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Abstract 

All living organisms have an absolute requirement for transition metal ions. In the 

human pathogen Streptococcus pneumoniae, preservation of homeostatic metal ion concentrations 

is crucial for the viability and virulence of the organism. As a strictly host-adapted pathogen, S. 

pneumoniae is beholden to the prevailing metal abundance of the host environment, and must 

selectively acquire poorly-abundant essential metals, while also preventing toxicity from metal 

ions present in excess. This requires an intricate network of transcriptional regulators and transport 

pathways, which rapidly respond to changes in the extracellular metal ion composition. However, 

the molecular details underlying aspects of this process, such as how metal binding proteins 

achieve ligand specificity, remain poorly understood. Furthermore, the consequences of loss or 

failure of these mechanisms, such as the binding of incorrect metals to proteins (mismetallation), 

have not been thoroughly investigated.  

Here, we have examined the maintenance of metal ion homeostasis, first at the 

molecular level, with an investigation of PsaA, the only high affinity manganese-acquisition 

protein in S. pneumoniae. Acquisition of manganese is crucial for viability and virulence of the 

pneumococcus in the host. However, the mechanisms used by PsaA to achieve selectivity for 

manganese, while excluding more competitive metals such as zinc, were unknown. Through 

molecular characterisation of PsaA, this study identified a novel mechanism of metal binding and 

release, providing an explanation for the hitherto unexplained metal-binding behaviour of PsaA 

seen in previous studies. Additionally, the limit of chemical-selectivity for PsaA was investigated 

through the use of cadmium, a non-physiological metal, which was able to subvert the selectivity 

determinants of PsaA, leading to cellular cadmium toxicity.  

Investigation of cadmium toxicity revealed that the phenotypic and cellular 

consequences of toxicity arose primarily from dysregulation of the manganese and zinc 

homeostatic mechanisms, resulting from cadmium mismetallation of cellular metalloproteins. The 

extent of cadmium mismetallation was investigated through a combination of transcriptomics, 

metabolomics, and metalloproteomics, revealing that cadmium could potentially mismetallate 

numerous metal-dependent proteins, resulting in altered gene expression and metabolomic 

profiles, due to changes in carbon source utilisation, cellular energy production and fatty acid 

biosynthesis pathways.  

Collectively, these investigations allowed for the proposal of a novel molecular 

mechanism of cadmium toxicity in S. pneumoniae and provided new insights into the intracellular 

networks that facilitate bacterial metal ion homeostasis. The structural and mechanistic analyses 
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of PsaA have shown how metal ion discrimination could be achieved in vivo, and provided high-

resolution data for the rational design of novel antimicrobial therapeutics to selectively target this 

highly-conserved virulence determinant.  
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