
 

Target specificity of Tac toxins in Salmonella 

Alexander Matthew John Hall 

Medical Research Council Centre for Molecular Biology and Infection 
Department of Medicine 
Imperial College London 

Submitted for the degree of 
Doctor of Philosophy 

Supervised by Dr. Sophie Helaine 

August 2019 



ABSTRACT 

Abstract 

Toxin-antitoxin (TA) systems are cellular regulators that are implicated in mediating the bacterial 

response to stress. The pathogen Salmonella Typhimurium carries multiple chromosomal TA systems, 

including three type II TA systems belonging to the recently described TacAT family that encode GNAT 

domain acetyltransferase toxins – TacAT1, TacAT2 and TacAT3. It has been shown that TacT1 inhibits 

cell proliferation through the N-acetylation of aminoacyl-tRNA which results in disruption of protein 

synthesis. This thesis addresses the target specificity of Tac toxins. In working toward this, I 

contributed to the characterisation of the TacT2 and TacT3 toxins, confirming that they also acetylate 

aminoacyl-tRNAs and intoxicate the cell though the inhibition of translation. Furthermore, I have 

developed a new mass spectrometry methodology for the identification of aminoacyl-tRNAs targeted 

by Tac toxins and have shown the exquisite specificity of each of these toxins toward glycyl-tRNAGly in 

vivo. This thesis reports the attempts to structurally characterise the TacT-tRNA complex, including 

implementation of in vitro tRNA synthesis and aminoacylation for crystallographic study. I also present 

the experimentally determined structure of ItaT, a Tac family homolog from E. coli, and the 

identification of the substrate specificity of this toxin confirming the primary target as isoleucyl-tRNAIle. 

A comparison of the solved structures of GNAT domain acetyltransferase toxins and their defined 

target specificities sheds light on some of the important structural features that contribute to tRNA 

target recognition. 
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INTRODUCTION 

 
 

1 Introduction 

With a steady increase in antibiotic resistance being reported globally and the need for new antibiotics 

an urgent healthcare priority (Review on Antimicrobial Resistance 2016), fundamental research into 

bacterial physiology and a better understanding of the mechanisms leading to antibiotic treatment 

failure is of critical importance. 

One characteristic of bacterial physiology that is critical in enabling bacteria to cause infection in a 

human host and survive antibiotic treatment is the bacterial response to stress. During infection 

bacteria encounter environmental stresses such as nutritional depletion, DNA damaging radicals, 

anaerobic and microaerophilic compartments and acidic pH, as well as the exogenous chemical stress 

of antibiotic treatment (Fang et al. 2016). To survive these environments bacteria have developed a 

number of stress-response mechanisms controlled by a complex array of regulatory systems to ensure 

they are activated under suitable circumstances. A particular focus has been cast on the phenomenon 

of bacterial persistence, the formation of a slow or non-growing subpopulation of bacteria that show 

a remarkable tolerance to antimicrobial treatment – it is thought that these ‘persister’ cells may 

survive inside the human host during antibiotic treatment and constitute a reservoir of bacteria that 

cause infection to relapse following the cessation of treatment. A group of stress-response elements 

in bacteria called toxin-antitoxin (TA) systems have been implicated in the formation of persister cells, 

and it is TA systems that are the focus of the research in this thesis. 

 

1.1 Toxin-antitoxin systems 

Toxin-antitoxin systems are a diverse group of regulatory genes almost ubiquitously present across 

the domain of bacterial organisms, their associated mobile genetic elements and the bacteriophages 

that infect them. The first published description of a TA system came in 1983 with the discovery of the 

ccdAB locus encoded on the mini-F plasmid of Escherichia coli (Ogura & Hiraga 1983), which was found 

to stabilise the presence of the plasmid in the bacterial population. Since this publication, it has been 

shown that TA systems are adapted to many functions, including playing a key role in stress response, 

aborting phage infection, as well as maintaining plasmids. In almost all cases toxin-antitoxin systems 

are bipartite, encoding a toxin protein that exerts influence over key cellular processes such as DNA 

replication, transcription, translation or membrane homeostasis, and an antitoxin that, in the absence 

of conditions activating the TA system, counters toxicity. When activated the toxins induce a transient 

growth arrest that is thought to facilitate bacterial survival in response to stress (Page & Peti 2016). 

Though TA systems all maintain this canonical feature of a toxic protein constrained by the activity of 
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INTRODUCTION 

an antitoxic partner, there is huge diversity in the mechanisms by which this is achieved. Consequently, 

TA systems are categorised into six unique classes based on the mechanism by which the antitoxin 

acts to neutralise the toxin (Figure 1.1). 

Figure 1.1 | Classification of toxin-antitoxin (TA) systems. TA systems are classified by the mode of 
neutralisation of the toxin by the antitoxin. Type I – an sRNA antitoxin binds the toxin mRNA, 
promoting degradation of the mRNA and preventing toxin synthesis. Type II – a protein antitoxin 
directly binds and inhibits the toxin protein. Type III – a small RNA antitoxin is processed from an 
antitoxin array on a single transcript. This RNA forms a pseudo-knotted structure that directly binds 
and inhibits the toxin. Type IV – the antitoxin does not directly interact with the toxin, instead 
functioning antagonistically against the toxin by targeting the same cellular process. The only 
described example of this is the YeeUV TA system, in which the YeeV toxin prevents cytoskeletal 
polymerisation. The antitoxin YeeU inhibits this function by stabilising cytoskeletal filaments. Type V 
– the antitoxin is an mRNase that specifically targets and degrades toxin mRNA, preventing toxin 
synthesis. Type VI – the antitoxin is a proteolytic adapter that promotes rapid degradation of the toxin. 
Antitoxins are shown in blue and toxins in orange. SD = Shine-Dalgarno ribosome binding site. Figure 
adapted from Hall et al. (2017).
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INTRODUCTION 

1.1.1 Type I toxin-antitoxin systems 

Type I TA systems are characterised by a small non-coding RNA (sRNA) antitoxin that hybridises with 

the toxin mRNA, preventing the translation of the toxin protein either through obstructing the 

association of protein translation machinery with the toxin mRNA, or through promoting mRNA 

degradation. The first example of a type I TA system was the hok-sok system described by Gerdes et 

al. in 1986 – the sok (‘suppression of killing’) antitoxin and hok (‘host killing’) toxin are overlapping 

convergently transcribed genes located on the negative and positive strands of the R1 plasmid in E. 

coli, though homologs of hok-sok have since been described on bacterial chromosomes (Gerdes et al. 

1986b; Pedersen & Gerdes 1999). Gerdes et al. showed that translation of hok is dependent on the 

translation of a preceding and overlapping reading frame denoted mok (‘modulation of killing’) – this 

is likely because as ribosomes associate and process along the mok open reading frame (ORF), 

disruption of the extensive secondary structure of the mok/hok mRNA results in the hok translation 

initiation site becoming accessible to ribosomes, which in turn allows for translation of the hok open 

reading frame (Thisted & Gerdes 1992). The sok antitoxin directly binds with the translation initiation 

site of the mok ORF, recruiting RNAse III to rapidly degrade the RNA duplex and thereby indirectly 

inhibiting the translation of the hok toxin (Gerdes et al. 1992). 

Since this first description of a type I TA system a variety of other type I TA systems have been 

characterised. The SymE-SymR TA system from the chromosome of E. coli encodes the symR antitoxin 

sRNA that binds and inhibits the translation initiation site of the SymE toxin, preventing translation of 

the toxin whilst having only a limited effect on mRNA stability (Kawano et al. 2007). Also in E. coli, the 

divergently transcribed TisB-IstR1 TA system encodes the sRNA istR1 that binds to a ribosome standby 

site (RSS) at the 5’ end of the TisB mRNA (Darfeuille et al. 2007; Romilly et al. 2019), which blocks 

ribosome binding and ultimately leads to an inactive form of toxin mRNA through RNAse III mediated 

truncation. Several systems encoded by the Gram-positive bacterium Bacillus subtilis encode sRNA 

antitoxins that promote degradation of their cognate toxin mRNA, including TxpA-RatA (Silvaggi et al. 

2005), BsrG-SR4 (Jahn et al. 2012), BsrE-SR5 (Müller et al. 2016) and yonT-SR6 (Reif et al. 2018). The 

SR4 antitoxin was additionally shown to induce conformational changes to the BsrG toxin mRNA that 

result in occlusion of the ribosome binding site (Jahn & Brantl 2013). In contrast to this, the RNAII 

antitoxin of the Fst-RNAII TA system encoded on the pAD1 plasmid of Enterococcus faecalis stabilises 

the toxin-antitoxin RNA, whilst blocking toxin translation (Greenfield et al. 2001, 2002). 

Several toxins from type I TA systems are small hydrophobic proteins that are capable of inserting into 

and disrupting the bacterial membrane, such as HokB (Gerdes et al. 1986a; Verstraeten et al. 2015), 

TisB (Dörr et al. 2010; Gurnev et al. 2012; Unoson & Wagner 2008) and Fst (Patel & Weaver 2006; 
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INTRODUCTION 

Weaver et al. 2003). However, other type I toxin mechanisms have been described, such as the RNase 

activity of SymE (Kawano et al. 2007) or the DNase activity of RalR (Guo et al. 2014). 

1.1.2 Type II toxin-antitoxin systems 

The type II toxin-antitoxin systems are the best studied group of TA systems and are abundant in the 

genomes of sequenced prokaryotes. Thousands of predicted type II TA system loci have been 

identified, and over 100 of these have been experimentally validated to date, with bioinformatic tools 

such as TADB 2.0 and TASmania making data on these loci extremely accessible to researchers (Akarsu 

et al. 2019; Makarova et al. 2009; Pandey & Gerdes 2005; Xie et al. 2018). TADB 2.0 mines publication 

data for experimentally confirmed type II TA systems and combines this with two published datasets 

of over 6,000 computationally predicted TA systems, providing an online catalogue of these type II TA 

systems (Xie et al. 2018). The TASmania pipeline is not limited to type II systems and has been used to 

analyse over 41,000  genome assemblies deposited on the EnsemblBacteria database to predict 

putative TA operons based upon statistical modelling. This approach, primarily aimed at identifying 

type I-IV systems, has already identified over two million putative TA loci (Akarsu et al. 2019). Type II 

TA systems are characterised by an antitoxin protein which directly binds and inhibits the function of 

the toxin, and the type II TA loci are typically composed of a single bicistronic operon in which the 

antitoxin gene precedes the toxin gene, with a short overlap in the open reading frames. Some type II 

TA systems are notable for having a reversed gene orientation, with the toxin located upstream of the 

antitoxin, including members of the HigBA toxin family (Pandey & Gerdes 2005), MqsRA (Brown et al. 

2009), HicAB (Jørgensen et al. 2009), and BrnTA (Heaton et al. 2012). As well as neutralising toxins by 

direct binding, antitoxins from type II systems often negatively regulate the promoters of the TA 

operon they are located on – in many cases the antitoxin and toxin act in concert to regulate the TA 

operon together, with toxin-antitoxin complexes able to more strongly repress transcription of the 

operon than antitoxin alone in a phenomenon called ‘conditional cooperativity’, which is discussed in 

more detail in section 1.2 (Garcia-Pino et al. 2010; Overgaard et al. 2008). Commonly the antitoxin is 

topologically arranged with a DNA binding N-terminal domain for transcriptional repression, and a C-

terminal domain that binds and neutralises toxin activity (Chan et al. 2016). Though DNA binding and 

transcriptional autoregulation is a consistent feature in type II TA systems, a variety of different DNA 

binding domain families have been reported in the structures of the antitoxins including helix-turn-

helix (HTH), ribbon-helix-helix (RHH), looped-hinge-helix (LHH) and PhD/YefM motifs (Gerdes et al. 

2005). 
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The stability of the antitoxin is thought to be a key factor in the functionality of the type II TA systems. 

Typically, the C-terminal domain that neutralises the toxin is intrinsically disordered and is stabilised 

upon binding to the toxin (Loris & Garcia-Pino 2014). Many studies have reported that the action of 

ATP dependent proteases, such as Lon and ClpXP, are key to degrading antitoxins under stress 

conditions, liberating the toxins to arrest cell growth (Brzozowska & Zielenkiewicz 2013; 

Muthuramalingam et al. 2016). A 1992 study by Tsuchimoto et al. first proposed the role of Lon 

protease in antitoxin stability when studying the stability of the PemI antitoxin in a Lon deficient strain 

of E. coli (Tsuchimoto et al. 1992), and Van Melderen et al. followed this publication two years later 

with direct evidence of the Lon mediated proteolytic degradation of the CcdA antitoxin from the same 

organism (Van Melderen et al. 1994). 

A striking feature of the type II TA systems is the diversity of mechanisms the toxins use to disrupt 

cellular targets. The most widely reported mechanism in the literature is RNA cleavage, with different 

endoribonucleases confirmed to target mRNA (Chowdhury et al. 2016; Jørgensen et al. 2009; 

Pedersen et al. 2003; Zhang et al. 2004, 2003, 2009), tRNA (Cruz et al. 2015; Lopes et al. 2014; Schifano 

et al. 2016; Winther & Gerdes 2011), rRNA (Schifano et al. 2014; Winther et al. 2013) and/or tmRNA 

(Christensen & Gerdes 2003; Jørgensen et al. 2009). Type II TA system toxins have also been reported 

to intoxicate targets through phosphorylation (Castro-Roa et al. 2013; Germain et al. 2013; Kaspy et 

al. 2013; Mutschler et al. 2011), acetylation (Cheverton et al. 2016), AMPylation (Harms et al. 2015), 

transcriptional regulation (García-Contreras et al. 2008) and protein-protein interaction (Maki et al. 

1996; Yuan et al. 2010), and I will present these mechanisms in further detail in the following sections. 

1.1.3 Type III toxin-antitoxin systems 

Type III TA systems are characterised by a non-coding RNA antitoxin that directly binds to and inhibits 

the function of the toxin. The first such system to be studied was ToxIN – a phage abortive infection 

system encoded on a cryptic plasmid of Pectobacterium atrosepticum (Blower et al. 2009; Fineran et 

al. 2009). More recently, sequence and structural database searches have expanded the type III 

systems to include three related families – ToxIN, CptIN and TenpIN – with representative members 

of the new families all experimentally confirmed to encode bona fide TA systems (Blower et al. 2012). 

The type III toxins investigated so far all function as endoribonucleases targeting adenine rich mRNAs, 

and there is remarkable structural homology between these toxins and the type II TA toxins of the 

MazF/Kid/CcdB family (Goeders et al. 2016). Regions involved in antitoxin binding are more divergent 

in their structure, reflecting the novel nature of the sRNA antitoxins of the type III systems. Each type 

III TA system is encoded on a bicistronic operon with the antitoxin sRNA composed of multiple short 
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nucleotide repeats which are post-transcriptionally processed into individual monomers of the RNA 

pseudoknot that directly interacts with the toxin. ToxIN functions as an abortive infection system (Abi) 

that protects the bacterial population from phage infection through the ‘altruistic’ cell death of 

infected cells (Fineran et al. 2009). 

1.1.4 Type IV toxin-antitoxin systems 

In contrast to the toxin-antitoxin complexes formed in type II TA systems, type IV TA systems express 

toxin and antitoxin proteins that do not directly interact with one another. Instead, the antitoxin acts 

antagonistically to the activity of the toxin, preventing cell intoxication. This mode of antitoxin activity 

was first shown in the CbeA-CbtA TA system situated on the chromosome of E. coli K-12, in which the 

CbtA toxin prevents cell growth by inhibiting the synthesis of cytoskeletal filaments composed of MreB 

and FtsZ (Tan et al. 2011). To counter this toxicity, the CbeA antitoxin promotes the bundling of MreB 

and FtsZ filaments by actively integrating into them, stabilising the dynamics of the cytoskeleton 

(Masuda et al. 2012). More recently a novel type IV TA system has been described from Lactococcus 

lactis in which the nucleotidyltransferase toxin AbiEii inhibits cell growth in a GTP-binding dependent 

manner, though to date no cellular target has been identified (Dy et al. 2014). It has been shown that 

the antitoxin AbiEi does not directly interact with the toxin, and therefore the authors speculated that 

AbiEi may counter toxicity by catalysing the removal of GMP from the target(s) of AbiEii. Like ToxIN, 

the AbiE system provides population level protection against phage infection (Dy et al. 2014; Garvey 

et al. 1995). 

1.1.5 Type V toxin-antitoxin systems 

Currently, only one type V toxin-antitoxin system has been characterised – the GhoST system encoded 

on the chromosome of E. coli (Wang et al. 2012). In the novel architecture of a type V TA system the 

GhoS antitoxin is an endoribonuclease with structural homology to the CAS2 family of CRISPR proteins. 

It has been shown than GhoS targets the GhoT toxin mRNA transcript for degradation through 

cleavage at 5′UNNU(A/C)N(A/G)(A/U)A(A/U)3′ target sequences, inhibiting toxin production under non-

activating conditions. Interestingly, microarray analysis revealed that overexpression of the GhoS 

antitoxin also resulted in cleavage and downregulation of 20 genes involved in purine and pyrimidine 

biosynthesis and transport, with unknown physiological consequences. The GhoT toxin exhibits 

similarity to the Hok type I TA system toxin and damages the cell envelope through the transient 

formation of pores in the inner membrane, promoting antibiotic tolerance of GhoT expressing bacteria 
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(Kim et al. 2018; Wang et al. 2012). E. coli contains a GhoT homolog which is believed to play a role 

responding to stress associated with amino acid and DNA synthesis. Designated OrtT, this GhoT 

homolog has been described as an ‘orphan toxin’ because it has no known RNA or protein antitoxin, 

including the inability of GhoS to counter OrtT toxicity (Islam et al. 2015). 

1.1.6 Type VI toxin-antitoxin systems 

The most recently reported variation of toxin-antitoxin pairing is the type VI SocAB system from 

Caulobacter crescentus (Aakre et al. 2013). The SocA antitoxin functions as a proteolytic adapter, 

binding to and promoting the constitutive degradation of the SocB toxin via the ClpXP protease. SocB 

toxin binds to and disrupts the function of the DnaN β-sliding clamp, inhibiting DNA replication. The 

authors reported that database searches were only able to identify SocAB homologs in α-

proteobacteria. 

1.1.7 Non-canonical toxin-antitoxin systems 

It is highly likely that the known diversity in TA systems will continue to increase as novel mechanisms 

are described that do not fit the current classification. In addition, some TA systems have been shown 

to have interesting idiosyncrasies that set them apart, and as type II systems are currently the most 

widely studied TA systems it is here in particular that we find most of the reported divergence from 

the norm. As previously discussed, this can be minor differences from what can be considered 

standard, including reversed operon structures such as with the HigBA systems (Pandey & Gerdes 

2005), MqsRA (Brown et al. 2009), HicAB (Jørgensen et al. 2009), and BrnTA (Heaton et al. 2012). One 

common feature of type II antitoxins is the intrinsic disorder of the neutralisation domain that only 

becomes structured upon toxin binding (Brzozowska & Zielenkiewicz 2013). However, the antitoxins 

MqsA from E. coli (Brown et al. 2009), ParD from C. crescentus (Dalton & Crosson 2010) and YefM 

from Mycobacterium tuberculosis (Mtb) (Kumar et al. 2008) have all been reported to be fully 

structured proteins. 

Perhaps the most striking deviation from the typical structure of a type II TA operon is the discovery 

of tripartite TA systems. These systems often encode a toxin-antitoxin pair homologous to a canonical 

bipartite TA system, with the addition of a third gene that contributes to the stability or regulation of 

the system. A tripartite TA system encoded by Mtb, HigBA-Rv1957, encodes the SecB-like chaperone 

Rv1957 that stabilises the HigA antitoxin by binding on the C-terminal chaperone addiction sequence 

(ChAD) (Bordes et al. 2011, 2016). The ChAD actively destabilises antitoxin folding, promoting 
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proteasomal degradation in the absence of the chaperone. Since the characterisation of HigBA-

Rv1957, several other TA-chaperone systems have been identified, suggesting it is a conserved 

mechanism of TA regulation across a broad range of prokaryotes (Bordes et al. 2016; Sala et al. 2013). 

Other tripartite systems also appear to encode a protein that augments the function of the antitoxin 

though the mechanisms by which this occurs are less well described, such as the HipBST system from 

E. coli (Nielsen et al. 2019) and the PasABC system from the broad host range plasmid pTF-FC2

(Rawlings 1999). Other novel architectures for tripartite operons include the SpoIISABC system of B.

cereus that encodes two non-identical antitoxin genes within the same locus (Melničáková et al. 2015),

and the PaaR2-PaaA2-ParE2 system of E. coli O157:H7 that encodes the paaR2 transcriptional

repressor which, along with the paaA2-parE2 TA complex, regulates the expression of the TA operon

(Hallez et al. 2010). Indeed, tight regulation of TA loci is key to the functionality of all TA systems.

1.2 Regulation of TA systems 

Whilst the ubiquity and conservation of toxin-antitoxin systems across prokaryotic life marks them out 

as evolutionarily advantageous genes, the potent intoxication they execute upon activation means 

that these systems are tightly regulated to prevent them from being inappropriately triggered.  

As previously discussed, a key feature of many TA systems is the labile nature of the antitoxin. In the 

case of antitoxin proteins, the considerably shorter half-life is often due to the activity of cellular 

proteases such as Lon and Clp (Brzozowska & Zielenkiewicz 2013). The relative instability of the 

antitoxin is a feature that has been shown for many systems including CcdAB (Van Melderen et al. 

1994), PhD-Doc (Lehnherr & Yarmolinsky 1995), RelBE (Christensen et al. 2001), MazEF (Aizenman et 

al. 1996), ToxIN (Fineran et al. 2009) and hok-sok (Gerdes et al. 1990). Antitoxin stability is an 

important factor when considering the regulation and activation of TA systems – indeed many of the 

early TA publications studied the role of plasmid-borne TA systems in plasmid maintenance by a 

phenomenon called post-segregational killing (PSK) which is contingent on the difference in toxin and 

antitoxin half-lives (Gerdes et al. 1986b). When a bacterium carrying a TA-encoding plasmid divides, 

daughter cells not inheriting the plasmid will not survive because the unstable antitoxin needs to be 

constantly replenished to inhibit the function of the toxin – if the plasmid is no longer present then 

degradation of the remaining pool of antitoxin eventually leads to liberation of toxin and the death of 

the plasmid-free cell. In this case, the ‘signal’ for toxin-antitoxin activation can be considered the loss 

of the TA-encoding plasmid which results in the failure to replenish the labile antitoxin. The inability 

to replenish antitoxin may be a key feature for the function of many TA systems, but often the 

regulation of these systems is much more complex. 
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Figure 1.2 | Conditional cooperativity. Type II TA loci are often regulated through conditional 
cooperativity. Briefly, if antitoxin is in molar excess over the toxin then antitoxin dimers only weakly 
interact with and repress the TA locus. Addition of toxin leads to formation of toxin-antitoxin 
complexes that strongly repress the locus; however, if the toxin concentration becomes excessive then 
higher stoichiometry TA complexes are formed which no longer interact with DNA. In this toxin-
dominated state the TA locus is fully derepressed resulting in transcription of TA mRNA. Figure 
adapted from Page & Peti (2016). 

Several antitoxins have been described to autoregulate the transcription of their TA gene locus 

through direct binding to the DNA promoter (Gerdes et al. 2005; Page & Peti 2016). Type II toxin-

antitoxin systems further fine-tune this regulation by changing the strength of promoter repression in 

a antitoxin:toxin ratio-dependent manner – a concept first observed in relation to the PhD-Doc TA 

system from E. coli which was later termed ‘conditional cooperativity’ (Garcia-Pino et al. 2010; 

Magnuson & Yarmolinsky 1998; Overgaard et al. 2008). The PhD antitoxin contains an N-terminal 

YefM-like DNA binding domain that dimerises, but that has weak DNA binding properties when no Doc 

toxin is present. However, the binding of PhD to Doc toxin stabilises the intrinsically disordered C-

terminus and cross-links PhD dimers generating 4:1, 4:2 and higher stoichiometry PhD:Doc complexes 

with a high affinity for the PhD-Doc DNA promoter, resulting in strong repression of the TA locus 

(Figure 1.2). This cross-linking by Doc is possible as each Doc monomer contains two binding sites for 
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the PhD antitoxin. If the toxin is in excess and there is continued addition of Doc to the PhD-Doc 

complexes, then the cross-linking of PhD dimers falls apart, the complexes no longer bind DNA and 

the TA locus becomes derepressed. In this way, an excess of antitoxin or toxin results in TA locus 

derepression and synthesis of the TA operon restores the balance of toxin and antitoxin molecules, at 

which point the complexes again tightly repress the TA locus and shut off further transcription. This 

remarkable transcriptional control has been shown for several other TA systems including CcdAB (Afif 

et al. 2001), RelBE (Overgaard et al. 2008), VapBC (Winther & Gerdes 2012), KacAT (Qian et al. 2019) 

and Kid/Kis (Monti et al. 2007). 

Mathematical modelling of TA operon regulation under starvation conditions has provided insight into 

the dynamics of conditional cooperativity at a single cell and population level. These studies have 

shown that conditional cooperativity ensures there is a robust bistable switch between the toxin 

replete (TA activated) and antitoxin replete (TA repressed) states (Cataudella et al. 2012, 2013). 

Conditional cooperativity would also support a rapid transition back to the TA repressed state and 

limits the occurrence of TA system activation in the absence of stress. These features indicate 

conditional cooperativity can provide a mechanism by which bacteria switch between growth and 

dormancy in response to stress in a TA regulated manner. 

Some TA systems have been reported not to be regulated by conditional cooperativity including DinJ-

YafQ from E. coli (Ruangprasert et al. 2014), in which the DinJ antitoxin represses with equal efficiency 

whether alone or in a toxin bound state, and the chromosomal homolog of MazEF in Staphylococcus 

aureus (Donegan & Cheung 2009) which is under the transcriptional control of the alternative sigma 

factor SigB. The HicAB system from Burkholderia pseudomallei (Winter et al. 2018) and MqsRA from 

E. coli (Brown et al. 2011) can also be considered to exhibit non-canonical autoregulation behaviour

as the HicB/MqsA antitoxins alone fully represses these TA loci, however saturation with toxin does

derepress transcription of the operons. As discussed in section 1.1.7, some tripartite TA systems such

as the PaaR2–PaaA2–ParE2 system of E. coli O157:H7 encode a separate dedicated transcriptional

repressor that contributes to the unconventional regulation of these systems (Hallez et al. 2010). The

VapBC operon from H. influenzae is another example of atypical regulation as the VapC toxin is able

to directly bind the operator DNA of the VapBC locus to facilitate the repression of that operon (Cline

et al. 2012).

On top of autoregulatory functions of toxin-antitoxin systems, many TAs are additionally controlled 

by global stress responses such as the stringent response (SR) and SOS response. The SR orchestrates 

cellular activity upon nutritional and environmental stresses, for example amino acid starvation. The 

SR relies upon upregulation of the (p)ppGpp alarmone which has numerous influences on the cell such 

21



INTRODUCTION 

as sweeping adaptations to the transcriptional profile via sigma factor switching, and indirect 

influences over mRNA and protein stability to mobilise a robust stress response (Cashel & Gallant 1969; 

Dalebroux & Swanson 2012). Several TA systems have been reported to be activated under SR-

inducing conditions including HicAB (Jørgensen et al. 2009), RelBE (Christensen et al. 2001), MazEF 

(Christensen et al. 2003), SprA2-SprA2AS (Germain-Amiot et al. 2019), HokB (Verstraeten et al. 2015), 

HigAB, DinJ-YafQ, YefM-YoeB and MqsRA (Shan et al. 2017). Many studies attribute the activation of 

TA systems under stringent conditions to the effects of (p)ppGpp on protease activity and subsequent 

destabilisation of the antitoxin pool. However, for many TA systems the precise mechanism linking 

triggering of the stringent response and (p)ppGpp production to toxin activation remains unclear. The 

SOS response is a crucial pathway for coordinating the reaction to DNA damage, activated via the 

recognition of single- and double-stranded DNA breaks. These DNA lesions are sensed through the 

activity of the RecABCD proteins leading to autoproteolysis of the LexA repressor, initiating 

upregulation of response genes in the LexA regulon (Baharoglu & Mazel 2014). A handful of TA systems 

have been described to be part of the LexA regulon (Ronneau & Helaine 2019) including the type I and 

type II TA systems from E. coli – TisB-IstR (Dörr et al. 2010) and DinJ-YafQ (Prysak et al. 2009). 

Conversely, there are also examples of toxins that activate these global stress responses. HipA 

activates the SR through the generation of uncharged tRNAs which associate with the ribosomal A-

site stimulating the RelA-mediated synthesis of the central SR effector molecule, the (p)ppGpp 

alarmone (Germain et al. 2013; Kaspy et al. 2013). Similarly, the SOS response can also be activated 

through the action of TA toxins – overexpression of both CcdB and ParE has been reported to induce 

the SOS response through DNA gyrase poisoning-associated DNA damage (Bernard & Couturier 1992; 

Hallez et al. 2010). 

Despite the increasing wealth of knowledge being published on toxin-antitoxin system activity and 

regulation, for many TA systems very little is known about what signals actually result in activation. 

1.3 Cross-regulation 

Bacteria can encode multiple TA loci on both mobile genetic elements and the chromosome, with Mtb 

often held up as an exemplar for the multiplicity of TA systems able to reside within a single genome. 

One frequently cited study estimates that Mtb carries at least 88 toxin-antitoxin systems (Ramage et 

al. 2009), however this number continues to increase, and the recently published TASmania in silico 

TA discovery pipeline identifies in excess of 90 putative toxins on the genome of Mtb H37Rv (Akarsu 

et al. 2019). 

22



INTRODUCTION 

With bacteria encoding such a diversity of TA systems within a single cell it is not surprising that several 

TA systems have been described to interact with one another both directly and indirectly (Goeders & 

Van Melderen 2014). The simplest cross-regulation to consider is interaction between antitoxins and 

toxins that are encoded on separate TA loci within the same replicon. However, the majority of 

investigations into cross-regulation have found that antitoxins only inhibit their cognate toxin, such as 

the studies of VapBC systems of Mtb (Ahidjo et al. 2011; Ramage et al. 2009), the ParDE and RelBE 

systems of C. crescentus (Fiebig et al. 2010) and the 18 type II TA systems encoded on the chromosome 

of Vibrio cholerae (Iqbal et al. 2015). Interestingly, two research groups have carried out studies that 

have identified key residues in antitoxins that allow specificity switching to non-cognate toxins in the 

VapBC systems from Haemophilus influenzae (Walling & Butler 2016) and the ParDE systems from 

Mesorhizobium opportunistum (Aakre et al. 2015). Whilst antitoxins almost universally exhibit strict 

binding specificity, there are a handful of examples of TA antitoxins that show target promiscuity such 

as the RelB antitoxin from Mtb (Yang et al. 2010). In a review of the topic, Goeders and Van Melderen 

(2014) suggested that the relative rarity of this kind of non-cognate toxin-antitoxin interaction is due 

to the potential deleterious effects of cross-neutralising antitoxins on the finely balanced regulation 

of TA networks, which may result in the elimination of any potentially interfering TA loci. 

Beyond direct physical interaction, some toxins have been shown to upregulate the expression of 

other TA systems – an effect sometimes referred to as TA transactivation. Study of several type II TA 

systems in E. coli has shown that overexpression of toxins including RelE, HipA, MazF, MqsR and HicA 

all result in the transactivation of other TA loci (Kasari et al. 2013). There are also descriptions of TA 

systems affecting the expression of non-TA gene loci. In one example of this, the MsqA antitoxin has 

been shown to bind and repress production of the biofilm formation regulatory gene McbR, the 

periplasmic chaperone Spy, and the key stress response sigma factor RpoS, as well as the GhoST TA 

locus (Brown et al. 2009; Wang et al. 2011, 2013). Very little has been published on the ability of TA 

complexes to bind operator DNA and regulate distal genomic loci, though given the complexity and 

diversity of these systems, it is expected that future studies will lead scientists to observe many more 

examples of this kind of regulation. 

1.4 Activity of TA system toxins 

There is a remarkable diversity in both the targets of TA system toxins and the biochemical 

mechanisms by which they exert toxic effects upon the cell. 

23



INTRODUCTION 

1.4.1 Cell envelope 

Many of the type I toxin-antitoxin systems are reported to inhibit cell growth by targeting the cell 

membrane. These small hydrophobic peptides such as HokB (Gerdes et al. 1986a; Verstraeten et al. 

2015), TisB (Dörr et al. 2010; Gurnev et al. 2012; Unoson & Wagner 2008) and Fst (Patel & Weaver 

2006; Weaver et al. 2003) are thought to integrate into the inner membrane of the cell, increasing 

permeability and depolarising the membrane. The dissipation of the proton motive force (PMF), the 

gradient of protons across a charged membrane manufactured by the respiratory chain, results in the 

inability to efficiently generate ATP which is the key energy source for cell metabolism. Cells 

intoxicated by these membrane depolarising peptides are therefore strongly growth inhibited as they 

lack the energetic requirements to facilitate normal cellular activity. It was shown in a recent 

publication that HokB not only depolarises the bacterial membrane, but actually creates pores with a 

sufficient channel width to leak intracellular ATP, further reducing the energy stores of the cell 

(Wilmaerts et al. 2018). The type IV TA toxin GhoT is also a membrane depolarising peptide; however, 

unlike type I toxins such as TisB and Hok, GhoT forms pores with a more transient lifespan (Kim et al. 

2018). Regardless of this, the effect of GhoT pore formation is still dissipation of the proton motive 

force, and a subsequent decrease in ATP production (Cheng et al. 2014). In the Gram-positive 

bacterium B. subtilis, the SpoIISA type II TA toxin has a predicted pore-forming structure that contains 

three transmembrane domains and overexpression causes membrane and peptidoglycan damage, 

however the precise function of this toxin remains unclear (Adler et al. 2001; Makroczyová et al. 2014). 

As well as the cell membrane, there is one toxin family that has been described to target cell wall 

synthesis. The ζ (zeta) toxin of the ε-ζ (epsilon-zeta) toxin-antitoxin family (also referred to as PezAT 

in pneumococci) phosphorylates the peptidoglycan precursor molecule UDP-N-acetylglucosamine 

(UNAG) to produce UNAG-3P which competitively inhibits the peptidoglycan synthesis enzyme MurA, 

preventing cell wall synthesis leading to lysis of the bacterium (Mutschler et al. 2011). 

1.4.2 DNA replication 

Several toxin-antitoxin systems have been shown to inhibit cell growth through the disruption of DNA 

synthesis, which is a critical process in the cell cycle for replication of the bacterial chromosome prior 

to separation of the daughter cells. The type II TA toxin CcdB interferes with this process by directly 

binding the dimerization domain of DNA Gyrase subunit GyrA (Dao-Thi et al. 2005). DNA Gyrase, a 

type II topoisomerase, is an essential bacterial enzyme that is required for relaxing positive 

supercoiling of DNA prior to the passage of the replication fork during DNA replication, and requires 
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assembly into a heterotetrametric complex to function (Dao-Thi et al. 2005; Reece et al. 1991). CcdB 

binding of DNA GyrA results in two distinct toxic functions: firstly, the formation of inactive gyrase 

subunits that cannot engage DNA in supercoiling reactions; and secondly, the trapping of active 

gyrase-DNA intermediates into a conformation that blocks the procession of RNAP transcription 

complexes, and also causes DNA double strand breaks and induction of the SOS response (Bernard & 

Couturier 1992; Critchlow et al. 1997; Maki et al. 1996). The ParE toxin also poisons DNA gyrase 

through direct binding to the GyrA subunit, however ParE binds a different site of the GyrA protein 

and inhibits gyrase function in an ATP dependent manner (Yuan et al. 2010). The Fic toxin instead 

targets the GyrB subunit of DNA gyrase and another type II topoisomerase, essential for the removal 

of DNA catenation and knotting, called topoisomerase IV (topo IV) (Harms et al. 2015). FicT 

adenylylates (AMPylates) GyrB and topo IV inhibiting the ATPase activity essential for their function, 

resulting in significant disruption of DNA topology and the arrest of cell proliferation. 

The type VI TA toxin SocB also inhibits DNA replication; however, instead of inhibiting DNA topology 

associated enzymes, SocB targets the DnaN β-sliding clamp – a key component of the DNA polymerase 

III (Pol III) protein complex (Aakre et al. 2013). Through direct binding, SocB competitively inhibits 

association of DnaN with PolIII causing stalling of the polymerase and collapse of the replication fork, 

preventing cell proliferation. 

1.4.3 Gene Expression 

1.4.3.1 Transcription 

For most of the described TA systems, the ability of a toxin to act as a transcriptional repressor is 

contingent on forming a complex with the antitoxin, and this function can be considered as secondary 

to their intrinsic activity as a toxin. However, the type II TA system toxin Hha is a bona fide 

transcriptional regulator that is under the control of the YbaJ antitoxin (García-Contreras et al. 2008). 

Upon dissociation of the Hha-YbaJ complex, Hha mediates a diverse number of effects including 

repression of rare codon tRNAs that are required for the translation of fibral proteins, preventing 

biofilm formation. Overexpression of Hha also results in the activation of cryptic lytic prophages which 

results in lysis being observed in the bacterial population, and the authors speculated that Hha 

therefore plays a role in biofilm dispersal and the successful colonisation of new niches. Of note, Hha 

expression also leads to the upregulation of the ClpP, ClpX and Lon proteases which may influence the 

activation of other TA systems. 
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1.4.3.2 Ribosome-dependent endonucleases 

Many toxins function as endoribonucleases, catalysing the hydrolysis of RNAs to alter translation. Of 

the toxins shown to target mRNA, a broad distinction can be made between those that require 

association with the ribosome to recognise and cleave RNA, and those toxins that target free mRNA 

in the cytosol. RelE (Pedersen et al. 2003) and YafQ (Prysak et al. 2009; Zhang et al. 2009) have both 

been shown to associate with the ribosomal A-site, the entry site for aminoacyl-tRNA, to cleave 

mRNAs as they are being processed through the ribosome, reducing the translation rate of the cell. 

Both of these toxins have been reported to cleave in a sequence-specific manner, with YafQ 

predominantly cleaving at the 5’AA↓A(G/A)3’ consensus sequence in which an in-frame lysine AAA 

codon, followed immediately by either a guanine or adenine, is cleaved between the second and third 

adenine in the codon (Prysak et al. 2009). RelE has a more relaxed substrate specificity and makes 

frequent cuts in the mRNA, cleaving between the second and third bases of the A-site mRNA codon, 

with a preference for cleaving upstream of a purine nucleobase (Christensen & Gerdes 2003; Goeders 

et al. 2013; Hurley et al. 2011; Pedersen et al. 2003). The E. coli endoribonuclease YoeB also only 

shows mRNase activity in the presence of the ribosome (Zhang & Inouye 2009). One notable difference 

between these systems is that whilst RelE binds to 16S rRNA, a component of the 30S ribosomal 

subunit, the YafQ and YoeB toxins bind the 50S subunit. RelE additionally targets transfer messenger 

RNA (tmRNA) – the RNA that is responsible for rescuing stalled ribosomes by the trans-translation 

pathway. Encoded by the ssrA gene, tmRNA contains an alanyl-tRNA-like domain that enters the A-

site of stalled ribosomes, and an alanine is transferred from the 3’-end of the tmRNA on to the nascent 

peptide in the ribosome. The ribosome then processes along the mRNA-like domain of the tmRNA 

that encodes a 10 amino acid long tag that labels the nascent peptide for proteasomal degradation 

(Keiler et al. 1996; Muto et al. 1998; Tu et al. 1995). By cleaving both tmRNA and mRNA, RelE ensures 

translation inhibition by preventing ribosomes stalled on damaged mRNAs from being recycled. 

Overexpression of tmRNA was observed to counteract RelE induced toxicity, and therefore 

Christensen and Gerdes have proposed a key role for tmRNA in the transition from dormancy to 

growth when RelB antitoxin-mediated inhibition of RelE is restored (Christensen & Gerdes 2003). 

1.4.3.3 Ribosome-independent endonucleases 

MazF, VapC, MqsR, Kid (PemK) and ToxN are all examples of TA toxins shown to cleave mRNA in a 

ribosome-independent manner (Masuda & Inouye 2017; Pimentel et al. 2005; Short et al. 2013; 

Yamaguchi et al. 2009). MqsR preferentially cleaves 5’↓G↓CU3’ trinucleotide sequences in the 5’ region 

of single stranded mRNAs (Yamaguchi et al. 2009), with in vitro studies observing a significant decrease 

in cleavage efficiency if the GCU site is shielded by stem-loop or pseudoknot secondary structures, 
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and complete abrogation of cleavage if GCU is within a double-stranded region of RNA (Chowdhury et 

al. 2016). The Kid toxin, encoded on the R1 plasmid of E. coli, was first reported to cleave at the 
5’U↓A↓(C/A/U)3’ trinucleotide sequence (Zhang et al. 2004), however an independent study the 

following year revised the target specificity to the longer UUACU target sequence – the significance of 

this change is that the UUACU sequence is absent from the Kis antitoxin mRNA, and indeed Kis can be 

synthesised de novo during Kid intoxication, rescuing the growth of the cell (Pimentel et al. 2005, 

2014). Ruiz-Echevarría et al. have previously shown that Kid overexpression inhibits DNA replication 

and that the overexpression of DnaB DNA helicase rescued this phenotype (Ruiz-Echevarrıa et al. 

1995). In the light of more recent findings, this result can be attributed to the presence of the UUACU 

sequence in DnaB mRNA, and Pimentel et al. confirmed this by introducing a silent mutation in the 

UUACU target sequence which resulted in stabilisation of DnaB production in Kid intoxicated cells 

(Pimentel et al. 2014). 

Many homologs of the MazF and VapC endonuclease toxin families have been characterised, and 

together these toxins are particularly notable for the broad spectrum of RNAs targeted to interfere 

with translation. The MazF toxin present on the chromosome of E. coli targets free mRNA with 

specificity for 5’A↓CA3’ sequences which, as a sequence present in the overwhelming majority of mRNA 

transcripts, results in an almost complete halt in protein synthesis (Culviner & Laub 2018; Suzuki et al. 

2005; Zhang et al. 2003, 2005). However, engineering of a synthetic gene encoding the human protein 

eotaxin in an ACA-less transcript resulted in robust eotaxin expression in MazF growth arrested cells 

for several days indicating that, whilst protein synthesis is all but completely inhibited by MazF 

intoxication, cells still retain transcription and translation capability (Suzuki et al. 2005). These studies 

have also demonstrated that whilst rRNA can be targeted by MazF in vitro, in vivo the ribosomal 

proteins protect rRNA from cleavage, though MazF does still target newly synthesised rRNA precursors 

(Culviner & Laub 2018; Mets et al. 2017; Zhang et al. 2003). Some publications have suggested that 

the E. coli MazF targets 16S rRNA to remove the anti-Shine-Dalgarno sequence (ribosome binding site 

recognition motif), resulting in ‘stress-induced ribosomes’ that preferentially translate leaderless 

mRNAs generated through the mRNA cleavage activity of MazF (Moll & Engelberg-Kulka 2012; Nigam 

et al. 2019; Sauert et al. 2016; Vesper et al. 2011). However, this proposed mechanism is contradictory 

to the results discussed above and recent publications seem to confirm that MazF does not manipulate 

the ribosome in this way (Culviner & Laub 2018; Wade & Laub 2019). Homologs of the MazF family in 

other bacteria are divergent in their target specificity. Of the nine MazF homologs in Mtb, each shows 

a unique cleavage site and, whilst all cleave mRNA, some additionally target rRNA and tRNA (Masuda 

& Inouye 2017; Schifano et al. 2013, 2014, 2016). 
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VapC toxins cleave RNA through the magnesium dependent action of the PIN domain which is the 

common structural fold in all of these endonucleases (Arcus et al. 2011). As with MazF, the numerous 

VapC homologs have been described to target a number of ribonucleic acids including mRNA 

(McKenzie et al. 2012; Ramage et al. 2009), rRNA (Winther et al. 2016, 2013) and tRNA (Cruz et al. 

2015; Lopes et al. 2014; Winther et al. 2016; Winther & Gerdes 2011), with recognition of both primary 

sequence and secondary structure appearing important for toxin activity in several cases. 

1.4.3.4 Non-endonuclease toxins and tRNA 

While the toxins described above inhibit translation through the cleavage of RNA, there are also 

several toxins that target important components of translation through post-transcriptional and post-

translational modification – here I have highlighted three toxin families that all interfere with the 

synthesis and delivery of tRNA to the ribosome. The type II toxin HipA phosphorylates the ATP binding 

site of glutamyl-tRNA synthetase, inhibiting its activity which leads to the accrual of uncharged tRNAGlu 

(Germain et al. 2013; Kaspy et al. 2013). This leads to an arrest of protein synthesis, and the detection 

of uncharged tRNAGlu in the A-site of processing ribosomes by RelA, which in turn induces the stringent 

response. 

The TacT acetyltransferase toxins in Salmonella, and homologous systems from other bacteria such as 

AtaT and ItaT from E. coli, modify target tRNAs by acetylation – the accumulation of N-blocked 

aminoacyl-tRNAs results in translation inhibition through a currently unknown mechanism, though 

ribosome stalling may be caused as a result of these modified tRNAs (Cheverton et al. 2016; Jurenas 

et al. 2017; Rycroft et al. 2018; Wilcox et al. 2018). The TacT family of toxins, the topic of this thesis, 

are discussed in greater detail in section 1.7. Finally, the type II toxin Doc has been shown to inhibit 

the delivery of tRNA to the ribosome through the phosphorylation of translation elongation factor EF-

Tu, involved in the accommodation of aminoacyl-tRNA into the ribosomal A-site (Castro-Roa et al. 

2013; Cruz et al. 2014). 

The diversity of mechanisms exhibited in toxin function is impressive, and the exquisite specificity of 

many of these toxins suggests they are evolutionarily adapted to execute precise roles in the 

regulation of the bacterial life cycle. I will now go on to discuss the possible functions carried out by 

these toxin-antitoxin systems, with a particular focus on antibiotic persistence. 

1.5 Toxin-antitoxin systems and persistence 

Activation of toxin-antitoxin systems results in growth arrest of bacteria, but many different functions 

have been attributed to TA systems and their inhibitory effects on cell growth. The TA systems first 
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described in the literature were predominantly plasmid encoded and believed to function as plasmid 

maintenance elements (Gerdes et al. 1986b; Ogura & Hiraga 1983). As briefly discussed in section 1.2, 

this plasmid maintenance mechanism has been termed post-segregational killing (PSK) as, after cell 

division, any daughter cells not retaining the TA encoding plasmid can no longer synthesise antitoxin. 

Thus, any toxin carried over from the parent cell inhibits growth, effectively eliminating the plasmid-

free cells from the population (Gerdes et al. 1986b). The later discovery of TA systems on 

chromosomes was therefore a surprise, as this precludes a function in plasmid maintenance for these 

systems. Particularly in the context of the MazEF TA system, it was proposed that TA systems might 

fulfil a role in programmed cell death (PCD), with a fraction of a nutritionally stressed bacterial 

population undergoing PCD to provide nutrients for the remaining live cells, in what has been 

described ‘nutritional altruism’ (Aizenman et al. 1996; Ramisetty et al. 2015). However, recent 

publications have disproved a link between TA systems and PCD in E. coli (Ramisetty et al. 2016; 

Tsilibaris et al. 2007) and Staphylococcus (Fu et al. 2009), and shown that MazF induces growth 

inhibition but not cell death. As discussed above, there are also several TA systems that have been 

described to function as abortive infection systems such as ToxN (Fineran et al. 2009) and AbiE (Dy et 

al. 2014), inhibiting the proliferation of phage infected cells to prevent spread of viral particles to the 

rest of the population. 

In the last two decades the implication of TA systems in the formation of antibiotic persister cells has 

caused resurgent interest in them and the functions they support, particularly in the light of studies 

that have demonstrated the clinical relevance of relapsing infection (Okoro et al. 2012; Russo et al. 

1995) and reports that antibiotic persistence facilitates the transition to heritable antibiotic resistance 

(Levin-Reisman et al. 2017). Antibiotic persistence is a term used to describe the formation of a 

subpopulation of slow or non-growing, highly antibiotic-tolerant bacteria from within a clonal, 

antibiotic-susceptible population (Balaban et al. 2019; Fisher et al. 2017). A persistent subpopulation 

can be illustrated in the biphasic survival curve of a typical bacterial population, as illustrated in Figure 

1.3. In a population from which persisters arise, there is an initial phase of rapid killing in which the 

antibiotic susceptible fraction of the population is killed. The second slow killing phase represents the 

fraction of the population that has entered the highly antibiotic-tolerant persister state. Antibiotic 

resistance describes a population of bacteria that have acquired a heritable defence mechanism that 

mitigates the function of a specific antibiotic, allowing bacteria to survive and proliferate at otherwise 

inhibitory concentrations of that antibiotic. Antibiotic tolerance is a term used to describe a bacterial 

population in which every member of the population exhibits increased survival to multiple antibiotics 

through heritable or non-heritable mechanisms due to reduced uptake of the antibiotic or limited 

activity of the antibiotic target (Fisher et al. 2017). Note that whilst tolerant bacteria show increased 
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survival, they cannot proliferate under antibiotic treatment. Figure 1.3 also plots the survival of a 

theoretical ‘antibiotic susceptible’ population; however, in practice a bacterial population never 

behaves homogeneously under the stress of antibiotic treatment, and a small percentage always 

enters the persister state and survives much longer than would otherwise be expected. The 

phenomenon of antibiotic persistence was first observed in the 1940s by Hobby et al. and Bigger who 

noted that antibiotic treatment always failed to completely sterilise bacterial cultures (Bigger 1944; 

Hobby et al. 1942). Bigger also observed that persistence is a non-heritable phenotype, and therefore 

the progeny of persister cells are as likely to be killed by antibiotics as the original population. Studies 

have since shown that persister cells enter a slow or non-growing state, and this shift supports 

increased survival as antibiotics typically target active cellular processes (Balaban et al. 2004). By 

limiting the effect of antibiotics on their targets, bacteria effectively become indifferent to the 

presence of the antibiotic in the environment. However, if bacteria stochastically re-enter growth 

whilst the antibiotic is still present in the environment, then they are still susceptible to the effects of 

the drug. 

Figure 1.3 | The biphasic killing curve. A graph illustrating theoretical survival of bacterial populations 
over time in response to antibiotics. Bacterial populations that are antibiotic sensitive are rapidly killed 
in the presence of antibiotic. Resistant populations carry a genetically heritable mechanism that 
inhibits the function of a single antibiotic, or a group of similarly structured antibiotics. This enables 
resistant bacteria to survive and grow in the presence of these antibiotics. Tolerant populations carry 
mechanisms that confer prolonged survival, but not growth, in the presence of antibiotics, slowing the 
rate of population decline. Persistent bacteria are a highly antibiotic tolerant sub-population that arise 
from antibiotic sensitive bacteria, resulting in a biphasic killing curve. The initial phase represents the 
rapid killing of the predominantly sensitive population, exposing the presence of the persister cells 
that survive for extremely extended periods, as shown by the second phase of the curve. CFU = colony 
forming units. 

30



INTRODUCTION 

In a 1983 publication, Moyed and Bertrand presented the results of a genetic screen aimed at 

identifying genes involved in the persister phenotype (Moyed & Bertrand 1983). In this study, they 

identified single nucleotide polymorphisms (SNPs) mapped to the hipA gene that were associated with 

a significant increase in the proportion of persisters cells formed in response to ampicillin treatment 

compared to the wild-type bacteria. One of the mutant alleles identified, named hipA7, has since been 

extensively characterised and it has been confirmed that this gain-of-function mutation causes a high 

persistence phenotype due to an increased fraction of the population entering the persister state, 

with no associated increase in the minimum inhibitory concentration of the antibiotic confirming that 

no resistance has been acquired by these mutants (Balaban et al. 2004; Korch et al. 2003). With the 

later discovery that HipA was a member of the HipAB TA system, the first link was made between the 

persister phenotype and toxin-antitoxin systems (Black et al. 1994; Korch et al. 2003). Three decades 

after the publication of Moyed and Bertrand, the target of HipA was shown to be glutamyl-tRNA 

synthetase (see section 1.4.3), for the first time characterising the biochemical pathways that link HipA 

to growth arrest and the persister phenotype (Germain et al. 2013; Kaspy et al. 2013). Notably, hipA 

mutants have also been found in clinical isolates of uropathogenic E. coli, causing multidrug tolerance 

in these bacteria (Schumacher et al. 2015). 

A key feature of many TA systems is that toxin mediated growth arrest is reversible (Hall et al. 2017). 

Considering that many toxin-antitoxin systems induce reversible growth arrest in response to stress, 

it has been postulated that TA systems are ideal candidates for controlling entry to and exit from the 

persister state, protecting a fraction of bacteria during peak stress to ensure the survival of the 

population. As discussed in section 1.2, the robust growth to dormancy switch mediated by 

conditional cooperativity-based regulation of many TA systems also supports a role for these systems 

in the formation of a persister population. 

Since these first observations, several papers have come out showing a link between TA expression 

and persistence. In conducting a screen similar to that of Moyed and Bertrand, Slattery et al. identified 

a high persistence mutant of Salmonella with a SNP in the shpA gene (Slattery et al. 2013). Further 

investigation resulted in discovery of the ShpAB locus as a novel TA system, with ShpA belonging to 

the RelE family of endonuclease toxins. Indeed, in studies of the TA endoribonuclease toxins RelE and 

YafQ from E. coli, authors have shown that overproduction of toxin increases the percentage of 

antibiotic persisters formed within a bacterial population (Harrison et al. 2009; Keren et al. 2004). 

Single loci deletions of 14 type II TA systems from the genome of Salmonella Typhimurium resulted in 

a small but significant decrease in persister formation when the mutant strains were phagocytosed by 

bone marrow derived macrophages, and the further study of three of these systems – TacAT1, TacAT2 

and TacAT3 – has confirmed that they influence bacterial survival under infection conditions 
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(Cheverton et al. 2016; Helaine et al. 2014; Rycroft et al. 2018). The membrane targeting toxins TisB, 

HokB and GhoT have all also been implicated in the persister phenotype, likely due to the profound 

arrest of growth induced through dissipation of the proton motive force and the resulting drop in ATP 

(Cheng et al. 2014; Dörr et al. 2010; Gurnev et al. 2012; Kim et al. 2018; Verstraeten et al. 2015; 

Wilmaerts et al. 2018, 2019). Interestingly, Dorr et al. showed that constitutive expression of the SOS 

response, via deletion of the lexA repressor, resulted in a significant increase in persister formation; 

however, the further introduction of a ∆tisAB mutation resulted in persister levels falling back to those 

of an SOS deficient strain (Dörr et al. 2010). This result suggests TisB is a key mediator of persister 

formation during the SOS response to DNA damage. The Michels lab have presented a series of 

publications showing that activation of the conserved GTPase Obg by the stringent response results 

in HokB mediated induction of persistence, and the use of channel blocking compounds confirmed 

that the Obg mediated persister phenotype was due to the pore forming activity of HokB (Verstraeten 

et al. 2015; Wilmaerts et al. 2018, 2019). Together, these studies clearly demonstrate a link between 

TA systems and the formation of persister cells as a consequence of global stress responses. 

Two frequently cited publications that linked type II TA endonuclease toxins to the persistence 

phenotype have recently been retracted (Germain et al. 2015; Maisonneuve et al. 2011). These papers 

reported that the deletion of up to 10 endoribonuclease TA systems from the chromosome of E. coli 

(∆10TA) resulted in a cumulative defect in persister formation, however the strains used in these 

studies were later found to be infected with the φ80 lysogenic phage, a common lab contaminant that 

turned out to be responsible for the phenotype linking the ∆10TA strain to persistence (Harms et al. 

2017). Recent work to create a new ∆10TA mutant in which the φ80 phage was absent has failed to 

reveal the enrichment of spontaneously formed persisters in the new ∆10TA strain under non-stress 

conditions (Goormaghtigh et al. 2018). In the light of these findings, it is reasonable to reassess the 

validity of evidence supporting the link between TA systems and persistence. However, whilst current 

research of the ∆10TA strain shows a lack of grounds for linking this specific strain to persister 

formation in nutrient replete conditions, the body of fundamental bacteriological research previously 

cited still provides valid indication of the link between TA systems and persister formation. 

1.6 Toxin-antitoxin systems in Salmonella 

This project focuses on toxin-antitoxin systems from the bacterium Salmonella enterica subspecies 

enterica serovar Typhimurium, a rod-shaped Gram-negative facultative anaerobe which is a causative 

agent of diarrhoeal disease and non-typhoidal invasive Salmonella infections in humans (Fabrega & 

Vila 2013). 
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There are 6 type I and 17 type II TA systems currently annotated on the chromosome of S. 

Typhimurium SL1344, though with the constant improvement of bioinformatic tools for identifying TA 

loci, it is likely that in time further TA systems will be identified (Lobato-Márquez et al. 2015). Lobato-

Márquez et al. reported that seven of these toxins did not inhibit growth in overexpression and, of 

those that were toxic, two were not neutralised by co-expression of the predicted cognate antitoxin 

(Lobato-Márquez et al. 2015). One of these inactive antitoxins, denoted RelB3, was also found to not 

counter toxicity in a study of six Salmonella TA systems by Silva-Herzog et al. (2015). Silva-Herzog et 

al. also observed strong growth inhibition during overexpression of VapC which contradicts the 

findings of Lobato-Márquez et al., highlighting that the toxicity of these systems may not just be reliant 

on the expression of the system, but the appropriate conditions for their activation. In an earlier study 

by Winther and Gerdes, VapBC from the closely related S. Typhimurium LT2 strain was identified as 

an endoribonuclease specifically targeting the anti-codon stem-loop of tRNAfMet, the tRNA responsible 

for initiating translation for the majority of protein synthesis in prokaryotic organisms (Winther & 

Gerdes 2011). The authors reported VapC inhibited translation in vitro and also caused increased 

frequency of translation initiation at non-canonical start codons, likely as the specificity of the 

ribosomal P-site is relaxed under tRNAfMet depleted conditions. 

Figure 1.4 | Type II TA systems of S. Typhimurium strain 12023. A representation of the genome of 
Salmonella enterica subspecies enterica serovar Typhimurium strain NCTC 12023 labelled with the 
currently identified Type II TA loci. 

Helaine et al. saw that, for 14 of the type II TA loci in S. Typhimurium, deletion of a single TA system 

resulted in a small but significant decrease in persister formation following 30 minutes macrophage 
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internalisation in a bone marrow derived macrophage tissue culture model of infection (Helaine et al. 

2014). Furthermore, in a competitive infection of mice with both wild-type S. Typhimurium and a 

strain carrying a deletion of the shpAB TA locus, the ∆shpAB strain outcompeted the wild-type with a 

competitive index of 1.83 in the absence of antibiotics, providing indirect evidence that this mutation 

prevents bacteria entering a growth inhibited persister state during infection. Figure 1.4 shows the 

chromosomal distribution of the 14 type II TA loci from the study of Helaine et al. along with two 

additional type II TA loci identified in the study of Lobato-Márquez et al. annotated on the genome of 

S. Typhimurium 12023, which is the Salmonella strain used throughout this thesis (Helaine et al. 2014;

Lobato-Márquez et al. 2015).

1.7 The Tac toxin family 

Three TA systems, uncharacterised and provisionally annotated TA6, TA8 and TA9 in the study of 

Helaine et al. (2014), belong to a novel class of type II TA system, with the toxins exhibiting homology 

with the GCN5-related N-acetyltransferase (GNAT) superfamily of enzymes (Cheverton et al. 2016). T8 

was the first in this family of toxins to be characterised, uncovering a novel mechanism of action in 

which T8 inhibits translation through the N-acetylation of aminoacyl-tRNA, and it was subsequently 

renamed TacT (tRNA-acetylating toxin) (Cheverton et al. 2016). Full neutralisation of TacT toxicity by 

the cognate TacA antitoxin confirmed these genes act as a bona fide TA system. Research in the 

Helaine Lab has confirmed the remaining two GNAT toxins in Salmonella also belong to functional TA 

systems that inhibit translation by the same mechanism of action, and therefore TA6, TA8 and TA9 

systems have been given the gene nomenclature TacAT3, TacAT1 and TacAT2 respectively (Rycroft et 

al. 2018). 

Cheverton et al. have shown that the overexpression of the TacT1 toxin in exponential growth phase 

does not inhibit growth, however induction of the toxin in lag phase extends lag by several hours, at 

which point the population appears to resume normal growth – this suggests that the function of 

TacT1 may be to maintain bacteria in a growth arrested state rather than halt growth in an already 

actively proliferating population. Sequence analysis confirmed the presence of a conserved acetyl-CoA 

(Ac-CoA) binding pocket on TacT1, and mutations that blocked Ac-CoA binding (A93P) or removed the 

catalytically active hydroxyl group from the acetyltransferase active site (Y140F) both abrogated 

toxicity of TacT1 indicating that, as is typical with many acetyltransferase enzymes, TacT1 uses acetyl 

coenzyme A (Acetyl CoA) as the acetyl group donor and this acetyltransferase activity is central to 

TacT1 mediated toxicity. Through the use of C14 acetyl-CoA radiolabelling assays the target of TacT1 

was determined to be tRNA, and a subsequent genetic screen revealed peptidyl-tRNA hydrolase (Pth) 
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detoxifies TacT1 corrupted tRNAs. Pth is an essential enzyme that prevents the accumulation of toxic 

peptidyl-tRNAs that form during errors in translation elongation – it does this by hydrolysing the 

peptide bond linking the aborted nascent peptide with the 3’-terminal of tRNA (Sharma et al. 2014). 

Pth provided two pieces of indirect evidence that TacT1 catalysed the addition of an acetyl group to 

the primary amine group of the amino acids on charged tRNA. Firstly, treating [14C]N-acetylated-tRNAs 

with Pth resulted in complete removal of radioactive signal from TacT1 corrupted tRNAs. Secondly, a 

study of Pth from 1967 showed that, whilst the typical target of Pth is peptidyl-tRNAs, Pth also cleaves 

N-acetyl-aminoacyl-tRNAs, likely recognising the acetylated amino acid as a dipeptide (Cuzin et al.

1967; Ito et al. 2012). Overexpression of Pth counteracts TacT1 induced growth inhibition in vitro and

eliminates the formation of TacT1-dependent persisters. The activity of the TacAT1 system is

summarised in Figure 1.5.

Structural studies of TacT1 revealed it is dimeric in solution and that the dimer exhibits a large patch 

of positive residues that extends from the active site and across the face of both dimers (Figure 1.6). 

Figure 1.5 | TacAT1 mechanism of action. S. Typhimurium encodes the TacAT1 Type II TA system 
(Cheverton et al. 2016). TacA and TacT are transcribed and translated, forming a stable complex. Upon 
activation, the antitoxin disassociates from the complex and active toxin dimers are released into the 
cytosol. TacT dimers have a positive patch of surface residues that is important for toxicity. Active 
toxin acetylates the primary amine group of the aminoacyl- moiety of charged tRNAs using acetyl-CoA 
as a cofactor. Peptidyl-tRNA hydrolase can cleave N-acetylated amino acids from the tRNA, allowing 
the tRNA to be recharged by the appropriate tRNA synthetase. Pth mediated recycling of tRNA back 
into protein synthesis prevents TacT1 mediated toxicity. Acetyl groups are represented as purple stars. 
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Mutation of these key amino acids to negatively charged side chains resulted in the loss of TacT1 

toxicity, and the formation of this positive surface by the joining of two monomers supports the model 

that dimerization is critical for the toxic activity of TacT1. 

Thus, TacT1 dimers intoxicate Salmonella through the generation of N-acetyl-aminoacyl-tRNAs, and 

Pth provides a mechanism by which TacT1 induced toxicity can be reversed, providing a means by 

which recovery from a growth arrested persister state may occur. 

Figure 1.6 | The TacT1 dimer. A surface charge representation of the TacT1 dimer crystal structure 
(PDB: 5FVJ). Dimers are separated by a white dashed line, and the active sites indicated by dashed 
yellow circles. Acetyl-CoA molecules are shown as stick representations. Positive surface charge is 
shown in blue and negative surface charge is shown in red. 

1.8 Other GNAT toxins 

To date eleven TA systems encoding GNAT toxins have been investigated – TacAT1, TacAT2 and 

TacAT3 from Salmonella Typhimurium (Cheverton et al. 2016; Fisher et al. 2016; Rycroft et al. 2018), 

AtaAT and ItaAT from Escherichia coli (Jurenas et al. 2017; Wilcox et al. 2018), KacAT from Klebsiella 

pneumoniae (Qian et al. 2018, 2019), GmvAT from the pINV plasmid of Shigella flexneri (McVicker & 

Tang 2016), VCA 318/319 481/482 and 486/487 from Vibrio cholerae (Iqbal et al. 2015), and BCAM 

271/272 from Burkholderia cenocepacia (Van Acker et al. 2014). 

The systems from Klebsiella, Shigella, Vibrio and Burkholderia have all been shown to be toxic, 

however the molecular targets of each of these systems have not yet been described. In the study of 

BCAM 271/272 from Burkholderia, Van Acker et al. additionally showed that overexpression of this TA 

system significantly enhanced antibiotic persistence in a biofilm growth model (Van Acker et al. 2014). 

Study of GmvAT from Shigella demonstrated that this pINV plasmid-encoded system contributed to 

the maintenance of pINV in low temperature, and that overexpression of the toxin inhibits protein 

synthesis (McVicker & Tang 2016). 
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The other GNAT toxin TA systems described – AtaAT and ItaAT – have both been shown to be 

functional homologs of the TacAT family, inhibiting protein synthesis through the acetylation of 

aminoacyl-tRNAs. Additionally, the specific tRNAs targeted by each of these toxins have been 

characterised. Wilcox et al. used an in vitro ribosome toeprinting assay to demonstrate stalling of 

ribosomes at isoleucine codons during ItaT intoxication, providing indirect evidence for the acetylation 

of isoleucyl-tRNAs (Wilcox et al. 2018). The in vitro acetylation of isoleucyl-tRNAIle by ItaT was verified 

by mass spectrometry which also mapped the acetyl moiety to the 3’ isoleucine on charged tRNAIle. 

Jurėnas et al. transcribed and aminoacylated 21 tRNA molecules in vitro and tested the acetylation 

activity of purified AtaT toxin using radiolabelled [14C]acetyl-CoA (Jurenas et al. 2017). This assay 

showed that initiator fMet-tRNAfMet is a strong target for AtaT in vitro, and a weak acetylation signal 

was also observed for both phenylalanyl- and tyrosyl-tRNA, although these minor targets were not 

discussed in the publication. The panel of 21 tRNAs used in this assay represented isoacceptor tRNAs 

for the 20 standard proteinogenic amino acids plus the initiator tRNA, however one limitation of the 

approach is it does not exhaustively test all E. coli tRNAs, and additionally did not show evidence of 

correct tRNA folding and aminoacylation during in vitro synthesis (Jurenas et al. 2017). Interestingly, 

the authors also show that AtaT acetylates methionyl-tRNAfMet prior to formylation and that AtaT 

competes with methionyl-tRNA formyltransferase to interact with unmodified methionyl-tRNAfMet, 

with N-acetylation of methionyl-tRNAfMet inhibiting the formation of the 30S ribosome translation 

initiation complex. 

Structural investigations of both KacAT and AtaAT have both revealed interesting features of the 

regulation of these TA systems (Jurėnas et al. 2019; Qian et al. 2018, 2019). Firstly, as with TacT1, the 

toxicity of both KacT and AtaT is dependent on a large patch of positive residues adjacent to the active 

site that extends across the dimer interface of the toxin (Jurėnas et al. 2019; Qian et al. 2018). Dimers 

of AtaA provide weak repression of the AtaAT operon, however AtaAT complexes composed in a 4:2 

antitoxin:toxin stoichiometry strongly bind the operator upstream of AtaAT to inhibit transcription of 

the operon (Jurėnas et al. 2019). In this 4:2 conformation, the AtaT toxins are isolated in monomeric 

form, preventing acetyltransferase activity. Electrophoretic mobility shift assays (EMSAs) additionally 

showed that intermediate AtaAT complexes may exist between AtaA dimers and the full 4:2 

heterohexamer, with saturation by AtaT eventually resulting in locus derepression suggesting the 

AtaAT operon may be regulated through conditional cooperativity. Similar results have recently been 

published for the KacAT system from Klebsiella, indicating that the regulatory mechanisms of the 

GNAT toxin TA operons are well conserved and conform with observations made for other non-

acetyltransferase type II TA systems (Qian et al. 2019). 
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1.9 The GNAT domain 

As discussed, the Tac toxins of S. Typhimurium have amino acid sequence similarity with the GCN5-

related N-acetyltransferase (GNAT) superfamily of proteins. The first members of the GNAT family to 

be described were bacterial N-acetyltransferase enzymes that target and inactivate aminoglycoside 

antibiotics such as kanamycin (Davies & Wright 1997; Okamoto & Suzuki 1965; Vetting et al. 2005b). 

Aminoglycosides inhibit translation through binding of the ribosomal aminoacyl-tRNA site (A-site) in 

the 16S rRNA component of the 30S ribosome, and GNAT-mediated acetylation of aminoglycosides at 

one of four amino groups significantly impairs the interaction of the antibiotic with the ribosome, 

neutralising the effects of the drug (Llano-Sotelo et al. 2002). Mechanistically, the transfer of an acetyl 

(C2H3O) group from Ac-CoA releases more energy than phosphorylation from an ATP substrate, with 

acetylation forming a highly stable modification to target molecules (Cleland & Hengge 1995). 

The GNAT superfamily is named after Gcn5p (general control non-repressed), a eukaryotic 

transcription factor found in yeast which was itself first linked with acetyltransferase activity during 

the characterisation of Tetrahymena histone acetyltransferase type A (HAT A), a Gcn5p homolog from 

the eukaryotic free-living ciliate genus Tetrahymena (Brownell et al. 1996). Since then, GNAT 

superfamily proteins have been abundantly described in every domain of life, with currently over 

800,000 entries for GNAT domain containing proteins in the InterPro database (Mitchell et al. 2019). 

Whilst the GNAT proteins share only low amino acid sequence identity, structurally there is a 

conserved central fold of four alpha helices and six or seven beta sheets, and the majority of 

characterised GNATs function as dimers (Favrot et al. 2016). The GNAT proteins acetylate a diverse 

range of substrates and can be broadly categorised based on whether they target small-molecules 

(such as the aminoglycoside acetyltransferase activity discussed above), peptides or proteins (Favrot 

et al. 2016). Salmonella encode several GNATs including the aminoglycoside acetyltransferase 

AAC(6’)-Iy (Magnet et al. 1999, 2001; Vetting et al. 2004), the protein acetyltransferase SePat that is 

involved in the regulation of acetyl-CoA synthase (Starai & Escalante-Semerena 2004), and the 

ribosomal protein acetylating enzymes RimI and RimL which target the S18 and L12 proteins of the 

ribosome respectively (Vetting et al. 2005a, 2008). One interesting family of GNATs not yet identified 

in Salmonella is the Fem family. First described as a factor essential for methicillin resistance (hence 

‘Fem’) in Staphylococcus aureus it was later shown that these proteins use aminoacyl-tRNA as a 

substrate, synthesising peptide cross-linkages in the peptidoglycan cell wall by transferring the amino 

acid from tRNA on to the N-acetylmuramic acid subunit of the peptidoglycan (Hegde & Shrader 2001; 

Mainardi et al. 2008). However, Salmonella does carry another GNAT domain protein that uses tRNA 

as a substrate – leucyl/phenylalanyl-tRNA-protein transferase (L/F transferase) encoded by the aat 

gene. Characterisation of this gene, primarily done with the L/F-transferase from E. coli, has shown it 
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transfers leucine or phenylalanine from a tRNA substrate on to arginine or lysine residues at the N-

terminal of proteins, promoting their degradation by the Clp protease (Shrader et al. 1993). The C-

terminal of L/F-transferase is structurally related to the Fem protein family (Suto et al. 2006), and 

representatives of both the Fem and L/F-transferase families have been crystallised with RNA 

analogues that simulate the 3’-end of the tRNA substrate (Fonvielle et al. 2013; Suto et al. 2006). 

Substrate specificity is likely determined by a combined recognition of the single stranded RNA in the 

tRNA acceptor stem and the amino acid with which the tRNA is aminoacylated (Abramochkin & 

Shrader 1996). Finally, the TmcA protein characterised in E. coli is a GNAT domain protein that is 

described to directly acetylate the wobble base cytidine of tRNAfMet to ensure high-fidelity decoding 

of the AUG start codon, and a homolog of this enzyme can also be identified on the genome of 

Salmonella (Ikeuchi et al. 2008). 

1.10 Transfer RNA 

In the central dogma of molecular biology – the transmission of sequence information from DNA to 

RNA to protein – the adapter molecule transfer RNA (tRNA) is essential for decoding the information 

carried on messenger RNA (mRNA) to generate new proteins. The genome of S. Typhimurium 12023 

is predicted to encode 89 tRNA genes, of which 50 unique tRNA primary sequences are reported (Chan 

& Lowe 2009, 2016). The basic structure of the mature tRNA consists of four arms – the D arm, 

anticodon arm, TΨC arm (or T arm), and the acceptor stem, with some tRNAs encoding an additional 

arm called the variable loop  (Lorenz et al. 2017) (Figure 1.7). The D and TΨC arms are named after 

dihydrouridine and pseudouridine (Ψ) – post-transcriptional modifications typical on these elements 

of the tRNA structure. The anticodon arm is named after the triplet nucleotide sequence that interacts 

with the codon being read within the open reading frame of translating mRNA in the ribosome, 

decoding the nucleotide sequence to synthesise a protein with the correct amino acid sequence. The 

D, anticodon and T arms are all stem loop structures, whilst the acceptor stem is an open-ended duplex 

with a 3’ overhang upon which the amino acid is linked to the 3’-adenosine via an ester bond. This 

representation of the typical tRNA molecule is classically referred to as a ‘cloverleaf’ secondary 

structure, and extensive tertiary interactions further fold the tRNA into a three-dimensional L shaped 

molecule, with the anticodon and acceptor stem situated at opposing ends (Lorenz et al. 2017) (Figure 

1.7). 

As with many aspects of bacterial physiology, study of the organism E. coli has provided much of our 

current understanding of bacterial tRNA genesis and function. Precursor tRNAs are synthesised by 

RNA polymerase, often as part of polycistronic operons and with 5’ and 3’ extensions – therefore 

39



INTRODUCTION 

extensive processing by RNase enzymes are required to trim the tRNA sequence back to mature length, 

which for most tRNAs is between 75 and 90 base pairs (Shepherd & Ibba 2015). RNase P, E, T, PH, D, 

II and BN have all been shown to play a role in processing precursor-tRNAs in E. coli and these enzymes 

have also been found to be multiply redundant, which underlines both the complexity of tRNA 

maturation and the importance of tRNAs for cell survival (Kelly & Deutscher 1992; Li & Deutscher 2002; 

Reuven & Deutscher 1993). Transfer RNAs all have a common -CCA3’ terminus at the 3’ end of their 

sequence, which for all Salmonella tRNAs is encoded on the tRNA gene; however, it is particularly 

common for eukaryotes to require the tRNA nucleotidyltransferase enzyme to add the -CCA3’ 

sequence post-transcriptionally (Lizano et al. 2008). Bacteria such as E. coli also encode tRNA 

nucleotidyltransferase which primarily acts as a repair enzyme for tRNAs with a damaged or 

incomplete -CCA3’ terminus and, whilst it is not essential, deletion of this repair enzyme does impair 

growth (Lizano et al. 2008). 

Figure 1.7 | Structural overview of transfer RNA. (A) Primary and secondary structure of the Gly4 
tRNAGly encoded by the S. Typhimurium glyT gene. (B) Schematic diagram of the secondary structure 
of tRNA annotating key structural features. (C) Predicted tertiary structure of Gly4 tRNAGly modelled 
by the RNAComposer 3D modelling server (Antczak et al. 2017). Cartoon representation of the 
structure is overlaid with a surface rendering of the molecule. Each panel follows the same colour 
coding scheme for the secondary structural elements. 

Following processing by endo- and exonucleases, a host of enzymes make an extensive range of post-

transcriptional modifications to optimise the functionality of the tRNA. Almost 100 different types of 

modification having been reported in the literature, with reported functions including improvement 

of translational fidelity, reduction in the occurrence of frame-shifts, stabilisation of the tRNA structure 

and regulation of cellular processes (Lorenz et al. 2017). 

growth (Lizano 2008)
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Upon completion of synthesis and post-transcriptional modifications, tRNAs are aminoacylated, or 

‘charged’, through specific interaction between the tRNA and the appropriate aminoacyl-tRNA 

synthetase (aaRS). Each different amino acid is charged by a dedicated aaRS; as there are typically 

multiple tRNAs decoding each amino acid the aaRSs must each recognise a number of different tRNAs, 

discerning cognate tRNAs through a combination of recognition motifs including the acceptor stem, D 

arm and anticodon loop (Pang et al. 2014; Shepherd & Ibba 2015). The group of tRNAs all charged by 

the same aaRS are referred to as ‘isoacceptors’. The majority of aminoacyl-tRNAs produced are 

sequestered by elongation factor Tu (EF-Tu), which transports the tRNAs to the ribosomal A-site to 

participate in protein synthesis (Shepherd & Ibba 2015). Of the fraction of those tRNAs not directed 

to the ribosome, multiple processes have been described to use aminoacyl-tRNAs as a substrate 

including peptidoglycan synthesis (Hegde & Shrader 2001), N-acylation of proteins to regulate 

proteasomal degradation (Shrader et al. 1993), antibiotic synthesis (Shepherd & Ibba 2013) and lipid 

modification to adapt membrane permeability (Shepherd & Ibba 2013). 

1.11 Aims of the project 

Though characterisation of the TacT1 toxin has revealed much about the functionality and mechanism 

of the TacAT family of type II TA systems, there are still fundamental questions about the Tac toxins 

that remain to be investigated. I aimed to further our knowledge of these toxins by: 

1. Contributing to the characterisation of the TacAT2 and TacAT3 systems to investigate if they

intoxicate Salmonella via the mechanism described for TacT1;

2. Identifying the specific repertoire of aminoacyl-tRNAs targeted by the Tac toxins;

3. Studying factors of the toxin and tRNA that contribute to TacT target specificity.
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2 Materials and Methods 

2.1 Plasmids, primers and bacterial strains 

Name Reference/Source 
pBAD33 TacT1 
pBAD33 TacT2STm 
pBAD33 TacT2SEn 
pBAD33 TacT3 
pBAD33 ParE 
pQLinkH 
pQLinkN 
pQLinkH TacT1Y140F 

Dr Julian Rycroft (Rycroft et al. 2018)
Dr Julian Rycroft (Rycroft et al. 2018)
Dr Julian Rycroft (Rycroft et al. 2018)
Dr Julian Rycroft (Rycroft et al. 2018)
Dr Severin Ronneau (Rycroft et al. 2018) 
Scheich et al. 2007
Scheich et al. 2007
This work* 

pQLinkH TacT2SEn Y137F This work* 
pQLinkH TacT3Y143F This work* 
pQLinkH TacT3G107E This work* 
pQLinkH TacT3G107E Y143F This work* 
pQLinkN TacA254-97 This work* 
pQLinkH TacTSEn Y137F TacA254-97 This work* 
pQLinkH ItaTY150F This work 
pQLinkH GlyS This work 
pQLinkN GlyQ This work 
pQLinkH GlyS GlyQ This work 
pQLinkH T7RNAP This work 
pBAD33 ItaT 
pMHT∆238 (TEV protease overexpression vector) 

Wilcox et al. 2018 
Blommel & Fox 2007

Table 2.1 Plasmids 

*pQLink overexpression plasmids for the TacAT systems were generated with the help of Dr Grzegorz Grabe.

Name Sequence Description 
T8_For_BamHI TATCGGATCCGTGGGACGTGTAACAGCACCAG 

Amplification of tacT1 T8_Rev_NotI AATCGCGGCCGCCTATTGAGGGAGCCTAAGGAAC 

T9_For_BsaI TATCGGTCTCGGATCCATGATCTCCACCCCTGAGCCGC 
Amplification of tacT2 T9_Rev_NotI AATCGCGGCCGCTTAAACACTCTCCACCAAATCC 

T6_M2_For_BamHI TATCGGATCCATGTTTACAGACTGGCATGAGG 

Amplification and 
mutagenesis of tacT3 

T6_Rev_NotI AATCGCGGCCGCTAACCTACCAGATGCAGATAAAG 

T6_G107E_For ATGCAGGGGCAAGGGCTGGAAGCACAACTTTTGTTATCT 

T6_G107E_Rev AGATAACAAAAGTTGTGCTTCCAGCCCTTGCCCCTGCAT 

A9_54_MfeI GGGCAATTGAAAGAGGAGAAATTAACTATGATCGAACAACGCATCATTATG Amplification of TacA2.54 
itaT F BamHI GATCGGATCCATGGTCGACAAGCATGAAGAG 

Amplification and 
mutagenesis of tacT3 

itaT YFR CCGAGACGAGCGAAAAAATTAATGG 

itaT YFF CCATTAATTTTTTCGCTCGTCTCGG 

itaT R NotI GATCGCGGCCGCCTAAGCCGCGAGAATATGCTG 

GlyS F BamHI ATCGGATCCTCTGAGAAAACTTTTCTGGTGGAA 
Amplification of glyS GlyS R NotI TATCGCGGCCGCTTATTGAAGTAACGAAATATCCGC 

GlyQ F BamHI ATCGGATCCCAAAAGTTTGATACCAGGACC 
Amplification of glyQ GlyQ R NotI TATCGCGGCCGCCTCTTACTTGTC 

T7 RNAP F BamHI ATCGGATCCAACACGATTAACATCGCTAAG 
Amplification of T7 RNAP T7 RNAP R NotI ATCGCGGCCGCTTACGCGAACGCGAA 

Leucine 3.1 ACACGCTACCTTGAGGT 

tRNA PCR 
Alanine 1.1 GCCTGCTTTGCACGCAGG 

Glycine 3.1 GGTAGAACGAGAGCTTCC 

Glutamic acid 1.1 CCAGGACACCGCCCTTTC 

Methionine 2.1 ATCACTCATAATGATGGG 
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Valine 1.1 AGCACCTCCCTTACAAG 
tRNA PCR Poly(T) 30 Modified TTTTTTTTTTTTTTTTTTTTTTTTTTTTGG

Table 2.2 Primers 

Name Strain Reference/Source 
Salmonella enterica subspecies enterica serovar Typhimurium strain NTCC 12023 
Wild-type 10203 S. Typhimurium Wild-type NCTC 

∆tacAT1∆tacAT2∆tacAT3 10203 S. Typhimurium ∆tacAT1∆tacAT2∆tacAT3 Dr Bridget Gollan
(Rycroft et al. 2018) 

∆parDE 10203 S. Typhimurium ∆parDE Dr Severin Ronneau 
(Rycroft et al. 2018) 

Escherichia coli 
DH5α E. coli DH5α
BL21 PC2 BL21(DE3)endA::TetR T1R pLysS 

Lab Stock 
Cherepanov 2007 

Table 2.3 Bacterial strains 

2.2 Bacterial growth conditions 

Unless otherwise stated, bacterial strains were cultured in autoclave sterilised Lennox L Broth (LB) 

(Invitrogen, 12780-052). Agar plates were made by adding 15 g/L bacteriological agar No. 1 (Oxoid 

Ltd., LP0011) to LB broth prior to sterilisation. For pulse-chase assays, strains were cultured in filter 

sterilised M9 minimal medium (48 Mm Na2HPO4, 22 mM KH2PO4, 8.6 mM NaCl, 19 mM NH4Cl, 2 mM 

MgSO4, 0.1 mM CaCl2, 0.4% v/v glycerol). PBAD promoter regulated protein expression was induced by 

the addition of 0.2% w/v L-arabinose. Where required, growth medium was supplemented with 

carbenicillin (50 µg/mL) or chloramphenicol (34 µg/mL). Growth media and conditions for protein 

purification are described in section 2.16. Bacteria were prepared for long-term storage by growing 

strains to stationary phase (5 mL LB broth inoculated with a single colony, grown overnight at 37 °C, 

200 rpm), and 1 mL of culture was mixed with 0.5 mL sterile 50% v/v glycerol and strains were stored 

at -80 °C. 

2.3 Plasmid Construction 

To isolate genomic DNA (gDNA) to be used as a PCR template, 5 mL overnight cultures of Salmonella 

Typhimurium or Escherichia coli were pelleted by 60 seconds centrifugation at maximum speed in a 

benchtop microfuge, resuspended in 1 mL sterile-filtered tissue culture water (Sigma, W3500) and 

heated to 95 °C for 10 minutes. Cell debris was then removed by centrifugation at maximum speed in 

a benchtop microfuge at 4 °C and gDNA template solution stored at -20 °C until required. DNA 

fragments were amplified using the Expand™ High-Fidelity PCR system (Roche) or Q5® High-Fidelity 

Polymerase (New England Biolabs) following the manufacturer’s protocol for reaction setup and 
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thermocycling conditions. For restriction cloning, oligonucleotides introducing the appropriate 

restriction sites up- and down-stream of the insert DNA were used. To accomplish site-directed 

mutagenesis, mutagenic oligonucleotides were used to PCR amplify target DNA which was combined 

into a single amplicon by overlap-extension PCR (Heckman & Pease 2007). PCR amplified insert DNA 

was purified using the QIAquick PCR Purification Kit (Qiagen) and eluted in 50 µL sterile-filtered tissue 

culture water (Sigma, W3500). Insert and vector DNA were digested using the appropriate restriction 

enzymes (New England Biolabs) following the manufacturer’s protocol, and restricted fragments were 

separated by agarose gel electrophoresis. DNA bands corresponding to expected restriction fragments 

were excised from the gel and purified using the QIAquick Gel Extraction Kit (Qiagen) following the 

manufacturer’s protocol. The restricted fragments were ligated using T4 ligase (New England Biolabs) 

following the manufacturer’s protocol, with ligated DNA subsequently transformed into DH5α E. coli. 

50 µL aliquots of chemically competent E. coli, stored at -80 °C, were thawed on ice and ≥1 µL of 

ligation mix was transferred into the cell suspension. Aliquots were incubated on ice for 30 minutes, 

heat-shocked in a 42 °C water bath for 30 seconds, then recovered by the addition of 1 mL SOC growth 

medium (19.6 g/L tryptone, 4.9 g/L yeast extract, 4 mM glucose, 8.4 mM NaCl, 2.5 mM KCl, 9.8 mM 

MgCl2). Recovering E. coli were grown for 1 hour at 37 °C, 200 rpm, plated on to LB agar plates with 

appropriate antibiotic selection and incubated overnight at 37 °C. Colonies were screened by colony 

PCR using the Red-Taq® ReadyMix™ PCR reaction mix following the manufacturer’s protocol, with 

positively screened candidate colonies grown in 5 mL LB broth overnight at 37 °C. The following day 

plasmid DNA was extracted using the GenElute™ Plasmid Miniprep Kit (Sigma) and eluted in sterile-

filtered tissue culture water (Sigma, W3500). Plasmid DNA sequence was verified by Sanger 

sequencing (LightRun, Eurofins Genomics) and sequence data analysed using SnapGene® 

bioinformatic software. Where required, DNA concentrations were measured by spectrophotometry 

using the NanoDrop™ Lite spectrophotometer (ThermoFisher). 

To generate dual-expression vectors using the pQLink expression system, the ligation-independent 

cloning protocol published by Scheich et al. was followed (Scheich et al. 2007). Briefly, single inserts 

were first cloned in to the appropriate pQLink vectors. Next, 0.2–0.5 µg of each of the vectors was 

digested overnight with the appropriate restriction enzyme (New England Biolabs) – the donor vector 

was treated with PacI at 37 °C to generate the insert DNA, and the recipient vector was treated with 

SwaI at 25 °C, with both enzymes inactivated by heating to 65 °C for 20 minutes at the end of the 

restriction reaction. Five microlitres of each reaction was incubated with T4 DNA polymerase (New 

England Biolabs) using the manufacturer’s buffering system. For the donor vector DNA (PacI restricted) 

the T4 DNA polymerase reaction contained 2.5 mM dCTP, and for the recipient vector DNA (SwaI 

restricted) the reaction contained 2.5 mM dGTP. T4 DNA polymerase reactions were incubated for 30 
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minutes at 25 °C, heat inactivated at 65 °C for 20 minutes, and then combined 1:1 at 65 °C before 

cooling to room temperature to anneal the components. 25 mM EDTA was added 1:20 with the 

annealing DNA and the mix was transformed into chemically competent DH5α E. coli as described 

above.  

2.4 Preparation and transformation of electro-competent S. Typhimurium 

Stationary phase cultures of Salmonella Typhimurium were subcultured with a 1/100 starting 

inoculum in 5 mL fresh LB broth and grown at 37 °C, 200 rpm, until the OD600 was between 0.4 and 0.8. 

The cultures were then incubated on ice for 20 minutes. Following incubation, the cultures were 

washed three times in ice-cold 0.2 µm filter sterilised MilliQ water, with bacteria pelleted in each step 

by centrifugation for 3 minutes at 5,000 g, 4 °C. The bacteria were washed a final time with ice-cold, 

sterile 10% glycerol, before being resuspended in 150 µL fresh sterile 10% glycerol. Next, 100–200 ng 

of purified plasmid DNA was mixed with 50 µL of the resuspended bacteria and transferred to pre-

cooled 2 mm electroporation cuvettes (Molecular BioProducts), and electroporated at 2.5 V, 25 µF, 

200 Ω (Gene Pulser 2, Bio-Rad Laboratories). Electroporated bacteria were recovered by the addition 

of 1 mL SOC growth medium (19.6 g/L tryptone, 4.9 g/L yeast extract, 4 mM glucose, 8.4 mM NaCl, 

2.5 mM KCl, 9.8 mM MgCl2), grown for 1 hour at 37 °C, 200 rpm, plated on to LB agar plates with the 

appropriate selective antibiotic and incubated overnight at 37 °C. 

2.5 DNA gel electrophoresis 

DNA gels were buffered using Tris-acetate EDTA (TAE) buffer (40 mM Tris base, 20 mM acetic acid, 1 

mM EDTA). Agarose TAE gels (1% w/v agarose) were cast in gel trays with SYBR™ Safe stain (Invitrogen) 

and loaded with DNA fragments pre-mixed with gel loading dye (New England Biolabs, B7024S), and 

the marker lane was loaded with HyperLadder™ 1kb (Bioline) to determine fragment size. Gels were 

run at 80–150 V until bands were sufficiently resolved. DNA was visualised using the GeneFlash UV 

transilluminator (Syngene) or the ChemiDoc gel imaging system (Bio-Rad). 

2.6 Protein gel electrophoresis 

Protein samples were loaded on to 10–15% sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels (Resolving gel: 10–15% w/w acrylamide/bis-acrylamide, 495 mM Tris 

pH 8.8, 0.1% w/v SDS, 0.05% w/v ammonium persulfate, 0.17% v/v TEMED. Stacking Gel: 4.7% w/w 
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acrylamide/bis-acrylamide, 58 mM Tris pH 6.8, 0.05% w/v SDS, 0.09% w/v ammonium persulfate, 0.09% 

v/v TEMED), and electrophoresed in 25 mM Tris-HCl, 190 mM glycine, 0.1% w/v SDS running buffer at 

80–200 V until bands were sufficiently resolved. BLUeye pre-stained protein ladder (Geneflow) was 

used to estimate protein size. Gels were stained overnight with Coomassie Brilliant Blue R-250 stain 

(Bio-Rad) and destained in a solution of 40% v/v ethanol and 10% v/v acetic acid until bands could be 

visualised, and if required transferred to MilliQ water for short-term storage. 

For silver staining, the gel was fixed by incubation in a solution of 50% v/v ethanol, 12% v/v glacial 

acetic acid and 0.05% formaldehyde for 2 hours to overnight if required. If the gel was already fixed 

through previous staining with Coomassie Brilliant Blue R-250, this first step was removed. The gel 

was next washed 3 times in 35% v/v ethanol for 20 minutes per wash, sensitised by 5 minutes 

incubation in 0.02% w/v Na2S2O3, briefly rinsed 3 times in MilliQ water and then incubated in staining 

solution (0.2% w/v AgNO3, 0.076% v/v formaldehyde) for 20 minutes. After briefly rinsing twice in 

MilliQ water, the gel was incubated in developing solution (6% w/v Na2CO3, 0.05% v/v formaldehyde, 

0.0004% w/v Na2S2O3) until the bands became clearly visible. The developing reaction was quenched 

by the addition of 12% v/v glacial acetic acid for 5 minutes, at which point the gel was transferred to 

MilliQ water for short-term storage at 4 °C. 

2.7 Salmonella RNA extraction 

A 15 mL bacterial culture was grown in the desired experimental conditions and then incubated on ice 

for 15 minutes, before centrifuging for 5 minutes at 8,900 g, 4 °C, with all subsequent stages of the 

extraction completed on ice to cool the samples. The bacterial pellet was resuspended in 0.7 mL 

sodium acetate buffer (300 mM sodium acetate pH 5.2 and 10 mM EDTA) and 0.7 mL cold phenol 

(saturated with 0.1 M citrate buffer pH 4.3). The mixture was incubated on ice for 15 minutes with 

frequent vortexing to facilitate cell lysis. Samples were centrifuged for 15 minutes at 12,000 g, 4 °C 

and the aqueous phase retained in a fresh tube. To maximise RNA recovery, 0.25 mL of fresh sodium 

acetate buffer was added to the phenol and incubated on ice for 5 minutes with regular vortexing, 

before centrifuging for 15 minutes at 12,000 g, 4 °C and retaining the aqueous phase to be combined 

with the first 0.7 mL recovered. RNA was precipitated by the addition of 2.5 sample volumes of ice-

cold absolute ethanol and overnight incubation at -20 °C, or 2-hour incubation at -80 °C. RNA was 

pelleted by 30 minutes centrifugation in a benchtop microfuge at maximum speed, 4 °C, and the 

ethanol removed. The pellet was washed in 70% ethanol and pelleted again by centrifugation, with 

the supernatant being removed and pellet dried by leaving the tube with the lid open. The pellet was 

resuspended in 40 µL 10 mM sodium acetate pH 5.2 and stored at -80 °C until needed. This protocol 
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was scaled as appropriate to accommodate larger volumes of bacteria, or in vitro RNA synthesis 

reactions. For RNA extraction, RNase free stock solutions of sodium acetate pH 5.2 (Alfa Aesar, J61928), 

EDTA (Ambion, AM9260G) and acid-phenol (Sigma, P4682) were used. 

2.8 tRNA pull-down assays 

For pull-down assays, RNase free stock solutions of sodium acetate pH 5.2 (Alfa Aesar, J61928) and 

EDTA (Ambion, AM9260G) were used. 

2.8.1 For pull-down shown in Figure 5.1 

Forty microlitres HisPur™ Ni-NTA resin was washed in pull-down buffer (150 mM NaCl, 50 mM Tris pH 

7.5, 20 mM Imidazole, 0.1% NP-40) and transferred to 650 µL of fresh pull-down buffer. 25 µg of 

polyhistidine tagged protein and 100 µL of RNA extracted from S. Typhimurium (using protocol 

described in section 2.7) was added to the buffer, and the mixture was incubated on sample rollers 

for 3 hours at 4 °C. The beads were spun down at 3,300 g, 4 °C for 5 minutes and the supernatant 

removed, and the samples were washed 3 times with fresh pull-down buffer. After the final wash the 

beads were resuspended in sodium acetate buffer (300 mM sodium acetate pH 5.2 and 10 mM EDTA) 

and the RNA was phenol extracted following the protocol described in section 2.7. 

2.8.2 For pull-down shown in Figure 4.7 

Ten microlitres HisPur™ Ni-NTA resin was washed in pull-down buffer (Buffer A: 10 mM Tris-acetate 

pH 8, 10 mM magnesium acetate, 20 mM ammonium acetate, 20 mM imidazole, 150 mM NaCl. Buffer 

B: 150 mM NaCl, 20 mM Tris pH 7.5, 20 mM Imidazole) and transferred to 200 µL of fresh pull-down 

buffer containing 10 µg of polyhistidine tagged Tac toxin, 11 µg of glycyl-tRNAGly, and 50 µg of GlySQ 

glycyl-tRNA synthetase. The mixture was incubated on sample rollers for 2 hours at 4 °C. The beads 

were spun down at 3,300 g, 4 °C for 5 minutes and the supernatant removed, and the samples were 

washed 3 times with fresh pull-down buffer. After the final wash the beads were resuspended in 

sodium acetate buffer (300 mM sodium acetate pH 5.2 and 10 mM EDTA) and the RNA was phenol 

extracted following the protocol described in section 2.7. 

2.8.3 For pull-down shown in Figure 3.2 

Twenty-five microlitres HisPur™ Ni-NTA resin was washed in pull-down buffer (100 mM Tris-acetate 

pH 7 or 8, 150 mM NaCl, 20 mM Imidazole) and transferred to fresh pull-down buffer containing 200 

µg of polyhistidine tagged Tac toxin and 100 µg of whole cell RNA purified from Salmonella 

Typhimurium ∆tacAT1∆tacAT2∆tacAT3 as described in section 2.7. The mixture was incubated on 
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sample rollers overnight at 4 °C. The beads were spun down at 3,300 g, 4 °C for 5 minutes and the 

supernatant removed, and the samples were washed 3 times with fresh pull-down buffer. After the 

final wash the beads were split with 10% resuspended in Laemmli buffer (2% w/v SDS, 10% v/v glycerol, 

60 mM Tris-HCl pH 6.8, 0.01% w/v bromophenol blue) and analysed by SDS-PAGE. The remaining 90% 

was resuspended in sodium acetate buffer (300 mM sodium acetate pH 5.2 and 10 mM EDTA) and the 

RNA was phenol extracted following the protocol described in section 2.7, before being analysed by 

AU-PAGE. 

2.9 In vitro tRNA synthesis 

The protocol for tRNA synthesis was adapted from the publication of Sherlin et al. (2001). Following 

this strategy, DNA oligomers were designed for the target tRNAs (see Figure 4.1 for an overview). To 

duplex the oligomers to form the template for in vitro transcription a 100 µL reaction was set up 

containing 4 µM forward primer, 4 µM reverse primer, 4 mM dNTPs and 0.05 U/µL DNA Polymerase 

I, Large (Klenow) Fragment (New England Biolabs) in duplex buffer (10 mM Tris-HCl pH 7.5, 10 mM 

MgSO4, 7.5 mM dithiothreitol), and was cycled 10 times in a PCR machine with 30 seconds at 10 °C 

followed by 30 seconds at 37 °C per cycle. The reaction was quenched by the addition of 3 µL 3 M 

sodium acetate. DNA was precipitated by adding 165 µL absolute ethanol and incubating the sample 

overnight at -20 °C. DNA was pelleted by 30 minutes centrifugation in a benchtop microfuge at 

maximum speed, 4 °C, and the ethanol removed. The pellet was resuspended in 50 µL PMS buffer (5 

mM PIPES pH 7.5, 10 mM MgSO4) and stored at -20 °C until needed. 

The in vitro transcription protocol was adapted from the publication of Cazenave & Uhlenbeck (1994). 

For a 50 µL reaction volume, 4 µL of DNA template, 4 mM NTPs, 0.25 U inorganic pyrophosphatase 

(Sigma, I1643) and 10.25 mg purified recombinant T7 RNA polymerase were combined in reaction 

buffer (50 mM Tris-HCl pH 7.5, 15 mM MgCl2, 5 mM dithiothreitol, 2 mM spermidine). This quantity 

of T7 RNAP was calculated empirically through testing the activity of the purified protein sample. The 

reaction was incubated for 2–16 hours at 37 °C before addition of 1 µL DNase I (New England Biolabs, 

M0303S) and incubation at 37 °C for a further 1 hour. Two reaction volumes of sodium acetate buffer 

(300 mM sodium acetate pH 5.2 and 10 mM EDTA) were added and the tRNA was extracted using the 

same protocol outlined in section 2.7. The final RNA pellet obtained from the 50 µL reaction was 

resuspended in 50 µL 10 mM sodium acetate, and the samples heated to 90 °C for 3 minutes, followed 

by slow cooling to room temperature to ensure the correct folding of the tRNA tertiary structure. 

Samples were stored at -80 °C until required. For in vitro transcription reactions, RNase free stock 

solutions of sodium acetate pH 5.2 (Alfa Aesar, J61928) and EDTA (Ambion, AM9260G) were used. 
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2.10 In vitro tRNA aminoacylation 

To aminoacylate purified tRNA in a 50 µL reaction, 15 µL of purified tRNAGly was incubated with 1 mM 

glycine, 3 mM ATP, 20 U RNase Inhibitor (New England Biolabs, M0314S) and 51 µg purified 

recombinant glycyl-tRNA synthetase in a buffer composed of 50 mM HEPES-KOH pH7.6, 7 mM β-

mercaptoethanol and 10mM magnesium acetate. The reaction was incubated for 4 hours at 37 °C, 

and then quenched by the addition of 3 µL 3 M sodium acetate. Two reaction volumes of sodium 

acetate buffer (300 mM sodium acetate pH 5.2 and 10 mM EDTA) were added and the tRNA was 

extracted using the same protocol outlined in section 2.7. The final RNA pellet obtained from the 50 

µL reaction was resuspended in 50 µL 10 mM sodium acetate. Samples were stored at -80 °C until 

required. For in vitro aminoacylation reactions, RNase free stock solutions of sodium acetate pH 5.2 

(Alfa Aesar, J61928) and EDTA (Ambion, AM9260G) were used. 

2.11 C-14 glycine tRNA aminoacylation assay 

Aminoacylation using C-14 radiolabelled glycine (Perkin Elmer, NEC276E050UC) was carried out using 

the same protocol described in section 2.11, except the reaction contained 0.1 µCi [14C]glycine in place 

of unlabelled glycine. The final tRNA pellet was resuspended in 10 µL 10 mM sodium acetate and the 

sample resolved by RNA gel electrophoresis (section 2.13). The gel was stained with methylene blue, 

destained with MilliQ water and imaged, before being dried using a Scie-Plas GD-4534 gel drier. A 

phosphor screen was exposed to the dried gel overnight before being imaged using a Typhoon 

FLA7000 phosphorimager (GE Healthcare Life Sciences). 

2.12 C-14 acetyl-CoA aminoacyl-tRNA acetylation assay 

A 50 µL in vitro acetylation reaction contained 1 µL purified recombinant Tac toxin, 10 µL 

aminoacylated tRNA, 20 U RNase Inhibitor (New England Biolabs, M0314S) and 1 µCi of C-14 

radiolabelled acetyl-CoA (Perkin Elmer, NEC313050UC) in a buffer composed of 10 mM Tris-acetate 

pH 8, 10 mM magnesium acetate and 20 mM ammonium acetate. Reactions were incubated for 1 

hour at 37 °C, before being quenched by the addition of 1 µL 3 M sodium acetate and 125 µL absolute 

ethanol, incubated overnight at -20 °C to precipitate the sample. The sample was pelleted by 

centrifugation for 30 minutes at 4 °C, and then washed in 100 µL 70% ethanol. After being centrifuged 

again, the remaining ethanol was removed. The pellet was then air dried and finally resuspended in 
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10 µL 10 mM sodium acetate. The sample was separated by RNA gel electrophoresis (section 2.13) 

and imaged by phosphorimaging as described in section 2.11. 

2.13 RNA gel electrophoresis 

RNA samples were loaded on to 11% acid urea polyacrylamide gel electrophoresis (AU-PAGE) gels 

(Resolving gel: 11% w/w acrylamide/bis-acrylamide, 90 mM sodium acetate, 0.94 mM EDTA, 7.5 M 

Urea, 0.2% w/v ammonium persulfate, 0.2% v/v TEMED. Stacking gel: 3.7% w/w acrylamide/bis-

acrylamide, 92 mM sodium acetate, 0.96 mM EDTA, 7.7 M Urea, 0.15% w/v ammonium persulfate, 

0.1.9% v/v TEMED) and electrophoresed in 100 mM sodium acetate pH 5.2, 1 mM EDTA at 80 V until 

bands were sufficiently resolved. Gels were stained overnight with methylene blue staining solution 

(500 mM sodium acetate pH 5.2, 0.06% w/v methylene blue) and destained in MilliQ water until bands 

could be visualised. Where indicated, some gels were stained instead with SYBR™ Gold stain 

(Invitrogen) following the manufacturer’s protocol and imaged on a ChemiDoc gel imaging system 

(Bio-Rad). 

2.14 Pulse-chase assay of Salmonella translation rates 

Strains were grown to stationary phase in M9 minimal medium supplemented with 0.2% w/v glucose, 

to suppress the expression of the toxin, and the appropriate antibiotic. 200 µL of culture was back 

diluted in 10 mL of fresh M9 medium supplemented with 0.2% w/v glucose and incubated at 37 °C, 

200 rpm, for 90 minutes before being centrifuged for 5 minutes at room temperature, 7,800 g and 

washed twice in fresh M9 medium not containing any supplementary glucose. Samples for the t=0 

timepoint were inoculated 50 µL into 5 mL fresh M9 medium supplemented with 0.2% w/v glucose. 

Samples for later timepoints were inoculated 25 µL into 10 mL fresh M9 medium supplemented with 

0.2% w/v L-arabinose to induce expression of the toxin. At each timepoint, OD600 was adjusted to 0.1 

and 1 µCi of S-35 radiolabelled methionine was added to the culture and incubated at room 

temperature for 5 minutes. After incubation, 0.5 mg of un-radiolabelled methionine was added 

followed by a further 10 minutes of incubation at room temperature. Bacteria were pelleted at 

maximum speed in a benchtop microfuge and washed 3 times in 70% ethanol. After the final wash, 

pellets were resuspended in 10 µL 70% ethanol and dotted onto blotting paper, and a phosphor screen 

was exposed to the samples overnight before being imaged using a Typhoon FLA7000 phosphorimager 

(GE Healthcare Life Sciences). Radiolabelling signal intensities were analysed using ImageJ software. 
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2.15 In vitro protein synthesis assay 

PURExpress® in vitro protein synthesis reactions were set up following the manufacturer’s protocol, 

supplemented with 0.4 U/µL RNase inhibitor (New England Biolabs, M0314S), 2 mM acetyl-CoA and 

purified recombinant Tac toxin. Where indicated, the DHFR control plasmid was also included, 

following the manufacturer’s recommendations. Toxins were purified by Dr Bridget Gollan, and due 

to the protein denaturing/refolding purification technique required to isolate catalytically active Tac 

toxins, the amount of active toxin could not be quantified. Rudimentary normalisation was applied 

using the results of in vitro acetylation assays carried out by Dr Gollan to ensure detectable activity 

from each protein. Reactions were incubated at 37 °C for 2 hours and then analysed by SDS-PAGE or 

prepared for LC-MS (see section 2.22.1). 

2.16 Expression and purification of recombinant proteins 

Recombinant proteins were expressed in PC2 BL21(DE3) E. coli (Cherepanov 2007). Expression strains 

were grown to stationary phase and 3.25 mL of culture was used to inoculate each 2 L baffled culture 

flask containing 550 mL autoinduction media (2.7% w/v LB broth base (Invitrogen, 12780-052) 

supplemented with 11.8 mM (NH4)2SO4, 23.6 mM KH2PO4, 23.6 mM Na2HPO4, 0.9 mM MgSO4, 45 

µM FeCl2, 18 µM CaCl2, 9 µM MnCl2, 9 µM, ZnSO4, 2 µM CoCl2, 2 µM CuCl2, 2 µM NiCl2, 2 µM 

Na2MoO4, 2 µM NaSeO3, 2 µM H3BO3, 0.6% w/v glycerol, 3.3 mM glucose, 6.9 mM α-lactose, 0.023% 

v/v Antifoam 204 (Sigma, A6426), and 2.5 µg/mL amphotericin B) formulated based on the publication 

of Studier, 2005 (Studier 2005). Cultures were grown at 37 °C, 200 rpm for 6–8 hours, then the 

temperature was reduced to 18 °C to support protein expression, and the cultures were incubated for 

a further 15–20 hours. Bacteria were harvested by 10 minutes centrifugation at 4,225 g, 4 °C, 

resuspended in lysis buffer (20 mM Tris pH 8, 150 mM NaCl increased to 500 mM NaCl for the Tac 

toxin expressing cells), and stored at -20 °C until required. Bacterial pellets were thawed and kept 

on ice, and 0.5 mM PMSF was added to the cell suspension. Bacteria were lysed by sonication using a 

Bandelin Sonoplus equipped with a TT 13 probe, set at 70% power, 100% cycle in rounds of 90 seconds 

with time allowed for cooling between cycles, with 4–5 cycles carried out in total. Cell debris was 

pelleted by 30 minutes centrifugation at 32,800 g, 4 °C. 

Next, proteins were purified by immobilised metal affinity chromatography (IMAC) – the buffers used 

for each of these purifications are listed in Table 2.4 and volumes given relate to a typical purification 

of 4.4 L of initial bacterial culture. Briefly, 0.5–2 mL HisPur™ Ni-NTA resin (ThermoFisher) per 0.55 L 

starting culture volume was equilibrated in a PD-10 gravity flow column (GE Healthcare Life Sciences) 
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with one column volume of wash buffer. The Ni-NTA resin was transferred to the cell lysate and 

incubated between 1 hour and overnight at 4 °C to allow binding of the polyhistidine-tagged protein 

to the resin. The resin was settled by 5 minutes centrifugation at 4,000 g, 4 °C, and transferred to a 

gravity flow column where it was washed with 3-10 column volumes of wash buffer. Proteins were 

eluted from the column using 10 mL of elution buffer and dialysed overnight at 4 °C using the buffers 

specified in Table 2.4. Proteins that required cleavage of a polyhistidine tag were dialysed overnight 

with 1–2 mg purified TEV protease and the cleaved tag was removed through a repeat of the IMAC 

protocol described above, except the target protein was collected in the flow-through from the gravity 

column as the cleaved protein remains unbound from the resin. Unless stated otherwise, TEV cleavage 

was carried out in dialysis buffer (Table 2.4) supplemented with 5–10 mM β-mercaptoethanol. TEV 

cleavage of T7RNAP and GlySQ was carried out in a buffer composed of 50 mM Tris pH 7.6, 100 mM 

NaCl and 14 mM β-mercaptoethanol. Proteins were concentrated using Amicon Ultra centrifugal filter 

units with the appropriate molecular weight cut-off, snap-frozen in liquid nitrogen and stored at -80 °C 

until required. Protein concentrations were calculated using measurements of the UV absorption at 

280 nm and the theoretical absorption coefficients of the protein constructs calculated with the 

ProtParam tool on the ExPASY Bioinformatics Resource Portal (Gasteiger et al. 2005). 

Protein Wash Buffer Elution Buffer Dialysis/Storage Buffer 

ItaTY150F 
50 mM Tris pH 8, 500 mM 
NaCl, 20 mM Imidazole 

50 mM Tris pH 8, 500 mM 
NaCl, 500 mM Imidazole 

50 mM Tris pH 8, 500 mM 
NaCl 

Tac toxins 50 mM Tris pH 7.5–8, 500 
mM NaCl, 20 mM Imidazole 

50 mM Tris pH 7.5–8, 500 mM 
NaCl, 500 mM Imidazole 

50 mM Tris pH 7.5–8, 500 
mM NaCl 

T7 RNAP 50 mM Tris pH 7.9, 100 mM 
NaCl, 20 mM Imidazole 

50 mM Tris pH 7.9, 100 mM 
NaCl, 500 mM Imidazole 

50 mM Tris pH 7.9, 100 
mM NaCl, 0.1 mM EDTA, 
0.1% v/v Triton X-100, 1 
mM DTT, 5% v/v glycerol 

GlySQ 
50 mM Tris pH 7.6, 100 mM 
NaCl, 20 mM magnesium 
acetate, 20 mM Imidazole 

50 mM Tris pH 7.6, 100 mM 
NaCl, 20 mM magnesium 
acetate, 500 mM Imidazole 

50 mM Tris pH 7.6, 100 
mM NaCl, 20 mM 
magnesium acetate, 14 
mM β-ME, 5% v/v glycerol 

TEV Protease 50 mM Tris pH 8, 150 mM
NaCl, 20 mM Imidazole 

50 mM Tris pH 8, 150 mM 
NaCl, 500 mM Imidazole 

20 mM Tris pH 8, 150 mM 
NaCl, 1 mM DTT 

Table 2.4 Protein Purification Buffers 

2.17 Size-exclusion chromatography 

Some samples were additionally purified by size-exclusion chromatography (SEC), to increase the 

purity of protein and tRNA for crystallography, using an ÄKTApurifier SEC system (equipped with P-
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900, UPC-900, Box-900 and Frac-950 modules) running a HiLoad 16/600 Superdex 200 pg or 75 pg 

column which was equilibrated with one column volume of running buffer. Once the column was 

equilibrated, 1–5 mL samples were injected and flowed through the column at 0.5–1 mL/min, with 

fractions collected for analysis by gel electrophoresis and the required samples retained for crystal 

screening. 

2.18 Crystallisation and structural data analysis 

Crystallisation screens were carried out at the X-ray Crystallography Facility in the Centre for Structural 

Biology at Imperial College London. Protein and RNA samples were dispensed in to 96-well plate 

crystallisation screens by a Mosquito liquid handling robot (TTP Labtech). Each sitting-drop vapour 

diffusion well contained 200 nL sample + 200 nL crystallisation condition drops. Screens were 

incubated at 4–16 °C and monitored regularly for crystal growth by microscopy. Optimisation screens 

were conducted by varying buffer pH, precipitant concentration, small-molecule additives and 

microseeding in both 96-well sitting-drop and 24-well hanging-drop vapour diffusion plates. 

Microseed stocks were generated using a protocol adapted from the publication of D’Arcy et al. (2014). 

Briefly, crystals were transferred from crystallisation trays to 50 µL cold buffer of the same 

composition as the crystallisation condition. This crystal suspension was transferred to a 1.5 mL Seed-

Bead™ tube (Hampton Research) and vortexed for 30 seconds before cooling on ice. The vortexing 

was repeated four times with cooling between each step. The seed stock was serially diluted 1/10 to 

generate a series of stocks to be tested in crystallisation screens, and stocks were frozen at -80 °C until 

required. 

Structural data for ItaTY150F was obtained from crystals grown at 4 °C in a buffer composed of 100 mM 

Tris base/hydrochloric acid pH 8.5 and 20% v/v reagent alcohol, with an initial ItaTY150F concentration 

of 19.9 mg/mL. Crystals were cryoprotected in 30% glycerol, snap frozen in liquid nitrogen and shipped 

for analysis on the i03 beamline at the Diamond Light Source synchrotron in Oxfordshire, UK. 

Reflection data was processed by the xia2 3dii pipeline (https://xia2.github.io). Initial phases were 

calculated by molecular replacement using Phenix Phaser-MR (McCoy et al. 2007), the final model 

built using Phenix AutoBuild (Terwilliger et al. 2008) and Coot (Emsley et al. 2010), and refinement of 

the model accomplished using Phenix Refine (Afonine et al. 2012) and REFMAC (Murshudov et al. 

1997) with the help of Dr Stephen Hare (University of Sussex, UK). Structural model alignments and 

thesis figures were generated using PyMOL software (Schrödinger). For the structural prediction of 
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TacT2Y137F, protein sequences were uploaded to the Phyre2 Protein Fold Recognition Server 

(http://www.sbg.bio.ic.ac.uk/phyre2) (Kelley et al. 2015). 

2.19 Glycyl-tRNA synthetase pull-down assays 

Each 200 µL pull-down reaction mix contained 10 µL HisPur™ Ni-NTA resin (ThermoFisher), 10 mg of 

the Tac toxin construct with an equimolar concentration of GlySQ and, where indicated, an equimolar 

concentration of glycyl-tRNAGly, 5 µM acetyl-CoA, 5 µM glycine and 5 µM ATP. The experiments were 

repeated in two different buffers: Buffer A composed of 10 mM Tris-acetate pH 8, 10 mM magnesium 

acetate, 20 mM ammonium acetate, 20 mM imidazole and 150 mL NaCl; Buffer B composed of 20 mM 

Tris-HCl, 20 mM imidazole and 150 mL NaCl. NiNTA resin was equilibrated in sample buffer prior to 

loading into the reaction. After loading each reaction, samples were incubated at 4 °C for 2 hours and 

then washed three times in fresh sample buffer, settling the NiNTA resin during each wash by 5 

minutes centrifugation at 3,300 g, 4 °C. Beads were resuspended in Laemmli buffer (2% w/v SDS, 10% 

v/v glycerol, 60 mM Tris-HCl pH 6.8, 0.01% w/v bromophenol blue) and heated to 95 °C for 10 minutes 

to elute protein, with samples analysed by SDS-PAGE. 

2.20 TacT3 coimmunoprecipitation assays 

2.20.1 Coimmunoprecipitation from PURExpress in vitro protein synthesis kit 

12.5 µL PURExpress in vitro protein synthesis reactions were set up following the manufacturer’s 

protocol, with 200 ng template DNA being added to each reaction to direct the synthesis of FLAG-

peptide tagged Tac toxin constructs. Reactions were incubated for 2 hours at 37 °C, and 2.5 µL of 

reaction was taken for analysis by SDS-PAGE. Reactions were diluted in immunoprecipitation buffer 

(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4) to a volume of 100 µL including 5 µL Anti-FLAG® M2 

affinity gel (Sigma) that had been pre-equilibrated with the buffer. Samples were incubated on rollers 

overnight at 4 °C, and then washed three times in immunoprecipitation buffer, settling the affinity gel 

during each wash by 60 seconds centrifugation at 1,500 g, 4 °C. Beads were resuspended in Laemmli 

buffer (2% w/v SDS, 10% v/v glycerol, 60 mM Tris-HCl pH 6.8, 0.01% w/v bromophenol blue) and 

heated to 95 °C for 10 minutes to elute protein, with samples analysed by SDS-PAGE. 

2.20.2 Coimmunoprecipitation from S. Typhimurium 

Bacterial strains were grown to stationary phase and subcultured to an adjusted OD600 of 0.05 in 10 

mL fresh LB broth supplemented with 1% glucose, and cultures were grown at 37 °C, 200 rpm for 3 
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hours. Bacteria were pelleted by 5 minutes centrifugation at 8,900 g, room temperature, and washed 

once in fresh LB. Bacteria were then resuspended in fresh LB broth supplemented with 0.5 mM IPTG 

and grown for a further 3 hours at 37 °C, 200 rpm. Bacteria were pelleted by 15 minutes centrifugation 

at 2,500 g and then stored at -20 °C until required. 

Pellets were thawed and resuspended in 1 mL of cold immunoprecipitation buffer (137–237 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, 1 mM PMSF) and lysed by sonication with a Bandelin Sonoplus equipped 

with a MS 72 probe set to 30% power, 100% cycle. Four 30 second sonication cycles were done, with 

cooling on ice in between cycles. Next, Triton X-100 was added to samples to a final concentration of 

0.5% v/v and samples were vortexed for 10 seconds, followed by incubation on ice for 10 minutes. 

Samples were centrifuged for 10 minutes at maximum speed, 4 °C in a benchtop microfuge and the 

supernatant was retained. Fifteen microlitres of Anti-FLAG® M2 affinity gel (Sigma) was pre-

equilibrated with and transferred to 50 µL immunoprecipitation buffer, which was added to each 

lysate. Samples were incubated on rollers for 2 hours at 4 °C, and then washed three times in 

immunoprecipitation buffer, settling the affinity gel during each wash by 60 seconds centrifugation at 

1,500 g, 4 °C. Beads were resuspended in 25 µL 3xFLAG peptide elution buffer (0.1 µg/µL 3xFLAG® 

peptide (Sigma, F4799), 137–237 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1 mM PMSF), and samples 

were analysed by SDS-PAGE. 

2.21 Reverse-transcription PCR of tRNA 

RNA samples, obtained using protocols described in sections 2.7 and 2.8.1, were Poly(A) tailed using 

E. coli Poly(A) polymerase (New England Biolabs, M0276) following the manufacturer’s protocol.

Twelve microlitres of the Poly(A) reaction was used as template for a 20 µL reverse transcription

reaction using SuperScript IV reverse transcriptase and a Poly(T) primer following the manufacturer’s

protocol. After incubation, 2.5 µL of the reverse transcription reaction was used as template for PCR

amplification using the Expand™ High-Fidelity PCR system (Roche), and samples were analysed by DNA 

gel electrophoresis and described in section 2.5.

2.22 Liquid-chromatography mass spectrometry detection of Tac targets 

2.22.1 In vitro sample preparation 

PURExpress in vitro protein synthesis reactions were set up as described in section 2.15. After 

incubation, 2.5 µL of sample was retained for analysis by SDS-PAGE, and 180 µL sodium acetate buffer 
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(300 mM sodium acetate pH 5.2 Alfa Aesar, J61928 and 10 mM EDTA Ambion, AM9260G) was added 

to the remaining 22.5 µL in vitro reaction mix. Total RNA was then extracted following the protocol 

described in section 2.7. Final RNA pellets were resuspended in 20 µL 10 mM sodium acetate pH 5.2. 

2.22.2 In vivo sample preparation 

S. Typhimurium and E. coli strains were transformed with toxin overexpression vectors. Transformed

strains were grown to stationary phase in LB broth, then subcultured in a 1/50 dilution into fresh LB

broth and grown for 3 hours at 37 °C, 200 rpm. Protein expression was induced by addition of 0.2%

w/v L-arabinose and the bacteria were grown for an additional 3 hours at 37 °C, 200 rpm. Whole cell

RNA was then extracted following the protocol described in section 2.7.

2.22.3 Peptidyl-tRNA hydrolase sample processing 

Ten microlitres of extracted RNA was diluted in 40 µL activity assay buffer (10 mM Tris-acetate pH 8, 

10 mM magnesium acetate, 20 mM ammonium acetate) and 1 µL peptidyl-tRNA hydrolase (25 µg/µL 

stock of Pth from Neisseria gonorrhoeae purified by Dr Stephen Hare, University of Sussex) was added, 

and the reaction was incubated at 37 °C for 1 hour. Treated samples were combined 1:1:2 with buffer 

A (40:40:20 acetonitrile:methanol:water) and buffer B (0.2% acetic acid in acetonitrile), vortexed 

briefly and then the precipitate removed by centrifuging for 10 minutes at maximum speed in a 

benchtop microfuge, with the supernatant retained for LC-MS analysis. 

2.22.4 Nuclease P1 sample processing 

For nuclease treatment of samples prior to LC-MS, 0.3 units of Nuclease P1 (25 µg/µL stock, Sigma, 

N8630) was added to 5 µL extracted RNA and incubated at 25 °C for 30 minutes. Samples were 

combined 1:1:2 with buffer A (40:40:20 acetonitrile:methanol:water) and buffer B (0.2% acetic acid in 

acetonitrile), vortexed briefly and then the precipitate removed by centrifuging for 10 minutes at 

maximum speed in a benchtop microfuge, with the supernatant retained for LC-MS analysis. 

2.22.5 Liquid chromatography–mass spectrometry 

LC-MS was carried out using Agilent 1290 Infinity II LC and Agilent Accurate Mass 6545 QTOF apparatus. 

Aqueous normal phase liquid chromatography was implemented using a Cogent Diamond Hydride 

Type C silica column (150 mm× 2.1 mm; dead volume 315 µl) in a 25 °C temperature-controlled 

compartment, with sample flow set at 0.4 mL/minute. Elution of polar metabolites was done by 

gradient elution. Solvent X was deionised water containing 0.2% acetic acid, and Solvent Y was 

acetonitrile containing 0.2% acetic acid, used in the following gradient: 0–2 min 85% Y; 3–5 min to 80% 

Y; 6–7 min 75% Y; 8–9 min 70% Y; 10–11 min 50% Y; 11.1–14 min 20% Y; 14.1–25 min hold 20% Y 
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followed by a 5 min re-equilibration period at 85% Y. A reference-mass solution was 

continuously injected post-chromatography by an isocratic pump connected to the electrospray 

ionisation source allowing for dynamic mass axis calibration, and the apparatus was operated in 

the positive- and negative-ion modes. Samples were measured over an m/z range of 118–955 atomic 

mass units with a 100,000-fold dynamic range in sensitivity and an error of less than 5 parts-per-

million, with the centroid 4 GHz (extended dynamic range) mode used for data collection. 

Agilent Mass Hunter Qualitative Analysis B.07.00 software was used for data analysis. 
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3 Characterisation of the Tac toxin family in S. Typhimurium 

3.1 Introduction 

TacT1 was the first GCN5-related N-acetyltransferase (GNAT) family toxin to be characterised as part 

of a type II toxin-antitoxin system (Cheverton et al. 2016). Intoxication of S. Typhimurium by TacT1 

results in inhibition of translation through corruption tRNA targets by N-acetylation of the amino acid 

bound to the 3’-terminal of aminoacyl-tRNA. Cheverton el al. also found that overexpression of the 

enzyme peptidyl-tRNA hydrolase (Pth), which is able to cleave N-acetylated amino acids from tRNAs 

(Cuzin et al. 1967; Ito et al. 2012), can counter TacT1 mediated toxicity (Cheverton et al. 2016). A 

model summarising the mechanism of action of the Tac toxins, and the role of Pth in detoxification, is 

shown in Figure 3.1B. In S. Typhimurium there are two other TacAT systems – TacAT2 and TacAT3 – 

each encoded on the chromosome with a cognate antitoxin located immediately 5’ of the toxin gene, 

as with the TacAT1 system (Figure 3.1A). The antitoxin and toxin are encoded in a single operon with 

a 4 – 13 base pair overlap in the open reading frames.  

When aligned, the three TacAT systems in S. Typhimurium share are large degree of identity at the 

level of the amino acid sequence, with TacT1 and TacT2 being the most similar (Figures 3.1C and D). 

These toxins are 17.6–19.1 kDa in size, and TacT1 has been shown to form a dimer in solution 

(Cheverton et al. 2016). Characterisation of the crystal structure of TacT1, and later of TacT3, have 

revealed the presence of a key patch of positively charged residues located near the active site of the 

toxin that spreads laterally across both monomers (Figure1.6). Charge switching of these residues 

results in loss of toxicity, indicating that they play an important role in toxin activity, likely in 

interacting with the tRNA target which, as a nucleic acid, has a backbone composed of negatively 

charged phosphate groups – these key residues are highlighted in Figure 3.1C. 

The antitoxins contain an N-terminal DNA binding domain which has a role in the self-regulation of 

the TacAT operon, and a C-terminal neutralisation domain that functions to bind and inhibit the 

cognate Tac toxin. TacA antitoxins are limited to binding their respective cognate TacT toxins, with no 

cross-neutralisation observed within this family of proteins (Dr Grzegorz Grabe, Helaine Lab – 

unpublished data). The lack of cross-neutralisation is reflected in the primary sequence similarity of 

the antitoxins, with the C-terminal neutralisation domains of TacA1, TacA2 and TacA3 being notably 

more divergent than the N-terminal DNA binding domains, likely causing the limited binding specificity 

of each antitoxin to just the cognate toxin. 

Our lab found TacT2 not to be demonstrably toxic when overexpressed in S. Typhimurium; however, 

analysis  of  the  genomic  sequence  of  other  serovars  revealed  that  the  TacT2  encoded  on  the  
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Figure 3.1 | The TacAT systems of S. Typhimurium. (A) Schematic diagram of the genetic architecture 
of the TacAT loci, with nucleotide positions given either side of the TA gene pair. A representation of 
the S. Typhimurium 12023 genome is labelled with the positions of each TacAT locus. (B) Simplified 
schematic of TacT1 activity. TacT1 acetylates the primary amine of amino acids charged on tRNA, 
inhibiting protein synthesis. Peptidyl-tRNA hydrolase relieves the toxicity of this modification by 
cleaving N-acetyl-amino acids from tRNA. Detoxified tRNAs are recycled for use in translation through 
the charging activity of aminoacyl-tRNA synthetases. Acetyl groups are represented as purple stars. 
(C) Clustal Omega (Sievers et al. 2011) multiple sequence alignment of the Tac toxins. Identical 
residues in red; similar residues in blue; active site tyrosine highlighted in grey; acetyl-CoA binding 
residues highlighted in yellow; functionally important positive surface charge residues highlighted in 
orange. (D) Percentage amino acid identity between each Tac toxin. (E) Percentage amino acid identity 
between each Tac antitoxin in black. Identity between N-terminal 55 residues in purple. Identity 
between C-terminal 35 residues in pink. (F) Clustal Omega multiple sequence alignment of the Tac 
antitoxins. Same colour code as panel (C).

chromosome of S. Enteritidis has a single amino acid E29K substitution (Figure 3.1C). Having seen the 

importance of charged residues in both TacT1 and TacT3, the Helaine Lab characterised the effects of 

overexpression of this TacT2SEn ortholog and observed a toxic phenotype (Rycroft et al. 2018). For 

clarity, from this point onward these orthologs will be referred to as TacT2STm and TacT2SEn for the 

variants from S. Typhimurium and S. Enteritidis respectively. 

In this chapter, I report my experimental contributions to the ongoing characterisation of the TacT 

family of toxins in S. Typhimurium by the Helaine Lab. 

3.2 TacT2 and TacT3 Inhibit Translation 

As the Helaine Lab have previously reported that overexpression of TacT1 inhibits translation in S. 

Typhimurium (Cheverton et al. 2016), I investigated the effects of inducing expression of TacT2SEn and 

TacT3 on the translation rates of bacteria subcultured in M9 minimal medium. To achieve this, I carried 

out pulse-chase assays using S-35 radiolabelled methionine incorporation as a proxy for translation 

rate (TacT2STm was omitted from these assays, as it was already shown by other assays in the Helaine 

Lab to be non-toxic). Strains of ∆tacAT1∆tacAT2∆tacAT3 S. Typhimurium 12023 mutant containing 

different pBAD33 toxin overexpression vectors were grown to log-phase and the production of toxin 

induced. Cultures were pulsed with S-35 methionine, followed by incubation with excess unlabelled 

methionine, and proteins were extracted and dotted on to blotting paper. The samples were then 

analysed by phosphorimaging to visualise the level of S-35 incorporation into nascent proteins during 

the pulse phase of the experiment. Figure 3.2A shows representative images taken from this 

experiment,   where   white   pixels   indicate   radiation   detected   during   sample   analysis   on   the  
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of three independent repeats ± SDM. (C) As panel (B) but tracking [35S]methionine incorporation 
during ParE overexpression. (D) in vitro protein synthesis kit supplemented with acetyl-CoA and 
incubated with/without purified Tac toxin, resolved by SDS-PAGE and stained with Coomassie Brilliant 
Blue. Production of DHFR, indicated by arrow and asterisk in lane 1, was used as a readout of active 
translation. (E) Pull-down assay showing binding of TacT3Y143F, with or without the A358-96 antitoxin C-
terminal peptide, to purified S. Typhimurium tRNA extracted from a ∆tacAT1∆tacAT2∆tacAT3 strain. 
Bound molecules were pulled down with NiNTA resin in pH 7 (left panel) and pH 8 (right panel) buffer 
conditions. Input and output tRNA samples were visualised by AU-PAGE and methylene blue staining 
(top panels), and a fraction of each output was analysed by SDS-PAGE and stained with Coomassie 
Brilliant Blue to assess protein loading (bottom panels). 

phosphorimager. Chloramphenicol treated Salmonella were included as a control of translation 

inhibition in this assay as chloramphenicol is known to bind the 30S subunit of the ribosome, halting 

translation. In addition, ParE overexpression was included as a negative control as this type II TA 

system toxin is known to inhibit DNA replication without affecting translation. The pBAD33::ParE 

vector was transformed in the respective ∆parDE S. Typhimurium 12023 deletion mutant for this 

experiment. As shown in Figure 3.2B, the overexpression of TacT2SEn and TacT3 significantly reduced 

the incorporation of methionine compared with the empty vector control, whereas overexpression of 

ParE (Figure 3.2C) did not inhibit the incorporation of methionine. This result shows that, consistent 

with data on TacT1, both TacT2SEn and TacT3 inhibit translation. 

To further this, I next tested if purified Tac toxins can inhibit translation in vitro in a cell-free protein 

synthesis kit (NEB PURExpress). These assays were carried out following the manufacturers protocol, 

with the addition of purified Tac toxin and acetyl-CoA. Samples were then resolved by SDS-PAGE and 

stained with Coomassie Brilliant Blue. The production of dihydrofolate reductase (DHFR), as 

demonstrated in the negative control lane in Figure 3.2D, was used as a readout for successful 

translation. Figure 3.2D shows that the addition of purified TacT1, TacT2SEn or TacT3 toxin and acetyl-

CoA is sufficient to completely inhibit synthesis of detectable levels of DHFR in this assay. Addition of 

purified TacT2STm confers partial inhibition of translation, which is in agreement with data produced 

by Dr Bridget Gollan and Dr Julian Rycroft from the Helaine Lab, showing that the induction of TacT2STm 

expression is not toxic to growing bacteria (Rycroft et al. 2018). In conclusion, the results presented 

above support the model that all Tac toxins exhibit toxicity due to the inhibition of translation. 
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3.3 TacA3 inhibits the interaction between TacT3 and tRNA 

Tac toxins have been shown to directly interact with tRNA (Rycroft et al. 2018). To investigate whether 

the TacA antitoxins prevent toxicity by directly disrupting the interaction between Tac toxins and tRNA, 

I worked with Dr Grzegorz Grabe in the Helaine Lab to characterise the TacT-tRNA interaction by pull-

down assay. By generating N-terminal truncations of the Tac antitoxins, Dr Grabe has characterised 

the minimal fragments of the antitoxin required to inhibit the toxicity of the cognate Tac toxins. 

Further to this he has solved a crystal structure of the TacT3 toxin structure bound to the minimal 

fragment of the TacA3 antitoxin that inhibits TacT3 toxicity in vivo – the C-terminal amino acids Glu58-

Lys96 (Dr Grzegorz Grabe, Helaine Lab – unpublished data) (see Figure 3.1E). To investigate whether 

TacA358-96 is sufficient to prevent TacT3 from associating with tRNA in vitro, purified recombinant 

TacT3 was incubated with purified tRNA from S. Typhimurium 12023 in the presence of absence of 

the TacA358-96 neutralising peptide. The toxin-antitoxin peptide complexes used in these assays were 

obtained from cloning the toxin component with an N-terminal polyhistidine tag or cloning the 

antitoxin component peptide with an N-terminal polyhistidine tag for capturing the complex on nickel 

resin. As with several of the in vitro assays presented in this thesis, the TacT3 construct used for 

protein purification has a Y143F mutation in the active site of the toxin – this mutation of the 

catalytically active tyrosine significantly reduces toxicity during overexpression of the toxin in the BL21 

E. coli expression system, facilitating the required protein yield for these in vitro assays. The Y143F

mutation is not predicted to negatively impact the pull-down assay, with the disruption of

acetyltransferase activity even possibly assisting in trapping the tRNA on the TacT3 dimer making the

tRNA-TacT3 interaction more stable and consequently easier to study. These assays were conducted

in both pH7 and pH8 buffered solutions as these are representative of physiological pH. The impact of

the C-terminal truncation on antitoxin peptide stability at different pH conditions was unknown so

different pH buffers were used to find optimal conditions for the assay.

TacT3Y143F, TacA358-96 and tRNA were combined and incubated in vitro with NiNTA resin, before 

successive washing to remove any molecules not bound to the resin. The resin was split, with some 

sample being eluted for SDS-PAGE and Coomassie Brilliant Blue staining to analyse the protein content 

of the sample, and the rest of the resin processed by phenol extraction of RNA for analysis by AU-

PAGE and staining with methylene blue to visualise tRNA (Figure 3.2E). In both pH 7 and pH 8 buffer 

conditions a clear fraction of the tRNA input was bound to His-TacT3 toxin, and the addition of the 

neutralising peptide significantly disrupted the association between tRNA and toxin. A small amount 

of tRNA was still able to associate with TacT3Y143F in the presence of neutralising peptide when the 

polyhistidine tag was encoded on the toxin, suggesting that this tag placement may partially disrupt 

63



CHAPTER 3: RESULTS 

association of the TacA358-96 peptide with the TacT3 toxin. In conclusion, TacA3 antitoxin inhibits the 

toxicity of TacT3 by disrupting the ability of the toxin to bind tRNA. 

3.4 Crystallographic studies of TacT2SEn

With the tertiary structures of TacT1 (Cheverton et al. 2016) and TacT3 (Rycroft et al. 2018) having 

been experimentally solved by Dr Stephen Hare (University of Sussex) and Dr Grzegorz Grabe (Helaine 

Lab), I started my training in structural biology by undertaking to characterise the crystal structure of 

the TacT2SEn toxin. Obtaining the structures of each Tac toxin would allow investigation of the 

structural conservation between each of these toxins and highlight any potential differences in key 

regions that may contribute to their functionality. 

To achieve this goal, a catalytically inactive mutant of TacT2SEn was generated by overlap extension 

PCR and cloned in to the pQLinkH high copy number overexpression vector (Scheich et al. 2007) 

(Figures 3.3A and B). The tyrosine to phenylalanine mutation of residue 137 removes the catalytically 

active hydroxyl group from the active site of TacT2SEn, allowing for the high yield overexpression of the 

toxin in E. coli. The pQLinkH vector encodes an in-frame N-terminal polyhistidine tag which is linked 

to the inserted gene product via a short amino acid linker containing the target sequence for Tobacco 

Etch Virus (TEV) protease cleavage (E-N-L-Y-F-Q– ↓ –G/S). Therefore, purification of the TacT2SEn toxin 

could be completed with a minimal glycine-serine amino acid linker as the only artefact of the affinity 

tag following TEV cleavage. 

Using the TEV protease overexpression vector published by Blommel & Fox (2007) I purified a 1 mg/mL 

stock solution of TEV protease from BL21 (DE3) PC2 E. coli (Cherepanov 2007) for use in this study 

(Figure 3.3C). The TEV expression construct in this assay contains an N-terminal MBP tag to improve 

solubility, and this MBP tag is itself attached to the protease by a TEV cleavable linker. 

BL21 (DE3) PC2 E. coli (Cherepanov 2007) was transformed with the pQLinkH TacT2SEn overexpression 

vector and grown in 2 L baffled flasks in autoinduction media. Following overnight incubation, cells 

were harvested, lysed and His-TacT2SEn was purified by immobilised metal affinity chromatography 

(IMAC) (Figure 3.3D). His-TacT2SEn was competitively eluted from the NiNTA resin using a buffered 

solution containing 500 mM imidazole, and the eluted protein was incubated and dialysed overnight 

in the presence of TEV protease, followed by a secondary round of IMAC to recapture the TEV protease 

and the polyhistidine tag cleaved from TacT2SEn. The secondary round of IMAC also has the advantage 

of removing many of the contaminants from the initial purification, as these contaminants tend to 

associate non-specifically with the nickel based NiNTA agarose resin used in this procedure. The final  
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Figure 3.3 | Purifica�on of the TacT2SEn toxin. (A) Schema�c diagram of the overexpression vector 
constructed for purifica�on of TacT2SEn Y137F. (B) Overlap extension PCR to introduce Y137F muta�on in 
to TacT2. (C) TEV protease was overexpressed in E. coli BL21 PC2 transformed with pMHT∆238. 
Polyhis�dine tagged TEV protease was purified by IMAC and samples taken throughout the process 
were analysed by SDS-PAGE and staining with Coomassie Brilliant Blue (CL=clarified lysate; 
DPL=depleted lysate). pMHT∆238 encodes an MBP fused His-TEV construct which removes the MBP 
tag during expression by autoly�c cleavage, with the corresponding band for MBP observed around 43 
kDa. (D) TacT2SEn Y137F was overexpressed in E. coli BL21 PC2 transformed with pQLinkH TacT2SEn Y173F. 
Polyhis�dine tagged TacT2SEn Y137F was purified by IMAC and samples analysed by SDS-PAGE as 
described above. (E) The elu�on of TacT2SEn Y137F from (D) was incubated with TEV protease to cleave the 
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The purified sample labelled ‘TEV Flow’, marked by the red arrow, was retained for use in crystal 
screening.
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purified product from this procedure was analysed by SDS-PAGE and is represented in the ‘TEV Flow’ 

lane in Figure 3.3E. This product was used to conduct crystallisation trials. 

Figure 3.4 outlines the strategy used for the crystallisation of TacT2SEn in this study. Crystallisation 

trials with purified TacT2SEn were carried out in 96-well commercial crystallisation screens to maximise 

coverage of chemical space in the trials. Initial screens were done in 96-well, 2 drop MRC crystallisation 

plates allowing for sitting-drop vapour diffusion in each individually sealed well. Conditions that 

showed crystal growth were optimised by preparing 24-well hanging-drop vapour diffusion plates 

where increased drop size as well as adjustments to the molarity of the buffer components and pH of 

the original hit were investigated. 

Figure 3.4 | Screening strategy for TacT2SEn crystallography. Purified TacT2SEn Y173F was used to set up 
crystallisation screens in a 96-well high throughput sitting-drop vapour diffusion format. A side profile 
of each sealed well compartment is illustrated below the plate. Brush-like crystals that formed in initial 
screens (bottom left panels) were used to generate microseed stock which was in turn used to 
establish new crystal screens. Some crystals were taken directly to X-ray diffraction, with optimisation 
of crystallisation conditions also performed in a 24-well hanging drop vapour diffusion format. The top 
six panels demonstrate some of the crystals analysed by X-ray diffraction at the Diamond Light Source 
synchrotron, Oxfordshire, UK. 

Figure 3.4 | Screening strategy for TacT2SEn crystallography. Purified TacT2SEn Y173F was used to set up 

66



CHAPTER 3: RESULTS 

Crystals of TacT2SEn with a brush-like clustering of multiple needles were obtained in well solutions 

comprised of di-ammonium hydrogen peroxide and sodium acetate (Figure 3.4 bottom-left images). 

However, the clustering of these crystals makes them unsuitable for X-ray diffraction, as this technique 

requires the formation of a single, regular crystal lattice for the generation of clear diffraction data. 

These brush-like crystals were however used for the formation of seed-stock for a technique known 

as microseed matrix screening (MMS). This technique has been shown to aid in finding new 

crystallisation conditions and promote the formation of crystals with improved morphology and 

diffraction properties – in particular relevance to this project, it has also been shown to reduce or 

eliminate crystal twinning (D’Arcy et al. 2014). For MMS, the brush-like crystals of TacT2SEn were 

transferred to a 1.5 mL Seed-Bead™ tube (Hampton Research) containing a small nylon bead which, 

when vortexed, crushes the crystals generating a seed stock of fine crystalline material. This seed stock 

was introduced into a successive round of crystallisation trials in which it promoted the nucleation of 

crystals in new growth conditions. Further to this, TacT2SEn crystal growth was also screened with the 

commercially available Hampton Additive Screen composed of small chemical compounds that can 

affect the formation and quality of biological macromolecular crystals. 

Combined, these approaches generated several candidate crystals (shown in Figure 3.4) that were 

selected for analysis by X-ray diffraction, however all crystals that gave initially good diffraction images 

were found to have twinning of the crystal lattice that was not mathematically solvable using twinning 

laws. Therefore, the structure of TacT2SEn dimer was not experimentally determined during this 

project. 

3.5 Crystallographic studies of TacAT2SEn complex 

To address the difficulties in crystallising TacT2SEn, and also investigate the mechanism by which the 

toxin neutralising C-terminal domain of the TacTA2 antitoxin inhibits toxin activity, I also attempted 

to crystallise TacT2SEn in complex with the TacA254-97 peptide shown by Dr Grabe to be the minimal 

peptide fragment required to neutralise the toxic effects of TacT2SEn overexpression. To achieve this, 

the TacA254-97 peptide was cloned in to the pQLinkN overexpression vector (Scheich et al. 2007), from 

the same family of QLink vectors as the toxin is cloned in – pQLinkN, however, contains no 

polyhistidine tag. The design of the QLink vectors allows for ligation-independent cloning to easily 

transfer inserts from one plasmid to another, to create vectors for co-expression of multiple proteins 

(Scheich et al. 2007). The pQLink co-expression vector for His-TacT2SEn and TacA254-97 (Figure 3.5A) was 

verified by Sanger sequencing and cloned in to BL21 (DE3) PC2 E. coli for autoinduced expression and 

IMAC purification as described in section 3.4 (Figure 3.5B). Incomplete digestion of the TEV linker in 
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the initial round of purification meant that the protein was incubated a second time with TEV to ensure 

maximal recovery of TacT2SEn cleaved from the polyhistidine tag. SDS-PAGE analysis (Figure 3.5B) 

shows that there was significant loss of TacA254-97 peptide during the purification, which may have had 

a significant impact on the success of crystallisation trials. Figure 3.5C shows the crystals generated 

from initial screens. As with the problems encountered with TacT2SEn alone, the morphology of these 

crystals was unsuitable for X-ray diffraction data collection, so the decision was made to not pursue 

the experimental determination of the TacT2SEn-TacA2 complex structure. 

Figure 3.5 | Purification of the TacT2SEn-TacA254-97 complex. (A) Schematic diagram of the 
overexpression vector constructed for purification of the TacT2SEn Y137F-TacA254-97 complex, and below 
the PCR product inserted during the construction of this co-expression vector (B) The TacT2SEn Y137F-
TacA254-97 complex was overexpressed in E. coli BL21 PC2 transformed with pQLinkH TacTSEn Y137F 
TacA254-97. The polyhistidine tagged toxin was used to purify the complex by IMAC and samples were 
taken throughout the process to be analysed by SDS-PAGE and staining with Coomassie Brilliant Blue 
(DPL=depleted lysate). The purified sample was treated with TEV protease to cleave the polyhistidine 
tag, and the sample labelled ‘TEV Flow 2’, marked by the red arrow, was retained for use in crystal 
screening. (C) These four panels demonstrate some of the crystals that grew during screening. 
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3.6 Phyre2 modelling of the TacT2SEn dimer 

As the 3D structure of TacT1 and TacT3 had already been experimentally solved and deposited on PDB, 

TacT2SEn was a good candidate for structural prediction by the Phyre2 protein fold recognition server 

(Kelley et al. 2015). A high confidence model of TacT2SEn from residues 2-156 was generated using 

TacT1 as a template, as this has the greatest percentage identity at a primary sequence level. Figure 

3.6 shows the output from Phyre2, which predicted the structure with a high degree of confidence 

due to the almost 50% amino acid similarity between the TacT2SEn input sequence and TacT1 template. 

As with TacT1 and TacT3 (Cheverton et al. 2016; Rycroft et al. 2018), TacT2SEn exhibits a large positive 

patch of residues extending from the active site and across to the opposing monomer (Figure 3.6A). 

As discussed above, TacT2STm and TacT2SEn differ by a single amino acid substitute, E29K, that renders 

TacT2STm non-toxic during overexpression. One interesting observation from this structure is that the 

lysine 29 residue on TacT2SEn is predicted to form hydrogen bonds with the carbonyl oxygens from 

phenylalanine 17 and tyrosine 15, possibly stabilising this surface exposed loop (Figure 3.6C). By 

substituting this lysine for a glutamic acid, as would be the case with TacT2STm, the switch in residue 

charge would preclude the formation of these stabilising hydrogen bonds, whilst also introducing a 

significant shift in the surface charge of the toxin. 

3.7 Summary 

In this chapter, I have presented data confirming that TacT2SEn and TacT3  inhibit protein synthesis as 

has previously been shown for TacT1 (Cheverton et al. 2016). Further to this, I investigated the effects 

of the antitoxin on the ability of the toxin to bind tRNA and showed that the antitoxin strongly inhibits 

the interaction between the toxin and its target. Several attempts to crystallise TacT2SEn for structural 

study yielded crystals which were twinned, preventing usable data being collected on this protein. 

However, a high confidence model of TacT2SEn was generated which exhibits an extended positive 

surface patch that may act as the interface for tRNA binding. I next tried to characterise this toxin-

tRNA interface to understand what elements of the toxin confer tRNA target specificity. 
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4 Determinants of interaction between Tac toxins and their tRNA target 

4.1 Introduction 

As previously  discussed,  Tac  toxins  show conservation  of  the  GNAT  domain  fold  in their tertiary 

structure. The Helaine Lab showed that GNAT domain type II TA toxins specifically target aminoacyl-

tRNA thereby inhibiting translation (Cheverton et al. 2016). One goal of this study was to explore the 

structural determinants of interaction between Tac toxins and the tRNAs that they target. Cheverton 

et al. (2016) showed that TacT1 forms an asymmetrical homodimer, and work on two homologs of 

TacT recently demonstrated that dimer formation is essential for toxicity of the protein (Jurėnas et al. 

2019; Qian et al. 2019; Yashiro et al. 2019). In the work of Cheverton et al., a cluster of positive 

residues extending from the acetyltransferase active site of one monomer, to a group of positively 

charged residues on the opposing monomer was described (Figure 1.6). A series of mutations (K36E, 

R77E, R78E, K33E/R91E, K146E) in which positively charged residues were replaced with a negative 

charge resulted in a loss of toxicity (Cheverton et al. 2016). Similar mutations in TacT2SEn and TacT3 – 

R88G and R94E respectively – have been shown to also completely abolish toxicity in these toxins 

(Rycroft et al. 2018). Given the nature of these mutations near to the active site of the toxins, it is 

likely that these positively charged residues play a role in tRNA binding through association with the 

negatively charged phosphate groups of the tRNA backbone. As will be described in Chapter 5, Tac 

toxins have been shown to target a specific set of tRNA molecules from within the complete repertoire 

of 89 tRNA genes encoded in S. Typhimurium. The negatively charged phosphate backbone being a 

common feature of all nucleic acids, we thought that structural information on the TacT-tRNA 

complexes might indicate why Tac toxins target a limited pool of tRNA substrates rather than an 

unbiased acetylation of all tRNAs present in the cell. In this chapter, I report my attempts to study the 

structural determinants of toxin specificity through the experimental determination of the TacT-tRNA 

structure using a crystallographic approach. 

4.2 In vitro synthesis of tRNA 

Investigation of the TacT-tRNA complex structure first required purification of a specific tRNA at a 

sufficient yield for crystallographic screening. To achieve this goal, I chose an in vitro tRNA synthesis 

approach rather than purification of tRNAs from an E. coli overexpression system, as purification from 

E. coli introduces difficulties in the chromatographic separation of tRNA from the complex mixture of 

a cell lysate, further complicated by the challenge of purifying a specific tRNA from the mixed pool of 

total tRNA.
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The process of in vitro tRNA synthesis is achieved in three main steps. Firstly, the DNA template for 

transcription must be synthesised, followed by in vitro transcription by RNA polymerase (RNAP) and 

finally aminoacylation (also referred to as ‘charging’) of the tRNA by the appropriate aminoacyl-tRNA 

synthetase (aaRS) (Figure 4.1). To achieve these steps, I also had to purify a functional RNA polymerase 

and aaRS. 

As will be expanded upon in Chapter 5, I have identified the primary biological target of Tac toxins as 

glycyl-tRNAGly. The genome of S. Typhimurium carries six tRNAGly genes which encode four unique 

tRNAs each transporting glycine to the ribosome (Figure 4.2A–C). Groups of tRNAs that differ by 

primary sequence but are charged with the same amino acid are termed ‘isoacceptors’. The 

chromosomal positions of each of these glycyl-tRNA isoacceptors is shown in Figure 4.2 panels A and 

B. All forms of tRNAGly are aminoacylated by the same tRNA synthetase, which in Salmonella is a

heterodimeric enzyme encoded by the genes glyS and glyQ located together on a single operon. Of

note, the glySQ operon is located very close to TacT1 in both S. Typhimurium and S. Enteritidis, with

approximately 1300 bp and 1600 bp separating them in each serovar respectively (Figure 4.2A). The

significance of this topological association on the chromosome remains to be investigated. The

sequence alignment between the four tRNAGly sequences is shown in Figure 4.2C, with conserved

nucleobases highlighted in yellow. Gly1 and Gly2 tRNAGly are the most structurally conserved, differing 

only by one C→T mutation within the acceptor stem, though this mutation does introduce a G•U

wobble base pairing in the acceptor stem that has an unknown impact on the structure and function

of this tRNA.

The gene encoding T7 DNA-Directed RNA Polymerase (T7 RNAP) was amplified from the genome of 

BL21 (DE3) PC2 E. coli (Cherepanov 2007) (Figure 4.2D) and cloned into the pQLinkH expression vector 

(Scheich et al. 2007), with the final construct verified by Sanger sequencing. The pQLinkH T7RNAP 

plasmid was transformed into BL21 (DE3) PC2 E. coli and cultures grown in autoinduction media, with 

initial growth at 37 °C before reducing the cultures to 18 °C to limit formation of protein aggregates 

during expression. T7 RNAP was purified by IMAC with extensive washing to minimise the presence of 

contaminants that may inhibit in vitro transcription reactions (Figure 4.2E), and the polyhistidine 

affinity tag was cleaved from T7 RNAP by overnight incubation with purified recombinant TEV 

protease (Figure 4.2F). The purified T7 RNAP was dialysed into a storage buffer, and the final solution 

concentrated, aliquoted and snap-frozen for storage until required for use in in vitro synthesis 

reactions. 

The methodology for tRNA in vitro synthesis was adapted from publications of Sherlin et al. (2001) 

and Cazenave & Uhlenbeck (1994).   As illustrated in by the schematic diagram in Figure 4.1, custom  
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Figure 4.2 | In vitro transcription of S. Typhimurium tRNAGly. (A) A representation of the S. 

Typhimurium 12023 genome is labelled with the positions of the TacAT loci, tRNAGly genes (glyT, U, V, 

W, X, Y) and the glySQ glycyl-tRNA synthetase. (B) Table of the tRNAGly gene nomenclature used in this 

thesis, with chromosomal positions and anticodon sequences. (C) Clustal Omega (Sievers et al. 2011) 

multiple sequence alignment of tRNAGly gene primary sequences. Identical bases are highlighted in 

yellow. Position of secondary structural features is shown above/below alignment. (D) Schematic 

diagram of the overexpression vector constructed for purification of T7 RNAP, and below the PCR 

product inserted during the construction of the vector. (E) T7 RNAP was overexpressed in E. coli BL21 

PC2 transformed with pQLinkH T7RNAP and purified by IMAC. Samples were taken throughout the 

process to be analysed by SDS-PAGE and staining with Coomassie Brilliant Blue (WCL=whole cell lysate; 

CL=clarified lysate; DPL=depleted lysate). (F) The elution of T7 RNAP from (E) was incubated with TEV 

protease to cleave the polyhistidine tag. Samples were analysed by SDS-PAGE as described above. The 

purified sample labelled ‘Flow’, marked by the red arrow, was retained for use in in vitro transcription. 

(G) In vitro transcription of the four tRNAGly from S. Typhimurium (lanes 1-4) plus negative controls in

which no T7RNAP was added to the reaction (lanes 5-6). (H) Size exclusion chromatography elution

profile of Gly4 tRNAGly. UV measured at 280 nm and displayed in a.u. (arbitrary units). Fractions were

pooled as indicated and analysed by AU-PAGE and RNA staining with methylene blue, shown in the

right-hand panel.

DNA oligonucleotides were commercially synthesised corresponding to the sequences of the four 

glycyl-tRNA isoacceptors from S. Typhimurium. The two terminal bases at the 5’ end of the reverse 

oligonucleotides were modified to 2’-O-methylated ribonucleotides – this modification has been 

reported to limit T7 RNAP template run-off, resulting in a more consistent product size from in vitro 

transcription (Sherlin et al. 2001). DNA oligonucleotide templates were annealed, and the 5’ 

overhangs duplexed by the Klenow fragment of DNA Polymerase I, followed by ethanol precipitation 

to concentrate the template for in vitro transcription. 

The protocol used for in vitro transcription of tRNA was adapted from Cazenave & Uhlenbeck (1994), 

with the optimal quantity of T7 RNAP per reaction empirically determined. A commercially produced 

T7 RNAP (NEB) was used as a reference for reaction efficiency. After incubation, reactions were 

treated with DNase I to remove the DNA template from the reaction, followed by phenol purification 

of the RNA. Figure 4.2G demonstrates the successful synthesis of the four tRNAGly with T7 RNAP, which 

has been visualised by acid-urea polyacrylamide gel electrophoresis (AU-PAGE) and staining with 

methylene blue. Lanes 5 and 6 show that in the absence of T7 RNAP no nucleic acids were stained, 

confirming that DNase I incubation results in complete hydrolysis of the DNA template, and that the 

stained molecules in lanes 1-4 were indeed RNA. To improve sample purity, size exclusion 

chromatography (SEC) was carried out on batches of synthesised tRNA using an ÄKTApurifier SEC 

system giving a major peak eluting at approximately 70 mL of column flow in buffer composed of 10 

mM sodium acetate (Figure 4.2H). A broad second peak elutes between 80 - 110 mL likely representing 
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low molecular weight contaminants from aborted transcription cycles, and also residual 

contamination by phenol used in the purification of the RNA. 

4.3 In vitro charging of tRNA 

The next step was the aminoacylation of the purified tRNA by the appropriate aminoacyl-tRNA 

synthetase (aaRS). All tRNAGly are charged by a single heterodimeric aaRS, encoded by the genes glyS 

and glyQ. As previously discussed, the glyS and glyQ genes sit in a single operon just 1.5 kbp upstream 

of the TacAT1 toxin-antitoxin module (Figure 4.3A). Genes encoding GlyS and GlyQ were amplified 

from the genome of S. Typhimurium (Figure 4.3B) and cloned into the pQLinkH and pQLinkN 

expression vectors respectively. As described in Chapter 3.5 the pQLinkH plasmid, but not pQLinkN, 

encodes an N-terminal polyhistidine tag and these vectors are designed to easily accommodate the 

construction of protein co-expression vectors (Scheich et al. 2007). His-GlyS and GlyQ inserts were 

combined into a single expression vector by ligation-independent cloning, and the final pQLinkH GlyS 

GlyQ construct was verified by Sanger sequencing. 

The pQLinkH GlyS GlyQ plasmid was transformed in to BL21 (DE3) PC2 E. coli, followed by expression 

and purification by the same protocol as T7 RNAP (Figure 4.3C and D). The purified GlySQ complex 

was dialysed into a storage buffer, and the final solution concentrated, aliquoted and snap-frozen for 

storage until required for use in in vitro charging reactions. 

To test the tRNA charging activity of the purified GlySQ complex, in vitro reactions were carried out by 

incubating GlySQ and tRNAGly together with ATP and C14-radiolabelled glycine (Figure 4.4A). Following 

incubation, tRNA was purified by phenol extraction, resolved by AU-PAGE, and imaged by 

phosphorimaging to detect the incorporation of [14C]glycine on the tRNA (Figure 4.4B). All four tRNAGly 

isoacceptors were charged in vitro, confirming the functionality of purified recombinant GlySQ. The 

same protocol was followed in the synthesis and charging of all four tRNAGly, however these results 

indicate that Gly3 and Gly4 were the most efficiently transcribed and charged of the tRNAs under the 

experimental conditions used. Whilst not investigated, this may be attributed to differing efficiencies 

in the duplexing of the DNA templates and the association of T7 RNAP with the templates due to 

temperature dependant variables – in particular, Gly1 and Gly2 have approximately 5% higher GC 

content when compared to Gly3 and Gly4. Both this result, and the observation that Gly4 was 

confirmed to be acetylated by TacT3 in vitro (discussed in Chapter 5.6 Figure 5.6D), led me to focus 

on the use of Gly4 tRNAGly for the crystallographic study of the TacT-tRNA complex, as this selection 

maximised potential yield of tRNA by in vitro synthesis. 
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Figure 4.4 | In vitro aminoacylation of glycyl-tRNA. Aminoacylating activity of purified GlySQ was 
confirmed by measuring incorporation of [14C]glycine during in vitro aminoacylation. (A) Schematic 
diagram of the experimental design. Purified GlySQ is incubated with in vitro transcribed tRNA, 
[14C]glycine and ATP. After incubation, the tRNA was isolated by acid-phenol RNA extraction and 
analysed by AU-PAGE. (B) RNA was stained with methylene blue and [14C]glycine incorporation was 
measured by phosphorimaging. (C) Size exclusion chromatography elution profile of charged (black 
line) and uncharged (yellow line) Gly4 tRNAGly. UV measured at 280 nm and displayed in a.u. (arbitrary 
units). Fractions indicated were analysed by AU-PAGE and RNA staining with methylene blue. 

Aminoacylated-tRNA was further purified by size exclusion chromatography using an ÄKTApurifier SEC 

system, with charged RNA giving a peak maximum at approximately 70 mL, the same as for un-

aminoacylated-tRNA (Figure 4.4C). Given the very small discrepancy in molecular mass between 

aminoacyl-tRNA (24197.05 Da) and the un-aminoacylated form (24140 Da), a shift in chromatographic 

profile was not expected to be detected using this apparatus. Chromatographic fractions were 

analysed by AU-PAGE, confirming the identity of the peaks centred on 70 mL as tRNA, with peaks 

corresponding to contaminants eluting at volumes greater than 80 mL. 

4.4 Purification of TacT3 and formation of the TacT-tRNA complex 

Due to the tendency of TacT2 to form crystals with weak diffractive qualities, it was decided to focus 

Tac-tRNA crystallographic investigations on TacT3 as the protein component of the TacT-tRNA 

complex. TacT3 was cloned into the pQLinkH expression vector with a Y143F mutation that prevents 

TacT3 toxicity by mutating the catalytic tyrosine sidechain (Figure 4.5A). BL21 (DE3) PC2 E. coli were 

transformed with the pQLinkH TacT3Y143F expression vector, grown in batch culture under expressing 

conditions, and harvested by centrifugation. TacT3Y143F toxin was then purified by IMAC (Figure 4.4B) 

and the polyhistidine tag cleaved from the toxin by overnight incubation with purified recombinant 

TEV protease. 

The initial strategy used in this study for the crystallisation of the TacT-tRNA complex was to pre-form 

the complex in vitro and isolate the complex by size exclusion chromatography (SEC), before carrying 

out crystallisation trials with the isolated complex (Figure 4.5C). The principle of size exclusion 

chromatography is that complex molecular mixtures are flowed through a column packed with 

chromatographic resin that traps molecules of low molecular weight whilst allowing higher molecular 

weight molecules to flow more freely, which results in large molecules being rapidly eluted from the 

column, whilst small molecules are retained in the column much longer. Therefore, as illustrated by 

the  schematic  diagram  in  Figure  4.5C,  when  purified  TacT  and  tRNA  are  mixed prior to SEC, the  
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Figure 4.5 | Purification of TacT3Y143F and formation of the TacT3-tRNA complex. (A) Schematic 
diagram of the overexpression vector constructed for purification of TacT3Y143F. (B) TacT3Y143F was 
overexpressed in E. coli BL21 PC2 transformed with pQLinkH TacT3Y143F. The toxin was purified by IMAC 
and samples were taken throughout the process to be analysed by SDS-PAGE and staining with 
Coomassie Brilliant Blue (CL=clarified lysate; DPL=depleted lysate). The purified sample was treated 
with TEV protease to cleave the polyhistidine tag, and the sample labelled ‘Flow’, marked by the red 
arrow, was retained for use in crystal screening. (C) Schematic diagram outlining the application of 
size exclusion chromatography (SEC) in purifying the TacT-tRNA complex. In brief, the individually 
purified TacT and tRNA components are combined, resulting in the formation of a complex of 
increased molecular mass that is expected to elute from SEC much earlier than either of the individual 
components alone, as demonstrated by the theoretical elution curves. (D) Size exclusion 
chromatography elution profile of TacT3Y143F combined with Gly4 tRNAGly at the stoichiometric ratios 
indicated in the key. UV measured at 280 nm and displayed in a.u. (arbitrary units). 

expectation is that any stable TacT-tRNA complex formed will elute from the SEC column much earlier 

due to an increase in mass. 

To test this in practice, 0.5 mg TacT3Y143F was mixed with Gly4 tRNAGly in increasing molar ratios and 

analysed by size exclusion chromatography (Figure 4.5D). The results of this experiment demonstrated 

several deficiencies with the approach that was used – firstly that 0.5 mg of toxin was insufficient to 

produce a prominent, detectible peak on the SEC apparatus used (light blue line, Figure 4.5D). For 

comparison, the overlaid SEC profile of 5 mg TacT3Y143F (dark blue line, Figure 4.5D) shows the elution 

of the toxin when using a greater initial input. Secondly, the elution peaks of tRNA and TacT3Y143F in 

the chosen buffer conditions of 50 mM Tris pH7.5, 150 mM NaCl and 2 mM MgCl2 were almost 

precisely overlaid at an elution volume of 86 mL, meaning that under these conditions the tRNA and 

protein components cannot be distinguished by SEC. This limitation is further exaggerated as the UV 

absorbance of Gly4 tRNAGly is much greater than that of the TacT3Y143F, resulting in the tRNA masking 

the presence of the toxin during SEC under these conditions. A clear shift in mass due to complex 

formation is also reliant on the TacT-tRNA complex remaining stable, rather than only engaging 

transiently. Ultimately, a combination of multiple factors, including those discussed above, 

contributed to the unsuccessful use of SEC to isolate TacT-tRNA complex in this trial. When reading 

the literature about crystallography of protein-RNA complexes, and in particular aaRS-tRNA co-crystal 

structures, many successful studies adopted methodologies that did not first isolate a stable protein-

RNA complex before crystallisation trials, but instead mixed the two components directly prior to 

crystallisation screens (Biou et al. 1994; Perona et al. 1988; Qin et al. 2014; Rould et al. 1989; Ruff et 

al. 1988, 1991; Yaremchuk et al. 2000, 2002, 1992a, 1992b), which is the strategy I went on to use for 

the rest of this study. 
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4.5 Crystallographic studies of the TacT-tRNA complex 

Figure 4.6 gives an overview of the methodology used in approaching crystallisation of the TacT-tRNA 

complex. To summarise, Gly4 glycyl-tRNAGly was purified through in vitro transcription and 

aminoacylation, followed by size exclusion chromatography and estimation of yield by 

spectrophotometry as described in sections 4.2 and 4.3. Recombinant TacT3Y143F was overexpressed 

in E. coli and purified by IMAC and TEV protease cleavage, with yield also estimated by 

spectrophotometry. Crystallisation trials were set in 96-well two-drop crystallisation plates using a 

broad range of commercially available crystallisation screens including the NatrixTM sparse matrix 

screen specifically developed by Hampton Research for the primary screening of nucleic acid and 

nucleic acid-protein complexes. Plates were incubated between 4 and 16 °C, with plates monitored 

regularly for crystal growth by microscopy. The majority of the primary screens were set with a 

calculated protein:RNA molar ratio of 0.9:1, as this is commonly reported to provide successful 

conditions for protein-RNA complex crystallography (Ke & Doudna 2004). To increase the chances of 

finding successful crystal growth conditions, TacT1Y140F and TacT3 G107E Y143F (purified by Dr Grzegorz 

Grabe) were also included in some primary screens with Gly4 glycyl-tRNAGly. The secondary G107E 

mutation on TacT3 is reported to prevent binding between the toxin and acetyl-CoA (Cheverton et al. 

2016) – as all previous structures of TacTY→F mutant dimers obtained in the Helaine Lab have shown 

acetyl-CoA remains bound to the toxin during purification and crystallisation (TacT1 PDB: 5FVJ, TacT3 

PDB: 6G96), the G107E mutation and resulting absence of acetyl-CoA in any forming crystal lattice 

may result in a significant change in the crystallisation properties of TacT3. 

Figure 4.6B presents some of the crystals obtained in the course of these investigations. Crystal growth 

was observed in a limited number of conditions in the initial weeks following screens being set. These 

crystals were predominantly comprised of very thin, often intertwined, plates or needles – the crystal 

marked ‘X’ in Figure 4.6B demonstrates a typical example of this morphology. Finer screening was 

carried out in buffers composed of Bis-Tris propane pH 6.4–7.7 and 2.5–3.5 M sodium formate to 

optimise growth of these thin crystal plates. Some of these crystals were harvested for use in 

microseed matrix screening to search for new hits, and additive screening was also carried out to 

assess the utility of small molecules in improving crystal growth morphology. Several months following 

initial set-up of these crystallisation screens, new crystal growth was observed with differing 

morphologies, including truncated hexagonal pyramids and cuboids (marked ‘Y’ and ‘Z’ respectively in 

Figure 4.6B). Candidate crystals from each of these morphological groups were taken forward to X-

ray diffraction experiments on beamlines at the Diamond Light Source synchrotron. Crystals with a 

plate morphology diffracted to 2.3 Å but phasing by molecular replacement revealed that no tRNA 

was  present  in  the  asymmetric  unit.   The  slower  growing  crystals  all  demonstrated  very  weak  
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Figure 4.6 | Screening for TacT-tRNA complex crystal formation. (A) An overview of the screening 
strategy employed. Tac toxin and tRNAGly were isolated or synthesised as described in methods. 
Additional purification of these components was achieved by size exclusion chromatography. TacT and 
tRNA were combined and used to set 96-well high throughput sitting-drop vapour diffusion format 
crystallisation screens. A side profile of each sealed well compartment is illustrated below the plate. 
Crystals obtained informed iterative refinements to the purification strategy and were used to 
generate microseed stock for additional screens. Optimisation of crystallisation conditions was also 
performed in a 24-well hanging drop vapour diffusion format. Candidate crystals were taken forward 
to X-ray diffraction studies at the Diamond Light Source synchrotron, Oxfordshire, UK. (B) An example 
of the different crystal morphologies obtained while screening for TacT-tRNA crystal growth. The 
lettered panels are referred to in the text in section 4.5 (C) An image taken from the X-ray detector 
during screening of a truncated hexagonal pyramid-like crystal – an example of this morphology can 
be seen in the images labelled ‘Y’ in panel (B). The inner resolution ring is at 8.25 Å and the outer ring 
at 4.19 Å. 

diffraction qualities, and no structural information was obtained from these samples. Figure 4.6C 

shows a diffraction image taken from one of these crystals, illustrative of the weak diffraction data 

collected. 

To summarise, I have successfully implemented the purification of Tac toxins and in vitro synthesis of 

charged tRNA, however screening for crystal growth failed to generate TacT-tRNA co-crystals 

structurally resolvable by X-ray diffraction. While there are numerous difficulties and limitations that 

may account for the problems encountered in the crystallographic investigation of TacT-tRNA 

complexes, I also considered the possibility that in vivo the Tac toxins work in concert with another 

protein or group of proteins to selectively target single species of tRNA, and this is required to stabilise 

the TacT-tRNA complex. 

4.6 Investigating the role of tRNA synthetase in TacT toxicity 

Along with the knowledge that glycyl-tRNA synthetase is a protein known to interact with the target 

of the TacT toxins, published research on a TacT homologue from E. coli, AtaT, gives a sound rationale 

for the possibility of an interaction between an acetyltransferase toxin and a tRNA synthetase (Jurenas 

et al. 2017). In their study, Jurėnas et al. show that AtaT targets formylmethionyl-tRNAfMet after 

aminoacylation but before formylation. To effectively outcompete the methionyl-tRNAfMet 

formyltransferase, it would therefore be advantageous for AtaT to associate directly with the 

methionyl-tRNA synthetase to intercept methionyl-tRNAfMet as it is synthesised. Consequently, in 

studying whether other proteins contribute to the TacT-tRNA interaction, I first began with a targeted 
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investigation into the possible role of the glycyl-tRNA synthetase in supporting the interaction 

between TacT and tRNA, as illustrated in Figure 4.7A. In all of the assays described for the remainder 

of Chapter 4, unless otherwise stated, the experiments were conducted using TacT3 as a 

representative Tac toxin. As all three Tac toxins have the same mechanism of action (Cheverton et al. 

2016; Rycroft et al. 2018) and target specificity (see Chapter 5), it is assumed that any protein-protein 

interactions would be broadly conserved in all three of these Tac toxins. 

The first assay used to investigate Tac-tRNA synthetase interaction was an in vitro acetylation assay, 

shown schematically in Figure 4.7B, in which purified tRNA was incubated with TacT3 and glycyl-tRNA 

synthetase, along with glycine and ATP, and C-14 radiolabelled acetyl-CoA. Following incubation, the 

tRNA was extracted and resolved by AU-PAGE, before autoradiographic imaging of the gel to assess 

the extent of tRNA acetylation in each sample. The tRNA used in this assay was acid-phenol extracted 

from a ∆tacT1∆tacT2∆tacT3 S. Typhimurium 12023 mutant to ensure no prior acetylation of tRNA. As 

the proportion of charged to uncharged tRNA is unknown when RNA is extracted using this 

methodology, the extracted tRNA was designated as ‘partially charged’. A portion of the ‘partially 

charged’ tRNA was pre-treated with glycyl-tRNA synthetase to generate a ‘fully charged’ tRNA 

population, which was again purified by acid-phenol extraction prior to the in vitro acetylation assay. 

The reason for using these two differently charged tRNA populations in this assay is the need to control 

for the aminoacylating activity of the GlySQ glycyl-tRNA synthetase. With this assay we want to 

investigate the function of GlySQ in bringing together Tac toxin and the tRNA target; however, if there 

is unacetylated tRNA present in the assay then we may instead observe the effects of GlySQ 

synthesising more glycyl-tRNAGly as a substrate for Tac toxin, confounding the results of the 

experiment. 

The left-hand panel of Figure 4.7C clearly shows that, when using untreated tRNA extracted from S. 

Typhimurium in the assay, the addition of glycyl-tRNA synthetase enhances TacT3 mediated tRNA 

acetylation. The right-hand panel of Figure 4.7C shows that TacT3 is significantly more active when 

the tRNA has been pre-charged in vitro by GlySQ (lane 7, right-hand panel), indicating that the majority 

of tRNAGly purified from Salmonella are uncharged. Nevertheless, addition of glycyl-tRNA synthetase 

to the in vitro acetylation assay resulted in a further increase in acetylation signal (lane 8, right-hand 

panel) – this may suggest either that tRNA is constantly becoming uncharged during the assay and 

that GlySQ is simply generating more charged-tRNA substrate for TacT3, or it may indicate that GlySQ 

contributes to the acetylation of tRNA by another mechanism. The effect of GlySQ to enhance 

acetylation is even seen in the absence of exogenously added glycine, though additional glycine does 

increase the influence of GlySQ – this is particularly clear in the left-hand panel of Figure 4.7C, 

comparing  lanes  4 and 8.    This suggests that glycine may have been present as a contaminant in at  
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Figure 4.7 | The effect of glycyl-tRNA synthetase on TacT mediated in vitro acetylation of tRNA. (A) 
A model of the hypothesis that Tac toxins interact with the GlySQ aaRS to target tRNA. (B) Investigating 
the impact of GlySQ on in vitro acetylation of tRNA by TacT. This schematic diagram shows the 
experimental design. Purified Tac toxin was incubated with GlySQ, in vitro transcribed tRNA, glycine, 
ATP and [14C]acetyl-CoA. After incubation, the tRNA was isolated by acid-phenol RNA extraction and 
analysed by AU-PAGE. (C) RNA was stained with methylene blue and autoradiographic detection of 
[14C]acetyl-CoA incorporation was measured by phosphorimaging. The assay was performed on tRNA 
purified from S. Typhimurium 12023 ∆tacAT1∆tacAT2∆tacAT3. ‘Partially charged’ denotes the input 
tRNA was directly purified from Salmonella; ‘Fully charged’ indicates input tRNA was pre-treated with 
GlySQ synthetase to maximise charging of tRNAGly prior to the assay. (D) Schematic diagram of a pull-
down assay investigating the impact of GlySQ on the direct association of Tac toxin with tRNA. Purified 
polyhistidine-tagged Tac toxin bound to NiNTA resin was incubated with GlySQ, in vitro transcribed 
tRNA, glycine, ATP and acetyl-CoA. After incubation, unbound molecules were thoroughly washed 
from the resin and bound tRNA was isolated by acid-phenol RNA extraction and analysed by AU-PAGE. 
(E) RNA was stained with SYBR™ Gold nucleic acid stain and imaged.

least one of the components added to the assay, likely as a degradation product from one of the 

purified proteins. If the assay were repeated it would be better to add glycine to all samples and 

instead vary the addition of ATP to control for the synthetase activity of GlySQ. However, due to the 

limitations in this experiment we favoured the use of other assays for investigating the effects of GlySQ 

on tRNA acetylation independent of its synthetase activity. 

Whilst the above assay gives evidence of whether glycyl-tRNA synthetase enhances tRNA acetylation 

by Tac toxin in vitro, I also wanted to explore whether GlySQ enhances the physical association 

between tRNA and Tac toxin in vitro. As shown in Figure 3.2E, Tac toxins detectably interacted with 

tRNA in vitro during pull-down experiments. To adapt this assay, I incubated polyhistidine tagged 

TacT3 toxin with tRNA and investigated whether the addition of glycyl-tRNA synthetase resulted in 

more tRNA being co-purified with the toxin during a pull-down assay in which the toxin was captured 

by affinity purification. Bound tRNA was isolated from the samples and visualised by AU-PAGE 

followed by staining with SYBR™ Gold nucleic acid stain (Figure 4.7D). This experiment was carried out 

in two different reaction buffers and again showed that toxin strongly interacts with tRNA even in the 

absence of glycyl-tRNA synthetase (Figure 4.7E). There was no clear trend in the impact of glycyl-tRNA 

synthetase on the interaction with tRNA. Buffer A was composed of 10 mM Tris-acetate pH 8, 10 mM 

magnesium acetate, 20 mM ammonium acetate, 20 mM imidazole and 150 mM sodium chloride, and 

Buffer B composed of 20 mM Tris-HCl pH 7.5, 20 mM imidazole, 150 mM sodium chloride. In Buffer A, 

the addition of GlySQ in the absence of co-factors resulted in a decreased recovery of tRNA (lane 3, 

left-hand panel Figure 4.7E), whereas the same experiment carried out in Buffer B resulted in a slightly 
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elevated recovery of tRNA compared to toxin alone (lane 3, right-hand panel). The addition of co-

factors in both buffering systems resulted in a slightly decreased recovery of tRNA.  

Limitations in the assays presented above affect their utility for clearly assessing the interaction 

between glycyl-tRNA synthetase, Tac toxin and tRNA. I instead moved towards experiments directly 

testing an interaction between the Tac toxins and proteins that may contribute to the TacT-tRNA 

complex. 

First, I assessed the in vitro interaction between Tac toxin and glycyl-tRNA synthetase using a pull-

down experiment. In this assay, Tac toxin was mixed in an equimolar ratio with the GlySQ tRNA 

synthetase, and the addition of tRNA, acetyl-coA, ATP and glycine where indicated (Figure 4.8A). The 

components were incubated together in two different buffer compositions of 10 mM Tris-acetate pH 

8, 10 mM magnesium acetate, 20 mM ammonium acetate, 20 mM imidazole and 150 mM sodium 

chloride (Buffer A) or 20 mM Tris-HCl pH 7.5, 20 mM imidazole, 150 mM sodium chloride (Buffer B), 

in the presence of NiNTA IMAC resin, before successive washes to remove unbound molecules and 

elution from the resin by boiling in SDS-PAGE loading buffer. Figure 4.8B shows the results of this 

experiment using TacT3Y143F as the bait protein, representative of three independent repeats. In these 

assays, the experiment was designed with the polyhistidine tag located on the N-terminal of either 

GlyS of the glycyl-tRNA synthetase, or on the TacT3Y143F, to control for the potential interference of 

tag placement on the binding between toxin and synthetase. In all experimental set-ups, results 

indicate that under the conditions tested, TacT3 does not interact with GlySQ. To confirm these 

observations in another Tac toxin, this experiment was repeated instead using TacT1Y140F as a bait 

protein for the pull-down, again showing no observable interaction between Tac toxin and the GlySQ 

tRNA synthetase (Figure 4.8C). Taken together, the results above indicate that in vitro there is no 

specific, direct interaction between Tac toxins and the glycyl-tRNA synthetase that functions to 

enhance Tac toxicity. 

4.7 Identifying proteins interacting with TacT3 

Therefore, I next went on to use an unbiased approach to investigate potential protein-protein 

interactions TacT3 participates in. To do this, I conducted a series of co-immunoprecipitation assays 

(co-IPs) in which TacT3 N-terminally tagged with the FLAG affinity peptide was used as the bait protein. 

As shown in the schematic in Figure 4.9A, I used both an in vitro and in vivo approach to these assays. 

As previously published (Cheverton et al. 2016; Rycroft et al. 2018), and demonstrated in Figure 3.2D, 

the Tac  toxins  efficiently inhibit  translation  when  incubated  in  an  in vitro  protein  synthesis  kit. I 
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Brilliant Blue. (B) Results testing interaction between TacT3Y143F and GlySQ. Left panels are from 
experiments with polyhistidine-tagged GlySQ. Right panels are from experiments with polyhistidine-
tagged TacT3Y143F. Lanes 7-8 of each gel show input samples for reference. Top panels show pull-downs 
carried out in Buffer A (10 mM Tris-acetate pH 8, 10 mM magnesium acetate, 20 mM ammonium 
acetate, 20 mM imidazole and 150 mM sodium chloride). Bottom panels show pull-downs carried out 
in Buffer B (20 mM Tris-HCl pH 7.5, 20 mM imidazole, 150 mM sodium chloride). (C) Results testing 
interaction between TacT1Y140F and GlySQ. This experiment was performed in Buffer A. 

therefore reasoned that within the high concentration of translation machinery and associated 

proteins in the reaction components of this kit, I may identify a protein associated with TacT toxicity. 

In this kit, the addition of a PCR product of the gene of interest driven by a T7 promoter is sufficient 

input for the kit to synthesise a functional protein. To expand the search for Tac protein-protein 

interactions, I also overexpressed FLAG-tagged TacT3Y143F in a ∆tacT1∆tacT2∆tacT3 S. Typhimurium 

12023 mutant to co-IP from the complete cellular environment. These in vitro and in vivo approaches 

are complementary, as the in vitro kit contains a high concentration of translation associated proteins 

that are easily detectible if any interact with TacT3, whilst the in vivo approach provides the breadth 

to probe the entire Salmonella proteome for interactions TacT3. Regardless of the input material, 

proteins were incubated with anti-FLAG coated agarose beads, successively washed with buffer to 

remove unbound material, and then analysed by SDS-PAGE to allow visualisation of the proteins 

remaining bound to the resin. 

Figure 4.9B shows the results of this assay carried out in the in vitro protein synthesis kit. Both wild-

type and Y143F mutant TacT3 were used in this assay, as well as un-tagged TacT3Y143F as a negative 

control. The assay was also done in the presence and absence of the acetyl-CoA co-factor as, whilst 

this co-factor may be required for the interactions, the absence of acetyl-CoA may also result in 

binding partners becoming ‘trapped’ in an interaction with TacT3. After co-IP, the proteins remaining 

bound to the resin were eluted by boiling the beads in SDS loading buffer, which resulted in the heavy 

and light chains of the anti-FLAG antibody being visible at approximately 50 and 25 kDa respectively. 

As expected, no wild-type TacT3 is visible in the reaction where acetyl-CoA is present, as the 

undetectably small amount of TacT3 synthesised in this assay was sufficient to inhibit further protein 

production. In both gels, it can be seen that the un-tagged TacT3 also associates and remains bound 

to the resin, despite thorough washing. As a result, there are no observable differences in the proteins 

eluted between the FLAG-tagged toxin and the negative control, and therefore no conclusions could 

be drawn from this assay. 

Figure 4.9C, however, demonstrates that when FLAG-tagged TacT3Y143F is overexpressed in S. 

Typhimurium,  a distinct pattern of proteins is eluted from the resin when compared to the negative  

90



75
63
48

35

25
20
17

100
135

11

245

75
63
48

35

25
20
17

100
135

kDa

11

245

75
63
48

35

25
20

17

100
135

11

245

kDa

75
63
48

35

25
20

17

100
135

11

245

W
CL

In
pu

t
D

PL
O

up
ut

W
CL

In
pu

t
D

PL
O

up
ut

W
CL

In
pu

t
D

PL
O

up
ut

Empty Vector TacT3Y143F FLAG-TacT3Y143F

W
CL

In
pu

t
D

PL
O

up
ut

W
CL

In
pu

t
D

PL
O

up
ut

W
CL

In
pu

t
D

PL
O

up
ut

Empty Vector TacT3Y143F FLAG-TacT3Y143F

Coomassie Silver

Bu�er A

Bu�er B

FLAG-TacT3Y143F

FLAG-TacT3Y143F

75
63
48

35

25
20

17

135

11

100

75
63
48

35

25
20

17

135

kDa
11

100

In
pu

t

D
PL

O
up

ut

FLAG- TacT3WT

In
pu

t

D
PL

O
up

ut

In
pu

t

D
PL

O
up

ut

FLAG-TacT3Y143F TacT3Y143F

- A
ce

ty
l C

oA
+ 

Ac
et

yl
 C

oA

TacT3
FLAG-TacT3

TacT3
FLAG-TacT3

A B

C

S. Typhimurium

+ ?FLAG
TacT3

Mass
Spectrometry

m/z

A
bu

nd
an

ce

Wash &
Co-immunoprecipitation

SDS-PAGE

in vitro
translation kit

or

Unknown
interactors

Figure 4.9 | Coimmunoprecipita�on of proteins interac�ng with TacT3Y143F in vitro and in vivo. 
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(co-IP) mass spectrometry. (A) Schema�c diagram showing the experimental design. S. Typhimurium 
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isolated by FLAG-TacT3Y143F co-IP from in vitro protein synthesis reac�ons. Input, depleted
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lysate (DPL) and output samples are all shown. The experiment was repeated with (bottom panel) or 
without (top panel) exogenously added acetyl-CoA for wild-type (lanes 1-3) and Y143F mutant (lanes 
4-6) TacT3. An additional control of un-tagged TacT3Y143F was also analysed (lanes 7-9) (C) Coomassie 
Brilliant Blue stained (left panels) and Silver stained (right panels) SDS-PAGE gels of proteins isolated 
by FLAG-TacT3Y143F co-IP from toxin-overexpressing S. Typhimurium. The experiment was repeated 
using wash Buffer A (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1 mM PMSF) and Buffer B (237 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1 mM PMSF) for untagged (lanes 5-8) and tagged (lanes 9-12) 
Y143F mutant TacT3. An additional control of S. Typhimurium overexpressing the empty vector was 
also analysed (lanes 1-4).

control samples in which an empty vector, or non-tagged TacT3, were overexpressed in the same 

background strain of Salmonella. This same pattern was visible in the elution when executed in buffers 

containing 137 mM (Buffer A) and 237 mM (Buffer B) sodium chloride – the addition of sodium 

chloride results in increased stringency of the wash steps. In these assays, proteins were eluted from 

the resin with 3x FLAG peptide which eliminates the presence of antibody chains visible by SDS-PAGE 

and enhances the removal on non-specific interactors. To investigate what proteins were purified in 

the co-IP, samples of the elution for FLAG-TacT3Y143F and both negative controls were sent in duplicate 

for protein identification by mass spectrometry at the MS Lab, Institute of Biochemistry and Biophysics, 

Polish Academy of Sciences. To complement this, gel bands were also sent for analysis – for this the 

bands cut from the FLAG-TacTY143F lane were extracted along with the corresponding region of the gel 

from the un-tagged TacTY143F lane as an appropriate control. 

Table 4.1 shows a summary of the top hits obtained from the mass spectrometry – for sorting the data 

the top 50 displayed hits had to be present in all four eluate samples analysed and absent from at 

least 6 of the 8 negative control samples, with two or more unique peptide fragments detected, and 

were ranked based on protein score from one of the high stringency samples. As expected, the top 

scoring protein was TacT3. Of the remaining top 50 hits, 38 of the proteins detected were ribosomal 

proteins (highlighted in red). Non-ribosomal proteins that were identified include known RNA binding 

proteins such as Elongation Factor Tu, polyribonucleotide transferase and two RNA helicases, and 

protein chaperones including GroL and IbpA. A list of 5 additional proteins is also shown in Table 4.1 

– each of these additional proteins was detected in at least two of the four samples analysed and were 

selected for their possible relevance to Tac function.
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UniProtKB ID

Q7CPW9 TacT3tacT3
P60446 50S ribosomal protein L3rplC
P0A2A3 50S ribosomal protein L1rplA
Q8ZK80 50S ribosomal protein L9rplI
P0A1D3 60 kDa chaperoningroL
P0A7V6 30S ribosomal protein S3rpsC
P66170 50S ribosomal protein L29rpmC
Q7CQT9 30S ribosomal protein S1rpsA
P0A2B3 30S ribosomal protein S7rpsG
P0A2A1 50S ribosomal protein L19rplS
P61179 50S ribosomal protein L22rplV
P60726 50S ribosomal protein L4rplD
P62405 50S ribosomal protein L5rplE
P60428 50S ribosomal protein L2rplB
O54297 30S ribosomal protein S4rpsD
P66593 30S ribosomal protein S6rpsF
P66073 50S ribosomal protein L15rplO
P0A7W4 30S ribosomal protein S5rpsE
Q8ZLT3 Polyribonucleotide nucleotidyltransferasepnp
P0AA13 50S ribosomal protein L13rplM
P0A1H5 Elongation factor TutufA

tufB
P0A297 50S ribosomal protein L10rplJ

rpsO
Q7CPL7 50S ribosomal protein L17rplQ
Q7CQ04 Putative tRNA/rRNA methyltransferaseyfiF
P66541 30S ribosomal protein S2rpsB
P0A7X0 30S ribosomal protein S8rpsH
P66491 30S ribosomal protein S19rpsS
Q7CPL5 50S ribosomal protein L14rplN
P67904 30S ribosomal protein S10rpsJ
Q7CPF1 Small heat shock protein IbpAibpA
P0A7L6 50S ribosomal protein L20rplT
Q8ZLM1 30S ribosomal protein S13rpsM
Q7CQ71 50S ribosomal protein L25rplY
Q8ZPY6 Putative molecular chaperone (Small heat shock protein)STM1251
Q7CPL4 50S ribosomal protein L16rplP
P0A299 50S ribosomal protein L7/L12rplL
P0A7K0 50S ribosomal protein L11rplK
Q7CPP7 50S ribosomal protein L21rplU
P0A2A5 50S ribosomal protein L28rpmB
P0A6B1 Acyl carrier proteinacpP
Q8ZLT4 ATP-dependent RNA helicase DeaDdeaD
Q7CPL6 50S ribosomal protein L18rplR
Q7CP94 Ribonuclease RvacB
Q8ZLY5 Putative cytoplasmic proteinygiF
P68684 30S ribosomal protein S21rpsU
P0A7S6 30S ribosomal protein S12rpsL
P66191 50S ribosomal protein L31rpmE
Q8ZMX7 ATP-dependent RNA helicase SrmBsrmB
P0A2B1 30S ribosomal protein S20rpsT

Q8ZQ16 Ribosomal large subunit pseudouridine synthase CrluC
Q8ZM41 Putative cytoplasmic proteinyggL
Q7CPP8 Putative RNA-binding proteinyhbY
P60317 RNA chaperone ProQproQ
Q7CPH9 Putative cytoplasmic proteinyibL

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

22

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

23 P66431 30S ribosomal protein S15

Table 4.1 | Proteins interac�ng with TacT3Y143F iden�fied by mass spectrometry. A table of the 50 
most abundantly detected proteins bound to TacT3Y143F, plus five addi�onal proteins of interest also 
detected during analysis.
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4.8 Summary 

I have successfully implemented complete in vitro synthesis of milligram quantities of tRNA for 

crystallographic investigation, including the purification of functional T7 RNA polymerase and glycyl-

tRNA synthetase. Multiple attempts to form TacT-tRNA co-crystals did not yield any structural data – 

whilst this may be related to the inherent difficulties of RNA and RNA-protein crystallography, we also 

considered that the absence of a key stabilising factor in the TacT-tRNA complex was contributing to 

the failure of these attempts, and I therefore investigated if other proteins interact with Tac toxin. I 

have shown that the glycyl-tRNA synthetase does not interact with TacT1 or TacT3 under the in vitro 

conditions investigated, and therefore switched to an unbiased mass spectrometry approach to 

identify possible binding partners of Tac toxin. Ribosomal proteins contributed the significant majority 

of proteins bound to TacT3Y143F under the experimental conditions used. Due to the abundance of 

ribosomal proteins in the cytosol, it remains inconclusive whether this represents a non-specific 

interaction or direct binding of TacT3 to the ribosome that serves a true biological function. In section 

6.4 I will discuss in greater detail the possible role of ribosome binding. In this chapter I have presented 

experiments aimed at understanding the intrinsic properties of the toxin that contribute to tRNA 

binding, and next sought to investigate whether the toxins exhibit specificity amongst the total 

repertoire of tRNAs encoded by the Salmonella genome. 
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5 Target specificity of Tac toxins 

5.1 Introduction 

Whilst previous published work by the Helaine Lab has determined aminoacyl-tRNA as the target of 

Tac toxins (Cheverton et al. 2016; Rycroft et al. 2018), in this study I aimed to determine the specific 

repertoire of tRNAs being targeted. The genome of S. Typhimurium encodes 89 tRNA genes which, 

due to gene duplication, produce 50 tRNAs unique by their primary sequence. If Tac toxins do indeed 

target a specific subset of tRNAs this also raises the question of what function this specificity serves. 

Several other TA toxins have been described to target specific tRNAs including Hha, MazF and VapC. 

Hha is a transcriptional repressor that can modulate the expression of rare codon tRNAs having 

multiple downstream consequences including preventing the translation of proteins key for biofilm 

formation (García-Contreras et al. 2008). In the case of VapC and MazF, multiple homologs have been 

described to target tRNA, and it is interesting to note that there is significant diversity in the different 

tRNA subsets each toxin targets – however, beyond inhibition of translation the biological 

consequences of these target specificities remains poorly understood (Cruz et al. 2015; Lopes et al. 

2014; Schifano et al. 2016; Winther et al. 2016; Winther & Gerdes 2011). I had already shown that 

whilst overexpression of Tac toxins inhibits translation, it is not completely shut down (Figure 3.2). 

This raised the possibility that Tac toxins target specific subsets of tRNA to modify the proteome of 

Salmonella to respond appropriately to an activating stress. To date the published specificities of 

GNAT domain TA toxins targeting tRNA have all been determined using in vitro methodologies 

(Jurenas et al. 2017; Wilcox et al. 2018), and I also began my investigation of specificity in vitro. 

However, I aimed at expanding our understanding of these toxins by trying to detect corrupted tRNA 

species within bacteria, to see if these toxins function similarly when under more physiologically 

relevant conditions. As I was unable to obtain data on the structure of the Tac-tRNA complex, I 

investigated toxin-tRNA specificity interactions through structural comparisons of GNAT toxins that 

target different tRNA subsets. 

5.2 Identifying specific tRNAs interacting with Tac toxins 

During a master’s degree rotation in the Helaine Lab, I undertook provisional experiments that 

explored the identification of tRNAs bound to Tac toxins by pull-down assay, coupled with northern 

blotting for sequence specific detection of tRNAs (Hall 2016). In this assay, purified TacT1Y140F toxin 

with an N-terminal polyhistidine tag was incubated in vitro with whole cell RNA isolated from S. 

Typhimurium, followed by successive washes with buffer and immobilised metal affinity 
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chromatography (IMAC) to capture TacT1 and any tRNA complexed with the toxin. Phenol extraction 

was used to purify tRNA from these samples, which was resolved by acid-urea polyacrylamide gel 

electrophoresis (AU-PAGE). Northern blots carried out with the help of Dr Bridget Gollan, were then 

used to identify specific tRNAs remaining bound to the toxin. Figure 5.1A summarises this technique 

in a schematic diagram, and Figure 5.1B shows the data collected by this assay. In these assays tRNAs 

did not non-specifically interact with the NiNTA resin used in the pull-down, nor interact with the 

additional negative control of polyhistidine tagged SpvD used in one replicate. SpvD is a 25 kDa type 

III secretion system effector used here as a protein of similar molecular mass that has no described 

interactions with RNA (Grabe et al. 2016). Several tRNAs were shown to interact with TacT1 by this 

technique. Importantly, different tRNAs appeared to be purified with varied efficiency – tRNAGly was 

particularly efficiently pulled down, whilst tRNAMet 2.1 and tRNALeu were almost beyond detection by 

northern blotting, which is a very sensitive technique for RNA detection. These data gave the first 

indication that the TacT toxins may preferentially bind and target specific subsets of tRNA with a strong 

bias towards glycyl-tRNAGly. 

It was however apparent that this technique had limitations. In particular, due to the large repertoire 

of 50 unique tRNAs in Salmonella, it was impractical to scale up this assay to detect the binding of 

each individual tRNA to TacT1, 2 and 3. Furthermore, different hybridisation temperatures and binding 

efficiencies between probes contributed to the technical difficulties associated with this methodology. 

I then explored the possibility of using a modified version of this assay for the detection of tRNAs 

bound to Tac toxins, instead based around polymerase chain reaction (PCR) detection (Figure 5.1A). 

PCR is a cheap, sensitive assay for the detection of nucleic acids that, compared to northern blotting, 

offers much greater potential for moving toward high-throughput screening for all 50 tRNAs present 

in Salmonella. Figure 5.1C shows the AU-PAGE profile of whole cell RNA isolated from S. Typhimurium 

that was used as an input for this assay, the smallest two bands representing tRNA molecules. Initially, 

I had to show that tRNA isolated from Salmonella could be a viable template for PCR based detection. 

This technique first required the tRNA to be poly(A) tailed to provide a template to which poly(T)-

primer directed reverse transcriptase can initiate synthesis of a complimentary DNA strand. Following 

this, the tRNA were amplified using a tRNA specific upstream primer and a poly(A)CC downstream 

primer, complimentary to the conserved -GGT 3’ terminal sequence of the reverse transcribed tRNA, 

to generate a consistent binding site for the primer anchored at the 3’ terminal (Figure 5.1A). 

Anchoring the poly(A)CC primer in this way ensures the size of the PCR product remains fixed, 

independent of the length of the poly(A) tail generated by poly(A) polymerase. A summary of this 

methodology can be seen in the schematic diagram in Figure 5.1A. 

96



Gly

Met2.1

Met3.1

Tyr

Autoradiography

Methylene Blue

Output

-v
e

Ta
cT

1 Y1
40

F

Sp
vD

In
pu

t

tRNA

Trp

Phe

Val
Autoradiography

Methylene Blue

-v
e

Ta
cT

1 Y1
40

F

In
pu

t

Output

tRNA Ile

Ser

Leu

Ala

Autoradiography

Methylene Blue

-v
e

In
pu

t

Ta
cT

1 Y1
40

F

Output

tRNA

~10µg ~20µg

50

25

100

bp

75

Le
u

Al
a

G
ly

G
lu

M
et

-v
e

tRNA Only

SpvC-tRNA

SpvC+tRNA

TacT1+tRNA

TacT1-tRNA

75
50

150

bp

100

Le
u

Al
a

G
ly

G
lu

M
et

Ty
r

-v
e

92 78 85 84 76 125 -Expected Size:

B C

D E

A

tRNA

His-TacT

Wash, IMAC

& RNA Extraction

H
H

H
H

H H

Autoradiography

DNA Gel
Eletctrophoresis

RTase

Probe
Hybridisation

Poly(A) Tail &
Reverse Transcribe

tRNA

CC
AA

AA
AAAAAAA

TT
T T

T T T T T T T

T T T T T T T T T T T T T T T T T G G N N N N

AAAAAAAAAAAAAAAAAC C

cDNA

Anchored
Primer

PCR

N
or

th
er

n
Bl

ot
RT

-P
CR

97

CHAPTER 5: RESULTS 



CHAPTER 5: RESULTS 

Figure 5.1 | Initial study of Tac toxin target specificity. (A) Schematic diagram showing the 
experimental design for detecting Tac toxin specificity by pull-down assay. Purified polyhistidine-
tagged Tac toxin bound to NiNTA resin was incubated with tRNA isolated from S. Typhimurium 12023 
∆tacAT1∆tacAT2∆tacAT3. After incubation, unbound molecules were thoroughly washed from the 
resin and bound tRNA was isolated by acid-phenol RNA extraction. tRNAs analysed by northern blot 
were separated by AU-PAGE, transferred to a membrane and hybridised with radiolabelled probes, 
with the presence of probed tRNAs revealed by autoradiographic imaging. tRNAs analysed by RT-PCR 
were first poly(A) tailed, followed by reverse transcription, PCR amplification by tRNA specific primer 
pairs and analysis by DNA gel electrophoresis (B) Data from Hall (2016) investigating TacT1Y140F tRNA 
binding specificity by northern blot analysis of three independent pull-down experiments. The top 
panels show methylene blue staining of the AU-PAGE gel prior to transfer. Negative controls (-ve) 
contained no TacT1Y140F. Polyhistidine-tagged SpvD was used as an additional negative control in one 
repeat. The pull-down input tRNA is shown in lane 1. The specific aminoacyl-tRNA being probed by 
each northern blot is indicated to the right of each blot. (C) Purification of RNA from S. Typhimurium 
12023 ∆tacAT1∆tacAT2∆tacAT3 for use in pull-down assays, resolved by AU-PAGE and stained with 
methylene blue. (D) Purified Salmonella tRNA detected by RT-PCR amplification, DNA gel 
electrophoresis separation and staining with SYBR™ Safe nucleic acid stain. The specific aminoacyl-
tRNA being amplified by each reaction is indicated above the gel image. The expected size of each PCR 
product is given below in base pairs. (E) RT-PCR amplification of tRNAs from pull-down samples, 
analysed as described in (D). The components of the individual pull-down reactions are indicated to 
the right of each panel (samples with/without protein or tRNA). SpvC is used as a negative control for 
tRNA binding. 

Figure 5.1D shows the successful PCR amplification of a panel of tRNAs using the method described 

above, with whole cell RNA extracted from S. Typhimurium used as an input. This methodology was 

then tested using the samples containing RNA molecules pulled down in experiments during which 

tRNA had been incubated in vitro with TacT1Y150F toxin or, as a negative control, the SpvC type III 

secretion system effector. Figure 5.1E shows that tRNAs were detectible in this assay; however, some 

PCRs gave a positive result in negative control samples in which no exogenous tRNA was added 

suggesting that tRNAs were common contaminants, possibly present in the original purification of the 

TacT1/SpvC proteins. When coupled with a technique as sensitive as PCR, it was apparent that the in 

vitro methodology used in this assay would not provide clear data on the specific tRNAs bound to Tac 

toxins. 

5.3 Detecting in vitro TacT specificity by mass spectrometry 

To address the question of toxin specificity, I next explored the use of mass spectrometry to directly 

detect acetylated aminoacyl-tRNAs modified through the acetyltransferase activity of the Tac toxins. 

Mass spectrometry is a powerful technique capable of highly sensitive detection of small molecules. 
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In this study, we used liquid chromatography mass spectrometry (LC-MS) in collaboration with Dr 

Gerald Larrouy-Maumus at the MRC CMBI. The LC-MS apparatus used in these experiments first 

separates complex samples by high pressure liquid chromatography (HPLC) in which injected 

molecules flow through a silica separation column. Molecules migrate through the silica column at 

different rates, highly dependent on their intrinsic chemical properties and interactions with the 

chosen buffering system. As the sample exits the column, application of a high voltage aerosolises and 

ionises the stream of molecules (electrospray ionisation, ESI). Quadrupole time-of-flight (Q-TOF) mass 

detection then provides accurate measurement of the mass-to-charge ratio (m/z) of each molecule 

passing through the analyser. 

As LC-MS is optimised for small molecules and not complete biological macromolecules such as tRNA, 

amino acids had to first be liberated from the tRNA prior to MS analysis. Study by the Helaine Lab had 

shown that Pth is able to cleave acetylated amino acids (Ac-aa) from tRNA (Cheverton et al. 2016) – 

therefore each tRNA sample was treated with purified recombinant Pth (provided by Dr S Hare, 

University of Sussex) to liberate these Ac-aa for detection by LC-MS (Figure 5.2A). To ensure accurate 

detection of Ac-aa, purified reference samples of each N-acetylated amino acid were serially diluted 

in the same buffer as the final test samples and analysed by LC-MS, giving an experimental mass and 

retention time (time taken to migrate through the silica column). This reference data, summarised in 

Supplementary Table 5.1, could then be used to accurately detect Ac-aa in complex biological samples. 

Figure 5.2B briefly describes the data analysis process – the raw output of the LC-MS apparatus is the 

Total Ion Chromatogram (TIC) from which information on molecules of a target mass can be extracted 

(Extracted Ion Chromatogram – EIC). Using the retention times reported by the reference samples, 

the mass spectrum of the appropriate HPLC peaks were then extracted, providing data on the Ac-aa 

ion abundance. 

It has previously been shown that the addition of purified recombinant Tac toxin is sufficient to inhibit 

translation in the NEB PURExpress cell free protein synthesis kit (Cheverton et al. 2016) (Figure 3.2). I 

therefore began by attempting to detect acetylated amino acids liberated by Pth from tRNA species 

present in these in vitro assays. First, 12.5 µL samples of the PURExpress kit were incubated in the 

presence of purified recombinant Tac toxins (purified by Bridget Gollan, Helaine Lab), and then RNA 

was extracted from each sample by phenol extraction. To test whether specificity is affected by what 

tRNAs are being transported to the ribosome, the activity of TacT1, TacT2STm, TacT2SEn and TacT3 were 

all analysed both in the presence and absence of active translation in the sample. In the actively 

translating samples, a plasmid encoding for the expression of dihydrofolate reductase (DHFR) under 

the control of a T7 promoter was added. This plasmid was absent in the samples without translation. 
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Figure 5.2 | LC-MS detection of Tac toxin specificity. (A) Schematic diagram showing the experimental 
design for detecting Tac toxin specificity by mass spectrometry. Briefly, tRNA were either intoxicated 
in vitro, through the addition of purified toxin to in vitro protein synthesis reactions, or in vivo, through 
the overexpression of toxins in S. Typhimurium 12023 ∆tacAT1∆tacAT2∆tacAT3. tRNA was extracted 
by acid-phenol extraction. N-aminoacyl- moieties are cleaved from tRNA by peptidyl-tRNA hydrolase 
and detected by LC-MS (B) Overview of LC-MS sample analysis. Chromatograms for a target mass are 
extracted from the total ion chromatogram. Mass spectra are isolated from peaks of interest and the 
abundance of target ions is recorded. In the example given Sample B, but not A, contains a significant 
peak corresponding to the target molecule with a m/z = 118.0499. 

Figure 5.3 shows the results from these assays, repeated in triplicate in all conditions. The size of each 

pie corresponds to the total abundance of all acetylated amino acids detected in each sample. When 

protein purification buffer, rather than Tac toxin, is added to the PURExpress kit as a negative control 

there is almost no signal detected corresponding to the m/z of acetylated amino acids. However, upon 

addition of each toxin to the kit, clear peaks were observed in the spectra corresponding to the 

presence of different acetylated amino acids. We repeatably saw the highest levels of tRNA acetylation 

when TacT3 was introduced into the kit, whilst TacT2STm, previously shown to be non-toxic when 

overexpressed (Rycroft et al. 2018), showed very limited ability to acetylate amino acids at detectable 

levels in this assay. TacT1, TacT2SEn and TacT3 show some variety in the pattern of amino acid 

acetylation detected, with glycine, isoleucine, leucine, serine and phenylalanine being the 

predominantly detected targets of these toxins. Active translation has no impact on the specificity of 

the toxins in vitro suggesting that the mechanism of action of Tac toxins is not to target the tRNAs 

being transported to the ribosome during the synthesis of nascent proteins. 

Whilst it is informative to express abundance through the size of the pie charts, drawing conclusions 

from direct comparison of this abundance should be limited. To purify sufficient quantities of Tac 

toxins for in vitro studies, the recombinant toxins used in this assay were first co-expressed in complex 

with their cognate antitoxins, as purification of toxin alone inhibits the growth of the BL21 E. coli 

expression strain. This toxin-antitoxin complex is then denatured by guanidine hydrochloride 

treatment to remove antitoxin from the affinity tagged toxin. It is therefore not possible to determine 

what fraction of the total pool of toxin is able to refold into an active enzyme in each purification. 

Assays carried out by Dr Bridget Gollan allowed us to calculate a rudimentary normalisation of the 

toxin quantities to be used in the assays shown in Figure 5.3, based on the activity of each toxin in 

vitro as measured by incorporation of C14 radiolabelled acetyl groups on to tRNA. Therefore, each 

sample of the PURExpress kit did not contain a defined molar quantity of active Tac toxin. 
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To summarise, we have detected Tac toxin mediated acetylation of tRNA, clearly demonstrating that 

these toxins preferentially target specific groups of tRNA in a translation independent manner – these 

findings were recently published in Nature Communications (Rycroft et al. 2018). 

5.4 Detecting in vivo TacT specificity by mass spectrometry 

Whilst the detection of Tac toxin mediated acetylation in vitro is informative it cannot be expected to 

fully replicate the physiology of the bacterial cell, so I sought to detect acetylated amino acids directly 

from TacT intoxicated bacteria to analyse the effects of these toxins in situ. To avoid confounding 

factors, overexpression vectors for the Tac toxins were transformed into an S. Typhimurium mutant 

strain that had all Tac toxin loci deleted (Dr Bridget Gollan, Helaine Lab). Bacteria were grown 

uninduced for three hours, followed by a further three hours in which expression of the toxin was 

induced, at which point whole cell RNA was phenol extracted and treated with Pth to prepare the 

sample for mass spectrometry using the same methodology as with the in vitro specificity assay 

described in section 5.3. As a negative control, a strain of S. Typhimurium transformed with an empty 

expression vector was included in the assay. As presented in Figure 5.4, minimal signal corresponding 

to acetylated amino acids was observed in the empty vector strain. The low abundance signals that 

are seen in the negative control may arise from protein contamination, as N-acetylation is a common 

modification of proteins reported in both eukaryotic and prokaryotic cells (Ree et al. 2018). 

When TacT1, TacT2SEn and TacT3 are overexpressed the predominant acetylated amino acid detected 

was glycine, with minimal abundance of any other acetylated amino acids (Figure 5.4). As with the 

results observed in vitro, overexpression of TacT2STm did not lead to detection of acetylated amino 

acids at a significantly different level than in the empty vector negative control strain. As with the 

previous assay, whilst the size of the pie is a useful visual tool for describing the levels of acetylation 

detected for each strain, in particular highlighting the lack of signal detected in the empty vector and 

TacT2STm strains, any direct comparison of the strains should be limited as tRNA input between each 

of these samples was not normalised and could have introduced a bias. 

The results presented in sections 5.3 and 5.4 clearly demonstrate that LC-MS is a useful tool for 

investigating the acetyltransferase activity of the Tac toxins. Whereas in vitro the Tac toxins exhibit 

promiscuous target specificity, in vivo glycyl-tRNAGly are revealed to be the primary biological target 

for all members of the Tac toxin family in Salmonella. 
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5.5 Optimising mass spectrometry for determining specificity 

After using LC-MS to detect acetylated amino acids directly from intoxicated bacteria, showing for the 

first time the target specificity of Tac toxins in vivo, I aimed to quantify the proportion of the amino 

acids loaded on tRNAs that are acetylated. As the schematic diagram in Figure 5.5A illustrates, the 

benefits of this would be the ability to monitor the effect of Tac toxins on the total pool of 

aminoacylated-tRNA and, as it is known that some tRNAs are more abundant than others (Jakubowski 

& Goldman 1984; Wei et al. 2019), to also control for the abundance of different tRNAs in the cell. 

With this in mind, I sought to further enhance the accuracy of the mass spectrometry methodology by 

altering the preparation of the RNA samples prior to analysis. 

In our current experimental system, peptidyl-tRNA hydrolase only cleaves acetylated amino acids from 

tRNA leaving unacetylated amino acids attached to the 3’ end of tRNA – with this technique therefore, 

the abundance of unacetylated amino acids loaded on to tRNA cannot be analysed. Nuclease P1 (NP1) 

non-specifically cleaves single-stranded nucleic acids into 5’-mononucleotides and, consequently, the 

digestion of aminoacylated-tRNA generates 5’-AMP-amino acid fragments detectable by mass 

spectrometry. Figure 5.5B shows a comparison of tRNA hydrolysis by NP1 and Pth for sample 

preparation prior to mass spectrometry. This technique has previously been used to analyse in vitro 

charging of unnatural amino acids on to tRNA (Hartman et al. 2006). As well as the cleavage of both 

acetylated and unacetylated amino acids from tRNAs, the use of NP1 carries several additional 

advantages. The formation of 5’-AMP-amino acids, in which an amino acid is linked by an ester bond 

to 5’-AMP, is beneficial as the 5’-AMP can be considered as a barcode that confirms the amino acid 

has been cleaved from tRNA, and is not contamination carried over from other cellular processes such 

as the N-acetylation of proteins as a post-translational modification. Furthermore, NP1 is active in 

acidic conditions and does not require heating above room temperature to be active which helps 

maintain the labile ester bond linking amino acids to the terminal adenosine of tRNA, and it is also 

readily commercially available. 

Figure 5.5C shows results confirming that upon incubation with NP1, extensive tRNA hydrolysis occurs 

under acidic conditions, and we went on to use this method to investigate Tac toxin specificity. As 

described in section 5.4, Tac toxins were overexpressed in S. Typhimurium and whole cell RNA was 

isolated by phenol extraction. RNA samples were treated with NP1 and analysed by mass 

spectrometry. Figure 5.5D clearly shows that, using this approach, the Tac toxins can be shown to be 

solely targeting glycyl-tRNAGly. These data require further validation by tandem mass spectrometry 

(MS-MS) to confirm the peak identity as 5’-AMP-N-acetyl-glycine, but the highly accurate mass 

measurement and the results of previous mass spectrometry analyses allow us to have considerable  

105



Sample extraction &

mass spectrometry

Amino acid 1 Amino acid 2

A
8.2%

66.7%

Acetyl group
Amino acid

B C

D

O

O

O
N

R

C

C
A

Peptidyl tRNA
hydrolase

Nuclease P1

tRNA

NP1: - 0.
2 

U

0.
75

 U

H

5’

Glycine

Isoleucine/Leucine

Glutamine

Serine

Valine

Alanine

Asparagine

KEY

Aspar�c acid

Threonine

Glutamic acid

Proline

Pth NP1

TacT3

TacT1

TacT2SEn

Empty Vector

in vivo
data

106

CHAPTER 5: RESULTS 



CHAPTER 5: RESULTS 

Figure 5.5 | Optimisation of LC-MS based detection of Tac toxin specificity. (A) Schematic diagram 
illustrating the advantages of calculating the proportion of tRNA that is acetylated, as well as the 
overall abundance of tRNA acetylation. (B) Schematic diagram of the 3’ -CCA3’ terminal of aminoacyl-
tRNA, and the position of bond cleavage for peptidyl-tRNA hydrolase and nuclease P1 (NP1) (C) 0.9 µL 
of tRNA extracted from S. Typhimurium was treated with NP1 and analysed by AU-PAGE, with RNA 
stained by methylene blue. Amount of NP1 used to treat tRNA given in activity units (U) above each 
lane. (D) Data for the LC-MS identified specificity of Tac toxins in vivo after tRNA processing with NP1 
(right-hand charts) compared with Pth processed tRNA (left-hand charts, data taken from Figure 5.4). 
Data are representative of averages taken from three independent experiments. 

confidence in this result. When analysing the data from this technique it became apparent that some 

5’-AMP-amino acids were not detectible in the samples being processed, meaning the ratio of 

acetylated to unacetylated tRNAs could not be calculated. It is likely that some of these amino acids 

are less stably linked to the tRNA, and that the labile ester bond breaks during sample processing. It is 

known that N-acetylation of aminoacyl-tRNA can stabilise the ester bond linking the amino acid to the 

3’ terminal of the tRNA (Fraser & Rich 1973; Hradec 1975), and therefore the N-acetylated tRNAs in 

these samples may be ‘protected’. Attempts to optimise the ionisation conditions in the mass 

spectrometer to reduce the likelihood of ionisation induced dissociation of the AMP and amino acid 

moieties did not allow detection of all 5’-AMP-amino acids. Therefore, while this methodology 

improves upon the specific detection of N-acetylated aminoacyl-tRNA, it has not been possible to 

adapt it to directly measure the proportion of acetylated to unacetylated tRNA species. 

5.6 Determining TacT specificity at the isoacceptor level 

The data from mass spectrometry shows that glycyl-tRNAGly is the biological target of Tac toxins. As 

described in chapter four, in S. Typhimurium there are six tRNAGly genes which encode the four 

isoacceptor tRNAs that are responsible for transporting glycine to the ribosome (Figure 4.2). To 

determine if Tac toxins target all four glycyl-tRNAs, I trialled the use of an in vitro acetylation assay to 

test the ability of the Tac toxins to acetylate each of these tRNAs. First, the efficiency of in vitro tRNA 

charging by the GlySQ glycyl-tRNA synthetase was determined by incubating uncharged tRNAGly with 

purified GlySQ, ATP and C14 radiolabelled glycine (Figure 5.6A). Gly2 tRNAGly showed the weakest 

autoradiographic signal, but we could clearly see that each tRNA was able to be charged and this signal 

was dependent on the addition of the synthetase (Figure 5.6B). To test the ability of Tac toxins to 

acetylate each tRNA in vitro, purified recombinant Tac toxins were incubated with charged glycyl-

tRNAGly (not radiolabelled) and C14 radiolabelled acetyl-CoA (Figure 5.6C). After incubation, the 

reaction components were then separated by AU-PAGE and the autoradiographic signal from the tRNA 
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Figure 5.6 | Detection of specificity at an isoacceptor level in vitro. (A) Schematic diagram of the 

experimental design to confirm charging efficiency of individual in vitro synthesised tRNAGly. Purified 

GlySQ was incubated with in vitro transcribed tRNA, [14C]glycine and ATP. After incubation, the tRNA 

was isolated by acid-phenol RNA extraction and analysed by AU-PAGE. (B) RNA was stained with 

methylene blue and [14C]glycine incorporation was measured by phosphorimaging. (C) Schematic 

diagram showing the experimental design for detecting Tac toxin acetylation activity toward specific 

glycyl-tRNAGly by radiolabelling. Purified Tac toxin was incubated with GlySQ, in vitro transcribed tRNA, 

glycine, ATP and [14C]acetyl-CoA. After incubation, the tRNA was isolated by acid-phenol RNA 

extraction and analysed by AU-PAGE. (D) RNA was stained with methylene blue and [14C]acetyl-CoA 

incorporation was measured by phosphorimaging. 

analysed by phosphorimaging (Figure 5.6D). TacT1, TacT2SEn and TacT3 were able to acetylate all four 

glycyl-tRNAs, whereas TacT2STm, in keeping with previous data showing a lack of toxicity, generated no 

measurable acetylation in this assay. This assay is informative, but a complete and optimised dataset 

was not pursued as the in vitro promiscuity we observed in the mass spectrometry assays (Figure 5.3) 

inevitably cast doubt on the biological relevance of such a result. The specificity of Tac toxins at 

a codon level can be indirectly analysed in vivo by an approach called Ribo-Seq – a topic that is 

expanded upon in discussion section 6.7 of this thesis. 

5.7 Determining the specificity of the TacT homolog: ItaT 

In June 2018 a study was published in collaboration with the Helaine Lab reporting the 

characterisation of ItaT, a homolog of the Tac toxins found in E. coli (Wilcox et al. 2018). In this study, 

Wilcox and colleagues showed ItaT is an acetyltransferase toxin targeting aminoacyl-tRNA. Using 

ribosomal toeprinting assays, this study showed that the ribosome consistently stalled at isoleucine 

codons when ItaT was present in in vitro protein synthesis reactions, and in vitro acetylation of charged 

isoleucyl-tRNAIle was then confirmed by targeted mass spectrometry. This result provided an 

opportunity to conduct a comparative study of ItaT and the Tac toxin family to obtain information on 

the molecular basis for target specificity as these toxins target different tRNAs. 

Following the same protocol as presented in section 5.4 and 5.5, ItaT was overexpressed in DH5α E. 

coli and the RNA was extracted and analysed by mass spectrometry with both Pth and NP1 methods 

of sample preparation. In line with what was reported by Wilcox et al. the predominant species of 

tRNA we observed being acetylated in bacteria was isoleucyl-/leucyl-tRNA, however we also detected 

significant acetylation of valyl-, and to a lesser extent methionyl-tRNA (Figure 5.7A and B). These 

results validate our methodology as a useful tool for the identification of tRNA-acetylating toxin targets

in vivo. 
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Figure 5.7 | Target specificity of the E. coli GNAT domain toxin ItaT. Data for the LC-MS identified 
specificity of ItaT in vivo after tRNA processing with Pth (A) or NP1 (B). ItaT was overexpressed in DH5α 
E. coli transformed with pBAD33 ItaT. Data are representative of averages taken from three
independent experiments.

5.8 Crystallographic studies of ItaT 

The study of ItaT offered the opportunity to structurally compare closely related tRNA acetylating 

toxins with differing target specificity, to determine if there are any clear differences that may 

contribute to the unique target repertoires of each toxin. To address this, a catalytically inactive 

mutant of ItaT was amplified by overlap extension PCR (Figure 5.8B) and restriction cloned in to the 

pQLinkH overexpression vector (Figure 5.8A). Successful cloning was confirmed by Sanger sequencing 

and the plasmid was transformed into BL21 (DE3) PC2 E. coli (Cherepanov 2007) for overexpression. 

The polyhistidine tagged ItaT was purified by immobilised metal affinity chromatography (IMAC), and 
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Figure 5.8 | Experimental determination of the ItaTY150F structure. (A) Schematic diagram of the 
overexpression vector constructed for purification of ItaTY150F. (B) Overlap extension PCR to introduce 
Y150F mutation into ItaT. (C) ItaTY150F was overexpressed in E. coli BL21 PC2 transformed with pQLinkH 
ItaTY150F. Polyhistidine tagged ItaTY150F was purified by IMAC and samples were taken throughout the 
process to be analysed by SDS-PAGE and staining with Coomassie Brilliant Blue (WCL=whole cell lysate; 
DPL=depleted lysate; E=elution). The purified sample was treated with TEV protease to cleave the 
polyhistidine tag, and the sample labelled ‘TEV Flow’, marked by the red arrow, was retained for use 
in crystal screening. (D) Example crystals obtained during crystal screening of the ItaTY150F construct. 
The crystal shown in the top left panel was analysed by X-ray diffraction at the Diamond Light Source 
synchrotron (Oxfordshire, UK) yielding the dataset used to solve the crystal structure of the ItaTY150F

dimer, with a representative image from the X-ray diffraction data collection shown in panel (E). (F) 
Data collection and refinement statistics for the crystal structure of ItaTY150F. 
 

the polyhistidine tag cleaved through overnight incubation with TEV protease (Figure 5.8C). 

Crystallisation trials were conducted in a 96-well plate format with 768 unique conditions, using both 

20 mg/mL and 6.5 mg/mL of protein, with initial drops being set with 200 nL protein purification 

combined with 200 nL crystallisation buffer. Plates were incubated at 4 °C and monitored regularly for 

crystal growth, with several crystals forming within the first week. Figure 5.8D shows a selection of 

crystals obtained during this screen. The crystal shown in the top left panel of Figure 5.8D, grown in a 

buffer composed of 100 mM Tris base/hydrochloric acid pH 8.5 and 20% v/v reagent alcohol, was 

analysed by X-ray crystallography, diffracting to 2.27Å. An example diffraction image from this dataset 

is shown in Figure 5.8E. Molecular replacement was used to solve the crystal structure, with TacT3 

(PDB: 6G96) used as a search template. Prior to molecular replacement, the TacT3 search 

template .pdb file was converted to a polyalanine model (all sidechains altered to -CH3), in addition to 

all water and other solvent molecules being removed. Statistics for the data collection and refinement 

are shown in Figure 5.8F. A single dimer of ItaT was present in the asymmetric unit, with a molecule 

of acetyl-CoA present in the binding site of each monomer. Figure 5.9A shows the solved structure of 

the ItaT dimer – the first 8 and 12 residues from chain A and B respectively could not be modelled into 

the density. The surface loops from residues 79 to 94 and residues 153 to 169 were also poorly 

mapped within the electron density – these regions have particularly high B-factors suggesting there 

is significant flexibility of ItaT within these parts of the structure (Figure 5.9B). The calculated surface 

potential of ItaT clearly shows, as with the other GNAT toxins, a significant patch of positive surface 

charge in the proximity of the active site (Figure 5.9C) likely associated with the toxic activity of ItaT, 

though this remains to be experimentally shown. Figure 5.9D compares the topology of the canonical 

GNAT domain (Vetting et al. 2005b) (in grey) to that of ItaT (coloured to correspond with the structure 

in Figure 5.9A). As can be seen, the α1 and 3 and β1-5 features of the GNAT fold remain largely 

conserved, though α1 has an insertion of a pi-helix turn which introduces a distinctive kink into the 

main chain. 
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Figure 5.9 | The structure of ItaTY150F and topological comparison with the canonical GNAT domain 
fold. (A) Cartoon representa�on of the ItaTY150F dimer crystal structure. Chains are coloured by 
monomer, with chain A coloured white and chain B coloured as a rainbow from blue at the N-terminal 
to red at the C-terminal. Acetyl-CoA molecules are shown as s�ck representa�ons. (B) Representa�on 
of ItaTY150F structure B-factors. Increased chain width indicates higher B-factor. Chain is also coloured 
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corresponding to B-factor, with blue and red corresponding to low and high B-factors respectively. (C) 
A surface charge representation of the ItaTY150F dimer. Acetyl-CoA molecules are shown as stick 
representations. Positive surface charge is shown in blue and negative surface charge is shown in red. 
The active sites are indicated by dashed yellow circles (D) Topological map of ItaTY150F monomer, 
coloured as shown in (A), compared to the topological map of the canonical GNAT domain (Figure 
adapted from Vetting et al., 2005). 

5.9 Structural comparisons of GNAT toxins 

The structure of ItaT was aligned with the structures of TacT1 (Cheverton et al. 2016) (PDB: 5FVJ), 

TacT2SEn (Phyre2 model, see section 3.6), TacT3 (Rycroft et al. 2018) (PDB: 6G96) and AtaT (Jurėnas 

et al. 2019) (PDB: 6GTP) (Figure 5.10A). These are the five GNAT domain TA toxins for which the tRNA 

target specificity has been defined, and their alignment shows the remarkable conservation of the 

central structural fold in these toxins. Interestingly, AtaT exhibits a ‘β-bulge’ in the β4 strand – a 

commonly described feature of the GNAT domain – which may be present in one monomer of the 

TacT1 structure, but appears to be absent from the structures of TacT2, TacT3 and ItaT; however, the 

functional consequences of this difference are unclear. The surface loops of the GNAT toxins show a 

considerable increase in structural divergence, and Figure 5.10B and C highlight Loops 1 to 4 as regions 

of the structural alignment with particular differences between the toxins. Loops 3 and 4 correspond 

to the ItaT loops at residues 79 to 94 and residues 153 to 169 that exhibit a high degree of structural 

flexibility, and indeed TacT1, TacT3 and AtaT deposited structures show a similar trend for a high 

degree of flexibility within these loops (Supplementary Figure 5.1B). The divergence of the toxin 

structures in these key loops, and the degree of flexibility they exhibit, may suggest that these domains 

are key for tRNA substrate recognition. We are currently performing experiments to produce chimeric 

toxins, in which the loops from one toxin are presented on to the backbone of another, to see if the 

toxin specificity can be switched by translocating these loop regions. Figure 5.10E shows an alignment 

of the primary sequence of the toxins, highlighting the position of Loops 1 to 4 as well as the position 

of the key residues that contribute to the positively charged surface area adjacent to the 

acetyltransferase active site. These alignments show clusters of positively charged residues in the 

region between loop 1 and 2, and within loop 3. As it has already been demonstrated that positively 

charged surface residues are vital for the function of these toxins (Cheverton et al. 2016; Jurėnas et 

al. 2019; Rycroft et al. 2018), it is possible that the different distribution patterns of positively charged 

residues contributes to tRNA interaction and the observed tRNA target specificity. 
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Figure 5.10 | Alignment of five GNAT domain TA toxins – TacT1, TacT2SEn, TacT3, ItaT and AtaT. 
Aligned structures of GNAT domain TA toxins (A), with enlarged views of loops 1-4 to show structural 
variation more clearly (B and C). (D) Clustal Omega (Sievers et al. 2011) multiple sequence alignment 
of the GNAT domain TA toxins. Loops 1-4 highlighted in orange. Residues contributing to positive 
surface charge near active site are highlighted in yellow, with those experimentally shown to be 
important for toxicity shown in blue. These positive residues are labelled ‘primary’ or ‘donor’ to 
indicate if they contribute to the positive surface charge at the active site of the monomer in which 
they are contained (primary), or the active site of the opposing monomer (donor). TacT1 PDB: 5FVJ, 
TacT2 Phyre2 model (Figure 3.6), TacT3 PDB: 6G96, AtaT PDB: 6GTP. 

5.10 Summary 

I have developed a new methodology for the detection of tRNA acetylation both in vitro and in vivo 

using LC-MS. In doing so, I have demonstrated that Tac toxins can acetylate several tRNA species in 

vitro, possibly due to decreased substrate selectivity at high substrate concentrations. I extended this 

methodology to directly show Tac toxins acetylate tRNAs in vivo during overexpression, with exquisite 

selectivity for glycyl-tRNAGly observed under these conditions. Furthermore, our data support the 

findings that ItaT primarily targets isoleucyl-tRNAIle (Wilcox et al. 2018), though also shows significant 

acetylation of valine occurs in vivo. Whether this observation has biological significance for the 

function of ItaT remains to be investigated. The crystal structure of the ItaTY150F dimer was 

experimentally solved, showing a high degree of structural similarity with other GNAT domain TA 

toxins. Alignment of the toxins in this family has revealed two surface loops that show significant 

flexibility and heterogeneity, which may elude to a function in tRNA binding and toxin substrate 

specificity. 
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Ac-Phenylalanine C11H13NO3 208.0968 208.0971 0.958 1.189
Ac-Leucine C8H15NO3 174.1125 174.1124 1.023 1.221
Ac-Serine C5H9NO4 148.0604 148.0611 1.318 1.566
Ac-Tyrosine C11H13NO4 224.0917 224.0908 1.017 1.199
Ac-Cysteine C5H9NO3S 164.0376 164.0375 1.018 1.233
Ac-Tryptophan C13H14N2O3 247.1077 247.1081 0.992 1.157
Ac-Proline C7H11NO3 158.0812 158.0812 1.305 1.52
Ac-Histidine C8H11N3O3 198.0873 198.0875 11.746 12.127
Ac-Glutamine C7H12N2O4 189.087 189.0871 1.679 1.927
Ac-Arginine C8H16N4O3 217.1295 217.1295 12.225 12.539
Ac-Methionine C7H13NO3S 192.0689 192.0692 1.036 1.251
Ac-Threonine C6H11NO4 162.0761 162.076 1.267 1.499
Ac-Asparagine C6H10N2O4 175.0713 175.0714 1.576 1.807
Ac-Valine C7H13NO3 160.0968 160.0972 1.058 1.24
Ac-Alanine C5H9NO3 132.0655 132.0655 1.106 1.437
Ac-Aspartic Acid C6H9NO5 176.0553 176.0551 1.087 1.401
Ac-Glutamic Acid C7H11NO5 190.071 190.071 1.084 1.464
Ac-Glycine C4H7NO3 118.0499 118.0497 1.115 1.479
Ac-α-Lysine C8H16N2O3 189.1234 189.1241 11.8 12.213
Ac-ε-Lysine C8H16N2O3 189.1234 189.1236 10.286 10.799

Compound Formula Theoretical
m/z

Experimental
m/z Min. Max.

Retention Time

Supplementary Table 5.1 | Reference table for the detec�on of N-acetyl-amino acids by LC-MS. 
Experimentally determined m/z and reten�on �mes of pure N-acetyl-amino acids used as references 
for LC-MS analysis of toxin specificity.

Supplementary Figure 5.1  | The structure and surface charge of five GNAT domain TA toxins – TacT1, 
TacT2SEn, TacT3, ItaT and AtaT. (A) Cartoon and surface charge representa�ons of the GNAT TA toxin 
dimers. Chains are coloured by monomer, with chain A shown in white and chain B in solid colour. 
Acetyl-CoA molecules are shown as s�ck representa�ons. Posi�ve surface charge is shown in blue and 
nega�ve surface charge is shown in red. (B) Representa�on of structure B-factors for ItaT, TacT1, TacT3 
and AtaT. Increased chain width indicates higher B-factor. Loca�on of loops 3 and 4 are indicated by 
numbered arrows. TacT1 PDB: 5FVJ, TacT2SEn Phyre2 model (Figure 3.6), TacT3 PDB: 6G96, AtaT PDB: 
6GTP. (Figure on Next Page)
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6 Discussion 

6.1 The GNAT domain TA toxins are functionally and structurally conserved tRNA acetylating 

enzymes 

TacT1 has been characterised as a novel GNAT domain containing TA toxin which acetylates tRNA to 

inhibit protein synthesis and, consequently, the proliferation of bacteria (Cheverton et al. 2016). The 

genome of S. Typhimurium encodes two additional homologs of TacT1, named TacT2 and TacT3, which 

have 47% and 29% sequence identity with TacT1 respectively (Figure 3.1D). Work by Rycroft et al. has 

demonstrated that overexpression of TacT2 from S. Typhimurium (TacT2STm) is not toxic to bacteria, 

however the homologous system encoded by S. Enteritidis (TacT2SEn) is able to inhibit growth in 

overexpression (Rycroft et al. 2018). To contribute to the characterisation of these systems I have 

performed assays confirming that TacT2SEn and TacT3 both inhibit protein synthesis, though data from 

the pulse-chase assays show that translation is not fully inhibited and bacteria retain the capacity to 

synthesise decreased levels of protein, even when the toxin is being overexpressed from the strongly 

induced PBAD promoter (Figure 3.2B). The partial inhibition of translation is less clear in vitro (Figure 

3.2D) which may be attributed to a number of causes. Firstly, the amount of purified toxin present in 

the reaction may far exceed the physiological concentrations of the toxin, and therefore in the in vitro 

data we might be observing a dose-dependent increase in the ability of the toxin to inhibit translation. 

Secondly, whilst the PURExpress kit contains all of the transcriptional and translational machinery 

required to synthesise protein in vitro, the bacterial cell is a vastly more complex system that may 

contain other proteins that interact with and modulate the toxicity of Tac toxins in a manner we have 

yet to understand. For instance, we already know that Pth is able to cleave N-acetyl-amino acids from 

tRNA and inhibit TacT toxicity (Cheverton et al. 2016), however we still do not know how Pth is 

regulated in response to TacT intoxication. Similarly, it has been generally observed in our lab that 

TacT overexpression results in increased tRNA abundance when extracting RNA from these bacteria, 

and it may be that bacteria specifically respond to the effects of Tac toxins by upregulating production 

of their tRNA targets. Lastly, when observing the inhibition of translation in vitro (Figure 3.2D), we are 

only looking at the production of a single protein – dihydrofolate reductase, FolA. It may be that the 

target specificity of the Tac toxins for glycine, which I will discuss in more detail below, renders the 

folA gene particularly susceptible to failed translation – the primary sequence of FolA contains 10 

glycine positions including a stretch of three consecutive glycines at residues 95-97. It is likely a 

combination of factors that contribute to the apparent total inhibition of translation in vitro, whilst in 

vivo translation inhibition appears only partial. 
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While I was unsuccessful in experimentally determining the structure of TacT2SEn, a high confidence 

model generated by the Phyre2 protein fold recognition server (Kelley et al. 2015) showed the TacT2SEn 

dimer exhibits conserved features of the GNAT domain TA toxins, including a conserved central fold 

of six β-sheets and three α-helices, and a patch of positive residues extending from the acetyl-CoA 

active site and across the face of both monomers (Figure 3.6). These features have been observed in 

all of the structures of GNAT toxins experimentally solved to date (Cheverton et al. 2016; Jurėnas et 

al. 2019; Qian et al. 2018; Rycroft et al. 2018). Similarly, the experimentally solved structure of ItaT 

toxin conforms to these canonical features of the GNAT toxins (Figure 5.9). The formation of a dimer 

is required to complete the positively charged surface adjacent to the active site – it is likely that these 

residues mediate contact with the tRNA target through interactions with the negatively charged 

phosphate backbone of the tRNA, and that the observation that both KacT and AtaT 

require dimerization for toxicity is likely a conserved feature of all the tRNA-acetylating GNAT toxins.

6.2 Lessons from TacT-tRNA crystallography 

In this project, I successfully purified functional T7 polymerase and glycyl-tRNA synthetase and used 

them in the in vitro purification of tRNAs for crystallography. Particular focus was put on the use of 

Gly4 tRNAGly as this tRNA was readily transcribed and aminoacylated (Figure 4.4B) and was a confirmed 

target of Tac toxins in vitro (Figure 5.6D). Multiple attempts were made to crystallise this tRNA in 

complex with Tac toxin with several crystals grown in these screens, however none diffracted yielding 

structural data on the TacT-tRNA complex. 

Crystallographic study of RNA and RNA-protein complexes is an inherently difficult proposition. The 

repetitive nature of the phosphate backbone offers little chemical diversity for intermolecular 

contacts to be made within the crystal, and the high flexibility of RNA can prevent conformational 

homogeneity within a sample (Ke & Doudna 2004). It is possible this resulted in inefficient molecular 

packing in any forming TacT-tRNA crystals, though it should be noted that tRNA are a generally well-

structured macromolecule with a propensity to form intermolecular contacts given the right 

orientation (Zhang & Ferré-D’Amaré 2014). There are some strategies that have been developed that 

may help to overcome these difficulties in RNA crystallography. Firstly, it is possible to engineer an 

RNA construct to contain particular sequences known to form stable interactions, such as 

tetraloop/tetraloop-receptor sequences, that promote the formation of regular intermolecular 

contacts (Ferré-D’Amaré et al. 1998). Another powerful approach is a technique called circular 

permutation which has been used to generate tRNA constructs in which highly flexible regions, such 

as the -UCCA3’ terminal of tRNA, are instead incorporated into a more structured helical domain that 
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has minimal impact on the core structure of the RNA (Zhang & Ferré-D’Amaré 2013). Similarly, RNAs 

can be engineered to contain RNA motifs that bind RNA chaperone proteins, effectively decorating 

the RNA construct with a protein that facilitates crystallisation, such as the Fab, YbxF and UA1 RNA 

binding proteins (Zhang & Ferré-D’Amaré 2014). However, as we have not yet determined what 

elements of the tRNA are most important for recognition by Tac toxin, the introduction of novel 

elements on the tRNA risks disruption of the TacT-tRNA interface, so careful characterisation of the 

tRNA targets of Tac toxins would be required to rationally design and optimise such an approach. 

Crystal growth requires a homogenous macromolecular population to ensure the regularity of the 

crystal lattice and the resulting diffraction of X-ray radiation. The method of RNA synthesis carried out 

in this project included the use of 2’-O-methylated RNA bases at the 5’ terminal of the template strand 

(Figure 4.1) which is designed to ensure RNAP does not add any additional bases at the 3’ end of the 

RNA product during in vitro synthesis (Sherlin et al. 2001). The in vitro charging of Gly4 tRNAGly 

observed during RNA synthesis (Figure 4.4B) indicates that the tertiary structure and 3’ -CCA3’ terminal 

were consistently formed in this procedure as they were recognised and engaged in the tRNA charging 

reaction by glycyl-tRNA synthetase, and further purification with size exclusion chromatography was 

used as an additional means to remove abortive products of tRNA synthesis. It may be advantageous 

to move to a polyacrylamide gel electrophoresis based purification method to further improve sample 

homogeneity and assess the impact of this on crystal growth, however this is an expensive, labour-

intense technique that also results in loss of RNA, which is a hinderance to generating RNA samples at 

the appropriate scale for crystallographic study (Flores et al. 2014). It is known that tRNAs are highly 

modified post-transcriptionally (Lorenz et al. 2017) and these modifications are absent from the in 

vitro synthesised tRNAs produced in this study – the potential influence of these modifications on the 

stability of the TacT-tRNA complex are an unknown and the use of a tRNA purification technique that 

preserves these modifications may assist crystallography, such as isolation of tRNA from an E. coli 

overexpression system, or in vitro chemical RNA synthesis (Sherlin et al. 2001). RNA-protein 

crystallography presents a significant optimisation challenge and there are numerous additional 

factors that could be modified in the screening protocol including RNA:protein stoichiometry, 

temperature, and macromolecule concentrations that may result in reproducible growth of crystals 

that diffract to an acceptable resolution. 

Cryo-electron microscopy (cryo-EM) would offer a different approach to obtaining the TacT-tRNA 

complex structure. This powerful technique has been improving at a rapid pace in the last 20 years 

and, though relatively small at around 100 kDa, a TacT dimer in complex with two tRNA molecules is 

within size limits of current cryo-EM technology for single-particle analysis (Mitra 2019). Another 

advantage associated with cryo-EM is that, unlike for crystallography, cross-linking can be used to 
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stabilise a macromolecular complex without detrimental effects on sample analysis (Dillard et al. 

2018). 

If experimental determination of the TacT-tRNA complex structure is not possible, then in silico 

docking simulations may offer a route to form a prediction of this structure, however flexibility of 

biological macromolecules and the conformational changes that occur during many protein-ligand 

interactions still pose a significant hurdle to accurate prediction of complex structures (Nithin et al. 

2018). The flexibility observed in potential tRNA binding regions of the GNAT domain toxins 

(Supplementary Figure 5.1B) is therefore likely to limit the utility of current in silico docking 

approaches. 

6.3 Structural determinants of TacT toxicity 

Whilst a structure of the TacT-tRNA complex was not obtained, data from this thesis and published 

structures can help give an indication of what elements of the toxin structure may determine target 

specificity. Firstly, as previously discussed, all of the toxins have a key area of positively charged 

residues near the active site (Figure 5.10E). The structured section of the GNAT TA toxins between 

loop 1 and 2 show considerable conservation within the Tac toxins, and apparent divergence in the 

primary sequence in comparison to both AtaT and ItaT, indicating that this inter-loop1/2 element of 

the toxins may be key in determining tRNA target specificity (Figure 5.10E). A significant cluster of 

surface-exposed positively charged residues also lies within the region annotated ‘loop 3’. In all of the 

solved structures of GNAT TA toxins presented in Supplementary Figure 5.1B, loop 3 residues have a 

high B-factor, which is indicative of a highly mobile region of the protein. If indeed these positive 

charges are key for tRNA binding as hypothesised, then the flexibility of loop 3 in particular may 

contribute to conformational changes required for these positive residues to fully engage the docking 

tRNA. It is also interesting to note that alignments of TacT1 with three other GNAT acetyltransferases 

which are predicted to be close structural homologs showed that the loop 3 region was only present 

in TacT1, supporting the suggestion that it may contribute to the novel functionality of these tRNA 

acetylating toxins (Cheverton et al. 2016). 

Other tRNA interacting proteins have been described to recognise and bind multiple epitopes of tRNA. 

Aminoacyl-synthetases, for instance, have been shown to use various elements of the tRNA for 

recognition including the acceptor stem, anticodon stem-loop and D loop (Beuning & Musier-Forsyth 

1999). Figure 6.1 shows the structure of the Gly4 tRNAGly, predicted by the RNAComposer algorithm 

(Antczak et al. 2017), alongside the dimer of TacT3 and scaled to show the true size comparison 

between each of these biological macromolecules. When the 3’ terminal of tRNA is engaged in the 
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active site of Tac toxins, the relative size of these two molecules would indicate that, in this toxin 

conformation, the anticodon stem/loop are unlikely to also engage with the dimer. This observation 

suggests two possible scenarios – either the anticodon stem/loop is not required for TacT-tRNA 

binding and specificity, or the binding of tRNA induces significant conformational changes that extend 

the dimer, such that anticodon stem/loop binding can be accommodated. 

Figure 6.1 | Illustration of the TacT3 dimer and Gly4 tRNAGly. Scale models of the TacT3Y143F dimer 
crystal structure (left, PDB: 6G96) and predicted tertiary structure of Gly4 tRNAGly (right) modelled by 
the RNAComposer 3D modelling server (Antczak et al. 2017). TacT3 model coloured by monomer. 

Rather than approaching the structural determinants of specificity from the perspective of the toxin, 

we can also investigate what features of the tRNA are presented to the toxin during binding. The 

acceptor stem is the structural element that carries the amino acid and therefore has to, at least in 

part, engage with the toxin during the acetylation reaction. I considered the possibility that the target 

promiscuity observed during in vitro acetylation (Figure 5.3) was related to the structural similarity 

between the acetylated tRNAs. Therefore, sequences of all S. Typhimurium NCTC 12023 (ATCC 14028s) 

tRNA acceptor stems were taken from the GtRNAdb database (Chan & Lowe 2016), and analysed using 

the multiple sequence alignment tool, Clustal Omega (Sievers et al. 2011) (Figure 6.2A). The acceptor  
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Figure 6.2 | Multiple sequence alignment of tRNA acceptor stems. (A) Clustal Omega (Sievers et al. 
2011) multiple sequence alignment of the acceptor stem of selected S. Typhimurium tRNAs. The 
sequences were downloaded from GtRNAdb (Chan & Lowe 2016) and the final 10 base pairs extracted 
from each sequence for alignment. (B) Cartoon representation of tRNA secondary structure. 

stem of glycyl-tRNAs is a highly conserved structure, with only one base pair of the nine 3’ terminal 

bases being altered in the Gly2 tRNAGly. Leucyl-tRNAs have 70-90% sequence identity with glycyl-tRNA, 

and this high degree of similarity may be reflected in the significant acetylation of leucyl-/isoleucyl- 

tRNAs observed in vitro. However, isoleucyl-, seryl- and phenylalanyl- tRNAs, which were all clearly 

detected during in vitro acetylation assays (Figure 5.3), share a lower degree of similarity within the 

primary sequence of the acceptor stem. Furthermore, 1 out of 4 threonyl- and 2 out of 10 arginyl-

tRNAs show 70% sequence identity with the glycyl-tRNA acceptor stem sequence, however these 

amino acids were never observed to be acetylated in vitro. Taken together, this would suggest that, 

whilst the acceptor stem does play a role in Tac toxin target recognition, there are likely other motifs, 
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including the aminoacyl- moiety, that contribute to the TacT-tRNA interaction. I plan to test which 

structural components of the tRNA interact with Tac toxins by testing the acetyltransferase activity of 

TacTs against mutant tRNAs. By generating tRNA chimeras in which structural elements of glycyl-tRNA 

are replaced by those encoded in a non-target tRNA, such as tRNAMet, it will be possible to determine 

the importance of individual tRNA elements for acetyltransferase activity. 

The discrepancy between the in vitro and in vivo specificity data, alongside the difficulties in 

crystallising the TacT-tRNA complex led us to speculate that there may be an additional component in 

the complex that contributes to the stability and/or specificity of this interaction. 

6.4 The possible role of ribosomes in Tac toxin functionality 

Many toxins that target translation through mRNA cleavage, such as RelE (Pedersen et al. 2003) and 

YafQ (Prysak et al. 2009; Zhang et al. 2009), must associate with the ribosome to become active. 

Indeed, during the characterisation of the TacT1 target, Dr Cheverton investigated the possibility that 

ribosomal proteins were the target of TacT1, though assays confirmed the toxin does not directly 

acetylate the ribosome (Cheverton 2016). I considered the possibility that the TacT toxins require 

association with the ribosome to facilitate tRNA targeting. Elongation factors are constantly bringing 

aminoacyl-tRNA to the ribosome to supply translation, so association with the ribosome could provide 

a mechanism to ensure efficient interception of tRNAs to inhibit translation as the ribosomes process. 

I have shown by co-immunoprecipitation coupled with mass spectrometry (co-IP MS) that ribosomal 

proteins clearly interact with TacT3 (Table 4.1), however the results of this experiment do not allow 

me to state if this is of biological significance or an artefact of non-specific binding interactions. 

Ribosomal proteins are common contaminants of co-IP MS (Mellacheruvu et al. 2013) and therefore 

repetition of the experiment with an additional FLAG-tagged control protein is required to properly 

analyse this result. 

It has been shown that in vitro the presence of ribosomes, or indeed any other protein, is not essential 

to TacT1 acetylation activity (Cheverton et al. 2016). Furthermore, I have shown in several assays that 

TacT toxins interact directly with tRNA in vitro during pull-down assays. However, the high 

concentration of toxin and substrate in in vitro assays may circumvent the requirement for additional 

factors that may be essential to toxin function in vivo. Investigation of Tac toxin tRNA target specificity 

in vitro (Figure 5.3) showed that active translation does not alter the target specificity of the toxin. A 

hypothetical mechanism for Tac toxins associated with the ribosome is that they would bind near the 

ribosomal A-site and intercept any and all tRNAs as they were brought to the ribosome to decode the 
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mRNA template. If this scenario were true, then we might expect to see the target specificity of the 

Tac toxins changed dependent on the mRNA being actively translated by the ribosome at the time, 

however it was observed that translation activity did not alter the target specificity of Tac toxins 

(Figure 5.3). Taken together, these data build a case against the ribosome being important for the 

functionality of the Tac toxins, however further study is required to definitively conclude these 

observations. 

6.5 Does Tac function in a complex with other proteins? 

After several experiments that established the lack of a direct interaction between the Tac toxins and 

the glycyl-tRNA synthetase (Figure 4.7–4.8), co-IP mass spec was used as an unbiased method of 

identifying proteins bound to TacT3. Other than components of the ribosome, several other proteins 

were detected. As discussed above, additional controls with another FLAG-tagged protein are required 

to help separate genuine biological interactions from non-specific binding. However, as the 

experiment was repeated in triplicate and the top hits were filtered to only include repeatable findings, 

we can be confident that these proteins do indeed interact under the experimental conditions used, 

regardless of the specificity and biological relevance of that interaction. Table 4.1 shows the hits 

obtained by co-IP mass spec, several of which are known or putative RNA binding proteins, such as 

polyribonucleotide nucleotidyltransferase, elongation factor-Tu, RNA methyl transferases, helicases 

and a ribonuclease. Some of these are involved in tRNA maturation, and it is possible that their 

presence in the mass spectrometry data is due to these proteins becoming more abundant 

contaminants in samples during Tac toxin overexpression. It is a general observation from work in our 

lab that Tac overexpression results in bacteria producing more tRNA, likely as a direct response to the 

stress of tRNAs becoming unavailable for protein synthesis, and therefore if the bacteria respond to 

intoxication through upregulated synthesis of tRNAs, then the mass spectrometry may have detected 

these tRNA biogenesis enzymes as they become a larger fraction of the non-specifically bound 

contaminants. Elongation factor-Tu is an interesting candidate for Tac toxin binding as it is a known 

tRNA interacting enzyme responsible for shuttling charged tRNAs from the aminoacyl-tRNA 

synthetase to the ribosome, protecting the aminoacyl moiety and promoting the initial interaction of 

the tRNA at the ribosomal A-site (Nilsson & Nissen 2005). Other TA toxins are known to directly target 

EF-Tu, such as Doc which phosphorylates the Thr-382 residue; this single modification is sufficient to 

inactivate EF-Tu, preventing delivery of tRNA to the ribosome (Cruz et al. 2014). Bacterial toxins not 

belonging to TA systems have also been shown to exploit EF-Tu binding to mediate inter-bacterial 

competition, including the NADase Tse6 toxin from P. aeruginosa and the tRNase CdiA-CTEC869 from 

enterohaemorrhagic E. coli (Jones et al. 2017; Whitney et al. 2015). Interestingly, in the case of CdiA-
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CTEC869, while the interaction with EF-Tu is dispensable for enzymatic activity in vitro, binding is 

essential for in vivo nuclease activity. It is possible that we may observe a similar conditional 

essentiality with any binding partners of Tac toxins. However, as EF-Tu binds all aminoacyl-tRNAs it is 

unclear how Tac toxins would use EF-Tu as a scaffold to promote interaction with a specific tRNA 

species. 

6.6 Tac toxins exhibit promiscuous target specificity in vitro 

I have developed an LC-MS based methodology to characterise the target specificity of the Tac toxins 

by direct detection of the acetyl moiety attached to aminoacylated-tRNA. S. Typhimurium has 89 

putative tRNA genes and, due to gene duplications, these form 50 tRNA molecules unique by their 

primary sequence (Chan & Lowe 2016). Prior to this we had no knowledge of whether Tac toxins 

demonstrated target specificity or whether they acetylated all tRNAs in an unbiased manner. However, 

data showing that Tac toxin mediated inhibition of translation is not complete (Figure 3.2B) suggests 

that at least a portion of tRNAs escape the acetylating activity of TacT. I initially investigated the 

acetylating activity of purified Tac toxins in vitro, as we had already observed the inhibition of 

translation in the PURExpress in vitro protein synthesis kit and reasoned that the high target 

concentration and relative lack of biological complexity in the kit components would facilitate target 

identification. 

Indeed, I was able to detect multiple targets of Tac toxins in vitro, with acetylated glycyl-, isoleucyl-

/leucyl-, seryl- and phenylalanyl- tRNAs being particularly abundant during analysis (Figure 5.3). 

Additionally, whilst the predominant targets of each toxin were similar, there was variation in the 

acetylation pattern observed between toxins. These data also provided further evidence that the tRNA 

acetylating activity of TacT2STm had decayed through the E29 polymorphism, raising the question of 

why it is still maintained on the chromosome. Active translation had no impact on the specificity of 

the Tac toxins which, as previously discussed, indicates that the toxin specificity is not biased toward 

the tRNAs being shuttled to the ribosome. Taken together, this set of in vitro assays gave the first true 

indication that Tac toxins inhibit translation through the acetylation of specific tRNAs. 

One caveat of detecting Tac toxin targets in the PURExpress kit is that the components, including tRNA, 

are all derived from E. coli. In particular, the tRNA is purified from the MRE600 strain of E. coli which 

is frequently used in the study and overexpression of RNAs due to the low RNase I activity reported in 

this strain (Kurylo et al. 2016). However, the conservation of tRNA gene sequences between E. coli 

and S. Typhimurium is very high so this does not present an issue for this assay. As an example of this 
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conservation, the acceptor stem sequences shown in Figure 6.1 are 100% conserved between each 

genus, and the only difference is a single tRNA gene duplication in E. coli which has resulted in an 

additional isoleucyl-tRNA with a single G→A substitution in the acceptor stem 10 bases from the 3’ 

terminal. 

6.7 Tac toxins target glycyl-tRNAGly in vivo 

To further our study of Tac toxin specificity, LC-MS analysis was applied to tRNA samples derived from 

Tac toxin overexpressing Salmonella. Alongside this, I also experimented with processing each sample 

using nuclease P1 (NP1) instead of peptidyl tRNA hydrolase (Pth). Processing samples using the NP1 

enzyme gives each acetylated amino acid an AMP tag that verifies its provenance as being from tRNA. 

However, unlike acetylated amino acids, 5’AMP-Ac-amino acid molecules cannot be obtained 

commercially to create standard LC-MS spectra for each molecule being detected. Accurate atomic 

mass detection and the exceptionally low signal noise, coupled with the data from Pth processed 

samples, means that confidence in the NP1 data set is high even without molecular standards. To 

follow on from this work however, the identity of each mass peak in the NP1 data will be additionally 

verified by tandem mass-spectrometry. The other current limitation in NP1 processing that results 

from the lack of standards is that the atomic mass of glutamic acid and N-acetylserine are the same, 

so any 5’AMP-glutamic acid that survives to the detector will confound the readout of seryl-tRNA 

acetylation. This was not a problem with current data sets as serine was confirmed not to be a target 

in vivo using Pth sample processing, however if NP1 processing of samples was applied to screening 

the specificity of new toxins this would have to be taken in to consideration, and all results would need 

to be followed up with tandem mass-spectrometry to discriminate between the two molecules, 

glutamic acid and N-acetylserine. The other general limitation of mass spectrometry as a methodology 

for defining tRNA target specificity is the inability to discriminate between leucyl- and isoleucyl tRNA, 

as these amino acids have the same mass. However, LC-MS offers significant advantages as a tool for 

the rapid screening of tRNA target specificity both in vitro and in vivo. If discrimination between 

leucine and isoleucine is required, then follow-up study can be carried out with other in vitro 

methodologies or, as will be discussed further in this section, the in vivo ribosomal profiling technique 

– Ribo-Seq.

When the Tac toxins are overexpressed in S. Typhimurium, we see that the predominant target of all 

of these toxins is glycyl-tRNAGly (Figure 5.4), and this observation was confirmed when the enhanced 

methodology was employed using NP1 to process samples prior to mass spectrometry (Figure 5.5). 

These data show that the physiological target of Tac toxins is glycyl-tRNAGly, and the possible 
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consequences of this specificity will be discussed further in section 6.8; however, this result raises two 

other questions in particular. Firstly, what is the cause of the discrepancy between the in vitro and in 

vivo mass spectrometry data that has been collected? As the Tac toxins were denatured and refolded 

during the purification process, a defined molar quantity of toxin was not added to each reaction, and 

it is quite possible that high concentrations of Tac toxin, tRNA target and acetyl-CoA cofactor under 

these experimental conditions contributed to the observed promiscuity of the Tac toxins. The 

alignment of acceptor stems in Figure 6.2 demonstrates that the sequence of the leucyl-tRNALeu 

acceptor stem is remarkably conserved compared to that of glycyl-tRNAGly, and structurally this may 

have promoted the acetylation of leucyl-tRNALeu and the subsequent peak in leucine/isoleucine 

detected by mass spectrometry. Another possibility is there may be cellular components absent in the 

PURExpress kit that fine-tune the specificity of the toxin. Following on from the discussion point in 

section 6.5, EF-Tu is present in the kit; however, if there was a sufficient excess of toxin to effectively 

titrate out the EF-Tu then we might expect to see an ‘EF-Tu independent’ action of Tac toxin as well. 

It may be that follow up experiments confirming any possible Tac toxin interaction partners will 

uncover another protein within the TacT-tRNA complex that enhances toxin specificity. 

The second question raised by the in vivo specificity data is: Why are the toxins all targeting glycyl-

tRNAGly? The apparent redundancy between each toxin is interesting and does not have a clear 

function. Indeed, it seemed likely at the start of this project that we would observe differing target 

specificities in each toxin which would support their specific cellular function. One possibility is that 

whilst Tac toxins all perform the same toxic output, they may be under the control of different 

regulatory pathways that allow them to respond to a more diverse range of stresses. Alternatively, 

the systems may work synergistically, with activation of one resulting in the transactivation of the 

others to provide a robust intoxication upon activation. Indeed, Dr Angela Cheverton (Helaine Lab) 

has observed that deletion of one Tac system from the chromosome of S. Typhimurium does influence 

the activation of the other Tac systems during 30 minutes internalisation in RAW 264.7 macrophages 

(Cheverton 2016). More generally, the signals that activate the Tac systems, as is the case with many 

described TA systems, remain unknown. 

Whilst the use of mass spectrometry was able to narrow the target specificity of the Tac toxins to 

glycyl-tRNAGly, it remains an open question whether all four glycyl-tRNAGly isoacceptors are targeted. 

In vitro data would suggest that all the isoacceptors are targeted, however due to the promiscuity of 

the Tac toxins in vitro, it is felt that attempts to define potential isoacceptor-level specificity using an 

in vitro methodology is inadequate. The purification of individual tRNA species from Tac intoxicated 

Salmonella through targeted capture with biotinylated DNA probes is currently unable to detect N-

acetylation of individual glycyl-tRNAs (data not shown). Adding purification steps to tRNA recovery 
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introduces more sample loss, and together with the instability of the ester bond linking amino acids 

to tRNA this method faces significant technical hurdles. One promising technique to indirectly assess 

the isoacceptor specificity of the Tac toxins in vivo is Ribo-Seq (Ingolia et al. 2009). This ribosome-

profiling strategy isolates translating ribosomes with their associated mRNA, and deep sequencing of 

these ribosome-protected mRNA fragments locates the positions of ribosomes on the mRNA with 

nucleotide level accuracy. If Tac intoxication results in ribosomes stalling at glycine codons, then 

ribosome occupation of these codon positions should be enriched compared to unintoxicated bacteria, 

giving indirect evidence of which glycyl-tRNAGly are being targeted by Tac toxins. Furthermore, by 

assessing the whole translatome under intoxication, RiboSeq can give data on the consequences of 

tRNA target specificity for the cell. 

6.8 Physiological consequences of target specificity 

Tac toxins all inhibit translation through the acetylation of glycyl-tRNAGly, however the specificity of a 

toxin toward a single group of tRNAs is interesting for a number of reasons. It is interesting to note 

that in vitro all of the Tac targets were elongator tRNAs, and not initiator fMet-tRNAfMet specificity as 

observed for AtaT (Jurenas et al. 2017). If the function of a hypothetical tRNA targeting toxin was to 

fully inhibit translation, then the ideal target would be fMet-tRNAfMet as this would prevent initiation 

of almost all mRNA transcripts. Specifically targeting tRNAfMet is also the mechanism observed in the 

VapC endonuclease toxins of Salmonella and Shigella (Winther & Gerdes 2011). As discussed, 

intoxication by Tac toxins results in decreased, but not fully repressed, translation rates (Figure 3.2B) 

(Cheverton et al. 2016). This raises the question of whether targeting glycyl-tRNAGly has evolved to 

suppress translation while allowing glycine-less transcripts to continue being synthesised – it would 

follow that the function of these glycine-less proteins would in some way assist the stress adaptation 

or growth arrested state of the intoxicated bacterium. In the proteome of S. Typhimurium NCTC 12023 

(ATCC 14028s) recorded on the UniProt database (The UniProt Consortium 2019) there are 106 

annotated open reading frames (ORFs) ranging in size from 17 to 109 amino acids in length, with an 

average length of 47 amino acids. In S. Enteritidis this list is even shorter, with just 12 ORFs from 36 to 

109 amino acids in length, with an average length of 70 amino acids. The majority of the proteins and 

peptides on this list are uncharacterised, and it is likely that several are not translated in vivo. What is 

particularly intriguing is that TacA1 and TacA3 antitoxins are both on this list, suggesting the possibility 

that antitoxins can continue to be synthesised during intoxication. TacA2 however does encode a 

single glycine at residue 34, though if the acetylation of glycyl-tRNAs is not completely saturating, or 

if the corresponding Gly3 tRNAGly that decodes this residue were found to not be a target in vivo, then 
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it is possible TacA2 would also be made. If Tac antitoxins could be synthesised under intoxication, then 

once any activating signal destabilising the antitoxin was arrested, a new pool of antitoxin could be 

synthesised to inhibit the Tac toxin and reverse growth arrest.  

It is noteworthy that the TisB type I TA toxin and the Hha type II toxin also both have no glycine 

residues in their primary sequence, suggesting that under intoxication these toxins can continue to be 

made. The potential function of this is hard to predict – as discussed in the introduction the regulatory 

network of TA systems is quite complex and extensive, with some toxins observed to transactivate 

others in a cascade. It is possible that the absence of glycine in TisB and Hha is a form of temporal 

regulation, in which glycine-less TisB and Hha can be synthesised to take over control of the growth 

arrested state which Tac toxins have participated in initiating, though this is a highly speculative model. 

One of the described functions of TA systems is phage abortive infection, where TA systems in phage 

infected cells become activated, causing an altruistic cell-death that prevents the propagation of 

phage particles in the population as a whole. It is interesting to note that the T4 phage superfamily 

encode phage tail proteins described to have glycine-rich domains in the primary sequence of key 

adhesins that mediate host range (Trojet et al. 2011). Furthermore, the structure of the phage tail 

adhesin from the related S16 Salmonella targeting phage was recently solved, showing that the 

glycine-rich domain is an important and conserved scaffold for the residues that determine host 

binding (Dunne et al. 2018). If this glycine-rich domain is indeed a common motif of Salmonella 

infecting phages, the target specificity of the Tac toxins may be elegantly optimised to arrest the 

synthesis of infective phage particles during infection, preventing the spread of the phage within a 

population. In future experiments, it would be interesting to explore the phage susceptibility of Tac 

toxin mutants compared to wild-type bacteria to determine any contribution these systems may make 

to preventing phage propagation. 

6.9 Is translation inhibition the true target of Tac toxicity? 

While the points all discussed above focus on the effects of the toxin on translation, it is also important 

to consider whether the effects of GNAT domain toxins on translation are the true biological function 

of these systems, as this characteristic has only ever observed in vitro or under toxin overexpression. 

We therefore have no strong evidence that intoxication under physiologically relevant conditions 

actually results in the arrest of translation in a biologically significant way. 

What then might the role of tRNA N-acetylation be if not to arrest protein synthesis? One observation 

that has been made in working with Tac toxin overexpression strains is that the bacteria seem to 
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respond to intoxication by increasing the amount of tRNA in the cell, presumably sensing the low 

availability of aminoacyl-tRNA and upregulating the transcription of new tRNAs and the associated 

proteins required for their biogenesis. A recent study of the glyW-cysT-leuZ tRNA gene operon in E. 

coli has identified a binding site for the ryhB sRNA at the 3’ terminal of the transcript that is cleaved 

away during processing of the tRNAs (Lalaouna et al. 2015). This binding site acts as a sponge, 

absorbing excess ryhB and inhibiting its function which is primarily coordinating gene expression in 

the response to iron depletion. One key gene that ryhB upregulates is CirA, an outer membrane iron 

transporter that also acts as a receptor for the membrane targeting toxin colicin Ia (Salvail et al. 2013). 

While these studies were performed in E. coli, this operon architecture including the ryhB binding site 

are conserved in S. Typhimurium, and therefore it is possible that Tac toxin induced expression of the 

glyW-cysT-leuZ operon would result in rhyB and CirA suppression, reducing the iron uptake of the cell 

and also leading to increased colicin Ia resistance. Reduced iron uptake in infection may benefit 

Salmonella in a number of ways, including inhibiting growth to lock the cell in a non-growing persister 

state, or reducing the intracellular iron concentration so that fewer DNA damaging free-radicals are 

produced via the Fenton reaction during the oxidative burst of innate immune cells (Touati 2000). It 

is also interesting to note that these authors show another sRNA biding site is present in the metZ-

metW-metV tRNAfMet operon which has a similar function in supressing the activity of the micF stress 

response sRNA, and therefore activation of the AtaT toxin may also result in modulation of sRNA 

activity. Whilst the specific links between GNAT toxins and sRNA proposed above may not happen in 

vivo, they point toward the general increasing recognition of tRNA-derived RNA fragments (tRFs) as 

important cellular regulators (Cruz & Woychik 2016). However, the role of tRFs in prokaryotic 

organisms are largely unexplored and the studies of eukaryotic tRFs, while further developed, are still 

very much in their infancy. 

While TacT2STm is not toxic to S. Typhimurium when overexpressed and exhibits very little 

acetyltransferase activity (Rycroft et al. 2018), deletion of the TacAT2STm locus impairs the formation 

of macrophage induced persisters (Helaine et al. 2014). Therefore, for this TacAT system in particular, 

any toxic or regulatory effects exerted on the cell are clearly not related to direct inhibition of 

translation via acetylation of tRNAs. It is possible that the TacAT2STm system participates in 

transcriptional regulation of other TacAT loci, or even non-TA genes, and the importance of this 

functionality alone has proved sufficient to maintain the locus under selective pressure. It would be 

interesting to pursue a study of the complete regulon of the TacAT systems beyond the autoregulation 

of their own operon by employing a ChIP-seq approach to identifying binding sites on a genome wide 

scale. 
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N-acetylation of aminoacyl-tRNAs is incompatible with the incorporation of the amino acid into 

nascent proteins during translation. It has previously been shown that the enzyme peptidyl-tRNA 

hydrolase (Pth) can cleave N-acetylated amino acids from tRNAs (Cuzin et al. 1967) and that 

overexpression of Pth can counter the toxicity associated with TacT overexpression (Cheverton et al. 

2016). While it is clear therefore that the accumulation of N-acetyl-aminoacyl-tRNA is detrimental for 

the cell, there is no characterisation of the effects of accumulated free N-acetyl-amino acids in the 

cytosol after they have been cleaved from tRNA. In mammals, it is estimated that 80-90% of cytosolic 

proteins are N-acetylated, and as a consequence the human enzyme Acy1 has been shown to play a 

role in the deacetylation of N-acetylated amino acids to prevent their accumulation as proteins are 

catabolised or degraded (Lindner et al. 2008). Furthermore, it is known that the inability to degrade 

and utilise N-acetylated amino acids, resulting in increased N-acetylated amino acids being excreted 

in urine, is detrimental to human health – whilst sometimes apparently asymptomatic, genetically 

acquired Acy1 deficiency can result in neurological symptoms, however as only 15 patients have ever 

been described to date with this genetic deficiency the clinical understanding of such diseases is still 

very poor (Alessandrì et al. 2018). Salmonella encode a homolog of Acy1 called ArgE which 

deacetylates N-acetylornithine to ornithine, which is a non-proteinogenic amino acid intermediate in 

the arginine biosynthesis pathway. Whilst one study has shown that ArgE has a broad substrate 

specificity in vitro, the authors did not observe the deacetylation of N-acetylglycine (Javid-Majd & 

Blanchard 2000). However, whether ArgE or another enzyme is eventually found to deacetylate N-

acetylglycine, it is currently unknown what the effect of these N-acetyl species are on cell biology, and 

metabolomic studies to follow the genesis and removal of these small molecules during intoxication 

may uncover novel aspects of both prokaryotic and eukaryotic cell biology.

Finally, whilst ItaT was only observed to stall ribosomes at isoleucine codons in the work of Wilcox et 

al. (2018), I clearly detected formation of N-acetylvaline and N-acetylmethionine as a result of ItaT 

overexpression. The toeprinting assay used in the study of Wilcox et al. only detects ribosome stalling 

if the proportion of acetylated tRNAs for each codon is saturating, however the production of 

acetylated valyl- and methionyl-tRNA, whilst not stalling ribosomes in the assay, may be sufficient to 

have a biological impact on another cellular process. 

Whilst multiple studies have demonstrated the effects of GNAT TA toxins to be inhibition of translation 

through acetylation of aminoacyl-tRNA, the development of new approaches to study these systems 

under physiological conditions may uncover a more nuanced picture of toxins that acetylate tRNA in 

order to fine-tune the proteome to combat specific stress signals, or even to manipulate other cellular 

processes that are currently not understood. 
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6.10 Summary 

The Tac toxins of Salmonella Typhimurium have evolved to disrupt cellular function through N-

acetylation of a highly specific subset of aminoacyl-tRNAs. The investigation of these systems 

presented in this thesis has defined the target specificity of these toxins in vivo and provided insight 

into structural motifs that may contribute to tRNA target specificity. However, the ultimate biological 

consequences and functions of activating these TA systems remains to be fully elucidated. Evidence 

suggesting the TacAT family, and indeed several other TA systems, may be involved in the persister 

phenotype underlines the importance of furthering our fundamental understanding of these stress 

response elements and whether they contribute to the survival of bacteria during infection. 
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