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Abstract 

Transition metals are cofactors in many essential proteins. The correct function of 

these proteins hinges on metalation by their cognate metal ion, regardless of its 

ranking in the Irving-Williams series of metal-complex affinities. In the bacterial 

cytosol, evidence suggests that buffer molecules compete with proteins for metal 

ions, which will partition according to their relative affinities for various possible 

binding sites. Controlling metal availability in this manner prevents mismetallation 

by more competitive metals. This thesis seeks to test the buffer model using a 

genetic approach to alter cytosolic buffer molecule levels. A key test of the 

hypothesis will be changes in the cellular metalation of a metal-responsive 

transcription factor (RcnR), as proteins responsible for regulating metal homeostasis 

have affinities finely poised to sense the level of buffered metal, altering gene 

expression to match metal supply with demand. 

L-histidine (His) is a candidate buffer of Ni(II) in E. coli. His levels were 

altered by mutating hisG, which encodes the feedback-inhibited first enzyme in the 

His biosynthetic pathway. A small library of mutant strains with altered levels of 

cytosolic His was generated. These strains were tested for growth sensitivity to 

Ni(II), and changes in Ni(II) and Co(II) responsive gene regulation by the RcnR 

sensor. Strains that produce more His, as assessed by qualitative bioassay for His 

excretion, were more resistant to the effects of Ni(II) on cell growth and showed a 

diminished transcriptional response to Ni(II). Strains that produced less His showed 

increased sensitivity to Ni(II) in a growth assay. In contrast, increased cytosolic His 

levels did not affect the Co(II)-responsiveness of RcnR compared to the parent 

strain. Thus, this work shows that His is a cytosolic buffer of Ni(II) in E. coli but is 

not a universal metal buffer. 
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Chapter 1: Introduction 

 Bacterial Metal Homeostasis 

Metal ions are essential nutrients in cells, where they are used as cofactors for 

protein structure and function. Processes crucial to life, including respiration, 

photosynthesis, and nitrogen fixation, are all dependent on transition metal ion 

cofactors. In catalytic centres, they can increase the acidity, electrophilicity and/or 

nucleophilicity of the reacting species, promote heterolysis, and facilitate redox 

reactions (Andreini et al., 2008; Waldron et al., 2009; Hood and Skaar, 2012). 

Outside of catalysis, metals are incorporated into storage proteins and transcription 

factors (Hood and Skaar, 2012).  

Integral to the functioning of these processes is the acquisition of the correct 

metal by a protein. Whilst proteins can provide some level of selection themselves 

(for example, donor ligands can impart bias in favour of the correct metal, or the 

binding pocket may exclude metals with the wrong charge), proteins are ultimately 

flexible and impart little steric selection, especially when nascent (Frausto da Silva 

and Williams, 2001; Waldron et al., 2009; Robinson and Glasfeld, 2020). In this 

scenario, the favourability of formation of a protein-metal complex is determined by 

the ligand field stabilisation energies of the metals themselves, as described in the 

Irving-Williams series of transition metals (Equation 1.1) (Irving and Williams, 

1953; Dudev and Lim, 2008; Waldron et al., 2009). Cu(II) and Zn(II) form the most 

stable complexes, followed by Ni(II), Co(II), Fe(II), Mn(II), and Mg(II). To avoid 

the mismetallation of proteins, the cell must populate binding sites with the correct 

metal, irrespective of how strongly or weakly it binds. It is currently understood that 

this is achieved by controlling the availability of metal in the cytosol (Waldron et al., 

2009; Foster et al., 2014; Foster et al., 2017; Osman et al., 2019). 

Mg(II) < Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) (Cu(I)) > Zn(II) 1.1 

 

Recent studies suggest that metal ions in the cytosol are buffered by small 

molecules, such that many metals are buffered to less than one hydrated ion per cell 

(Foster et al., 2017; Osman et al., 2019). A competition will exist between the metal-

buffer complexes and those proteins that require metal for function; metal ions likely 
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directly exchange between the buffer molecules and proteins, partitioning according 

to their relative affinities (Equation 1.2, where B is the buffer, M is a metal ion and P 

is a metal-utilising protein) (Osman et al., 2019). The composition of the cytosol 

ensures the availability of transition metals is maintained in an order that is the 

inverse of the Irving-Williams series (Foster et al., 2017; Osman et al., 2019). In 

summary, evidence suggests that there is a negligible quantity of hydrated free metal 

ion in the cell; instead, available metal ions associate with buffer molecules to form a 

kinetically accessible pool of metal ions. The competition for metal between buffer 

molecules and proteins effectively means metals ranked higher in the Irving-

Williams series are maintained at lower intracellular availabilities, preventing the 

mismetallation of proteins by more competitive metals (Foster et al., 2017; Osman et 

al., 2019).  

B•M + P ⇌ B + P•M 1.2 

 

Thus, when considering the metal content of a bacterial cell, two parameters 

must be defined (Outten and O’Halloran, 2001; Waldron and Robinson, 2009): 

(1) The total metal content, including metal already incorporated into proteins 

and other molecules. There is an expectation that these metals are not 

kinetically labile until the proteins or other molecules are degraded. 

(2) The labile pool, or the quantity of metal that is kinetically accessible.  

Both will vary with the species and situational needs of the bacterium. For 

example, Ni(II) is required for some aspects of anaerobic metabolism in E. coli (Wu 

et al., 1994; Li and Zamble, 2009). As part of the cellular response to a lack of 

oxygen, the expression of the Ni(II) import system NikABCDE is upregulated to 

acquire more Ni(II) from the extracellular environment. As another example, 

manganese is required for photosynthetic growth in cyanobacteria and is transported 

across the outer membrane in a light-dependent manner (Keren et al., 2002).  

Metal homeostasis in bacteria can more generally be defined as meeting the total 

metal requirements of the cell whilst maintaining buffered metal levels. Metals 

cannot be synthesised or degraded, so homeostasis in bacteria generally relies on 

adjusting levels of import and export. Extracellular metal concentrations are often 

much lower than intracellular and metal ions are concentrated against a gradient on 
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import (Outten and O’Halloran, 2001). As a result, most metal import systems are 

high-affinity, selective, and require either the direct hydrolysis of ATP (primary 

transport) or proton motive force (PMF; secondary transport) (Ma, Jacobsen and 

Giedroc, 2009; Li and Zamble, 2009; Sydor and Zamble, 2013). Transporters 

requiring the hydrolysis of ATP are involved in the import of cobalt (CbiMNQO; 

Rodionov et al., 2006), iron (IrtAB; Rodriguez and Smith, 2006), nickel 

(NikABCDE; Navarro, Wu and Mandrand‐Berthelot, 1993) and zinc (ZnuABC; 

Patzer and Hantke, 1998). In Gram-negative bacteria, porins facilitate the passive, 

non-specific movement of metals across the outer membrane (Delcour, 2003). 

Additionally, TonB, in cooperation with ExbB and ExbD, supplies energy to 

dedicated transporters for the active transport of metals across the outer membrane 

(Noinaj et al., 2010; Zeer-Wanklyn and Zamble, 2017).  

Like metal import, high-affinity and specific metal export is an energy-

dependent process. Three main families of metal efflux systems have been described 

(Nies, 2003; Guilhen, Taha and Veyrier, 2013): the resistance-nodulation-cell 

division-type transporters, P-type ATPases, and cation diffusion facilitator 

transporters. Other families encoding transition metal export systems include the 

chromate ion transporter (CHR) family, NreB-like proteins, CntR-like proteins, and 

RcnA-like proteins (Nies, 2003; Rodrigue, Effantin and Mandrand-Berthelot, 2005).  

These systems are of critical importance as both metal overload and 

starvation are toxic to the cell. Although some intracellular targets have been 

identified, the exact cellular processes affected by metal toxicity are not fully 

characterised. The most likely mechanism by which metal toxicity takes place is the 

mismetallation of key proteins. In the scenario of metal excess, more reactive metals 

will displace less reactive metals, resulting in altered activity. For example, [4Fe-4S] 

clusters can be mismetallated by copper, cobalt, silver, mercury, cadmium, and zinc 

in E. coli (Ranquet et al., 2007; Macomber and Imlay, 2009; Xu and Imlay, 2012). 

Copper will inhibit glutamate biosynthesis via glutamine oxoglutarate 

aminotransferase; this interference is primarily associated with the loss of [4Fe-4S] 

biosynthesis (Djoko et al., 2017). An excess of metal can also cause indirect toxicity 

via oxidative stress (Valko, Morris and Cronin, 2005; Chen et al., 2010; Sydor and 

Zamble, 2013; Djoko et al., 2015).  
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The expression of import and export systems is regulated transcription factors 

which respond to the availability of metal in the labile pool (Guerra and Giedroc, 

2012; Chandrangsu, Rensing and Helmann, 2017), described in the following 

section.  

 

 Metal-Sensing Regulatory Transcription Factors 

In response to changes in metal availability, bacteria will transcribe specific genes or 

regulons, the expression of which is typically regulated by a metal-responsive 

regulatory transcription factor – a sensor (Guerra and Giedroc, 2012; Chandrangsu, 

Rensing and Helmann, 2017). These sensors are multimeric DNA-binding proteins 

that directly bind their cognate metal at a separate, exchangeable site, allosterically 

activating or inhibiting DNA-binding properties (Waldron and Robinson, 2009). 

Importantly, the sensors detect and respond to changes in the labile pool (Osman et 

al., 2019). They form a key component of metal homeostasis and allow bacteria to 

selectively import and export metals according to the metal availability in the labile 

pool. 

Integral to this process is the ability of the sensor to selectively bind and 

respond to its cognate metal, whilst being unaffected by competing ions. If the 

sensors themselves are mismetallated, the proper regulation of homeostatic 

mechanisms is threatened. Sensors must be able to discern between metals if they are 

to effectively meet the metal demands of the cell. Like all metalloproteins, sensors 

are flexible and the process by which they differentiate between metals is a sum of 

multiple effects (Waldron and Robinson, 2009; Chandrangsu, Rensing and Helmann, 

2017; Foster et al., 2017; Scott, 2018; Osman et al., 2019): 

(1) Affinity: sensors interact with the labile pool, and their affinities are poised to 

detect deviations from the optimum metal availability.  

(2) Allostery: binding of the cognate metal induces a conformational change 

within the sensor necessary to alter DNA binding. Mismetallation does not 

always trigger an allosteric transition. 

(3) Abundance: the intracellular level of the sensor itself can also affect 

selectivity. Some sensors are autoregulatory.  
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 Metal Buffering in Bacteria 

Buffer molecules, proteins requiring metal to function, and sensors will all compete 

for metal ions in the cytosol. The metal ions will ultimately partition according to 

their relative affinities. Whilst the total metal content of a cell is relatively easy to 

measure, the size of the labile pool is harder to define (Osman et al., 2019). As the 

affinities of sensors are poised to detect changes in the labile pool, the availability of 

a metal in the buffer can be inferred from the transcriptional response of its cognate 

sensor (Osman et al., 2019). The buffered set point is considered to be the quantity of 

metal that causes 50 % of the maximal response (Osman et al., 2019). However, 

describing these availabilities as concentrations results in values that are not 

physiologically relevant; for some metals, they translate to less than one hydrated 

metal ion per cell (Osman et al., 2019; Young et al., 2021). Instead, the availabilities 

of these buffered metals are expressed as free energies (ΔG; calculated as described 

in Equations 1.3 and 1.4, where M is a metal ion, S is its cognate sensor, R is the 

molar gas constant, and T is temperature in Kelvin) (Osman et al., 2019).  

 KA  

M + S ⇌ M•S 
 

1.3 

  

ΔG = -RTln(KA) 1.4 

 

Whilst the specific molecules involved in bacterial metal buffering are largely 

unidentified, they probably consist of small molecules and specific buffering 

proteins (Chandrangsu, Rensing and Helmann, 2017). Several small molecules have 

been identified as potential buffers thus far. Bacillithiol has been identified as a 

buffer of Zn(II) in Bacillus subtilis (Ma et al., 2014). Glutathione has been identified 

as a potential buffer of chromate, Zn(II), Cd(II) and Cu(II) in Escherichia coli 

(Helbig et al., 2008; Macomber and Imlay, 2009) and a buffer of Cu(I) in 

Streptococcus pyogenes (Stewart et al., 2020). Histidine has been identified as a 

potential buffer of Zn(II) in Acinetobacter baumannii (Nairn et al., 2016) and of 

Ni(II) in cyanobacteria (in vitro) (Foster et al., 2017).  

This project seeks to characterise the components of the bacterial cytosol 

responsible for controlling the size of the labile pool. More specifically, this project 

seeks to understand what role, if any, L-histidine (hereby referred to as His) plays in 
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the cytosolic buffering of Ni(II) in E. coli. A genetic approach was used to adjust 

levels of His biosynthesis in E. coli and potentially influence the size of the labile 

pool.  

 

 Ni(II) Homeostasis in Escherichia coli  

Nine Ni(II)-containing enzymes have been identified, of which E. coli uses one 

(Mulrooney and Hausinger, 2003; Li and Zamble, 2009; Boer, Mulrooney and 

Hausinger, 2014; Maier and Benoit, 2019). Overall, the Ni(II) requirements of E. 

coli and the systems involved in homeostasis are well defined and limited in number 

(Chivers, 2017; Higgins, 2019). E. coli is a facultative anaerobe (Nataro and Kaper, 

1998) and under anaerobic conditions expresses four different [NiFe]-hydrogenases, 

each of which is associated with a different metabolic pathway (Böck et al., 2006; 

Forzi and Sawers, 2007; Higgins, 2019). Hydrogenase enzymes catalyse the 

reversible reaction between two protons and two electrons to generate molecular 

hydrogen (Fontecilla-Camps et al., 2009); [NiFe]-hydrogenases are generally 

hydrogen-consuming enzymes (Pinske and Sawers, 2016). Hydrogen production 

provides a means for E. coli to rid itself of excess reducing equivalents during 

anaerobic and fermentative growth (Pinske and Sawers, 2016; Gevorgyan, 

Trchounian and Trchounian, 2018).  

To adapt to oxygen limitation, cells will change their gene expression patterns 

using global regulators such as FNR (fumarate-nit rate regulator) (Wu et al., 1989). 

Among other genes, FNR positively controls the transcription of NikABCDE (Wu et 

al., 1989; Myers et al., 2013), encoding the high-affinity Ni(II)-uptake system 

nikABCDE. NikABCDE is an ATP-binding cassette (ABC) type transporter 

(Navarro, Wu and Mandrand‐Berthelot, 1993). Once Ni(II) enters the cytoplasm, it 

immediately associates with unknown buffer molecules. The insertion of Ni(II) into 

[NiFe]-hydrogenases is assisted by metallochaperone proteins, a class of protein 

required for the insertion of specific metals into specific proteins during their 

biosynthesis (Waldron and Robinson, 2009; Capdevila, Edmonds and Giedroc, 

2017). These metallochaperones include HypA, HypB and SlyD (Hube, Blokesch 

and Böck, 2002; Reissmann et al., 2003; Zhang et al., 2005; Leach and Zamble, 

2007; Chung and Zamble, 2011).  
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Even when not required as an essential nutrient, the intracellular availability of 

Ni(II) is tightly controlled owing to its relatively high position in the Irving-Williams 

series (Equation 1.1) (Irving and Williams, 1953; Li and Zamble, 2009). In E. coli, 

cytosolic Ni(II) levels are monitored by two structurally and functionally distinct 

sensors: NikR and RcnR (Figure 1.3). NikR is a Ni(II)-dependent co-repressor and 

metalated NikR represses transcription of nikABCDE (Chivers and Sauer, 1999; 

Chivers and Sauer, 2000). RcnR is a Co(II)/Ni(II)-dependent de-repressor and 

unmetalated RcnR will repress the transcription of the rcnAB, which encodes a 

Ni(II)/Co(II) export system (Iwig, Rowe and Chivers, 2006). A general summary of 

Ni(II) homeostasis in E. coli is shown in Figure 1.1. Figure 1.2 provides an overview 

of the thermodynamically coupled allosteric states of a sensor protein (S).  

The distinct roles of NikR and RcnR are reflected by their metal- and DNA-

binding affinities (given in Figure 1.2). The Ni(II)-dependent regulation of PrcnA and 

Pnik is sequential, and expression of PrcnA is not induced until Pnik expression is 

maximally repressed, in defined minimal and rich media (Iwig, Rowe and Chivers, 

2006). Indeed, the Ni(II) affinity of RcnR is 16-fold weaker than that of NikR, and 

simulations suggest NikR DNA occupancy is almost 100 % before RcnR begins to 

respond to metal (Scott, 2018). Differences in K-3 and K-4 (Figure 1.2) reflect the 

roles of NikR as a Ni(II)-dependent co-repressor, and RcnR as a Ni(II)-dependent 

de-repressor of import and export, respectively. The transcription factors controlling 

the expression of the Ni(II) importer NikABCDE and exporter RcnA, NikR and 

RcnR respectively, are further described in Sections 1.4.1 and 1.4.2.  

One site of Ni(II) toxicity has been identified in E. coli; fructose-1,6-

bisphopshate aldolase (FbaA), a Zn(II) metalloenzyme (Macomber, Elsey and 

Hausinger, 2011). Growth on different carbon sources suggests that Ni(II) blocks 

glycolysis between the entrance of fructose carbon and glycerol carbon, consistent 

with Ni(II) binding to and mismetallating FbaA.  
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Figure 1.1: Ni(II) homeostasis in E. coli 

Under anaerobic conditions, Ni(II) is required to supply [NiFe] hydrogenases (Wu 

and Mandrand-Berthelot, 1986; Wu et al., 1989; Navarro, Wu and Mandrand‐

Berthelot, 1993). (A) A Ni-(L-His)2 complex is transported across the inner 

membrane to the cytosol via NikABCDE (Chivers et al., 2012), the expression of 

which is up regulated by FNR (Navarro, Wu and Mandrand‐Berthelot, 1993); (B) In 

the cytosol, Ni(II) immediately associates with buffer molecules and is incorporated 

into the labile pool (Foster et al., 2017; Osman et al., 2019); (C) Once enough Ni(II) 

has been acquired by the cell, NikR will be metalated and repress the expression of 

the NikABCDE import system (Chivers and Sauer, 1999); (D) If the cell is 

experiencing an excess of Ni(II), RcnR is metalated and the expression of the RcnA 

export system is de-repressed (Iwig, Rowe and Chivers, 2006; Iwig et al., 2008). 

Figure adapted from Scott, 2018 and Brawley and Lindahl, 2021. Figure generated 

using Biorender.com.  
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Figure 1.2: Schematic representing the partitioning of metal ions between 
sensors and buffer molecules 

Where D is DNA promoter region, B is the buffer molecule, M is the metal ion, and S 

is the sensor. Stepwise affinity values (molar) for Ni(II) and DNA binding of NikR 

and RcnR in Salmonella are given in pale magenta and blue, respectively (Scott, 

2018). Figure adapted from Scott, 2018 and Osman et al., 2019. 

 

  



 

20 

1.4.1 NikR – a Regulator of Ni(II) Import  

NikR has increased DNA-binding affinity in the presence of Ni(II), resulting in 

decreased transcription of nikABCDE (De Pina et al., 1999; Chivers and Sauer, 1999; 

Rowe, Starnes and Chivers, 2005). nikABCDE encodes the aforementioned 

NikABCDE Ni(II) import system. NikR is a modular, tetrameric protein (Schreiter et 

al., 2006). The primary Ni(II) binding sites (four per tetramer) are located at the 

interface between C-terminal monomers (Chivers and Sauer, 1999; Chivers and 

Sauer, 2002; Schreiter et al., 2003). Ni(II) does not control the oligomeric state of 

NikR (Carrington et al., 2003) but metal binding at the high affinity binding site is 

required for interaction with DNA (Figure 1.3). Other divalent transition metals are 

capable of binding NikR in vitro and in an absence of buffer, with affinities 

consistent with the Irving-Williams series, and are capable of activating the sensor 

for DNA binding, albeit with reduced affinity (Bloom and Zamble, 2004; Leitch et 

al., 2007).  

 

1.4.2 RcnR – a Regulator of Ni(II) Export  

RcnA is a Ni(II) efflux protein (Rodrigue, Effantin and Mandrand-Berthelot, 2005). 

The expression of rcnA is controlled by RcnR, a small regulatory protein and the 

founding member of the RcnR/ CsoR class of metalloregulators (Iwig, Rowe and 

Chivers, 2006). RcnR has reduced DNA-binding affinity in the presence of its 

cognate metals, Ni(II) and Co(II) (Liu et al., 2007; Ma, Jacobsen and Giedroc, 2009), 

resulting in increased transcription of rcnA. Proteins in the RcnR/ CsoR family are 

tetrameric; the metal binding sites are located between monomers and there are four 

per tetramer. No structural data for E. coli RcnR itself, although a crystal structure is 

available for InrS, a Ni(II)-responsive member of the RcnR/ CsoR family (Figure 

1.4) (Foster et al., 2017). Overall, little is known about allosteric network and 

conformational changes within RcnR on metal binding. RcnR forms a six-coordinate 

complex with Ni(II) or Co(II). The coordination involves the only cysteine in the 

protein, C35 (Iwig et al., 2008). There is also evidence to suggest that H3, H64 and 

H60 are involved in Ni(II) and Co(II) sensing, but are not essential for Ni(II) 

coordination (Iwig et al., 2008; Higgins, Chivers and Maroney, 2012; Higgins et al., 

2013).  
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Figure 1.3: NikR is a Ni(II)-dependent co-repressor 

Cartoon diagram of metalated E. coli NikR tetramer bound to DNA (Schreiter et al., 

2006). Each monomer is coloured separately. Ni(II) ions are coloured in grey. Figure 

generated using PyMOL (Schrödinger and DeLano, 2020). 
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Figure 1.4: Some members of the RcnR/CsoR family of sensors are 
Ni(II)/Co(II)-dependent de-repressors 

Cartoon diagram of InrS from Synechocystis PCC6803 coloured by monomer 

(Foster et al., 2017). Produced using PyMOL (Schrödinger and DeLano, 2020).  
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 Identification of a Candidate Ni(II) Buffer in E. coli 

The Ni(II)-protein requirements and homeostatic machinery in E. coli are well 

understood. However, the components of the cytosolic buffer have not yet been 

identified. A likely candidate for at least one component of the buffer is His.  

NikA, the Ni(II)-binding component of the NikABCDE-transport system, 

imports a Ni-(L-His)2 complex (Chivers et al., 2012). The effect of His on 

nikABCDE expression under anaerobic conditions was studied using a Pnik-lacZ 

reporter. In the presence of 400 μM His, the basal level of Pnik-lacZ expression was 

lowered 2.5-fold, correlating with an increased intracellular Ni(II) content. The 

NiCl2 concentration required to reduce cell growth more than 10% was also shifted. 

This implies that the transition to complete repression of Pnik is a stress response that 

can be avoided by buffering of Ni(II) ions in a stable complex.  

Ni(II) can stably bind His as a Ni-(L-His)2 complex (Figure 1.5). His was 

previously identified as an in vitro competitor for Ni(II) against InrS, an RcnR 

homolog found in cyanobacteria (Foster et al., 2017). His is present in the 

cyanobacterial cytosol at concentrations of 45 μM. A ten-fold increase in His did not 

outcompete InrS for Ni(II), but a 100-fold increase largely outcompeted the sensor. 

Exclusion of glutathione and ATP, two other metabolites known to form stable 

Ni(II) complexes (Kaczmarek, Szczepanik and Jezowska-Bojczuk, 2005), did not 

affect competition of InrS for Ni(II). Hence, the affinity of InrS for Ni(II) is tuned 

for competition with cytosolic levels of His. 

There is further preliminary in vivo evidence to suggest His biosynthesis is 

relevant to Ni(II) stress tolerance. High-throughput phenomic profiling of E. coli 

produced a dataset in which the fitness of single-gene knockouts were assessed on 

solid media under various stress conditions (Nichols et al., 2011). The tolerance of 

knockouts in the His biosynthetic pathway for metal stress and the his biosynthesis 

operon are shown in Figure 1.6. The negative relative fitness score indicates that 

strains unable to synthesise His, even in rich media, are sensitive to metal ions. The 

pathway also produces 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), 

which is required for purine biosynthesis. However, the similar effect of deletions in 

all biosynthetic genes rules out an effect on purine biosynthesis. 
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A 

  

 

 

 

B His + Ni(II) ⇌ Ni•His + His ⇌ Ni•His2 

 KD = 0.0155  KD = 0.2140  

  

Figure 1.5: Ni(II)•(L-His)2 complex 

(A) Structure from Fraser and Harding, 1967. Produced using PyMOL (Schrödinger 

and DeLano, 2020); (B) Stepwise formation of the Ni(II)•(L-His)2 complex. Values 

from Zhang, Akilesh and Wilcox, 2000. 
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A 

 

B 

 

Figure 1.6: Single-gene deletion mutants deficient in the His biosynthetic 
pathway are less tolerant of metal stress compared to wild-type E. coli 

(A) Data adapted from Nichols et al., 2011. Metal concentrations are given as 

presented in the dataset; Fe “Low” and Fe “High” were not defined. Enzymes 

presented in order of appearance in the biosynthetic pathway (Figure 1.7). ΔhisG 

shown in magenta. Enzymes in the pathway after the production of AICAR are 

shown in blue; (B) The his biosynthetic operon in E. coli. hisp1 is the primary 

promoter; hisp2 and hisp3 are internal promoters; Atn is the his attenuator 

sequence; t is the terminator. Adapted from Ramos-Montañez and Winkler, 2009. 
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This project aims to determine the role of His in Ni(II) buffering. This will be 

achieved by perturbing the His biosynthetic pathway in E. coli to produce a number 

of strains with differing intracellular His levels. 

 

 Histidine Biosynthesis in Escherichia coli 

The His biosynthetic pathway is functionally conserved in all organisms able to 

synthesise His, including bacteria, archaea, lower eukaryotes and plants (Kulis-Horn, 

Persicke and Kalinowski, 2015). The his operon encodes the eight enzymes required 

for His biosynthesis (Figure 1.6B) (Winkler and Ramos-Montañez, 2009; Kulis-

Horn, Persicke and Kalinowski, 2014). Careful management of the pathway is 

imperative in ensuring cell fitness as the synthesis of one His molecule requires 

energy equivalent to approximately 41 molecules of ATP (Brenner and Ames, 1971; 

Winkler and Ramos-Montañez, 2009). The rate of His biosynthesis is controlled in 

two main ways: by regulating expression of the his operon (Section 1.6.1), and by 

controlling the flow of intermediates through the pathway (Section 1.6.2) (Winkler 

and Ramos-Montañez, 2009). 

 

1.6.1 Regulation of his Operon Expression 

The transcription of the his operon is thought to be regulated via two mechanisms 

(Winkler and Ramos-Montañez, 2009): 

(1) Initiation of transcription at the primary promoter, hisp1, is upregulated in the 

presence of ppGpp (Stephens, Artz and Ames, 1975; Winkler, Zawodny and 

Hartman, 1979; Riggs et al., 1986; Shand et al., 1989). 

(2) An attenuation mechanism that responds to intracellular concentration of His-

tRNAHis (Lewis and Ames, 1972). The concentration of tRNAHis is 

determined by cellular His levels, histidyl-tRNA synthetase activity and 

chromosomal DNA supercoiling levels (Lewis and Ames, 1972; Winkler and 

Ramos-Montañez, 2009). 

When grown in rich medium, the amount of His biosynthetic enzymes decreases 

fourfold (Brenner and Ames, 1971; Winkler, Roth and Hartman, 1978). This change 

appears to be in response to ppGpp levels rather than His-tRNAHis. Overall, his 
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operon expression appears to be largely unaffected by the presence of His in the 

growth medium (Stephens, Artz and Ames, 1975; Winkler, Zawodny and Hartman, 

1979; Riggs et al., 1986; Shand et al., 1989); even when 77 to 88 % of tRNAHis 

molecules are charged with His, there is still readthrough transcription beyond the 

attenuator region (Johnston et al., 1980; Johnston and Roth, 1981). 

 

1.6.2 Regulation of HisG 

Regulation of HisG, the first enzyme in His biosynthesis (Figure 1.7), is crucial in 

controlling the flow of carbon towards His biosynthesis (Winkler and Ramos-

Montañez, 2009). HisG catalyses the Mg2+-dependent condensation of ATP and 

phosphoribosylpyrophosphate (PRPP) to form N’-5’phosphoribosyl-ATP (PR-ATP). 

HisG enzymes can be divided into two subcategories: “long” and “short” form. This 

project focuses on the long form HisG found in E. coli (and Salmonella enterica 

serovar Typhimurium (hereby referred to as Salmonella) and Campylobacter jejuni, 

amongst others).  

There are four main ways in which HisG is regulated (Brenner and Ames, 1971; 

Winkler and Ramos-Montañez, 2009; Zhang et al., 2012):  

(1) Non-competitive feedback inhibition by His.  

(2) Competitive inhibition by ADP and AMP. 

(3) Competitive product inhibition by PR-ATP.  

(4) Inhibition by the alarmone ppGpp (in the presence of partially inhibiting 

concentrations of His). 

In wild-type E. coli and Salmonella growing in minimal medium, the rate of 

His biosynthesis appears to be controlled mainly by regulation of HisG; His-

secreting mutants with a feedback-deregulated HisG can be selected for by growth in 

the presence of the His analogue and HisG inhibitor 2-thiazole alanine (Sheppardz, 

1964).  

HisG is a homohexamer, with each monomer consisting of three domains 

(Figure 1.8). Domain I binds ATP, adjacent to the PRPP binding site between 

Domains I and II. Domain III is located at the C-terminus and contains the site of His 

binding. The His binds at the interface between two adjacent subunits in the 
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assembled enzyme. His binding triggers significant conformation change, leading to 

steric hindrance at the active site (Figure 1.8A-D) (Pacholarz et al., 2017; Mittelstädt 

et al., 2018). There are several key residues at the site of allosteric inhibition (Figure 

1.8E), namely M230, H232 and T252, all of which make direct contacts to the His 

ligand (Lohkamp et al., 2004). 

 

1.6.3 Engineering HisG to perturb Histidine Production 

A number of residues key to controlling the activity of HisG have been identified 

(Lohkamp et al., 2004). Recent studies aim to engineer strains with maximal His 

production for industrial purposes (Zhang et al., 2012; Kulis-Horn, Persicke and 

Kalinowski, 2014; Kulis-Horn, Persicke and Kalinowski, 2015; Wu et al., 2020). 

Mutations resulting in suspected decreased intracellular His levels have been 

described but remain poorly characterised (Ng, Ingraham and Marr, 1962; 

O’Donovan and Ingraham, 1965; O’Donovan, Kearney and Ingraham, 1965; Fink, 

Kłopotowski and Ames, 1967; Hartman et al., 1971). Some of these mutants were 

His auxotrophs and were widely used in the Ames test (Mortelmans and Zeiger, 

2000).  

Overall, the regulation of HisG is well characterised in prokaryotes, making it 

an ideal target for mutagenesis to alter cytosolic His levels. Although most strain 

engineering studies use C. jejuni or Salmonella, these two species carry similar 

HisGs to E. coli (66.2 % and 95.7 % sequence identity, respectively) (Huang and 

Miller, 1991; The UniProt Consortium et al., 2021). 
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Figure 1.7: The His biosynthetic pathway 

PRPP, phosphoribosylpyrophosphate; PPi, pyrophosphate; PR-ATP, N’-5’phosphoribosyl-ATP; PR-AMP, N’-5’phosphoribosyl-AMP; 

5’-ProFAR, pro-phosphoribosyl formimino-5-aminoimidazole-4-carboxamide ribonucleotide; PRFAR, phosphoribosyl formimino-5-

aminoimidazole-4-carboxamide ribonucleotide; IGP, imidazoleglycerol phosphate; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; 

IAP, imidazole-acetol phosphate; Hol-P, L-histidinol phosphate; Hol, L-histidinol; Hal, L-histidinal. Enzyme activities, HisG, ATP-phosphoribosyl 

transferase; HisI(C), PR-ATP pyrophosphohydrase; HisI(N), PR-AMP cyclohydrolase; HisA, 5’-ProFAR isomerase; HisH, IGP synthase subunit 

(glutaminase); HisF, IGP synthase subunit (cyclo-ligase); HisB(C), IGP dehydratase; HisC, Hol-P aminotransferase; HisB(N), Hol-P 

phosphatase; HisD, Hol dehydrogenase (Winkler and Ramos-Montañez, 2009; Kulis-Horn, Persicke and Kalinowski, 2014). HisD and Hol have 

been highlighted due to their later relevance to the project. 
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Figure 1.8: The Campylobacter jejuni HisG enzyme, HisGCj 

(A) Active HisGCj with substrate ATP bound at the catalytic side ; (B) Active HisGCj 

rotated 90° from (A) such that the His binding site is at the forefront; (C) Inhibited 

HisG with competitive inhibitor AMP and allosteric inhibitor His bound; (D) Active 

HisGCj rotated 90° from (C) such that the His binding site is at the forefront; (E) Stick 

representation of the allosteric His binding site, located at the interface between two 

monomers coloured grey and blue. HisGCj is a homohexameric enzyme (Mittelstädt 

et al., 2016); in this figure, one monomer has been coloured according to domain, 

where Domain I is red, Domain II is yellow, and Domain III is blue (Lohkamp et al., 

2004). The other five monomers are varying shades of grey. As labelled in (A), 

orange arrow indicates the catalytic site; white arrow indicates the His binding site 

for the coloured monomer. HisGCj has 66.2 % sequence identity with HisGEc 

(calculated using Expasy SIM; Huang and Miller, 1991). Figures generated using 

PyMOL (Schrödinger and DeLano, 2020). 
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 Aims of the Project 

The correct metalation of proteins is vital to life. As proteins are flexible, most are 

unable to specifically select for their cognate metal (Waldron et al., 2009). Hence, a 

protein’s affinity for a metal is largely determined by the position of said metal 

within the Irving-Williams series, irrespective of actual cognate metal (Irving and 

Williams, 1953; Waldron et al., 2009). The cell avoids the mismetallation of proteins 

by controlling the availability of metal in the cytosol, forming a labile pool of metal 

in which ions are associated with buffer molecules and there is negligible free metal 

present (Foster et al., 2017; Osman et al., 2019). The buffer molecules compete with 

proteins requiring their cognate metal for function, and effectively allow the cell to 

maintain metal availabilities to the inverse of the Irving-Williams series (Foster et 

al., 2017; Osman et al., 2019). The sensors responsible for regulating the expression 

of the systems that enforce homeostasis also interact with this labile pool of metal, 

and have affinities poised to detect and respond to any changes (Foster et al., 2017; 

Osman et al., 2019). Whilst the transcriptional responses of sensors have been used 

to define the availability of metal in the labile pool, the affinity of a sensor for its 

cognate metal does not determine the size of the labile pool. Instead, the affinity of a 

sensor is tuned to the buffered availability of metal in the cell and the affinity of a 

sensor is poised to compete with the polydisperse buffer (Foster et al., 2017). For 

example, a mutant Ni(II) sensor with lowered affinity for Ni(II) is unable to compete 

for the metal in the cytosol (Foster et al., 2017). It follows that the interactions 

between sensors and buffer molecules could further be studied if the amount of 

buffer molecule present was altered.   

This project seeks to test the hypothesis that His may be a component of the 

cytosolic buffer of Ni(II) in E. coli. Using a genetic approach, a point mutation will 

be introduced within HisG’s site of allosteric inhibition. This should produce an 

enzyme with altered affinity for the allosteric inhibitor His. A library of 

recombinants with varying intracellular His levels will be produced. These 

recombinants will then be used to study effect of His on the Ni(II)-dependent 

transcriptional response of RcnR.  
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Chapter 2: Materials and Methods 

 Media, Reagents and Solutions 

Media and solutions used in this project are summarised in Table 2.1 and Table 2.2. 

All media and solutions were made up in ultra-pure Milli-Q water (18.2 MΩ•cm). 

Where appropriate, media and solutions were sterilised via autoclaving 121 ℃ for 15 

min or via filtration using a 0.22 μm filter.   

 

Table 2.1: Media used in this project  

Medium Ingredientsa  

LBb 2.5 g tryptone 

1.25 g yeast extract 

1.25 g NaCl 

ddH2O to 250 mL 

 

1X M63 mediab,c 50 mL 5X M63 saltsd 

2 mL 50% (w/v) glucose solution 

250 μL 1 M MgSO4 

6.25 μL 10 mM FeSO4 

50 μL 100 μM ZnCl2 

H2O to 250 mL 

 

a, given in the quantities typically made in. 

b, added 4.25 g agar to generate solid media, final concentration 1.7 % (w/v).  

c, hereafter referred to as M63 media. 

d, described in Table 2.2. 
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Table 2.2: Solutions used in this project 

Solution Ingredientsa 

5X M63 saltsb,c 2.5 g (NH4)2SO4 

17 g KH2PO4 

KOH to pH 7.00 (approx. 5 g) 

ddH2O to 250 mL 

 
 

LacZ assay bufferd 16.1 g Na2HPO4•7H2O 

5.5 g NaH2PO4•H2O 

0.375 g KCl 

0.125 g MgSO4 

ddH2O to 500 mL 

 
 

Phosphate-buffered 

salineb 

4 g NaCl 

0.1 g KCl 

0.72 g Na2HPO4 (anhydrous)  

0.12 g KH2PO4 (anhydrous) 

ddH2O to 500 mL 

 

0.1 M NiSO4 stock Lab stock 

 

0.5 M CoCl2 stock 1.19 g CoCl2•6H2O 

ddH2O to 50 mL 

 

SDS separating gel 

solutione 

1.625 mL 40 % (v/v) acrylamide (13 % (v/v) final concentration) 

1.25 mL Tris-SDS pH 8.8 

ddH2O to 5 mL 

 

SDS stacking gel 

solutionf 

0.65 mL 40% acrylamide 

0.65 mL 4X Tris-SDS pH 8.8b 

ddH2O to 5 mL 

 

ICP-MS sample 

preparation washing 

buffer 

1.19 g HEPES 

45.54 g sorbitol 

ddH2O to 500 mL 

 

a, given in the quantities typically made in. 

b, Ausubel et al, 2002.  

c, stirred with Chelex-100 resin (equivalent to 2 mL volume) for 1 hour prior to filtration with 

0.22 μm filter. 

d, Miller, 1972. 

e, add 5 μL TEMED and 50 μL 10% (v/v) ammonium persulfate and mix before pouring. 

f, add 5 μL TEMED and 25 μL 10% (v/v) ammonium persulfate and mix before pouring. 
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Table 2.3: Supplements used in this project 

Solution Ingredientsa 

50 % (w/v) glucose solution 50 g D-glucose 

50 mL ddH2O 

 

10 % (w/v) arabinose solution Lab stock 

 

Kanamycin Melford 

 

Ampicillin Sigma  

 

5X amino acid stock (excl. His) 35.6 mg alanine 

452.9 mg arginine 

26.4 mg asparagine 

26.6 mg aspartate 

6.1 mg cysteine 

44.1 mg glutamate 

43.9 mg glutamine 

30.0 mg glycine 

26.2 mg isoleucine 

52.5 mg leucine 

29.2 mg lysine 

14.9 mg methionine 

33.0 mg phenylalanine 

23.0 mg proline 

525.5 mg serine 

23.8 mg threonine 

10.2 mg tryptophan 

18.1 mg tyrosine 

35.1 mg valine  

ddH2O to 100 mL 

 

10 mM adenine stock 67.57 mg adenine 

ddH2O to 50 mL 

 

0.2 M histidine stock Lab stock 

 

0.2 M histidinol stock Lab stock 

 

a, given in the quantities typically made in. 
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 Bacterial Strains 

E. coli strains used in this project are listed in Table 2.4.  

Table 2.4: Strains of E. coli used in this project 

Strain Genotype Source 

BW25113 (parent 

strain) 

 

lacIq rrnBT14 ΔlacZWJ16 hsdR514 

ΔaraBAΔAH33 

ΔrhaBAΔLD78  

 

Lab stock 

BW25113 

∆hisGa 

BW25113 hisG::kanr 

 

Dr. David 

Weinkove 

(Durham 

University 

Department of 

Biosciences) 

 

BW25113/pKD46b BW25113 hisG::kanr; pKD46 ampr 

 

 

Prepared by Dr. 

Peter Chivers 

BW25113 PrcnA-

lacZc 

 

BW25113 hisGWT/hisGT252 PrcnA-lacZ 

 

Prepared by Dr. 

Peter Chivers 

a, hereafter referred to as ΔhisG.  

b, Datsenko and Wanner, 2000. 

c, denotes strains carrying a modified hisG gene and a PrcnA-lacZ reporter construct. 
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 Molecular Biology Manipulations 

This project employed three different PCR processes for the following 

purposes: 

(1) a two-step process was used to generate a DNA fragment carrying a 

randomised codon (hisGT252). 

(2) colony PCR. 

(3) generation of DNA for sequencing. 

Oligonucleotide primers used are listed in Table 2.5. The master mix 

compositions are listed in Table 2.6. The PCR protocols are listed in Table 2.7. 

 

Table 2.5: Oligonucleotide primers used in this project 

Code Description Sequence (5’-3’) 

1a hisG upstream 5' CATTCAGATCTTCCAGTGGTGC 

2 hisG downstream 3' GCTTTCAGAGGCGGAAATCGC 

3 Internal 3’ T252 CCAGCGGCAGAATVNNTGGGCGTTCGGCb 

4 Internal 5’ T252 TGCCGAACGCCCANNBATTCTGCCGCTGb 

k1 Kan forward 3’ CAGTCATAGCCGAATAGCCTc 

k2 Kan backward 5’ CGGTGCCCTGAATGAACTGCc 

Seq Sequencing CAGCTGGCGTTGTTGCTCCGC 

a, Positions of Primers 1, 2, 3 and 4 relative to or within the hisG gene are shown in 

Appendix 1. 

b, Codons carrying randomised bases are underlined. B = C, G, or T; N = A, C, G, or 

T; V = A, C, G. 

c, Datsenko and Wanner, 2000. Positions of k1 and k2 within kanr are given in 

Appendix 1. 
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Table 2.6: Master mix compositions for PCR protocols 

 Volume (μL) 

Component 

(1) hisGT252 generation  

(Step 1 and Step 2) (2) Colony PCR 

(3) hisG fragments for 

sequencing 

5X PCR buffera 10 5 10 

Template DNA Varies - 1b 

5’ primer (100 pM/ μL) 0.5 0.25 0.5 

3’ primer (100 pM/ μL) 0.5 0.25 0.5 

10X 4dNTP mix 0.5 0.25 0.5 

Taq DNA polymerasec 0.5 0.25 - 

Pfu DNA polymerasec 0.1 - - 

Q5 DNA polymerased - - 0.4 

 50 25 50 
a, 5X Taq DNA polymerase buffer contains 7.5 mM MgCl2 for a final concentration of 1.5 mM. 5X Q5 DNA polymerase 

buffer contains 10 mM MgCl2 for a final concentration of 2 mM.  

b, See Section 2.3.1. 

c, Promega.  

d, New England Biolabs. 
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Table 2.7: PCR protocols 

Step Purpose 
(1) hisGT252 generation 

(2) Colony PCR 
(3) hisG fragments  

for sequencing Step 1 Step 2 

1 Initial denaturation 95 ℃, 2 min 95 ℃, 2 min 95 ℃, 5 min 95 ℃, 5 min 

2 Denaturation 95 ℃, 30 s 95 ℃, 30 s 95 ℃, 30 s 95 ℃, 10 s 

3 Annealing 60 ℃, 30 s 64 ℃, 30 s 60 ℃, 30 s 60 ℃, 30 s 

4 Extension 72 ℃, 90 s 72 ℃, 90 s 72 ℃, 60 s 72 ℃, 30 s 

    

Repeat steps 2-4 × 28 

Repeat steps 2-4 × 10 

Repeat steps 2-4 × 28 
Repeat steps 2-4 × 

28     
Repeat steps 2-4 × 18 

(Step 3 at 59 ℃)  
5 Final extension 72 ℃, 5 min 72 ℃, 5 min 72 ℃, 5 min 72 ℃, 5 min 

6 Hold 4 ℃ 4 ℃ 4 ℃ 4 ℃ 
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2.3.1 Template DNA preparation using Q5 DNA polymerase 

E. coli recombinant strains were grown overnight at 37 °C on LB agar to isolate single 

colonies. Four to five colonies of a recombinant were re-suspended in 500 μL PBS 

buffer, then a 200 μL aliquot of the re-suspended cells was boiled (10 min) then 

centrifuged to remove cell debris (5 min, 13,300 rpm, 4 °C). 5 μL of resulting 

supernatant was diluted 20-fold in PBS and used as a DNA template. 

 

 Analysis, Purification, and Quantification of DNA Fragments 

2.4.1 Analysis of DNA Fragment Amplification by Agarose Gel Electrophoresis  

PCR fragments were analysed in 1 % (w/v) agarose gel (made with EtBr 1 μL / 100 mL 

gel) and 1X TAE buffer (Ausubel, 1996). Gels were run at 100 V for 40-50 min. A 100 

bp and/or 1 kb DNA Ladder (ThermoFisher) were used as molecular weight markers. If 

loading dye was not present in the PCR buffer, then Promega Blue/Orange 6X dye was 

added to a 1X final concentration. Agarose gels were imaged using a BioRad Gel Doc 

XR+ Gel Documentation system (Department of Biosciences, Durham University) and 

the Image Lab Image Capture and Analysis software. Samples volumes of 5 μL were 

loaded to assess the success of a PCR reaction, and 50 μL volumes were loaded when 

fragment purification was necessary (Table 2.7). 

 

2.4.2 DNA Purification Methods 

Three methods were used for the purification of DNA, based on downstream use and 

purity of the sample. When necessary to purify the fragment of interest form a mixture, 

samples were purified from an agarose gel. Bands were excised then purified using a 

Sigma GenElute™ Gel Extraction Kit following the manufacturer’s instructions. 

Purified DNA was stored at -20 °C.  

PCR fragments from colony PCR using for DNA sequencing intended were 

purified using NEB Monarch PCR & DNA clean-up kit after analysis by agarose gel 

electrophoresis. Kits were used according to the manufacturer’s instructions except that 

DNA was eluted in 10 μL ddH2O and stored at -20 °C. 
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DNA concentrations of PCR products were measured using a Nanodrop 

Spectrophotometer (Thermo Scientific), using the relationship OD260 of 1 = 50 ng / μL 

dsDNA. 

When required to increase DNA concentration prior to subsequent steps, 

samples were precipitated by ethanol purification either after gel purification or directly 

from the PCR reaction mixture. For precipitation, 0.1 volume of 3 M sodium acetate 

(pH 5.5) and 0.7 volume 100 % (v/v) isopropanol were added to the sample and mixed 

thoroughly. Samples were then centrifuged (30 min at 13,300 rpm, 4 ℃) and the 

supernatant discarded. The sample was then washed with 70 % (v/v) ethanol (original 

sample volume) and centrifuged (15 min at 13,300 rpm, 4 ℃), after which the 

supernatant was then removed and the sample air dried. DNA was resuspended in 10 μL 

ddH2O stored at -20 ℃. 

 

2.4.3 DNA Sequencing 

DNA was sequenced by DBS Genomics, Durham University. The upstream primer Seq 

(Table 2.5) was used. 

 

 Transformation of a ∆hisG knockout 

HisG-recombinants were selectable because of the restoration of growth on solid 

minimal medium lacking His. ΔhisG E. coli containing pKD46 was streaked on LB 

ampicillin solid medium and incubated at 30 ℃ for 14-16 h. A single colony was picked 

and inoculated in 5 mL LB containing 0.1 % (w/v) arabinose and 100 μg / mL 

ampicillin and grown at 30 °C until OD600 ≈ 0.4. Cells were chilled on ice for 15 min 

then pelleted (5 min at 10000 rpm, 4 ℃), the supernatant discarded. The pellet was 

resuspended in ice-cold ddH2O (2.5 mL) and centrifuged as above, and the supernatant 

removed. This wash was repeated twice. The cells were resuspended in ice-cold ddH2O 

(50 μL), 1 μL low-salt DNA was added and the sample was electroporated using a Cell-

Porator (BioRad) using the manufacturer’s pre-set programme for 1.5 mm spacing 

electroporation cuvettes. Immediately after electroporation, 1 mL of LB was added to 

the cells and then resulting sample was transferred to a 1.5 mL microfuge tube and 

incubated at 37 ℃ (190 rpm 1 h) before plating on M63 minimal media and incubating 

for 18 hours at 37 °C.  
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 Growth Curves 

Growth curve measurements were performed using a SPECTROstar Nano plate reader 

(BMG Labtech). Starter liquid cultures were prepared by inoculating 1 mL medium 

with 1 colony from a fresh LB plate re-streaked from freezer stock. For replicate 

experiments, separate starter cultures from different individual colonies were set up. 

Starter cultures were incubated in a benchtop shaker for 18 - 24 h (37 °C, 150 rpm) 

unless stated otherwise. Prior to use, the OD600 of a 1:3 dilution (with ddH2O) of the 

O/N culture was measured using a MultiskanGO spectrophotometer (ThermoScientific) 

to determine the dilution required for the growth curve culture. 

A Greiner 24-well plate was used with 600 μL liquid medium per well (path 

length 0.309 cm, per manufacturers pre-set correction). Any additions to the media (e.g. 

Ni(II), His or Hol) were prepared from the stocks listed in Table 2.2 and Table 2.3, such 

that the addition of 5 μL solution resulted in the required final concentration in a 600 μL 

well. Wells were inoculated with liquid cultures grown overnight to a specified starting 

OD600 value (0.02 when using M63 media; 0.001 when using LB media). 

Growth assays were performed for 24 hours. Temperature was maintained at 37°C 

with 200 rpm double orbital shaking and OD600 measurements were taken every 345 

seconds (5 min 45 s, the maximum time allowed between measurements for this 

instrument).  

OD600 measurements were corrected for background and pathlength as described 

in Equation 2.1 (where 𝑡 = time and ℓ = path length). When experiments were 

performed in biological triplicate, the doubling time of each replicate was calculated 

using the GrowthCurver R package (see Appendix 2) (Sprouffske and Wagner, 2016). 

These values were used to calculate the mean and standard deviation of the doubling 

time for a given recombinant and Ni(II) concentration. Lag times were manually 

calculated for each replicate. Similar to doubling time, the value from each replicate 

was used to calculate the mean and standard deviation for a given recombinant and 

Ni(II) concentration.  

OD600corrected
 = 

OD600𝑡
 - OD600t=0

ℓ
 

 

2.1 
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 LacZ Expression Assays 

Ni-dependent gene expression of recombinants generated in Section 2.5 was assayed via 

a single-copy PrcnA-lacZ reporter introduced into each strain by P1 phage transduction. 

Due to time constraints, these transduction were performed by Dr. Peter Chivers. 

Liquid growth assays were set-up as described in Section 2.6 using M63 media 

and a range of Ni(II) concentrations. Two protocols were used for the addition of Ni(II) 

stock. To study the acute response to Ni(II) stress, cells were grown to OD600 ≈ 0.35 

before Ni(II) stock was added. The cells were then grown for a further hour before 

measuring LacZ activity. To study the chronic response to Ni(II) stress, cells were 

grown in media containing Ni(II) from inoculation with O/N cultures and LacZ activity 

was measured at OD600 ≈ 0.35. To measure LacZ activity, 200 μL liquid culture was 

removed and mixed with 300 μL LacZ buffer, two drops of chloroform, and one drop of 

0.1 % (v/v) SDS. Samples were vortexed for 5 s to permeabilize the cell wall then 

incubated at 28 °C for 10 minutes before adding 100 μL ONPG (4 mg / mL). Reactions 

were quenched (250 μL 0.1 M Na2CO3) when a yellow colour was visible. The quench 

time varied depending upon the amount of Ni(II) in the sample. Quenched samples were 

centrifuged (15 min at 13,300 rpm, 4 °C) to remove cell debris and OD420 

measurements were recorded using the Multiskan GO spectrophotometer. 

Miller Units (or LacZ activity) were be calculated using Equation 2.2 (𝑡 = 

incubation time (min); 𝑉 = volume of cell culture per 1 mL reaction; Miller, 1972). 

MU = 
1000 * OD420 

t * V * OD600 
 

2.2 

 

When performed in biological triplicate, the relative LacZ activity of each 

measurement was calculated by dividing each measurement by the highest LacZ activity 

of WT2. These values were then used to calculate the mean and standard deviation of 

the relative LacZ activity.  

 

 SDS-PAGE 

All buffers used for SDS-PAGE were as described in Ausubel et al, 1996. 
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Overnight liquid cultures were prepared as described in Section 2.6 using M63 

media and used to inoculate 1 mL cultures at OD600 = 0.05. Cultures were grown until 

OD600 ≈ 0.6, at which point 100 μL was removed. Cells were pelleted (5 min at 13,300 

rpm, 4 °C) and the supernatant removed. Pellets were resuspended in 50 μL 1X SDS 

sample buffer. Samples were lysed (95 °C, 10 min) and cell debris was removed by 

centrifugation (5 min at 13,300 rpm, 4 °C). Samples were run on 13 % (v/v) 

polyacrylamide separating gels with 1X SDS running buffer at 200 V for ~ 45 min. 

After electrophoresis, gels were stained with InstantBlue™ (Expedeon) for a minimum 

of 1 hour. PageRuler™ protein molecular weight ladder was used to estimate protein 

size. Gels were imaged using the BioRad Gel Doc XR+ system.  

 Gels were further analysed using ImageJ (Schneider, Rasband and Eliceiri, 

2012). The Gel Doc capture was converted to 16-bit greyscale image and inverted. 

Lanes were selected using the “Rectangle Selection Tool”; the “Analyze > Plot Profile” 

function was then used to summarise the Grey Values as a function of distance for each 

lane. These traces were used to identify bands that differed between wells. 

 

 His Secretion Bioassay 

A plate assay was developed to test for His secretion by HisG T252 variants, based on 

well-established approaches (Sheppardz, 1964). Here, an E. coli ΔhisG starter culture 

was prepared as described in Section 2.6 using M63 media supplemented with 1 mM 

His or Hol. This culture was diluted back to an initial OD600 of 0.05 in 1 mL of 

supplemented M63 media and grown until OD600 ≈ 0.3 (3 – 5 h, 37 ℃, 190 rpm). The 

remaining culture was centrifuged (5 min, 13,300 rpm, 4℃) and the supernatant 

removed. The cell pellet was resuspended in M63 media and the centrifuged again. This 

step was repeated twice to remove residual His or Hol from the growth medium. After 

the second wash and centrifugation, the pellet was stored on ice before resuspension in 

1 mL M63 media followed by immediate mixing with 4 mL molten M63 agar (1 % 

(w/v) agar; ~ 40 °C). This mixture was immediately poured onto a previously prepared 

M63 plate (1 % (w/v) agar; ~ 0.5 cm depth) to create a top agar layer containing ΔhisG. 

Plates were allowed to air dry for 20-30 minutes. 3 μL liquid cultures were spotted onto 

plates, allowed to air dry for 20-30 minutes, and incubated for 18 hrs at 37 °C. Agar 
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plates were imaged using a BioRad Gel Doc XR+ Gel Documentation system and the 

Image Lab Image Capture and Analysis software or using a phone camera. 

 

 Calibration of Cell Culture Optical Density Measurements 

Two spectrophotometers (SPECTROstar Nano plate reader, BMG Labtech and 

Multiskan GO spectrophotometer, Thermo Scientific) were used in this project to 

monitor bacterial liquid culture density. Two approaches were used to calibrate OD600 

readings between instruments and with colony forming units to identify potential 

changes in cell-size or morphology in recombinants. 

For calibrating readings between instruments liquid growth cultures were set up as 

described in Section 2.6. At specific OD600 values on the plate reader, 200 μL aliquots 

of liquid culture were removed and their OD600 values then measured using the UV 

spectrophotometer. The two values were plotted to identify deviations from 1:1 

correlation for the parent strain and selected T252 variants. 

To calibrate OD600 with CFU/mL, liquid growth cultures were set up as described 

in Section 2.6. Cells were grown to the desired OD600, and 10 μL aliquots were 

removed, added to 990 μL sterile ddH2O (1:100 dilution) and vortexed to thoroughly 

mix the cells. Then, 1 μL of each dilution was added to 999 μL ddH2O (1:1000 dilution) 

and vortexed as above. Finally, 100 μL of these final dilutions (overall 1:100000) were 

spread on an LB agar plates and grown for 18 h at 37 °C. Colonies were counted using 

OpenCFU software (Geissmann, 2013) with some manual adjustments, and the data 

plotted to determine the correlation between OD600 and CFU mL-1 for each variant. 

 

 ICP-MS Analysis of Ni(II) Content  

Metal content of NiSO4 stocks and liquid growth cultures were measured using 

inductively coupled plasma mass spectrometry (ICP-MS). Liquid growth assays were 

performed in biological triplicate as described in Section 2.6 using M63 media. Ni(II) 

stock was added at the beginning of the growth assay. Liquid cultures (5 mL) were 

grown until OD600 ~ 0.35. Cultures were then transferred to an ice-bath for 10 min to 

stop cell growth. Cells were pelleted (10 min at 4000 rpm, 4 °C) and the supernatant 

removed. The pellet was resuspended in ice-cold isotonic HEPES/Sorbitol buffer 
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containing 500 μM EDTA and the sample centrifuged as above. The pellets were 

resuspended and pelleted a further two times, omitting the EDTA from the buffer. After 

the last centrifugation, the pellets were resuspended in 400 μL 65 % (v/v) HNO3 and 

incubated for 48 h at 20 °C to allow digestion of organic matter. 

The digested samples were centrifuged to remove any debris (15 min at 13.3 k 

rpm, 4 ℃). 300 μL of the sample was then added to 2.4 mL 2.5 % (v/v) HNO3 and 300 

μL 100 ppb Ag internal standard solution and mixed by vortexing.  

Different NiSO4 stocks were diluted to generate concentrations between 30 – 

100 ppb in 2.4 mL (2.5 % (v/v) HNO3), after which internal standard solution (300 μL 

100 ppb Ag300) and matrix match (300 μL 65 % (v/v) HNO3) were added. A standard 

curve (from 0 to 100 ppb) was prepared by diluting pre-prepared multi-metal stocks 

(Mn, Fe, Co, Ni, Cu and Zn) into 2.5 % (v/v) HNO3 (total volume 2.4 mL), then adding 

internal standard and matrix match as above.  

Samples were stored at room temperature and analysis of 60Ni(II) content was 

carried out within days by the Durham University ICP-MS facility (Dr. Andrew Foster).  

 

 Dynafit Modelling 

The DNA occupancy of RcnR and NikR as a function of Ni(II) content was analysed 

using Dynafit (Kuzmič, 1996). Dynafit uses a nonlinear least squares regression to 

generate fits for experimental data (Kuzmič, 1996). The interactions between DNA 

promoter, sensor and metal are defined in Figure 1.2. His was simulated to interact with 

Ni(II) in a 2:1 ratio as described in Figure 1.5 The cytosolic His concentrations of E. 

coli grown on various carbon sources (Table 2.8) were used to guide concentrations of 

buffer molecules (Bennett et al., 2009). 

The script used in this project are given in Appendix 3. This Dynafit script can be 

used to model the DNA occupancy of the Ni(II) and Co(II)-responsive sensor RcnR as a 

function of Ni(II) concentration in the presence buffer molecule(s) (Kuzmič, 1996; 

Scott, 2018; Bowers, 2020). For presentation in this report, DNA occupancy was 

normalised as described in Equation 2.3. 
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Normalised Fractional DNA occupancy = 
Fractional DNA occupancy 

Maximum Fractional DNA occupancy 
 

2.3 

 

Ni(II) concentrations were converted to number of Ni(II) atoms per cell as described 

in Equation 2.4, where the concentration is given in μM, NA is Avogadro’s number 

(6.02 * 1023 mol-1), and V is the volume of an E. coli cell (1 * 10-15 L).  

Atoms per cell = concentration * 10-6 * NA * V  2.4 
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Table 2.8: Concentrations of His and Asp in aerobic, exponentially growing 
E. coli 

Carbon source His (μM) 

Glucose 45.8 – 99.7 

Glycerol 97.8 – 313 

Acetate 43.9 – 217 

Values from Bennett et al., 2009. 
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Chapter 3: Results 

The experiments presented herein test the hypothesis that L-Histidine (His) buffers 

Ni(II) ions in a bacterial cytosol. By mutating the hisG gene to perturb the inhibition of 

HisG by His, a library of recombinant E. coli strains with modified cytosolic His levels 

was produced. These recombinants were then compared against a wild-type 

recombinant, and each other, in various assays to test for changes in Ni(II) buffering 

that would correlate with His levels. 

 This project was planned to accommodate reduced lab access due to social 

distancing restrictions for the first 6 months. Unfortunately, normal lab access was not 

possible until after 9 months, which limited attempts to carry out experiments to 

measure intracellular His levels, in particular. A detail summary of effects on this 

project are summarised in the attached Covid-19 Academic Impact Statement. Planned 

and suggestions for future work are also included in the Discussion of this report. 

 

 A Histidine Biosynthesis Mutant is Sensitive to Ni(II) Stress in Rich 

Medium  

Previous work (Nichols et al., 2011) studying single-gene knockouts in E. coli 

suggested that knockout mutants in genes of the His biosynthetic pathway are sensitive 

to metal stress when grown on solid media (Figure 1.6). To verify this result, a Keio 

hisG knockout, ΔhisG, was obtained (Baba et al., 2006) (Table 2.4). The presence of a 

kanr insertion was confirmed by examining the size of the hisG gene (Figure 3.1).  
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A 

 
 
 

B 

 

Figure 3.1: ΔhisG contains a kanr insertion 

(A) PCR analysis of BW25113 and ΔhisG to verify successful hisG disruption. Half 

of a 1 mm colony from a M63 agar plate was applied to the side of test tube prior to 

addition of master mix. The exact expected size of the fragments is unknown as the 

regions in yellow in panel B are not characterised. Primers are as given in Table 

2.5; (B) Schematic describing the structure of hisG containing the kanr disruption, as 

described in Datsenko and Wanner, 2000. Diagram is not to scale.  
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As the previous study only assessed growth on solid media (Nichols et al., 

2011), the effect of Ni(II) stress on growth of E. coli ΔhisG in LB liquid medium was 

investigated. Parent BW25113 and ΔhisG mutant were grown with varying 

concentrations of Ni(II) (Figure 3.2). In the absence of additional Ni(II) (Figure 3.2A), 

there are slight differences in the shapes of the curves attributable to the apparent 

biphasic growth of BW25113 during exponential phase. BW25113 also reached an 

apparent higher final OD600 than ΔhisG, but this cannot be necessarily be attributed to a 

higher cell density due to the complex relationship between OD600 and cell size in 

stationary phase (Stevenson et al., 2016). The addition of Ni(II) had a greater effect on 

the growth of the ∆hisG strain. Doubling times and lag times were calculated from the 

growth curve data to confirm these differences (Table 3.1). This data is consistent with 

His biosynthesis being relevant to Ni(II) stress tolerance, even in rich media that can 

support His auxotrophy. HisG mutants impaired in feedback inhibition by His may 

display varying Ni(II) stress tolerance phenotypes through altered cytosolic His levels, 

compared to the wild-type strain.  

 

 Construction of hisG Mutant Library 

To create a library of recombinants with mutations in hisG, a two-step overlap 

extension process was used to generate a hisG fragment carrying a randomised codon at 

the position of T252 (hisGT252) (Figure 3.3 and Figure 3.4). A wild-type hisG fragment 

(hisGWT) was generated as a control using P1 and P2 and the master mix composition 

and PCR protocol used in the first step of hisGT252 generation. 
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Figure 3.2: ΔhisG is more susceptible to Ni(II) toxicity than BW25113 in LB media 

Growth curves set up as described in Section 2.6. Solid line is the average of biological 

triplicates. Shaded areas represent standard deviation. Analysis of doubling and lag 

times presented in Table 3.1. 
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Table 3.1: Lag and doubling times for BW25113 and ΔhisG in LBa 

[Ni] (mM) 

Strains 

Lag timeb Doubling timec 

BW25113 ΔhisG BW25113 ΔhisG 

0 3.48 ± 0.224 3.83 ± 0.287 0.78 ± 0.004 0.84 ± 0.023 

0.5 3.45 ± 0.192 3.83 ± 0.287 0.86 ± 0.014 0.90 ± 0.025 

1.5 5.69 ± 0.334 6.36 ± 0.471 0.99 ± 0.032 1.06 ± 0.006 

2.5 17.19 ± 0.81 18.14 ± 0.952 0.78 ± 0.059 1.08 ± 0.056 

a, Analysis of data from Figure 3.2 using the GrowthCurver R package (Appendix 2) 

(Sprouffske and Wagner, 2016). Values are the average and standard error of the 

triplicates. 

b, the period of time when OD600 < 0.15. 

c, the time required to double OD600 during the exponential phase of growth  
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Figure 3.3: The stepwise construction of hisGT252 recombinant E. coli strains 

Step 1 produced Fragments A and B at concentrations of 32.4 ng/μL and 9.1 ng/μL, 

respectively, following gel purification and concentration. A and B were diluted back to 

2 pM/μL with ddH2O prior to use in step 2. The full-length fragments were 

concentrated, reconstituted in 5 μL ddH2O to final concentrations of 852 ng/μL for 

hisGWT and 94 ng/μL for hisGT252 and stored at -20 °C prior to use in transformation. 

Primers are described in Table 2.5; master mix composition as described in Table 2.6; 

PCR protocol as described in Table 2.7. Diagram not to scale. 
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A B C 

   

Figure 3.4: Gel analysis confirms the size of DNA fragments used to construct 
hisGT252 

(A) Preparative gel analysis of Step 1 reaction to generate the longer 5’ hisG fragment 

A (Primers 1 and 3, Figure 3.3; expected size 887 bp); (B) Preparative gel analysis of 

Step 1 reaction to generating the shorter hisGT252 fragment B (Primers 2 and 4, Figure 

3.3; expected size 258 bps. *hisGM230 and hisGH232 Fragments B were not used further 

in this work; (C) Analytical gel demonstrating generation of full length hisGT252 fragment 

(expected size 1117 bp) from 0.25 pM of Fragments A and B. These images are 

unmodified and the red colour represents signal saturation. 
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Transformation of E. coli ΔhisG with hisGT252 or hisGWT DNA fragments (Figure 

3.3) was used to generate a pool of recombinants. Successful recombination was 

identified using the following basic screens: 

(1) Recombinant cells were grown on minimal medium agar plates to select for His-

producing transformants. After this initial selection, single colonies were picked 

and re-streaked again on minimal agar to prepare LB freezer stocks. A total of 

30 hisGT252 colonies (T1-T30) and 8 hisGWT colonies (WT1-WT8). 

Recombinants T16 and T18 did not grow in LB after re-streaking and were 

omitted from any further analysis.  

(2) An aliquot of the LB culture was also spotted on an LB agar plate supplemented 

with 25 μg / mL kanamycin (Figure 3.5) to screen for loss of the kanr cassette 

through lack of growth. Only WT5 was insensitive to Kan and was excluded 

from any further analysis.  

(3) Colony PCR was then performed using Primers 1 and 2 to verify restoration of 

the hisG locus (1117 bp). All recombinants analysed in this step (Figure 3.6) 

showed the correctly sized band.  

 

 Preliminary Screening for Ni(II) Sensitivity in Minimal Medium  

An initial screen of the recombinant strains for Ni(II) sensitivity in M63 minimal liquid 

medium was performed. Growing strains in minimal medium requires them to produce 

His, potentially highlighting any differences in His biosynthesis between recombinants 

and their Ni(II) tolerance (Figure 3.7).  

The preliminary screen used a protocol slightly modified from Section 2.6. 

Inoculum cultures were grown for 6-8 hours before dilution to the same starting OD600. 

This meant that variations in growth stage of the inoculum sometimes affected the 

appearance of the growth curve and explains the observed differences of WT2 growth 

between runs. For example, Figure 3.7D would imply that WT2 is extremely sensitive 

to Ni(II) stress at the concentrations tested, but instead this is attributed to poor growth 

during the day. Nevertheless, these curves were integral in screening for broad 

differences in Ni(II) tolerance to identify potentially interesting hisGT252 recombinants 

(Figure 3.7). 
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Figure 3.5: Kanamycin resistance is lost after hisG locus is restored 

Liquid cultures (2.5 μL) of recombinants WT1-6 (top row) and T1-30 (rows 2 to 6) were 

spotted on an LB agar plate supplemented with 25 μg/mL kanamycin and grown for 

24 h (30 °C). The small dots in the center of each circle are due to agar penetration 

during sample application. 
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Figure 3.6: PCR analysis of recombinants confirms restoration of hisG locus 

Half of a 1 mm colony from a M63 agar plate was applied to the side of test tube prior 

to addition of master mix. Expected BW25113 fragment size: 1117 bps. Expected 

ΔhisG fragment size: ~1500 bps. Used Primers 1 and 2 (Table 2.5); master mix 

composition as described in Table 2.6; PCR protocol as described in Table 2.7. 
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Figure 3.7: Preliminary analysis of Ni(II) sensitivity of recombinants carrying hisGT252 reveals a range of sensitivities in M63 media 

Growth curves set up as described in 2.6. Each lettered panel is from an individual growth assay. Each point is a reading from a single well 

under the specified condition. 
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 Several strains were apparently more tolerant of Ni(II) stress (T2, T3, T7, T8, 

T10, T21, T23, T25 and T29) thus potentially expressed higher cytosolic His levels 

(e.g., Figure 3.7A at 12 M Ni(II)). Conversely, several strains showed increased 

sensitivity to Ni(II) stress (T9, T11, T12, T13, T15, T24, T27 and T30). Among 

these strains, it was noted that T12 (Figure 3.7C, marked with an asterisk) had a 

lower final OD600 in the absence of any added Ni(II), that might be linked to its 

apparent increased Ni(II) sensitivity. 

 

 DNA Sequence Analysis of hisG Mutations 

In parallel with the preliminary growth assay, the hisG gene was sequenced of 34 

recombinants (30 hisGT252 and 4 hisGWT; Table 3.2). An additional seven 

recombinant sequences are present in Table 3.2 and the basis for their selection is 

described in Section 3.4.1. Of the recombinants transformed with the hisGT252 

fragment, 19 have a sequence change in the expected codon for T252 (ACT), 3 of 

which encode a synonymous change (ACT to ACC), leaving 16 recombinants with a 

missense mutation of the T252 codon. The frequency distribution of the 48 possible 

codons is listed in Table 3.3. The observed distribution of the observed codon 

changes is narrower and contains multiple instances of the same codon encoding the 

same amino acid (e.g., Arg, His, Pro, and Thr) when more than more codon is 

possible. Additionally, the high frequency of an unchanged codon (ACT) in the set of 

sequenced transformants suggests that one or more components of the PCR 

mutagenesis (e.g., annealing temperature) and transformation protocol enriched for 

specific codons.  

Intriguingly, all possible bases were observed in the first (AGCT) and third (CGT) 

positions, while in the second position no T was observed in in any codon. 

Consequently, bulkier, hydrophobic residues were not observed in the recombinant 

pool (Ile, Leu, Met, Phe, and Val). Variants encoding Tyr and Trp were also absent, 

raising the possibility that these substitutions generate a his- auxotroph. Site-directed 

mutations, and selection under less stringent conditions could be used to test this 

possibility. 
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Table 3.2: Sequence of hisG gene in recombinants transformed with hisGWT 
and hisGT252 

IDa Mutation in T252 Mutation elsewhere in gene 

WT1  D239D (gat → gac) 

 

WT2b 

 

  

WT3 

 

  

WT6  E204G (gaa → gga) 

 

   

T1c 

 

  

T2 T252A (act → gcg) 

 

N76D (aac → gac) 

 

T3 T252N (act → aac) 

 

F94L (ttt → ctt)  

A193A (gcc → gct)  

D211N (gac → aac) 

 

T4  D165G (gat → ggt) 

 

T5  Q208R (caa → cga) 

 

T6  A193V (caa → cga) 

 

T7 T252H (act → cac) 

 

D199N (gat → aat) 

 

T8 T252H (act → cac) 

 

D199N (gat → aat) 

 

T9 T252P (act → ccc) 

 

S148P (tcc → ccc) 

 

T10 T252D (act → gac) 

 

 

T11  P59P (ccc → cct) 

 

T12  L17S (tta → tca) 

D140D (gac → gat) 

 

T13 T252P (act → ccc) 

 

E186G (gaa → gga) 

 

T14  E78G (gaa → gga) 

 

T15 T252S (act → tcg) 

 

L150F (tta → ttc) 

 

T17  D113V (gat → gtt) 

L51L (ctg → ttg) 

 

T19  R105R (cgt → cgc) 

 

T20  R126H (cgt → cat) 

R262C (cgc → tgc) 
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T21  L34P (ctt → cct) 

A41V (gcg → gtg) 

 

T22 T252R (act → cgg) 

 

L39L (ctg → cta) 

 

T23 T252H (act → cac) 

 

R126C (cgt → tgt) 

I196T (att → act) 

 

T24 T252T (act → acc) 

 

D113G (gat → ggt) 

Q141R (cag → cgg) 

 

T25  D140D (gac → gat) 

 

T26 T252P (act → cct) 

 

 

T27 T252T (act → acc) 

 

 

T28 T252R (act → cgg) 

 

G118G (ggc → ggt) 

 

T29 T252A (act → gcc) 

 

L245F (ctg → ttc) 

 

T30 T252R (act → cgg) 

 

L7V (tta → gta) 

L120P (ctc → ccc) 

 

   

T31 T252N (act → aac) 

 

P246L (cca → cta) 

 

T32 T252T (act → acc) 

 

D113G (gat → ggt) 

Q141R (cag → cgg) 

 

T33 T252H (act → cac) 

 

R22G (cgc → ggc)  

N180S (aac → agc) 

 

T34  I58T (att → act) 

 

WT9  S14P (tcc → ccc) 

 

WT10   I58V (att → gtt) 

 

WT12  F101L (ttc → ctc) 

 

a, “T” indicates recombinant was transformed with hisGT252; “WT” indicates 

recombinant was transformed with hisGWT. 

b, retained to use as a standard. 

c, no changes in nucleotides detected. 



 

 

 

65 

Table 3.3: Frequency of point mutations in T252 

Residue 

Expected frequency  

in hisGT252 hisGT252 codon(s) Actual appearancesa 

Ala 3 / 48 gcc, gcg, gct 2 1 × gcc 

1 × gcc 

Arg 4 / 48 agg, cgc, cgg, cgt 3 3 × cgg 

Asn 2 / 48 aac, aat 2 2 × aac 

Asp 2 / 48 gac, gat 1 1 × gac 

Cys 2 / 48 tgc, tgt   

Gln 1 / 48 cag   

Glu 1 / 48 gag   

Gly 3 / 48 ggc, ggg, ggt   

His 2 / 48 cac, cat 4 4 × cac 

Ile 2 / 48 atc, att   

Leu 4 / 48 ctc, ctg, ctt, ttg   

Lys 1 / 48 aag   

Met 1 / 48 atg   

Phe 2 / 48 ttc, ttt   

Pro 3 / 48 ccc, ccg, cct 3 2 × ccc 

1 × cct 

Ser 5 / 48 agc, agt, tcc, tcg, 
tct 

1 1 × tcg 

Thr 3 / 48 acc, acg, actb 3 3 × acc 

Trp 1 / 48 tgg   

Tyr 2 / 48 tac, tat   

Val 3 / 48 gtc, gtg, gtt   

STOP 1 / 48 tag   

a, out of 32 transformants carrying hisGT252, including T31-T34 (see section 3.4.1). 

b, act encodes the wild-type protein. Recombinants with this codon are omitted 

from this table. 
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Table 3.2 lists additional mutations observed in codons elsewhere in hisG. The 

lower fidelity GoTaq DNA polymerase was intentionally used in fragment 

generation due to the possibility of non-synonymous changes elsewhere in hisG that 

might lead to interesting phenotypes. However, the number of unique base changes 

(43 total, 40 in the longer 5’ fragment) corresponds to a higher than expected error 

frequency (1.1 x 10-3 bp). Unexpectedly, these changes identified hisG variants of 

considerable interest in this study, which will be discussed in the next section. 

Overall, 12 recombinants (in bold, Table 3.2) were identified of interest using the 

initial Ni(II) sensitivity screen (Section 3.3) and the sequence information. 

 

3.4.1 Identification of Putative His Feedback Hypersensitive Mutants 

The initial observation of T12 Ni(II) sensitivity (Figure 3.7C) was notable, as such 

variants were not anticipated to be easily identified in the T252 pool. Consequently, 

the T12 colony morphology was re-examined, as lower His might correspond to 

smaller colonies whilst growing on M63 agar. Interestingly, T12 displayed a distinct 

colony morphology; the colonies were flatter, larger, and possess a wrinkled surface 

(Figure 3.8), consistent with literature descriptions of Salmonella carrying hisG 

mutations encoding HisG variants hypersensitive to feedback inhibition by His 

(Roth, Antón and Hartman, 1966). Similar E. coli hisG mutants have been reported, 

but their colony morphology was not described (O’Donovan and Ingraham, 1965). 

Salmonella and E. coli hisG are 95.7% identical.  

On this basis, the original hisGT252 and hisGWT transformant plates were re-

examined and any wrinkled colonies were re-streaked. A further 4 hisGT252 (T31 – 

T34) and 5 hisGWT (WT9 – WT14) transformants were identified in this way and 

along with T12 screened in multiple ways to confirm the possible hypersensitive 

feedback phenotype, which would be consistent with increased Ni(II) sensitivity.  
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Figure 3.8: The recombinant T12 has a distinctive colony morphology on solid 
M63 media 

(A) Plate with WT2 and T12; (B, D, F) Close-up of a WT2 colony; (C, E, G) Close-

up of a T12 colony. (A - C) taken using BioRad Gel Doc XR+ Gel Documentation 

system. (D - G) taken using a phone camera. (F) and (G) are duplicates of (D) and 

(E), converted to 16-bit greyscale using ImageJ (Schneider, Rasband and Eliceiri, 

2012). 48 hours growth on M63 agar at 37 °C. 
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A feedback hypersensitive of E. coli hisG mutation enzyme is unable to grow 

on solid glucose-salts medium below 20 ℃, and this defect can be complemented by 

addition of His or Hol to the growth medium (O’Donovan and Ingraham, 1965; 

Sterboul, Kleeman and Parsons, 1977). Screening the candidate variants, along with 

WT2 as a control, revealed that T12, WT9, WT10 and WT12 did not grow on M63 

media at 20 ℃ (Figure 3.9A and B) without supplementation. T31, T33 and T34 

displayed very low levels of growth. T32, WT11, WT13, and WT14 grew similarly 

to WT2 and were discarded. As an additional check, growth in liquid media with and 

without His and Hol was assessed (Figure 3.10). It appears that His and Hol restore 

the growth profile seen in WT2. In the presence of 500 μM His and 2 mM Hol, T12 

and WT9 are indistinguishable from WT2. However, T34, WT10 and WT12 still 

have a slightly extended lag time. 

Previous studies suggested that differences between WT2, T34, WT10 and 

WT12 could be due to an adenine deficiency (Sterboul, Kleeman and Parsons, 1977; 

Johnston and Roth, 1979). AICAR, an intermediate in His biosynthesis (Figure 1.7), 

is one route to purine (adenine) synthesis in E. coli and other bacteria. However, 

adenine supplementation appeared to be toxic (Figure 3.11). The basis for this 

unexpected toxicity, which is not observed when Hol is also present, was not 

explored further but may exacerbate the existing hisG hypersensitive phenotype. 

Literature suggests that the wrinkled colony morphology is due to the de-

repression of the his operon in response to a semi-functional HisG (Moyed, 1961; 

Ng, Ingraham and Marr, 1962; O’Donovan and Ingraham, 1965; Murray and 

Hartman, 1972). SDS-PAGE was used as an initial analysis of protein expression 

profiles to compare potential changes in the expression of the His operon enzymes 

(Table 3.4) in the presence and absence of Hol (Figure 3.12). Gels were analysed 

(Section 2.8) using ImageJ (Schneider, Rasband and Eliceiri, 2012) to generate 

intensity profiles for each condition that were then compared (Figure 3.13) to 

identify any bands whose expression was reduced in the presence of Hol. Three 

bands of interest were identified at ~ 50 kDa, ~ 33 kDa and ~ 25 kDa (Table 3.4), 

which could correspond to HisD, HisG and HisA/I/H, respectively. The bands of 

interest are most intense in T34 without Hol supplementation.  
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Figure 3.9: Growth of putative hypersensitive recombinants on solid M63 
media at 20 °C is rescued by His and Hol 

(A, B) No additional supplement; (C, D) 500 μM His; (E, F)1 mM Hol. Recombinants 

of interest labelled with blue text. *Low WT2 growth assumed to be due to poor re-

streak. White lines have been overlaid on these images to help distinguish between 

plate sections. Plates grown for 5 days. 
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Figure 3.10: Poor growth of putative hypersensitive recombinants in M63 
media is complemented by His and Hol 

Growth curves set up as described in Section 2.6. Each point is a single reading. 
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Figure 3.11: Poor growth of putative hypersensitive recombinants in M63 
media is not complemented by adenine 

Growth curves set up as described in Section 2.6. Each point is a single reading. 
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Table 3.4: Weight of his operon enzymes 

Enzymea Weight (kDa) UniProt IDb 

HisG 33.4 P60757 

HisI 22.8 P06989 

HisA 26.0 P10371 

HisH 21.7 P60595 

HisF 28.5 P60664 

HisB 40.2 P06987 

HisC 39.4 P06986 

HisD 46.1 P06988 

a, ordered by step in His biosynthesis.  

b, The UniProt Consortium et al., 2021. 
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Figure 3.12: Analysis of His operon de-repression in putative hypersensitive 
mutants T12 and T34.  

SDS-PAGE analysis of liquid cultures on a 13 % (v/v) acrylamide gel, as described 

in Section 2.8. Pink, orange, and yellow arrows indicate bands of sizes ~50 kDa, 

~33 kDa, and ~25 kDa, respectively.  
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Figure 3.13: Analysis of SDS-PAGE band intensities supports Hol-dependent 
suppression of His enzyme overexpression. 

(A) WT2; (B) T12 without and with Hol supplementation; (C) T34 without and with 

Hol supplementation. Arrows indicate peaks corresponding to bands of interest in 

Figure 3.12. Gel analysed using ImageJ (Schneider, Rasband and Eliceiri, 2012) as 

described in Section 2.8. 
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3.4.2 Structural Mapping of Hypersensitive Mutations 

T12, T33, T34, WT9, WT10 and WT12 all carry mutations in hisG close to the 

active site in the N-terminal domain (Table 3.2). The mutations in T12, T34, WT9, 

WT10 and WT12 are all in highly conserved residues (Figure 3.14). The point 

mutation in T33 was not in a highly conserved residue, so further analysis of this 

recombinant was not pursued here.  

These hisG mutations are distinct from the previously mapped Salmonella 

hypersensitive mutations, which are located within the C-terminal regulatory domain 

(Sheppardz, 1964; Sterboul, Kleeman and Parsons, 1977; Hoppe et al., 1979). One 

Salmonella His auxotroph carrying a point missense mutation in the N-terminal 

domain was later identified and sequenced (Miller and Barnes, 1986), but is different 

from those here. Nonetheless, as the colony morphology and temperature sensitivity 

are still consistent with the description of Salmonella carrying a feedback 

hypersensitive HisG, T12, T34, WT9, WT10 and WT12 will be referred to as being 

putative feedback hypersensitive from this point forwards. However, it is possible 

that these enzymes could have impaired catalytic activity, leading to constitutively 

low His levels independent of hypersensitive His feedback inhibition. 

 

3.4.3 Putative Hypersensitive Recombinants Filament in Minimal Media  

The hisG hypersensitive variant colony morphology (Figure 3.8) is reportedly linked 

to filamentation (Murray and Hartman, 1972; Frandscen and D’Ari, 1993). In an 

attempt to understand the extent of the filamentation and if the phenotype could be 

complemented with Hol, WT2 and T12 were grown in M63 media with and without 

Hol. Cells were grown to the mid-log to late-log phase, harvested and stained (Figure 

3.15). T12 filaments in M63 media, but the wild-type phenotype is restored on the 

addition of 1 mM Hol. 

As a consistently lower maximum OD600 was observed for these variants in 

liquid growth assays (Figure 3.7, Figure 3.10 and Figure 3.11), CFUs for WT2, T2, 

T12 and T34 were determined at apparent OD600 corresponding to mid-logarithmic 

growth (Figure 3.16). As a control in addition to WT2, a presumed feedback 

insensitive recombinant, T2 (T252A), was also analysed.   
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Figure 3.14: Mapping putative hypersensitive mutants onto the HisG structure 

(A) E. coli HisG sequence. Amino acids colouring according to an estimate of the 

evolutionary conservation (ConSurf; Ashkenazy et al., 2016). (B) C. jejuni HisG 

monomer with ATP bound in the active site (Mittelstädt et al., 2016). Colouring 

according to the conservation scale. Putative hypersensitive N-terminal domain 

point mutations are shown as coloured spheres: S14: magenta; L17: yellow, R22: 

green; I58: blue; F101: orange. ATP (sticks) carbon atoms coloured in green. The 

location of T252 (dark green) is marked with a black arrow. Figure generated using 

PyMOL (Schrödinger and DeLano, 2020). 
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Figure 3.15: Filamentation of T12 in M63 media is complemented by Hol 

WT2 and T12 grown in M63 media, with and without 1 mM Hol. Cells stained with a 

Hoechst dye. Images taken by Dominic Donkin, Pal group, Durham University. 
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Figure 3.16: Filamentation of putative hypersensitive recombinants affects 
calibration of OD600 with CFUs  

CFUs calculated as described in Section 2.10. OD600 measured using the Multiskan 

GO spectrophotometer. Data was plotted in Microsoft Excel and the “Linear 

Trendline” tool was used to determine the linear relationship between OD600 and 

CFUs. Trendline equations and R2 values are as follows: WT2: y = (9*107)x – 2*107, 

R2 = 0.53; T2: y = (7*107)x – 7*106, R2 = 0.93; T12: y = (3*107)x – 3*106, R2 = 0.47; 

T34: y = (4*106)x + 1*106, R2 = 0.45. Each point is a single reading. These 

relationships will be used in Sections 3.7 and 3.8. 
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There was no difference in CFUs per mL between WT2 and T2. The CFUs per mL for 

T12 are similar to WT2 and T2 when OD600 ≈ 0.3 – 0.4, but notably much lower when 

OD600 ≈ 0.5 – 0.6. Additionally, the CFUs per mL for T34 are consistently lower than 

T12. These observations suggested that T34 has a more severe phenotype than T12, and 

there is variability within this class of recombinants. 

 

3.4.4 Five Putative Hypersensitive Recombinants Have Been Carried Forwards 

for Further Testing 

Overall, the characterisation of the five putative hypersensitive recombinants being 

carried forwards is summarised in Table 3.5.  

 

 Recombinants Show Differing Levels of Ni(II) Sensitivity in Defined 

Minimal Media 

Using the preliminary Ni(II) sensitivity screen (Section 3.3) and sequence information 

(Section 3.4), a set of recombinants was selected for further Ni(II) sensitivity testing. 

Recombinants were split into two categories of interest: those carrying point mutations 

at position 252 and those described as putative hypersensitive recombinants in Section 

3.4.1. The growth of each recombinant in M63 minimal media was compared with the 

wild-type recombinant WT2 as a standard. Growth curves were performed in triplicate 

as described using different Ni(II) concentrations (Figure 3.17, Figure 3.18 and 

Appendix 2), using three independent starter cultures for each strain, to quantify 

changes in Ni(II) sensitivity. An increased tolerance to Ni(II) stress would be 

characterised by a faster doubling time (rate of OD600 doubling in the exponential 

phase) and/or a decreased lag time (time to reach OD600 = 0.15), and the opposite 

behaviours for decreased tolerance to Ni(II) stress.  

The lag and doubling of each recombinant were calculated from the replicate 

growth curves (Table 3.6, Table 3.8 and Table 3.7, Table 3.9 respectively). 
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Table 3.5: Properties of putative feedback hypersensitive hisG mutants  

ID Mutation in hisG Growth at 20 ℃ Mutation in conserved NTD residue 

T12 L17S No Yes  

T31 T252N/P256L Weak No 

T32 D113G/Q141R Yes No 

T33 T252H/R22G/N180S Weak No 

T34 I58T Weak Yes  

WT9 S14P No Yes  

WT10 I58V No Yes 

WT11 Not sequenced Yes n/a 

WT12 F101L No Yes 

WT13 Not sequenced Yes n/a 

WT14 Not sequenced Yes n/a 
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Figure 3.17: Recombinants carrying point mutations in T252 tend to be more 
tolerant of Ni(II) stress compared to a wild-type recombinant 

(A); T2; (B); T3; (C); T7; (D); T9; (E); T10; (F); T15; (G); T28. Growth curves set up 

as described in 2.6, studying the response to chronic Ni(II) stress. Solid line is the 

average of biological triplicates. Shaded areas represent standard deviation. 

Accompanying structure is a representation of the His binding site of HisG 

(Mittelstädt et al., 2016). Figure generated using PyMOL (Schrödinger and DeLano, 

2020).  
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Table 3.6: Lag timesa for recombinants carrying a point mutation in T252 (Figure 3.17) 

HisG variant 

0 μM Ni(II) 12 μM Ni(II) 

WT2 Variant WT2 Variant 

T2 3.74 ± 0.096 3.83 ± 0.000 7.12 ± 0.815 6.07 ± 0.399 

T3 4.12 ± 0.166 4.12 ± 0.096 7.41 ± 0.652 5.69 ± 0.363 

T7 4.50 ± 0.000 4.47 ± 0.241 8.47 ± 0.308 6.64 ± 0.277 

T9 4.50 ± 0.096 4.34 ± 0.146 7.83 ± 0.744 7.38 ± 1.412 

T10b 4.09 ± 0.111 4.15 ± 0.055 11.66 ± 1.683 13.13 ± 1.888 

T15 4.12 ± 0.000 4.25 ± 0.055 7.32 ± 0.473 6.55 ± 0.221 

T28 4.28 ± 0.111 4.15 ± 0.293 6.45 ± 0.732 7.70 ± 0.146 

a, Lag time is defined as the period of time OD600 remains below 0.150. Values shown are the average and standard deviation from the 

triplicate samples.  

b, data is assumed to be of poor quality due to extremely extended lag phase of WT2 at 12 μM Ni(II). 
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Table 3.7: Doubling timesa for Ni(II)-tolerant T252 variants (Figure 3.17) 

HisG variant 

0 μM Ni(II) 12 μM Ni(II) 

WT2 Variant WT2 Variant 

T2 0.74 ± 0.021 0.74 ± 0.004 0.88 ± 0.069 0.87 ± 0.1 

T3 0.81 ± 0.022 0.84 ± 0.049 0.88 ± 0.073 0.83 ± 0.023 

T7 0.93 ± 0.011 0.91 ± 0.078 1.26 ± 0.064 1.41 ± 0.105 

T9 0.77 ± 0.030 0.79 ± 0.015 1.02 ± 0.157 1.05 ± 0.239 

T10b 0.86 ± 0.031 0.85 ± 0.023 1.24 ± 0.166 1.91 ± 1.032 

T15 0.78 ± 0.014 0.75 ± 0.029 0.80 ± 0.033 0.82 ± 0.039 

T28c 1.04 ± 0.039 1.13 ± 0.146 1.25 ± 0.080 1.51 ± 0.134 

a, Doubling time was calculated using the GrowthCurver R package (Sprouffske and Wagner, 2016) using the three growth curves. Curve 

fitting by GrowthCurver is displayed in Appendix 2. 

b, data is assumed to be of poor quality due to extremely extended lag phase of WT2 at 12 μM Ni(II). 

c, calculated manually due to poor curve fitting, as described in Appendix 2. 
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Figure 3.18: Putative hypersensitive recombinants are intolerant of Ni(II) 
stress compared to a wild-type recombinant 

(A) T12; (B) T34; (C) WT9; (D) WT10; (E) WT12. Growth curves set up as 

described in 2.6, studying the response to chronic Ni(II) stress. Solid line is the 

average of biological triplicates. Shaded areas represent standard deviation. 

Analysis of doubling and lag times presented in Table 3.9 and Table 3.8, 

respectively. 
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Table 3.8: Lag timesa for putative hypersensitive recombinants (Figure 3.18) 

Recombinant 

0 μM Ni(II) 2 μM Ni(II) 4 μM Ni(II) 8 μM Ni(II) 

WT2 

Named 

recombinant WT2 

Named 

recombinant WT2 

Named 

recombinant WT2 

Named 

recombinant 

T12 4.06 ± 0.146 4.47 ± 0.111 4.57 ± 0.146 5.4 ± 0.241 5.02 ± 0.111 5.75 ± 2.049 6.84 ± 0.673 9.71 ± 0.638 

T34 4.73 ± 0.146 5.40 ± 0.241 5.27 ± 0.254 6.48 ± 0.293 N/Ab N/Ab 

WT9 4.22 ± 0.096 4.73 ± 0.744 4.73 ± 0.146 5.02 ± 0.586 5.85 ± 0.507 6.10 ± 0.277 8.88 ± 0.199 9.58 ± 1.01 

WT10 3.96 ± 0.055 5.46 ± 0.598 4.34 ± 0.199 11.02 ± 5.101 N/Ab N/Ab 

WT12 4.44 ± 0.293 5.11 ± 0.055 4.73 ± 0.199 5.69 ± 0.199 4.95 ± 0.111 6.07 ± 0.221 5.88 ± 0.146 8.75 ± 0.781 

a, lag time is defined as the period of time OD600 remains below 0.15. Values shown are the average and standard deviation from the triplicate 

samples.  

b, indicates the hypersensitive variant did not reach OD600 = 0.15. 
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Table 3.9: Doubling timesa for putative hypersensitive recombinants (Figure 3.18) 

Recombinant 

0 μM Ni(II) 2 μM Ni(II) 4 μM Ni(II) 8 μM Ni(II) 

WT2b 

Named 

recombinant WT2 

Named 

recombinant WT2 

Named 

recombinant WT2 

Named 

recombinant 

T12b 0.91 ± 0.006 0.93 ± 0.038 0.90 ± 0.041 1.54 ± 0.249 1.23 ± 0.068 2.56 ± 0.914 1.37 ± 0.178 2.55 ± 0.890 

T34 0.92 ± 0.089 1.65 ± 0.113 0.88 ± 0.052 1.63 ± 0.154 N/Ac N/Ac 

WT9b 0.93 ± 0.113 0.96 ± 0.092 0.73 ± 0.084 0.94 ± 0.179 1.06 ± 0.123 1.16 ± 0.051 1.20 ± 0.018 1.30 ± 0.280 

WT10 0.75 ± 0.032 1.68 ± 0.326 0.73 ± 0.021 2.05 ± 0.181 N/Ac N/Ac 

WT12b 0.79 ± 0.024 0.80 ± 0.058 0.80 ± 0.091 0.85 ± 0.077 1.16 ± 0.321 1.18 ± 0.586 1.38 ± 0.658 1.58 ± 0.159 

a, doubling time was calculated using the GrowthCurver R package (Sprouffske and Wagner, 2016) using the three growth curves. Curve fitting 

by GrowthCurver is displayed in Appendix 2. 

b, calculated manually (described in Appendix 2) due to poor curve fitting. 

c, indicates the hypersensitive variant did not reach OD600 = 0.15. 
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3.5.1 Increased Tolerance to Ni(II) Stress 

Recombinants with increased tolerance to Ni(II) (Figure 3.18) are characterised by 

decreased lag times relative to WT2 at 12 μM added Ni(II) (Table 3.8). T2, T3 and 

T7 appear to be the most tolerant of Ni(II) stress, with decreases in lag time 

of -14.8 %, -23.3 % and -21.5 %, respectively. At 0 μM Ni(II), all recombinants have 

a similar growth profile to WT2. Every curve (aside from WT2 in the T10 dataset) 

appears to have a small hump in the exponential phase between 6-8 hours (OD600 < 

1.0), indicative of a potential growth shift in minimal media. This shift is absent for 

strains grown with Ni(II). Doubling times (Table 3.7) increased between 0 and 12 

μM Ni(II), and there was no clear pattern of difference between HisG variants and 

WT2, in some cases the variant doubled more slowly despite having a shorter lag 

phase. This behaviour may reflect a link between Ni(II) tolerance and the energetic 

requirement for increased His biosynthesis.  

The increased Ni(II) tolerant variants all had an amino acid change at T252 likely 

to render HisG less sensitive to feedback inhibition by His. The following different 

structure-function relationships can be inferred from structural modelling (Figure 

3.18): 

(1) Loss of an important hydrogen bond between T252 and His. 

(2) Occlusion of the His binding site. 

(3) Change in the conformation of other amino acids in the binding site, 

impacting backbone interactions with the His carboxyl group. 

In each case, reduced affinity to His would lead to reduced feedback inhibition 

and higher cytosolic His levels and an increased tolerance to Ni(II) stress.  

 

3.5.2 Decreased Tolerance to Ni(II) Stress 

Recombinants with apparent hypersensitivity to His feedback, and thus reduced 

cytosolic His levels, have distinctive growth profile with a lower max OD600 in the 

absence of added Ni(II) (Figure 3.19). The addition of lower amounts of Ni(II) 

appears to complement this apparent defect in WT9 and WT12 (Ni(II) is used during 

anaerobic growth, which may occur at higher densities). Additionally, unlike WT2 
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and the Ni(II) tolerant variants, the growth curves of these hypersensitive variants do 

not appear to show a growth shift.  

At 0 μM Ni(II), there is a clear difference between T12, WT9 and WT12, and 

T34 and WT10. T12, WT9 and WT12 display little change in doubling time, and an 

~10 % increase in lag time. The doubling times of T34 and WT10 increase by 

79.5 % and 125.1 %, respectively, compared to WT2. T34 and WT10 have an 

extremely Ni(II)-sensitive phenotype; they do not leave the lag phase above 4 μM 

Ni(II). T12, WT9 and WT12 all experience Ni(II)-dependent increases in doubling 

and lag time, with WT12 appearing more sensitive than T12, and T12 appearing 

more sensitive than WT9. WT12 grows poorly at 8 μM Ni(II). Overall, WT9 appears 

to be the “healthiest” putative hypersensitive recombinants.  

 

 Recombinants Carrying Point Mutations in T252 Secrete Histidine  

Previous studies of His overexpression have generated strains capable of His 

secretion into the growth medium. To test whether Ni(II)-tolerant HisG variants were 

capable of His secretion, a plate assay was developed. As a first step, the addition of 

His to a top layer of M63 agar containing the ∆hisG strain was shown to support 

growth (Figure 3.19, panels D, E, F and H). This effect was specific to L-His, as D-

His did no support growth, ruling out a non-specific effect on nutrient availability. 

Hol supplementation did not support growth at the concentrations tested here. 

To test for His secretion, overnight liquid cultures of the recombinants WT2, 

T3, T7, T9, T10 and T28 were spotted onto hisG-containing top agar (Figure 3.20). 

As expected, WT2 did not rescue growth of ΔhisG, based on the absence of any 

visible growth halo around the WT2 growth spot. In contrast, T3, T7, T10 and T28 

(Figure 3.20B and D), but not T2 and T9, secrete enough His to rescue growth of 

∆hisG in the immediate vicinity of the growth, as evidenced by a small halo (< 1 

mm) of growth in the top agar. For some strains (T10), the putative His secretion 

appears to be growth phase dependent, as spotting cells during exponential phase did 

not produce a halo (Figure 3.20C versus D).  
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Figure 3.19: Growth of ΔhisG in minimal agar is rescued by His 
supplementation 

M63 minimal agar (1 % (w/v)) with a top layer containing ΔhisG, prepared as 

described in Section 2.9. 5 μL of the following were spotted on the marked points: 

(A) M63 media; (B) 1 mM D-His; (C) 1 mM Hol; (D) 500 μM L-His; (E) 1 mM L-His; 

(F) 2 mM L-His; (G) blank; (H) 5 mM L-His; (I) blank. Images taken using the 

BioRad Gel Doc XR+ Gel Documentation system. 

 

 



 

 

 

91 

 

  

 



 

 

 

92 

  

Figure 3.20: Growth of ΔhisG in minimal agar is rescued by recombinants carrying point mutations in T252 

(A) Liquid cultures of recombinants presumed to be in the exponential phase (6-7 hours growth); (B) Liquid cultures of recombinants presumed 

to be in the stationary phase (overnight growth); (C) Liquid cultures of recombinants presumed to be in the exponential phase (6-7 hours 

growth); (D) Liquid cultures of recombinants presumed to be in the stationary phase (overnight growth). *From left to right, controls are: M63 

media, 2 mM Hol, 2 mM D-His. Images taken using the BioRad Gel Doc XR+ Gel Documentation system. 
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In an attempt to complement the temperature sensitive growth defect of T12, 

T12 and our putative His secretors were spotted in close proximity on minimal plates 

and incubated for 4-5 days at 25 °C. However, these long incubation times resulted 

in excessive background growth. The plates were inconclusive and thus are not 

shown here.  

 

 Mutations in hisG Affect the Sensitivity of the RcnR-Dependent 

Transcriptional Response to Ni(II) 

In the absence of Ni(II) (or Co(II)), RcnR represses the transcription of the RcnA 

efflux protein (Iwig, Rowe and Chivers, 2006). A PrcnA-lacZ single-copy reporter 

construct was recombined into selected strains with hisG variants of interest by 

phage P1 transduction (Section 2.7). Assaying the Ni(II) and Co(II)-dependent LacZ 

activity of these recombinants can be used as a proxy for the metalation of RcnR. 

The effects of altered His levels on cytosolic Ni(II) and Co(II) buffering would be 

predicted to affect the extent of RcnR repression compared to the parent strain under 

the same growth conditions. 

 

3.7.1 Single-Copy LacZ Reporter Activity in a Wild-Type Recombinant 

The Ni(II)-dependent regulation of PrcnA-lacZ was studied under acute and chronic 

Ni(II) stress to identify the best assay condition. Studying the acute response 

following metal addition allowed testing of higher Ni(II) concentrations whilst 

avoiding the slower growth rates associated with chronic Ni(II) stress at higher 

between 3.2 – 12.8 μM Ni(II) (Figure 3.21A), with a hyperbolic curve observed 

between 0 – 1 μM Ni(II) (Figure 3.21B). The variability in LacZ activity at 12.8 μM 

Ni(II) suggests this concentration is too high to be reliably used in this assay. 

Chronic Ni(II) stress (≤ 1.5 μM) resulted in higher LacZ activities (Figure 3.21C) but 

with an expression profile similar to that observed for acute Ni(II) stress over the 

same concentration range.  
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Figure 3.21: PrcnA-lacZ is expressed in WT2 in response to Ni(II) stress 

(A, B) PrcnA expression under acute Ni(II) stress; (C) PrcnA expression under chronic 

Ni(II) stress. Each point is a single sample. Multiple points at the same Ni(II) 

concentration are from runs on separate days. Cell growth and LacZ assays 

performed as described in Section 2.7. 
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Both of these approaches were used in the characterisation of recombinants. 

To allow Ni(II) insensitive recombinants (predicted higher cytosolic His) to be tested 

at higher concentrations of Ni(II), the acute response was studied between 0 – 3.2 

μM Ni(II). In contrast, the acute response of the putative hypersensitive 

recombinants was initially studied over a lower Ni(II) concentration range (0 – 1 

μM). 

 

3.7.2 PrcnA Expression is Lower in Recombinant Strains Predicted to Have 

Higher Cytosolic His 

T3 (T252N), T7 (T252H) and T28 (T252R) have minimal Ni(II)-dependent PrcnA-

lacZ gene expression below 1 μM Ni(II), and when plotted, the curves may appear 

not to plateau (Figure 3.22). These are recombinants identified in Section 3.5.1 as 

secreting His into the media. The remaining Ni(II) resistant strains, T2 (T252A), T9 

(T252P) and T10 (T252D), showed a similar qualitative behaviour with respect to 

Ni(II)-dependent PrcnA expression (Figure 3.23). In this case, however, the profiles 

appear more hyperbolic with the highest activity ≥ 0.25 that of WT2. These 

observations are consistent with de-repression of His biosynthesis leading to 

increasing Ni(II) buffering and less Ni(II) availability to RcnR due to increased 

competition by His. Further, strains that secrete His have the lowest PrcnA expression, 

potentially due to Ni(II)-buffering in the growth medium, preventing accumulation 

in the cell. 

T3 was tested at higher concentrations of Ni(II) in an attempt to match Ni(II)-

dependent gene expression to that of WT2. T3 (T252N) was tested from 4 to 16 μM 

Ni(II) (Figure 3.24A). PrcnA expression still did not match WT2 and did not appear to 

plateau. Growth assay data collected as part of the LacZ assay shows that the 

doubling time of T3, unlike WT2, did not slow on the addition of Ni(II).  The LacZ 

activity of WT2 decreases 12 μM to 16 μM Ni(II), presumably as Ni(II) toxicity 

beings to affect cell count. T28 was also tested at 4 – 16 μM Ni(II), but under 

chronic Ni(II) stress conditions. Once again, the expression of T28 still did not 

match that of WT2 (Figure 3.24C). It is possible there is sufficient His accumulation 

in the cytosol to buffer an excess of Ni(II). Alternatively, His secretion may reduce 

the extracellular availability of Ni(II).  
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Figure 3.22: PrcnA expression in candidate His secretor variants (T252N, T252H 
and T252R) in response to acute Ni(II) stress is lower than wild-type  

(A) T3 (T252N); (B) T7 (T252H); (C) T28 (T252R). LacZ activity is shown relative to 

WT2 LacZ activity, carried out in parallel. Cell growth and LacZ assays performed 

as described in Section 2.7. Each point is the average of three independent 

cultures. Error bars represent standard deviation. 
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Figure 3.23: PrcnA expression in candidate elevated cytosolic His variants 
(T252A, T252P and T252D) in response to acute Ni(II) stress is lower than wild-
type  

(A) T2 (T252A); (B) T9 (T252P); (C) T10 (T252D). LacZ activity is shown relative to 

WT2 LacZ activity, carried out in parallel. Cell growth and LacZ assays performed 

as described in Section 2.7. Each point is the average of three independent 

cultures. Error bars represent standard deviation. 
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Figure 3.24: Ni(II)-dependent expression of PrcnA cannot be fully de-repressed 
in His secreter recombinants  

(A) PrcnA expression of T3 (T252N) in response to acute Ni(II) stress. LacZ activity is 

shown relative to WT2 LacZ activity, carried out in parallel; (B) Growth curve data 

for panel A, 16 μM Ni(II). Magenta arrow indicates time of Ni(II) addition. Doubling 

times (calculated manually; see Appendix 2): one hour before Ni(II) added, WT2 = 

4.14 h, T3 = 4.22 h; one hour after Ni(II) added, WT2 = 13.37 h, T3 = 4.21 h; (C) 

PrcnA expression of T28 (T252R) in response to chronic Ni(II) stress. Data points at 

12 and 16 μM Ni(II) have been excluded as cells did not reach the OD600 ≈ 0.35 in 

assay timescales. LacZ activity is shown relative to WT2 LacZ activity, carried out in 

parallel. Each point is the average of three independent cultures. When shown, 

error bars represent standard deviation. 
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3.7.3 A T252S Point Mutation Does Not Affect Ni(II)-Dependent PrcnA 

Response 

T15 (T252S) carries a conservative Thr to Ser point mutation, which can presumably 

still H-bond with the His amino group (Figure 1.8E). This variant showed a small 

difference in Ni(II) sensitivity. Consistent with these prior observations, T15 

displays similar levels of LacZ activity to WT2 using the acute response to Ni(II) 

stress (Figure 3.25A). There were also no differences when a broader range of Ni(II) 

concentrations (up to 12 μM) were tested (Figure 3.25B). Similarly, LacZ activity 

under chronic Ni(II) stress was not significantly different (Figure 3.25C). Hence, 

under these conditions, T15 is indistinguishable from WT2. Still, T252 is highly 

conserved across bacterial HisG enzymes (Figure 3.14), suggesting that Ser at this 

position may affect HisG activity in a way not detected in these assays that selects 

against Ser versus Thr. 

 

3.7.4 Putative Hypersensitive Recombinants with Predicted Low Cytosolic His 

Show Variable Prcna Expression in Response to Ni(II) 

Five candidate recombinants [T12 (L17S), T34 (I58T), WT9 (S14P), WT10 (I58V) 

and WT12 (F101L)], each with a point mutations in a highly conserved residues of 

the N-terminal domain (Figure 3.14), showed increased sensitivity to Ni(II) (Figure 

3.18). These presumed His feedback-hypersensitive recombinants are predicted to 

show enhanced PrcnA response to Ni(II) at lower concentrations (≤ 1 μM, where 

fractional WT2 PrcnA expression ≤ 1.0) due to reduced cytosolic Ni(II) buffering by 

His.  

Initially, T12 was tested under acute Ni(II) stress (Figure 3.26A) at a low 

range of Ni(II) concentrations. The LacZ activity of T12 was lower than WT2. This 

was unexpected as lower intracellular His levels should have a higher level of Ni(II)-

dependent PrcnA gene expression. Figure 3.26B shows T12, T34 and WT9 tested over 

a wider range of Ni(II) concentrations. Once again, the recombinants have a slightly 

lower level of Ni(II)-dependent PrcnA gene expression, again inconsistent with the 

predicted His levels of these mutants based on their observed phenotypes.  
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Figure 3.25: PrcnA expression in the T15 (T252S) is similar to wild-type 

(A) PrcnA expression in response to acute Ni(II) stress (≤ 3.2 μM). (B) PrcnA 

expression in response to acute Ni(II) stress (≤ 12 μM). (C) PrcnA expression in 

response to chronic Ni(II) stress (≤ 3.2 M). LacZ activity is shown relative to WT2 

LacZ activity, carried out in parallel. Each point is the average of three independent 

cultures. When shown, error bars represent standard deviation. 
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Figure 3.26: Some putative hypersensitive recombinants have a wild-type 
level of Ni(II)-dependent PrcnA-lacZ expression  

(A) T12 tested up to 1.25 μM Ni; (B) T12, T34 (I58V) and WT9 (S14P) tested up to 

3.2 μM Ni(II). Cell growth and LacZ assays performed as described in Section 2.7. 

LacZ activity is shown relative to WT2 LacZ activity, carried out in parallel. Each 

point is a single reading.  
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The equation for calculating LacZ activity (Equation 2.2) uses OD600 as a 

proxy for cell count. However, filamentation observed in the putative hypersensitive 

recombinants appears to perturb the relationship between OD600 and CFUs (Figure 

3.16). In an attempt to understand the PrcnA expression profile of T12, its PrcnA 

expression was corrected for CFUs (Figure 3.27). The correction results in T12 

having approximately three times higher PrcnA expression compared to WT2 at 1 μM 

extracellular Ni(II), equivalent to ~ 90 Miller Units. This level of PrcnA expression is 

close to the chronic response in WT2 (Figure 3.21C). Additionally, as T12 cells 

filament in minimal media (Figure 3.15), it is probably there is a similar volume of 

cell present, albeit in a lower number of CFUs. It appears the previously established 

relationship between OD600 and CFUs cannot be directly applied to LacZ activity.  

To further attempt to differentiate Ni(II)-dependent PrcnA expression between 

WT2 and the putative hypersensitive recombinants, the chronic response to Ni(II) 

stress was tested. As T34, WT10 and WT12 were identified as being particularly 

sensitive to Ni(II) toxicity (Figure 3.19), these three recombinants were also 

supplemented with 50 μM Hol to aid growth. The supplementation should also help 

prevent severe filamentation, as T34 was identified in Section 3.4.1 as having a 

particularly low correlation between OD600 and CFUs. T12, T34, WT9, and WT12 

all display a similar level of LacZ activity to the wild-type recombinant, while WT10 

displays a higher level of LacZ activity. This phenotypic difference is particularly 

intriguing as WT10 and T34 contain a point mutation in the same residue (Table 

3.2). Despite the change in assay conditions, the LacZ activity remains lower than 

predicted.  

 

3.7.5 The PrcnA Response to Co(II) is not Affected by Elevated Cytosolic His  

RcnR also responds to Co(II) (Iwig et al., 2008). To test the effect of altered 

cytosolic His levels on Co(II) buffering, PrcnA expression was tested in the T2 

(T252A) variant strain in response to acute Co(II) stress. This variant shows little 

change in the Co(II)-dependent PrcnA response compared to WT2 (Figure 3.30B). 

The Ni(II)-dependent PrcnA response is shown for comparison (Figure 3.30A). This 

result suggests that cytosolic His is not a buffer of Co(II) ions.  
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Figure 3.27: When corrected for CFUs, the relative Ni(II)-dependent PrcnA 
expression of Class IV recombinant T12 is improbably high under chronic 
Ni(II) stress 

(A) Relative LacZ activity of T12, with both WT2 and T12 adjusted for CFUs using 

the WT2 equation in Figure 3.16; (B) Relative LacZ activity with WT2 adjusted for 

CFUs using WT2 relationship and T12 with T12 relationship. LacZ assay performed 

as described in Section 2.7, studying the response to chronic Ni(II) stress. Each 

point is the average of three independent cultures. When shown, error bars 

represent standard deviation. 
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Figure 3.28: WT10 (I58T) has a higher level of Ni(II)-dependent PrcnA-lacZ 
expression  

(A) T12 (L17S); (B) T34 (I58V); (C) WT9 (S14P); (D) WT10 (I58T); (E) WT12 

(F101L). LacZ activity is shown relative to WT2 LacZ activity, carried out in parallel. 

Cell growth and LacZ assays performed as described in Section 2.7. T34, WT10 

and WT12 (and WT2, in these experiments) were supplemented with 50 μM Hol. 

Each point is the average of three independent cultures. When shown, error bars 

represent standard deviation. 
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Figure 3.29: T2 (T252A) displays a similar level of Co(II)-dependent PrcnA-lacZ 
expression relative to a wild-type recombinant under acute Co(II) stress 

(A) Ni(II)-dependent PrcnA expression assay; (B) Co(II)-dependent PrcnA expression 

assay. Both assays performed as described in Section 2.7, studying the response to 

acute Ni(II) or Co(II) stress. LacZ activity is shown relative to maximal WT2 activity. 

Each point is the average of biological triplicates. Error bars represent standard 

deviation. 
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 Ni(II) Content Varies Between Strains Under the Same Condition 

A key parameter needed to properly compare PrcnA expression levels across the 

various strains is the cytosolic Ni(II) content. It is also possible effects on His levels 

also affect Ni(II) content such that PrcnA expression reflects a change in total 

cytosolic Ni(II) rather than available Ni(II) due to a change in buffering by His, or 

both.  

The Ni(II) contents of previously assayed strains were measured using ICP-MS, 

growing cells under similar conditions as for the LacZ assay. Once the total Ni(II) 

content of a sample of known OD600 was determined, it was converted to Ni(II) 

atoms per CFU using the relationships between OD600 and CFUs outlined earlier 

(Figure 3.16). The data presented in Figure 3.30 uses the WT2-relationship for all 

recombinants, including those carrying a putative feedback-hypersensitive HisG. 

This is because an attempt to correct LacZ activity for CFUs in Section 3.7.4 did not 

produce meaningful data (Figure 3.27B). WT10 and WT12 are plotted separately to 

other recombinants as they were grown with 50 μM Hol (as in Section 3.7.4). 

If the only effect on changes in Ni(II)-dependent PrcnA expression was due to a 

change in Ni(II) buffering, then the Ni(II) content should be similar in each strain 

(approximately 9 * 105 Ni(II) atoms per CFU). Non His-secreting strains appear to 

fit this relationship. However, for predicted His secretors (T3, T7 and T28) it appears 

that Ni(II) content is between 2.5 and 3.2-fold higher (Figure 3.30A). T10 was 

identified as potentially only secreting His in the stationary phase and has 1.5 times 

as much Ni(II) per CFU. These observations suggest that His secretion does not 

impact extracellular Ni(II) availability, at least in the context of chronic Ni(II) stress. 

The conservative T252S variant (T15) shows no significant difference in Ni(II) 

content, consistent with the LacZ result. The hypersensitive mutants grown with Hol 

(WT10 and WT12; Figure 3.30B) behave differently. WT10 shows the same Ni(II) 

content as WT2 consistent with reduced buffering and higher LacZ activity (Figure 

3.28D). WT12 shows lower Ni(II) content, which in combination with reduced 

buffering could produce similar PrcnA expression levels (Figure 3.28E).  

Overall, the lack of a consistent relationship between Ni(II) content and LacZ 

suggest a more complex relationship between cytosolic Ni(II) and the levels of His 

produced by each strain. 
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Figure 3.30: The Ni(II) content of recombinants varies with PrcnA expression 

(A) Ni(II) content of recombinants grown in M63 media with 3.2 μM Ni(II). T12 grown with 1 

μM Ni(II); (B) Ni(II) content of WT10 and WT12 grown in M63 media with 1 μM added Ni(II) 

and 50 μM Hol. WT2 grown with 3.2 μM added Ni(II) without Hol supplementation and is 

included for comparison. ICP-MS analysis of Ni(II) content performed as described (Section 

2.11). The relationship between OD600 and CFUs for WT2 (Figure 3.16) was used to 

calculate Atoms of Ni(II) per CFU for each recombinant. Attempts to correct T12 for CFUs 

resulted in high LacZ reporter activity (Figure 3.27B), so the correction was not applied to 

Ni(II) content. Each point is the average of three independent cultures (except WT2 and T2, 

n = 2 and T12, n = 1). When shown, error bars represent standard deviation. 
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 Classification of Recombinants on the Basis of Ni(II) Sensitivity, His 

Secretion, LacZ Activity and Ni(II) Content 

The various assays reported herein provide a way to group the T252 recombinants 

based on their behaviours (Table 3.10). Four classes of variant (I-IV) are used to 

categorise the recombinants. These classifications will be further analysed in the 

Discussion. 
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Table 3.10: Classification of recombinants on the basis of four phenotypes  

Class 

Ni(II) 

sensitivitya Secrete Hisb PrcnA activityc  

Ni(II) 

contentd Members 

Class I Insensitive Yes Minimal, may 

not plateau 

Lower T3 (T252N) 

T7 (T252H) 

T28 (T252R)e 

 

Class II Insensitive No Lower, 

appears to 

plateau 

Lower T2 (T252A) 

T9 (T252P) 

T10 (T252D)f 

 

Class III Similar to 

WT2 

 

Unknown Similar  Similar T15 (T252S) 

Class IV Sensitive Unknown Varies Varies T12 (L17S) 

T34 (I58T) 

WT9 (S14P) 

WT10 (I58V) 

WT12 (F101L) 

 

a, Section 3.5. 

b, Section 3.5.1. 

c, Section 3.7. 

d, Section 3.8. 

e, T28 has been placed in Class I based on His secretion and LacZ activity, despite 

apparent increased Ni(II) sensitivity (Figure 3.17G) 

f, T10 has been placed in Class II based LacZ activity and Ni(II) content, even 

though it may secrete His (Figure 3.20B). 
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Chapter 4: Discussion 

The correct metallation of proteins is essential to the survival of a cell. The 

identification of a critical role for metal buffering in the bacterial cytosol (Foster et 

al., 2017; Osman et al., 2019) has provided key insight into the mechanism(s) by 

which metallation is achieved and mismetallation prevented. A key thermodynamic 

component of cytosolic buffering is the presence of cellular components in sufficient 

quantity and with sufficient affinity to keep free (hydrated) metal levels below 

concentrations that could result in mismetallation (Equation 1.2). Small molecules 

are less flexible than proteins, and so multiple molecules could be involved in 

buffering depending upon the ligand identity and coordination geometry preferences 

of each metal. This thesis studied the effect of changing buffer molecule quantity; in 

other words, a perturbation of the equilibrium position of Equation 1.2 by mass 

action.  

This thesis demonstrates that L-histidine (His) is a component of the cytosolic 

buffer for Ni(II) ions by creating site-directed mutants of HisG to eliminate feedback 

inhibition of His biosynthesis and thus elevated cytosolic His levels. E. coli strains 

encoding these HisG variants showed both reduced sensitivity to Ni(II) stress and a 

reduced Ni(II)-responsiveness by RcnR. While cytosolic His levels could not be 

measured, a bioassay was used to qualitatively identify mutants with elevated 

cytosolic His. Additionally, and usefully, the mutant construction strategy also 

generated mutations in hisG that appeared to lower His levels, leading to greater 

sensitivity to Ni(II) stress. The effect on Ni(II)-responsiveness by RcnR is not easily 

interpreted as these strains show filamentous growth morphology, which 

complicated data analysis that relied on accurate cell count.  

 

 Elevated His Levels Reduce Cytosolic Ni(II) Availability  

Mutation of the His-binding site of HisG is known to result in elevated His levels 

due to the lack of feedback inhibition due to loss of allosteric regulation by His 

(Kulis-Horn, Persicke and Kalinowski, 2015; Wu et al., 2020). Of the mutants in 

T252 studied here, four classes were defined based on phenotypes linked to His 

levels. His secretion was linked to the presence of larger, polar, or charged residues 
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at position 252 (Class I variants His, Asn, Arg). These strains showed the least 

sensitivity to Ni(II) stress and the lowest level of Ni(II)-dependent PrcnA expression 

compared to the wild-type strain. Indeed, the experimental data collected here 

suggest that Ni(II) is highly buffered in these strains and unlikely to be toxic via the 

normal mechanism of FbaA inhibition (Macomber, Elsey and Hausinger, 2011). 

Interpretation of these results may also need to consider the role of His secretion in 

binding Ni(II) ions in the growth medium and thus limiting their ability to enter the 

cell non-specifically under aerobic growth conditions. The cytosolic Ni(II) content of 

these strains was slightly higher than the wild-type strain, suggesting that a reduction 

in Ni(II) toxicity and RcnR responsiveness was not due to reduced Ni(II) content but 

instead due to increased buffering resulting in reduced thermodynamic availability.  

In slight contrast, smaller residues (Class II variants Ala, Pro, and Asp) at 

position 252 did not result in detectable His secretion and additionally showed 

slightly more RcnR responsiveness to Ni(II). The combination of results for these 

two sets of mutants suggests that there is likely a limit for the cytosolic level of His 

and the latter class comes near to that limit but does not achieve it. The quantitative 

measurement of cytosolic His levels in these mutants, for example by LC-MS, will 

therefore inform this limit which has not been described in the literature. 

One qualification when interpreting these data is the difference in exposure 

time to Ni(II) for the reporter assay compared to the Ni(II) content assay. PrcnA 

expression was measured in response to acute Ni(II) stress (60 min), whilst Ni(II) 

content was monitored in cultures continually exposed to Ni(II). Under acute 

conditions cytosolic Ni(II) levels, and thus RcnR-dependent transcription, might not 

reflect homeostasis and be somewhat elevated. Similarly, secreted His could 

effectively buffer the added Ni(II) leading to decreased Ni(II) accumulation. 

However, preliminary data collected regarding PrcnA expression in a Class I 

recombinant (T252N) under chronic Ni(II) stress shows LacZ activity (Figure 3.24C) 

similar to acute Ni(II) stress (Figure 3.24A). Hence, lowered PrcnA expression in spite 

of an increased intracellular Ni(II) content can be attributed to His behaving as 

cytosolic buffer of Ni(II) with negligible effect on Ni(II)-accumulation. It is 

important to note that Ni(II) addition to the T252N mutant does have an effect on 

growth rate,  indicating that it is not completely buffered by His, either intra- or 

extracellularly.  
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A further consideration when interpreting these data is that a lower level of 

RcnA expression might be expected from increased Ni(II)-buffering and thus 

cytosolic Ni(II) content would indeed be expected to be higher. This possibility 

could be explored by deleting rcnA in hisG variant strains. His overproducing strains 

should be relatively insensitive to loss of Ni(II)-efflux in response to Ni(II) stress 

compared to the wild-type strain and show even higher levels of Ni(II) accumulation.  

No T252 mutants were obtained that showed an intermediate level of PrcnA 

expression (e.g., 50-70 % of the wild-type strain). A likely candidate for such a 

mutant would be the Thr to Ser substitution. However, the T252S Class III variant 

behaved indistinguishably from the wild-type strain in the experiments carried out in 

this thesis. Ser can adopt a side-conformation that positions its side-chain hydroxyl 

nearly identically to T252 (Figure 3.17F), which would explain these results. 

However, T252 is highly conserved in a HisG sequence alignment (Figure 3.14), 

suggesting that Ser is not a physiologically suitable substitution. Measuring the 

cytosolic His levels and biochemical characterisation of the kinetic properties of this 

HisG variant (Ki for His) may reveal a quantifiable difference in the two enzymes. 

For example, there are multiple small molecules that regulate HisG activity (e.g., 

ppGpp and AMP, Section 1.6.2). These may be present in different amounts under 

different growth conditions, and act synergistically with His (Ki) in the Ser variant 

differently than in the wild-type enzyme. Alternatively, the Ser substitution could 

affect protein stability and/or translation under conditions not tested here in a way 

that selects for Thr at this position. 

 

 Mutants With Apparent Low Cytosolic His Exhibit Conflicting 

Phenotypes 

The experimental design for generating HisG mutants was only going to yield strain 

with reduced His levels if a substitution of T252 mimic, at least in part, His binding 

to the regulatory domain. However, as a result of the intentional use of a lower 

fidelity DNA polymerase during fragment generation, several mutations separate 

from the T252 codon were found (Table 3.2). Serendipitously, one of these (T12) 

showed increased Ni(II)-sensitivity consistent with lower cytosolic His levels (and 

increased Ni(II)-inhibition of FbaA). Close inspection of the T12 colony morphology 
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(Figure 3.8) enabled identification of additional variants with mutations at codons 

other than T252 and all within the catalytic domain of HisG.  

His-deficient strains of Salmonella and E. coli described in the literature 

mostly pre-date DNA-sequencing and the HisG enzymes are poorly biochemically 

characterised (Sheppardz, 1964; O’Donovan and Ingraham, 1965; O’Donovan, 

Kearney and Ingraham, 1965; Roth, Antón and Hartman, 1966; Hartman et al., 

1971). Thus, a mechanistic understanding of how His biosynthesis is reduced in 

these strains is largely unknown. Filamentation was observed in strains of E. coli and 

Salmonella carrying a HisG hypersensitive to feedback inhibition by His 

(O’Donovan and Ingraham, 1965; Roth, Antón and Hartman, 1966). This 

hypersensitivity was determined through assays of HisG activity in cell lysates 

(O’Donovan and Ingraham, 1965). Filamentation arises as a result of his operon 

overexpression, specifically, the HisH-HisF enzyme complex, in an attempt to 

compensate for impaired His biosynthesis (Murray and Hartman, 1972; Frandscen 

and D’Ari, 1993; Flores and Casadesus, 1995; Cano et al., 1998). The colony 

morphology in the Class IV variants identified in this work was consistent with 

filamentation due to His operon overexpression. The subsequent tests of temperature 

dependent growth and the ability of histidinol and/or His to complement the 

filamentous phenotype and His operon overexpression are also consistent with the 

reported phenotypes and indicate the cytosol is apparently His-deficient.  

The positions of the point mutations in Class IV HisG mutants is of general 

interest as almost all previous mutants are genetically mapped at best (Hartman et 

al., 1971). Formally, HisG would show lower catalytic activity, and thus lower 

cytosolic His, if a mutation mimicked His binding leading to a constitutively 

inhibited enzyme. Similarly, mutations at the binding sites for other inhibitors or in 

key catalytic residues could also result in lower pathway flux and lower His. All 

point mutations identified in this this study are located near the active site where 

PRPP, ATP, ADP, and AMP bind (Figure 3.14) suggesting that they may have lower 

HisG activity independent of His binding. Most of the mutated residues are highly 

conserved, potentially consistent with lowered activity due to perturbation of key 

interactions needed for substrate binding or catalysis (Section 3.4.2).  
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HisG activity assays are well documented in literature (Kulis-Horn, Persicke 

and Kalinowski, 2015; Wu et al., 2020). Detailed kinetic characterisation of the HisG 

variants from this study (including representatives of the Class I and II variants) will 

identify changes in substrate Km (PRPP and ATP) and inhibitor Ki (His, AMP, ADP, 

and ppGpp) and make a valuable contribution to the literature of the regulation of 

His biosynthesis.  

Discerning whether all Class IV HisG variants are similarly altered in their 

catalytic properties will also be important as phenotypic differences were evident 

between the strains. 

(1) A difference in apparent filamentation (OD600 versus CFU; Figure 3.16).  

(2) Differing sensitivities to Ni(II) stress (Figure 3.18). 

(3) Differing Ni(II)-dependent PrcnA expression profiles (Figure 3.28). 

 Filamentation in Class IV mutants correlated with lower CFUs per OD600 

than the parent strain. Changes in cell morphology present a technical challenge, 

even before considering varying degrees of filamentation within Class IV. Studies on 

ampicillin-induced filamentation of LB-grown E. coli showed substantial deviation 

between OD600 and the number of cells (Stevenson et al., 2016). Notably, during 

exponential phase (OD600 ≥ 0.2), as OD600 first increases, the cell count remains 

fairly constant (corresponding to an increase in cell mass/size). OD600 then decreases 

(as filaments divide into smaller cells), whereupon cell count and OD600 then both 

increase as filamentous bacteria both divide and grow as smaller cells. The extended 

lag times, slower growth rates and lower maximum OD600 of Class IV could be due 

in part to effects of cell morphology on OD600. Nonetheless, these strains are all 

more sensitive to Ni(II) stress. 

Cell morphology may also affect determination of PrcnA activity as OD600 

readings were used to quantify LacZ activity. Attempting to correct OD600 by using 

CFUs in this context data was unsuccessful and resulted in LacZ activity levels at 

least double those seen with the fully de-repressed wild-type strain (Figure 3.27). 

Previously, a multicopy PrcnA-lacZ reporter in a ∆rcnR background showed the same 

activity as a fully Ni(II)-derepressed strain (Iwig, Rowe and Chivers, 2006). The 

relatively small OD600 range calibrated in this work (Figure 3.16) may not accurately 

reflect the true relationship between OD600 and CFUs. Correcting OD600 for cell 
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mass would probably yield a more robust correction. To reduce filamentation, the 

Ni(II)-dependent PrcnA expression and Ni(II) content of T34, WT10 and WT12 was 

measured in the presence of 50 μM Hol, although the exact effect of this small 

quantity of Hol on filamentation and the relationship between OD600 and CFUs 

(and/or cell mass) in this scenario remains to be determined.  

The Ni(II)-dependent PrcnA expression profile of WT10 (I58V) is notable. 

Unlike the other Class IV mutants, this variant had higher LacZ activity compared to 

the parent strain. It is particularly interesting that T34 (I58T) did not show this 

increased activity, even though the two variants exhibited similar sensitivities to 

Ni(II) stress (Figure 3.18B and D). Both strains appear to grow particularly slowly 

and to a lower final density (albeit with the caveats mentioned above), suggesting 

mutations of this residue are most deleterious for HisG activity overall. An important 

control will be to re-transform the sequence fragments to verify that the difference in 

LacZ phenotype does not arise from outside hisG or results from the P1 transduction 

of the PrcnA-lacZ reporter into the two variant strains (hisG is located 1.7 Mb from 

lacZ, well outside the typical 100 kb fragment size recombined in a P1 transduction. 

Indeed, all variants identified in this study should be re-transformed to ensure 

phenotypes are linked solely to the mutation in hisG. 

Increased sensitivity to Ni(II) stress of E. coli grown with glucose arises from 

inhibition of fructose-1,6-bisphosphate aldolase II (FbaA) through displacement of a 

catalytic Zn(II) (Macomber, Elsey and Hausinger, 2011). Reduced cytosolic His 

levels would increase the likelihood of mismetallation of FbaA at lower extra-

cellular Ni(II) concentrations. As Ni(II)-toxicity is reduced when E. coli are grown 

with glycerol as a carbon source (Macomber, Elsey and Hausinger, 2011), it would 

be useful to grow the variants under this condition to see if the toxicity is alleviated 

as it is in the parent strain. However, interpretation of this data could be complicated 

by the slower growth of wild-type E. coli on glycerol, which may be exacerbated by 

de-repression of his operon expression. Similarly, the filamentation of E. coli due to 

his operon overexpression (and potentially other unidentified physiological changes) 

may create a new, previously unknown site for Ni(II) mismetallation that supersedes 

the FbaA site regardless of growth condition. Also of note, E. coli grown with 

glycerol instead of glucose as a carbon source not only rely less on FbaA activity but 

have higher intracellular His (Bennett et al., 2009). A mechanistic basis for this 
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difference has not been put forward, which provides a further justification for 

examining growth of the variants from each Class with glycerol as a carbon source.  

 

 Future Directions 

The quantification of intracellular His levels in different variants is the most 

important next step. His quantification can also be used to guide simulations of 

Ni(II)-dependent transcriptional responses using Dynafit (Kuzmič, 1996), which 

have previously established that His is able to compete with RcnR (and NikR) for 

metal ions (Scott, 2018; Bowers, 2020). Here, the Ni(II)-dependent DNA occupancy 

of RcnR in the presence of different concentrations of His has been simulated 

(Figure 4.1). The Ni(II) content and corresponding fractional DNA occupancy of 

RcnR based on LacZ assays have been overlaid. These simulations are supportive of 

Class I and II having elevated cytosolic His and thus greater thermodynamic 

competition for Ni(II) by the buffer compared to wild-type. The simulations suggest 

that cytosolic His concentrations are > 1 mM for the Class I mutants and around 1 

mM for the Class II mutants, based on the observed LacZ activity as a function of 

Ni(II). A significant limitation of this interpretation is a lack of LacZ activities as a 

function of different Ni(II) content (i.e., different added Ni(II)). As an example, it is 

possible a lower intracellular Ni(II) content could still result in 100 % LacZ activity 

for WT2. Additionally, after the experimental work was completed, a biochemical 

analysis the labile Ni(II) pool in E. coli lysates was described (Brawley and Lindahl, 

2021) and identified additional Ni(II) complexes with oxidised glutathione, aspartic 

acid and ATP. Apparently, none of these complexes were composed of mixed 

ligands and the authors did not consider this a possibility despite evidence for mixed 

Ni(II)-amino acid complexes (Blackburn and Jones, 1973). Additionally, ATP was 

not identified as a contributor to the biochemical buffering of the RcnR paralog InrS 

from cyanobacteria (Foster et al., 2017). Critically, mixed complexes of Ni(II) with 

His and other molecules will likely be needed for accurate simulations of RcnR (and 

NikR) DNA occupancy so the in silico modelling is presented in this thesis is a 

useful tool, but likely simplifies Ni(II)-ligand interactions in the cytosol, of which 

His is a critical component.  
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It will also be important to identify whether other metals also form cytosolic 

complexes with His in parallel to the measurement of His levels and modelling of 

mixed buffer complexes. Data collected in this thesis shows His is not a universal 

metal buffer, due to the absence of any change in the Co(II)-dependent response of 

RcnR with elevated His (Figure 3.29), consistent with the original study of ∆his 

mutants (Nichols et al., 2011) and Dynafit modelling (Bowers, 2020). It may prove 

interesting to test the Co(II)-responsive RcnR expression of Class IV recombinants. 

An analysis of metal-dependent transcriptional responses to first row transition 

metals in strains from each Class will help to identify these buffer complexes. 

A final important set of experiments should focus on the effect of altered His 

levels on anaerobic Ni(II) homeostasis in E. coli, when [NiFe]-hydrogenases 

contribute to energy metabolism (Section 1.4) (Böck et al., 2006; Forzi and Sawers, 

2007; Higgins, 2019). These experiments would reveal the extent to which Ni(II)-

buffering by His occurs under anaerobic conditions when Ni(II)-binding proteins are 

present. Under these conditions, NikR is required to repress expression of the 

NikABCDE importer system. Class I and II mutants may demonstrate elevated Pnik 

expression if increased His effectively competes with NikR. It will be interesting to 

see how hydrogenase activity is affected in these mutants, and whether they 

accumulate cytosolic Ni(II) but cannot assemble active enzyme. Additionally, His 

secretion by Class I may also aid Ni(II) uptake in minimal medium as NikA 

recognises a Ni-(L-His)2 complex (Chivers et al., 2012) for import into the cell. 

Conversely, in a His-deficient cytosol (Class IV mutants), premature activation of 

NikR may reduce Ni(II) accumulation due to repression of NikABCDE levels. 

However, the extra capacity for Ni(II)-binding by the Hyp metallochaperone system 

may mean that hydrogenase activity is observed at higher added Ni(II) 

concentrations, as observed in ∆nikA E. coli.  

Regardless of the specific experiments and their outcomes, the mutants 

identified in this study have made a key contribution to our understanding of metal 

buffering in the bacterial cytosol.  
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● wild-type  ■ Class I  ♦ Class II  ▲ Class III 

  

Figure 4.1: Dynafit modelling reveals predicted fractional DNA occupancy of 
RcnR 

Dynafit script used to generate Normalised RcnR-DNA occupancy given in 

Appendix 3. Relative LacZ activity is as given in Section 3.7 and Number of Ni(II) 

Atoms per CFU is as given in 3.8. 
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Chapter 5: Appendices 

Appendix 1 

DNA Sequences 

hisG 

Sequence of the E. coli hisG gene (Médigue et al., 1993). Coding sequence displayed 

in black; upstream and downstream regions are displayed in blue. Regions Primers 1 

and 2 anneal to are highlighted in purple and pink respectively; the region Primers 3 

and 4 anneal to in grey (Table 2.5). T252 codon is underlined.  

CATTCAGATCTTCCAGTGGTGCATGAACGCATGAGAAAGCCCCCGGAAGATCACCTTCCGGGGGCTTT

TTTATTGCGCGGTTGATAACGGTTCAGACAGGTTTAAAGAGGAATAACAAAATGACAGACAACACTCG

TTTACGCATAGCTATGCAGAAATCCGGCCGTTTAAGTGATGACTCACGCGAATTGCTGGCGCGCTGTG

GCATTAAAATTAATCTTCACACCCAGCGCCTGATCGCGATGGCAGAAAACATGCCGATTGATATTCTG

CGCGTGCGTGACGACGACATTCCCGGTCTGGTAATGGATGGCGTGGTAGACCTTGGGATTATCGGCGA

AAACGTGCTGGAAGAAGAGCTGCTTAACCGCCGCGCCCAGGGTGAAGATCCACGCTACTTTACCCTGC

GTCGTCTGGATTTCGGCGGCTGTCGTCTTTCGCTGGCAACGCCGGTTGATGAAGCCTGGGACGGTCCG

CTCTCCTTAAACGGTAAACGTATCGCCACCTCTTATCCTCACCTGCTCAAGCGTTATCTCGACCAGAA

AGGCATCTCTTTTAAATCCTGCTTACTGAACGGTTCTGTTGAAGTCGCCCCGCGTGCCGGACTGGCGG

ATGCGATTTGCGATCTGGTTTCCACCGGTGCCACGCTGGAAGCTAACGGCCTGCGCGAAGTCGAAGTT

ATCTATCGCTCGAAAGCCTGCCTGATTCAACGCGATGGCGAAATGGAAGAATCCAAACAGCAACTGAT

CGACAAACTGCTGACCCGTATTCAGGGTGTGATCCAGGCGCGCGAATCAAAATACATCATGATGCACG

CACCGACCGAACGTCTGGATGAAGTCATCGCCCTGCTGCCAGGTGCCGAACGCCCAACTATTCTGCCG

CTGGCGGGTGACCAACAGCGCGTAGCGATGCACATGGTCAGCAGCGAAACCCTGTTCTGGGAAACCAT

GGAAAAACTGAAAGCGCTGGGTGCCAGTTCAATTCTGGTCCTGCCGATTGAGAAGATGATGGAGTGAT

CGCCATGAGCTTTAACACAATCATTGACTGGAATAGCTGTACTGCGGAGCAACAACGCCAGCTGTTAA

TGCGCCCGGCGATTTCCGCCTCTGAAAGC 

 

kanr 

Sequence of the kanr cassette used in ΔhisG KO strain to disrupt hisG (Datsenko and 

Wanner, 2000). Sites where primers k1 and k2 (Table 2.5) anneal are highlighted in 

orange and blue, respectively. 

TTAGAAGAACTCGTCAAGAAGGCGATAGAAGGCGATGCGCTGCGAATCGGGAGCGGCGATACCGTAAA

GCACGAGGAAGCGGTCAGCCCATTCGCCGCCAAGCTCTTCAGCAATATCACGGGTAGCCAACGCTATG

TCCTGATAGCGGTCCGCCACACCCAGCCGGCCACAGTCGATGAATCCAGAAAAGCGGCCATTTTCCAC

CATGATATTCGGCAAGCAGGCATCGCCATGGGTCACGACGAGATCCTCGCCGTCGGGCATGCGCGCCT

TGAGCCTGGCGAACAGTTCGGCTGGCGCGAGCCCCTGATGCTCTTCGTCCAGATCATCCTGATCGACA

AGACCGGCTTCCATCCGAGTACGTGCTCGCTCGATGCGATGTTTCGCTTGGTGGTCGAATGGGCAGGT

AGCCGGATCAAGCGTATGCAGCCGCCGCATTGCATCAGCCATGATGGATACTTTCTCGGCAGGAGCAA

GGTGAGATGACAGGAGATCCTGCCCCGGCACTTCGCCCAATAGCAGCCAGTCCCTTCCCGCTTCAGTG

ACAACGTCGAGCACAGCTGCGCAAGGAACGCCCGTCGTGGCCAGCCACGATAGCCGCGCTGCCTCGTC

CTGCAGTTCATTCAGGGCACCGGACAGGTCGGTCTTGACAAAAAGAACCGGGCGCCCCTGCGCTGACA

GCCGGAACACGGCGGCATCAGAGCAGCCGATTGTCTGTTGTGCCCAGTCATAGCCGAATAGCCTCTCC

ACCCAAGCGGCCGGAGAACCTGCGTGCAATCCATCTTGTTCAATCAT 
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PrcnA-lacZ 

Ni-dependent gene expression of recombinants generated in Section 2.5 was assayed 

via a single-copy PrcnA-lacZ reporter introduced into each strain by P1 phage 

transduction. The sequence of the reporter is as below: 

ggccgacagatgtgtccacgctggatgttgatgcaatggtggtacgcgaaaccactcaccgtttcagc

cgcttatcctttcaccgggcaatggtcgggcgacgtttgccgcttctgaaaaccgcctcgggcctgac

ctggctggccttttgcccggaacaagaccgcaaggaattaatcgaaatgttagcctcccgccccggtg

atgactatcaactggcacgggaaccgttaaagctggaagccattctggcgcgcgcgcgcaaagagggt

tacggacagaactaccgcggctgggatcaggaggagaagatcgcctctatcgccgtaccgctgcgcag

tgaacaacgggtgattggctgtctgaatctggtgtatatggcgagcgcaatgaccattgaacaggcag

cggaaaagcatcttccggcgctacaacgggtagcaaaacagatcgaagaaggggttgaatcgcaggct

attctggtggccggaaggcgaagcggcatgcatttacgttgacaccatcgaatggcgcaaaacctttc

gcggtatggcatgatagcgcccggGTGTAGGCTGGAGCTGCTTCGAAGTTCCTATACTTTCTAGAGAA

TAGGAACTTCGGAATAGGAACTTCAAGATCCCCTTATTAGAAGAACTCGTCAAGAAGGCGATAGAAGG

CGATGCGCTGCGAATCGGGAGCGGCGATACCGTAAAGCACGAGGAAGCGGTCAGCCCATTCGCCGCCA

AGCTCTTCAGCAATATCACGGGTAGCCAACGCTATGTCCTGATAGCGGTCCGCCACACCCAGCCGGCC

ACAGTCGATGAATCCAGAAAAGCGGCCATTTTCCACCATGATATTCGGCAAGCAGGCATCGCCATGGG

TCACGACGAGATCCTCGCCGTCGGGCATGCGCGCCTTGAGCCTGGCGAACAGTTCGGCTGGCGCGAGC

CCCTGATGCTCTTCGTCCAGATCATCCTGATCGACAAGACCGGCTTCCATCCGAGTACGTGCTCGCTC

GATGCGATGTTTCGCTTGGTGGTCGAATGGGCAGGTAGCCGGATCAAGCGTATGCAGCCGCCGCATTG

CATCAGCCATGATGGATACTTTCTCGGCAGGAGCAAGGTGAGATGACAGGAGATCCTGCCCCGGCACT

TCGCCCAATAGCAGCCAGTCCCTTCCCGCTTCAGTGACAACGTCGAGCACAGCTGCGCAAGGAACGCC

CGTCGTGGCCAGCCACGATAGCCGCGCTGCCTCGTCCTGCAGTTCATTCAGGGCACCGGACAGGTCGG

TCTTGACAAAAAGAACCGGGCGCCCCTGCGCTGACAGCCGGAACACGGCGGCATCAGAGCAGCCGATT

GTCTGTTGTGCCCAGTCATAGCCGAATAGCCTCTCCACCCAAGCGGCCGGAGAACCTGCGTGCAATCC

ATCTTGTTCAATCATGCGAAACGATCCTCATCCTGTCTCTTGATCAGATCTTGATCCCCTGCGCCATC

AGATCCTTGGCGGCAAGAAAGCCATCCAGTTTACTTTGCAGGGCTTCCCAACCTTACCAGAGGGCGCC

CCAGCTGGCAATTCCGGTTCGCTTGCTGTCCATAAAACCGCCCAGTCTAGCTATCGCCATGTAAGCCC

ACTGCAAGCTACCTGCTTTCTCTTTGCGCTTGCGTTTTCCCTTGTCCAGATAGCCCAGTAGCTGACAT

TCATCCGGGGTCAGCACCGTTTCTGCGGACTGGCTTTCTACGTGTTCCGCTTCCTTTAGCAGCCCTTG

CGCCCTGAGTGCTTGCGGCAGCGTGAGCTTCAAAAGCGCTCTGAAGTTCCTATACTTTCTAGAGAATA

GGAACTTCGAACTGCAGGTCGACGGATCCCCGGATaacggcagttttacaatcgcgttaataaattat

ttgatatatgaatccagcaccttcagaacgacatccagatcttcttcacgttttagctcatccccctg

gtgaacgatgtgttccgtcagatgacctttaatcacttcccgcatcagaccgtttaccgcgccacgga

tagcagcaatctgttgtaaaactgcagcgcattcgtgcggctcgtcgagcattttcttgagcgccacg

acctggccctgaatcttactggcacgcgctttcagtttctgtttatcacggattgtatgagacatggc

aacacctggttaacaagaatatgaaaaatcatagcactattaatctactggggggtagtatcaggtac

tgggggggagtagaatcagattgccgaattaatactaagaattattatcatgaccatgattacggatt

cactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgca
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gcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagtt

gcgcagcctgaatggcgaatggcgctttgcctggtttccggcaccagaagcggtgccggaaagctggc

tggagtgcgatcttcctgaggccgatactgtcgtcgtcccctcaaactggcagatgcacggttacgat

gcgcccatctacaccaacgtgacctatcccattacggtcaatccgccgtttgttcccacggagaatcc

gacgggttgttactcgctcacatttaatgttgatgaaagctggctacaggaaggccagacgcgaatta

tttttgatggcgttaactcggcgtttcatctgtggtgcaacgggcgctgggtcggttacggccaggac

agtcgtttgccgtctgaatttgacctgagcgcatttttacgcgccggagaaaaccgcctcgcggtgat

ggtgctgcgctggagtgacggcagttatctggaagatcaggatatgtggcggatgagcggcattttcc

gtgacgtctcgttgctgcataaaccgactacacaaatcagcgatttccatgttgccactcgctttaat

gatgatttcagccgcgctgtactggaggctgaagttcagatgtgcggcgagttgcgtgactacctacg

ggtaacagtttctttatggcagggtgaaacgcaggtcgccagcggcaccgcgcctttcggcggtgaa 

 

Appendix 2 

Analysis of Growth Assay Data Using GrowthCurver R Package 

Growth assays were performed as described in Section 2.6. Each growth assay used 

a 24-well plate, allowing WT2 and another recombinant to be analysed under four 

different conditions in triplicate. OD600 was measured every 5.75 minutes, resulting 

in large datasets for each assay. OD600 measurements were corrected for background 

and pathlength as described in Equation 2.1.  

GrowthCurver fits the growth assay data to a standard form of the logistic 

equation common in ecology and evolution whose parameters (the growth rate, the 

initial population size, and the carrying capacity) provide meaningful population-

level information with straight-forward biological interpretation (Sprouffske and 

Wagner, 2016). The logistic equation describes the population size, 𝑁𝑡, at time 𝑡 

using Equation 6.1 (where is 𝑁0 population at 𝑡 = 0, 𝐾 is the maximum possible 

population, and 𝑟 is the growth rate if no restrictions were imposed on total 

population size). 

𝑁𝑡 =
𝐾

1 + (
𝐾 − 𝑁0

𝑁0
) 𝑒−𝑟𝑡

 
6.1 

 

The doubling time (𝑡𝐷𝑇) can be extracted from these parameters using 

Equation 6.2. 
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𝑡𝐷𝑇 =
𝑙𝑛2

𝑟
 6.2 

 

More information can be found in the associated vignette: https://cran.r-

project.org/web/packages/growthcurver/vignettes/Growthcurver-vignette.html 

 The Figures below show the raw data points (black circles) overlaid with the 

curve fitted to the data by GrowthCurver (red line). In all figures, columns 1-3 are 

WT2 and columns 4-6 are the named recombinant.  

 

GrowthCurver Analysis of Class I, II and III recombinants 

Class I (T3, T7, T28), II (T2, T9, T10) and III (T15) recombinants were grown with 

0 μM (row A), 4 μM (row B), 8 μM (row C) and 12 μM (row D) Ni(II). 

 

https://cran.r-project.org/web/packages/growthcurver/vignettes/Growthcurver-vignette.html
https://cran.r-project.org/web/packages/growthcurver/vignettes/Growthcurver-vignette.html
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Figure 5.1: Analysis of T2 (T252A) growth using GrowthCurver R package 
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Figure 5.2: Analysis of T3 (T252N) growth using GrowthCurver R package 
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Figure 5.3: Analysis of T7 (T252H) growth using GrowthCurver R package 
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Figure 5.4: Analysis of T9 (T252P) growth using GrowthCurver R package 
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Figure 5.5: Analysis of T10 (T252D) growth using GrowthCurver R package 

 



 

 

 

128 

 

Figure 5.6: Analysis of T15 (T252S) growth using GrowthCurver R package 
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Figure 5.7: Analysis of T28 (T252R) growth using GrowthCurver R package 
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GrowthCurver Analysis of Class IV recombinants 

Class IV recombinants (T12, T34, WT9, WT10, WT12) were grown with 0 μM (row A), 2 

μM (row B), 4 μM (row C) and 8 μM (row D) Ni(II). 
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Figure 5.8: Analysis of T12 (L17S) growth using GrowthCurver R package 
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Figure 5.9: Analysis of T34 (I58T) growth using GrowthCurver R package 
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Figure 5.10: Analysis of WT9 (S14P) growth using GrowthCurver R package 
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Figure 5.11: Analysis of WT10 (I58V) growth using GrowthCurver R package 
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Figure 5.12: Analysis of WT12 (F101L) growth using GrowthCurver R package 
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Manual Calculation of Doubling Time 

The growth assay data was plotted on a semi-log plot in Microsoft Excel. An 

exponential curve (Equation 6.3) was fitted to the linear slope using the Trendline 

tool.  

𝑦 = 𝐴𝑒𝑏𝑥 6.3 

 

The variable 𝑏 from this exponential curve was then converted to doubling 

time using Equation 6.4. 

𝑡𝐷𝑇 =
𝑙𝑛2

𝑏
 6.4 

 

 

Appendix 3 

Dynafit Script for DNA Occupancy of RcnR in a His Buffer 

This Dynafit script can be used to model the DNA occupancy of the Ni(II) and Co-

responsive sensor RcnR as a function of Ni(II) concentration in the presence of the 

buffer molecules His and Asp (Scott, 2018; Bowers, 2020; Dr. P. T. Chivers, private 

communication). The output of these simulation is a normalised response for Ni(II) 

occupancy as a function of [Ni] in μM. Values for Salmonella RcnR affinities are 

listed in Figure 1.2. Dissociation constants for interactions between Ni(II) and His 

are listed in Figure 1.5. Comments are italicised. Red text indicates parameter was 

adjusted for the modelling in this report.  

;; Components 

; M = metal = Ni(II) 

; H = His (buffer molecule) 

; D = Asp (buffer molecule) 

; RcnR = RcnR, a Ni(II)-responsive sensor 

; Dr = DNA promoter 

 

; working in uM 

 

[task] 

  task = simulate  

  data = equilibria  

 

 

[mechanism] 

H + M <==> HM  : K1 dissociation  ; His Buffer 
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HM + H <==> H2M  : K2 dissociation  ; K2 is used for 2:1 His:Ni 

 

 

;; RcnR 

RcnR + M <==> RcnR.M : R1 dissociation 

RcnR.Dr + M <==> RcnR.M.Dr : R2 dissociation 

RcnR + Dr <==> RcnR.Dr : R3 dissociation 

RcnR.M + Dr <==> RcnR.M.Dr : R4 dissociation 

 

[constants] 

;; dissociation constants for interactions between Ni(II), His and Asp 

K1 = 0.0155 ; Zhang, Akilesh and Wilcox, 2000 

K2 = 0.214 ; Zhang, Akilesh and Wilcox, 2000 

 

;; RcnR  

;; Sensor's affinity to Ni(II) and DNA in Salmonella  

R1 = 0.00000237  

R2 = 0.0000416  

R3 = 0.025  

R4 = 3.11 

 

[concentrations] 

RcnR = 0.16 ; The physiological concentration of the sensor  

Dr = 0.00322 ; The physiological concentration of DNA promoter targets for the sensor 

 

H = 1000  ; [His] - variable in different simulations 

 

[responses] 

RcnR.Dr = 1   

RcnR.M.Dr = 310.6 

 

[data] 

  variable M 

  plot logarithmic 

 

mesh from 100 to 10000 step 10; range of [M] 

 

  directory ; define the directory 

  extension  txt 

  file  ; define file name 

   

[output] 

 directory ; define the directory 

 

[end] 
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