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Summary 

The infectious disease tuberculosis (TB) is a highly contagious disease that is spread through 

the air. This old disease is caused by the bacterium Mycobacterium tuberculosis which 

mainly affects the lungs, but that can also attack other organs or mucous membranes. 

Tuberculosis occurs throughout the world, but most infections occur in Asia, South America, 

Africa and in the countries of the former Soviet Union. According to the World Health 

Organization (WHO), TB is currently the most deadly infectious disease in the world. 

The clever tuberculosis bacteria can survive, as it is, in a dormant state in human cells, in so-

called phagosomes, so that it can take many years for someone to eventually develop the 

symptoms of the disease. These dormant bacteria are particularly difficult to identify and 

fight. Only 5% of the individuals infected with latent M. tuberculosis bacteria ever develop 

active TB. The active form of TB can usually be controlled with a cocktail of different 

antibiotics, but the treatment takes a long time and often causes serious side effects. In 

addition, there is a worrying increase in the number of antibiotic-resistant strains of 

M. tuberculosis. 

To prevent infection, children in high-risk areas are vaccinated with the BCG (Bacillus 

Calmette-Guerin) vaccine. The bacteria in the BCG vaccine are still alive but weakened and 

for this reason they cannot cause TB. Genome analysis of BCG bacteria showed that a 

number of DNA regions had disappeared compared to the genome sequence of infectious 

M. tuberculosis strains. One of these regions includes genes that are responsible for the so-

called type VII secretion system ESX-1. This secretion apparatus is a transport system that is 

made up of different proteins and is located in the inner cell membrane of M. tuberculosis. 

The proteins that are secreted by the bacterium via the ESX-1 system and thus released into 

the phagosomes play a crucial role in the disease process. As a result, the ESX-1 system is 

one of the most important factors for virulence of M. tuberculosis. 

In addition to ESX-1, four other ESX systems were discovered in M. tuberculosis. The 

ESX-5 system is very interesting because it only occurs in pathogenic mycobacteria. An 

important class of proteins secreted by mycobacteria are the PE and PPE proteins that are 

unique to mycobacteria. Their function is largely unknown, but it is clear that these proteins 

play an important role in the pathogenic capacity (virulence) of the tuberculosis bacteria. 

PE/PPE proteins (also called substrates) are mainly secreted by ESX-5, but are also substrates 
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from other ESX systems. In this thesis we will go deeper into a family of proteins that is 

important in the first steps of the transport process of PE/PPE proteins via the type VII 

secretion systems. These so-called EspG chaperone proteins are located in the soluble part of 

the cell (cytosol) where they keep the proteins that have to be secreted in solution by forming 

EspG/substrate protein complexes. Each system has its own EspG protein that specifically 

recovers the PE/PPE substrates of that system. In chapter 2, the protein structure of one 

specific complex of EspG and PE/PPE is described. Using biophysical techniques and 

binding studies, we were able to demonstrate that one monomer of the EspG protein from the 

ESX-5 system (EspG5) binds to one PE25 and PPE41 complex, two proteins that are 

transported together in folded state by the ESX-5 secretion system. The chaperone binds 

these target proteins with nanomolar affinity and the amino acids that are important for this 

interaction were identified by means of mutation analysis. 

In Chapter 3, the structural differences between EspG chaperones of various ESX secretion 

systems (ESX-1, 3 and 5) are discussed in more detail to gain insight into the binding 

specificity. Additional crystal structures of different EspG chaperones are compared with 

structural models of EspG chaperones in solution, either alone or in complex with PE/PPE 

proteins. These models were calculated using small-angle X-ray scattering (SAXS). This 

technique allows the flexibility and oligomerization of proteins to be investigated in soluble 

form, without the limitation of crystallization. The intrinsic flexibility, as well as the tendency 

that EspG proteins display to form protein dimers, may contribute to the system specificity of 

EspG proteins and to their capacity to bind an extended set of PE/PPE substrates in the 

cytosol with high affinity. 

In addition to ESX secretion systems, the tuberculosis bacterium has a whole array of other 

effective molecules and mechanisms that contribute to the complete infection process and to 

bypass the immune system of the host cells. Toxin-antitoxin (TA) modules are small 

regulatory modules that ensure the survival of the bacterial population under difficult 

conditions (such as during bacterial growth in the phagosomes). Disrupting the function of 

TA modules could possibly result in the bacterium no longer growing efficiently after 

infection of its host. This concept thus offers perspective for the development of an anti-TB 

therapy. The problem here is that the toxins of typical TA modules only slow down the 

bacterial growth, with the result that the bacterium ends up in a dormant state, but is not 
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switched off. This thesis deals with two atypical TA modules whose toxins not only prevent 

bacterial growth but also have cell-killing activity. 

Chapter 4 includes an interdisciplinary study on a new TA system from M. tuberculosis, 

called mycobacterial "suicide" toxin-antitoxin, or MbsTA. We have determined the crystal 

structure of the MbsTA complex and showed that this complex is capable of forming large 

oligomers. The structure proves that the MbsT toxin has a fold characteristic of a class of 

bacterial toxins that attack human cells, such as the diphtheria toxin, including a binding site 

for a Nicotinamide Adenine Dinucleotide (NAD+) molecule. The antitoxin MbsA prevents 

the activity of MbsT by blocking access to the NAD+ binding site. We showed that MbsT 

breaks down the cofactor NAD+ very efficiently, producing nicotinamide and phosphorylated 

ADP-ribose as reaction products. This reaction mechanism depends on the presence of 

inorganic phosphate. NAD+ is the most important electron acceptor in the oxidation of fuel 

molecules. As a result, the activity of MbsT in bacterial cells is fatal, due to a depletion of the 

NAD+ reserves of the bacterium. The enzymatic activity of MbsT has never been described 

before and thus MbsT is a new type of phosphorylase. Our structural and biochemical data 

were supplemented with functional results from infection studies with mice. For example, we 

discovered that an activation of the MbsT protein in the tuberculosis bacteria with which 

mice were previously infected, results in a protection effect comparable to a typical antibiotic 

treatment. With this knowledge it might be possible to develop new antibiotics in the future 

that stimulate the activity of MbsT, for example by preventing the formation of inactive 

MbsTA complexes in the tuberculosis bacterium. 

Finally, Chapter 5 describes the crystal structure of the antitoxin VapB45. Despite the fact 

that this antitoxin and the corresponding toxin VapC45 were previously classified in the 

Type II VapBC subfamily of TA modules, our structural data indicate that VapBC45 is an 

atypical member of this subfamily. Unlike other VapB antitoxins, VapB45 is not an unfolded 

protein without a clear structure, but a dimeric protein with a unique architecture including 

DNA-binding motifs. This could indicate that VapB45 regulates the activity of the VapC45 

toxin in a different way than conventional VapC toxins. 

The research work described in this thesis contributes to our molecular knowledge of 

essential factors that are important in the contamination process of the tuberculosis bacterium 

and introduces new protein systems that can be manipulated to target tuberculosis bacteria in 

the future in a targeted manner.  


