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Abstract 

Bacteria encounter changes in their environment and must adapt to these 

changes in order to survive. Their ability to adapt is determined by their capacity 

to efficiently regulate their cellular processes. The mechanisms of bacterial 

regulation at the transcriptional level have been investigated by structural and 

functional characterisation of the transcription factor AmtR from Mycobacterium 

smegmatis. M. smegmatis is a soil bacteria capable of utilising alternative nitrogen 

sources during nitrogen limitation. AmtR is an important transcription factor that 

regulates the cellular machinery involved in alternative nitrogen metabolism via a 

novel co-repressor induced mode of regulation. A second pathway that involves 

post-transcriptional regulation was investigated by preliminary characterisation of 

a previously unexplored VapBC family of Type II Toxin Antitoxin (TA) systems 

found in the cyanobacteria Microcystis aeruginosa and Synechocystis sp. 

PCC6803 (Synechocystis). Investigation of the biochemistry of M. aeruginosa 

VapBC systems was limited by poor expression, however a single TA system, 

VapBCMAE43230/20, was successfully purified by incorporating the SUMO fusion 

protein into the expression construct. VapBMAE43230 and VapCMAE43220 are co-

expressed and form a tetrameric complex that appears to be copurified with DNA. 

Similar to M. aeruginosa, only one system, VapBCslr1209/1210, in Synechocystis was 

successfully purified and investigated in vitro. Preliminary EMSA assays indicate 

VapBCslr1209/1210 is autoregulatory and binds to the promoter region of its operon 

by recognising palindromic sequences. The RNA pentaprobe system demonstrates 

that VapCslr1210 has metal
 

dependent endoribonuclease activity that can be 

inhibited by VapBslr1209. Markerless deletion strains of five Synechocystis vapBC 

operons were made and growth experiments of three of the deletion strains were 

conducted. Growth experiments identified a reduced growth rate in two of the 

deletion strains (when compared to the WT strains): ȹvapBCslr1209/1210 and 

ȹvapBCssl2138/sll1092. Transcriptomic analyses of both deletion strains were 

conducted. Preliminary data show that both VapBC systems appear to target genes 

involved in carbon assimilation and metabolism via both photosynthetic and 

heterotrophic processes. Interestingly, VapBCslr1209/1210 targets an operon involved 

in glucose transport, which is also the cellular process targeted by the only other 

well characterised VapBC system from M. smegmatis (VapBC1283/4). These 
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preliminary results point toward a possible similarity in biological function for 

VapBC systems across the prokaryotic tree.   
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1 Introduction  

1.1 Prokaryotic Regulation 

Regulation of prokaryotic metabolism in response to the environment is 

essential for bacterial survivial. Regulation is primarily driven by a signal 

transduction pathway that translates changes in environmental conditions via 

signalling molecules to the regulatory systems of the cell to induce a response. 

The regulatory response occurs at three levels: 1) transcription, 2) post-

transcription and 3) post-translation for efficient energy expenditure in response to 

extra- and intra-cellular nutrient status. Regulation at each level is incredibly 

complex and varies greatly depending on both the status and type of nutrient 

source available.  

 

Archetypal regulation of metabolism at the transcription level is caused by 

transcription factors that bind to promoter regions of genes involved in 

metabolism to change their transcription rate in response to nutrient status signals 

in the cell. The signal is typically in the form of a carbon or nitrogen containing 

substrate, or its metabolite, which binds directly to the transcription factor  (or 

another signalling protein that transfers the signal to the transcription factor) to 

induce a transcriptional response (Babu & Teichmann, 2003; Babu, Luscombe, 

Aravind, Gerstein, & Teichmann, 2004; Commichau, Forchhammer, & Stülke, 

2006; Huffman & Brennan, 2002). Archetypal regulation of metabolism at the 

post-translational level is caused by both enzymatic modification and allosteric 

regulation of a protein to induce activation or inactivation (Arcondéguy, Jack, & 

Merrick, 2001; Goodey & Benkovic, 2008; Kamberov, Atkinson, & Ninfa, 1995). 

Enzymes responsible for post-translational modification by enzymatic 

modifcation are known as signalling proteins such as the PII family, and proteins 

or other molecules that function by allosteric regulation are known as effectors 

and activate or inactivate metabolically relevant proteins in response to changes in 

nutrient status (Arcondéguy et al., 2001; Leigh & Dodsworth, 2007).  

 

Metabolism is also fine tuned at the post-transcription level by a number of 

processes that regulate the translation of messenger RNA (mRNA) into proteins in 

response to changes in the environment. The importance of post-transcriptional 
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regulation has become more evident over recent years and there is now 

overwhelming evidence that it plays a much larger role in cellular adaption than 

previously expected (Hammarlöf, Bergman, Garmendia, & Hughes, 2015). The 

process of post-transcriptional regulation is also much more complex than 

previously thought. Small non-coding RNA (sRNA), RNA binding and RNA 

degrading enzymes, collectively referred to as mRNA interferases, are the major 

players of post-transcriptional regulation in prokaryotes (Gottesman, 2005; 

Hammarlöf et al., 2015). A sRNA typically work by binding to its target mRNA 

transcript and modifying its translation by either stabilizing or destabilizing it. The 

sRNA transcript production can be induced or repressed in response to 

environmental changes (Gottesman, 2005; Vanderpool & Gottesman, 2004). 

sRNA can also affect gene expression and even genomic recombination by 

interacting with the relevant enzymatic machinery for these processes, instead of 

the mRNA itself. An example of this is the CRISPR system found in prokaryotes 

that functions as an adaptable immune mechanism to protect cells from foreign 

nucleic acids, such as viruses (Barrangou et al., 2007; Fineran & Charpentier, 

2012).  

 

mRNA interferases  play a critical role in post-transcriptional regulation by 

inhibiting translation of specific mRNA transcripts involved in certain carbon and 

nitrogen metabolic processes in response to changes in the environment.  

Examples include: RNA binding proteins that bind to and change the rate of 

degradation of specific mRNA targets by recruiting other degrading enzymes 

(Liu, Yang, & Romeo, 1995), and RNA endonucleases that bind to and directly 

degrade specific mRNA targets (Bodogai et al., 2006; Hammarlöf et al., 2015; 

Inouye, 2006; McKenzie, et al., 2012b; Romeo, 1996).  

 

Integrated regulation of carbon and nitrogen metabolism is essential in 

order for organisms to function efficiently and balance their nutrient status and 

energy utilisation in the cell.  For regulation to be effective, bacteria must be able 

to fine tune metabolism by modulating processes at the multiple levels of gene 

expression in response to rapid changes in the environment. Prokaryotic carbon 

and nitrogen metabolism both have unique modes of regulation. Below are 
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examples of the most well understood regulatory mechanisms present in 

prokaryotes. 

 

1.1.1 Regulation of Carbon Metabolism 

For efficient utilisation of carbon to occur the processes of carbon uptake, 

assimilation and metabolism must be tightly controlled. The best example of this 

is carbon catabolite repression (CCR), a phenomenon found in all prokaryotes and 

considered the paradigm of cellular regulation (Deutscher, 2008). CCR is the best 

studied example of a signal transduction pathway that occurs when bacteria are 

exposed to multiple carbon sources and prioritise the uptake and metabolism of 

only one (Deutscher, 2008; Saier, 1998). CCR is conserved in all prokaryotes and 

several different mechanisms have evolved to carry out the process; however, 

each mechanism involves components of the phosphoenolpyruvate:carbohydrate 

phosphotransferase system (PTS) and protein phoshophorylation (Deutscher, 

2008; Postma, Lengeler, & Jacobson, 1993; Saier, 1998).  

 

The PTS is responsible for the regulation of importing and 

phosphorylating sugars. Glucose is the most energy efficient carbon source for 

prokaryotes and glucose levels in the cell determine the phosphorylated state of 

the PTS. Each phosphorylated state of the PTS interacts with a different metabolic 

component of the cell to affect carbon assimilation and catabolism. High intra-

cellular glucose levels induce an un-phosphorylated state of the PTS. This process 

is also called inducer exclusion, and is considered to be a major CCR mechanism, 

where the uptake of the favourable carbon substrate, generally glucose, directly 

alters the state of the PTS system, which results in the inhibition of other carbon 

transporters (Deutscher, 2008) (Figure 1.1). This results in the bacteria investing 

energy only into the transport of the most suitable carbon source for metabolism.  
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Figure 1.1. Mechanism underlying inducer exclusion in enteric bacteria. The 

transport of glucose into the cell results in the phosphorylation of glucose and net 

dephosphorylation of the PTS proteins (EIIBC and EIIA) and inducer exclusion. 

The dephosphorylated EIIAGlc blocks the import of other sugars (e.g. lactose, 

maltose and galactose) by binding to the corresponding transporter or kinase to 

inactivate it. Figure from Bowden et al. (2009). 

 

The PTS also directly interacts with global transcription factors to induce a 

change in expression of multiple cohorts of genes involved in carbon metabolism. 

A well-known example is the CRP/cAMP mediated regulation of gene expression. 

The un-phosphorylated state of the PTS system, which is a result of increased 

intracellular glucose, represses the expression of cAMP synthesising enzymes 

resulting in reduced levels of both cAMP and the cAMP receptor protein (CRP) 

(Figure 1.2). CRP is a global transcription factor that controls the transcription of 

many catabolic genes involved in glucose uptake and alternative carbon 

metabolism, and cAMP is its co-factor. De-phosphorylation of the PTS results in 

the repression of these processes to reduce wastage of cellular energy when 

sufficient glucose is present in the cell (Deutscher, 2008; Ishizuka, Hanamura, 

Inada, & Aiba, 1994). This is a common regulatory mechanism in prokaryotes 

that allows for a fast global physiological response to changes in nutrient status. 
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Figure 1.2. Carbon catabolite 

repression (CCR) in E. coli. 

When phosphorylated, the PTS 

(EIIAGlc-p) binds and activates 

adenylate cyclase (AC), which 

leads to cyclic AMP (cAMP) 

synthesis. High cAMP 

concentrations trigger the 

formation of cAMPïCRP 

complexes, which bind and 

activate the promoters of 

catabolic genes. In its de - 

phosphorylated form the PTS 

(EIIAGlc) cannot activate AC and 

the catabolic genes are repressed. 

Figure from Gorke & Stulke 

(2008). 

 

 

 Another mechanism of CCR involves the global carbon transcription 

factor catabolite repressor-activator (Cra). Cra regulates genes in the PTS system, 

as well as genes involved in carbon uptake, assimilation and metabolism, that 

function independent of the PTS system (Ramseier, 1995). Cra functions by both 

inhibiting and activating the expression of different cohorts of its regulon via 

binding different carbon metabolites as signalling molecules. It can 

simultaneously inhibit a cohort of genes, while inducing another in response to a 

range of different intracellular carbon source levels (Ramseier, 1995; Saier, 1998).  

 

Recent work has revealed that several key enzymes in central carbohydrate 

metabolic pathways are controlled at the post-transcriptional level (Hammarlöf et 

al., 2015; Liu et al., 1995; McKenzie, et al., 2012b; Romeo, 1996). For example, 

the carbon storage regulator protein (CsrA), responsible for the regulation of 

glycogen biosynthesis, negatively regulates the expression of the genes 

responsible for this process during exponential growth. CsrA acts as an mRNA 

interferase and represses the expression of its regulon by binding to mRNA 

transcripts, which accelerates degradation and inhibits translation (Liu et al., 

1995). CsrA has also been shown to simultaneously activate glycolysis during 

exponential phase, and, as a result, is suggested to be an important player in 

appropriately directing the intracellular carbon flux (Liu et al., 1995; Romeo, 
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1996). Additionally, research into an mRNA interferase Virulence associated 

protein (VapC1284) from Mycobacterium smegmatis belonging to the Type II 

toxin-antitoxin (TA) protein family was characterised as a post-transcriptional 

regulator of carbon metabolism. VapC1284 selectively binds and degrades mRNA 

transcripts involved in carbon uptake and metabolism in response to 

environmental changes (McKenzie, et al., 2012b).  

 

For efficient energy expenditure and rapid response to environmental 

conditions prokaryotic regulation of carbon metabolism occurs at both the 

transcription and post transcription stages of gene expression. Transcriptional 

regulation in the form of CCR is present in all bacteria and is an integral 

component of regulating carbon metabolism, allowing bacteria to selectively 

transport and metabolise optimal carbon sources available in their environment 

(Deutscher, 2008). An additional layer of regulation is observed by the mRNA 

interferases that allow rapid re-generation of the mRNA transcript pool in 

response to changing nutrient signals. These examples illustrate only a subset of 

processes present in bacteria that regulate carbon metabolism; however, they do 

provide a good example of the diversity of mechanisms available and the 

sophistication involved at each level of regulation.  

 

1.1.2 Regulation of Nitrogen Metabolism 

Nitrogen regulatory mechanisms vary significantly across the phylogenetic 

spectrum of prokaryotes. However, in most prokaryotes, nitrogen metabolism is 

regulated using a similar signal transduction pathway as with CCR in carbon 

metabolism. This process is mediated by signal transduction proteins that belong 

to one of the most conserved protein families in prokaryotes: the PII superfamily 

(Arcondéguy et al., 2001; Leigh & Dodsworth, 2007). Examples of PII protein 

include GlnB, GlnK, NifI1 and NifI2. A principle characteristic of PII proteins is 

their ability to be switched between two forms by covalent modification when a 

conserved tyrosine residue in the T-loop of the structure is uridylylated or 

adenylylated (Arcondéguy et al., 2001; Williams, Bennett, Barton, Jenkins, & 

Robertson, 2013). The covalent state of the protein is determined by the 

intracellular nitrogen status, and results in inactivation or activation of the PII 

protein (Arcondéguy et al., 2001; Kamberov et al., 1995). Activated PII proteins 
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function to post-translationally modify other proteins involved in nitrogen 

metabolism, including 1) enzymatic proteins, resulting in inactivation or 

activation of specific nitrogen metabolic processes, and 2) transcription factors to 

induce changes in the expression of the genes encoding proteins involved in 

nitrogen metabolism (Arcondéguy et al., 2001; Leigh & Dodsworth, 2007).  

 

One well-studied example is the role of PII proteins in the regulation of 

ammonia assimilation. Ammonia is the least energy expensive nitrogen source for 

prokaryotes, and all other nitrogen sources have to be converted to this to be 

metabolically useable, at a cost to the organism (Arcondéguy et al., 2001; Leigh & 

Dodsworth, 2007). As a consequence, prokaryotic regulation of nitrogen 

metabolism is driven by ammonia availability and assimilation. In most 

prokaryotes, the major mechanism of ammonia assimilation is the glutamine 

synthetase (GS)/glutamate synthase (glutamine:2-oxoglutarate aminotransferase 

or GOGAT) pathway (Arcondéguy et al., 2001; Nolden, Farwick, Kramer, & 

Burkovski, 2001a). The GS/GOGAT pathway is ubiquitous in bacteria and is 

responsible for converting glutamate to glutamine. GOGAT then transfers the 

amido group of glutamine to 2-oxoglutarate (2OG) (the precursor of ammonia 

assimilation).  

 

GS is highly regulated at both the transcriptional and post-transcriptional 

level. It can be reversibly modified by adenylylation at a conserved tyrosine 

residue, which alters its enzymatic activity in response to nitrogen availability 

(Arcondéguy et al., 2001) (Figure 1.3). GS is adenylylated under an increase of 

nitrogen, which results in its inactivation. This modification is controlled by the 

PII proteins GlnB and GlnK (Adler, Purich, & Stadtman, 1975; Arcondéguy et al., 

2001). It is proposed that the physiological significance of this in-activation 

during nitrogen surplus is to prevent ATP and glutamate depletion, allowing rapid 

growth during favourable growth conditions (Kustu, Hirschman, Burton, Jelesko, 

& Meeks, 1984).  

 

 



Chapter One 

 

8 

 

 
Figure 1.3. Regulation of glutamine synthetase (GS) by PII  mediated post-

translational adenylylation. The activity of GS is regulated by the bifunctional 

enzyme GS-AT, which in turn is controlled by the regulatory protein PII. PII is 

subject to uridylylation (PII-UMP3) and deuridylylation (PII), and binds to GS-AT 

in both the modified and unmodified states with opposing effects on the activities 

of the enzyme. PII-UMP3 activates the AR activity of GS-AT but inhibits its 

adenylyl transferase activity, thus leading to activation of GS via deadenylylation. 

Conversely, in the de-uridylylated state, PII inhibits the deadenylation or removase 

activity of GS-AT and stimulates the adenylylation activity towards GS, thereby 

inhibiting GS. Green and red arrows indicate stimulatory and inhibitory steps in 

the regulation of GS, respectively. Figure from Itzen, Blankenfeldt, & Goody 

(2011). 

 

Similar to carbon metabolism, activation and repression of nitrogen-

regulated genes in bacteria is coordinated by the action of global transcription 

factors. A well studied example is the global nitrogen regulatory (NtrBC) system 

present in enteric bacteria (Keener & Kustu, 1988). The transcription factor NtrC 

is phosphorylated in response to low nitrogen availability, which results in its 

activation and subsequent upregulation of its regulon (Figure 1.4) (Austin & 

Dixon, 1992; Kern et al., 1999). The phosphorylation of NtrC is dependent on the 

PII proteins GlnB and GlnK (Arcondéguy et al., 2001; Atkinson & Ninfa, 1998; 

Kamberov et al., 1995). GlnB and GlnK are post-translationally modified in 

response to nitrogen starvation, which provides an intracellular switch that in turn 

activates a signal transduction cascade that results in the phosphorylation of NtrC 

(Arcondéguy et al., 2001; Kamberov et al., 1995). The result is the induced 

expression of the genes in the NtrC regulon, which encode for ammonium 

transport and assimilation, alternative nitrogen uptake and metabolism, and 

nitrogen fixation (Arcondéguy et al., 2001; Atkinson & Ninfa, 1998; Claverie-

Martin & Magasanik, 1991; Schneider, Kiupakis, & Reitzer, 1998).  In bacteria 

that do not have an NtrC system, such as the firmicutes and some actinobacteria, 

the global transcription factors GlnR, TnR and AmtR function as the major PII 

mediated nitrogen-limiting response players (Arcondéguy et al., 2001; Jakoby, 



Chapter One 

 

9 

 

Nolden, Meier-Wagner, Kramer, & Burkovski, 2000; Schreier, Brown, Hirschi, 

Nomellini, & Sonenshein, 1989; Tiffert et al., 2008). 

 
Figure 1.4. The PII  mediated two component NtrBC system of enteric 

bacteria. Under nitrogen limiting conditions the PII proteins phosphorylate the 

NtrB (NtrB-P) kinase, which subsequently phosphorylates NtrC (NtrC-P). NtrC-P 

is activated and binds to promoter regions upstream of the genes in its regulon to 

induce expression. The induced expression is referred to as the Ntr response and 

involves genes that encode proteins involved in alternative nitrogen transport and 

metabolism. Figure from Brown et al. (2014).  

 

 PII signalling proteins play a pivotal role in nitrogen metabolism by acting 

as an intra cellular switch that allows a global response within the cell at both the 

transcriptional and post-transcriptional level. The PII proteins post-translationally 

modify global transcription factors, like NtrC, to induce a transcriptional response 

of genes encoding nitrogen related processes. They also post-translationally 

modify critical nitrogen metabolic enzymes, like GS, to activate or inactive them 

in response to changes in nitrogen availability. 
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1.2 Transcription al Regulation 

Transcription factors are ultimately responsible for inducing the 

transcriptional response to changes in nutrient status provided by signal 

transduction pathways. Transcription factors regulate the transcription of genes 

into mRNA transcripts that are then translated into proteins. They are generally 

homodimeric proteins that contain two domains in each monomer: a DNA binding 

motif and a regulatory domain. There is an extraordinary diversity and abundance 

of transcription factors that span the prokaryotic kingdom, with over 30 different 

superfamilies as defined by their type of DNA binding motif (Huffman & 

Brennan, 2002; Wilson, Charoensawan, Kummerfeld, & Teichmann, 2007).  

 

Transcription factors function by binding to specific DNA sequences in 

the promoter regions of genomic DNA that encode proteins (Huffman & Brennan, 

2002). Binding of the transcription factor to DNA is generally dictated by the 

presence or absence of a signalling molecule or protein. Transcription factors can 

either activate or repress transcription, or both. Previously, it was assumed that the 

DNA binding motif family and its structural location (i.e. C-terminal or N-

terminal) was indicative of a transcription factorôs regulatory function. However, 

it is now suggested that the regulatory function is dictated by the position of its 

binding site on DNA (Babu & Teichmann, 2003).  

 

Generally, activator transcription factors bind upstream of the transcription 

start site and repressors can bind both upstream and downstream of the 

transcription start site. Dual regulators have equal ratios of binding sites upstream 

and downstream of the transcription start site (Babu & Teichmann, 2003). 

Transcription factors binding at upstream sites function to stabilise RNA 

polymerase, the enzyme responsible for transcribing DNA into RNA. Repressor 

transcription factors that bind upstream generally function by recruiting other 

repressor proteins to downstream sites. Transcription factors that bind at 

downstream sites inhibit RNA polymerase activity by steric hindrance.  However, 

there is a diverse range of activation and inhibition mechanisms including DNA 

structure alteration and unwinding, protein-molecule interaction and protein-

protein interactions making transcription factor regulation a very complex process 

to generalise (Babu & Teichmann, 2003; Huffman & Brennan, 2002). This section 
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will focus on transcription factors that are major players of nitrogen regulation in 

actinomycetes, as this is a large focal point of the research presented in this thesis. 

 

1.2.1 GlnR Transcription Factor Protein Family  

GlnR is a global response regulator that belongs to the OmpR transcription 

factor family. Information from X-ray crystallography structures and experimental 

work has shown that GlnR functions as a homodimer, where each monomer is 

made of a regulatory domain and a DNA binding domain (Figure 1.5) (Ling et al., 

2015; Tiffert et al., 2008).  

 
Figure 1.5. X-ray crystal structure ribbon diagram of Amycolatopsis 

mediterranei GlnR. The two molecules constituting the homodimer are coloured 

in yellow and cyan. The dimer interface is shown in magenta. Figure from Lin et 

al. (2014). 

 

GlnR is present in several members of the actinomycetes phylum that do 

not contain a NtrBC system including Streptomyces coelicolor, S. avermitilis, M. 

smegmatis and many pathogenic mycobacteria. GlnR controls over 100 genes, 

with over 25 % of genes encoding ammonium uptake and assimilation, alternative 

nitrogen metabolism, and PII proteins (Amon et al., 2008; Fink, Weissschuh, 

Reuther, Wohlleben, & Engels, 2002; Jenkins, Barton, Robertson, & Williams, 

2013; Jenkins, Robertson, & Williams, 2012; Jessberger et al., 2012). The regulon 

also contains a number of genes encoding enzymes that are predicted to be 

involved in several processes that generate ammonium from urea, suggesting that 

urea is an important alternative nitrogen source for bacteria in this phylum 

(Jenkins et al., 2012). The GlnR DNA binding motif has been identified (AC/T-



Chapter One 

 

12 

 

n9-AC), which is present in every known GlnR binding site (Figure 1.6) (Jenkins 

et al., 2013).  

 
Figure 1.6. GlnR consensus binding motif derived from the GlnR binding 

regions. The height of letters represents the frequency of corresponding 

nucleotides in the GlnR binding site.  Figure from Jenkins et al. (2013). 

 

Activation of GlnR is induced upon nitrogen limitation, however the signal 

that stimulates GlnR to activate the transcription of its regulon is still unknown 

(Amon et al., 2008; Jenkins et al., 2013; Jessberger et al., 2012; Tiffert et al., 

2008). OmpR proteins are characterised as two-component response regulators 

that are activated by post-translational phosphorylation of a conserved amino acid 

residue, similar to the NtrBC system (Amon et al., 2008; Kenney, 2002). 

Conservation of the putative GlnR phosphorylation site is essential in the 

transcriptomic response to nitrogen limitation (Jenkins et al., 2012), however, no 

corresponding kinase has yet been identified (Amon et al., 2008). Metabolic foot-

printing of M. smegmatis has revealed an increased intracellular ratio of 2-

OG:glutamine/glutamate, as well as intracellular levels of a sugar derived 

compound called glucosylglycerate (GGA) during nitrogen limitation. It is 

suggested that 2-OG and GGA could be the nitrogen limitation signal that 

stimulates GlnR to activate transcription of its regulon (Behrends, Williams, 

Jenkins, Robertson, & Bundy, 2012).  

 

GlnR is an example of a transcription factor that functions as a global 

regulator of nitrogen metabolism in several members of the actinomycetes 

phylum, however not all of the genes involved in nitrogen metabolism in these 

organisms are under the control of GlnR. One explanation for this is that there is a 

secondary nitrogen regulator. In fact, there is strong evidence that the TetR-type 
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transcription regulator AmtR plays a secondary role in mycobacteria nitrogen 

regulation (Amon et al., 2008). 

 

1.2.2 The TetR Transcription Factor Protein Family 

The tetracycline repressors (TetR) are one of the most abundant, widely 

distributed and understood transcription factor families. The TetR protein family 

is classified by the original TetR protein, which regulates the tet genes using 

tetracycline and magnesium as the signalling molecule. The tet genes encode 

proteins that impart tetracycline resistance. TetR forms a homodimer with each 

monomer composed of 10 Ŭ-helics that form a N-terminal helix turn helix (HTH) 

motif DNA binding domain (DBD) and a large C-terminal ligand binding domain 

(LBD) (Ramos et al., 2005) (Figure 1.7). The LBD is also responsible for 

dimerization of the protein.  

 
Figure 1.7. X-ray crystal structures of TetR. Overlay of DNA-bound (pink) and 

magnesium-tetracycline-bound (grey). Magnesium tetracycline (Mg
2+

-Tet) atoms 

are shown as spheres and DNA is represented as a ball-and-stick model. PDB co-

ordinates for DNA-bound structure from Orth et al. (2000) (PDB ID 1QPI) and 

Mg
2+

-Tet structure from Kisker et al. (1995) (PDB ID 2TRT). Figure was drawn 

using PyMol (Delano, 2002). 
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Members of the TetR family show conservation in the DNA binding motif 

and little to no conservation in the regulatory domain. This is likely to reflect the 

diversity of different signalling molecules recognised in the regulatory domains 

and hence variations in functionality (Ramos et al., 2005). The X-ray crystal 

structures of TetR unbound, bound to tetracycline and bound to DNA have been 

solved (Hinrichs et al., 1994; Kisker, Hinrichs, Tovar, Hillen, & Saenger, 1995; 

Orth et al., 1998; Orth, Schnappinger, Hillen, Saenger, & Hinrichs, 2000). 

Comparative analyses of the structures have revealed insight into the specificity 

and function of TetR. The structures show that the DNA binding motif 

exclusively binds to the major groove of a palindromic DNA sequence, however 

there is no major groove interaction at the central base pair (Figure 1.7). This 

suggests that the spacing, rather than the sequence, within the two half sites of 

recognition is critical for recognition and binding (Huffman & Brennan, 2002). 

Binding of TetR to DNA is disrupted by binding of tetracycline into the LBD. 

This induces a conformational change that results in the DBD rotating via a 

pendulum motion so that the two recognition helices are separated, disrupting the 

contact with DNA (Huffman & Brennan, 2002). 

  

The regulatory functions of members of the TetR transcription factor 

superfamily includes multidrug resistance, global regulation, catabolism, nitrogen 

metabolism, antibiotic biosynthesis, osmotic stress and pathogenicity (Ramos et 

al., 2005). All known members of the family function as repressors and most have 

the same mechanism of protein-DNA interaction disruption by a signalling 

molecule binding to the regulatory region (Ramos et al., 2005). TetR transcription 

factors are particularly abundant in organisms living in fluctuating environments, 

pathogenic bacteria and extremophiles, for example Corynebacterium, 

Mycobacterium, and Deinococcus (Ramos et al., 2005). Considering the diversity 

in function and high representation in organisms subjected to either fluctuating or 

extreme environments, it has been suggested that TetR proteins play a critical role 

in metabolic adaptation.  

 

1.2.2.1 AmtR Transcription Factor Protein Family  

AmtR belongs to the TetR protein family and, like other TetR transcription 

factors, it is found in a range of bacteria that are exposed to fluctuating 
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environments and is recognised as a global nitrogen regulator (Williams et al., 

2013). The role of AmtR in this diverse range of bacteria is not well understood, 

however it has been extensively investigated in the soil actinomycetes 

Corynebacteria glutamicum. C. glutamicum is utilized industrially for its ability to 

synthesise high yields of extra cellular amino acids. Amino acid production is 

entirely dependent on nitrogen metabolism, and, as a result, nitrogen metabolism 

of C. glutamicum is now well understood.   

 

C. glutamicum does not have an NtrBC system and instead the AmtR 

transcription factor functions as the global response regulator to nitrogen 

limitation (Burkovski, 2003; Jakoby et al., 2000; Nolden et al., 2001a). The AmtR 

regulon includes 35 genes that are involved in nitrogen metabolism which are 

repressed under nitrogen sufficient conditions. The repression is lifted by direct 

interaction with the adenylylated form of the PII protein GlnK, a nitrogen 

assimilation regulatory protein, which is only present under nitrogen limiting 

conditions (Figure 1.8) (Beckers et al., 2005; Buchinger et al., 2009; Muhl et al., 

2009; Nolden, Ngouoto-Nkili, Bendt, Kramer, & Burkovski, 2001b; Strosser, 

Ludke, Schaffer, Kramer, & Burkovski, 2004).  

 

Figure 1.8. Analysis of AmtR-GlnK interaction by native gel electrophoresis. 

C. glutamicum GlnK overexpressing cell cultures were grown in either nitrogen 

surplus (+N) or nitrogen limiting (-N) conditions. As a result, Glnk was present in 

either its unmodified (GlnK) or adenylylated form (GlnK-AMP), respectively. 

Fractions of these cells were subjected to native polyacrylamide gel 

electrophoresis, either in the absence (left panel) or presence (right panel) of 

purified AmtR. Cell extracts containing GlnK-AMP resulted in a shift of AmtR 

motility. Figure from Beckers et al. (2005). 
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The AmtR-DNA binding motif is defined as a semi palindromic sequence 

of tttCTATN6AtAGat/aA (with bases represented by capital letters being highly 

conserved) found on both the sense or antisense strand of the promoter region 

(Figure 1.9) (Beckers et al., 2005; Muhl et al., 2009). AmtR-DNA binding has 

been demonstrated both in vitro, and, in some cases, in vivo with a co-factor 

independent binding mechanism (Beckers et al., 2005; Jakoby et al., 2000; Muhl 

et al., 2009). It is assumed that the number of upstream binding sites and 

conservation of the binding motif determines the strength of repression.  

 

Figure 1.9. The AmtR box of C. glutamicum. The AmtR binding motif was 

established based on the binding sites predicted by bioinformatics analyses, which 

were verified by RNA hybridization analyses, real-time RT qPCR and gel 

retardation tests. The height of letters represents the frequency of corresponding 

nucleotides in the AmtR box. Figure from Beckers et al. (2005). 

 

The AmtR regulon is composed of genes that encode proteins that respond 

to nitrogen limitation including ammonia uptake and assimilation, alternative 

nitrogen uptake and metabolism, and the master nitrogen signalling PII protein 

GlnK, showing indirect autoregulation (Beckers, Bendt, Kramer, & Burkovski, 

2004; Beckers, Nolden, & Burkovski, 2001; Bendt, Beckers, Silberbach, 

Wittmann, & Burkovski, 2004; Jakoby et al., 2000; Muhl et al., 2009; Nolden et 

al., 2001a).  This system of nitrogen regulation has only been observed in C. 

glutamicum and introduces a new player, at the level of transcription, to the 

intricate network of prokaryotic nitrogen regulation.  

 

S. avermitilis and M. smegmatis are both members of the actinomycetes that 

do not have a NtrBC system and instead contain both GlnR and AmtR. In S. 

avermitilis the GlnR is suggested to work as a crucial nitrogen regulator, although 

functional studies have not confirmed this (Chen, Zhu, Zheng, Jiang, & Lu, 2013). 

The AmtR has been identified as a regulator involved in alternative urea 

metabolism and amino acid transport, suggesting that it plays an important role in 
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nitrogen metabolism (Chen et al., 2013). In M. smegmatis, GlnR has been 

identified as an important nitrogen regulator with its regulon containing the genes 

responsible for ammonia uptake, assimilation and signal transduction PII proteins, 

as mentioned earlier. Although GlnR has been identified as an important nitrogen 

regulator in mycobacteria, it has also been shown that a number of genes that 

encode for critical proteins required in response to nitrogen limitation are not 

under the control of GlnR. The regulation of these genes is poorly understood and 

it has been suggested that these genes are under control of AmtR (Amon et al., 

2008).  

 

Using the C. glutamicum AmtR DNA binding motif, a bioinformatics 

analysis of the M. smegmatis genome was conducted to identify putative genes 

under the control of AmtR, however, none were found (Amon et al., 2008). 

Further bioinformatic analyses were conducted to characterise the AmtR regulon 

using a different approach (Jessberger et al., 2012). The search criteria for a gene 

under putative AmtR control were based on the degree of (I) co-occurrence and 

co-localization with the amtR gene and (II) involvement in nitrogen metabolism. 

Interestingly, the genes identified were homologous to the genes in the AmtR 

regulon of S. avermitilis (Chen et al., 2013; Jessberger et al., 2012). The genes 

appear to form an operon based on the co-locolization in the genome and 

simultaneous up regulation in response to nitrogen levels. The operon encodes for 

an amino acid permease, a urea carboxylase and associated proteins and an 

amidases  (Figure 1.10).  

 

Figure 1.10. Genomic map of AmtR regulon in M smegmatis. The arrows 

indicate length and transcriptional orientation of annotated genes. Number in 

square brackets show the lengths of intergenic regions in bp.  The AmtR gene 

(msmeg_4300) is found elsewhere in the genome and does not form part of the 

operon. Figure from Jessberger et al. (2012). 

 

To validate this work, M. smegmatis amtR deletion strains were grown 

under nitrogen limitation and demonstrated the de-regulation of this operon in the 
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absence of AmtR (Jessberger et al., 2012). This work confirmed that the M. 

smegmatis AmtR controls a regulon of genes encoding for alternative nitrogen 

uptake and urea metabolism, which is upregulated in nitrogen limitation. As 

mentioned above, the high prevalence of urea uptake and metabolic genes in M. 

smegmatis suggests that urea is an important alternative nitrogen source (Amon et 

al., 2008). This study shows that AmtR plays a role in regulating this alternative 

metabolism. Co-factor independent binding of AmtR to the promoter region of the 

operon was also confirmed and no tested putative signalling molecules were 

observed to influence binding. The signal to lift repression, like GlnR in 

mycobacteria, is currently unknown. Elucidating the signal for these transcription 

factors is critical to improve our understanding of nitrogen metabolic regulation. 

These initial findings suggest M. smegmatis AmtR has a unique role in nitrogen 

regulation and further investigation into the structure and function of AmtR will 

provide greater understanding of the regulatory mechanisms functioning in 

mycobacteria.   

 

1.3 Post-Transcriptional Regulation 

The process of transcription transcribes genetic information from DNA into 

mRNA, which can then be translated into a functional protein. The transcription 

of genes into mRNA is regulated by transcription factors in response to 

environmental signals. Post-transcriptional regulation is the next level of 

regulation, where the translation of mRNA is modulated in response to 

environmental signals by a range of different regulators.  

 

Prokaryotic mRNA is very unstable with half lives on the order of minutes 

(Picard, Dressaire, Girbal, & Cocaign-Bousquet, 2009). The instability of mRNA 

is attributed to the proteins and small non-coding RNA that interact with it and 

determine its fate. Small non-coding RNAs (sRNA) mediate translation by a 

diversity of regulatory mechanisms.  In brief, sRNA binds to RNA recognition 

motifs (RRM) in targeted mRNA transcripts to induce a confirmation change to 

the secondary structure, which can inhibit translation by either increasing the 

degradation rate of the transcript or inhibiting the translational machinery from 

initiating translation (Picard et al., 2009). They can also activate translation by 

stabilising the transcript and recruiting the translational machinery to the ribosome 
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binding site (RBS) (Picard et al., 2009; Vierke, Engelmann, Hebbeln, & Thomm, 

2003). RNA binding and degradation proteins, collectively named mRNA 

interferases, also play a critical role in post-transcriptional regulation.   

 

An interesting protein based regulatory system is the toxin-antitoxin (TA) 

protein system. A number of toxins in the TA systems, such as the Type-II TA 

VapBC protein systems, function as selective mRNA interferases that inhibit 

translation (Inouye, 2006). These systems are well documented as stress-response 

elements and have been shown to specifically target mRNA transcripts involved 

in both carbon and nitrogen metabolism (Bodogai et al., 2006; Inouye, 2006; 

McKenzie, et al., 2012b). The remainder of this section will focus on TA systems, 

as this is the other main focus of the research presented in this thesis. 

 

1.3.1 Toxin-Antitoxin  (TA)  Protein Systems 

The TA loci were first discovered in 1986 on prokaryotic plasmids and were 

identified as selfish elements that play a role in the prevention of post 

segregational plasmid loss (Gerdes, Rasmussen, & Molin, 1986). TA systems 

have since been found to be highly abundant in the chromosomes of a range of 

prokaryotes, but have very different proposed functions, including fine tuning the 

physiology of the cell in response to environmental cues (Arcus, McKenzie, 

Robson & Cook, 2011; Buts, Lah, Dao-Thi, Wyns, & Loris, 2005; McKenzie, et 

al., 2012b). TA systems are arranged as a bicistronic operon with the gene 

encoding the antitoxin found upstream of gene encoding the toxin, which typically 

overlap by 2-12 bp. Both the toxin and the antitoxin are co-expressed and form a 

complex that is inactive and binds to the promoter region upstream of its own 

operon to allow autoregulation.  

 

There are five types of TA systems classified by the nature and mode of the 

antitoxin, where the toxin is always a protein. In Type I systems, the antitoxin is 

an un-translated, antisense RNA, which is complementary to the toxin mRNA 

(Fozo, Hemm, & Storz, 2008; Gerdes, 2012). It regulates toxin expression by 

inhibiting the toxinôs translation. In Type II systems, the antitoxin is a protein and 

inhibits toxin activity by binding to the toxin, forming an inactive complex 

(Gerdes, Christensen, & Løbner-Olesen, 2005). In Type III systems, the antitoxin 
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is a small, non-antisense RNA molecule that binds to the toxin to inhibit activity 

(Fineran et al., 2009). In Type IV systems, the antitoxin is a protein that competes 

with the toxin for the same binding target (Dy, Przybilski, Semeijn, Salmond, & 

Fineran, 2014; Masuda, Tan, Awano, Wu, & Inouye, 2012). In Type V systems, 

the antitoxin protein cleaves the toxin encoding mRNA (Fineran et al., 2009; 

Short et al., 2013). Type II TA systems were the first discovered and are the most 

prevalent within the prokaryotic kingdom, and will be the focus of this thesis.  

 

1.3.2 Type II TA Systems 

The Type II TA systems are composed of diverse families, each with 

different modes of action, but ultimately function to induce bacteriostasis in the 

cell in response to specific signals (Arcus et al., 2011; Gerdes et al., 2005; 

Mutschler, Gebhardt, Shoeman, & Meinhart, 2011; Ning, Jiang, Liu, & Xu, 

2013a; Yamaguchi, Park, & Inouye, 2011) (Table 1.1).   

Table 1.1. Summary of Type II TA families and their general mode of action. 

Type II TA Family Mode of Action 

MazEF 

Induces bacteriostasis via translation inhibition by mRNA cleavage in 

response to nutrient stress (Christensen, Pedersen, Hansen, & Gerdes, 

2003) 

RelBE 
Induces bacteriostasis via translation inhibition by mRNA cleavage in 

response to nutrient stress (Pedersen et al., 2003) 

ParDE 
Inhibits DNA replication and transcription by poisoning topoisomerase 

II (Jiang, Pogliano, Helinski, & Konieczny, 2002)  

CcdAB 
Inhibits DNA replication and transcription by poisoning topoisomerase 

II (Afif, Allali, Couturier, & Van Melderen, 2001; Van Melderen, 2002) 

Phd-Doc 
Induces bacteriostasis via translation inhibition by ribosomal 

inactivation (Liu, Zhang, Inouye, & Woychik, 2008) 

HicAB 

Induces bacteriostasis via translation inhibition by mRNA and tmRNA 

cleavage in response to nutrient stress (Jorgensen, Pandey, Jaskolska, & 

Gerdes, 2009) 

HipBA 
Induces bacteriostasis via translation inhibition by inactivation of tRNA 

by phosphorylation (Schumacher et al., 2009) 

MosAT 
Promotes maintenance of an integrative conjugative element that infers 

antibiotic resistance (Wozniak & Waldor, 2009) 

VapBC 
Induces bacteriostasis via translation inhibition by mRNA cleavage 

(Arcus et al., 2011) 
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The majority of Type II toxins function by inhibiting translation which 

leads to growth arrest (Brown & Shaw, 2003; Yamaguchi et al., 2011) (Figure 

1.11). The toxin is inactivated by forming a complex with the antitoxin (Gerdes et 

al., 2005). The high prevalence of Type II systems on chromosomes of bacteria 

led to the proposal that chromosomal Type II TA systems are stress-response 

elements contributing to prokaryote adaptation to stressful environments (Gerdes 

et al., 2005). This proposal has been supported by a series of recent experimental 

findings. For example, in E. coli, activation of Type II TA systems is triggered by 

various stressors (Christensen-Dalsgaard, Jørgensen, & Gerdes, 2010; Hazan, Sat, 

& Engelberg-Kulka, 2004). It is suggested that the general Type II TA system 

mode of action is to induce reversible growth arrest under stressed conditions via 

inhibition of translation.  This allows stressed cells to remain in a dormant or non-

growing stress-tolerant state until more favourable environmental conditions 

return. 

 

Figure 1.11. Generalised schematic of the characteresitics and genetic 

organisation of bacterial TA pairs. Figure modified from Brown & Shaw 

(2003). 

 

1.3.3 VapBC TA Systems 

The VapBC family is defined by their toxic Virulence associated protein 

(VapC), which belongs to the PilT N-terminal domain (PIN domain) family of 

proteins. The VapBC TA family is the largest of the Type II TA systems but they 
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remain the least well characterised, as a consequence of their relatively recent 

identification and diverse functions (Arcus, Bäckbro, Roos, Daniel, & Baker, 

2004; Arcus, Rainey, & Turner, 2005; Clissold & Ponting, 2000; Gerdes et al., 

2005). VapBC TA systems have become a point of interest because of their 

overrepresentation in the genomes of pathogenic and environmentally hazardous 

bacteria, providing a new potential target for controlling these organisms. 

 

1.3.3.1 Expansion of VapBC Systems in Pathogenic and Environmentally 

Hazardous Bacteria 

VapBC TA systems are overrepresented in the genomes of pathogenic and 

environmentally hazardous bacteria such as the human pathogen M. tuberculosis 

and the fresh water toxic bloom-forming cyanobacteria Microcystis aeruginosa 

(Arcus et al., 2011). M. tuberculosis has 47 vapBC operons encoded in its 

genome, where the related non-pathogenic environmental M. smegmatis has just 

one (Arcus et al., 2011; McKenzie, et al., 2012b). M. aeruginosa has 34 vapBC 

operons encoded in their genome, where the related non-toxic Synechocystis sp. 

PCC6803 (Synechocystis) has only 12 (Kaneko et al., 2001; Leplae et al., 2011; 

Makarova, Wolf, & Koonin, 2009). This overexpansion suggests a functional link 

between toxicity and VapBC systems.  

 

1.3.3.2 VapBC Autor egulation 

VapBC pairs are arranged as a bicistronic operon with both the antitoxin 

(VapB) and the toxin (VapC) co-expressed to form an inactive complex (VapBC) 

that binds to the promoter region upstream of its own operon to allow 

autoregulation. The VapB is responsible for binding to inverted repeat (IR) units 

in the promoter region, which is typically enhanced by the interaction of VapB 

and VapC (Figure 1.12) (Arcus et al., 2011).  
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Figure 1.12. Schematic diagram of a generalized VapBC system. The antitoxin 

(VapB) binds to the promoter region of the TA operon. This binding is enhanced 

by the toxin (VapC). The toxin gene encodes a toxic protein that often leads to 

growth arrest via ribonuclease-mediated inhibition of translation. When the toxin 

is bound with the antitoxin, it becomes inactive and forms a benign protein 

complex. The antitoxin is more susceptible to proteolytic degradation. Figure 

from Arcus et al. (2011). 

 

The fast intracellular trafficking locus (fitAB) from the sexually 

transmitted pathogen N. gonorrhoeae is the most well characterised VapBC 

system with a 1 bp overlap between the two genes with fitA upstream of fitB. FitA 

has a DNA binding domain that binds to an IR sequence (TGCTATCA-N12-

TGATAGCA) within the promoter region of the operon to allow autoregulation 

(Figure 1.13) (Mattison, Wilbur, So, & Brennan, 2006; Wilbur et al., 2005). The 

X-ray crystal structure of FitAB bound to DNA shows four FitAB heterodimers 

bound to DNA (Figure 1.13) (Mattison et al., 2006). 
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Figure 1.13. fitAB autoregution. (A) Schematic of the fitAB promoter region that 

is autoregulated by FitAB. The IR sequence that FitA binds to is shown upstream 

of the FitA start codon and is highlights in bold. Figure from Wilbur et al. (2005). 

(B) The structure of FitAB from N. gonorrhoeae bound to IR from its promoter 

DNA. At the top of the figure FitA forms a dimer (two chains coloured pink and 

purple). The dimer binds to one half of the DNA IR. The other FitA dimer is seen 

at the bottom of the figure (two chains coloured blue and light blue) binding to the 

other half of the DNA IR. Each FitA monomer binds to a FitB monomer-the two 

FitB dimers lie to the left and right of the DNA (FitB chains are coloured 

clockwise from top-right - light green, dark green, tan and yellow). Double 

stranded DNA lies behind the hetero-octomeric FitAB structure. Figure from 

Arcus et al. (2011). 

 

FitA binds to this sequence with weak affinity, which is improved when 

FitA forms a complex with FitB (Wilbur et al., 2005). FitAB binds to its promoter 

region when N. gonorrhoeae is extracellular to represses transcription of the fitAB 

operon. Upon invasion into epithelial cells, FitAB is released from the DNA and 

the complex dissociates to release FitB. Active FitB then slows replication by 

inhibiting translation via specific mRNA degradation (Mattison et al., 2006).  
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1.3.3.3 VapC Endonuclease Function to Inhibit Translation 

The VapC mode of action is to inhibit translation by specific mRNA 

degradation, resulting in reversible growth arrest. VapC proteins belong to the 

PilT N-terminal domain (PIN domain) family of proteins. PIN domain containing 

proteins are associated with RNA degradation by virtue of their ribonuclease 

activity (Anantharaman & Aravind, 2003; Clissold & Ponting, 2000; Fatica, 

Tollervey, & Dlakiĺ, 2004; Lamanna & Karbstein, 2009). The PIN domain 

contains four conserved acidic residues (Asp5, Glu42, Asp104 and Asp133) within an 

RNase-H-like fold, which form a negatively charged active site to bind a divalent 

cation (Mg
2+

 or Mn
2+

)
 
and facilitate metal-dependent nuclease activity (Figure 

1.14) (Arcus et al., 2004; Arcus et al., 2011; Mattison et al., 2006; Miallau et al., 

2009).  

 

Figure 1.14. Generalized PIN-domain structure.  (A) A cartoon representation 

of a PIN-domain structure coloured blue-red from N-terminus to C-terminus with 

the central 5-stranded parellel ɓ sheet typical of a PIN-domain. (B) The same 

structure as a C-Ŭ trace showing the four conserved acidic residues and Mn
2+ 

(black) in the active site. Figure from Arcus et al. (2011). 

 

VapC is inactivated by direct interaction with VapB as shown by the 

structure of the FitAB complex (Figure 1.13). Nucleic acid cleavage by FitB is 

inhibited by binding of the FitA C-terminal Arg68 into the active site of FitB 

where it interacts with three of the acidic residues (Asp5, Glu42, and Asp104), 

forming strong electrostatic interactions that are difficult to disrupt (Figure 1.15). 

The complex is further stabilised by the hydrophobic interaction between the C-

terminal FitA helix Ŭ3 and the FitB helices Ŭ1, Ŭ2 and Ŭ4 (Figure 1.15). 
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A 

 
B 

 
Figure 1.15. X-ray structures showing FitA inactivation of FitB. (A) The C-

terminal Arg68 from FitA (monomer peptide shown in orange with Arg68 depicted 

as a stick and coloured by atom) binds into the active site of the FitB monomer 

(shown in grey with acidic active site residues depicted as a stick and coloured by 

atom) (B) FitB depicted as an electrostatic surface to show the acidic properties of 

the active site that Arg68 interacts with and the hydrophobic region formed within 

FitB helices Ŭ1, Ŭ2 and Ŭ4 that the FitA helix Ŭ3 interacts with to stabilise the 

complex. PDB co-ordinates from Mattison et al. (2006) (PDB ID 2H10). Figures 

were drawn using PyMol (Delano, 2002). 

 

VapB is susceptible to degradation by cellular proteases, which is induced 

under stress. This causes the cellular levels of antitoxin to drop, subsequently 

inducing activation of the toxin. The mode of action of VapBC indicates that they 

play an important role in growth regulation in response to changing environments 

(Arcus et al., 2005; Arcus et al., 2011; Daines, Wu, & Yuan, 2007; Mattison et al., 

2006; Puskás et al., 2004; Robson, McKenzie, Cursons, Cook, & Arcus, 2009). 


