the PCR amplification efficiencies of these genes was assessed and were found 

for most of the genes to be at similar levels. As shown in Fig 3.8, the PCR amplification 

efficiencies of esxA, esaA, esxB and 16rRNA were 115.3%, 106.7%, 103.7% and 

114.5%, respectively, while the efficiency for essC was only 80.74%, which is rather low 

compared the others. Therefore, the relative stand curve method, in which PCR 

efficiencies of target and endogenous controls do not have to be equivalent, was used 

to analyse the data of RT-PCR (Biosystems 2004, Larionov, Krause et al. 2005). All the 

standard curves are shown in Fig 3.8 and have R-squared values greater than 0.99. For 

the relative quantitation, 16s rRNA was used as endogenous control and essC was used 

as the calibrator, and the results are shown in Fig 3.9. 
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Figure 3.8. Relative standard curves for RT qPCR analysis of selected genes at the ess locus. RT-qPCR standard curves for: (A) 16S rRNA; (B) esxA; 
(C) esaA; (D) essC and (E) esxB. Standard curves were prepared as described in the Chapter 2 using serial 10-fold dilutions of RN6390 genomic DNA. 
Data points represent individual results from three technical repeats at each dilution. Regression curves to calculate the efficiency of each primer pair 
were calculated using MxPro software (Stratagene). 
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Figure 3.9. RT-QPCR analysis of esxA, esxB, esaA, essC in RN6390, USA300 and COL. A 
and B: Relative expression levels of these four genes in RN6390; C and D: Relative expression 
levels of these four genes in USA300; E and F: Relative expression levels of these four genes 
in COL. Relative expression levels were normalized by 16S rRNA and calibrated by essC. The 
results are presented as means and S.E.M. Each sample was analysed in triplicate.  The data 
were analysed using Excel. 
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The results of RT-QPCR analysis show that in all the three strains, RN6390, USA300 

and COL, esxA had the highest transcript level at both OD600 1 and OD600 2, in most 

cases being >100 times higher than that of essC (Fig 3.9). According to Fig 3.9, there is 

around 10-20 times more esxA mRNA than esaA, probably suggesting that the promoter 

of esxA is much stronger than that of esaA. It also could be due to increased 

synthesis/expression or to greater stability/reduced turnover. esaA is expressed at least 

three times higher than essC in each of these strains, while esxB is expressed at similar 

levels to essC. It is remarkable that comparing RN6390, where esaA has its own 

promoter, with USA300 and COL, where esaA is controlled by the esxA promoter, the 

relative expression levels of the genes examined are very similar. Thus, despite the 

differences in transcriptional organisation, there are clearly constraints regarding the 

relative cellular expression levels of the ess genes. 

It was noted that all of the strains examined in this Chapter share 100% sequence identity 

in the esxA-esaA intergenic region, yet RN6390 and Newman have a promoter in this 

region whereas USA300 at least (and most likely also COL and SA113) have no 

promoter there. To try and account for this discrepancy, the intergenic region was 

examined closely. Using the rho-independent terminator prediction program 

TransTermHP, the presence of a potential rho-independent terminator sequence in the 

esxA-esaA intergenic region shortly after esxA, overlapping with the transcriptional start 

site and putative promoter for esaA is predicted (Fig 3.10). The same sequence is found 

in all five strains, and although it presumably acts as an effective terminator in strains 

Newman and RN6390, it must allow at least partial read through in the other strains 

examined here. This terminator may explain the similarity of the RT-qPCR results for 

USA300 and COL with RN6390 as two separate mRNA transcripts are produced: a short 

esxA transcript terminated by the rho-independent terminator and a long esxA to esaG 

transcript covering all the genes in the operon.  
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3.7. Uncoupling the regulation of the ess genes in RN6390 

As discussed above, the regulation of esxA expression is complex and is under control 

of the agr system, which can lead to fluctuations in expression dependent upon growth 

media and other factors. Furthermore, spontaneous mutations in the agr system arise 

with high frequency in the laboratory (McNamara and Iandolo 1998, Somerville, Beres 

et al. 2002). For biochemical studies on the T7SS in S. aureus strain RN6390, it would 

be helpful to construct a strain that displays strong, constitutive expression of the 

encoding genes.  

To generate such a strain, a strong constitutive promoter is required. rpsF codes for the 

S6 ribosomal protein, RpsF. The rpsF promoter controls production of proteins that are 

highly abundant and essential for growth (Nijland, Lindner et al. 2007). It has been shown 

that the rpsF promoter of B. subtilis exhibits strong activity during logarithmic growth 

(Lindner, Nijland et al. 2004) and the S. aureus rpsF promoter has been used to direct 

Fig 3.10. Alignment of the esxA-esaA intergenic region from the indicated S. aureus strains 
(A) shows a predicted rho-independent terminator (B) corresponding to the region boxed in 
blue. The transcriptional start site of the esaA mRNA identified in this Chapter is shown in 
purple. 

   A 

   B 
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high level expression of heterologous genes (Xu, Trawick et al. 2010). To generate strain 

RN6390 PrpsF-esxA, the esxA promoter was replaced by rpsF promoter from S. aureus, and 

the production and secretion of Ess substrates in RN6390 were examined. As shown in 

Fig 3.11, under the control of rpsF promoter, both the production and secretion of EsxA 

and EsxC increased significantly, comparing to the wild type strain RN6390. This strain 

should facilitate further characterisation of the T7SS.  

 

RN6390 

       S        C         S       C        S        C     

EsxA 

EsxC 

∆ess 
RN6390 
PrpsF-esxA,  

α-TrxA 

Fig 3.11. The production and secretion of EsxA and EsxC are significantly higher in strain 
RN6390 PrpsF-esxA compared with the RN6390 parental strain. The indicated S. aureus strains 
were cultured in TSB medium, and once the OD600nm of the culture reached 1.5, an aliquot 
was removed and centrifuged to give culture supernatant (s) and cellular (c) fractions. Samples 
(equivalent amounts from each strain) were separated on 12% Bis-Tris gels and 
immunoblotted using anti-EsxA  and EsxC antisera alongside anti-TrxA antibodies as a cell 

lysis control. ess is strain RN6390 lacking all twelve of the genes at the ess locus (Kneuper, 
Cao et al., 2014) and was used as a negative control. 
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3.8. Discussion 

3.8.1. Heterogeneity in ess transcriptional organization across closely 

related S. aureus strains 

In this Chapter, the transcriptional organisation of genes at the ess locus has been 

analysed across five closely related strains of S. aureus. The selected strains were all 

from Clonal Complex 8 and included RN6390 which is commonly used in this laboratory, 

along with other well-studied strains Newman, USA300, SA113 and COL. While the ess 

gene cluster is almost identical in nucleotide sequence between these strains (two 

nucleotide differences over the approximately 14 kb region), the genetic organization 

surprisingly differed between RN6390 and Newman on the one hand and USA300, 

SA113 and COL on the other. Using RT-PCR it was shown that in the three strains 

USA300, SA113 and COL, the first gene of the cluster, esxA, was co-transcribed with 

esaA, which is positioned 83 nucleotides downstream. By contrast, in RN6390, esxA was 

monocistronic and esaA was expressed exclusively from a promoter located in the esxA-

esaA intergenic region. It should be noted that although the RT-PCR analyses, coupled 

with the short intergenic regions between the remaining genes, make it highly likely that 

esaA through SAOUHSC_00269 are all co-expressed, the existence of additional 

promoters within this region cannot be ruled out. 

5’ RACE was performed to identify the potential promoter regions and map the 

transcriptional start sites in the RN6390 and USA300 strains, as representatives of the 

two different transcriptional organizations. Two transcriptional start sites were identified 

in RN6390, one in front of esxA, which is identical to the one identified in Newman 

(Schulthess, Bloes et al. 2012), and a second located in the intergenic region between 

esxA and esaA. Only one transcriptional start site was identified in USA300, in front of 

esxA. This site is the same as that in both RN6390 and Newman.  

The ess genomic region was analysed using the rho-independent terminator prediction 

program TransTermHP, and a putative rho-independent terminator sequence is 

predicted to locate in the esxA-esaA intergenic region shortly after esxA. This must 
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function as a highly effective terminator in RN6390 and Newman, while allowing some 

read through in USA300, SA113 and COL to give two transcripts, a short mRNA coding 

only for esxA terminated by the terminator, and a second long mRNA covering all 12 

genes. The molecular basis for these unexpected transcriptional differences is not 

known, but it may result from strain-specific variation in the function of trans-acting 

factors, for example RNA stem-loop binding proteins.  

3.8.2. esxA is highly overexpressed in all S. aureus strains relative to other 

ess-encoded genes 

Quantitative RT-PCR showed that esxA was much more highly expressed than other 

genes at the ess locus that were studied. This massive overexpression of esxA relative 

to esaA was seen for strain RN6390 that expresses esaA from a separate promoter, and 

for USA300 and COL that transcribe both genes from the same promoter. Very recently, 

RNA sequencing data for four very distantly related strains, RN6390, MRSA252, ST398 

and EMRSA15 grown under very similar conditions as the strains in this thesis chapter 

was published (Warne, Harkins et al. 2016). These strains were chosen to represent the 

four different ess organisations outlined in Chapter 1, and an analysis of the RNA 

sequencing reads covering the ess regions in these strains is shown in Fig. 3.12.  

It can clearly be seen that the RNA read copy of esxA in all of these S. aureus strains is 

much higher than any of the other ess genes. The quantification of reads in each of these 

four strains is given in Table 3.1, where the read number of essC was arbitrarily assigned 

a value of 1 for each strain. It is clear that the RNA level of esxA is around 124 fold higher 

than that of essC in RN6390. This is in excellent agreement with the RT-QPCR results 

presented in Fig 3.9, where esxA was present in approximately 100-120 fold excess over 

essC in RN6390. Similarly, in the other three strains examined, MRSA252, EMRSA_15 

and ST398, the read number of esxA RNA is at least 80 fold higher than that of essC. 

These results clearly show that it is a general feature of the ess locus that esxA is 

expressed in very large excess relative to the genes coding for the other core 

components of the secretion system.  
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It was also seen that the relative quantification of both esaA and esxB were very similar 

to those estimated by RT-QPCR of RN6390 in Fig 3.9, with esaA being overexpressed 

relative to esxB (and essC). The relative quantification of esxB is not shown in Table 3.1 

as this gene is only found in RN6390 and not the other three strains, but was calculated 

to be 1.2, which is again in very good agreement with the results presented in Fig 3.9.    

 

MRS252 

EMRSA_15 

ST398 

RN6390 

Figure 3.12.  esxA is overexpressed in distantly related S. aureus strains as indicated by RNA 
sequence analysis. RNA sequencing results were from Warne et al. (2016) and the data 
analysed using Artemis software. esxA is highlighted in pink.  
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Currently it is not clear why esxA should be so highly expressed relative to the other ess-

encoded genes. If this difference in mRNA level translates directly to protein it would 

imply at least 100 times more EsxA than EssC may be present in the cell. As discussed 

in Chapter 1, EsxA is considered to be a core component of the secretion machinery. It 

has been seen for other secretion systems that some components are produced in large 

excess over other ones. For example the needle protein of the Type III secretion system 

is found in large excess over the core membrane components of the secretion system 

(Hodgkinson, Horsley et al. 2009), as is the Type IV secretion pilin protein (Chandran 

Darbari and Waksman 2015) and the contractile sheath proteins of the Type VI secretion 

system (Kudryashev, Wang et al. 2015). Each of these proteins have in common that 

they form large polymeric surface structures that facilitate protein secretion. This might 

suggest that EsxA could also form a large surface assembly during Type VII protein 

secretion. However it should be noted that S. aureus EsxA can homodimerise but no 

larger polymers have been described (Sundaramoorthy, Fyfe et al. 2008). Moreover, no 

pili or needle-like surface structures associated with the Type VII secretion system, have 

ever been reported. The function of EsxA and why the encoding gene is so relatively 

highly expressed remains a mystery at present. 

 RN6390 MRSA252 EMRSA_15 ST398  

esxA 124.6 86.2 114.9 95.4  

esaA 4.5 1.3 2.0 1.7  

essA 3.9 1.5 2.2 2.1  

essB 1.2 1.0 1.4 1.4  

essC 1 1 1 1  

Table 3.1. Comparison of RNA levels of ess genes from different S. aureus strains taken from 
the RNA sequencing analysis of Warne et al. (2016). The RNA copy number of essC was used 
as calibrator to 1.  
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3.8.3. Regulation of the ess genes  

As discussed in Section 3.1, some of the regulatory factors that control expression of the 

esxA have already been identified. However, further unknown factors may also regulate 

esxA. As part of the work in this thesis a random transposon mutagenesis screen was 

attempted to try and identify further regulatory factors. The lacZ reporter gene under the 

control of the esxA promoter and ribosome binding site was placed onto the chromosome 

of RN6390 at a remote location, and transposon mutagenesis was undertaken to screen 

for up-regulation or down-regulation of LacZ activity. After extensive screening, ~150 

colonies were selected that appeared to be either darker or lighter blue than the control 

and the transposon insertion sites of 40 of these was mapped. 

More than 25% of the insertions, both up-regulated and down-regulated candidates, 

mapped to the agr locus. However, up-regulation and down-regulation was associated 

with insertions within the same gene, for example three insertions in agrC were 

associated with upregulation of LacZ activity, whereas four were associated with 

downregulated activity, without any apparent logic regarding insertion position. Four 

independent insertions in sirC were associated with LacZ downregulation. SirC encodes 

the transmembrane component of an iron-siderophore ABC transporter and important 

for the import of staphylobactin (Dale, Sebulsky et al. 2004). However when an in-frame 

deletion of sirC was constructed in RN6390, the production and secretion of EsxA was 

unaltered relative to the wildtype. The reason for all of these discrepancies is still 

unknown. One possibility is that there may be several transposon insertions in the 

chromosome of these strains. Further work will be required to define the complete 

regulatory network controlling the synthesis of the Type VII secretion machinery.  
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EsaD is a nuclease toxin secreted by the 

S. aureus Type VII/Ess Secretion pathway 
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4.1. Introduction 

As discussed in Chapter 1, the Type VII secretion was first described in Mycobacterium 

tuberculosis where it plays a key role in virulence (Stanley, Raghavan et al. 2003). Slow 

growing Mycobacteria produce up to five T7SS (Esx-1 – Esx-5) that collectively secrete 

hundreds of substrate proteins. Canonical substrates of the Mycobacterial T7S are small 

WxG proteins that structurally comprise of two short α-helices. These include EsxA and 

EsxB, which are known to form a heterodimer and to be co-secreted in a fully folded 

conformation through the Esx-1 secretion system (Renshaw, Lightbody et al. 2005, San 

Roman, Facey et al. 2010). The N- and C-terminal regions of these proteins are flexible, 

and the flexible C-terminal region of EsxB harbours a signal sequence that is required 

for the secretion of the EsxA-EsxB complex (Champion, Stanley et al. 2006, Houben, 

Korotkov et al. 2014). EsxGH encoded by esx-3 has the  similar structural characteristics 

to EsxAB, also forming a heterodimer that is secreted by the Esx-3 secretion system 

(Ilghari, Lightbody et al. 2011). 

In addition to the small Esx substrate proteins, other substrates have also been identified. 

A number of Esx-1 secretion-associated proteins (Esp), such as EspA, EspB, EspC, 

EspE, EspJ, EspK have been reported. Most of these Esp proteins are encoded within 

esx-1 (McLaughlin, Chon et al. 2007), except for EspA and EspC that are encoded in a 

separate operon (Bitter, Houben et al. 2009). The Esp substrates belong to EsxAB 

protein family, and at least some of these small Esp proteins are predicted to form a 

helix-turn-helix fold, similar to EsxAB (Houben, Korotkov et al. 2014). A WxG motif 

located between the two predicted a-helices of EspA was shown to be required for the 

secretion of EspA and when mutated blocked not only EspA secretion but also secretion 

of other Esx-1 substrates including EsxAB (Chen, Zhang et al. 2013). 

 Additional substrates of Mycobacterial T7SS are the PE and PPE protein families. They 

are named for the N-terminal PE and PPE domains consisting of repeats of proline- 

glutamic acid or proline-proline-glutamic acid, respectively (Cole, Brosch et al. 1998). 

The majority of PE and PPE proteins are not encoded within esx loci, and collectively 
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make up almost 10% of the coding capacity of the M. tuberculosis genome (Gey van 

Pittius, Sampson et al. 2006, Akhter, Ehebauer et al. 2012). PE-PPE proteins share 

some characteristics with Esx proteins, and are also secreted as heterodimers (Strong, 

Sawaya et al. 2006, Korotkova, Freire et al. 2014). Similar to Esx proteins, the first 

approximately 110 amino acids of PE proteins form a helix-turn-helix structure, but they 

do not contain the characteristic WxG motif. The C-terminal region of PE proteins has a 

specific secretion motif YxxxD/E that is required for the secretion of PE/PPE complex. 

For example, Mutation of the YxxxD/E secretion motif of PE25 has shown to disrupt 

secretion of both PE25 and PPE41 (Korotkova, Freire et al. 2014). PPE proteins are 

larger than PE proteins with about 180 amino acids, and form 5 helices. A WxG motif 

exists between the second and third helix. An extension region formed by the fourth and 

fifth helices, provides the interaction interface for EspG chaperone that is required for 

the stability and secretion of PE/PPE complex (Bottai, Di Luca et al. 2012, Daleke, 

Ummels et al. 2012, Houben, Korotkov et al. 2014, Korotkova, Freire et al. 2014). To 

date the PE-PPE proteins are the only substrates of T7SS known to require a specific 

chaperone (Daleke, van der Woude et al. 2012, Ekiert and Cox 2014, Korotkova, Freire 

et al. 2014).  

Although it has been reported that PE/PPE proteins are involved in virulence and 

persistence in host (Sampson 2011, Diaz, Ocampo et al. 2016), their precise functions 

are almost completely unknown. Previously, it has been demonstrated that the C-

terminal of both PE and PPE proteins can be extended and carry functional domains, 

such as lipase (Deb, Daniel et al. 2006, Garrett, Broadwell et al. 2015, Singh, Rao et al. 

2016), serine hydrolase (Sultana, Tanneeru et al. 2011), and aspartic protease (Barathy 

and Suguna 2013) domains. For example, the lipases LipX (PE11 or Rv1169c) and LipY 

(Deb, Daniel et al. 2006) play a role in virulence through their lipase activity that is fused 

to a PE domain. However the functions of the vast majority of PE-PPE proteins remains 

mysterious. 
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In addition to Mycobacteria, T7SSs were also more recently identified in Gram-positive 

bacteria, including pathogenic species such as S. aureus (Burts, Williams et al. 2005), 

Bacillus anthracis (Garufi, Butler et al. 2008) and Nocardia farcinica (Gonzalez and 

Lopez 2014). In those strains, the T7SS was linked with the ability to cause infection, in 

contrast to the plant pathogen Streptomyces scabies (Fyans, Bignell et al. 2013) and its 

close non-pathogenic relative Streptomyces coelicolor (San Roman, Facey et al. 2010), 

where it was found to play a role in the developmental cycle. However, very few 

substrates of these T7SSs have as yet been identified.  

Mutagenesis studies (Burts, Williams et al. 2005, Anderson, Aly et al. 2013, Kneuper, 

Cao et al. 2014, Warne, Harkins et al. 2016) coupled with genomic analysis (Warne, 

Harkins et al. 2016) strongly suggest that the first six genes at the S. aureus T7SS ess 

locus code for core components of the secretion machinery, including the T7 secreted 

protein EsxA (Fig 4.1). Apart from EsxA, only three ‘true’ substrates of the secretion 

system have been identified to date - EsxB, EsxC and EsxD. Each of these substrates 

are encoded downstream of essC in the ess loci of strains such as RN6390 and Newman.  

EsxB is a small secreted protein of approximately 100 amino acids and, like EsxA, 

contains a WxG motif. The structure of S. aureus EsxB has not been determined, 

however structural analysis of B. anthracis EsxB shows that the protein has some 

flexibility leading to the suggestion that it may function as an adaptor for the secretion of 

other WxG proteins (Fan, Tan et al. 2015). Although EsxA and EsxB form homodimers 

rather than heterodimers as has been seen in Mycobacteria (Renshaw, Lightbody et al. 

2005) and Streptomyces (Akpe San Roman, Facey et al. 2010), it has been reported that 

deletion of esxB from S. aureus strain Newman affects the stability/secretion of EsxA 

(Burts, Williams et al. 2005). However, different findings were reported in strain RN6390, 

where deletion of esxB did not abolish the secretion of EsxA (Kneuper, Cao et al. 2014). 

EsxB is unlikely to be an obligate binding partner of EsxA in S. aureus since it is only 

found in approximately 50% of sequenced S. aureus strains. Moreover, the RT-QPCR 
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results presented in Chapter 3 show that the mRNA level of esxB in RN6390, COL and 

USA300 is about 100 fold lower than that of esxA. 

EsxC has also been identified as a secreted substrate in S. aureus (Burts, DeDent et al. 

2008, Kneuper, Cao et al. 2014). EsxC is about 15 kDa in size without sharing any 

obvious sequence features of the WXG100 proteins or PE/PPE proteins. Like EsxA and 

EsxB, EsxC plays an important role in virulence, in particular during the formation of 

persistent abscesses in a mouse infection model (Burts, DeDent et al. 2008). In addition, 

EsxC has been shown to form both a homodimer, and a heterodimer with EsxA 

(Anderson, Aly et al. 2013). However, RNA sequence data shown in Chapter 3 indicates 

that the RNA level of esxC is far less than that of esxA, again making it unlikely that EsxC 

is an obligate EsxA binding partner.  

EsxD is the most recent substrate of T7SS identified in S. aureus (Anderson, Aly et al. 

2013). Again it is a small protein, approximately 10 kDa, lacking the WXG100 signature 

motif but carrying a C-terminal YxxxD/E motif (Anderson, Aly et al. 2013). Strangely, 

deletion of this motif (but not amino acid substitution) prevented secretion of EsxC and 

of EsxA, but not secretion of EsxD or EsxB. By contrast, deletion of esxD led to loss of 

secretion of EsxA, EsxB and EsxC. It was shown using bacterial two-hybrid and co-

purification experiments that EsxD forms a heterodimer with EsxB (Anderson, Aly et al. 

2013). However, to date, the functions of any of these secreted substrates remains to be 

determined.   
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Figure 4.1. The ess locus and localization and predicted topologies of Ess components in S. aureus strain RN6390. A. Genetic organisation of the ess locus. 
Genes coding for core components of the secretion machinery are shown in green, those for secreted components in yellow and those in white code for proteins 
that are studied in Chapters 4 and 5 of this thesis. B. Subcellular location and predicted topologies of essential components of the secretion machinery (green) 

and known secreted substrates (yellow). FHA – forkhead associated domain. ATP – P-loop ATP-binding domain. 
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4.2. Aims of this chapter 

A prior study reported EsaD to be a membrane-bound accessory factor for the secretion 

system in S. aureus strain USA300 and to play an important role in secretion of EsxA, 

and as a result it was re-named EssD (Anderson et al., 2011). However, results from a 

comprehensive analysis of staphylococcal genomes found that it was absent in around 

50% of the analysed sequences (Warne, Harkins et al. 2016). This apparent absence of 

EsaD from a large proportion of S. aureus strains indicates that EsaD is not likely to be 

a critical component of the secretion machinery. Therefore the aim of the work in this 

chapter was to characterise the EsaD protein and to determine what role, if any, it played 

in the T7SS. 

 

Results 

4.3. EsaD is not required for T7SS activity 

EsaD is encoded within the T7SS gene cluster (Fig 4.1A) and as discussed above has 

been reported to be membrane-bound, and to be an accessory factor for type VII 

secretion in S. aureus strain USA300. Immunofluorescence analysis suggested that the 

N-terminal region of EsaD was displayed on the cell surface and that correspondingly 

the C-terminal region was located in the cytoplasm. A transposon insertion in esaD 

reduced the secretion of EsxA, which accumulated in the cytoplasm suggesting that it 

played an important role in secretion of EsxA. These findings led to the suggestion that 

EsaD contributes to the selection of secretion substrates and/or interacts directly with 

the Ess secretion machine (Anderson et al., 2011). However, the genomic analysis of 

Warne et al. (2016) demonstrated that esaD was absent from many strains of S. aureus, 

casting doubt on the suggestion that EsaD is an obligate component of the T7SS.  

In order to examine the role of EsaD in strain RN6390, an in-frame deletion of the 

encoding gene was constructed by Dr Holger Kneuper, and this was analysed to 

determine whether it was required for the secretion of the core component EsxA and the 
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substrate protein EsxC. As shown in Fig 4.2A, EsxA was still detected in the culture 

supernatant of the esaD mutant strain, but EsxC appeared to be unstable as only low 

levels of the protein was detected in the cells and none in the supernatant. To circumvent 

the apparent instability of EsxC in this strain, EsxC was expressed at elevated levels 

from plasmid pRAB11-esxC by induction with 50ng/ml of the inducer ATC (Fig 4.2 B). In 

this case, EsxC was detectable in the supernatant of the esaD mutant. Therefore, it can 

be concluded that EsaD is not an essential component of the T7SS in strain RN6390, 

but that the deletion of esaD seems to affect the stability of EsxC. 

 
 
 
 

Figure 4.2. EsaD is not required for secretion of EsxA and EsxC. The RN6390 wild-type or 
isogenic deletion strains, as indicated, were cultured in TSB medium or B. The indicated 
strains harbouring pRAB11 (empty) or pRAB11-EsxC were cultured in TSB medium until an 
OD600 of 0.5 was reached, after which the cultures were supplemented with ATC (50ng/ml) to 
induce plasmid-encoded gene expression. A. and B. When cultures reached OD600nm of 2, 
cells were spun down and the supernatant (sn) was retained as the secreted protein fraction, 
while the pellet was retained as the cellular fraction. Samples of the supernatant and cellular 
fractions were separated on 12 % bis-Tris gels and immunoblotted with anti-EsxA, anti-EsxC 
or anti-TrxA antibodies as indicated. TrxA was used as a cytoplasmic control. 

 

 

A 

sn      c       sn      c       sn      c       

∆esaD ∆ess 

10 

10 

kD 

15 

Wild type 

B 

sn       c        sn       c         sn      c        sn         c  

α-EsxC 

α-TrxA 

∆esaD 

empty pEsxC empty pEsxC 

15 

10 

kD 

Wild type 

α-EsxC 

α-EsxA 

α-TrxA 



101 
 

 
 

4.4. Bioinformatic analysis suggests that EsaD has a nuclease domain 

A previous study reported EsaD to be a membrane protein with its N-terminus exposed 

on the cell surface (Anderson et al., 2011). To examine this further, the sequence of 

EsaD was first analysed for the presence of transmembrane regions using the TMHMM 

server (http://www.cbs.dtu.dk/services/TMHMM/). As shown in Fig 4.3, the program 

predicts only a low probability for EsaD to harbour a transmembrane segment (probability 

less than 0.3), which suggests that the protein is unlikely to be a conventional integral 

membrane protein. 

 

 

 

 

 

 

 

 

 

 

 

 

To obtain further clues about the potential function of EsaD, BLAST/threading analyses 

of the EsaD sequence was undertaken. As shown in Fig 4.4, this identified potential 

protein domains within EsaD. The N-terminal domain, covering approximately the first 

200 amino acids of EsaD, harbours a predicted LXG motif. This motif belongs to WXG 

superfamily and is classified as a specific secretion signal of T7SS. This observation 

might suggest that EsaD is a substrate of the T7SS. Interestingly, the final ~150 amino 

acids of EsaD were predicted to form a nuclease domain.  

Figure 4.3. TMHMM analysis of the EsaD sequence from RN6390. The y‐axis of the TMHMM 

plot shows the probability of an amino acid residue (x‐axis) being part of a transmembrane 
helix (transmembrane, red) or soluble (inside, blue/outside, pink) part of the target protein. 

 

 

 

 

http://www.cbs.dtu.dk/services/TMHMM/
file:///C:/Users/zpcao/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/FWPWEKCV/being
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To analyse the subcellular location of EsaD and to determine whether it was a substrate 

of the T7SS, it was necessary to clone the encoding gene. It proved almost impossible 

to clone the entire esaD gene on its own, even in vectors that are tightly repressible, 

strongly suggesting that the protein was associated with toxic activity. In order to facilitate 

cloning of EsaD, further bioinformatics analysis was undertaken to identify key catalytic 

residues within the nuclease domain with the aim of inactivating the predicted nuclease 

activity by site-directed mutagenesis.  

Performing multiple sequence alignments of EsaD orthologues identified through a 

BLAST search, shown in Fig 4.5, highlighted conserved residues within the C-terminal 

nuclease domain. In the multiple sequence alignment analysis, Streptococcus pyogenes 

Spd1 protein was included as a reference for the endonuclease_NS_2 family (PFAM 

13930). Spd1 protein is a type I non-specific metal-dependent endonuclease, and its 

nuclease activity has been described (Korczynska, Turkenburg et al. 2012). The key 

residues Histidine 121, Asparagine 145 and Glutamate 164 were identified and shown 

to be crucial for the nuclease activity of Spd1 (Korczynska, Turkenburg et al. 2012). 

According to the alignment, the position of the catalytically active His121 in Spd1 

corresponds to the conserved residue His528 in EsaD. Therefore, it suggests that His528 

is likely to be the catalytically active base, and mutagenesis of this residue would be 

predicted to inactivate the nuclease.  

 

 

Figure 4.4. Predicted domain architecture of EsaD. Conserved domain architecture prediction 
performed by BLASTP. At the N-terminus, a LXG motif was predicted, shown in yellow. A 
nuclease domain (NUC) in blue is predicted to be located at the C-terminus. 
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Figure 4.5. Partial multiple sequence alignment of EsaD and orthologous proteins from different Gram-positive bacteria identified by BLASTP. The alignment 
covers the predicted endonuclease domain only. The organism names and the amino acid position of the residues in the alignment are on the left. The conserved 
amino acids residues are shaded black for identity and in grey for similarity. The highly conserved histidine (H528 in EsaD named EssD in alignment) is indicated 
by a red arrow. The position of EsaD V584 that was substituted to tyrosine in this Chapter is marked with an asterisk. The Streptococcus pyogenes Spd1 protein 
was used as a reference for the Endonuclease_NS_2 family (PFAM 13930). Abbreviations: Afl, Anoxybacillus flavithermus; Bce, Bacillus cereus; Bcl, B. clausii; 
Bha, B. halodurans; Ble, B. lentocellum; Bli, B. licheniformis; Bpu, B. pumilus; Bsu, B. subtilis; Cle, Clostridium lentocellum; Cpa, Cohnella panacarvi; Sau, 
Staphylococcus aureus; Sepi, S. epidermidis; Sha, Sediminibacillus halophilus; Spy, Streptococcus pyogenes; Strep, Streptococcus sp. 
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By incorporating a substitution of the His codon at position of 528 to Ala, esaD could be 

now be successfully cloned. To determine whether EsaD is a secreted substrate of the 

T7SS, the construct pRAB11-esaD(H528A)–HA was generated. Plasmid pRAB11 is a 

S. aureus expression vector where cloned genes are placed under control of the 

tetracycline promoter and expression can be induced by addition of anhydrotetracycline 

(ATC) (Helle, Kull et al. 2011). DNA was cloned into this vector coding for the esxA 

ribosome binding site (RBS) in front of esaD (H528A) and with a C-terminal HA tag 

coding sequence to facilitate EsaD detection, and introduced into different S. aureus 

wild-type strains RN6390 and COL and their isogenic essC deletion strains (Kneuper, 

Cao et al. 2014). Production of the plasmid-encoded EsaD(H528A)-HA protein was 

induced by addition of 250 ng/ml ATC at 37°C when the cells reached an OD600nm of 0.5 

and cells were harvested at OD600nm of 3. The supernatants of each strain were collected 

and precipitated by TCA for Western blot analysis. The results, shown in Fig 4.6, indicate 

that EsaD(H528A)-HA is present in the supernatant of wild type strains RN6390 and 

COL, but absent from the supernatants of the ΔessC strains, showing that EsaD 

secretion is T7SS dependent. In addition, comparing Figure 4.6 A and B, COL appears 

to shows more secretion of EsaD, suggesting that COL has a higher T7 secretion activity 

than RN6390, which has been reported previously (Kneuper, Cao et al. 2014).
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It should be noted that although some EsaD (H528A)-HA was detected in the 

supernatant, the bulk of the protein was associated with the cellular fraction. A similar 

pattern was also seen for EsxA, with most of the protein being found in the cells (Fig 

4.6). This was noted previously and it has been concluded that the secretion system is 

largely inactive when cells are grown in laboratory media (Kneuper, Cao et al. 2014, 

Jager, Zoltner et al. 2016). To determine whether the cell-associated EsaD was located 

in the cytoplasmic membrane as concluded previously (Anderson, Chen et al. 2011), 

subcellular fractionation of RN6390 cells expressing EsaD (H528A)-HA was carried out. 

The cytoplasmic and membrane fractions were isolated and control blots with anti-TrxA 

(a cytoplasmic protein) and anti-EssB (an integral membrane protein) showed that the 

cellular fractions were not cross-contaminated (Fig 4.7). However, EsaD(H528A)-HA 

Figure 4.6. EsaD is a secreted protein. Western blot for EsaD-HA in concentrated supernatant (sn) 

and whole cell (c) samples from the indicated strains (A. RN6390 and RN6390 essC mutant, B. 

COL and COL essC mutant). Note that the H528A amino acid substitution was present in the 
predicted toxin domain of EsaD encoded on this plasmid. Supernatants from the same strains 
containing the empty plasmid, pRAB11, but otherwise treated identically, were used as negative 
controls. Control western blots for the cytoplasmic marker protein TrxA and secreted protein EsxA 
with α-TrxA antibody and EsxA antibody are also shown for the same samples.  
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(migrating as a double band) was only detected in cytoplasmic fraction and not in the 

isolated membrane fraction, which is consistent with the TMHMM prediction of a soluble 

protein. Therefore, it can be concluded that EsaD is a substrate of the T7SS.  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

4.5. EsaD is a deoxyribonuclease that is neutralised by EsaG  

4.5.1. EsaD is toxic to E. coli 

The esaD and esaG genes are the last two genes of the most prevalent S. aureus ess 

gene cluster. It was noted above that esaD could not be cloned alone (unless the H528A 

codon substitution was introduced), but it could readily be cloned if the esaG coding 

sequence was also present. Moreover, it was also noted that esaG could not be deleted 

on its own from the chromosome of RN6390 but could be co-deleted along with esaD. It 

is therefore highly likely that, in the presence of esaD, esaG is an essential gene.  

To confirm that EsaD has toxic activity, it was essential to clone the encoding gene on 

its own. Numerous attempts were made to clone esaD into repressible vectors such as 

the pBAD series (Guzman, Belin et al. 1995), without success. Eventually, a clone was 

isolated in plasmid pT7.5(Tabor and Richardson 1985). This plasmid expresses cloned 

genes under control of the phage T7 promoter which is not normally recognised by 

standard laboratory strains of E. coli. Even so, cells harbouring the clone grew very 

Fig 4.7. Detection of EsaD(H528A)-HA in cytoplasm and membrane fractions of RN6390. The 
western blot for EsaD(H528A)-HA with anti-HA antibody was carried out on cytoplasm and 
membrane fractions from RN6390 overeproducing EsaD(H528A)-HA. The same strain 
containing empty plasmid pRAB11 was used as a negative control. EssB and TrxA were used 
as control markers for membrane and cytoplasmic fractions, respectively. 
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slowly, and when the plasmid was sequenced it was seen that there was point mutation 

resulting in an EsaD Val584Tyr variant (the position of V584 is marked on the EsaD 

sequence in Fig 4.5). Despite the difficulty in cloning esaD, a pT7.5 construct containing 

the wild type sequence of esaD along with esaG was easily isolated. 

To confirm that EsaD was toxic to E. coli, the pT7.5-esaD(V584Y) and pT7.5-esaD/esaG 

plasmids were introduced into E. coli strain BL21 (DE3), which chromosomally encodes 

the phage T7 polymerase. Fig 4.8 shows that when IPTG was added to induce 

expression of the T7 polymerase, the strain carrying pT7.5-esaD/esaG continued to grow 

(although not as well as the strain carrying the empty plasmid), however the strain 

carrying pT7.5-esaD(V584Y) ceased growing. These results confirm that EsaD has toxic 

activity and EsaG functions to neutralize this toxic activity. This is good evidence to 

indicate that EsaD/EsaG form a toxin-antitoxin pair. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8. EsaD production is toxic to E. coli. Cultures of E. coli strain BL21(DE3) harbouring 
plasmids pT7.5 (black), pT7.5-esaD (light grey) or pT7.5-esaD/esaG (dark grey) were grown 

in LB at 37°C to OD600nm 0.5 and then supplemented with 1 mM IPTG (at time 0 hr) for growth 
curve analysis. Cell growth was monitored by measuring OD

600nm
 at 1 hr intervals.  
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4.5.2. E. coli cells producing EsaD form long filaments with condensed 

nucleoids 

Examination of cells of E. coli BL21(DE3) producing EsaD(V584Y) or EsaD/G by light 

microscopy showed that E. coli BL21 (DE3) harbouring pT7.5-esaD(V584Y) formed long 

filaments in the presence of 1mM IPTG (Fig 4.9A). The lengths of the cells were 

measured by a tool available in Open Microscopy Environment (OMERO, 

https://www.openmicroscopy.org). Cells expressing EsaD(V584Y) were up to 10 times 

longer than the controls with empty vector or pT7.5-esaD/esaG. As shown in Fig 4.9B, 

the average length of the cells expressing EsaD(V584Y) was about 3.5 μm, whereas 

control cells were about 1.25 μm in length. Scanning electron microscopy (SEM) was 

used to look at changes in cell shape in finer detail. As shown in Fig 4.10, it was clear to 

see that the cells producing EsaD(V584Y) were much longer than the ones without 

EsaD(V584Y) or with EsaD/EsaG expressed together. Taken together these results are 

suggestive of induction of the SOS response, which causes filamentation of E. coli in 

response to DNA damage (Hill, Sharma et al. 1997). 
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Figure 4.9. E. coli expressing EsaD produces elongated cells. A. E. coli strains BL21(DE3) 

carrying  pT7.5, pT7.5esaD(V584Y) or pT7.5esaD/esaG were cultured in LB at 37⁰C to OD
600

 of 

0.5, and then supplemented with 1 mM IPTG for 3 hours, after which cells were harvested and 
observed by light microscopy (100X) The same strains without addition of IPTG were used for 
negative controls. (Scale bar, 10 µm). B The length of the cells was measured and analysed in 
OMERO (n=156-300). 

0 

1 

2 

3 

4 

C
e
ll
 l

e
n

g
th

 (


m
) 

No IPTG 1mM IPTG 

 

B 

A 

pT7.5esaD (V584Y) 0mM IPTG 

pT7.5esaDG 1mM IPTG pT7.5esaDG 0mM IPTG 

pT7.5esaD (V584Y) 1mM IPTG 

pT7.5 0mM IPTG pT7.5 1mM IPTG 



110 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To look in more detail at the filamented cells producing EsaD(V584Y), the nucleoid was 

stained using the DNA binding compound 4',6-diamidino-2-phenylindole (DAPI). The 

same strain and plasmid combinations were cultured as described previously and fixed 

cells were treated with DAPI (1:1000) and analysed by fluorescence microscopy. As 

shown in Fig 4.11, There appears to be increased fluorescence intensity in the cells 

expressing EsaD(V584Y). Moreover, some of the cells expressing EsaD(V584Y)  had a 

Figure 4.10. Scanning electron microscopy of cells expressing EsaD(V584Y) or EsaD/G. 
Cultures of BL21 (DE3) harbouring the vectors pT7.5-esaD(V584Y)  or pT7.5-esaD/esaG were 

cultured in LB at 37°C to OD600nm of 0.5 and supplemented with 1 mM IPTG for about 3 hours. 
Cells were fixed directly in growth media with a final concentration of 2.5% glutaraldehyde for 
up to 24 hours. The fixed cells were collected on Whatman nucleopore membranes and placed 
in 1X PBS. After dehydration the samples were critically point dried. Membranes were then 
mounted on Al stubs using carbon adhesive tabs and coated with 30 nm Au/Pd using a 
Cressington 208HR sputter coater. Specimens were examined using a Philips XL 30 ESEM 
operating at an accelerating voltage of 15kV. The scale bar was as indicated, and the holes 
are from the membrane.  

pT7.5esaD (V584Y) 1mM IPTG pT7.5esaD (V584Y) 0mM IPTG 

pT7.5esaD/G 1mM IPTG pT7.5esaD/G 0mM IPTG 
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strong signal in the centre of the cell (indicated by red arrows), suggesting that EsaD 

may have caused the DNA to condense. Therefore it can be concluded that expression 

of EsaD(V584Y) is associated with a DNA damage response. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.11. The chromosome of E. coli cells producing EsaD(V584Y)  appears to condense.  
E. coli strains BL21(DE3) carrying pT7.5, pT7.5esaD(V584Y) or pT7.5esaD/esaG were 

cultured in LB at 37⁰C to OD600nm of 0.5 and then supplemented with 1 mM IPTG for 3 hours, 
after which cells were harvested, fixed with 4% PFA, stained with DAPI, and observed by 
fluorescence microscopy (100X). The cell with DNA condesion were pointed out in red 
arrows. The cells without addition of IPTG were used as negative controls. (Scale bar, 5 µm).  

 

 

 

 

 

 

pT7.5 0mM IPTG pT7.5 1mM IPTG 

pT7.5 esaD(V584Y)  0mM IPTG pT7.5 esaD (V584Y) 1mM IPTG 

pT7.5 esaD/G 0mM IPTG pT7.5 esaD/G 1mM IPTG 
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4.5.3. Production of EsaD(V584Y) in E. coli results in chromosome 

fragmentation 

The results presented above are consistent with EsaD acting as a DNase to cause 

chromosomal damage. To examine further whether EsaD was associated with nuclease 

activity, a series of cell biology experiments were undertaken. A study in Caulobacter 

crescentus has used cell biology approaches to demonstrate that BapE is a DNA 

endonuclease (Bos, Yakhnina et al. 2012). In their study, Bos et al. (2012) showed that 

expression of BapE was associated with fragmentation of the chromosome that was 

visible on pulse-field gel electrophoresis. To examine whether EsaD has a similar 

function, genomic DNA was extracted from equal amounts of cells of E. coli strain BL21 

(DE3) harbouring pT7.5-esaD(V584Y)  or pT7.5-esaD/esaG grown in the presence or 

absence of IPTG. As shown in Fig 4.12, there was a hint that short DNA fragments 

(arrowed in red) appeared in the cells expressing EsaD only. This hints that EsaD may 

have similar activity as BapE to cause DNA damage in vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Analysis of in vivo chromosome fragmentation. Equivalent cell mass was 
collected from each culture and genomic DNA was prepared using the genome gene 
extraction kit. Equal amounts of DNA from each preparation were run on a 1% agarose gel 
and stained with gel red to visualize DNA. The red arrows indicate the DNA fragmentation 
caused by EsaD. 
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To examine this in a more quantitative way, the quantitative terminal deoxynucleotidyl 

transferase dUTP nick-end labeling (TUNEL) assay approach was used. In this 

approach, FITC-conjugated dUTP is added to the 3′-hydroxyl termini of the damaged 

DNA catalysed by the recombinant Terminal Deoxynucleotidyl Transferase (rTdT ) 

enzyme. Initially, the rTdT-treated cells were analysed using fluorescence microscopy. 

As shown in Fig 4.13, the green fluorescent TUNEL positive cells were only found when 

EsaD(V584Y) was expressed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pT7.5esaD(V584Y)  0mM IPTG 

pT7.5esaD (V584Y) 1mM IPTG 

pT7.5esaDG 0mM IPTG 

pT7.5esaDG 1mM IPTG 

Figure 4.13. DNA fragmentation was determined in E. coli expressing EsaD by FITC-
conjugated dUTP- end labelling of DNA fragments followed by fluorescence microscopy 
(100X). Cells grown in the absence of IPTG inducer were used as negative controls. (Scale 
bar, 10 µm). 
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No fluorescence signal was observed in the cells expressing EsaD along with EsaG, 

suggesting that EsaG acts as an antitoxin to EsaD, consistent with previous findings. 

In the meantime, the rTdT-treated cells were analysed using flow cytometry as well. As 

shown in Fig 4.14, 0.69% of all the cells producing EsaD(V584Y) were shown in red in 

fluorescence-activated cell sorting (FACS) plot, which were indicated asTUNEL-positive 

cells with DNA damage. However, only 0.01%-0.02% in the other samples were in red. 

Moreover, production of EsaD was also associated with an increase in side scatter, 

consistent with changes in cellular morphology seen by microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14. Quantification of TUNEL assays performed by flow cytometry in cells carrying 
pT7.5-esaD(V584Y) or pT7.5-esaD/G EsaD(V584Y) cultured in the presence or absence of 
the inducer IPTG, as indicated. Due to a high-fluorescence background of nonapoptotic cells, 
control samples with no d-Transferase enzyme were performed in parallel to samples treated 
with d-Transferase enzyme. The percentage of TUNEL positive cells for each sample is given 
underneath. 
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4.5.4. Purified EsaD has DNase activity 

The results presented above show that the expression of EsaD is associated with DNA 

fragmentation but do not provide conclusive evidence that EsaD itself has DNase activity. 

According to BLAST analysis (Fig 4.4), the final ~150 amino acids of EsaD are predicted 

to form a nuclease domain that shows significant similarity to Bacillus subtilis YeeF, 

which has been classified by Uniprot as a putative ribonuclease also as belonging to the 

Endonuclease_NS_2 family (like EsaD). To directly address whether EsaD is a DNase, 

it was essential to purify the protein and characterise it biochemically. Since it has not 

been possible to clone the native esaD gene alone for overexpression of the protein, a 

construct was made that expressed the C-terminal nuclease domain of EsaD with a His-

tag, together with EsaG (plasmid pQE70-EsaG-EsaG-EsaD421-614–his). This construct 

harboured two copies of esaG to ensure that all of the EsaD produced from this plasmid 

was neutralised. As a control plasmid pQE70-EsaG-EsaG-EsaD421-614(H528A)–his was 

also constructed, that produced the H528A active site variant of the EsaD nuclease 

domain. The proteins were produced in E. coli M15 also carrying plasmid pRep4 by the 

addition of 1 mM IPTG when cultures reached at OD600nm of 0.5 and they were cultured 

for a further 4 hr at 37ºC.  

The overexpressed EsaD nuclease domains (Fig 4.15) were subsequently purified from 

cells in the presence of 8 M urea to denature the proteins and to disrupt the EsaD-EsaG 

complex. The denatured proteins were incubated with Ni-affinity resin for 1 hr and 

washed with denaturing wash buffer to separate EsaG from EsaD. The EsaD421-614 and 

EsaD421-614(H528A) variants were subsequently refolded during elution by omitting urea 

from the elution buffer, and separated on a 12% Bis-Tris gels to analyse the purity (Fig 

4.15).  
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It can be seen that this procedure resulted in a good yield of truncated EsaD protein, but 

that a low level of EsaG still co-purified with it, indicating that these proteins form a tight 

complex. The purified native and H528 variant EsaD nuclease domains were used for in 

vitro nuclease assays. 0.4µg of each protein was incubated with either pT18 plasmid 

DNA, S. aureus genomic DNA or a double stranded PCR product at 37ºC for 20 min, 

and Mg2+ and Zn2+ was supplied separately at the start of the incubation. All the protein-

DNA mixtures were loaded on a 1% agarose gel and stained with gel red to visualize 

DNA. Equal amounts of vector incubated with elution buffer was used as a negative 

control. As shown in Fig 4.16 A and B, using plasmid DNA, gDNA or a linear PCR product 

as substrates and supplemented with Mg2+, EsaD421-614 exhibited strong nuclease 

activity. The point substitution EsaD421-614 (H528A) also showed nuclease activity, which 

appeared weaker than that of the native EsaD. No nuclease activity was detected in the  

Figure 4.15. Expression and purification of EsaD
421-614

 and EsaD
421-614

(H528A). 1mM IPTG 

was added to the cultures of M15 (prep4) carrying pQE70-EsaG-EsaG-EsaD
421-614

 or pQE70-

EsaG-EsaG-EsaD
421-614

(H528A) when OD600nm reached 0.5 at 37ºC. The cells were harvested 

after 4 hours induction and resuspended in lysis buffer. The proteins were purified with Ni-
affinity resin under denaturing conditions and refolded during elution. 10 µl of each sample 
was separated using 12% bis-Tris gel and stained with instant blue.  
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Figure 4.16. EsaD is a non-specific DNase. A, 800 ng of pT18 plasmid DNA was incubated with 0.4 µg purified EsaD
421-614

 or EsaD
421-614

 (H528A) at 37 °C for 1 

hour. MgCl
2
 (Left) or ZnCl

2 
(Right) was added simultaneously. The same amount of DNA incubated with elution buffer was used as a negative control. B, 200 ng 

of gDNA (S. aureus) and 400 ng linear DNA were incubated with 0.4 µg purified EsaD
421-614

, EsaD
421-614

 (H528A) at 37°C for 20 mins. The same amount of gDNA 

or linear DNA incubated with elution buffer was used as a negative control. C, The nuclease activity requires Mg2+. 400 ng PCR product were incubated with 0.4 
µg purified EsaD

421-614
 at 37 °C for 20 min with or without MgCl2. 
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presence of Zn2+ ions, indicating that the EsaD C-terminal domain is a Mg2+-dependent 

DNase (Fig 4.16C). 

4.6. EsaD and EsaG form a toxin-antitoxin pair 

The results presented above indicate that EsaG inhibits the toxic activity of EsaD, 

strongly suggesting that they form a toxin-antitoxin pair. To probe the interaction of EsaD 

with EsaG, firstly the bacterial two hybrid system was used. In all of the following 

experiments the H528A codon substitution was present in all constructs containing esaD 

to facilitate cloning. 

As shown in Fig 4.17, the strong red colour of E. coli strain BTH101 producing EsaD 

fused to T25 and EsaG to T18 on MacConkey maltose agar suggests that EsaD and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.17. Interactions between EsaG and EsaD (EsaD-aa1-420, EsaD-aa421-614) 
assessed by bacterial two-hybrid analysis on MacConkey indicator plates containing maltose 
(A) and β-galactosidase activity assays following growth in liquid culture (B). The empty 
plasmid pT25 with pT18 were used as negative control.  
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EsaG interact with each other. This was supported by the high -galactosidase activity 

from the same strain. To confirm that EsaG specifically interacted with the nuclease 

domain of EsaD, individual constructs were made with T18 fused to either the N-terminal 

420 amino acids of EsaD or the C-terminal 194 amino acids. As shown in Fig 4.17, EsaG 

interacts only with the nuclease domain of EsaD. 

The interaction between EsaD and EsaG was further investigated by co-purification 

experiments on Ni-affinity resin. Firstly, the construct pRAB11-esaD-his-esaG-ha was 

designed, which encodes a C-terminally his-tagged full length EsaD(H528A) and a HA-

tagged EsaG and introduced into S. aureus strain RN6390. Expression of the encoded 

proteins was induced by addition of 200 ng/ml ATC and cells were lysed before isolation 

of his-tagged EsaD by nickel affinity purification and detection on western blot with anti-

his-antibody. As shown in Fig 4.18A, EsaD-his was detected in the elution fraction  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. EsaG interacts with the C-terminal domain of EsaD. A. Cell extracts of S. aureus 
RN6390 carrying pRAB11, pRAB11-esaD-his-esaG-ha or pRAB11-esaG-ha were incubated 
with nickel resin and the load and elute fractions were analysed by western blot with anti-his 
and anti-HA antibodies. The expected size of EsaD-his and EsaG-HA proteins are indicated 
with arrows. B: Cell extracts of E. coli cultures carrying pRab11, pRAB11-esaD (aa421-614), 
pRAB11-esaG-ha, pRAB11-esaD (aa421-614)-his-esaG-ha or pRAB11-esaD (aa421-614)-
his were incubated with nickel resin, and the load and elute fractions were analysed by western 
blot with anti-his and anti-HA antibodies. The expected size of EsaD (aa421-614)-his and 
EsaG-HA proteins are indicated with arrows. 
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following nickel purification at the expected size. Some EsaG-HA was detected in the 

flow through fraction but a significant amount of the protein co-eluted with EsaD-his. 

Control experiments confirmed that EsaG-HA did not bind to the resin in the absence of 

EsaD-his. This observation confirms that the two proteins form a complex. 

Next, construct pRAB11-esaD (aa 421-614)-his-esaG-ha was made, which encodes the 

C-terminally his-tagged EsaD(H528A) nuclease domain and C-terminally HA-tagged 

EsaG. After expression in E. coli, cells were lysed before isolation of his-tagged EsaD 

nuclease domain by nickel affinity purification and detection on western blot with anti-

his-antibody. As shown in Fig 4.18B, EsaD (aa 421-614)-his was detected in the elution 

fraction following nickel purification at the expected size. EsaG-HA also specifically 

eluted with the EsaD nuclease domain, but did not interact with the Ni-affinity resin in its 

absence. Taken together the observations presented here confirm that EsaG is an 

antitoxin for EsaD and interacts specifically with the nuclease domain. 

4.7. EsaG is a cytoplasmic protein that is not co-secreted with EsaD 

esaG, the last gene of the ess gene cluster encodes a member of the previously 

uncharacterised DUF600 protein family that is now known to act as an EsaD neutralising 

anti-toxin. To characterise EsaG further, its subcellular localization was investigated by 

fractionation analysis using strains harbouring construct pRAB11-esaG-his. As shown in 

Fig 4.19A, EsaG-his was only detected in the whole cell sample, not in the culture 

supernatant, indicating that EsaG is not a secreted substrate of the T7SS. Further 

localisation analysis of EsaG was performed by subcellular fractionation. As shown in 

Fig 4.19B, EsaG was not found either in the cell wall or membrane, but solely located in 

the cytoplasmic fraction.  

Although EsaG when produced alone was found only in the cytoplasm, it is known that 

the T7SS can transport protein complexes (Abdallah, Verboom et al. 2009, San Roman, 

Facey et al. 2010, Daleke, van der Woude et al. 2012), raising the possibility that EsaG 

may be co-secreted if it is produced alongside EsaD. In order to address this, a plasmid 

to express EsaD(H528A) together with EsaG at high levels in S. aureus was generated. 
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Expression of EsaD(H528A)-HA along with EsaG-his in S. aureus strain RN6390 

carrying pRAB11-esaD-ha-esaG-his was induced with 500 ng/ml ATC at OD600nm 0.5 and 

samples were collected as OD600nm reached 3.0. The supernatant was precipitated with 

TCA and analysed alongside whole cell lysates by western blotting. As indicated in Fig 

4.20, EsaD-HA was detected both in the culture supernatant and cell lysate as observed 

previously. However, EsaG-his was only found in the cell lysate and could not be 

detected in the secretion supernatant. This suggests that EsaG is not co-secreted with 

EsaD even when both proteins are overexpressed. An alternative possibility is that 

secreted EsaG may not stable in the extracellular environment and therefore not 

detectable as instability of the antitoxin partner is a prevalent feature of Toxin-Antitoxin 

systems (Unterholzner, Poppenberger et al. 2013). 

 

 

 

 

Figure 4.19. Subcellular location of EsaG in S. aureus RN6390. RN6390 carrying either empty 
pRAB11 or pRAB11-esaG-his was cultured in TSB medium and production of EsaG-His was 
induced by supplementation with ATC at OD600nm of 0.5, and cells were harvested at OD600nm 
of 2. The cells were spun down and subsequently fractionated into cell wall (cw), cytoplasmic 
(cyt) and membrane (m) fractions. The fractionated samples were immunoblotted using the 
anti-his antibody, or control antisera raised to the membrane protein EssB, the cytoplasmic 
protein TrxA and the secreted protein EsxA. 
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4.8. EsaG is required for EsaD stability/secretion 

Finally, experiments were undertaken to assess whether EsaG was essential for the 

secretion of EsaD. Since esaG could not be deleted from the chromosome of S. aureus  

alone, a strain that was co-deleted for esaD along with esaG was constructed. Plasmid 

pRAB11-esaD-HA, producing the C-terminally HA-tagged EsaD H528A variant was 

introduced into this strain and the location of tagged EsaD was assessed. As shown in 

Fig 4.21, HA-tagged EsaD was only detected weakly in whole cell samples but not 

detected in the culture supernatant. This result suggests that EsaG is required for the 

secretion and/or stability of EsaD in RN6390. However, it was clear to see in Fig 4.22 

that both EsxA and EsxC were detected in the culture supernatant and cells of the esaDG 

mutant strain, which demonstrates that EsaG is not required for either the secretion of 

EsxA or the secretion of another substrate EsxC, and is therefore not a general T7S 

accessory factor. 

 

 

Figure 4.20. EsaG does not appear to be co-secreted with EsaD. S. aureus RN6390 carrying 
either empty pRAB11 or pRAB11-esaD-HA-esaG-his was cultured in TSB medium, production 
of EsaD-HA and EsaG-His was induced by supplementation with ATC at OD600nm of 0.5, and 
cells were harvested at OD600nm of 3. The supernatants and cell lysate samples were 
immunoblotted using anti-his and anti-HA antibodies, or control antisera raised to the 
cytoplasmic protein TrxA and the secreted protein EsxA. 
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Figure 4.21. EsaD(H528A)-HA is unstable and not secreted in the absence of EsaG. S. 
aureus RN6390∆esaDG carrying either empty pRAB11 or pRAB11-EsaD-HA was cultured in 
TSB medium, production of EsaD-HA and EsaG-His was induced by supplementation with 
ATC at OD600nm of 0.5, and cells were harvested at OD600nm of 3. The supernatants and cell 
lysate samples were immunoblotted using an anti-HA antibody, or control antisera raised to 
the cytoplasmic protein TrxA and the secreted protein EsxA. 

 

  

  

  

  

  

Figure 4.22. EsaG is not required for the secretion of EsxA and EsxC. The S. aureus RN6390, 
∆esaDG and the ∆ess strains were cultured in TSB medium until OD600nm of 2. The 
supernatants and cell lysate samples were immunoblotted using antibodies raised to the 
secreted proteins EsxA and EsxC or the cytoplasmic protein TrxA. 

The proteins were separated by Bis-Tris gel and immunoblotted with specific antibodies (anti-
EsxA antibody, anti-EsxC antibody and anti-α-TrxA antibody). 
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4.9. Discussion 

4.9.1. EsaD is a DNase 

Before this work, EsaD was identified as a membrane protein in S. aureus strain 

Newman, with its N-terminus localising on the bacterial surface, and was reported to be 

essential for the secretion of EsxA (Anderson, Chen et al. 2011). This study has clearly 

shown that in strain RN6390, EsaD is secreted to the supernatant in a T7SS dependent 

manner. Although some EsaD was associated with the cells, this was in the cytoplasmic 

rather than the membrane fraction. Although some EsaD was associated with the cells, 

this was in the cytoplasmic rather than the membrane fraction. The reason for the 

discrepancy with prior results is unclear. One possibility is that EssD (EsaD) was 

detected at the surface by Anderson et al (2011) because the LXG motif, that is specific 

motif for T7SS secretion, may bind some strain-specific receptors at cell surface. Also in 

contrast to the findings of Anderson (Anderson, Chen et al. 2011), deletion of esaD from 

the chromosome did not abolish the secretion of EsxA. It did lead to the apparent 

destabilisation of EsxC, however when EsxC was overproduced from a plasmid secretion 

of the protein was clearly detected in the absence of EsaD. Therefore, it can be 

concluded that EsaD is not an essential component of the T7SS.  

Bioinformatic analysis suggested that the C-terminus of EsaD forms a nuclease domain. 

Toxic activity was clearly associated with EsaD as it was not possible to clone the native 

gene unless the neighbouring gene, esaG was also present. The inter-relationship 

between EsaD and EsaG was also supported by mutational analysis, whereby esaG 

could not be deleted from chromosome alone, but could be deleted together with esaD. 

These findings support the idea that EsaD-EsaG constitute a toxin-anti-toxin pair. 

Previously, five conventional classes of toxin-antitoxin pairs and one unconventional kind 

have been described (Schuster and Bertram 2013), and anti-toxins may be proteins or 

RNA. Protein co-purification experiments demonstrated that EsaG protein directly 

interacts with EsaD. According to the classification of (Schuster and Bertram 2013), 

EsaDG belongs to a Type II TA system, because both EsaD and EsaG are proteins, and 

EsaG blocks the toxic activity of EsaD by direct physical interaction.  
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Cell biology experiments, examining a strain of E. coli producing a V584Y variant of EsaD 

showed that the cells became elongated and displayed condensed nucleoids, both of 

which are features of the SOS response that is induced by DNA damage (Hill, Sharma 

et al. 1997). To directly confirm that EsaD has DNase activity, the His-tagged nuclease 

domain (EsaD421-614) was produced in E. coli in the presence of excess EsaG protein and 

purified under denaturing conditions. After refolding it was clearly seen that EsaD421-614 

was able to degrade linear, plasmid and chromosomal DNA, confirming that it was a non-

specific DNase. The DNase activity was dependent upon the divalent cation magnesium 

and could not be replaced by Zinc which is in agreement with prior literature as Mg2+ is 

commonly required as a cofactor for DNases (Umemori, Nishikawa et al. 1998, 

Brnakova, Godany et al. 2007, Sibirtsev, Shastina et al. 2011). Nucleases of the 

PFAM13930 family that include EsaD and Streptococcal Spd1 have a catalytic histidine 

at their active sites (Korczynska, Turkenburg et al. 2012). Substitution of this residue 

(H528A) abolished the in vivo toxicity of EsaD, and also decreased the in vitro DNase 

activity. It was seen that incubation of purified EsaD421-614 (H528A) with DNA resulted in 

the presence of smeary bands migrating at higher mass than the DNA alone. This might 

suggest that EsaD421-614 (H528A) can still bind to DNA thus changing its migration pattern, 

although further work would be required to confirm this.  

4.9.2. Potential roles for secreted nucleases 

Why might S. aureus secrete a nuclease? S. aureus has already been shown to secrete 

two other nucleases, termed Nuc and Nuc2. Nuc has been well characterised and has 

been shown to modulate biofilm development though the degradation of extracellular 

biofilm DNA (Mann, Rice et al. 2009). More recently Nuc was demonstrated to play a key 

role in the breakdown of neutrophil extracellular traps (NETs) during infection (Berends, 

Horswill et al. 2010, Thammavongsa, Missiakas et al. 2013). NETs are an important 

immune defense mechanism against extracellular microbes, whereby nuclear or 

mitochondrial DNA is released from neutrophils in a process known as NETosis providing 

an extracellular matrix to entrap and kill various microbes (Thammavongsa, Missiakas 
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et al. 2013). They serve to bind the pathogen and also enhance the bactericidal activity 

of antimicrobial peptides (Brinkmann, Reichard et al. 2004). S. aureus escapes NET 

entrapment by degrading DNA to deoxyadenosine, which triggers the death of immune 

cells (Thammavongsa, Missiakas et al. 2013). This conversion of NETs to 

deoxyadenosine requires the combined action of the Nuc nuclease and adenosine 

synthase that are both secreted by S. aureus (Thammavongsa, Missiakas et al. 2013). 

In comparison with Nuc, the role of Nuc2 remains poorly characterized. It is known to be 

functional and to remain surface attached following secretion by virtue of an N-terminal 

signal anchor sequence that anchors the protein to the cytoplasmic membrane. Like Nuc 

it can promote biofilm dispersal but no role has yet been assigned during infection 

(Kiedrowski, Crosby et al. 2014). EsaD is therefore the third extracellular nuclease 

identified in S. aureus. Nuc and Nuc2 are substrates of the Sec pathway (Suciu and 

Inouye 1996, Kiedrowski, Crosby et al. 2014) and as such should be maintained in an 

unfolded, and therefore inactive form in the cytoplasm during the secretion process. 

There is no evidence that either of these two nucleases are associated with anti-toxins 

during their biogenesis and they can be readily cloned and expressed in other organisms 

(Suciu and Inouye 1996, Tremillon, Issaly et al. 2010). This contrasts with EsaD which 

is clearly highly toxic to E. coli and cannot be cloned without the presence of its EsaG 

anti-toxin. Moreover, while the other nucleases are exported in an unfolded form, the 

T7SS is known to export folded substrates (San Roman, Facey et al. 2010, Korotkova, 

Freire et al. 2014) and this is supported by the finding that the esaG gene is essential in 

the presence of esaD and cannot be deleted from the chromosome. It is interesting to 

note, however, that EsaG is found only in the cytoplasm even when it is co-

overexpressed with EsaD. This may suggest that the antitoxin EsaG is recycled within 

the cell, potentially to serve further protective functions. Moreover it also indicates that 

secreted EsaD should be immediately active.   

Finally, it should be noted that in Gram-negative bacteria secreted nuclease toxins have 

been shown to play important roles in inter-bacterial competition by inhibiting the growth 
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of other, sensitive strains, for example the contact-dependent growth inhibition toxins 

such as CdiA (Webb, Nikolakakis et al. 2013, Willett, Gucinski et al. 2015), bacteriocins 

such as colicin E2 (Wojdyla, Fleishman et al. 2012) and Type VI DNase effectors (Tde) 

(Ma, Hachani et al. 2014) and some Rhs proteins (Alcoforado Diniz and Coulthurst 

2015). This raises the possibility that EsaD is able to target bacteria instead of, or as well 

as eukaryotes. The biological roles of EsaD and EsaG will be addressed further in 

Chapter 6. 
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5  

EsaE interacts with the N-terminal region 

of EsaD and targets it to the Type VII 

secretion machinery 
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5.1. Introduction 

Before the work described in Chapter 4, EspB was the largest experimentally-verified 

substrate of the T7SS. EspB is a substrate of M. tuberculosis Esx-1 and has been shown 

to be required for host cell death and is associated with extrapulmonary dissemination 

of M. tuberculosis in mice (Ohol, Goetz et al. 2010). EspB is synthesised as a 60kDa 

protein in the cytoplasm, and is processed following secretion by the subtilisin-like serine 

protease MycP to yield a mature isoform of 50kDa (Ohol, Goetz et al. 2010). This 

processing event is essential for EspB activity, and it also appears to modulate the 

secretion of other substrates of Esx-1 in an unknown manner (Ohol, Goetz et al. 2010). 

Structural analysis of EspB has shown that it adopts a PE/PPE-like fold and that following 

cleavage by MycP it oligomerises into a heptamer that has been proposed to act as a 

membrane-bound pore (Korotkova, Piton et al. 2015, Solomonson, Setiaputra et al. 

2015). 

 As described previously, PE and PPE proteins of pathogenic Mycobacteria form 

heterodimers and are co-secreted through the T7SS. It has been reported that PE25 and 

PPE41 are secreted as a dimer by Esx-5 and that the flexible C-terminal region of PE25 

is required for the secretion of the PE25-PPE41 complex (Daleke, Ummels et al. 2012). 

In addition, the C-terminal motif of PE35 has also been shown to be required for the 

secretion of PE35-PPE68 complex by Esx-1 of M. marinum (Daleke, Ummels et al. 

2012).  

Previous findings have demonstrated that EspG proteins are specific chaperones for the 

secretion of PE-PPE dimers by the T7SS (Daleke, van der Woude et al. 2012). EspG 

proteins are associated only with Esx systems that export PE/PPE proteins (i.e. Esx-1, 

Esx-2, Esx-3 and Esx-5 in M. tuberculosis). The EspG protein recognises specific PE-

PPE complexes by extensive interaction with the PPE domain (Ekiert and Cox 2014, 

Korotkova, Freire et al. 2014). Thus EspG3 interacts with PPE69-like proteins, while 

EspG5 binds to PPE17-like, PPE20-like, PPE-60-like and PPE68-like proteins (Ekiert 

and Cox 2014). EspG forms a ternary complex with its cognate PE and PPE at a ratio of 
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1:1:1 (Korotkova, Freire et al. 2014) and delivers the complex to the cognate Esx 

machinery for secretion. This is most probably achieved through interaction with the 

soluble ATPase protein EccA. Like EspG, EccA is only associated with Esx systems that 

secrete PE/PPE proteins, and EccA interacts with both PPE protein (Teutschbein, 

Schumann et al. 2009) and EspG (Ekiert and Cox 2014). It has been speculated that 

EccA might be involved in the disassembly of substrates from their chaperones prior to 

secretion (Houben, Korotkov et al. 2014). 

The work in Chapter 4 identified EsaD as a new substrate of Type VII secretion system 

in S. aureus. EsaD, which is approximately 68 kDa, belongs to the LxG subdomain of 

the WxG protein family and is the largest substrate of T7SS experimentally validated so 

far. Furthermore, EsaD was shown to be a DNase toxin that can be neutralized by direct 

interaction with EsaG, which is encoded immediately downstream. Encoded in the ess 

locus of S. aureus strains between essC and esaD, amongst the small substrate proteins 

(EsxBCD) is an as yet uncharacterised protein, EsaE. Interestingly, according to BLAST 

analysis with both esaD-coding and non-coding S. aureus genomes, esaE is only present 

in strains that encode esaD (Warne, Harkins et al. 2016). Moreover, some threading 

programmes predict that EsaE shares a similar fold with EspG chaperones from the 

Mycobacterial T7SS, despite the fact that the sequence similarity is very low 

(approximately 7% sequence identity; Fig 5.1). Therefore, the genetic linkage, along with 

potential structural similarity with EspG proteins is circumstantial evidence that EsaE 

may act as a chaperone for the secretion of EsaD or other substrates of the Type VII 

pathway. This hypothesis will be tested in this Chapter.  

5.2. Aim of this chapter 

The main aim of this chapter is the characterisation of EsaE to determine whether it is 

itself a substrate of the T7SS of S. aureus, and whether it is required for the secretion of 

other T7SS substrates.  
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5.3. EsaE can interact with EsaD and is required for its secretion and/or 

stability  

In Chapter 4 it was seen that EsaG directly interacts with the C-terminal nuclease domain 

of EsaD. To investigate whether any additional soluble proteins encoded at the S. aureus 

T7SS locus interact with EsaD, bacterial two hybrid analysis was used. As shown in Fig 

5.2A, the colonies grown on MacConkey plates of strain BTH101 harbouring pT25esaD 

and pT18EsaE or pT25esaG and pT18EsaD produced a strong red interaction signal, 

while the other combinations were yellow, the same as the negative control. The β-

galactosidase activity of the same strain/plasmid combinations was measured using 

Ortho-Nitrophenyl-β-galactosidase (ONPG) as substrate (Fig 5.2B). The β-galactosidase 

activities of BTH101 harbouring pT25esaD and pT18EsaE or pT25esaG and pT18EsaD 

were 400 and 991 Miller units, respectively, significantly higher than that of negative 

controls. According to these results, EsaD can also interact with EsaE as well as EsaG. 

However, there is no evidence for EsaD interaction with any of the other known secretion 

substrates (EsxB, EsxC or EsxD) or soluble machinery components (EsaB or EsxA).  

In order to further confirm the interaction between EsaE and EsaD in S. aureus RN6390, 

co-purification assays were performed. Firstly, the construct EsaD-his-EsaE-ha was 

designed, which encodes a C-terminally his-tagged full length EsaD(H528A) and a HA-

Figure 5.1. Alignment analysis of EsaE and EspG3 using the HHPRED server (Meier and 
Soding 2015). H: helix; E: sheet; C: coil. Q: EsaE; T: EspG3. Probab=49.12, E-value=81, 
Score=28.06, Aligned_cols=114, Identities=7%, Similarity=-0.052   
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tagged EsaE. Expression of these proteins was induced by addition of 200 ng/ml ATC 

when cultures reached OD600nm of 0.5, and cells were harvested at OD600nm of 3.0 and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

when cultures reached OD600nm of 0.5, and cells were harvested at OD600nm of 3.0 and 

lysed with lysostaphin. Subsequently, EsaD-his was purified using Ni–affinity beads. Fig 

5.3 shows that EsaD-his was detected in the elution fraction at the expected size and 

that EsaE-HA was also detected. Since EsaE-HA alone did not interact with the Ni-resin 

(Fig 5.3), these results confirm that EsaD interacts with EsaE in vivo. 

 

Figure 5.2. Interactions between EsaD and the other soluble proteins encoded at the ess 
locus of S. aureus RN6390. Interactions between pT25-EsaD and EsxA, EsxB, EsaB, EsxC, 
EsaD, EsaE, EsxD and EsaG fused to pT18 in strain BTH101 were assessed by A. plating 

onto MacConkey maltose medium and B. -galactosidase activity assay. BTH101 harbouring 
pT25 and pT18 was used as a negative control. Error bars represent the standard deviation 
(n=3). Significance was assessed using Student’s t-test, giving p values < 0.00001 for 
EsaD/EsaE and for EsaD/EsaG relative to the negative control.  
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EsaG has previously been shown to interact with the nuclease domain of EsaD. To 

determine whether EsaE also interacts with the nuclease domain or elsewhere on EsaD, 

two separate fragments of EsaD, an N-terminal fragment coding for aa 1-420 and a C-

terminal, nuclease domain fragment encoding aa 421 to 614, were separately fused to 

the T18 fragment of adenylate cyclase. Subsequently the interaction of EsaE with these 

two separate parts of EsaD was examined by bacterial two hybrid analysis, scoring for 

colony colour on MacConkey maltose medium and measuring β-galactosidase activity. 

As shown in Fig 5.4, EsaE produced a strong interaction signal with EsaD1-420 but not 

with the nuclease domain. To confirm the interaction between EsaE and EsaD(1-420), 

several additional co-purification and immunoprecipitation experiments were attempted. 

However, the expression of EsaD (1-420) alone was not stable and could not be detected 

in any of these experiments.  

 

 

 

 

Figure 5.3. Nickel affinity purification of EsaD-His from S. aureus RN6390 shows co-
purification of EsaE-HA. Cultures carrying pRAB11-esaD-his-esaE-ha (expressing his-
tagged EsaD and HA-tagged EsaE), pRAB11-esaE-ha (HA-tagged EsaE only) or pRAB11 
(empty vector) were spun down and lysed. His-tagged EsaD was purified using nickel resin, 
and the load and elute fractions were analysed by western blot with an anti-his and anti-HA 
antibodies. EsaD-his and EsaE-HA proteins are indicated by arrows. 
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The results to date indicate that EsaD has two interacting protein partners – EsaG which 

interacts with the nuclease domain of EsaD, and EsaE which interacts with the non-

nuclease domain. To determine whether there was any direct interaction between EsaE 

and EsaG, initially bacterial two hybrid analysis was carried out. Fig 5.5 shows that there 

is no detectable interaction between EsaE and EsaG in this assay.  
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Figure 5.4. Interactions between EsaE and either EsaD-aa1-420 or EsaD-aa421-614 
assessed by bacterial two-hybrid analysis on MacConkey indicator plates containing maltose 
(A) and β-galactosidase activity assays following growth in liquid culture (B). BTH101 
harbouring plasmids pT25 and pT18 was used as negative control. Error bars represent the 
standard deviation (n=3). Significance was assessed using Student’s t-test, giving p values < 
0.0001 for EsaD/EsaE and for EsaD (1-420)/EsaG relative to the negative control. 
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To confirm this, immunoprecipitation with anti-HA coupled beads was carried out using 

extracts of E. coli producing EsaE-his from plasmid pSUPROM and EsaG-HA from 

plasmid pUniprom. As shown in Fig 5.6, EsaE-his was not co-immunoprecipitated with 

EsaG-HA, supporting the inference from bacterial 2-hybrid analysis that these two 

proteins do not directly interact in vivo.   

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Interactions between EsaE and EsaG assessed by bacterial two-hybrid analysis on 
MacConkey indicator plates containing maltose (A) and β-galactosidase activity assays 
following growth in liquid culture (B). BTH101 harbouring plasmids pT25 esaE and pT18 was 
used as negative control. Error bars represent the standard deviation (n=3). Significance was 
assessed using Student’s t-test, giving p value < 0.0001 for EsaD/EsaG relative to the negative 
control, but no significant difference between EsaE/EsaG and the negative control. 
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Figure 5.6. Immuno-precipitation analysis of EsaE and EsaG from E. coli cultures carrying 
pSUPROM-esaE-his (expressing histidine-tagged EsaE) alone, or pUniprom-esaG-ha 
(expressing HA-tagged EsaG) alone, or both plasmids. HA-tagged EsaG was purified using 
anti-HA-agarose beads, and the input and output fractions were analysed by western blot with 
an anti-his and anti-HA antibodies. EsaE-his and EsaG-HA proteins are indicated by arrows. 
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Since EsaE physically interacts with EsaD, it could potentially influence its secretion. In 

order to examine this, pRAB11-EsaD (H528A)-HA or the cognate empty vector was 

transformed into the RN6390 ΔesaE strain that was previously constructed by Dr Holger 

Kneuper. Strains were cultured in TSB medium to an OD600nm of 0.5, supplemented with 

ATC (250 ng/ml) to induce plasmid-encoded gene expression and harvested at OD600nm 

of 2. Samples of the supernatant (sn) and cellular (c) fractions were separated on 12% 

bis-Tris gels and immunoblotted using an anti-HA antibody. According to the result 

shown in Fig 5.7, there was no EsaD-HA detected in the supernatant fraction of the 

ΔesaE strain and even in the cell lysate fraction the EsaD-HA signal was quite weak, 

suggesting EsaE is important for the secretion and/or stability of EsaD in RN6390. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4. EsaE localises to the cytoplasm and membrane in S. aureus 

 esaE is one of the twelve genes encoded within the T7SS operon, and it has so far not 

been functionally characterised. To further examine the role and the subcellular 

localisation of EsaE, the construct pRAB11-esaE-his, coding for C-terminally his-tagged 

EsaA, was introduced into RN6390. Protein expression was induced by addition of 200 

ng/ml ATC at OD600nm of 0.5 and cells were harvested at OD600nm of 3.0. The supernatant 

Figure 5.7. Analysis of EsaD-HA secretion in RN6390 ∆esaE. Western blot for EsaD-HA with 
anti-HA antibody in cell and supernatant samples from the ∆esaE strain. The same strain 
containing empty plasmid pRAB11 was used as a negative control.  The control panels show 
control western blots for either the cytoplasmic marker protein TrxA or the T7SS secreted 
protein EsxA of the same samples. 
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was precipitated using TCA and the cells were lysed with lysostaphin and samples were 

analysed by bis-Tris gels and Western blotting. As shown in Fig 5.8, EsaE-his was found 

only in the cell lysate fraction, not in supernatant fraction, indicating that EsaE is not 

secreted. Interestingly, it was apparent from Fig 5.8 that when EsaE was overproduced, 

much more EsxA was secreted. This effect was routinely observed but the reason behind 

this phenomenon is not clear.   

 

 

 

 

 

 

 

 

 

 

To determine the subcellular location of EsaE-his, RN6390 producing EsaE-his was 

fractionated to give cell wall, cytoplasm and membrane fractions. Although some EsaE-

his was found in the cytoplasm, surprisingly, a significant amount of EsaE-His was also 

detected in the membrane fraction, which was even stable to washing by addition of 0.2 

M Na2CO3 (Fig 5.9). This would indicate that EsaE may have the ability to integrate into 

the bilayer. However, bioinformatic analysis of the EsaE protein sequence using TMHMM 

did not predict the presence of a transmembrane domain, and moreover much of the 

EsaE-his was found in the soluble fraction. For EsaE to reside in the membrane in 

absence of a transmembrane domain, it may interact tightly with one or more membrane 

proteins.   

 

 

 Figure 5.8. EsaE is not secreted by the T7SS. Western blot for EsaE-His with anti Histag 
antibody in cell (c) and supernatant (sn) samples from S. aureus RN6390 harbouring pRAB11 
only (empty vector) or pRAB11-esaE-his. The control panels show western blots for either 
the cytoplasmic marker protein TrxA or the T7SS secreted protein EsxA of the same samples. 
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5.5. EsaE is co-secreted with EsaD 

It was seen above that EsaE is not secreted, however, as discussed in Chapter 4, co-

secretion of protein complexes by the T7SS has been seen in Mycobacteria and 

firmicutes (Sysoeva, Zepeda-Rivera et al. 2014). Since EsaE interacts with EsaD 

physically, it was next assessed whether EsaE could be secreted when it was co-

overexpressed with EsaD. In order to answer this question, construct pRAB11-esaD-HA-

esaE-his was made, introduced into the wild type strain RN6390 and the presence of 

EsaE-his and EsaD-HA in supernatant and cell lysate fractions was assessed using anti-

his and anti-HA antibodies. As shown in Fig 5.10, it is clear to see that EsaE-his is 

detected in supernatant fraction when HA-tagged EsaD was overexpressed. This finding 

suggests that these two proteins, EsaE and EsaD, are co-exported as a complex. 

 

 

 

 

 

 

 

Figure 5.9. Subcellular location of EsaE-his in RN6390. Wild type RN6390 carrying pRAB11-
esaE-his were cultured in TSB medium, supplemented with ATC at OD600nm of 0.5, and 
harvested at OD600nm of 2. The cells were spun down and subsequently fractionated into cell 
wall (cw), cytoplasmic (cyt) and membrane (m) fractions. The non-integral membrane proteins 
were washed off using 0.2 M Na2CO3 (m+). The fractionated samples were immunoblotted using 
an anti-his antibody, or control antisera raised to Sortase A (SrtA, membrane). 
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5.6. EsaE is required for the secretion/stability of EsxC but doesn’t 

interact with EsxC directly. 

Experiments presented in Fig 5.7 indicated that the presence of EsaE was required for 

the stability/secretion of EsaD, but that it was not required for the export of the core 

machinery component, EsxA. This finding was re-confirmed in a separate repeat 

experiment shown in Fig 5.11A. To determine whether EsaE was also required for 

secretion of other substrates of the T7SS, the esaE deletion mutant was further 

examined for the secretion of EsxC. As shown in Fig 5.11A, there was no EsxC detected 

in the supernatant of the ΔesaE strain, although total EsxC levels in the cell were low. In 

order to check if the loss of EsxC in the supernatant was due to the low overall cellular 

level of EsxC, plasmid pEsxC was introduced into the ΔesaE strain and EsxC expression 

was induced with 50 ng/ml ATC. It was clear to see that, after overexpressing EsxC in 

ΔesaE, high levels of EsxC were detected in cells (Fig 5.11B and C). However, despite 

this only a very low level of EsxC was detected in the supernatant, far less than the 

secretion level seen for the wild type RN6390 strain.  

 

Figure 5.10. Examination of EsaE secretion during EsaD overexpression. Strain RN6390 
carrying pRAB11(empty vector) or pRAB11-esaD-HA-esaE-his was cultured in TSB medium, 
production of EsaD-HA and EsaE-His were induced by supplementation with ATC at OD600nm 
of 0.5, and cells were harvested at OD600nm of 3. The supernatant and cell lysate samples were 
immunoblotted using anti-his and anti-HA antibodies, or control antisera raised to the 
cytoplasmic protein TrxA and the secreted protein EsxA. 
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Figure 5.11. EsaE is essential for the secretion/stability of EsxC but not for EsxA. A. Loss of 
EsaE has no effect on the secretion of EsxA. The indicated S. aureus strains were cultured in 
TSB medium until an OD600nm of 2.0 was reached. Cells were spun down and the supernatant 
and cellular fractions retained. B. The production and secretion of EsxC was examined in wild 
type S. aureus RN6390 or the isogenic ∆esaE deletion, with or without EsxC overexpression. 
The indicated S. aureus strains harbouring pRAB11 or pRAB11-EsxC were cultured in TSB 
medium until an OD600nm of 0.5 was reached, after which the cultures were supplemented with 
ATC (50 ng/ml) to induce plasmid-encoded gene expression. When cultures reached OD600nm 
of 2, cells were spun down and the supernatant and cellular fraction retained. C. 
Complementation with EsaE in the ∆esaE strain restored the secretion of EsxC. The indicated 
strains/plasmid combinations were cultured as described in (A) and supernatant and cellular 
fractions isolated. C. In all three panels supernatant (S) and cellular fractions (C) were 
separated using 12% bis-Tris gels and immunoblotted with the indicated antisera. 
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To confirm that the loss of secretion of EsxC was a direct result of esaE deletion and not 

due to any secondary mutations arising in the strain, plasmid-encoded EsaE-His was 

introduced into the esaE mutant, and the secretion of EsxC was examined. As shown in 

Fig 5.11C, the secretion of EsxC was restored upon EsaE re-introduction. Therefore, 

EsaE plays an important role in the secretion/stability of EsxC, but not in the 

secretion/production of EsxA. 

Since EsaE is essential for the secretion of EsxC, the question arises whether EsaE can 

physically interact with EsxC during the secretion process. To probe for interaction 

between EsaE and EsxC, bacterial two hybrid analysis was performed. As shown in Fig 

5.12, E. coli BTH101 producing EsaE fused to T18 and EsxC fused to T25 gave pale 

colonies on MacConkey maltose indicator plates, indicative of no detectable interaction 

between EsxE and EsxC, which was also confirmed by quantitative β-galactosidase 

assays.  

To probe for interactions biochemically, constructs pSUPROM-esxC (expressing native 

EsxC) and pUniprom-esaE-ha (expressing HA-tagged EsaE) were introduced into E. coli  

 

 

 

 

 

 

 

 

 

 

 

 

Negative 

D:G 

E:C A 

Figure 5.12. Assessing interaction between EsaE and EsxC by bacterial two-hybrid analysis 
on MacConkey indicator plates containing maltose (A) and β-galactosidase activity assays 
following growth in liquid culture (B). BTH101 harbouring pT25/pT18or EsaG/EsaD were used 
as negative and positive controls, respectively. Error bars represent the standard deviation 
(n=3). Significance was assessed using Student’s t-test, giving p values < 0.00001 for 
EsaD/EsaG relative to the negative control, but there is no significant difference between 
EsaE/EsxC and the negative control. 
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strain JM110 and cell lysates were used for immunoprecipitation with anti HA antibody 

agarose beads. As indicated in Fig 5.13, EsxC was not precipitated by EsaE-HA. Taken 

together, there is no evidence that EsaE directly interacts with EsxC. 

 

 

 

 

 

 

 

 

 

 

 

5.7. EsaE/EsaD/EsaG form a ternary complex 

Previously, bacterial two hybrid and co-purification analyses showed that both EsaE and 

EsaG can interact with EsaD. Whereas EsaG interaction is mediated by the C-terminal 

nuclease domain, EsaE interaction takes place with the N-terminal part of EsaD. Both 

EsaE and EsaG are required for the secretion and stability of EsaD as no EsaD-HA is 

detected in the supernatant of the ΔesaE or ΔesaDG strains. In Chapter 4 it was shown 

that EsaG is an EsaD-antitoxin and the working model is that EsaE is a chaperone 

required to stabilise EsaD or promote its interaction with the T7SS. 

Since EsaE and EsaG can interact with EsaD at different positions, it was next assessed 

whether these three proteins can form a ternary complex or whether EsaE and EsaG 

have to bind to EsaD in a certain order. To determine whether the three proteins are able 

to form a ternary complex, a construct (pQE70-esaE-HA-EsaD-myc-EsaG-his) was 

designed that produces EsaE with a C-terminal HA tag, EsaG with a C-terminal his tag 

and EsaD with a C-terminal Myc tag from the pQE70 vector in E. coli. Fig 5.14 shows 

Figure 5.13. Immuno-precipitation of EsaE-HA from E. coli cultures carrying either pUniprom-
esaE-ha, pSUprom-esxC or pSUPROM-esxC and pUniprom-esaE-ha. HA-tagged EsaE was 
purified using anti-HA-agarose beads, and the input and output fractions were analysed by 
western blot with anti-HA and EsxC antibodies. 
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that when EsaE is immunoprecipitated with an anti-HA antibody, EsaD-Myc and EsaG-

his are also co-immunoprecipitated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, when EsaG-His was purified from a fresh lysate using Ni-charged beads, 

EsaE-HA and EsaD-Myc were also co-purified (Fig 5.15). In this latter experiment, 

although some full length EsaD-Myc was detected, most of the protein was fragmented 

to the approximate size of the nuclease domain, consistent with the prior instability of 

EsaD1-420 noted previously. Although the pQE70-esaE-HA-esaG-his vector produced 

large amounts of all three proteins, control experiments (Fig 5.16) confirmed that EsaE-

HA and EsaG-his, did not interact with each other in the absence of EsaD. In conclusion, 

these results provide good evidence that the proteins form a ternary complex. 

 

Figure 5.14. EsaG-His and EsaD-Myc are co-immunoprecipitated with EsaE-HA. E. coli strain 
M15 (pRep4) carrying pQE70- esaE-ha-esaD-myc-esaG-his (expressing HA-tagged EsaE, 

Myc-tagged EsaD and His-tagged EsaG) or pQE70 only was cultured in LB at 37°C to OD600nm 
of 0.5, and then supplemented with 2 mM IPTG for 4 hours, after which cells were harvested 
and lysed. The HA-tagged EsaE was purified using monoclonal Anti-HA-Agarose beads, and 
the elution fractions were analysed by western blot with anti-HA, anti-His and anti-Myc 
antibodies, as predicated. The EsaE-HA, EsaG-His and EsaD-Myc proteins are indicated by 
arrows. 
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Figure 5.15. EsaE-HA and EsaD-Myc are co-purified with EsaG-His. E. coli strain M15 
(pRep4) carrying pQE70-esaE-ha-esaD-myc-esaG-his or pQE70 only was cultured in LB at 
37°C to OD600nm of 0.5, and then supplemented with 2 mM IPTG for 4 hours, after which cells 

were harvested and lysed. His-tagged EsaG was purified using Ni-affinity beads, and the 
elution fractions were analysed by western blot with anti-HA, anti-His and anti-Myc antibodies, 
as indicated. The EsaE-HA, EsaG-His and EsaD-Myc proteins are indicated by arrows. 

 

  

  

  

  

  

  

  

Figure 5.16 EsaE-HA is not co-purified with EsaG-His. E. coli strain M15 (pRep4) carrying 
pQE70- esaE-ha- esaG-his (expressing HA-tagged EsaE and His-tagged EsaG), or 
pQE70 only was cultured in LB at 37°C to OD600nm of 0.5, and then supplemented with 

2 mM IPTG for 4 hours, after which cells were harvested and lysed. His-tagged EsaG was 
purified using Ni-affinity beads, and the elution fractions were analysed by western blot 
with anti-HA, anti-His and anti-Myc antibodies, as indicated. The EsaE-HA and EsaG-His 
proteins are indicated by arrows. 
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5.8. EsaE interacts with the multimeric form of EssC 

As shown in Section 5.3, a proportion of EsaE in S. aureus cells localises to the 

membrane. In order to examine if any of the T7SS membrane proteins interact with 

EsaE, para-formaldehyde (PFA) cross-linking was performed. Strain RN6390 carrying 

pRAB11-esaE-his was cultured at 37⁰C to OD600nm of 0.5, supplemented with 200 ng/ml 

ATC, further grown to OD600nm of 3.0 and harvested, followed by incubating with 0.6% 

PFA for 1 hour at room temperature. The membrane fraction were extracted and 

separated on 12% SDS-PAGE and immunoblotted with anti-his antibody.  

As shown in Fig 5.17A, several additional bands appeared in the membrane fraction after 

treatment with PFA. This indicates that EsaE can bind to one or more membrane 

protein(s). A particularly strong crosslink was seen that migrated above 250 kD (Fig 

5.17B). It has previously been shown that the S. aureus membrane-bound T7 ATPase, 

EssC, forms a high molecular weight multimer (Jager, Zoltner et al. 2016). To ascertain 

whether the high molecular weight cross- linked product containing EsaE-His also  

 

  

 

 

 

 

 

 

Figure 5.17 PFA cross-linking analysis of EsaE in soluble and membrane fractions from strain 
RN6390 expressing His tagged EsaE. The western blot was detected with anti his antibody 
(1:10000). The strain without EsaE-his expression was used as a control. ‘+’, addition of PFA, 
‘-‘, no PFA treatment. A. Bis-Tris gel containing 12% acrylamide. B. SDS-PAGE gel containing 
5% acrylamide. 
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contained EssC, the crosslinking experiments were repeated in the wild type and essC 

mutant strains. Fig 5.18 shows that the EsaE-His-containing crosslink migrated with an 

apparently identical mass as the EssC-containing crosslink and moreover, no such 

crosslink was detected when essC was deleted. It therefore appears that the membrane-

bound form of EsaE interacts with the multimeric form of EssC.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. EsaE crosslinks to a multimeric form of EssC. A – B. Whole cells of the S. aureus 
wild type (RN6390) or isogenic essC deletion, as indicated, harbouring pRAB11 (empty) or 
pRAB11-EsaE-His were cultured in TSB medium until an OD

600nm
 of 0.5 was reached, after 

which the cultures were supplemented with ATC (250 ng/ml) to induce plasmid-encoded gene 
expression. When cultures reached OD

600nm
 of 2, cells were spun down and incubated with 

paraformaldehyde (PFA). Following quenching, cells were lysed and membrane fractions 
prepared, and membrane protein (1 µg for samples from the wild type strain, 10µg for samples 
from the essC strain) loaded on SDS-gels containing 5 % acrylamide and analysed by western 
blot with anti EssC antibodies (A) and anti-His (B). The bottom panel on part B C shows the 
EsaE monomer on a bis-Tris gel containing 12% acrylamide)  
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5.9. Discussion 

5.9.1. EsaE interacts with multimeric EssC and the N-terminal domain of 

EsaD 

In this study, the role of EsaE in type VII secretion has been examined. Genomic analysis 

shows that esaE is not present in all S. aureus strains but is only found in strains which 

also encode esaD, indicating that it is unlikely to be an essential component of T7SS per 

se, but to have a more specialised function. Using a combination of bacterial 2-hybrid 

and protein co-purification approaches it was demonstrated that EsaE displayed direct 

physical interaction with the N-terminal LXG domain of EsaD. No interaction of EsaE was 

detected with the nuclease domain of EsaD, indicating that it is not an anti-toxin. This is 

in agreement with the finding that esaE could be readily deleted from the chromosome 

even in the presence of esaD. Examination of the esaE deletion strain indicated that 

EsaD was destabilised and was not secreted. This is consistent with EsaE having a 

potential chaperone-type function. Indeed it was noted that the N-terminal domain of 

EsaD, when expressed alone, was highly unstable and could not be detected in either 

E. coli or S. aureus.  

In this context it is interesting to note that large substrates of the Mycobacterial Type VIIa 

system such as the PE/PPE proteins also interact with specific chaperones, of the EspG 

family, that keep them in a secretion-competent state and deliver them to the cognate 

secretion machinery (Ekiert and Cox 2014, Korotkova, Freire et al. 2014). Although there 

is no detectable sequence similarity between EspG proteins and EsaE, some overall 

structural similarity may be present (Fig 5.1), and it is possible that the proteins have 

analogous functions in the two distantly related secretion machineries. At least one EspG 

protein has been shown to interact with EccA, a hexameric ATPase component of Esx 

secretion systems (Houben, Korotkov et al. 2014, Wagner, Evans et al. 2014). Here, 

fractionation experiments showed that a proportion of EsaE, although predicted to be a 

globular protein, was membrane-associated, and crosslinking revealed a specific 

interaction with the core T7SS membrane protein, EssC, which is also a hexameric 
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ATPase. Thus there are clear parallels between EspG proteins from the Mycobacterial 

T7SS and EsaE. 

However, there are also some differences between EspG proteins and EsaE. Although 

it was shown that EsaE is not by itself secreted, when co-produced with EsaD, EsaE 

could now be detected in the culture supernatant, indicating that EsaE is co-exported 

with EsaD as a complex. By contrast, secretion of EspG proteins has never been 

observed in Mycobacteria (Abdallah, Verboom et al. 2009, Houben, Korotkov et al. 

2014). Why EsaE should be co-secreted with EsaD is not clear, one possibility is that 

EsaE is required to keep EsaD stable in the extracellular environment. A second 

possibility is that it plays a role in the recognition of receptors on the surface of target 

cells to facilitate EsaD entry.  

EspG chaperones have been shown to interact with numerous different PE/PPE 

substrate proteins (Daleke, van der Woude et al. 2012, Ekiert and Cox 2014, Korotkova, 

Freire et al. 2014). Therefore the requirement of EsaE for secretion of a second S. aureus 

T7SS substrate, EsxC, was examined. Interestingly, in the esaE deletion strain EsxC 

was de-stabilised and no secretion was detected. Even when EsxC was overexpressed 

in cells, very little EsxC secretion could be observed. The reason for this is not clear - no 

direct interaction was found between EsxC and EsaE in either bacterial two hybrid 

experiments or co-purification assays. It may be that in the absence of EsaE there is 

upregulation of proteases to degrade EsaD and that this also leads to EsxC degradation. 

It has been noted in other strains of S. aureus that deletions in genes coding for some 

T7SS substrates can alter the stability of others (Burts, Williams et al. 2005, Burts, 

DeDent et al. 2008, Anderson, Chen et al. 2011, Anderson, Aly et al. 2013). In future it 

would be interesting to determine whether EsaE is also involved in the secretion of EsxB, 

the other small T7SS substrate encoded between essC and esaE. Currently there is a 

lack of an anti-EsxB antibody sensitive enough to clearly detect the low levels of this 

protein produced by S. aureus. 
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5.9.2. Speculative model of EsaD biosynthesis and secretion 

In Chapter 4 it was seen that EsaG interacts with the nuclease domain of EsaD, and 

here it was shown that EsaE binds specifically to the non-nuclease region of the protein. 

Co-purification experiments of EsaE, EsaD and EsaG, further demonstrated that EsaD 

forms a ternary complex with EsaE and EsaG rather than binding to EsaE and EsaG 

sequentially. A speculative model for the biosynthesis and secretion of EsaD is shown in 

Fig 5.19. According to the model, EsaD is initially synthesised in the cytoplasm, and the 

nuclease activity is blocked immediately by tight interaction with EsaG. EsaE binding at 

the N-terminus stabilises EsaD. The interaction of EsaG and EsaE with their respective 

binding domains on EsaD is essential for maintaining EsaD in a catalytically-inactive, 

secretion-competent conformation. Subsequently, EsaE targets the ternary complex to 

the EssC component of the T7SS machinery. At the machinery, EsaD is co-secreted with 

EsaE into the medium, whereas EsaG is stripped from the complex and released into 

the cytoplasm for recycling. A prediction of the model is that EsaD is released in an 

already active form, lacking its anti-toxin, and ready to interact with its target cells. The 

target of the EsaD nuclease will be explored in the next Chapter.  
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Figure 5.19. Model for EsaD synthesis and secretion. Following synthesis of EsaD (shown in 

green), 1 EsaG binds to the nuclease domain to prevent activity against the DNA of the producing 

cell and EsaE binds to the N terminal region of the protein (the order of binding of these proteins 

to EsaD is not known). 2 the ternary complex is targeted to the secretion machinery facilitated by 

the interaction of EsaE with multimeric EssC. 3  EsaG is released from EsaD during the transport 

step since no EsaG secretion is detected when EsaDG is co-expressed. 4  EsaD-EsaE complex 

is secreted out of the cell. It is not known whether EsaD-EsaE remain as a complex in the 

supernatant or whether they dissociate following secretion.  

  

  

  

  

  

  



151 
 

 

 

 

 

 

 

 

 

 

 

 

 

6  

EsaD nucleases mediate competition 

between closely related strains of S. 

aureus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



152 
 

 

6.1. Introduction 

As discussed in Chapter 1, S. aureus is an opportunistic pathogen, and well-known as a 

successful colonizer with a number of identified lineages (Enright, Robinson et al. 2002). 

There is high variability in the immune evasion pathways and virulence factor repertoire 

between the different successful lineages. Whole genome sequencing is now a crucial 

method to investigate the genetic and epidemiological diversity and population structure 

(van der Kooi-Pol, Veenstra-Kyuchukova et al. 2012, Baek, Frees et al. 2013, Lindsay 

2014).  

Comparative genomics analysing the sequences of 153 S. aureus isolates from publicly 

available sources was recently used to investigate the genetic variability of the Type VII 

secretion system locus (Warne, Harkins et al. 2016). During this analysis, the ess loci 

were divided into 4 distinct modules, 1 to 4, with modules 1 and 4 being highly conserved 

throughout all strains, while module 3 was the most diverse and contained a highly 

variable arrangement of genes coding for hypothetical proteins. One striking feature of 

module 3 is the presence of a highly variable number of genes coding for proteins 

belonging to the DUF600 family (Domain of Unknown Function). EsaG, which is encoded 

immediately downstream of esaD in the ess gene clusters of S. aureus strains sharing 

the NCT8325 ess organisation, is a DFU600 protein. Some examples of module 3 

organisation in S. aureus strains is shown in Fig 6.1. 

Baek and colleagues observed the variation that occurred between DUF600 protein-

coding genes in strains of the NCTC8325 S. aureus lineage (Baek, Frees et al. 2013). 

They noted that six DUF600 genes were present in NCTC8325 compared to 12 each in 

NCTC8325-4 and RN4220, common laboratory strains that were derived from 

NCTC8325 and cured of prophages. Only three of these genes were found to be identical 

in all strains (saouhsc_00269, saouhsc_00277 and saouhsc_00278), three additional 

genes were identical between NCTC8325-4 and RN4220, whereas the other genes 

displayed some degree of sequence variability. In line with this extensive variation of 
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DUF600 proteins in very closely related isolates, Warne and colleagues noted that the 

number of DUF600 homologues varied extensively from two copies in strain C22  to 13 

copies present in strain CC8 (Warne, Harkins et al. 2016). The reason for this variation 

is unknown, but the fact that it occurs between such closely related lineages suggests 

considerable selection pressure on these genes. 

It was seen in Chapter 4 that EsaG, encoded immediately downstream of EsaD, is an 

EsaD immunity protein. Warne and colleagues noted a relationship between the C-

terminal sequence of EsaD and the sequence of the DUF600 protein that is encoded 

immediately downstream (EsaG), but no such relationship with the other DUF600-

encoding genes was observed (Warne, Harkins et al. 2016). This might suggest that 

EsaG is the cognate antitoxin for EsaD, and indeed this inference is supported 

genetically since it was seen in Chapter 4 that it was not possible to delete esaG alone, 

even though the other DUF600-coding genes were present on the genome.  

The presence of multiple copies of DUF600-coding genes in S. aureus, particularly in 

those strains that do not contain esaD raises a very intriguing possibility – it may be that 

these EsaG homologues protect S. aureus strains from EsaD proteins secreted by their 

Figure 6.1. Genes coding for DUF600 proteins are found in all strains of S. aureus. 
Organisation of ess module 3 across the indicated S. aureus strains representative of the four 
different ess organisations. Note that of the four, only NCTC8325 (the parental strain of 
RN6390) codes for esaD (shaded in grey). Genes encoding DUF600 proteins are shaded in 
purple, and essC is shaded green. The two genes, shaded brown, represent module 4 and are 
highly conserved across all strains. They define the 3’ boundary of the ess locus (Warne, 
Harkins et al. 2016).  
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S. aureus esaD+ neighbours. This would suggest that one of the major roles of secreted 

EsaD is to prevent the growth of other bacteria. 

6.2. Aim of this chapter  

The aims of this Chapter was to investigate whether EsaG homologues encoded by 

RN6390 and other S. aureus strains have the ability to interact with RN6390 EsaD, and 

to determine whether strains that secrete EsaD are able to kill sensitive strains in an 

EsaD-dependent manner.  

 

Results 

6.3. EsaG homologues encoded downstream of esaG in RN6390 can also 

interact with EsaD.  

As shown in Fig 6.1, several EsaG-like proteins (which all contain a DUF600 domain) 

are encoded within the ess loci of S. aureus and the copy number and the arrangement 

of these varies between the different clonal complexes and between isolates of the same 

clonal complex (Baek, Frees et al. 2013, Warne, Harkins et al. 2016).  The organisation 

of DUF600 coding genes in strain RN6390 is shown in more detail in Fig 6.2. In Chapter 

3 it was seen that esaD and esaG are not co-transcribed with saouhsc_00270 which is 

immediately downstream, therefore indicating that the DUF600-encoding genes are also 

not co-transcribed with EsaDG. However, RNA sequencing analysis showed that these 

EsaG homologues are expressed in laboratory growth media (Warne, Harkins et al. 

2016). 

 
 
 
 
 
 
 
 
 
 

Figure 6.2. Genes encoding DUF600 domain proteins (shaded in purple) at the ess locus in 
strain NCTC8325. Since the genome sequence of RN6390 has not been determined, the 
precise number of DUF600-encoding genes in this region is not known.  
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To examine the function of the DUF600 family proteins further, two deletion mutants, 

∆saouhsc_00268-78 and ∆saouhsc_00274-78, were generated. The first of these 

removes all DUF600 encoding genes, including esaG (and esaD) whereas the second 

removes only the DUF600-encoding genes downstream of esaG. Since the 

saouhsc_00274-78 strain could be generated quite readily it indicates that none of the 

DUF600 proteins apart from EsaG is essential to neutralise the DNase activity of EsaD.  

To determine whether any of these DUF600 proteins were required for T7SS activity, 

secretion of the T7 core component EsxA and the substrate EsxC in these two mutants 

was examined by western blots. As indicated in Fig 6.3, secretion was not noticeably 

affected in either of these two strains. It can be concluded that DUF600 proteins are not 

essential components of the T7SS.  

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

It was shown in Chapter 4 that EsaG directly interacts with the nuclease domain of EsaD 

to function as an antitoxin. Since the other DUF600 proteins encoded by RN6390 show 

sequence similarity to EsaG (Fig 6.4A), they may also be able to interact with EsaD. To 

test this, bacterial two hybrid analysis was performed. As shown in Fig 6.5A and B, 

interactions between EsaD and each of the DUF600 family proteins encoded 

downstream of the esaG in NCTC8325 could be detected. However, it appears that these 

Figure 6.3. DUF600 domain proteins are not required for Type VII secretion activity in strain 
RN6390. The RN6390 wild-type or isogenic deletion strains ∆esaD-00278, ∆00274-00278 and 
∆ess as indicated, were cultured in TSB medium until an OD600nm of 2 was reached after which 
cells were spun down and the supernatants (sn) were retained as the secreted protein fraction, 
while the pellets were retained as the cellular fraction. Samples of the supernatant and cellular 
fractions were separated on 12% bis-Tris gels and immunoblotted using either anti-EsxA, anti-
EsxC or anti-TrxA antisera. 
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interactions are weaker than the interaction between EsaD and EsaG, even though the 

constructs were designed to express the fusion proteins as similarly as possible (all 

constructs encode proteins that are codon optimised for E. coli and that are under the 

translational control of the esxA ribosome binding site).  

 

 

 

 

 

Figure 6.4. A. Multiple sequence alignment of DUF600 homologues from S. aureus 
NCTC8325. The gene names are on the left, and the amino acid position of the residues in 
the alignment is indicated in the right. Conserved amino acids are indicated with asterisks, 
variable sequences are indicated with ‘:’ or ‘.’. B. Phylogenetic Tree of the same DUF600 
protein sequences, the gene names and distances are on the right. This is a Neighbour-joining 
tree without distance corrections. 
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In addition to interacting with EsaD, bacterial two hybrid analysis also shows that EsaG 

can homodimerise (Fig 6.6). To test whether EsaG can interact with any of the other 

DUF600 proteins from strain NCTC8325, further bacterial two hybrid analysis was 

performed. As shown in Fig 6.6A and B, strong interactions between EsaG and 

Saouhsc_00277/Saouhsc_00278 could be detected but only weaker interactions with 

the other DUF600 family members. Surprisingly, according to the Phylogenetic Tree 

analysis shown in Fig 6.4B, Saouhsc_00277/Saouhsc_00278 are not the most closely 

related DUF600 proteins to EsaG. The reason why they show the strongest interaction 

with EsaD is unclear. 

 

Figure 6.5. Interactions between EsaD and the DUF600 family proteins associated with the 
T7SS from strain NCTC8325 by bacterial two-hybrid analysis on MacConkey indicator plates 
containing maltose (A) and β-galactosidase activity assays following growth in liquid culture 
(B). BTH101 carrying pT25esaD and pT18 was used as negative control and pT25esaG with 
pT18esaD as positive control. Error bars represent the standard deviation (n=3). Significance 
was assessed using Student’s t-test, giving p values < 0.001 relative to the negative control. 
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6.4. EsaG homologues encoded in esaD- strains of S. aureus interact with 

RN6390 EsaD 

The results shown above indicate that EsaG homologues encoded in NCTC8325 have 

the ability to interact with EsaD. To determine whether DUF600 proteins present in S. 

aureus strain ST398, MRSA252 and EMRSA15, that lack esaD (Fig 6.1), could interact 

with EsaD from S. aureus strain RN6390, bacterial two hybrid analysis was undertaken. 

An alignment of these DUF600 sequences is shown in Fig 6.7, and the results of the 

bacterial two hybrid analysis are shown in Fig 6.8. It can be seen that all of the EsaG 

Figure 6.6.  Interactions between EsaG and DUF600 family proteins from RN6390 assessed 
by bacterial two-hybrid analysis on MacConkey indicator plates containing maltose (A) and β-
galactosidase activity assays following growth in liquid culture (B). BTH101 carrying 
pT25esaG and pT18 was used as negative control. Error bars represent the standard 
deviation (n=3). Significance was assessed using Student’s t-test, giving p values < 0.001 to 
the negative control. 

 

 

 

 

G:00274 Negative G:00275 G:00276 

G:00277 G:00278 G:G 

A

 

0 

200 

400 

800 

1000 

1200 

EsaG+ 

β
-g

a
la

c
to

s
id

a
s

e
 a

c
ti

v
it

y
 

(M
il
le

r 
U

n
it

s
) 

B

 



159 
 

 

homologues from non esaD-containing strains ST398, MRSA252 and EMRS15, with the 

exception of SAPIG0314 from strain ST398, were able to interact to some degree with 

RN6390. Moreover it could be seen that each strain has at least one DUF600 protein 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.7. A. Multiple sequence alignment of DUF600 homologues from different S. aureus 
species. The gene names are on the left, and the amino acid position of the residues in the 
alignment is indicated in the right. Conserved amino acids are indicated with asterisks, variable 
sequences are indicated with ‘:’ or ‘.’ or blank. B. Phylogenetic Tree of the same DUF600 
protein sequences, the gene names and distances are on the right. This is a Neighbour-joining 
tree without distance corrections. 
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showing strong interaction with RN6390 EsaD. From strain ST398, although SAPIG0311 

and SAPIG0314 had almost no interaction with EsaD in the bacterial two hybrid assay, 

giving 135 and 94 Miller units, respectively, SAPIG0310 produced a strong interaction  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.8. Interactions between EsaD and DUF600 family proteins from non esaD-containing 
S. aureus strains A. Bacterial two-hybrid analysis on MacConkey indicator plates containing 
maltose and B. β-galactosidase activity assays following growth in liquid culture. BTH101 
carrying pT25esaD and pT18 was used as negative control and pT25esaG with pT18esaD as 
positive control. Error bars represent the standard deviation (n=3). Significance was assessed 
using Student’s t-test, giving p values < 0.00001 to the negative control. 
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with EsaD, with 1076 Miller units. From strain MRSA252, both SAR0293 and SAR0294 

showed very strong interaction that was almost the same as the interaction between 

EsaG and EsaD, while the other two DUF600 family proteins SAR0295 and SAR0297 

produced a much weaker interaction with lower β-galactosidase activity. There are two 

DFU600 family proteins in strain EMRSA15, SAEMRSA15_02700 and 

SAEMR15_02800, both of which were able to interact with EsaD. These observations 

give support to the hypothesis that these strains have acquired the ability to produce 

EsaG-type proteins as a protective mechanism to prevent killing by EsaD-producing 

strains. 

6.5. EsaG homologues interact with polymorphic variants of EsaD 

As discussed extensively in Chapter 4 and above, EsaD is only encoded by 

approximately 50% of S. aureus strains that have been analysed. However, it has been 

noted that there is a high degree of sequence variation in the 3’ region of esaD, covering 

the region encoding the nuclease domain, among these strains, and that each of the 

nuclease domain variants is associated with a different downstream DUF600 protein 

variant (Warne, Harkins et al. 2016). Figure 6.9 shows an alignment of some of the EsaD 

sequence variants that are publicly available from the NCBI database. It is clear that the 

N-terminal, non-nuclease domain has high sequence conservation across EsaD proteins 

from these strains. However there is extensive sequence variability within the nuclease 

domain but away from the predicted catalytic site (centred around H528 in the EsaD 

sequence of NCTC8325; indicated with a red asterisk on Fig 6.9).  

Two of these EsaD variants, from strains A8819 and SAU060112, were selected for 

further analysis. The C-terminal nuclease domains of both (harbouring the equivalent 

H528A active site substitution) were synthesised and inserted in both pT25 and pT18 for 
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Fig 6.9. Multiple sequence alignment of EsaD homologous in different S. aureus species. The strain names are on the left, and the amino acid position of the 
residues in the alignment is indicated in the right. Conserved amino acids are shaded in black, variable sequences are shaded grey or white. H528 is indicated 
with a red asterisk.  

* 
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bacterial two hybrid analysis with all the DUF600-encoding genes from strains 

NCTC8325, ST398, MRSA252 and EMRSA15 to assess potential interactions. As 

shown in Fig 6.10A and B, the EsaD nuclease domain from strain A8819 was able to 

interact with SAOUHSC_00275 from NCTC8325 and MRSA_0295 from MRSA252, 

giving 394 Miller units and 171 Miller units, respectively. These interactions were much 

weaker than the interaction between the RN6390 EsaD nuclease domain and RN6390 

EsaG which gives greater than 2000 Miller units. However, there was no positive 

interaction detected between this nuclease domain and EsaG (SAOUHSC_00269) from 

RN6390. Thus it is clear that the EsaD nuclease domain variant from strain A8819 shows 

a different spectrum of interaction with the DUF600 proteins than RN6390 EsaD. 

For the nuclease domain of EsaD from SAU060112, only a weak positive interaction with 

SAOUHSC_00276 was detected, with 202 Miller units by β-galactosidase assay (Fig 

6.11 A and B). No detectable interaction was seen with any of the remaining DUF600 

domain proteins, including EsaG. It is clear that each of the nuclease domain variants 

tested interacts with a different repertoire of DUF600 proteins, indicating that the 

sequence variability in the C-terminal nuclease domain changes the affinity for DUF600 

homologues.  

Taken together, the results to date indicate that EsaD proteins are polymorphic, and that 

the polymorphisms alter the interaction with DUF600 (EsaG-like) antitoxins. S. aureus 

strains, even those that do not encode EsaD, accumulate orphan DUF600 protein 

encdoing genes, and the accumulation of these genes appears to be under strong 

selective pressure. All of these features are hallmarks of bacterial toxins that are involved 

in competition between related species (Zhang, de Souza et al. 2012), strongly 

suggesting that EsaD may be a nuclease toxin that primarily targets bacteria. 
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Figure 6.10. Interactions between the nuclease domain of the EsaD homologue from S. aureus strain A8819 and DUF600 family proteins. A. Bacterial two-hybrid 
analysis on MacConkey indicator plates containing maltose and B. β-galactosidase activity assays following growth in liquid culture. BTH101 carrying pT25esaD 
and pT18 was used as negative control and pT25esaG with pT18esaD as positive control. Error bars represent the standard deviation (n=3). Significance was 
assessed using Student’s t-test, giving p values < 0.0001 to the negative control. 
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was assessed using Student’s t-test, giving p values < 0.0001 to the negative control. 
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6.6. Secreted EsaD inhibits the growth of sensitive strains of S. aureus 

As discussed above, the observations to date strongly implicate EsaD as a secreted 

nuclease toxin that targets other bacteria. To investigate this, bacterial competition 

assays were performed. Initially experiments with S. aureus strains RN6390, COL, 

SA113 and USA300 and their cognate essC deletion mutants were carried out, and they 

were incubated together with each other, or with the deletion mutant strains RN6390 

ΔesaDG or RN6390 Δ0268-0278 (that lacks esaD and all DUF600-encoding genes). 

These were carried out in different growth conditions, on solid and liquid media, at 

different ratios, for different times and at different temperatures. However, for all of these 

experiments, counting of the number of target cells recovered at the end of the 

experiment resulted in no bacteriocidal activity being detected for any of these 

experiments.  

Two possibilities for the lack of competition were considered. The first is that it has been 

seen by others, and in this thesis, that the T7SS is not very active when strains are grown 

in laboratory media (Kneuper, Cao et al. 2014, Jager, Zoltner et al. 2016). Thus there is 

accumulation of EsxA and EsxC in the cytoplasm of strains and it has been estimated 

that less than 5% of these proteins is secreted (Holger Kneuper, personal 

communication). It has been speculated that this may be because the activity of the 

secretion machinery is regulated at the post-translational level, as has been seen for 

other bacterial secretion systems such as the Type III (Quenee and Schneewind 2007) 

and Type VI (Mougous, Gifford et al. 2007) secretion systems. However, at present it is 

not understood how the activity of the T7SS is regulated and therefore it is not possible 

to manipulate this to increase activity. An alternative possibility is that is the chromosomal 

EsaD expression level is too low in these strains to kill other bacteria.  

Therefore, to maximise any killing activity, S. aureus strain COL, which shows the highest 

level of T7S activity in laboratory growth media (Kneuper, Cao et al. 2014), harbouring a 

plasmid encoded EsaDG under the regulatable tetracycline promoter, was used as the 

attacking strain. This was cultured in the presence of ATC to induce expression of 
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EsaDG and then incubated overnight with variants of strain RN6390 that had the 

erythromycin resistance cassette integrated onto the chromosome, for counter-selection. 

The following day the survival of the RN6390 prey strains were assessed. As shown in 

Fig 6.12, there is a significant decrease in recovered prey cells when they are co-cultured 

with COL wild type strain compared with a T7SS mutant strain (COLΔess), which 

suggests that there is T7-dependent killing. Importantly, this is completely dependent 

upon the toxic activity of EsaD, because when COL producing the H528A variant of EsaD 

was used as the attacker, no detectable killing was observed (Fig 6.12).  

As predicted, both EsaG and EsaG homologues offered some protection against the 

killing effect of secreted EsaD (Fig 6.12). It is clear that the RN6390 wild type strain 

tended to be less susceptible to EsaD-dependent killing than strains RN6390 Δ0268-

0278 that lacks esaG and RN6390 Δ0268-0269 that is lacking esaG but still encodes the 

additional EsaG homologues encoded downstream of esaG. Moreover, the killing effect 

of secreted EsaD on RN6390 Δ0268-0278 was more pronounced compared to its effect 

on RN6390 Δ0268-0269. In addition, the protective effect was enhanced by 

overproduction of plasmid-encoded EsaG in the prey cells (Fig 6.12). It can be concluded 

that some strains of S. aureus use their T7SSs to secrete a nuclease toxin to kill closely-

related bacterial competitors. 

Similar experiments were repeated using strain RN6390 producing plasmid-encoded 

EsaDG as the attacker strain, incubated it with RN6390 Δ0268-0278 as prey. However, 

in these experiments no significant killing effect was detected (Fig 6.13). This is perhaps 

not too surprising as the secretion of EsaD in RN6390 was seen to be much lower than 

that in COL in chapter 4. There was a tendency for the recovery of prey cells to be lower 

when RN6390 overproducing EsaDG was used as the attacker strain, and for this to be 

counteracted by plasmid produced EsaG in the prey, but in these experiments the error 

bars were large and the differences observed not statistically significant. Potentially if the 

number of repeats were increased, statistically significant differences may be observed.  
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Figure 6.12. In vitro growth competition assays between the indicated attacker and prey strains. 
In each case the attacker strain (COL or COLΔess) overproduced EsaD-HA or EsaD(H528A)-HA 
along with EsaG-His as described in Chapter 2, and was incubated with either RN6390, 
RN6390Δ0268-0278, RN6390Δ0268-0269 or RN6390 pEsaG-His as targets, as indicated. Serial 
dilutions were made and 5 µl of each dilution was spotted onto LB agar selection plates (A, B, C, 
D) and 50 µl of each 10-5 dilution cultures were spread in plates for counting (E). In all experiments 
four biological replicates of each attacking strain was used against a single culture of the target. 
Bars represent the average value of the colony-forming units (c.f.u.) of prey bacteria at the end 
of the experiment. Significance was assessed using Student’s t-test. Asterisks indicate significant 
differences in c.f.u. * p value < 0.05; ** p value < 0.005, *** p value < 0.0005. Error bars indicate 
standard deviation. 
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Finally, competition assays between S. aureus strains and Staphylococcus epidermidis 

strains were undertaken. S. epidermidis is a commensal skin bacterium that can also be 

an opportunistic pathogen, and these organisms occupy similar niches on human skin and 

Figure 6.13. In vitro growth competition assays between the indicated attacker and prey 
strains. In each case the attacker strain (RN6390 or RN6390Δess) overproduced EsaD-HA or 
EsaD(H528A)-HA along with EsaG-His as described in Chapter 2, and was incubated with 
RN6390Δ00268-00278 or RN6390 pEsaG-His as prey, as indicated. Serial dilutions were 
made and 5 µl of each dilution was spotted onto LB agar selection plates (A), and 50 µl of each 
10-6 dilution cultures were spread on plates for counting (B). In all experiments four biological 
replicates of each attacking strain were used against a single culture of prey. Bars represent 
the average value of the colony-forming units (c.f.u.) of prey bacteria at the end of the 
experiment. Significance was assessed using Student’s t-test, giving the indicated p values. 
Error bars indicate standard deviation. 
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in the nares (Otto 2012). It is known that these organisms compete with each other, for 

example S. epidermidis can interfere with the S. aureus Agr quorum sensing response (Otto, 

Echner et al. 2001) and produces an extracellular serine protease that inhibits S. aureus 

biofilm formation (Iwase, Uehara et al. 2010). 

To this end, S. aureus strains COL and COLΔess both producing EsaDG from a plasmid 

were used as attackers, and S. epidermidis strains W23144 and NIHLM001, both of 

which carried a chromosomal erythromycin-resistance element, were used as targets. 

However, as shown in Fig 6.14, there was no Type VII-dependent killing of S. 

epidermidis, and it even appeared as though S. epidermidis grew better in competition   

with the Type VII+ strain than the isogenic Type VII- strain for reasons that are unclear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14. In vitro growth competition assays between S. aureus COL and S. epidermidis 
NIHLM001 and W23144 strains. In each case the COL or COLΔess overproduced plasmid-
encoded EsaD-HA along with EsaG-His. Serial dilutions were made and 5 µl of each dilution 
was spotted onto LB agar selection plates (A C), and 50 µl of each 10-6 dilution cultures were 
spread in plates for counting (B). In all experiments four biological replicates of each attacking 
strain were used against a single culture of prey. Bars represent the average value of the 
colony-forming units (c.f.u.) of prey bacteria at the end of the experiment. Error bars indicate 
standard deviation. 
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6.7. Discussion 

6.7.1. Orphan EsaG proteins interact with EsaD  

In this Chapter, the biological role/s of EsaD and EsaG proteins have been addressed. 

Genomic analysis indicated that S. aureus strains accumulate genes encoding EsaG 

homologues close to their T7SS gene clusters. esaG-like genes have been found in the 

genomes of all S. aureus strains analysed to date, even though at least half of them do 

not encode EsaD (Warne, Harkins et al. 2016). These genes appear to be under positive 

selection pressure and it was noted that strain generation by stepwise curing of 

prophages from NCTC8325 resulted in expansion of esaG-like genes from six to 12 

copies (Baek, Frees et al. 2013).  

In this work it was found that at least one of the EsaG homologues from the non-esaD-

coding strains MRSA252, ST398, MRSA15, was able to interact with EsaD from 

NCTC8325, implying that they may be found in these strains to protect them from the 

toxic activity of EsaD secreted by esaD+ S. aureus strains. Moreover, genomic analysis 

indicated that the sequence of the C-terminal, nuclease domain of S. aureus EsaD 

proteins was hypervariable (Warne, Harkins et al. 2016). This hypervariability was not 

within the predicted catalytic site of EsaD but elsewhere, potentially mapping to an 

interface that might interact with EsaG. This provides an explanation for the accumulation 

of esaG homologues since different EsaG variants would potentially be required to 

neutralise the different EsaD nuclease domains. The polymorphic nature of EsaD is 

reminiscent of bacterial toxins that mediate competition between related species (Zhang, 

de Souza et al. 2012, Jamet and Nassif 2015), and the accumulation of multiple immunity 

proteins suggests that they accumulate to provide protection against multiple different 

sequence variants of EsaD.  

6.7.2. Secreted EsaD inhibits the growth of S. aureus 

These findings strongly suggested that secreted EsaD is involved in inter-bacterial 

competition. However, after many experiments trying different incubation conditions, 

varying the ratio of attacker and target strains, incubation temperature and time, no killing 
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activity was found when EsaD-encoding S. aureus strains was incubated with other S. 

aureus strains. Even a strain of RN6390 engineered in Chapter 3 to transcriptionally 

overexpress the ess genes resulted in no detectable growth inhibition of target strains, 

and a strain deleted for all of the DUF600 encoding genes was no more sensitive a target 

than the wild type. 

It was reasoned that the lack of growth inhibition in these experiments may result from 

the very low level of T7 secretion activity found when strains are grown in the laboratory. 

Therefore to maximise secretion of EsaD, similar experiments were repeated with 

EsaDG overexpressed from a plasmid. Under these conditions it was seen that S. aureus 

strain COL overproducing EsaDG could significantly inhibit the growth of strain RN6390 

by almost 100 fold. This growth inhibitory effect was shown to require a functional T7SS 

and importantly to be dependent upon the catalytic activity of EsaD. As expected, EsaG 

proteins were linked with protection from EsaD-dependent killing because target strains 

deleted for esaG, or esaG and all homologous genes were more sensitive to growth 

inhibition than a strain harbouring these genes. 

The results presented in this Chapter clearly demonstrate that the S. aureus T7SS can 

target competitor bacteria as well as eukaryotes. It therefore joins a growing list of 

bacterial secretion systems that deliver toxic effector proteins to bacterial competitors as 

well as eukaryotic cells (Aoki, Pamma et al. 2005, Hood, Singh et al. 2010, Murdoch, 

Trunk et al. 2011, Russell, Hood et al. 2011, Souza, Oka et al. 2015). Currently, it is not 

known how EsaD accesses the cytoplasm of target cells. As discussed in Chapter 3, 

there is no evidence that T7SSs form large extracellular needle-like structures that could 

deliver toxins directly into target cells, like those seen for the Type III, IV and VI secretion 

systems of Gram-negative bacteria (Costa, Felisberto-Rodrigues et al. 2015). Instead it 

is more likely that EsaD is released into the environment where it binds to receptors on 

sensitive cell surface and assembles a multiprotein ‘translocon’ complex in a similar 

manner as bacteriocins and contact-dependent growth inhibition toxins, as the first step 

in a cell entry pathway (Housden and Kleanthous 2012, Willett, Gucinski et al. 2015). In 
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future it would be very interesting to dissect out the mechanism by which EsaD interacts 

with and traverses the cell envelope of S. aureus. 

Some anti-bacterial toxins have a very narrow host range, for example colicins that are 

produced by E. coli targeting mainly strains of the same species (Penfold, Healy et al. 

2004, Wojdyla, Fleishman et al. 2012, Kleanthous, Klein et al. 2016), whereas other 

toxins have a broader spectrum of activity (Murdoch, Trunk et al. 2011, Cianfanelli, 

Alcoforado Diniz et al. 2016). To explore the host range of S. aureus EsaD-dependent 

growth inhibition, strain COL overproducing EsaDG was incubated with two different 

strains of S. epidermidis as prey. However, here it was seen that there was no Type VII 

dependent killing of S. epidemidis by COL. Genome analysis shows that at least some 

S. epidermidis strains also code for a T7SS and for homologues of the T7SS substrate 

proteins EsxC and EsaD. It is possible that in these experiments bacterial killing might 

be occurring in the opposite direction, i.e. that S. epidermidis is killing S. aureus, either 

through its own T7SS or by interfering with Agr quorum sensing (Otto, Echner et al. 2001) 

or via protease secretion (Iwase, Uehara et al. 2010). To determine this it would be 

necessary to count the number of ‘attacker’ S. aureus that survive the experiment, which 

was not carried out here. Alternatively S. epidermidis may lack a receptor or chaperone 

in its surface required for S. aureus EsaD uptake.  

A number of different types of protein toxins have now been identified that target bacteria. 

In addition to nucleases that can digest the DNA/ RNA of the target cell (Ma, Hachani et 

al. 2014, Willett, Gucinski et al. 2015), several families of peptidoglycan amidase toxins 

have been characterised (Chou, Bui et al. 2012) , and lipases and pore-forming proteins 

with antibacterial activity have also been observed (Deb, Daniel et al. 2006, Zhang, de 

Souza et al. 2012, Elfarash, Dingemans et al. 2014, Garrett, Broadwell et al. 2015). In 

future it will be interesting to discover whether any further antibacterial toxins are 

secreted by the T7SS of S. aureus.  
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6.7.3. A role for EsaD during infection? 

Prior work on EsaD in S. aureus strain Newman led to the conclusion that it is an 

important factor for Type VII secretion activity, and therefore for virulence (Anderson, 

Chen et al. 2011). However, in that study the loss of EsaD appeared to destabilise EsxA 

and therefore presumably to affect secretion of the other T7SS substrates. It remains a 

possibility that EsaD plays a direct role during mammalian infections, for example by 

contributing to the degradation of extracellular DNA present in NETs, and this would be 

something to test in future. However, it may be that the primary role of EsaD is to allow 

S. aureus to colonise the host by competing with the host microbiota. Recently it has 

been shown that Salmonella enterica uses it T6SS to establish colonisation in the host 

gut prior to infection (Sana, Flaugnatti et al. 2016). In this context it is interesting to note 

that inactivation of the S. aureus T7SS results in a colonisation defect in murine nasal 

colonisation experiments (Kneuper, Cao et al. 2014). In future it would be interesting to 

determine whether EsaD is required for S. aureus colonisation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 



175 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7  

Conclusions and Outlook 
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As stated in the aims at the beginning of this thesis, the purpose of this project was to 

provide further information about the Type VII /Ess secretion system of S. aureus. This 

chapter summarises the main findings of this study according to the original aims and 

provides suggestions of future work which could be carried out. 

7.1. Heterogeneity in ess transcriptional organization and regulation of 

ess gene expression 

One of the main findings of this study was the unexpected differences in the 

transcriptional organization of the ess gene cluster between closely related strains of S. 

aureus. It was seen that the esxA gene is co-transcribed with downstream genes in S. 

aureus COL, USA300 and SA113 strains, but not in RN6390 or Newman, even though 

all five have identical sequences across their ess loci. Using 5’RACE, a transcriptional 

start site for esxA in both RN6390 and USA300 was identified, which was identical to 

that described previously for esxA in Newman by Schulthess et al. (Schulthess, Bloes et 

al. 2012). However, by using a primer that primes within esaA, a second TSP was located 

between esxA and esaA in RN6390, but not in USA300. A potential rho-independent 

terminator is predicted within the esxA-esaA intergenic region, overlapping with the 

transcriptional start site and putative promoter for esaA. As the sequences of this region 

in all these five strains are the same, it must act as an effective terminator in strains 

RN6390 and Newman, but allow at least partial read-through in the other examined 

strains. It is likely that these differences in regulation relate to differences in sequence or 

expression of trans acting factors such as the anti-termination protein NusG, small RNAs 

or transcription factors (Xia, Lunsford et al. 1999). 

Another key finding from this study is that the esxA gene is significantly overexpressed 

compared to the other ess genes in all of these tested strains. Thus the heterogeneity in 

transcriptional organization of the ess clusters does not affect the relative expression 

levels of esxA and the downstream genes. This finding suggests that it is functionally 

important for EsxA to be in large excess over the other Ess machinery components and 
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models for the mode of action of T7SS need to bear in mind the likely stoichiometry of 

the individual subunits. 

7.2. EsaD is a nuclease substrate of the S. aureus Type VII secretion 

pathway 

Another major aim of this thesis was to identify further substrates of the S. aureus T7SS. 

It was shown that EsaD, encoded at the ess locus of many S. aureus strains, is secreted 

to the growth medium in a T7-dependent manner. This was surprising as previous 

findings concluded that EsaD was a membrane-bound T7SS accessory factor in USA300 

(Anderson, Chen et al. 2011). However, fractionation analysis indicated that EsaD is not 

detected in the membrane, and loss of esaD did not abolish secretion of EsxA and EsxC. 

EsaD is predicted to contain a C-terminal nuclease domain by BLAST analysis and was 

demonstrated through a combination of in vitro and in vivo nuclease assays to have 

DNase activity. This is the first S. aureus T7SS substrate for which a function has been 

identified. 

7.2.1. EsaG is an EsaD antitoxin and EsaE is an EsaD chaperone 

EsaG is encoded immediately downstream of EsaD, and belongs to DUF600 protein 

family. It was shown that EsaG is able to neutralise the toxic activity of EsaD by physically 

interacting with the C-terminal nuclease domain, thus acting as an antitoxin. A further 

EsaD-interacting component was also identified in this work. It was shown that EsaE, 

also encoded at the ess locus of RN6390, binds to the N-terminal region of EsaD, 

probably stabilising it. It was shown that all three of these proteins could form a ternary 

complex and that EsaE and EsaD are co-secreted into supernatant, while EsaG is most 

likely released from the complex, remaining in the cytoplasm. 

According to the results in this thesis, EsaE most likely targets the complex of E/D/G to 

the T7SS. It was shown that EsaE, although predicted to be a cytoplasmic protein, was 

associated with the cell membrane and through crosslinking analysis that it was in 

intimate contact with a multimeric form of the EssC core component. In future it would 

be interesting to isolate the EsaE/D/G and EsaE/EssC complexes in large amounts for 
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structural studies, to understand molecular details about these interactions and to identify 

which domain of EssC is bound by EsaE. 

7.2.2. EsaD is a T7SS toxin that targets competitor bacteria 

Clues to the biological role of EsaD came from genomic analysis of S. aureus strains. It 

was noted that DUF600 proteins, related to EsaG, were encoded within the ess gene 

clusters of non-esaD coding strains (Warne, Harkins et al. 2016). Bacterial two-hybrid 

analysis showed that some of these ‘orphan’ EsaGs could interact with EsaD from strain 

RN6390, suggesting that they are conserved in these strains to protect from toxic EsaD 

secreted by esaD+ S. aureus strains. 

EsaD has the characteristics of a polymorphic toxin, containing an N-terminal domain 

with a LXG motif for transport, a pre-toxin domain and a C-terminal nuclease domain. 

Previous findings indicate that bacterial toxins, which are involved in interspecies 

competition, are polymorphic toxins (Aoki, Pamma et al. 2005, Aoki, Diner et al. 2010, 

Zhang, Iyer et al. 2011). Here it was shown that S. aureus strain COL overproducing 

EsaD/G inhibits the growth of variants of strain RN6390, in a T7SS-dependent manner. 

As expected, overexpressing esaG in the target strain offered some protection against 

the growth inhibition caused by secreted EsaD. Therefore, it could be concluded that 

EsaD is an antibacterial toxin and that S. aureus can use it to target closely related 

bacterial competitors. It is still not known how EsaD accesses the cytoplasm of target 

cells. There is no evidence that T7SSs form large extracellular needle-like structures that 

could deliver toxins directly into target cells, akin to those seen for the Type III, IV and VI 

secretion systems of Gram-negative bacteria (Costa, Felisberto-Rodrigues et al. 2015). 

Instead it is likely that EsaD is released into the environment where it binds to receptors 

on sensitive cells in a similar manner as bacteriocins and contact-dependent growth 

inhibition (CDI) toxins, as the first step in a cell entry pathway (Housden and Kleanthous 

2012, Willett, Gucinski et al. 2015). In future it would be very interesting to dissect out 

the mechanism by which EsaD interacts with and traverses the cell envelope of S. aureus. 
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7.2.3. Do S. aureus strains produce other T7-dependent antibacterial 

toxins? 

Is EsaD the only antibacterial toxin secreted by the T7SS of S. aureus? In the non-esaD 

coding S. aureus strains, such as ST398 and MRSA252, other large hypothetical 

proteins are encoded within the ess gene clusters, for example SAPIG0305 in strain 

ST398 and SAR0287 in strain MRSA252 (Warne, Harkins et al. 2016). These 

hypothetical proteins do not show sequence identity with each other, or with other 

proteins when analysed using BLAST. Interestingly, however, threading analysis using 

the Phyre2 server (Kelley, Mezulis et al. 2015) predicted a very high probability that both 

SAPIG0305 and SAR0287 are similar to colicin Ia, which is a bacteriocin that is released 

into the environment to reduce competition from other bacterial strains (Cascales, 

Buchanan et al. 2007, Zhang, Iyer et al. 2011, Housden and Kleanthous 2012, Jamet 

and Nassif 2015).  

Colicin Ia is a pore-forming protein, with R, C and T domains (Zakharov and Cramer 

2002). The R domain is involved in binding to target cells, and C, T domains are 

responsible for the functions of channel formation in the cytoplasmic membrane and 

translocation across the periplasmic space, respectively (Zakharov and Cramer 2002, 

Dal Peraro and van der Goot 2016). The structure of colicin Ia is shown in Fig 7.1A and 

Fig 1B and C show the predicted structures of SAPIG0305 and SAR0287. In future it 

would be interesting to determine whether SAPIG0305 and SAR0287 are T7SS 

substrates, and to assess their biological roles. 

Polymorphic toxins, such as EsaD are encoded upstream of genes for immunity proteins 

required to neutralise toxic activity. Therefore it might suggest the proteins encoded 

immediately downstream of SAPIG0305 and SAR0287 also act as immunity proteins. 

Interestingly, both SAPIG0306 and SAR0288, although completely unrelated in amino 

acid sequence, are predicted to be membrane proteins. A membrane location for an 

antitoxin might be predicted if the toxin forms a transmembrane pore like colicin Ia. It is 

also interesting to note that although RN6390 does not encode homologues of either of 
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SAPIG0305 and SAR0287, it encodes a homologue of SAPIG0306 among the cluster of 

esaG-like genes downsteam of the ess locus and a homologue of SAR0288 just 

upstream of esxA. The most obvious explanation for the presence of these genes is that 

RN6390 produces these proteins to prevent the toxic action of SAPIG0305 and SAR0287 

secreted by rival strains of S. aureus. In future it would be very interesting to test this 

prediction experimentally.  

Finally it would ultimately be important to determine whether the T7SS plays a role during 

polymicrobial human infections, for example infections of the skin and lung. An important 

question is whether EsaD-mediated interspecies competition is critical for the 

establishment of virulence in animal and human infections and whether there are roles 

for additional antibacterial toxins that are likely to be secreted by the S. aureus T7SS. 

 

Figure 7.1. Comparison of the prediceted structures of SAPIG0305 and SAR0287 with Colicin 
ia. A Structure of Colicin Ia R, receptor domain, C, central domain, T, translocator domain. B 
Predicted structure of SAPIG0305(modelled on colicin Ia by Phyre with 99.2% confidence). C 
Predicted structure of SAR0287 ( modelled on colicin Ia by Phyre with 99.5% confidence) 
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The type VII secretion system of Staphylococcus
aureus secretes a nuclease toxin that targets
competitor bacteria
Zhenping Cao1, M. Guillermina Casabona1, Holger Kneuper1, James D. Chalmers2 and Tracy Palmer1*

The type VII protein secretion system (T7SS) plays a critical role in the virulence of human pathogens including
Mycobacterium tuberculosis and Staphylococcus aureus. Here, we report that the S. aureus T7SS secretes a large nuclease
toxin, EsaD. The toxic activity of EsaD is neutralized during its biosynthesis through complex formation with an
antitoxin, EsaG, which binds to its C-terminal nuclease domain. The secretion of EsaD is dependent on a further accessory
protein, EsaE, that does not interact with the nuclease domain, but instead binds to the EsaD N-terminal region. EsaE
has a dual cytoplasmic/membrane localization, and membrane-bound EsaE interacts with the T7SS secretion ATPase,
EssC, implicating EsaE in targeting the EsaDG complex to the secretion apparatus. EsaD and EsaE are co-secreted,
whereas EsaG is found only in the cytoplasm and may be stripped off during the secretion process. Strain variants of
S. aureus that lack esaD encode at least two copies of EsaG-like proteins, most probably to protect themselves from
the toxic activity of EsaD secreted by esaD+ strains. In support of this, a strain overproducing EsaD elicits significant
growth inhibition against a sensitive strain. We conclude that the T7SS may play unexpected and key roles in
bacterial competitiveness.

Protein secretion systems are used by bacteria to interact with
and manipulate their environments, and play critical roles in
the secretion of virulence factors. Gram-negative bacteria

produce numerous secretion systems that transport substrates
across the cell envelope1. Many Gram-positive bacteria also
produce a specialized protein secretion machinery termed the
type VII secretion system (T7SS). These systems are found in
representatives of the Actinobacteria and Firmicutes phyla. The
system was first described in the Actinobacterial pathogens
Mycobacterium tuberculosis and Mycobacterium bovis, where T7SS
ESX-1 was shown to be essential for virulence and to secrete two
small proteins, ESAT-6 and CFP-10, subsequently renamed EsxA and
EsxB (refs 2–4). In addition to secreting EsxA/B proteins, myco-
bacterial T7SSs can also secrete much larger proteins of the
proline-glutamate/proline-proline-glutamate (PE/PPE) family5,
which are highly abundant in the genomes of some species6.

A distantly related T7SS, termed T7b (ref. 7), is also found in
Firmicutes such as Bacillus subtilis8,9 and Staphylococcus aureus10.
T7SSs share two common types of component: a membrane-bound
hexameric ATPase of the FtsK/SpoIIIE protein family11,12 and at
least one EsxA/EsxB-related protein11. EsxA and EsxB are members
of the WXG100 superfamily that form dimeric helical hairpins13,14,
and in Firmicutes EsxA is exported as a folded homodimer14,15. The
S. aureus Ess system comprises six core components10,16 (Fig. 1a;
Supplementary Fig. 1). In addition to EssC, three further membrane
proteins—EsaA, EssA and EssB—are essential for T7 secretion
activity16,17 along with the secreted protein EsxA (ref. 10) and the pre-
dicted cytoplasmic protein EsaB (ref. 16). All except one strain of
S. aureus examined to date encode the six core T7 components, but
there is strain variability in the repertoire of T7 substrate proteins18.
Studies using strains with the NCTC8325 T7S gene cluster organiz-
ation, including Newman, USA300 and RN6390, have identified
EsxB, EsxC and EsxD as secreted substrates10,16,19,20. These three

proteins are small (∼100–130 amino acids (aa)) and their precise
functions remain to be elucidated.

The T7SS has previously been shown to contribute to virulence
in mouse infection models10,16,21 and to facilitate the release of intra-
cellular S. aureus from epithelial cells22. Here, we identify a further
function for the S. aureus T7SS in bacterial competition. We show
that EsaD is a T7 nuclease substrate that interacts with two Ess
accessory proteins, EsaG (an antitoxin) and EsaE (a putative chaper-
one), during its biosynthesis. Strains of S. aureus that do not encode
the EsaD substrate harbour esaG homologues, most probably to
protect themselves from being killed by EsaD-producing strains. In
support of this we demonstrate EsaD-dependent growth inhibition
of S. aureus. Our findings confirm that the Gram-positive T7SS has
antibacterial activity in addition to anti-eukaryotic function.

Results
EsaD is not required for T7SS activity. EsaD is encoded within the
T7SS gene cluster (Fig. 1a) and has been reported to be a
membrane-bound T7SS accessory factor23. However, its absence
from some S. aureus strains indicates it is unlikely to be a critical
component of the secretion machinery18. We constructed an in-
frame esaD deletion and asked whether it was required for
secretion of the core component EsxA and the substrate protein
EsxC. Figure 1b shows that EsxA was still secreted by the esaD
strain, but very little EsxC was detected. To circumvent this we
overproduced EsxC from a plasmid (Fig. 1c) and in this case could
clearly detect EsxC in culture supernatants of the esaD strain. We
conclude that EsaD is not essential for T7-dependent secretion.

EsaD is a predicted nuclease that is secreted by the T7SS. EsaD
encoded by strain NCTC8325 is predicted to be a 614-residue
protein, and sequence analysis suggests that the C-terminal ∼170 aa
comprise a nuclease domain (Supplementary Fig. 2). In accord
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with EsaD having toxic activity, we were unable to clone esaD
unless we introduced a H528A codon substitution at the predicted
nuclease active site. When HA-tagged EsaD(H528A) was produced
in either S. aureus RN6390 or COL strains, tagged protein was
detected in the supernatant (Fig. 1d,e). The lack of EsaD in
supernatants of the cognate essC strains strongly suggests that
EsaD is a T7SS-secreted substrate.

EsaD has previously been reported as a membrane protein23.
However, topology prediction programs (for example, TMHMM,

http://www.cbs.dtu.dk/services/TMHMM/) do not predict trans-
membrane regions. To explore the location of cellular EsaD we frac-
tionated cells producing EsaD(H528A)-HA; Fig. 1f shows that the
tagged protein (migrating as a double band) was clearly detected
only in the cytoplasmic fraction (cyt). We conclude that EsaD is
not a membrane protein.

EsaD has toxic activity that is neutralized by EsaG. To confirm
that EsaD is a toxin, it was essential to clone the wild-type gene.
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Figure 1 | EsaD is a substrate of the T7SS. a, The ess locus. Genes coding for core components of the secretion machinery are indicated by green arrows,
secreted components yellow and proteins investigated as part of this study are in white. b,c, EsaD is not required for secretion of EsxA and EsxC: the
RN6390 wild-type or isogenic deletion strains, as indicated, were cultured in TSB medium to OD600 = 2 (b) or the indicated strains harbouring pRAB11
(empty) or pRAB11-EsxC were cultured in TSB medium to OD600 = 0.5, then supplemented with ATC (50 ng ml–1; to induce plasmid-encoded gene
expression) until OD600 = 2 (c). Cells were pelleted and the supernatant (sn) was retained as the secreted protein fraction. Samples of the supernatant and
whole cells (wc; an equivalent of 200 µl of culture supernatant and 10 µl of cells adjusted to OD600 = 1) were separated on 12% bis-tris gels and
immunoblotted with the indicated antisera (with TrxA serving as a cytoplasmic control). Note that the samples were run on the same gel but intervening
lanes have been spliced out (the unspliced version is shown in Supplementary Fig. 9). d,e, EsaD is secreted in an essC-dependent manner. The indicated
S. aureus strains harbouring pRAB11 (empty) or pRAB11-EsaD(H528A)-HA were treated as described in c, except that 250 ng ml–1 ATC was used to induce
EsaD(H528A)-HA production and an equivalent of 250 µl of supernatant and 10 µl of cells adjusted to OD600 = 1 were loaded. f, Cells of the wild-type
S. aureus strain, RN6390, harbouring pRAB11 or pRAB11-EsaD(H528A)-HA from d, were fractionated into cytoplasmic (cyt) and membrane (m) fractions.
Samples of each fraction (20 µl aliquot of cyt, and 2 µg of membrane) were separated on 12% bis-tris gels and immunoblotted using either anti-HA,
anti-EssB (membrane protein control) or anti-TrxA (cytoplasmic control) antisera.
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We could readily clone esaD if the downstream gene, esaG, was included,
but not if this sequence was omitted.Wewere eventually able to obtain a
clone of esaD in plasmid pT7.5 (ref. 24). Expression of genes from this
vector is under the control of the T7 promoter, which is not recognized
by E. coli RNA polymerase. Even so, the clone we obtained, which gave
very small colonies, harboured a V584Y substitution. We reasoned that
this might serve to lower the stability/toxicity of EsaD. When this
construct was introduced into E. coli BL21(DE3) (which encodes
an inducible copy of the phage T7 RNA polymerase), growth
ceased when inducer isopropyl-β-D-galactopyranoside (IPTG) was
added (Fig. 2a), but cells continued to grow if esaG was co-
expressed with wild-type esaD. We conclude that EsaD has toxic
activity that is modulated by EsaG.

Examination of E. coli cells by microscopy showed that production
of EsaD(V584Y) resulted in cell elongation (Supplementary Fig. 3a,b),
a hallmark of the SOS response induced by DNA damage25,26, consist-
ent with EsaD exhibiting DNase activity. We confirmed EsaD-induced
DNA damage using terminal deoxynucleotidyl transferase dUTP nick
end labelling (TUNEL), which labels the ends of fragmented DNA27,28.
Fluorescence microscopy showed TUNEL staining in a subset of cells
producing EsaD(V584Y) (Supplementary Fig. 3c) that could also be
detected by flow cytometry (red dots in fluorescence-activated cell
sorting (FACS) plot in Supplementary Fig. 3d). Production of EsaD
was also associated with an increase in side scatter, consistent
with changes in cellular morphology seen by microscopy. We con-
clude that EsaD results in DNA damage when produced in the
cytoplasm of E. coli.

EsaG interacts with the nuclease domain of EsaD. The presence of
esaG counteracts the toxic activity of EsaD, suggesting that esaG is
an antitoxic gene. Antitoxins may be proteins or RNA29.
Inspection of esaG indicates that it is a probable protein-coding
gene, producing a protein of the uncharacterized DUF600 family.
To investigate whether EsaG interacts with EsaD we co-produced
EsaD(H528A)-His with EsaG-HA in S. aureus and purified tagged
EsaD from cell lysates. Figure 2c shows that EsaG co-purifies
with EsaD, indicating that the proteins form a complex.

The EsaD–EsaG interaction was also confirmed by bacterial two-
hybrid assay (Fig. 2b). EsaG (163 aa) is significantly smaller than
EsaD, suggesting that it may interact with only part of EsaD. We
genetically separated EsaD into the predicted nuclease domain
(EsaD421–614, harbouring the H528A codon substitution) and the
N-terminal region (EsaD1–420). Figure 2b shows that EsaG interacts
specifically with the predicted nuclease domain. This was confirmed
biochemically by co-purification of EsaG-HA with His-tagged
EsaD421–614 (Fig. 2d). We conclude that EsaG is a proteinaceous
antitoxin that blocks EsaD activity by direct interaction.

To investigate directly whether EsaD has DNase activity, we over-
produced His-tagged wild-type or H528A variants of the nuclease
domain in E. coli in the presence of EsaG and purified His-tagged
EsaD in the presence of 8 M urea to unfold the protein and
detach bound EsaG (Fig. 2e). After refolding and eluting from the
Ni-charged resin, the EsaD nuclease domains were incubated with
plasmid DNA in the presence of Mg2+ or Zn2+ ions. Figure 2f
shows that wild-type EsaD specifically degraded plasmid DNA in
the presence of Mg2+ and could also degrade genomic and linear
DNA (Supplementary Fig. 5). The H528A variant showed some
DNase activity, but appeared to be much less potent than EsaD,
as expected. We conclude that EsaD is a Mg2+-dependent DNase.

Fractionation of cells overproducing tagged EsaG showed that it
is found exclusively in the cytoplasm (Supplementary Fig. 6).
However, as the T7SS can export protein complexes15, we tested
whether it could be co-secreted if overproduced with EsaD.
Supplementary Fig. 7 shows that in the presence of secreted EsaD
(H528A), EsaG localized only to the cell fraction and does not
appear to be co-secreted with its partner protein. We then asked

whether EsaG was required for secretion of EsaD. We were not
able to delete esaG from S. aureus unless we also deleted esaD, con-
sistent with its antitoxic role. Production of HA-tagged EsaD
(H528A) in the esaDG mutant strain resulted in no detectable
EsaD in the supernatant and very little in the cells
(Supplementary Fig. 8). We conclude that EsaG is required for the
stability/secretion of EsaD. EsaG was not, however, required for
the secretion of either EsxA or EsxC (Supplementary Fig. 9) and
is therefore not a general T7S accessory factor.

EsaE also interacts with EsaD and is required for its secretion or
stability. Studies of mycobacterial T7SS have revealed that PE/PPE
substrate proteins interact with specific chaperones that facilitate
their secretion30–32. To investigate whether any additional soluble
proteins encoded at the S. aureus T7SS locus interact with EsaD,
we used bacterial two-hybrid analysis. Figure 3a shows no
evidence for EsaD interaction with any known secretion substrates
(EsxB, EsxC or EsxD) or soluble machinery components (EsaB or
EsxA). Interaction was detected between EsaD and EsaE, which
was also confirmed biochemically as EsaE-HA co-purified with
EsaD(H528A)-His when the two proteins were co-produced in
S. aureus (Fig. 3b). To determine whether EsaE interacted with the
nuclease domain of EsaD or elsewhere on the protein, we screened
the EsaE interaction with EsaD1–420 or EsaD421–614(H528A)
(Fig. 3c). The results show that EsaE specifically interacts with the
non-nuclease region of EsaD. We tried to confirm these genetic
observations with co-purification experiments but were not able to
stably produce the truncated EsaD1–420.

We constructed an in-frame deletion of esaE to determine whether
it was required for EsaD secretion. We were readily able to obtain the
esaE mutant, consistent with EsaE not being an antitoxin but playing
some other role in EsaD biosynthesis. Production of HA-tagged EsaD
(H528A) in this strain resulted in no detectable EsaD in the super-
natant and very little in the cells (Supplementary Fig. 8), suggesting
EsaE is required for its stability or secretion. Although EsaE was not
required for EsxA secretion, there was no apparent secretion of
EsxC in the esaE mutant, even if EsxC was overproduced from a
plasmid (Supplementary Fig. 9). Thus, EsaE is required for efficient
secretion of EsaD and at least one further T7SS substrate.

His-tagged EsaE was found almost exclusively in the cellular frac-
tion, suggesting it is not, by itself, a T7SS substrate (Fig. 3d). We did,
however, routinely observe that overproduction of tagged EsaE led
to a dramatic increase in the level of extracellular EsxA (Fig. 3d),
for reasons that are unclear. However, when EsaE-His was co-
produced with EsaD(H528A)-HA, notable secretion of His-tagged
EsaE could now be detected, suggesting that these two proteins
are co-exported as a complex.

EsaD/E/G form a ternary complex.We next assessed whether EsaD
could form a ternary complex with EsaE and EsaG. Control
experiments (Supplementary Fig. 10) showed no direct interaction
between EsaE and EsaG by either two-hybrid or co-purification
experiments. When EsaD(H528A)-Myc, EsaE-HA and EsaG-His
were co-produced in E. coli and EsaE-HA immunoprecipitated,
EsaG-His and Myc-tagged EsaD were also co-precipitated, consistent
with the three proteins forming a ternary complex (Fig. 3f,g). Reciprocal
experiments where His-tagged EsaG was isolated by Ni-affinity
purification resulted in co-purification of EsaE-HA and EsaD-Myc
(Supplementary Fig. 12). In this latter experiment, although some
full-length EsaD-Myc was detected, most of the protein was
fragmented to the approximate size of the nuclease domain,
consistent with the instability of EsaD1–420 noted previously.

EsaE interacts with the multimeric form of EssC. Although EsaE
is predicted to be soluble, subcellular fractionation showed a
proportion of His-tagged EsaE localized to the membrane that
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Figure 2 | EsaD/G form a nuclease toxin–antitoxin pair. a, EsaD is toxic to E. coli. E. coli BL21(DE3) harbouring pT7.5 (empty vector), pT7.5-esaD(V584Y)
or pT7.5-esaDG was cultured to OD600 = 0.5, supplemented with 1 mM IPTG (time zero) and OD600 was measured at 1 h intervals (n = 3 biological
replicates, error bars indicate ±s.d.). b–d, EsaG interacts with the nuclease domain of EsaD. b, Interactions between pT25-EsaG and EsaD variants fused to
pT18 were assessed by β-galactosidase activity assay in E. coli BTH101. BTH101 harbouring pT25 and pT18 was the negative control. Error bars indicate ±s.d.
(n = 3 biological replicates). Student’s t-test gives P < 0.00001 for EsaD/EsaG and EsaD421–614/EsaG relative to the negative control. Insets: the same strain/
plasmid combinations on MacConkey maltose plates. c,d, Top two panels: S. aureus RN6390 carrying pRAB11 (empty vector), pRAB11-EsaG-HA or pRAB11-
EsaD(H528A)-His-EsaG-HA (c) or pRAB11 (empty), pRAB11-EsaG-HA, pRAB11-EsaD421–614(H528A)-His or pRAB11–EsaD421-614(H528A)-His-EsaG-HA (d)
was cultured to OD600 = 0.5, then supplemented with ATC (500 ng ml–1). Cells were collected at OD600 = 3, lysed and histidine-tagged EsaD purified. Cell
lysate (load) and eluted fractions (20 µl of each) were analysed by western blot with anti-His and anti-HA antisera. Bottom two panels: repeat experiments
for the EsaD(H528A)-His-EsaG-HA co-purification (c) or the EsaD421–614(H528A)-His-EsaG-HA co-purification (d). Samples of load (10 µl), flow through
(20 µl), final wash (30 µl) and elution fraction (30 µl) were analysed using the same antisera. Coomassie-stained samples of the load and elute fractions are
shown in Supplementary Fig. 4. e, E. coli M15[prep4] harbouring pQE70 alone (empty) pQE70-EsaG-EsaG-EsaD421-614-His or pQE70-EsaG-EsaG-EsaD421–614

(H528A)-His were cultured to OD600 = 0.5 and supplemented with 1 mM IPTG. An aliquot was collected after 4 h induction and resuspended in lysis buffer.
His-tagged EsaD nuclease domain (wild-type or H528A variant) was purified in the presence of 8 M urea, refolded and eluted as described in the Methods.
A 10 µl volume of each sample was separated (12% bis-Tris gel) and stained using Coomassie instant blue. f, EsaD is a Mg2+-dependent DNase. Plasmid
DNA was incubated with purified EsaD421–614-His, EsaD421–614(H528A)-His or buffer alone with either 50 mM MgCl2 or ZnCl2, after which the DNA was
analysed by agarose gel electrophoresis.
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panels: repeats of EsaD(H528A)-His-EsaE-HA co-purification. Samples of load (10 µl), flow through (20 µl), final wash (30 µl) and elution fraction (30 µl)
were analysed using the same antisera. d,e, EsaE is co-secreted with EsaD. S. aureus RN6390 harbouring pRAB11 (empty) and either pRAB11-EsaE-His (d) or
pRAB11-EsaD-His-EsaE-HA (e) was cultured to OD600 = 0.5 supplemented with 250 ng ml–1 ATC and collected at OD600 = 3. Samples of supernatant and
cells (equivalent to 250 µl supernatant and 10 µl cells adjusted to OD600 = 1) were separated on 12% bis-tris gels and immunoblotted with the indicated
antisera. f, EsaE, EsaD and EsaG form a ternary complex. E. coli M15[pRep4] carrying pQE70 (empty) or pQE70- EsaE-HA-EsaD(H528A)-Myc-EsaG-His was
cultured to OD600 = 0.5, supplemented with 2 mM IPTG for 4 h, collected and lysed. HA-tagged EsaE was purified and 10, 25 and 35 µl of the elution
fractions were analysed by western blot with anti-HA, anti-His and anti-Myc antibodies, respectively. Coomassie-stained samples of these fractions are
shown in Supplementary Fig. 10. g, Samples of load (10 µl), flow through (20 µl), final wash (30 µl) and elution fraction (30 µl) from the EsaE-HA-EsaD
(H528A)-Myc-EsaG-His co-purification experiment in f were analysed by western blotting with the same antisera.
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was stable to carbonate washing (Fig. 4a). As EsaE has a dual
cytoplasmic–membrane location, we wondered whether it may
play a role in targeting EsaD/EsaG to the membrane-bound
secretion machinery. We undertook formaldehyde crosslinking
experiments in whole cells of S. aureus producing EsaE-His,
isolated membranes, and blotted for EsaE. Figure 4b shows several
EsaE-His crosslinks, including a particularly strong crosslink
migrating above 250 kDa. It has previously been shown that the
S. aureus T7 ATPase, EssC, forms a high-molecular-weight
multimer17,33. To ascertain whether this high-molecular-weight
crosslink also contained EssC, we repeated the crosslinking
experiments in the wild-type and essC mutant strains. Figure 4c
shows that the EsaE-His-containing crosslink migrated with an
apparently identical mass as the EssC-containing crosslink and,
moreover, no such crosslink was detected when essC was deleted.
We conclude that the membrane-bound form of EsaE interacts
with the multimeric form of EssC.

These results suggest a model for the biosynthesis and secretion
of EsaD (Fig. 4d), whereby the interaction of EsaG and EsaE with
their respective binding domains on EsaD is essential for maintain-
ing EsaD in a catalytically inactive, secretion-competent confor-
mation. Our findings support the idea that targeting of the
protein complex to the T7 secretion machinery is by virtue of the
interaction between EsaE and the assembled EssC multimer and
that EsaG is stripped from the complex at some point during
secretion and remains in the cytoplasm. Thus, EsaD is released
from the cell in a form that is immediately active, and the EsaG
immunity protein remains in the producing cell where it may
potentially serve further protective functions.

Secreted EsaD inhibits the growth of sensitive strains of S. aureus.
We next addressed potential roles for EsaD. Gram-negative bacteria
use a subset of their protein secretion systems to target toxins at
bacterial competitors as well as at eukaryotic cells34–38. It was
noted previously that although approximately 50% of S. aureus
strains do not carry esaD, they encode at least two homologues of
esaG close to their T7SS gene clusters18 (Fig. 5a), suggesting they
may produce EsaG-type proteins as a protective mechanism to
prevent killing by EsaD-producing strains. To probe this, using
two-hybrid analysis, we assessed whether EsaG homologues from
non esaD-containing strains MRSA252, ST398 and EMRSA15
could interact with EsaD(H528A). At least one EsaG homologue
from each strain was able to interact with EsaD (Fig. 5b),
supporting the idea that orphan EsaG proteins serve to protect
S. aureus from EsaD nuclease toxins.

A common feature of bacterial toxins, particularly those involved
in interspecies competition, is that that they are polymorphic39,40.
A comparison of EsaD sequences across esaD-encoding S. aureus
strains shows extensive sequence variability within the nuclease
domain, but away from the predicted catalytic site (centred
around H528; Supplementary Fig. 13). A likely explanation is that
substitutions in this region of EsaD alter affinity for a cognate
EsaG antitoxin and render normally resistant strains susceptible
to attack by EsaD sequence variants. In this context it is interesting
to note that a cluster of EsaG homologues are encoded directly
downstream of esaDG in S. aureus esaD-containing strains that
are highly variable in number18. For example NCTC8325 encodes
five of these (Fig. 5a), whereas COL encodes eleven. These
genes are not co-transcribed with esaDG in strain RN6390
(Supplementary Fig. 14), but analysis of RNA-seq data from ref. 18
indicated that transcripts from these genes are present under
laboratory growth conditions.

We could readily delete the cluster of esaG-like genes from
RN6390, indicating that they are not required to neutralize EsaD,
consistent with our earlier conclusion that EsaG itself is the
cognate EsaD antitoxin. Loss of this esaG-like gene cluster, or

indeed absence of all EsaG-encoding proteins (including EsaG)
also did not affect the secretion of EsxA or EsxC (Supplementary
Fig. 9), confirming that these proteins are not essential components
of the T7SS machinery. However, two-hybrid assay shows that they
are able to interact with EsaD (Fig. 5c), but that the interaction is not
as strong as that seen for EsaD–EsaG, raising the possibility that
they serve to protect RN6390 from EsaD sequence variants pro-
duced by other strains of S. aureus.

Together, the results presented strongly suggest that S. aureus
uses its T7SS to secrete a nuclease toxin that targets rival bacteria.
To confirm this, we used S. aureus strain COL, which shows the
highest level of T7S activity in laboratory growth media16, producing
plasmid-encoded EsaDG as attacker, and incubated it with variants
of strain RN6390. Figure 5d shows that there is an approximately
two-log decrease in recovered prey cells when they are co-cultured
with a T7SS+ strain of COL compared with a T7SS mutant strain,
demonstrating there is T7-dependent growth inhibition.
Importantly, this is completely dependent on the toxic activity of
EsaD as COL producing the H528A variant of EsaD no longer
exhibited detectable growth inhibition (Fig. 5d). Finally, as expected,
EsaG offered some protection against the inhibitory effect of
secreted EsaD as the RN6390 wild type tended to be less susceptible
to EsaD-dependent growth inhibition than a strain lacking EsaG
homologues, and the protective effect was enhanced by overproduc-
tion of plasmid-encoded EsaG in the prey cells. We conclude that
S. aureus can use its T7SS to target bacterial competitors.

Discussion
It is well established that T7SSs play critical roles in mammalian
infection and virulence. Here, we demonstrate an important novel
role for the S. aureus T7SS in the secretion of a nuclease toxin,
EsaD, that is involved in interspecies competition. Thus, akin to
the Gram-negative type VI secretion system34,41, the T7SS appears
to target eukaryotes and rival bacteria.

EsaD is the largest known substrate of the T7b system and the
only one for which a function has been identified. We have shown
that two T7 accessory factors are essential for the biogenesis of
EsaD, EsaG (which binds to and neutralizes the toxic activity of
the nuclease domain) and EsaE (which interacts with, and poten-
tially stabilizes, the N-terminal region). In this context it is interest-
ing to note that large substrates of the mycobacterial T7a system
such as the PE/PPE proteins interact with specific chaperones of
the EspG family, which keep them in a secretion-competent
state32 and deliver them to the cognate secretion machinery31.
Although there is no detectable sequence similarity between EspG
proteins and EsaE, it is possible that the proteins have analogous
functions in the two distantly related secretion machineries.

The presence of T7SSs in non-pathogenic organisms such as
Streptomyces coelicolor42 and B. subtilis8,9 has previously been
noted. Here, we offer a likely explanation for the presence of this
secretion system in environmental strains. We have demonstrated
that secreted EsaD inhibits the growth of sensitive strains of
S. aureus, indicating this nuclease toxin is used to target competitor
bacteria. In support, strains of S. aureus lacking esaD encode at least
two copies of the EsaG-like antitoxin, presumably as a protective
mechanism. It is interesting to note that an EsaD homologue has
been reported in B. subtilis23 that probably has toxic activity43,
implying that modulating bacterial competition is a conserved
role for T7SSs.

It is currently not known how EsaD accesses the cytoplasm of
target cells. There is no evidence that T7SSs form large extracellular
needle-like structures that could deliver toxins directly into target
cells, like those seen for the Gram-negative type III, IV and VI
secretion systems1. Instead we suggest that EsaD is released into
the environment where it binds to receptors on sensitive cells in a
manner similar to bacteriocins and contact-dependent growth
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inhibition (CDI) toxins, as the first step in a cell entry pathway44,45.
Further work will be required to dissect the mechanism by which
EsaD interacts with and traverses the cell envelope of S. aureus.

S. aureus is an important pathogen in polymicrobial human
infections (for example, infections of the skin and lung). It
remains to be established whether EsaD-mediated interspecies com-
petition is critical for the establishment of virulence in animal and
human infections or whether there are additional antibacterial
toxins secreted by the S. aureus T7SS.

Methods
Bacterial strains and growth conditions. Strains and plasmids used in this study are
listed in Supplementary Tables 1 and 2. S. aureus strains were grown in tryptic soy
broth (TSB) at 37 °C under vigorous agitation. Where required, chloramphenicol
(Cm) at a final concentration of 10 µg ml–1 was added for plasmid selection.
Anhydrotetracycline (ATC) was used for selection during allelic gene replacement
using the pIMAY system (1 µg ml–1, ref. 46) or for induction of target gene
expression from the pRAB11 plasmid47; the concentrations used in each experiment
are listed in the appropriate figure legends. Escherichia coli was grown aerobically in
lysogeny broth (LB) at 37 °C. If required, cultures were supplemented with
ampicillin (Amp, 100 µg ml–1), kanamycin (Kan, 50 µg ml–1) or Cm (15 µg ml–1)
for plasmid selection. Induction of plasmid-encoded gene expression was achieved
by the addition of IPTG, as indicated in the main text. Light microscopy was carried
out using a Zeiss light/fluorescence microscope with a ×100 oil objective, and images
were captured using an AXIO camera (Zeiss). The light microscopy images in
Supplementary Fig. 3a were performed twice using different biological samples, and
representative images are shown. Bacterial two-hybrid analyses were performed as
described in ref. 48. Assessment of protein interactions was undertaken by plating
onto MacConkey medium49 containing 0.4% maltose as the carbon source and
quantified by β-galactosidase assays (according to the method of ref. 50) on strains
grown to exponential phase at 30 °C and permeabilized with toluene. For all of the
bacterial two-hybrid experiments reported (Figs 2b, 3a,c, 5b,c and Supplementary
Fig. 10a) each interaction pair was scored on MacConkey maltose on at least four
different occasions, and β-galactosidase assays were performed at least twice.
Representative results are presented. Reverse transcription polymerase chain
reaction (RT-PCR) was undertaken on RNA prepared from S. aureus strain RN6390
grown aerobically in TSB to OD600 = 2, as described previously16, using the primer
pairs listed in Supplementary Table 3, and was performed twice (on the same
biological sample; results presented in Supplementary Fig. 14b are representative).

Strain and plasmid construction. All oligonucleotide primers used in this study
and cloning strategies to generate the strains and plasmids are described in
Supplementary Table 3. In-frame deletions of S. aureus genes were performed by
allelic exchange using pIMAY (ref. 46). For each gene, the upstream and downstream
regions, including at least the first three and last three codons, were amplified from
RN6390 genomic DNA using the primers listed in Supplementary Table 3. Clones
were selected in E. coli, verified by DNA sequencing, and introduced into S. aureus
RN6390 strains by electroporation. Chromosomal deletions were verified by
amplification of the genomic region from isolated genomic DNA (GeneElute Bacterial
Genomic DNA Kit, Sigma Aldrich) and DNA sequencing of the amplified products.

To construct strains specifying chromosomally encoded erythromycin
resistance, the erythromycin resistance gene ermC was integrated into the RN6390
genome after base pair 14208, as this region was found to be devoid of
transcriptional activity in the closely related strain NCTC 8325-4 (ref. 51). A
synthetic construct comprising ermC from Staphylococcus lentus plasmid pSTE2
under control of the rpsF promoter from B. subtilis (purchased from Biomatik;
sequence provided in Supplementary Fig. 16) was cloned into pIMAY and integrated
into the chromosome giving RN6390::ermC. Integration of the resistance gene was
confirmed by sequencing and by testing for growth in the presence of 5 µg ml–1

erythromycin. Subsequently, the ermC cassette was transduced from RN6390::ermC
into other strains using phage ɸ11, as described in ref. 52. Transduction was
confirmed by PCR amplification using oligonucleotides Intctrl1 and Intctrl2
(Supplementary Table 3).

Bacterial competition experiments.Overnight cultures of the indicated strains were
subcultured in TSB (supplemented with 2 µM hemin for attacker strains) and
antibiotics as required and cultured with shaking at 37 °C. Once OD600 = 0.5 was
reached, induction of EsaD-HA and EsaG-His production in the attacker strains was
initiated by adding 500 ng ml–1 ATC. When cells reached OD600 = 2, 20 ml of
attacker strain and 1 ml of prey were separately collected and resuspended in 1 ml
TSB. A 100 µl volume of resuspended attacker cells was mixed with the same volume
of prey cells (giving a 20:1 ratio) and incubated at 37 °C with shaking for 16 h in
sterile Eppendorf tubes. Co-cultures were then serially diluted in TSB and plated on
selective agar (LB + 5 µg ml–1 erythromycin as all prey strains carried
chromosomally integrated ermC conferring resistance to erythromycin) for colony-
forming unit determination. For experiments where plasmid-encoded EsaG-His was
produced in prey cells, once strain RN6390 pEsaG-His reached OD600 = 0.5,

EsaG-His production was initiated by the addition of 250 ng ml–1 of ATC and
cultured until OD600 = 2, after which they were used as prey as described above.

TUNEL assay for DNA fragmentation. DNA fragmentation was detected in fixed
cells of E. coli BL21(DE3) harbouring pT7.5esaD and pT7.5esaDG using the
Deadend fluorometric TUNEL system kit (Promega). This was undertaken on two
biological replicates, and representative results are shown in Supplementary Fig. 3c,d.
Following induction of EsaD production by treating cell cultures with 1 mM IPTG
for 3 h, cells were pelleted, washed twice with PBS and fixed with 4% formaldehyde
in PBS for 30 min on ice. Following a further wash with PBS, cells were
permeabilized with 1.5% triton X-100 solution in PBS for 1 h on ice and stored
in 70% ethanol at −20 °C overnight. The following day, cells were spun down,
washed and resuspended in equilibration buffer for 1 h at 37 °C. The cells were
incubated in the dark for 2 h with fluorescein 12-dUTP and recombinant terminal
deoxynucleotidyl transferase (rTdT), after which the reaction was quenched by
addition of 2× saline sodium citrate (SCC) buffer and the cells washed with PBS.
Following this, fluorescein-labelled cells were spotted onto poly-D-lysine-treated
slides and analysed by fluorescence microscopy using a Zeiss fluorescence
microscope with a ×100 oil objective, and images were captured using an
AXIO camera (Zeiss), or detected and quantitated directly by flow cytometry
(Flow cytometry Facility, Dundee University). Negative control samples were
treated identically, except that no rTdT was added.

Purification of the EsaD nuclease domain. E. coli strain M15[prep4] harbouring
pQE70-EsaG-EsaG-EsaD421–614-His or pQE70-EsaG-EsaG-EsaD421–614(H528A)-His
was cultured to OD600 = 0.5 at 37 °C, after which 1 mM IPTG was added to each
culture. An aliquot of the cells was collected after 4 h induction and resuspended in
lysis buffer, and the remainder of the cells were pelleted and frozen at −80 °C for 30 min.
The nuclease domain of EsaD was subsequently purified following a protocol based
on that described at http://openwetware.org/wiki/Knight:Purification_of_His-
tagged_proteins/Denaturing_with_refolding with some modifications, and was
undertaken once for each variant (Fig. 2e). Briefly, the thawed pellets were
resupended in lysis buffer (8 M urea, 100 mM NaH2PO4, 10 mM Tris·HCl, 10 mM
imidazole, 1 mM phenylmethylsulfonyl fluoride (PMSF), pH 8.0) and sonicated for
2 min on ice. The cell lysate was centrifuged at 13,200g for 30 min at 4 °C. Nickel
affinity resin (Biorad) was equilibrated with lysis buffer and added to the cleared
lysate and gently mixed on a rotary shaker for 2 h at 4 °C. The resin was washed five
times with denaturing wash buffer (8 M urea, 100 mM NaH2PO4, 150 mM NaCl,
20 mM imidazole, 1 mM PMSF, pH 8.0) followed by five washes with native wash
buffer (50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, 1 mM PMSF, pH 8.0).
Finally, the bound protein was eluted into 200 µl of elution buffer (50 mM
NaH2PO4, 500 mM NaCl, 250 mM imidazole, 1 mM PMSF, pH 8.0).

For nuclease assays, 800 ng of plasmid pT18 was incubated with 0.4 µg of
purified EsaD421–614-His, purified EsaD421–614(H528A)-His or an equivalent volume
of elution buffer at 37 °C for 1 h in a final volume of 20 µl the presence of either
50 mM MgCl2 or ZnCl2 as indicated, after which the DNA was analysed by agarose
gel electrophoresis. These assays were each performed three times, and
representative results are presented in Fig. 2f and Supplementary Fig. 5.

Cell fractionation, crosslinking and western blotting. For the isolation of cell and
supernatant fractions to assess secretion activity, S. aureus strains were subcultured
at 1/100 from an overnight-grown preculture into fresh TSB medium. At
OD600nm = 2, cells were collected and the supernatant samples precipitated with
trichloroacetic acid in the presence of deoxycholate, as described previously16. Cell
samples were washed once with PBS buffer, normalized to OD600 = 2 in PBS, and
lysed by the addition of 50 µg ml–1 lysostaphin with incubation at 37 °C for 30 min.
All samples were mixed with an equal volume of NuPAGE LDS sample buffer and
boiled for 10 min before analysis. For the secretion experiments shown in Fig. 1b,c,e
and Supplementary Figs 9a, 9b and 14, representative images are shown from at least
two biological replicates, and in Figs 1d, 3d,e and Supplementary Figs 7 and 8,
representative images are shown from at least six biological replicates. The
fractionation of cells to give cell wall, membrane and cytoplasmic fractions was
undertaken as described in ref. 16. Carbonate-washing of membranes was
undertaken according to ref. 53. All fractionation experiments (Figs 1f, 3a and
Supplementary Fig. 6) were undertaken at least twice on separate biological samples,
and representative results are presented.

Formaldehyde crosslinking of cells was undertaken as described previously17 and
crosslinking experiments were performed twice on separate biological samples.
The results presented in Fig. 3b,c are representative results. Western blotting was
performed according to standard protocols using the following antibody dilutions:
α-EsxA (ref. 16) 1:2,500, α-EsxC (ref. 16) 1:2,000, α-EssC (ref. 16) 1:10,000, α-TrxA
(ref. 54) 1:25,000, α-SrtA (Abcam, catalogue no. ab13959) 1:3,000, α-HA (HRP
conjugate, Sigma catalogue no. H6533) 1:10,000, α-His (HRP conjugate, Abcam
catalogue no. ab184607) 1:10,000, α-Myc (HRP conjugate, Invitrogen catalogue
no. R951-25) 1:5,000, and goat anti-rabbit IgG HRP conjugate (Bio-Rad, catalogue
no. 170-6515) 1:10,000.

Protein purification by nickel affinity isolation or immunoprecipitation. Cells of
E. coli or S. aureus, grown as described in the figure legends, were collected and
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resuspended in either (1) ice-cold resuspension buffer (200 mM NaCl, 20 mM
HEPES, pH 7.2) for Ni affinity purification or (2) ice-cold phosphate-buffered saline
(PBS) for immunoprecipitation. Samples were then supplemented with a few flakes
of DNase I, 1 mM PMSF and either lysozyme (for E. coli) or lysostaphin (for
S. aureus). The samples were incubated at 37 °C for 0.5–1 h with gentle mixing on a
rotating wheel, after which cells were lysed by French press (for E. coli) or sonication
(S. aureus). Unbroken cells and cellular debris were pelleted by centrifugation at
17,000g and 4 °C for 30 min and the supernatant was retained as the cell lysate.
All protein purification experiments shown in Figs 2c,d, 3b,f,g and Supplementary
Figs 4, 10b, 11 and 12 were performed at least twice with different biological replicates.

For Ni-affinity purification, 100 µl Ni-NTA resin (Bio-Rad, catalogue no. 156-0131)
was equilibrated by washing twice in 1 ml ice-cold wash buffer (200 mM NaCl,
15 mM imidazole, 20 mM HEPES, pH 7.2). Cell lysate was diluted to 5 µg µl–1

protein in ice-cold wash buffer (200 mM NaCl, 15 mM imidazole, 20 mM HEPES,
pH 7.2) in a final volume of 1.2 ml, added to the equilibrated Ni-NTA resin and
gently agitated for 1 h at 4 °C. The Ni-NTA resin was pelleted by centrifugation,
washed four times with 1 ml ice-cold wash buffer and finally resuspended in 100 µl
elution buffer (200 mM NaCl, 300 mM imidazole, 20 mM HEPES, pH 7.2), mixing
at 4 °C for 1 h. The Ni-NTA resin was pelleted, the supernatant carefully removed
and retained as the eluted fraction.

For immunoprecipitation, 40–100 µl of anti-HA agarose bead suspension
(Sigma, catalogue no. A2095) was pelleted, washed twice with PBS and mixed with
cell lysate, which was diluted to 5 µg µl–1 in 200 µl PBS. The suspension was
incubated with agitation for at least 1 h at 4 °C, then the beads were pelleted and
washed four times with 1 ml ice-cold wash PBS. After the final wash, the supernatant
was aspirated to leave ∼30 µl of PBS above the beads for final resuspension.

Received 8 June 2016; accepted 26 August 2016;
published 10 October 2016

References
1. Costa, T. R. et al. Secretion systems in Gram-negative bacteria: structural and

mechanistic insights. Nat. Rev. Microbiol. 13, 343–359 (2015).
2. Pym, A. S. et al. Recombinant BCG exporting ESAT-6 confers enhanced

protection against tuberculosis. Nat. Med. 9, 533–539 (2003).
3. Hsu, T. et al. The primary mechanism of attenuation of bacillus Calmette–

Guerin is a loss of secreted lytic function required for invasion of lung interstitial
tissue. Proc. Natl Acad. Sci. USA 100, 12420–12425 (2003).

4. Stanley, S. A., Raghavan, S., Hwang, W. W. & Cox, J. S. Acute infection and
macrophage subversion by Mycobacterium tuberculosis require a specialized
secretion system. Proc. Natl Acad. Sci. USA 100, 13001–13006 (2003).

5. Abdallah, A. M. et al. A specific secretion system mediates PPE41 transport in
pathogenic mycobacteria. Mol. Microbiol. 62, 667–679 (2006).

6. Cole, S. T. et al. Deciphering the biology ofMycobacterium tuberculosis from the
complete genome sequence. Nature 393, 537–544 (1998).

7. Abdallah, A. M. et al. Type VII secretion—mycobacteria show the way. Nat. Rev.
Microbiol. 5, 883–891 (2007).

8. Baptista, C., Barreto, H. C. & Sao-Jose, C. High levels of DegU-P activate an Esat-
6-like secretion system in Bacillus subtilis. PLoS ONE 8, e67840 (2013).

9. Huppert, L. A. et al. The ESX system in Bacillus subtilis mediates protein
secretion. PLoS ONE 9, e96267 (2014).

10. Burts, M. L., Williams, W. A., DeBord, K. & Missiakas, D. M. EsxA and EsxB are
secreted by an ESAT-6-like system that is required for the pathogenesis of
Staphylococcus aureus infections. Proc. Natl Acad Sci. USA 102,
1169–1174 (2005).

11. Pallen, M. J. The ESAT-6/WXG100 superfamily—and a new Gram-positive
secretion system? Trends Microbiol. 10, 209–212 (2002).

12. Rosenberg, O. S. et al. Substrates control multimerization and activation of the
multi-domain ATPase motor of type VII secretion. Cell 161, 501–512 (2015).

13. Renshaw, P. S. et al. Structure and function of the complex formed by the
tuberculosis virulence factors CFP-10 and ESAT-6. EMBO J. 24,
2491–2498 (2005).

14. Sundaramoorthy, R., Fyfe, P. K. & Hunter, W. N. Structure of Staphylococcus
aureus EsxA suggests a contribution to virulence by action as a transport
chaperone and/or adaptor protein. J. Mol. Biol. 383, 603–614 (2008).

15. Sysoeva, T. A., Zepeda-Rivera, M. A., Huppert, L. A. & Burton, B. M. Dimer
recognition and secretion by the ESX secretion system in Bacillus subtilis. Proc.
Natl Acad Sci. USA 111, 7653–7658 (2014).

16. Kneuper, H. et al. Heterogeneity in ess transcriptional organization and variable
contribution of the Ess/Type VII protein secretion system to virulence across
closely related Staphylocccus aureus strains.Mol. Microbiol. 93, 928–943 (2014).

17. Jäger, F., Zoltner, M., Kneuper, H., Hunter, W. N. & Palmer, T. Membrane
interactions and self-association of components of the Ess/Type VII secretion
system of Staphylococcus aureus. FEBS Lett. 590, 349–357 (2016).

18. Warne, B. et al. The Ess/Type VII secretion system of Staphylococcus aureus
shows unexpected genetic diversity. BMC Genomics 17, 222 (2016).

19. Burts, M. L., DeDent, A. C. & Missiakas, D. M. EsaC substrate for the ESAT-6
secretion pathway and its role in persistent infections of Staphylococcus aureus.
Mol. Microbiol. 69, 736–746 (2008).

20. Anderson, M., Aly, K. A., Chen, Y. H. & Missiakas, D. Secretion of atypical
protein substrates by the ESAT-6 secretion system of Staphylococcus aureus.Mol.
Microbiol. 90, 734–743 (2013).

21. Wang, Y. et al. Role of the ESAT-6 secretion system in virulence of the emerging
community-associated Staphylococcus aureus lineage ST398. Sci. Rep. 6,
25163 (2016).

22. Korea, C. G. et al. Staphylococcal Esx proteins modulate apoptosis and release of
intracellular Staphylococcus aureus during infection in epithelial cells. Infect.
Immun. 82, 4144–4153 (2014).

23. Anderson, M., Chen, Y. H., Butler, E. K. & Missiakas, D. M. EsaD, a secretion
factor for the Ess pathway in Staphylococcus aureus. J. Bacteriol. 193,
1583–1589 (2011).

24. Tabor, S. & Richardson, C. C. A bacteriophage T7 RNA polymerase/promoter
system for controlled exclusive expression of specific genes. Proc. Natl Acad Sci.
USA 82, 1074–1078 (1985).

25. Butala, M., Zgur-Bertok, D. & Busby, S. J. The bacterial LexA transcriptional
repressor. Cell Mol. Life Sci. 66, 82–93 (2009).

26. Hill, T. M., Sharma, B., Valjavec-Gratian, M. & Smith, J. sfi-independent
filamentation in Escherichia coli is lexA dependent and requires DNA damage
for induction. J. Bacteriol. 179, 1931–1939 (1997).

27. Gavrieli, Y., Sherman, Y. & Ben-Sasson, S. A. Identification of programmed cell
death in situ via specific labeling of nuclear DNA fragmentation. J. Cell Biol. 119,
493–501 (1992).

28. Bos, J., Yakhnina, A. A. & Gitai, Z. BapE DNA endonuclease induces an
apoptotic-like response to DNA damage in Caulobacter. Proc. Natl Acad Sci.
USA 109, 18096–18101 (2012).

29. Blower, T. R., Salmond, G. P. & Luisi, B. F. Balancing at survival’s edge: the
structure and adaptive benefits of prokaryotic toxin–antitoxin partners. Curr.
Opin. Struct. Biol. 21, 109–118 (2011).

30. Daleke, M. H. et al. Specific chaperones for the type VII protein secretion
pathway. J. Biol. Chem. 287, 31939–31947 (2012).

31. Ekiert, D. C. & Cox, J. S. Structure of a PE–PPE–EspG complex from
Mycobacterium tuberculosis reveals molecular specificity of ESX protein
secretion. Proc. Natl Acad Sci. USA 111, 14758–14763 (2014).

32. Korotkova, N. et al. Structure of the Mycobacterium tuberculosis type VII
secretion system chaperone EspG5 in complex with PE25–PPE41 dimer.
Mol. Microbiol. 94, 367–382 (2014).

33. Zoltner, M. et al. EssC: domain structures inform on the elusive translocation
channel in the Type VII secretion system. Biochem. J. 473, 1941–1952 (2016).

34. Russell, A. B. et al. Type VI secretion delivers bacteriolytic effectors to target
cells. Nature 475, 343–347 (2011).

35. Murdoch, S. L. et al. The opportunistic pathogen Serratia marcescens utilizes
type VI secretion to target bacterial competitors. J. Bacteriol. 193,
6057–6069 (2011).

36. Souza, D. P. et al. Bacterial killing via a type IV secretion system. Nat. Commun.
6, 6453 (2015).

37. Hood, R. D. et al. A type VI secretion system of Pseudomonas aeruginosa targets
a toxin to bacteria. Cell Host Microbe 7, 25–37 (2010).

38. Aoki, S. K. et al. Contact-dependent inhibition of growth in Escherichia coli.
Science 309, 1245–1248 (2005).

39. Zhang, D., de Souza, R. F., Anantharaman, V., Iyer, L. M. & Aravind, L.
Polymorphic toxin systems: comprehensive characterization of trafficking
modes, processing, mechanisms of action, immunity and ecology using
comparative genomics. Biol. Direct 7, 18 (2012).

40. Jamet, A. & Nassif, X. New players in the toxin field: polymorphic toxin systems
in bacteria. MBio 6, e00285 (2015).

41. Ma, A. T., McAuley, S., Pukatzki, S. & Mekalanos, J. J. Translocation of a
Vibrio cholerae type VI secretion effector requires bacterial endocytosis by host
cells. Cell Host Microbe 5, 234–243 (2009).

42. Akpe San Roman, S. et al. A heterodimer of EsxA and EsxB is involved in
sporulation and is secreted by a type VII secretion system in Streptomyces
coelicolor. Microbiology 156, 1719–1729 (2010).

43. Holberger, L. E., Garza-Sanchez, F., Lamoureux, J., Low, D. A. & Hayes, C. S.
A novel family of toxin/antitoxin proteins in Bacillus species. FEBS Lett. 586,
132–136 (2012).

44. Housden, N. G. & Kleanthous, C. Colicin translocation across the Escherichia
coli outer membrane. Biochem. Soc. Trans. 40, 1475–1479 (2012).

45. Willett, J. L., Gucinski, G. C., Fatherree, J. P., Low, D. A. & Hayes, C. S. Contact-
dependent growth inhibition toxins exploit multiple independent cell-entry
pathways. Proc. Natl Acad. Sci. USA 112, 11341–11346 (2015).

46. Monk, I. R., Shah, I. M., Xu, M., Tan, M. W. & Foster, T. J. Transforming the
untransformable: application of direct transformation to manipulate genetically
Staphylococcus aureus and Staphylococcus epidermidis. MBio 3, e00277 (2012).

47. Helle, L. et al. Vectors for improved Tet repressor-dependent gradual gene
induction or silencing in Staphylococcus aureus. Microbiology 157,
3314–3323 (2011).

48. Karimova, G., Pidoux, J., Ullmann, A. & Ladant, D. A bacterial two-hybrid
system based on a reconstituted signal transduction pathway. Proc. Natl Acad Sci.
USA 95, 5752–5756 (1998).

ARTICLES NATURE MICROBIOLOGY DOI: 10.1038/NMICROBIOL.2016.183

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology10

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://dx.doi.org/10.1038/nmicrobiol.2016.183
http://www.nature.com/naturemicrobiology


49. Sambrook, J. & Russell, D. W.Molecular Cloning: A Laboratory Manual 3rd edn
(Cold Spring Harbor Laboratory Press, 2001).

50. Miller, J. H. A Short Course in Bacterial Genetics. A Laboratory Manual and
Handbook for Escherichia coli and Related Bacteria (Cold Spring Harbor
Laboratory Press, 1992).

51. Lei, M. G. et al. A single copy integration vector that integrates at an engineered
site on the Staphylococcus aureus chromosome. BMC Res. Notes 5, 5 (2012).

52. Novick, R. P. Genetic systems in staphylococci. Methods Enzymol. 204,
587–636 (1991).

53. Keller, R., de Keyzer, J., Driessen, A. J. M. & Palmer, T. Co-operation between
different targeting pathways during integration of a membrane protein. J. Cell
Biol. 199, 303–315 (2012).

54. Miller, M. et al. Staphylococcal PknB as the first prokaryotic representative of the
proline-directed kinases. PLoS ONE 5, e9057 (2010).

Acknowledgements
This study was supported by the UK Biotechnology and Biological Sciences Research
Council (grant no. BB/H007571/1), the Medical Research Council (grants nos. G117/519
and MR/M011224/1), the Wellcome Trust (Early Postdoctoral Training Fellowship for
Clinician ScientistsWT099084MA to J.D.C., Investigator Award 110183/Z/15/Z to T.P. and
Institutional Strategic Support Fund 105606/Z/14/Z to the University of Dundee), Tenovus

Scotland (project grant no. T14/10) and a China Scholarship Council PhD studentship (to
Z.C.). The authors thank G. Buchanan for constructing some of the bacterial two-hybrid
clones used in this study, J. Cargill for advice regarding synthetic construct design and
co-purification experiments, M. Costa for assistance with microscopy, E. Murray and
P.Williams (University of Nottingham) for supplying phageɸ11, J.-M. vanDijl (University
of Groningen) for the gift of anti-TrxA antiserum, R. Bertram (University of Tübingen)
for pRAB11 and F. Sargent and S. Coulthurst for discussion and advice.

Author contributions
Z.C., M.G.C., H.K., J.D.C. and T.P. designed the experiments. Z.C., M.G.C. and H.K.
carried out experimental work. Z.C., M.G.C., H.K., J.D.C. and T.P. undertook data analysis.
T.P. wrote the paper.

Additional information
Supplementary information is available for this paper. Reprints and permissions information
is available at www.nature.com/reprints. Correspondence and requests for materials should be
addressed to T.P.

Competing interests
The authors declare no competing financial interests.

NATURE MICROBIOLOGY DOI: 10.1038/NMICROBIOL.2016.183 ARTICLES

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology 11

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://dx.doi.org/10.1038/nmicrobiol.2016.183
http://www.nature.com/reprints
http://dx.doi.org/10.1038/nmicrobiol.2016.183
http://www.nature.com/naturemicrobiology


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

SUPPLEMENTARY INFORMATION
ARTICLE NUMBER: 16183 | DOI: 10.1038/NMICROBIOL.2016.183

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology 1

 

The Ess/Type VII secretion system of Staphylococcus 

aureus secretes a nuclease toxin that targets competitor 

bacteria 

 

 

Supplementary information 

 

Supplementary Figures 1-16 

Supplementary Tables 1-3 

Supplementary References 

 

 

 

 

The type VII secretion system of Staphylococcus
aureus secretes a nuclease toxin that targets

competitor bacteria

http://dx.doi.org/10.1038/nmicrobiol.2016.183


Supplementary Figure 1. Localization and predicted topologies of Ess
components in S. aureus strain RN6390. Essential components of the secretion
machinery are shown in green and known secreted substrates in yellow. FHA – forkhead
associated domain. ATP – P-loop ATP-binding domain.
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Supplementary Figure 2. EsaD has a predicted nuclease domain at its C-terminus. Alignment of S. aureus EsaD with Orthologs
identified using BlastP 10. Multiple sequence alignment was generated using Clustal Omega 11 with default settings. The Streptococcus
pyogenes Spd1 protein, for which nuclease activity has been described 12, was included as a reference for the Endonuclease_NS_2 family
(PFAM 13930). The position of the catalytically active Histidine 121 in Spd1 (H528 for EsaD) is marked with an asterisk. The position of
EsaD V584 that was substituted to a tyrosine in this work is indicated by a red arrow. Abbreviations: Afl, Anoxybacillus flavithermus; Bce,
Bacillus cereus; Bcl, B. clausii; Bha, B. halodurans; Ble, B. lentocellum; Bli, B. licheniformis; Bpu, B. pumilus; Bsu, B. subtilis; Cle,
Clostridium lentocellum; Cpa, Cohnella panacarvi; Sau, Staphylococcus aureus; Sepi, S. epidermidis; Sha, Sediminibacillus halophilus;
Spy, Streptococcus pyogenes; Strep, Streptococcus sp.
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Supplementary Figure 3. Microscopy analysis of E. coli cells producing EsaD. E. coli strain BL21(DE3) harbouring plasmids pT7.5,
pT7.5esaD(V584Y) or pT7.5esaDG was cultured in LB at 37⁰C to OD600 0.5, an aliquot of cells was removed and the remainder of the sample
was supplemented with 1 mM IPTG for a further three hours. a. Cells were analysed by light microscopy and b. The length of the cells was
measured (n=300) and the mean length (+/- one standard deviation) is shown. p<0.001 comparing length of cells harbouring pT7.5esaD(V584Y)
in the presence and the absence of IPTG induction. or c. Cells were treated with the deadend fluorometric TUNEL system kit (Promega) and
analysed by fluorescence light microscopy with a FITC filter. d. EsaD causes DNA damage. BL21(DE3) harbouring the indicated plasmids were
cultured as in a., and cells were harvested prior to IPTG supplementation (0mM IPTG) and after three hour treatment with 1mM IPTG,
deoxynucleotidyl transferase dUTP nick end labelled and fluorescence-positive cells quantified by flow cytometry. The percentage of total cells
that are scored as fluorescence positive is given in the bottom left-hand corner of each panel.



Supplementary Figure 4. Analysis of EsaD(H528A)-His-EsaG-HA, EsaD(H528A)-His-EsaE-
HA and EsaD421-614(H528A)-His-EsaG-HA co-purification by coomassie staining. The S.
aureus wild type strain, RN6390, carrying EsaD(H528A)-His-EsaG-HA, pRAB11-EsaD(H528A)-
His-EsaE-HA or pRAB11-EsaD(H528A)(421-614)-His-EsaG-HA was cultured in TSB medium to
OD600 of 0.5 supplemented with ATC (500ng/ml) and harvested at OD600 of 3. Cells were lysed
and histidine-tagged EsaD(H528A) was purified using nickel affinity beads. The cell lysate (load)
and eluted fractions (20µl aliquots of each) were separated by SDS PAGE (12%) and stained with
coomassie instant blue. The far left hand lane is the molecular weight marker used in the
experiment. Note that these correspond to the same fractions used for western blotting in Fig 2c,
Fig 2d and Fig 3b.
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Supplementary Figure 5. EsaD is a Mg2+-dependent DNase. 200ng of S. aureus
gDNA or 400ng of a linear DNA PCR product were incubated with 0.4 µg purified
EsaD421-614-His, EsaD421-614(H528A)-His or an equivalent volume of elution buffer, each
supplemented with 50 mM MgCl2 in a final volume of 20 l at 37 °C for 20 mins after
which the DNA was analysed by 1% agarose gel electrophoresis.
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Supplementary Figure 6. EsaG is a cytoplasmic protein. The S. aureus wild type strain,
RN6390, harbouring pRAB11 (empty) or pRAB11-EsaG-His was cultured in TSB medium to
OD600 of 0.5, supplemented with ATC (250ng/ml) and harvested at OD600 of 2. A sample of the
supernatant (sn) was retained as the secreted protein fraction and cells were fractionated into
cell wall (cw), cytoplasmic (cyt) and membrane (m) fractions. Samples of each fraction (20l
aliquot of sn, cw, and cyt, 2mg of membrane) were separated on 12% bis-Tris gels and
immunoblotted using either anti-His, anti-EssB (membrane protein control), anti-EsxA or anti-
TrxA (cytoplasmic control) antisera.
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Supplementary Figure 7. EsaG is not co-secreted with EsaD. The S. aureus wild type strain,
RN6390, harbouring pRAB11 (empty) or pRAB11-EsaD(H528A)-HA-EsaG-His were cultured in TSB
medium to OD600 of 0.5, supplemented with ATC (250ng/ml) and harvested at OD600 of 2. Samples of
the supernatant (sn) and cellular (c) fractions (an equivalent of 250l of supernatant and 10l of cells
adjusted to OD600 of 1) were separated on 12% bis-Tris gels and immunoblotted using the indicated
antisera.
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Supplementary Figure 8. EsaD-HA is not detected in the supernatant when esaE or esaG are
deleted. The indicated S. aureus strains harbouring pRAB11 (empty) or pRAB11-EsaD(H528A)-HA
were cultured in TSB medium until to OD600 of 0.5, supplemented with ATC (250ng/ml) and
harvested at OD600 of 2. Samples of the supernatant (sn) and cellular (c) fractions (an equivalent of
250l of supernatant and 10l of cells adjusted to OD600 of 1) were separated on 12% bis-Tris gels
and immunoblotted using the indicated antisera.
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Supplementary Figure 9. EsaD and EsaG proteins are not required for the secretion of EsxA
and EsxC. a. The RN6390 wild-type or isogenic deletion strains, as indicated, were cultured in TSB
medium or b. The indicated strains harbouring pRAB11 (empty) or pRAB11-EsxC were cultured in
TSB medium until an OD600 of 0.5 and supplemented with ATC (50ng/ml). a. and b. When cultures
reached OD600 of 2, cells were spun down and the supernatant (sn) was retained as the secreted
protein fraction, while the pellet was retained as the cellular fraction. Samples of the supernatant and
cellular fractions (an equivalent of 200l of supernatant and 10l of cells adjusted to OD600 of 1)
were separated on 12 % bis-Tris gels and immunoblotted with the indicated antisera.
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Supplementary Figure 10. EsaE and EsaG do not interact with each other. a. Bacterial two-hybrid
analysis of strain BTH101 harbouring pT25 and pT18 (negative), pT25-EsaE and pT18-EsaG, or pT25-
EsaG and pT18-EsaD(H528A) assessed by -galactosidase activity assay. Error bars represent the
standard deviation (n=3 biological replicates). The inset shows the same strain and plasmid
combinations scored on MacConkey maltose plates. b. E. coli strain M15[pRep4] carrying pQE70
(empty) or pQE70-EsaE-HA-EsaG-His was cultured in LB medium to OD600 of 0.5, and then
supplemented with 2 mM IPTG for 4 hours, after which cells were harvested and lysed. His-tagged
EsaG was purified using Ni-affinity beads, and in each case the elution fractions (10l aliquots of each)
were separated by SDS PAGE (12%) and analysed by western blot with anti-HA or anti-His antibodies.
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Supplementary Figure 11. Analysis of EsaE-HA-EsaD(H528A)-Myc-EsaG-His co-purification
by coomassie staining. E. coli M15[pRep4] carrying pQE70 (empty) or pQE70- EsaE-HA-
EsaD(H528A)-Myc-EsaG-His was cultured, lysed and EsaE-HA was purified using anti-HA
antibody-coupled agarose beads as described in Methods and in the legend to Fig 3. The same
samples (10l aliquots of each) as those analysed in Fig 3f were stained using coomassie instant
blue following SDS PAGE (12% bis-Tris gel). The far left hand lane is the molecular weight
marker used in the experiment and the lanes between the load and elute fractions were left
empty.
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Supplementary Figure 12. EsaD, EsaE and EsaG form a ternary complex. E. coli strain
M15[pRep4] carrying pQE70 (empty) or pQE70-EsaE-HA-EsaD(H528A)-Myc-EsaG-His was
cultured in LB medium to OD600 of 0.5, and then supplemented with 2 mM IPTG for 4 hours, after
which cells were harvested and lysed. His-tagged EsaG was purified using Ni-affinity beads, and
20l aliquots the elution fractions (of each) were separated by SDS PAGE (12%) and analysed by
western blot with the indicated antisera. Non-specific bands that cross-react with the anti-Myc
antibody are indicated with asterisks.
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Supplementary Figure 13. Sequence analysis of EsaD proteins shows variability within the C-terminal nuclease domain. EsaD protein
sequences from S. aureus subsp. aureus strains were extracted from the KEGG Genome database (www.genome.jp/kegg/genome.html) and
aligned using Clustal Omega on standard settings. Redundant sequences (100% identity) were omitted for clarity.
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Supplementary Figure 14. Genes encoding additional DUF600 domain proteins are not co-transcribed with esaG and are not
required for EsxA and EsxC secretion. a. Genetic organisation at the 3’ end of the ess locus in S. aureus strain NCTC8325, with
genes encoding DUF600 proteins are shaded in purple. The regions amplified by primer pairs used for RT-PCR analysis (listed in
Table S3) are indicated. b. RT-PCR analysis of mRNA isolated from S. aureus strain RN6390, using primer pairs. The expected sizes
for PCR products 1-3 are 573, 1143 and 684 bp, respectively. c. The RN6390 wild-type or isogenic deletion strains, as indicated, were
cultured in TSB medium to OD600 of 2, cells (c) were harvested and the supernatant (sn) was retained as the secreted protein
fraction. Samples of the supernatant and cellular fractions (an equivalent of 250l of supernatant and 10 l of cells adjusted to OD600

of 1) were separated on 12% bis-Tris gels and immunoblotted using either anti-EsxA, anti-EsxC or anti-TrxA antisera.
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Supplementary Figure 16. Synthetic gene sequences used in this study. 

Sequence of insert in pQE70 EsaE-HA-EsaD-Myc-EsaG-His 

GGATCCATGAAAGACGTTAAACGTATCGACTACTTCTCTTACGAAGAACTGACCATCCT
GGGTGGTTCTAAACTGCCGCTGGTTAACTTCGAACTGTTCGACCCGTCTAACTTCGAAG
AAGCGAAAGCGGCGCTGATCGAAAAAGAACTGGTTACCGAAAACGACAAACTGACCGA
CGCGGGTTTCAAAGTTGCGACCCTGGTTCGTGAATACATCTCTGCGATCGTTAACATCC
GTATCAACGACATGTACTTCGCGCCGTTCTCTTACGAAAAAGACGAATACATCCTGCTG
TCTCGTTTCAAAAACAACGGTTTCCAGATCCGTATCATCAACAAAGACATCGCGTGGTG
GTCTATCGTTCAGTCTTACCCGCTGCTGATGCGTCAGGAAAAATCTAACGACTGGGACT
TCAAACAGATCGACGACGAAACCCTGGAAAACCTGAACAACGAATCTATCGACACCATC
GGTCGTGTTCTGGAAATCGAAATCTACAACCACCAGGGTGACCCGCAGCAGTCTCTGT
ACAACATCTACGAACAGAACGACCTGCTGTTCATCCGTTACCCGCTGAAAGACAAAGTT
CTGAACGTTCACATCGGTGTTATCAACACCTTCATCCGTGAACTGTTCGGTTTCGACAC
CGACGAAAACCACATCAACAAAGCGGAAGAATATCCATATGATGTTCCAGATTATGCAT
AATGGATCCATTAAAGAGGAGAAATTAACCATGACCAAAGACATCGAATACCTGACCGC
GGACTACGACAACGAAAAATCTTCTATCCAGTCTGTTATCGACGCGATCGAAGGTCAGG
ACTTCCTGGACGTTGACACCACCATGGACGACGCGGTTTCTGACGTTTCTTCTCTGGAC
GAAGACGGTGCGATCTCTCTGACCTCTTCTGTTGTTGGTCCGCAGGGTTCTAAACTGAT
GGGTTACTACCAGAACGAACTGTACGACTACGCGTCTCAGCTGGACTCTAAAATGAAAG
AAATCATCGACACCCCGTTCATCGAAGACATCGACAAAGCGTTCAAAGGTATCACCAAC
GTTAAACTGGAAAACATCCTGATCAAAAACGGTGGTGGTCACGGTCGTGACACCTACG
GTGCGTCTGGTAAAATCGCGAAAGGTGACGCGAAAAAATCTGACTCTGACGTTTACTCT
ATCGACGAAATCCTGAAATCTGACCAGGAATTCGTTAAAGTTATCGACCAGCACTACAA
AGAAATGAAAAAAGAAGACAAAAAACTGTCTAAATCTGACTTCGAAAAAATGATGACCCA
GGGTGCGTCTTGCGACTACATGACCGTTGCGGAAGCGGAAGAACTGGAAGAACAGAAA
AAAAAAGAAGAAGCGATCGAAATCGCGGCGCTGGCGGGTATGGTTGTTCTGTCTTGCA
TCAACCCGGTTGCGGGTGCGGTTGCGATCGGTGCGTACTCTGCGTACTCTGCGGCGA
ACGCGGCGACCGGTAAAAACATCGTTACCGGTCGTAAACTGTCTAAAGAAGAACGTAT
CATGGAAGGTCTGTCTCTGATCCCGCTGCCGGGTATGGGTTTCCTGAAAGGTGCGGGT
AAATCTCTGATGAAACTGGGTTTCAAAGGTGGTGAAAAATTCGCGGTTAAAACCGGTCT
GCAGAAAACCATGCAGCAGGCGGTTTCTCGTATCTCTCCGAAAATGGGTATGATGAAAA
ACTCTGTTCTGAACCAGTCTCGTAACTTCGCGCAGAACACCCACGTTGGTCAGATGCTG
TCTAACATGCGTGGTCAGGCGACCCACACCGTTCAGCAGTCTCGTAACTGGATCGGTC
AGCAGGCGCAGAACGTTAAACGTATCGTTAACAACGGTCTGGACAAAGAAATCGCGCA
CCCGTTCAAACAGCAGCTGGCGCCGGCGGGTATGGGTGGTATCAAATTCGCGGAAAC
CACCACCCTGCGTAACATGGGTCAGAACATCAAACGTGCGGTTACCCCGCAGAACCAC
GTTACCCACGGTCCGAAAGACTCTATGGTTCGTTCTGAAGGTAAACACTCTATCTCTTC
TCACGAAATGAACTCTTCTAAATACGTTGAATCTCCGAACTACACCAAAGTTGAATTCGG
TGAACACTACGCGCGTCTGCGTCCGAAAAAACTGAAAGCGAACATCGAATACACCACC
CCGACCGGTCACATCTACCGTACCGACCACAAAGGTCGTATCAAAGAAGTTTACGTTGA
CAACCTGTCTCTGAAAGACGGTGACCGTAACTCTCACGCGCAGCGTACCGTTGGTGGT
GAAGACCGTCTGCCGGACGACGACGGTGGTCACCTGATCGCGCGTATGTTCGGTGGT
TCTAAAGACATCGACAACCTGGTTGCGCAGTCTAAATTCATCAACCGTCCGTTCAAAGA
AAAAGGTCACTGGTACAACCTGGAAAAAGAATGGCAGGAATTCCTGAACTCTGGTAAAG
AAGTTAAAAACATCAAAATGGAAGTTAAATACTCTGGTAACTCTCAGCGTCCGACCATCT
TCAAAGTTGAATACGAAATCAACGGTGAACGTAACATCCGTCGTATCCTGAACAAAGAA
CAAAAACTTATTTCTGAAGAAGACCTGTAATATTAAAGAGGAGAAATTAACCATGACCTT
CGAAGAAAAACTGTCTAAAATCTACAACGAAATCGCGAACGAAATCTCTTCTATGATCCC
GGTTGAATGGGAAAAAGTTTACACCATGGCGTACATCGACGACGGTGGTGGTGAAGTT
TTCTTCAACTACACCAAACCGGGTTCTGACGACCTGAACTACTACACCAACATCCCGAA
AGAATACAACATCTCTGTTCAGGTTTTCGACGACCTGTGGATGGACCTGTACGACCTGT
TCGAAGAACTGCGTGACCTGTTCAAAGAAGAAGACCTGGAACCGTGGACCTCTTGCGA
ATTCGACTTCACCCGTGAAGGTGAACTGAAAGTTTCTTTCGACTACATCGACTGGATCA



ACTCTGAATTCGGTCAGATCGGTCGTCAGAACTACTACAAATACCGTAAATTCGGTATC
CTGCCGGAAACCGAATACGAAATCAACAAAGTTAAAGAAATCGAACAGTACATCAAAGA
ACTGGAAAGATCT 
 
Restriction sites are underlined, genes (esaE, esaD and esaG) are shown in italics and added 
tags (HA, Myc) are double underlined. Note that the C-terminal His-tag on EsaG is supplied 
by the vector. 
 
 
Synthetic pT25-DUF600 constructs 
 
pT25-00274 
GGATCCCACTTTCGAAGAAAAATTAAGTGAAATGTATAGCGAGATTGCGAATAAGATTA
GCAGCATGATACCGGTAGAGTGGGAGCAAGTATATGCAATGGCATATGTAACTGATCAA
GCTGGAGAAGTCATCTTTAATTATACTAAACCAGATAGTGATGAATTAAATTATTATTCAG
ACATACCTAAAGATTGCAATGTCTCAAAAGATATTTTTAAGAATTCATGGTTTAAAGTTTA
TCGAATGTTTGATGAGTTAAGAGAAACTTTTAAAGAAGAAGGGCTTGAACCATGGACAT
CATGCGAATTTGACTTTACAAGAGATGGCAAATTGAATGTATCTTTTGATTATATAGATT
GGATAAATACAGAGTTTGATCAATTGGGCCGTCAAAATTATTATATGTACAAAAAATTTG
GGGTTATACCAGAAATGGAATATGAAATGGAAGAAGTTAAAGAAATCGAACAATATATTA
AAGAGCAAGAAGAAGCTGAACAAGGTACC  
 
pT25-00275 
GGATCCCACTTTCGAAGAGAAAATAAGCAAATTATATAATGAGATTGCGAATGAGATTAG
CAGTATGATACCGGTAGAGTGGGAAAAAGTATATACAATGGCTTATATAGATGATGGAG
GAGGTGAAGTATTCTTTAATTATACTAAACCAGGTAGTGATGACTTGAATTATTACACCG
ATATACCTAAGGAGTATAACATCTCTGTGCAAGTATTTGATGATTTATGGATGGATTTAT
ATGATTTGTTTGAGGAATTAAGAGATTTATTTAAAGAAGAAGGGCTTGAACCATGGACAT
CATGTGAATTTGACTTTACAAGCGAAGGTAAATTAAAAGTTTCATTTGATTATATAGATTG
GATAAATACAGAGTTTGATCAATTAGGCCGTGAAAATTATTATATGTATAAAAAATTTGG
GGTTTTACCAGAAATGGAATATGAAATGGAAGAAATTAAAGAAATCGATCAATATATTAA
AGAGCAAGATGAAGCTGAAATAGGTACC  
 
pT25-00276 
GGATCCCACTTTCGAAGAGAAAATAAGCAAATTATATAATGAGATTGCGAATGAGATTAG
CAGTATGATACCGGTAGAGTGGGAAAAAGTATATACAATGGCTTATATAGATGATGGAG
GAGGTGAAGTATTCTTTAATTATACTAAACCAGGAAGTGAAGATTTGAATTATTATACCG
ATATACCTAAGGAGTATAATGTTTCTGTGCAAGTATTTGATGATTTATGGATGGATTTATA
TGATTTGTTTAAGAATTTAAGAAATTTATTTAAAGAAGAAGGACTTGAACCATGGACATC
ATGTGAATTTGACTTTACAAGAGACGGCAAATTGAATGTTTCATTTGATTATATTGATTG
GGCGAATTCAGAGTTTGGACAAATGGGAAGAGAACATTATTACATGTATAAAAAATTTG
GAATTTGGCCTGAAAAAGAATATGCCATAAATTGGGTAAAAAAAATAAAAGATTATGTTA
AAGAGCAAGATGAAGCTGAACTAGGTACC  
 
pT25-00277 
GGATCCCACTTTCGAAGAAAAACTAAGTCAAATGTACAATGAAATTGCAAATGAAATCAG
TGGAATGATACCAGTTGAATGGGAAAATATATATACAATTGCCTATGTAACTGATCAAGG
TGGAGAGGTCATTTTTAATTATACTAAACCAGGTAGCGATGAATTGAATTATTACACATA
TATCCCTAGAGAGTATAATGTCTCTGAAAAAGTATTTTATGATTT 
GTGGACGGATTTATATAGATTGTTTAAGAAGTTAAGAGAAACTTTTAAAGAAGAAGGGCT
TGAACCATGGACATCAAGTGAATTTGACTTTACAAGCGAAGGTAAATTAAAAGTTTCATT
TGATTATATTGATTGGATAAATACAGAGTTTGATCAATTAGGCCGTGAAAACTATTATAT
GTATAAAAAGTTTGGTGTTTTACCAGAAATGGAATACGAAATGGAAGAAGTTAAAGAAAT
CGAGCAATATATTAAAGAGCAAGATGAAGCTGAACTAGGTACC  
 



pT25-00278 
GGATCCCACTTTCGAAGAAAAGCTAAGTCAAATGTACAATGAAATTGCAAATGAAATCA
GTGGAATGATACCAGTAGAATGGGAAAAAGTATATACAATTGCCTACGTAGATGATGAA
GGTGGAGAGGTTGTTTTTAATTATACTAAACCAGGAAGTGAAGATTTGAATTATTATTCA
GATATTCCTAAAGATTGCAATGTCTCAAAAGATATTTTTAAGAATTCATGGTTTAAAGTTT
ATCGAATGTTTGATGAGTTAAGAGAAACTTTTAAAAAAGAAGATTTAGAACCGTGGACAT
CATGTGAATTTGACTTTACAAGAAAGGGAAATTTAAAAGTATCATTTGATTATATAGATTG
GATTAAATTAGGTTTTGGCCCATCAGGAAAGGAAAACTACTATATGTACAAAAAATTTGG
TATTTTACCAGATATGGAATATGAAATGGAAGAAATTCGAGCAGTAGAGAAGTATGTTAA
AGAGCAAGAGGGTACC  
 
pT25-SAPIG0310   
GGATCCCACTTTCGAAGAAAAACTAAGTCAAATGTACAACGAGATTGCGAATGAGATCA
ATGGAATGATACCAGTAGACTGGGAAAAGGTATATGCAATGGCATATATAGATGATGGA
GGAGGAGAAGTGTTCTACTATTACACAGAACCTGGAAGGAATGAATTATACTACTATAC
TAGTGTATTAAATAAATATGATATATCAGAATCAGAATTTATGGACTCAGAGTATGAGTT
GTATAAACAATTTCAAAAGTTAAGAAATATATTTAAAGAAGAAGGACATGAACCATGGAC
ATCATGCGAATTTGATTTTACAAGAGAAGGTAAATTAAAAGTTTCATTTGATTATATAGAT
TGGATAAATTCAGAATTTGGTCAAATAGGTCGACAAAATTACTATAAGTATAGAAAATTT
GGAATTTTACCAGAAACGGAATATGAAATTAATAAAGTTAAAGAAATCGAGCAATATGTT
AAAGAACAAGAAGAAGCTGAAATAGGTACC  
 
pT25-SAPIG0311   
GGATCCCAATTTCGAAGAAAAACTAAGTCAAAAGTACAACGAGATTGCGAATAAAATTA
GTAGCATGATACCAGTAGAGTGGGAAAAGGTATATGCAATGGCTTATATAAATGAAAGA
AATGGAGAAGTTTTCTACAATTATACTGAGCCAAGCAGTGATGAATTGTTTTACTATACG
AGCGTGTTAAATAAATATAATATACCAAGATCAGAATTTATGGACTCAGTATATGAATTAT
ATAAGCAATTTGATAATTTAAGAGAATTGTTTATAGAAGAAGGACTCGAGCCATGGACAT
CATGCGAATTTGACTTTACAAGAGAGGGTAAATTAAACGTATCTTTTGATTATATTGATT
GGACTAAATTAGAATTTGGTCAAATAGCAAAAGAAAATTATTATATGTATAAAAAATTTGG
AGTTATGCCAGAAATGAAATATGAAATTAATAAAGTTAAAGAAGTAGAGAAGTGTATTAA
AGAGCAAGAAGAAGGTACC  
 
pT25-SAPIG0314 
GGATCCCACTTTCGAAGAGAAATTAAGTGAAATGTATAACGAGATTGCGAATGAGATCA
GTGGGATGATACCAGTAGAATGGGAGCAAGTATTTACAATAGCCTATGTAACTGATCAA
GCTGGAGAAGTCATTTTTAATTATACTAAACTGGTAGTGATGAATGGTACC 
 
pT25-SAR0293 
GGATCCCACTTTCGAAGAGAAGTTAAGTCAAATGTACAACGAGATTGCGAATGAGATCA
GTGGGATGATACCGATAGAGTGGGAAAAAGTATATACAATGGCTTATATAGATGATGAA
GGTGGAGAAGTGTTCTACTATTACACAGAACCTGGAAGCAATGAATTATACTACTATACT
AGTGTATTAAATAAATATGATATATCGGAATCAGAATTTATGGACTCAGCGTATGAGTTG
TATAAACAATTTCAAAATTTAAGAAATATATTTAAAGAAGAAGGATATGAACCATGGACAT
CATGCGAATTTGATTTTACAAAAGAAGGTGAATTAAAAGTTTCATTTGATTATATAGATTG
GATCAATACAGAGTTTGATCAATTGGGCCGTCAAAATTATTATATGTACAAAAAATTTGG
GGTTATACCAGAAATGGAATATGAAATGGAAGAAGTTAAAGAAATCGAGCAATATATTAA
AGAGCAAGATGAAGCTGAACAAGGTACC 
 
pT25-SAR0294 
GGATCCCACTTTCGAAGAAAAATTAAGTGAAATGTACAATGAAATTGCGAATAAAATTAG
TAGCATGATACCAGTAGAATGGGAAAAGGTATATACAATGGCTTATATAGATGATGGAG
GAGGTGAAGTATTCTTTAATTATACTAAAATAAACAGCGATGAATTGAATTATTACACCG
ATATACCTAAGGAGTATAACATTTCTGTGCAAGTATTTGATGATTTATGGATGGATTTATA
TGATTTGTTTGAGGAATTAAGAAATTTATTTAAAGAAGAAGGACATGAACCATGGACATC



ATGCGAATTTGATTTTACAAGAGACGGCAAATTGAATGTTTCATTTGATTATATTGATTG
GGCGAATTCAGAGTTTGGGCCAATGGGAAGAGAACATTATTATATGTATAAAAAATTTG
GAATTTGGCCTGAAAAAGAATATGCCATAAATTGGGTTGAAAAAATAAAAGATTATGTTA
AAGAGCAAGAAGAAGCTGAACTAGGTACC  
 
pT25-SAR0295 
GGATCCCACTTTCGAAGAAAAACTAAGTGAAATGTACAACAAGATTGCAAATGAGATTG
TTGGCATGATACCTGTAGAATGGGAAAAGGTATATACAATAGCCTATGTAAATGATAGA
GGTGGAGAGGTCGTTTTTAATTATACTAAACCAGGTAGCGATGAATTGAATTATTACATG
AATATATCTAGAGATTATAATGTTTCGGAAGAAATATTTGATGATTTATGGATGGAACTTT
ATAGATCATTTAAAAAATTAAGAAATATATTTAAAGAAGAAGGACATGAACCATGGACAT
CATGCGAATTTGATTTTACAAACGAAGGTAAATTAAAAGTTTCATTTGATTATATTGATTG
AAAGAATACAGAATTTGATCAATTGAGTCTTGAAAATTATTATATGTACAAAAAATTTGGG
GTTATACCAGAAATGGAAGAAATTAAAGAAATCGAGCAATATATTAAAGAGCAAGAAGAA
GCTGAACTAGGTACC  
 
pT25-SAR0297 
GGATCCCACTTTCGAAGAAAAACAAAGTGAAATGTACAATAAAATTGCAAATGAGATTAG
TGGGATGATACCAGTAGAGTGGGAAAAGGTATATACAATTGCCTACCTAGATGATGAAG
GTGGAGAAGTCGTTTTTAATTATACTAAACCAGGTAGCGATGAATTGAATTATTACACGG
ATATATCTAGAGATTATAATATTTCAGAAAAAATATTTGATGATTTATGGATGAATCTTTAT
TACTTGTTTATGAATTTAAGGGATTTATTTAAATAAGAAGATTTAGAACCATGGACATCAT
GTGAATTTGACTTTACAAGCGAAGGTGATTTAAACGTATCTTTTGATTATATAGATTGGA
TTAAATTAGGTTTTGGCCCATCAGGAAAGGAAAACTACTATATGTATAAAAAGTTTGGTG
TTTTACCAGAAATGGAATATGAAATGGAAGAAATTCGAGCAGTAGAGAAGTATGTTAAA
GAGCAAGAGGGTACC 
 
pT25-SAEMRSA15_02570 
GGATCCCACTTTCGAAGAAAAATTAAGTGAAATGTACAATGAAATTGCGAATGAGATTAG
CAGTATGATACCAGTAGAGTGGGAAAAGGTATATGCAATTGCCTATGTAGATGATCAAG
GTGGAGAGGTCGTTTTTAATTATACAAAACCAGGTAGTGATGAATTGAATTATTACACGA
ATATATCTAGAGGTTATAATGTTTCGGAAGAAATATTTGATGATTTATGGATGAATCTGTA
TTACTTGTTTAAGAATTTAAGGAATTTATTTAAAGAAGAAGGACTCGAACCATGGACATC
ATGCGAATTTGACTTTACAAGAGACGGCAAATTGAAAGTATCATTTGATTATATAGATTG
GATTAATACAGAGTTTGATCAATTGGGCCGTGAAAATTACTATATGTACAAAAAGTTTGG
TGTTTTACCAGAAATGGAATACGAGATGGAAGAAATTAAAGAAATCGAGCAATATATTAA
AGAGCAAGATGAAGCTGAACTAGGTACC 
 
pT25-SAEMRSA15_02580 
GGATCCCACTTTCGAAGAAAAACTAAGTCAAATGTACAACGAGATTGCGAATGAGATTA
GCAGCATGATACCAGTAGAGTGGGAAAAGGTATATGTAATTGCCTATGTAGATGATGGA
GGTGGAGAGGTCATTTTTAATTATACTAAACCAGGTAGCGATGAATTGAATTATTACACA
TATATCCCTAGAGAGTATAATGTCTCTGAAAAAGTATTTTATGATTTGTGGACGGATTTAT
ATAGATTGTTTAAGAAGTTAAGAAATGCATTTAAAGAAGAAGGACTTGAACCATGGACAT
CATGTGAATTTGACTTTGCAAGAGATGGCAAATTAAATGTATCTTTTGATTATATTGATTG
GGTAAATACAGAGTTTGATCAATTGGGCCGTGAAAACTATTATATGTATAAAAAGTTTGG
TGTTTTACCAGAAACGGAATATGAAATGGAAGAAATTCGAGCAGTAGAGAAGTATGTTA
AAGAGCAAGAGGGTACC 
 
Restriction sites are underlined 
 
 
 
ermC integration synthetic construct 



GTCGACGCAGGTAGAGATACAAGAGGATTAATTCGTTTACATCAATTCGATAAAGTGGA
AATGGTACGTTTTGAACAACCTGAAGATTCATGGAATGCTTTAGAAGAAATGACAACAAA
CGCAGAAGCAATTCTAGAAGAGTTAGGTTTACCATACCGTCGTGTTATTTTATGTACAG
GTGATATTGGATTTAGTGCAAGCAAAACATATGATTTAGAAGTTTGGTTACCAAGCTACA
ATGATTATAAAGAAATTAGTTCATGCTCAAACTGTACGGATTTCCAAGCGCGTCGTGCTA
ACATCCGCTTCAAGCGTGACAAAGCAGCTAAACCAGAATTAGCACATACATTAAATGGT
AGTGGTTTAGCAGTTGGACGTACATTTGCTGCTATTGTTGAAAATTACCAAAATGAAGAT
GGAACAGTAACAATTCCAGAAGCATTAGTACCATTTATGGGTGGTAAAACACAAATTTCA
AAACCAGTTAAATAAAGGCTTTAGCTACAAGCTTTAAAAAGTATATATCTACGTATACTTA
AAGCAAGGGCAAGATACTTTAAATAATATTTTAAAAAGTGGTGACGAAGCTGTCGCCAC
TTTTTTTGTGCTGTAAAAATATAATAGTGAGGATGCAGTTGTAAAGGGACAAGAGCTTTG
GTATAATATAAAATTGTGAGTAATAGAATTATTGCTCCTTGCCCATTATGGGCCGCTTAG
TCCAAAAGGAGGTGCAAACAGATGAACGAGAAAAATATAAAACACAGTCAAAACTTTATT
ACTTCAAAACATAATATAGATAAAATAATGACAAATATAAGATTAAATGAACATGATAATA
TCTTTGAAATCGGCTCAGGAAAAGGGCATTTTACCCTTGAATTAGTACAGAGGTGTAATT
TCGTAACTGCCATTGAAATAGACCATAAATTATGCAAAACTACAGAAAATAAACTTGTTG
ATCACGATAATTTCCAAGTTTTAAACAAGGATATATTGCAGTTTAAATTTCCTAAAAACCA
ATCCTATAAAATATTTGGTAATATACCTTATAACATAAGTACGGATATAATACGCAAAATT
GTTTTTGATAGTATAGCTGATGAGATTTATTTAATCGTGGAATACGGGTTTGCTAAAAGA
TTATTAAATACAAAACGCTCATTGGCATTATTTTTAATGGCAGAAGTTGATATTTCTATAT
TAAGTATGGTTCCAAGAGAATATTTTCATCCTAAACCTAAAGTGAATAGCTCACTTATCA
GATTAAATAGAAAAAAATCAAGAATATCACACAAAGATAAACAGAAGTATAATTATTTCGT
TATGAAATGGGTTAACAAAGAATACAAGAAAATATTTACAAAAAATCAATTTAACAATTCC
TTAAAACATGCAGGAATTGACGATTTAAACAATATTAGCTTTGAACAATTCTTATCTCTTT
TCAATAGCTATAAATTATTTAATAAGTAAGTTACAACCAATGACGACTGGGGCATTTCTTT
AATGAATTGCTCCAGTTTTTGTCCAATGCACATAACAACAATAAATTAAGTTTGTGGTTTA
ATGGGGTGAACGCATTTCATTATAGCAACAATACGGGATAATTATGATGAACTAAAACAA
TCTAAAACGTAACAAGTTTGAGCATCACTAATATAGGAAAGGAAGCGATAAAATACTGAT
TTCGTTGATATGTAGTATGAGTTATATCGATGGAGTAGGGTAGGGGGAGGGGATGATTA
TAAGGGAGTGGTACATGAATCAATATCCCAGACTCATCATCAGATATAAAAATTTATAAA
ATTGATACTTAAAAACAACTACAAATCCATAGAAAATATGGAGGTAGTCTTAAATAAAAAA
TTGAAAATTCTCAAAAATAAAAAGTTAATATGAAGCTGACTAAAGACTCCGGAATGTCTA
ACCTCAGACAAACTGATGTCTAATGTTATTGCTTAGGGTATAGAACTGTATTAGACTAGG
TATATTATTTTTTCGTAATTATATAAATATAAAGTGGCAAAGGAGGTAATTGAGATGACAA
CACATTTAAGTTTTAGACAAGGCGTGCAAGAGTGTATCCCAACATTATTGGGTTATGCC
GGTGTTGGTATTTCATTTGGTATTGTGGCTTCGTCTCGAATTC 
 
Restriction sites underlined, ermC sequence in italics, rpsF promoter sequence from B. subtilis 
and trxA rho-independent terminator sequence from S. aureus flanking the ermC gene are 
dashed and the whole integration cassette sandwiched between the homology region (622 bp 
5’, 617 bp 3’) for integration. 
 
 
Synthetic ess region from esxA to esxB, codon optimised for E. coli. 
 
gtcgacATGgcgatgattaaaatgagcccggaagaaattcgcgcgaaaagccagagctatggccagggcagcgatcagat
tcgccagattctgagcgatctgacccgcgcgcagggcgaaattgcggcgaactgggaaggccaggcgtttagccgctttgaag
aacagtttcagcagctgagcccgaaagtggaaaaatttgcgcagctgctggaagaaattaaacagcagctgaacagcaccgc
ggatgcggtgcaggaacaggatcagcagctgagcaacaactttggcctgcagTAAgcattctgaaattggcaaagtcacattt
tctaatgtggctttgcttatcatttttttaagaaaacaactgaaaggaaataagcATGaaaaaaaaaaactggatttatgcgctgat
tgtgaccctgattattattattgcgattgtgagcatgattttttttgtgcagaccaaatatggcgatcagagcgaaaaaggcagccag
agcgtgagcaacaaaaacaacaaaattcatattgcgattgtgaacgaagatcagccgaccacctataacggcaaaaaagtg
gaactgggccaggcgtttattaaacgcctggcgaacgaaaaaaactataaatttgaaaccgtgacccgcaacgtggcggaaa
gcggcctgaaaaacggcggctatcaggtgatgattgtgattccggaaaactttagcaaactggcgatgcagctggatgcgaaa
acgccgagcaaaattagcctgcagtataaaaccgcggtgggccagaaagaagaagtggcgaaaaacaccgaaaaagtgg



tgagcaacgtgctgaacgattttaacaaaaacctggtggaaatttatctgaccagcattattgataacctgcataacgcgcagaa
aaacgtgggcgcgattatgacccgcgaacatggcgtgaacagcaaatttagcaactatctgctgaacccgattaacgattttccg
gaactgtttaccgataccctggtgaacagcattagcgcgaacaaagatattaccaaatggtttcagacctataacaaaagcctgc
tgagcgcgaacagcgatacctttcgcgtgaacaccgattataacgtgagcaccctgattgaaaaacagaacagcctgtttgatg
aacataacaccgcgatggataaaatgctgcaggattataaaagccagaaagatagcgtggaactggataactatattaacgcg
ctgaaacagatggatagccagattgatcagcagagcagtatgcaggataccggcaaagaagaatataaacagaccgtgaaa
gaaaacctggataaactgcgcgaaattattcagagccaggaaagcccgtttagcaaaggcatgattgaagattatcgcaaaca
gctgaccgaaagcctgcaggatgaactggcgaacaacaaagatctgcaggatgcgctgaacagcattaaaatgaacaacgc
gcagtttgcggaaaacctggaaaaacagctgcatgatgatattgtgaaagaaccggataccgataccacctttatttataacatg
agcaaacaggattttattgcggcgggcctgaacgaagatgaagcgaacaaatatgaagcgattgtgaaagaagcgaaacgct
ataaaaacgaatataacctgaaaaaaccgctggcggaacatattaacctgaccgattatgataaccaggtggcgcaggatacc
agcagcctgattaacgatggcgtgaaagtgcagcgcaccgaaaccattaaaagcaacgatattaaccagctgaccgtggcga
ccgatccgcattttaactttgaaggcgatattaaaattaacggcaaaaaatatgatattaaagatcagagcgtgcagctggatacc
agcaacaaagaatataaagtggaagtgaacggcgtggcgaaactgaaaaaagatgcggaaaaagattttctgaaagataaa
accatgcatctgcagctgctgtttggccaggcgaaccgccaggatgaaccgaacgataaaaaagcgaccagcgtggtggatg
tgaccctgaaccataacctggatggccgcctgagcaaagatgcgctgagccagcagctgagcgcgctgagccgctttgatgcg
cattataaaatgtataccgataccaaaggccgcgaagataaaccgtttgataacaaacgcctgattgatatgatggtggatcagg
tgattaacgatatggagagctttaaagatgataaagtggcggtgctgcatcagattgatagcatggaagaaaacagcgataaac
tgattgatgatattctgaacaacaaaaaaaacaccaccaaaaacaaagaagatattagcaaactgattgatcagctggaaaac
gtgaaaaaaacctttgcggaagaaccgcaggaaccgaaaattgataaaggcaaaaacgatgaatttaacaccatgagcagc
aacctggataaagaaattagccgcattagcgaaaaaagcacccagctgctgagcgatacccaggaaagcaaaagcattgcg
gatagcgtgagcggccagctgaaccaggtggataacaacgtgaacaaactgcacgcgacgggccgcgcgctgggcgtgcg
cgcgaacgatctgaaccgccagatggcgaaaaacgataaagataacgaactgtttgcgaaagaatttaaaaaagtgctgcag
aacagcaaagatggcgatcgccagaaccaggcgctgaaagcgtttatgagcaacccggtgcagaaaaaaaacctggaaaa
cgtgctggcgaacaacggcaacaccgatgtgattagcccgaccctgtttgtgctgctgatgtatctgctgagcatgattaccgcgta
tattttttatagctatgaacgcgcgaaaggccagatgaactttattaaagatgattatagcagcaaaaaccatctgtggaacaacgt
gattaccagcggcgtgattggcaccaccggcctggtggaaggcctgattgtgggcctgattgcgatgaacaaatttcatgtgctgg
cgggctatcgcgcgaaatttattctgatggtgattctgaccatgatggtgtttgtgctgattaacacctatctgctgcgccaggtgaaa
agcattggcatgtttctgatgattgcggcgctgggcctgtattttgtggcgatgaacaacctgaaagcggcgggccagggcgtgac
caacaaaattagcccgctgagctatattgataacatgttttttaactatctgaacgcggaacatccgattggcctggtgctggtgattc
tgaccgtgctggtgattattggctttgtgctgaacatgtttattaaacattttaagaaagagagatTAAtctaATGctgatgaacag
cgtgattgcgctgacctttctgaccgcgagcagcaacaacggcggcctgaacattgatgtgcagcaggaagaagaaaaacgc
attaacaacgatctgaaccagtatgataccaccctgtttaacaaagatagcaaagcggtgaacgatgcgattgcgaaacagaa
aaaagaacgccagcagcagattaaaaacgatatgtttcagaaccaggcgagccatagcacccgcctgaacgaaaccaaaa
aagtgctgtttagcaaaagcaacctggaaaaaaccagcgaaagcgataaaagcccgtatattcagaacaaacaggaaaaa
aaaatttttccgtatattctgatgagcgtgggggcttttttgactttaggatTTGtcattttttcaattcataaagggagacgaacgaaa
aatgaatcagcacgtaaaagtaacattTGAttttaccaactataactatggcacctatgatctggcggtgccggcgtatctgccga
ttaaaaacctgattgcgctggtgctggatagcctggatattagcatttttgatgtgaacacccagattaaagtgatgaccaaaggcc
agctgctggtggaaaacgatcgcctgattgattatcagattgcggatggcgatattctgaaactgctgTAGgaggaaaaatagA
TGgtgaaaaaccataacccgaaaaacgaaatgcaggatatgctgaccccgctggatgcggaagaagcggcgaaaaccaa
actgcgcctggatatgcgcgaaattccgaaaagcagcattaaaccggaacattttcatctgatgtatctgctggaacagcatagc
ccgtattttattgatgcggaactgaccgaactgcgcgatagctttcagattcattatgatattaacgataaccataccccgtttgataa
cattaagagctttaccaaaaacgaaaaactgcgctatctgctgaacattaaaaacctggaagaagtgaaccgcacccgctata
cctttgtgctggcgccggatgaactgttttttacccgcgatggcctgccgattgcgaaaacccgcggcctgcagaacgtggttgatc
cgctgccggtgagcgaagcggaatttctgacccgctataaagcgctggtgatttgcgcgtttaacgaaaaacagagctttgatgc
gctggtggaaggcaacctggaactgcataaaggcaccccgtttgaaaccaaagtgattgaagcggcgaccctggatctgctga
ccgcgtttctggatgaacagtatcagaaacaggaacaggattatagccagaactatgcgtatgtgcgcaaagtgggccataccg
tgtttaaatgggtggcgattggcatgaccaccctgagcgtgctgctgattgcgtttctggcgtttctgtattttagcgtgatgaaacata
acgaacgcattgaaaaaggctatcaggcgtttgtgaaagatgattatacccaggtgctgaacacctatgatgatctggatggcaa
aaaactggataaagaagcgctgtatatttatgcgaaaagctatattcagaccaacaaacagggcctggaaaaagataaaaaa
gaaaacctgctgaacaacgtgaccccgaacagcaacaaagattatctgctgtattggatggaactgggccagggccatctgga
tgaagcgattaacattgcgacctatctggatgataacgatattaccaaactggcgctgattaacaaactgaacgaaattaaaaac
aacggcgatctgagcaacgataaacgcagcgaagaaaccaaaaaatataacgataaactgcaggatattctggataaagaa
aaacaggtgaaagatgaaaaagcgaaaagcgaagaagaaaaagcgaaagcgaaagatgaaaaactgaaacagcagg
aagaaaacgaaaaaaaacagaaagaacaggcgcagaaagataaagaaaaacgccaggaagcggaacgcaaaaaaT



AGtataggactgaggcaaagacaATGcataaactgattattaaatataacaaacagctgaaaatgctgaacctgcgcgatg
gcaaaacctataccattagcgaagatgaacgcgcggatattaccctgaaaagcctgggcgaagtgattcatctggaacagaac
aaccagggcacctggcaggcgaaccataccagcattaacaaagtgctggtgcgcaaaggcgatctggatgatattaccctgc
agctgtataccgaagcggattatgcgagctttgcgtatccgagcattcaggataccatgaccattggcccgaacgcgtatgatgat
atggtgattcagagcctgatgaacgcgattattattaaagattttcagagcattcaggaaagccagtatgtgcgcattgtgcatgata
aaaacaccgatgtgtatattaactatgaactgcaggaacagctgaccaacaaagcgtatattggcgatcatatttatgtggaagg
catttggctggaagtgcaggcggatggcctgaacgtgctgagccagaacaccgtggcgagcagcctgattcgcctgacccagg
aaatgccgcacgcgcaggcggatgattataacacctatcatcgcagcccgcgcattattcatcgcgaaccgaccgatgatatta
aaattgaacgcccgccgcagccgattcagaaaaacaacaccgtgatttggcgcagcattattccgccgctggtgatgattgcgct
gaccgtggtgatttttctggtgcgcccgattggcatttatattctgatgatgattggcatgagcaccgtgaccattgtgtttggcattacc
acctattttagcgaaaaaaaaaaatataacaaagatgtggaaaaacgcgaaaaagattataaagcgtatctggataacaaaa
gcaaagaaattaacaaagcgattaaagcgcagcgctttagcctgaactatcattatccgaccgtggcggaaattaaagatattgt
ggaaaccaaagcgccgcgcatttatgaaaaaaccagccatcaccatgattttctgcattataaactgggcattgcgaacgtgga
aaagagctttaaactggattatcaggaagaagaatttaaccagcgccgcgatgaactgtttgatgatgcgaaagaactgtatga
attttataccgatgtggaacaggcgccgctgattaacgatctgaaccacggcccgattgcgtatattggcgcgcgccatctgattct
ggaagaactggaaaaaatgctgattcagctgagcacctttcatagctatcacgatctggaatttctgtttgtgacccgcgaagatg
aagtggaaaccctgaaatgggcgcgctggctgccgcacatgaccctgcgcggccagaacattcgcggctttgtgtataaccag
cgcacccgcgatcagattctgaccagcatttatagcatgattaaagaacgcattcaggcggtgcgcgaacgcagccgcagcaa
cgaacagattatttttaccccgcagctggtgtttgtgattaccgatatgagcctgattattgatcatgtgattctggaatatgtgaacca
ggatctgagcgaatatggcattagcctgatttttgtggaagatgtgattgaaagcctgccggaacatgtggataccattattgatatt
aaaagccgcaccgaaggcgaactgattaccaaagaaaaagaactggtgcagctgaaatttaccccggaaaacattgataac
gtggataaagaatatattgcgcgccgcctggcgaacctgattcatgtggaacatctgaaaaacgcgattccggatagcattacctt
tctggaaatgtataacgtgaaagaagtggatcagctggatgtggtgaaccgctggcgccagaacgaaacctataaaacgatgg
cggtgccgctgggcgtgcgcggcaaagatgatattctgagcctgaacctgcatgaaaaagcgcatggcccgcatggcctggtg
gcgggcaccaccggcagcggcaaaagcgaaattattcagagctatattctgagcctggcgattaactttcatccgcatgaagtg
gcgtttctgctgattgattataaaggcggcggcatggcgaacctgtttaaagatctggtgcatctggtgggcaccattaccaacctg
gatggcgatgaagcgatgcgcgcgctgaccagcattaaagcggaactgcgcaaacgccagcgcctgtttggcgaacatgatg
tgaaccatattaaccagtatcataaactgtttaaagaaggcattgcgaccgaaccgatgccgcatctgtttattattagcgatgaatt
tgcggaactgaaaagcgaacagccggattttatgaaagaactggtgagcaccgcgcgcattggccgcagcctgggcattcatc
tgattctggcgacccagaaaccgagcggcgtggtggatgatcagatttggagcaacagcaaatttaaactggcgctgaaagtg
caggatcgccaggatagcaacgaaattctgaaaaccccggatgcggcggatattaccctgccgggccgcgcgtatctgcaggt
gggcaacaacgaaatttatgaactgtttcagagcgcgtggagcggcgcgacctatgatattgaaggcgataaactggaagtgg
aagataaaaccatttatatgattaacgattatggccagctgcaggcgattaacaaagatctgagcggcctggaagatgaagaaa
ccaaagaaaaccagaccgaactggaagcggtgattgatcatattgaaagcattaccacccgcctggaaattgaagaagtgaa
acgcccgtggctgccgccgctgccggaaaacgtgtatcaggaagatctggtggaaaccgattttcgcaaactgtggagcgatg
atgcgaaagaagtggaactgaccctgggcctgaaagatgtgccggaagaacagtatcagggcccgatggtgctgcagctga
aaaaagcgggccatattgcgctgattggcagtccgggctatggccgcaccacctttctgcataacattatttttgatgtggcgcgcc
atcatcgcccggatcaggcgcacatgtatctgtttgattttggcaccaacggcctgatgccggtgaccgatattccgcatgtggcgg
attattttaccgtggatcaggaagataaaattgcgaaagcgattcgcatttttaacgatgaaattgatcgccgcaaaaaaattctga
gccagtatcgcgtgaccagcattagcgaatatcgcaaactgaccggcgaaaccattccgcatgtgtttattctgattgataactttg
atgcggtgaaagatagcccgtttcaggaagtgtttgaaaacatgatgattaaaatgacccgcgaaggcctggcgctggatatgc
aggtgaccctgaccgcgagccgcgcgaacgcgatgaaaaccccgatgtatattaacatgaaaacccgcattgcgatgtttctgt
atgataaaagcgaagtgagcaacgtggtgggccagcagaaatttgcggtgaaagatgtggtgggccgcgcgctgctgagcag
cgatgataacgtgagctttcatattggccagccgtttaaacatgatgaaaccaaaagctataacgatcagattaacgatgaagtg
agcgcgatgaccgaattttataaaggcgaaaccccgaacgatattccgatgatgccggatgaaattaaatatgaagattatcgc
gaaagcctgaacctgccggatattgtggcgaacggcgcgctgccgattggcctggattatgaaggcgtgaccctgcagaaaatt
aaactgaccgaaccggcgatgattagcagcgaaaacccgcgcgaaattgcgcatattgcggaaattatgatgaaagaaattg
atattctgaacgaaaaatatgcgatttgcattgcggatagcagcggcgaatttaaagcgtatcgccatcaggtggcgaactttgcg
gaagaacgcgaagatattaaagcgattcatcagctgatgattgaagatctgaaacagcgcgaaatggatggcccgtttgaaaa
agatagcctgtatattattaacgattttaaaacctttattgattgcacctatattccggaagatgatgtgaaaaaactgattaccaaag
gcccggaactgggcctgaacattctgtttgtgggcattcataaagaactgattgatgcgtatgataaacagattgatgtggcgcgc
aaaatgattaaccagtttagcattggcattcgcattagcgatcagcagttttttaaatttcgctttattcagcgcgaaccggtgattaaa
gaaaacgaagcgtatatggtggcgaaccaggcgtatcagaaaattcgctggtttaaaTAAcaatgaattaaataggagggag
gtatgttATGaactttaacgatattgaaacgatggtgaaaagcaaatttaaagatattaaaaaacatgcggaagaaattgcgca
tgaaattgaagtgcgcagcggctatctgcgcaaagcggaacagtataaacgcctggaatttaacctgagctttgcgctggatgat



attgaaagcaccgcgaaagatgtgcagaccgcgaaaagcagcgcgaacaaagatagcgtgaccgtgaaaggcaaagcgc
cgaacaccctgtatattgaaaaacgcaacctgatgaaacagaaactggaaatgctgggcgaagatattgataaaaacaaaga
aagcctgcagaaagcgaaagaaattgcgggcgaaaaagcgagcgaatattttaacaaagcgatgaacTAAtattgaggtg
aagatATGggcggctataaaggcattaaagcggatggcggcaaagtggatcaggcgaaacagctggcggcgaaaaccgc
gaaagatattgaagcgtgccagaaacagacccagcagctggcggaatatattgaaggcagcgattgggaaggccagtttgcg
aacaaagtgaaagatgtgctgctgattatggcgaaatttcaggaagaactggtgcagccgatggcggatcatcagaaagcgatt
gataacctgagccagaacctggcgaaatatgataccctgagcattaaacagggcctggatcgcgtgaacccgTAAaagctt 
 

Restriction sites underlined, start and stop codons shown in upper case. 
 



 

Supplementary Table 1. Strains used in this study 

Strain Relevant genotype or description  Source or 
reference 

S. aureus strains   

RN6390 NCTC8325 derivative, rbsU, tcaR, cured of φ11, 
φ12, φ13 

Refence1 

∆essC As RN6390, essC  Reference2 

∆ess Complete deletion from esxA – esaG  Reference2 

∆esaE As RN6390, esaD  This work 

∆esaD As RN6390, esaE This work 

∆esaDG As RN6390, esaDG  This work 

∆saouhsc00268-
00278 

As RN6390, esaD-saouhsc00278 This work 

∆saouhsc00274-
00278 

As RN6390, saouhsc00274-saouhsc00278 This work 

RN6390::ermC As RN6390, with ermC resistance gene 
chromosomal insertion  

This work 

∆esaDG::ermC As esaDG with ermC resistance gene from 
RN6390::ermC (phage ɸ11 transduction) 

This work 

∆saouhsc00268-
00278::ermC 

As esaD-saouhsc00278 with ermC resistance 
gene from RN6390::ermC (phage ɸ11 
transduction) 

This work 

∆saouhsc00274-
00278::ermC 

As saouhsc00274-saouhsc00278 with ermC 
resistance gene from RN6390::ermC (phage ɸ11 
transduction) 

This work 

COL MRSA, agr  Reference3 

COLess Complete deletion from Sacol0271 (esxA) -
Sacol0282 

Reference2 

E. coli strains   

JM110 rpsL thr leu thi lacY galK galT ara tonA tsx dam 
dcm glnV44 ∆(lac-proAB) e14- [F’ traD36 proAB+ 
lacIq lacZ∆M15] hsdR17(rK−mK+) 

Stratagene 

BL21(DE3) E. coli B: F-, dcm, ompT, hsdS(rB-, mB-), gal, 
DE3 

Reference4 



 

M15 [pREP4] F-, lac, ara, gal, mtl [(KanR, lacI] Qiagen 

BTH101 F- cya-99, araD139, galE15, galK16, rpsL1 (Strr), 
hsdR2, mcrA1, mcrB1 

Reference5 

  



 

Supplementary Table 2. Plasmids used in this study 

Plasmid Relevant genotype or description  Source or 
reference 

pIMAY E. coli/S. aureus shuttle vector, temperature 
sensitive, cmlr 

6 

pIMAY-esaE pIMAY carrying esaE deletion allele This work 

pIMAY-esaD pIMAY carrying esaD deletion allele This work 

pIMAY-esaDG pIMAY carrying esaDG deletion allele This work 

pIMAY-
saouhsc00268-00278 

pIMAY carrying esaD-saouhsc00278 deletion 
allele  

This work 

pIMAY-
saouhsc00274-00278 

pIMAY carrying saouhsc00274-saouhsc00278 
deletion allele  

This work 

pRAB11 E. coli/S. aureus shuttle vector, inducible protein 
expression, ampr, cmlr 

Reference7 

pRAB11-
EsaD(H528A)-HA 

pRAB11 producing C-terminally HA-tagged EsaD  This work 

pRAB11-EsaE-his pRAB11 producing C-terminally His-tagged EsaE  This work 
pRAB11-EsaG-his pRAB11 producing C-terminally His-tagged 

EsaG 
This work 

pRAB11-EsaD-His-
EsaG-HA 

pRAB11 producing C-terminally His-tagged EsaD 
and C-terminally HA-tagged EsaG 

This work 

pRAB11-EsaD-HA-
EsaG-His 

pRAB11 producing C-terminally HA-tagged EsaD 
and C-terminally His-tagged EsaG 

This work 

pRAB11-
EsaD(H528A)-His 

pRAB11 producing C-terminally His-tagged 
H528A substituted EsaD 

This work 

pRAB11-EsaG-HA pRAB11 producing C-terminally HA-tagged EsaG This work 
pRAB11-EsaE-HA pRAB11 producing C-terminally HA-tagged EsaE This work 
pRAB11-
EsaD(H528A)-His-
EsaE-HA 

pRAB11 producing C-terminally His-tagged 
H528A substituted EsaD and C-terminally HA-
tagged EsaE 

This work 

pRAB11- 
EsaD(H528A)-HA-
EsaE-His 

pRAB11 producing C-terminally HA-tagged 
H528A-substituted EsaD and C-terminally His-
tagged EsaE 

This work 

pRAB11-EsaD421-614 

(H528A)-His-EsaG-
HA 

pRAB11 producing C-terminally His-tagged 
H528A substituted nuclease domain of EsaD (aa 
421-614and C-terminally HA-tagged EsaG 

This work 

pRAB11-EsaD421-614 

(H528A)-His 
pRAB11 producing C-terminally His-tagged 
H528A substituted nuclease domain of EsaD (aa 
421-614) 

This work 

pRAB11-EsxC pRAB11 producing native (untagged) EsxC This work 
pQE70 Vector for regulatable protein overproduction in 

E. coli (T5 promoter). Ampr 
Qiagen 

pQE70-EsaE-HA- 
EsaD-Myc-EsaG-His1 

pQE70 producing C-terminally HA-tagged EsaE, 
C-terminally Myc-tagged EsaD and C-terminally 
His-tagged EsaG 

This work 



 

pQE70-EsaE-HA- 
EsaD(H528A)-Myc-
EsaG-His† 

pQE70 producing C-terminally HA-tagged EsaE, 
C-terminally Myc-tagged H528A-substituted 
EsaD and C-terminally His-tagged EsaG 

This work 

pQE70-EsaE-HA-
EsaG-His 

pQE70 producing C-terminally HA-tagged EsaE 
and C-terminally His-tagged EsaG 

This work 

pQE70-EsaG-EsaG-
EsaD421-614-His 

pQE70 producing tandem copies of EsaG and 
C-terminally His-tagged EsaD421-614 

This work 

pQE70-EsaG-EsaG-
EsaD421-614(H528A)-
His 

pQE70 producing tandem copies of EsaG and 
C-terminally His-tagged H528A substituted 
EsaD421-614 

This work 

pT7.5 Vector for regulatable protein production in E. coli 
(T7 promoter). Ampr 

Reference8 

pT7.5esaD(V584Y) pT7.5 producing V584Y substituted EsaD This work 
pT7.5esaDG pT7.5 producing EsaD and EsaG This work 
pT18 Vector encoding T18 fragment of B. pertussis 

cyaA; Ampr 
Reference9 

pT18-EsaE pT18 carrying esaE This work 

pT18-EsaD(H528A) pT18 carrying esaD (H528A codon substitution) This work 

pT18-EsaD1-420 pT18 carrying esaD (codons 1-420) This work 

pT18-EsaG pT18 carrying esaG This work 

pT25 Vector encoding T18 fragment of B. pertussis 
cyaA; cmlr 

Reference9 

pT25-EsxA pT25 carrying esxA This work 

pT25-EsxB pT25 carrying esxB This work 

pT25-EsaB pT25 carrying esaB This work 

pT25-EsxC pT25 carrying esxC This work 

pT25-EsaE pT25 carrying esaE This work 

pT25-EsaD(H528A) pT25 carrying esaD (H528A codon substitution) This work 

pT25-EsaD421-614 pT25 carrying esaD (codons 421-614, with 
H528A codon substitution) 

This work 

pT25-EsxD pT25 carrying esxD This work 

pT25-EsaG pT25 carrying esaG This work 

pT25-saouhsc00274* pT25 carrying saouhsc00274 This work 

pT25-saouhsc00275* pT25 carrying saouhsc00275 This work 

pT25-saouhsc00276* pT25 carrying saouhsc00276 This work 



 

pT25-saouhsc00277* pT25 carrying saouhsc00277 This work 

pT25-saouhsc00278* pT25 carrying saouhsc00278 This work 

pT25-SAPIG0310* pT25 carrying SAPIG0310 This work 

pT25-SAPIG0311* pT25 carrying SAPIG0311 This work 

pT25-SAPIG0314* pT25 carrying SAPIG0314 This work 

pT25-SAR0293* pT25 carrying SAR0293 This work 

pT25-SAR0294* pT25 carrying SAR0294 This work 

pT25-SAR0295* pT25 carrying SAR0295 This work 

pT25-SAR0297* pT25 carrying SAR0297 This work 

pT25-
SAEMRSA15_02570* 

pT25 carrying SAEMRSA15_02570 This work 

pT25-
SAEMRSA15_02580* 

pT25 carrying SAEMRSA15_02580 This work 

†Purchased ready-cloned in the pQE70 vector from Biomatik. 

*Purchased ready-cloned in the pT25 vector from Genescript. 

 



 

Supplementary Table 3. Oligonucleotides and cloning strategies used in this study 

Name Nucleotide Sequence (5’-3’) Template Restriction 
Enzyme 

Usage 

EsaE-for-bglII-esxA-
RBS 

GCAGATCTAGGAGGTTTCTACTTATGAAAGATGTT AAGCGAAT gDNA BglII Construction of pRAB11-EsaE-
his1 and pRAB11-EsaE-HA1 

EasE-rev-sacI-HA GCGAGCTCTTATGCATAATCTGGAACATCATATGGATACTCCT 
CTGCTTTATTAATATGAT 

gDNA SacI Construction of pRAB11-EsaE-
HA1 

EasE-rev-sacI-His GCGAGCTCTTAGTGGTGGTGGTGGTGGTGCTCCTCTGCTTTATTA
ATATGAT 

gDNA SacI Construction of pRAB11-EsaE-
his1 

EsaG-for-bgl II GCGCAGATCTAGGAGGTTTCTACTTCAACATGACATTTGAAGAGA gDNA BglII Construction of pRAB11- 
EsaG-his1 and pRAB11-EsaG-
HA1 

esaG-rev-SacI-HA GCGAGCTCTTATGCATAATCTGGAACATCATATGGATATTCTTCTA
GCTCTTTAATATATT 

gDNA SacI Construction of pRAB11-EsaG-
HA1 

esaG-rev-his-EcoRI GCGAATTCTTAGTGGTGGTGGTGGTGGTGTTCTTCTAGCTCTTTAA
TATATT 

gDNA EcoRI Construction of pRAB11-EsaG-
his1 

esaD-kpnI-for-esxA-
RBS 

GAAAGGTACCAGGAGTTTCTACTTATGACAAAAGA 
TATTGAATATCTAAC 

gDNA KpnI Construction of pRAB11-
EsaD(H528A)-his1 and 
pRAB11-EsaD(H528A)-HA1 

esaD-his-to-ala-for CGATGATGGAGGTGCATTAATCGCTAGAATG gDNA  Change of His to Ala codon at 
codon 528 of esaD2 

esaD-his-to-ala-rev CATTCTAGCGATTAATGCACCTCCATCATCG gDNA  Change of His to Ala codon at 
codon 528 of esaD2 

EsaD-his-rev-bgl II  GCGCAGATCTCTAGTGGTGGTGGTGGTGGTGCTTATTTAATATTCT
TCTAATATTTCT 

gDNA/ 
esaD(H528A) 

BglII Construction of pRAB11-
EsaD(H528A)-his1 and 
pRAB11-EsaD421-614(H528A)-
His1 

EsaD-HA-rev-bgl II GCGCAGATCTCTATGCATAATCTGGAACATCATATGGATACTTATTT
AATATTCTTCTAATATTTCT 

gDNA /esaD(H528A) BglII Construction of pRAB11-
EsaD(H528A)-HA1 



 

esaD(421-614aa)-kpnI-
for-esxA-RBS 

GAAAGGTACCAGGAGGTTTCTACTTATGACACATGGTCCAAAAGAT
AGTATGGTGAG 

esaD(H528A) KpnI Construction of pRAB11-
EsaD421-614(H528A)-His1 

00268-00278A1 CATGGAGCTCGATTGTACAATC gDNA SacI Construction of pIMAY-
saouhsc_00268-002783  

00268-00278A2 TGTCTGCTACATGTCATGCACCTATCCCTC gDNA  Construction of pIMAY-
saouhsc_00268-002783 

00268-00278B1 CATGACATGTAGCAGACATGTTATAAAAGACTGTG gDNA  Construction of pIMAY-
saouhsc_00268-002783  

00268-00278B2 GCGCGAGCTCCATCTATTTCAGTGTTAATTTAC gDNA SacI Construction of pIMAY-
saouhsc_00268-002783 

00268-00278-out1 TATGTATTTTGCACCATTTAGC   Sequencing primer

00268-00278-out2 CGTTTAAATGTTTGACGCAAGA   Sequencing primer

00274-00278A1 CATGGAGCTCGTATTACATATAGGTGTGGGT gDNA SacI Construction of pIMAY-
saouhsc_00274-002783 

00274-00278A2 TGTCTGCTACATGTTATCGCCCCTATGTGTTGC gDNA  Construction of pIMAY-
saouhsc_00274002783 

00274-00278B1 GATAACATGTAGCAGACATGTTATAAAAGACTGTG gDNA  Construction of pIMAY-
saouhsc_00274-002783 

00274-00278B2 GCGCGGTACCCATCTATTTCAGTGTTAATTTAC gDNA KpnI Construction of pIMAY-
saouhsc_00274-002783 

00274-00278-out1 GGAGCGTTTGCTTTTGTTGTAA gDNA  Sequencing primer 

0266A1        AGGATCCAGTGCTAATAAGGACAGTG gDNA BamHI Construction of pIMAY-esaE3 

0266A2      CTCTGCTTTATCTTTCATCATGGGTTCAC gDNA  Construction of pIMAY-esaE3 

0266B1         ATGAAAGATAAAGCAGAGGAGTAATGACG gDNA  Construction of pIMAY-esaE3 

0266B2   TTCGGATCCAATTGAGATGCATAATC gDNA BamHI Construction of pIMAY-esaE3 



 

0268A1      AGAAGGATCCAATGATTGGGACTTTAAAC gDNA BamHI Construction of  pIMAY-esaD3 

and pIMAY-esaDG3 

0268A2         CTTATTTAATTTTGTCATGTCATGCACC gDNA  Construction of pIMAY-esaD3 

and pIMAY-esaDG3 

0268B1        ATGACAAAATTAAATAAGTAGAGGTGCC gDNA  Construction of pIMAY-esaD3 

0268B2       TGAGGATCCACTTTACGGTATCTATTG gDNA BamHI Construction of pIMAY-esaD3  

0269A1         GGTTGAATTCGGAGAACACTATGC gDNA EcoRI Construction of pIMAY-esaG3 

0269A2        TTATTCTTCAAATGTCATGTTGGCACCTC gDNA  Construction of pIMAY-esaD3  

0269B1 ATGACATTTGAAGAATAAACTATCTTAATG gDNA  Construction of pIMAY-esaD3 

and pIMAY-esaDG3 

0269B2       AAAGGATCCATGTTGCAAATACTGCG gDNA BamHI Construction of pIMAY-esaG3 

and pIMAY-esaD3  

EsaG-out1 TGGGTCAAAACATAAAGCGTGC 
 

  Sequencing primer 

EsaG-out2   ACGTGAACATTCCGCCAATTAC 
 

  Sequencing primer 

RT-PCR-primer pair 1-
for 

ACATGGTCCAAAAGATAGTATGGTGAG gDNA  RT-PCR 

RT-PCR-primer pair 1-
rev 

GCACCTCTACTTATTTAATATTCTTC gDNA  RT-PCR 

RT-PCR-primer pair 2-
for 

GAAGAATATTAAATAAGTAGAGGTGC gDNA  RT-PCR 

RT-PCR-primer pair 2-
rev 

GTCATCATCTTCAGTGTTTAATTC gDNA  RT-PCR 

RT-PCR-primer pair 3-
for 

GATACTCTTCGAAAGCCAGGTGCAC gDNA  RT-PCR 



 

RT-PCR-primer pair 3-
rev 

GTCATCATCTTCAGTGTTTAATTC gDNA  RT-PCR 

pT25-EsxA-F GCGCGGATCCCGCGATGATTAAAATGAGCCCGGAAG Synthetic esxA gene 
sequence† 

BamHI Construction of pT25-EsxA4 

pT25-EsxA-R GCGCGGTACCTTACTGCAGGCCAAAGTTGTTGCTCAGC Synthetic esxA gene 
sequence† 

KpnI Construction of pT25-EsxA4 

pT25-EsxB-F GCGCGGATCCCGGGCGGCTATAAAGGCATTAAAGC Synthetic esxB gene 
sequence† 

BamHI Construction of pT25-EsxB4 

pT25-EsxB-R GCGCGGTACCTTACGGGTTCACGCGATCCAGGCCCTG Synthetic esxB gene 
sequence† 

KpnI Construction of pT25-EsxB4 

pT25-EsaB-F GCGCGGATCCCAATCAGCACGTAAAAGTAACATTTG 
 

Synthetic esaB gene 
sequence† 

BamHI Construction of pT25-EsaB4 

pT25-EsaB-R GCGCGGTACCTTACAGCAGCAGTTTCAGAATATCGCCATCC Synthetic esaB gene 
sequence† 

KpnI Construction of pT25-EsaB4 

pT25-EsaC-F GCGCGGATCCCAACTTTAACGATATTGAAACGATG Synthetic esxC gene 
sequence† 

BamHI Construction of pT25-EsxC4 

pT25-EsaC-R GCGCGGTACCTTAGTTCATCGCTTTGTTAAAATATTCG Synthetic esxC gene 
sequence† 

KpnI Construction of pT25-EsxC4 

T25esaD-F GCGCGGATCCCACAAAAGATATTGAATATCT esaD(H528A) BamHI Construction of pT25-
EsaD(H528A)4  

T25esaD-R GCGCGGTACCATTACTTATTTAATATTCTTCTAAT esaD(H528A) KpnI Construction of pT25-
EsaD(H528A)4 

T25esaE-F GCGCGGATCCCAAAGATGTTAAGCGAATAGAT gDNA BamHI Construction of pT25-EsaE4  

T25esaE-R GCGCGGTACCATTACTCCTCTGCTTTATTAATAT gDNA KpnI Construction of pT25-EsaE4 

T25esaF-F GCGCGGATCCCACGTTGAGTGGAAAAATTAGTG gDNA BamHI Construction of pT25-EsxD4 

T25esaF-R GCGCGGTACCATTATCCCTCAATATTATAGT gDNA KpnI Construction of pT25-EsxD4 

T25esaG-F GCGCGGATCCCACATTTGAAGAGAAGCTTAG gDNA BamHI 
 

Construction of pT25-EsaG4 



 

T25esaG-R GCGCGGTACCATTATTCTTCTAGCTCTTTAATA gDNA KpnI Construction of pT25-EsaG4 

T25esaD-421-614-F GCGCGGATCCCACACATGGTCCAAAAGATAG esaD(H528A) KpnI Construction of pT25-EsaD421-

614(H528A)4 

T18esaD-F GCGCGGGCCCCACAAAAGATATTGAATATCT esaD(H528A) ApaI Construction of pT18-
EsaD(H528A)5  

T18esaD-R GCGCCTCGAGGGCTTATTTAATATTCTTCTAAT esaD(H528A) XhoI Construction of pT18 
EsaD(H528A)5 

T18esaE-F GCGCGGGCCCCAAAGATGTTAAGCGAATAGAT gDNA ApaI Construction of pT18-EsaE5  

T18esaE-R GCGCCTCGAGGGCTCCTCTGCTTTATTAATAT gDNA XhoI Construction of pT18-EsaE5 

T18esaG-F GCGCGGGCCCCACATTTGAAGAGAAGCTTAG gDNA ApaI Construction of pT18-EsaG5 

T18esaG-R GCGCCTCGAGGGTTCTTCTAGCTCTTTAATA gDNA XhoI Construction of pT18-EsaG5 

T18esaD-1-420-R GCGCCTCGAGGGCACGTGATTTTGTGGTGTAACAG gDNA XhoI Construction of pT18-esaD1-420
5   

pQE70-esaE-for GCGAGCATGCATGAAAGACGTTAAACGTATC Synthetic esaE gene 
sequence* 

SphI Construction of pQE70-EsaE-
HA-EsaG-his 

pQE70-esaEG-
overlapping-for 

GAAATTAACCATGACCAAAAACAAATAATATTAAAGAGGAGAAATTA
ACCATGACCTTCGAAGAAAAACTGTC 

Synthetic esaEG 
gene sequence* 

 Construction of pQE70-EsaE-
HA-EsaG-his 

pQE70-esaEG-
overlapping-rev 

CATATGATGTTCCAGATTATGCATAATGGATCCATTAAAGAGGAGA
AATTAACCATGACCAAAAACAAATAAT 

Synthetic esaEG 
gene sequence* 

 Construction of pQE70-EsaE-
HA-EsaG-his 

EsaG-for-SphI 
 

GCGAGCATGCCCTTCGAAGAAAAACTGTCTAAAATC Synthetic esaG gene 
sequence* 

SphI Construction of pQE70-EsaG-
EsaG-EsaD421-614-his and 
pQE70-EsaG-EsaG-EsaD421-
614(H528A)-his6 

EsaG-overlapping-for 
 

GTACATCAAAGAA CTGGAATAATAA ATTAAAGAGG 
AGAAATTAACC ATGACCTTCGAAGAAAAACTG 

Synthetic esaG gene 
sequence* 

 Construction of pQE70-EsaG-
EsaG-EsaD421-614-his and 
pQE70-EsaG-EsaG-EsaD421-
614(H528A)-his6 

EsaG-overlapping-rev
  

CAGTTTTTCTTCGAAGGTCATGGTTAATTTCTCCTCTTTAATTTATTA
TTCCAGTTCTTTGATGTAC 

Synthetic esaG gene 
sequence* 

 Construction of pQE70-EsaG-
EsaG-EsaD421-614-his and 



 

pQE70-EsaG-EsaG-EsaD421-
614(H528A)-his6 

EsaG-rev-apaI-bamHI 
 

GCGAGGATCCGGGCCCTTATTATTCCAGTTCTTTGATGTACTGTTC
G 

Synthetic esaG gene 
sequence* 

ApaI/BamHI Construction of pQE70-EsaG-
EsaG-EsaD421-614-his and 
pQE70-EsaG-EsaG-EsaD421-
614(H528A)-his6 

EsaDnu-for-ApaI 
 

GCGA GGGCCC ATTAAAGAGGAGAAATTAACCATGCACGGTCCG 
AAAGACTCTATGGTTC 

Synthetic esaD gene 
sequence* 

ApaI 
 

Construction of pQE70-EsaG-
EsaG-EsaD421-614-his and 
pQE70-EsaG-EsaG-EsaD421-
614(H528A)-his6 

EsaDnu-rev-BglII 
 

GCGAAGATCT TTTGTTCAGGATACGACGGATGTTACG Synthetic esaD gene 
sequence* 

BglII Construction of pQE70-EsaG-
EsaG-EsaD421-614-his and 
pQE70-EsaG-EsaG-EsaD421-
614(H528A)-his6 

pQE70-esaD-qc-F ACGACGACGGTGGTGCACTGATCGCGCGTATGTTCGGT Synthetic esaD gene 
sequence* 

 Construction of pQE70-EsaE-
HA-EsaD(H528A)-Myc-EsaG-
his7 

pQE70-esaD-qc-R ACCGAACATACGCGCGATCAGTGCACCACCGTCGTCGT        Synthetic esaD gene 
sequence* 

 Construction of pQE70-EsaE-
HA-EsaD(H528A)-Myc-EsaG-
his7 

pQE70-esaG-rev GCGCAGATCTTTCCAGTTCTTTGATGTACTG Synthetic esaG gene 
sequence* 

BglII Construction of pQE70-EsaE-
HA-EsaG-his 

pT7.5-esaD--for AGTCTAGAAAGCTTTACTATAATATTGAGG gDNA XbaI Construction of pT7.5esaD and 
pT7.5esaDG 

pT7.5-esaD-xhoI-rev CTACTCGAGCTTATTTAATATTCTTCTAAT gDNA XhoI Construction of 
pT7.5esaD(V584Y) 

pT7.5-esaD/G- xhoI-rev  GCCTCGAGTTCTTCTAGCTCTTTAATATATT gDNA XhoI Construction of pT7.5esaDG 

Intctrl1        CCAACTGCTGAAGTACCATTAACG   Checking chromosomal ermC 
integration 

Intctrl2        GTACCTGCTATAAACAACGCGCAC   Checking chromosomal ermC 
integration 

Restriction enzyme sequences are shown in underline. 



 

1esaE-His, esaE-HA and esaG-HA were cloned as BglII-SacI fragments, esaG-His was cloned as a BglII-EcoRI fragment and esaD(H528A)-His, esaD(H528A)-HA and 
esaDNuc(aa 421-615; H528A)-His were cloned as KpnI-BglII fragments into similarly digested pRAB11. In each case the forward primer incorporated the esxA ribosome binding 
site (shown in red) to initiate translation. 
2esaD(H528A) was generated by overlapping PCR generating DNA covering the N-terminus of esaD to just beyond codon 528 (amplified with primers esaD-kpnI-for-esxA-RBS 
and esaD-his-to-ala-rev introducing the  H528A substitution) and from just prior to codon 258 to the end of esaD (amplified with primers esaD-his-to-ala-for and EsaD-his-rev-bgl 
II inducing H528A substitution). Subsequently the two fragments were spliced together by overlap PCR using primers esaD-kpnI-for-esxA-RBS and EsaD-his-rev-bgl II. 
3The two flanking regions, upstream and downstream of the gene to be deleted including the first three and last three codons, were separately amplified with the A1/A2 and 
B1/B2 primer pairs. Next, overlapping PCR was performed with the A1 and B2 primers using the amplified flanking regions as template and the product was subsequently cloned 
into PIMAY (as a SacI fragment for the saouhsc_00268-saouhsc_00278 deletion, a SacI-KpnI fragment for the saouhsc_00274-saouhsc_00278 deletion, a BamHI fragment for 
the esaD, esaDG and esaE deletions and an EcoRI-BamHI fragment for the esaG deletion). The primers out1 and out2 were using for sequencing to check the deletions, as 
shown schematically below. 

 
 
 
 

 
4esxA, esxB, esxC, esaB, esaD(H528A), esaD421-614(H528A), esaE, esxD and esaG were each cloned as BamHI-KpnI fragments into similarly digested pT25. 
5esaD(H528A), esaD1-420, esaE, and esaG, were each cloned as ApaI-XhoI fragments into similarly digested pT18. 
†A 10,651bp synthetic DNA sequence coding for EsxA, EsaA, EssA, EssB, EssC EsxC, EsxB from RN6390, codon optimised for expression in E. coli was used as template. The 
sequence of this synthetic DNA is given in Fig S12. 
6Two copies of esaG were amplified, one with primer pair EsaG-for-SphI and EsaG-overlapping-for and the second with primer pair EsaG-overlapping-rev and EsaG-rev-apaI-
bamHI and cloned into pQE70 by three way ligation as an SphI-BamHI fragment. DNA encoding EsaD421-614 or EsaD421-614(H528A) was subsequently cloned into this as 
an ApaI-BglII fragment. 
*A 3,125bp synthetic sequence coding for EsaE, EsaD(H528A) and EsaG. Sequence given in Fig S13. 7The (H528A) substitution of EsaD was introduced into this construct by 
Quickchange using the indicated primers. 
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Summary

The Type VII protein secretion system, found in Gram-
positive bacteria, secretes small proteins, containing
a conserved W-x-G amino acid sequence motif, to the
growth medium. Staphylococcus aureus has a con-
served Type VII secretion system, termed Ess, which
is dispensable for laboratory growth but required for
virulence. In this study we show that there are unex-
pected differences in the organization of the ess gene
cluster between closely related strains of S. aureus.
We further show that in laboratory growth medium
different strains of S. aureus secrete the EsxA and
EsxC substrate proteins at different growth points,
and that the Ess system in strain Newman is inactive
under these conditions. Systematic deletion analysis
in S. aureus RN6390 is consistent with the EsaA,
EsaB, EssA, EssB, EssC and EsxA proteins compris-
ing core components of the secretion machinery in
this strain. Finally we demonstrate that the Ess secre-
tion machinery of two S. aureus strains, RN6390 and
COL, is important for nasal colonization and virulence
in the murine lung pneumonia model. Surprisingly,

however, the secretion system plays no role in the
virulence of strain SA113 under the same conditions.

Introduction

Most bacteria secrete proteins into their external environ-
ments, where they play essential roles in nutrient acquisi-
tion, colonization and host interactions. Gram-negative
bacteria may elaborate any of six different protein secre-
tion systems (named Type I through Type VI) to move
proteins across their double-membrane cell envelopes, in
either a single step, or by a two-step mechanism (Desvaux
et al., 2009). Protein secretion systems that operate by a
two-step mechanism first rely on the translocation of pro-
teins across the inner membrane by either the general
secretory (Sec) or twin arginine translocase (Tat) machin-
eries, before they mediate the secretion of substrates
across the outer membrane (e.g. Pugsley, 1993; Voulhoux
et al., 2001).

Protein secretion in Gram-positive bacteria is, in most
cases, a simpler process because these organisms
(with the exception of the didermic Mycobacterial and
Corynebacterial species) are bounded by a single mem-
brane. The Sec and Tat pathways, to which proteins are
targeted by the presence of cleavable signal peptides
at their N-termini, directly secrete extracellular proteins in
these bacteria (e.g. Sibbald et al., 2006; Widdick et al.,
2006; Goosens et al., 2014). In addition, a secretion
system that has, to date, only been experimentally
described in Gram-positive bacteria, variously termed the
ESX, Ess or Type VII protein secretion system, also serves
to translocate proteins to the extracellular environment.
This secretion system was first described in pathogenic
mycobacteria where it secretes two T cell antigens,
ESAT-6 (early secreted antigenic target, 6 kDa) and
CFP-10 (culture filtrate protein 10 kDa), now renamed
EsxA and EsxB, respectively, and was shown to be essen-
tial for virulence (Hsu et al., 2003; Pym et al., 2003;
Stanley et al., 2003). This secretion system has variously
been shown to function in other actinobacterial species,
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including non-pathogenic members (Abdallah et al., 2006;
Akpe San Roman et al., 2010; Fyans et al., 2013).

A related secretion system is found in bacteria of the
low-GC Firmicutes phylum. It has been best characterized
in the opportunistic human and animal pathogen Staphy-
lococcus aureus. The relationship between the S. aureus
secretion system and the Mycobacterial ESX machineries
is limited, with only two types of conserved components.
The first is an ATPase of the FtsK/SpoIIIE protein family,
while the second is the presence of one or more of the
secreted EsxA/EsxB proteins (Pallen, 2002). EsxA and
EsxB are small acidic proteins of the WXG100 superfamily
that are structurally organized as a helical hairpin with a
conserved Trp–Xaa–Gly (WXG) motif that localizes in a
loop between the two α-helices (e.g. (Renshaw et al.,
2005; Sundaramoorthy et al., 2008). In Mycobacteria,
EsxA and EsxB form tight heterodimers that are
co-dependent on each other for secretion by the Type VII
system (Renshaw et al., 2002; Stanley et al., 2003;
Champion et al., 2006), whereas in S. aureus and related
bacteria EsxA forms homodimers (Sundaramoorthy et al.,
2008; Shukla et al., 2010; Anderson et al., 2013). Other
essential secretion components are non-conserved (at
least at the amino acid sequence level) between actino-
bacterial and Firmicutes systems, leading to them being
designated as ESX (actinobacteria) and Ess (Firmicutes)
secretion systems respectively (Burts et al., 2005; 2008;
Bitter et al., 2009).

In S. aureus the Ess system has been shown to con-
tribute to virulence in a mouse model of abscess forma-
tion. Mutations in the S. aureus Newman strain where
any of esxA, esxB or essC (which encodes the FtsK/
SpoIIIE family ATPase) were inactivated resulted in a
significant reduction in cfu recovered from the livers and
kidneys of mice that had been retro-orbitally injected
with these strains (Burts et al., 2005). It was later shown
that EsxC (formerly EsaC), a conserved S. aureus
protein, is a substrate of the Ess machinery that has a
small role in abscess formation but a more significant
role during long-term persistence of abscesses (Burts
et al., 2008). Recently EsxD was identified as a further
secreted substrate (Anderson et al., 2013). The precise

function of any of the S. aureus Ess substrate proteins
remains to be elucidated.

The S. aureus Ess secretion system is encoded within
the ess gene cluster and transcription of esxA, the first
gene of the cluster, has been shown to be subject to
complex regulation by the alternative sigma factor σB

(Schulthess et al., 2012). In the S. aureus strain Newman
background, esxA appears to be monocistronic and is
not co-transcribed with the downstream ess genes
(Schulthess et al., 2012). However, transposon mutagen-
esis has confirmed that each of EssA, EssB, EssC, which
are encoded downstream of esxA in the ess cluster
(Fig. 1A) are essential for the secretion of EsxA or EsxB
(Burts et al., 2005). The EssA, EssB and EssC proteins are
membrane-bound (Burts et al., 2005; Chen et al., 2012;
Zoltner et al., 2013b) and probably form the membrane-
embedded secretion apparatus. Two further membrane
proteins are also encoded at the ess locus. Of these EsaA
is reported to have no role in EsxA secretion (Burts et al.,
2005), while loss of EsaD (recently re-named EssD)
reduces, but does not abolish, the export of EsxA
(Anderson et al., 2011).

In this study we have examined the organization of the
ess gene cluster in a range of S. aureus strain back-
grounds. Our results indicate that there are unexpected
differences in the organization of the cluster, with the esxA
gene being clearly co-transcribed with downstream ess
genes in the COL, USA300 and SA113 strains, but tran-
scribed as a monocistronic gene in the RN6390 and
Newman strains. In the RN6390 and COL strains, EsxA
and EsxC secretion could be detected throughout the
growth phase, with substantial levels of extracellular
protein accumulating from mid-logarithmic growth
onwards. Systematic deletion analysis in the RN6390
strain background confirmed prior observations that essA,
essB and essC were required for the secretion of EsxA,
but surprisingly we also show that esaA and esaB are
essential for secretion of EsxA and EsxC. Finally we show
that the Ess secretion machinery of two S. aureus strains
(RN6390 and COL) but not a third (SA113) is important for
murine nasal colonization and virulence in the murine lung
pneumonia model.

Fig. 1. Organization of the ess locus in different strains of S. aureus.
A. Schematic representation of the S. aureus ess locus derived from the NCTC8325 genome sequence. The region from the start of esxA to
the end of SAOUHSC_00269 covers approximately 14 kb and is almost 100% identical between the RN6390, Newman, COL and USA300
strains (only two nucleotide differences over this region). Genes encoding secreted substrates are coloured in red, membrane components in
green, cytoplasmic components in blue and unknown components in orange. Putative unrelated genes are shaded in grey. Note that the sizes
of the intergenic regions are as follows: SAOUHSC_00256-esxA, 247 bp; esxA-esaA, 83 bp; esaA-essA, −1 bp; essA-esaB, −68 bp;
esaB-essB, 12 bp; essB-essC, 21 bp; essC-esxC, 29 bp; esxC-esxB, 15 bp; esxB-esaE, −1 bp; esaE-esxD, −1 bp; esxD-essD, 9 bp;
essD-SAOUHSC_00269, 10 bp; SAOUHSC_00269-SAOUHSC_00270, 207 bp.
B. Schematic representation of subcellular location and predicted topologies of the proteins encoded at the ess locus (not to scale). Shading
as in part A.
C. RT-PCR analysis of mRNA isolated from each of the five different strains, using primer pairs listed in Table S1. The expected sizes for PCR
products 1–7 are 272, 953, 1023, 1153, 1168, 959 and 946 bp respectively.
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Results

The esxA gene is co-transcribed with downstream
genes in S. aureus COL, USA300 and SA113 strains,
but not in RN6390 or Newman

The ess gene cluster (Fig. 1A) has been reported to com-
prise at least 11 genes, several of which have essential or
accessory roles in the secretion of Ess substrate proteins
(Burts et al., 2005; 2008; Anderson et al., 2011). Previous
work using the S. aureus Newman strain showed that
esxA was a monocistronic gene, but the arrangement of
the downstream genes was not examined (Schulthess
et al., 2012). We therefore decided to examine whether
any of these genes were co-transcribed.

To this end, mRNA was isolated from each of five dif-
ferent S. aureus strains during exponential growth in TSB
medium (OD600 of 2.0). The strains we selected, RN6390,
Newman, USA300, SA113 and COL are all relatively
closely related strains of S. aureus from clonal complex 8
(CC8). Strains RN6390, Newman, USA300 and SA113
are of the same sequence type, ST8, whereas COL is of
sequence type 250 within CC8 (Herbert et al., 2010). Oli-
gonucleotide primer pairs were designed that either
primed within the esxA gene (primer pair 1), that spanned
the 83 bp intergenic region between esxA and esaA, or
that spanned intergenic regions between the additional
downstream genes (primer pairs 3 – 7; Fig. 1A, Table S1).
For strains Newman and RN6390, primers amplifying
within esxA gave a product of the expected size; however,
no product was obtained using primers that spanned
between esxA and esaA (Fig. 1C), confirming previous
findings with Newman that esxA is a monocistronic gene
(Schulthess et al., 2012). Unexpectedly, however, the
same primer pairs amplified a clear product of the
expected size from the mRNA of strains COL, USA300

and SA113. Thus it can be concluded that the esxA and
esaA genes are part of the same transcriptional unit in
these three strains, and that there is heterogeneity in the
transcriptional organization of the ess gene cluster
between different strains of S. aureus.

Primer pairs 3–7 gave products of the expected sizes
for mRNA isolated from all five S. aureus strains, strongly
indicating the presence of a single transcript spanning
from esaA to SAOUHSC_00269, for strains Newman and
RN6390, and from esxA to SAOUHSC_00269, for strains
COL, USA300 and SA113. These findings suggest that
the uncharacterized gene SAOUHSC_00269 is associ-
ated with Ess secretion.

A promoter is present in the esxA-esaA intergenic
region in strain RN6390

To confirm the findings from the RT PCR experiments,
5′-RACE was used to identify transcription start sites
within the esxA-esaA intergenic region and upstream of
esxA, using an oligonucleotide that primes within esaA, or
within esxA respectively. We focused on strains RN6390
and USA300, representing the two different transcriptional
organizations of the ess operon, and sampled at two time
points during exponential growth in TSB medium (OD600 of
1.0 and 2.0 respectively). When mRNA from RN6390 was
used as template, a transcriptional start site within the
esxA-esaA intergenic region was identified (labelled TSP2
in Fig. 2). This start site is downstream of a likely promoter
sequence showing a reasonable match to the −35 and −10
consensus sequences. This transcriptional start site was
not identified when mRNA from USA300 was used,
instead the sequence read continued into the upstream
esxA gene. Using a primer that primes within esxA, the
same transcriptional start site (TSP1 in Fig. 2) was identi-

Fig. 2. A transcription start site in the esxA-esaA intergenic region of strain RN6390. DNA sequence covering the promoter region and
transcriptional start site of the esxA gene through to the start of esaA. Note that the sequence of this region is identical between all strains
used in this study. Transcriptional start points (indicated TSP1 and TSP2), mapped by 5′-RACE, are indicated in bold. TSP1 was identified
from strains RN6390 and USA300, whereas TSP2 was identified from RN6390 only. Putative −35/−10 regions are underlined, the coding
regions for esxA and esaA are shown in upper case letters and boxed (esxA is truncated to save space), and putative Shine–Dalgarno
sequences are given in italics. A predicted rho-independent terminator for the esxA gene is indicated above the sequence.
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fied from both of the mRNA samples. This is the same start
site for esxA transcription identified by Schulthess et al.
(2012).

It is interesting to note that there is a potential rho-
independent terminator sequence in the esxA-esaA inter-
genic region, overlapping with the transcriptional start site
and putative promoter for esaA. The same sequence is
found in all five strains, and although it presumably acts
as an effective terminator in strains Newman and
RN6390, it must allow at least partial readthrough in the
other strains examined here.

The esxA gene is overexpressed compared to other
genes in the ess cluster

We next examined whether the two different transcrip-
tional organizations of the ess clusters affected the ratio
between esxA transcript level and the levels of down-
stream transcripts. For these experiments, mRNA was
isolated from strains RN6390, USA300 and COL when the
culture optical density at 600 nm (OD600) reached 1.0 and
2.0 respectively. Reverse transcription of the mRNA fol-
lowed by quantitative PCR, using the relative standard
curve method, was undertaken to determine the relative
levels of the ess genes esxA, esaA, essC and esxB, using
the 16s rRNA gene as the endogenous control in these
experiments. The relative expression levels were subse-
quently normalized, against essC, which was set to a
relative expression level of 1 in each case.

As shown in Fig. 3, esxA is by far the most highly
expressed of the ess genes tested, at an expression level
approximately 100 times higher than that of essC for all
three strains. The esaA gene is also more highly
expressed than essC, being up to around 10 times more
highly expressed, while esxB is expressed to similar
levels as essC in all three strains. We conclude that
despite the different mechanisms for transcriptional
control of the ess genes in different S. aureus strains they
ultimately give similar transcript level ratios among the
encoded genes.

The Ess secretion system is active in different
S. aureus strains

The experiments described above show that mRNAencod-
ing Ess secretion system components is expressed in
S. aureus strains cultured in the laboratory growth medium
Trypticase Soy Broth (TSB). To determine whether the
secretion system is active under these growth conditions,
each strain was cultured under similar growth conditions
and samples were withdrawn when the culture OD600

reached 1.0, 2.0, 3.0 or 5.0. The withdrawn samples were
centrifuged to separate the cells from the culture superna-
tant, and each fraction was analysed by Western blotting

with antibodies to each of the two Ess-secreted proteins
EsxA and EsxC, and the cytoplasmic marker protein TrxA.

As shown in Fig. 4, secretion of both of the Ess sub-
strates tested could be detected for strains RN6390,
USA300, COL and SA113. Ess secretion activity of
USA300 grown in TSB medium has also been reported
previously (Anderson et al., 2013). For strains COL and
RN6390 secretion of EsxA and EsxC could be detected at
the earliest growth point tested, whereas secretion of these
proteins was not detected for USA300 until the cells had
reached an OD600 of 2, and for SA113 secretion was only
clearly detectable when cells reached an OD600 of 3 or
above. It should be noted that the presence of EsxA was
detected on the surface of cells in shaving experiments of
COL harvested in early exponential phase (Dreisbach
et al., 2010; Solis et al., 2010). At the latest growth point
tested, EsxA (but not EsxC) had disappeared from the
culture supernatant of RN6390, although it was still present

Fig. 3. The esxA gene is overexpressed compared to esaA, essC
and esxB. mRNA isolated from the indicated strains that had been
grown aerobically in TSB medium to an OD600 of 1 (A) or 2 (B) was
reverse transcribed into cDNA for use in quantitative RT-qPCR
experiments. Relative cDNA of esxA, esaA and esxB, calibrated in
relation to essC levels, were calculated by the relative standard
curve method (Larionov et al., 2005), using 16S cDNA as
endogenous control.
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in the supernatants of the other three strains. It has been
reported that RN6390 is deregulated for the production of
extracellular protease which may account for the loss of
EsxA from the supernatant at high cell density (Karlsson
and Arvidson, 2002; Rigoulay et al., 2005). Indeed, we did
note the presence of an additional smaller form of EsxA in
the supernatant fractions of RN6390 (but not of other
strains) with some batches of our polyclonal EsxA antise-
rum (not shown).

By contrast with the other four strains, no secretion of
EsxA was detectable for strain Newman at any of the
growth points examined. Some EsxA antigen was
detected at OD600 of 2 and above, but this was found
exclusively in the cellular fraction. We were unable to
detect any clear signal for EsxC in either the supernatant
or cellular fractions (not shown) – this is consistent with a
previous study which showed that EsxC was repressed
when Newman was grown in broth (Burts et al., 2008).

Deletion analysis confirms that EssA, EssB and EssC
are essential to support Ess-dependent secretion in
strain RN6390

To identify genes encoded at the ess locus that are essen-
tial for Ess secretion system activity, we constructed

in-frame deletions of each of esaA, esaB, essA, essB,
essC, esxA, esxB and esxC in S. aureus strain RN6390.
We first confirmed that each of the individual deletion
strains did not have a polar effect on downstream genes
by blotting for the presence of the secretion substrate
EsxC (Fig. 5) and/or the membrane components EsaA,
EssB and EssC (Fig. S2). We then tested the effect of
each individual deletion on the presence of Ess sub-
strates EsxA and EsxC in the culture supernatant.

EssA and EssB are monotopic membrane proteins
(Fig. 1B) that are conserved components encoded at ess
loci in Firmicutes (e.g. Burts et al., 2005; Baptista et al.,
2013). Previous studies in the Newman strain background
reported that transposon insertions in either essA or essB
abolished secretion of EsxA (Burts et al., 2005). In agree-
ment with this, it can be seen (Fig. 5) that in-frame dele-
tion of either essA or essB resulted in a complete absence
of EsxA from the culture supernatant. However, in the
Newman background insertional inactivation of either of
these genes resulted in a destabilization of EsxA and
EsxB (Burts et al., 2005), whereas in RN6390 (Fig. 5), as
in USA300 (Anderson et al., 2013), EsxA protein is clearly
detectable in the cellular fraction, even when the Ess
system is inactivated. Analysis of EsxC localization
showed a similar pattern, i.e. that deletion of essB

Fig. 4. The Ess secretion system is active in different S. aureus strains. The indicated S. aureus strains were cultured in TSB medium, and
once the OD600 of the culture reached each of 1, 2, 3 or 5 an aliquot was removed and centrifuged to give the culture supernatant (sn) and
cellular (c) fractions. Samples were separated on 15% bis-Tris gels and immunoblotted using anti-EsxA, EsxC or TrxA antisera. For the EsxA
blots, 7.5 μl of culture supernatant and 5 μl of cells adjusted to an OD600 of 0.25 were loaded (5 μl of OD600 1 cells for Newman and SA113).
For the TrxA blots, twice the amount of supernatant and cells samples as described for the EsxA blots were used. For the EsxC blots, TCA
precipitated supernatant equivalent to 100 μl culture supernatant and 10 μl of cells adjusted to an OD600 of 1 were loaded.
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resulted in no detectable secretion of EsxC, and that
deletion of essA also resulted in a very severe EsxC
secretion defect, although we routinely always detect a
very low level of EsxC in the supernatant fraction of this
strain. Again it should be noted that, similar to EsxA,
cellular EsxC appeared stable even when the Ess system
was inactivated.

EssC is a bitopic membrane protein that is conserved
among the Ess and ESX secretion systems. Sequence and
structural analysis indicates that the Firmicutes proteins
have an N-terminal cytoplasmic region that adopts a
tandem forkhead-associated domain fold and two itera-
tions of the FtsK/SpoIIIE family domain in the C-terminal
region that contain putative ATP binding P-loop motifs
(Tanaka et al., 2007). Wherever examined, the EssC-like
proteins have been shown to be essential for Ess secretion
(e.g. Burts et al., 2005; Garufi et al., 2008; Baptista et al.,
2013), and indeed in-frame deletion of essC in S. aureus
RN6390 leads to total absence of EsxA and EsxC from the
culture supernatant (Fig. 5).

To determine where the EsxA and EsxC proteins were
localized when the secretion system was inactivated, we
fractionated cells of the essA and essC mutant strains,
along with the wild-type into the cell wall, membrane and
cytoplasmic fractions. These samples were then probed
with anti-EsxA and anti-EsxC antisera, along with antisera
to the control proteins thioredoxin A (TrxA), protein A (Spa)
or sortase A (SrtA). In the wild-type strain, EsxA and EsxC
were detected largely in the cytoplasmic and supernatant
samples, although some antigen was detected in the cell
wall and traces of EsxC were also present in the mem-
brane fraction. By contrast, in the essC mutant strain

EsxA and EsxC were detected exclusively in the cytoplas-
mic fraction, confirming that EssC is essential for secre-
tion of these proteins across the cytoplasmic membrane.
Fractionation of the essA strain gave a slightly different
result. Although EsxA was found exclusively in the cyto-
plasmic fraction in the absence of EssA, some EsxC
protein could be detected in the cell wall and membrane
fraction in the essA mutant. This is consistent with the
results presented in Fig. 4, where low levels of EsxC were
detected in the supernatant of the essA strain. We con-
clude that although clearly important, EssA is not abso-
lutely essential for secretion of EsxC.

Deletion analysis reveals an essential role for EsaA and
EsaB in the export or extracellular stability of Ess
substrates in strain RN6390

EsaA is a polytopic membrane protein with a long extracel-
lular loop that has been shown through protease shaving
experiments to extend to the surface of S. aureus
(Dreisbach et al., 2010). The homologous protein in Bacil-
lus subtilis, YueB, is also surface-exposed and serves as a
receptor for phage SPP1 infection (Sao-Jose et al., 2004;
2006). It has previously been reported in the Newman
strain background that a transposon insertion in esaA had
no effect on EsxA and EsxB secretion (Burts et al., 2005).
Interestingly, however, we noted that deletion of esaA
completely abolished secretion of EsxA and EsxC in strain
RN6390. It is unlikely that the secretion defect seen with
the RN6390 esaA− strain arose due to polar downstream
effects because (i) the EssB and EssC proteins that are
encoded immediately downstream of esaA are clearly

Fig. 5. EsxA and EsxC are not detected in culture supernatants if esaA, esaB, essA, essB, or essC are deleted in the RN6390 strain
background. The RN6390 wild-type (wt) or isogenic deletion strains, as indicated, were cultured in TSB medium until an OD600 of 2 was
reached. Samples were withdrawn and separated into culture supernatant (sn) and cellular (c) fractions. An equivalent of 200 μl of culture
supernatant and 10 μl of resuspended cell sample adjusted to a calculated cell density of OD 1 was loaded in each lane, samples were
separated on 15% bis-Tris gels and immunoblotted with anti-EsxA, anti-EsxC or anti-TrxA antibodies. For the EsxA immunoblot, 1 ng of
purified EsxA protein (pure) was loaded as control. Molecular weight markers are indicated to the left of the blot.
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detectable in the esaA mutant strain (Fig. S2), and (ii)
re-introduction of plasmid-encoded his-tagged EsaA into
the esaA mutant background restored EsxA secretion (Fig.
S3). We therefore conclude that in RN6390, EsaA is an
essential component of the Ess secretion machinery. It
should be noted that the B. subtilis EsaAhomologue, YueB,
which is encoded within the B. subtilis ess gene cluster, is
similarly also essential for the secretion of B. subtilis EsxA
(YukE) (Baptista et al., 2013). Subcellular fractionation of
the esaA strain showed that EsxA and EsxC were located
almost exclusively in the cytoplasm (Fig. 6).

We also examined the roles of soluble Ess-encoded
components on secretion of EsxA and EsxC. EsaB is a
small (93 aa) protein that is structurally closely related to
ubiquitin, although it lacks the conserved C-terminal
double glycine motif (van den Ent and Lowe, 2005). It has
been reported to act as a negative regulator for EsxC in S.
aureus Newman and EsxC could only be detected when
esaB was deleted. EsxC antigen could be detected in other
strains of S. aureus, but again in the USA300 background
deletion of esaB resulted in upregulation of EsxC levels. In
each case loss of esaB did not affect secretion of EsxC to
the growth medium (Burts et al., 2008). Deletion of esaB in
strain RN6390 resulted in an unexpected phenotype,
because it abolished detectable secretion of EsxA and
EsxC, indicating that it is essential for Ess secretion system

activity in this strain background. It should be noted that a
homologue of S. aureus EsaB (YukD) is also encoded
within the B. subtilis ess gene cluster and is likewise
essential for the secretion of EsxA (Baptista et al., 2013).
Thus, an essential role for EsaB in Ess secretion appears
to be at least partially conserved.

Previous reports have indicated that in strain Newman
the presence of EsxB is essential for the stability of EsxA
(Burts et al., 2005). However in RN6390, loss of esxB does
not affect the stability or secretion of EsxA (Fig. 5). This is
also in contrast to reports of the interdependence of EsxA
and EsxB for secretion by the ESX machinery in Mycobac-
teria (Champion et al., 2006), although it should be noted
that Mycobacterial EsxA and EsxB interact strongly
(Renshaw et al., 2002; 2005) whereas there is no detect-
able interaction between S. aureus EsxA and EsxB
(Sundaramoorthy et al., 2008; Anderson et al., 2013).
Loss of esxB does, however, abolish secretion of EsxC
(Fig. 5).

Similar to the esxB deletion, the deletion of esxA
severely affected the secretion of EsxC (Fig. 5). In con-
trast, deletion of the esxC gene did not affect the secretion
of EsxA. Thus EsxC depends upon EsxA for secretion but
this is not a reciprocal requirement.

From the results presented here we conclude that in
S. aureus strain RN6390 the Ess secretion system com-

Fig. 6. Subcellular location of EsxA and EsxC in RN6390 and isogenic esaA, essA and essC mutant strains. The RN6390 wild-type (wt) or
isogenic deletion strains, as indicated, were cultured in TSB medium until an OD600 of 2 was reached. The cells were spun down and the
supernatant (sn) was retained as the secreted protein fraction. The cell pellets were subsequently fractionated into cell wall (cw), membrane
(m) and cytoplasmic (cyt) fractions as described in Experimental procedures. An equivalent of 100 μl of culture supernatant and cell wall,
membrane and cytoplasmic samples corresponding to the respective fractions from 10 μl of cells adjusted to an OD600 of 1 were separated on
bis-Tris gels and immunoblotted using the anti-EsxA or EsxC antisera, or control antisera raised to TrxA (cytoplasmic protein), protein A (Spa,
cell wall) or sortase A (SrtA, membrane).

8 H. Kneuper et al. ■

© 2014 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology



prises the membrane proteins EsaA, EssA, EssB and
EssC, along with the secreted protein EsxA and the cyto-
plasmic protein EsaB.

The Ess system in two strains of S. aureus contributes
significantly to virulence in a murine pneumonia model

It has previously been demonstrated that components
and secreted substrates of the Ess system in the
S. aureus Newman strain contribute to virulence in a
mouse model of abscess formation (Burts et al., 2008).
We therefore first sought to test whether Ess secretion
was required for virulence in additional models of infec-
tion, and second whether there might be any strain-
specific differences in Ess requirement for virulence.

To this end, we constructed complete deletions of the
entire 12 gene ess loci in each of the RN6390, COL and
SA113 strains. Deletion of this locus had no effect on
growth rate of the strains in different laboratory growth
media (Fig. S4 and data not shown). Loss of ess also had
no detectable effect on virulence of RN6390 or COL in the
insect infection model, Galleria mellonella (Fig. S5). We
conclude that loss of Ess secretion does not have a phe-
notypic effect on growth of these S. aureus strains.

Staphylocccus aureus frequently colonizes the anterior
nares of humans, and is an important cause of ventilator-
associated pneumonia in hospital settings (e.g. Rocha
et al., 2013). It is also one of the earliest bacterial patho-
gens to colonize the airways of cystic fibrosis patients,
where it often persists for many years (e.g. Kahl et al.,
1998; Kahl et al., 2003; The United States Cystic Fibrosis
Foundation, 2011, Patient Registry Annual Data Report).
We therefore sought to assess whether the Ess secretion
system was required first for nasal colonization and
second for the development of pneumonia in the cystic
fibrosis mouse infection model (McCarthy et al., 2010;
Twomey et al., 2012).

To test the ability of RN6390, COL and SA113 or the
cognate ess deletion strains to colonize the mouse nasal
passages, C57BL/6 mice were inoculated with 108 colony-
forming units (cfu) of each of the strains, and the number
of cfu colonizing the nares were assessed after 3 days.
Significantly lower cfu ml−1 were recovered from the nares
for the Δess strains of RN6390 (P = 0.003) and COL
(P = 0.02) compared to the cognate wild-type, demon-
strating that the Ess system is required to support nasal
colonization in these strain backgrounds (Fig. 7D). Sur-
prisingly, no difference in colonizing ability was observed
between SA113 and its corresponding Δess mutant
(P = 1.0). It should be noted that SA113, which carries a
mutation in agr, forms more robust biofilms than RN6390
and COL (e.g. Beenken et al., 2003; Herbert et al., 2010),
and that SA113 also reportedly produces larger amounts
of certain MSCRAMM adhesins, for example Spa, than

COL (Herbert et al., 2010). It is possible that these fea-
tures of SA113 may over-ride for any role of the Ess
system in colonization by this strain.

To determine whether the Ess system was required for
virulence in the murine pneumonia model, we infected
cystic fibrosis transmembrane conductance regulator
(CFTR) knockout mice intra-nasally with either of RN6390,
COL and SA113 or the cognate ess deletion strains
(Fig. 7A–C). Again, it can clearly be seen that there were
strain-specific differences in the contribution of the Ess
secretion system to virulence in the pneumonia model.
Thus, mortality was significantly reduced following infec-
tion with the Δess mutants at 48 h in the RN6390 strain
background (P = 0.03 by log-rank test), and in the COL
background (P = 0.008). Strain SA113 was less virulent
than the other strains we tested in our particular virulence
model, which may arise due to the agr mutation that is
known to lead to a downregulation of virulence factor
production (e.g. Abdelnour et al., 1993; Novick et al.,
1993). However, again we noted that there no difference in
survival was observed between SA113 the cognate Δess
strains (P = 1.0).

Discussion

In this study we have investigated the genetic organiza-
tion of loci encoding the Type VII/Ess protein secretion
system in closely related strains of S. aureus and
assessed whether the secretion systems are active in
these organisms and contribute to virulence. We chose to
focus on five strains from clonal complex 8, RN6390,
Newman, USA300, SA113 and COL. While the ess gene
cluster is almost identical in nucleotide sequence between
these strains (two nucleotide differences over the approxi-
mately 14 kb region), the genetic organization surprisingly
differed between RN6390 and Newman on the one hand
and USA300, SA113 and COL on the other. In the latter
three strains the first gene of the cluster, esxA, was coex-
pressed with esaA, which is positioned 83 nucleotides
downstream. By contrast, in RN6390, esxA was monocis-
tronic and esaA was expressed exclusively from a pro-
moter located in the esxA-esaA intergenic region. Despite
the 100% sequence conservation between the five strains
over this region, no promoter activity in this intergenic
region was detected for USA300.

A putative rho-independent terminator sequence is
located in the esxA-esaA intergenic region. Ostensibly, this
must function as a highly effective terminator in RN6390
and Newman, while allowing readthrough in USA300,
SA113 and COL. However, despite the surprising differ-
ences in transcriptional organization of esxA and esaA
between strains, comparison of transcript levels of these
two genes indicate that the ratio of esxA and esaA tran-
scripts remain remarkably similar. The molecular basis for
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these unexpected transcriptional differences is not known,
but presumably it results from strain-specific variation in
the function of trans-acting factors. Our additional RT-PCR
analyses, coupled with the short intergenic regions
between the remaining genes, make it highly likely that
esaA through SAOUHSC_00269 are all coexpressed.

In addition to the heterogeneity of ess transcriptional
organization, we also saw that there were notable differ-
ences between strains in the activity of the Ess secretion
system. During growth in TSB medium strains RN6390 and
COL secreted EsxA and EsxC at relatively early growth
points, whereas for USA300 and SA113, secretion
appeared to be delayed and was only observed at later
growth points. We were unable to observe any secretion of
EsxA in strain Newman at any of the growth points we
tested, and could not detect EsxC antigen. It has been
noted previously that Newman produces and secretes
EsxA at a low level relative to USA300 (Burts et al., 2008).
Recently, it was shown that the ess cluster in Newman
and USA300 is negatively regulated by the SaeRS two-
component system, but that this system is constitutively
active in the Newman strain due to a point mutation in the

SaeS kinase, accounting for the low Ess activity (Anderson
et al., 2013).

Selecting one of the early secreting strains, RN6390, we
made a series of in-frame deletions in the first eight ess-
encoded genes to determine whether they were essential
to support Ess secretion system activity. Our results were
in partial agreement with prior observations in strain
Newman (Burts et al., 2005; 2008) – thus we confirmed in
the RN6390 background that the EssA, EssB and EssC
membrane components are required for secretion of EsxA
and EsxC. However, we also demonstrated an essential
role for a further membrane protein, EsaA, in secretion
system activity. This contrasts with Burts et al. (2005) who
reported that a transposon insertion in esaA did not abolish
secretion of EsxA or EsxB. However in that study the
transposon was inserted after codon 370 of esaA, raising
the possibility that a truncated protein product was pro-
duced that may retain some function. It should be noted
that EsaAhomologues are conserved in Firmicutes and the
B. subtilis EsaA homologue, YueB, is essential for Ess
secretion activity in this organism (Baptista et al., 2013).
Taken together, these results strongly suggest that EsaA

Fig. 7. The Ess secretion system of strains RN6390 and COL contributes to nasal colonization and virulence in the murine pneumonia
model. For the murine pneumonia model mice (n = 10 mice per experiment) were infected at time zero with 2 × 108 cfu of S. aureus strains
RN6390 (A), COL (B) or SA113 (C) or the cognate Δess mutant strains as indicated. Survival was assessed for up to 48 h. (B) For the murine
nasal colonization model, mice (n = 10 mice per experiment) were infected with 2 × 108 cfu per nostril of the indicated strains and colonization
status determined following nasal excision at 48 h.
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proteins are essential components of the Ess secretion
machinery.

A striking finding was that for all strains examined,
secretion appeared to be relatively inefficient, with signifi-
cant amounts of EsxA and EsxC detected in the cellular
fraction, and subcellular fractionation of RN6390 showed
that they were primarily located in the cytoplasm. We also
noted that for USA300 and SA113, cellular EsxA was
detected at early growth points, but did not appear in the
growth medium until later. These findings raise the possi-
bility that the system may be subject to post-translational
regulation. Other protein secretion systems are also regu-
lated at the post-translational level, for example the Type VI
secretion system in Gram-negative bacteria. In Pseu-
domonas aeruginosa it has been shown that a serine-
threonine kinase, PpkA, phosphorylates a FHA domain-
containing protein, regulating the activity of the Type VI
secretion system (Mougous et al., 2007). It is interesting to
note that in Firmicutes, the EssC component has tandem
FHA domains at its N-terminus (Tanaka et al., 2007) that
may be involved in controlling secretion activity. The small
ubiquitin-related protein, EsaB, could also play a role in
post-translational regulation of the secretion system. Here
we found that esaB is essential for secretion of EsxA and
EsxC, and Baptista et al. (2013) similarly reported that the
B. subtilis EsaB homologue, YukD, was required for activ-
ity. By contrast, in the S. aureus Newman strain EsaB is
dispensable for secretion of EsxA or EsxB but has a
negative regulatory effect on the expression of esxC at the
post-transcriptional level (Burts et al., 2008). Given that
EsaB is not universally essential for Ess secretion it is
unlikely to be a structural component of the machinery.
Instead we favour the idea that it plays a regulatory role
albeit one that may differ between strains.

Our qRT-PCR analysis has shown that esxA is very
highly expressed relative to the other genes at the ess
locus, approximately 100 times more than essC or esxB.
The role of EsxA in Type VII secretion systems is not
completely clear. It is evident that it is secreted by the
Type VII machinery, but deletion or insertional activation
of esxA always results in a complete absence of all other
secreted substrate proteins in the growth medium (Burts
et al., 2005; Anderson et al., 2013; this study). In this
respect it behaves like one of the core components of the
secretion machinery (potentially an extracellular structural
component or chaperone) rather than a secreted sub-
strate. By contrast, deletion of genes coding for two
further secreted substrates, esxB and esxC, did not affect
secretion of EsxA in RN6390, placing EsxA at the top of
the hierarchy of Ess-secreted proteins. It should be noted
that complex effects have been observed in other strain
backgrounds, for example EsxA was destabilized in the
esxB mutant of Newman (Burts et al., 2005) but not
USA300, although EsxA was not secreted in this case

(Anderson et al., 2013). Likewise, absence of EsxC, with
which EsxA was demonstrated to interact, appeared to
destabilize EsxA in USA300 (Anderson et al., 2013), but
this was not evidenced here for RN6390. Such complex,
strain-specific effects make it difficult to tease out the
roles of individual secreted proteins in secretion system
function and to pin-point what contribution, if any, each
secreted protein has to S. aureus virulence.

Prior reports have defined a role for the Ess system of
strain Newman in virulence in a murine abscess infection
model. Here we asked whether the Ess system was
required for S. aureus to colonize the murine nasal
passage, which is usually asymptomatic and benign, and
to cause pneumonia following intra-nasal inoculation. Sur-
prisingly we found for two of the three strains tested,
RN6390 and COL, that the Ess system was important for
both of these processes. Currently it is not clear how the
Ess system could contribute to nasal colonization,
although it has been observed that other secretion systems
also play a major role in this bacterial behaviour (e.g.
Skinner et al., 2004). Very recently it was reported that the
essC gene in strain Newman was upregulated in the
presence of pulmonary surfactant and that deletion of essC
was accompanied by a similar attenuation in virulence in
the murine pneumonia model as we report here (Ishii et al.,
2014). By contrast, the third strain we tested, SA113,
showed no significant contribution of the Ess system to
either colonization or disease. The underlying reasons for
these strain-specific differences are not known, and do not
entirely correlate with the activity of the Ess secretion
systems in laboratory growth media. Taken together with
previous findings, the results presented here demonstrate
that there are notable differences between the transcrip-
tional organization of the ess locus, the absolute require-
ment of individual ess-encoded genes for secretion system
function, secretion activity in laboratory broth and require-
ment for virulence between relatively closely related
strains of S. aureus and that findings cannot necessarily be
extrapolated between strains. Therefore, the precise role
of individual machinery components and contribution of
specific secreted substrates to disease requires further
study.

Experimental procedures

Bacterial strains and growth conditions

Strains and plasmids used in this study are listed in Table 1.
S. aureus strains were grown in TSB at 37°C under vigorous
agitation. Chloramphenicol (Cm) at a final concentration of
10 μg ml−1 or erythromycin (Erm, 5 μg ml−1) was added for
plasmid selection. Anhydrotetracycline (ATc) was used at
various concentrations as a selection during allelic gene
replacement using the pIMAY system [1 μg ml−1 (Monk et al.,
2012)] or for induction of target gene expression from the
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pRMC2 plasmid (Corrigan and Foster, 2009). Escherichia coli
was grown aerobically in Luria–Bertani (LB) medium at 37°C.
If required, cultures were supplemented with ampicillin (Amp,
100 μg ml−1) or chloramphenicol (15 μg ml−1) for plasmid
selection.

Strain and plasmid construction

In-frame deletions of individual ess genes or a 12-gene ess
deletion (encompassing esxA through SAOUHSC_00269)
were performed by allelic exchange using either plasmid
pMAD (for essA, esaB, essB, esxC, esxB) or pIMAY (for esxA,
esaA, essC, and the 12 gene ess deletion) as described
(Arnaud et al., 2004; Monk et al., 2012). For each gene, the
upstream and downstream regions including at least the first
three and last three codons were amplified from RN6390
genomic DNA using primers listed in Table S1. In the case of
overlapping genes within the ess cluster (esaA-essA, essA-
esaB, esxB-esxD), the amplified flanking regions were
designed to leave the putative ribosome binding site and start
codon or stop codon of the overlapping gene intact. Clones
containing the amplified flanking regions in vectors pMAD or
pIMAY were selected in E. coli and plasmids were subse-
quently electroporated into S. aureus strains using published
methods (Monk et al., 2012). Chromosomal deletions were
verified by amplification of the genomic region from isolated

genomic DNA (GeneElute Bacterial Genomic DNA Kit, Sigma
Aldrich) and DNA sequencing of the amplified products. To
ensure that no unwanted secondary mutations arose in viru-
lence regulators such as agr or sae, each mutant was also
tested for haemolytic activity on sheep blood agar plates. In
each case no detectable difference in haemolytic activity
between the wild-type and any of the mutant strains was
observed.

A variant of plasmid pRMC2 coding for an N-terminal hexa-
histidine tag (pRMC2h) was generated by insertion of the
additional coding sequence into the multiple cloning site
(MCS). Briefly, the region between the XhoI site and the MCS
of pRMC2 was amplified with primers pRMC2seq1 and
Nhisins, adding an 18 bp stretch corresponding to the short
sequence of DNA from the ribosome binding site to the ATG
start codon of the esxA gene followed by the hexahistidine
coding sequence (6× CAT repeats) between the KpnI and BglII
restriction sites of the MCS. pEsaA-nhis was constructed by
amplification of the esaA coding region from RN6390 genomic
DNA using primers esaA nhis fw and esaA nhis rev (see Table
S1) and cloning between the BglII and SacI sites of pRMC2h.

RT-PCR and 5′-RACE experiments

mRNA extraction from S. aureus strains grown aerobically
in TSB to an OD600 of 1 or 2 was performed using the SV

Table 1. Strains and plasmids used in this study.

Strain or plasmid Description Reference

Strains
S. aureus

RN6390 NCTC8325 derivative, rbsU, tcaR, cured of φ11, φ12, φ13 Novick et al. (1993)
COL MRSA, agr Dyke et al. (1966), Gill et al. (2005)
USA300 Community-acquired MRSA McDougal et al. (2003)
Newman ATCC 25904 Duthie and Lorenz (1952), Baba

et al. (2008)
SA113 NCTC8325 derivative, agr, rbsU, tcaR, hsdR Iordanescu and Surdeanu (1976)
RN6390 ess Complete deletion from esxA – SAOUHSC_00269 This work
RN6390 esxA esxA deletion This work
RN6390 esaA esaA deletion This work
RN6390 essA essA deletion This work
RN6390 esaB esaB deletion This work
RN6390 essB essB deletion This work
RN6390 essC essC deletion This work
RN6390 esxC esxC deletion This work
RN6390 esxB esxB deletion This work
COL ess Complete deletion from Sacol0271 (esxA) -Sacol0282 This work
SA113 ess Complete deletion from esxA – SAOUHSC_00269 This work

E. coli
JM110 rpsL thr leu thi lacY galK galT ara tonA tsx dam dcm glnV44 Δ(lac-proAB)

e14- [F’ traD36 proAB+ lacIq lacZΔM15] hsdR17(rK
−mK

+)
Stratagene

MC1061 F− Δ(ara-leu)7697 [araD139]B/r Δ(codB-lacI)3 galK16 galE15 λ− e14−

mcrA0 relA1 rpsL150(strR) spoT1 mcrB1 hsdR2(r−m+)
Casadaban and Cohen (1980)

DC10B dam+ dcm− hsdRMS endA1 recA1 Monk et al. (2012)

Plasmids
pBluescript KS+ General purpose E. coli cloning vector, ampr Stratagene
pMAD E. coli/S. aureus shuttle vector, temperature sensitive, ampr, eryr Arnaud et al. (2004)
pIMAY E. coli/S. aureus shuttle vector, temperature sensitive, cmlr Monk et al. (2012)
pRMC2 E. coli/S. aureus shuttle vector, inducible protein expression, ampr, cmlr Corrigan and Foster (2009)
pRMC2h pRMC2 variant coding for N-terminal hexahistidine tag This work
pEsaA-nhis pRMC2h expressing His6-EsaA This work
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Total RNA Isolation Kit (Promega) with some minor modifi-
cations. Briefly, cell samples were stabilized in 5% phenol/
95% ethanol and centrifuged at 2770 g for 10 min. Cells
were resuspended in 100 μl TE buffer containing 500 μg
ml−1 lysostaphin and 50 μg ml−1 lysozyme and incubated at
37°C for 30 min followed by isolation of the RNA according
to the manufacturer’s instructions. Isolated RNA was further
purified using the DNA-free kit (Ambion) to remove DNA
and salt.

RT-PCR to probe co-transcription of ess genes was carried
out using the Superscript III Reverse Transcriptase kit (Invit-
rogen) using region-specific primers (region-x-f and region-
x-r) listed in Table S1, followed by incubation with 2 units of
E. coli RNaseH (Invitrogen) to remove template RNA. PCR
products were purified using the PCR purification kit (Qiagen)
and visualized on 1% agarose gels.

First-strand cDNA synthesis for 5′-RACE was performed
following the protocol for the Roche second-generation 5′/3′-
RACE kit using 500 ng of template RNA prepared as
described above, gene-specific primers for esxA or esaA
GSP1-3 and anchor primers listed in Table S1. Single PCR
products were purified using the PCR purification kit (Qiagen),
digested with ClaI/XhoI (esxA) or ClaI/EcoRI (esaA) and
cloned into pBluescript KS+. Transcriptional start points were
determined by sequencing with primer M13-F.

RT-qPCR

RNA was extracted as described above and 600 ng of total
RNA was used to generate 20 μl of cDNA using the QuantiTect
Reverse Transcription Kit (Qiagen), following the manufactur-
er’s instructions. For each sample, a negative control was
prepared replacing the enzyme mixture with additional water.
Quantitative PCR was performed using a Stratagene
Mx3005P thermal cycler. Triplicate reactions for each culture
condition were set using 7.5 μl Brilliant II SYBR Green Low
Rox SuperMix (Agilent), 0.6 μl 10 mM primers (see Table S1)
and 3.0 μl of cDNA diluted 1:20, and made up to 15 μl with
sterile water. PCR was performed using an initial 10 min 95°C
denaturing step followed by 40 repeated cycles of 30 s 95°C
denaturing, 30 s 55°C annealing, and 30 s 72°C extension
steps.Afinal 10 min denaturing curve analysis was performed.
Standard curves were generated from serial 10-fold dilutions
of genomic DNA (see Fig. S1). Amplification results were
analysed with MxPro QPCR software to give the levels of
mRNA normalized to the level of 16S rRNA amplification in
each sample. Results were further analysed in Microsoft Excel
to calculate relative expression levels using essC mRNA as
the comparator.

Antibody production

Coding sequences for S. aureus EsxA, EsaC (Uniprot:
Q99WU4 and Q99WT8), predicted cytoplasmic fragments of
EssB (Uniprot: Q99WU0, residues: 12–226) and EssC
(Uniprot: Q932J9, residues: 964–1479) and predicted extra-
cellular fragment of EsaA (Uniprot: Q99WU3, residues: 313–
749) were PCR amplified from synthetic genes [codon
optimized for E. coli K12 (Genscript)] and individually cloned
between the SalI/XhoI sites of a modified pET27b vector

(Novagen). All primers are listed in Table S1. The plasmids
produce proteins with an N-terminal hexahistidine tag sepa-
rated by a tobacco etch virus (TEV) protease cleavage site.
Proteins were expressed and purified as reported previously
(Zoltner et al., 2013a), except in the final size exclusion chro-
matography step a HR 30/100 GL Superdex75 column
(CV = 24 ml, GE healthcare) equilibrated with 20 mM Tris pH
7.8, 100 mM NaCl was used.

The purified proteins (retaining a Gly–Ala–Ser–Thr
sequence at the N-terminus after the cleavage step) were
utilized as antigens to immunize rabbits for polyclonal anti-
body production in a standard three injections protocol
(Seqlab, Goettingen, Germany).

The anti-TrxA antibody was described earlier (Miller
et al., 2010) and commercially available antibodies against
Spa (HRP-conjugate, LifeSpan Biotechnologies) and SrtA
(Abcam) were used according to the manufacturers’
recommendations.

S. aureus sample preparation and Western blotting

Staphylococcus aureus strains were grown overnight in
TSB at 37°C. Cells were diluted 1/100 into fresh TSB
medium and growth was monitored by measuring the
optical density of the cultures at 600 nm. At indicated time
points, samples were withdrawn and cells pelleted by cen-
trifugation at 2770 g. Supernatant samples were further
filtered through a 0.45 μm filter and proteins precipitated
with trichloroacetic acid (TCA, 10% final concentration)
in the presence of 50 μg ml−1 deoxycholate, which has
been reported to improve recovery of precipitated proteins
(Bensadoun and Weinstein, 1976). Precipitates were centri-
fuged (10 000 g, 4°C, 15 min), washed with 80% ice-cold
ethanol and resulting pellets resuspended in 50 mM
Tris-HCl pH 8, 4% SDS. Samples were mixed with NuPage
LDS loading buffer (life Technologies) and boiled for
10 min.

Cells for whole cell fractions were pelleted by centrifuga-
tion, washed with 1× PBS buffer and normalized to an OD600

of 2 in 1× PBS. Cells were lysed by addition of 50 μg ml−1

lysostaphin (Ambi) and incubation at 37°C for 30 min.
Samples were mixed with an equal volume of LDS buffer and
boiled for 10 min.

Samples for further subcellular fractionation were pelleted
and washed as above and resuspended in fractionation
buffer (50 mM Tris-HCl pH 7.6, 0.5 M sucrose, 10 mM
MgCl2). Lysostaphin was added as above and the cell wall
was digested at 37°C for 30 min. Protoplasts were sedi-
mented (10 000 g, 10 min) and the supernatant kept as the
cell wall fraction. Protoplasts were resuspended in 1× PBS
and broken by sonication (2 × 15s, 20% amplitude, Branson
Digital Sonifier). Samples were subjected to ultracentrifuga-
tion (227 000 g, 30 min, 4°C), the supernatant was removed
as the cytoplasmic fraction and the membrane pellet resus-
pended in 1× PBS, 0.5% Triton X-100.

Samples were mixed with LDS loading buffer and boiled for
10 min prior to separation on bis-Tris gels. Western blotting
was performed according to standard protocols with the fol-
lowing antibody dilutions: α-EsxA 1:2500, α-EsxC 1:2000,
α-EsaA 1:10 000, α-EssB 1:10 000, α-EssC 1:10 000, α-TrxA
1:25 000, α-Hla 1:2000, α-Spa 1:10 000, α-SrtA 1:3000.
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Virulence assays

For the G. mellonella virulence assay, overnight cultures of S.
aureus and the isogenic Δess mutant were used to prepare a
10-fold dilution series in phosphate-buffered saline (PBS).
The infecting dose of wild-type RN6390 and COL strains
required to cause 80% mortality (LD80) in the model was
determined (1 × 107 cfu ml−1 for RN6390 and 1 × 108 cfu ml−1

for COL) and used in subsequent experiments. Larvae were
removed from storage at 4°C and allowed to warm to room
temperature. Prior to inoculation, larvae were briefly placed
on ice; then a Hamilton syringe was used to inject larvae with
10 μl of culture in PBS via the hind left proleg (n = 10 larvae
per experiment; repeated three times). Ten control larvae
were injected with PBS only. Following injection, larvae were
incubated in the dark at 25°C. After 24 h, larvae were scored
as dead or alive, with larvae considered dead if they did not
respond to touch and were usually visibly black. Infection
models were continued for 7 days and differences in survival
assessed using the Kaplan-Meier method.

The murine pneumonia model was performed using CFTR
−/− mice, a relevant model of pulmonary S. aureus infection
(Bragonzi, 2010) as S. aureus is the most common organism
colonizing children with cystic fibrosis. Briefly, S. aureus
strains were grown in TSB medium at 37°C overnight with
shaking, after which bacteria were collected by centrifugation
and resuspended in PBS. The exact number of bacteria was
determined by plating serial dilutions of each inoculum on
Luria broth agar plates. Female C57BL/6 mice CF transmem-
brane conductance regulator (CFTR) knockout (CF) mice
(approximately 10 weeks old) were anaesthetized and
infected by the intranasal route with 10 μl of culture of
RN6390, RN6390 Δess, COL, COL Δess, SA113 and SA113
Δess strains to have a final inoculum of 2 × 108 colony-
forming units (cfu) per mouse. Survival was assessed up to
48 h after induction of pneumonia and compared using the
Kaplan-Meier method.

Murine nasal colonization assays were carried out as pre-
viously reported (Kiser et al., 1999). Briefly, an inoculum of
each of the S. aureus strains, 108 cfu in 10 μl of PBS, was
pipetted slowly onto the nares of wild-type female C57BL/6
mice. After inoculation, mice were killed 3 days post-infection
by intraperitoneal injection of 0.3 ml of 30% pentobarbital.
Nares were harvested aseptically and homogenized in sterile
PBS. A 10-fold serial dilution and plating was carried out to
assess cfu. All animal experiments were approved by the
Animal Ethics Committees of University College Cork.
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Supplementary Figures: 1 

Fig S1. Relative standard curves for RT qPCR analysis of selected genes at the ess 2 

locus. RT-qPCR standard curves for: (A) 16S rRNA; (B) esxA; (C) esaA; (D) essC and (E) 3 

esxB. Standard curves were prepared as described in the materials and methods section 4 

using serial 10-fold dilutions of RN6390 genomic DNA. Data points represent individual 5 

results from three technical repeats at each dilution. Regression curves to calculate the 6 

efficiency of each primer pair were calculated using MxPro software (Stratagene). 7 

 8 

Fig S2. EsaA, EssB and EssC presence in RN6390 and individual ess deletion strains. 9 

The RN6390 wild-type (wt) or isogenic deletion strains, as indicated, were cultured in TSB 10 

medium until an OD600 of 2 was reached. Whole cell samples were prepared as described in 11 

the Methods section, adjusted to a calculated cell density of OD 1 in LDS sample buffer and 12 

separated on bis-Tris gels (8 % for EsaA and EssC blots, 10% for EssB and 15% for TrxA). 13 

Immunoblotting was undertaken with anti-EsaA, anti-EssB, anti-EssC or anti-TrxA 14 

antibodies. An equivalent of 10 µl of cells from an OD600 of 1 was loaded for each lane. 15 

Molecular weight markers are indicated to the left of each blot, and the specific protein band 16 

recognised by each antibody is indicated by an arrow to the right. The asterisk indicates a 17 

non-specific cross-reacting band.   18 

 19 

Fig S3. EsxA and EsxC secretion are restored to the esaA mutant strain by in trans 20 

expression of a his-tagged allele of esaA. 21 

The RN6390 wild-type strain (wt), or the isogenic esaA mutant strain containing either 22 

pRMC2 empty vector (esaA), or pRMC2 encoding an N-terminally hexahistidine-tagged 23 

EsaA variant (esaA pesaA) were cultured in TSB medium. When an OD600 of 0.5 was 24 

reached, one culture of esaA pesaA was supplemented with 100 ng/ml anhydrotetracycline 25 



2 

 

to induce plasmid-encoded overexpression of his-tagged EsaA (+++). All strains were 26 

subsequently grown until they reached OD600 of 2. The cells were subsequently spun down 27 

and the supernatant (sn) was retained as the secreted protein fraction, while the pellet was 28 

retained as the cellular fraction. (A) Samples of the supernatant and cellular fractions (An 29 

equivalent of 250 l of supernatant and 10 l of cells adjusted to OD1) were separated on 30 

bis-Tris gels and immunoblotted using the anti-EsxA or EsxC antisera, or control antisera 31 

raised to TrxA (cytoplasmic protein). (B) Samples of the cellular fractions were separated on 32 

bis-Tris gels and immunoblotted using the anti-EsaA polyclonal antisera. The asterisk 33 

indicates a non-specific cross-reacting band. 34 

 35 

Fig S4. Deletion of the 12 gene ess locus has no effect on S. aureus RN6390 growth. 36 

The RN6390 wild-type (wt) or complete ess deletion (ess) strains were inoculated into 100 37 

l volumes of either complex (TSB) or defined (RPMI) growth media in 96 well plates and 38 

cultured aerobically at 37°C for the indicated time period. Note that in this growth format, 39 

optical density at 600nm did not exceed 1 unit, whereas in batch culture it routinely reaches 40 

OD600 >6. 41 

 42 

Fig S5. The ESS system is dispensable for S. aureus virulence in the wax moth larvae 43 

infection model. Kaplan-Meier survival curves showing the survival of Galleria Mellonella 44 

larvae over seven days following infection with (A) S. aureus strain RN6390 and the isogenic 45 

ess deletion (ess) strain and (B) S. aureus strain COL and the isogenic ess deletion (ess) 46 

strain. Curve comparisons are not statistically significant using the log rank test (p=0.6 for 47 

RN6390 and p=0.5 for COL). Curves are generated from n=30 larvae in each group 48 

(experiments performed as 10 in each group repeated 3 times). Larvae injected with 10µl of 49 

phosphate-buffered saline as a control (not shown) demonstrated no mortality over 1 week 50 

of observation (n=10). 51 
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Primer Sequence (5’-3’) Usage 
EsxAdA1 AATGTGCGAATTCTGACCAC Amplification of 

esxA flanking 
regions for cloning 
into pIMAY 

EsxAdA2 TGCTTATTGCATTGCCATAACTAGAAACC 
EsxAdB1 TTGTTGAATTCGTTAAGTAC 
EsxAdB2 ATGGCAATGCAATAAGCATTCTGAAATTG 
EsaAdA1 TAGGATCCACATTTATATTACAAAAATG Amplification of 

esaA flanking 
regions for cloning 
into pIMAY 

EsaAdA2 AAAGTGTTTCTTTTTCATGCTTATTTCC 
EsaAdB1 ATTGAATTCTCCAAACTATCC 
EsaAdB2 ATGAAAAAGAAACACTTTAAGAAAGAGAG 
EssAdA1 TGATGAATTCACTATCAATG Amplification of 

essA flanking 
regions for cloning 
into pMAD 

EssAdA2 AGTCAAAAACATCAACATTAGATTAATCTC 
EssAdB1 GTCATAATGAATTCGGAAAC 
EssAdB2 ATGTTGATGTTTTTGACTTTAGGATTTGTC 
EsaBdA1 ACTAATAGAATTCCACCATTG Amplification of 

esaB flanking 
regions for cloning 
into pMAD 

EsaBdA2 CTATAGTAAATCAAATGTTACTTTTACGTG 
EsaBdB1 AAGGATCCTTCAACTAAAGCATCAAATG 
EsaBdB2 ACATTTGATTTACTATAGGAGGAAAAATAG 
EssBdA1 AATGATGCGAATTCTAAGCAG Amplification of 

essB flanking 
regions for cloning 
into pMAD 

EssBdA2 CTATTTTTTTTTAACCATCTATTTTTCCTC 
EssBdB1 ATGCCACTGAATTCTGACTC 
EssBdB2 ATGGTTAAAAAAAAATAGTATAGGACTGAG 
EssCdA1 AGTACTGAATTCGTATGATG Amplification of 

essC flanking 
regions for cloning 
into pIMAY 

EssCdA2 AAACCATCTTTTATGCATTGTCTTTGCCTC 
EssCdB1 AGGGATCCGTTGCGTTTGCTTTTGACATG 
EssCdB2 ATGCATAAAAGATGGTTTAAATAGCAATG 
EsxCdA1 AACGGATCCAGCAATGATTTCATCAG Amplification of 

esxC flanking 
regions for cloning 
into pMAD 

EsxCdA2 TTAATTCATAAAATTCATAACATACCTCC 
EsxCdB1 TCATGAATTCGAATATTTACAATGGCGC 
EsxCdB2 ATGAATTTTATGAATTAATATTGAGGTGAAG 
EsxBdA1 AGGAATTCGTATTTCAGACCAACAATTC Amplification of 

esxB flanking 
regions for cloning 
into pMAD 

EsxBdA2 CACCCTATCTCCACCCATATCTTCACCTC 
EsxBdB1 TCGGATCCAAATAATTCTCGTATAAATG 
EsxBdB2 ATGGGTGGAGATAGGGTGAACCCATGATG 
EsxAdA1 AATGTGCGAATTCTGACCAC Amplification of ess 

operon flanking 
regions for cloning 
into pIMAY 

EsxdA2 TTATTCTTCCATTGCCATAACTAGAAACC 
EsxdB1 GAAGAGCTCATAATGATTTTGTACAGC 
EsxdB2 ATGGCAATGGAAGAATAAACTATCTTAATG 
pRMC2seq1 ATTTGGATCCCCTCGAGTTCATG His-tag insertion 
Nhisins AAAGATCTTCCTGAATGATGATGATGATGATGC

ATAACTAGAAACCTCCTGGTACCGC 
N-terminal his-tag 
insertion pRMC2 

esaA nhis fw GGAAGATCTAAAAAGAAAAATTGGATTTATG esaA cloning into 
pRMC2h esaA nhis rev GGTGAGCTCATTAGATTAATCTCTCTTTCTTAAA

G 
pET27bmodEsxA GCGCGTCGACAATGGCGATG Antibody production 
 GCGCCTCGAGTTACTGCAGGCCAAAGTTGTTG

C 
Antibody production 

pET27bmodEsaA GCGCGTCGACACAGACCGTGAAAGAAAACCTG Antibody production 



GATAAAC 
 GCGCCTCGAGTTACGCGTGCAGTTTGTTCACG

TTGTTATC 
Antibody production 

pET27bmodEsaC GCGCGTCGACAATGAACTTTAACGATATTGAAA
CG 

Antibody production 

 GCGCCTCGAGTTAGTTCATCGCTTTGTTAAAAT
ATTCGCTCG 

Antibody production 

pET27bmodEssB GCGCGTCGACACAGGATATGCTGACCCCGCTG
GATG 

Antibody production 

 GCGCCTCGAGCTACACGGTATGGCCCACTTTG
CGCAC 

Antibody production 

pET27bmodEssC GCGCGTCGACGAAGATCTGGTGGAAACCG Antibody production 
 GCGCCTCGAGTTATTTAAACCAGCGAATTTTCT

G 
Antibody production 

region-1-f CAGGAGGTTTCTAGTTATGGC RT-PCR 
region-1-r GTTCTTGAACGGCATCAGC RT-PCR 
region-2-f TTACGGGCAAGGTTCAGACC RT-PCR 
region-2-r GTAAATAATTCCGGGAAGTCG RT-PCR 
region-3-f CTAAGACAGGTAAAATCTATCGG RT-PCR 
region-3-r TGCTTCTTCAGCATCTCTAAAGGCG RT-PCR 
region-4-f GCATATGTACGCAAAGTAGGAC RT-PCR 
region-4-r TCGTTAGTTGCTCTTGAGTTC RT-PCR 
region-5-f CTTGAACATTTTATTTGTCGGC RT-PCR 
region-5-r AGCCACTTTAAAACCTGCATC RT-PCR 
region-6-f ATGCAGGTTTTAAAGTGGCTAC RT-PCR 
region-6-r CGCATCATCCATTGTTGTATCT RT-PCR 
region-7-f TGGGTCAAAACATAAAGCGTGC RT-PCR 
region-7-r TCGCATGATGTCCATGGTTC RT-PCR 
esxA-GSP1 GTTCTTGAACGGCATCAGC 5’ RACE 
esxA-GSP2 ACGGCATCAGCAGTGCTATTC 5’ RACE 
esxA-GSP3 CGCGCTCGAGATTTCTTCTAATAATTGTGC 5’ RACE 
esaA-GSP1 TCAAACCAGACTCAGCAAGG 5’ RACE 
esaA-GSP2 AATGCTTGACCCAGCTCAAC 5’ RACE 
esaA-GSP3 CGCGAATTCCCTTTTTCTGATTGATCTCC 5’ RACE 
Anchor primer1 GACCACGCGTATCGATGTCGACTTTTTTTTTTTT

TTTTV 
5’ RACE 

Anchor primer2 GACCACGCGTATCGATGTCGAC 5’ RACE 
M13-F GTAAAACGACGGCCAGT 5’ RACE 
esxA-QPCR-F TGGCAATGATTAAGATGAGTCC RT-qPCR 
esxA-QPCR-R TCTTGTTCTTGAACGGCATC RT-qPCR 
esaA-QPCR-F TGGCTATAGAGCGAAATTCATC RT-qPCR 
esaA-QPCR-R CCAAGCCTATAGGATGCTCTG RT-qPCR 
essC-QPCR-F TTTCGATGTTGCAAGACACC RT-qPCR 
essC-QPCR-R GACATGCGGAATTGTTTCAC RT-qPCR 
esxB-QPCR-F GGTATTAAAGCAGATGGTGGCAAG RT-qPCR 
esxB-QPCR-R GTCAGCCATCGGTTGTACTAATTC RT-qPCR 
16S rRNA-F GTGCACATCTTGACGGTACCTA RT-qPCR 



16S rRNA-R CCACTGGTGTTCCTCCATATC RT-qPCR 
 

Table S1. Oligonucleotide primers used in this study. Restriction enzyme sites are 
underlined. 
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