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Abstract 

Persisters are a small portion of a cellular population with heterogenous phenotypes, that 

switch to a dormant, growth arrested state upon antibiotic exposure allowing them to survive. 

Antibiotic persistence is a growing field of interest due to the recalcitrance of infection 

presenting a challenge to antibiotic therapy. Type II toxin-antitoxin systems have been 

implicated in persister cell formation. The TacT family of toxins containing a Gcn5 N-

acetyltransferase fold have been identified to contribute to persistence in Salmonella 

enterica. Identifying pan peptide inhibitors of the TacT toxin family is a potential method to 

prevent the formation of persister cells in Salmonella Typhimurium and Salmonella Enteritidis. 

Towards this long-term goal, characterisation of the TacT interactions with their respective 

antitoxins has been reported in this thesis. Toxin-antitoxin affinities have been identified to 

be within the nanomolar to picomolar range, with a biphasic relationship observed. The 

protein-protein interaction demonstrated a high salt dependence suggesting primarily 

electrostatic interactions are involved. The results provide a starting point for the 

identification of a peptide compound to treat persistence by targeting the TacT toxins. In 

parallel this thesis reports the trial expression of the wild-type TacT proteins. This is crucial 

for the accurate characterisation of the proteins and for activity assays.
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Chapter 1 

Introduction 

1.1. Bacterial Persistence  

The increasing failure of antibiotics is a well-documented threat to the modern healthcare 

system. The WHO have published a Global Action Plan aiming to quell the impending crisis 

due to the growing lack of infection control as a result of increasing antimicrobial resistance 

(AMR).1,2 Alongside AMR, antibiotic persistence is a related emerging field of interest.3 It is 

increasingly recognised as a second causative factor in the failure of antibiotic treatments and 

recalcitrant infection, although the underlying mechanisms and biological pathways remain 

somewhat elusive.4  

1.1.1. The Persister Hallmark 

Bacterial persistence is a defence mechanism in which a small portion of a cellular population 

switch to a dormant, growth arrested state upon antibiotic exposure allowing them to survive, 

likely resulting in recalcitrance of infection.5,6 By the most recent definition and 

understanding, persister cells all have the same genotype but heterogenous phenotypes. All 

the bacteria of the population have the ability to persist, but a small population are triggered 

to enter the dormant persister state upon stress conditions such as antibiotic treatment.7 The 

persister hallmark is a biphasic antibiotic killing curve indicating that not all bacteria are killed 

at same rate with some surviving in the culture (Figure 1.1).8 Bacteria such as Salmonella 

Typhimurium have been observed to produce persisters that can reinitiate infection after 

Figure 1.1: Antibiotic persistence is 

characterised by a biphasic killing 

curve. Following antibiotic treatment, a 

homologous population of bacteria are 

all killed (purple). Following the same 

treatment, within a population of 

bacteria with heterogenous 

phenotypes, persisters are identified by 

a classic biphasic kill curve (orange). An 

initial rapid kill curve of the susceptible 

population is first observed, followed by 

a slower decrease in the persistent 

bacteria population. 
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treatment. They are predicted to result in multidrug resistance due to increasing survival and 

mutation rates as long courses of antibiotics for relapsing infections may increase selection 

of resistant strains.9,10 
1.1.2. Mechanisms of Bacterial Persistence 

Most of the molecular pathways implicated in persister formation are controlled by stress 

signalling.4  The stringent response pathway is the main stress signalling pathway conserved 

across nearly all mechanisms of persister formation. It is proposed to work together with the 

general stress response pathway or with the SOS response pathway.  

The stringent response pathway is a highly conserved response in bacteria and is triggered by 

nutrient deprivation or other stresses such as antibiotic exposure.4 It triggers survival 

functions via the alarmones guanosine tetraphosphate (ppGpp) and guanosine 

pentaphosphate (pppGpp).11 Accumulation of (p)ppGpp alters protein activities and 

reprograms transcriptional functions, resources are instead redirected toward functioning in 

a dormant state to allow the survival of cells in stressful conditions.4 The molecular basis and 

full mechanism of persister formation by (p)ppGpp is not fully understood.11,12 It is currently 

hypothesised that (p)ppGpp signalling is activated either by stochastic activation of the 

(p)ppGpp signalling in cell growth, or environmental activation of (p)ppGpp production.13 This 

then leads to entry into the persister state. 

The environmental activation of (p)ppGpp production and subsequent entry into the persister 

state also relies on other pathways. These include the general stress response pathway or the 

SOS response pathway. The general stress response pathway relies on the alternative sigma 

factor RpoS.14,15 RpoS has a dual role, as well as mediating the general stress response 

pathway, it also regulates bacterial persister formation.14 As a result, under conditions that 

induce the general stress response, bacteria can also enter the persister state if there are high 

levels of RpoS.  The SOS response system is maintained by a DNA-binding protein RecA and a 

transcriptional repressor protein LexA.16 DNA damage activates expression of the RecA gene 

which triggers the SOS response. The response repairs damaged DNA allowing resuscitation 

of persister cells. Additionally, the response has been implicated in direct persister formation, 

although the pathway is not understood.13 

1.1.3. Toxin-Antitoxin Systems and their Role in Persistence 

Multiple studies have found a link between toxin-antitoxin (TA) systems and persister 

formation.17,18 TA modules are small genetic elements usually comprised of two genes. The 

genes encode for a stable toxin which inhibits essential cellular functions and subsequently 

cell growth, and an unstable antitoxin that inhibits toxin activity (Figure 1.2).19 There are a 

large variety of TA systems present in bacterial cells.17 There are eight distinct types (I-VIII) of 

TA systems categorised based on the nature of the corresponding antitoxin and the method 

of neutralisation of the toxin function by the antitoxin.20-22 
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The type I and III TA systems involve a non-coding RNA (sRNA) antitoxin.23,24 The type I toxin 

is a hydrophobic peptide, in these systems the sRNA antitoxin binds to the mRNA of the toxin 

and prevents translation of the toxin.25 The sRNA antitoxin of type III TA systems binds directly 

to the proteic toxin inhibiting its function.26 The type II, IV and VI TA systems are composed 

of a proteic toxin and a proteic antitoxin molecule.27 The type II antitoxin directly binds and 

inhibits the toxin.28 The antitoxin of type IV systems indirectly counteracts the toxin protein, 

it binds to the target of the toxin and prevents toxin binding.29 The antitoxin protein of VI 

systems forms a complex with a specific protease that facilitates the degradation of the 

proteic toxin.30 In type V and VII TA systems the antitoxin is an enzyme. The type V antitoxin 

is an RNase which degrades the mRNA of the toxin and prevents translation of the toxin.31 In 

type VII systems the enzymatic antitoxin directly targets the toxin and inactivates its 

function.32 The type VIII TA system was most recently classified.22 The toxin and antitoxin are 

sRNAs, the antitoxin directly binds and inhibits the sRNA toxin. 

Type II TA systems composed of two proteins are the best described. In normal growth 

conditions the stable toxin is prevented from exerting its lethal effect through tight binding 

with its less stable antitoxin partner (Figure 1.2).33 They are suggested to contribute to 

formation of persisters under stress conditions. The type II TA systems are often mutated in 

high-persistence screens and the toxins increase persister frequency in a population when 

overexpressed.34-36 Originally a mutagenesis-screen in Escherichia coli led to the discovery 

Figure 1.2: Features of a generic type II TA complex: The antitoxin and toxin genes (a and t) 
are organised as an operon, the antitoxin gene (orange) precedes the toxin gene (blue), 
although the genes overlap. The antitoxin (A, orange) and toxin (T, blue) are expressed from 
the genes generating a harmless complex under normal cellular conditions. As a result of 
stress, the antitoxin protein is degraded. The toxin is liberated and acts on its cellular target 
resulting in cell stasis or cell death. 



16 
 

that a mutation in the hipA toxin gene of the HipAB type II TA system resulted in increased 

persister frequency.37 Evidence was increased with transcriptomics carried out on E. coli 

fractions enriched for persister cells which resulted in upregulated expression of TA 

modules.38,39 Additionally the deletion of TA modules in E. coli led to a decrease in the 

formation of persisters.38,39  

Persistence is suggested to occur upon overexpression of the toxin in a bacterial cell or 

degradation of the antitoxin.40 The predicted mechanism suggests that under stress 

conditions type I toxins are activated by the SOS response triggered by (p)ppGpp.7,41 In the 

case of type II TA systems, the stringent response mediated by (p)ppGpp is triggered.41,42 

These signalling pathways can activate expression of the TA systems. They can also trigger 

degradation of the antitoxin by Lon or Clp proteases.42 The resulting high level of toxin in 

bacterial cells promotes persister formation.43 The toxins can inhibit cellular growth by 

targeting crucial cellular functions, this allows the cell to enter a dormant state and be 

tolerant to stress conditions.17 The cells then persist in their dormant state until the stressor 

is removed, upon which they can return to their native state and grow.  

1.1.4. GNAT Toxins 

The majority of type II toxins effect translation and they can exert their toxicity in several 

ways.18 The RelE, MazF and HicA toxin families are mRNA endonucleases; the VapC toxin 

family cleave rRNA and tRNA molecules; the Doc toxin family inactivates elongation factors 

and the HipA toxin family inactivates tRNA synthetases by posttranslational 

modification.18,39,44-48 

Recently a new class of type II TA systems has been reported that belongs to the Gcn5 N-

acetyltransferases (GNAT) family.49,50 AtaTR and ItaTR in E. coli,51-53 GmvAT in Shigella 

flexneri,54 KacAT in Klebsiella pneumoniae,55,56 and the TacTA family in Salmonella 

enterica.57,58 The GNAT family of toxins inhibit translation by acetylation of the primary amino 

groups on aminoacyl-tRNAs using acetyl-coenzyme A (Ac-CoA) as an acetyl group donor 

(Figure 1.3). These acetylated aminoacyl-tRNAs are still recognised by the ribosome. They 

therefore halt translation as the alpha amino group cannot form a peptide bond with the 

carboxyl group of adjacent amino-acyl tRNA.57 

1.1.5. GNAT Toxins in Salmonella 

In humans Salmonella enterica serovars Typhimurium and Enteritidis (S. Typhimurium and S. 

Enteritidis) bacteria cause localised gastroenteritis, or a more invasive disease in HIV-infected 

patients.59,60 The bacteria cause disease by proliferating in human cells including 

macrophages. Following antibiotic treatment 20-43% of patients have a recurrence of the 

disease.61 This recurrence is closely associated with resuscitation of persistent bacteria cells.  



17 
 

Studies have shown that a large proportion of Salmonella bacterium taken up by 

macrophages enter a persister state.36 A macrophage presents a stressful environment for 

Salmonella bacterium cells, and a subpopulation are induced into a dormant non-growing 

state.13,36 There are 14 known TA systems in Salmonella, of which the majority were shown 

to contribute to persister formation inside macrophages. Deletions of each of the TA genes 

resulted in a decrease in persister cells.36 This includes the TacT toxins, which have since been 

identified as GNAT toxins.57  

 

Further experiments demonstrated that for strains of S. typhimurium and S. enteritidis 

isolated from humans a similarly large proportion of cells formed persisters compared to the 

cells taken up by macrophages.58 The whole TacTA family of GNAT toxins, composed of the 

toxins TacT1, TacT2 and TacT3 and their respective antitoxins were implicated in the 

development of persister cell formation in the isolated strains of S. typhimurium and S. 

Figure 1.3: GNAT toxin activity: The GNAT toxins acetylate the primary amine group of amino 

acids on amino-acyl tRNAs using Ac-CoA as the acetyl group donor. The alpha amino group of 

the acetylated tRNA in the ribosomal A site cannot form a peptide bond with the carboxyl 

group of the adjacent charged tRNA in the P site. Subsequently, protein translation is inhibited. 
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enteritidis.57,58 Overexpression of the TacT toxins into the single deletion mutant of the 

corresponding TacTA module led to an increase in the proportion of persisters in a 

population.57,58 

TacT1 and TacT3 have been characterised by crystallography and TacT2 has been modelled 

computationally.57,58 Additionally, the similar GNAT toxins AtaT and KacT have published 

crystal structures.52,55 All are proposed to be dimeric in solution (Figure 1.4) and dimerisation 

is deemed necessary for toxicity. The residues for dimerisation are well conserved in TacT1, 

TacT2 and TacT3. There is a positively charged groove extending from the active site of one 

monomer to the α2 of the second monomer corresponding to the dimensions of a tRNA 

molecule (Figure 1.4).57,58  

 

Substitution of amino acids in the binding groove confirmed binding by electrostatic 

interactions of the negatively charged tRNA in the positive groove.58,50 It is proposed that the 

primary amine group of the amino acid bound to the tRNA sits in this active site. To identify 

whether the TacTs have a preference for certain charged tRNAs and if there are differing tRNA 

preferences within the TacT family a cell-free expression assay was carried out.58,62 The assays 

were supplemented with Ac-CoA, and the acetylated tRNA molecules were extracted. A total 

of 13 different amino acids were detected from experiments with all the toxins demonstrating 

that the TacT family can target some but not all charged tRNAs. There is some overlap of 

preference within the family, TacT1-3 all show a bias towards tRNAGly, tRNALeu, and tRNAIle. 

TacT1 and TacT2 have a greater preference towards tRNAGly and TacT3 has greater preference 

towards tRNALeu/Ile indicating a lack of redundancy within the family.  

TacT3 was identified to have the highest potency compared to TacT1 and TacT2 and it 

exhibited the greatest persister inducing effect.58 TacT1 and TacT2 have the closest structural 

similarity, whilst TacT3 has an extra helix and more disordered loop (Figure 1.5). The 

Figure 1.4: Crystal structure of the TacT1 toxin dimer a) TacT1 toxin is represented as a 

cartoon, each monomer coloured different shades of blue. Ac-CoA is presented as stick 

representation. b) TacT1 toxin rotated 45°, and represented as a surface. The positively 

charged tRNA binding groove is labelled and highlighted in pink. (PDB:5FVJ). 



19 
 

difference in structure allows a different conformation of Ac-CoA in the binding pocket. It has 

been hypothesised that this may allow for faster release of the CoA after transfer of the acetyl 

group, increasing the possible rate of acetyl transfer. 

 

The binding modes of the TacT toxins with their associated antitoxins could differ within the 

family. Current unpublished data from the Helaine group (Harvard University), of the crystal 

structures suggests TacT1 binds with a 1:1 toxin:antitoxin stoichiometry, but forms a large 

matrix with each antitoxin bound to two monomers at different binding sites; TacT2 binds in 

a 1:2 toxin:antitoxin stoichiometry, the dimer formation being fully interrupted by four bound 

antitoxins; and TacT3 binds in a simple 1:1 stoichiometry with an uninterrupted dimer 

formation. Interestingly the published crystal structures of AtaTR and KacAT are 

heterohexameric, two toxin monomers bound by four monomers of the antitoxin by direct 

protein-protein interactions (PPIs).52,55 How the TacTA toxins and antitoxins interact in 

solution is yet to be confirmed, but, similar to other GNAT toxins it is likely that the toxin 

dimer is disrupted.  

 

Figure 1.5: Overlays of TacT1-3 crystal structures a) Crystal structure of a single monomer 

of TacT1 (pink) overlayed with a single modelled monomer of TacT2 (green) represented as 

a cartoon. b) crystal structure of a single monomer of TacT3 (blue) overlayed with single 

monomers of TacT1 (pink) and TacT2 (green) with extra helix and disordered loop highlighted 

in dark blue. (Unpublished crystal structures). 

a) 

b) 
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1.2. Targeting PPIs in Bacteria 

In recent years it has been found that despite the large interaction surfaces of PPIs, often just 

a few ‘hotspot’ amino acid residues drive their formation.63 As a result PPIs have increasingly 

been identified as druggable targets for novel therapeutics in areas such as cancer treatment 

and infections. Crucial cellular bacterial functions often rely on PPIs, many of which do not 

have close eukaryotic homologues.64 They are therefore attractive drug targets for the 

development of selective drugs with no adverse side effects to humans and activity against a 

broad range of bacteria.65 Many PPIs in bacteria have been identified as highly promising 

targets, with potential compounds currently in development.66 

1.2.1. Discovery of novel inhibitors of PPIs 

Both small molecules and peptides have been used to target PPIs. Well established discovery 

processes such as high throughput screening (HTS), fragment-based lead discovery and 

rational structure-activity based design have all been used to identify small molecule 

compounds that target clusters of ‘hotspot’ residues in bacterial PPIs.67-69 Small molecules are 

likely to be orally bioavailable, stable in biological environments and cheap to synthesise.69 

Peptides, cyclic peptides and peptidomimetics have all been identified as PPI inhibitors, 

usually against PPIs that have ‘hotspot’ residues distributed over a large surface area as they 

can confer greater selectivity.70,71 Cyclic peptide analogues or peptidomimetics have greater 

bioavailability and biological stability compared to linear peptides.71,72 There are two typical 

methods of identifying novel drug-like peptide inhibitors of PPIs. In one approach, the 

interaction and selectivity of a linear peptide is characterised followed by further 

optimisations and development into cyclic peptides or peptidomimetics.72 In a second 

approach HTS is performed using large libraries of macrocyclic peptides, often including non-

standard amino acids.73,74 

1.2.2. PPIs as antibacterial targets 

A number of PPIs of pathogenic bacteria have been targeted, with different approaches used 

to identify and develop novel small molecule and peptide inhibitors.66,75 These PPIs are all 

involved in essential cellular processes.  

Inhibitors have been developed for PPIs involved in division and replication. Firstly, interfering 

with the PPI network of the single-stranded DNA-binding protein (SSB);76-78 secondly blocking 

binding of essential enzymes to the β-sliding clamp protein;79-85 finally, inhibiting the FtsZ-

ZipA PPI.86-89  Bacterial transcription is regulated by a number of transcription factors which 

form PPIs, two of these, the RNA polymerase (RNAP) and N-utilisation substances (Nus) B and 

E have been targeted, with promising inhibitors in development.90-104 Inhibitors have also 

been developed that block crucial pathways involved in outer membrane protein synthesis. 
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Namely the BamA-BamD PPI in the β-barrell assembly machine (BAM) and the PPIs in the 7-

protein macromolecular lipopolysaccharide transport (Lpt) complex.105-114 

1.2.3. PPIs of TA systems as antibacterial targets 

The role of TA systems in the formation of persisters was described in detail in sections 1.1.3-

1.1.5. Whilst there is a growing pool of evidence for this theory, TA systems are also known 

for their bactericidal effects.115 The TA modules are encoded in plasmids and chromosomes.27 

The plasmid-encoded TA modules were considered ‘addiction’ molecules for bacterial 

population.25,116 Once the daughter cells acquired the plasmid, if they then lost the plasmid 

they could not survive. The antitoxin is unstable and eventually degrades, enabling the toxin 

to exert its toxic bactericidal effect. This results in cell death since the TA gene is no longer 

present for production of new antitoxin. If the cells retained the plasmid they survived. The 

chromosomal-encoded TA modules have been postulated to act in altruistic cell death.117 In 

stressful conditions some cells will sacrifice themselves by triggering their TA systems. 

Eventual death and cell lysis provides greater availability of nutrients for other cells and the 

population can survive extinction.  

Based on the evidence that toxins can cause cell death, disrupting the PPIs of type II TA 

systems is a proposed strategy for the treatment of bacterial infections with the aim of 

activating the toxin, resulting in cell suicide (Figure 1.6).18,118,119 Targeting the TA PPI liberates 

the toxin either by competitive binding to the antitoxin or dissociation of the TA complex. 

Many experiments with a variety of known TA systems have been carried out to identify small 

molecule or peptide inhibitors of TA PPIs. Of these systems, compounds have been discovered 

that target the VapBC family, PemK-like protein family and HicBA complex.47,48,120-133 The ζ-

toxin of the TA system ɛ2ζ2 (also known as PezAT) targets cell wall synthesis and a series of 

peptides have shown promise to trigger ζ-toxin mediated autolysis.134,135 TplE is a toxin with 

lipolytic activity neutralised by the TplEi antitoxin and a peptide has been rationally designed 

to liberate this toxin.136 

In a similar vein, targeting TA systems is a potential strategy for the treatment of bacterial 

persistence. Possible approaches include identifying molecules that bind to the toxin of a TA 

system, either mimicking the antitoxin binding at the PPI or targeting an allosteric position 

(Figure 1.6). The aim is that toxin activity will be inhibited even in the absence of its antitoxin 

which will reduce persister formation. This is a relatively new approach, with very few studies 

available. Li et al. have carried out a computational screen to identify small molecules 

inhibitors of the type II toxin HipA.137 They demonstrated that inhibition of the toxin greatly 

reduced persister formation. This strategy first involved characterising the structural and 

biochemical properties of the toxin-antitoxin binding, then the design of molecules that target 

the toxin.  
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a) 

b) 

Figure 1.6: PPIs of TA systems as antibacterial targets: a) Exploiting the TA systems for 

development of an antibiotic compound. An antitoxin inhibitor is developed that disrupts the 

TA PPI and binds to the antitoxin. As a result, the toxin is liberated and acts on its cellular 

target resulting in cell death. b) A compound is developed that binds to the toxin (here at the 

PPI, but allosteric sites would be possible). Even if the antitoxin is degraded under stress 

conditions such as antibiotic treatment, the toxin cannot carry out its toxic function. The 

bacteria cells do not enter a persister state, and all the cells die from the antibiotic treatment. 
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1.2.4. Strategy of Targeting TacTA family 

Inhibiting the toxic activity of TacT1-3 toxins, even in the absence of their respective antitoxin, 

will likely reduce persister formation in S.Typhimurium and S.Enteritidis. Based on the 

concepts in the study by Li et al. the TacTA family can be targeted using information derived 

from the crystal structures together with one or many inhibitor discovery methods with the 

aim of inhibiting TacT toxin activity.137 

The crystal structures of the TacT toxins and the TacTA complexes give insight into the binding 

interactions of the toxin-antitoxin proteins. The PPI exists across a large surface area and 

involves many electrostatic interactions. The crystal structures also allow visualisation of the 

location, size, and shape of the active site for the charged tRNA molecules and the Ac-CoA. 

This information is a crucial starting point for the identification of possible points for inhibitor 

binding. Biophysical characterisation is then necessary to identifying the affinity of the toxins 

and antitoxins for one another. The information from the crystal structure and biophysical 

characterisation can then be combined with discovery methods such as HTS, fragment-lead 

design and rational structure-based design to identify an inhibitor for the toxin.  

Identifying a compound that acts as an inhibitor of the toxin is just one step in the long process 

of drug discovery. Uptake of the compound into the bacteria and access to the PPI target is 

the biggest challenge in the development of antibacterial drugs. Small molecules make up the 

majority of antimicrobial drugs such as penicillin and nitrofurantoin, and with some small 

developments they can be optimised easily for cellular uptake. However, when considering 

large surface area targets such as PPIs, peptides are likely more selective. With recent 

developments cyclic peptides are increasingly able to penetrate cell membranes.70,71 To 

target the large surface area of the TacTA PPI, cyclic peptides will likely have a greater 

selectivity over small molecules and can be optimised for cellular uptake. Highly selective 

drug-like peptide inhibitors can be identified using HTS methods with libraries of cyclic 

peptides, which can be further adapted to improve cellular uptake. 

1.3. Thesis Aims 

In this MPhil the aim was to characterise the PPIs of the TacTA1-3 systems in Salmonella as a 

starting point for their targeting for the treatment of persistence. This was broken down into 

three interconnected aims as described below: 

1) Protein expression of TacT1-3 toxins. Toxin protein expression is exceptionally difficult 

as they result in growth arrest in a large proportion of the culture therefore very little 

protein can be isolated. Two strategies were attempted: 

a) The expression of mutant forms of the toxins displaying reduced toxicity but 

an unchanged structure. 

b) Trial expressions of the WT toxins in the presence of an antidote protein. 
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2) Solid phase peptide synthesis (SPPS) of the minimum antitoxins required to inhibit the 

toxicity of the toxins. 

 

3) Biophysical characterisation of the TacTA1-3 PPIs. Preliminary affinity measurements 

were carried out for each of the minimum antitoxin peptides bound to the toxin 

proteins using fluorescence anisotropy (FA), differential scanning fluorimetry (DSF) 

and surface plasmon resonance (SPR).  
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Chapter 2 

Development of Toxic Protein Expression and 

Purification for the TacT1 – 3 Toxins 

Abstract 

In this chapter attempts to express and purify the TacT1-3 proteins are described. Two 

different methods were used to express the TacT1, TacT2 and TacT3 toxin proteins. The first 

method is a tried and tested method to express a mutant inactive form of the proteins that 

have no toxic effect on the cells. Each of the mutant toxins were expressed in autoinduction 

media and the purification of the TacT1 mutant toxin was optimised. The second method is 

adapted from a novel method to express the Doc toxin developed in the Barnard group. Trial 

expressions were carried out expressing the WT toxins in the presence of an antidote protein. 

TacT3 was successfully overexpressed, and it is hypothesised that with further optimisation 

TacT1 and TacT2 can be expressed using a similar method. 

2.1. Introduction to Toxic Protein Expression 

Recombinant protein expression technology allows large-scale production of proteins. The 

basic workflow using bacteria as a host is shown in Figure 2.1.138,139 Firstly the gene coding 

for the protein is inserted into a host plasmid, this plasmid is then transformed into 

competent cells. The cells are propagated in rich medium and then protein expression is 

induced. The protein can then be purified from the cells. 

  

Figure 2.1: Schematic of recombinant protein production 
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The reality is less straightforward: each protein requires optimisation for expression and the 

correct environment to fold into its secondary, tertiary, and quaternary structures. In 

particular, there are some proteins that are toxic to the host bacteria. Upon induction of a 

toxic protein the bacteria cells will die, and high level of protein expression cannot be 

achieved. When expressing toxic proteins, it is necessary to carefully develop methods that 

result in high levels of protein expression. The TacT1-3 proteins are toxins, and though the 

toxin gene is isolated from S. Typhimurium the toxins still exhibit strong toxicity in E. Coli and 

severely inhibit bacterial growth.57,58 This is a likely result of the tRNA in all bacteria being 

genomically comparable. Consequently, the toxins are difficult to express alone without their 

antitoxin. In standard conditions only trace amounts of toxin is expressed which is then 

challenging to purify. 

This challenge of expressing and isolating TacT proteins applies to most toxins in type II TA 

systems.140 To overcome these issues several strategies have been established for the 

expression of type II toxins, although each with its limitations. The first, most common 

strategy involves inactivation of the toxin by site-directed mutagenesis to reduce catalytic 

activity. This has been achieved for many type II toxins including Doc, RelE, MazF, KacT and 

AtaT.45,52,56,141,142 However, with this strategy the non-functional toxins can only be used for 

structural and biophysical studies, they cannot be used in activity assays. Another common 

strategy involves co-expression of the toxin with the antitoxin. The stable complex is then 

denatured to isolate the toxin and then the toxin is refolded into its native state. This has 

been achieved for many type II toxins including Doc, MazF, ParE2, HigB2, ItaT and 

AtaT2.51,140,143 However, the refolding of the toxins following denaturation requires extensive 

optimisation and is a laborious, time consuming process. Other less common strategies 

involve cell free expression, this can be very expensive and is usually only used to express 

toxic proteins on a small scale.144 Alternatively, a yeast expression system could be used as 

the toxins may not be toxic to eukaryotic cells.145 This strategy is limited by the longer 

doubling time of yeast compared to bacteria, so expression is more time consuming. 

Furthermore, the laborious protein refolding of bacterial proteins is often required. 

Members of our group have developed a novel strategy to overcome the limitations of 

expression strategies in bacteria to obtain the S. Typhimurium Doc toxin. Doc blocks bacterial 

protein translation via phosphorylation of a conserved residue T383 in the elongation factor 

EF-Tu. Co-expressing Doc with an EF-Tu mutant (T383A or T383V) that cannot be 

phosphorylated by the toxin counteracted the toxicity of Doc. In these co-expression 

experiments bacterial growth was rescued and Doc was overexpressed and could be isolated 

in good yield (unpublished data, Dr Guilherme Castro, Figure 2.2). 
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For the expression of TacT1-3 each of the current known strategies were considered. Data 

has already been published for the expression of YF mutant TacT toxins which render the 

proteins non-toxic. The Y140 of TacT1 is conserved in many proteins containing a GNAT 

domain. It coordinates an oxygen atom of Ac-CoA to ensure correct orientation of the acetyl 

group for transfer (Figure 2.3). The Y140F TacT1 mutant has been shown to prevent transfer 

of the acetyl group to the acceptor tRNA molecule.57 The residue is also conserved in TacT2 

and TacT3. TacT1Y140F, TacT2Y137F and TacT3Y143F all display reduced toxicity, and the mutation 

does not affect the native structure.58 As this method was available and published it was used 

in this thesis to express proteins for biophysical and biochemical evaluation as the structural 

properties of the protein remain identical. However, no activity assays can be carried out on 

the protein due to the loss of functionality.  

This project lies as the foundation of a larger aim to identify a pan inhibitor for the three toxins 

TacT1-3. An important development was to have the active protein, as it would be necessary 

to evaluate the activity not just the affinity of inhibitors. A novel approach to express the 

native toxic proteins was considered based on the work in our group to express active Doc 

protein which circumvents the limitations of other expression strategies. The approach with 

Doc was to express the toxin in the presence of a protein that prevents toxic activity. In an 

Figure 2.2 Recombinant expression of the DocSTm toxin in bacteria. a) Growth curves of E. coli 

BL21-AI expressing DocSTm (green) or co-expressing DocSTm with EF-TuSTm wild-type (blue), 

T383A (red) and T383V (pink). A control sample of cells carrying the DocSTm vector in the 

absence of IPTG (orange) was measured for comparison. b) SDS-PAGE analysis of DocSTm 

expression trials varying the addition of IPTG and the presence of EF-TuSTm encoding plasmids: 

wild-type, T383A and T383V. Time-points correspond to aliquots collected 1.5 h and 7.5 h after 

induction.  
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expansion of this idea, in order to express the wild-type (WT) TacT toxins, an idea was 

developed to express the toxins in the presence of a known ‘antidote’ for the TacTs, peptidyl-

tRNA hydrolase (Pth).  

Pth was discovered to be an ‘antidote’ for TacT1 in a screening experiment of the ASKA 

collection of plasmids containing E. coli open reading frames (ORFs).146 TacT1 toxicity is 

observed by slow colony recovery when cells are plated on LB agar as TacT1 induces an 

extension of lag phase. The screen involved transforming cells containing TacT1 in a vector 

with a pooled mixture containing the ASKA plasmid library, followed by spreading cells on 

plates. The pCA24N::pth plasmid from the library was selected for since it repressed TacT 

induced toxicity, observed by faster colony recovery.57 Furthermore, in vitro acetylation 

detection assays incubating acetylated aminoacyl-tRNA with or without Pth demonstrated a 

reduction in acetylation signal in the presence of Pth.57  Pth has previously been reported to 

hydrolyse peptidyl-tRNA and acetylated aminoacyl-tRNA molecules are recognised as 

dipeptidyl-tRNA. 147,148 Pth hydrolyses the ester bond between the 3’ hydroxyl of tRNA and 

the C – terminal of the peptide. During translation some peptidyl-tRNA molecules are released 

if translation terminates prematurely, possibly due to ribosome stalling. Pth rescues a cell 

from the presence of toxic peptidyl-tRNA molecules and prevents the shortage of tRNA 

molecules which would stall cell growth.  

It was therefore predicted that if Pth is expressed before the TacT toxin expression is induced 

it will be able to rescue or prevent growth toxin induced inhibition. As the TacT toxins are 

expressed, they acetylate charged tRNA inhibiting translation and causing cell stasis. The Pth 

Figure 2.3: Co-ordination of acetyl group of Ac-CoA by Y140 in WT TacT1: TacT1 is 

represented as a cartoon coloured grey, Y140 is represented as sticks coloured green and Ac-

CoA is represented as sticks coloured cyan. The hydrogen co-ordination interaction is 

respesented with black dashes. (PDB:5FVJ). 

Y140 

Ac-CoA 



29 
 

will detoxify the charged tRNA, reducing the toxic effect of the TacTs. The experiment was 

designed to allow for expression of Pth in E. coli cells followed by the expression of the TacT 

toxins in the same cells. 

In the remainder of this chapter attempts to use these two methods to express the TacT toxins 

will be described.  

a) Incorporation of the YF mutation that results in a loss of toxic function but with no 

effect on the structural properties of the protein (2.2).  

b) Expression of the toxin in the presence of Pth, an ‘antidote’ protein (2.3).  

2.2. Method 1: Expression and Purification of TacT1-3 YF Mutants 

To express the TacT1-3 proteins that are toxic to the bacteria cells a YF mutation was 

incorporated resulting in a loss of toxic function but with no effect to the structural properties 

of the protein. The mutant renders the protein non-toxic to the host and can be expressed on 

a large scale. The aim was to express and purify these three mutant proteins: TacT1Y140F, 

TacT2Y137F and TacT3Y143F. 

2.2.1. Literature Approach 

The expression of the (His)7 tagged TacT1-3 YF mutants has been previously published,57 so 

initial expression carried out replicating the published conditions. The gene for each protein 

carrying the YF mutation was cloned into a pQlinkH plasmid, by our collaborators in the 

Helaine group. The TacT genes were inserted into the plasmid with a (His)7 tag at the N-

terminus of the gene. The His tag can be exploited for efficient purification of the protein 

using affinity chromatography with Ni-NTA beads and imidazole. The pQlinkH plasmid has an 

ampicillin resistant gene for use as a selective marker. 

The pQlinkH plasmid was originally chosen as it can prevent ‘leaky’ expression of proteins 

which could cause a problem as the mutant toxins may still carry some toxicity. The plasmid 

has a T5-derived lac promoter which is isopropyl β-D-1-thiogalactopyranoside (IPTG) 

inducible. Upon induction RNA polymerase is recruited and binds to the promoter and 

transcribes the gene of the desired protein into mRNA. Of note, the plasmid also has a cis-

lacIq gene that overexpresses the lac repressor. The lac repressor prevents the binding of RNA 

polymerase to the promoter and therefore suppresses the expression of the toxic protein 

before the addition of IPTG for induction. This prevents ‘leaky’ expression. Any expression of 

toxic protein may prevent cells reaching high density, preventing ‘leaky’ expression allows a 

chance for high level expression of the toxic protein.  
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In attempts to replicate the expression using the published conditions none or only trace 

expression was observed. Each plasmid was used to transform chemically competent E. coli 

BL21 cells, and the cells were propagated in Luria-Bertani (LB) medium. E. coli BL21 cells are 

engineered for protein expression cultures, they are deficient in lon and ompT proteases and 

therefore less likely to digest recombinant proteins. The cell cultures were induced by IPTG 

early in the log phase - when OD600 reached 0.6 – 0.8. A large increase in growth was observed 

but SDS-PAGE analysis showed no overexpression bands for a protein at ~20 kDa (Figure 2.4), 

therefore expression of the mutants had to be optimised. 

2.2.2. Optimised Expression via Autoinduction 

Autoinduction was then employed to try to express the mutant toxin proteins. Autoinduction 

is a method of induction of the lac operator without the addition of IPTG. The culture medium 

can be LB, Terrific Broth (TB) or another rich media. LB media is the typical growth broth for 

bacteria cell cultures. It is a complex broth composed of tryptone, yeast extract and NaCl. Its 

exact composition is not defined, but it contains all the amino acids, small peptides, nitrogen, 

sugars and other components essential for cell growth. TB is a richer media, with a higher 

ratio of yeast extract to tryptone. It also contains glycerol and a potassium phosphate 

solution. 
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Figure 2.4 Recombinant expression of (His)7-TacT1 Y140F protein (20.9 kDa): a) Growth curve 

of BL21 E. coli cell culture transformed with pQlinkH-(His)7-TacT1Y140F plasmid. The time after 

inoculation is plotted against OD600, the dotted line indicates induction by IPTG early in the log 

phase when OD600 reached 0.6, an increase in growth is observed following induction. b) The 

electrophoretic pattern of total cell protein expression is shown at 26 hrs. No overexpression 

was observed at ~20 kDa, circled in red. 
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Autoinduction media is supplemented with glucose, lactose and other essential salts. The lac 

promoter is inhibited by the glucose and is only accessible when all the glucose in the media 

is used up. At this point the cells switch to lactose as an energy source and the lactose induces 

cell expression. The cells grow to a significantly higher density than cultures using IPTG 

induction, so there is more target protein per volume of culture. Even with trace expression 

a significant amount of protein can be isolated per litre. 

To express the TacT1Y140F, TacT2Y137F and TacT3Y143F proteins, the same pQlinkH plasmids and 

BL21 E. coli cells were used as in 2.2.1. Small-scale expression trials were carried out. Firstly, 

the relevant plasmid was transformed into the competent cells. Then overnight precultures 

were carried out in LB media. Finally, the preculture was inoculated at a 1:15 dilution into 15 

mL of autoinduction expression cultures. This is a very high ratio compared to the standard 

dilution of 1:100. The aim was that a higher cell density could be achieved before the 

expression of the toxic protein that would cause cell death or cell stasis. The small scale 

autoinduction expression cultures had cell densities up to 10-fold greater than with the 

original IPTG induction, as well as strong overexpression of the TacT1Y140F, TacT2Y137F and 

TacT3Y143F proteins (Figure 2.5). Inexplicably scaling up to 1 L did not yield the same 

overexpression. Trace bands were observed but an attempt to purify the trace amount of 

toxin was unsuccessful.  

Figure 2.5: Trial expression of TacT proteins ((His)7-TacT1 Y140F: 20.9 kDa, (His)7-TacT2Y143F: 

20.9 kDa and (His)7-TacT3Y137F: 22.2 kDa: SDS-PAGE analysis of total cell protein expression of 

trial expressions of (His)7-TacT1Y140F, (His)7-TacT2Y143F and (His)7-TacT3Y137F using 

autoinduction media at 18 hrs and 26 hrs. Overexpression bands are circled in red indicating 

successful overexpression of the target proteins.  
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Supplementing media and LB agar gels with glucose is important when expressing toxic 

proteins with a lac operator. The glucose inhibits the lac operator and prevents leaky 

expression up until the point of induction. In the first trial expressions of TacT1Y140F, TacT2Y137F 

and TacT3Y143F using autoinduction, the precultures and expression cultures were all 

supplemented with glucose. However, the LB agar gels were not. In a final attempt to improve 

expression the cells were primed with glucose from the earliest point. The E. coli cells 

transformed with relevant plasmid were now spread on LB agar plates containing glucose. As 

earlier, the precultures and autoinduction media used contained glucose.  

These new small-scale expression cultures resulted in strong overexpression, as seen by the 

strong overexpression bands of each of the TacT mutants in SDS-PAGE analysis. This time, the 

electrophoretic pattern of total cell proteins during large-scale growth of auto-inducing 

cultures at 37 °C for each TacT1-3 YF mutant expression also demonstrated overexpression of 

a protein roughly corresponding to the predicted molecular weight (TacT1: 20.9 kDa, TacT2: 

20.9 kDa and TacT3: 22.2 kDa) (Figure 2.6a). The electrophoretic mobility of the proteins was 

compared to purified proteins provided by our collaborators to confirm expression (Figure 

2.6b).  

Figure 2.6: Recombinant protein expression of TacT proteins ((His)7-TacT1 Y140F: 20.9 kDa, 

(His)7-TacT2Y143F: 20.9 kDa and (His)7-TacT3Y137F: 22.2 kDa: a) SDS-PAGE analysis of total cell 

proteins from large scale expressions of (His)7-TacT1Y140F, (His)7-TacT2Y143F and (His)7-

TacT3Y137F using autoinduction media after fully priming the cells with glucose. Overexpression 

bands are circled in red indicating successful overexpression of the target proteins. b) SDS-

PAGE analysis of the purified proteins from collaborators, (His)7-TacT1Y140F, (His)7-

TacT2Y143Fand (His)7-TacT3Y137F. Pure proteins are observed corresponding to the predicted 

molecular weight. 
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Interestingly TacT2 runs lower on the gel. SDS molecules carry a negative charge and impart 

two negative charges for every two amino acids, hence protein-SDS complexes should have 

the same mass-charge ratio compared to the native state of the protein. However, the 

number of negatively charged residues in the protein could significantly affect migration time. 

TacT2 has a lower isoelectric point (pI) than TacT1 or TacT3 and at a neutral pH may carry 

more negative charges. It is possible that it therefore migrates faster in an electric field and 

appears smaller than it is. 

2.2.3. Optimised Purification of (His)7-TacT1Y140F 

As with protein expression, protein purification often requires optimisation. The main steps 

in the basic workflow of protein purification involve first harvesting the cells of the expression 

culture by centrifugation. The cells in the cell pellet are then lysed. The protein is then purified 

from the cell extract by various chromatographic methods. Finally, the protein is prepared for 

storage (Figure 2.7).  

 

Methods for the purification of (His)7-TacT1Y140F and (His)7-TacT2Y137F have previously been 

published.57,58 Using the published methods, the aim was to carry out trial purifications of the 

three proteins (His)7-TacT1Y140F, (His)7-TacT2Y137F and (His)7-TacT3Y143F. The purification of the 

recombinant (His)7-TacT1Y140F was carried out using the published methods with some 

optimisation, and pure protein was obtained. However, due to the coronavirus pandemic 

affecting laboratory access, the (His)7-TacT2Y137F and (His)7-TacT3Y143F proteins were not fully 

purified.  

According to the published method, the cells were harvested by centrifugation and lysed in a 

buffer containing 500 mM NaCl. The literature methods used sonication for lysis, in this thesis 

a French press was used as it is the equipment of choice in our lab. Phenylmethanesulfonyl 

fluoride (PMSF) was added to the lysis buffer as reported in the literature. It is a protease 

inhibitor, specifically targeting serine proteases. In addition to the literature, cOmplete™ mini 

EDTA-free protease inhibitor cocktail (Roche) was added to the buffer to target a broader 

spectrum of proteases including cysteine and metalloproteases. DNase I was also added in 

Figure 2.7: Schematic of recombinant protein purification 
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the presence of MgCl2 to eliminate DNA in the lysis solution. Following cell lysis, 

electrophoretic analysis indicated that the protein was contained within the soluble fraction 

(Figure 2.8). High salt conditions were identified by our collaborators as optimal for 

solubilising the TacTs, so although not reported in the methods in the literature, buffers 

containing 500 mM NaCl were used for the remainder of the purification. 

 

In the published method (His)7-TacT1Y140F was firstly purified from the total cellular proteins 

by immobilised-metal affinity chromatography (IMAC) following incubation with Ni-NTA 

resin.57 Two methods were used in this thesis for IMAC utilising the histidine tag. Firstly, a 

preloaded HiTrap TALON column was used as it is the column of choice for IMAC in our lab. 

The TALON column uses Co2+ ions which are more selective for histidine tags compared to 

Ni2+, and less likely to bind randomly positioned histidines.149 A preloaded column was used 

as it has the advantage of preventing possible degradation of proteins during the incubation 

time of the lysate with resin. Electrophoretic analysis demonstrated that a significant amount 

of (His)7-TacT1Y140F was lost in the flow through and column wash with 20 mM imidazole 

(Figure 2.9). The column was equilibrated with a starting concentration of 20 mM imidazole, 

it is possible that this was too high for a TALON column which can often elute a histidine 

tagged protein at a lower imidazole concentration. A starting concentration of 0 mM 

imidazole was therefore used in a second trial but no improvement was observed. 

Figure 2.8: SDS-PAGE gel analysis of cell lysis of (His)7-TacT1Y140F protein expression: Lane 1, 

(His)7-TacT1Y140F expression in BL21 cells; Lane 2, cell lysate following cell disruption; Lane 3 

resulting supernatant (soluble fraction).  

1      2       3  

 

75 - 

100 - 

50 - 

37 - 

25 - 

20 - 

kDa 

(His)7-TacTY140F 



35 
 

To try improving the purification, gravity flow IMAC with Ni-NTA resin was tried as recorded 

in the literature. The crude lysate was incubated overnight with Ni-NTA resin without any 

imidazole, with the aim of allowing full binding of the toxin before purification by IMAC. 

Electrophoretic analysis of the purification identified no significant loss of (His)7-TacT1Y140F in 

the flow through or washes (Figure 2.10). The (His)7-TacT1Y140F was eluted with 500 mM 

imidazole, the fractions contained impurities but (His)7-TacT1Y140F was the main product. 

Fractions 9-13 were pooled for further purification. 

In the method reported in the literature for the purification of (His)7-TacT1Y140F, following 

IMAC the protein was then further purified by cation ion exchange (IEX) column 

chromatography, using a HiTrap SP HP column.57 However, each of the three proteins (His)7-

TacT1Y140F, (His)7-TacT2Y137F and (His)7-TacT3Y143F have a different isoelectric point so different 

Figure 2.10: SDS-PAGE gel analysis of (His)7-TacT1Y140F IMAC purification: Lane 1- 2, flow 

through from loading of TALON column; Lane 3-7, column washes with 20 mM imidazole; Lane 

8-13, elution with 500 mM imidazole 
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Figure 2.9: SDS-PAGE gel analysis of (His)7-TacT1Y140F IMAC purification: Lane 1, flow 

through from loading of TALON column; Lane 2 - 3, column washes with 20 mM imidazole; 

Lane 4 - 8, elution with 500 mM imidazole 
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ion exchange columns would be required. The aim here was to optimise a purification method 

that can be used for all the TacT proteins, so this step was omitted. 

Following the published method, size exclusion chromatography (SEC) using a HiLoad 

Superdex-75 column was carried out as the final purification step for (His)7-TacT1Y140F. The 

pooled protein following IMAC was dialysed to remove the imidazole and then concentrated. 

At this point most of the protein precipitated out of solution. The TacT1-3 proteins have two, 

four and three cysteines, respectively, making aggregate formation likely as a result of inter- 

and intra-molecular disulphide formation. To improve the yield in future, prior to 

concentrating, DTT or β-mercaptoethanol (β-ME) should be introduced at low concentrations 

as reducing agents to prevent the disulphide formation. The remaining solution was purified 

via SEC. The purified fractions eluted at retention volumes corresponding to a 40 kDa protein 

indicative of a dimeric state in solution. Electrophoretic analysis demonstrated that SEC can 

purify (His)7-TacT1Y140F to high purity (Figure 2.11). The fractions containing the pure protein 

were pooled and dialysed.  

The protein concentration was determined by measuring absorption at 280 nm and 

calculating the concentration according to the Beer-Lambert law: 

𝐴 =  𝜀𝑐𝑙 

Equation 1: Beer – Lambert’s law 

where A is the absorption; ε is the molar extinction coefficient of the protein, calculated using 

ExPASy ProtParam software with the amino acid sequence; and l is the optical path length – 

the distance of the sample through which the absorption is measured. In total just 1 mg of 

protein was isolated from 3 L of expression culture, but a much higher yield is expected 

without precipitation. Only (His)7-TacT1Y140F has so far been purified fully. (His)7-TacT2Y137F and 
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Figure 2.11: SDS-PAGE gel analysis of (His)7-TacT1Y140F SEC purification: Lane 1, combined 

fractions following IMAC purification; Lane 2-3 two pure fractions of (His)7-TacT1Y140F 

collected and later pooled together. 

  



37 
 

(His)7-TacT3Y143F have been expressed and will likely be able to be purified using the same 

optimised method.  

2.3. Method 2: Expression of WT TacT1-3 in the Presence of Pth 

In this section a second method to express the TacT1-3 proteins is described. The aim was to 

express the WT toxins TacT1-3 so that future activity and function assays can be carried out. 

The toxins were expressed in the presence of a known ‘antidote’ protein, Pth.57 It was 

predicted that if Pth is expressed before the toxin expression is induced it will be able to 

rescue or prevent growth toxin induced inhibition. As the TacT toxins are expressed, they 

acetylate charged tRNA inhibiting translation and causing cell stasis. The Pth will detoxify the 

charged tRNA, reducing the toxic effect of the TacTs. The experiment was designed to allow 

for expression of Pth in E. coli cells followed by the expression of the TacT toxins in the same 

cells. 

2.3.1. Plasmid Design and Construction 

2.3.1.1. Plasmid Design 

The choice of host plasmid for protein expression is very important. Mainly because of the 

promoter that controls expression, but also the plasmid copy number and the antibiotic 

resistance gene that acts as a selective marker. The promoter drives the transcription of the 

target gene and determines which cell types the gene can be expressed in. Promoters are 

usually IPTG inducible or arabinose inducible. When expressing two proteins simultaneously 

from different plasmids it is possible to induce one protein earlier by using a second plasmid 

with a different promoter. In this experiment the aim was to introduce Pth first as an 

‘antidote’ for the toxic function of the WT TacT1-3 proteins and then express the WT TacT1-

3 proteins. pBAD33 is one of the pBAD series of expression vectors which are arabinose 

inducible. It was proposed that Pth be cloned into a pBAD33 vector, and overexpressed first 

by the addition of arabinose. Each of the TacT proteins would then be inserted into the IPTG 

inducible pQE-80LC expression vector and expressed after the Pth by the addition of IPTG. 

Antibiotic resistance genes can be used as selective markers for cells that have taken up the 

plasmid. The media is supplemented with the appropriate antibiotic and only cells with the 

plasmid containing the resistant gene can grow in the media. Since this experiment involves 

growing cells containing two plasmids, it was designed such that the two plasmids have 

different selectable markers. The pQE-80LC plasmid has an ampicillin resistance gene and the 

pBAD33 has a chloramphenicol resistance gene. The LB agar and all cultures could then be 

supplemented with both ampicillin and chloramphenicol, this ensures that the colonies 

selected to inoculate cultures have taken up both plasmids. 

The pQE-80LC plasmid was chosen as it is a bicistronic expression vector, it also contains the 

gene to express BirA. BirA biotinylates proteins in vivo when they contain an AviTagTM and the 

media is supplemented with biotin.150 The genes coding for each TacT1-3 protein were 



38 
 

inserted into the pQE-80LC plasmid with a (His)6 tag and an AviTagTM at the N-terminus of the 

gene. The expression of the toxins is an important developmental step in the overall project 

to identify inhibitors of the toxins. The affinity of any new inhibitor to the toxins would need 

to be measured. The biotin – (Strept)Avidin interaction has been exploited for use in many in 

many biophysical assays such as surface plasmon resonance (SPR). For the expression of the 

TacT proteins, a biotin tag was used to allow for future development of inhibitors, it was 

chosen over other labelling options because the biotin molecule is stable and small and is 

unlikely to interfere with the function of the protein.  

The final reason the pQE-80LC plasmid was chosen as the vector, was because ‘leaky’ 

expression of the toxins would be a problem. The pQE-80L expression vectors as with pQlinkH 

vectors have a cis-lacIq gene that overexpresses the lac repressor and suppresses the 

expression of the toxic protein before the addition of IPTG for induction. This prevents ‘leaky’ 

expression allowing a chance for high level expression of the toxic protein.  

2.3.1.2.  Plasmid Construction 

Pth was cloned into a pBAD33 plasmid prior to this thesis by our collaborators in the Helaine 

group. The genes coding for each TacT1Y140F, TacT2Y137F and TacT3Y143F toxins were cloned 

into a pQE-80LC plasmid using NEBuilder HiFi DNA assembly mix, the mutation was then 

restored to the WT so the active protein could later be expressed.  

For NEBuilder HiFi DNA assembly careful design of primers is key. The primers had to have a 

gene specific sequence for template priming during amplification as well as an overlap 

sequence of 15-25 base pairs allowing for the assembly of the vector and insert. The final 

plasmid constructs were designed in silico and used to design the primers (Figure 2.12), 

primers are listed in Table S1. The insert gene and the vector plasmid were amplified using 

PCR, with appropriate overlaps. The agarose gel analysis of each PCR product suggested a 

single DNA product (Figure 2.13). 
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   Figure 2.13: Agarose gel analysis of PCR products prior to HiFi DNA ligation:  A single PCR 

product for each insert and vector was obtained prior to ligation to form (His)6-AviTag-TacT1, 

(His)6-AviTag-TacT2 and (His)6-AviTag-TacT3.  

Figure 2.12: Design of primers using in silico construct of final plasmid product: The 

overlapping sequences are the nucleotides coloured pink. The primers are the purple arrows, 

they each cover the whole overlapping region and a gene specific sequence. 
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In a single tube reaction, the NEB HiFi master mix was used to assemble the amplified double 

stranded DNA (dsDNA) insert sequence and dsDNA vector sequence with appropriate overlap 

sequences. The 5’ exonuclease removes nucleotides at the 5’ terminal leaving single stranded 

3’ overhangs. The overhangs of the vector and insert have complementary overlapping 

sequences and so the DNA anneals together. The DNA polymerase extends the 3’ ends to fill 

in the gaps of the annealed fragments with nucleotide bases. The DNA ligase seals the nicks 

on the backbone of the assembled DNA. The ligated DNA was transformed into high efficiency 

competent cells and spread on LB agar gels. Colonies were observed for each ligation 

experiment for TacT1-3, indicating successful ligation. The final plasmid construct was 

confirmed with Sanger sequencing, demonstrating that each of the TacT1Y140F, TacT2Y137F and 

TacT3Y143F genes were inserted successfully into pQE-80LC plasmid. 

Following successful assembly, the mutant TacT genes were restored to the WT using single-

point site-directed mutagenesis, primers are recorded in Table S1. The agarose gel analysis of 

each PCR product suggested a DNA product that corresponds to the size of the plasmid (Figure 

2.14) and the success of mutagenesis was confirmed with Sanger sequencing. 

 

 

Plasmid 

°C 

kb 

5 - 

2 - 

3 - 

1.5 - 

4 - 

6 - 
8 - 

10 - 

1 - 

0.5 - 

51      53       55 

 TacT3 

F143Y 

(TTC→TAC) 

50       53       56 

 TacT1 

F140Y 

(TTC→TAC) 

59         62       66 

 TacT2 

F137Y 

(TTC→TAT) 

Figure 2.14: Agarose gel analysis following site-directed mutagenesis: Product observed for 

mutation of mutant toxin gene: (His)6-AviTag-TacT1Y140F, (His)6-AviTag-TacT2Y137F and (His)6-

AviTag-TacT3 Y143F to WT genes (His)6-AviTag-TacT1, (His)6-AviTag-TacT2 and (His)6-AviTag-

TacT3. 
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2.3.2. Trial Expression of Pth 

The optimum conditions for Pth expression were investigated with small scale trial 

expressions before trial expressions with the TacT1-3 proteins. The pBAD33 plasmid 

containing the gene encoding Pth was used to transform chemically competent E. coli BL21-

AI cells. E. coli BL21-AI cells differ from E. coli BL21 cells in that the replication machinery is 

only activated upon arabinose induction, preventing leaky expression of a toxic protein. The 

first method of expression of the TacT1-3 proteins (2.2) involved expression of the mutant 

toxins that have reduced toxic function. Since the aim of this method was to express the WT 

TacT1-3 proteins, E. coli BL21-AI cells were used to limit any expression of the protein until 

the cells have had a chance to grow to a high cell density. This is less important at this stage 

when just expressing the Pth, but important for trial expressions of the toxic proteins (2.3.3). 

The cells were propagated in LB or TB media. The optimal time for induction differs from 

protein to protein. Usually, arabinose can be added to express non-toxic protein as early as 

the moment of inoculation up until the optical density of the bacterial culture at 600 nm 

(OD600) reaches 0.6 – 0.8. For this trial the cell cultures were induced with arabinose either at 

the start or when the OD600 reached 0.4. Arabinose can be used in the range of 0.1 - 1 % (w/v), 

for these trial expressions a concentration of 0.4 % (w/v) was used. A large increase in growth 

was observed for each culture (Figure 2.15a). Cultures in TB media had a final cell density 

almost 3 times larger than the cultures in LB media. The cultures induced by arabinose at the 

start compared to at OD600 = 0.4 demonstrated no difference in cell density. SDS-PAGE 

analysis showed overexpression bands for a protein at ~23 kDa in each cell culture correlating 

to the size of Pth (Figure 2.15b). The overexpression band for Pth was not noticeably different 

with arabinose expression at OD600 = 0.4 compared to at the start.  
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Based on this experiment Pth can be expressed well in both LB and TB media. There is no 

significant difference in expression between induction with arabinose at the start or at OD600 

= 0.4. For the next stage of trial expressions of the toxic proteins together with Pth (2.3.3) the 

arabinose was added at the start as it makes little difference to the amount of Pth, but Pth 

will be expressed earlier. Both LB and TB media were used as they did not affect Pth 

expression but may affect TacT1-3 expression. 

2.3.3. Trial Expression of WT TacT1-3 in the Presence of Pth 

In these trial expression experiments the aim was to find optimum conditions to overexpress 

three proteins in each cell culture: Pth, BirA and one of TacT1, TacT2 or TacT3. The gene 

encoding the Pth protein was in a pBAD33 plasmid and the gene encoding BirA was in the 

bicistronic pQE-80LC plasmid with one of each TacT1, TacT2 or TacT3 genes. The method 

follows the normal workflow for bacteria-hosted protein expression. Chemically competent 

Figure 2.15: Expression of Pth protein (22.9 kDa): a) Growth curve of BL21-AI E. coli cell 

culture transformed with pBAD33_Pth plasmid, in LB and TB media. The time after inoculation 

is plotted against OD600, the dotted lines indicate induction by arabinose early in the log phase 

when OD600 reached 0.4, an increase in growth is observed following induction. Cultures in TB 

media compared to LB media have a greater cell density. b) SDS-PAGE analysis of total cell 

protein expression at 24 hrs. Lanes A: arabinose added at the start, Lanes B: arabinose added 

at OD600 = 0.4. Overexpression bands were observed at ~23 kDa, circled in red, indicating 

successful overexpression of Pth.  
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E. coli BL21-AI cells were transformed with both plasmids and plated on LB agar plates 

containing the antibiotics which the plasmids carry resistant genes for (both ampicillin and 

chloramphenicol). Precultures were grown up from a single colony in LB or TB media 

containing the correct antibiotics. The cultures were then diluted 1:15 in the chosen media. 

As earlier with expression via autoinduction, a very high ratio of preculture to new media was 

used compared to standard dilution of 1:100. The precultures in TB media had reached a very 

high density, so the starting OD600 of the growth cultures were between 0.1 and 0.4. 

Arabinose was added at the start to induce Pth expression. The BL21-AI replication machinery 

was therefore also induced from the start because of the addition of arabinose. Usually, IPTG 

can be added when the OD600 reaches 0.6 and the induction of a toxic protein should be done 

at a time point as late as possible. IPTG was therefore added when the OD600 reached 0.6 – 

0.8 to induce the expression of the TacT proteins. IPTG can be used in the range of 0.1 to 5 

mM, for induction of toxins the IPTG concentration used should be on the lower scale end. 

Therefore, for these trial expressions 0.5 mM IPTG was added. The cultures were all 

supplemented with biotin to promote biotinylation by BirA. 

Three variables were changed to try to find optimum expression conditions. Both LB and TB 

media were used; the presence or absence of glucose at a 0.4% w/v concentration; and the 

presence or absence of IPTG at 0.5 mM concentration. The growth of each culture was 

monitored by measuring the OD600 every hour and then every half an hour after OD600 of 0.4 

was reached. A few patterns were noticed. In all cases cells grew to OD600 of 0.6 – 0.8 within 

2 - 4 hours. After 24 hours the cultures in TB media had up to 3-fold higher cell density 

compared to the same cultures (with/without glucose and IPTG) in LB media (Figure 2.16). 

Because of the higher cell densities of TB cultures, the difference in growth in the cultures 

with or without glucose and IPTG is easier to observe and evaluate. The remainder of growth 

observations are of cultures in TB media.  

Prior to induction the expression cultures of each of the TacT1-3 proteins grown in the 

presence of glucose had higher cell density compared to those without (Figure 2.16). Due to 

this head-start, after 24 hours the expression cultures of TacT1 had an OD600 value 0.5 - 1.0 

higher; TacT2 had an OD600 value 3 times higher and the TacT3 had OD600 value 4 times higher. 

Glucose inhibits the lac operator of the T5- promoter in pQE-80LC, it therefore prevents leaky 

expression of the TacT toxins up until the point of induction. In the cultures with glucose the 

TacT toxins aren’t present prior to induction, whereas without glucose the cells express a 

small amount of TacT toxins which inhibits growth. This prevents them growing to a higher 

density. 

After 24 hours the expression cultures of the TacT1 and TacT2 proteins induced by IPTG had 

lower cell density compared to the cultures for which no IPTG was added (Figure 2.16). This 

suggests that the expression of the TacT1 and TacT2 toxins caused a toxic effect on the 

bacterial cultures and growth was hindered. It further suggests that Pth did not sufficiently 
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act as an ‘antidote’ to repair any acetylated tRNA. There was an overexpression band for a 

protein at ~23 kDa in each cell culture correlating to the size of Pth (Figure 2.17), suggesting 

that Pth was present but did not act as an antidote. There was a faint overexpression band 

for a protein at ~32 kDa in each cell culture correlating to the size of BirA, suggesting that the 

IPTG was active and some BirA was expressed. As the TacT1 and TacT2 genes were each in 

the same plasmid as BirA it is expected that the TacT1 and TacT2 proteins would also be 

expressed. No overexpression bands for TacT1 and TacT2 were observed suggesting that the 

proteins were too toxic to the cells and could not be overexpressed. 

After 24 hours the expression cultures of the TacT3 protein induced by IPTG had identical cell 

density compared to the cultures for which no IPTG was added (Figure 2.16). This suggests 

that either TacT3 did not express, or the expression of the TacT3 toxins did not cause a toxic 

effect on the bacterial cultures. If TacT3 did express, it further suggests that Pth may have 

acted as an ‘antidote’ to repair the tRNA acetylated by TacT3. In each culture there was an 

overexpression band correlating to the size of Pth and a faint overexpression band correlating 

to the size of BirA (Figure 2.17). Encouragingly, there was also a strong overexpression band 

at ~20 kDa corresponding to the size of TacT3. This suggests that the IPTG was active and BirA 

as well as TacT3 were expressed. The continued cell growth upon induction as well as the 

overexpression band of TacT3 indicate that Pth was successful at acting as an ‘antidote’ to the 

toxic TacT3. Although the TacT3 was expressed and it is toxic to the cell, the cells could still 

grow and the TacT3 was still successfully overexpressed. 

It is interesting that this method of expression was only successful for TacT3 and not for TacT1 

and TacT2. It is possible that further optimising the conditions for expression would enable 

overexpression of TacT1 and TacT2. Possibly a higher level of glucose in the media would help 

keep tighter control of leaky expression. Varying the IPTG may also enhance expression, a 

lower amount of IPTG may limit the amount of toxin expressed and allow Pth more time to 

repair the acetylated tRNA. The temperature was not varied in this experiment, expression at 

18 °C following induction may prevent IPTG from deactivating and keep the cell replication 

level slower so the Pth has a better chance of repair. The expression of TacT3 was successful 

and can be scaled up to find out if the experiment is feasible on a large scale. 
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Figure 2.16: Growth curves of TacT trial expression in BL21-AI E. coli cell culture in LB and TB 

media: Cells transformed with pBAD33_Pth plasmid and a) pQE80LC_(His)6-AviTag-TacT1 b) 

pQE80LC_(His)6-AviTag-TacT2 and c) pQE80LC_(His)6-AviTag-TacT3. The time after inoculation 

is plotted against OD600, the dotted lines indicate induction by IPTG early in the log phase when 

OD600 reached 0.4, an increase in growth is observed following induction. Cultures in TB media 

compared to LB media have a greater cell density. The expression cultures of the TacT1 and 

TacT2 proteins induced by IPTG had lower cell density compared to the cultures for which no 

IPTG was added. The expression cultures of the TacT3 protein induced by IPTG had identical cell 

density compared to the cultures for which no IPTG was added. 

a) 

b) 

c) 
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2.4 Chapter Summary and Conclusions 

In this chapter the expression of TacT1-3 proteins has been discussed and demonstrated. In 

the first section of the chapter, the challenges of expressing type II toxins were discussed. The 

toxins are toxic to E. coli cells and expressing the WT form without its coordinating antitoxin 

is not possible. A number of methods have been reported to express type II toxins, and two 

of those methods were chosen to express the TacT toxins in this thesis. The first was 

expression of mutant forms of each toxin that cannot co-ordinate the Ac-CoA cofactor in the 

correct position for transfer of acetyl group to tRNAs. The TacTs cannot carry out their toxic 

function, so the cells survive and propagate in the presence of the protein. With some 

optimisation of the methods reported in the literature (His)7-TacT1Y140F, (His)7-TacT2Y137F and 

(His)7-TacT3Y143F were all overexpressed to a level that allows for purification. It was found 

that priming the cells with glucose from the earliest stage when plating cells on agar for 

growth recovery was crucial to prevent ‘leaky’ expression and allow cells to propagate. It was 

also found that using autoinduction in TB media gave the highest level of expression. 

The second method used to express the TacT toxins in this thesis was to express the WT toxins 

in the presence of a known ‘antidote’ Pth. Since an antidote to TacT toxicity is known, it was 

proposed that TacTs could be expressed in the presence of this antidote Pth. The aim was 

that the toxic activity is overhauled by the presence of Pth, and TacTs can be overexpressed 

as cell death is not triggered. The experiment was carefully designed to allow for expression 

of Pth first, followed by the TacT proteins. Cell lines and plasmids were chosen to tightly 

control expression and prevent leaky expression of the very toxic WT proteins that would 

inhibit cell growth. 

Due to time constraints just one trial expression experiment for each of the TacTs in the 

presence of Pth has been carried out so far. In this trial it was exciting to observe that on a 

small scale the WT TacT3 was overexpressed in the presence of Pth, suggesting the strategy 

is promising. The WT TacT1 and TacT2 toxins were not overexpressed, but further 

optimisation of the conditions may enable overexpression of the proteins. A higher level of 

glucose in the media may keep a tighter control of leaky expression. A lower amount of IPTG, 

Figure 2.17: SDS-PAGE analysis of total cell protein expression of TacT proteins with Pth 

at 24 hrs: Lanes A: no IPTG, Lanes B: IPTG added at OD600 = 0.4. a) expression of (His)6-

AviTag-TacT1 (22.1 kDa) in presence of Pth. Expression band observed for Pth at ~20 kDa, 

small expression band observed for BirA at ~35 kDa; and no expression band observed 

for(His)6-AviTag-TacT1 at ~22 kDa. b) expression of (His)6-AviTag-TacT2 (22.0 kDa) in 

presence of Pth. Expression band observed for Pth at ~20 kDa, small expression band 

observed for BirA at ~35 kDa; and no expression band observed for (His)6-AviTag-TacT2 at 

~22 kDa. c) expression of (His)6-AviTag-TacT3 (23.4 kDa) in presence of Pth. Expression 

band observed for Pth at ~20 kDa, expression band observed for BirA at ~35 kDa; and 

expression band observed for (His)6-AviTag-TacT3 at ~23 kDa. 
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or later addition of IPTG may slow toxin expression and allow Pth more time to repair the 

non-functional tRNA. 

This thesis is part of a larger project to identify a pan inhibitor of the three TacT proteins. It is 

important to be able to express the WT TacT proteins for future activity assays to assess the 

strength of inhibitors. First, further trials should be carried out to try express the toxins in the 

presence of Pth, varying the glucose concentration; the IPTG concentration and time of 

addition; and varying the temperature for expression. If this method does not work, other 

reported methods for toxin protein expression could be considered. Firstly, expressing the 

TacTs with their antitoxins, denaturing the complexes and then refolding just the TacTs. 

Expression in yeast cells is an alternative option, it would be a preferred method to expression 

with the antitoxins if no refolding has to be carried out. As a final resort cell free expression 

could be used, although it is expensive, so this would only be for a small scale expression. 

In this chapter, the purification of (His)7-TacT1Y140F has also been presented. The purity was 

high enough for use in biophysical and biochemical assays to assess binding characteristics. 

Although (His)7-TacT2Y137F and (His)7-TacT3Y143F were expressed, due to time constraints as a 

result of the coronavirus pandemic, they have not been purified. It is expected that the 

established purification method for (His)7-TacT1Y140F can be applied to these two proteins with 

minimal optimisation required.  Additionally, it is expected that the (His)6-AviTag-TacT1, 

(His)6-AviTag-TacT2 and (His)6-AviTag-TacT3 can also be purified using this method if 

expression alongside Pth is successful. 
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Chapter 3 

Characterising the Protein-Protein Interactions of 

TacTA1-3 

Abstract 

This chapter describes the use of purified TacT1-3 proteins for the biophysical and 

biochemical characterisation of the interaction between TacT1-3 and their respective 

antitoxins. The aim was to gain insight into the nature of the PPIs to provide a strong starting 

point for the development of compounds to inhibit the TacT toxins. Firstly, a series of peptides 

based on the antitoxin proteins TacA1-3 were designed and synthesised. Then the affinity of 

the antitoxin peptides to the TacT toxin proteins were determined using biophysical 

experiments. TacT1, TacT2 and TacT3 all demonstrated different affinities for their 

corresponding antitoxin peptides, supporting the published data that they display different 

potencies. 

3.1. Introduction to Biophysical Characterisation of PPIs 

Biophysical characterisation is the use of different biophysical analytical methods to 

investigate the biophysical behaviour of biomolecules. The analysis could involve 

understanding the structure and other biophysical properties of a single biomolecule. It also 

could involve characterising the structure and properties of an interaction of the biomolecule 

with a ligand or another biomolecule. It is important to characterise biophysical properties as 

the biophysical behaviour of proteins can impact many aspects of cellular function as well as 

drug function in relation to the molecule. 

3.1.1. Characterisation of PPIs 

The fundamental forces of binding; including electrostatic forces, hydrogen and van der Waals 

bonding and the hydrophobic effect; all determine the interaction characteristics of PPIs.151 

The specificity of the interaction generally comes from the molecular complementarity 

between the interaction site of the two proteins. Binding energies are not evenly distributed 

across the PPI surface, this is because of ‘hotspot’ residues or compact centralised regions 

that are crucial to the affinity of the interaction.152 

In Chapter 1 it was described that both small molecules and peptides have been used to target 

PPIs despite their large surface area. Whilst HTS has been used for the discovery of small 

molecule inhibitors of PPIs, rational structure-activity based design has shown the greatest 

success. Small molecule compounds have been discovered that target clusters of ‘hotspot’ 
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residues in bacterial PPIs.67-69 Prior to the rational design of these molecules the structure, 

affinity and other biophysical properties in particular the identification of ‘hotspot’ residues 

of the PPI interface must be elucidated. This also applies to the identification of peptides, 

cyclic peptides and peptidomimetics as PPI inhibitors. These larger molecules are usually used 

to target PPIs that have ‘hotspot’ residues distributed over a large surface area as they can 

confer greater selectivity.70,71 A peptide is often designed using the structure of one of the 

binding partners and further optimised and developed based on the biophysical properties of 

the interaction. 

A robust understanding of the biophysical characteristics of a PPI is crucial for the successful 

development of drugs inhibiting a PPI or targeting a protein involved in a PPI. Structural 

characterisation by crystallography or NMR provides details of the interface size and the types 

of amino acids involved and therefore some indication of the type of bonding at the interface. 

Analysis of the structure can also indicate the shape complementarity. It may also highlight 

some conformational changes of the one or both proteins upon binding when comparing the 

protein alone and when bound. A number of other biophysical characterisation methods have 

been developed to investigate the affinity, thermodynamics, kinetic rates and salt sensitivities 

of a PPI. These can be used to elucidate the biological functional mechanisms of the proteins 

in PPIs. Additionally, ‘hotspot’ residues can be identified providing a starting point for the 

rational design of small molecules or peptides to target a PPI. 

3.1.2. Characterisation of PPIs of TA systems  

As explained in Chapter 1 the type II TA systems consist of a toxin and an antitoxin protein 

pair that form a PPI.20 Whilst the crystal or NMR structures of many type II systems have been 

elucidated, other biophysical characteristics of many TA pairs have not been reported.153 

Consequently, the biological functions of many TA pairs is not fully understood. For example, 

it is not well understood what properties of antitoxins allow them to exhibit a controlled 

neutralisation effect on the toxins.154  

One of the obstacles to characterising TA pairs is the challenging recombinant expression of 

the toxins.140 This was discussed in Chapter 2 where two solutions were examined to express 

the TacT proteins and can be extended to other TA systems. Another barrier is the complexity 

of the antitoxin proteins. The antitoxins have been reported to bind to the toxin (in some 

cases at multiple sites), bind to the TA operon to regulate expression and form 

homodimers.155 The antitoxins are generally intrinsically disordered proteins or have 

unstructured C-terminal regions.156-160 When bound to the toxin or a target they may have a 

tertiary structure, in some cases they bind as a linear peptide. It is a challenge to identify 

which region of the antitoxin is responsible for the PPI. 

Some work has been done to characterise the properties of some TA PPIs beyond the 

structural data.161-164 The affinities between the antitoxins to their toxin pairs as well as to 

their other targets, specifically the TA DNA operators, have been reported.161-167 The 
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equilibrium constant KD is often used to rank strengths of bimolecular affinities. Affinities of 

either a ligand, DNA, peptide or protein to a protein are often measured and reported as a 

KD. The KDs for some TA complexes have been reported in the nanomolar range indicative of 

high affinity PPIs.161-164 This likely encourages proper cell growth in normal cell conditions. 

Experiments were carried out to identify the KDs between full length proteins of TA pairs: 

PezA-PezT (<1 nM), RelB-RelE (0.33 nM), Phd-Doc (0.35 μM and 31 μM) and MqsA-MqsR 

(<0.15 nM).161,163,164,166 However, using the full length antitoxin does not give any information 

about which region is involved in the PPI. The affinity of CcdA-CcdB was assessed using 

truncated peptides of the antitoxin CcdA.162 The peptides used were based on the structure 

of the TA complex. It is interesting that this complex had the lowest KD of 0.03 nM, possibly a 

result of no interference from other regions of the antitoxin. Using truncated peptides can 

identify which area holds majority of the binding energies. In all these studies no further 

analysis was carried out to identify which residues are crucial for the interaction, this would 

give further information about the binding energies of the PPIs.  

As mentioned in Chapter 1 the structures of the mutant TacT1-3 proteins have been 

elucidated and published.57,58 Additionally, our collaborators have unpublished crystal 

structures of each of the TacT proteins in a complex with a truncated antitoxin protein. The 

crystal structures provide some information of the region of the antitoxin involved in the PPI, 

as well as the amino acids involved. However, the affinities between the toxin and antitoxin 

pairs have not been measured. This is necessary to better understand the biological function 

and how the antitoxin neutralises the toxin. It is also a step in the process of discovering a pan 

inhibitor for the three TacT proteins. Each of the TacTs may have different mechanisms of 

neutralisations or rely on different ‘hotspot’ residues. Characterising the PPIs and the crucial 

interactions involved may identify whether an inhibitor can be designed to target the site of 

the interaction with the antitoxin or an allosteric site.  

In this project, it was decided to characterise the affinities of the TacTs for their respective 

antitoxins as a starting point to elucidate the neutralisation mechanism of the TacA antitoxins. 

Future experiments could be carried out to compare this measured affinity to the affinity of 

the antitoxin to the TA DNA operon. This can provide information of whether the TA systems 

rely on conditional cooperativity as reported for some type II TA systems.161-163,166  

TacA peptide sequences of the toxin binding-domain would be used as chemical tools to 

characterise the interaction. Using the sequence that is only involved in toxin binding reduces 

the influence from the remainder of the antitoxin that is involved in other functions. 

Additionally using peptides provides future opportunities to characterise the key residues 

which is not possible with proteins. This can be done by using an alanine scanning technique, 

wherein a series of peptides would be synthesised with each amino acid sequentially replaced 

with alanine. Since alanine has a small inert side chain, this allows the determination of the 

contribution of each amino acid to the binding affinity.  
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3.1.3. Methods 

There are many methods available to measure the affinities of a protein-protein or protein-

peptide interaction. Quantitative methods release a signal that indicates the strength of the 

interaction. Some of these can be extrapolated to obtain the binding affinity as a KD value. 

Methods include isothermal titration calorimetry (ITC), microscale thermophoresis (MST), 

differential scanning fluorimetry (DSF (thermal shift)), fluorescence anisotropy (FA 

(fluorescent polarisation)) and surface plasmon resonance (SPR).168 In this thesis three 

methods were used, DSF, FA and SPR. The advantages and considerations of each method 

used are discussed below. 

3.1.3.1. Differential Scanning Fluorimetry 

Using DSF, thermal shift assays are carried out where proteins are gradually heated in the 

presence of an external fluorescent probe. SYPRO® orange dye is commonly used as the 

probe.169 As the temperature is increased the protein unfolds and hydrophobic areas are 

exposed. SYPRO® orange has an affinity for hydrophobic areas on a protein and binds to the 

protein at the increasingly larger hydrophobic surface areas inducing a fluorescent signal. As 

the temperature increases the fluorescence peaks just before protein aggregation and dye 

dissociation.  

The fluorescent signal at 610 nm can be plotted as a function of temperature. The inflection 

point of the resulting sigmoidal curve is referred to as the observed melting temperature (Tm), 

the point at which 50% of protein is unfolded and is a measure of stability. In the presence of 

a binding partner a change in Tm is usually observed (ΔTm). The protein complex may be more 

stable so the Tm is higher, or it may be less stable resulting in a decrease of the Tm. There are 

many reports that the stabilising effect of a compound when bound to a protein is 

proportional to the affinity of the compound.170 This suggests a tighter binding compound will 

result in a greater increase in melting temperature. It is important to be cautious though as 

the ΔTm is not an exact reflection of affinity. Enthalpic and entropic contributions affect the 

magnitude of the shift. Larger shifts will be observed for interactions that are hydrophobically 

(entropically) driven. An observed thermal shift is a good indicator of a binding interaction; 

however the exact binding affinity cannot be extrapolated from the data. 

DSF is a very useful tool. It can be high-throughput when carried out in 96-well or 384-well 

plates. It is very quick, inexpensive and uses only small amounts of protein. It is important to 

consider that it cannot be used for every protein or binding partner. As the probe detects 

hydrophobicity, the assay is sensitive to hydrophobicity of a protein, a very hydrophobic 

protein will have large background noise. If the binding partner has fluorescence this will 

affect the readout as it will be difficult to distinguish the source of fluorescence. 

3.1.3.2. Fluorescence Anisotropy 
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FA has been used since the early 1900’s as an analytical technique to carry out biophysical 

characterisation experiments.171 When a fluorescent label such as fluorescein or TAMRA is 

excited by polarised light it emits light with a degree of polarisation inversely proportional to 

the rate of molecular rotation. The emission of light from a labelled peptide alone in solution 

is largely depolarised, but upon binding to a protein the fluorophore has reduced rotational 

speed and therefore is more polarised. The observed polarisation upon introduction of the 

protein to the peptide solution is proportional to the fraction of bound peptide.  

FA is a highly useful tool to determine the KD of a ligand or peptide to a protein. It has been 

developed for high throughput use in 384-well plates, and is fast to carry out.172,173 It is 

important to consider that a fluorescently labelled peptide or ligand is necessary, synthesis 

can be time consuming or expensive and, if the binding peptide or ligand is fluorescent 

(besides the label), this will affect the readout. 

3.1.3.3.  Surface Plasmon Resonance 

The physical process of surface plasmon resonance was discovered in the early 1900s.174,175 

Later the knowledge of the SPR process was applied to sensing.176,177 When plane-polarised 

light hits the sensor surface of a grating or prism, if total internal reflection (TIR) conditions 

are met, an electrical field of photons reflects from the surface.  Surface plasmons are a result 

of these photons interacting with the electrons on the surface of a noble metal. When the 

momentum of the incoming light is the same as the momentum of the plasmons, resonance 

occurs.178 The momentum is highly dependent on the angle of incident light. The angle of 

incident light is referred to as the resonance angle, it can be measured very precisely in SPR 

assays.178 When the composition of the medium is changed, the refractive index is changed. 

This is detected as a change in the angle of resonance.  

Using SPR, the protein of interest (ligand) is bound to a noble metal surface sensor. When a 

second biomolecule (analyte) binds to the surface of a sensor a change in refractive index is 

observed. This change is proportional to the number of molecules bound to the surface.179 

SPR can be used to detect biomolecular interactions, it can measure the KD values for a 

peptide, protein or ligand interacting with a protein. The analyte is introduced in increasing 

concentrations by flowing over the noble metal surface. The change in refractive index upon 

peptide binding is measured and recorded in arbitrary units (RU). The resulting sensograms 

plot the RU against analyte concentration. The plot demonstrates an association phase from 

which the kon is determined, and a dissociation phase from which the koff is determined. The 

KD can be calculated from these two constants. 

SPR is a highly useful tool to determine the binding kinetics and binding affinity of two 

interacting biomolecules. It characterises reactions in real time using label-free detection. It 

is important to consider that it is not a very high throughput method. Additionally, any buffer 

that affects the refractive index of a sample, for example dimethylsulfoxide (DMSO), will alter 

an SPR readout. 
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3.1.4. Chapter Aims 

In the remainder of this chapter the biophysical characterisation of the TacTA1-3 PPIs will be 

described. The chapter is divided into two main sections 

a) Design and synthesis of antitoxin peptides (3.2).  

b) Using various biophysical methods to measure the affinities and some other 

properties of the TacT1-3 interaction with peptides of TacA1-3 (3.3). 

  

3.2. Antitoxin peptide design and synthesis 

In unpublished data, our collaborators, the Helaine group in Harvard, have previously 

identified the minimum TacA antitoxin lengths necessary to inhibit the toxicity of their 

respective TacT toxins (Figure 3.1).  They performed a series of 5 amino acid long N-terminal 

truncations for each antitoxin. They tested their abilities to restore the growth of Salmonella 

expressing their cognate toxin. The final sequences were minimal and sufficient to neutralize 

their cognate toxin. These were a good starting point to measure the affinity of TacT-TacA 

binding for TacTA1, TacTA2 and TacTA3 and were therefore targeted for synthesis using solid 

phase peptide synthesis (SPPS). 

 

The peptides were designed to have an acetyl group at the N-terminus to remove the positive 

charge on the peptide to better mimic the state of the native protein (Figure S1). The acetyl 

group also prevents N-terminal degradation by exopeptidases so increases peptide 

stability.180 The acetyl capped peptides corresponding to TacA1-3 are referred to as 1, 2 and 

3, respectively.  FA was used initially for characterisation of the interaction between each 

minimum antitoxin peptide and their respective toxin, therefore each of the minimum 

peptides was also synthesised with a fluorescent label. Tetramethylrhodamine (TAMRA) was 

used and coupled to the N-terminus (Figure S2). The TAMRA capped peptides are referred to 

as TAMRA_1, TAMRA_2 and TAMRA_3 hereon in. 

3.2.1. Introduction to solid phase peptide synthesis 

1: TacA1 52--FNFNDEQYEEFINLLDAPVADDPVIEKLLARKPQWDV-- 88 

2: TacA2 54--IEQRIIMADPEAYQEFLVRLDQTPSPNAALRKTMQTPAPWEQEK 97 

3: TacA3 58--YLTERDTKMIMEILDNPPAPNEKLLAAAFALPDMKK-- 93 

Figure 3.1: Minimum antitoxin sequences: minimum sequence found to inhibit the toxicity of 

the TacT toxins. Synthesised using SPPS and referred to in the text as peptides 1, 2 and 3 

respectively. 
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SPPS has been developed and refined over the last 60 years, since the initial work of Merrifield 

et al. reporting that an amino acid could be anchored to a solid support.181 It is now used in 

the synthesis of natural products and biopolymers, chemical ligation, and is constantly being 

developed for use in other fields. SPPS is used to reduce the synthesis time of peptides and 

because of the variety of synthetic products that can be produced. 

The synthesis of a peptide, involves cycles of deprotection and coupling of two amino acids 

to form an amide bond. The first building block (amino acid) is anchored to a matrix (resin). 

Then protected amino acids are coupled in the C → N direction via repeat cycles of 

deprotection, coupling and washing. Finally, the peptide product is released from the matrix 

and the side chains are simultaneously deprotected (Figure 3.2). 

3.2.2. Synthesis, Purification and Analysis of Peptides (TAMRA_) 1, 2 and 3 

A Liberty Blue HT12TM automated microwave peptide synthesiser was used to synthesise all 

peptides in this thesis. Microwave irradiation during SPPS has enabled the synthesis of longer 

or more challenging to synthesise peptide sequences. Heating prevents formation of 

secondary structures which are formed by difficult peptide sequences making the reactive 

sites on the growing peptide chain partially inaccessible. Heating also allows for improved 

coupling of bulky amino acids by reducing the steric hindrance. The result is greater yields and 

purity of challenging peptides and significantly reduced reaction times. 

A linker is used to anchor the growing peptide chain to the resin. Depending on what linker is 

used a different C-terminus can be obtained when the peptide is cleaved from the linker. As 

peptides 1 and 3 are derived from the middle of the antitoxin proteins (not the C-terminus) a 

C-terminal amide was chosen to best mimic the protein. The Rink Amide linker on an MBHA 

resin was used which, when cleaved, results in a C-terminal amide. As peptide 2 is derived 

from the C-terminus of its antitoxin protein a C-terminal carboxylic acid was chosen to best 

mimic the native protein. Using a pre-loaded resin for synthesis of peptides with a C-terminal 

carboxylic acid prevents the formation of diastereomeric side-products. Therefore a pre-

loaded Fmoc-Lys(Boc) Wang linker was used to synthesise peptide 2. 
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Figure 3.2: General Scheme for Peptide Synthesis: The synthesis begins with the removal of 

the Fmoc protecting group on the N-terminal amine group of a resin. In a coupling reaction 

the amine group binds to an Fmoc protected incoming amino acid at the activated carboxy 

terminus, forming a peptide bond. The Fmoc protecting group is removed under basic 

conditions by piperidine before the subsequent coupling. The deprotection, activation and 

coupling steps are repeated for addition of each amino acid in the peptide chain. The N-

terminus can be capped with an acetyl group of fluorescent label prior to cleavage and side-

chain deprotection in acidic conditions. R represents amino acid side chains.  

Following the synthesis of the linear sequences, acetic anhydride in DMF was used to 

acetylate the peptides to generate 1-3. It is fast and convenient, and the reaction occurred 

under non-inert conditions. To synthesise TAMRA_1-3, TAMRA was manually added to each 

of the peptides in a similar way to the addition of each amino acid in the automated synthesis. 

TAMRA was first activated to an ester using the coupling reagent N-[(1H-benzotriazol-1-

yl)(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate N-oxide 

(HBTU) in the presence of the base N,N-Diisopropylethylamine (DIPEA). HBTU is an 

electrophile with a built-in auxiliary nucleophile that is released, it controls the chemical 

outcome preventing racemisation and prevents side reactions. The deprotected terminal Nα 

amine on the peptide chain can then couple with the activated carbonyl group of TAMRA 

creating an amide bond. 

Prior to purification a test cleavage of each peptide was carried out to confirm that the desired 

product had been synthesised. A small amount of peptide was cleaved from the resin, 

dissolved in 25% acetonitrile (ACN) and run through an analytical liquid chromatography-mass 

spectrometry (LC-MS) column. In each case the observed mass of the main product was in 

agreement with the calculated mass of the peptides. The whole product was then cleaved 

from the resin using trifluoroacetic acid (TFA) and scavengers. The crude mixture was 

separated using preparatory LC-MS. Fractions containing the pure peptide were combined 

and a high purity of > 90% was obtained for all six peptides (Figure 3.3 and Figure S3). The 

mass of each peptide was also confirmed using matrix assisted laser desorption ionisation 

(MALDI) MS. 
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The final yield was first measured using the weight of the dry pure peptide. Once dissolved in 

solution it was also calculated spectrophotometrically. Each of the peptides contain 

tryptophan and tyrosine residues, and the labelled peptides additionally contain TAMRA. 

Absorption was measured at 280 nm for each of the peptides, as well as 555 nm for the 

peptides with TAMRA. The molar extinction coefficient of peptides 1 - 3 at 280 nm were 

calculated using ExPASy ProtParam software. The molar extinction coefficient used for 

peptides TAMRA_1 - 3 at 555 nm was 65000 M-1cm-1.  The molar extinction coefficient used 

for peptides TAMRA_1 - 3 at 280 nm was the same as that calculated for peptides 1 - 3 with 

the addition of 19500 M-1cm-1 to take into account TAMRA.  The concentration was 

determined using the Beer-Lambert law. Whether measuring absorption at 555 nm or 280 

nm the concentrations of the TAMRA peptide were almost identical, with a maximum 10% 

difference in final calculated values. Using spectrophotometrically calculated values, each 

peptide had a final yield of 25% or greater following purification. 

3.3. Binding of TacT1-3 to peptides of TacA1-3 

Following the successful synthesis of the labelled and unlabelled minimum antitoxin peptides, 

the interactions of the toxins TacT1-3 with their respective minimum antitoxin peptides were 

characterised. The binding affinity and other information about the interactions were 

measured using the experimental methods described in 3.1.2: DSF, FA and SPR. 

3.3.1. Binding analysis of the TacT proteins to their antitoxin peptides by DSF 

A thermal shift assay was used as an initial measure of the affinities of each YF mutant toxin 

TacT1-3 protein with its respective antitoxin TacA1-3 peptide. The experiments were carried 

out with protein provided by our collaborators.  

The melting temperatures of (His)7-TacT1Y140F, (His)7-TacT2Y137F and (His)7-TacT3Y143F were first 

measured alone in solution. The conditions were optimised to find preferred salt conditions, 

dye concentration and protein concentration (Figure 3.4 and Figure S4). Varying the 

Figure 3.3: Purified peptide 1 a) UV chromatogram at 280 nm; a single peak was observed 
in the UV chromatogram corresponding to the desired product peptide 1. b) ESI trace; the 
peaks in the mass spectrogram correspond to the charged peptide ions. The expected mass 
of 1 was 4434.4 Da, the following ions were observed: 4+ (1109.9) and 3+ (1478.1).  

a) 

 

b) 

 

4+ 

3+ 
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concentration of NaCl in the buffer had no effect on the strength of the fluorescence 

observed. Although at 500 mM NaCl the proteins all demonstrated at least a 2.5 °C higher Tm 

compared to measurements carried out at 150 mM NaCl (Table 1). It seemed the proteins 

were more stable in higher salt conditions so a buffer with 500 mM NaCl was used for 

subsequent measurements. Assays were trialled with dilutions of SYPRO dye from 1:500 – 

1:2000. A 1:1000 dilution of SYPRO dye was chosen, this was enough dye to observe a clear 

sigmoidal increase in fluorescence as the protein melts. Assays were carried out with the TacT 

proteins between the range of 2.5 - 10 µM concentrations. At concentrations of protein 

higher than 5 µM the observed fluorescence was greater than background fluorescence and 

a strong fluorescence peak was observed (Figure 3.4). Therefore, 5 µM of protein was used 

in subsequent assays. 

Table 1: Melting temperature measured by DSF for each of the TacT proteins (2.5-10 µM) in 

solution in the presence of SYPRO-Orange dye (2.5 – 10 X (1:2000 -1:500)). Measured in two 

buffers at different salt concentrations 150 mM and 500 mM NaCl. 

 

Protein 

Tm (°C) 

150 mM NaCl 500 mM NaCl 

SYPRO 

2.5X 

SYPRO 

5X 

SYPRO 

7.5X 

SYPRO 

10X 

SYPRO 

2.5X 

SYPRO 

5X 

SYPRO 

7.5X 

SYPRO 

10X 

TacT1 2.5 µM 53 52 52.5 52 57 55.5 55.5 56 

5 µM 53 52.5 52.5 52.5 57 57 56 55.5 

10 µM 53 53 53 53 57 57 57.5 57 

TacT2 2.5 µM 48.5 48 49 - 54 57 58 58.5 

5 µM 49 45 50 48 53 57 56 56.5 

10 µM 49 47 48 49 52 54 56 56 

TacT3 2.5 µM 61 59 58.5 58 57 61 61 60.5 

5 µM 59 58.5 58 59.5 60.5 60.5 61 60.5 

10 µM 59.5 59 59 59 60 61 61 61 
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Figure 3.4: DSF with TacT1 protein at different conditions. The change in fluorescence of 

TacT proteins (2.5-10 µM) in solution in the presence of SYPRO-Orange dye (2.5 – 10 X 

(1:2000 -1:500)) with increasing temperatures between 25-95°C. Measured in two buffers 

at different salt concentrations 150 mM and 500 mM NaCl. The average of triplicate 

measurements is shown with the dark purple line and the standard deviation shown with 

light purple lines. 

150 mM 

NaCl 

500 mM 

NaCl 



61 
 

Alone in solution (His)7-TacT1Y140F, (His)7-TacT2Y137F and (His)7-TacT3Y143F all demonstrated 

high thermal stability with melting temperatures in the range of 55-65 °C, indicating stably 

folded proteins, and suggesting purification can be carried out at room temperature (Figure 

3.5a). The three proteins were then measured in the presence of their corresponding 

antitoxin peptide (1-3). The peptides were added at two concentrations 5 µM and 25 µM, a 

1:1 and 5:1 ratio with the TacT proteins.  

A rightward shift in Tm in the presence of the antitoxin suggests a binding event since this 

leads to increased stability of the protein, in general the greater the shift in temperature, the 

higher affinity of the binding event. TacT1 and TacT2 demonstrated a small shift of 3.2 °C and 

3.5 °C, respectively, in the presence of 5 µM peptide (Table 2, Figure 3.5b). A much larger 

shift of 17.6°C was observed for TacT3 when bound to 3 suggesting that TacT3 binds with the 

highest affinity to its antitoxin 3. In the presence of 25 µM of peptide (5:1 ratio) the ΔTm of 

Figure 3.5: DSF with TacT proteins and their minimum antitoxin peptides. a) The change in 

fluorescence of TacT proteins (5 µM) in solution in the presence of SYPRO-Orange dye 

(1:1000) with increasing temperatures between 25-95°C. The average of triplicate 

measurements is shown with the dark purple line and the standard deviation shown with 

light purple lines b) The change in fluorescence of TacT proteins in the presence of their 

respective antitoxin peptides (5 µM or 25 µM) in the presence of SYPRO-Orange dye (1:1000) 

with increasing temperatures between 25-95°C.  Measurements are plotted in the same 

graph as the TacT proteins alone in solution, a thermal shift can be observed for all three 

proteins binding to their respective antitoxin peptides. 

Tm = 57°C Tm = 57°C 

 

Tm = 60.5°C 

 



62 
 

each protein was increased by 2-3 °C. One possible explanation is the presence of a second 

binding site for the peptide, with a double or excess of peptide enabling more to bind to the 

protein. The protein is stabilised further and a greater shift in melting temperatures was 

observed. However, this slight shift is typical for thermal shift assays. It is likely that an excess 

of peptide ensured that more protein molecules were bound to a peptide and overall, more 

protein was stabilised at any given point. The overall fluorescent signal was therefore greater. 

Protein (5 µM) 
ΔTm (°C) 

5 µM peptide 25 µM peptide 

TacT1 3.2 5.2 

TacT2 3.5 5.9 

TacT3 17.6 20.4 

Table 2: Change in melting temperature measured by DSF for each of the TacT proteins 

binding to their minimum peptide.  

3.3.2. Binding analysis of the TacT proteins to their antitoxin peptides by SPR 

SPR was then used to measure the KD values for each of (His)7-TacT1Y140F, (His)7-TacT2Y137F and 

(His)7-TacT3Y143F proteins to their respective antitoxin peptides (1-3). Each protein was bound 

to an Ni-NTA chip via its (His)7 tag, and the antitoxin was introduced in increasing 

concentrations by flowing over the chip. The achieved response (steady state) was plotted 

against analyte concentration (Figure 3.6 and 3.7). For initial SPR measurements a buffer 

containing 500 mM NaCl was used. A 1:1 kinetic model could be applied to the results of TacT3 

bound to its antitoxin (Figure 3.6). The model could not be fit to the results of TacT1 and 

TacT2 binding to their antitoxin at this concentration (Figure 3.7). Only in reduced salt 

conditions with NaCl concentrations of 250 mM could a KD be accurately measured (Figure 

3.6). Binding of 1 to (His)7-TacT1Y140F was measured using multi-cycle kinetics (MCK). The 

complex was allowed to associate and fully dissociate because the dissociation time was quick 

and within a measurable time frame. For the affinity measurements of 2 and 3 binding to 

(His)7-TacT2Y137F and (His)7-TacT3Y143F respectively, the koff was found to be significantly 

slower. This long dissociation time of the peptide was too long to allow for full dissociation 

between each concentration measurement. Instead, these measurements were carried out 

using single-cycle kinetics (SCK) and the chip was fully regenerated between each 

measurement. 

The calculated KD values indicated moderate to high binding affinities of the toxins to their 

antitoxin peptides (Table 3, Figure 3.6). TacT1 bound the weakest to its antitoxin peptide with 

KD of 360 nM, TacT2 ranked second with KD of 54 nM, and TacT3 bound with the highest 

affinity to its antitoxin peptide with a KD of 700 pM, confirming the predicted affinity ranking 

from the thermal shift assay.  
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Table 3: Binding data measured by SPR for each of the TacT proteins binding to their 

minimum peptide. 

TacT_A KD kon (M-1 s-1) koff (s-1) 

TacT1_1 360 nM 1.304 4.60-4 

TacT2_2 54 nM 8.503 4.60-4 

TacT3_3 700 pM 6.905 4.80-4 

Figure 3.6: SPR sensorgrams of the minimum antitoxin peptides 1-3 with their respective 

TacT1-3 toxin proteins. a) Response curve for the titration of 1 (100-0.04 µM) with TacT1 

measured using MCK. Experiment carried out in buffer containing 250 mM NaCl. b) Response 

curve for the titration of 2 (5-0.06 µM) with TacT2 measured using SCK. Experiment carried out 

in buffer containing 250 mM NaCl.  c) Response curve for the titration of 3 (1000-4 nM) with 

TacT3 measured using SCK. Experiment carried out in buffer containing 500 mM NaCl. A kinetic 

1:1 binding model was applied to each experiment. 

a) b) c) 

Figure 3.7: SPR sensorgrams of the minimum antitoxin peptides 1 and 2 with their respective 

TacT toxin proteins a) Response curve for the titration of 1 (100-0.04 µM) with TacT1 

measured using MCK. b) Response curve for the titration of 2 (5-0.06 µM) with TacT2 measured 

using SCK. Both experiments carried out in buffer containing 500 mM NaCl. A kinetic model 

could not be fit to this data. 

b) a) 
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The sensitivity to salt in the buffer indicated that the TacTA toxin-antitoxin binding is, in some 

instances, very salt dependent. Salts can block charged residues that mediate electrostatic 

interactions. The interactions cannot form and, if the binding of two molecules relies on many 

transient electrostatic interactions, the binding is significantly hindered. This is the case with 

the TacTA PPI. The TacT proteins have a unique structural feature. When in the active dimer 

conformation, it has two adjacent positively charged patches at the surface (Figure 1.4), this 

is the tRNA binding site. The negatively charged phosphate groups of tRNA molecules interact 

with side chains of positively charged amino acids. Unpublished data from collaborators 

identified that the minimum antitoxin peptides bind to the tRNA binding site. The toxin-

antitoxin PPI is therefore mediated by electrostatic interactions. This is the method by which 

the antitoxin inhibits the toxin function, it prevents the TacT toxin binding to tRNA. 

The binding of TacT1 and TacT2 with their minimum antitoxins was most significantly affected 

by high salt conditions. The antitoxin peptides 1 and 2 have 9 and 7 negatively charged 

residues, respectively, compared to the 4 negatively charged residues in peptide 3. It appears 

that these antitoxin peptides rely on electrostatic interactions at the positively charged 

surface binding site of tRNA and that these interactions are strongly influenced by the 

presence of competing salts. Furthermore, the thermal shift and affinity data suggests that 

the TacTA1 and TacTA2 PPIs are held together less strongly than that of TacTA3. This 

correlates well to the fact that the interaction of TacTA1 and TacTA2 is mediated by 

electrostatic interactions which are weak and not very specific. 

TacT3 binding with 3 was the least affected by high salt conditions. Interestingly the minimum 

antitoxin 3 has the least negatively charged residues compared to 1 and 2. It seems the 

interactions with the antitoxin are not dominated by electrostatic interactions, and it 

therefore makes sense for peptide 3 to be less effected by high salt conditions. Additionally, 

thermal shift and SPR data demonstrated that TacT3 has the highest affinity for its minimum 

antitoxin. The interaction likely relies on additional, more specific interactions. In vivo data 

has shown TacT3 to have the most potent persister effect in Salmonella.58 TacT3 has an extra 

helix and loop as explained in Chapter 1.1.5. This was predicted to enhance potency by 

enabling better binding to cofactor Ac-CoA. It is interesting that the TacT3 toxin has the 

highest affinity to its antitoxin, it is possible that the extra loop and helix allow it to bind more 

strongly to TacA3 without relying on electrostatic interactions at the positively charged tRNA 

binding site. 

The high salt dependencies of the TacTA1 and TacTA2 PPIs highlights the importance of 

carrying out in vitro assays in relevant physiological conditions. In a cellular environment the 

physiological ionic strength varies but averages around 150 mM.182,183 All future affinity 

experiments as well as activity assays should therefore be carried out at 150 mM so that the 

strength of electrostatic interactions is comparative to in vivo conditions. 
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3.3.3. Binding analysis of the TacT proteins to their antitoxin peptides by FA 

To further characterise the binding of TacTs to their antitoxin peptides, FA assays were carried 

out using the TAMRA labelled peptides. The antitoxin peptides were prepared at 1 nM, above 

the fluorescence detection limit of the instrument (0.5 nM) and less than twice the predicted 

KD for any of the toxin-antitoxin interactions. It is important that the fluorophore ligand 

concentration used is significantly lower than the KD as otherwise a stoichiometric titration of 

the ligand will be measured. The (His)7-TacT1Y140F, (His)7-TacT2Y137F and (His)7-TacT3Y143F 

proteins were titrated within a range of 5 µM–0.075 nM, with the aim to have the lowest 

concentration (0.075 nM) less than 10% of the KD if it reaches within the picomolar range.  

A biphasic relationship was observed for TacT1 binding to TAMRA_1 giving KD values of 3 nM 

and 2200 nM for each binding event (Figure 3.8a). When this same interaction was measured 

by SPR a 1:1 kinetic model was used to fit the data as it wasn’t possible to know for certain 

whether a biphasic relationship was present, it is likely, therefore, that the calculate KD is an 

average of the two binding events. Notably, the average of the two KD values calculated from 

the FA assay is close to the value of 360 nM obtained by SPR.  

The affinity of TacT3 binding to TAMRA_3 was calculated to be 54 nM, much higher than 

expected from the large thermal shift in the thermal shift assay and the value of 700 pM from 

SPR characterisation (Figure 3.8b). As seen in the graph, at lower concentrations of TacT3 

towards 0.075 nM the anisotropy measurements dipped significantly. It appeared that if the 

anisotropy was measured at even lower concentration a second binding event would be 

observed. It is predicted therefore that there is also biphasic relationship with this TA pair 

with a second lower KD value not observed in this range. To confirm this, a titration at lower 

concentrations would be required. This may be challenging as normally the lowest protein 

concentration value should be less than 10% of the KD. If the value is less than 750 pM then 

this has not been covered. If the KD is less than 500 pM then the tracer peptide concentration 

of 1 nM is too high. Since the instrument detection limit is 500 pM, the lowest KD that can be 

measured is 250 pM. TAMRA_3 should be prepared at a concentration of 500 pM, and TacT3 

titrated with a range reaching 0.025 nM.  
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It was not possible to observe a curve for binding of TacT2 to its minimum antitoxin peptide 

2 (Figure 3.9). It is possible the peptide was too long. Usually a molecular weight of 1500 Da 

is the recommended cut off point for a fluorescent peptide to accurately measure binding by 

FA. All the peptides were larger than the recommended molecular weight. TAMRA_1 had a 

molecular weight of 4800 Da and TAMRA_3 had a molecular weight of 4500 Da, but TAMRA_2 

had a much greater molecular weight of 5580 Da. It is possible that the peptide was not well 

folded, although this is unlikely as binding was measured by DSF and SPR. It is most likely that 

the binding could not be measured because a high salt buffer containing 500 mM NaCl was 

used. This is similar to the observation with SPR measurements where a binding model could 

not be fit to data measured in buffers containing 500 mM NaCl. The high salt may have 

masked the charged residues involved in toxin-antitoxin binding. Peptide folding should be 

investigated by circular dichroism (CD) in the future and different salt conditions used to try 

and optimise the assay.  

a) b) 

Figure 3.8: Fluorescence anisotropy for binding of the toxin proteins to their respective 

minimum antitoxin peptide labelled with TAMRA. The log concentration of protein is plotted 

against anisotropy (A). a) response curve for the titration of TacT1 (5µM-0.075 nM) with 

TAMRA_1 (1 nM). b) response curve for the titration of TacT3 (5µM-0.075 nM) with 

TAMRA_3 (1 nM). 
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4.3.  Chapter Conclusions and Summary 

The antitoxin peptides 1 - 3 and TAMRA_1 - 3 were successfully synthesised using automated 

microwave SPPS. They were all isolated in high purity and with a yield above 25%, despite 

their very long lengths.  

Initial characterisation of the binding affinities confirmed the minimum antitoxin peptides 

bind to their respective TacT proteins and indicated that TacT3-3 has the highest affinity 

interaction. The lower affinities of the TacT1 and TacT2 proteins to 1 and 2 respectively is 

surprising. Type II TA pairs are commonly of very high affinity.161,162 Additionally a large 

difference in affinities was not expected given the similarity within the TacTA family. It is 

predicted that folding of the peptides plays a role in this interaction, and as the peptides are 

very long, they may not have folded to their native configuration. This should be confirmed 

by CD measurements, and if necessary, a method to refold the peptides may be needed to 

obtain an accurate measure of affinity.  

Additionally, FA and SPR results suggest that electrostatic interactions are likely to play a large 

role in the interaction. The interactions between the toxin proteins and their respective 

antitoxin peptides that had the lowest affinities likely have the most electrostatic interactions. 

They are therefore highly interrupted by salt and most greatly affected by high salt conditions. 

The values obtained for the affinities in each assay may be much greater in lower salt 

conditions of 100 mM or 250 mM NaCl that mimic the cellular environment better.  

Finally, a biphasic binding relationship was observed for TacT1 binding to its minimum 

antitoxin peptide. This relationship is also predicted to occur for TacT2 and TacT3 binding to 

their antitoxins, further work using FA is needed to clarify this. The biphasic relationship 

Figure 3.9: Fluorescence anisotropy for binding of the TacT2 toxin protein to its minimum 

antitoxin peptide labelled with TAMRA. The log concentration of protein is plotted against 

anisotropy (A) and the response for the titration of TacT2 (5µM-0.075 nM) with TAMRA_2 (1 

nM) is shown. 
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corresponds to a predicted interaction of the toxin with two different peptides at each binding 

site. Our collaborators (the Helaine group from Harvard) have obtained crystal structures 

demonstrating that two antitoxins bind to each toxin. It is speculated that in a first slow 

interaction one helix binds to the protein in its active site, this then causes the shift and 

disordering of a loop allowing a second fast binding event of the second helix to the 

disordered loop. It is possible that both helices belong to one antitoxin, or the second binding 

event is by a second antitoxin molecule binding. It is not clear which binding event would have 

the highest affinity, and it is still unknown whether the crystal structure mimics the activity in 

solution.  

Based on these results there is a lot of future work that can be carried out to further 

characterise the interaction and identify whether a biphasic relationship is truly involved. It 

would be useful to also identify which helix binds first and if there is an interdependency. One 

experiment could involve alanine scanning to determine the contribution of each amino acid 

to the binding affinity and in this case, particularly those that are essential for the biphasic 

interaction. Each minimum antitoxin sequence has two helices. Therefore, DSF, SPR and FA 

could all be carried out following synthesis of each of the helices separately. The change in KD 

and titration curves comparing the presence of one or both helices may identify which has 

the highest affinity, and whether one helix binds first and allows a second binding event. The 

crystal structure may not actually mimic the activity in solution. To find out the stoichiometry 

of the interaction and confirm what happens in solution, size exclusion chromatography – 

multi-angle light scattering (SEC-MALS) could be employed. In this experiment, the toxin 

would be mixed with the antitoxin peptides and then separated via SEC. The mass of proteins 

or protein complexes eluted would then be measured by MALS and the mass would be 

indicative of the ratio of antitoxin peptide to toxin protein.  
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Chapter 4 

Conclusions and Outlook 

The principal contribution of this thesis was to characterise the PPI between each of the 

TacT1-3 proteins and their antitoxins. This thesis has built upon the work of the Helaine group, 

identifying the TacT proteins and their contribution to persistence.57,58 Their published crystal 

structures of the TacT proteins and unpublished structures of the TacT proteins bound to a 

minimum antitoxin sequence gave some insight into the characteristics of the TacT structure 

and the TacTA1-3 PPIs. At the start of this thesis the binding mode and affinities of the TacT 

proteins to their antitoxins were not known. This MPhil used biophysical characterisation to 

extend current understanding of the nature of the TacTA1-3 PPIs. This project is part of a 

greater project to identify a pan inhibitor of the three TacT proteins. Understanding the 

nature of the TacTA complexes is a crucial step in the development of inhibitors of the TacT 

proteins to counter persistence. It is of particular importance to identify the differences and 

similarities between the three TacTA1-3 complexes in the TacTA family to identify where a 

pan inhibitor could target the proteins. 

4.1. Summary of Findings 

In Chapter 2 the expression of TacT1-3 proteins was demonstrated. Firstly, with some 

optimisation of the methods reported in the literature, mutant non-active TacT constructs 

((His)7-TacT1Y140F, (His)7-TacT2Y137F and (His)7-TacT3Y143F) were overexpressed to a level that 

allows for purification. Next one set of trial expressions were carried out to express the WT 

TacT constructs ((His)6-AviTag-TacT1, (His)6-AviTag-TacT2 and (His)6-AviTag-TacT3). The trials 

involved expressing the WT toxins in the presence of a known ‘antidote’ Pth. It was exciting 

to observe that on a small scale the WT TacT3 was overexpressed in the presence of Pth, 

suggesting the strategy is promising. The WT TacT1 and TacT2 toxins were not successfully 

overexpressed in this trial.  

In Chapter 3 the minimum antitoxin peptide sequences necessary to inhibit the TacT functions 

were successfully synthesised using automated microwave SPPS. As a means to measure the 

TacTA PPI, the interaction between the minimum antitoxin peptides and their respective TacT 

proteins were characterised by DSF, FA and SPR assays. Each of the minimum antitoxin 

peptides bound to their respective TacT proteins and TacT3-3 was found to have the highest 

affinity interaction. Additionally, the salt dependency in obtaining FA and SPR results suggest 

that electrostatic interactions are likely to play a large role in the interaction. Finally, a 

biphasic binding relationship was observed for TacT1 binding to its minimum antitoxin 

peptide. This relationship is also predicted to occur for TacT2 and TacT3 binding to their 
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antitoxins. The biphasic relationship corresponds to a predicted interaction of the toxin with 

two different peptides at each binding site. 

Overall, these results demonstrate the strong affinity of the TacTA PPIs. The results also 

suggest that the interactions between each of the three TacT toxins to their TacA antitoxins 

are not identical. The affinities vary and the number of electrostatic interactions involved 

vary. Finally, they may not all have a biphasic interaction. Even if they all do have a biphasic 

interaction, some may depend on the second interaction for inhibition of toxin function and 

some may not. Future work developing a pan inhibitor for the three antitoxins will need to 

consider these biophysical differences as well as the in vivo functional similarities. 

4.2.  Future Directions 

At the end of each chapter future developments of experiments carried out have been 

discussed. This included improving the experiment to achieve more robust data or other 

experiments that would reinforce the current data. In this short section future experiments 

are discussed with respect to the future direction of the project. 

This project was originally undertaken for a PhD qualification with the aim to identify pan 

peptide inhibitors of the TacT toxin family, preventing the formation of persister cells in S. 

Typhimurium and S. Enteritidis. Due to personal circumstances the project was terminated 

early, and in this thesis just the initial characterisation of the structural and biochemical 

properties of the TacTA toxin-antitoxin binding were reported. There are many type II TA 

systems implicated in persister formation, targeting just one may result in upregulation of 

other toxins. A pan inhibitor is ideal to target multiple toxins, especially those with strong 

sequence identity. The aim was to discover inhibitors using RaPID (Random non-standard 

Peptide Integrated Discovery). RaPID is used to screen libraries of macrocyclic peptides and 

identify high affinity binders. An in vitro acetylation assay was designed to then measure the 

effect of high affinity binding compounds on toxin function and identify true inhibitors. 

4.2.1. Random Non-Standard Peptide Integrated Discovery 

The RaPID screening technology is ideal to identify potent inhibitors; extremely diverse 

libraries of >1012 cyclic peptides can be synthesised for affinity screening of drug like 

molecules.184 The RaPID technology allows for identifying highly selective inhibitors, but given 

the diversity of the libraries can likely also be adapted to find a pan inhibitor to target all 

multiple related toxins. RaPID uses an in vitro expression system coupled with mRNA 

display.185 The use of ribozymes (RNA-based enzymes) in a process named Flexible in vitro 

Translation (FIT), allows the synthesis of macrocyclic peptides containing non-canonical 

residues.186 The peptides can contain D-stereochemistry, N-alkyl, β- and α-disubstituted 

residues, all observed in secondary metabolites which are a rich source of drugs. Biotinylated 

active TacT proteins have been shown to be in production in Chapter 2. Using RaPID, the TacT 

proteins can be screened for affinity towards compounds in the RaPID libraries to find a pan 
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inhibitor. Peptide hits from the screen are then characterised and the effect on functional 

activity of the toxins following peptide binding is then assessed.  

4.2.2. In Vitro Fluorescence Acetylation Activity Assay 

Currently in the literature all well-developed assays to measure the acetyltransferase activity 

of the TacT toxins or related type II GNAT toxin involve radioactive signalling. This is not ideal 

as it generally carries safety issues. An in vitro, fast and high-throughput fluorescence assay 

to measure the activity of WT TacT1-3 was therefore designed. This would be an excellent 

tool to measure the change in activity of the TacTs upon binding to the minimum antitoxin 

peptides. This could be used alongside alanine scanning mutations or experiments with two 

separate antitoxin peptides that were discussed in the conclusion of Chapter 3. It could 

subsequently be used to measure the effect of high affinity binding compounds, identified by 

RaPID, on toxin function and identify true inhibitors. 

The principle of the assay is the determination of the Ac-CoA concentration by a commercially 

acquired kit for a coupled enzyme assay, which results in a fluorometric (λex = 535/λem = 587 

nm) product, proportional to the concentration of Ac-CoA present. This assay can be set up 

to determine Ac-CoA in either the nanomole or picomole range. As explained in Chapter 1, 

Ac-CoA is used by the TacT proteins to transfer an acetyl group to aminoacyl tRNAs. 

Measuring the concentration of Ac-CoA following incubation of aminoacyl tRNAs, a TacT toxin 

and a known concentration of Ac-CoA indicates the activity of the TacT toxin. 

The assay would involve a number of steps. Firstly, commercially acquired tRNAs would be 

aminoacylated using tRNA synthetase directly before use in the assay. Next, the aminoacyl 

tRNAs would be incubated with a defined concentration of Ac-CoA and TacT (with or without 

antitoxin peptides or inhibitors). After a short time (10 min) the reaction is quenched. The 

reaction mixture is then added to the assay kit components. The fluorescence is measured 

and the amount of Ac-CoA remaining in solution is calculated and compared to the starting 

concentration. The toxin alone will use a high concentration of the Ac-CoA in the solution, it 

will transfer the acetyl group from Ac-CoA to aminoacyl tRNAs. The result would therefore be 

a low final fluorescence signal. The presence of the antitoxin or a true inhibitor will prevent 

the activity of the toxin and the use of Ac-CoA. A higher concentration of Ac-CoA in solution 

will present with a quantifiably higher fluorescence signal. 
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Chapter 5 

Biological Methods 

5.1.  Plasmid Construction 

General: Escherichia coli calcium competent DH5α cells were used for cloning. Plasmids were 

purified using the Thermo Scientific GeneJET Plasmid Miniprep Kit. All primers were 

synthesised by New England Biolabs and have been listed in Table S.1. Sanger sequencing was 

carried out by Genewiz (UK). 

The DNA coding for Salmonella Typhimurium TacT1Y140F, TacT2Y137F and TacT3Y143F were 

previously cloned into pQlinkH bacterial expression vector to encode the N-terminal (His)7 

fusion proteins.58  This DNA coding for S.Typhimurium TacT1Y140F, TacT2Y137F and TacT3 Y143F 

were each inserted into the pQE80LC bicistronic vector using NEBuilder HiFi DNA Assembly 

Master Mix (New England Biolabs). The gene sequences were verified by sequencing of the 

entire coding region for each protein by using pQE65 and pQE276 primers.  

Missense mutations of S.Typhimurium TacT1Y140F, TacT2Y137F and TacT3 Y143F back to the wild-

type gene were introduced using PCR site directed mutagenesis. Firstly, non-overlapping 

forward and reverse primers were designed for each mutation. Then each plasmid and its 

respective primers were added to the reaction mix with KOD Hot Start DNA Polymerase 

(Sigma-Aldrich) according to the standard reaction setup provided by the manufacturer. The 

cycling conditions for the reaction were setup according to the protocol provided by the 

manufacturer. The linear products of the PCR reaction were analysed with samples run for 1 

hr on a 1% agarose gel. Then, to phosphorylate and ligate the linear product and degrade the 

template DNA, KLD enzyme mix (New England Biolabs) was added to the PCR product 

according to the manufacturers protocol. Mutations were confirmed by sequencing the entire 

coding region for each mutant by using pQE65 and pQE276 primers. 

5.2. Mutant Protein Expression  

1 µL of the desired plasmid for expression of the N-terminal (His)7 fusion TacT1-3 YF mutant 

proteins (50–100 ng/µL) was added to 50 µL of chemically competent Escherichia coli BL21 

cells. Cells were incubated on ice (5 min), then incubated at 42 °C (40 sec) and finally returned 

to ice (2 min). 600 µL of Luria-Bertani (LB) media was added, followed by incubation at 37 °C 

(45 min). 100 µL of the cell suspension was spread over an LB agar plate containing 100 µg/mL 

of ampicillin and 0.5% (v/v) glucose. Successfully transformed cells were selected from the 

observed colonies. The cells were used to inoculate a preculture of 10 mL LB media (100 

µg/mL ampicillin, 0.5% (v/v) glucose, 2 mM MgSO4, trace metals 1X). To increase protein 

production the precultures were transferred to 2 L growth flasks after 24 hours and induced 
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by growth in 1 L liquid auto-induction medium supplemented with 400 μg/ml ampicillin at 37 

°C for 24 hours using the lac expression system.187 Cells were harvested by centrifugation at 

4200 x g (25 min at 4 °C) in a Sorvall LYNX 4000 superspeed centrifuge (ThermoFisher 

Scientific) with a Fiberlite™ F12-6 x 500 LEX Fixed Angle Rotor (ThermoFisher Scientific). 

5.3.  Mutant Protein Purification 

Cell pellets were resuspended in lysis buffer (50 mM Tris pH 7.5, 500 mM NaCl, 1 mM PMSF) 

with the addition of cOmplete™ mini EDTA-free protease inhibitor cocktail (Roche, 1 tablet 

per 50 mL of lysate), DNase I (Sigma-Aldrich, 3 U/mL) and MgCl2 (5 mM). The mixture was 

incubated for 30 min (4 °C with agitation), then lysed by three passes at 25 kpsi through a cell 

disruptor (Constant Systems).  The soluble fraction of the lysate was collected by 

centrifugation at 17000 rpm (45 min, 4 °C) in Sorvall LYNX 4000 superspeed centrifuge 

(ThermoFisher Scientific) with a Fiberlite™ F21-8 x 50y fixed-angle rotor attached 

(ThermoFisher Scientific). Clarified lysate was made up to 20 mM imidazole and incubated 

with 1 mL Ni-NTA agarose (Quiagen) overnight at 4 °C with agitation. The mixture was applied 

to a polypropylene column (1 mL, Qiagen) and washed with 10 column volumes (CV) of wash 

buffer (50mM Tris pH 7.5, 500 mM NaCl, 20 mM imidazole) and the protein eluted in 10 CV 

of elution buffer (50mM Tris pH 7.5, 500 mM NaCl, 500 mM imidazole). Fractions containing 

the target protein were pooled and dialysed (3.5 K MWCO SnakeSkin™ Dialysis Tubing 

(ThermoFisher Scientific)) against dialysis buffer (50 mM Tris pH 7.5, 500 mM NaCl, 10 mM β-

ME) overnight at 4 °C, then concentrated using 3 kDa MWCO centricon (Amicon® Ultra-15) at 

4000 rpm, 4 °C. Using an ÄKTA pure (GE Healthcare) protein purification system the pooled 

fractions were subjected to size exclusion column chromatography using HiLoad Superdex-75 

16/600 column (GE Healthcare) equilibrated with (50 mM Tris pH 7.5, 500 mM NaCl, 10 mM 

β-ME). Expression and purification of the proteins was analysed by SDS-PAGE with samples 

run for 55 min on a 12% SDS-PAGE gel. Protein concentration was measured 

spectrophotometrically using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (ThermoFisher Scientific) using an extinction coefficient calculated by 

ExPASy,188 then flash-frozen with liquid nitrogen in aliquots, and stored at -80 °C. 

5.4. Pth Expression Trials 

A microcentrifuge tube containing BL21-AI™ One Shot™ chemically competent E. coli cells 

(ThermoFisher Scientific) was kept on ice (20 min), followed by the addition of 1 µL of the 

pBAD-33 plasmid for expression of Pth at 50–100 ng/µL. After 10 minutes in ice, the cells were 

incubated in a 42 °C water bath (45 sec), then returned to ice (5 min). The microcentrifuge 

tube was removed from ice and 450 µL of SOC medium (ThermoFisher Scientific) was added, 

followed by an incubation at 37 °C (45 min). After this period, 100 µL of this cell suspension 

was spread over a LB agar plate (40 µg/mL of chloramphenicol, +/- 0.1% (v/v) glucose) and 

left to grow overnight at 37 °C. 
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The cells were used for two purposes. Firstly, a preculture of 5 mL LB media (40 µg/mL of 

chloramphenicol) in a 15 mL conical tube was inoculated with one colony and left shaking 

overnight at 37 °C.  The following morning 1 mL of each preculture was added to two 50 mL 

conical tubes (labelled A and B) containing 10mL of LB media (40 µg/mL of chloramphenicol). 

Culture A was supplied with 0.2% (w/v) arabinose. The cultures were grown at 37 °C until the 

optical density of the bacterial culture at 600 nm (OD600) reached 0.4. At this stage culture B 

was supplied with 0.2% (w/v) of arabinose. The cultures were grown at 37 °C for a further 24 

hours. Expression of the protein was analysed by SDS-PAGE with samples run for 55 min on a 

12% SDS-PAGE gel. The same experiment was carried out using TB (terrific broth) media. 

Secondly these cells were made chemically competent again using the following procedure: 

colonies from the transformation were used to inoculate 10 mL of TB media (40 µg/mL of 

chloramphenicol). After shaking overnight at 37 °C the resulting high-density culture was 

transferred to a 2 L conical flask containing 1 L of TB medium (40 µg/mL of chloramphenicol). 

The flask was left shaking at 37 °C OD600 reached 0.35–0.40. At this stage the cells were chilled 

on ice (30 min) and harvested by centrifugation at 3000 x g (30 min, 4 °C). The pellet was 

gently resuspended in 100 mL of an ice-cold solution of 0.1 M MgCl2 and the cells were 

harvested by centrifugation at 2000 x g (15 mi, 4 °C). The pellet was gently resuspended in 

200 mL an ice-cold solution of 0.1 M CaCl2 and kept in ice (20 min). After this period the cells 

were harvested by centrifugation at 2000 x g (15 min, 4 °C) and the pellet was gently 

resuspended in 50 mL of an ice-cold solution of 15% glycerol and 0.085 M CaCl2. The cells 

were harvested by centrifugation at 1000 x g (15 min at 4 °C) and the pellet was gently 

resuspended in 50 mL of an ice-cold solution of 15% glycerol and 0.085 M CaCl2. This 

suspension of chemically competent cells was, flash frozen with liquid nitrogen, in 0.5 mL 

microcentrifuge tubes as 50 µL aliquots, and stored at -80 °C. 

5.5.  Toxic Protein Expression Trials 

Newly chemically competent BL21-AI E. coli cells containing pBAD33 Pth were transformed 

with the following set of plasmids using standard protocols, generating in total three 

transformants: 1) pBAD33 Pth + pQE80LC TacT1; 2) pBAD33 Pth + pQE80LC TacT2; 3) pBAD33 

Pth + pQE80LC TacT3. Successfully transformed cells were used to inoculate two 15 mL conical 

flasks (labelled A and B) containing 5 mL of LB media (with 40 µg/mL of chloramphenicol and 

100 µg/mL ampicillin). Culture B was supplied with 0.4% w/v glucose. The cultures were 

grown shaking overnight at 37 °C. The following morning, for each transformant, two 50 mL 

conical flasks (labelled 1 and 2) containing 5 mL of LB (with 40 µg/mL of chloramphenicol, 100 

µg/mL ampicillin, +/- 0.4% w/v glucose) were inoculated with 0.25 mL of the overnight 

culture. In all cases flasks were supplied with 0.2% (w/v) of L-arabinose and all flasks were left 

shaking at 37 °C. Growth was monitored and once the bacterial cultures in conical tubes 

labelled 2 reached OD600 of 0.6–0.8, IPTG was added to a final concentration of 0.5 mM. 

Aliquots at this time point were collected and lysed for SDS-PAGE following standard 
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protocols. Growth was continued for a further 12 h, where a final aliquot was collected for 

SDS-PAGE. The same experiment was carried out replacing LB media with TB media. 

 

 

Chapter 6 

Synthetic Methods 

6.1. General Methods 

Solid phase peptide synthesis (SPPS) was carried out using a Liberty Blue HT12™ Automated 

Microwave Peptide Synthesizer (CEM). 9-fluorenylmethoxycarbonyl (Fmoc)-protected amino 

acids were purchased from AGCT Bioproducts, CEM and Fluorochem. Preloaded Wang resins 

and Fmoc-Rink Amide MBHA resin were purchased from Advanced Chemtech and 

Novabiochem, respectively, and DIC was from Fluorochem. Piperidine, acetic anhydride, 2,2′-

(ethylenedioxy)diethanethiol (DODT) and triisopropyl silane (TIS) were from Sigma-Aldrich. 

Oxyma Pure was obtained from CEM. ACN, DMF and diethyl ether were purchased from VWR 

and DCM and TFA were obtained from Fisher Scientific UK. Peptide purification using LC-MS 

was carried out using a Waters RP-HPLC system containing: a Waters 2767 auto-sampler; a 

Waters 515 HPLC pump; a Waters 2998 photodiode array detector; a Waters 3100 mass 

detector and a preparative reversed-phase XB-C18 column. A flow rate of 20 mL/min was 

used with different gradients of eluent A (0.1% (v/v) formic acid (FA) in water) and eluent B 

(0.1% (v/v) FA in ACN). LC-MS analysis of the purity and identity of the peptides was carried 

out with the same system using an analytical reversed-phase XB-C18 column (100 mm × 4.6 

mm, 5 μm, 100 Å, 1.2 mL/min) and a linear gradient of 20% to 98% eluent B in eluent A over 

10 min. Chromatograms were recorded at λ = 220 nm and the masses of the products were 

detected in the range from 400-2000 m/z. The identity of the pure peptides were additionally 

confirmed by MALDI-ToF mass spectrometry (Micromass, Waters). Peptide product solutions 

where dried by lyophilisation on an Alpha 2-4 LD plus Freeze dryer (Christ Freeze Dryers). 

6.2.  Solid Phase Peptide Synthesis 

Minimum TacA1-3 antitoxin peptides (TacA1: 52-88; TacA2: 54-97; TacA3: 58-93) referred to 

as 1, 2 and 3 respectively were synthesised using the high-swelling protocol of the Liberty 

Blue. Derivatives used were 9-fluorenylmethoxycarbonyl/tert-Butyl (Fmoc/tBu) protected 

amino acids. Fmoc-Rink Amide MBHA resin (50 µmol scale, peptides 1 and 3) was used to 

obtain peptides as C-terminal amides and Fmoc-Lys Wang resin (50 µmol scale, peptide 2) 

was used to obtain the peptide as a C-terminal acid. For automated SPPS, the resin was first 
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swelled with DMF, then deprotected with the addition of 10% piperidine, 0.1 M Oxyma in 

DMF. Amino acid coupling was carried out with 5-fold molar excess of amino acid (250 µmol, 

0.2 M), 10 eq. DIC (500 µmol, 0.5 M) and 5 eq. Oxyma (250 µmol, 0.2 M) in DMF for 2 min 

(single coupling) or 4 min (double coupling) at 90 °C. Single couplings carried out for each 

amino acid, with the exception of: all amino acids after 20 residues; 1: residues R and VIE; 2: 

residues RI and 3: residues EKL and NDL which were double coupled. The N-terminus was 

Fmoc deprotected as the last step with the addition of 10% (v/v) piperidine, 0.1 M Oxyma in 

DMF for 1.5 min at 90 °C. After completion of automated synthesis, the resin was split in half 

by weight. To one half manual N-terminal acetyl capping was carried out with 5% (v/v) acetic 

anhydride in DMF (3 mL) for 3 x 15 min at RT with agitation. To the second half N-terminal 

5(6)-TAMRA coupling was carried out with 2 eq. 5(6)-TAMRA (50 µmol, 21.5 mg), 2 eq. HBTU 

(50 µmol, 18.95 mg) and 2 eq. DIPEA (50 µmol, 8.75 µL) in DMF (0.6 mL) overnight at RT with 

agitation. The resins were washed with DMF (5x) and DCM (5x), shortly dried on the vacuum 

pump and stored at 4 °C. Cleavage of peptide from resin and side chain deprotection was 

carried out with addition (TFA 92.5% (v/v), H2O 2.5% (v/v), TIS 2.5% (v/v), DODT 2.5% (v/v), 3 

mL) for 30 min at 40 °C in the CEM Razor rapid peptide cleavage system. The solution was 

evaporated to a third of the final volume under a stream of N2 followed by precipitation of 

the crude peptide by addition of ice-cold diethyl ether (10 eq.). The precipitate was then 

isolated by centrifugation and washed with additional ice-cold diethyl ether. Peptides were 

dissolved in 20-50% ACN with 0.5% TFA and lyophilised to give solid powders of crude 

peptides. 

6.3. Peptide Purification 

Each peptide was dissolved in ACN 25% (v/v) with TFA 0.01% (v/v) and filtered followed by 

separation using preparatory LC-MS, mass-directed fraction collection was used to isolate the 

desired products. Fractions containing the pure peptide were combined and dried by 

lyophilisation to give solid white (1, 2 and 3) or purple powder (TAMRA_1, TAMRA_2 and 

TAMRA_3). The observed masses were in agreement with the calculated masses and a purity 

of > 90% was obtained for all compounds by LC-MS analysis. 
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Chapter 7 

Biophysical Methods 

7.1. Differential Scanning Fluorimetry 

Experiments were performed in a Mx3005P qPCR System (Agilent) collecting fluorescence 

data with a temperature ramp of 25 °C to 95 °C. Samples were prepared in buffer T (10 mM 

HEPES (pH 7.8), 500 mM NaCl). The SYPRO® Orange dye (Sigma-Aldrich, 5000X stock in DMSO) 

was used to monitor protein denaturation and was diluted to a final concentration of 5X. For 

the binding experiments the final concentration of the TacT proteins and minimum antitoxin 

peptides were 5 µM. Every condition was performed in triplicate and the melting curves were 

plotted using GraphPad Prism 5 (GraphPad Software, USA). The melting temperatures were 

obtained by fitting the sigmoidal section of the curves to a Boltzmann sigmoid function. 

7.2.  Surface Plasmon Resonance  

Experiments were performed using a Biacore S200 (GE Healthcare) equipped with a Series S 

sensor chip NTA (GE healthcare). The data was analysed using the Biacore Evaluation Software 

(GE Healthcare) and curves were plotted using GraphPad Prism 5 (GraphPad Software, USA). 

All experiments were performed at 22 °C with one of the following running buffers: buffer A 

(10 mM HEPES (pH 8.0), 500 mM NaCl, 50 µM EDTA and 0.005% (v/v) TWEEN® 20), buffer B 

(10 mM HEPES (pH 8.0), 250 mM NaCl, 50 µM EDTA and 0.005% (v/v) TWEEN® 20) or buffer 

C (10 mM HEPES (pH 8.0), 750 mM NaCl, 50 µM EDTA and 0.005% (v/v) TWEEN® 20). The 

surface was conditioned following the standard manufacturer’s guidelines. The (His)7-TacT1-

3 proteins (20.9 kDa, 20.9 kDa and 22.2 kDa respectively) were immobilised using Ni-NTA 

affinity capturing. Surface regeneration was performed with a one-minute pulse of 0.5 M 

imidazole followed by a one-minute pulse of 0.35 M of EDTA at pH 8.0. The proteins in running 

buffer A, B or C at a concentration of 100 nM were immobilised with a 30–60 second pulse 

(flow rate of 5 µL/min) on flow cell 2 and flow cell 1 was left blank as a reference surface. 

Binding of 1 (4.4 kDa) to TacT1 was measured using MCK. 1 was injected with a flow rate of 

30 µL/min over the two flow cells at six increasing concentrations. The complex was allowed 

to associate and fully dissociate for 80 sec and 3 min, respectively. Binding of 2 (5.2 kDa) and 

3 (4.1 kDa) to TacT2 and TacT3 respectively was measured using SCK. In the SCK experiments, 

2 or 3 were injected with a flow rate of 30 µL/min over the two flow cells with 6-8 

concentrations with 80 sec association. The surface was fully regenerated in between 

measurements for each protein. In both setups the double-referenced sensorgrams (raw data 

subtracted from a blank injection and reference surface responses) were fit to a simple kinetic 

1:1 binding model. 
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7.3.  Fluorescence Anisotropy  

Measurements were conducted using an EnVision® multimode microplate reader using a low-

volume TAMRA FA protocol. The excitation wavelength was set to 485 nm (with attenuated 

excitation filter) and emission was detected at 520 nm. For each independent experiment, 

the gain of the parallel and perpendicular channel was calibrated for the whole plate (using 

the wells with the highest TAMRA-peptide concentration) so that 0.6-1.25 nM of peptide had 

a polarization value of ~27 mP. A flash number of 100 was used for each well. The tracer 

peptide was used at 1 nM and 5 nM and the data measured for a 50% dilution series of protein 

between 5 µM – 0.075 µM. The final volume per well in the 384-well plate format was 15 μL 

and the plate was incubated in the dark (20 min, RT, with agitation) prior to imaging. Protein 

background of both channels was subtracted from each replicate measurement of protein 

and TAMRA-peptide. The polarimetry values were converted to anisotropy (A) for each well 

using the background-corrected channel values: A = (S–(G*P))/(S+(2*G*P)) with S = S-channel, 

P = P-channel and G = instrument correction factor.189 Anisotropy (y-axis) was then plotted 

against logarithmic TacT concentration (x-axis) using GraphPad Prism 5 (GraphPad Software, 

USA). The EC50 (KD) values were obtained fitting the curves to a sigmoidal or biphasic dose-

response curve. 
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APPENDIX 

Sequencing 
  

 
pQE65  TGAGCGGATAACAATTTCACACAG  
pQE276 GGCAACCGAGCGTTCTGAAC  
P29SENrev GCCTTTCGTTTTATTTGA 

DNA Ligation 
  

 
FP1_TacT1_pQE80LC CACGAAGTGGGACGTGTAACAGCACC  
RP1_TacT1_pQE80LC GTAAGCTTACTATTGAGGGAGCCTAAGGAACAATG  
FP2_TacT1_pQE80LC GGCTCCCTCAATAGTAAGCTTACAATTGGTGGTACATAG  
RP2_TacT1_pQE80LC GTTACACGTCCCACTTCGTGCCATTCGATTTTCTG  
FP1_TacT2_pQE80LC GAATGGCACGAAATGATCTCCACCCCTGAGC  
RP1_TacT2_pQE80LC GTAAGCTTATTAAACACTCTCCACCAAATCCCC  
FP2_TacT2_pQE80LC GTGGAGAGTGTTTAATAAGCTTACAATTGGTGGTACATAG  
RP2_TacT2_pQE80LC GAGATCATTTCGTGCCATTCGATTTTCTG  
FP1_TacT3_pQE80LC GAATGGCACGAAATGATGTTTACAGACTGGCATGAGG  
RP1_TacT3_pQE80LC GCTTATCATAACCTACCAGATGCAGATAAAGCAG  
FP2_TacT3_pQE80LC GCATCTGGTAGGTTATGATAAGCTTACAATTGGTGGTAC  
RP2_TacT3_pQE80LC GTAAACATCATTTCGTGCCATTCGATTTTC 

Mutagenesis   

 TacT1_F140Y_fwrd GCCAAAAATTTCTACATTCACCATGG 

 TacT1_F140Y_rev TTCTTCGGTAAGTGCATG 

 TacT2_F137Y_fwrd CGGGAATTTTATCAGCGGGTGGG 

 TacT2_F137Y_rev CGCTTCATCCGACAGGGC 

 TacT3_F143Y_fwrd GACTGGTACAAAGGATTTGGCG 

 TacT3_F143Y_rev GCAGACCTGTTTATTTTTGGCATC 

Table S1: Primers used for sequencing and DNA hi-fi ligation. 
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Figure S 1: Chemical structures of minimum antitoxin peptides 1-3.  

TacA1 (1) TacA2 (2) 

 

TacA3 (3) 
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Figure S 2: Chemical structures of minimum antitoxin peptides labelled with TAMRA. 

TAMRA_TacA1 (TAMRA_1) 
TAMRA_TacA2 (TAMRA_2) 

 

TAMRA_TacA3 (TAMRA_3) 
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Peptide Purity Mass 

1 100% 3mg 

2 100% 2.5mg 

3 99.8% 4mg 

TAMRA_1 100% 5mg 

TAMRA_2 99.8% 2mg 

TAMRA_3 99% 1.5mg 

Table S 1: Purities and mass of minimum antitoxin peptides  
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Figure S 3: UV chromatograms at 280 nm (i) and ESI traces of purified peptides (ii). A single peak 
was observed in UV chromatograms corresponding to the desired product a.i) 1; b.i) 2; c.i) 3 and 
d.i) TAMRA_1; e.i) TAMRA_2 and f.i) TAMRA_3. The peaks in the mass spectrograms correspond 
to the charged peptide ions a.ii) Expected mass of 1 was 4434.4 Da, the following ions were 
observed: 4+ (1109.9) and 3+ (1478.1); b.i) Expected mass of 2 was 5183.9 Da, the following ions 
were observed: 5+ (1037.8) and 4+ (1296.6); c.i) Expected mass of 3 was 4130.9 Da, the following 
ions were observed: 5+ (827.4), 4+ (1033.1) and 3+ (1377.8);  d.i) Expected mass of TAMRA_1 was 
4806.4 Da, the following ions were observed: 4+ (1202.9) and 3+ (1602.5); e.i) Expected mass of 
TAMRA_2 was 5555.3 Da, the following ions were observed: 6+ (926.7) and 5+ (1111.7) and f.i) 
Expected mass of TAMRA_3 was 4502.3 Da, , the following ions were observed: 6+ (750.9) and 5+ 

(901.7) and 4+ (1125.9) 
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Figure S4: DSF with TacT2 and TacT3 proteins at different conditions. The change in 

fluorescence of a) TacT2 and b) TacT3 proteins (2.5-10 µM) in solution in the presence of SYPRO-

Orange dye (2.5 – 10 X (1:2000 -1:500)) with increasing temperatures between 25-95°C. 

Measured in two buffers at different salt concentrations 150 mM and 500 mM NaCl. The 

average of triplicate measurements is shown with the dark purple line and the standard 

deviation shown with light purple lines. 




