
 
 
 
  In several chronic infectious diseases, persister cells play a 

pivotal role. Persisters are cells in a bacterial population that are 
tolerant to several antibiotics because they are in a dormant, 
non-dividing state. Toxin-antitoxin modules are small genetic 
elements on the genomes of bacteria, which are important 
factors in the generation of these persister cells. Toxin-antitoxin 
modules code for an intracellular toxin and its cognate antitoxin. 
As the toxins can be lethal to the cell, toxin-antitoxin modules 
are tightly transcriptionally regulated. In many typical toxin-
antitoxin modules, this regulation is ensured by a mechanism 
named conditional cooperativity, in which the antitoxin binds the 
DNA and the toxin functions as a corepressor or a derepressor, 
depending on the toxin:antitoxin ratio.  
 
During this PhD, the molecular mechanisms behind conditional 
cooperativity in the ccdAB operon on the F plasmid of 
Escherichia coli were elucidated. Interaction studies revealed 
that the low specificity and affinity of CcdA for its operator DNA 
can be greatly enhanced by the toxin CcdB at low toxin:antitoxin 
ratios. The CcdB2-CcdA2-CcdB2 non-repressing complex is a 
dynamic V-shaped hexamer, while the repressing complex 
consists of a chain of alternating CcdA2 and CcdB2 dimers 
which spiral around the DNA, as shown by structural biology 
methods. A thermodynamic analysis of the interactions in the 
ccdAB autoregulation shows that the increase in affinity of the 
antitoxin CcdA for the DNA in the presence of the toxin CcdB is 
caused by the coordinated binding of multiple CcdA antitoxins, 
or in other words by avidity effects.   
 
Additionally, a general framework was developed to model the 
dynamics of toxin-antitoxin modules. Simulations based upon 
these models show that an increase in the number of binding 
sites on the operator serves to reduce the metabolic burden of 
the cell by reducing the total amounts of proteins produced. 
Finally, in very rare cases, the dynamics of toxin-antitoxin 
module regulation allows a spike in the free toxin level. By 
including growth rate modulation in function of the free toxin 
level, these spikes can be linked to the generation of persister 
cells.  
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