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Abstract 

Mycobacterium tuberculosis is one of the leading causes of death globally and with drug 

resistant tuberculosis (TB) on the rise, there is an urgent need to find new anti-TB drugs and 

drug targets. Increasing our understanding of the physiology of M. tuberculosis can aid in 

elucidating novel essential pathways which can be used as new drug targets. One such 

pathway is the iron-sulphur (Fe-S) biogenesis pathway, which is encoded by the sufR-sufB-

sufD-sufC-csd-sufU-sufT operon (suf operon) in mycobacteria. Fe-S biogenesis is a vital 

process in cellular physiology yet the functioning of the Fe-S biogenesis machinery in 

mycobacteria is not fully understood. The last gene in the suf operon, sufT, encodes  the only 

protein in the genome that contains a DUF59 domain. This study used targeted gene deletion 

and phenotypic characterisation of the resultant mutant to investigate the role of SufT in the 

physiology of mycobacteria, using Mycobacterium smegmatis as a model organism. An M. 

smegmatis ΔsufT knockout mutant harbouring an unmarked deletion in sufT was generated 

using allelic exchange mutagenesis.  SufT was confirmed to be dispensable for growth in 

standard aerobic culture. Loss of SufT significantly decreased the activity of the Fe-S 

containing enzyme succinate dehydrogenase (SDH) and is therefore proposed to be a putative 

Fe-S maturation protein. No decrease in aconitase (ACN) activity was observed, suggesting 

that its role could be limited to certain Fe-S cluster proteins. Loss of SufT did not impact the 

survival of M. smegmatis after exposure to oxidative stress induced by the redox cycler 2,3-

dimethoxy-1,4-naphthoquinone (DMNQ), or the sensitivity of M. smegmatis to the anti-TB 

drugs isoniazid, clofazimine or rifampicin. The M. smegmatis ΔsufT  mutant displayed a growth 

defect during planktonic growth under iron limiting conditions. This defect was characterised 

by an extended lag phase, which was observed for all iron concentrations below 2 µM. This 

suggests that SufT is needed for adaptation to growth under iron limitation. The exponential 

growth and final cell density achieved by the M. smegmatis ΔsufT mutant under iron limiting 

conditions was comparable to wild-type, suggesting that induction of a protein that 

compensates for the loss of sufT occurs. The study also confirmed that the cellular demand 

for iron during biofilm formation far exceeds that for planktonic growth, particularly during the 

maturation of the biofilms to form an extracellular matrix. This is the first study to functionally 

characterise SufT in mycobacteria providing a basis for further mechanistic studies. 
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Opsomming 

Mycobacterium tuberculosis is een van die grootste oorsake van sterftes wêreldwyd en met 

antibiotika weerstandige tuberkulose wat aanhou toeneem, is dit noodsaaklik om nuwe 

antibiotika teen TB en antibiotika teikens te identifiseer. Deur ons kennis van die fisiologie van 

M. tuberculosis te verskerp kan nuwe noodsaaklike prosesse wat vir anti-TB antibiotika 

ontwikkeling gebruik kan word, gevind word. Een proses wat as potensiële teiken kan dien is 

die yster swawel (Fe-S) ko-faktor sintese proses, waarvoor die gene wat betrokke is in die 

proses in die sufR-sufB-sufD-sufC-csd-sufU-sufT (suf) operon enkodeer word in 

mycobacteria. Ten spyte van die balangrike rol wat Fe-S sintese in sellulêre fisiologie speel, 

word die proses nie ten volle verstaan in mycobacteria. Die laaste geen in die suf operon, 

sufT, enkodeer die enigste protein in die genoom wat ‘n DUF59 domein bevat. In hierdie studie 

word geteikende geen verwydering en fenotipiese karakterisering van die mutant gebruik om 

die rol van SufT in die fisiologie van mycobacteria te ondersoek. Mycobacterium smegmatis 

is as ‘n model organisme gebruik. ‘n M. smegmatis ΔsufT mutant waarvan die sufT geen 

verwyder is deur alleliese uitruil mutagenese is gegenereer. Die verlies van SufT het geen 

effek op die groei van die bakterie onder standaard aerobiese kondisies gehad nie. Die 

aktiwiteit van die Fe-S ko-faktor bevattende ensiem succinate dehydrogenase (SDH) is wel 

verlaag, wat aandui dat SufT ‘n Fe-S ko-faktor vorming proteïen is. Geen afname in aktiwiteit 

is waargeneem vir aconitase (ACN), wat aandui dat SufT slegs ‘n rol speel in die vorming van 

Fe-S ko-faktore vir sekere proteïene. Die verlies van SufT het geen invloed gehad op die 

oorlewing van M. smegmatis na blootstelling aan die redoks genereerder 2,3-dimethoxy-1,4-

naphthoquinone (DMNQ) of die sensitiwiteit van M. smegmatis tot anti-TB antibiotikas 

isoniasied, rifampisien en clofazemien. Die ΔsufT mutant het ‘n groei defek gedurende 

planktoniese groei in yster beperkende media gehad. Hierdie defek is gekarakteriseer deur ‘n 

toename in die lag-groeifase en is in al die yster konsentrasies onder 2 µM waargeneem. Dit 

stel voor dat SufT benodig word vir die aanpassing tot groei in yster beperkende kondisies. 

Die eksponensiële groei van die bakterie en finale sel digtheid wat op die ou einde bereik is, 

was vergelykbaar tussen die mutant en die ongemuteerde bakterie. Dit kan aandui dat ‘n 

ander protein, met ‘n soortgelyke funksie as SufT moontlik kan intree en die funksie daarvan 

oorneem. In hierdie studie is daar ook gewys dat die sellulêre vraag na yster gedurende biofilm 

groei baie hoër is as die van planktoniese groei, veral wanneer dit kom by die vorming van die 

biofilm se ekstrasellulêre matriks. Hierdie studie is die eerste om SufT in mycobacteria te 

karakteriseer en bied die basis vir addisionele meganistiese studies. 
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Chapter 1 

1. Literature review: Functional characterisation of protein domains 

1.1 Introduction 

 
Tuberculosis (TB) is a treatable and curable disease (WHO, 2017), but for centuries, 

Mycobacterium tuberculosis, the bacteria that causes TB has evaded eradication with 

devastating consequences to human lives (Daniel, 2006; Donoghue, 2009). In 2016 alone, 

1.7 million people died from TB and 6.3 million new TB cases were reported (WHO, 2017). 

The emergence of drug resistant strains of M. tuberculosis is a growing public health concern 

(WHO, 2017) and has highlighted the urgent need to increase our understanding of the 

pathogenesis of M. tuberculosis.  

Understanding the mechanisms that drive bacterial pathogenesis relies on the identification of 

the proteins that aid their survival and proliferation in host cells (Hensel & Holden, 1996; Welch 

2015). In this regard, TB research was greatly accelerated by the publication of the genome 

of the laboratory strain of M. tuberculosis H37Rv (Cole et al., 1998) which contributed 

significantly to research efforts aimed at improving the understanding of the pathogenesis and 

general physiology of the bacteria (Cole et al., 1998; Sassetti et al., 2003; Mao et. al., 2013; 

Ramakrishnan et al., 2015). However, our understanding of the physiology of M. tuberculosis 

is still limited because there are over 1000 M. tuberculosis proteins, which still need functional 

annotation (Mao et al., 2013). This is concerning because proteins drive cellular processes 

and each protein has (a) specific role(s) to play in an organisms’ metabolism (Bateman et al., 

2010, Goodacre et al., 2013). There is therefore a need to prioritise the functional 

characterisation of proteins in pathogens like M. tuberculosis because without complete 

knowledge of their functions, our understanding of the mechanisms that drive their 

pathogenesis will remain limited (Hensel & Holden, 1996; Prakash et al., 2011; Goodacre et 

al., 2013) 

The aim of this review is to highlight the strategies that have been used to determine the 

function of protein domains that lack functional annotation. The application of this approach to 

determine the function of Domain of Unknown Function/DUF 59 will also be discussed.  

1.2 Domains of Unknown Function (DUFs) 

 
Protein sequence data is curated online in the Universal Protein Resource (UniProt) which is 

the most comprehensive protein sequence database (Mulder et al., 2007). The sequences in 

UniProt are further curated as families based on statistically significant sequence similarity in 

databases such as Interpro (Apweiler et al., 2001), Cluster of Orthologous genes (COG) 
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(Tatusov et al., 2000), PROSITE (Sigrist et al., 2009) and Pfam (Finn et al., 2010). Each 

protein family database classifies families on different themes (Xu, 2014). In COG, families 

are based on evolutionary relatedness (Tatusov et al., 2000) and in Interpro, PROSITE and 

Pfam, families are based of functional relatedness (Apweiler et al., 2001, Sigrist et al., 2009; 

Bateman et al., 2010). Even though Interpro, PROSITE and Pfam serve a similar purpose, the 

protein families in Pfam are discussed in this review because the database specialises in the 

curation of protein domains of unknown function (DUFs) (Bateman et al., 2010; Punta et al., 

2012). DUFs are families of conserved protein domains that have not been assigned a function 

and the overarching aim of Pfam is to functionally annotate all these domains (Bateman et al., 

2010; Punta et al., 2012). Protein domains are the functional and/or structural unit of a protein, 

and a protein can be made up of one or more domains (Bateman et al., 2010, Goodacre et 

al., 2013). 

The number of DUF’s has been increasing with each version of Pfam that is released (Punta 

et al., 2012). Between 2010 and 2015, the number of DUFs increased by 45% with more than 

1000 new DUF families being added to the database in a five-year period (Bateman et al., 

2010; Mudgal et al., 2015). In addition, DUFs currently represent a quarter of all the protein 

families in Pfam (Mudgal et al., 2015). This rapid increase in the number of DUFs has been 

attributed to numerous factors, but the most cited is the prolific use of whole genome 

sequencing, which has resulted in an increase in the number of sequenced genomes available 

for annotation (Galperin and Koonin, 2004; Jaroszewski et al., 2009; Bateman et al., 2010; 

Buttigieg et al., 2013; Goodacre et al., 2014; Fang and Gough, 2013). While newly sequenced 

genomes are the biggest contributors to this constant increase (Galperin and Koonin, 2004), 

even well studied organisms such as Saccharomyces cerevisiae (Fidler et al., 2015) and 

Arabidopsis thaliana (Neihaus et al., 2015) have a considerable proportion of their genome 

lacking functional annotation.  

DUFs are ubiquitously distributed in all life forms (Jaroszewski et al., 2009) and concerted 

efforts have been made to characterise DUFs in eukaryotes (Hausmann et al., 2005; Horan 

et al., 2008; Schwenkert et al., 2010 Luo et al., 2012; Stehling et al., 2013), while bacterial 

DUFs have been neglected. The need to assign functions to DUFs therefore represents a 

major research challenge.  

1.3 Functional characterisation of DUFs 

 
The functional characterisation of DUFs is a multi-step process, which is anchored in the ability 

to accurately predict or infer a hypothetical function for a domain by establishing homology 

with proteins of known function (Jaroszewski et al., 2009; Bateman et al., 2010; Punta et al., 

2011; Fidler et al., 2016). The exponential increase in the number of sequenced genomes 
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available for annotation has increased the reliance on the use of computational methods as 

search tools for finding biologically relevant data (Galperin and Koonin, 2004; Mulder et al., 

2007; Atkinson et al., 2009; Jaroszewski et al., 2009; Bateman et al., 2010; Buttigieg et al., 

2013; Goodacre et al., 2014; Fang and Gough, 2013). 

 

1.3.1 Sequence homology-based characterisation 

 
Sequence homology-based characterisation has become a fundamental starting point in the 

functional characterisation of DUFs based on the principle that proteins with homologous 

sequences have similar functions (Mulder et al., 2007; Atkinson et al., 2009; Ramakrishnan et 

al., 2015). However, the usefulness of sequence-based homology relies on the accurate 

detection of homology between sequences (Eddy, 1996; Dunbrack, 2006; Mulder et al., 2007; 

Mudgal et al., 2015; Ramakrishnan et al., 2015). Traditional homology detection methods use 

pairwise alignment algorithms such as Basic Local Alignment Search Tool (BLAST) (Altschul 

et al., 1990) to compare the nucleotides or amino acids in protein sequences and determine 

the probability of two sequences being true homologues (Altschul et al., 1990; Eddy, 1996). 

While useful in identifying homologues with a high sequence similarity, pairwise alignment 

tools like BLAST lack the sensitivity to detect remote homologies (Dunbrack, 2006; Mulder et 

al., 2007; Ramakrishnan et al., 2015).   

1.3.1.1 Detection of remote homology 

 
Improved computing power has seen the development of newer, more sensitive homology 

detection tools such as the widely used profile hidden Markov models (HMMs) (Eddy, 1996; 

Eddy, 1998) which have helped to increase the utility of sequence-based homology (Park et 

al., 2005; Pearson & Siek, 2005). Unlike pairwise alignments, which compare two sequences, 

HMMs compare protein profiles which have been generated from multiple protein sequence 

alignments (Altschul et al., 1997; Eddy, 1996; Eddy, 1998; Mulder et al., 2007). HMMs have 

increased sensitivity and can detect remote homologies missed by BLAST searches (Park et 

al., 2005; Prakash et al., 2011; Mudgal et al., 2015; Fidler et al., 2016). When used 

retrospectively to search the Protein Data Bank (PDB), for PH-like proteins in S. cerevisiae, 

HHsearch (HMMs based search tool) identified 1200 positive matches, while BLAST could only 

match 350 sequences (Fidler at al., 2011). Although the function predictions inferred through 

sequence homology need to be validated experimentally, confidence in the reliability of the 

results produced using these techniques should increase as computational biology tools 

continue to improve (Pearson & Sierk, 2005; Fidler et al., 2016).  
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1.3.2 Structural homology-based characterisation 

 
Structural homology has also enjoyed wide usage in the characterisation of DUFs because 

structural homology is a good predictor of function based on the principle that conserved 

structure is an indication of conserved function (Jaroszewski et al., 2009). As with sequence-

based homology, the use of HMMs based tools to determine structural homology has 

improved structure homology-based function predictions (Jaroszewski et al., 2009; Mudgal et 

al., 2015). In addition, when used synergistically, sequence and structural homology have 

proven to be powerful methods in predicting the functions of DUFs (Fang & Gough, 2011; 

Fidler et al., 2015; Mudgal et al., 2015; Ramakrishnan et al., 2015). This coupled approach to 

functional characterisation was successfully used to assign putative functions to 26 DUFs in 

M. tuberculosis (Ramakrishnan et al., 2015) and to reassign 614 DUFs to protein families with 

a known function (Mudgal et al., 2015). The function of DUF3233 in Vibrio cholerae as an 

autotransporter was also successfully predicted using this approach (Prakash et al., 2011). 

While these results demonstrate the value of combining sequence and structural homology, 

the biggest limitation of in silico prediction of homology is that sometimes the predicted 

functions are discordant with the physiologic relevance of those functions in the organism 

(Mao et., 2013; Ramakrishnan et al., 2015). This was illustrated in M. tuberculosis where the 

protein encoded by the gene Rv0141 was predicted with 99.9% confidence to share structural 

homology with enzymes involved in the degradation of cyclic terpenes and biosynthesis of 

nitrogen containing polycyclic phenazines (Mao et al., 2013). However, those specific 

biosynthesis and degradation pathways have not been identified in M. tuberculosis casting 

doubt on the reliability of the function prediction on the premise that encoding for an enzyme 

used in a non-existing metabolic pathway does not make physiological sense (Mao et al., 

2013). Therefore, the function of Rv0141 could not be inferred based on those results alone 

and will still need to be confirmed experimentally (Mao et al. 2013). Similarly, in M. 

tuberculosis, two members of the DUF4185 family, Rv1754 and Rv3707, were also predicted 

with 95-100% confidence to be structurally homologous to a family of enzymes called 

sialidases (Ramakrishnan et al., 2015). However, because there are no sialidases in 

mycobacteria, this assignment is questionable and will have to be confirmed experimentally 

(Ramakrishnan et al., 2015). The results from these studies highlight the importance of 

factoring in physiological relevance when interpreting in silico function predictions (Mao et al., 

2013; Ramakrishnan et al., 2015). 

Genomic enzymology is the term used to describe the systematic process of predicting the 

functions and associated metabolic pathways of enzymes based on shared sequence 

homology and genomic co-location (Gerlt, 2016; Zhang et al., 2016). It has been proposed as 
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an accurate and robust way of making large-scale function predictions (Zhang et al., 2016) 

using sequence similarity networks (SSNs) (Atkinson et al., 2009) and genome neighbourhood 

networks (GNNs) (Zhao et al., 2014). SSNs are based on multiple comparisons of pairwise 

protein alignments, which are presented as clusters based on homology (Atkinson et al., 

2009). Each protein in the network is represented by a “node” and is joined to other proteins 

in the cluster by lines, which represent the similarity scores for each alignment (Atkinson et 

al., 2009; Gerlt, 2016). GNNs search for gene order conservation (synteny) and assign 

functions to genes on the principle that genes that are organised as clusters or operons in the 

genome are likely to be involved in the same metabolic pathway (Guerrero et al., 2005;  Zhao 

et al., 2014). The utility of genomic enzymology in assigning functions to DUFs was illustrated 

in the functional characterisation of DUF1537 (Zhang et al., 2016). The researchers used 

SSNs and GNNs synergistically to form an accurate function hypothesis about the potential in 

vitro characteristics and in vivo functions of DUF1537 containing proteins. These hypotheses 

were then used to inform the design of suitable biological and biochemical assays to test the 

predicted functions and the precise function of DUF1537 containing proteins as novel ATP-

dependent four-carbon acid sugar kinases was subsequently confirmed (Zhang et al., 2016). 

1.3.2 Biological and biochemical characterisation of proteins 

 
Biological and biochemical characterisation remains the gold standard for confirming in silico 

protein function predictions. A good illustration of this was in the functional characterisation of 

DUF1792 (Zhang et al., 2014). In this study, analysis of sequence and structural homology 

data for DUF1792 was used to accurately hypothesise that the domain had a similar fold to 

glycotransferases. This hypothesis was then used to inform the experimental design of in vitro 

glycosylation assays and mass spectrophotometry which confirmed that in vivo, DUF1792 was 

a novel glycotransferase, which was needed for the third step of the glycosylation of the 

Fimbriae-associated protein (Fap1) (Zhang et al., 2015). The use of this approach has 

however proven to be challenging (Goodacre et al., 2013) because, these methods are 

resource intensive and limited by a need to have an accurate functional hypothesis to guide 

the experimental design (Jaroszewski et al., 2009; Goodacre et al., 2013; Neihaus et al., 

2015).  

Traditional biological and biochemical functional characterisation strategies lack robustness 

in that usually only one protein is studied at a time. In this regard, in silico tools like genetic 

enzymology provide a more robust strategy where multiple proteins can be studied 

simultaneously, and this can help to speed up the functional characterisation of genes in 

clusters or operons. This approach will have great applicability in the functional 

characterisation of bacterial DUFs because bacterial genomes display a high level of synteny 
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and many of the enzymes involved in fundamental metabolic pathways in bacteria are 

encoded by operons (Guerrero et al., 2005; Zhao et al., 2014).  

1.4 Domain of unknown function 59 (DUF59) 

 
There are 3710 species of archaea, bacteria and eukaryotes that have a protein containing a 

DUF59 domain, but the domain is more prevalent in bacteria (Finn et al., 2016). DUF59 

containing proteins are arranged in 39 different domain architectures, however 64% of all the 

DUF59 domain containing proteins in Pfam are made up entirely of the DUF59 domain, 

making it the most prevalent domain arrangement (Finn et al., 2015; Mashruwala et al., 2016). 

The second most common architecture (32%) consists of a DUF59 domain at the N-terminus 

and a P-Loop NTPase at the C-terminus of the gene-coding region (Finn et al., 2015; 

Mashruwala et al., 2016).  

Proteins containing the DUF59 domain are hypothesized to be involved in various vital cellular 

activities such as phenyl acetate catabolism (Grishin and Cygler, 2015), DNA repair (Luo et 

al., 2012) and iron sulphur (Fe-S) cluster biogenesis (Almeida et al., 2005; Chen et al., 2012; 

Luo et al, 2012; Mashruwala et al., 2016a; Mashruwala et al., 2016b Sasaki et al., 2016; 

Stehling et al., 2013). However, in Pfam version 31 the DUF59 family was assigned a putative 

function as iron sulphur (Fe-S) assembly proteins (Pfam ID: PF01883) (Finn et al., 2016).  

Some proteins require co-factors to become functionally active (Lill & Mϋhlenhoff, 2006). One 

such group of co-factors is Fe-S clusters, which are found in all living organisms (Lill & 

Mϋhlenhoff, 2006). Fe-S clusters are co-factors to proteins involved in an array of fundamental 

cellular processes such as respiration, DNA repair, photosynthesis, and nitrogen assimilation, 

so they play a vital role in cellular physiology (Castro et al., 2008; Py et al., 2011). Fe-S clusters 

are unstable when they are not bound to protein and are synthesised de novo in the cell in a 

tightly regulated process which requires complex assembly systems (Lill & Mϋhlenhoff, 2006; 

Fontcave & Ollagnier-de-Choudens, 2007; Blanc et al., 2014).  

There are three Fe-S biogenesis pathways in bacteria (Fig 1.1B), namely the nitrogen-fixation-

specific (nif), iron sulphur cluster (isc) and sulphur assimilation (suf) system (Johnson et al., 

2005; Ayala-Castro et al., 2008). These systems are encoded as operons (Fontcave & 

Ollagnier-de-Choudens, 2007) and the number and type of system varies among bacterial 

species. The nif system is specific to nitrogen fixating bacteria, while in gram-negative 

bacteria, the isc system generally serves as the house-keeping system and the suf system is 

used under conditions of cell stress (Castro et al., 2005), except in Sinorhizobium meliloti, 

which contains only the suf system (Sasaki et al., 2016). Unlike Gram-negative bacteria which 

contain multiple Fe-S biogenesis systems, Gram-positive bacteria such as Bacillus subtilis 
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(Selbach et al., 2013) and Staphylococcus aureus (Mashruwala et al., 2016) generally contain 

only the suf system for Fe-S biogenesis (Santos et al., 2014). Mycobacteria also contain the 

suf system and while it is the primary Fe-S biogenesis system (Huet et al., 2005), they also 

contain a single component of the isc system, IscS, which is also involved in Fe-S biogenesis 

(Rybniker et al., 2014). It has been suggested that the type of system present in a bacterium 

is highly dependent on the conditions to which it is exposed (Py and Barras, 2010; Jang and 

Imlay, 2010). 

The first step in Fe-S cluster biogenesis requires the mobilisation of sulphur by a cysteine 

desulphurase and iron from an unknown source (Fontcave & Ollagnier-de-Choudens, 2007). 

The cluster is then assembled directly on a scaffold protein or may be transferred via transfer 

proteins to a scaffold protein (Fontcave & Ollagnier-de-Choudens, 2007). Next, the Fe-S 

cluster is transferred either via transfer proteins or directly to the apoproteins (Fig. 1.1A) 

(Fontcave & Ollagnier-de-Choudens, 2007). Transfer of assembled clusters to apoproteins is 

necessary since Fe-S clusters are sensitive to oxidation and in their free form they fuel 

intracellular oxidative stress by Fenton chemistry (Wardman et al., 1996). 

The steps involved in Fe-S biogenesis in eukaryotes are conserved and many of the bacterial 

proteins have eukaryote homologues (Lill & Mϋhlenhoff, 2006). However, the major difference 

is that Fe-S biogenesis in eukaryotes is compartmentalised (Fig. 1.1C) (Hausmann et al., 

2005). In the mitochondria, an isc like system is used and in the plastids of photosynthetic 

eukaryotes, Fe-S clusters are assembled using a suf-like system (Balk & Pilon, 2011; Lill & 

Mϋhlenhoff, 2006 (Fig. 1.1). In the cytosol, the cytosolic Fe-S cluster assembly (CIA) pathway 

is used to assemble Fe-S clusters some of which are transported to the nucleus, however, the 

CIA system is not independent and some of its’ components require prior synthesis by the isc-

like system (Fig. 1.1C) (Balk & Pilon, 2011; Lill & Mϋhlenhoff, 2006).  
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Figure 1. 1. Iron-sulphur (Fe-S) cluster biogenesis systems in bacteria and eukaryotes. (A). 

Schematic showing the steps of Fe-S cluster biogenesis, which are conserved for all the Fe-S 

biogenesis systems. (B). Bacteria use three Fe-S biogenesis systems, namely the isc, nif and suf. (C). 

In eukaryotes Fe-S Biogenesis is compartmentalised, in the plastids the suf like system is used, in the 

cytosol the CIA system and in the mitochondria the isc like system. This figure is adapted from Fontcave 

& Ollagnier-de-Choudens, 2007 and Lill & Mϋhlenhoff, 2006. 

1.4.1. Structural characterisation of DUF59 containing proteins  

 
The three published structures of eukaryotic DUF59 containing proteins are of the mammalian 

protein Fam96a (Chen et al., 2012; Ouyang et al.,2013). The solution nuclear magnetic 

resonance (NMR) structure of Fam96a (PDB ID:2M5H) showed a secondary structure that 

consisted of a combination of five α-helices and three-strand mixed β-sheets (Fig. 1.2) 

(Ouyang et al., 2012). In addition, the solution NMR structure revealed a closed monomeric 

conformation, which is typical of a domain swapping protein (Ouyang at al. 2013). Domain 

swapping is when monomeric proteins exchange identical structural elements such as α-

helices or β-sheets to form dimers or oligomers (Liu & Eisenberg, 2002). The crystal structure 

of Fam96a showed that it formed two distinct types of domain-swapped dimers (Chen et al., 

2012). These were designated Fam96a major dimer (PDB ID:3UX2) and Fam96b minor dimer 

(PDB ID:3UX3) (Fig. 1.2) (Chen et al., 2012). A comparison of the two dimers showed that 

they had the same subunit arrangement and that in both dimers it is the α-helix that is swapped 
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(Chen et al., 2012). However, the subunits were hinged differently in the two dimeric states 

and the formation of the minor dimer required zinc (Fig. 1.2) (Chen at al., 2012). In addition, 

they also found that the regions involved in domain swapping are highly conserved in 

eukaryotic but not bacterial DUF59 containing proteins, suggesting that the latter do not 

dimerise (Chen et al., 2012). 

 

Figure 1. 2. Cartoon images of the predicted structure of DUF59 containing proteins in bacteria 

and eukaryotes. A solution nuclear magnetic resonance (NMR) structure of Thermotoga maritima 

TM0478 monomer (PDB ID:1UWD). B. Solution nuclear magnetic resonance (NMR) structure of Homo 

sapiens Fam96a monomer (PDB ID:2M5H) C. Crystal structure of domain-swapped Homo sapiens 

Fam96a major dimer (PDB ID: 3UX2). The black arrows indicate the swapped domains. D. Crystal 

structure of domain-swapped Homo sapiens Fam95a minor dimer (PDB ID: 3UX3). The zinc binding 

and swapped domains are indicated by the black arrows. 

The only published structure of a DUF59 containing protein in bacteria is the solution nuclear 

magnetic resonance (NMR) structure of TM0487 (Protein Data Bank (PDB) ID :1UWD) from 

Thermotoga maritima, which showed a secondary structure characterised by an α/β topology 

(Fig. 1.2). Unlike the eukaryotic DUF59 containing proteins, which can exist as both monomers 

and dimers (Chen at al., 2013; Ouyang et al., 2013), DUF59 in bacteria exist only as 

monomers (Almeida et al., 2005). TM0487 has 20 structural homologues, however all these 

homologues display low sequence similarity with TM0487 and have divergent functions, 

precluding functional prediction using only this structural homology data. However, when 

limiting the search to structural homologues of the putative active site, a partial positive match 

with an Fe-S cluster containing protein from Desulfovibrio desulfuricans was identified 
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(Almeida et al., 2015). This made the case for the involvement of TM0487 and by inferred 

homology, DUF59 proteins in Fe-S cluster biogenesis, although the structural information 

alone was not enough to make a definitive conclusion (Almeida et al., 2005).    

1.4.2 Functional characterisation of DUF59 containing proteins in eukaryotes 

  
1.4.2.1 Mammalian DUF59 containing proteins 

 
Fam96a and Fam96b are the only two mammalian DUF59 containing proteins (Chen et al., 

2012). They are both involved in iron homeostasis and Fe-S cluster assembly in the cytosol 

of mammalian cells (Chen et al., 2012; Stehling et al., 2013). The role of Fam96a in Fe-S 

cluster biogenesis was first investigated using yeast two hybrid assays and co-

immunoprecipitation assays, which showed that in vitro, Fam96a can bind the CIA assembly 

protein (Cial1). This suggested that Fam96a could be part of the CIA system (Chen et al., 

2012). Another study using co-immunoprecipitation and enzyme assays, demonstrated that 

Fam96a was directly involved in the maturation of Fe-S clusters for iron regulatory protein 1 

(IRP1) (Stehling et al., 2013). The study also showed that Fam96b is also an Fe-S cluster 

maturation protein and that unlike Fam96a which has only one target (IRP1), Fam96b matured 

the Fe-S cluster containing proteins dihydropyrimidine dehydrogenase (DYPD), glutamyl 

amidotransferase (GPAT) and DNA polymerase delta (POLD) (Stehling et al., 2013). DYPD 

is involved in pyrimidine degradation, GPAT in the synthesis of purines and POLD in DNA 

synthesis (Stehling et al., 2013). These results illustrated that Fe-S clusters are required for 

proteins in multiple pathways, which could possibly explain why DUF59 containing proteins 

are associated with multiple cellular pathways. 

1.4.2.2 Yeast DUF59 containing proteins 

 
In yeast, DUF59 containing proteins have been studied in Saccharomyces cerevisiae. Unlike 

the Fam96a and Fam96b proteins which are made up entirely of the DUF59 domain (Chen et 

al., 2012), the S. cerevisiae DUF59 containing protein Nbp35 only carries the domain at its’ 

N-terminus (Hausmann et al., 2005). The N-terminus of Nbp35 has four conserved cysteine 

residues suggesting a role in metal binding (Hausmann et al., 2005). Additionally, phylogenetic 

data also showed that the closest homologs of Nbp35 are the yeast protein Cfdp1 and the 

Salmonella enterica protein ApbC, which are both part of the CIA system. (Tsaousis et al., 

2014) Nbp35 was therefore hypothesized to be involved in Fe-S cluster assembly in yeast 

(Hausmann et al., 2005).  
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Co-immunoprecipitation assays showed protein-protein interactions between Nbp35 and 

proteins involved in the CIA system (Hausmann et al., 2005). Iron (55Fe) radio labelling 

experiments showed that Nbp35 binds Fe-S clusters in vivo, and that cells lacking Nbp35 were 

impaired for growth (Hausmann et al., 2005). Collectively these results implicated Nbp35 in 

de novo assembly of Fe-S clusters however, Nbp35 was only needed for the maturation of 

cytosolic Fe-S clusters and a lack of Nbp35 had no effect on mitochondrial Fe-S cluster 

assembly (Hausmann et al., 2005). These results had significant implications for the 

mechanisms of Fe-S cluster biogenesis in higher organisms as they introduced the idea of 

localised function by showing that S. cerevisiae had a cytosolic-system separate from the 

mitochondrial-iron-sulphur-assembly system (Hausmann et al., 2005). 

1.4.2.3 Plant DUF59 containing proteins 

 
In plants, two DUF59 containing proteins, HCF101 (Schwenkert et al., 2010) and AE7, (Luo 

et al., 2012) have been extensively studied. The AE7 protein is made up entirely of a DUF59 

domain (Luo et al., 2012), while, like Nbp35, (Hausmann et al., 2005) HCF101 only carries the 

DUF59 domain at its N-terminus (Schwenkert et al., 2010). HCF101 was identified as an 

essential protein in Fe-S cluster assembly, but initially its mechanism of action was not 

determined (Lezhneva et al., 2004). A combination of spectrophotometry and co-

immunoprecipitation experiments in a yeast model showed that HCF101 was able to bind 4Fe-

4S clusters in vivo, suggesting that it could function as a scaffold protein on which clusters are 

assembled (Schwenkert et al., 2010). As a scaffold protein, HCF101 should be able to perform 

the dual function of binding clusters and then releasing them to target apoproteins 

(Schwenkert et al., 2010). In vitro enzyme activity assays showed that HCF101 was indeed 

able to transfer the bound cluster to a target apoprotein (Schwenkert et al., 2010). In 

combination, these results characterised HCF101 as a scaffold protein for the assembly of 

4Fe-4S clusters in photosystem 1 in the plastids of A. thaliana (Schwenkert et al., 2010). 

AE7 was also implicated in Fe-S cluster assembly in A. thaliana (Luo et al., 2012). 

Quantification of the activity of the Fe-S cluster containing enzyme aconitase in cells lacking 

AE7 showed that it was reduced by 75% and 55% in the cytosol and mitochondria respectively, 

indicating that the protein was directly involved in de novo Fe-S biogenesis. Additional, co-

immunoprecipitation and bimolecular fluorescence assays showed that AE7 interacts with the 

CIA pathway proteins CIA1, NAR1 and MET18 (Luo et al., 2012). These four proteins form an 

AE7-CIA1-NAR1-MET18 complex and this complex facilitates the transfer of Fe-S clusters to 

target apoproteins in the cytosol or nucleus of the plant cells (Luo et al., 2012). The target 

apoproteins of AE7 are involved in DNA repair, making the protein indispensable for growth 

of A. thaliana (Luo et al., 2012). 
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1.4.3 Functional characterisation of bacterial DUF59 containing proteins 

 
1.4.3.1 Bioinformatic analysis 

 
Sequence and structural analyses of TM0487 from T. maritima revealed that the protein had 

216 homologues, and that 96 of these homologues all had six conserved residues (D20, E22, 

L23, T51, T/S52 and C55) with respect to the sequence of TM0487 (Fig. 1.3) (Almeida et al., 

2005). Furthermore, all six residues were positioned in close proximity to each other in the 

folded structure at the C-terminus of the domain, suggesting they might form part of the active 

site (Almeida et al., 2005). 

 

Figure 1. 3. Clustal Omega generated multiple sequence alignment of DUF59 domains in 

bacteria. The six conversed residues (D20, E22, L23, T51, T/S52 and C55) highlighted in red. An 

asterisk (*) indicates positions which have a single, fully conserved residue, a colon (:) indicates 

conservation between groups of strongly similar properties and a period (.) indicates conservation 

between groups of weakly similar properties. 

Recent bioinformatic analysis of 1092 published genomes encoding sufBC, revealed that 761 

of them also encoded a protein containing a DUF59 domain (Mashruwala et al., 2016). In 

addition, these proteins were associated with the suf operon in 49% of the genomes encoding 

both sufBC and a DUF59 domain (Mashruwala et al., 2016). Although these sequence 

homology searches were done using BLASTp (pairwise alignments), which has limited 

sensitivity in detecting remote homologies (Dunbrack, 2006; Mulder et al., 2007; 

Ramakrishnan et al., 2015), these findings support the predicted function of DUF59 containing 

proteins as putative Fe-S biogenesis proteins (Almeida et al., 2005). 

Stellenbosch University  https://scholar.sun.ac.za



13 
 

1.4.3.2 Biochemical and biological characterisation of bacterial SufT proteins 

 

1.4.3.2.1 Staphylococcus aureus (Gram-positive bacterium) 

 
The first DUF59 containing protein in bacteria to undergo biological and biochemical 

characterisation was SAUSA300_0875 from the Gram-positive facultative anaerobe 

Staphylococcus aureus. It was subsequently re-named SufT, because of its proximity to the 

sufCDSUB operon (Tsaousis et al., 2014; Mashruwala et al., 2016). To determine the function 

of SufT in S. aureus, an S. aureus ΔsufT mutant strain was generated and phenotypically 

characterised (Mashruwala et al., 2016). In vitro enzyme activity assays showed that the 

activity of aconitase was decreased in cells lacking SufT, and that the biggest decrease was 

observed under conditions of oxidative stress (Mashruwala et al., 2016). Fe-S clusters are 

susceptible to damage by reactive oxygen species (ROS) (Djaman et al, 2004; Imlay, 2006). 

Mashruwala et al. (2016a) observed that the activity of aconitase was impacted by oxidative 

stress so, they reasoned that the observed differences could be due to reduced activity of 

ROS scavenging enzymes in the mutant, or that SufT was needed either for physically 

shielding clusters from ROS, repairing clusters damaged by ROS or de novo synthesis of Fe-

S clusters under oxidative stress. Using a series of enzyme activity assays, they eliminated 

the different options and concluded from the data generated the most probable explanation 

for the observed phenotype was that SufT was needed for de novo synthesis of Fe-S clusters 

during oxidative stress. 

In addition, the activity of aconitase in the ΔsufT mutant was comparable to that of an S. 

aureus mutant strain lacking the Nfu protein (Mashruwala et al., 2016a). Nfu is an Fe-S 

biogenesis protein that is directly involved in the maturation of aconitase (Mashruwala et al., 

2015) and taken together, these results suggested that SufT may be functioning as a 

maturation protein like Nfu (Mashruwala et al., 2016a). Based on previous results (Mashruwala 

et al., 2016a), the researchers hypothesized that in vivo, there are multiple maturation proteins 

performing the same function and that the choice of protein is determined by demand for the 

target apoprotein (Fig. 1.4) (Mashruwala et al., 2016b). Maturation proteins transfer 

assembled Fe-S clusters from the scaffold proteins to target apoproteins and S. aureus has 

three maturation proteins Nfu (Mashruwala et al., 2015), SufA and SufT (Mashruwala et al., 

2016a). They subsequently attempted to prove the model of the differential utilisation of Fe-S 

maturation proteins in S. aureus using phenotype characterisation in a ΔsufT mutant 

experiencing different cellular demands for lipoic acid (Mashruwala et al., 2016b). Lipoic acid 

is synthesized by LipA, an Fe-S containing protein They hypothesized that when the cellular 

demand for lipoic acid is low, either of the three proteins can be used for LipA maturation but, 
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under conditions of high lipoic acid demand, SufT is indispensable for growth because it is 

preferentially used for LipA maturation (Fig. 1.4) (Mashruwala et al., 2016b).  

 

Figure 1. 4. Proposed model of differential utilisation of Fe-S maturation proteins in S. aureus. 

This figure is adapted from Mashruwala et al., (2016b). 

1.4.3.2.2 Sinorhizobium meliloti (Gram-negative bacterium) 

 
A mutant generation and phenotypic characterisation strategy was also used to determine the 

function of the DUF59 containing protein SMc00302 in S. meliloti (Sasaki et al., 2016). S. 

meliloti is a Gram-negative bacterium that is involved in symbiotic nitrogen-fixation with some 

leguminous plants (Sasaki et al., 2016). Like the S. aureus sufT, SMc00302 is part of an 

operon encoding the suf system, sufBCDS- SMc00302-sufA, and was therefore re-named 

SufT. Phenotypic studies showed that the ΔsufT mutants grew slower than the wild-type, and 

that they were more sensitive to environmental changes such as iron depletion, high 

temperatures and an acidic pH (Sasaki et al., 2016). Quantification of enzyme activity showed 

that loss of SufT resulted in a statistically significant loss of activity in some Fe-S cluster 

dependent enzymes in S. meliloti suggesting a role for SufT in Fe-S biogenesis in the 

bacterium. 

The researchers also hypothesized that during symbiosis, the action of the iron uptake 

repressor RirA creates an intracellular iron-limiting environment in S. meliloti. Since symbiosis 

increases the cellular demand for Fe-S proteins, SufT may be required for the formation of Fe-

S clusters under these intracellular iron-limiting conditions created by RirA during symbiosis 

(Sasaki et al., 2016). To test this hypothesis, a ΔsufTrirA double mutant was generated and 
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the double mutants displayed wild-type growth phenotypes during symbiosis while the ΔsufT 

single mutant had impaired growth during symbiosis (Sakaki et al., 2016). Loss of RirA 

increases iron uptake in the cell, thereby creating an iron replete intracellular environment. 

SufT is dispensable for growth these conditions, suggesting a putative role for SufT in de novo 

synthesis of Fe-S clusters under iron-limiting conditions (Sasaki et al., 2016). However, the 

mechanism of action of SufT in S. meliloti is still unknown. 

1.4.3.3 DUF59 (SufT) containing proteins in mycobacteria 

 
In mycobacteria, the DUF59 containing protein, encoded by Rv1466, has also been re-named 

SufT because it is also part of the suf operon, (Fig. 1.5) and its ability to complement loss of 

sufT in S. aureus (Mashruwala et al., 2016a). The suf operon in mycobacteria is highly 

conserved across the species (Fig. 1.5) and this synteny is a good predictor of protein function 

on the principle that genes in an operon have evolved together and are kept together in the 

genome because they perform similar functions (Tamames, 2001; Guerrero et al., 2005) 

 

Figure 1. 5. Schematic of the gene order in the suf operon of mycobacteria. The genes in red 

represent putative sufT proteins. 

Identifying and functionally characterising genes that are essential for growth is key to 

understanding the physiology of an organism because essential genes are part of fundamental 

cellular processes (Cole et al., 1998; Sassetti et al., 2003; Goodacre et al., 2013). Transposon 

mutagenesis is the most widely applied strategy for large-scale essentiality screening (Griffin 

et al., 2011). An insertion in an essential gene is lethal to the bacteria and therefore these 

mutants will not grow in subsequent growth cycles.(Craig, 1997; Sassetti et al., 2001). 

Transposon site hybridisation (TraSH) enables the genome-wide identification of essential 

genes by comparing the abundance of a mutant before (input pool) and after (output pool) 

selection using a microarray (Sassetti et al., 2001; Sassetti et al., 2003) The resolution of the 

approach was later improved by identification of transposon insertions by next generation 
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sequencing (Griffin et al., 2011). The initial TraSH screen identified sufT as an essential gene 

(Sassetti et al., 2003) while the subsequent screen using next generation sequencing 

identified it as non-essential gene (Griffin et al., 2011). Screening by next generation 

sequencing is more accurate than TraSH because TraSH is more susceptible to false positive 

results caused by downstream polar effects and lacks sensitivity to detect low mutant 

abundance (Sassetti et al., 2003; de Wet et al., 2018). 

In a recent study, a new large-scale essentiality screening method using CRISPR interference 

(CRISPRi) was used to screen for essentiality of M. tuberculosis homologues in M. smegmatis 

(de Wet et al., 2018). CRISPRi builds on transposon mutagenesis and has great applicability 

in studying the essentiality of genes in operons (de Wet et al., 2018). There are however 

significant differences between the two methods. Unlike transposon mutagenesis which 

inserts a transposon into a gene to disrupt it, CRISPRi uses single guide RNAs (sgRNAs) that 

allows an inactive cas9 endonuclease to bind a specific transcript and stop transcription of the 

gene. A limitation of the technique is that it also prevents transcription of downstream operonic 

genes.  

The genes in the suf operon of M. tuberculosis are transcribed (sufR-sufT) (Fig. 1.5) as an 

operon (Huet et al., 2005). Additionally, a M. smegmatis mutant in which sufB was interrupted 

with a hygromycin cassette  could not be generated suggesting that this gene is essential and 

supporting the essentiality predictions for the operon in the TraSH screen  (Huet et al., 2005). 

A recent study showed that the first gene in the operon, sufR, is a transcriptional repressor of 

the operon and that  the M. tuberculosis sufR mutant displays a growth defect under standard 

culture conditions. The mutant had no growth defect under iron limitation (Willemse et al., 

2018), and this is agreement with an earlier study, which showed that all the genes of the 

operon except sufR, were upregulated as a response to iron starvation (Rodriguez et al.,2002). 

Iron starvation in M. tuberculosis leads to extensive repression of gene expression, with the 

notable exception of the iron-acquisition pathways, selected Fe-S cluster containing enzymes 

and the suf operon. Since M. tuberculosis is hypothesized to experience iron limitation in the 

host, this selective gene induction points to the importance of Fe-S cluster biogenesis during 

infection (Rodriguez et al., 2002).   

Transcriptional studies have also shown that all the genes in the suf operon of M. tuberculosis 

are immediately upregulated in response to diethylenetriamine/nitric oxide adduct (DETA/NO) 

induced nitric oxide (NO) stress (Cortes et al., 2017; Voskuil et al., 2011) and hydrogen 

peroxide (H2O2) induced oxidative stress (Voskuil et al., 2011). Transcriptional upregulation of 

the operon was shown to be induced by as little as 0.05 mM H2O2 or DETA/NO and that sufT 

expression was upregulated 7 and 5-fold in 10mM H2O2 and DETA/NO respectively (Voskuil 
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et al., 2011). This result is not surprising because oxidative stress damages Fe-S clusters, so 

early transcription of genes involved in Fe-S biogenesis is likely part of the cells’ adaptive 

response (Lamichhane, 2011; Voskuil et al., 2011). In support of this hypothesis, there was 

also upregulation of iron acquisition genes and repression of iron storage proteins suggesting 

that there is an intracellular need to acquire and use iron, presumably for the repair of 

damaged Fe-S clusters (Voskuil et al., 2011). This response seems counter intuitive because 

iron has been shown to increase oxidative stress through the creation of super hydroxide 

radicals in the Fenton reaction (Winterbourne, 1995), but in M. tuberculosis that seems to be 

superseded by the need to repair damaged Fe-S clusters (Voskuil et al., 2011). 

Proteomic analysis under NO stress revealed that the immediate transcriptional upregulation 

did not result in immediate translation into proteins, and a delayed induction of all the suf 

operon encoded proteins was observed (Cortes et al., 2017). Instead, the targeted 

degradation of proteins containing Fe-S clusters occurred as an immediate response to NO 

stress (Cortes et al., 2017). Taken together these results suggest that in M. tuberculosis 

proteins of the suf operon, including SufT, are needed during NO stress, but that they are 

probably not involved in the initial response. The delayed increase in these proteins may 

represent a recovery strategy that involves either de novo synthesis or repair of damaged 

clusters (Cortes et al., 2017).  

1.5 Conclusion 

 
In both bacteria and eukaryotes, the involvement of DUF59 containing proteins in Fe-S cluster 

biogenesis has been repeatedly shown. In the eukaryote models, the functions of the DUF59 

containing proteins in de novo Fe-S biogenesis has been confirmed experimentally both in 

vitro and in vivo in mammals, yeast and plants (Hausmann et al., 2005; Schwenkert et al., 

2010; Luo et al., 2012; Stehling et al., 2012). In contrast, in bacteria there is still a dearth of 

knowledge regarding the role of sufT in Fe-S biogenesis. While these studies have postulated 

a role for sufT in de novo synthesis of Fe-S clusters (Almeida et al., 2005; Mashruwala et al., 

2016; Sasaki et al., 2016; Mashruwala et al., 2017), the mechanism of action is still unknown 

but, the studies have laid a foundation for examining the function of sufT in other bacteria, 

including mycobacteria. 

1.6 Study rationale 

 
M. tuberculosis is one of the leading causes of death globally and with drug resistant TB on 

the rise (WHO, 2017) there is an urgent need to find new anti-TB drugs and drug targets. 

Increasing our understanding of the physiology of M. tuberculosis can aid in elucidating novel 

essential pathways, which can be used as new drug targets (Hensel & Holden, 1996; Welch, 
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2015). One such pathway is the Fe-S cluster biogenesis pathway, which is required for the 

synthesis of Fe-S cluster in vitro (Huet et al., 2005). The genome of M. tuberculosis encodes 

a single SufT protein and it is highly conserved in all mycobacteria (Mashruwala et al. 2016). 

To date, there are only three published studies on the functional characterisation of SufT in 

bacteria (Mashruwala et al., 2017; Mashruwala et al., 2016; Sasaki et al., 2016) but none in 

mycobacteria.  

Evolutionary data suggests that sufT was recruited to the operon suggesting that it functions 

as part of the operon. Studies in other bacteria (Mashruwala et al., 2016a; Mashruwala et al., 

2016b; Sasaki et al., 2016) have already alluded to the involvement of sufT in Fe-S biogenesis 

during conditions of low iron and/ or high Fe-S demand. During infection, the host uses iron 

starvation and oxidative stress to kill M. tuberculosis but in turn, the bacteria upregulates 

transcription of the suf operon as part of its’ adaptive response to the oxidative stress (Voskuil 

et al, 2011) and iron limitation (Rodriguez et al., 2002) enabling it to survive and proliferate. 

Mycobacteria use the suf operon as the primary Fe-S biogenesis pathway and the suf operon 

is essential to the survival of M. tuberculosis (Huet et al., 2005), therefore understanding the 

role of each protein in the operon is crucial to fully understanding how it contributes to 

pathogenesis. In addition, because the host cells do not use the suf system for Fe-S 

biogenesis (Lill & Mϋhlenhoff, 2006), the suf operon of M. tuberculosis presents a potential 

novel drug target.  

1.7 Approach 

 
This study utilised targeted gene deletion and phenotypic characterisation of the resulting 

mutant to investigate the role of SufT in the physiology of mycobacteria. Mycobacterium 

smegmatis, a non-pathogenic, fast-growing mycobacteria, which is closely related to M. 

tuberculosis, was used as a model organism. An M. smegmatis sufT mutant strain harbouring 

an in-frame, unmarked deletion in the sufT gene was generated by homologous 

recombination. The wild-type, mutant and genetically complement mutant were subsequently 

subjected to phenotypic studies to evaluate effect of the loss of SufT on the bacteria. 

1.8 Hypothesis 

 
The SufT protein in mycobacteria is involved in de novo synthesis of Fe-S clusters under 

conditions of cell stress and/or high Fe-S cluster demand. 
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1.9 Aim 

 
This study aimed to investigate the role of SufT in Fe-S cluster synthesis and physiology of 

mycobacteria, using M. smegmatis as a model organism. 

1.9.1 Objectives: 

1. Generate an M. smegmatis sufT mutant and genetically complemented strain. 

2. Evaluate the planktonic growth of the M. smegmatis sufT mutant under standard 

culture conditions. 

3. Evaluate the activity of Fe-S cluster containing enzymes in the M. smegmatis sufT 

mutant. 

4. Evaluate the impact of oxidative stress on the M. smegmatis sufT mutant. 

5. Evaluate the drug sensitivity of the M. smegmatis sufT mutant. 

6. Evaluate the planktonic growth of the M. smegmatis sufT mutant under iron limiting 

conditions 

7. Evaluate the ability of the M. smegmatis sufT mutant to form biofilms under standard 

culture and iron limiting conditions. 
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Chapter 2: Materials and Methods 

2.1 Bacterial strains and culture conditions 

2.1.1 Standard culture 

 
Escherichia coli strains were cultured aerobically in lysogeny broth (LB) at 37ºC in a shaking 

incubator (180rpm) or on lysogeny broth agar (LA). When necessary, ampicillin (Amp) 100 

µg/ml, kanamycin (Km) 50 µg/ml, tetracycline (Tet) 10 µg/ml, hygromycin (Hyg) 150 µg/ml, 

sucrose (5%) and 5-bromo-4 chloro-3 indolyl β-D-galactosidase (X-gal) 40 µg/ml were added. 

Mycobacterium smegmatis strains were cultured aerobically in Middlebrook 7H9 media (Difco) 

supplemented with 0.085% NaCl, 0.2% glucose, 0.2% glycerol and 0.05% Tween 80 (7H9 

GST) at 37ºC in a shaking incubator (180rpm)  or on Middlebrook 7H10 media supplemented 

with 0.085% NaCl, 0.2% glucose and 0.5% glycerol (7H10 GS). Where necessary, Amp (100 

µg/ml), Hyg (150 µg/ml), Km (50 µg/ml),  sucrose (2%) and X-gal (40 µg/ml) were added.  

M. smegmatis strains were cultured for biofilm formation in Sauton’s media (pH 7.4) containing 

0.05% KH2PO4, 0.05% MgSO4, 0.4% L-asparagine, 0.2% citric acid, 0.005% ferric ammonium 

citrate, 6% glycerol and 0.1% zinc sulphate (ZnSO4). Where necessary, Hyg (150 µg/ml) was 

added. 

2.1.2. Iron limitation 

 
M. smegmatis strains were cultured in a Chelex® 100 resin treated mineral defined media 

(MM) prepared as follows: A solution (pH 6.8) of 0.5% L-asparagine, 0.5% potassium 

dihydrogen phosphate (KH2PO4), 0.5% bovine serum albumin (BSA) and 0.2% glucose was 

treated with 5% (w/v) Chelex® 100 resin (Bio-Rad) for 24 hours at 4ºC, and the solution filter 

sterilised and supplemented with metals 0.00001% manganese sulphate (MnSO4), 0.0001% 

zinc sulphate (ZnSO4) and 0.005% magnesium sulphate (MgSO4) to generate mineral defined 

media (MM). Where necessary, Hyg (150 µg/ml) was added. The MM was stored at 4ºC. 

Bacterial strain stocks were frozen at -80oC for long-term storage. E. coli strains were stored 

in 66% glycerol and M. smegmatis strains were stored in the culture media. Bacterial strains 

used in this study are listed in Table 2.1. 
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Table 2. 1. List of bacterial strains used and generated in this study. 

Strain Strain description  Source/Reference 

Escherichia coli 

XL1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 lac [F  ́proABlacIqZ∆M15 Tn10]; Tetr 

Stratagene 

Mycobacterium smegmatis 

mc2155-1 ept-1 (efficient plasmid transformation) 

mutant of mc26. 

Snapper et al., 1990 

ΔsufT Derivative of mc2155 with a deletion in sufT 

from codons 12 to 93. 

This study 

ΔsufT (pSE3127) Derivative of ΔsufT carrying a copy of the 

sufT gene on the vector pSE3127 (Table 

2.2), Hygr. 

This study 

mc2155-2 ept-1 (efficient plasmid transformation) 

mutant of mc26 (a different laboratory stock 

to mc2155-1). Used by Fang et al., 2017. 

Snapper et al., 1990  

ΔMycP3ms Derivative of mc2155-2 with a deletion in 

mycP3 (encoding mycosin 3) 

Fang et al., 2017 

ΔMycP3ms::pr1mycP3ms 

 

Derivative of ΔMycP3ms carrying a pMV306-

pr1-mycP3 vector stably integrated into the 

mycobacterial attB site, Hygr 

Fang et al., 2017 

 

 

2.1.3 Assessment of bacterial growth 

 
Cell density was assessed by measuring the optical density at 600 nm (OD600) using the 

Ultrospec 4051 (LKB Biochrom) UV-visible spectrophotometer in liquid cultures and viability 

assessed by enumerating colony forming units (CFUs) on solid media. Biofilm formation was 

assessed by macroscopic observation, and the biofilm biomass was quantified by calculating 

total protein in whole cell lysates (WCLs) using the Bradford assay (Bradford, 1976). 
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2.1.3.1 Preparation of whole cell lysates 

 

2.1.3.1.1 Standard culture biofilms 

 
WCLs were prepared from the biofilm biomass as previously described (Lundblad & Struhl, 

2008) with some modifications. Briefly, the liquid below the biofilm biomass was aspirated and 

the biomass resuspended in the well in 1 ml 0.01% Triton X-100, mixed using a Pasteur pipette 

and incubated at room temperature for 30 mins. After 30 mins the suspension was mixed 

again and then transferred to a 2 ml screw cap tube with 0.1 mm glass beads. Samples were 

lysed by bead beating 4 times for 20s at 4.5 m/s with 2-minute rest periods on ice between 

the lysis steps in a Thermo Savant FastPrep FP120 Cell Homogenizer. The cells were 

centrifuged at 24 100 x g for 15 mins at 4ºC to remove the cellular debris. The total protein in 

the supernatant was quantified using a Bradford assay. 

2.1.3.1.2 Iron limitation biofilms 

The WCLs were prepared as previously described for standard culture biofilms with one 

modification. The liqud below the biofilm biomass was not aspirated instead, Triton X-100 was 

added directly to each well at a final concentration of 0,01% to solubilise the biofilm. 

2.1.3.2 Bradford Assay 

 
A standard curve was generated using bovine serum albumin (BSA) which was diluted in 

0.01% Triton X-100 to give final concentrations of 0, 0.05, 0.1, 0.2, 0.3 and 0.4 mg/ml. The 

whole cell lysates were also diluted 1:5, 1:10 and 1:20 to determine the dilution that would fall 

within the linear range of the standard curve, and 1:10 chosen as the optimal dilution. The 

Bradford assays were then done as previously described (Bradford, 1976) with some 

modifications. The assay was done in a 96 well plate.  Bradford reagent (Bio-Rad) (200 µl) 

was added to whole cell lysates or BSA standards (10 µl) in triplicate and incubated in the 

dark for 15 mins. The absorbance was read at 595 nm using the KC4 program on a Bio-Tek 

Synergy HT plate reader. The gradient of the standard curve was used to determine the 

protein concentration(mg/ml) in each sample using the following equation:  

Average Absorbance (595 nm) – Average Blank Absorbance  x Dilution factor 

                         Gradient of standard curve 
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2.2 DNA isolation 

 

2.2.1 Plasmid DNA isolation and purification from E. coli 

 

The Wizard® Plus SV Minipreps DNA Purification System (Promega) and the NucleoBond® 

PC100 Plasmid DNA Purification kit (Macherey-Nagel) were used according to the 

manufacturer’s instructions for small-scale and large-scale DNA isolation and purification 

respectively. Plasmid DNA was quantified using the NanoDrop ND-1000 Spectrophotometer 

and stored at -20oC. Bacterial plasmids used and generated in this study are listed in Table 

2.2. 

Table 2. 2. List of bacterial plasmids used and generated in this study. 

Name Description Source 

pJET1.2 Positive selection linearized blunt end cloning 

vector, with lethal restriction enzyme insert 

that is disrupted by ligation of a DNA insert into 

the cloning site, Ampr. 

CloneJet 

pJET3127US Derivative of pJET1.2 containing the 3127US 

DNA fragment (1953 bp product including 

1920 bp upstream of sufT and 33 bp of the 5’ 

end of sufT) cloned into the blunt end cloning 

position. 

This study 

pJET3127DS Derivative of pJET1.2 containing the 3127DS 

DNA fragment (2029 bp product including 64 

bp of the 3’ end of sufT and 1965 bp 

downstream of sufT) cloned into the blunt end 

cloning position. 

This study 

pJET3127 Derivative of pJET1.2 containing the functional 

sufT gene including 26 bp upstream and 17bp 

downstream of sufT cloned in the blunt end 

cloning position 

This study 

Table 2.2 continued on the next page 
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Table 2.2 continued 

Name Description Source 

p2NIL Vector which contains origin of replication for E. 

coli but not mycobacteria that is used for 

homologous recombination, Kmr.  

Parish & 

Stoker, 2000 

p2NILΔsufT Derivative of p2NIL recombination vector 

containing the 3127US and 3127DS DNA 

fragments directionally cloned between KpnI 

and HindIII, Kmr. 

This study 

pGOAL17 Plasmid with the lacZ and sacB genes as a PacI 

selection cassette, Ampr. 

Parish & 

Stoker, 2000 

p2NILΔsufTpGOAL17 Derivative of P2NILΔsufT suicide delivery 

vector containing lacZ and sacB genes from 

pGOAL17 allowing selection and counter 

selection of mutants, Kmr.  

This study 

pSE100 Episomal vector for the expression of genes 

from a PmycTetO promoter, high copy number 

in E. coli and low in mycobacteria, Hygr 

(Addgene: Plasmid #17972). 

Alland et al., 

2000 

pSE3127 Derivative of pSE100 with the intact M. 

smegmatis functional sufT gene including 26 bp 

upstream of sufT and 17 bp downstream of 

sufT, directionally cloned  between BamHI and 

HindIII and expressed from the PmycTetO 

promoter, Hygr. 

This study 

 

2.2.2 Genomic DNA extraction from M. smegmatis 

 
2.2.2.1 Large scale genomic DNA extraction 

Genomic DNA from M. smegmatis was extracted as previously described (Wilson, 2001) with 

some modifications. Bacteria were scraped off a 7H10 GS plate, dispensed into 1 ml of 7H9 

GST media and vortexed to obtain a homogenous suspension. The suspension was then 

centrifuged at 13 900 x g for 2 minutes (mins) to pellet the cells. The supernatant was 

discarded, and cells resuspended in 500 µl of Tris(hydroxymethyl)aminomethane- 

Ethylenediamine tetra-acetic acid (TE) buffer pH 8.0 (10mM Tris-Cl, 1mM EDTA) and vortexed 

to obtain a homogenous suspension. Lysozyme (10 mg/ml) was added to a final concentration 
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of 130.4 µg/ml, the suspension vortexed gently and incubated at 37ºC overnight. RNase A (10 

mg/ml) was added to a final concentration of 80 µg/ml and the suspension incubated at 37ºC 

for 2 hours (hrs). Sodium dodecyl sulphate (SDS) (10%) and proteinase K (10 mg/ml) were 

added to a final concentration of 71.3 µg/ml proteinase K in 1% SDS and incubated at 65ºC 

for 10 mins. Sodium chloride (5M) and cetyltrimethylammonium bromide (CTAB)/sodium 

chloride solution (NaCl) (10% CTAB in 0.7M NaCl) were added to a final concentration of 1% 

CTAB in 0.7M NaCl and the suspension vortexed and incubated at 65º for 10 mins. After 

incubation, 750µl chloroform-isoamyl alcohol (24:1 v/v) was added and mixed gently by 

inversion. The biphasic solution was centrifuged at 13 500 x g for 5 mins at 4ºC to separate 

the aqueous and organic phases. The upper aqueous phase containing the DNA was carefully 

collected into clean Eppendorf tubes and the DNA precipitated by adding 450 µl of isopropanol 

and incubating at -20º for 1 hour. The DNA was pelleted by centrifugation at 13 500 x g for 15 

mins. The DNA was washed in 70% ethanol, air dried at 42ºC and resuspended in 100 µl of 

TE buffer at 42ºC overnight. The DNA was quantified using the NanoDrop ND-1000 

Spectrophotometer and the quality was assessed on a 1% agarose gel to confirm that the 

DNA was not degraded. 

2.2.2.2 Small scale crude genomic DNA extraction 

 
Single M. smegmatis colonies were resuspended in 50 µl phosphate buffered saline in 0.05% 

Tween 80 (PBST) and boiled at 95ºC for 15 mins. Following boiling, the solution was 

centrifuged at 13 900 x g  for 2 mins to pellet the cell debris. The DNA containing supernatant 

was collected in sterile Eppendorf tubes and used for PCR amplification. 

2.3 Cloning 

 
E. coli XL1 Blue was used for all cloning experiments. DNA manipulations were performed 

according to standard protocols (Sambrook et al., 1989; Sambrook and Russel, 2001). 

2.3.1 Polymerase Chain Reaction (PCR) 

 
Primers were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) software. All the 

primers used in this study are listed in Table 2.3. Optimal PCR parameters were determined 

using Faststart™ Taq DNA polymerase (Roche Diagnostics) in a 25 µl PCR mix containing; 

1x PCR buffer with 2 mM Magnesium chloride (MgCl2), 1x GC rich solution, 200 µM 

deoxyribonucleotide triphosphates (dNTPs), 0.5 µM primers (Table 2.3), 1 U Faststart™ Taq 

DNA polymerase and 50 ng template DNA. The following cycling conditions were used: 

denaturation (94ºC) for 5 mins, 35 cycles of denaturation (94ºC) for 30 seconds (s), annealing 

(60ºC) for 30 s and elongation (72ºC) for 2 mins, with a final elongation step (72ºC) for 7 mins.  
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Gene regions were amplified from genomic DNA using the Phusion® High-Fidelity DNA 

polymerase (Thermo Fisher Scientific). The Phusion® polymerase PCR reactions were set up 

in a 50 µl PCR mix containing; 1x Phusion® High-Fidelity buffer, 1x GC rich solution, 200 µM 

dNTPs, 0.5 µM primers (Table 2.3), 1 U Phusion® High-Fidelity DNA polymerase and 50 ng 

template DNA. The following cycling conditions were used: denaturation (98ºC) for 1 min, 35 

cycles of denaturation (98ºC) for 15 s, annealing (60ºC) for 30 s and elongation (72ºC) for 2 

mins, with a final elongation step (72ºC) for 7 mins. 

Table 2. 3. List of primers used in this study 

Gene/ 

Region 

Primer name Sequence 

 (5’-3’)  

Description Mutation 

sufT 

upstream 

deletion 

MSMEG_3127 

USF 

AAGCTTCTGCT

GATCACGCACT

ACAC(KpnI) 

1953 bp product 

including 1920 

bp upstream of 

sufT and 33 bp 

of the 5’ end of 

sufT (Fig. 2.1) 

The sufT upstream 

region deletion and 

downstream region 

deletions are used 

in combination to 

delete 82 of the 115 

amino acids of sufT 

(codon 12 to codon 

93) 

MSMEG_3127 

USR 

GAATTCGCATG

GCCTCTTCGAT

GTC(EcoRI) 

sufT 

downstream 

deletion 

MSMEG_3127 

DSF 

GAATTCCGGAC

AAGATCACCGA

CGAC(EcoRI) 

 

 

 

2029 bp product 

including 64 bp 

of the 3’ end of 

sufT and 1965 

bp downstream 

of sufT (Fig. 2.1) 

MSMEG_3127 

DSR 

GGTACCTTCAC

GTGGCGAACAT

CAGA (HindIII) 

Table 2.3 continued on the next page 
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Table 2.3 continued 

Gene/ 

Region 

Primer 

name 

Sequence 

 (5’-3’)  

Description Mutation 

sufT 3127 Comp 

FWD 

GGATCCGGTGAGAGG

GAGGACAACC(BamHI) 

386 bp product including 

26 bp upstream of sufT 

17 bp down stream of 

sufT 

N/A 

3127 Comp 

RVS 

AAGCTTCCGCCCGACT

GATCAGAC(HindIII) 

Sequencing primers 

N/A pJET1.2 

FWD 

CGACTCACTATAGGGA

GAGCGGC 

pJET1.2 forward 

sequencing primer 

N/A 

N/A pJET1.2 

RVS 

AAGAACATCGATTTTC

CATGGCAG 

pJET1.2 reverse 

sequencing primer 

N/A 

sufT 3127 

Internal 

RVS 

CGAGGTCAACGTCAT

GTCG 

sufT  reverse internal 

sequencing primer 

N/A 

sufT USintFWD CGTTCTCGGGGCACA

AGA 

sufT  upstream region 

forward internal 

sequencing primer 

N/A 

sufT USintRVS GGAAAACCGCGGATC

CCC 

sufT  upstream region 

reverse internal 

sequencing primer 

N/A 

sufT DSintFWD TCGAACAGGGCGGTG

TAG 

sufT downstream region 

forward internal 

sequencing primer 

N/A 

sufT DSintRVS ATCAAGCACCAGATCG

ACAC 

sufT  downstream region 

reverse internal 

sequencing primer 

N/A 

 

2.3.2 DNA sequencing 

 
Sanger sequencing of all PCR products was done at the Central Analytical Facilities-DNA 

Sequencing Unit at Stellenbosch University. Sequencing data was analysed using 

Sequencher DNA Sequence Analysis Software (Gene Codes). Sequencing primers used in 

this study are listed in Table 2.3. 
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2.3.3 Agarose gel electrophoresis 

 
Agarose gel electrophoresis was used to separate and visualise DNA fragments. 1-2% 

agarose gels were prepared in 1x Tris-acetate-EDTA (TAE) buffer (40mM Tris, 20 mM acetic 

acid, 1 mM EDTA) containing 0.5 µg/ml ethidium bromide. 1% gels were used to separate 

intermediate to high molecular weight fragments and 2% gels were used for low molecular 

weight fragments (< 1kb). Electrophoresis was done at 80-100 volts and the DNA visualised 

using a gel fluorescence (UV-light) imaging system (Bio-Rad). Appropriate DNA molecular 

weight markers (Roche Biochemicals) were used to estimate DNA fragment sizes. 

2.3.4 DNA fragment extraction and purification from agarose gels 

 
When required, DNA fragments were excised from the agarose gel after electrophoresis under 

blue light using the Dark Reader™ transilluminator DR-88M (Clare Chemical Research) and 

purified using the Wizard® SV gel and PCR Clean-Up system (Promega) following the 

manufacturer’s instructions. The DNA was quantified using the NanoDrop ND-1000 

Spectrophotometer. All DNA fragments that were excised from agarose gels were not 

visualised under UV light as this could potentially damage the DNA and introduce spontaneous 

mutations.  

2.3.5 Restriction endonuclease digestion 

 
Restriction endonucleases and their buffers were obtained from Roche Diagnostics and New 

England Biolabs and the restriction enzyme digestions were set up according to the 

manufacturer’s instructions. Plasmid DNA (0.5-1 µg) was digested in a total volume of 10-20 

µl for 1 hour and genomic DNA (2-4 µg) was digested overnight in a total volume of 25-50 µl. 

All digests were incubated at 37ºC and heat inactivated at 65ºC for 15 mins. The DNA 

fragments were separated by gel electrophoresis (section 2.3.4) and purified by gel extraction 

(section 2.3.4). 

2.3.6 Ligation reactions 

 
Digested purified plasmid and insert DNA were ligated using T4 DNA ligase (Roche 

Diagnostics) according to the manufacturer’s instructions. Ligation reactions were incubated 

at room temperature for 3 hrs or at 4ºC overnight and inactivated at 65ºC for 10 mins. For 

optimal transformation efficiency, a 1:3 vector to insert ratio was used and calculated as 

follows: 

Concentration of insert DNA (ng) = size of insert (bp) × concentration of vector DNA 

                                                                         size of vector (bp)     
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The ligation reactions were subsequently transformed into chemically competent E. coli XL1 

Blue cells. 

 

2.4 Transformation of E. coli XL1 Blue cells 

2.4.1 Preparation of E. coli XL1 Blue chemically competent cells 

 
A 500 ml culture of E. coli XL1 Blue was grown to an OD600 of approximately 0.5 in LB with Tet 

(10 µg/ml). The culture was cooled on ice for 15 mins then harvested by centrifugation at 3 

220 x g for 10 mins at 4ºC. The supernatant was poured off and the bacterial pellet 

resuspended in 60 ml TfbI (100mM rubidium chloride (RbCl), 50 mM manganese chloride, 30 

mM potassium acetate, 10 mM calcium chloride (CaCl2) and 15% glycerol) then chilled on ice 

for 15 mins. The cells were harvested by centrifuging at 3 220 x g for 5 mins at 4ºC. The 

supernatant was poured off and the cells were resuspended in 6 ml TfbII (10 mM 3-(N-

morpholino) propanesulfonic acid (MOPS), 10 mM RbCl, 75 mM  CaCl2 and 15% glycerol). 

Aliquots (150 µl) were made, flash frozen in liquid nitrogen and stored at -80ºC. 

2.4.2 Transformations 

 
Chemically competent E. coli XL1 Blue cells were thawed on ice and 50 µl of cells aliquoted 

per reaction. A volume of 2 µl of a ligation reaction was added to the cells and incubated on 

ice for 5 mins. A “no-DNA” control with E. coli XL1 Blue cells was included to assess 

spontaneous drug resistance of the competent cells and a positive control using an uncut 

vector to assess transformation efficiency  After incubation, the transformation mix was heat 

shocked for 90 s at 45ºC to allow DNA uptake. The mixture was immediately placed on ice for 

5 mins.  LB (800 µl) was added to each transformation mix and incubated at 37ºC for 1 hour 

to facilitate cell recovery. Following recovery, the cells were spread on LA plates containing 

the appropriate antibiotics, incubated at 37ºC overnight and plates were assessed for growth 

of bacterial colonies. 

2.5 Transformation of M. smegmatis by electroporation 

 

2.5.1 Preparation of electrocompetent M. smegmatis cells 

 
Electrocompetent M. smegmatis cells were prepared as previously described (Goude & 

Parish, 2008) with some modifications. Briefly, a preculture of M. smegmatis was grown in 

7H9 GST media from a freezer stock. The preculture was used to inoculate 100 ml 7H9 GST 

(to a starting OD600 of 0.005) and the cells were grown at 37ºC with shaking to an OD600 of 
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approximately 1. The culture was chilled on ice for 15 mins and harvested by centrifugation at 

3 220 x g for 10 mins at 4ºC. Cells were washed and resuspended in 100 ml 10% glycerol 

containing 0.05% Tween 80. The wash step was repeated by resuspending the cells in 

decreasing volumes of 10 % glycerol containing 0.05% Tween 80: 50 ml (2nd wash), 20 ml (3rd 

wash) and 10 ml (final wash). After the final wash, the cells were resuspended in the minimum 

volume of 10% glycerol (containing 0.05% Tween 80) required to do electroporation. 

2.5.2 Electroporation of M. smegmatis  

 
Chilled electrocompetent M. smegmatis cells (400 µl) were placed in a 0.2 cm Gene Pulser 

electroporation cuvette (Bio-Rad) and mixed with 5 µg of purified plasmid DNA (knockout 

constructs) or 0.5-1 µg purified plasmid DNA (replicating or integrating plasmids). The 

electroporation was done in the Gene Pulser Xcell™ (Bio-Rad) with the following settings: 2.5 

kV, 25 µF and 1000 Ω. Following each electroporation, 7H9 GST media (800 µl) was added 

to each cuvette and incubated for 3 hours at 37ºC to allow the cells to recover. Following 

recovery, the cells were spread on 7H10 GS plates containing the appropriate antibiotics and 

incubated at 37ºC for 4-5 days. After incubation, the plates were assessed for growth of 

bacterial colonies. A no-DNA negative control with only M. smegmatis cells was included to 

assess spontaneous drug resistance of the competent cells. A positive control using pSE100 

(Table 2.2) was also included to verify transformation efficiency and cell competency. 

2.6 Construction of the ΔsufT knockout mutant 

 
The M. smegmatis ΔsufT knockout mutant was constructed by two-step allelic exchange as 

previously described (Parish and Stoker, 2000) and illustrated in Figure 2.1. 

2.6.1 Construction of ΔsufT allelic exchange vector 

 
2.6.1.1 Generation of upstream and downstream regions for allelic exchange 

 
The allelic exchange homologous upstream (3127US) and downstream (3127DS) DNA 

fragments were generated by PCR using Phusion® High-Fidelity DNA polymerase (section 

2.3.1) and primers listed in Table 2.3. The 3127US and 3127DS PCR products were separated 

on agarose gels (section 2.3.3), gel purified (section 2.3.4) and ligated (section 2.3.6) into the 

sequencing vector pJET1.2 (Table 2.2). The ligation reaction was transformed into competent 

E. coli XL1 Blue cells (section 2.4.2). Colonies from the 3127US and 3127DS transformation 

plates were selected and cultured for plasmid DNA amplification (pJET3127US and 

pJET3127DS) (Table 2.2) and extraction (section 2.2.1). Restriction endonuclease digests 

(section 2.3.5) were performed to verify the presence of the insert DNA. Plasmids containing 
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the correct insert sizes were Sanger sequenced (section 2.3.2) to confirm that no mutations 

were introduced during PCR amplifications.  

2.6.1.2 Three-way cloning into p2NIL 

 
Following sequencing, the 3127US and 3127DS DNA fragments, were excised from 

pJET3127US using HindIII and EcoRI and from pJET3127DS using KpnI and EcoRI, 

respectively. The suicide vector p2NIL (Table 2.2) was digested with HindIII and KpnI and gel 

purified. A three-way ligation with purified 3127US, 3127DS and p2NIL fragments was done, 

and the reaction transformed into competent E. coli XL1 Blue cells. Potential clones were 

selected and screened by PCR. Restriction endonuclease digests were performed to verify 

the three-way ligation and construction of the p2NILΔsufT vector (Table 2.2). 

2.6.1.3 Selectable marker cloning 

 
The PacI gene cassette containing lacZ and sacB genes from pGOAL17 (Parish & Stoker, 

2000) was cloned into the PacI site of p2NILΔsufT to construct the p2NILΔsufTpGOAL17 

vector (Table 2.2) as illustrated in Figure 2.1 and transformed into competent E. coli XL1 Blue 

cells. Cells were plated on media containing X-gal and blue colonies containing potential 

clones were selected and their plasmid DNA isolated and purified. The insertion of the PacI 

cassette was confirmed by restriction endonuclease digests. Functionality of the sacB gene 

was confirmed by plating on LA containing 5% sucrose.  

2.6.2 Generation of single cross over (SCOs) 

 
Large scale plasmid isolation of p2NILΔsufTpGOAL17 was done and the purified plasmid DNA 

was used to transform competent M. smegmatis mc2155 cells (section 2.5). SCOs were 

selected on 7H10 plates containing Km and X-gal. SCOs were subsequently resuspended in 

PBST and spotted on 7H10 plates containing 2% sucrose to confirm the presence of the sacB 

gene. 

SCOs were blue, kanamycin resistant and sucrose sensitive. This is because they contain the  

lacZ gene, which expresses β-galactosidase that degrades X-gal and forms a blue product in 

transformed colonies, and a sacB gene, which expresses levansucrase which generates a 

toxic by-product when degrading sucrose therefore, only transformants that have gained this 

marker will die when grown in 5% sucrose. To confirm their genotype, chromosomal DNA was 

extracted from the SCOs (section 2.2.2.2) and a colony PCR was done using the primers 3127 

comp fwd and 3127 comp rvs (Table 2.3) and the following PCR parameters: denaturation 

(95ºC) for 4 mins, 35 cycles of denaturation (95ºC) for 30s, annealing (60ºC) for 30s and 

elongation (72ºC) for 1 min, with a final elongation step at 72ºC for 7 mins. Two bands of 386 
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bp and 196 bp are expected because they represent the wild-type and mutant alleles 

respectively, both of which are present in the SCOs (Fig. 2.1).  The SCOs  identified by PCR 

were further confirmed by Southern blot analysis. 

 

     

Figure 2. 1. Construction of a sufT knockout mutant by two-step allelic exchange. This figure was 

adapted from Parish & Stoker, 2000. 

2.6.3 Generation of double cross over mutants (DCOs)  

 

Genotypically confirmed SCOs were selected and counter-selected for the second 

homologous recombination event performed by culturing in 7H9 GST lacking Km, and 

selection on 7H10 GS containing 5% sucrose. X-gal was also added to aid selection of DCOs. 

Double cross over mutants (DCOs) lose the vector carrying the selectable markers and 

counter selectable markers during the second homologous recombination event (Fig. 2.1).  

They were therefore white colonies that are Km sensitive and sucrose resistant. DCOs can 

either revert to the wild-type genotype or to the mutant genotype. To distinguish between the 

two, chromosomal DNA was extracted from DCOs (Section 2.2.2.2) and screened by PCR 

using primers 3127 comp fwd and 3127 comp rvs (Table 2.3) and the following PCR 

parameters: denaturation at 95ºC for 4 mins, 35 cycles of denaturation at 95ºC for 30s, 

annealing at 60ºC for 30s and elongation at 72ºC for 1 min, with a final elongation step at 72ºC 

for 7 minutes. The expected sizes were 380 bp for the wild-type and 196 bp for the mutant 
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genotype. DCOs identified by PCR were then assessed by Southern blot analysis to confirm 

their genotype. 

2.7 Southern Blot analyses 

 
Southern blot analysis was done as previously described (Warren et al., 2009) with some 

modifications. 

2.7.1 Southern transfer 

 
Approximately 2-4 µg of genomic DNA (section 2.2.2.1) from the wild-type, mutants and SCO 

strains was digested overnight at 37ºC with either SmaI or EcoRI. The genomic DNA 

fragments were separated by gel electrophoresis at 80 V in a 1% agarose gel for 

approximately 3 hours (hrs). The gels were removed from the tray, incubated  in 0.01% (v/v) 

(10 mg/ml) ethidium bromide with gentle shaking for 20 mins and visualized (section 2.3.3) to 

confirm complete enzyme digestion. The gels were placed inverted into two separate labelled 

containers (SmaI and EcoRI) and washed in denaturing buffer (1.5 M sodium chloride (NaCl) 

and 0.5 M sodium hydroxide (NaOH)) for 30 mins at room temperature with gentle shaking. 

The denaturing buffer was removed, and gels washed in neutralising buffer (1.5M NaCl and 

0.5 M Tris(hydroxymethyl)aminomethane (Tris-HCl)) for 30 mins at room temperature with 

gentle shaking, then equilibrated in transfer buffer (pH 7.4) (3 M NaCl, 0.2 M sodium di 

hydrogen phosphate hydrous (NaH2PO4.H2O) and 20 mM EDTA). Transfer buffer was poured 

into the reaction tray and the DNA was transferred from the gel on to a nitrocellulose 

membrane (Hybond) by capillary action for 16 hrs. The membranes were washed in 2X 

transfer buffer for 10 mins at room temperature, placed between a cover of Whatman paper 

and baked at 80ºC for 2 hrs to fix the DNA onto the membrane. 

2.7.2. Preparation of the DNA probes by PCR 

 
The 3127US and 3127DS DNA fragments were used as probes for the SmaI and EcoRI 

digested chromosomal DNA respectively. They were generated as previously described 

(section 2.3.1).  

2.7.3 Pre-hybridisation  

 
The membranes were rehydrated in water and partially sealed in separate plastic bags. ECL™ 

(25 ml) gold buffer was added to each plastic bag, the bags were sealed and incubated at 

42ºC for at least 1 hr in a shaking water bath. 
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2.7.4 ECL labelling of probe 

 
Each probe (200 ng) (section 2.7.2) was made up in a total volume of 15 µl, incubated at 

100ºC for 5 mins to denature the probe, then placed on ice for 5 mins. The Amersham™ 

ECL™ Direct Nucleic Acid Labelling System (GE Healthcare) labelling solution (15 µl) and 

glutaraldehyde mix (15 µl) were added to each probe, mixed well and incubated at 37ºC for 

10 mins to allow labelling of the probes. 

2.7.5 Hybridisation 

 
The labelled probes were added to ECL gold buffer of the corresponding membrane, air 

bubbles removed, the bags re-sealed and incubated for 16 hrs at 42ºC in a shaking water 

bath. The membrane was washed twice in primary wash buffer (pre-warmed to 42ºC) (6 M 

urea, 0.01M SDS, 37.5 mM NaCl and 3.75 mM tri-sodium citrate (Na3C6H5O7)) in a water bath, 

with shaking at 42ºC. This was followed by two wash steps at room temperature for 5 mins in 

hybridisation buffer (300 mM NaCl and 30 mM Na3C6H5O7) with gentle shaking. 

2.7.6 Detection of hybridisation 

 
The membranes were placed in clean plastic sleeves and all excess fluid was removed. A 

detection reagent mix was made by mixing 4 ml of each of the Clarity™ Western ECL substrate 

peroxide and luminol/enhancer solutions (Bio-Rad), then 4 ml of the detection reagent mix 

was added to each membrane. The plastic sleeves were sealed, and the detection reagent 

mix spread over the membranes for 90 seconds. All the excess reagents were removed, the 

plastic sleeves wiped dry and placed in an X-ray cassette. In the dark room, the membranes 

were exposed to X-ray film for an optimal time (1 min to 1 hr). 

2.8 Genetic complementation 

2.8.1 Generation of the sufT complementation vector 

 
A functional copy of the sufT gene including 26 bp upstream of the start codon and 17 bp 

downstream of the stop codon, was generated by PCR using the Phusion® DNA polymerase 

and the primers listed in Table 2.3 and the following PCR parameters: denaturation (98ºC) for 

1 min, 35 cycles of denaturation at 98ºC for 15s, annealing at 62ºC for 30s and elongation at 

72ºC for 30s, with a final elongation step at 72ºC for 7 mins. The PCR products were separated 

on agarose gels (section 2.3.3), gel purified (section 2.3.4) and ligated (section 2.3.6) into the 

sequencing vector pJET1.2. Competent E. coli XL1 Blue cells were transformed with the 

ligation mix (section 2.4.2). Transformants were selected and plasmid DNA (pJET3127) (Table 

2.2) isolated (section 2.2.1). Restriction endonuclease digests (section 2.3.5) were done to 
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verify the presence of the insert. Plasmids containing the insert were sent for Sanger 

sequencing (section 2.3.2) to confirm that no mutations were introducing during PCR 

amplification.  

2.8.2 Sub-cloning into the pSE100 expression vector 

 
Following sequencing, the sufT insert was excised from pJET3127 using BamHI and HindIII. 

The expression vector pSE100 was digested with the same enzymes and gel purified and the 

sufT insert ligated into the BamHI and HindIII site of pSE100. E. coli XL1 Blue competent cells 

were transformed with the ligation mix and transformants selected on LA plates containing 

Hyg (150 µg/ml). Potential clones were selected, and restriction endonuclease digests used 

to verify the presence of the insert and construction of the vector pSE3127 (Table 2.2). 

2.8.3 Electroporation into competent M. smegmatis ΔsufT 

 
Large scale plasmid isolation of pSE3127 was done and competent M. smegmatis ΔsufT cells 

were transformed with the purified plasmid DNA . Transformants were selected on 7H10 GS 

containing Hyg (150 µg/ml). DNA was extracted from potential transformants (Section 2.2.2.2) 

and screened by PCR using primers 3127 comp fwd and 3127 comp rvs (Table 2.3) and the 

following PCR parameters: denaturation at 95ºC for 4 mins, 35 cycles of denaturation at 95ºC 

for 30s, annealing at 60ºC for 30s and elongation at 72ºC for 1 min, with a final elongation 

step at 72ºC for 7 minutes. 

2.9 Phenotypic characterisation 

 
The M. smegmatis strains mc2155-1, ΔsufT, ΔsufT (pSE3127), mc2155-2, ΔMycP3ms and 

ΔMycP3ms::pr1MycP3ms (Table 2.1) were assessed for differences in growth kinetics, enzyme 

kinetics, sensitivity to oxidative stress, drug sensitivity and  biofilm formation. 

2.9.1 Growth kinetics 

 
The M. smegmatis strains were assessed for differences in growth kinetics under standard 

culture conditions. 

2.9.1.1 Standard culture media (7H9 GST) growth kinetics 

 
The M. smegmatis strains mc2155, ΔsufT and ΔsufT (pSE3127) were pre-cultured overnight 

in 7H9 GST from frozen stocks. The pre-cultures were used to inoculate 50 ml cultures with 

appropriate antibiotics at a starting optical density measured at 600nm (OD600) of 0.005. The 

cultures were incubated at 37ºC in a shaking incubator (180 rpm) and growth monitored at 3-
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hr intervals for 33 hrs by measuring the OD600 using the Ultrospec 4051 UV-visible 

spectrophotometer (LKB Biochrom). The experiments were done in biological triplicate.  

2.9.2 Enzyme kinetics 

 
The activity of the Fe-S cluster containing enzymes aconitase and succinate dehydrogenase 

were evaluated in the M. smegmatis strains mc2155-1, ΔsufT and ΔsufT (pSE3127). The 

strains were pre-cultured overnight in 7H9 GST from frozen stocks. The pre-cultures were 

used to inoculate 50 ml of 7H9 GST and grown to mid-log (OD600 of 0.7-1). Each sample was 

split into 2 x 10 ml samples, centrifuged at 1811 x g for 10 minutes, the supernatants 

discarded, and cells were washed by resuspending the pellets in 10 ml PBST. The cells were 

harvested at 1811 x g for 10 mins, the supernatants discarded, and the pellets stored at -80ºC. 

The M. smegmatis cell pellets were thawed on ice, resuspended in 20 mM Tris-Cl (pH 8.0) 

and transferred into 2 ml screw cap tubes containing 0.1 mm glass beads. WCLs were 

prepared as previously describe (section 2.1.3.1) with minor modification. Briefly, cell lysis was 

done 3 times for 20s at 4.5 m/s with 2-minute rest periods on ice between the lysis steps. The 

lysate was transferred to new tubes and centrifuged at 2 700 x g for 10 mins at 4ºC and 500 

µl of the supernatant was transferred to new tubes to be used in the succinate dehydrogenase 

assay. The rest of the sample was then centrifuged again at 17 950 x g for another 10 mins 

and the supernatant transferred to new tubes to be used in the aconitase assay. 

2.9.2.1 Succinate dehydrogenase activity assay 

 
The succinate dehydrogenase activity was measured using a calorimetric continuous assay 

in 96 well plate format as previously described (Munujos et al., 2003). Each sample had a 

baseline activity control in which the substrate was omitted. All samples were done in technical 

duplicate. A master mix of 750 mM Tris (pH 8.0), 10 mM EDTA, 50 mM potassium cyanide 

(KCN), 2 mM iodonitrotetrazolium chloride (INT), 1.2 mg/ml kolliphor and water was prepared 

and mixed well. Then, 66 µl master mix and 30 µl whole cell lysate were then dispensed into 

the wells on the plate. The assay was initiated by adding 4 µl succinate (0.5 M) to the test 

wells and water (to make equal reaction volumes) to the baseline activity wells. The 

absorbance was read at 550 nm every minute for 30 minutes on a Bio-Tek Synergy HT plate 

reader and analysed using the Gen3 software. The enzyme activity was calculated using the 

gradient of the linear part of the graphs generated using the equation: 

[(slope replicate 1 + slope replicate 2)/2] – [(slope baseline replicate 1 + slope baseline replicate 2)/2]  

=Succinate dehydrogenase activity/ min 
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The protein concentration in the WCLs was calculated using the Bradford assay (section 

2.1.3.2) and succinate dehydrogenase activity was expressed relative to protein concentration 

in each sample. The final succinate dehydrogenase activity was reported as enzyme activity 

per mg protein per min (activity/ mg/ minute). The assay was done in biological triplicate. 

2.9.2.2 Aconitase activity 

 
The aconitase assay was done in a 96 well plate format. Each sample had a background 

control in which the substrate was omitted, and all samples were done in technical duplicate. 

The aconitase assay was done using the aconitase activity assay kit (Sigma Aldrich) with 

some modifications. Briefly, an isocitrate standard curve (0- 20 nanomole) was generated 

following the manufacturer’s instructions. A master mix for the test samples was also prepared 

containing 1x assay buffer (23 µl), enzyme mix (1 µl) and substrate (1 µl) per sample, and for 

the background control, the substrate was replaced with water (1 µl) in the master mix. Master 

mix (25 µl) and  whole cell lysate (25 µl) were added to the wells of the plate and incubated at 

room temperature in the dark for 30 minutes. Detection reagent (5 µl) was added to each well 

and incubated in the dark for 10 minutes. The absorbance was read at 450 nm using a Bio-

Tek Synergy HT plate reader and analysed using the Gen3 software. The standard curve was  

used to determine the aconitase activity in each sample (mU/ ml) using the following equation: 

Aconitase activity= [B/ (TxV)] x sample dilution factor 

                           = nmol/minute/ml 

                           = mU/ml 

B= Average Sample Absorbance (450 nm) – Average Background Absorbance (450 nm) 

                                          Gradient of standard curve 

T= Incubation time (mins) 

V= Sample volume (ml) 

The protein concentration in the WCLs was calculated using the Bradford assay (section 

2.1.3.2) and aconitase activity was expressed relative to protein concentration for each 

sample. The final aconitase activity was reported mU/mg/ml. The assay was done in biological 

triplicate. 

2.9.3 Survival under oxidative stress conditions 

 
The M. smegmatis strains mc2155-1, ΔsufT and ΔsufT (pSE3127) were assessed for 

differences in survival following exposure to the redox cycler 2,3-dimethoxy-1,4-
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naphthoquinone (DMNQ). The strains were pre-cultured overnight in 7H9 from frozen stocks. 

The pre-cultures were then used to inoculate 50 ml of 7H9 GST and grown to mid-log phase 

(OD600 of 0.7-1).  The mid-log culture (20 ml) was then sonicated in a water bath for 12 minutes 

to separate clumping bacteria, filtered using a BD Falcon™ 40 µM cell strainer and then diluted 

to OD600 of 0.2 in 7H9 GST. Each test had a culture exposed to DMNQ (30 µM) and an 

unexposed control culture (exposed to the diluent of DMNQ, DMSO). After addition of DMNQ, 

time 0 hours of the exposed and unexposed cultures were sampled and a 10-fold serial dilution 

(10-1- 10-7) performed. The appropriate dilutions were plated on solid media in technical 

triplicate for each sample and incubated at 37ºC for 3 days. Sampling and plating were done 

every 3 hours for 12 hours. The experiment was done in biological triplicate.  

Bacterial growth was assessed by calculating colony forming units per ml (CFU/ml) using the 

formula: 

CFU/ml=  number of colonies x 10 

                  Dilution factor 

Percentage survival was then calculated using the equation: 

% Survival= CFU/ml (DMNQ exposed)  x 100 

                   CFU/ml (unexposed)     

2.9.4 Drug sensitivity testing 

 
The M. smegmatis strains mc2155-1, ΔsufT and ΔsufT (pSE3127) were assessed for 

differences in sensitivity to the anti-tuberculosis (TB) drugs clofazimine, isoniazid and 

rifampicin using the broth micro dilution method to determine the minimum inhibitory 

concentration (MIC). The strains were pre-cultured overnight in 7H9 GST from frozen stocks. 

The pre-cultures were used to inoculate 50 ml 7H9 GST and grown to a final OD600 of 

approximately 0.2- 0.3. The culture was then diluted 1:100 in 7H9 GST. The tests are done in 

the rows of sterile 96 well tissue culture plates. A volume of 50 µl of 7H9 GST was aliquoted 

into rows 2 to 12 of the plate. In the first row,100 µl of either the antibiotic, antibiotic diluent or 

media was aliquoted in technical duplicate. A 1:2 serial dilution of the drugs, diluent and media 

was done by transferring 50 µl from row 1 into row 2 and mixing well. This process was then 

repeated from row 2 to row 12 to create a 2-fold dilution series down the plate. The last 50 µl 

was discarded to bring the volume in each well to 50 µl. A volume of 50 µl of the diluted M. 

smegmatis culture were then added to all the wells of the plates. The plates were then 

incubated statically at 37ºC for 4 days. After 4 days, resazurin (final concentration 0.0046%) 

was added to all the wells in the plate and incubated overnight at 37ºC. Resazurin changes 
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from blue to pink in the presence of bacteria in respiratory growth. The plates were assessed 

visually and the drug concentration where the colour change from blue to pink was observed 

was reported as the breaking point for growth versus no growth. The MIC range reported as 

the highest drug concentration at which growth is observed and the lowest drug concentration 

at which growth is inhibited.  

2.9.5 Iron limitation growth kinetics 

 
The M. smegmatis strains mc2155-1, ΔsufT, ΔsufT (pSE3127), mc2155-2, ΔMycP3ms and 

ΔMycP3ms::pr1MycP3ms were pre-cultured overnight in 7H9 GST from frozen stocks. The pre-

cultures were washed twice harvesting by centrifugation at 1 811 x g and resuspending the 

pellet in 10 ml PBST. The washed culture was then used to inoculate 50 ml of MM with 0.05% 

Tween 80 and appropriate antibiotics at a starting OD600 of 0.005 to starve the bacteria of iron. 

Cultures were incubated at 37ºC in a shaking incubator (180 rpm) for 27 hours. After 27 hours 

the cultures were again washed in PBST as described above, then used to inoculate 50 ml 

cultures in MM with 0.05% Tween 80 at a starting OD600 of 0.005. The impact of various iron 

concentrations on growth was evaluated by adding various concentrations (0- 2 µM) of iron(III) 

chloride (FeCl3). Growth was monitored at 3-hour intervals for 56 hours by measuring OD600 

using the Ultrospec 4051 UV-visible spectrophotometer (LKB Biochrom). The experiments 

were done in plastic containers because glass leaches metals. The experiments were done in 

biological triplicate.  

2.9.6 Biofilm formation 

 
The M. smegmatis strains were assessed for differences in pellicle biofilm formation under 

standard culture conditions and under iron limitation. 

2.9.6.1 Standard culture media (Sauton’s) biofilm formation 

 
M. smegmatis pellicle biofilms were cultured in tissue culture plates as previously described 

(Kulka et al., 2012) with some modifications. Briefly, the M. smegmatis strains mc2155-1, 

ΔsufT mutant and ΔsufT (pSE3127) were pre-cultured overnight in 7H9 GST from frozen 

stocks. The pre-cultures were used to inoculate 50 ml cultures and grown to mid-log phase 

(OD600 of 0.7-1). The bacteria were then diluted 1:100 in Sauton’s media and 2.4 ml of each 

culture was aliquoted in technical triplicate in a 24 well plate. The plate was sealed with several 

layers of parafilm to prevent media evaporation which can retard bacterial growth and 

incubated statically at 37ºC for 5 days.  
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Pellicle biofilm formation was assessed by macroscopic observation and the biofilm biomass 

was quantified by calculating total protein using the Bradford assay (Bradford, 1976) (section 

2.1.3).  

2.9.6.2 Iron limitation pellicle biofilm formation 

 
The iron limitation pellicle biofilms were cultured like the standard culture pellicle biofilms 

(section 2.9.2.1) with some modifications. Briefly, the M. smegmatis strains mc2155-1, ΔsufT, 

ΔsufT (pSE3127), mc2155-2, ΔMycP3ms,  ΔMycP3ms::pr1MycP3ms were pre-cultured overnight 

in 7H9 GST from frozen stocks. The pre-cultures were centrifuged at 1 811 x g, washed twice  

in 10 ml PBST. The washed culture was then used to inoculate 50 ml of MM with 0.05% Tween 

80 to a starting OD600 of 0.005 and incubated at 37ºC in a shaking incubator (180 rpm) for 27 

hours to starve the bacteria of iron. After 27 hours, the cultures were washed in PBST as 

described above, diluted to an OD600 of 0.01 in MM containing a range of FeCl3 concentrations 

(0- 50 µM). Each culture was aliquoted (2.4 ml) in technical triplicate into a 24 well plate. The 

plate was sealed with several layers of parafilm and incubated statically at 37ºC for five days. 

Pellicle biofilm formation was assessed as previously described (section 2.1.3).           

2.9.7 Statistical analyses 

 
All the statistical analyses were done using GraphPad Prism® version 7.03 software package. 

Comparisons between the wild-type and mutant phenotype characterisation data was 

analysed by unpaired (two-sample) t-tests and each row was analysed individually, without 

assuming a consistent standard deviation. P-values were determined using the two-stage 

linear step-up procedure for controlling the false discovery rate (FDR) (Benjamini et al., 2006). 

FDR is the expected proportion of null hypotheses that were true but mistakenly rejected. FDR 

was set at 1% and a p-value greater than 0.05 was considered statistically significant. 

To perform regression analysis on the growth curve data sets, a model of best fit for the data 

first had to be determined. A comparison between a linear or non-linear model of best fit was 

made using the Akaike information criterion (AIC) (Aikake, 2011). This AIC determines how 

well the data supports each model, accounting for both the goodness-of-fit (sum-of-squares) 

and the number of parameters in the model (Aikake, 2011). The results are then expressed 

as the probability that each model is correct, with the probabilities summing to 100%. After 

choosing a model, the results generated from the regression analysis will then be used to 

make comparison between wild-type and mutant strains using unpaired (two sample) t-tests 

as described above. 
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Chapter 3: Results  

3.1 Construction of a M. smegmatis  ΔsufT knockout mutant strain 

 
To study the role of sufT in the physiology of mycobacteria, an allelic exchange mutagenesis 

strategy was used to generate an unmarked in-frame deletion in sufT. The principle of allelic 

exchange mutagenesis is based on homologous recombination (HR). HR is a process of 

repairing double strand DNA breaks in cells using a homologous DNA sequence as a template 

to repair the break (Cromie et al., 2001). HR is an essential part of every actively replicating 

cell and in prokaryotes it is catalysed by the recombination enzymes RecBCD complex, RecA, 

RuvA and RuvB (Cromie et al., 2001). When used for site directed mutagenesis, the mutant 

allele flanked by DNA regions that are homologous to the DNA regions flanking the wild-type 

allele serves as the template for DNA repair with a possibility of being incorporated into the 

host chromosome (Parish & Stoker, 2000; Faulds-Pain & Wren, 2013). Allelic exchange can 

be a one-step or  two-step process. Two-step allelic exchange has been shown to be an 

efficient and reliable system for generating unmarked knockout mutants in mycobacteria 

(Parish & Stoker, 2000) and was therefore used it to generate the ΔsufT mutant.  Two-step 

allelic exchange requires an allelic exchange vector which contains the mutant allele and 

selection markers (Parish & Stoker, 2000). 

3.1.1 Construction of ΔsufT allelic exchange vector 

 
To construct a ΔsufT allelic exchange vector, allelic exchange regions flanking the upstream 

(3127US) and downstream (3127DS) regions of sufT were amplified by PCR using Phusion 

DNA polymerase (Fig. 3.1) and cloned into the sequencing vector pJET1.2 (Table 2.2) to 

generate the vectors pJET3127US  and pJET3127DS (Fig. 3.2). 

                        

Figure 3. 1. Agarose gel electrophoresis of 3127US (1953bp) and3127DS (2029bp) allelic 

exchange PCR amplicons. Lane (1) Kappa Universal DNA ladder, (2) 3127US PCR product, (3) no 

template DNA control, (4) 3127DS PCR product and (5) no template DNA control. 

Stellenbosch University  https://scholar.sun.ac.za



42 
 

To verify the cloning, the inserts were excised from pJET1.2 using BglII. The BglII digests of 

pJET3127US (Fig. 3.2B) and pJET3127DS (Fig. 3.2D) generated the expected band sizes 

confirming that the vectors contained the insert DNA fragments. The inserts (3127US and 

3127DS) were Sanger sequenced to check for any mutations that could have been introduced 

during PCR amplification. The sequences were confirmed to be correct (data not shown). 

 

 

Figure 3. 2. Restriction digest of pJET3127US and pJET3127DS. (A). Vector map of pJET3127US 

showing the RE cut sites (B). Agarose electrophoresis of RE digest of pJET3127US. Lane (1) Kappa 

Universal DNA ladder, (2) pJET3127US digested with BglII and (3) undigested pJET3127US. (C). 

Vector map of pJET3127DS showing the RE cut sites. (D). Agarose electrophoresis of RE digest of 

pJET3127DS. Lane (1) Kappa Universal DNA ladder, (2) pJET3127DS digested with BglII and (3) 

undigested pJET3127DS. 

The inserts (3127US and 3127DS) were subsequently directionally cloned into the HindIII and 

KpnI site of the non-replicating recombination vector p2NIL (Table 2.2) to generate the vector 

p2NILΔsufT which contains the mutant alleles and a gene conferring Km resistance (Fig. 

3.3A). RE mapping with BamHI, EcoRI, HindIII, and PstI generated the expected band sizes 

(Fig 3.3B) verifying that the mutant allele was cloned correctly in p2NIL. 
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Figure 3. 3. Restriction map analyses of p2NILΔsufT. (A). Vector map of p2NILΔsufT showing the 

RE cut sites. (B). Agarose electrophoresis of RE mapping of p2NILΔsufT. Lane (1) Kappa Universal 

DNA ladder, p2NILΔsufT  digested with (2) BamHI, (3) EcoRI, (4) HindIII, (5) PstI and (6) undigested 

vector.  (C). Table showing the expected band sizes (bp). 

To facilitate the identification of SCO and DCO mutants during the allelic exchange steps, the 

lacZ and sacB selection markers were added to p2NILΔsufT. The  lacZ gene is a positive 

selection marker and it expresses β-galactosidase which degrades X-gal and forms a blue 

product in transformed colonies. The sacB gene is a counter selection marker and it expresses 

levansucrase which generates a toxic by-product when mycobacteria are grown in 5% 

sucrose, killing transformants. The markers were excised as a PacI cassette from pGOAL17 

(Table 2.2) and cloned into the PacI site of p2NILΔsufT to generate the final allelic exchange 

vector p2NILΔsufTpGOAL17 (Fig. 3.4A). RE mapping with BamHI, EcoRI, HindIII and PstI 

generated bands of the expected sizes (Fig. 3.4B) verifying the correct insertion of the 

selection marker cassette in p2NILΔsufT. However, before the vector could be used for the 

two-step allelic exchange, the functionality of the SacB  had to be verified. E. coli XL-1 Blue 

transformants were spotted on LA containing sucrose (5%) and bacteria that did not grow 

were confirmed as having a functional sacB (results not shown).  

Stellenbosch University  https://scholar.sun.ac.za



44 
 

 

Figure 3.4. Restriction map analyses of p2NILΔsufTpGOAL17. (A). Vector map of 

p2NILΔsufTpGOAL17 showing the RE cut sites. (B). Agarose electrophoresis of RE mapping of 

p2NILΔsufTpGOAL17. Lane (1) Kappa Universal DNA ladder, (2) undigested vector,  

p2NILΔsufTpGOAL17 digested with (3) BamHI, (4) EcoRI, (5) HindIII and (6) PstI. (C). Table showing 

the expected band sizes (bp). 

3.1.2 Two-step allelic exchange (Homologous recombination) 

 

Electroporation is a method used to increase cell permeability by applying high voltage electric 

shocks to cells to  generate temporary pores in the cell membrane (and cell wall) (Neumann 

et al., 1982; Potter & Heller, 2003). In bacteria, electroporation has been shown to be an 

efficient and reliable method of introducing vector DNA into the cell, resulting in efficient and 

irreversible transformations (Wu et al., 2010). Therefore, electroporation was used to 

transform electrocompetent M. smegmatis cells with the final allelic exchange vector 

p2NILΔsufTpGOAL17. 

3.1.2.1 Identification of SCOs and DCOs 

 

Following electroporation, the transformants were blue, Km resistant and sucrose sensitive 

SCOs. This indicated that the first homologous recombination event had occurred and the 

entire p2NILΔsufTpGOAL17 vector with all the selectable and counter selectable markers was 

inserted into the genome of M. smegmatis. SCOs were then screened by colony PCR to 

confirm their genotype. The PCR gave the two expected bands of 380 bp (sufT) and 196 bp 

(ΔsufT) (Fig. 3.5) confirming the presence of both sufT and ΔsufT alleles in the SCOs. The 
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verified SCOs were then cultured in the absence of kanamycin to allow  a second homologous 

recombination event to occur. This resulted in the loss of the selectable and counter selectable 

markers generating white, Km sensitive and sucrose resistant DCO colonies. The DCOs were 

either sufT revertants or ΔsufT mutants however, sufT and ΔsufT DCOs were phenotypically 

indistinguishable. To identify M. smegmatis cells with the ΔsufT mutant allele, DCOs were 

screened by colony PCR. The colony PCR strategy employed generated products of different 

sizes which were used to differentiate the wild-type sufT allele (380 bp)  from the mutant ΔsufT 

allele (196 bp) (Fig. 3.5). 

  

 

Figure 3. 5. Genotype confirmation of M. smegmatis ΔsufT mutant strains by colony PCR. (A). 

PCR screening strategy to distinguish the ΔsufT DCO mutants from wild-type revertants. The primers 

(3127 comp fwd and 3127 comp rvs) allowed for the distinction between the intact sufT and the 

disrupted ΔsufT gene. (B). Agarose gel electrophoresis of the PCR amplicons from the WT, SCO and 

DCO strains. (C). Table showing the expected band sizes. 

3.1.3 Southern blot analysis 

 

Following confirmation by colony PCR, genomic DNA was extracted from the wild-type, SCO 

and DCO mutant strains and Southern blot analysis was done as an additional confirmation 

of their genotype. Southern blotting determines if the recombination was homologous or 

illegitimate i.e. that it took place in the correct position in the genome. In the Southern blot 

strategy employed, (Fig. 3.6A) restriction enzyme cut sites outside of the upstream and 

downstream regions were chosen to confirm if the mutant allele had gone into the correct site 
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in the genome. For the genes upstream of sufT, the genomic DNA was digested with SmaI 

and probed with the 3127US PCR amplicon (Fig. 3.1). The two Smal cut sites on either side 

of sufT generated a 2757 bp fragment in the wild-type and a 2532 bp fragment in the mutant 

(Fig 3.6B). This difference in the two fragments corresponded with the approximate size of the 

deletion made in sufT. For the genes downstream of sufT, the genomic DNA was digested 

with EcoRI and probed with the 3127DS PCR amplicon (Fig. 3.1). The two EcoRI cut sites on 

either side of sufT generated an 8447 bp fragment in the wild-type however, in the mutant a 

2797 bp fragment was generated because an EcoRI cut site was introduced when making the 

deletion in sufT (Fig. 3.6C). 

 

Figure 3. 6. Genotype characterisation of M. smegmatis ΔsufT mutant strains by Southern blot 

analysis. (A). Southern blot strategy used to distinguish the M. smegmatis mc2155-1 (WT), DCO and 

SCO mutants. Chromosomal DNA from the WT, SCO and DCO strains was digested with either SmaI 

(genes upstream of ΔsufT) and probed with 3127US PCR amplicon or with EcoRI (genes downstream 

of ΔsufT) and probed with 3127DS PCR amplicon. Green and red double-sided arrows show the 

expected band sizes from the SmaI and EcoRI digests respectively. (B). Southern blot analysis of the 

genes upstream of ΔsufT with generated band sizes shown in bp. (C). Southern blot analysis of the 

genes downstream of ΔsufT with generated band sizes shown in bp. 

One SCO was used for both the SmaI and EcoRI digests. When digested with SmaI, the SCO 

gave two bands of 2532 bp and 15693 bp (Fig. 3.6B). When digested with EcoRI the SCO 

gave two bands of 8447 bp and  2451 bp (Fig. 3.7C). The mutant was generated from a single 
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crossover in which the first homologous recombination happened in the region upstream of 

sufT. The single crossover could have also occurred downstream of sufT but because only 

the single crossover that generated the mutant was analysed by Southern blot, only that result 

is shown. One of the DCO mutants confirmed by colony PCR and Southern blotting was then 

designated as the ΔsufT mutant strain and re-named M. smegmatis ΔsufT. The fact that a 

sufT knock out mutant could be generated suggested that sufT is not essential for survival 

under standard aerobic culture. 

3.2 Genetic complementation 

 
A limitation of knockout mutagenesis is that any observed phenotypes cannot be automatically 

attributed to loss of the inactivated gene. This is because point mutations can arise during the 

culturing and selection process and there could also be downstream polar effects influencing 

the observed phenotype. Since the M. smegmatis ΔsufT mutant strain will be subjected to 

phenotypic evaluation, to control for this limitation, a complementation strain, in which sufT is 

re-introduced into the ΔsufT mutant on an expression vector was generated. If the 

complementation strain has the same phenotype as the wild-type, any change in the 

phenotype of the mutant can be attributed to the loss of sufT.  

To generate a complementation vector the entire sufT gene including 26 bp upstream and 17 

bp downstream was amplified using Phusion DNA polymerase and cloned into the sequencing 

vector pJET1.2 to generate the vector pJET3127 (Fig. 3.7). RE digestion with BglII was used 

to verify the presence of the DNA insert (Fig. 3.7) and the insert was Sanger sequenced to 

confirm that no mutations were introduced during PCR amplification. 

Subsequently, sufT was cloned into the BamHI and HindIII sites of the expression vector 

pSE100 to generate the vector pSE3127 (Fig. 3.8). Since, sufT is the last gene in the operon 

and presumably does not have its own promoter, it was cloned into pSE100 so that it could 

be expressed under control of the PmycTetO promoter. RE mapping with BamHI, HindIII and 

XhoI verified that the insert was cloned correctly in pSE100 (Fig. 3.8). The expression vector 

pSE3127 was electroporated into electrocompetent M. smegmatis ΔsufT to generate the 

complemented strain M. smegmatis ΔsufT (pSE3127). 
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Figure 3. 7. Restriction digest of pJET3127. (A). Vector map of pJET3127 showing the RE cut sites. 

(B) Agarose electrophoresis of restriction digest of pJET3127. Lane (1) Kappa Universal DNA ladder, 

(2) pJET3127 digested with BglII and (3) undigested pJET3127US.  

 

Figure 3. 8. Restriction map analyses of pSE3127. (A). Vector map of pSE3127 showing the RE cut 

sites. (B). Table showing the expected band sizes (bp). (C) Agarose electrophoresis of RE mapping of 

pSE3127. Lane (1) GeneRuler™ 1 kb Plus  DNA ladder, (2) pSE3127 digested with BamHI & HindIII, 

(3) XhoI, (4) EcoRI and (5) undigested vector. 
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3.3 Phenotype characterisation 

 

Following the successful generation of a ΔsufT mutant, the phenotype of the mutant was 

compared to that of the wild-type (mc2155-1) under various growth conditions to investigate 

the effect of loss of sufT on the physiology of M. smegmatis. 

3.3.1 Growth in standard aerobic culture 

 

The generation of a sufT knockout mutant suggested that sufT was not essential for growth 

in standard aerobic culture. To investigate if loss of sufT has any impact on growth, the 

planktonic growth of M. smegmatis mc2155-1, ΔsufT and ΔsufT (pSE3127) was evaluated 

under standard aerobic culture. No difference in growth was observed between the mc2155-1 

and ΔsufT confirming that SufT is dispensable for growth under standard culture conditions 

(Fig. 3.9).   
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Figure 3. 9. Growth curve of M. smegmatis mc2155-1 (blue circles), ΔsufT (red squares) and 

ΔsufT (pSE3127) (green triangles) growing under standard aerobic culture conditions. The data 

represents the average and standard deviation (shown by error bars) of three biological replicates. 

3.3.2 Enzyme activity assays 

 
In bacteria, SufT has been showed to be involved in Fe-S cluster biogenesis (Mashruwala et 

al, 2016a; Mashruwala et al., 2016b, Sasaki et al., 2016) and the sufT from M. tuberculosis 

was able to genetically complement the loss of sufT in S. aureus (Mashruwala et al, 2016a), 

suggesting that SufT is potentially involved in Fe-S cluster biogenesis in mycobacteria. To 
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investigate the effect of loss of SufT on the ability of M. smegmatis to form Fe-S clusters, the 

formation of Fe-S clusters was measured in  mc2155-1, ΔsufT and ΔsufT (pSE3127). Fe-S 

cluster formation was measured indirectly by measuring the activity of the Fe-S cluster 

dependent enzymes aconitase (ACN) and succinate dehydrogenase (SDH). This is because 

Fe-S clusters are unstable in their free form and can only be quantified when they are bound 

to their target proteins (Lill & Mϋhlenhoff, 2006). 

3.3.2.1 Succinate dehydrogenase activity 

 
SDH is a flavin adenine dinucleotide (FAD) containing protein with three Fe-S clusters (Cheng 

et al., 2006; Schirawski & Unden, 1998). It is the only enzyme to take part in both the 

tricarboxylic acid (TCA) cycle and the electron transport chain (Cheng et al., 2006; Schirawski 

& Unden, 1998). In the TCA cycle, SDH, catalyses the oxidation of succinate to fumarate and 

simultaneously reduces FAD to FADH2. The FADH2 is then oxidised back to FAD releasing 2 

electrons which are then passed through a series of Fe-S clusters to menaquinone which is 

then reduced to menaquinol in the electron transport chain (Schirawski & Unden, 1998).  

The continuous SDH activity assay uses the same principle but iodonitrotetrazolium chloride 

(INT) is the final electron acceptor. Briefly, succinate is oxidised to fumarate which in turns 

donates electrons to iodonitrotetrazolium chloride (INT) reducing it to formazan. The formation 

of formazan over time is therefore directly proportional to SDH activity. SDH activity was 

measured in the whole cell lysates of M. smegmatis mc2155-1, ΔsufT and ΔsufT (pSE3127) 

strains grown to mid-log. SDH activity in ΔsufT was significantly reduced, to about 10% that 

of mc2155-1 (p=0.0006) and completely restored in the ΔsufT (pSE3127) strain (Fig. 3.10) 

confirming that the observed phenotype was due to loss of sufT. Since SDH activity is an 

indirect measure of Fe-S cluster formation, these results suggest that loss of sufT impacts the 

formation of SDH associated Fe-S clusters when M. smegmatis is in mid-log growth in 

standard aerobic culture. 
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Figure 3. 10. Activity of succinate dehydrogenase in M. smegmatis mc2155-1, ΔsufT and ΔsufT 

(pSE3127) relative to the activity in mc2155-1. The activity of mc2155 was set to 100%. The data 

represents the average and standard deviation (shown by error bars) of three biological replicates. P-

values were determined by unpaired t-tests using GraphPad Prism 7.03 software with statistically 

significant results indicated by p<0.05 (*), p<0.01 (**) and p<0.001 (***).  

3.3.2.2. Aconitase activity 

 
ACN is an Fe-S protein and contains a 4Fe-4S cluster (holo-form)  in its active site (Robbins 

& Stout,1989). ACN is an important enzyme in aerobic respiration because it catalyses the 

isomerisation of citrate to isocitrate via a cis-aconitase intermediate in the second step of the 

TCA cycle. The aconitase activity assay is a coupled reaction where citrate is converted to 

isocitrate, then the isocitrate is processed to produces a colorimetric (450 nm) product which 

is used as a measure of ACN activity. ACN activity was measured in the whole cell lysates of 

M. smegmatis mc2155, ΔsufT and ΔsufT (pSE3127) strains grown to mid-log phase. There 

was no significant difference in ACN activity between the ΔsufT and the mc2155-1 strain 

(p=0.4) (Fig 3.11). A high level of variability was observed with the mutant and complemented 

strains in this assay, which may limit the detection of small differences between the strains. 

Nevertheless, these results suggest that sufT is dispensable for the formation of ACN 

associated Fe-S clusters when M. smegmatis is in mid-log growth in standard aerobic culture. 
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Figure 3. 11. Activity of aconitase in M. smegmatis mc2155-1, ΔsufT and ΔsufT (pSE3127) relative 

to the activity in mc2155-1. The activity of mc2155-1 was set to 100%.  The data represents the 

average and standard deviation (shown by error bars) of three biological replicates. P-values were 

determined by unpaired t-tests using GraphPad Prism software with statistically significant results 

indicated by p<0.05 (*), p<0.01 (**) and p<0.001 (***).  

3.3.3 Survival under oxidative stress 

 
Fe-S clusters are susceptible to degradation during oxidative stress because the superoxide 

produced can oxidise Fe-S clusters causing them to lose their iron and degrade (Varghese et 

al., 2003; Imlay, 2006). The M. smegmatis strains mc2155-1, ΔsufT and ΔsufT (pSE3127) 

were assessed for differences in survival following exposure to the redox cycler 2,3-

dimethoxy-1,4-naphthoquinone (DMNQ). DMNQ  generates intracellular ROS using the one-

electron based redox cycling mechanism. Briefly, the reduction of DMNQ by one electron 

produces a semiquinone product which then reduces oxygen to super oxide anions which 

subsequently form hydrogen peroxide (H2O2) (Watanabe & Forman, 2003). In the presence of 

iron (Fe3+), H2O2 together with superoxide can also form super hydroxyl radicals in the Fenton 

reaction (Winterbourne, 1995) resulting in oxidative stress.  

There was no significant difference in the ability of the ΔsufT strain to survive oxidative stress 

when compared to mc2155-1 (Fig 3.12). It was however observed, that the ΔsufT mutant 

started forming clumps in the media after 3 hours of exposure to DMNQ, whereas the mc2155 

strain started clumping after 9 hrs of exposure. This could suggest an increased  sensitivity to 

DMNQ in the ΔsufT mutant, but this hypothesis is not supported by the quantitative data (Fig 
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3.12). It should be noted that the clumping of the cells made it challenging to accurately 

enumerate the colony forming units (CFUs) which were used to determine cell viability and 

subsequently survival. 
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Figure 3. 12. Effect on the survival of M. smegmatis mc2155, ΔsufT and ΔsufT (pSE3127) after 

exposure to 30 µM DMNQ. The data represents the average and standard deviation (shown by error 

bars) of three biological replicates. P-values were determined by unpaired t-tests using GraphPad Prism 

software with statistically significant results indicated by p<0.05 (*), p<0.01 (**) and p<0.001 (***).  

3.3.4 Drug sensitivity testing 

 
KatG has a dual function as a catalase-peroxidase, and the peroxidase activity of KatG in M. 

tuberculosis has been shown to be responsible for activating the drug isoniazid (INH) 

(Sritharan et al., 2006). Activation of INH by katG requires iron rich conditions since the 

peroxidase activity of KatG was shown to be reduced in iron limiting conditions suggesting 

that activation of INH by katG requires iron rich conditions (Yeruva et al, 2005; Sritharan et al., 

2006). In addition, the activity of INH has been shown to be reduced in mycobacteria in iron 

deficient conditions (Yeruva et al, 2005; Sritharan et al., 2006). Since SufT is proposed to play 

a role in Fe-S cluster biogenesis and changes in Fe-S cluster biogenesis can affect iron 

metabolism, the effect of the loss of sufT on the activity of INH was investigated. Broth 

microdilution was used to evaluate the drug sensitivity  of mc2155-1, sufT and sufT 

(pSE3127) to INH by determining the minimum inhibitory concentration (MIC). No difference 

in MIC was observed between ΔsufT and mc2155-1 suggesting that the activity of INH is not 

affected by loss of sufT (Table 3.1) 
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Clofazimine (CFZ) has redox properties and it can harvest electrons from a normally 

functioning electron transport chain, to form reduced CFZ which is unstable and reacts 

spontaneously with oxygen to form reactive oxygen species (ROS) (Yano et al., 2010). 

Accumulation of CFZ in the membrane of M. smegmatis has been shown to produce 

bactericidal levels of oxidative stress (Yano et. al., 2010). Since the suf operon is induced 

under conditions of oxidative stress, the effect of loss of sufT on the activity of clofazimine was 

investigated. Broth microdilution was used to evaluate the drug sensitivity of mc2155-1, sufT 

and ΔsufT (pSE3127) to CFZ by determining the MIC. No difference in MIC was observed 

between ΔsufT and mc2155-1 suggesting that loss of sufT does not impact the sensitivity of 

M. smegmatis to CFZ in standard aerobic culture (Table 3.1). 

Rifampicin (RIF) is an important anti-tuberculosis drug and resistance to RIF is considered a 

marker for multi-drug resistant TB. The effect of the loss of sufT on sensitivity to RIF was 

therefore investigated. Broth microdilution was used to evaluate the drug sensitivity of mc2155-

1, ΔsufT and ΔsufT (pSE3127) to RIF by determining the MIC. No difference in MIC was 

observed between ΔsufT and mc2155-1 suggesting that loss of sufT does not impact the 

sensitivity of M. smegmatis to RIF in standard aerobic culture (Table 3.1). 

Table 3. 1. Minimum inhibitory concentration for the drugs isoniazid, clofazimine and rifampicin. 

M. smegmatis strain Minimum inhibitory concentration range (µg/ml)* 

Isoniazid Clofazimine Rifampicin 

mc2155 32-64  1-2 1-4  

ΔsufT 32-64 1-2 1-4 

ΔsufT (pSE3127) 32-64 1-2 1-4 

*The range was determined from three biological replicates 

3.3.5 Growth in iron limiting conditions 

 
The sufR-sufB-sufD-sufC-csd-sufU-sufT gene cluster in mycobacteria is transcribed as an 

operon (suf operon) (Huet et al., 2005) and the expression of all the genes in the suf operon 

is upregulated during iron starvation (Rodriguez et al., 2002). To investigate the role of SufT 

in iron metabolism, we evaluated the impact of iron limitation on the planktonic growth of  M. 

smegmatis mc2155-1, ΔsufT and ΔsufT (pSE3127). The three strains were first starved of iron 

by growing them in Chelex® 100 resin treated mineral defined media (MM) without 

supplemental iron for 27 hrs, followed by growth in MM with increasing concentrations of 

supplemental iron up to 2 µM. An extended lag phase (~ 24 hrs) was observed for the ΔsufT 
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mutant strain, and the length of the lag phase remained unchanged even when the iron 

concentration in the media was increased (Fig 3.13A-D). 

 

Figure 3. 13. Growth curves of M. smegmatis mc2155-1 (blue circles), ΔsufT (red squares) and 

ΔsufT (pSE3127) (green triangles) in varying concentrations (A) 0 µM, (B) 0.1 µM, (C) 0.5 µM and 

(D) 2 µM of supplemental iron. The unconnected points have missing time points. The data represents 

the average and standard deviation (shown by error bars) of three biological replicates.  

To evaluate whether this extended lag phase represented a statistically significant difference 

in the growth cycle of the bacteria, regression analysis on the growth curve data was 

performed. All the curves fit the sigmoidal four-parameter logistic regression (4PL) model (Fig. 

3.14). The data generated by the regression analysis was then used to compare the logIC50 

of ΔsufT with that of mc2155-1 using the unpaired t-test. There was a statistically significant 

difference in logIC50 between the two strains for all the concentrations of supplemental iron 

(Fig. 3.15). The logIC50 in our data, represents the time to reach 50% maximum cell density 

for each strain. The ΔsufT strain took on average 1.5 times longer than the mc2155-1 strain to 

reach 50% maximum cell density across the range of iron concentrations (Fig. 3.14- 3.15). 

These results showed that loss of sufT had a significant impact on the time to complete a full 
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growth cycle in M. smegmatis, increasing it from 33 hrs in mc2155-1  in to 56 hrs in ΔsufT. The 

results of the complemented strain ΔsufT (pSE3127) were all comparable to mc2155-1 (Fig. 

3.13- 3.15) confirming that the observed growth phenotype was due to loss of sufT.  

 

Figure 3. 14. Sigmoidal four-parameter logistic regression (4PL) models of the growth curves of 

M. smegmatis mc2155-1 (blue circles), ΔsufT (red squares) and ΔsufT (pSE3127) (green 

triangles) in varying concentrations (A) 0 µM, (B) 0.1 µM, (C) 0.5 µM and (D) 2 µM of supplemental 

iron. The regression model that best fit the data was generated using GraphPad Prism 7.03. The black 

arrows show the time (logIC50) that mc2155-1 and ΔsufT took to reach 50% maximum cell density at 

the various concentrations of iron. The data represents the average and standard deviation (shown by 

error bars) of three biological replicates.  
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Figure 3. 15. Box and whisker plots of the logIC50 of M. smegmatis mc2155-1, ΔsufT and ΔsufT 

(pSE3127) under iron limitation at varying concentrations of iron. The data represents the average 

and standard deviation (shown by error bars) of three biological replicates. ΔsufT and mc2155-1 took 

significantly different times to reach 50% maximum cell density in all the iron concentrations. The 

corresponding p-values were; 0 µM (p=0.00005), 0.1 µM (p=0.0001), 0.5 µM (p=0.001) and 2 µM 

(p=0.00009).  P-values were determined by unpaired t-tests using GraphPad Prism software with 

statistical significance indicated by p<0.05 (*), p<0.01 (**) and p<0.001 (***) on the graph.  

Interestingly, a positive correlation was observed between iron concentration and the 

maximum cell density of each strain at stationary phase. The 0 µM and 2 µM supplemental 

iron cultures had the lowest and highest maximum cell densities respectively for all three 

strains (Fig. 3.16). However, the addition of supplemental iron had a greater impact on the 

increase in maximum cell densities for the ΔsufT strain, where a significant increase was seen 

in all the cultures with supplemental iron when compared to the culture without any iron (Fig. 

3.16B).  
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Figure 3. 16. Box and whisker plot showing the increase in maximum cell density by M. 

smegmatis (A) mc2155, (B) ΔsufT and (C) ΔsufT (pSE3127) as iron concentration is increased. 

The data represents the average and standard deviation (shown by error bars) of three biological 

replicates. (A). In mc2155-1, the maximum cell density increased significantly only when 2 µM iron was 

added (p=0.004). (B) In ΔsufT the maximum cell density increased significantly in all the cultures with 

supplemental iron when compared to the culture without iron with the following p-values; 0.1 µM 

(p=0.004),4 0.5 µM (p=0.004) and 2 µM (p=0.0004). (C) In ΔsufT (pSE3127) the maximum cell density 

increased significantly only when 0.5 µM (p=0.0003) and 2 µM (p=0.00006) iron was added.  P-values 

were determined by unpaired t-tests using GraphPad Prism software with statistical significance 

indicated by p<0.05 (*), p<0.01 (**) and p<0.001 (***) on the graph. 

Even though the ΔsufT strain had an extended lag phase, it was still able to grow to 

comparable maximum cell densities as mc2155-1 at stationary phase. To investigate if this 

was a true phenotype or whether the strain had spontaneously mutated during the extended 

lag phase enabling it to enter log phase growth and grow to wild-type levels, the stationary 

phase cultures were used as inoculum and growth in MM without any supplemental iron was 

monitored. It was observed that during the second round of growth, the ΔsufT strain still 

exhibited the same growth phenotype in MM media without supplemental iron as had 

previously been observed (Fig. 3.17) confirming that the observed phenotype was the true 
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phenotype of the ΔsufT mutant strain in iron limiting conditions and not because of extra 

genomic mutations acquired because of culturing under iron limiting conditions. 

 

Figure 3. 17. Growth curves of M. smegmatis mc2155 (blue circles), ΔsufT (red squares) and 

ΔsufT (pSE3127) (green triangles) after, (A) one growth cycle and (B) two growth cycles in MM 

with 0 µM supplemental iron. The data represents the average and standard deviation (shown 

by error bars) of three biological replicates (A) and of two biological replicates (B). 

These results confirm that while the deletion of SufT  has no impact on growth under standard 

culture conditions, SufT plays a role in adaptation to growth under iron limiting conditions in 

M. smegmatis .  

3.3.6 Standard culture (Sauton’s media) pellicle biofilm formation 

 
Biofilms have become synonymous with drug resistance in bacteria as they have been shown 

to harbour drug tolerant bacteria (Costerton et al., 1999; Ohja et a., 2008). Mycobacteria have 

a propensity to form biofilms, although the significance of these biofilms during infection is not 

understood (Ohja et al., 2008). Understanding biofilm formation in mycobacteria could be 

important to fully understanding drug resistance and pathogenicity in M. tuberculosis. In 

mycobacteria, iron metabolism has been linked to the formation of biofilms that grow on top of 

the media at the air liquid interface called pellicle biofilms (Ohja & Hatful, 2007). The formation 

of pellicle biofilms is a sequential process that starts with cell aggregation, then formation of a 

smooth extracellular matrix, then matrix surface attachment and finally maturation of the 

extracellular matrix to form a reticulated pellicle (Ohja et al., 2005). The impact of iron on the 

ability of the ΔsufT mutant to form pellicle biofilms will therefore be investigated. 
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3.3.6.1 Method optimisation 

 
The growth of mycobacterial pellicle biofilms in tissue culture plates in Sauton’s media has 

previously been described for M. tuberculosis (Kulka et al., 2012). The same protocol was 

optimised for the growth of M. smegmatis pellicle biofilms in 24 well plates using the wild-type 

mc2155-1 strain. The previous protocol specified a 1/10 head space ratio when growing 

biofilms in 12 well plates, therefore the biofilms were cultured in 2.4 ml in the 24 well plates. 

There was also need, to verify that biofilm growth was not dependent on well position, i.e. 

growth differences in outer wells versus inner wells of the plate due to increased drying of 

outer wells. Pellicle biofilms that grew evenly on the plate regardless of well position were 

cultured successfully (Fig. 3.18A).  It was observed that mc2155-1 formed pellicle biofilms that 

attached to the wall of the well, then spread up the wall to the top of the well and had an 

extracellular matrix that formed a pattern of folds that seemed to converge at the centre of the 

biofilm (Fig. 3.18B).  

 

Figure 3. 18. Optimised growth of M. smegmatis mc2155-1 pellicle biofilms in 24 well plates. (A). 

Pellicle biofilms growing indiscriminately on the plate and the bottom wells without growth are the 

negative controls (Sauton’s media) (B). Enlarged image of biofilms in the red box in (A) showing 

morphology of M. smegmatis mature pellicle biofilms typically characterised by the folded patterns 

formed by the extracellular matrix, the attachment and spreading of the biofilm up the walls of the plate. 

The displaced media can also be seen between the wells at the bottom of the plate. 

The biofilm biomass was quantified indirectly by measuring the total protein for each well. 

Total protein is measured using the Bradford assay which is a colorimetric assay based on 

the binding of proteins to the dye Coomassie Blue G-250 causing a shift in dye absorbance 

from 465 to 595 nm. This shift in absorbance is directly proportional to the concentration of 

protein in the sample (Bradford, 1976). Triton X-100 is used to resuspend the biofilm biomass 

before quantification, however, high concentrations of detergents such as Triton X-100 

produce excessive colour changes which interfere with the accuracy of the test (Bradford, 
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1976). To eliminate the inference of Triton X-100 with the assay, the final concentration of 

Triton X-100 in the samples was limited to 0.01%. It was observed that as the biofilms were 

forming at the air liquid interface, they were displacing some of the media in the plates making 

it difficult to calculate the volume of Triton X-100 needed to reach a final concentration of 

0.01% in each sample. Since the spilling happened at the end stage of the biofilm formation 

process and did not affect the biomass, the volume below the biofilms was aspirated and the 

biomass resuspend  in 1 ml of 0.01% Triton X-100. 

3.3.6.2 Biofilm formation under standard culture conditions (Sauton’s media) 

The impact of loss of sufT on pellicle biofilm formation under standard culture conditions was 

subsequently investigated. It was observed that ΔsufT formed pellicle biofilms that were 

phenotypically indistinguishable from those of mc2155 and that they progressed through the 

stages of biofilm formation at the same rate and both formed an extracellular matrix with the 

characteristic folded pattern morphology after 5 days (Fig. 3.18A). Quantification of the biofilm 

biomass showed that there was no statistically significant difference in their biofilm biomasses 

either (Fig 3.18B). Taken together, these results confirmed that SufT is dispensable for biofilm 

formation under standard culture condition in Sauton’s media. 

 

Figure 3. 19. Growth of pellicle biofilms in M. smegmatis mc2155-1, ΔsufT and ΔsufT (pSE3127) 

under standard culture conditions in Sauton’s media. (A). A representative plate showing the 

morphology of the pellicle biofilms formed by the three strains. (B). Quantification of the pellicle biofilm 

biomass in M. smegmatis mc2155-1, ΔsufT and ΔsufT (pSE3127) under standard culture conditions. 

The data represents the average and standard deviation (shown by error bars) of three biological 

replicates. P-values were determined by unpaired t-tests using GraphPad Prism software with statistical 

significance indicated by p<0.05 (*), p<0.01 (**) and p<0.001 (***).  
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3.3.7 Iron limitation biofilm formation 

 
Maturation of a pellicle biofilm in M. smegmatis was described previously as a transition from 

a smooth to a reticulated appearance with ridges and folds (Ohja et al., 2005; Ohja and Hatful, 

2007).  The study showed that a supplemental iron concentration of at least 2 µM is needed 

for the formation of mature pellicle biofilms in M. smegmatis (Ohja & Hatful, 2007). The impact 

of iron limitation on the ability of the ΔsufT mutant to form pellicle biofilms was investigated. 

3.3.7.1 Impact of media components on pellicle biofilm formation 

Growth under iron limitation is done in Chelex 100 resin treated mineral defined media (MM) 

which has a different composition to the standard culture Sauton’s media.  The MM is minimal 

in terms of minerals added, but it is a nutrient rich media with two carbon sources (glycerol 

and dextrose). In contrast, Sauton’s has one carbon source (glycerol) and is rich in metals 

including ferric iron (Fe3+). The culture of M. smegmatis pellicle biofilms in MM was therefore 

first optimised in mc2155-1, and the impact of media components on pellicle biofilm formation 

in M. smegmatis was also investigated. Both the Sauton’s media and MM media 

supplemented with a high concentration of iron (50 μM) iron supported the growth of biofilms 

with a fully developed extracellular matrix after five days (Fig. 3.20a), with Sauton’s media 

resulting in the greatest biomass (Fig. 3.20a, lane 1). In addition, sub-culturing the bacteria in 

an iron rich medium (7H9) prior to biofilm culture in MM media without supplemental iron did 

not impact the development of the extracellular matrix (Fig. 3.20a lane 2). This suggests that 

the iron present within the bacteria, and residual iron in the MM media, is sufficient to support 

biofilm formation. To investigate this further, the bacteria were first starved of iron by sub-

culturing in MM without supplemental iron for 27 hrs prior to biofilm culture in MM. The bacteria 

starved of iron only formed a very thin biofilm which did not develop further to form an 

extracellular matrix (Fig. 3.20b, lane 1). These results confirm that biofilm maturation is halted 

below a certain intracellular iron threshold.  
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Figure 3. 20. Impact of media components on pellicle biofilm formation in M. smegmatis mc2155-

1. (A) M. smegmatis mc2155-1 pellicle biofilms sub-cultured in 7H9 prior to growth in (1) Sauton’s media, 

(2) chelex treated metal defined media (MM) without supplemental iron and (3) MM with 50 µM 

supplemented iron. (B) M. smegmatis mc2155-1 pellicle biofilms sub-cultured in MM without 

supplemental iron prior to growth in (1) MM without supplemental iron (2) Negative control (media), and 

(3) MM media supplemented with 50 µM iron 

3.3.7.2 Biofilm formation under iron limiting conditions 

 
To determine the iron concentration needed to initiate the maturation of pellicle biofilms in 

M.smegmatis, mc2155-1 was cultured in varying iron concentrations up to 2 µM. After 5 days 

of growth, a macroscopic observation of the biofilms showed mature biofilms were not formed 

in less than 2 µM iron and that progress through the steps of pellicle biofilm formation i.e. cell 

aggregation, matrix formation and matrix maturation were halted earlier when less iron was 

present (Fig 3.21). At 0 µM the cells had aggregated at the air-liquid interface to form a very 

thin biofilm, at 0.1 µM iron the biofilm started attaching to the walls of the wells and at 0.15 µM 

iron it had fully attached and spread to the top of the well. At 0.2 µM iron biofilm maturation 

was initiated (Fig 3.21 B3-4) and the biofilm thickened with increasing iron concentration and 

at 2 µM iron the pellicle biofilm formed was comparable to standard culture biofilms. Since M. 

smegmatis displays no growth defect during planktonic culture at these iron concentrations, 

these results confirmed that iron impacted pellicle biofilm maturation in wild-type M. smegmatis 

independent of growth. 
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Figure 3. 21. Pellicle biofilm formation of M. smegmatis mc2155-1 in increasing iron (Fe3+) 

concentrations from left to right: (A1-2) 0 µM; (A3-4) 0.05 µM; (A5-6) 0.1 µm; (B1-2) 0.15 µM; (B3-

4) 0.2 µM; (B5-6) 0.25 µm; (C1-2) 0.3 µM; (C3-4) 0.4 µM; (C5-6) 0.5 µM; (D1-2) 0.75 µM; (D3-4) 1 µM; 

(D5-6) 2 µM. 

Since the ΔsufT mutant displayed a growth defect under iron limiting conditions, the impact of 

iron on the ability of the ΔsufT mutant to form pellicle biofilms was also investigated. After 5 

days of growth, a macroscopic comparison of the biofilms showed that mc2155-1 and ΔsufT 

(Fig. 3.22) proceeded through the same stages of pellicle biofilm maturation. However, while 

iron concentration impacted biofilm formation in both strains, the effects were more severe in 

the ΔsufT strain which required more iron to progress through the stages of biofilm formation 

(Fig. 3.22). At iron concentrations less than 0.1 µM, the ΔsufT strain formed a thin biofilm and 

most of the cells has settled at the bottom of the well. From 0.1 µM to 0.25 µM the smooth 

biofilm layer increased in thickness, but it did not attach to the walls of the wells and appeared 

brittle. At an iron concentration of 0.3 µM, the pellicle started attaching to the walls of the wells 

and at 0.4 µM it had fully attached to the walls and spread up to the top of the well. Unlike 

mc2155-1 which started maturation immediately after full wall attachment,  ΔsufT  had a lag 

phase where the biofilm continued to thicken but still maintained the smooth texture. 

Maturation was initiated at 0.75 µM iron where the first ridges and folds appeared (Fig. 3.22 

D1-2). The biofilm continued to thicken with increasing iron concentration and the 2 µM 

supplemental iron biofilm had the thickest pellicle. 
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Figure 3. 22. Pellicle biofilm formation of M. smegmatis ΔsufT in increasing iron (Fe3+) 

concentrations from left to right: (A1-2) 0 µM; (A3-4) 0,05 µM; (A5-6) 0,1 µm; (B1-2) 0,15 µM; (B3-

4) 0,2 µM; (B5-6) 0,25 µm; (C1-2) 0,3 µM; (C3-4) 0,4 µM; (C5-6) 0,5 µM; (D1-2) 0,75 µM; (D3-4) 1 µM; 

(D5-6) 2 µM. 

The ΔsufT (pSE3127) strain also had the same maturation stages as mc2155-1 (Fig. 3.23). 

After 5 days of growth, at 0.1 µM iron the biofilm had already attached to walls and at 0.15 µM 

iron it had fully attached and spread to the top of the well. Like mc2155-1, ΔsufT (pSE3127) 

also started maturation at 0.2 µM iron (Fig. 3.23 B3-4). The 2 µM iron culture had the thickest 

biofilm after 5 days but the thickness was not comparable to standard culture biofilms. 
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Figure 3. 23. Pellicle biofilm formation of M. smegmatis ΔsufT (pSE3127) in increasing iron (Fe3+) 

concentrations from left to right: (A1-2) 0 µM; (A3-4) 0,05 µM; (A5-6) 0,1 µm; (B1-2) 0,15 µM; (B3-

4) 0,2 µM; (B5-6) 0,25 µm; (C1-2) 0,3 µM; (C3-4) 0,4 µM; (C5-6) 0,5 µM; (D1-2) 0,75 µM; (D3-4) 1 µM; 

(D5-6) 2 µM. 

It was also observed macroscopically that the ΔsufT biofilms appeared to be less thick than 

the mc2155-1 biofilms at the same concentration of iron. To confirm this, the biomass in the 

three strains was quantifed. Four representative iron concentrations (0, 0.1, 0.5 and 2 µM) 

were selected because they represented distinct stages in the maturation process in the 

mc2155-1 strain. These concentrations were also selected so that comparisons with planktonic 

growth could be made.  

Since early stage biofilms do not have a well-formed matrix, they are fragile, and therefore the 

liquid below the biofilm could not be aspirated prior to biofilm quantitation. To overcome this, 

Triton X-100 was added directly to each well at a final concentration of 0,01% to solubilise the 

biofilm. This was feasibile since no spillage was observed for biofilms grown in MM over 5 

days. Using this method the biomass in 0 µM Fe and 0.1 µM Fe was comparable for all the 

strains, even though visually differences could be observed (Fig. 3.21-3.23). This discrepancy 

is presumably because planktonic cells were present in the media in the wells with early stage 

biofilms, and these increased the total biomass. Crystal violet staining was considered as an 

Stellenbosch University  https://scholar.sun.ac.za



67 
 

alternative method, but it was not suitable for early stage biofilms either because the method 

also involves aspirating the liquid below the biofilm.  

Macroscopic observation suggested that the biofilm biomass produced by the ΔsufT strain 

were lower than those of the mc2155-1 strain at the same concentration of iron however, no 

statistically significant difference between the biomass formed by the two strains was 

observed. There was however a statistically significant positive correlation between iron 

concentration and quantitiy of biofilm biomass when comparing the biomass formed without 

supplemental iron to those formed in supplemental iron (Fig. 3.24).  
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Figure 3. 24. Quantification of the biofilm biomass in M. smegmatis mc2155-1, ΔsufT and ΔsufT 

(pSE3127) under iron limitation with varying concentrations of supplemental iron. Total protein 

(mg) was used as an indicator of biomass. The data represents the average and standard deviation 

(shown by error bars) of three biological replicates. P-values were determined by unpaired t-tests using 

GraphPad Prism 7.03 with statistically significant results indicated by p<0.05 (*), p<0.01 (**) and 

p<0.001 (***).  

3.3.4.3 Growth of pellicle biofilms under iron limitation in a mycosin 3 mutant 

 
To better understand how iron was influencing biofilm maturation, we investigated the impact 

of loss of the iron acquisition protein mycosin 3 (encoded by the gene mycP3) on biofilm 

formation. Mycosin 3  was previously shown to be dispensable for planktonic growth in iron 

limiting conditions (Fang et al., 2017) and growth in MM without supplemental iron confirmed 
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that MycP3 was dispensable for planktonic growth under iron limitation in M. smegmatis (Fig. 

3.25). Since mycosin 3 is involved in iron metabolism but loss of mycP3  does not cause a 

growth defect in planktonic growth under iron limitation (Fig. 3.25), the ΔMycP3ms mutant 

provided a good model for elucidating a mechanism through which iron metabolism could be 

influencing biofilm maturation in M. smegmatis. 
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Figure 3. 25. Growth curve of M. smegmatis mc2155-2 (blue circles), ΔMycP3ms (red squares) 

and ΔMyP3ms::Pr1MycP3ms (green triangles) under iron limitation without the addition of 

supplemental iron. The data represents the average and standard deviation (shown by error bars) of 

three biological replicates. 

The impact of loss of  mycosin 3 on the ability of M. smegmatis to form pellicle biofilms was 

therefore investigated. After 5 days of growth, macroscopic observation showed that mc2155-

2 (the mc2155 strain used to generate the ΔMycP3ms) and ΔMycP3ms formed pellicle biofilms 

that were macroscopically indistinguishable at the different iron concentrations (Fig. 3.26). The 

pellicle biofilm formation of ΔMycP3ms under iron limitation mirrored that of the mc2155-2  strain, 

confirming that ΔMycP3ms  was dispensable for both planktonic growth and biofilm formation 

in M. smegmatis.  
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Figure 3. 26. Pellicle biofilm formation of M. smegmatis (A) ΔMycP3ms (B) mc2155-2  in 

increasing iron (Fe3+) concentrations from left to right: (A1-2) 0 µM; (A3-4) 0,05 µM; (A5-6) 0,1 

µm; (B1-2) 0,15 µM; (B3-4) 0,2 µM; (B5-6) 0,25 µm; (C1-2) 0,3 µM; (C3-4) 0,4 µM; (C5-6) 0,5 µM; 

(D1-2) 0,75 µM; (D3-4) 1 µM; (D5-6) 2 µM. 
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Chapter 4: Discussion and Conclusion 

 

4.1 Discussion 

 
Proteins drive cellular processes and each protein has (a) specific role(s) to play in an 

organisms’ metabolism (Bateman et al., 2010, Goodacre et al., 2013). Some proteins require 

co-factors to become functionally active (Lill & Mϋhlenhoff, 2006), and Fe-S clusters are co-

factors to proteins involved in an array of fundamental cellular processes such as respiration 

and DNA repair (Castro et al., 2008; Py et al., 2011). Fe-S clusters do not form spontaneously 

in the cell, instead they are synthesised de novo in a controlled way using complex assembly 

systems (Lill & Mϋhlenhoff, 2006; Fontcave & Ollagnier-de-Choudens, 2007; Blanc et al., 

2014). The sufR-sufB-sufD-sufC-csd-sufU-sufT operon (suf operon) encodes the primary Fe-

S biogenesis pathway in mycobacteria and the suf operon is essential to the survival of M. 

tuberculosis (Huet et al., 2005). Understanding the role of each protein in the operon is crucial 

to fully understanding how it contributes to pathogenesis (Outten, 2015). This study used 

targeted mutant generation and phenotypic characterisation to investigate the role of SufT in 

the physiology of mycobacteria using M. smegmatis as a model organism.  

 
An M. smegmatis ΔsufT knockout mutant strain harbouring an unmarked deletion in sufT was 

successfully generated using allelic exchange mutagenesis (Fig. 3.6). The fact that a ΔsufT 

knockout mutant could be recovered suggested that sufT was not essential for growth under 

standard aerobic culture conditions. Forward genetic screens have made contradictory 

essentiality predictions for sufT in mycobacteria. Transposon mutagenesis using microarray 

hybridisation (TraSH) initially predicted sufT to be an essential gene in M. tuberculosis 

(Sassetti et al., 2003). However, a subsequent transposon mutagenesis study using next 

generation sequencing (Tn-seq) predicted sufT to be a non-essential gene (Griffin et al., 

2011), and the non-essentiality prediction was supported by data generated using CRISPRi 

in M. smegmatis (de Wet et al., 2018). TraSH had discordant results possibly it lacks sensitivity 

to detect low mutant abundance associated with growth defects resulting in miss-classification 

as essential (de Wet et al., 2018). 

 
Transposon mutagenesis and CRISPRi screening is specific to the growth condition that was 

tested (Sassetti et al., 2003). Targeted gene deletion is required to confirm essentiality 

predictions made by the forward genetic screens and has the advantage of having capacity to 

test essentiality under multiple growth conditions. The results from this study therefore 

confirmed previous findings (Griffin et al., 2011; de Wet et al., 2018) that sufT is a non-

essential gene in mycobacteria. In addition, loss of SufT did not affect planktonic growth under 
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standard culture, a further confirmation that SufT is dispensable for growth under these 

conditions. This is consistent with previous studies showing that SufT is dispensable for growth 

under standard culture conditions in S. aureus (Mashruwala et al., 2016a) and S. meliloti 

(Sasaki et al., 2016). Essentiality in M. smegmatis cannot always be directly inferred to M. 

tuberculosis without factoring in physiologic relevance. This is because even though M. 

smegmatis is a surrogate for M. tuberculosis, their genomes differ in size because they occupy 

different environmental niches. M. tuberculosis has undergone genome down-sizing to 

become a specialised pathogen whereas M. smegmatis has retained a larger genome which 

allows it to survive in the soil. Therefore, any essentiality predictions made in M. smegmatis 

need to be confirmed in M. tuberculosis.  

 
Based on sequence homology and the ability of the M. tuberculosis sufT to complement loss 

of sufT in S. aureus, it was inferred that M. smegmatis sufT would have a similar function as 

S. aureus. In S. aureus SufT is postulated to be an accessory protein for the maturation of Fe-

S clusters under conditions of high Fe-S demand (Mashruwala et al., 2016a; Mashruwala et 

al., 2016b). To determine whether mycobacterial SufT was also involved in Fe-S biogenesis, 

the effect of loss of SufT on the formation of Fe-S clusters was investigated by measuring the 

activities of the Fe-S containing enzymes succinate dehydrogenase (SDH) and aconitase 

(ACN). Loss of SufT significantly affected SDH activity (Fig. 3.10) but did not impact ACN 

activity (Fig 3.11). The negative impact on SDH activity was unexpected because there was 

no observed growth defect in planktonic cultures under standard aerobic conditions, 

suggesting that SufT was not needed for Fe-S biogenesis under those conditions.  

In S. aureus cells lacking SufT were shown to have decreased activity of Fe-S containing 

enzymes when entering respiratory growth, suggesting increased demand for Fe-S clusters 

during respiratory growth (Mashruwala et al., 2016a). In this study, enzyme activity was 

measured in cells at mid-log growth which is characterised by optimal cellular metabolism. 

Optimal cellular metabolism increases the demand for Fe-S clusters because fundamental cell 

processes like aerobic respiration are catalysed by enzymes that require Fe-S clusters (Cheng 

et al., 2006). SDH is involved in both the tricarboxylic acid (TCA) cycle and electron transport 

chain and requires three Fe-S clusters (2Fe-2S, 3Fe-4S and 4Fe-4S) (Cheng et al., 2006), 

while ACN is involved in the TCA cycle and needs a single 4Fe-4S cluster (Djaman et al., 

2004). We could therefore speculate that as a putative Fe-S maturation protein, SufT is 

needed for the maturation of Fe-S clusters targeted for SDH and not for ACN. The specificity 

for target proteins by maturation proteins has previously been shown in SufT homologues in 

eukaryotes where Fam96a and Fam96b both functioned as CIA maturation proteins, but with 

distinct target apoproteins (Stehling et al., 2013). To determine whether SufT functions as a 
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maturation protein, its’ ability to bind Fe-S clusters will need to be determined. This would 

involve the expression and purification of recombinant SufT protein in a heterologous host and 

performing Fe-S cluster reconstitutions on SufT or the ability of SufT to transfer clusters to 

other proteins. The specificity of SufT for SDH maturation can be tested using the preferential 

use model (Mashruwala et al., 2016b) and measuring the activity of SDH under condition of 

low demand for Fe-S clusters (fermentative growth) and high demand for Fe-S clusters 

(aerobic respiration) to see if loss of SufT has an impact on enzyme activity. In addition, co-

immunoprecipitation assays can be done to determine if there are protein-protein interactions 

between SufT and SDH. 

Fe-S clusters are susceptible to damage by reactive oxygen species (ROS), (Varghese et al., 

2003; Djaman et al., 2004; Imlay, 2006) and since it was proposed that SufT was involved in 

de novo synthesis of Fe-S clusters as a maturation protein, the function of SufT in Fe-S 

biogenesis under oxidative stress was investigated. Loss of SufT did not impact survival post 

exposure to DMNQ (Fig. 3.12) and these results suggested that either SufT was not involved 

in the repair or protection of Fe-S clusters from ROS or that the impact of ROS on Fe-S cluster 

containing enzymes did not cause a growth defect in cells experiencing oxidative stress. In 

addition, it is proteins like aconitase which have 4Fe-4S that are most affected by oxidative 

stress because their clusters are solvent exposed whereas in SDH the Fe-S clusters are 

protected from damage by oxidative stress (Djaman et al., 2004). SufT’s role may be limited 

to maturation of proteins not affected by oxidative stress. One of the limitations of this 

experiments is that the colony forming units (CFUs) based-method used to enumerate 

percentage survival was not very accurate due to clumping of the cells upon exposure to 

DMNQ. For future studies, a method based on determining total protein might be a more 

accurate measure of the number of bacteria present under oxidative stress.  

Loss of SufT did not impact the minimum inhibitory concentration (MIC) of the anti-tuberculosis  

drugs clofazimine (CFZ), isoniazid (INH) and rifampicin (RIF). One of the limitations of the 

broth microdilution method is that the sensitivity is determined by the range of the 2-fold 

dilution where growth is inhibited e.g. 32-64 µg/ml for INH and 1-4 µg/ml for CFZ. To refine 

these ranges, it may be useful to test intermediate concentrations, which may reveal 

differences. Since CFZ is postulated to kill by generating bactericidal levels of ROS (Yano et 

al., 2011) and loss of SufT did not impact growth under oxidative stress, this result was not 

unexpected. The activation of INH by the catalase peroxidase KatG is iron dependent and 

since SufT is proposed to play a role in Fe-S biogenesis and changes in Fe-S biogenesis can 

affect iron metabolism, the impact of loss of SufT on INH activity was investigated. However, 

since loss of SufT did not cause a growth defect in iron replete conditions, it may not impact 

iron homeostasis under these conditions. In future studies, the impact of loss of SufT on the 
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activity of INH under iron limitation needs to be investigated. RIF kills mycobacteria by 

inhibiting the transcription of bacterial DNA (Wehrli, 1983). Loss of SufT had no impact on the 

RIF MIC. DUF59 containing proteins in eukaryotes have been linked with Fe-S biogenesis 

targeted for DNA repair proteins (Luo et al., 2012), it would be interesting to see if loss of SufT 

influences DNA repair in mycobacteria. This could be done by inducing DNA damage using 

ultra violet (UV) then plating on RIF to determine the rate of spontaneous RIF resistance. The 

mutation rate will be used as an indirect measure of efficient DNA repair. 

SufT was confirmed as non-essential under standard aerobic culture however, essentiality  is 

condition-specific because bacteria require different proteins under different growth conditions 

(Caglar et al., 2017; Rodriguez et al., 2002; Sassetti et al., 2002). The expression of sufT in 

M. tuberculosis is upregulated under iron limitation suggesting a role for SufT in iron 

metabolism (Rodriguez et al., 2002), therefore the impact of the loss of SufT on planktonic 

growth under iron limitation was evaluated. Loss of SufT caused a growth defect in M. 

smegmatis growing under iron limiting conditions, but the growth defect was only observed 

during the lag phase. Interestingly, adding increasing concentrations of iron (up to 2µM) did 

not correct the growth defect (Fig. 3.13), suggesting that SufT was needed for adaptation to 

growth under iron limitation.  

However, the bacteria eventually entered log growth and grew to comparable cell densities 

(Fig. 3.13). A possible explanation for this observation was that the bacteria had acquired 

spontaneous mutations however, the same growth phenotype was observed in subsequent 

growth cycles ruling out this possibility (Fig 3.17). Another possible explanation is that 

induction of a  protein that compensates for the loss of sufT occurs, allowing the bacteria to 

adapt to the iron limiting conditions and grow like the wild type. This explanation is plausible if 

there is a protein in M. smegmatis that is a functional homologue of SufT, since functional 

homologues have redundant functions and can compensate for loss of each other (Vinella et 

al., 2009). Proteins from the nif system have been shown to be share functional redundancy 

with suf proteins (Yokoyama et al., 2018) and in S. aureus Nfu was able to compensate for 

loss of SufT (Mashruwala et al., 2016b). Additionally, Nfu in S. aureus was confirmed to be an 

Fe-S carrier that delivers Fe-S clusters to target apoproteins (Mashruwala et al., 2015). The 

suf operon of mycobacteria has a putative NifU-like protein immediately upstream of sufT, 

namely sufU (Fig 1.5). The protein encoded by sufU could be compensating for loss of SufT 

in planktonic growth under iron limiting conditions. However, the function of the NifU-like 

protein in mycobacteria has not been characterised and its ability to compensate for the loss 

of SufT would need to be confirmed. This could be done by complementing the ΔsufT mutant 

with sufU to see if the phenotype can be corrected. 
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This study confirmed previous findings that the iron needs of the cell differ significantly during 

planktonic growth and biofilm formation (Ohja &Hatful, 2007). The intracellular demand for iron 

during biofilm formation far exceeds that for planktonic growth, particularly during the 

maturation of the biofilms to form an extracellular matrix (Ohja et al., 2005, Ohja & Hatful, 

2007). The extracellular matrix of mycobacteria is postulated to be made up of long chain (C56 

– C68) mycolic acids (Ohja et al., 2005; Ohja et al., 2008). The synthesis of these long chain 

mycolic acids is regulated by the heat shock protein GroEL1 (Ohja et al., 2005) using the fatty 

acid synthase II (FASII) pathway (Schaeffer et al., 2001) and catalysed by β-ketoacyl-ACP 

synthase (KasA) (Ohja et al., 2005). The synthesis of these mycolic acids places a high energy 

demand on the cell (Cook et al., 2014; Jamet et al., 2015). Energy is produced by respiration 

and oxidative phosphorylation and the enzymes that catalyse these processes such as citrate 

synthase, isocitrate dehydrogenase and succinate dehydrogenase are Fe-S proteins (Djaman 

et al., 2004). If the synthesis of long chain mycolic acids needed for maturation of the 

extracellular matrix places a high demand for Fe-S clusters on the cell, this could explain why 

iron limitation inhibits the formation of an extracellular matrix in mc2155-1 (Fig. 3.21). 

Accordingly, the biofilm maturation growth defect seen in the ΔsufT mutant (Fig. 3.22) is 

plausible if loss of SufT is impacting the biogenesis of Fe-S clusters for proteins involved in 

vital metabolic pathways, resulting in a growth defect. A similar role was proposed for SufT in 

S. meliloti during symbiosis under iron limiting conditions because symbiosis also increases 

the intracellular demand for Fe-S proteins (Sasaki et al., 2016). The researchers hypothesized 

that sufT was needed for the biogenesis of Fe-S clusters under iron limitation making it 

indispensable for symbiosis (Sasaki et al., 2016). The impact of iron limitation on Fe-S 

biogenesis will need to be investigated further, to determine if there is a link between Fe-S 

biogenesis and formation of long chain mycolic acids in mycobacteria under these conditions. 

Mycosin 3 is an iron uptake protein, and iron limitation did not cause a biofilm growth defect 

in the mycosin 3 mutant. During biofilm formation there is increased expression of iron uptake 

genes, which is postulated to be an adaptive response driven by an increased metabolic 

demand for iron (Ohja & Hatful, 2007; Yang et al., 2017). It would follow then that if iron uptake 

was impaired, then increasing iron would not impact biofilm maturation because the cell would 

not be able to access the iron, as a result Fe-S homeostasis would be impaired and mycolic 

acids synthesis would  be inhibited. However, the results in this study support previous findings 

that loss of mycosin 3 does not impact the iron uptake ability of M. smegmatis, presumably 

because there are other iron uptake proteins that are compensating for loss of mycosin 3 

(Fang et al., 2017). The impact of loss of iron acquisition on biofilm maturation will need to be 

investigated further.   
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Quantifying the biofilm biomass was challenging. The method used was not suitable for pre-

maturation biofilms causing discrepancies between the macroscopic observations and the 

biomass quantification. In addition, quantifying the biomass did not add value especially when 

trying to distinguish small changes in the biofilm such moving from aggregation to surface 

attachment. Since the interest in studying biofilms lies in investigating the physical changes 

that are happening to the bacteria and the extracellular matrix during the biofilm formation 

steps using another qualitative method would potentially provide a better understanding of the 

pellicle biofilm process in mycobacteria. In this study, the biofilms were examined 

macroscopically but perhaps microscopic observation of the biofilms using a combination of 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) can 

elucidate better the physical changes happening to the biofilm at the different stages of growth. 

Future studies will therefore involve use of SEM and TEM.  

4.2 Conclusion 

 
Fe-S biogenesis is a vital process in cellular physiology yet the functioning of the primary Fe-

S biogenesis machinery in mycobacteria is not fully understood. The last gene in the 

mycobacterial suf operon encodes a SufT homologue. SufT was predicted to be involved in 

the maturation of Fe-S clusters even though its role in mycobacteria has not been determined. 

In this study the role of SufT in mycobacterial physiology and Fe-S cluster biogenesis was 

investigated by creating a ΔsufT mutant. Deletion of sufT did not affect growth under standard 

culture conditions but affected adaptation of M. smegmatis to iron limitation. Loss of SufT 

affected the activity of SDH but not ACN, indicating a level of specificity in its putative role in 

Fe-S cluster maturation. Survival upon exposure to ROS and ROS generating drugs was not 

affected by the loss of SufT, suggesting that the impact of ROS on Fe-S containing proteins 

does not cause a growth defect under the conditions tested. Deletion of SufT did not affect the 

formation of biofilms under standard culture conditions, but a growth defect was seen under 

iron limitation  possibly due to the impact of impaired Fe-S biogenesis on bacterial growth. 

Mycobacterial SufT therefore seems to function analogously to the cyanobacterial SufT and 

even though the findings in this study cannot definitively assign a function to SufT, they will 

guide in the accurate design of future experiments. 
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