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Abstract: The genome of Mycobacterium tuberculosis encodes for 11 pairs of Esx 

family proteins such as EsxA/EsxB and EsxO/EsxP that are located in pairs within the 

genome. Despite the clear importance of the Esx family proteins in mycobacterial 

virulence and pathogenesis, the precise molecular functions and mechanisms of action 

for these proteins remain unknown. Initially expression vectors carrying EsxO and EsxP 

were constructed and used to express these proteins as inclusion products. The inclusion 

bodies of both proteins were successfully resolubilized and co-refolded. The final 

purification step by gel filtration chromatography shows that these proteins form a tight 

1:1 heterodimeric complex. Analysis using circular dichroism (CD) spectroscopy of the 

purified refolded complex showed that it contained a high helical content (53%). The 

complex showed a significant resistance to heat-induced denaturation with co-operative 

denaturation observed that indicates a stable folded structure. In addition, significant 

chemical shift dispersion was seen in 1D
1
H NMR of the EsxO/EsxP complex, which 

clearly indicates a folded structure.  

Previous studies have shown that the EsxA/EsxB complex binds specifically to the 

surface of monocyte and macrophage cells. Fluorescence microscopy studies described 

here show specific binding of the EsxO/EsxP complex to the surface of monocyte and 

macrophage cells, suggesting that EsxA/EsxB and EsxO/EsxP complexes bind to 

specific target but distinct targets on the surface of host cells, which suggests possible 

roles in pathogen-host cell signalling. Further work, I investigated whether exposure to 

the EsxO/EsxP complex results in changes in host cell motility or gene expression. 

Analysis of macrophage motility over period of eight hours revealed that neither 

EsxA/EsxB nor EsxO/EsxP has any effect on the motility of macrophages. In addition, 

microarray analysis was used to identify any changes in the gene expression profile of 

monocyte cells when exposed to the EsxO/EsxP complex. Interestingly, after 30 

minutes exposure to EsxO/EsxP complex only 6 genes showed significant change in 

expression, but three of these are involved in regulation of chromatin structure. After 2 

hours exposure to EsxO/EsxP complex still only small numbers of genes showed 

significant changes, but no clustering to specific biological processes was apparent. The 

observation of specific cell surface binding of the EsxO/EsxP complex strongly 

suggests role in signaling, however the precise function of the complex remains to be 

elucidated.  
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Chapter 1 

Introduction 

1.1 Tuberculosis: the current situation 

Tuberculosis (TB) remains one of the most important health problems in the world. 

Annually, over two million people die from the disease. Recently, it has been reported 

that nearly one-third of world‟s population, which equates to about two billion people 

are infected with the TB bacillus. Also, it is suggested that new infections occur at a rate 

of one per second. According to the World Health Organisation (WHO) report, 5-10% 

of infected people become ill at some time during their lives, and people who have both 

HIV and TB infection are more than likely expected to develop TB (172, 188, 203, 

220). 

 

The WHO estimates that the majority of cases occur in the developing countries, 

particularly in Africa and south East Asia (220), primarily because of low              

socio-economic status, poor health systems at the government level, unsuitable care for 

sick patients, irregular and inefficient supply of anti-tuberculosis drugs which, might 

result in the emergence of multi-drug resistant (MDR) and extensively drug-resistant 

(XDR) tuberculosis, poverty, and the spread of HIV/AIDS in these countries (Figure 

1.1). However, in developed or economically rich countries with advanced healthcare 

facilities, there are other risk factors, such as alcohol consumption, stressful lifestyles, 

and particularly the increasing percentage of immigration from developing countries, 

which has led to an increase in the number of reported TB cases. In the UK about 9,153 
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tuberculosis cases were reported in 2009; this equals a rate of 14.9 per 100,000 

populations, an increase of 5.5% compared with the number of cases reported in 2008. 

The London region had the highest incidence with about 41% of the total cases. The 

greatest incidence of TB in the UK occurs in people between the ages of 15 and 44 

years (202, 203, 220) (Figure 1.2). 

 

 

 

Figure1.1 Estimated global TB incidence (2008). All forms of TB estimated per 

100,000 populations. Reproduced from World Health Organization, Geneva, 

Switzerland (2009). 
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Figure1.2 The number of Tuberculosis cases for England, Wales and Northern Ireland 

(2005-2009) reported by region/country. Reproduced from Health Protection Agency, 

(2010). 
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1.2 Organism 

TB is caused by bacteria which are called Mycobacterium tuberculosis, first discovered 

by Robert Koch in 1882. These bacteria are non-motile, acid-fast and aerobic. The 

bacteria belong to the genus Mycobacterium. The Mycobacterium is member of the 

phylum Actinobacteria, which have GC rich (61-71%) sequence content in their DNA 

and their cell wall contains a very high proportion of lipids. Most species of 

Mycobacterium replicate without restraint in the natural ecosystem and seldom cause 

disease in higher vertebrates including humans, however a few are pathogenic. Their 

method of pathogenesis is very puzzling because they use macrophages (which are the 

front-line defence mechanism in the immune system) as a safe haven for their 

reproduction and growth (31, 186, 202).  

 

Host-dependent mycobacteria include M. avium subspecies paratuberculosis, M. leprae, 

and the members of the M. tuberculosis complex. The Mycobacterium tuberculosis 

complex contains M. tuberculosis, the causative agent in the majority of human 

tuberculosis cases, M. africanum, cause of TB in Africa, M. canetti (TB infection by 

this strain is rare), M. microti, causative agent of tuberculosis in voles, M. bovis, which 

causes TB infection in a wide range of mammalian species including humans and cattle, 

and M. bovis BCG (Bacillus Calmette-Guérin), which is lab attenuated M. bovis and the 

only known vaccine against TB. The members of the complex have high levels of 

genetic similarity, resulting in a level of DNA sequences identity greater than 99%, 

however the M. tuberculosis complex members show differences in their biochemistry 

and mechanism of pathogenesis (31, 186). 
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Under the microscope tuberculosis bacilli appear as straight or slightly curved rods. 

However, this microscopic morphology was shown to be dependent on growth condition 

and age of the culture and therefore a change was seen from short coccobacilli to long rods. 

This change in morphology is rarely seen in M. tuberculosis, in contrast to other 

actinomycetes and some fast-growing mycobacteria (202). 

 

Figure1.2.1 (A) Acid-fast Ziehl-Neelsen staining of Mycobacteria in infected lung 

tissue (as shown with arrows); (B) Electron microscopic structure of M. tuberculosis 

(92, 202). 

 

As noted previously, the main distinguishing feature of mycobacteria is the cell 

envelope. Mycobacteria do not have an extra outer cell membrane when compared with 

Gram-negative bacteria. The cell wall of mycobacterium looks structurally similar to 

Gram-positive bacteria. However, the mycobacterium contains largely lipids in its cell 

wall, whereas the cell wall of Gram-positive bacteria is mainly made up of 

polysaccharides and proteins. Therefore, mycobacterium is not classified into the Gram-

positive class of bacteria. Due to this high lipid content, mycobacteria cannot be 

observed by gram staining (2, 202). Hence, Ziehl-Neelsen staining, or acid-fast staining, 

is used to see these bacteria under a light microscope (Figure 1.2.1). The current 

A 

B 
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biochemical investigations of the mycobacterial cell envelope, have revealed that the 

mycobacteria have a thick cell envelope that contains an inner plasma membrane, a 

unique cell wall which includes two polymer layers (peptidoglycan and arabinogalactan 

surrounded by a very hydrophobic lipid [mycolate]), and a capsule. This cell wall 

causes problems for the secretion of bacterial products, and also creates a barrier against 

killing mechanisms mediated by the mammalian immune system. The cell wall mainly 

consists of three different types of compounds (peptidoglycan, mycolic acid, and 

arabinogalactan) which are covalently attached. The covalent attachment of mycolic 

acids forms the hydrophobic layer (called a mycomembrane), and thus this layer is 

characterised by its hydrophobicity and low fluidity. As shown in figure 1.2.2, the outer 

layer of the membrane is composed of different lipids, including Cord factor, 

dimycolytrehalose, and phenolic glycolipids, which interact with mycolic acids. The 

composition of the capsule consists primarily of polysaccharides (arabinomannan and 

glucan) and forms the outer part of the mycobacterial envelope (2, 186, 202). 
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Figure 1.2.2 Structure of the cell envelope of M. tuberculosis. The cell envelope 

includes an inner plasma membrane, a unique cell wall which includes three polymer 

layers ((I) peptidoglycan (grey), (II) arabinogalactan (blue), and (III) mycolic acids 

(greens)). The covalent linkage of mycolic acid provides an extremely hydrophobic 

layer known as the mycomembrane, and the outer part of this layer contains various free 

lipids including Cord factor, dimycolyltrehalose, phenolic glycolipids, 

phosphatidylinositol mannosides, and sulpholipids, which are intercalated with mycolic 

acids. Most of these lipids are specific for mycobacteria. The capsule is mainly made up 

of polysaccharides (glucan and arabinomannan). Reproduced from Abdallah et al., 

2007. 

 

The growth of M. tuberculosis is slow, as it divides in 12-24 hours under favourable 

laboratory conditions. It can also survive for weeks in a dry state; therefore, it takes a 

long time for antibiotic treatment to kill all of these bacteria. This unusual resistance to 

„growth‟ as well as to „death‟ is likely due to the unique lipid content of the cell wall, 

and it also might be a key virulence factor. The slow growth rate is probably associated 
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with the impermeability of the M. tuberculosis cell wall and the restricted nutrient 

uptake by M. tuberculosis (186, 202). 

 

1.3 M. tuberculosis Genome 

M. tuberculosis H37Rv has been extensively used as model of the virulent strain of M. 

tuberculosis. The sequence of the H37Rv genome was published by Cole et al. in 1998. 

The H37Rv strain has a singular circular chromosome that consists of approximately 4.4 

Mb, and it is G/C rich, about 65%. The M. tuberculosis proteome comprises 

approximately 4,000 proteins, and 52% of those proteins have been attributed a 

predicted function (34). The M. tuberculosis genome has unusual characteristics 

compared with other bacteria. The unusual feature of the genome sequence of M. 

tuberculosis is that there are a large number of genes, which are responsible for fatty 

acid metabolism. Many of these genes are required for the production of different types 

of lipids, which include basic fatty acids to the complex mycolic acids, which form the 

protective cell wall (39). Because of these lipids, the permeability of the M. tuberculosis 

cell envelope is very low. The barrier formed by these lipids suggests that this may be 

one of the intrinsic mechanisms of resistance to some antibiotics (107). Another unusual 

characteristic of M. tuberculosis is that PE and PPE proteins constitute 4% of the M. 

tuberculosis genes. This equals 170 proteins encoded by two large multi-gene families 

of unknown function, which may be involved in antigenic variation. The PE and PPE 

protein families are recognised by their N-terminal proline-glutamic acid and 

proline/proline-glutamic acid motifs respectively. PE and PPE genes are surface 

exposed and have differential expression, which suggests the ability to change the 

pattern of antigens released during progression of the infection (28, 68, 143, 213). 
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Another protein family involved in virulence and pathogenicity is the CFP-10/ESAT-6 

family. The function and mechanism of action of the CFP-10/ESAT-6 proteins are not 

yet known. Comparative genomic studies have been used to determine genetic 

differences between members of the M. tuberculosis complex which, help in the 

understanding of virulence and attenuation, as well as in identifying vaccine candidates. 

Comparative analysis between M. tuberculosis and M. bovis BCG genomes identified 

14 regions deleted from attenuated BCG strains. Only one region known as RD1 (region 

of difference) was present in all virulent laboratory and clinical isolates and absent from 

all BCG daughter strains (18, 126). Furthermore, a functional study of RD1 has 

demonstrated that the proteins encoded by this region have a critical role in 

pathogenesis and virulence, because when this region is deleted from M. tuberculosis, it 

leads to decreased virulence. In contrast, the re-introduction of RD1 into M. bovis BCG 

significantly increases virulence of the recombinant strain, but this increase is not at the 

same level of virulence as M. tuberculosis (131, 154, 155). 

 

A recent study has proposed that a „systemic nomenclature‟ for all components of the 

secretion system should be used in the literature. At present a small number of genes 

within different ESX loci of mycobacterium have been named, but the original genome 

annotation numbers are still in use for most genes. These original gene numbers are not 

the same among different species or strains of the same species. Therefore, comparative 

studies become difficult and confusing. This nomenclature is focused on the ESX-1 

system of M. tuberculosis and all ESX systems in various mycobacteria. The proposed 

rules for this nomenclature system include: i) only genes that are homologous in at least 

four of the ESX systems will be given a general name, whereas locus-specific genes 
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will not get general names, as they have a more particular name related to their specific 

function, ii) three latter acronyms will be given for conserved components (for example, 

ecc is used for „esx conserved component‟), and iii) the esxA and esxB genes (which 

encode the ESAT-6 and CFP-10 proteins, respectively) and other esx genes will not be 

renamed because these names are informative and well accepted in the literature (Table 

1.3.1). Similarly, the pe and ppe genes are not renamed because different mycobacterial 

species have a large number of genes that are members of these gene families and, 

therefore, it would further confuse the system to rename some of these genes (23). 

Table 1.3.1: Esx genes of M. tuberculosis H37Rv. The names in the brackets are the 

previously used names of these genes (23). 

Gene Family ESX-1 ESX-2 ESX-3 ESX-4 ESX-5 No Similarity 

To Cluster 

ESAT-6 esxA         

(esat6, 

rv3875) 

esxC 

(rv3890c) 
esxH 

(cfp7 ,tb10.4 

,rv0288) 

esxT(rv3444c) esxN(mtb9.9A,Rv1793) 

 

CFP-10 esxB(Ihp    
,cfp10, 

rv3874) 

esxD 
(rv3891c) 

esxG 
(tb9.8 

,rv0287) 

esxU(rv3445c) esxM(tb11.0,rv1792) 
 

ESAT-6 

homologues 

elsewhere in 

the genome 

  esxR(tb10.3 
,rv3019c), 

esxQ(tb9 

,rv3017c) 

 esxI(mtb9.9D,rv1037), 
esxL (mtb9.9C,rv1198), 

esxO(mtb9.9E,rv2346c), 

esxV (mtb9.9D,rv3619c) 

esxE(rv3904c) 

CFP-10 

homologues 

elsewhere in 

the genome 

  esxS(rv3020)  esxJ(tb11.0,Rv1038c),esxK 

(tb11.0,Rv1197) 

,esxP(rv2347c) ,esxW 

(rv3620c) 

esxF(rv3905c) 
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1.4 Process of the disease 

The first stage of the TB infection is usually initiated in the respiratory system. A low 

dose of bacilli is required to initiate infection, but only 5-10% of infected people 

develop to clinical disease (186). Usually, the host gets these bacilli through inhalation 

of infected aerosol or nuclei from the atmosphere (172). It is known that nuclei, each 

containing one bacterium, remain alive in the atmosphere for several hours. Most of the 

inhaled M. tuberculosis remain in the upper respiratory tract and are removed from the 

trachea by the mucociliary escalator.  A few of them reach the alveoli of the lungs and 

are phagocytosed by the alveolar macrophages. At this stage of infection, there are three 

possibilities : (I) Immediately, the immune system kills the bacteria, (II) the disease 

progresses to primary tuberculosis, in which the host immunity fails to mount an 

effective innate immune response against these bacteria. Most commonly this occurs in 

patients with suppressed or defective immunity and neonates. (III) M. tuberculosis 

enters into the cells of immune system and the patient undergoes a latent tuberculosis 

infection (61). 

 

Macrophages can recognise various molecules (lipoproteins, lipids and glycolipids), that 

are extensively synthesized by mycobacteria. These molecules stimulate different 

receptors on the surface of the macrophage cell membrane and therefore induce specific 

cell signalling pathways that regulate initial inflammatory response. For example, when 

mycobacterial lipoproteins stimulate Toll-like receptors (TLR)-2, which play a key role 

in the innate immune system, specific cell-signalling pathways are trigged leading to a 

pro-inflammatory response. This response can either kill the bacilli or promote 

apoptosis of infected macrophages (172). Other receptors, such as TLR-1 and TLR6, 

http://en.wikipedia.org/wiki/Innate_immune_system
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have critical roles in the response to bacterial lipoproteins, leading to a proinflammatory 

response. On the other hand, mannose-capped lipoarabinomannan leads to an anti-

inflammatory response through the Dendritic Cell-Specific Intercellular adhesion 

molecule-3-Grabbing Non-integrin (DC-SIGN) receptors, which are present on the 

surface of dendritic cells, thereby decreasing anti-mycobacterium activity and 

stimulating release of IL-10. Therefore, a balance between these innate immune 

signalling (pro-inflammatory and anti-inflammatory) regulates the strength of the initial 

inflammatory response (172, 188).  

 

It is a common suggestion that following phagocytosis of bacilli by alveolar 

macrophages, the activated host innate immune cells are triggered to attack the lung 

epithelium (63, 204). In vitro analysis has shown that human and murine macrophages 

release strong pro-inflammatory cytokines (IL-1, IL-6, IL-12 and TNF-α), as their TLR 

were found to be activated when antigens on the surface of bacilli come into contact 

with the receptor (188).  

 

Tumour necrosis factor (TNF-alpha) along with these inflammatory chemokines 

produced by infected macrophages lead to chemoattraction of several inflammatory 

mediators, immune cells and antigen presenting cells (such as neutrophils, 

macrophages, denderitic cells, natural killer cell, CD4
+
 and CD8

+
 cells), which secrete 

their own cytokines and chemokines that increase cellular motility and remodel the sites 

of infection in lung tissue (172, 188). The inflammatory response is controlled and 

followed by cellular immune activity that causes the generation of INF-γ. Actually, at 

this stage of infection the newly recruited cells are used as building blocks of tubercles. 
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In later stages, granulomas then become more mature and vascularised. Then extensive 

fibrotic and extracellular matrix are developed along with collagens, that create a barrier 

between granulocytes, macrophage and giant cells. Finally, the granulomas become 

necrotic and lose their vascular appearance (172) (Figure 1.4.1).  
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Figure 1.4.1 Events leading to the development of tuberculosis infection. The host 

usually takes up M. tuberculosis via inhalation into alveolar macrophages and dendritic 

cells.  This is followed by the migration of the infected cells that enter the lymph nodes 

and stimulates naïve T-cell populations, including CD4
+
 and CD8

+ 
T-cells. The response 

of T-cells to the antigens causes the granuloma formation that contains M. tuberculosis 

infection. The bacilli can be contained within the granuloma for several years; this can 

turn into caseated granulomas in immunocompromised individuals leading to active 

transmission of the bacilli to new hosts. Reproduced from Russell et al., 2007. 
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Generally, it is believed that the central part of the granuloma has an important role in 

host pathogen interaction, but the follicle-like structures outside of the tuberculomas are 

primary sites of host-pathogen interaction. The secretion of cytokines as well as the 

differentiation of lymphocytes usually take place in those structures that are often 

associated with harbouring B-lymphocytes, antigen presenting cells (APCs) and            

T-lymphocytes (CD4
+
 andCD8

+
 T-cells) (109, 129). This role of follicle-like structures 

is further supported by histological studies of human tuberculomas and has shown that a 

considerable proportion of the bacteria or bacterial products are associated with 

macrophages found both around the central necrotic regions and the outer fibrotic 

margin where lymphocytes proliferate (172). Interestingly, the mycobacteria in 

peripheral macrophages were positive for isocitrate lyase expression (59, 60). The 

expression of the enzyme is known to be up-regulated in macrophages by M. 

tuberculosis when treated with activating cytokines (134, 172). This observation 

suggests that dynamic interaction exists between macrophages and T-cells (172).  

 

Previous studies have indicated that the cell wall of the bacterium confined in              

M. tuberculosis containing vacuoles is degraded and its components, containing 

lipoarabinomannan and arabinomannan are then accumulated in multilamellar vesicles. 

These vesicles are released as exosomes (which contain bacterial lipids and proteins). 

Then these bacterial lipids and proteins are internalised by neighbouring (bystander) 

immune cells. The antigenic lipids and proteins are finally presented by the MHC-II and 

CD1 molecules (present on the surface of APCs) to stimulate T-cells. This results in 

proliferative response seen at periphery of tuberculomas (172, 188). Moreover, current 

investigations that have explored a lipid-bead granuloma model in order to 
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histologically assess the bioactivity of the mycobacterial cell wall lipids in relation to 

tuberculoma formation, immune cell recruitment and cytokine production. In this 

model, individual BCG-derived cell wall lipids are fractionated and then lipid-coated 

particles are incorporated into extracellular matrix gel, which is then injected into mice 

peritoneum. These analysis have shown that mycobacterial cell wall fractions 

containing trehalose mono-and di-mycolates (TMD) were found to be the most 

bioactive component in mycobacterial cell wall fractions,  because of its intense 

recruitment of immune cells and granuloma development (165, 172, 188). Furthermore, 

a study has shown that any modification of TMD by addition of a cyclopropane results 

in a significantly increased inflammatory response. This suggests that the pathological 

features of the lipid account for some degree of the damage that allows or promotes the 

survival of bacilli and the formation of granulomas (172).  

 

The main function of granulomas appears to be the control of infection and prevention 

of the spread of bacteria as explained above. In this classical model, it is believed that 

granulomas were formed only after initiation of adaptive immunity. In a study of 

tuberculosis using animal models, a rapid bacterial growth was observed in the first two 

weeks of the infection, and then a stationary phase (plateaus) occurred simultaneously 

with the development of adaptive immunity. Therefore, based on the classical model of 

granuloma formation, adaptive immunity is a critical pre-requisite for the formation of 

the granuloma thus playing an important role in limiting bacterial dissemination to other 

areas of tissues (139, 193). Recent studies by Davis and Ramakrishnan have suggested 

that granulomas have a role in promoting expansion of infection. This suggestion casts a 

significant doubt on the classic model of granuloma formation. Hence, they have 
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refuted the model because they found that: i) First, epitheloid granulomas formed within 

days after initial infection, long before adaptive immunity was developed ii) Second, the 

rapid expansion of the bacteria occurred simultaneously as granuloma formation with 

the former taking precedence iii) Finally, in M. marinum removal of the ESX-1/RD1 

secretion system locus (  RD1 Mm) resulted in attenuated infection with poor 

granuloma formation. Hence, these observations suggested that granuloma formation 

has an important function in expanding the infection. Therefore this locus might be 

essential in the induction of macrophage recruitment to the infection sites within 

granulomas (45) (Figure 1.4.2).  
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Figure 1.4.2 The survival of M. marinum within the phagocytic cell of zebra fish caused 

cell death. (Panel A) The uninfected cells were recruited by the infected ones. Some of 

these cells have taken up dead infected cells that provided a safe harbour for the 

survival of pathogen and allow egress of infected cells to form granulomas. (Panel B) 

Infection with bacteria that lacked the significant virulence region ESX1 led to less 

recruitment of uninfected cells, hence fewer bacteria, smaller lesions, and fewer new 

granulomas. Reproduced from Rubin et al., 2009. 

A 

A 
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1.5 Recognition of Mycobacterium tuberculosis by Immune Cells 

 

The innate immune system is a vital defence mechanism against the invasion of M. 

tuberculosis. This is initiated through the recognition of M. tuberculosis or its products 

by the cells of the innate immune system. Consequently, this recognition of microbial 

patterns by an infected host is a very significant determining factor for an efficient 

innate and adaptive response (6, 174). Detection of bacterial pathogens is mediated by 

cell surface receptors that including Toll-like receptors (TLRs), nucleotide-binding 

oligomerisation domain-(NOD-) like receptors (NLRs), and C-type lectins. Other 

possible receptors include complement receptors, scavenger receptors, surfactant 

protein A receptors (Sp-A), and cholesterol receptors (6).  

 

Toll-like receptors comprise a family of protein receptors that have the ability to detect 

a variety of microbial molecules, commonly referred to as pathogen-associated 

molecular patterns (PAMPs). The recognition of PAMPs by TLRs leads to the 

activation of innate immunity and subsequently improves adaptive immunity. TLRs are 

mainly expressed on the surface of the cell membrane or on the endocytic vesicles that 

include immune cells, such as macrophages and dendritic cells (DCs). The interaction 

of M. tuberculosis with TLRs stimulates an intracellular signalling pathway which 

coincides with the secretion of pro-inflammatory mediators. However, the bacterium 

has developed strategies that can trigger signals able to counter or modulate the innate 

immune response, which might favour the pathogen (6, 81, 174). The initial event of 

interaction of the M. tuberculosis with the host cells and TLR signalling (mainly TLR2 

and TLR4) is the main route of the innate immune reaction during infection (81, 109, 

174 , 228). 

http://www.ncbi.nlm.nih.gov/pubmed/11401783
http://www.ncbi.nlm.nih.gov/pubmed/18448973
http://www.ncbi.nlm.nih.gov/pubmed/16925784
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Innate immune responses post mycobacterial infection are initiated by recognition of 

mycobacterial components by pattern recognition receptors (PRRs), with mycobacterial 

components activating several TLRs (Figure 1.5.1) (174). The immunostimulatory 

activity of mycobacterial DNA has been attributed to the existence of palindromic 

sequences including, the 5′-CG-3′ motif, now called the CpG motif, which recently have 

been reported to activate TLR9 (90, 146).  

 

When M. tuberculosis ligand(s) interact with TLRs, it ultimately leads to the activation 

of nuclear transcription factor (NF)-κB and expression of pro-inflammatory cytokines, 

such as tumour necrosis factor (TNF)-α, interleukin (IL)-1, IL-12, chemokines, and 

nitric oxide, by myeloid differentiation primary response protein 88(MyD88)-dependent 

or MyD88-independent pathways (87,109, 110, 156).  

 

The intracellular adaptor protein MyD88 is used by most of TLRs (with the exception 

of TLR3) to link receptor recognition with activation of IL-1R-associated kinase and 

TNFR-associated factor, translocation of NF-κB and gene transcription (87, 109). 

Comparison of the susceptibility of wild-type and knockout mice to M. tuberculosis 

infection has revealed that MyD88 might be essential for the activation of innate 

immunity against the invasion of M. tuberculosis (64). It also has been reported that 

TLR4 can induce intracellular signals through the alternative pathway, which is 

mediated by an adaptor molecule, Toll/IL-1R (TIR), domain-containing adapter 

inducing interferon (IFN)-β (TRIF). Recently, this MyD88-independent,                

TRIF-dependent, TLR4-signalling cascade was revealed to be involved in LPS-induced 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3025378/figure/fig1/
http://www.ncbi.nlm.nih.gov/pubmed/11130078
http://www.ncbi.nlm.nih.gov/pubmed/18448973
http://www.ncbi.nlm.nih.gov/pubmed/12855817
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autophagy (222). However, various studies of TLR2-deficient mice have revealed 

variable susceptibility to M. tuberculosis infection (53, 189). It has been demonstrated 

that TLR4-deficient mice were not highly susceptible to M. tuberculosis infection (85, 

160), whereas mice lacking both TLR9 and TLR2 showed high susceptibility to M. 

tuberculosis infection (12). These observations suggest that multiple TLRs are likely to 

be involved in mycobacterial recognition. On the other hand, it has been recently 

reported that triple knockout mice lacking TLR2/TLR4/TLR9 showed a milder 

phenotype in comparison to MyD88-deficient mice (87). Due to these findings, it could 

be suggested that further research is needed to explore whether TLRs, or molecules 

other than TLRs activating MyD88, mediate innate immune responses to mycobacterial 

infection.  

 

 

 

 

http://www.hindawi.com/journals/cdi/2011/405310/#B34
http://www.ncbi.nlm.nih.gov/pubmed/14695318
http://www.ncbi.nlm.nih.gov/pubmed/12825894
http://www.ncbi.nlm.nih.gov/pubmed/12885945
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3025378/?tool=pubmed#B17
http://www.ncbi.nlm.nih.gov/pubmed/18266299


 
31 

 

 

Figure 1.5.1 Toll-like receptors‟ recognition of mycobacteria. TLR2 recognises various 

components derived from mycobacteria. TLR9 identifies the DNA of mycobacteria 

including the CpG motif inside the endosomal compartments. TLR-dependent 

recognition of mycobacteria stimulates activation of signalling pathways through the 

adaptor molecule MyD88, resulting in the induction of gene expression. Reproduced 

from Saiga et al., 2011. 

 

 

The M. tuberculosis cell envelope is made up of a cell wall that is enclosed by a thick 

waxy mixture of lipids and polysaccharides, as well as a high content of mycolic acids. 

The most significant cell surface ligands of M. tuberculosis that interact with TLR and 

other receptors include the 19 and 27 kDa lipoproteins, 38 kDa glycolipoprotein, 

lipomannan (LM), and mannose-capped lipoarabinomannan (ManLAM) (110, 140). It 

has been reported that the 19kDa lipoprotein of M. tuberculosis can activate TLR2, 

thereby modulating the innate immune response and antigen-presenting cell function (8, 

http://www.ncbi.nlm.nih.gov/pubmed/11441098
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29, 72, 140). Studies have demonstrated that prolonged TLR2 signalling by M. 

tuberculosis lipoproteins could inhibit major histocompatibility complex (MHC)-II 

expression and processing of antigens by macrophages (66, 72, 140). Therefore, a 

subset of infected macrophages with a reduced ability for antigen presentation might not 

be able to present M. tuberculosis antigens to CD4
+
 T cells, thus leading to deficient 

stimulation of effector T-cells and resulting in evasion of immune surveillance by 

creating niches that ensure the survival and persistence of M. tuberculosis (109, 140, 

168).  

 

Recently, several publications have suggested that PRRs such as NOD-like receptors 

(NLRs), and C-type lectin receptors other than TLR might be responsible for activating 

innate immune responses (109, 194, 149, 227). Among these PRRs, NOD-like receptors 

and C-type lectin receptors have been implicated in the innate recognition of 

mycobacteria (Figure1.5.2).  

 

http://www.ncbi.nlm.nih.gov/pubmed/18448973
http://www.ncbi.nlm.nih.gov/pubmed/11441098
http://www.ncbi.nlm.nih.gov/pubmed/20303872
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3025378/figure/fig2/
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Figure 1.5.2 Mycobacterial recognition by pattern recognition receptors. Several 

pattern recognition receptors (for example NOD-like receptors and C-type lectin 

receptors) mediate the TLR-independent recognition of mycobacteria. NOD2, which 

belongs to the family of NOD-like receptors, recognises mycobacterial N-glycolyl MDP 

inside the cytoplasm. DC-SIGN and Dectin-1 are members of the class of C-type lectin 

receptors that are involved in mycobacterial recognition. Also, Mincle has been shown 

to identify TDM (a mycobacterial cell wall glycolipid). Reproduced from Saiga et al., 

2011. 
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Nucleotide-binding oligomerisation domain 2 (NOD2) is categorised under the family 

of NLRs, which are responsible for recognition of the bacterial peptidoglycan muramyl 

dipeptide (MDP) in the cytoplasmic compartment. The ligand for NOD2, MDP, is 

mostly N-acetylated in many bacteria. Mycobacteria, convert their MDP to an N-

glycolylated form through the action of N-acetyl muramic acid hydroxylase (NamH) 

(42). Investigations using NOD2- knockout mice and M. smegmatis namH mutants have 

suggested that NOD2 recognises N-glycolyl MDP. The study also revealed that N-

acetyl MDP is less potent compared to N-glycolyl MDP. This evidence suggests that 

NOD2 plays a significant role in the recognition of mycobacteria (149, 229). In 

addition, a study carried out on macrophages derived from NOD knockout mice 

demonstrated ineffective cytokine secretion post M. tuberculosis infection (51). 

Furthermore, it has been shown recently that M. tuberculosis can induce cytosolic 

NOD2 pathways, causing damage to the phagosomal membrane (149). 

 

Other NLR family members, such as NLRP1, NLRP3, and IPAF can stimulate 

assembly of the inflammasome that results in caspase-1-dependent secretion of IL-1β 

and IL-18 (178). However, the contribution of IL-1β and IL-18 to mycobacterial 

infection was earlier demonstrated in studies using knockout mice (190, 226). A recent 

study demonstrated that mycobacteria inhibit the inflammasome-dependent casapase-1 

activation that results in ineffective IL-1β secretion (132). Therefore, it might be 

suggested that M. tuberculosis has developed a mechanism which evades 

inflammasome-mediated innate immune responses. 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3025378/?tool=pubmed#B20
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3025378/?tool=pubmed#B21
http://www.ncbi.nlm.nih.gov/pubmed/10830786
http://www.ncbi.nlm.nih.gov/pubmed/18407066
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The C-type lectin receptors include the dendritic cell-specific intercellular adhesion 

molecule-grabbing non-integrin (DC-SIGN), Dectin-1, and Mincle (81,109, 227). DC-

SIGN has been reported to identify mycobacteria and thus modulate the function of 

dendritic cells (76, 195). Dectin-1 recognition of mycobacteria resulted in stimulation of 

the expression of genes such as TNF-α, IL-6, and IL-12 (170, 224). A recent study 

revealed that macrophage inducible C-type lectin (Mincle) recognises trehalose-6,6′-

dimycolate (TDM), which is the most explored mycobacterial cell wall glycolipid as far 

as the immunostimulatory component of M. tuberculosis is concerned (179, 96). The 

interaction between Mincle and TDM leads to modulation of macrophage activation. 

 

TLRs and C-type lectin receptors are mainly produced on the plasma membrane or the 

endosomal/phagosomal membrane, while NOD-like receptors are expressed within the 

cytoplasm. In fact, distinct patterns of TLR- and NLR-mediated gene expression 

profiles have been reported in intracellular bacterial infection (114). Therefore, several 

PRRs recognise mycobacteria in distinct locations inside the host cells (macrophages) to 

synergistically induce effective host defence responses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/18448973
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3025378/?tool=pubmed#B40
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1.5.1 Mycobacterium ESX-1 secreted virulence factors that interact with 

TLRs 

 
CFP-10 and ESAT-6 are secreted proteins expressed by the RD1 region, which contains 

part of the ESX-1 secretion system in M. tuberculosis that has been reported to play a 

significant role in the pathogenesis of tuberculosis during primary pulmonary infection 

(79, 91,). The two proteins also have been identified as virulence factors in 

macrophages, lung epithelial cells, and dendritic cells (79, 206). A number of studies 

have investigated potential functions of the individual proteins. ESAT-6 has been 

shown to damp down expression of pro-inflammatory mediators such as the IL-12 p40 

chain (IL-12p40), tumour necrosis factor (TNF), and nitric oxide13 through attenuation 

of the innate immune response (150). Data has shown that ESAT-6 is reduced TLR 

signalling by blocking the assembly of the cytosolic MyD88-dependent signalling 

scaffold (150). ESAT-6, interacting with TLR2, results in the activation of signalling 

dependent on phosphatidylinositol-3-OH kinase(PI(3)K)-Akt kinase, but not MyD88-

IRAK-IKK (an inhibitor of NF-kB (IkB) kinase). The binding of ESAT-6 to TLR2 

blocked ligand-mediated recruitment of IRAK4 to MyD88, thus preventing activation of 

NF-kB (150). A recent study has identified TLRs (especially TLR2), which are present 

on the extracytosolic side of the plasma cell membrane and directly interact with a 

single peptide (from ESAT-6). This leads to inhibition of TLR signalling molecule 

assembly, which is essential for innate immune responses (150).   ESAT-6 also induced 

the release of NO, as well as the expression of B7.1, MHC-II, and ICAM-1 surface 

molecules, but only when the macrophages were activated with IFN-γ (181). 
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Recently ESAT-6 has been reported to induce expression of matrix metalloproteinase-9 

(MMP9) in epithelial cells surrounding infected macrophages. MMP9 increased 

recruitment of macrophages, promoting maturation of nascent granuloma cells and 

encouraging bacterial growth (211). However, T-cell interferon gamma secretion, IL-

17, and TNF-α were inhibited by ESAT-6, which was not affected by the inclusion of 

CFP10 as part of the ESAT-6/CFP10 heterodimer (176, 214).  

 

A series of reported studies have shown that CFP-10 and ESAT-6 occur in 1:1 ratio to 

form a stable heterodimeric complex (117, 163). The CFP-10/ESAT-6 complex is 

known to stimulate an immune response in the host organism (5, 135). The genes 

encoding both proteins are arranged as an operon that is co-transcribed and co-

translated (21). Detailed biophysical investigations have compared ESAT-6, CFP-10, 

and the complex, and have shown that the complex is more thermodynamically and 

biochemically stable than the individual proteins (136, 162, 163). Earlier studies also 

have shown that a recombinant BCG strain that produced ESAT-6 alone could not 

provide more enhanced protection than the BCG strain (15), suggesting that the      

CFP-10/ESAT-6 complex might confer an enhanced protection in vivo compared to 

each of the proteins individually (CFP-10 or ESAT-6). Therefore, all the evidence 

points towards the suggestion that the native proteins function as a complex rather than 

individually. Moreover, fluorescence microscopy investigations have identified that the 

flexible C-terminal of the CFP-10 arm is responsible for specific binding to 

macrophages and monocytes. It has been suggested that a possible receptor-mediated 

signalling role may be attributed to the complex (162).  

 

http://www.hindawi.com/journals/jbb/2009/917084/#B12
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1.6 Prevention and Control of Tuberculosis 

 

 

1.6.1 TB vaccination 

Bacillus Calmette-Guérin (BCG) is the current vaccine to protect against tuberculosis. 

The BCG vaccine was derived from M. bovis at the Institute Pasteur in Lille, France, 

and the first use of BCG in humans was reported in 1921. Bacille Calmette-Guérin 

(BCG) is a live vaccine derived from attenuated strain of M. bovis, which is very closely 

linked to M. tuberculosis (138, 202). However, there are multiple genomic differences 

between them, including a region of difference (RD1) that is deleted from all types of 

the BCG strain but is present in all virulent species. The RD1 region includes the genes 

encoding ESAT-6 and CFP-10, which have been shown to play an important role in 

virulence during infection. Several studies have indicated that the deletion of RD1 from 

M. tuberculosis leads to a decrease in virulence (138, 144, 154, 163). 

 

It is estimated that as of today the BCG vaccine has been given to over three billion 

people, making this vaccine the most used in the world. However, the current vaccine, 

M. bovis (BCG), provides inconsistent efficacy, varying between 0 and 80%. The 

precise causes of this variability have not yet been clarified (27, 48, 62). However, 

several hypotheses have been suggested to explain the limitation of BCG efficacy, for 

example, the use of different BCG strains, the age of individuals at vaccination, and the 

influence of prior infection with environmental mycobacteria. Another drawback of 

BCG vaccination is that it alters the skin hypersensitivity test and makes it unreliable. 

This skin test is used to determine the delayed type hypersensitivity (DTH) response by 

using purified protein derivative (PPD). The PPD contains TB antigens that are present 

in both pathogenic mycobacteria and non-pathogenic mycobacteria; hence this test 
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cannot distinguish between TB infection and BCG-vaccinated individuals or exposure 

to environmental mycobacteria (9, 208). 

 

As mentioned above, the BCG vaccine has shown variable efficacy. If the BCG vaccine 

is to be successfully implemented in future vaccination programmes, it is necessary to 

improve its effectiveness. Therefore, several efforts to enhance the efficacy of the BCG 

vaccine have been made by using different strategies, including the complementation of 

the BCG vaccine with the expression of antigens that either are not expressed or have a 

very low level of expression in the BCG strain (48, 154). Previous studies have 

demonstrated that recombinant BCG(rBCG30) vaccine secreting the Ag85B protein 

(rBCG30) is more potent than the conventional BCG vaccine (88). Furthermore, other 

vaccine studies have shown that reintroduction of RD1 to BCG increases the amount of 

Ag-specific CD8
+
 T-cells,  and also raises protection against tuberculosis in guinea pigs 

and mice (88, 144). Another strategy to improve the efficacy of the BCG vaccine is to 

use a combination of BCG, subunit vaccines, and DNA vaccines to increase the strength 

of BCG-induced immunity. This protective immunity was found to be due to activation 

of CD
+
4 and CD

+
8 T-cells, which produce INF-γ (159). 
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1.6.2 Treatment of Tuberculosis 

 

Tuberculosis (TB) is an infectious disease and antibiotics are used to treat the patients. 

This practice has been going on for many years. These drugs are not used singly, 

because the regimens that use only single drugs result in the rapid development of 

resistance to a single drug and result in treatment failure (17). Therefore, the WHO has 

recommended DOTS, which stands for „Directly Observed Therapy, Short-course‟, for 

its global TB eradication programme. Since its start in 1995, DOTS has been employed 

to treat millions of TB patients throughout the world. Since the introduction of DOTS, 

improvements in treatment outcomes for many patients have been observed (82, 221). 

In 2004, the WHO reported that 84% of newly diagnosed patients registered with DOTS 

were successfully treated. The standardised treatment in DOTS includes a six-month 

regimen comprising isoniazid (INH), rifampicin (RMP), and pyrazinamide (PZA) given 

for two months, followed by INH and RMP for four months. Ethambutol (EMB) is 

usually included in the initial regimen as well, because there is little possibility of drug 

resistance (17, 43, 173, 221).  

 

It has been proposed that slow acting anti-tubercular agents coupled with a poor health 

care system might have led to a lack of treatment completion, relapse, and especially 

generation of resistant mycobacterial strains. Certainly, these risk factors could result in 

genetic mutation mostly detected in the targets or activator drugs, which might lead to a 

loss of susceptibility to anti-tubercular agents. The first-line anti-tubercular drugs 

including INH, RMP, and EMB, and second-line drugs such as ethionamide and 

capreomycin, with their respective mechanisms of action, are shown in Tables 1.6.2.1. 

and 1.6.2.2, respectively. These tables also, show some common mutations for current 

http://en.wikipedia.org/wiki/DOTS
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first- and second-line anti-tubercular drugs, and refer to their respective mechanisms of 

action (173). 

 

Drug-resistant strains of M. tuberculosis can be generally categorised into three groups: 

(I) strains that are resistant to one of the first-line anti-tuberculosis agents (Table 

1.5.2.1) and have become common, (II) multidrug-resistant (MDR-TB) strains that are 

resistant to many antibiotics that are used to treat tuberculosis, particularly the first-line 

drugs INH and rifampicin and (III) extensively drug-resistant (XDR) bacilli, which 

show the greatest level of drug resistance (173). 

Table 1.6.2.1: Mechanism of action of resistance of current first-line anti-tuberculosis 

agents (173). 

Antibiotic Mechanism and target Mutations associated 

with resistance 

Isoniazid 

 

Inhibits mycolic acid 

synthesis; main target is 

InhA and secondary 

targets are KasA and 

DfrA 

KatG (required for 

drug activation); 

InhA (promoter 

mutation) 

Rifampicin 

Inhibits transcription 

RNApolymerase 

subunits 

rpoB 

Ethambutol 
Inhibits arabinogalactan 

synthesis;possibly 

EmbB 

embB 

Pyrazinamide 
Unknown possibly 

inhibits FAS-or changes 

membrane energetic 

pncA (required for 

drug activation) 
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Table 1.6.2.2: Mechanism of action, resistance of current second-line anti-tuberculosis 

agents (173). 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 Protein Secretion Systems in Mycobacterium 

The ability of many bacteria to produce a pathogenic response depends on the secretion 

of virulence factors or toxins. These factors are: i) secreted in the extracellular 

environment of the host, ii) or inserted into host cells, iii) or displayed on the bacterial 

cell surface (2). Like other bacteria, mycobacteria use the General Secretion Pathways 

(GSP or Sec Secretion system) to secrete unfolded proteins with an N-terminal signal 

sequence across its plasma membrane. The composition of the GSP is SecA (ATPase), 

SecF, SecD, SecY, SecE and SecG membrane proteins. The function of SecA is that it 

recognises the signal sequence present at the N-terminal of the secreted proteins. 

Antibiotic Mechanism and target Mutations associated 

with resistance 

Ethionamide 

Inhibits mycolic acid 

synthesis; InhA 

ehtA (required for 

drug activation and 

inhA promoter 

mutations) 

Capreomycin 

Inhibits protein 

synthesis;methylated 

nucleotides in both 

ribosomal subunits 

tlyA and rrs 

p-aminosalacyclic 

acid 

Inhibits folate 

metabolism;possibly 

dihydropteroate 

synthase 

tlyA 

Kanamycin 
Inhibits  protein 

synthesis 
Rrs 
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Interestingly, like Gram-positive bacteria, the mycobacterial GSP does not contain SecB 

(a molecular chaperone), which brings the unfolded form of the protein substrates from 

the ribosome to SecA. The mechanism used by mycobacterium to transport proteins 

across the thick cell wall and mycolate layer is unclear (49, 180). In contrast to the Sec-

pathway, the mycobacteria also use a Sec-independent secretion pathway to export the 

folded proteins across the lipid bilayer of the plasma membrane using an energy-

dependent pathway. This pathway is known as the Twin Arginine Transporter (Tat) and 

is used to export or translocate those proteins that have a specific N-terminal signal 

sequence. This signal sequence is somewhat similar to the structure of the Sec signal 

sequence, but also contains a specific motif containing two (twin) arginines followed by 

two uncharged amino acids close to the N-terminus (49, 153). Previous experimental 

studies have demonstrated that the mycobacterial Tat system is similar in structure and 

function to that of Gram-positive and Gram-negative bacteria (153). 

 

Some secreted proteins lack conventional signal sequences and mycobacteria have a 

novel secretion pathway called the ESX (or Snm) secretion system (2, 153). This system 

has been shown to be responsible for secretion of Esx-like proteins, including ESAT-6 

and CFP-10, which lack conventional signal sequences at their N-terminals. Snm 

systems are complicated pathways and use many proteins encoded by different loci in 

the genome of M. tuberculosis. M. tuberculosis has five gene clusters (ESX-1 to ESX-5) 

for ESX secretion systems. The most extensively studied ESX secretion system is the   

ESX-1 secretion pathway (23, 49, 117). Genetic analyses have shown that many of the 

proteins of the ESX-1 pathway are encoded at the genomic locus known as Region of 

Difference-1 (RD-1) (2, 49, 65, 124, 157). Using M. bovis BCG and M. microti strains 



 
44 

 

complemented with an extended RD1 region, Rv3868, Rv3870, Rv3871, Rv3872, and 

Rv3877 were found to be essential for secretion of the ESAT-6-CFP-10 complex. In 

addition to the RD1 region, another locus coding for Rv3616c-Rv3612c is required for 

the secretion pathway (65, 124, 157). 

 

1.8 M. tuberculosis Virulence Factors 

During recent years, a lot of knowledge has been obtained about M. tuberculosis, 

however, the causes of virulence and pathogenesis are still not clearly understood. 

Recently, several methods of investigation, such as proteomic analysis, genetic analysis, 

and comparative genomic approaches have allowed researchers to identify many 

important genes and their products believed to be involved in the pathogenesis of this 

bacterium. One of the protein families secreted by M. tuberculosis is the ESAT-6/CFP-

10 protein family which are considered as virulence factors. For instance, ESAT-6 and 

CFP-10 proteins which are a member of this family appear to be involved in the 

pathogenesis of M. tuberculosis because the deletion of RD1 (that contains ESAT-6 and 

CFP-10 proteins) from virulent M. tuberculosis led to a significant reduction in the 

virulence of this pathogen (65, 155). However, the reintroduction of this region into the 

M. bovis BCG strain (non-pathogenic) results in a significant increase in virulence of 

the recombinant BCG strains (155). 
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1.8.1 ESAT-6/CFP-10 Protein Family 

The ESAT-6 (EsxA) and CFP-10 (EsxB) proteins are members of a large family called 

the ESAT-6/CFP-10 protein family (ESX). Genomic analysis has shown that the M. 

tuberculosis genome has 22 genes encoding for ESAT-6/CFP-10 related proteins, which 

are found at 11 loci (117, 118, 142, 163). The family are typically arranged as tandem 

pairs within the genome, suggesting that they are co-transcribed, as demonstrated for 

ESAT-6 and CFP-10, which form a tight 1:1 complex. The presence of other esx-like 

genes in tandem in the M. tuberculosis genome suggests that their protein products 

could also form complexes (117, 118). Proteins in this family contain approximately 

100 residues and most family members are preceded by PE/PPE proteins and are 

characterized by their conserved central tryptophan-variable-glycine (WXG) motif (2, 

117, 118, 142, 163). The WXG motif is present in the loop that connects the two main 

helices of ESAT-6 and CFP-10 (discussed in chapter 2). In addition, the ESAT-6/CFP-

10 protein family includes a number of immune-dominant antigens such as           

ESAT-6/CFP-10, Rv0287/Rv0288 and members of the subfamilies are called the 

M.tb9.9 family, consisting of five genes (esxI, esxL, esxN, esxO and esxV) and second 

subfamily, the QILSS family, includes five neighbouring genes (esxJ, esxK, esxM, esxP 

and esxW), which are strongly recognised by T-cells from infected individuals or in 

animal models of tuberculosis (166, 169, 182, 183). Although members of the ESAT-

6/CFP-10 family lack a signal sequence, they are shown to be present in short-term 

culture filtrates of M. tuberculosis.  
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1.9 Scope of the Thesis  

 
The aims of the work described in this thesis include: 

 

 I) The determination of the molecular features of the proteins encoded by esxO and 

esxP, which are members of Esx family and might be very important virulence factors 

involved in TB pathogenesis. The primary aim of this chapter was to determine 

molecular features of the proteins, to describe and characterise the stability of complex 

formation between the EsxO and EsxP. Furthermore, the structure of EsxO/EsxP 

complex will be predicted based on multiple sequence alignments across Esx family 

members and the knowledge of structures of EsxA/EsxB and EsxG/EsxH complexes.  

 

II) Investigation of the binding of EsxO/EsxP complex to the surface of host cells. 

Fluorescence microscopy assays were used to determine the binding of Alexa Fluor 

labelled EsxO/EsxP complex to the surface of host cells, including monocyte, 

macrophage and fibroblast cell lines. The demonstration of specific binding between the 

complex and the surface of host cell lines was carried out by exposure of the host cells 

to both labelled and unlabelled complex. A confocal microscope was used to determine 

the location of the complex, whether on the surface of host cells or within host cells. In 

addition, the interaction between EsxO/EsxP complex and host cells was compared with 

the interaction between EsxA/EsxB complex and host cells, which was demonstrated in 

a previous study.  

 

III) Examination of the two potential roles of the EsxO/EsxP complex as previous 

findings in chapter three suggested earlier. Firstly, I examined whether the EsxO/EsxP 
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complex has any function that influences the motility of macrophages when J774 cells 

were exposed to the complex. Lastly, microarray analysis was used to identify any 

changes in the gene profile expression when the treated and untreated cells were 

compared. 
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Chapter 2 

Molecular features and structural properties of proteins encoded 

by esxO (Rv2346c) and esxP (Rv2347c) genes. 

 

2.1 Introduction  

Comparative genomic studies identified five RD1-like regions (region of difference) 

(regions 1-5), which are present in the genome of M. tuberculosis (3, 7). These five loci 

contain two members of the ESX family; most of these family members are preceded by 

a PE PPE pair, as well as being flanked by genes encoding putative ABC transporters, 

ATP binding proteins, and other potential membrane proteins. Moreover, in some of the 

regions there are some unique genes, which might encode specific molecules or secreted 

substrates (2, 73, 117, 142). 

 

There is a striking homology among regions 1, 2 and 5, as shown in figure 2.1. Regions 

2 and 5 have another complex of ESX-like genes as a tandem pair, preceded by pe-ppe 

genes, which is similar to the RD1 region that has esxA (ESAT-6), esxB (CFP-10) genes 

(73, 117, 142). The EsxA/EsxB (ESAT-6/CFP-10) complex and Esx-like proteins lack 

conventional signal sequences, suggesting that genes are situated surrounding the Esx 

family genes, that may have an important role in the secretion system (2, 117). It has 

been demonstrated that ESAT-6, CFP-10 and Esx protein family members secreted, 

EsxG, EsxH by region 3 and EsxN, EsxM by region 5, as well as the Esx family which 

has high similarity to region 3 (EsxS/EsxR) and region 5 clusters (EsxI/EsxJ, 

EsxK/EsxL, EsxO/EsxP and EsxV/EsxW), have been detected in the culture supernatant 
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of M. tuberculosis (2, 117, 128). However, there is no experimental evidence that Esx 

family homology of regions 2 and 4 are secreted in the culture supernatant (2).   

 

 

 

 

 

 

 

Figure 2.1 Schematic representation of M. tuberculosis esxA/esxB (ESAT-6/CFP-10) 

gene clusters 1 (RD1) (A), region 2 (B), and region 5 (C). The figure shows that the 

ESX-like genes are present in all regions, indicated by red and dark red colours. The 

supposed membrane associated proteins are shown by the dark blue colour. The putative 

membrane ATPase is highlighted by the green colour. Region 5 is likely to be 

responsible for exporting several closely related pairs Esx family complexes include the 

EsxO/EsxP complex (2, 73). 

 

A 

B 

C 
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The distinct similarity between these regions (ESX-1-ESX-5) is the presence of ESX 

family members. For instance esxA (ESAT-6) and esxB (CFP-10) (Rv3874 and Rv3875 

genes respectively) are found in the RD1, which contains nine genes from Rv3971 to 

Rv3979. This region has an important role in the virulence of M. tuberculosis. Hence, 

deletion of RD1 from M. tuberculosis led to a significant reduction in the virulence of 

the pathogen but when the region was re-introduced into the M. bovis BCG strain, this 

resulted in enhanced virulence of the recombinant strain. Therefore, it is clearly 

indicated by this evidence that EsxA (ESAT-6) and EsxB (CFP-10) are implicated in M. 

tuberculosis pathogenesis (65, 117, 154, 155). Furthermore, both EsxB (CFP-10) and 

EsxA (ESAT-6) are potent T-cell antigens in a range of TB infected hosts, including 

guinea pigs, cattle and humans (32, 186, 208). Although there is extensive research 

interest in the EsxA/EsxB (CFP-10 ESAT-6) complex, the function and mechanism of 

the action of this protein complex remains unknown. However, studies have suggested 

that EsxB (CFP-10) and EsxA (ESAT-6) mediate the aggregation of host macrophages 

that help in the intracellular spread of the mycobacterium (58, 212).  

 

Previous studies have shown that EsxB (CFP-10) and EsxA (ESAT-6) proteins depend 

on each other for secretion, stability and dimer formation. The high resolution solution 

structure of the EsxA/EsxB complex has revealed that the complex contains two helix-

turn-helix hairpin structures formed from the individual proteins, which are held 

together by extensive hydrophobic interactions and lie anti-parallel to each other to 

form a four- helix bundle, as shown in figure 2.2 (117, 128, 147, 164). The carboxy-

terminal of EsxB (CFP-10) does not contribute to the formation of the dimer. The 
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CCFP-10

NCFP-10

CESAT-6

NESAT-6

flexible arm in the C-terminal of EsxB (CPF-10) is believed to be responsible for 

binding to a surface receptor on macrophages (162).  

 

In addition, another member of Esx family, EsxG/EsxH, has been shown to form a tight 

complex consisting of a four helix bundle (93). Therefore, it could be speculated that 

the formation of a tight complex will be a common feature across the whole family. 

 

 

 

 

 

 

 

 

 

Figure 2.2 The solution structure of the EsxA/EsxB complex, illustrating two helix-

turn-helix hairpin structures formed from individual protein EsxA (ESAT-6) (blue) and 

EsxB (CFP-10) (red). The proteins lie anti-parallel to each other to form a stable four-

helix bundle. It is clearly shown that the C-terminal of EsxB (CFP-10) is unstructured 

and does not participate in the complex formation). Reproduced from Renshaw et al., 

2005. 
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Several members of the Esx family have been demonstrated to be potent T-cell 

antigens, suggesting that this family might have a critical role in pathogenesis (7, 50, 

130). Moreover, the Esx family is conserved in M. leprae, which indicates their 

importance in the pathogenesis of mycobacteria. It is because the Mycobacterium leprae 

genome has undergone extensive reductive evolution that they retained the minimum 

number of functional genes that produce proteins responsible for a pathogenic 

mycobacterium (39). 

 

The phylogenetic tree depicted in figure 2.3 clearly illustrates that EsxA (ESAT-6) and 

EsxB (CFP-10) are conserved individually in M. leprae (ML0049 and ML0050), 

whereas the single pair of M. leprae proteins (ML1055/1181 and ML1056/1180) seems 

to substitute for five pairs of M. tuberculosis proteins in groups A/A‟ (EsxI/EsxJ 

(Rv1037c/Rv1038c), EsxK/EsxL (Rv1197/Rv1198), EsxM/EsxN Rv1792/Rv1793, 

(EsxO/EsxP) Rv2346c/Rv2347c and (EsxV/EsxW) Rv3619c/Rv3620c). This might 

indicate some function redundancy, and may possibly provide greater functional 

flexibility within M. tuberculosis (118, 163). 

 

Some members of the Esx-like protein family are more closely related than others. For 

instance, the high sequence relatedness between members within groups A and A‟ is 

approximately >90%. The high degree of sequence homology can be used to divide the 

Esx family into further individual gene protein subfamilies. One of these subfamilies is 

called the M.tb9.9 family, consisting of five genes (esxI, esxL, esxN, esxO and esxV). 

The second subfamily, the QILSS family, includes five neighbouring genes (esxJ, esxK, 

esxM, esxP and esxW), whose C-terminal pentapeptide is QILSS (117, 182). However, 
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groups C/C‟ (EsxA/EsxB) and D/D‟ (EsxC/EsxD) seem to be more distantly related, 

indicating the unlikely formation of a non-genome partner complex (163). 

 

The groups A/A‟ share a high level of homology at the amino acid level (>90%), 

suggesting gene duplication within M. tuberculosis. Different studies have shown that 

several members of groups A and A‟ have been detected in the culture supernatant of 

M. tuberculosis (7, 130, 225). However, EsxN/EsxM is the only pair of these groups 

present in a large cluster gene called region 5, which has genes coding components of 

the secretion system and is situated surrounding EsxN/EsxM. Therefore, it is likely that 

the region is responsible for exporting closely related pairs EsxO/EsxP, EsxI/EsxJ, 

EsxK/EsxL and EsxV/EsxW out of the cytoplasm of the bacterium. 
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Figure 2.3 Phylogenetic tree for the Esx protein family M .tuberculosis ( prefixed by 

Rv, blue) and their M. leprae homologues ( prefixed by ML, red). There are 23 

members of the Esx family. Twenty-two genes of this family are arranged as tandem 

pairs in 11 loci in the M. tuberculosis genome. Major parings are indicated by square 

brackets and labelled (A pairs with A‟ etc.). Reproduced from Renshaw et al., 2002. 
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Previous studies have indicated that EsxN and EsxM were encoded by the region 5 

cluster. In addition, it has been shown that ESX family members such as EsxO and 

EsxP, which have a high similarity to EsxN and EsxM were present in the culture 

supernatant (7, 35, 183). Therefore, it is highly likely that EsxO and EsxP proteins 

secreted by the secretion system are present in region 5. Furthermore, an intact region 5 

has fundamental function for secretion of ESX family membrane EsxN and EsxM by    

M. tuberculosis, which leads to region 5 being a functional secretion system, similar to 

region 1 (2, 4). Interestingly, it has been suggested that region 5 might have an effect on 

the cell-cell migration and might be required to transport PE and PPE proteins (3, 4). 

  

The EsxO and EsxP are secreted proteins of M. tuberculosis, which are members of the 

Esx family (35, 128, 183). These genes are arranged in an operon-like structure on the 

M. tuberculosis genome, suggesting that they are transcribed as one messenger, as 

illustrated for ESAT-6 and CFP-10 genes (117, 123). EsxO and EsxP act as antigens 

that are strongly recognized by T-cells (1, 7, 182). There is no direct experimental 

evidence for the contribution of EsxO and EsxP to the virulence and pathogenesis of M. 

tuberculosis. However, some findings suggest a role for the Esx-like proteins in M. 

tuberculosis pathogenesis:  

 

(I) Comparison between the level of synthesis of EsxO and EsxP secreted proteins in 

culture supernatant between two strains, the virulent H37Rv and attenuated H37Ra 

identified that EsxO and EsxP were absent from the culture supernatant of H37Ra when 

compared to the virulent H37Rv. This was due to a large number of mutations in genes 
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of M. tuberculosis H37Ra, contrasted with the corresponding esxO and esxP of M. 

tuberculosis H37Rv (111, 225). 

(II) Bioinformatic analysis has shown that mycobacterial core genes include 219 genes 

conserved within M. tuberculosis H37Rv, M. leprae and other mycobacterial strains. 

esxO and esxP are found in this core, which indicates their importance to pathogenic 

mycobacteria (129). 

(III) M. leprae closely resembles M. tuberculosis. However, the massive gene deletion 

observed in M. leprae, merely retains the minimum genes function required for 

pathogenic mycobacteria. This suggests that these genes functions are very significant 

for M. leprae pathogenesis and they also may be significant for other mycobacteria. 

esxO and esxP genes have homology, with identical genes pairs within M. leprae 

(ML1055/1056 and ML1180/ML118 respectively), that suggest their involvement in the 

pathogenesis of M. tuberculosis (39, 73, 117). 

(IV) Moreover, genes encoding EsxO and EsxP were deleted from BCG strains; 

therefore, these proteins can be used as markers to differentiate between BCG 

vaccination and M. tuberculosis infections, which was demonstrated for ESAT-6 and 

CFP-10 in RD1, which is absent from BCG strains. Interestingly, although there is a 

high genome sequence homology between M. tuberculosis and M. bovis, the latter lacks 

a number of genes such as esxO and esxP genes. These genomic changes between the 

bacilli might be related to changes in their pathogenic properties (111, 164).  

 

(V) It has been suggested that region 5 appears to influence cell to cell spread and 

escape from the macrophage. As previously mentioned, it is believed that EsxO and 
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EsxP use region 5 as a secretion system to transport out of the bacteria. Therefore, it 

may be suggested that these proteins are involved in pathogenesis if that region has a 

role in cell to cell spread and macrophage escape (2, 3). 

(VI) The main feature of M. tuberculosis is that these organisms survive within 

macrophages and dampen maturation of the phagosome. Therefore, it is believed that 

many proteins secreted by M. tuberculosis play an important biological role by 

interacting with macrophages and that they inhabit killing mechanisms inside 

macrophages, suggesting that secreted proteins, such as Esx family proteins, play a 

crucial role in the virulence of M. tuberculosis (128).   
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2.2 Methods and Materials 

 

2.2.1 Agarose gel electrophoresis of DNA 

The preparation of PCR products and plasmid DNA were analysed by agarose 

electrophoresis using 1% w/v agarose gel in Tris-acetate-EDTA (TAE), pH 8. The DNA 

was prepared for analysis by mixing 1 l aliquots of PCR reaction sample with 4 l 

deionised H2O and 1 l 6x Blue/orange loading dye (Promega). DNA gels were stained 

with ethidium bromide (EtBr) and visualised under UV light. The marker was used to 

identify the size of the DNA, 100 bp DNA ladder (Promega). The sample DNA and 

markers were applied on the gel and electrophoresis was carried out for 45 minutes at 

100 V. 

 

2.2.2 SDS-PAGE 

SDS-PAGE was used to analyse and monitor the progress of protein purification. 

Usually 20 µl protein samples were combined with 10 µl DTT (50 mM) and 10 µl 4x 

Nu-PAGE
(R) 

LDS sample
 
buffer (Invitrogen). Samples were heated for 10 minutes at 

70°C prior to loading on 4-12% acrylamide gradient, NuPAGE
(R) 

Bis-Tris Gels 

(Invitrogen) and run in MES SDS running buffer (Invitrogen), at a constant of 200 V for 

35 minutes. Molecular weight markers (Ultra-low) were used for protein size reference. 

The gels were stained for 1 hour with Coomassie Brilliant Blue stain (2.59 g/L in      

45% v/v methanol and 10% v/v acetic acid) and then de-stained, initially in fast Destain 

solution I (40% v/v methanol and 10% v/v acetic acid) for 30 minutes and then in 

Destain Solution II (10%v/v methanol and 5% v/v acetic acid) over night.              



 
59 

 

2.2.3 Ligation independent cloning (LIC-PCR) 

In order to express EsxO and EsxP proteins with removable His6-tag, the corresponding 

coding regions were cloned into the pLEICS-01 and pLEICS-05 expression vectors 

using Ligation independent cloning (LIC-PCR) method (also known as ligase-free 

cloning) to increase the speed and efficiency of the cloning of PCR products.  In 

addition, with LIC-PCR, there is no need to ligate PCR products to a vector, and it does 

not depend on restriction sites. In this method, a complementary sequence is designed 

into the vector and PCR primers are used to amplify the target DNA. Controlled 

digestion of the PCR product and the vector with a 3   5 exonuclease such as 

(Exonuclease III) was then used to create complementary bases for the 3 terminal 

sequence. When the insert and the vector are mixed, the PCR products are annealed to 

the constructed vector. The recombinant DNA vector is then used to insert into E.coli 

and the ligase of bacterial cells seals the single-stranded nicks and generates a 

covalently closed circular molecule of plasmid (11, 141). 

 

2.2.3.1 PCR amplification of esxC (Rv3890c), esxD (Rv3891c), esxO (Rv2346c) and 

esxP (Rv2347c) genes 

The esxC, esxD, esxO and esxP genes were amplified by PCR from the Bacterial 

Artificial Chromosome (Bac13, Bac134) DNA templates using Pfx DNA polymerase 

(Invitrogen). There were two types of primer used to amplify these genes, PCR prime 

designed with an N-terminal Tag and PCR primer designed without a Tag.
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Table 2.2.3.1.1: PCR primer design for an N-terminal His6- Tag of these genes 

Primer 

name 

The sequences of primer (5        3) 

esxC 

Forward 

TACTTCCAATCCATGTCAGATCAAATCACGTATAAC 

esxC 

Reverse 

TATCCACCTTTACTGTCATTAGAACAAGCCCGCGAT 

esxD 

Forward 

 TACTTCCAATCCATGGTGGCAGACACAATTCAGGTA 

esxD 

Reverse 

TATCCACCTTTACTGTCAGGATCCGTGGCTAGC 

esxO 

Forward 

TACTTCCAATCCATGACCATCAACTATCAGTTC 

esxO 

Reverse 

TATCCACCTTTACTGTCAGGCAGCTGGAGCCGAC 

esxP 

Forward 

TACTTCCAATCCATGGCAACACGTTTTATGACG 

GATCGCG 

esxP 

Reverse 

TATCCACCTTTACTGTCAGCTGCTGAGGATCTG CTGGGA 

     

 

 

 

 

 

 

 

 

 



 

61 
 

Table 2.2.3.1.2: Design without Tag of these genes                                                                                    

 

Each reverse primer contained a stop codon, immediately after the last amino acid 

codon. PCR amplification was carried out in 50 µl reaction volume using a TECHNE 

thermal cycling system (TECHGCNE), 5 minutes initial denaturation at 94°C 

followed by 30 cycles of 1.0 minute at 94°C, 1.0 minute at 50°C for annealing, and 

2.0 minutes at 68°C for extension. The final extension cycle was 5.0 minutes at 68°C. 

PCR products were identified by electrophoresis using 1% (w/v) agarose gel (section 

2.2.1), and purified using the QIAquick PCR purification kit.                                                              

 

PCR 

primer 

The sequences of primer (5        3) 

esxC 

Forward 

AGGAGATATTACATGTCAGATCAAATCACGTAT 

esxC 

Reverse 

GAAGTAACAAGGTTCTCTCATTAGAACAAGCCCGC GAT 

esxD 

Forward 

AGGAGATATACATATGGTGGCAGACACAATTCAGGT 

esxD 

Reverse 

GAAGTACAGGTTCTCTCAGGATCCGTGGCTAGCG 

esxO  

Forward 

AGGAGATATACATATGACCATCAACTATCAGTTC 

esxO  

Reverse 

GAAGTACAGGTTCTCTCAGGCCCAGCTGGAGCCGAC 

esxP 

Forward 

AGGAGATATACATATGGCAACACGTTTTATGACGGA 

TCCGCACGCGAT 

esxP 

Reverse 

GAAGTACAGGTTCTCTCAGCTGAGGATCTGCTG GGA 
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2.2.3.2 Ligation independent cloning (LIC-PCR) of the esxO, esxP, esxC and 

esxD coding regions 

The pLEICS-01 and pLEICS-05 expression vectors (Figure 2.2.1, panels A and B; 

received from our collaborators at the University of Leicester) were digested by the 

restriction enzyme BseRI to remove the inserted lethal SacB gene (the Bacillus 

subtilis sacB gene encodes levansucrase that induces lethality upon exposure to 5% 

(w\v) sucrose in the growth medium) (152). The freeze-dried 3'-5' exonuclease 

(supplied by In-fusion ™PCR Cloning Kit, Clontech) was then dissolved completely 

in 5 µl dH2O. 2 µl of this enzyme, the linearised vector, and the purified PCR 

products were mixed together. This mixture was incubated at 37°C for 30 minutes in 

a water bath and then left to ligate at room temperature for 5 minutes.                                                                                                          
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pLEICS-01

7630 bp

lac I

Amp

SacB

T7 terminator

pBR322 Ori

f1  Origin

His-Tag

TEV site

T7 Promoter

BamHI (570)

EcoRV (640)

NdeI (2672)

XbaI (2710)

XhoI (530)

EcoRI (564)

EcoRI (1881)

HindIII (545)

HindIII (745)

Bse RI (592)

Bse RI (2605)

pLEICS-05

7387 bp

SacB

Lac I

TEV s ite

His-Tag

f1  Origin

Amp

pBR322 Origin

T7 Promoter

T7 terminator

Pst I (6179)

NdeI (2114)

XhoI (90)

Cla I (904)

Cla I (1241)

EcoRV (157)

EcoRV (3390)

Bsm I (118)

Bsm I (2113)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.1 Maps of pLEICS vectors. Panels A and B show maps of pLEICS-01 and 

pLEICS-05 expression vectors, which are used to produce the proteins with N-

terminal His6-tag with pLEICS-01 and without His6-tag with pLEICS-05 (because we 

added a stop codon before His-tag in the C-terminal). The vectors carry TEV protease 

cleavage site to remove the tags from the expressed proteins. Both vectors contain a 

bacterial origin of replication, which is indicated by (f1 origin). The vectors also 

contain the ampicillin resistance gene, indicated by (Amp) and the lethal sacB gene, 

indicated by (SacB), for the selection of transformed bacteria. As highlighted in the 

panels, both vectors contain two BseRI restriction sites, which allow for the removal 

of the lethal sacB gene. 

A 

B 
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2.2.3.3 Transformation of DH5-α competent cells with recombinant plasmids 

Transformation was carried out by taking 50 µl of E.coli DH5-α competent cells with 

constructs (Section 2.2.3.2). The transformants were incubated at 37ºC for 30 minutes 

prior to plating out on LB agar plates supplemented with 5% (w/v) sucrose and 100 

µg/ml ampicillin. 5 % (w/v) sucrose and 100 µg\ml ampicillin were used as markers 

for the selection of transformants (Section 2.2.3.2). 

 

2.2.3.4 Sequencing of cloned DNA molecules  

Five colonies were transferred separately into five tubes containing 10 ml LB broth 

and 100 µg/ml ampicillin. These cultures were then incubated at 37ºC in a shaker at a 

speed of 200 rpm overnight. The centrifuged cells were separated and used for 

extraction of plasmids using Miniprep (Promega). After isolation of the plasmids, the 

DNA from the plasmids was used for DNA sequencing, which was performed at the 

Protein Nucleic Acid Chemistry Laboratory (PNACL),  at the University of Leicester. 

 

2.2.4 Protein expression trials 

Time-course expression trials were carried out using E.coli BL21star (DE3) strains 

transformed with the respective constructs. 50 ml of LB starter cultures containing    

100 µg/ml ampicillin were inoculated with one colony of each selected transformant 

and grown overnight at 37ºC, and 200 rpm in a shaker. The cells were then 

centrifuged for 10 minutes at 5000 rpm. The pellets were resuspended in 1 ml fresh 

LB (without antibiotic) and subcultured into 50 ml LB broth containing 100 µg/ml 

ampicillin, to a final OD 600nm of about 0.1. The cultures were grown at 37ºC until 
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mid-log phase (OD600nm 0.6-0.7), and 1 ml of each culture was removed and stored 

at -20ºC for analysis of protein by SDS-PAGE. The cells were induced by addition of 

isopropyl ß-D-thiogalactopyranoside (IPTG) 0.5 mM for transformants transfected 

with pLEICS-01 and pLEICS-05 constructs respectively, and 1 ml of cells were 

harvested every hour post-induction for 4 hours. Normalised pre- and post-induction 

samples were analysed by SDS-PAGE. 

 

For the purpose of evaluation of the solubility of the expressed proteins, the induced 

cultures were subjected to centrifugation at 5000 rpm for 15 minutes then re-

suspended and lysed by 15 ml lysis buffer. The samples were then incubated at room 

temperature for 30 minutes and then sonicated. 20 µl of the whole cell lysates were 

removed for SDS-PAGE analysis and the remaining samples were centrifuged at 

12500 rpm for 20 minutes using a Beckman Coulter Avanti J-130I centrifuge. 20 µl 

of soluble fractions were finally removed for SDS-PAGE analysis. 

 

2.2.5 Purification of EsxO and EsxP proteins 

The full-length coding regions for esxO (Rv2346c) and esxP (Rv2347c) were cloned 

into pLEICS-01 and pLEICS-05 expression vectors as described previously (Section 

2.2.3). The pLEICS-01 generated the construct encoding an N-terminal His6-tag and 

TEV protease cleavage site (ENLYFQSM), followed by the esxP coding sequence. 

Expression was performed in E.coli BL21 (DE3) cells at 37ºC, which were induced 

for 4 hours by the addition of isopropyl ß-D-thiogalactopyranoside (IPTG) (1 mM) at 

an optical density of 0.6 at 600 nm (the mid-log phase of bacterial growth). With 

these experimental conditions, both EsxO and EsxP were found to be insoluble and 
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were initially isolated as inclusion bodies. EsxO and EsxP were co-refolded by 

solubilising the inclusion body pellets in a 25 mM NaH2PO4, 6 M guanidine HCl 

buffer (pH 8) at a protein concentration of 0.5 mg/ml, followed by dialysis against the 

same buffer without the denaturant at 4ºC.  

The protein concentration was estimated based on Coomassie blue staining of 

different concentration of lysozyme (0.1 mg/ml, 0.2 mg/ml and 0.3 mg/ml) on PAG 

(polyacrylamide gel). Based on this estimation, concentration of His6-tagged EsxP 

and EsxO were approximately 0.2 mg/ml and 0.3 mg/ml respectively. EsxO and His6-

tagged EsxP were resolubilized individually in 30 ml of 6 M guanidine HCl buffer, 

after which the proteins were mixed together in final volume of 60 ml with a 

concentration of 0.5 mg/ml. The His6-tagged EsxP and EsxO were mixed with molar 

ratio of 1:1.5 to make sure the tagged protein was saturated with protein without  

His6-tag. 

The soluble protein complex obtained was purified by nickel affinity chromatography 

(Ni
2+

-NTA affinity column). The volume of Ni
2+

-NTA affinity column was 6 ml and 

the gradient of imidazole concentration was from 0 to 500 mM. The EsxO and EsxP 

complex was eluted from the column in the 20 mM Tris-HCI buffer containing 172.5 

mM imidazole. FPLC fractions containing the fusion proteins were pooled, and then 

treated with TEV protease. The His6-tag was then removed by cleavage with the  

His6-tagged TEV protease and the two products (the tag and the EsxO and EsxP 

complex) were separated by a second Ni
2+

-NTA affinity chromatography step. The 

protein was finally subjected to a polishing purification step by gel filtration 

chromatography on a Superdex 75 16/60 pre-packed column (Amersham 

Biosciences). The purified protein contained in 100 mM sodium chloride, 25 mM 
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sodium phosphate and 0.02% NaN3, at pH 6.5 was found to be greater than 95% pure 

by SDS-PAGE (Invitrogen 4-12% Bis-Tris NuPAGE gel system). 

2.2.6 Protein concentration 

The protein sample was concentrated by lyophilisation. In this technique the protein 

samples were frozen by liquid nitrogen, and the frozen samples were placed in a 

lyophiliser (ThermoSavant). The frozen water in the protein sample was then 

sublimated directly by a vacuum pump from solid to gas. The lyophilised samples 

were then resolubilised using an appropriate amount of distilled water to obtain the 

concentrated sample.  

 

2.2.7 Far UV circular dichroism spectroscopy 

The secondary structure of the purified proteins was determined by analysing for UV 

CD spectra acquired on a Jasco J-715 spectropolarimeter. All CD spectra were 

obtained from protein samples dissolved in a 100 mM NaCl and 25 mM NaH2PO4 

buffer at pH 6.5 with a protein concentration of about 15-25µM. Normally, spectra 

were recorded from 180 to 250 nm, with a scan speed of 20 nm per minute, response 

time 1 second, with each spectrum representing an average of 10 accumulations. 

During acquisition, the sample was maintained at a regulated temperature (25ºC) in a 

0.1 cm path length cell. Spectra were corrected for the buffer and converted to molar 

CD per residue before analysis by CD Pro package software (75, 99). 
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2.2.8 Thermal denaturation studies 

The CD spectrum was used to study the effect of increasing temperature on the 

structural integrity of the purified proteins, which was studied by following the 

change in the CD spectra over a range of temperature from 5 to 100ºC, increasing in  

5ºC increments. All CD spectra were obtained from protein samples dissolved in a 

100 mM NaCl and 25 mM NaH2PO4 buffer at pH 6.5 with a protein concentration of 

about 15-25 µM for a path length of 0.1 cm and allowed to equilibrate at each 

temperature before data collection. 
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2.3 Results and Discussion 

 

2.3.1 PCR amplification and ligation independent cloning of esxC, esxD, 

esxO and esxP genes 

PCR amplification of esxC (288bp), esxD (324bp), esxO (285bp) and esxP (297bp) 

open reading frames were confirmed by agarose gel electrophoresis , as depicted  in 

figure 2.3.1, which clearly shows the amplification of the genes  of expected size. 

The genes were purified and then cloned into pLEICS-01 and pLEICS-05 expression 

vectors by using ligation independent cloning (LIC-PCR), as described in section 

2.2.3. All recombinant plasmids were transformed into DH5-α competent cells. 

Plasmids were then isolated by miniprep. The integrity of the expression vector was 

confirmed by DNA sequencing at the PNAC, at the University of Leicester. 
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Figure 2.3.1 PCR amplification of esxC, esxD, esxO and esxP genes. Gel 1, 2, 3 and 

4 are 1% w/v agarose gels viewed under UV light with ethidium bromide stain. In all 

gels lane 1 contains a 100bp DNA ladder. Gel 1; Lanes 2 and 3 correspond to PCR 

products of esxC with pLEICS-01 and pLEICS-05 vectors extension respectively. Gel 

2; Lanes 2 and 3 correspond to PCR products of esxD with pLEICS-01 and pLEICS-

05 vectors extension. Gel 3; Lanes 2 and 3 correspond to PCR products of esxO with 

pLEICS-01 and pLEICS-05 vector extension respectively. Gel 4; Lanes 2 and 3 

correspond to PCR products of esxP with pLEICS-01 and pLEICS-05 vectors 

extension respectively. 
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2.3.2 Protein expression trial for recombinant EsxO, EsxP, EsxC and 

EsxD with and without a hexa-histidine extension sequence. 

 

The evaluation of protein expression was performed using time course expressions. 

The results of expression trials for EsxO and His6-tagged EsxO, EsxP and His6-

tagged EsxP, EsxC, His6-tagged EsxC, EsxD and His6-tagged EsxD were analysed by       

SDS-PAGE and are shown in figures 2.3.2, 2.3.3, 2.3.4 and 2.3.5. All the gels show 

the results of protein expression following a four hours time course and the solubility 

of the protein products using post-induction whole cell lysates and supernatant 

samples. 

 

The evaluation of whether expressed proteins were produced as soluble or insoluble 

(inclusion bodies) products was determined by the difference in band intensities 

between the supernatant fraction, and the whole cell lysate post-induction fractions. 

The proteins were induced by using 0.45 mM IPTG at 37ºC. For example, in figure 

2.3.2, the expressed protein is clearly predominant in the soluble fraction after cell 

lysis.  

 

The EsxO and EsxP proteins were expressed in significant amounts in the BL21 star 

system, with His6-tag or without-His6-tag systems (Figures 2.3.2 and 2.3.3), whereas 

the EsxC and EsxD proteins were expressed in host cells only when expressed 

without a His6-tag (Figures 2.3.4 and 2.3.5). A series of experiments were conducted 

under different conditions, such as different concentrations of IPTG and different 

temperatures, but the expression of target proteins with His6-tag was not achieved.  
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Figure 2.3.2 SDS-PAGE gel of EsxO expression trial. The gel shows a time course 

expression of the His6-tagged EsxO and EsxO in E.coli BL21star(DE3) host strains. 

The solubility of the protein can also judged from the gel. Lane 1 is a low molecular 

weight marker. Lane 2 is pre-induction. Lanes 3-6 are post-induction cell lysate of 

His-6-tagged EsxO fractions taken at 1, 2, 3 and 4 hours respectively. Lane 7 is whole 

cell lysate and lane 8 is supernatant of EsxO. Lane 9 is pre-induction. Lanes 10-13 are 

pos-induction cell lysate of EsxO fractions taken at 1, 2, 3 and 4 hours respectively. 

Lane 14 is whole cell lysate and lane 15 is supernatant. 
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Figure 2.3.3 SDS-PAGE gels of EsxP expression trails. Gel 1 shows expression of 

the His6-tagged EsxP in E.coli BL21star (DE3) host strains. Lane 1 is the low 

molecular weight marker. Lane 2 is pre-induction. Lanes 3-6 are post– induction cell 

lysate fractions taken at 1, 2, 3 and 4 hours respectively. Lane 7 is whole cell lysate 

and lane 8 is supernatant. Gel 2 is a time course expression of the EsxP in E.coli 

BL21star (DE3) host strains. Lane 1 is the low molecular weight marker. Lane 2 is 

pre-induction. Lanes 3-6 are post-induction cell lysate fractions taken at 1, 2, 3 and 4 

hours respectively. Lane 7 is whole cell lysate and lane 8 is supernatant. 
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Figure 2.3.4 SDS-PAGE gels of EsxC expression trails. Gel 1 shows expression the 

His6-tagged EsxC in E.coli BL21star (DE3) host strains. There is no evidence of 

EsxC expression. The Gel 2 is a time course expression of EsxC without a His6-tag in 

BL21star cells. Lane 1 is the low molecular weight marker. Lane 2 is pre-induction. 

Lanes 3-6 are post-induction cell lysate fractions taken at 1, 2, 3 and 4 hours 

respectively. Lane 7 is whole cell lysate and lane 8 is supernatant. 
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Figure 2.3.5 SDS-PAGE gels of EsxD expression trails. Gel 1 shows expression of 

the His6-tagged EsxD in E.coli BL21star (DE3) host strains. There is no evidence of 

EsxD expression. The Gel 2 is a time course expression of EsxD without a His6-tag in 

BL21star cells (DE3). Lane 1 is the low molecular weight marker. Lane 2 is pre-

induction. Lanes 3-6 are post-induction cell lysate fractions taken at 1, 2, 3 and 4 

hours respectively. Lane 7 is whole cell lysate and lane 8 is supernatant.  
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2.3.3 Expression and purification of EsxO/EsxP complex 

The pLEICS-5-esxO and pLEICS-1-esxP constructs were used to produce EsxO and 

EsxP with His6-tag in E.coli BL21star (DE3) host strains. The target proteins were 

expressed as insoluble products because of changes in the concentration of IPTG 

from 0.5 mM to 1 mM, which drove most of the proteins to insoluble form (Figure 

2.3.6). The inclusion bodies were then resolublized and co-refolded, as detailed in 

section 2.2.5.  

As described in Section 2.2.5, both EsxO and EsxP were present as insoluble protein 

and were isolated as inclusion bodies. The inclusion body of both proteins were 

resolubilized in 30 ml of a 25 mM NaH2PO4, 6 M guanidine HCl buffer (pH 8). Then 

a ratio of 1:1.5 (EsxP with His6-tag to EsxO without His6-tag) was used for mixing 

both proteins at a protein concentration of 0.5 mg/ml, followed by dialysis against the 

same buffer without the denaturant at 4ºC. 
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Figure 2.3.6 SDS-PAGE gel shows the steps involved in washing inclusion bodies 

for both EsxO without His6-tag and EsxP with His6-tag. Lane 1 is a low molecular 

weight marker. Lane 2 is the whole cell lysate fraction of EsxP with His6-tag (from 

500 ml culture). Lanes 3-4 are supernatant of wash steps 1 and 2. Lane 5 is whole 

inclusion bodies of the last wash step of EsxP with its tag protein (in 30 ml of wash 

buffer). Lane 6 is the whole cell lysate fraction of EsxO without His6-tag. Lanes 7-8 

are supernatant of wash steps 1 and 2  for EsxO without His-tag and lane 9 is whole 

inclusion bodies of last wash step of EsxP with His-tag protein (in 30 ml of wash 

buffer). Lanes 10, 11 and 12 are lysozyme the concentrations of these fractions are 

0.1 mg/ml, 0.2 mg/ml and 0.3 mg/ml respectively. 
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The His6-tagged EsxP containing, the N-terminal hexa-histidine tag allowed the                

His6-tagged EsxO-EsxP complex to be purified by affinity chromatography, as shown 

in figure 2.3.7. Fractions containing the His6-tagged EsxO/EsxP complex were pooled 

and treated with TEV protease to remove the N-terminal His6-tag, as described in 

section 2.2.5. The cleaved His6-tag was separated from the EsxO/EsxP complex by a 

second Ni
2+

-NTA affinity chromatography step, as shown in figure 2.3.8. The protein 

was finally subjected to a purification step by gel filtration, as shown in figure 2.2.9. 

The purified protein was found to be 95% pure by SDS-PAGE. The yield of the 

purified complex was determined to be approximately 7.4 mg in 10 ml of sample 

(0.74mg/ml), yielded from 500 ml culture for both types of proteins. 
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Figure 2.3.7 Purification of His6-tag EsxO/EsxP complex. Panel (A) shows a typical 

FPLC profile attained for Ni
2+

-NTA column fractions of eluted His6-tagged        

EsxO-EsxP as a complex. The complex was eluted over a gradient concentration of 

imidazole from 0 mM to 500mM (linear gradient indicated by 3). The wavelength 

was monitored on 280 nm. The first flow-through is indicated by 1 and the second 

flow-throw, containing EsxO without His6-tag, is indicated by 2. The His6-tagged 

EsxO/EsxP as a complex elution peak is labelled. Panel (B) shows SDS-PAGE gel 

results for FPLC elution fractions, which contain His6-tagged EsxO-EsxP without 

His6-tag, as a complex (fractions B7, B11, C6, C7, C10 and D1). Lane 1 is a low 

molecular weight marker. Lane 2 is a loading sample. Lane 3 is X1 (flow-through). 

Lane 4 is X3 (flow-through). Lanes 6-10 are fractions of His6-tagged EsxO/EsxP, as 

complex. 
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Figure 2.3.8 Purification of EsxO and EsxP, as complex by Ni
2+

column following 

treatment with TEV protease. Panel (A) shows Ni
2+

-NTA elution profile of the 

treated protein sample. The protein complex without the His6-tag was collected in 

fraction X1 and X3. The X4 contains His6-tagged linker and His6-tagged TEV 

protease which are eluted from Ni
2+

-NTA column in the 20 mM Tris-HCL buffer 

containing 500 mM Imidazole (the stepwise gradient of Imidazole from 0 to 500 mM 

is shown in green). Panel (B) SDS-PAGE gel shows Ni
2+

-NTA column fraction of 

eluted EsxO/EsxP complex following treatment with TEV protease. Lane 1 is a low 

molecular weight marker. Lane 2 is loading sample. Lane 3 is fraction of EsxO/EsxP 

as complex without the  His6 tag terminal. 
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  Figure 2.3.9 Purification of the EsxO/EsxP complex by gel filtration. Panel (A) shows a 

calibration curve for the standard proteins on a 120-ml Superdex 75 16/60 prepacked 

coloumn. Panel (B) shows a typical FPLC elution profile attained by gel filtration Superdex 

75 16/60 column. The EsxO/EsxP complex elution peak is labelled. The target protein 

complex leaves the column at about 70 ml, suggesting a dimer form for the protein (the 

expected Mw of protein about 20 kDa). Panel (C) SDS-PAGE gel showing fractions 

containing EsxO/EsxP complex. Lane 1 is a low molecular weight marker. Lane 2 is loading 

sample. Lanes 3-8 are peak fractions of the EsxO/EsxP as complex. 
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The gel filtration experiment shows that EsxO and EsxP form a stable heterodimer. 

This is because the elution volume of the complex was 70 ml, which is equal to a 

molecular mass of approximately 20 kDa, twice that of a monomer. Furthermore, 

relative staining shown on the SDS PAGE suggests that proteins form a 1:1 

heterodimer complex (Figure 2.3.9). 

 

In addition, previous studies have demonstrated that two other members of the ESX 

family including EsxA and EsxB interact with each other to form a tight heterodimer 

complex, and EsxG interacts with EsxH to form a tight dimer, as well. These findings 

provide additional supporting evidence for the formation of a tight complex of 

EsxO/EsxP proteins (117, 118, 162, 163). 
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2.3.4 Structural characterization of EsxO/EsxP as a complex 

 

2.3.4.1 Far UV circular-dichroism spectrum for the EsxO/EsxP complex  

 

The secondary structure of the EsxO/EsxP complex was determined using far UV 

circular dichroism (CD) spectroscopy. The spectra obtained for the EsxO/EsxP 

complex showed that the proteins contained a high percentage of helical structures, as 

clearly indicated by two intense negative (CD) peaks at approximately 208 and 221 

nm, as shown in figure 2.3.10. Analysis of the CD data of the EsxO/EsxP complex 

was carried out using the CD Pro package, which reported values of 53.2% helix, 

11.9% beta sheet, 14% turns and 21.3% unstructured (61). The spectra recorded for 

EsxO/EsxP as a complex indicate clearly that the majority (53%) of the complex 

contained a helical structure. Similarly, the spectra obtained by quantitative analysis 

for the EsxA/EsxB complex has shown that it contains 66% of helical structure, with 

significant sequence similarity to EsxO/EsxP complex. This suggests that both 

complexes might form similar structure. In previous studies, it has been shown that 

the structure of EsxA/EsxB and EsxG/EsxH complexes contained 4 helix bundles 

(118, 162, 163), suggesting that EsxO/EsxP complex might also contains 4 helix 

bundles. 
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Figure 2.3.10 Far UV CD spectra are shown for the EsxO/EsxP complex at 25°C. 

The spectra obtained for EsxO/EsxP complex show clear negative bands at about 208 

and 221 nm, which is characteristic of proteins with high helical content.  
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2.3.4.2 The effect of thermal variation on EsxO/EsxP as complex  

 

The effect of temperature on the structural integrity of EsxO/EsxP as a complex was 

studied by following the change in the CD spectra over  a range of temperatures, from 

5 to 90°C in increments of 5ºC, as shown in figure 2.3.11. All CD spectra were 

obtained from protein samples dissolved in 25 mM phosphate buffer (pH 6.5) 

containing 100 mM NaCl with a protein concentration of 15-25 M, allowed to 

equilibrate at each temperature before data collection. The stability of the EsxO/EsxP 

complex was determined by measuring its resistance to heat-induced denaturation. 

The thermal denaturation curve obtained for the EsxO/EsxP complex was a 

cooperative type curve, which suggests the stable folded structure of this complex 

(Figure 2.3.11). The complex is stable up to at least 45ºC, with a midpoint around    

55ºC, which is similar to the midpoint of the EsxA/EsxB complex (69, 102). These 

similarities between the EsxO/EsxP complex and the EsxA/EsxB complex in 

sequence, secondary structure content and resistance to heat-induced denaturation 

strongly suggest that the two complexes may have similar structures. 
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Figure 2.3.11 Illustration of the ability of EsxO/EsxP complex to resist temperature-

induced denaturation, in 100 mM NaCl and 25 mM NaH2PO4 buffer at pH 6.5. The 

curve is clearly showing resistance to at least 45 °C, with a denaturation midpoint of 

around 55 ºC.  The sigmoidal cooperative curve obtained for this complex suggests 

that complex is stable and folded complex.  
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2.3.4.3 1D 
1
H NMR analysis of the EsxO/EsxP complex   

1D 
1
H NMR experiments were performed in 100 mM NaCl and 25 mM NaH2PO4 at 

pH 6.5 and 35°C. The spectrum for the EsxO/EsxP complex demonstrates significant 

dispersion, including signals from a number of high field-shifted methyl-resonances 

(-CH3) (-1 to 0 ppm) and backbone amide group (NH) (6.5 to 9.5 ppm), both of, 

which are characteristic features of a folded protein (Figure 2.3.12).  

 

 

Figure 2.3.12 One-dimensional 
1
H NMR spectrum of 80 µM sample of EsxO/EsxP 

as complex in 100 mM NaCl and 25 mM NaH2PO4 at pH 6.5 and 35°C. The spectrum 

shows chemical shift dispertion of CH3 and NH which indicate the protein is folded. 
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2.3.4.4 MALDI-TOF mass spectroscopy of the EsxO/EsxP complex 

The molecular mass of EsxO and EsxP proteins was determined by matrix-assisted 

laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF). The 

predicted mass of EsxO is 9954 Da but when measured by this method it was found 

to be 9821.81 Da. This is because the protein lacks the N-terminal methionine. The 

predicted mass of EsxP is 10977 Da, but the actual measured mass by MALDI-TOF, 

was shown to be 11061.93 Da. This may be due to an additional serine resulting from 

the TEV cleavage of the N-terminal His-tag (Figure 2.3.13). 

 

Figure 2.3.13 Mass spectroscopy shows molecular weight of EsxO/EsxP complex. 

The data indicate that molecular weight of the purified EsxO was 9821.81 Da, which 

corresponds to EsxO protein lacking the N-terminal methionine. The molecular 

weight of EsxP was 11061.93 Da which corresponds to this protein and an additional 

serine resulting from TEV cleavage of the N-terminal histag. 
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2.3.4.5 Prediction of structure of EsxO/EsxP complex 

In this section, the prediction of the structural properties and features of the 

EsxO/EsxP complex is discussed, using a helical wheel model. It is based on multiple 

sequence alignments for the members of ESX family proteins and the solution 

structure of both EsxA/EsxB and EsxG/EsxH complexes (Figures 2.3.14 and 2.3.15) 

(117, 162). The helical wheel representation provides a suitable approach for 

predicting the interaction between the helices, where, the residues at positions a and d 

within the heptad repeat (a-b-c-d-e-f-g) for helix bundle structures are usually 

expected to form the hydrophobic interface between the helices (117). Analysis of 

multiple sequence alignments for the members of the ESX family proteins reveals 

that over half of the interface residues are conserved in the majority of sequences. 

Solution structure of the EsxA/EsxB and EsxG/EsxH complexes reveals that both 

complexes form four helix bundles, which indicates that the overall backbone fold of 

the complexes are similar (Figure 2.3.15). This, together with known complex 

formation for several genome pairs, strongly suggests that all pairs of these proteins 

will form similar four helix bundle structures (117, 162). 
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Figure 2.3.14 Multiple sequence alignment illustrating the conservation of the amino 

acid in members of ESX family proteins, with EsxB related proteins at the top and 

EsxA related proteins at the bottom. MTINY (EsxI, EsxL, EsxN, EsxO and EsxV) 

and QILSS (EsxJ, EsxK, EsxM, EsxP and EsxW) proteins are highly related (>90% 

identity) and are represented by EsxO and EsxP. EsxR/EsxS are closely related 

proteins(>80% identity) represented here by EsxG and EsxH. The residues are 

denoted here as follows: aliphatic residues with hydrophobic side chains (Ala, Ile, 

Met and Val) highlighted in dark blue, aromatic residues (His, Phe, Trp and Tyr) in 

light blue, the negatively charged residues (Asp and Glu) in dark purple, polar 

residues (Asn and Gln) are in light purple, the positively charged residues (Arg and 

Lys) in red, and the small polar residues (Cys, Ser and Thr) are represented by green. 

ClustalW with Gonnet scoring matrix was used to align the sequence. The positions 

of helices of EsxA/EsxB and EsxG/EsxH are shown by bars above the sequences    

(α-helices in dark grey and 310 in light grey indicate EsxA/EsxB and α-helices in dark 

brown and 310 in light brown indicate EsxG/EsxH). The residues are conserved at 

position “a” and “d” within the helical wheel diagrams are indicated by triangles 

coloured blue and red, respectively. Reproduced from Lightbody et al., 2008. 
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Figure 2.3.15 The solution structures of EsxA/EsxB and EsxG/EsxH complexes. 

Panels A and B show ribbon representations of the backbone of EsxA/EsxB and 

EsxG/EsxH complexes respectively, which illustrate the two helix-turn-helix hairpin 

structures formed by the individual proteins in each complex.  Both complexes form 

four helix bundles, showing that the overall backbone fold for the complexes is 

similar. Reproduced from Renshaw et al., 2005 and Ilghari et al., 2011. 
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As previously mentioned, esxO and esxP are found as tandem in the Mycobacterium 

tuberculosis genome, in common with esxA/esxB and esxG/esxH. The work reported 

in this chapter clearly demonstrates that EsxO/EsxP form a tight 1:1 complex, which 

is mainly helical in structure and is predicted to be closely related to the EsxA/EsxB 

and EsxG/EsxH complexes. The analysis of a multiple sequence alignment of ESX 

family members has shown that the hydrophobic residues either found or predicted to 

be found at positions a and d are highly conserved throughout the family, suggesting 

that these key interface residues stabilize the formation of the helix-turn-helix 

structures of the individual family members and suggest that the pairs are likely to 

adopt a four helix bundle (Figure 2.3.16). Together, these findings suggest that 

EsxO/EsxP is likely to adopt a four helix bundle structure similar to that EsxA/EsxB 

and EsxG/EsxH complexes. On the other hand, the residues involved in forming the 

interface between EsxB and EsxA are poorly conserved throughout the ESX family 

proteins, which indicates the specificity of the complex formation.  
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Figure 2.3.16 Helical wheel presentation of the EsxO/EsxP complex. The prediction 

of the intra and intermolecular interface between helices on the EsxO/EsxP are based 

on multiple sequence alignments across EsxA/EsxB family members and the 

knowledge of structures of EsxA/EsxB and EsxG/EsxH complexes. Residues 

highlighted in blue are predicted to be implicated in intramolecular interactions 

between helices in EsxO/EsxP and residues that are expected to form part of the 

intermolecular interface between EsxO and EsxP are depicted by red. Residues in 

green are expected to be involved at both intra and intermolecular interfaces. 
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In conclusion, the results presented in this chapter strongly suggest that the 

EsxO/EsxP complex forms a stable heterodimeric complex. The complex showed a 

significant resistance to heat-induced denaturation, and the curve was a sigmoidal 

type, which indicates a stable folded structure. In addition, the 1D
1
H NMR studies of 

the complex clearly showed chemical shift dispersion mainly in the region 

corresponding to the protons of the backbone amide and methyl groups, suggesting 

that this complex has a stable folded structure. Furthermore, the elution profile of this 

complex from a gel filtration column showed that its molecular mass is 

approximately 20 kDa, which is approximately equal to the complex when it is in 

dimer form. The EsxO/EsxP complex has a similar helical content CD analysis to that 

found in other studies of the Esx family complexes. Finally, the helical wheel 

representation shows that the residues involved in the formation of the intramolecular 

interface between helices are conserved throughout the EsxO/EsxP complex, 

suggesting that this complex might form a four helix-bundle structure similar to 

EsxA/EsxB and EsxG/EsxH complexes. Moreover, the residues at the intermolecular 

interface may play a role in specificity with regard to complex formation. As 

previously noticed, these residues are not conserved either throughout the EsxO/EsxP 

complex or throughout the EsxA/EsxB family members. From these observations, 

one may expect that changes in these residues might have an effect on the stability 

and specificity of the complex.   
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Chapter 3 
 

Specific interaction of the EsxO/EsxP complex with host cells 
 

 

3.1 Introduction 

 

Although the importance of the EsxA/EsxB family of proteins in mycobacterial 

virulence and pathogenesis is clear, the precise molecular functions and cellular 

mechanisms of these proteins have not been fully defined. Several studies have 

demonstrated that the ESX-1/RD1 locus secretes the effectors EsxA and EsxB. It has 

been implicated in the spread of infection, granuloma formation and the prevention of 

phagosome maturation, because when this region is deleted, it results in attenuated 

infection and the poor formation of granulomas (45, 196, 212, 230). These studies 

have provided clues to the proteins that participate in related virulence roles or 

pathogenesis. This is of central importance and therefore, we need to determine the 

localisation of these proteins on the host cells to identify the basic functional role of 

these virulence factors.  

 

A microarray study has shown that esxA and esxB are downregulated when 

macrophage cells internalise Mycobacterium tuberculosis by phagosomes, which 

indicates that the function of this complex might occur before the phagocytosis of 

Mycobacterium tuberculosis by phagocytic cells (177). It has been suggested that the 

EsxA/EsxB complex is likely to bind to a target on the surface of host cells. 

Confirmation of this suggestion has been made in previous microscopy study using a 

fluorescence microscope assay that included different cells (monocytes, macrophages 

and fibroblasts) and labelling of complex with Alex Fluor 546 dye (162). The 
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fluorescence microscopy study of the EsxA/EsxB complex revealed specific 

interaction between EsxA/EsxB and monocyte and macrophage cells. The specific 

binding was confirmed by incubating the U937 cells with labelled EsxA/EsxB 

complex in the presence of an excess of the unlabelled complex. This resulted in a 

significant reduction of fluorescence intensity which indicates that the interaction is 

mediated by the complex not by the fluorophores (Figure 3.1.1). Therefore, the 

fluorescence microscopy assay strongly suggests that the EsxA/EsxB complex binds 

to a specific target on monocyte and macrophage cells (162).  

 

On the other hand, studies have suggested that the EsxA/EsxB complex causes lysis 

of the host cell by the formation of pores in the cell membrane (91). However, there 

are strong arguments against this suggestion in terms of the structure of the 

EsxA/EsxB complex because the surface of the complex has a uniform distribution of 

positive and negative charges and no hydrophobic patches, which is incompatible 

with a membrane spanning pore. Furthermore, in aqueous solution the EsxA/EsxB 

complex is soluble to over 2 mM with no indication of aggregation, which is not 

typical of pore forming proteins (162).  
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Figure 3.1.1 The interaction of fluorescently labelled EsxA/EsxB complex with the 

surface of U937 monocyte cells and NIH-3T3 fibroblast cells. All of these cells were 

exposed to 1 M Alexa Fluor 546 labelled EsxA/EsxB complex. (A) The labelling is 

focused on the surface of U937 cells (indicated by arrows) (100 ms exposure). (B) 

The fluorescence intensity is significantly reduced when U937 cells are exposed to    

1 M labelled EsxA/EsxB complex and 20 M unlabelled EsxA/EsxB complex. (C) 

No significant labelling is present on the cell surface of NIH-3T3. The size bars 

shown correspond to 5 m. Reproduced from Renshaw et al., 2005. 
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The work described in this chapter was focussed on assessment of EsxO/EsxP 

complex by fluorescence microscopy, whether the complex might mediate its 

function by binding to the surface of the host cells. This suggestion would be 

consistent with the finding of Schnappinger et al. (2003) that expresstion of EsxO and 

EsxP are down-regulated by Mycobacterium tuberculosis cells internalised within the 

macrophage phagosome. This indicates that the function of the EsxO/EsxP complex 

might occur before the take-up of Mycobacterium tuberculosis by the macrophage 

(177).  

 

To investigate this suggestion, I used a fluorescence microscopy approach to assess 

the potential binding of the EsxO/EsxP complex to various types of cells including 

human monocytic cell lines U937, J774 macrophage and NIH3T3 fibroblast cell 

lines. A confocal microscope was used to confirm the localisation of the labelled 

protein to the surface of the host cells. 

 

 

 

 

 

 

 

 

 

 



 

99 
 

3.2. Method and Materials 

3.2.1 Purification of the EsxO/EsxP complex 

Purification of the EsxO/EsxP complex was carried out as described in section 2.2.5 

 

3.2.2 Fluorescent labelling of EsxO/EsxP complex  

The EsxO/EsxP complex was labelled with the succinimidyl ester bound of Alexa 

Fluor 546. Alexa Fluor 546 is one member of the Alexa Fluor dyes that has an 

excitation at 546 nm and Emax fluorescence emission is recorded at 573 nm  (89, 148) 

(Figure 3.2.1). 

The EsxO/EsxP complex was prepared by dialysis against 100 mM NaCl and 25 mM 

NaH2PO4 buffer at pH 7.5 before labelling with Alexa Fluor 546  (Molecular probes). 

The reaction was performed at pH 7.5 to allow the N-terminal amino groups of 

EsxO/EsxP complex to react with Alexa Fluor dye, but not charged lysine side chain 

amino groups. A molar ratio of 10:1 (dye to protein) was used for labelling and the 

mixture incubated overnight, in the dark at room temperature with continuous 

rocking. The excess fluorophore was removed by dialysis against 100 mM NaCl and 

25 mM NaH2PO4 buffer (pH 7.5). Finally, the degree of labelling was determined by 

measuring the absorbance of the protein-dye conjugate at 280 nm and 556 nm, 

(absorbance maximum of protein and dye respectively).  The degree of labelling was 

calculated using the following formula (89):  

 

Degree of labelling = 

 

Amax X dilution factor  X  M.W of protein 

Concentration of protein X   ε dye 
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Figure 3.2.1 The reaction of Alexa Fluor 546 succinimidyl ester with a primary 

amine (B). The structure of Alexa Fluor 546 (A).  The primary amine binds to 

succinimidyl group by the formation of stable amide bond. Reproduced from 

Haugland et al., 2005. 
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3.2.3 Cell culture 

 

3.2.3.1 Monocytic cell line: 

U937 human monocytic cell line was grown in suspension in RPMI1640 media 

(Invitrogen) supplemented with 10% (v/v) foetal calf serum (FCS), 2 mM glutamine. 

The cells were incubated at 37°C and 5 % CO2. 

                         

3.2.3.2 Macrophage cell line:  

J774 mouse macrophage cell line was cultured in Dulbecco‟s modified Eagle‟s 

medium (DMEM) (Invitrogen) supplemented with 10 % (v/v) FCS and 2 mM 

glutamine. Cells were grown at 37°C and 5 % CO2. 

 

3.2.3.3 Fibroblast cell line: 

NIH-3T3 mouse cell line was grown in Dulbecco‟s modified Eagle‟s medium 

(DMEM) (Invitrogen) supplemented with 10% (v/v) FCS and 2 mM glutamine. Cells 

were incubated 37°C and 5 % CO2.  
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3.2.4. Fluorescence microscopy 

The U937 cells were initially cultured in a suspension containing 10% FCS and 2 

mM glutamine. The FCS was then removed by washing the cells in RPMI without 

FCS, the cells then allowed to adhere to glass coverslips precoated with 5 ug/ml 

Fibronectin for 5 minutes at 37°C and 5 % CO2. Excess cells were removed by 

washing the coverslips twice using (PBS) buffer. However, J774 cells and NIH-3T3 

cell were grown directly on glass coverslips in appropriate media. To analyse whether 

the EsxO/EsxP complex could bind to the surface of host cells adhered to glass 

coverslips, they were exposed to 1 M Alexa Fluor 546 labelled complex for 15 

minutes at 4°C on a rocker in the dark. Non-bound complex was removed by washing 

the cells with PBS before fixing with 4 % (w/v) paraformaldehyde (PFA), cells were 

permeabilised with 0.2% (v/v) TritonX-100 when requried. Prolong antifade reagent 

(Molecular Probes) was used to mount the coverslips onto slides that were stored at 

room temperature in dark until dry. A Nikon TE300 inverted microscope was used to 

visualise the cells, with images captured using an OCRAECCD camera (Hamamatsu) 

and open lab software (Improvision).  

 

Blocking experiments were performed by incubating U937 cells with 1 µM Alexa 

Fluor labelled EsxO/EsxP complex in the presence of 20-fold molar excess of 

unlabelled EsxO/EsxP complex for 15 minutes at 4°C. Nonbound protein was 

removed by washing the cells with PBS, cells were then fixed and visualised as 

described above.  
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To investigate whether the EsxO/EsxP complex was internalised into the cells time 

course studies were carried out. U937 cells were incubated with complex for 5, 15, 20 

and 60, minutes at 37°C and 5% CO2. Unbound protein was removed by washing the 

cells with PBS, prior to visualisation under the microscope. The same approach was 

used to determine whether incubation with the complex had any significant effect on 

cell morphology or viability. 

 

3.2.5 Confocal fluorescence Microscopy 

Cells were imaged with a Leica TCS SP5 laser scanning confocal microscope using 

the LAS AF software package. I used the same slides of U937 cells and J774 cells 

that were prepared for fluorescence microscopy to determine the localisation of 

labelled EsxO/EsxP complex on the surface of host cells line. Imaris software was 

used to analyse the images obtained. 
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3.3 Results 

 

3.3.1 Labelling of the EsxO/EsxP complex with Alexa Fluor 546 

The EsxO/EsxP complex was shown react with Alexa Fluor 546 at a 10:1 dye to 

protein molar ratio. Unbound dye was removed by dialysis and the labelling of 

protein was determined by measuring the absorbance of the protein-dye conjugate at 

556 nm, (absorbance of the dye) and 280 nm (absorbance of the protein). The degree 

of labelling for the EsxO/EsxP complex was between 1.5-1.7:1, which indicates that 

one-to-two fluorophore molecules bind with the protein complex, which is consistent 

with the modification of one or both of the N-terminals in the complex (Figure 3.3.1). 

 

Figure 3.3.1 Absorbance spectra of Alexa Fluor 546 labelled EsxO/EsxP complex. 

The degree of labelling was typically between 1.5-1.7. The absorbance of protein at 

280 nm is indicated by 1 and the absorbance of Alexa Fluor 546 at 556 nm is 

indicated by 2. 
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3.3.2 Fluorescence Microscopy 

 

3.3.2.1 Binding of the EsxO/EsxP complex to specific host cells 

The fluorescently labelled EsxO/EsxP complex was used to assess whether the 

complex binds specifically to different types of host cells including U937 monocytes, 

J774 macrophage cells and NIH-3T3 fibroblast cell lines. The U937 monocyte cell 

line and J774 macrophage cell line both showed intense fluorescence at the cell 

surface, indicating binding of EsxO/EsxP complex. Labelling is focused at the cell 

surface and often is observed in patches for both the U937 monocytic cell line and 

J774 macrophage cell line. In contrast, the EsxO/EsxP complex shows dramatic 

reduction of fluorescent labelling on the cell surface of NIH-3T3 fibroblast cell line 

and low level of background (Figure 3.3.2). 

 

Under identical experimental  conditions, when the incubation of permeabilised U937 

monocyte and J774 macrophage cells with fluorescently labelled EsxO/EsxP complex 

was performed, no significant difference in fluorescent labelling on the cell surface 

when compared with the non-permeabilised cells was observed. Time course studies 

were used to determine whether incubation with complex had any noticeable effect on 

cell morphology and to investigate whether the complex is internalised into the cells. 

U937 monocyte and J774 macrophage cells were incubated with EsxO/EsxP complex 

for 20, 30 and 60 minutes at 37ºC in the incubation buffer in presence of 5 % CO2. 

There was no significant difference in the morphology of the cells at 20 min, 30 min 

and 60 min. The identical experiments were performed using the labelled complex 

with J774 cells, resulting in the same type of results of fluorescence binding on 

surface of these cells. 
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Figure 3.3.2 Binding of fluorescently labelled EsxO/EsxP complex on the surface of 

U937 monocyte and J774 macrophage cells. Panels (A-C) show bright field 

microscopy of U937 cells, J774 cells and NIH-3T3 fibroblast cells respectively. 

Panels (D-F) show U937 cells, J774 cells and NIH-3T3 fibroblast cells exposed to     

1 M Alexa Fluor 546 labelled EsxO/EsxP complex, 200 ms exposure time. The 

images of U937 cells, J774 cells show binding of fluorescently labelled EsxO/EsxP 

complex on the surface of both U937 cells and J774 cells. Labelling is focused at the 

surface and is often observed in patches (indicated by arrows). However, the image of 

NIH-3T3 fibroblast cells has shown significant reduction of fluorescent labelling on 

the cell surface of NIH-3T3 fibroblast cell line and low level of background. This 

indicates that the EsxO/EsxP complex binds to the specific host (U937 and J774) 

cells. The size bars shown correspond to 5m. 
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3.3.2.2 Specificity of EsxO/EsxP complex binding to a host cell 

The specific interaction of the EsxO/EsxP complex with U937 monocytic and J774 

macrophage cells suggests that this interaction is due to a specific target on the cell 

surface membrane rather than to non-specific binding between the EsxO/EsxP 

complex or the fluorophore and the cell surface. Specificity of the interaction was 

confirmed by fluorescence microscopy experiments in the presence of 20-fold molar 

excess of unlabelled complex to create competition with Alexa Fluor 546 labelled 

EsxO/EsxP complex. The dramatic reduction in fluorescence at the surface of both 

U937 monocytic cells and J774 macrophage cells exposed to an excess of unlabelled 

complex clearly indicates that binding to the cell surface is mediated by the protein 

complex not by the fluorophore. Figure 3.3.3 shows significantly different pixel 

intensity between the blue and red charts which represents the cells exposed to 1 M 

labelled complex and those exposed to 1 M labelled complex and 20 M unlabelled 

complex, respectively. Therefore, it is confirmed that the labelled EsxO/EsxP 

complex binds to the target on the surface of monocyte and macrophage cells and the 

results of this binding is not mediated by the dye. In addition, it is noticed that the 

level of labelling or intensity in J774 macrophage cells was greater than that of U937 

monocytic cells, suggesting that these types of cells express more of the putative 

target for EsxO/EsxP complex. 
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Figure 3.3.3 Inhibiting the binding of fluorescently labelled EsxO/EsxP complex to 

U937 and J774 cells by competition with unlabelled complex. (A-B) Typical 

labelling of U937 and J774 cells respectively with 1 M labelled EsxO/EsxP 

complex. (C-D)  U937 and J774 cells exposed to 1 M labelled EsxO/EsxP and 20-

fold molar excess of unlabelled complex, 200 ms exposure time. The size of bars 

shown corresponds to 5 m. (E-F) The mean pixel intensity levels of U937 and J774 

cells were analysed by openlab software. The chart shows that there is significant 

change in the level of intensity between U937 and J774 cells exposed to 1 M 

labelled complex (blue bars) and U937 and J774 cells exposed to 1 uM labelled 

complex and 20 M unlabelled complex (red bars). It is clear that fluorescence 

labelling in the presence of unlabelled complex is drastically reduced, indicating that 

the interaction between the complex and host cell surface is not fluorophore 

mediated. 
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3.3.2.3 The location of the EsxO/EsxP complex in specific host cells 

Fluorescence microscopy has been used to show a specific interaction between the 

EsxO/EsxP complex and monocyte and macrophage cells. Here I assess whether the 

the esxO/esxP complex is present at the cell surface, or within the cell. Confocal 

microscopy was used to investigate the location of the complex on host cells by 

obtaining high resolution images to allow the production of three dimensional 

reconstructions. Imaris software was used to analyse these images. The analysis of 

the images of both U937 monocyte and J774 macrophage cells showed that the 

labelled complex was present on the surface of cells in patches. Figure 3.3.4, 

illustrates that the binding between EsxO/EsxP complex and host cells is present on 

the cell surface, which is likely mediated by targets on the membrane. I conclude that 

the position of EsxO/EsxP complex is on the surface of both U937 monocyte and 

J774 macrophage cells and not within the cell.  
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Figure 3.3.4 Imaris 3D surface representation of EsxO/EsxP complex form patches 

on U937 and J774 macrophage cells. The location of EsxO/EsxP complex was 

determined by scanning U937 and J774 cells with the confocal microscope and by 

using Imaris software to analyse the images respectively. (A and C) raw data      

(pixel image) of surface of cell for U937 and J774 macrophage cell. (B) and (D) is the 

same image as (A) and (C) respectively, with surface rendered 3D  to show the 

localisation more clearly in a 3D image. The scanning of both cell lines shows the 

position of binding between host cell and labelled complex present on surface of the 

cell based in three dimensions. The size of bars shown corresponds to 2 m for U937 

and 3 m for the J774 macrophage cell. 
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3.4 Discussion  

The host cell binding assays showed significant differences in the fluorescence 

labelling on the host cell surfaces; between monocyte/macrophage cell lines 

compared to the fibroblast cell line, indicating that the EsxO/EsxP complex 

specifically interacts with monocyte/macrophage cell lines (Figure 3.3.2). The 

fluorescence labelling was concentrated in patches, which appeared to be associated 

with the target being on the cell membrane. Furthermore, the level of intensity of the 

binding on the surface of J774 macrophage cells was higher compared to U937 

monocyte cells, indicating that the macrophage cells probably express more of a 

putative target for the EsxO/EsxP complex. This fluorescence microscopy study 

indicates that the EsxO/EsxP complex likely binds to targets that are present on the 

surface membranes of monocyte and macrophage cells, but not to fibroblast cell lines. 

The specificity of the interaction between the labelled EsxO/EsxP complex and the 

monocyte and macrophage cells was mediated by the complex and was not due to 

nonspecific interactions with the fluorophore, based on the results obtained from 

blocking experiments, where U937 and J774 cells were incubated with fluorescently 

labelled complex and a 20-fold molar excess of unlabelled EsxO/EsxP complex, 

which showed a dramatic reduction in fluorescence intensity.  

 

The EsxO/EsxP complex showed no sign of lysing cells when U937 and J774 cells 

were exposed to the complex. Besides, the complex is soluble to over 1.3 mM in 

aqueous solution with no sign of aggregation, which is not typical of a pore forming 

protein. In addition, the time course studies by exposing U937 and J774 cells to 

labelled EsxO/EsxP complex for 15 minutes, 20 minutes, 1 h and up to 24 h showed 
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no evidence of cell lysis. Therefore, this observation shows clearly that the 

EsxO/EsxP complex is not associated with cytolytic activity, which is similar to the 

EsxA/EsxB complex, as mentioned previously (162).  

 

Capping formation or the clustering of cell surface receptors can occur when the 

surface comes into contact with specific ligands. This phenomenon has been reported 

in various receptors, such as the insulin, epidermal growth factor, L-selectin, 

immunoglobulin and immune cell receptors. Previous studies have shown that the 

formation of the antigen/receptor cluster might be essential for initiating 

physiological responses in lymphocytes (T-cell and B-cells), such as transcription of 

genes, release of cytokines and progression of the cell cycle, migration, cell 

proliferation and antigen-receptor triggered apoptosis (105, 112, 185).  

 

During capping formation, host surface receptors interact with complementary 

ligands, which might result in the activation of signalling pathways and aggregation 

of receptors into patch-like structures. These patch-like structures then assemble in 

one pole of the cell and form a cap (10, 93). The ligands that induce cap formation 

might be essential for the transduction of extracellular signals through the aggregation 

of different signalling elements. Several studies have indicated that the assembly of 

molecules in caps is specific for ligand/receptor combinations and may be significant 

for signal transduction (56, 93, 112). The observation from the confocal microscopy 

results demonstrated that the EsxO/EsxP complex forms patches on the surface of 

both U937 and J774 cells, therefore, suggesting that a tight binding occurs between 

the complex and target protein on the cell surface (Figure 3.3.4). Furthermore, the 
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EsxA/EsxB complex has been shown to form patches on the cell surfaces of host cells 

(162). Taken together, these results are consistent with the observation of 

Schnappinger et al. (2003), who reported that both complexes are downregulated 

upon bacterial internalisation into the phagosome, which suggests that both 

complexes probably trigger the induction of cell signalling pathways and modulation 

of host cell behaviour. 
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Chapter 4 

Assessment of potential Biological Roles of EsxO/EsxP complex 

 

4.1 Introduction 

The work described in the previous chapter clearly showes that the EsxO/EsxP 

complex binds to specific targets on the surface of monocyte and macrophage cells, 

leading to the formation of distinct cap-like structures, which might be an indication 

of a signalling pathway. The work described in this chapter focused on determining 

of whether cell signalling results in changes in cell motility or gene expression. 

Davis and Ramakrishnan reported that macrophages in zebrafish embryos infected 

with ∆RD1 M. marinum showed reduced motility and spread in comparison to wild 

type M. marinum containing the RD1 region (45). This perhaps suggests that RD1 

secreted factors such as EsxA/EsxB may play a role in macrophage motility and 

spread, and possibly other Esx complexes which have been found to bind to the 

surface of host cells, such as the EsxO/EsxP complex. The work described in this 

section of the thesis investigated whether EsxA/EsxB (which is secreted by RD1) and 

EsxO/EsxP complexes play a role in motility. 

  

A so called Transwell migration assay has been commonly used for studying the 

migration of different types of cells, including immunity cells such as macrophages in 

response to an external signal. The assay is found useful in screens for compounds 

that act as chemoattractants or inhibitors of chemotaxis. The main idea of this assay 

relies on cells which are placed on the upper layer of a permeable membrane whereas 

the solution containing the test agent is placed below the cell permeable membrane. 
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Following an incubation period of typically 3–18 hours, the cells that have moved 

through the membrane are stained and subsequently counted. In practice, the 

membrane is usually coated with some extracellular matrix component, such as 

collagen, which acts to facilitate both adherence and migration (100, 197). If the 

external signal is thought to be a motility factor rather than a chemoattractants, then a 

live cell imaging approach, as used here is considered an appropriate way to 

determine motility (86, 104, 209, 83, 78). 

 

Lipopolysaccharide (LPS) accounts for the majority of the lipid component of the 

outer membrane of gram negative bacteria. LPS is a known endotoxin which can 

trigger immune response at sub-nanogram levels (125). This reaction is even more 

prevalent in monocytes and macrophages, due to the secretion of various 

proinflammatory mediators, such as TNFα, IL-6 and IL-1β. Therefore, removal of 

LPS from recombinant proteins is essential to prevent any biological response from 

LPS being attributed to the recombinant protein of choice (22, 125). 

 

4.2 Methods and Materials 

 

4.2.1 Protein purification and removal of LPS  

Initially, the EsxO/EsxP complex was purified by affinity chromatography followed 

by gel filtration purification as described previously. To remove LPS from the 

sample, ion exchange chromatography was utilised, where, LPS-free water was used 

in the preparation of buffers, and a new 5 ml HiTrap Q sepharose column, as well as 

pyrogen-free sterile plastics were used. The column was then washed with 5 column 
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volumes of pyrogen free water, and equilibrated with 5 column volumes of 20 mM 

sodium phosphate at pH 7.4 that was left overnight. At the same time, the EsxO/EsxP 

complex was dialysed against 2L of the same buffer overnight. Then the complex was 

loaded onto a column, followed by washing with 5 column volumes of 20 mM 

sodium phosphate at pH 7.4. Then the EsxO/EsxP complex was eluted by washing 

the column with 5 column volumes of a buffer containing 75 mM NaCl and 1 ml of 

each fraction was collected. The column was then washed with 150 mM and 500 mM 

NaCl buffers to ensure that all the protein was eluted. This protocol was repeated 

twice to remove as much LPS as possible from the sample. LPS levels were tested 

using an endosafe-PTS spectrophotometer and cartridges (Charles River 

Laboratories). This is based on the activation of pro-enzyme by LPS which generate a 

colour producing substrate that can be easily detected (95). Protein samples with low 

levels of LPS were used in subsequent investigations of the cell motility and 

microarray experiments.    

 

4.2.2 Cell Motility Assays 

J774 macrophage cells were seeded directly onto 6 well plates (6-well flat-bottom 

Nuclon MultiDish) at density of 1.4x10
6 

cells/ml. The cells were allowed to adhere 

and grow for 24 hours at 37°C and 5 % CO2, before replacing the old media with 

fresh media containing 1 M of LPS free EsxO/EsxP complex. Three regions were 

selected in each well and imaged using brightfield by time-lapse fluorescence 

microscopy, with a 10X objective on a Nikon Eclipse TE2000 inverted microscope in 

an atmosphere of 5 % CO2 at 37°C. The images were captured with a Hamamatsu 

ORCA-ER (C4742-95) digital camera every 15 minutes over a period of 24 hours. 
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The migration of 22 cells for 8 hours was analysed using the manual tracking plugin 

of ImageJ (NIH, Bethesda, MD, USA), and track plots following the path of 

individual cells were created using the chemotaxis tool plugin for ImageJ (78, 83, 86, 

104, 209). Then, the directionality of the cells was determined. Directionality is 

defined as the Euclidean distance between the starting and end point divided by the 

accumulated distance (total distance moved). Directionality is calculated by dividing 

the average of all the cells‟ Euclidian distances by their average accumulated distance 

and represents a measure of their trajectories‟ directness. A directness (D) equal to or 

near 1 means a straight-line migration from start to endpoint.  D equal to or near 0 

means strong meandering and turns. An average migration speed and distance were 

obtained from the raw data using the manual tracking plugin and the results are 

represented here (198). 

 

4.2.3 Microarray 

In the microarray experiments, approximately 9x10
7 

U937 cells in 10 ml RPMI 

medium were exposed to either 1 M LPS free EsxO/EsxP complex in 25 mM 

NaH2PO4, 100 mM NaCl (pH 7.4) or to an equivalent volume of buffer alone for 

either 30 or 120 minutes. Following exposure to the protein complex or the control 

buffer, the cells were harvested by centrifugation at 1000 rpm for 5 minutes. Total 

RNA was extracted using the RNase Mini Kit (QIAGEN) according to the 

manufacturer‟s instructions, with the cells homogenised by passing the cell lysate 

through a 20-gauge needle until a homogeneous lysate was achieved. The 

concentration of RNA was measured using a spectrophotometer at 260 nm. 
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The expression profile of samples was determined by using a whole human genome 

microarray from Affymetrix with our collaborators at the National Institute of 

Medical Research (Dr Roger Buxton and colleagues). ArrayTrack was used to 

analyse and process the six datasets that were generated in the experiment (200, 201). 

The raw data was imported into the ArrayTrack database, normalised by 

Mean/Median Scaling and then t-test was selected, to identify genes with significant 

changes in expression levels between treated and non-treated samples. Significant 

genes were identified by applying three criteria; T-test which estimates p-value, fold 

change and genes that have demonstrated a mean channel intensity reading higher 

than the determined noise level which was 250. Significant genes were identified with 

cut off (p ≤ 0.05 and fold change ≥1.5). Selected genes were further analysed using 

KEGG (Kyoto Encyclopedia of Genes and Genomes) and GOFFA (Gene Ontology 

for Functional Analysis) (96, 190, 200). GOFFA software within the array track uses 

a standard vocabulary (terminology) derived by the Gene of Ontology Consortium to 

generate gene ontology information. The ontology provides standard vocabularies for 

description of the molecular function, biological process and cellular component of 

gene products (191, 201). 
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4.3 Results 

 

4.3.1 Purification of EsxO/EsxP complex and removal LPS 

 LPS was removed from EsxO/EsxP complex samples using ion exchange 

chromatography after initial purification by affinity chromatography and gel filtration 

EsxO/EsxP was eluted at 100 mM of NaCl and the amount of protein for each 

fraction was estimated and then samples were analysed by SDS-PAGE (Figure 4.3.1). 

Finally, the amount of LPS was estimated using an Endosafe-PTS spectrophotometer. 

The level of LPS found in the sample prior to the purification was 700 pg/ml but after 

purification, it decreased to about 1 pg/ml, which is considered a low concentration of 

LPS and this could then be used in the subsequent experiments. This consideration 

was based on the US Food and Drug Administration (FDA) findings, which 

suggested 50 pg/ml of LPS as the threshold required to induce any response of the 

cells (127).                         

 

 

 

 

 

 

Figure 4.3.1. The EsxO/EsxP complex elution profile and LPS removal. Panel A 

shows a plot of elution profile fractions of EsxO/EsxP complex at 100 mM salt 

buffer. Panel B shows SDS-PAGE gel displaying the ion exchange column fractions 

of eluted EsxO/EsxP as a complex. The bands on the left hand side of the gel 

represent a low molecular weight marker. Lanes 1-9 are fractions of the eluted 

EsxO/EsxP complex. Lane1-6 represent fraction 1-6 (as seen in panel A) respectively. 

Lanes 9, 7, 8 represent fraction 7, 8, 9 respectively. 
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4.3.2 Assessment of the effects of Esx complexes on cell the motility  

J774 cells were exposed to either EsxA/EsxB or EsxO/EsxP complexes to investigate 

whether they have any effect on cell motility. Movies were generated by brightfield 

images taken every 15 minutes and a track was created for each cell using the manual 

tracking plugin of ImageJ (NIH, Bethesda, MD, USA) (78, 83, 86, 104, 209). The 

data of velocity and distance obtained from manual tracking of each cell track over 

duration of eight hours was entered into the chemotaxis tool from plugin of ImageJ to 

create track plots following the path of individual cells (Figure 4.3.2). This method 

was used to measure the accumulated distances, which were 67.75±24.5 m, 

60.01±18.1 m and 64.75±22.03 m for the untreated cells, treated cells with 

esxA/esxB complex and with EsxP/EsxO complex, respectively. The velocity results 

were 0.14±0.051 m/minute, 0.12±0.037 m/minute and 0.13±0.042 m/minute for 

the untreated cells, treated cells with EsxA/EsxB complex and with EsxP/EsxO 

complex, respectively. Previous studies have reported a comparable velocities; 0.43 

m/minute and 0.67 m/minute for J774 cells control and wild-type mouse bone 

marrow-derived macrophages (BMMS) cells respectively (108, 216). However, the 

slight differences might be as result of different cells or experimental conditions used.  

 

The data of the average distance and velocity for all the cells generated from the 

analysis of cell motility showed no significant difference in terms of distance and 

velocity between the control cells and cells treated with EsxA/EsxB or EsxO/EsxP 

complexes (Figure 4.3.3). Also, the Euclidean distance was 4.04 m, 5.01 m and 

4.31m for untreated cells, treated cells with EsxA/EsxB complex and with 

EsxP/EsxO complex respectively. In the experiment, the directionality of the control 
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cells and cells exposed to EsxA/EsxB or to EsxO/EsxP complex were 0.06, 0.08 and 

0.07 respectively. These results indicate that the cells do not migrate in a straight-line 

motion but many of turns and changes of the track of cells was observed, because 

directionality of cell was near 0 and the directionality of straight-line migration 

should be equal to or near 1(198).  
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Figure 4.3.2 The migration tracks of 22 cells of untreated and treated cells with either 

EsxA/EsxB complex or EsxO/EsxP complex. Panels A, B and C respectively 

represent untreated, cells exposed to EsxA/EsxB complex and cells exposed to 

EsxO/EsxP complex. (i) shows all the raw images of J774 cells, (ii) shows the dot 

and track for each cell created by the manual tracking plugin of imageJ (NIH, 

Bethesda, MD, USA) and  (iii) shows track plots created by following the path of 

individual cells using the chemotaxis tool plugin of imageJ(migration path) (78, 83, 

86, 104, 209). 22 cells were used for each experiment. 
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Figure 4.3.3 Cell migration was analysed using the manual tracking plugin of imageJ 

to identify any differences between the control cells and cells exposed to EsxA/EsxB 

or EsxO/EsxP complex in terms of distance and velocity. As illustrated by the bar 

charts, panel A shows that there is no significant change in accumulated distance for 

J774 macrophage cells when treated with EsxA/EsxB complex (red bar), EsxO/EsxP 

complex (blue bar) versus control cells (green bar). Panel B shows that no significant 

difference in the velocity of J774 macrophage cells when treated with EsxA/EsxB 

complex (red bar), EsxO/EsxP complex (black bar) and control (green bar). The 

Standard Deviation is calculated for each experimental condition. Note that 22 cells 

were used for each experiment. 
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4.3.3 Microarray analysis of gene expression change of U937 cells treated 

with EsxO/EsxP complex at different time points  

T-test was used to determine whether there was any significant difference in the gene 

expression profiles between the untreated U937 cells and those treated with 

EsxO/EsxP complex for 30 minutes and 120 minutes. The principle component 

analysis (PCA) within array track was used to carry out an examination of the 

relationship among the samples. PCA showed that the untreated samples were 

grouped together as well as the treated samples were grouped together for both 30 

minutes and 120 minutes treatments. In addition, the PCA analysis showed a clear 

differentiation between the treated and untreated groups,  therefore it could be 

concluded that the data is of good quality and the genes are certainly differentially 

expressed between the treated group and the control group (Figure 4.3.4 panels A-B) 

(103, 167).  

 

.  
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Figure 4.3.4 Panels A–B show Principal Component Analysis (PCA) 3D view for 

genes expression profile of three EsxO/EsxP complex-treated U937 cells  samples 

(red dots) and three control samples (blue dots) for 30 minutes and 2h hour treatment 

experiments respectively. Three principle components (PC1, PC2 and PC3, the label 

is not show) are plotted. This analysis shows the samples were grouped together 

according to the untreated and treated samples. The separation between the untreated 

(controls) samples and the EsxO/EsxP treated samples indicates the good quality of 

the microarray experiment (103, 167).  
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Microarray data were visualized using a volcano plot and significant gene lists were 

generated using p-value ≤ 0.05 and fold change ≥1.5 as criteria for significance.        

A volcano plot for differentially expressed genes between treated and untreated U937 

cells is shown in figure 4.3.5 panels A-B (31, 62). The expression profiles of treated 

and control cells were analysed based on p-value ≤ 0.05 and fold change ≥1.5. A 

group of 6 genes were found to be differentially expressed by cells exposed to 30 

minutes of treatment with the EsxO/EsxP complex, including 5 genes that were up-

regulated and one gene that was down-regulated. On the other hand, the expression 

pattern for a group of 14 genes was found to be significantly changed after the 120 

minutes treatment with the complex. Out of these 14 genes 9 genes were up-regulated 

while 5 genes were down-regulated. A complete list of these genes in both 

experiments (30 minutes and 120 minutes treatment with EsxO/EsxP complex) can be 

found in tables 4.3.1 and 4.3.2 respectively. There were 274 genes whose p-value was 

less or equal 0.05 with fold change <1.5 (pink dots), 60 genes that have fold change 

>1.5 without considering the p-value (yellow dots) and 14,123 non-significant genes 

whose fold change <1.5 and p-value more than 0.05 (black dots) after 30 minutes 

treatment. Whereas after 120 minutes treatment, there were 223 genes that have        

p-value less than 0.05 with fold change <1.5 (pink dots), 107 genes whose fold 

change >1.5 without considering the p-value (yellow dots) and 11,967 genes that fold 

change <1.5 and p-value more than 0.05 (black dots).  

 

Hierarchical cluster analysis was used to group entities and conditions based on the 

similarity on their expression profile as demonstrated in this analysis, where distinct 

groupings of the controls and treated samples were observed, as shown in figure 4.3.5        

panels C-D. These results indicated that EsxO/EsxP complex induced a distinct 
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pattern of gene expression changes (103). This cluster pattern shows that most similar 

profiles are joined together into a group, which suggests similarity within the 

untreated samples as well as the treated ones that were also grouped together into a 

separate cluster. In addition, the cluster pattern formation indicates variation between 

the expression profiles of the untreated group and the treated group clusters.   

 

The selected genes of both treatments after 30 minutes and 120 minutes were 

analysed by Kyoto Encyclopedia of Genes and Genomes (KEGG), which provides 

information on metabolic and regulatory pathways in order to identify a disease or 

processes that were associated with the differentially expressed genes (DEGs) (97). 

However, functional analysis with KEGG showed that there was no significant gene 

cluster involved in any specific pathway. The 6 genes that were identified from the 30 

minutes treatment with EsxO/EsxP complex, 2 genes were mapped to pathways 

collected by the KEGG database and found in two different pathways. The PDXK 

gene is involved in the vitamin B6 metabolism pathway and DAXX  gene is involved 

in the MAPK signalling pathway. While, from the 14 genes identified in the 120 

minutes treatment, 2 genes were also mapped to the pathway collected by the KEGG 

and found to be involved in different pathways. The HSPD1 gene is involved in the 

RNA degradation pathway and the ZYX gene is involved in the focal adhesion 

pathway.  
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Figure 4.3.5 panels A and B show volcano plot of the significant gene expression 

change in the U937 cells when treated with EsxO/EsxP complex for 30 minutes and 

120 minutes respectively. The plot is based on log2 fold change versus log2 p-value. 

The change in gene expression was identified as significant if the P-value was equal 

or less than 0.05 and the fold change equal or greater than 1.5. Red dots indicate 

significant genes (5 up-regulated and 1 down regulated after 30 minutes treated, 9 

genes up-regulated and 5 genes down regulate after 120 minutes treated), features in 

pink dots indicate genes that have p < 0.05 and fold change < 1.5, features in yellow 

dots indicate genes that genes have p > 0.05 and fold change >1.5, features in black 

dots indicate genes that have p > 0.05 and fold change < 1.5. Panels C–D hierarchical 

cluster analysis shows a significant change in gene expression profile for 6 genes and 

14 genes at 30 minutes and 2 hours respectively which repeated three times for each 

experimental condition. The unique groupings of treated samples and controls 

indicated that EsxO/EsxP complex treatment induced a distinct pattern of genes 

expression change. 
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Table 4.3.1 Significant gene expression in U937 cells after treatment with EsxO/EsxP 

for 30 minutes (p ≤ 0.05, fold change ≥ 1.5). 

 
GENEBANKACC Gene name p -value 

Fold 

change 
Description 

1 AK024279 WIPI2 0.0061 0.5377 

WD repeat domain 

phosphoinositide-

interacting protein 2  

2 NM_022914 ACD 0.0121 1.525 

Adrenocortical 

dysplasia protein 

homolog  

3 BE965715 DAXX 0.0129 1.7266 
Death domain-

associated protein  

4 NM_003516 HIST2H2AA3  0.0245 1.5036 
Histone H2A type 2-A 

(H2A.2) (H2A/o) 

5 AK024302 OCIAD1 0.043 1.6063 

OCIA domain-

containing protein 1 

(Ovarian carcinoma 

immunoreactive 

antigen) 

6 AW449022 PDXK 0.0485 1.8983 

Pyridoxal kinase 

(EC=2.7.1.35) 

(Pyridoxine kinase) 
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Table 4.3.2 Significant changes in expression when U937 cells exposed to 

EsxO/EsxP complex for 2 hours (p ≤ 0.05, fold change ≥ 1.5). 

 
Genbank Acc Gene name p-value 

Fold 

change 
Description 

1 BC002323 ZYX 0.003 0.6616 
Zyxin (Zyxin-2) 

 

2 U80184 FLII 0.0106 0.6608 
Protein flightless-1 homolog 

 

3 AA679858 SFRS2IP 0.0126 1.5489 
Splicing factor, arginine/serine-rich, 

2-interacting protein 

4 AI659418 RCSD1 0.0195 0.6593 
RCSD domain-containing protein 1 

 

5 BF965447 HSPD1 0.0196 2.4304  

6 BG231961 MIRHG2 0.0199 1.6099  

7 AK027219  0.0228 0.5271  

8 AF247168 C1orf63 0.0235 1.5753 

Chromosome 1 open reading frame 

63 

 

9 BF217531 TMEM181 0.0262 1.5208 
Transmembrane protein 181 

 

10 H43040 FUS 0.0316 1.5044 

RNA-binding protein FUS (fused in 

sarcoma) 

 

11 AA749202  0.0344 1.5554  

12 NM_024920 DNAJB14 0.0347 1.731 

DnaJ homolog subfamily B member 

14 

 

13 AA336502 SMCHD1 0.0371 2.5698  

14 BC014556 FLJ35390 0.039 0.5124  

 

 

 

 

 

 

 

 

 

 

Unknown  
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The significant gene lists of 30 minutes treatment and 120 minutes treatment were 

compared using Venn diagrams to determine the number of common differentially 

expressed genes. Using this approach, no differentially expressed genes were 

identified as common between the 30 minutes treated and 120 minutes treated 

experiments (Figure 4.3.6). 

 

 

 

 

 

 

 

 

Figure 4.3.6 Venn diagrams comparing the differentially expressed genes between 30 

minutes and 120 minutes treated U937 cells with EsxO/EsxP complex. This diagram 

shows no overlap between 30 minutes and 120 minutes EsxO/EsxP complex treated 

U937 cells.  
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The lists of significant genes found in both 30 minutes treatment and 2 hours 

treatment were directly utilized for GOFFA analysis (191). Biological process in 

GOFFA terms was examined for genes of 30 minute and 2 hour treatment 

individually. Terms that are significantly altered (p <0.05) are summarised in Tables 

4.3.3 and 4.3.4. Out of the 6 genes found to be differentially expressed in 30 minutes 

treatment experiment, 4 genes were identified in the GOFFA database. Two of these 

genes (ACD and HIST2H2AA3) were found to be involved in chromosome 

organization. In contrast, 5 genes were identified by the GOFFA database from 14 

genes whose expression changes after 2 hour treatment experiment. However, the 

GOFFA analysis indicated no apparent relationship between these 5 genes in terms of 

biological processes. 

 

 

 

 

 

 

 

 

 



 

133 
 

Table 4.3.3 Significant biological processes created with GOFFA terms of U937 cells 

treated with EsxO/EsxP complex for 30 minutes (p < 0.05). 

 

Gene name GO ID Go term p-value 

DAXX 
GO:0051347 

 

positive regulation of transferase 

activity 

 

0.002835 

 

 
GO:0043085 

 

negative regulation of nucleobase, 

nucleoside, nucleotide and nucleic acid 

metabolic process 

 

0.013015 

 

 
GO:0044093 

 

positive regulation of molecular 

function 

 

0.016396 

 

 
GO:0000910 

 

cytokinesis 

 

0.016875 

 

 
GO:0031324 

 

negative regulation of cellular 

metabolic process 

 

0.02086 

 

 
GO:0070302 

 

induction of programmed cell death 

 

0.024861 

 

 
GO:0030522 

 

regulation of cellular process 

 

0.030995 

 

PDXK 

 

GO:0042823 

 

pyridoxal phosphate biosynthetic 

process 

 

0.000369 

 

 
GO:0042819 

 

vitamin B6 biosynthetic process 

 

0.001108 

 

ACD 

 

GO:0051347 

 

telomere maintenance 

 
0.002835 

 

 
GO:0034502 

 

protein localization to chromosome 

 

0.002952 

 

 
GO:0043085 

 

positive regulation of catalytic activity 

 

0.013015 

 

 
GO:0033554 

 

chromosome organization 

 

0.016843 

 

 
GO:0051716 

 

telomere assembly 

 

0.034714 

 

 
GO:0051101 

 

regulation of DNA binding 

 

0.04281 

 

HIST2H2AA3 

 

GO:0031497 

 

chromatin assembly 

 

0.027752 

 

 
GO:0065004 

 

protein-DNA complex assembly 

 

0.029555 

 

 
GO:0022607 

 

chromosome organization 

 

0.042439 
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Table 4.3.4 Significant biological processes create GOFFA terms of U937 cells 

treated with EsxO/EsxP complex for 2 hours (P< 0.05). 

 

Gene name GO ID Go term p -value 

HSPD1 

 

GO:0002368 B cell cytokine production 0.000493 

GO:0002840 
regulation of T cell mediated immune 

response to tumor cell 
0.000985 

GO:0032727 
positive regulation of interferon-alpha 

production 
0.001477 

GO:0043032 
positive regulation of macrophage 

activation 
0.001969 

GO:0042026 protein refolding 0.00246 

GO:0032733 
positive regulation of interleukin-10 

production 
0.00246 

GO:0032735 
positive regulation of interleukin-12 

production 
0.00246 

GO:0002836 toll-like receptor signaling pathway 0.007855 

GO:0002221 

 

pattern recognition receptor signaling 

pathway 

 

0.009322 

 

GO:0045088 

 

regulation of innate immune response 

 

0.026775 

 

DNAJB14 

 

GO:0006457 

 

protein folding 

 

0.002565 

 

FUS 

 

GO:0008380 

 

 

cellular process 

 

0.00823 

 

ZYX 

 

GO:0044419 

 

biological regulation 

 

0.008732 

 

SFRS2IP 

 

GO:0034622 

 

cellular macromolecular complex 

assembly 

 

0.011381 

 

GO:0006396 

 

RNA processing 

 

0.029231 
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4.4 Discussion 

 
Recently, it has been shown by Davis and Ramakrishnan that in the initial phases of 

granuloma formation macrophages are in a high state of motility. Therefore, the early 

stages of granuloma formation might offer selective advantage to the pathogens as it 

would promote recruitment of macrophages into the sites of infection (45).               

In addition, infected macrophages are killed during the granuloma formation, which 

leads to active recruitment of uninfected macrophages to the site of infection. The 

recruited macrophages then phagocytose infected cell remnants and their bacterial 

contents. Davis and Ramakrishnan have demonstrated that the mycobacterial RD1 

locus is essential for efficient recruitment of macrophages into the site of M. marinum 

infection. They have reported that RD1-deficient M. marinum could not properly 

execute the recruitment process and facilitate bacterial growth, thus, minimizing the 

rate of death of the infected cell and phagocytosis action of the uninfected cells (45). 

However, the molecular basis for RD-1-dependent recruitment of uninfected cells 

remains to be determined.  Whether this is due to a direct effect of a product of    

ESX-1 secretion (such as EsxA and EsxB) or because of the stimulation of host 

chemokines or reaction to products of dying cells (such as uric acid) remains to be 

elucidated (19, 74, 133). There is an increasing effort to understand the role of ESX-1 

proteins in mycobacterial virulence (45, 58, 196, 212). This might unveil essential 

information regarding the involvement of this virulence system in the survival of M. 

marinum (and presumably, Mycobacterium tuberculosis). The cell motility assays 

described in this chapter showed no significant difference in terms of distance and 

velocity between the control macrophages and macrophages exposed to EsxA/EsxB 

or EsxO/EsxP complexes, which suggests that macrophages motility might not be 
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altered by EsxA/EsxB or EsxO/EsxP complexes (Figure 4.3.3). Therefore, RD-

1dependent recruitment of uninfected cells may not be linked to EsxA and EsxB 

proteins, but might related to other proteins secreted by the RD1 region or the 

activation of host chemokines or response to the released contents of dying cells. 

However, as appropriate positive control for this motility assay, IL-4 has been shown 

to increase the motility of macrophages (55). IL-4 activates several signalling 

pathways, including the Akt pathway, which plays a key role in many cellular 

processes, such as cell motility (37, 217). Therefore, IL-4 would be an appropriate 

positive control for the motility assay described in this section to confirm that the 

motility assay is working. 

 

In addition, in this study, it has been observed that the macrophages move in a 

random motion but not directed motion. Previous findings have revealed that random 

and directed motion together play a part in the movement process (45). It has been 

proposed that the signal generated by the infected macrophages resident in the 

granuloma stimulates new cell recruitment and random motion whereas another 

signal is produced by the dying cells which attract the nearby macrophages for 

phagocytosis.  Therefore, both types of movements are hypothesized to be essential 

for effective phagocytosis of nascent granulomas (45).  

 

Microarray analysis was used to determine whether exposure of U937 cells to 

EsxO/EsxP complex results in changes in gene expression. After the treatment of the 

cells with EsxO/EsxP complex for 30-minute, the expression of 6 genes was found to 

be significantly altered between untreated and treated samples. Five genes were      

up-regulated and one gene was down-regulated. Interestingly, half of the significant 
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genes found in the 30 minutes treatment could be involved in the regulation of 

chromatin structure and telomeres in the host. One of these genes is the death 

domain-associated protein (Daxx), which recently has emerged as a scaffold protein 

that directs the assembly of several nuclear complexes contributing to major aspects 

of the control of gene expression, such as the repression of several transcriptional 

activators (106, 119, 121, 175, 219). In addition, recent work has revealed that the 

ATRX–Daxx complex was attached to telomeric chromatin and that both components 

of the complex are essential for H3.3 deposition at telomeres; thus, both ATRX and 

H3.3 were required in maintaining telomere chromatin (52, 116). The second gene is 

HIST2H2AA3, which encodes histone H2AO; a variant of H2A, which is a member 

of the octamer of core histones; H3, H4, and H2B. Histones are now understood to 

play multiple roles in eukaryotic biology beyond the common function of DNA 

compaction for packaging into the nuclei. To this effect, histones were shown to 

recruit other DNA-associated proteins, mark genes for silencing and play a role in 

DNA repair and replication (24, 26). The third gene is ACD, which has been shown in 

several investigations to be essential in the protection of telomeres. This suggestion is 

supported by the evidence from the finding that ACD mutant mice showed telomere 

dysfunction and genomic instability (57, 98, 210). Together, these findings suggest 

that the EsxO/EsxP complex might indirectly mediate changes to host cell chromatin 

structure. In contrast, the 2 hour treatment with EsxO/EsxP complex showed 14 

significant genes, but no link between these genes in any biologically significant way 

was observed. In addition, no overlap was seen between significant genes reported for 

both time-course treatments. 
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It has been demonstrated that LPS interacts with Toll-like receptor 4 (TLR4) on 

monocytes/macrophages, leading to a plethora of biological responses required for 

shaping both the innate and adaptive arms of the immune response (184, 192, 231). 

These effects are mediated through activation of many transcription factors, 

especially the nuclear factor NF-kB, which induces a wide variety of cellular 

responses. The spectrum of these cellular responses covers the induction or repression 

of a wide range of genes that regulate inflammation, cell proliferation, migration and 

cell survival (16, 25, 77, 218, 223). Together, these studies indicate that LPS 

stimulates gene expression of immune cells. A number of studies have used LPS as a 

positive control in experiments involving the investigation of changes in gene 

expression in macrophages and untreated cells, to confirm the changes are induced or 

due to some other factor (67, 120).  Therefore, LPS would be an appropriate positive 

control for the microarray experiments described here to confirm that the cells and 

arrays are working well.  
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

5.1.1 Interactions of secreted M. tuberculosis factors with host cells 

The structural analysis of the EsxA/EsxB complex suggests that its role is consistent 

with a receptor-mediated interaction with host cells (136). In addition, fluorescently 

tagged EsxA/EsxB binds human monocyte/macrophage tissue culture cells and this 

interaction is mediated by a long, flexible C-terminal arm on EsxB (136, 162). 

Experiments using monocyte/macrophage cell lines derived from mice have 

identified TLR2 as a receptor for EsxA (150). During M. marinum infection of 

zebrafish, macrophage aggregation is dependent upon RD-1 determinants, further 

supporting a receptor-mediated interaction of EsxA/EsxB with host cells (193). 

 

The fluorescence microscopy work described in chapter 3 provides clear evidence 

that the EsxO/EsxP complex specifically binds to the surface of monocyte and 

macrophage cells. The results show the complex binding to the surface of U937 

monocytes cells and J744 macrophages cells but not to fibroblast cell lines, which 

strongly suggests that the EsxO/EsxP complex specifically binds to a target on the 

surface of monocytic cells. The addition of excess unlabelled EsxO/EsxP complex 

inhibited the fluorescence labelling of monocytes and macrophages, thus confirming 

that binding is protein specific and not mediated by the fluorophore. It is also 

important to note that treatment of U937 and J774 cells with EsxO/EsxP complex 



 

140 
 

resulted in no significant cell lysis. Detailed confocal microscopy analysis revealed 

that the EsxO/EsxP complex forms cap-like structures on the surface of both U937 

and J774 cells, which strongly suggests that the function of this complex involves a 

receptor-mediated interaction with host cells.  

 

5.1.2 Escape of M. tuberculosis from the phagolysosome to the cytoplasm  

 

Van der Wel et al demonstrated that the EsxA/EsxB complex helped the translocation 

of M. tuberculosis from phagolysosomes to the cytoplasm in myeloid cells. This work 

involved the use of mutant strains of M. tuberculosis (Tn::esxB) and M. bovis BCG, 

which are both unable to produce the EsxA/EsxB complex and failed to enter the host 

cytosol, indicating an important role for the EsxA/EsxB complex in this process 

(206). In contrast, an ESX-5 compromised mutant of M. tuberculosis retained the 

ability to escape from phagolysosomes into cytosol, which points to distinct roles for 

EsxA/EsxB and EsxO/EsxP complexes (3). One possibility is that the EsxA/EsxB 

complex is needed for cytosolic localization of mycobacteria to allow ESX-5 

effectors molecules, such as the EsxO/EsxP complex to be secreted in the cytosol.  

 

5.1.3 M. tuberculosis induced cell death 

 

Van der Wel et al reported that M. tuberculosis infected dendritic cells (DC) showed 

significantly increased cell death. In contrast, M. tuberculosis Tn::esxB infected DC 

cells demonstrated lower apoptotic cell death, suggesting that EsxA/EsxB has some 

role in the induction of cell death following infection (206). Similarly, wild-type M. 

marinum infected cells showed increased cell death compared to ESX-5 
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compromised mutants, suggesting a potential role for  ESX-5 secreted proteins, such 

as EsxO and EsxP, in inducing cell death (3). 

It has been proposed that the EsxA/EsxB complex acts as a pore-forming molecule, 

however, incubation of the complex with monocyte and macrophage cells for up to 

24 hours for fluorescence microscopy studies provided no evidence of cytolysis (91, 

162). In addition, analysis of the surface features of the complex reveals no obvious 

hydrophobic patches essential for spanning the membrane during pore formation. In 

the same way, incubation of the EsxO/EsxP complex with monocyte and macrophage 

cells for up to 24 hours showed no evidence of cell lysis (chapter 3). Therefore, the 

structural and surfaces features of both ESX family complexes, together with specific 

binding to host cells, seems more consistent with a cell signaling role requiring 

interactions with one or more cell surface proteins. 

 

5.1.4 ESX-mediated granuloma formation and early dissemination of M. 

tuberculosis 

Studies have produced evidence that RD-1 proteins, including EsxA/EsxB, might 

mediate both the enhanced motility of uninfected macrophages in granuloma and 

their attraction to dead infected cells (45). More recent work, involving leukocytes 

derived from cattle has identified a specific interaction between the EsxA/EsxB 

complex and CD172a (SIRPα)-producing cells (215). Treating peripheral blood 

mononuclear cell cultures derived from M. bovis-infected calves with EsxA/EsxB 

complex led to specific expansion of SIRPα
+
 cells, with binding of the complex to the 

surface of SIRPα
+
 cells (215). The interaction with SIRPα-CD47 was shown to be 
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critical for effective migration of dendritic cells to the secondary lymphoid organs 

and skin (80, 207). Therefore, it has been suggested that EsxA/EsxB complex induced 

expansion of SIRPα-expressing cells might promote relocation of DCs/macrophages 

to the site of infection, encouraging effective granuloma formation and early 

dissemination of M. tuberculosis. 

 

Investigation of the possible role of EsxO/EsxP or EsxA/EsxB on macrophage 

motility using live cell imaging (Section 4.3.2) showed no difference between treated 

and untreated cells in terms of either speed or distance. This suggests that there is no 

evidence that EsxA/EsxB or EsxO/EsxP directly affect macrophage motility. 

 

5.1.5 M. tuberculosis-modulation of proinflammatory cytokine expression 

    

The EsxA/EsxB complex has been shown to inhibit reactive oxidative species (ROS) 

production, as well as  interfere with LPS-induced ROS production, which resulted in 

a downregulation of the production of various proinflammatory cytokines, such as 

TNFα, IL-2, INF-γ and nitric oxide synthase 2 (69, 101, 115). Interestingly, Misher et 

al have reported that EsxA is essential for stimulating caspase-1 activity within M. 

tuberculosis infected macrophages. Caspase-1 is a proteolytic enzyme that plays a 

central role in cell death by apoptosis (113), but it is also involved in the activation 

and release of IL-1β, which is one of the key pro-inflammatory cytokines initiating 

the inflammatory response. In addition, activation of IL-1β leads to the release of 

mature cytokines into extracellular space. These observations suggest a potential role 

for EsxA alone in apoptosis, as well as in inflammatory response (137). In contrast, 

previous studies have demonstrated that ESX-5-secreated proteins as complexes 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3004413/?tool=pubmed#B26
http://www.biomedcentral.com/1471-2180/9/48#B13
http://www.biomedcentral.com/1471-2180/9/48#B14
http://www.copewithcytokines.org/cope.cgi?key=cell%20death
http://www.copewithcytokines.org/cope.cgi?key=Apoptosis


 

143 
 

suppress the expression of IL-12, TNFα and IL-6 in human macrophages infected 

with wild-type M. marinum. Surprisingly, infection of human macrophages with an 

ESX-5 mutant of M. marinum resulted in enhanced production of those 

proinflammatory cytokines (3). The data appear to suggest a role for ESX family 

proteins in modulating cytokine expression, but precise details remain unclear.  
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5.2 Future Works  

5.2.1 Identification of Host cell Receptors for the EsxO/EsxP complex 

Following the results reported in this thesis, one of the main aims for future work 

would be to identify the cell surface receptor that interacts with EsxO/EsxP. Several 

methods could be used to attempt to identify the EsxO/EsxP receptor, including 

affinity purification and photo-activated cross-linking. 

The EsxO/EsxP complex containing an N-terminal His-tag on EsxP is purified by 

affinity purification. N-terminal His-tag on EsxP allows the EsxO/EsxP complex to 

be immobilized on a Ni-NTA (nickel-nitrilotriacetic acid) column, to which a U937 

membrane fraction could be applied. After washing with buffer, bound proteins are 

eluted by increasing the concentration of imidazole. SDS-PAGE analysis of the 

eluted fractions from the complex exposed to the membrane fraction and the complex 

exposed to a buffer as a control could be compared. Proteins detected only in the 

presence of bound EsxO/EsxP complex could then be identified by mass 

spectroscopy (13, 71). 

Previous studies using a cross-linking approach have demonstrated the specific 

binding of the mycobacterial proteins Rv2536 and Rv2560 to membrane proteins on 

U937 cells (70, 151), therefore similar methods using the photo-activated cross-

linking agent, 4-benzoylbenzoic acid, succinimidyl ester (Molecular Probes), could 

be used to identify the host cell binding partner of the EsxO/EsxP complex. U937 

cells would be exposed to a labelled EsxO/EsxP complex and upon UV illumination, 

it is expected that the cross-linking agent would covalently bind to U937 proteins 

interacting with the complex. Following the cross-linking event, the membrane 
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protein fraction from the U937 cells could be analysed by SDS-PAGE and bands 

containing EsxO/EsxP complex could be identified by western blotting, using specific 

antibodies. N-terminal sequencing or electrospray mass spectrometry of trypsin 

digested fragments could be use to identify the host cell partner bound to the 

EsxO/EsxP complex.  

 

5.2.2 Cytokine assays 

A recent study has used enzyme-linked immunosorbent assays (ELISA) to measure 

the level of interferon gamma (IFN-γ), which is produced by T-lymphocytes after 

stimulation by early secretory antigen target 6 (EsxA) and culture filtrate protein 10 

(EsxB)(54). The ELISA assay is widely used for detecting and quantifying the 

concentration of cytokine proteins. This assay is highly specific, reliable and is 

relatively low cost and easy to use. These factos make ELISA a good option for 

assessing cytokine levels. The principle of ELISA in detecting cytokine is based on 

its recognition by capture and detection antibodies. However, the quality of these 

antibodies determines the assay sensitivity and specificity (161). 

 

Previous studies have demonstrated that infection of human macrophages with     

wild-type M. marinum resulted in suppressed expression of IL-12, TNF-α and IL-6, 

but infection with an ESX-5 mutant resulted in strongly induced production of these 

proinflammatory cytokines (2, 3). This result suggests that ESX-5 plays a critical role 

in the modulation of immune cytokine secretion by human macrophages (3). As 

mentioned in chapter 2, the ESX-5 region is likely to be responsible for exporting 

several closely related pairs of Esx family complexes, including the EsxO/EsxP 
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complex. In addition, the fluorescence microscopy work described in chapter 3 

provides clear evidence that the EsxO/EsxP complex specifically binds to the surface 

of monocyte and macrophage cells. Therefore, one possibility is that whether the 

expression of these cytokines (IL-12, TNFα and IL-6) is affected by the EsxO/EsxP 

complex, could be investigated using ELISA, comparing cells exposed to the 

EsxO/EsxP complex with non-exposed cells. 
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Appendix-1 

Regents and  culture Media 

 

1.1 Selected Reagents 

 

1.1.1  1 % (W/V) Agarose 

1 g agarose in 100 m1  of 1x TAB buffer. Heat until the agarose is fully dissolved. 

Once cool, add ethidium bromide to a final concentration of 0.5 µg/ml. 

 

1.1.2 Coomassie Brilliant Blue Staining 

Dissolve 2.5 g/l coomassie brilliant blue in 40% methanol (v/v) and 10% acetic acid 

(v/v). Stir overnight at room temperature. Make up to 1 litre with dH2O and filter 

through 0.2 µm filter. 

 

1.1.3 Antibiotocs 

 

1.1.3.1 Ampicillin 

Ampicillin stock solution: 100 mg/ml in dH2O and filter sterilised through 0.2  µm 

syringe filter. Store at -20°C. Add to LB media to a final concentration of 100 µg/ml. 

 

1.1.3.2  Kanamycin 

Stock solution was prepared at 20 mg/ml in dH2O and filter sterilised through 0.2 µm 

syringe filter. Store for one month at -20°C. Add to LB media to a final concentration 

of 40 µg/ml. 
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1.1.4  MES SDS running buffer 

 

20x stock solution, 60.6 Tris base, 10.0 g sodium dodecyl sulphate (SDS). 97.8 g 2-

(N-morpholino) ethanesulphonic acid (MES), 3.0 g EDTA in ultrapure water to 500 

ml( Initrogen) 

 

1.1.5 Bacterial Culture Media 

1.1.5.1  Luria-Bertani (LB) Media 

10 g/l tryptone, 5 g/1 yeast extract, 10 g/1 NaCl. Make up to volume with de-ionized 

H2O and autoclave. Add appropriate antibiotic when cool. 

 

1.1.5.2  Luria-Bertani (LB) agar 

 

LB agar prepared as described above for LB broth with addition of 15 g/l 

bacteriological agar. Flasks were autoclaved and allowed to cool, with appropriate 

antibiotic added immediately prior pouring into plates. 
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Appendix-2 

Competent Cell Preparation, Transformation Protocol 

 

2.1 Preparation of Competent Cells 

Reagents: 

LB Medium - 10 ml sterile LB medium with no antibiotic (Appendix 1). 

 

SOB Medium- 2 g tryptone, 0.5 g yeast extract, 0.05 g NaC1. Make up to 95 ml with 

dH20. Add 1 ml 250 mM KCI and adjust pH to 7.0. Make up to 100 ml with dH2O, 

divide into 2 x 50 ml in 250 ml flasks and autoclave. Add 0.5 ml sterile 2 M MgCl2 

prior to use. 

 

50% Glycerol Solution- Prepare 50% (v/v) glycerol in dH20 and sterilise by 

autoclaving. Store at 4°C. Use at a final concentration of 15%. 

 

50 mM CaCl2 solution- Prepare 50 mM CaCl2 in dH20, filter sterilise through 0.2 µm 

syringe filter into a sterile container. 

 

Method : 

Streak out E.coli (BL21 DE3) onto LB agar without antibiotic (Appendix 1). Incubate 

at 37°C overnight. 

Inoculate one colony from the culture plates into 10 ml sterile LB (minus antibiotic). 

Incubate at 37°C with shaking at 200 rpm overnight.  
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Use 1 ml of this culture to inoculate 50 ml SOB. Incubate at 37°C with shaking at 200 

rpm until the absorbance reads at 600 nm is 0.5 (1 cm path length cell). Pellet cells by 

centrifugation, 5000 rpm at 4°C for 10 minutes. Resuspend pellet cells very gently in 

25 ml ice- cold 50 mM CaCl2 and incubate on ice for 30 minutes. Spin down cells as 

befor and very gently in 2.1 ml ice-cold 50 mM CaCI2, keeping cells on ice. Add 900 

µ1 ice-cold 50% glycerol and mix gently by inversion, do not vortex. Aliquot 100 µ1  

cells into sterile cryogen tubes and  flash freeze in liquid nitrogen. Store at -80°C 

until required. 

 

2.2  Transformation of Competent Cells 

 

Reagents: 

Prepare LB agar plates with the appropriate  antibiotic as described in appendix 1 

 

erPperP LB broth minus antibiotic marker (appendix1). 

Method: 

Aliquot 50 µ1 competent cells into sterile 1.5 ml eppendorf tubes. Add 4 µ1 of 

plasmid mixture and then mix gently. Incubate the mixture on ice for 30 minutes. 

Heat shock at 42°C for 45 seconds and then leave on ice for 5 minutes. Add 300 µ1 

LB broth (no antibiotic) and incubate for 45 minutes at 200 rpm and 37°C, with the 

tubes placed horizontally in the incubator. Plate out cells 50, 100 and 200 µ1 aliquots 

onto LB agar (with appropriate marker) and incubate at 37°C overnight. 
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