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Abstract 

Escherichia coli exists as part of the human flora in the gastrointestinal tract. 

Some strains cause intestinal and extra-intestinal infections, and these bacteria 

are amongst the most prevalent of Gram-negative pathogens. There are many 

pathotypes of diarrhoeagenic E. coli, including enteroaggregative E. coli (EAEC). 

EAEC is a significant cause of diarrhoeal disease in low-, middle- and high-

income countries. Aggregative adherence fimbriae (AAFs) mediate EAEC 

adherence to epithelial cells. A ‘typical’ EAEC strain contains the master virulence 

regulator, AggR, which is a transcription factor, encoded on a virulence plasmid 

(pAA), that has over 40 virulence genes in its regulon. Previous work 

demonstrated that AggR acts as a monomer as a Class II activator of transcription 

at its dependent promoters. The aim of this project was to investigate complex 

AggR-regulated promoters, focussing on a bi-directional promoter, and to 

examine variations in the organisation of dependent promoters between strains. 

A further objective was to define the key determinants for AggR activity with an 

aim of understanding how its activity is regulated. 

 

The yicS-nlpA bi-directional promoter is known to be present on the chromosome 

in more than ten E. coli strains, though it has been identified in at least 30 more 

strains. The YicS protein is thought to be involved in biofilm formation in avian 

pathogenic E. coli (APEC), but YicS is not required for biofilm formation in EAEC 

042. An investigation of the regulation of the yicS and nlpA promoters, from E. 

coli K-12, EAEC strain 042 and EAEC strain H92/3, by AggR identified the key 

determinants that permit AggR-dependent activation of the yicS promoter in 
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EAEC 042, weaker activation in EAEC H92/3, and no activation in E. coli K-12. 

In contrast, in all these strains, the nlpA promoter is weakly repressed by AggR. 

  

In my study, the genome of the ‘atypical’ EAEC strain H149/5, which lacks a 

virulence plasmid, was sequenced and several AggR-activated promoters were 

identified. I identified the aap and caf1M genes, which demonstrates that this 

strain carries the dispersin (Aap) surface protein and Caf1M, a homologue of AAF 

proteins. An AggR-like transcription factor was identified, CfaD H149/5, that is 

chromosomally encoded. The AraC subgroup transcription regulators, Rns and 

AggR, could substitute for CfaD for activation of promoters from H149/5. My 

results showed that CfaD H149/5 has a different activation profile to AggR.  

 

Through mutational analysis, key determinants for AggR activity were located 

throughout both the N-terminal domain (NTD) and the C-terminal domain (CTD). 

None of the AggR mutants were strongly trans-dominant over wild-type AggR 

and this argues that AggR might function by pre-recruitment. An investigation of 

how AggR activity is regulated suggested the existence of a bi-stable virulence 

switch. Consistent with this, I showed that expression of AggR is not dependent 

on any external signal. Measurement of cell-to-cell variation of AggR activity 

indicates that a small proportion of cells reach a critical threshold of AggR 

production, and I argue that this ‘flips’ the virulence switch to the ‘on’ state. Taken 

together, the available experimental data suggest that the regulation of AggR 

activity is dependent on a feedforward loop with a bi-stable switch. 



 

 iv 

 

 

 

 

 

 

 

 

 

Dedicated to my family,  

my parents, Sarah and Andrew 

my sister, Kate  

and Fergus 

 

 



 

 v 

Acknowledgements 

Thank you to the BBSRC and MIBTP for funding this PhD project. Thank you to 

the University of Birmingham for 8 wonderful years as an undergrad and 

postgrad.  

I would like to thank my supervisors, Professor Stephen Busby, Dr Douglas 

Browning and Dr Damon Huber for the support and guidance. 

Steve, thank you so much for all of your help and advice with my PhD project and 

thesis. It’s been a pleasure to be your PhD student and to have had the 

opportunity to work with you.  

Doug, thank you for all you’ve taught me about being a successful research 

scientist both during my undergrad project and during my PhD – and thank you 

for taking a chance on me!   

Georgina Lloyd, firstly, thank you so much for reading my thesis drafts. Your 

support has been invaluable – you let me vent and offered me advice, I couldn't 

have coped without our weekly coffee dates!  

A special thank you to Rita Godfrey for your guidance and sharing your 

considerable expertise. And to Jo Hothersall, Munirah Alhammadi, and other lab 

members over the years – it’s been a pleasure working with you all and thank you 

for everything you've done to help me, not least for your friendship and the fun 

that we've had! Thank you also to the Grainger group for letting us Busby's crash 

your lab meetings.  

Jess Blair, Helen McNeil, and Sarah Element – thank you for your guidance with 

flow cytometry.  

To those that I am lucky to call my friends and family around the world – thank 

you for everything.  

Thank you to my dear friends: Ali, Tash, Jem, Ash, Maria, Nicole, Jess, Niah, 

Ailbhe, and all of the wonderful friends I’ve made through MIBTP.  

To my wonderful family in Wellington and the Wairarapa, thank for your 

generosity and support. Grandma and Grandad, thank you for always reading my 

papers, but please don’t try to read this thesis! And Grandma, thank you for your 



 

 vi 

continued concern for my “mutant babies”, you can see them all thriving in 

Chapter 5!  

And to my family, 

Luca, Vale and Giosuè – thank you for your encouragement and support, and for 

the funny videos and interesting articles! 

Kate, Harry, and Harold – thank you for your support, formatting expertise, letting 

me stay for extended periods (I know I'm always the favourite dog-sitter!) and for 

sharing wine and whiskey with me. 

Fergus, my furry companion, we lost you almost a year ago, but you’ll always be 

in our hearts and in our thoughts when we see your pear tree. 

Last in order but not of importance, my parents for the wonderful life you've given 

me, for your love and support, for teaching me the important values I live by and 

for encouraging me even when you have no idea what I’m talking about!  

 



 

 vii 

Table of Contents 

Abstract ................................................................................................................ ii 

Acknowledgements .............................................................................................. v 

Table of Figures ................................................................................................. xii 

List of Tables .................................................................................................... xvi 

List of abbreviations ......................................................................................... xvii 

Chapter 1 Introduction .................................................................................... 1 

1.1 Escherichia coli – an overview ........................................................................ 1 

1.2 EAEC prevalence and identification ................................................................ 2 

1.3 Pathogenesis of EAEC and clinical manifestation .......................................... 4 

1.4 Virulence determinants of EAEC .................................................................... 5 

1.4.1 Attachment Adherence Fimbriae (AAF) ........................................................ 7 

1.4.2 Dispersin and the Aat secretion system ....................................................... 9 

1.5 Bacterial transcription ..................................................................................... 9 

1.5.1 RNA polymerase ......................................................................................... 10 

1.5.2 Promoters ................................................................................................... 13 

1.5.3 Open complex formation and transcript initiation ........................................ 14 

1.5.4 Transcription elongation and termination .................................................... 16 

1.6 Transcription regulation ................................................................................ 18 

1.6.1 Simple activation ......................................................................................... 19 

1.6.2 Repression by transcription factors ............................................................ 20 

1.7 Overview of the AraC-family of transcription factors and AggR .................... 22 

1.7.1 An overview of the EAEC AggR regulon .................................................... 25 

1.8 An overview of the Aar regulon in EAEC ...................................................... 28 

1.9 Aims and objectives of the project ................................................................ 30 

Chapter 2 Materials and Methods ................................................................. 32 



 

 viii 

2.1 Suppliers ....................................................................................................... 32 

2.2 Bacterial Growth Media ................................................................................. 32 

2.2.1 Liquid media ............................................................................................... 32 

2.2.2 Solid media ................................................................................................. 33 

2.2.3 Antibiotics and other supplements .............................................................. 33 

2.3 Bacterial Strains and plasmids ...................................................................... 34 

2.3.1 Bacterial strains and growth conditions ...................................................... 34 

2.3.2 Plasmids ..................................................................................................... 34 

2.4 Gel electrophoresis ....................................................................................... 37 

2.4.1 Agarose gel electrophoresis ....................................................................... 37 

2.4.2 Polyacrylamide gel electrophoresis (PAGE) of DNA .................................. 45 

2.5 Extraction and purification of nucleic acids ................................................... 45 

2.5.1 Extraction of DNA fragments from agarose gels ........................................ 45 

2.5.2 Electroelution of DNA fragments from polyacrylamide gels ........................ 46 

2.5.3 Phenol/chloroform extraction of DNA ......................................................... 46 

2.5.4 Ethanol precipitation of DNA ....................................................................... 46 

2.5.5 Small-scale preparation of plasmid DNA using QIAprep Spin miniprep kit 47 

2.6 Transformation of E. coli with plasmid DNA .................................................. 47 

2.6.1 Preparation of chemically competent cells using the method of CaCl2 

transformation ......................................................................................................... 47 

2.6.2 Transformation of plasmid DNA into chemically competent cells ............... 48 

2.6.3 Preparation of electrocompetent cells ........................................................ 48 

2.6.4 Transformation of E. coli electrocompetent cells by plasmid DNA ............. 49 

2.7 Recombinant DNA techniques ...................................................................... 49 

2.7.1 Polymerase chain reaction (PCR) .............................................................. 49 

2.7.2 Colony PCR ................................................................................................ 58 

2.7.3 Error-prone PCR ......................................................................................... 59 



 

 ix 

2.7.4 Megaprimer PCR ........................................................................................ 59 

2.7.5 Q5® site-directed mutagenesis (SDM) PCR .............................................. 59 

2.7.6 Q5® SDM Kinase, ligase and DpnI (KLD) treatment .................................. 61 

2.7.7 Restriction digestion of DNA ....................................................................... 61 

2.7.8 Ligation ....................................................................................................... 63 

2.7.9 DNA sequencing ......................................................................................... 64 

2.8 β-galactosidase assays ................................................................................ 64 

2.8.1 β-galactosidase assays during exponential growth and stationary phase .. 64 

2.9 Gene Doctoring ............................................................................................. 66 

2.9.1 An overview of the technique ...................................................................... 66 

2.9.2 Gene doctoring methodology ...................................................................... 66 

2.9.3 Removal of the kanamycin resistance cassette and detection of gene 

doctored cells .......................................................................................................... 67 

2.10 Biofilm assay ................................................................................................. 68 

2.11 Flow cytometry .............................................................................................. 68 

2.11.1 Set up of the flow cytometer ................................................................... 68 

2.11.2 Measurement of Syto84 with GFP fluorescence .................................... 69 

2.11.3 Gating strategy ....................................................................................... 69 

Chapter 3 The Action of AggR at Target Promoters ..................................... 72 

3.1 Introduction ................................................................................................... 72 

3.2 Analysis of simple AggR-dependent promoters ............................................ 73 

3.2.1 Activation .................................................................................................... 75 

3.2.2 The role of CRP .......................................................................................... 80 

3.3 A bi-directional promoter regulated by AggR: activation and repression ...... 87 

3.3.1 The yicS promoter: activation by AggR and essential elements ................. 91 

3.3.2 A potential downstream yicS promoter ..................................................... 100 

3.3.3 Investigating the function of YicS in biofilms ............................................. 110 



 

 x 

3.3.4 Repression and the nlpA promoter ........................................................... 112 

3.4 Discussion ................................................................................................... 119 

Chapter 4 AggR in diverse EAEC strains ................................................... 124 

4.1 Introduction ................................................................................................. 124 

4.2 Comparison of AggR with related transcriptional activators ....................... 127 

4.2.1 Aligning transcription factors ..................................................................... 127 

4.2.2 Activation of H149/5 promoters by AggR homologues ............................. 128 

4.2.3 Activation at promoters from EAEC strain 042 and strain C1010-00 ........ 150 

4.2.4 Potential upstream activator binding sites ................................................ 155 

4.2.5 A new working hypothesis ........................................................................ 159 

4.3 An active promoter, an AggR-dependent promoter, and an AggR-

independent promoter ............................................................................................. 170 

4.3.1 aap: A very strong promoter ..................................................................... 170 

4.3.2 bssS: A putative DNA binding site for AggR/A simple promoter ............... 171 

4.3.3 A consideration of the factors that confer AggR-dependence .................. 175 

4.4 Discussion ................................................................................................... 179 

Chapter 5 A Study of Defective AggR Mutants ........................................... 191 

5.1 Introduction ................................................................................................. 191 

5.2 The signal for AggR-mediated activation .................................................... 192 

5.3 A system for searching for trans-dominance .............................................. 193 

5.3.1 Changes in the AggR protein .................................................................... 193 

5.3.2 Changes in AggR guided by previously isolated AggR mutants ............... 204 

5.4 Mutations guided by other AraC family transcription factors ....................... 214 

5.4.1 Mutations according to Rns ...................................................................... 214 

5.4.2 Mutations guided by the MelR DNA-binding domain ................................ 222 

5.4.3 Mutations guided by the MelR s70 interaction ......................................... 231 

5.4.4 Mutations of charged residues .................................................................. 236 



 

 xi 

5.4.5 Mutations guided by VirF .......................................................................... 243 

5.5 Flipping the script – AggR mutants in pLG339 ........................................... 247 

5.6 Discussion ................................................................................................... 252 

Chapter 6 The Regulation of AggR ............................................................. 268 

6.1 Introduction ................................................................................................. 268 

6.2 Aar – the AggR regulator ............................................................................ 268 

6.2.1 The proposed mechanism ........................................................................ 270 

6.3 Single cell analysis ...................................................................................... 275 

6.3.1 Flow cytometry .......................................................................................... 275 

6.3.2 The potential stochasticity of aggR expression ........................................ 276 

6.3.3 Regulation by AggR .................................................................................. 276 

6.4 Discussion ................................................................................................... 280 

Chapter 7 Final Discussion ......................................................................... 288 

7.1 EAEC strain differences EAEC strain differences ....................................... 288 

7.2 AggR activation at target promoters ........................................................... 290 

7.3 Pre-recruitment and the structure of AggR ................................................. 291 

7.4 AggR regulation .......................................................................................... 295 

7.5 Concluding remarks .................................................................................... 298 

References ...................................................................................................... 300 

 



 

 xii 

Table of Figures 

Figure 1.1  Pathogenesis of EAEC ............................................................................. 6 

Figure 1.2  Schematic diagram of RNAP holoenzyme bound at a promoter ............ 12 

Figure 1.3  Mechanisms of activation of transcription initiation ................................ 21 

Figure 1.4  Mechanisms of repression of transcription initiation ............................... 23 

Figure 1.5  Mechanism of AggR-mediated activation ............................................... 27 

Figure 2.1  Gating strategy of empty vector control samples ................................... 71 

Figure 3.1  AggR transcriptomics on the EAEC 042 chromosome and plasmid ...... 74 

Figure 3.2  The pRW50 low copy number lac expression vector ............................. 76 

Figure 3.3  DNA base sequence upstream of genes cloned into pRW50 ................ 78 

Figure 3.4  pBAD30 vector ....................................................................................... 81 

Figure 3.5  pBADaggR and the DNA sequence of aggR gene cloned into pBAD30 83 

Figure 3.6  A simple assay for AggR-dependent activation at target promoters ...... 84 

Figure 3.7  Measurement of afaB, agg4D, aafD100 promoter activities ................... 86 

Figure 3.8  pLG339 used as a vector for aggR ........................................................ 88 

Figure 3.9  The DNA sequence of the aggR regulatory region and gene in pLG339

 ............................................................................................................... 89 

Figure 3.10  Effects of CRP on AggR-dependent activation of a target promoter ...... 90 

Figure 3.11  yicS and nlpA bi-directional promoter in E. coli K-12 ............................. 93 

Figure 3.12  yicS-nlpA bi-directional promoter in EAEC 042, H92/3 and E. coli K-12 94 

Figure 3.13  Alignment of the yicS regulatory regions ................................................ 95 

Figure 3.14  yicS regulatory regions cloned in pRW50 .............................................. 96 

Figure 3.15  Measurement of promoter activities: yicS promoters from E. coli K-12, 

EAEC 042 and EAEC H92/3 .................................................................. 98 

Figure 3.16  yicS promoter mutations ....................................................................... 101 

Figure 3.17  Mutational analysis of the yicS promoter from EAEC 042 and E. coli K-12

 ............................................................................................................. 103 



 

 xiii 

Figure 3.18  DNA sequence of the yicS downstream regulatory region ................... 107 

Figure 3.19  Identifying an AggR-independent promoter .......................................... 109 

Figure 3.20  Biofilm assay analysis of DyicS ............................................................ 111 

Figure 3.21  nlpA promoter fragments cloned in pRW50 ......................................... 114 

Figure 3.22  Measurement of promoter activities: nlpA promoters from E. coli K-12, 

EAEC 042 and EAEC H92/3 ................................................................ 116 

Figure 3.23  Mutational analysis of the nlpA promoter guided by the yicS promoter 118 

Figure 4.1  An AggR-like transcription factor in newly sequenced Brazilian strains

 ............................................................................................................. 130 

Figure 4.2  Amino acid sequence alignments of transcription factors like AggR 042

 ............................................................................................................. 133 

Figure 4.3  Cloned DNA fragments in pBADrns and pBADcfaD ............................ 137 

Figure 4.4  Analysing the aatP regulatory region from H149/5 ............................... 139 

Figure 4.5  Analysing the caf1M regulatory region from H149/5 ............................ 144 

Figure 4.6  Analysing the cfaD regulatory region from H149/5 ............................... 148 

Figure 4.7  Measurement of promoter activities: promoters from EAEC C1010-00 and 

042 ....................................................................................................... 154 

Figure 4.8   Measurement of the aafD100 promoter activity and alignments of the 

promoter sequences ............................................................................. 158 

Figure 4.9  Mutational analysis of the caf1M regulatory region .............................. 161 

Figure 4.10  Classification of AggR activated promoters .......................................... 165 

Figure 4.11  Analysis of an afaB-caf1M hybrid promoter ......................................... 166 

Figure 4.12  Analysis of a caf1M-CCG promoter mutant .......................................... 168 

Figure 4.13  Analysis of the aap regulatory region ................................................... 173 

Figure 4.14  Alignment of the regulatory regions of bssS 042 and bssS K-12 ......... 176 

Figure 4.15  DNA sequences of bssS 042 and K-12 in pRW224 ............................. 177 

Figure 4.16  Measurement of bssS 042 and bssS K-12 promoter activities ............. 178 

Figure 4.17  Alignment of the base sequences at AggR-activated and non-activated 



 

 xiv 

promoters ............................................................................................. 180 

Figure 4.18  Alignment of the regulatory regions of aatP EAEC strain 042 and H149/5

 ............................................................................................................. 183 

Figure 4.19  Alignment of AraC subgroup with CfaD H149/5 ................................... 187 

Figure 5.1  Analysis of promoter activity when AggR expression is controlled by the 

aggR promoter ..................................................................................... 194 

Figure 5.2  A new system to measure promoter activity ......................................... 196 

Figure 5.3  Amino acid structure of AggR ............................................................... 197 

Figure 5.4  Measurement of promoter activity with AggR mutants ......................... 199 

Figure 5.5  Analysis of agg4D promoter activity with previously identified AggR 

mutants ................................................................................................. 202 

Figure 5.6  Analysis of afaB promoter activity with previously identified AggR mutants

 ............................................................................................................. 206 

Figure 5.7  The predicted structure of AggR .......................................................... 208 

Figure 5.8  Analysis of promoter activity with AggR mutants ................................. 212 

Figure 5.9  Analysis of afaB promoter activity with co-expression of AggR mutants 

targeting HTH2 ..................................................................................... 216 

Figure 5.10  Alignment of Rns ETEC and AggR EAEC strain 042 amino acid 

sequences ............................................................................................ 219 

Figure 5.11  Analysis of promoter activity with AggR mutants guided by Rns ......... 220 

Figure 5.12  Mutational analysis and promoter activity with AggR mutants, guided by 

MelR DNA binding mutants .................................................................. 226 

Figure 5.13  Analysis of promoter activity with co-expression of AggR mutants, guided 

by MelR DNA binding mutations .......................................................... 230 

Figure 5.14  Mutational analysis and promoter activity with co-expression of AggR 

mutants, guided by MelR s70 interaction domain mutants .................. 234 

Figure 5.15  Mutational analysis of AggR, targeting charged residues .................... 239 

Figure 5.16  Analysis of afaB promoter activity with co-expression of AggR mutants 



 

 xv 

targeting HTH1 ..................................................................................... 241 

Figure 5.17  Analysis of afaB promoter activity with co-expression of AggR mutants 

targeting HTH2 ..................................................................................... 244 

Figure 5.18  Alignment of AggR, Rns and VirF amino acid sequences .................... 246 

Figure 5.19  Analysis of afaB promoter activity with co-expression of AggR mutants 

guided by VirF ...................................................................................... 249 

Figure 5.20  Analysis of afaB promoter activity with co-expression of pLG339aggR 042 

mutants targeting the N-terminal domain ............................................. 253 

Figure 5.21  Analysis of afaB promoter activity with co-expression of pLG339aggR 042 

mutants guided by Rns ......................................................................... 254 

Figure 5.22  Analysis of afaB promoter activity with co-expression of pLG339aggR 042 

mutants targeting HTH1 ....................................................................... 255 

Figure 6.1  DNA sequences of aar and aar+ genes cloned into pBAD30 ............... 272 

Figure 6.2  Analysis of afaB and agg4D promoter activity with AggR and either Aar or 

Aar+ ...................................................................................................... 273 

Figure 6.3  The pRW400 and pRW400aafD100 low copy number vectors ............ 277 

Figure 6.4  Flow cytometry plots of unstained control samples .............................. 279 

Figure 6.5  Flow cytometry plots of stained AggR samples .................................... 281 

Figure 6.6  The heterogeneity of GFP fluorescence ............................................... 283 

Figure 7.1  Mechanism of transcription activation by pre-recruitment .................... 294 

Figure 7.2  AggR regulation: a feedforward loop with dampening .......................... 297 

 

  



 

 xvi 

List of Tables 

Table 2.1  Strains used in this study ....................................................................... 35 

Table 2.2  Plasmids used in this study .................................................................... 38 

Table 2.3  Oligonucleotide primers .......................................................................... 50 

Table 2.4  PCR conditions ....................................................................................... 60 

Table 2.5  Q5 SDM PCR conditions ........................................................................ 62 

Table 4.1  Some Enteroaggregative E. coli (EAEC) strains and their characteristics

 ............................................................................................................. 126 

Table 4.2  Sequence identity ................................................................................. 188 

Table 5.1 AggR mutants and their characteristics ................................................ 257 

Table 5.2  AggR mutants in pLG339 and pBAD30 ................................................ 265 

 

 



 

 xvii 

List of abbreviations 
A: Adenosine 

AA: Aggregative adherence  

AAFs: Aggregative adherence fimbriae 

Aai: AggR Activated Island  

Aap: Antiaggregation protein or dispersin 4 

Aar: AggR-activated regulator 

AmpR: Ampicillin-resistance  

AMR: Antimicrobial resistance  

ANR: AraC Negative Regulator  

APS: Ammonium persulfate 

bp: Base pair 

C: Cytosine 

CIP: Calf intestinal alkaline phosphate 

CmR: Chloramphenicol-resistance  

CRE: Core recognition element  

CRP: Cyclic AMP receptor protein  

CTD: Carboxyl terminal domain 

DMEM: Dulbecco’s modified Eagle medium  

DBD: DNA-binding domain  

dsDNA: Double stranded DNA  

DNA: Deoxyribonucleic acid 

EAST-1: Enteroaggregative heat-stable toxin  

EBD: Effector binding domain  

FSC-H: Forward scatter height  

G: Guanine 

GFP: Green fluorescent protein  

H-NS: Histone like-nucleoid structuring protein 

HUS: Hemolytic uremic syndrome  

HTH: Helix-turn-helix 

Kb: Kilo base pair 

KmR: Kanamycin-resistance 



 

 xviii 

LB: Luria-Bertani broth  

LPS: Lipopolysaccharides  

nt: Nucleotide 

NTD: Amino terminal domain 

NTP: Nucleoside triphosphate (N=A, C, G or T) 

OD: Optical density 

ONPG: Ortho-nitrophenyl-b-D-galactopyranoside 

ORF: Open reading frame  

pAA: Aggregation adherence plasmid 

PAI-I: pheU pathogenicity island  

PCR: Polymerase chain reaction 

PMT: Photomultiplier tube  

RBS: Ribosome binding sites  

RNA: Ribonucleic acid 

RNAP: RNA polymerase 

RPitc: RNAP-promoter initial transcribing complex  

RPo: Open promoter complex  

ShET1: Shigella enterotoxin 1  

Stx: Shiga toxin  

ssDNA: single stranded DNA  

SOC: Super Optimal broth with Catabolite repression  

T: Thymine 

TBE: Tris/Borate/EDTA buffer 

TEC: Transcription elongation complex  

TetR: Tetracycline resistance 

TEMED: N,N,N’,N’-Tetramethylethylenediamine 

TSS: Transcription start site  

T1SS: Type I secretion system 

T6SS: Type VI secretion system  

v/v: Volume per volume 

w/v: Weight per volume 

Amino acid standard single letter codes were used. 



 

 1 

Chapter 1  Introduction 

1.1 Escherichia coli – an overview  

In the late 19th century, a very small microorganism called Escherichia coli was 

identified by Theodor Escherich (El-Hajj and Newman, 2015; Hacker and Blum-

Oehler, 2007; Clements et al., 2012; Lim et al., 2010). E. coli is a rod-shaped and 

very small Gram-negative bacterium, approximately 0.5 µm wide by 1-2 µm long 

(El-Hajj and Newman, 2015; Davies, 1996). Most E. coli strains exist harmlessly 

as part of the normal human flora in the gastrointestinal tract (Davies, 1996; 

Hacker and Blum-Oehler, 2007; Lim et al., 2010; Prager et al., 2014). However, 

pathogenic E. coli are significant contributors to the burden of disease, including 

serious nosocomial infections, and one of the most prevalent Gram-negative 

pathogens (Davies, 1996; Hacker and Blum-Oehler, 2007; Miajlovic and Smith, 

2014). Pathogenic strains are distinguished from harmless commensal isolates 

by their acquisition of virulence-associated genes through plasmids, transposons, 

pathogenicity islands, or bacteriophages (Hacker and Blum-Oehler, 2007; Lim et 

al., 2010; Prager et al., 2014). Pathogenic E. coli can be categorised by presence 

of specific virulence factors, the serotype, the mechanisms of pathogenicity, or 

the clinical presentation (Lim et al., 2010).  

There are many established pathotypes in the group of diarrhoeagenic E. coli 

(DEC) including Enteroaggregative Escherichia coli (EAEC), diffusely adhering 

E. coli (DAEC), Shiga toxin-producing E. coli (STEC), enteropathogenic E. coli 

(EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), EHEC and 
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verocytotoxin E. coli (VTEC) (Jensen and Hebbelstrup Rye Rasmussen, 2017; 

Navarro-Garcia and Elias, 2011; Dias et al., 2020; Kaper et al., 2004). 

1.2 EAEC prevalence and identification  

The impact of EAEC on global public health is a growing concern due to the 

association with serious outbreaks of disease, high morbidity and mortality rates, 

and the broad range of susceptible patients (Andrade et al., 2017; Yasir et al., 

2019; Navarro-Garcia and Elias, 2011; Croxen et al., 2013). EAEC is a significant 

cause of diarrhoeal disease in adults and children, both in industrial and 

developing countries (Dias et al., 2020; Yasir et al., 2019; Jenkins et al., 2005; 

Morin et al., 2010), and is associated with diarrhoea, weight loss, malnutrition and 

growth retardation in children in developing countries (Bamidele et al., 2019; Havt 

et al., 2017; Ellis et al., 2020). EAEC is responsible for 8-32% of acute diarrhoeal 

cases in infants and children, depending on geographic location (Navarro-Garcia 

and Elias, 2011; Bamidele et al., 2019). It can also be attributed to 20-30% of 

persistent diarrhoeal incidences, described as lasting more than 14 days 

(Bamidele et al., 2019), including persistent paediatric diarrhoea (Jensen and 

Hebbelstrup Rye Rasmussen, 2017; Nataro et al., 1993; Navarro-Garcia and 

Elias, 2011), persistent enteric infections in HIV-infected patients, and extra-

intestinal infections including urinary tract infections and septicaemia (Ellis et al., 

2020; Yasir et al., 2019; Mellies and Barron, 2006). 

EAEC is typically linked to foodborne outbreaks and is one of the leading causes 

of traveller’s diarrhoea (Santiago et al., 2017; Morin et al., 2010). In 2011, a 

serious foodborne outbreak occurred in Germany which led to over 4000 

gastroenteritis cases, 850 of which progressed to hemolytic uremic syndrome 
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(HUS), 900 hospitalisations and 54 deaths (Yasir et al., 2019; Berger et al., 2016; 

Lang et al., 2018; Buchholz et al., 2011; Boisen et al., 2015; Ellis et al., 2020). 

Globally, this was the highest occurrence of E. coli-related HUS and the largest 

foodborne outbreak in Germany (Berger et al., 2016; Boisen et al., 2015).  The 

strain implicated was EAEC O104:H4, which had a combination of 

enterohemorrhagic E. coli (EHEC) and EAEC virulence determinants, including 

the EHEC virulence factor Shiga toxin (Stx), and carried an EAEC-like pAA 

plasmid (Ellis et al., 2020; Berger et al., 2016; Lang et al., 2018; Buchholz et al., 

2011; Brzuszkiewicz et al., 2011; Boisen et al., 2015).  

The paradigm EAEC strain 042 was first isolated from a child in Peru with acute 

diarrhoea in 1983 (Nataro et al., 1985). This strain is comprised of a 100 kb 

aggregative adherence plasmid, pAA, and the 5.2 Mb circular chromosome 

(Estrada-Garcia et al., 2014; Sheikh et al., 2002; Yasir et al., 2019). The pAA 

plasmid encodes AggR, which is an important regulator of many virulence factors 

implicated in pathogenicity, including aggregative adherence fimbriae (AAFs) 

(Jonsson et al., 2017; Huttener et al., 2018; Bamidele et al., 2019; Morin et al., 

2010; Berger et al., 2016; Yasir et al., 2019; Dias et al., 2020). AAFs mediate the 

EAEC-unique aggregative adherence to intestinal epithelial cells, that has been 

characterised as a “stacked-brick” pattern (Jonsson et al., 2017; Jensen and 

Hebbelstrup Rye Rasmussen, 2017; Berger et al., 2016; Huttener et al., 2018; 

Bamidele et al., 2019; Dias et al., 2020; Estrada-Garcia et al., 2014). This 

characteristic pattern of adherence has been detected in patients presenting 

diarrhoeal disease in many different countries and across a range of age groups 
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(Estrada-Garcia et al., 2014), and this allows identification, despite the 

heterogeneity of EAEC (Ellis et al., 2020; Estrada-Garcia et al., 2014).  

1.3 Pathogenesis of EAEC and clinical manifestation  

The major stages of EAEC pathogenesis include colonisation of the host 

intestinal mucosa, biofilm formation, toxin secretion, cytotoxic damage and 

intestinal inflammation (Figure 1.1) (Morin et al., 2010; Yasir et al., 2019; Dias et 

al., 2020; Navarro-Garcia and Elias, 2011; Mohamed et al., 2007; Ellis et al., 

2020). Several virulence factors thought to be involved in pathogenesis, have 

been identified (Ellis et al., 2020). AAFs mediate adherence to the intestinal 

epithelium and are believed to be central to pathogenicity in certain EAEC strains 

(Morin et al., 2010; Jonsson et al., 2017). AAFs are a family of chaperone-usher 

adhesins, and five major variants have been identified so far, AAF/I to AAF/V 

(Ellis et al., 2020; Morin et al., 2010; Jonsson et al., 2017). Antiaggregation 

protein (Aap), dispersin, facilitates the dispersion of AAFs on the bacterial surface 

by binding to the surface of lipopolysaccharides (LPS) on the outer membrane 

(Asadi Karam et al., 2017; Harrington et al., 2006; Dias et al., 2020; Berger et al., 

2016; Boll et al., 2013). This effect has been suggested to be due to dispersin 

counteracting surface charge on the LPS and AAFs (Asadi Karam et al., 2017). 

Enterotoxins and cytotoxins are then produced and secreted, causing cytotoxic 

damage. These include enteroaggregative heat-stable toxin (EAST-1) and 

Shigella enterotoxin 1 (ShET1), and autotransporters (e.g. SepA, SigA, Pic, Pet) 

(Morin et al., 2010; Ellis et al., 2020; Dias et al., 2020; Navarro-Garcia and Elias, 

2011). Following this, mucosal inflammation is triggered, and the host immune 

response leads to interleukin-1 and interleukin-8 secretion (Morin et al., 2010; 
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Yasir et al., 2019; Navarro-Garcia and Elias, 2011; Jensen and Hebbelstrup Rye 

Rasmussen, 2017). It is important to understand how EAEC causes disease, in 

order to appreciate the differences between asymptomatic pathogenic strains 

(Franca et al., 2013), particularly as genotyping has not identified any robust link 

between any single gene (or combination of genes) and virulence (Ellis et al., 

2020; Boisen et al., 2020).  

Globally, antibiotic resistance is a growing concern. There is an increasing 

prevalence of antimicrobial resistance (AMR) in clinical E. coli strains; EAEC has 

previously been tested for antibiotic sensitivity and, though it is susceptible to 

quinolones, it is highly resistant to many antibiotics, including ampicillin and 

trimethoprim (Dias et al., 2020; McHale et al., 2018). Due to the decreasing 

susceptibility to antibiotics and effective immune system evasion by EAEC during 

infection, antibiotics are reserved for severe cases, particularly since 

development of new antibiotics has slowed (Jensen and Hebbelstrup Rye 

Rasmussen, 2017; Hebbelstrup Jensen et al., 2014; Roberts et al., 2018). 

1.4 Virulence determinants of EAEC  

The genomes of EAEC strains are heterogenic and highly mosaic (Bamidele et 

al., 2019; Jensen and Hebbelstrup Rye Rasmussen, 2017; Estrada-Garcia et al., 

2014; Ellis et al., 2020). Pathogenicity is orchestrated by key virulence factors 

(Bamidele et al., 2019), and formation of a biofilm is an important pathogenic trait 

of EAEC, often associated with persistent infection. Genes involved include aatA,   
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Figure 1.1  Pathogenesis of EAEC 

The figure illustrates EAEC colonisation of the gut by aggregative adherence to 
intestinal epithelium, forming a biofilm (yellow), followed by the secretion of toxins 
(green dots). Adapted from Hebbelstrup Jensen et al. (2014).  
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aggR, pic, sepA, sigA and the AAFs (Jensen and Hebbelstrup Rye Rasmussen, 

2017). Some of these, and many other virulence genes, are encoded on a 72-

120 kb plasmid, pAA, indicating its central role in pathogenicity (Huttener et al., 

2018; Berger et al., 2016; Jonsson et al., 2017) and there is a high degree of 

conservation between the pAA of different EAEC strains (Savarino et al., 1994). 

Some strains have pAA plasmids that also encode toxins, for example in EAEC 

strain 042 the autotransporters Pet and EAST-1, and SepA in a German O104:H4 

outbreak strain (Jonsson et al., 2017). In the prototypical EAEC strain 042, 

chromosomally encoded genes include ShET1, Pic and the type VI secretion 

system; the AAF genes, dispersin, EAST-1, Pet and AggR are encoded on pAA2, 

the pAA plasmid prototype (Morin et al., 2010; Okeke et al., 2000). Certain 

virulence genes encoded on pAA, particularly AggR-regulated AAF/I fimbriae, 

enhance inflammation, and allow adherence to epithelial cells (Boisen et al., 

2013; Huttener et al., 2018; Berger et al., 2016).  

1.4.1 Attachment Adherence Fimbriae (AAF)  

The AAF variant, AAF/I, which is expressed in EAEC strain 17-2, was found to 

be present in the 2011 German outbreak strain, O104:H4 (Elias et al., 1999; 

Boisen et al., 2013). In fact, the presence of pAA, which encodes the AAF genes 

and other important virulence factors, was shown to affect the probability of HUS 

occurrence; loss of pAA reduced the occurrence of HUS and high incidence of 

HUS was associated with pAA (Huttener et al., 2018; Berger et al., 2016). A major 

factor in this is likely to be the translocation of Shiga toxin (Stx2) across the 

intestinal epithelium, that promotes inflammation (Boisen et al., 2013; Huttener et 

al., 2018; Berger et al., 2016).  
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AAFs are highly hydrophobic adhesins, required by many EAEC strains for their  

adherence to epithelial cells (Sheikh et al., 2002; Nishi et al., 2003; Savarino et 

al., 1994), and the stacked-brick pattern allows distinction from EPEC and DAEC, 

which present localised adherence and diffuse adherence patterns (Jonsson et 

al., 2017; Jensen and Hebbelstrup Rye Rasmussen, 2017; Berger et al., 2016; 

Huttener et al., 2018; Bamidele et al., 2019; Dias et al., 2020; Estrada-Garcia et 

al., 2014). Five different allelic variants of AAF have been described (Harrington 

et al., 2006). 

The AAF/I and AAF/II fimbrial subunits are 25% identical but have greater 

homology with members of the Dr family of adhesins (Elias et al., 1999; 

Harrington et al., 2006), which is a family of fimbrial adhesins present in EPEC 

and DAEC (Harrington et al., 2006), than with each other (Elias et al., 1999). AAF 

variants also have different morphologies (Czeczulin et al., 1997). Hence, AAF/I 

forms fimbriae 2-3 nm in diameter and arranged in flexible bundles (Elias et al., 

1999); whereas AAF/II, expressed in EAEC strain 042, forms semi-rigid bundles 

of filaments and that are 5 nm in diameter (Elias et al., 1999; Czeczulin et al., 

1997). The two unlinked regions containing the AAF/I encoding genes, agg, are 

separated by 9 kb segment containing the 117-bp long EAST1 gene, astA, on a 

pAA virulence plasmid (Nataro et al., 1994; Savarino et al., 1994; Elias et al., 

1999; Menard and Dubreuil, 2002).  

As there are some virulent EAEC strains that do not express any of the known 

AAF variants, it is expected that there are other adhesins still to be discovered 

(Ito et al., 2014; Harrington et al., 2006; Bhargava et al., 2009).  
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1.4.2 Dispersin and the Aat secretion system  

In most EAEC strains, on the virulence plasmid, there is a small open reading 

frame (ORF) upstream of the aggR gene that encodes the 10 kDa Aap protein, 

known as dispersin (Harrington et al., 2006; Prager et al., 2014; Fujiyama et al., 

2008). Virulence plasmids usually also encodes the ABC transporter complex, 

Aat, which is required for the export of dispersin (Prager et al., 2014; Harrington 

et al., 2006; Nishi et al., 2003). Both dispersin and Aat are regulated by AggR 

(Harrington et al., 2006). 

Dispersin is secreted to the surface of EAEC cells, forming a capsule, and 

promoting dispersal of EAEC on intestinal mucosa by binding noncovalently to 

LPS of the outer membrane (Harrington et al., 2006; Sheikh et al., 2002; Nishi et 

al., 2003). The predicted amino acid sequence of dispersin is more hydrophilic 

than AAF, and its presence is thought to neutralise the negative charge of LPS 

to allow AAF to spread and bind to distant sites (Sheikh et al., 2002; Harrington 

et al., 2006).  

1.5 Bacterial transcription  

The ability of many bacteria to adapt to environmental conditions is largely due 

to the global regulation and modulation of gene expression. Included in this 

response are disease-causing genes, notably virulence determinants that 

facilitate colonisation of the host and bacterial survival (Thomas and 

Wigneshweraraj, 2014).  

Bacteria contain a single DNA-dependent RNA polymerase (RNAP) that 

transcribes DNA into RNA. The complete RNAP holoenzyme is formed by a core 

enzyme, with ββ’α2ω subunits, interacting with a σ subunit, which provides the 
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key interactions for site-specific transcription initiation. The σ subunit is 

comprised of four independently folded domains and is responsible for promoter 

recognition and interaction: domain 4 interacts with the promoter -35 element and 

domain 2 with the -10 element (Browning and Busby, 2004; Mejia-Almonte et al., 

2020; Browning and Busby, 2016; Sutherland and Murakami, 2018). These 

elements are named according to the approximate base pair (bp) distance they 

occur upstream of the transcription start site (TSS). Following DNA-binding, 

RNAP unwinds the double helix strands to form an open complex, exposing the 

DNA strand to be transcribed (Browning and Busby, 2004; Browning and Busby, 

2016). The frequency of transcription of a gene is positively correlated with the 

strength of its promoter. Strong promoters contain consensus sequence 

elements, TTGACA for the -35 element and TATAAT for the -10, however, most 

promoters have non-consensus sequences and transcription can still occur 

(Browning and Busby, 2004; Li and Zhang, 2014; Rhodius and Mutalik, 2010). 

This is often due to activators, a type of transcription factor, which improve the 

RNAP affinity for the promoter.  

1.5.1 RNA polymerase  

The discovery of RNAP, over 60 years ago, was followed ten years later by the 

discovery of the s subunit, this has since expanded to a more detailed 

understanding of the structure and function of each subunit of the holoenzyme 

(Figure 1.2) (Ebright et al., 2019).  

The a subunit, encoded by the rpoA gene, is the second smallest in RNAP and 

its primary function is to act as a scaffold for assembly of the b and b’ subunits. 

The subunit exists as a homodimer with two identical subunits, each composed 
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of two independently folded domains separated by an unstructured flexible linker 

(Sutherland and Murakami, 2018; Browning and Busby, 2004; Lee et al., 2012), 

which allows flexibility in positioning RNAP at promoters (Lee et al., 2012). The 

aNTD (a-amino terminal domain) is further separated into two parts, one of which 

is involved in dimerization with the other a-subunit, forming a highly conserved 

hydrophobic core (Sutherland and Murakami, 2018). The aCTDs (a-carboxyl 

terminal domain) are not required for assembly of RNAP or for basal level 

transcription, in fact, these domains interact with the UP element at strong 

promoters, adjacent to the s subunit domain 4 interacting with the -35 hexamer 

(Sutherland and Murakami, 2018; Lee et al., 2012). 

The RNAP b and b’ subunits contain the enzyme active site, responsible for 

transcript initiation, elongation, and termination. It is made up of b and b’ 

determinants that contact template DNA, incoming NTPs and RNA products 

during transcription (Browning and Busby, 2004; Opalka et al., 2000). The b and 

b’ subunits are encoded in the rpoB and rpoC genes and make up the majority of 

the RNAP mass (Sutherland and Murakami, 2018; Naryshkina et al., 2001). 

These subunits contain highly conserved regions, similar to human RNAP 

subunits, that are separated by non-conserved spacer regions (Dieci et al., 1995; 

Opalka et al., 2000; Naryshkina et al., 2001). The crab claw shape of RNAP, 

creates a cleft for template DNA to enter into the active site. The cleft is formed 

by the b and b’ subunits, each making up one of the arms of the crab claw 

(Sutherland and Murakami, 2018).  

The RNAP b and b’ subunits interact with the s subunit. The b’-subunit has a high 

affinity interaction with s domain 2 (Nickels et al., 2005). The b flap domain, which  
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Figure 1.2  Schematic diagram of RNAP holoenzyme bound at a promoter 

The figure illustrates the RNAP holoenzyme bound to a promoter, with subunits 
bound at promoter elements: the aCTDs contact the UP-element, s region 1 
interacts with the discriminator, s region 2 contacts the -10 hexamer (TATAAT 
consensus sequence), s region 3 contacts the extended -10 element (TGn) and 
s region 4 contacts the -35 hexamer (TTGACA consensus). Adapted from 
Browning and Busby (2004). 
  



 

 13 

blocks the RNA exit pathway from the active site, is also required to contact and 

position the s-subunit domain 4 at promoter DNA for sequence-specific contacts 

with the -35 element (Sutherland and Murakami, 2018; Nickels et al., 2005). 

The w-subunit, encoded by the rpoZ gene, is the smallest subunit of RNAP and 

is not directly involved in transcription. The w-subunit is thought to act as a 

chaperone to assist in b’ folding, additionally, it has a role in maintaining and 

protecting the catalytic core of the active site by binding to the b’ domain  

(Sutherland and Murakami, 2018; Browning and Busby, 2004).  

The holoenzyme is formed of RNAP together with a single s factor, which is 

required for transcription initiation, as it carries the major determinants for the 

specificity promoter recognition. Though there are seven types of s factor in E. 

coli, s70 is the most abundant and has the highest affinity for core RNAP (Lee et 

al., 2012; Sutherland and Murakami, 2018). Housekeeping genes are expressed 

by RNAP holoenzyme with s70, this s70 factor is comprised of four independently 

folding domains, each with distinct functions. For example, domain 2 recognises 

single stranded DNA (ssDNA) of the non-template strand of the -10 element, and 

domain 4 recognises the -35 element as double stranded DNA (dsDNA) 

(Sutherland and Murakami, 2018). 

1.5.2 Promoters 

Promoter recognition is a major step in transcription initiation: sequence-specific 

interactions of the RNAP with core promoter elements ensure the open complex 

can be formed, and subsequent steps of transcription can then occur (Browning 

and Busby, 2004; Winkelman et al., 2016). RNAP binding specificity relies on 

core sequence elements: the discriminator, -10 hexamer, extended -10, -35 



 

 14 

hexamer and UP element (Browning and Busby, 2004; Lee et al., 2012). Each 

promoter element contributes to this specificity to different extents, particularly as 

the elements differ between promoters, and they can compensate for deficiencies 

due to other non-consensus elements (Browning and Busby, 2004; Lee et al., 

2012). In fact, there is not naturally occurring “perfect” promoter, composed 

completely of consensus elements, as RNAP would bind too tightly (Browning 

and Busby, 2004). At promoters, the holoenzyme s region 2.4 (s2.4) recognises 

the -10 element, which is located 10 bp upstream from the TSS, and s region 4.2 

(s4.2) recognises the -35 element, located 35 bp upstream from the TSS 

(Browning and Busby, 2004; Yang and Lewis, 2010). However, the remaining 

promoter elements are also important for promoter recognition. The discriminator 

element, at positions -4 to -6, is also recognised by s1.2 (Lee et al., 2012; Davis 

et al., 2017; Forquet et al., 2021). Directly upstream of the -10 hexamer is a 3-4 

bp motif, called the extended -10, which contacts domain 3 of the s subunit 

(Browning and Busby, 2004; Lee et al., 2012). The UP element, located 

approximately 20 bp upstream of the -35 element, is contacted by the RNAP 

aCTDs (Browning and Busby, 2004; Lee et al., 2012). 

1.5.3 Open complex formation and transcript initiation 

There are three sequential steps in gene transcription: promoter recognition and 

transcription initiation, elongation of the RNA transcript, and transcript termination 

(Yang and Lewis, 2010). The first step is the most highly regulated (Kapanidis et 

al., 2006). For promoter recognition, the RNAP holoenzyme scans DNA for 

specific promoter sequences (Browning and Busby, 2004; Yang and Lewis, 

2010). Then, the catalytically competent open complex, RPo, is formed with an 
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~13 bp segment of the promoter surrounding the TSS unwound, forming an open 

“transcription bubble” (Kapanidis et al., 2006; Winkelman et al., 2016; Mazumder 

et al., 2021; Browning and Busby, 2004). RNAP s2.3 binds to the non-template 

strand of the bubble, termed the core recognition element (CRE) formed of 

positions -4 to +2; this interaction causes the free template strand of the bubble 

to move into the active site for RNA synthesis, guided by the CRE (Browning and 

Busby, 2004; Zhang et al., 2012; Petushkov et al., 2015). The nucleotide of the 

single-stranded template-strand aligned with the active site will be the location of 

the transcript 5’ end (Lee et al., 2012; Winkelman et al., 2016; Mazumder et al., 

2021). The TSS is generally located 7 bp downstream of the -10 element, 

however, this can vary to between 6-10 bp downstream (Winkelman et al., 2016). 

The RPo is competent for transcription if the appropriate nucleoside 

triphosphates are present (Lee et al., 2012). 

Formation of the transcription bubble starts when DNA base pairs at the upstream 

end of the promoter -10 element are broken, and the most highly conserved base 

of the -10 element, A-11, flips into the domain 2 s-recognition pocket (Mazumder 

et al., 2021; Bae et al., 2015). The proposed mechanism for DNA unwinding and 

loading into the E. coli RNAP-s70 holoenzyme active centre is ‘bind-unwind-load-

and-lock’: the RNAP b and b’ subunit clamp is closed when promoter DNA 

unwinds in the upstream-downstream direction and the clamp closes further to 

lock the ssDNA in the active centre (Mazumder et al., 2021). The dsDNA and 

ssDNA junction at the upstream end of the bubble is maintained by an interaction 

between duplex T-12 and s (Sutherland and Murakami, 2018; Bae et al., 2015). 
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Typically, as the RNAP-promoter initial transcribing complex (RPitc) begins RNA 

synthesis, using nucleoside triphosphate substrates, there are several rounds of 

abortive synthesis of short, ~9-15 nt, RNA products (Kapanidis et al., 2006; Bae 

et al., 2015). DNA scrunching, which is proposed to be the driving force for 

promoter escape, is required for abortive synthesis: the upstream trailing-edge of 

RNAP is stationary relative to DNA and the downstream DNA is drawn into 

RNAP, this creates a stressed intermediate state due to the unwinding and 

compaction of DNA (Wade and Struhl, 2008; Winkelman et al., 2016).  

1.5.4 Transcription elongation and termination  

After promoter recognition and initiation, the RNAP transitions into the elongation 

complex, and, following promoter escape, extends the RNA chain (Browning and 

Busby, 2004; Wade and Struhl, 2008). As soon as ~12 nt transcript has formed, 

the upstream exit channel is filled, and the s region 4 and b-flap interaction is 

destabilised. This disruption is the first step in s dissociation, the -35 element is 

released, and this allows the escape of RNAP from the promoter and the start of 

the elongation phase (Bae et al., 2015; Yang and Lewis, 2010).  

There are two steps in elongation: first, the nucleoside triphosphate (NTP) binds 

to the transcription elongation complex (TEC) resulting in a conformational 

change to the trigger loop of the RNAP catalytic core; then, the NTP is 

incorporated, and pyrophosphate is released. The rate of elongation is not 

uniform in E. coli as synthesis of RNA includes pauses and backtracking: pauses 

can be resolved spontaneously or lead to backtracking. GreA and GreB factors 

restart backtracked TEC by binding in the channel and cleaving the 3’-end of the 



 

 17 

nascent transcript in the active site (Washburn and Gottesman, 2015; Ray-Soni 

et al., 2016). 

There are three modes of transcription termination, the final step of gene 

expression; these are intrinsic, Rho-dependent and Mfd-dependent (Roberts, 

2019).  

Rho-dependent and Mfd-dependent termination are reliant on the activity of ATP 

and the RNA translocase, Rho, or the DNA translocase, Mfd, respectively 

(Roberts, 2019).  

For Rho-dependent termination, Rho preferentially binds to cytosine-rich 

sequence of the nascent transcript following RNA transcript emerging from the 

TEC exit channel and the RNA is fed through the central pore, which triggers 

translocase activity. The RNAP dissociates after all of the RNA has been 

translocated through Rho (Ray-Soni et al., 2016). Mfd termination is triggered in 

response to random DNA damage and usually results in premature termination 

and no useful transcript. This mode of termination provides DNA repair via the 

transcription-coupled repair factor (TCRF, aka Mfd). Mfd recognises TECs 

paused due to DNA damage and induces TEC dissociation and subsequent DNA 

repair (Shi et al., 2020; Ray-Soni et al., 2016).  

Intrinsic, or Rho-independent, termination depends on the interaction elements in 

the most recently synthesised RNA with RNAP as they pass through the exit 

channel (Roberts, 2019). This mode of termination is mediated by RNA hairpins, 

which form after transcription of palindromic guanine-cytosine rich template DNA 

that is followed by a run of adenines (Roberts, 2019; Ray-Soni et al., 2016; 

Sutherland and Murakami, 2018; Washburn and Gottesman, 2015). Pausing 
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occurs, which allows sufficient time for the terminator hairpin to form in the RNAP 

exit channel (Ray-Soni et al., 2016). The NusA protein contributes to the 

efficiency of termination by contacting both the flap tip and pause hairpin, which 

are required to interact for hairpin-stabilised pausing (Roberts, 2019; Ray-Soni et 

al., 2016). At the 7th or 8th uridine nucleotide at the end of the released RNA, 

synthesis stops, and the TEC dissociates. The timing of hairpin formation is 

critical and must be coordinated with transcription of the termination point 

(Washburn and Gottesman, 2015; Roberts, 2019). The efficiency of this type of 

termination depends on the length of the hairpin loop and the sequence and size 

of the stem (Washburn and Gottesman, 2015).  

1.6 Transcription regulation  

Transcription factors play a big role in bacterial responses to changes in the 

environment, by coupling gene expression with external signals to maintain 

bacterial cell fitness. Each transcription factor may control just one or two genes, 

or a large number of genes, and the regulation of a transcription factor itself 

involves either its expression or its activity (Browning and Busby, 2004; Browning 

and Busby, 2016). Transcription factors are generally composed of two domains: 

one for sensing signals, through effector binding of a small protein or ligand, or 

due to abundance of the transcription factor due to synthesis, turnover and 

sequestering; and one for interacting with DNA promoter targets, most commonly 

a helix-turn-helix (HTH) motif (Ishihama, 2012; Martinez-Antonio and Collado-

Vides, 2003; Browning and Busby, 2016).  

Transcription initiation can be regulated by transcription factors, positively or 

negatively, with transcription factors binding to specific promoters, or groups of 
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promoters, to recruit or block RNAP binding to DNA respectively (Browning and 

Busby, 2004; Chen et al., 2021). Activators function via different mechanisms to 

improve the ability of RNAP to recognise and bind to promoters to initiate 

transcription. Conversely, repressors work by blocking or disrupting promoters to 

prevent RNAP binding and transcription initiation. Most promoters are regulated 

by more than one transcription factor and the most common mechanism to confer 

transcription factor specificity to a promoter is dimerization, which includes 

homodimerization, or multimerization (Browning and Busby, 2004; Browning and 

Busby, 2016). 

1.6.1 Simple activation  

Different mechanisms have evolved to facilitate activation of transcript initiation. 

Class I activators bind upstream of the promoter -35 element and recruit RNAP 

to the promoter by binding to the aCTD (Figure 1.3A) (Browning and Busby, 2004; 

Browning and Busby, 2016). Class II activators have a DNA-binding site that 

overlaps the promoter -35 element, leading to activator-dependent recruitment of 

RNAP by interaction with σ region 4. Note that, sometimes, Class II activators 

can also contact the RNAP aCTDs (Figure 1.3B) (Browning and Busby, 2004; 

Browning and Busby, 2016). The E. coli cyclic AMP receptor protein, CRP, has 

been shown to function as both a Class I and Class II activator; for example, it is 

a Class I activator at the lac promoter but a Class II activator at the galP1 

promoter (Browning and Busby, 2004; Lee et al., 2012; Rhodius et al., 1997). 

A third class of activator functions by binding at or near promoter elements, that 

are spaced non-optimally. Activator binding causes a conformational change in 

the promoter DNA that allows RNAP to access the now-correctly positioned 



 

 20 

promoter elements (Figure 1.3C). An example of this is found with the MerR-

family of transcriptional regulators (Browning and Busby, 2004; Brown et al., 

2003; Browning and Busby, 2016). 

Some promoters have developed to be co-dependent on two activators, because 

the individual activators are not able to activate alone (Lee et al., 2012). An 

example of this occurs in EAEC strain 042 where the pet promoter is co-

dependent on both Fis and CRP. Although CRP binds to a target that overlaps 

the promoter -35 element, it is located sub-optimally, and the upstream binding 

of Fis offsets this deficiency (Lee et al., 2012; Rossiter et al., 2011). 

For a select group of activators, another mechanism has been characterised 

called ‘pre-recruitment’ or ‘DNA scanning. AraC-family transcriptional regulators 

SoxS and MarA have been shown to function via this method: the transcription 

factor interacts with the s-subunit and then the activator-RNAP complex scans 

the DNA for a dependent promoter (Zafar et al., 2011; Lee et al., 2012; Taliaferro 

et al., 2012).  

1.6.2 Repression by transcription factors  

Repressors are another type of transcription factor that interact with promoters to 

prevent RNAP binding, thereby inhibiting transcription initiation (Browning and 

Busby, 2004; Browning and Busby, 2016). There are three main mechanisms for 

repression, the simplest of which is steric hindrance in which the repressor 

binding-site overlaps with a key promoter element to block RNAP access and 

binding (Figure 1.4A). An example of repression by steric hindrance is the binding 

of LacI to the lac promoter (Rojo, 1999).  
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Figure 1.3  Mechanisms of activation of transcription initiation  

A. Class I: The figure illustrates the binding of an activator (brown) to a site 
upstream of the -35 hexamer and its interaction with the aCTD of RNAP 
to facilitate transcription. 

B. Class II: The figure shows the binding of an activator (purple) at a position 
overlapping the -35 hexamer of the promoter and its interaction with s 
region 4 to promoter transcription.  

C. Activation by conformational change: the figure shows the binding of an 
activator (red) to the promoter at a position between the -10 and -35 
elements, which causes a conformational change to facilitate transcription. 

Adapted from Browning and Busby (2004). 
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Repression can also occur by DNA looping where repressors bind both upstream 

and downstream of a promoter, which causes looping that prevents RNAP 

binding and transcript initiation (Figure 1.4B). An example of this is the action of 

GalR protein at the galETK promoter (Choy and Adhya, 1992). 

The third mechanism involves repressors that bind to the activator to prevent 

interaction with RNAP (Figure 1.4C) (Browning and Busby, 2004; Browning and 

Busby, 2016). An example of this ‘anti-activator’ mechanism is the repression of 

some CRP-activated promoters by CytR that binds directly to CRP to prevent 

CRP-dependent activation (Shin et al., 2001). 

1.7 Overview of the AraC-family of transcription factors and 

AggR   

AggR is the master regulator of EAEC virulence. It belongs to a subgroup of the 

AraC/XylS family of transcription factors, with sequence similarity to Rns, CfaD 

and CfaR from ETEC, and VirF from Shigella flexneri (Santiago et al., 2014; Yasir 

et al., 2019; Porter and Dorman, 2002; Munson et al., 2001). Most bacterial 

transcription factors can be categorised into a family, due to sequence 

similarities, particularly in the DNA-binding domain (Pis Diez et al., 2022); the 

AraC family is one of the best characterised (Browning and Busby, 2004). 

AraC/XylS transcription regulators can be plasmid or chromosomally encoded 

and the G+C content varies (Gallegos et al., 1997). The AraC/XylS family of 

transcriptional regulators is one of the most widespread, especially amongst 

positive regulators (Gallegos et al., 1997). The AraC/XylS transcription factors 

regulate a diverse range of biological processes, including metabolism, stress   
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Figure 1.4  Mechanisms of repression of transcription initiation 

A. Steric hindrance: a repressor (blue) binds to the promoter between 
promoter elements key for promoter recognition.  

B. Formation of a loop: repressors (blue) binds upstream and downstream of 
the promoter which causes a loop to form and prevent RNAP binding. 

C.  Anti-activators: a repressor (blue) binds to an activator (brown) to prevent 
recruitment of RNAP. 

Adapted from Browning and Busby (2004). 
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response and virulence (Ibarra et al., 2008; Gallegos et al., 1997; Cortes-Avalos 

et al., 2021). Some AraC/XylS family transcription factors support bacterial 

colonisation of the gastrointestinal tract, urinary system or respiratory tract by 

stimulating synthesis of proteins that facilitate adhesion to epithelial cells, 

including fimbriae (e.g. AggR, Rns, CfaD) and invasins (e.g. VirF). Some 

transcription factors respond to stressors e.g. oxidative stress, antibiotics, and 

transition between growth stages. Some transcription factors cross-regulate 

specific genes and can only regulate targets when overproduced (e.g. SoxS, 

MarA and Rob) (Gallegos et al., 1997).  

AraC itself, the ‘founder’ member of the family, regulates metabolism through 

controlling the transport and degradation of arabinose. AraC was the first 

AraC/XylS member to be purified, characterised and identified as the regulator of 

the L-arabinose operon in E. coli (Gallegos et al., 1997). Three gene products are 

required for L-arabinose catabolism, encoded by araB, araA, and araD (Schleif, 

2010), and expression of these genes is controlled by AraC (Hamilton and Lee, 

1988). The araBAD operon is under the control of the ara promoter pBAD, which 

is regulated by the activators CRP and AraC (Schleif, 2010; Hamilton and Lee, 

1988; Dhiman and Schleif, 2000; Ammar et al., 2018). The presence of arabinose 

is required to induce AraC binding to the promoter site overlapping the -35 

hexamer and subsequent transcript initiation (Ammar et al., 2018; Hamilton and 

Lee, 1988; Dhiman and Schleif, 2000).   

Most AraC/XylS transcription factors have 250-300 amino acids and, typically, 

have two domains: a C-terminal DNA-binding domain (DBD) and an N-terminal 

multimerization or effector binding domain (EBD). The DBD is approximately 100 
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residues and has a highly conserved tertiary structure: two HTH DNA binding 

motifs, each containing three a-helices, and connected by a single longer a-helix 

(Ibarra et al., 2008; Schuller et al., 2012; Egan, 2002). These HTH motifs interact 

with DNA bases displayed in two adjacent major grooves on the same face of the 

DNA helix. The C-terminal HTH is mostly conserved and improves DNA binding 

affinity, the N-terminal HTH is more variable, its function is thought to be 

responsible for individual binding specificities (Schuller et al., 2012). In contrast, 

the EBD is variable in different AraC family members, consisting of 100-200 

residues. Its function in many AraC family transcription factors is not known, 

though some use it for both dimerization and effector binding (Ibarra et al., 2008; 

Schuller et al., 2012; Egan, 2002). The NTD is required for the function of the C-

terminal-DBD in many AraC-family transcription factors, presumably to stabilise 

the active conformation. An example of this is MelR, which is regulated by its 

interaction with melibiose (Kahramanoglou et al., 2006). However, some AraC 

transcription factors are comprised of only the C-terminal-DBD, for example MarA 

and SoxS (Grainger et al., 2004; Lee et al., 2012; Schuller et al., 2012). 

1.7.1 An overview of the EAEC AggR regulon  

AggR is considered to be a vital element of EAEC pathogenicity. AggR 

autoactivates its own expression and has more than 44 virulence genes in its 

regulon (Morin et al., 2010; Morin et al., 2013). Regulation of AggR activity occurs 

at the transcriptional level, of aggR gene expression, and also at the post-

transcriptional level, by the action of Aar (AggR-activated regulator) (Santiago et 

al., 2017; Huttener et al., 2018; Dias et al., 2020). ‘Typical’ EAEC strains carry 

this ‘master’ regulator and are considered more virulent than atypical strains, 
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though virulence genes are also present in atypical isolates (Andrade et al., 2017; 

Yasir et al., 2019; Morin et al., 2013; Jensen and Hebbelstrup Rye Rasmussen, 

2017; Jenkins et al., 2005; Boisen et al., 2020). AggR is closely related to the 

fimbrial activator Rns and the target DNA-binding sites are similar (Yasir et al., 

2019; Morin et al., 2013). The consensus AggR DNA-binding site (sequence: 

AWWWWWWWTATC, where W=A/T) is located 21-23 bp upstream from the -10 

region at target promoters, and overlaps with the -35 element, suggesting that 

AggR might activate via a Class II activation mechanism (Figure 1.5) (Yasir et al., 

2019; Abdelwahab et al., 2021). Many AraC/XylS transcription factors activate 

transcription by assisting RNAP recruitment and interacting with domain 4 of the 

s-subunit (Cortes-Avalos et al., 2021). 

AggR activates genes responsible for AAF/II fimbriae synthesis (Huttener et al., 

2018) and the aafD genes, which encode its chaperone protein (Yasir et al., 

2019). Previously, the presence of aggR was used to identify EAEC isolates but 

now aatA is the target (Dias et al., 2020; Bamidele et al., 2019). aatA is an 

important AggR-activated EAEC gene as it encodes a T1SS (type I secretion 

system) which secretes dispersin and is therefore vital to pathogenicity 

(Harrington et al., 2006; Jensen and Hebbelstrup Rye Rasmussen, 2017; 

Bamidele et al., 2019; Dias et al., 2020). The Aai (AggR Activated Island) type VI 

secretion system (T6SS), encoded in the pheU pathogenicity island (PAI-I, aaiA-

Y), is also regulated by AggR (Bamidele et al., 2019; Jonsson et al., 2017; Morin 

et al., 2010; Dias et al., 2020; Navarro-Garcia et al., 2019). T6SS has been shown 

to contribute to pathogenicity and has been implicated in biofilm formation and 

antibacterial activity (Navarro-Garcia et al., 2019).  
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Figure 1.5  Mechanism of AggR-mediated activation  

The figure shows the proposed mechanism of AggR-mediated activation, AggR 
binds at a target promoter to a site overlapping the -35 hexamer and interacts 
with the RNAP aCTD and σ subunits. AggR recruits RNAP to the promoter by 
contacting σ region 4.  
Adapted from Browning and Busby (2004). 
  

  



 

 28 

1.8 An overview of the Aar regulon in EAEC  

AggR functions via a feed-forward loop whereby it autoactivates its own 

expression. However, AggR also activates the expression of its repressor, Aar. 

Aar is encoded by aar, which is one of the most upregulated genes in the AggR 

regulon (Santiago et al., 2014; Boisen et al., 2020). Aar was the first characterised 

member of the AraC Negative Regulator (ANR) family, which is a large family of 

bacterial gene regulators expressed in clinically important Gram-negative 

pathogens (Santiago et al., 2017). ANRs act as anti-activators to modulate the 

activity of certain AraC family members to precisely adjust virulence gene 

expression levels in particular environments (Hodson et al., 2017; Santiago et al., 

2016). ANRs can prevent DNA binding and dimerization of cognate master-

regulators by binding to the central linker domain (Santiago et al., 2016; Hodson 

et al., 2017). Common structural features include a low molecular mass (<10 kDa) 

and highly conserved residues with a predicted secondary structure of three 

highly conserved a-helix motifs spanning the protein (Santiago et al., 2016).  In 

EAEC 042, Aar was identified for its ability to repress AggR activity, though a 

DNA-binding domain has not been identified in Aar, therefore, it is thought that 

Aar binds directly to AggR to inhibit its ability to activate genes in its regulon 

(Santiago et al., 2017; Yasir et al., 2019). Aar has been shown to bind with high 

affinity to the central linker domain of AraC-like members to prevent DNA binding 

activity (Santiago et al., 2017; Santiago et al., 2016; Hodson et al., 2017). 

Consistent with this, EAEC strains from Mali and Brazil without aar were found to 

have increased pathogenicity (Santiago et al., 2014). 
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Aar is thought to have another role by binding to H-NS, which is known to repress 

some AggR activities (Santiago et al., 2017). Recall that H-NS is a nucleoid-

associated protein that silences AggR expression, and the AggR regulon, by 

binding to AT-rich DNA sequences, effectively blocking the promoter (Santiago 

et al., 2017; Morin et al., 2010; Berger et al., 2016). Hence, interaction with H-NS 

is an important regulatory function of ANR family members (Santiago et al., 

2017). It has been proposed that, when the Aar concentration is low, Aar relieves 

H-NS repression, which allows AggR upregulation at certain AT-rich promoters. 

Conversely, when Aar concentration is high, Aar binds to AggR and drastically 

reduces AggR upregulation, though Aar still removes the H-NS repression at high 

or low Aar concentration (Mickey and Nataro, 2020). Another nucleoid-associated 

protein, FIS, a global regulatory protein factor, may also enhance AggR 

expression (Huttener et al., 2018; Morin et al., 2010; Berger et al., 2016).  

The activity of AggR is regulated by its level, due to AggR-dependent activation 

of the aggR promoter, and by Aar. AggR has both the variable NTD and 

conserved CTD characteristic of most AraC-family transcriptional regulators, and 

it has been determined that AggR functions as a monomer, thus it is assumed 

that the NTD is a receptor for a ligand. However, in EAEC, there is no evidence 

of a ligand, thus, the suggestion is that AggR is regulated by a feedforward loop 

with a bistable switch (Midgett et al., 2021; Morin et al., 2010; Yasir et al., 2019; 

Abdelwahab et al., 2021). This has led us to a model (see Chapter 6 and Chapter 

7) that conflicts with the Jacob and Monod principle that transcriptional control 

circuits involving transcription factors are deterministic (Jacob and Monod, 1961). 

Thus, we suggest that regulation is dependent on a stochastic switch, existing in 
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two states: ‘on’ and ‘off’ with switch flipping triggered by AggR production 

reaching a critical threshold (Moxon, 2009; Palmer et al., 2013; Abdelwahab et 

al., 2021).  

1.9 Aims and objectives of the project 

Muhammad Yasir investigated AggR from EAEC strain 042 and several AggR-

dependent promoters, primarily from strain 042. He found that these promoters 

had a ‘simple’ organisation, consisting of a single DNA binding site for AggR 

(AWWWWWWTATC, where W=A/T) located 21-23 bp upstream of a -10 

hexamer element. Thus, Muhammad concluded that AggR functions as a 

monomer by Class II activation (Figure 1.5) (Yasir et al., 2019). However, there 

are more complex AggR-dependent promoters that may not follow this ‘simple’ 

activation mechanism. Furthermore, the aggR gene from the prototypical strain 

042 is not present in all pathogenic strains of EAEC. Thus, my aims for this project 

were:   

• To investigate more complex AggR-regulated promoters.  

• To determine possible variations in the organisation of AggR-regulated 

promoters between strains.  

• To investigate the function of transcription factors related to AggR.  

• To define key determinants for AggR activity and understand how activity 

is regulated.  

To do this, simple and complex promoters from different EAEC strains were 

studied, concentrating on the yicS-nlpA bi-directional promoter (Chapter 3). The 

results give insight into how genes have evolved to join or leave the AggR-

regulon. In Chapter 4, I studied AggR-activated promoters from different EAEC 
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strains and discovered an AggR-like transcription factor that has a subtly different 

activation profile, suggesting that, through evolution, aggR drifts like its target 

promoters. In Chapter 5, I outlined a detailed mutational analysis of AggR from 

EAEC 042 to define key determinants for its activity, and I found that these are 

present throughout the NTD and CTD. A sub-objective in this study was to find a 

strongly trans-dominant aggR allele which might be utilised in therapy. However, 

this failed, suggesting pre-recruitment as a mechanism for the activation of AggR 

at target promoters. Finally, I investigated a possible stochastic model for the 

regulation of AggR activity (Chapter 6). Current experimental data suggests that 

the NTD is not required for ligand binding or multimerization but, in fact, it drives 

the CTD into an active conformation. Based on the ensemble of experimental 

evidence, I argue that AggR-activity is regulated stochastically by a bi-stable 

switch that is controlled by a feedforward loop with dampening. 
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Chapter 2  Materials and Methods 

2.1 Suppliers 

The chemicals used in this study were purchased from Fisher Scientific UK, 

Sigma-Aldrich, New England Biolabs (NEB) and Bioline, unless stated otherwise. 

Accuzyme DNA polymerase, MyTaq red DNA polymerase and dNTPs were 

purchased from Bioline. Q5® Site-Directed mutagenesis kit, Phusion DNA 

polymerase, Q5 DNA polymerase, T4 DNA ligase, calf intestinal alkaline 

phosphatase (CIP) and the restriction enzymes used in this study were 

purchased from New England Biolabs (NEB). All the deoxy-oligonucleotides were 

ordered from Merck Life Science UK Limited. 

For solutions that required sterilising, 0.2 μm pore filters (Acrodisc®) were used 

for filter-sterilization and for autoclaving, the conditions were 121˚C under 15 lbin-

2 for 15-20 minutes. 

2.2 Bacterial Growth Media  

2.2.1 Liquid media 

All strains were grown in Luria Bertani (LB) broth with shaking at 37˚C unless 

stated otherwise. To prepare LB, 20 g of LB powder (Lennox) (composition: 5 g/L 

NaCl, 10 g/L tryptone and 5 g/L yeast extract) was dissolved in dH20, made up to 

1 litre and autoclaved. For selection of plasmid-encoded antibiotic resistances, 

medium was supplemented with the appropriate antibiotic. Super Optimal broth 

with Catabolite repression (SOC) medium was prepared to a final volume of 1 

litre with distilled water and contained 10 mL KCl (250 mM), 5 mL MgCl2 (2 M), 
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20 g tryptone, 5 g yeast extract and 0.5 g NaCl, 20 mL glucose was added after 

autoclaving. High glucose concentration (4.5 gl-1) Dulbecco’s modified Eagle 

medium (DMEM) was purchased from Sigma Aldrich in liquid form.  

2.2.2 Solid media 

E. coli strains were grown on LB agar (Sigma-Aldrich) or MacConkey agar (BD 

Difco) plates. For LB agar, 35 g of LB agar powder (composed of 15 g/L agar, 5 

g/L NaCl, 10 g/L tryptone and 5 g/L yeast extract) was dissolved in dH20, made 

to 1 litre and autoclaved. For MacConkey lactose agar, 50 g of MacConkey 

powder (composed of 13 g agar, 3 g peptones (meat and casein), 17 g pancreatic 

digest of gelatin, 5 g NaCl, 10 g lactose, 1.5 g bile salts (no. 3), 0.03 g neutral red 

and 0.001 g crystal violet in one litre of dH20) was dissolved in dH20, made up to 

1 litre and autoclaved. According to manufacturer’s instructions, media were 

prepared using distilled water and autoclaved. Appropriate antibiotics were added 

to autoclaved medium when they had cooled to ~55˚C.  

2.2.3 Antibiotics and other supplements  

Strains with plasmid-encoded antibiotic resistance genes were selected for by 

adding appropriate antibiotics to the media – solid and liquid – after autoclaving. 

Stock solutions of antibiotics were prepared by dissolving powder in the following 

liquids, 10 mg/mL of ampicillin in dH2O, 50 mg/mL of kanamycin in dH2O, and 25 

mg/mL of chloramphenicol in ethanol (100%); followed by filter sterilization. The 

10 mg/mL tetracycline stock solution was prepared in ethanol (50% v/v) and 

vortexed. Ampicillin and kanamycin were stored at 4˚C in a refrigerator, 

chloramphenicol and tetracycline were stored at -20°C. The final concentration of 
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antibiotics used was 100 μg/mL ampicillin, 25 μg/mL kanamycin, 50 μg/mL 

chloramphenicol, and 15 μg/mL tetracycline.  

Arabinose, to induce expression of protein using the pBAD expression vector, 

was used at a concentration of 0.2%, with a 20% (w/v) stock solution in dH2O, 

prepared, filter sterilized and stored at 4˚C.  

2.3 Bacterial Strains and plasmids 

2.3.1 Bacterial strains and growth conditions 

E. coli K-12 strain BW25113 was used throughout this study, its genotype and 

the other bacterial strains used in this study are detailed in Table 2.1. 

For overnight cultures, one bacterial colony was used to inoculate 5 mL of LB 

liquid medium supplemented with appropriate antibiotics. Cultures were 

incubated with shaking at 37˚C for 16-18 hours.  

For sub-cultures, overnight cultures were diluted 1:100 into appropriate medium. 

The optical density of 600 nm (OD600) was measured using a Helios Gamma 

Spectrophotometer (Thermo Fisher Scientific Inc.) to monitor growth of bacterial 

cultures.  

Glycerol stocks were prepared for long-term storage of bacterial strains by mixing 

500 µL of overnight culture with 500 µL of 50% glycerol stock in a cryofuge tube 

for storage at -80˚C.  

2.3.2 Plasmids  

The plasmids used in this study are listed in Table 2.2. 
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Table 2.1  Strains used in this study 

Strains Genotype Reference 
source 

BW25113 E. coli K12 strain, lacIq, rrnBT14, 
∆lacZWJ16, hsdR514, ∆araBADAH33, 
∆rhaBADLD78  

(Baba et al., 
2006) 

M182 E. coli K12 strain, Δ(lacIPOZY) X74, galK, 
galU, strA  

(Casadaban and 
Cohen, 1980) 

M182 ∆crp A derivative of M182 with the crp gene 
deleted.  

(Busby et al., 
1983) 

EAEC 042 Wild type, prototype strain, SmR, TetR, 
CmR, diarrhoeagenic in patients, 
expresses AAF/II, biofilm positive, carries 
pAA2  

(Nataro et al., 
1995) 

EAEC 042 
DaggR  

Wild type, prototype strain, SmR, TetR, 
CmR, carries pAA2 with the aggR gene 
deleted.  

(Dudley et al., 
2006)  

EAEC DFB 
042 

Wild type, prototype strain, SmR, TetR, 
CmR, expresses AAF/II, biofilm positive, 
carries pAA2.  

Douglas 
Browning  

EAEC 
DFB042 
∆aggR  

Wild type, prototype strain, SmR, TetR, 
CmR, biofilm negative, carries pAA2 with 
the aggR gene replaced by kanamycin 
cassette. 

Douglas 
Browning  

EAEC DFB 
042 
DOantigen 

Wild type, prototype strain, SmR, TetR, 
CmR, biofilm negative, carries pAA2. An 
insertion in whaC prevents O-antigen 
production.  

Douglas 
Browning 

EAEC DFB 
042 ∆yicS 

Wild type, prototype strain, SmR, TetR, 
CmR, biofilm positive, carries pAA2. The 
yicS gene has been deleted. 

This study 

EAEC DFB 
042 ∆yicS 

Wild type, prototype strain, SmR, TetR, 
CmR, biofilm positive, carries pAA2. The 
yicS gene has been replaced by 
kanamycin resistance cassette. 

This study  
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EAEC H149/5 Wild type, diarrhoeagenic in volunteers (Rosa et al., 
1998) 

EAEC H92/3 Wild type, AmpR, TetR, CmR, 
diarrhoeagenic in patients, expresses 
AAF/II, biofilm positive, carries pAA2 

(Rosa et al., 
1998) 

EAEC I18/2 Wild type, diarrhoeagenic in patients, 
expresses AAF/II, biofilm positive, carries 
pAA2 

(Rosa et al., 
1998) 

EAEC H9/3 Wild type, diarrhoeagenic in patients, 
expresses AAF/II, biofilm positive, carries 
pAA2 

(Rosa et al., 
1998) 
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2.4 Gel electrophoresis 

2.4.1 Agarose gel electrophoresis  

Agarose gels were used to visualise and purify DNA fragments and plasmids 

larger than 1 kb. A TBE buffer system was used to make and run the agarose 

gels; a 5x TBE stock solution was prepared by dissolving 27.5 g borate, 54 g Tris 

and 4.65 g EDTA in one litre of dH2O, the stock was diluted with dH2O to 0.5x 

TBE. Gels were made by mixing molten 0.8% agarose, prepared by dissolving 

0.8% (w/v) agarose in 0.5x TBE, with 1 µL ethidium bromide (10 mg/mL), and 

then this was poured into a gel casting plate. A comb was placed into the casting 

tray vertically to make wells that could hold 10-40 µL of sample, depending on 

the well width chosen, and the gel was then left to cool and solidify before the 

comb was removed. The gel was placed in a horizontal electrophoresis tank and 

submerged in 0.5x TBE buffer. DNA samples were loaded into the wells of the 

gel, prepared by mixing 5 volumes of sample with loading dye (Purple (2.5% 

Ficoll®-400, 10 mM EDTA, 3.3 mM Tris-HCl, 0.02% Dye 1 and 0.001% Dye 2)). 

A molecular weight ladder (NEB or Bioline) was also prepared with loading dye 

and loaded into the gel to indicate the size of the DNA samples. The gels were 

subjected to electrophoresis at 80 V for 30-45 minutes. The gel was visualised 

by 300 nm UV light using a Molecular Imager (Gel DOC XR imaging system Bio-

Rad Laboratories) or High Performance Ultraviolet Transilluminator (Ultra Violet 

Products Ltd.) and, for purification of DNA fragments, the DNA bands were 

excised and purified using a QIAquick gel extraction kit (Qiagen) (section 2.5.1). 
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Table 2.2  Plasmids used in this study 

Plasmids Description Source 

pRW50 Low copy-number lacZ expression 
vector, broad-host range, oriV, 
lacZYA, tetR.  

(Lodge et al., 
1992) 

pRW50afaB A derivative of pRW50 carrying afaB 
promoter fragment cloned as lacZ 
transcriptional fusion (EcoRI- HindIII).  

Muhammad 
Yasir 

pRW50agg4D A derivative of pRW50 carrying agg4D 
promoter fragment cloned as lacZ 
transcriptional fusion (EcoRI- HindIII). 

Muhammad 
Yasir 

pRW50aafD100 A derivative of pRW50 carrying aafD 
promoter fragment cloned as lacZ 
transcriptional fusion (EcoRI- HindIII).  

Muhammad 
Yasir 

pRW50yicS K-12 A derivative of pRW50 carrying yicS 
E.coli K-12 promoter fragment cloned 
as lacZ transcriptional fusion (EcoRI- 
HindIII). 

Douglas 
Browning 

pRW50yicS 042 A derivative of pRW50 carrying yicS 
EAEC 042 promoter fragment cloned 
as lacZ transcriptional fusion (EcoRI- 
HindIII). 

Douglas 
Browning 

pRW50yicS H92/3 A derivative of pRW50 carrying yicS 
EAEC H92/3 promoter fragment 
cloned as lacZ transcriptional fusion 
(EcoRI- HindIII). 

This study 

pRW50nlpA K-12 A derivative of pRW50 carrying nlpA 
yicS E.coli K-12 promoter fragment 
cloned as lacZ transcriptional fusion 
(EcoRI- HindIII). 

Douglas 
Browning 

pRW50nlpA 042 A derivative of pRW50 carrying nlpA 
EAEC 042 promoter fragment cloned 
as lacZ transcriptional fusion (EcoRI- 
HindIII). 

Douglas 
Browning 

pRW50nlpA H92/3 A derivative of pRW50 carrying nlpA 
EAEC H92/3 promoter fragment 

This study 
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cloned as lacZ transcriptional fusion 
(EcoRI- HindIII). 

pRW50yicS-10KO1  A derivative of pRW50yicS 
substituting TAT to TCT.  

This study 

pRW50yicS-10KO2 A derivative of pRW50yicS 
substituting TAT to GCT. 

This study 

pRW50yicS-AggR-
BS-KO 

A derivative of pRW50yicS 
substituting TATC to CACC. 

This study 

pRW50yicS-K12-
10consensus 

A derivative of pRW50yicS 
substituting AGC to AAT. 

This study 

pRW50yicS-P2 K-12 A derivative of pRW50yicS K12 
downstream of the AggR-dependent 
promoter. 

This study 

pRW50yicS-P2 042 A derivative of pRW50yicS 042 
downstream of the AggR-dependent 
promoter. 

This study 

pRW50nlpA-aggRKO A derivative of pRW50nlpA 
substituting GATA to GGTG. 

This study 

pRW50nlpA-10KO A derivative of pRW50nlpA 
substituting TAT to TAG. 

This study 

pRW50aatP H149/5 aatP promoter fragment Douglas 
Browning 

pRW50caf1M H149/5 caf1M promoter fragment Douglas 
Browning 

pRW50cfaD H149/5 cfaD promoter fragment This study 

pRW50aap H149/5 aap promoter fragment Douglas 
Browning 

pRW50caf1M-down A derivative of pRW50caf1M 
substituting TATC to CACC. 

This study 

pRW50caf1M-both A derivative of pRW50caf1M 
substituting AATC…TATC to 
CACC…CACC. 

This study 

pRW50caf1M-up 
consensus 

A derivative of pRW50caf1M 
substituting GGAATA to TTTTTT. 

This study 
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pRW50caf1M-up A derivative of pRW50caf1M 
substituting AATC to CACC. 

This study 

pRW50afaB-caf1M 
hybrid 

A derivative of pRW50caf1M 
substituting ACTA…CTTA to 
CTGT…ATGA from the afaB 
promoter. 

This study 

pRW50caf1M-CCG A derivative of pRW50caf1M 
substituting GTG to CCG from the 
afaB promoter. 

This study 

pRW224 Low copy-number lacZ expression 
vector, broad-host range, oriV, 
lacZYA, tetR.  

(Islam et al., 
2011) 

pRW224bssS 042  A derivative of pRW224 carrying 042 
bssS promoter fragment fused to lacZ 
(EcoRI-HindIII) 

This study 

pRW224bssS K-12 A derivative of pRW224 carrying K-12 
bssS promoter fragment fused to lacZ 
(EcoRI-HindIII) 

This study 

pRW400 A derivative of pRW224/U9 with lacZ, 
lacY and lacA genes replaced with gfp 
derived from pJB in frame 
downstream from promoter-cloning 
site.  

(Bryant et al., 
2014; 
Alsharif et al., 
2015) 

pRW400aafD100 A derivative of pRW400 carrying 042 
aafD100 promoter fragment cloned 
with EcoRI-HindIII as a transcriptional 
fusion to gfp.  

Muhammad 
Yasir 
 

pBAD30 A derivative of pBAD vector carrying 
restriction sites to clone genes under 
the control of the araBAD promoter, 
ampR. 

(Guzman et 
al., 1995) 

pBADaggR A derivative of pBAD30 carrying aggR 
EAEC 042 cloned using EcoRI-XbaI 
under the control of the araBAD 
promoter.  

(Sheikh et 
al., 2002) 

pBADcfaD A derivative of pBAD30 carrying 
EAEC H149/5 cfaD cloned using 

This study 
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EcoRI-XbaI under the control of the 
araBAD promoter. 

pBADrns A derivative of pBAD30 carrying 
ETEC rns cloned using EcoRI-XbaI 
under the control of the araBAD 
promoter.  

George 
Munson 
(Munson and 
Scott, 1999) 

pBADaggR-I14T A derivative of pBADaggR carrying 
I14T substitution.  

Rita Godfrey 

pBADaggR-N16D A derivative of pBADaggR carrying 
N16D substitution.  

Rita Godfrey 

pBADaggR-Y92A A derivative of pBADaggR carrying 
Y92A substitution. 

Previous 
study 
(unpublished) 

pBADaggR-Y92C A derivative of pBADaggR carrying 
Y92C substitution. 

Previous 
study 
(unpublished) 

pBADaggR-Y92R A derivative of pBADaggR carrying 
Y92R substitution. 

This study 

pBADaggR-Y92S A derivative of pBADaggR carrying 
Y92S substitution. 

This study 

pBADaggR-N168D A derivative of pBADaggR carrying 
N168D substitution. 

This study 

pBADaggR-183N A derivative of pBADaggR carrying 
I183N substitution. 

This study 

pBADaggR-E191A A derivative of pBADaggR carrying 
E191A substitution. 

This study 

pBADaggR-I192A A derivative of pBADaggR carrying 
I192A substitution. 

This study 

pBADaggR-R195A A derivative of pBADaggR carrying 
R195A substitution. 

This study 

pBADaggR-K196A A derivative of pBADaggR carrying 
K196A substitution. 

This study 

pBADaggR-R197A A derivative of pBADaggR carrying 
R197A substitution. 

This study 
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pBADaggR-RKR195-
197AAA 

A derivative of pBADaggR carrying 
R195A-K196A-R197A substitution. 

This study 

pBADaggR-E199A A derivative of pBADaggR carrying 
E199A substitution. 

This study 

pBADaggR-S200A A derivative of pBADaggR carrying 
S200A substitution. 

This study 

pBADaggR-Y226A A derivative of pBADaggR carrying 
Y226A substitution. 

This study 

pBADaggR-Q227A A derivative of pBADaggR carrying 
Q227A substitution. 

This study 

pBADaggR-
Q227STOP 

A derivative of pBADaggR carrying 
Q227STOP substitution. 

This study 

pBADaggR-Q230A A derivative of pBADaggR carrying 
Q230A substitution. 

This study 

pBADaggR-Q230L A derivative of pBADaggR carrying 
Q230L substitution. 

This study 

pBADaggR-Q230M A derivative of pBADaggR carrying 
Q230M substitution. 

This study 

pBADaggR-Q230R A derivative of pBADaggR carrying 
Q230R substitution. 

This study 

pBADaggR-QIS230-
232KIP 

A derivative of pBADaggR carrying 
Q230K-S232P substitution. 

This study 

pBADaggR-M234A A derivative of pBADaggR carrying 
M234A substitution. 

This study 

pBADaggR-T240A A derivative of pBADaggR carrying 
T240A substitution. 

This study 

pBADaggR-Y242A A derivative of pBADaggR carrying 
Y242A substitution. 

This study 

pBADaggR-R245A A derivative of pBADaggR carrying 
R245A substitution. 

This study 

pBADaggR-R245K A derivative of pBADaggR carrying 
R245K substitution. 

This study 
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pBADaggR-K249A A derivative of pBADaggR carrying 
K249A substitution. 

This study 

pBADaggR-
K263STOP 

A derivative of pBADaggR carrying 
K263STOP substitution. 

This study 

pBADaggR-D86N-
L221S 

A derivative of pBADaggR carrying 
D86N-L221S substitution. 

Previous 
study 
(unpublished) 

pBADaggR-Q230R-
K263STOP 

A derivative of pBADaggR carrying 
Q230R-K263STOP substitution. 

Previous 
study 
(unpublished) 

pBADaar A derivative of pBAD30 carrying aar 
cloned using XbaI-SphI under the 
control of the araBAD promoter.  

Radwa 
Abdelwahab 

pBADaar* A derivative of pBADaar with 
ribosome binding site substitution.  

Radwa 
Abdelwahab 

pLG339 Low copy number plasmid encodes 
nrfA under its own promoter, tetR and 
kanR.  

(Stoker et al., 
1982) 

pLG339aggR A derivative of pLG339 carrying aggR 
promoter fragment and aggR gene 
cloned using EcoRI-SalI. 

This study 

pLG339aggR-I14T A derivative of pLG339aggR carrying 
I14T substitution. 

This study 

pLG339aggR-N16D A derivative of pLG339aggR carrying 
N16D substitution. 

This study 

pLG339aggR-Y92C A derivative of pLG339aggR carrying 
Y92C substitution. 

This study 

pLG339aggR-Y92R A derivative of pLG339aggR carrying 
Y92R substitution. 

This study 

pLG339aggR-E191A A derivative of pLG339aggR carrying 
E191A substitution. 

This study 

pDOC/yicS-HRs pDOC-K derivative containing 
homology regions for yicS gene 
knockout, containing the sacB gene 
and ampR.  

Gurneet 
Dhanoa 
(unpublished) 
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pACBSR Gene doctoring donor plasmid, ampR, 
sacB and kmR cassette.  

Douglas 
Browning 
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2.4.2 Polyacrylamide gel electrophoresis (PAGE) of DNA   

Polyacrylamide gels were used to visualise and purify DNA fragments under 1 kb 

in length. The 7.5% (w/v) acrylamide gel stock solution was prepared by mixing 

125 mL of 30% (w/v) acrylamide (National Diagnostics) with 100 mL 5x TBE 

(section 2.4.1) and 20 mL glycerol (per 500 mL). To polymerise the gel, 100 µL 

of freshly prepared 10% (w/v) ammonium persulphate (APS) and 10 µL of N, N, 

N’, N’-Tetramethylethylenediamine (TEMED) were added to 10 mL 7.5% 

polyacrylamide and the mixture was poured between two glass plates, separated 

by 0.15 cm thick spacers, and a comb was added to the top to make wells. After 

the gel had polymerised, the comb and bottom spacer were removed, and the 

glass plates were inserted into the vertical electrophoresis apparatus. 1x TBE 

was added to the upper and lower tanks and the wells were flushed with 1x TBE 

using a Pasteur pipette. DNA samples, prepared by mixing 5 volumes of DNA 

sample with one volume of loading dye, were loaded into the wells and a 

molecular weight ladder was also loaded to indicate DNA size. A 40 mA current 

was applied to the gel for 45-60 minutes. The gel was stained in 0.5 µg/mL 

ethidium bromide solution for 15 minutes, the DNA bands were visualised and 

excised as in section 2.4.1 before electroelution and purification (section 2.5.2, 

2.5.3 and 2.5.4).  

2.5 Extraction and purification of nucleic acids 

2.5.1 Extraction of DNA fragments from agarose gels 

DNA bands were excised from agarose gels (section 2.4.1) and the DNA 

fragments were extracted from the agarose gel slices using a QIAquick Gel 
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Extraction Kit (Qiagen) as specified by the manufacturer. The extracted DNA 

fragments were eluted from the QIAquick columns in 50 µL elution buffer.  

2.5.2 Electroelution of DNA fragments from polyacrylamide gels 

The DNA bands were excised from a polyacrylamide gel on a small slice (section 

2.4.2). 6 mm dialysis tubing (Medicell International Ltd.) was washed thoroughly 

with distilled water and rinsed with 0.1x TBE. The bottom of the tubing was sealed 

with a dialysis clip, and the gel slice placed inside the tubing along with 200 µL of 

0.1x TBE and the top was secured, ensuring there were no air bubbles present. 

The tubing was placed into a gel tank containing 0.1x TBE and a 30-40 mA 

current was applied for 20 minutes for electroelution. The solution was then 

transferred from the dialysis tubing to a 1.5 mL microfuge tube, the tubing was 

washed with 200 µL SDW and this was added to the solution in the tube and the 

final volume was adjusted to 400 µL for DNA extraction (sections 2.5.3 and 2.5.4). 

2.5.3 Phenol/chloroform extraction of DNA 

To purify DNA following electroelution (section 2.5.2) or restriction enzyme 

digestion (section 2.7.7), the DNA sample volume was adjusted to 400 µL and 

mixed with 400 µL of phenol-chloroform solution (Sigma Aldrich), vortexed and 

centrifuged for 2 minutes at 15,700 g. The upper aqueous layer containing DNA 

was transferred to a new tube, without disrupting the lower phenol-chloroform 

interface, and the DNA was concentrated by ethanol precipitation (section 2.5.4).  

2.5.4 Ethanol precipitation of DNA 

Following phenol/chloroform DNA extraction (section 2.5.3), the volume of the 

aqueous supernatant was made up to 400 µL with SDW, then 40 µL (1/10) 3 M 

sodium acetate (pH 5.2), 4 µL (1/100th volume) of 1 M MgCl2 and 890 µl of ice-
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cold 100% ethanol were added and the mixture was incubated for an hour at -

20°C or for 15 minutes at -80˚C. This mixture was then spun for 15 minutes at 

4°C in a centrifuge, the supernatant was removed and 1 ml of 70% (v/v) ethanol 

was added to wash the pellet. This was centrifuged for a further 10 minutes at 

4°C and the supernatant was removed. The pellet was washed again with 1 ml 

of ice-cold 100% ethanol and spun for 10 minutes at 4°C in a centrifuge. The 

supernatant was then removed, and the pellet dried in a vacuum drier 30-40 

minutes. The pellet was resuspended in 20-50 µL SDW. 

2.5.5 Small-scale preparation of plasmid DNA using QIAprep Spin 

miniprep kit  

To prepare plasmid DNA, overnight cultures were transferred to a 15 mL sterile 

Falcon tube and pelleted at room temperature in a centrifuge at 2844 g for 15 

minutes. The pellet was resuspended in P1 buffer (Qiagen) and transferred to a 

microfuge tube. Plasmid DNA was extracted using a QIAprep Spin Miniprep Kit 

as detailed by the manufacturer.  

2.6 Transformation of E. coli with plasmid DNA 

2.6.1 Preparation of chemically competent cells using the method of 

CaCl2 transformation  

A single bacterial colony of the strain to be made competent was used to 

inoculate 5 mL LB (containing appropriate antibiotic) and incubated overnight at 

37°C with shaking. The next day, the overnight culture was diluted 1:100 in 50 

mL LB medium and incubated with shaking at 37°C until OD600 reached 0.3-0.5 

(mid-exponential phase of growth). The culture was transferred to a sterile 50 mL 
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Falcon tube and incubated on ice for 10 minutes. The cells were spun in a 

centrifuge at 2844 g at 4°C for 10 minutes. After the supernatant was removed, 

the pellet was resuspended in 25 mL ice cold 0.1 M CaCl2 and incubated on ice 

for 20 minutes. This was then harvested by centrifugation for 10 minutes at 2844 

g at 4°C. The pellet was resuspended in 3.3 mL ice cold 0.1 M CaCl2 with 15% 

(v/v) glycerol then incubated on ice for at least 2 hours, or overnight, before use 

or storage. The cells were stored in 500 µL aliquots at -80°C. 

2.6.2 Transformation of plasmid DNA into chemically competent cells 

To transfer plasmid DNA into competent cells, 1 μL of plasmid was added to 50-

100 μL competent cells (section 2.6.1) and incubated on ice for 30-60 minutes. 

Cells were heat shocked at 42°C for 1.5 – 2 minutes then incubated on ice for 5 

minutes. 900 μL LB medium was added to the cells and incubated at 37°C with 

shaking for an hour, followed by harvesting by centrifugation at 15700 g for one 

minute. The pellet was resuspended in 100 μL of the supernatant and plated onto 

an LB agar or MacConkey agar plate with appropriate antibiotic, then incubated 

overnight at 37°C.  

2.6.3 Preparation of electrocompetent cells 

An overnight culture was diluted 1:100 in 5 mL LB, supplemented with appropriate 

antibiotic, and incubated at 37°C with shaking until mid-exponential phase, OD650 

between 0.4 - 0.6. The cultures were transferred to chilled sterile Falcon tubes 

and spun in a centrifuge for 10 minutes at 2844 g and 4°C. The supernatant was 

removed, and the pellet resuspended in 1 mL of ice-cold 10% (v/v) glycerol. This 

was transferred to a chilled microfuge tube and centrifuged for one minute at 4°C 
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and 15700 g. The supernatant was removed, and the pellet resuspended in 10% 

ice-cold glycerol, this was repeated 3 times before the pellet was resuspended in 

200 μL 10% ice-cold glycerol and kept on ice to be transformed the same day 

(section 2.6.4).  

2.6.4 Transformation of E. coli electrocompetent cells by plasmid DNA 

For electroporation, 40 μL of electrocompetent cells (section 2.6.3) were mixed 

with 1-3 μL of DNA and transferred to a pre-cooled electroporation cuvette (1 mm, 

Geneflow cat no. E6-0050). The cuvette was transferred to an electroporator 

(Gene Pulser, BioRad) and pulsed twice at 2.5 kV. Immediately afterwards, 1 mL 

of 37°C SOC was added to the cuvette and mixed by pipetting. This was 

transferred to a microfuge tube and incubated at 37°C with shaking for an hour. 

The sample was pelleted in a microcentrifuge at 15700 g for 1 minute. 900 μL 

supernatant was removed and the pellet was resuspended in the remaining 

medium, this was plated on an LB agar or MacConkey agar plate with appropriate 

antibiotics and incubated at 37°C overnight.  

2.7 Recombinant DNA techniques 

The oligonucleotide primers used in this study are outlined in Table 2.3. 

2.7.1 Polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) was used to amplify target genes and promoter 

fragments using Accuzyme (Bioline), PhusionTM High-Fidelity DNA polymerase 

(New England BioLabs® Inc.) and MyTaq red DNA polymerase (Bioline). DNA 

templates came from three sources: bacterial cell lysates, purified bacterial 

genomic DNA and purified bacterial plasmids.   
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Table 2.3  Oligonucleotide primers  

Name Sequence (5’ to 3’) Use 

D10520 (FW) CCCTGCGGTGCCCCTCAAG  Anneals upstream of the 
EcoRI site in pRW50/ 
pRW224/ pRW225. Used for 
sequencing and amplification 
of inserts in this vector.  

pRW50 REV 
(D78264) 

GGCTGTAATGTTCTGGCATTTGG
TCAGC 

Anneals downstream of the 
HindIII site in pRW50. Used 
for sequencing and 
amplification of inserts in this 
vector.  

AggR promoter 
up 

GGGGGGAATTCGGAAATAAGGG
GGCAAGAATACG 

aggR upstream primer 
containing an EcoRI site for 
amplification of the aggR 
promoter fragment.  

AggR promoter 
down 

GGGGGGGGTCGACCTCAAATAA
TGATATGAAACATG 

aggR downstream primer 
containing a SalI site for 
amplification of the aggR 
promoter fragment. 

042 AggR KO CAGTTTCACTTTTTCACCCTTTTT
TTAATCG 

yicS 042 upstream primer for 
megaprimer PCR 
amplification of the yicS042-
AggRBSKO promoter 
fragment. 

042 -10 KO CGTTAACTGACTCTAATGGCAAG
ATCAC 

yicS 042 upstream primer for 
megaprimer PCR 
amplification of the yicS042-
10KO1 and yicS042-10KO2 
promoter fragment. 

K-12 -10 to 042  GATTACCTGACTATAATGGTAAG
GTCG 

yicS K-12 upstream primer 
for megaprimer PCR 
amplification of the yicSK-12-
10consensus promoter 
fragment. 

nlpA 042 -10 
KO (yicS) 

GTGATCTTGCCATTAGAGTCAGT
TAACG 

nlpA 042 upstream primer for 
megaprimer PCR 
amplification of the nlpA-
10KO promoter fragment. 
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042 nlpA AggR 
KO (yicS) 

CGATTAAAAAAAGGGTGAAAAAG
TGAAACTG 

nlpA 042 upstream primer for 
megaprimer PCR 
amplification of the nlpA-
AggRKO promoter fragment. 

yicS P2 primer GGGGGGAATTCTTTCGTACAGC
ATGATGAGAGCG 
 

yicS P2 upstream primer 
containing an EcoRI site for 
amplification of the yicS 
promoter 2 promoter 
fragments.  

nlpA F GGGGGAATTCCTGATAATGACG
CCTGTGGCGTG  

nlpA upstream primer 
containing a EcoRI site for 
amplification of the nlpA 
promoter fragment.  

nlpA R H92/3 GGGGAAGCTTCTGCCAGCAATA
ATGCGGCCCCC 

nlpA upstream primer 
containing a HindIII site for 
amplification of the nlpA 
promoter from EAEC strain 
H92/3 fragment.  

Q5SDM_D3res
olved_F 

TACAAAGGCCTCTTACACATATC
TGATTG 

cfaD upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the cfaD 
fragment. 

Q5SDM_ 
D3resolved_R 

AGTATCCCACATAATAGAAC cfaD downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the cfaD 
fragment. 

caf1M 042 
hybrid FW 

TTTTAATGAGTGTGTTGCTTTTTT
ATCTG 

caf1M upstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
afaB-caf1M hybrid promoter 
fragment. 

caf1M 042 
hybrid REV 

TATAAAACAGTCATTAACCATTAA
GGTATCAG 

caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
afaB-caf1M hybrid promoter 
fragment. 

Q5SDM_caf1M
GTG_FW 

TAATCTTAGTCCGTTGCTTTTTTA
TCTGAC 

caf1M upstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
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caf1M-CCG promoter 
fragment. 

Q5SDM_caf1M
GTG_REV 

TTCCATTTAGTTCATTAACC caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-CCG promoter 
fragment. 

Q5SDM_pcaf1
MbothKO_F 

GTGTTGCTTTTTCACCTGACGTT
AATTCCGCACTTG 

caf1M upstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-both promoter 
fragment. 

Q5SDM_pcaf1
MbothKO_R 

ACTAAGGTGATTCCATATTCCAT
TTAGTTCATTAACCATTAAG 

caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-both promoter 
fragment. 

Q5SDM_pcaf1
MdownKO_F 

GTTGCTTTTTCACCTGACGTTAA
TTC 

caf1M upstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-down promoter 
fragment. 

Q5SDM_pcaf1
MdownKO_R 

ACACTAAGATTATTCCATTTAG caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-down promoter 
fragment. 

Q5SDM_pcaf1
MKOboth_R 

ACTAAGGTGATTCCATTTAGTTC
ATTAACCATTAAGGTATC 

caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-both promoter 
fragment. 

Q5SDM_pcaf1
Mupconsensus
_F 

TTATCTTAGTGTGTTGCTTTTTTA
TC 

caf1M upstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-upconsensus 
promoter fragment. 

Q5SDM_pcaf1
Mupconsensus
_R 

AAAAATTTAGTTCATTAACCATTA
AGG 

caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
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caf1M-upconsensus 
promoter fragment. 

Q5SDM_pcaf1
MupKO_F 

TAAATGGAATCACCTTAGTGTGT
TGC 

caf1M upstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-up promoter fragment. 

Q5SDM_pcaf1
MupKO_R 

GTTCATTAACCATTAAGGTATC caf1M downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
caf1M-up promoter fragment. 

bssSFW(EcoRI)   GGGGGGAATTCTTGACGCCCTG
GCTGGCGAACTTTC 

bssS upstream primer 
containing an EcoRI site for 
amplification of the bssS 
promoter fragment. 

bssSFW(EcoRI)   GGGGGAAGCTTACCAGTCATCG
GCGCTTTCCCACGTTTCC 

bssS upstream primer 
containing an EcoRI site for 
amplification of the bssS 
promoter fragment. 

pBAD24 FW CCATAAGATTAGCGGATCCTACC Anneals upstream of the 
EcoRI site in pBAD30. Used 
for sequencing and 
amplification of inserts in this 
vector. 

pBAD24 REV CCAGGCAAATTCTGTTTTATCAG
ACC 

Anneals downstream of the 
XbaI site in pBAD30. Used 
for sequencing and 
amplification of inserts in this 
vector. 

AggR Y92A CCTGATGATAATAGCNGGAATAT
CAAAAGTAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Y92A fragment. 

AggR Y92D CCTGATGATAATAGCYGGAATAT
CAAAAGTAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Y92D fragment. 

AggR Y92S CCTGATGATAATATCNGGAATAT
CAAAAGTAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Y92S fragment. 
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AggR I183N CTAGCTATTAAYGCAGATGAATT
TAATG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
I183N fragment. 

AggR 
E191A(only) 

GAATTTAATGTATCAGCGATAAC
AATAAGG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
E191A fragment. 

AggR I192A GTATCAGAGGCAACAATAAGGAA
AAGGC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
I192A fragment. 

AggR R195A CAGAGATAACAATAGCNAAAAGG
CTTGAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
R195A fragment. 

AggR K196A GATAACAATAAGGGCNAGGCTT
GAGTCAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
K196A fragment. 

AggR R197A CAATAAGGAAAGCNCTTGAGTCA
GAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
R197A fragment. 

AggR RKR195 - 
197AAA 

CAGAGATAACAATAGCNGCNGC
NCTTGAGTCAGAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
RKR195-197AAA fragment. 

AggR E199A GGAAAAGGCTTGCGTCAGAGTA
TATTAC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
E199A fragment. 

AggR S200A GGAAAAGGCTTGAGGCAGAGTA
TATTAC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
S200A fragment. 

AggR Y226A GATAACTCAGCTCAGATATCACA
AATATC 

aggR upstream primer for 
megaprimer PCR 
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amplification of the aggR-
Y226A fragment. 

AggR Q227A GATAACTCATATGCGATATCACA
AATATC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Q227A fragment. 

AggR 
Q227STOP 

GATAACTCATATTAAATATCACAA
ATATC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Q227STOP fragment. 

AggR Q230A CAGATATCAGCAATATCTAATAT
GATAGG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Q230A fragment. 

AggR Q230L CAGATATCACTNATATCTAATATG
ATAGG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Q230L fragment. 

AggR Q230M CAGATATCAATGATATCTAATATG
ATAGG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Q230M fragment. 

AggR Q230R CAGATATCACGAATATCTAATAT
GATAGG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Q230R fragment. 

AggR M234A CAAATATCTAATGCGATAGGATT
TTCCAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
M234A fragment. 

AggR T240A GGATTTTCCAGTGCATCATATTT
C 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
T240A fragment. 

AggR Y242A CCAGTACATCAGCTTTCATTAGG aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
Y242A fragment. 



 

 56 

AggR R245A CATATTTCATTGCGCTTTTTGTAA
AAC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
R245A fragment. 

AggR R245K CATATTTCATTAARCTTTTTGTAA
AAC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
R245K fragment. 

AggR K249A GGCTTTTTGTAGCNCATTTTGGC
ATAAC 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
K249A fragment. 

AggR truncation GACTTATTTTTAAAGCCAATAGTC
TAG 

aggR upstream primer for 
megaprimer PCR 
amplification of the aggR-
K263STOP fragment. 

I183N_Q5_SD
M_ FW 

TCTAGCTATTAATGCAGATGAAT
TTAATG 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-I183N fragment. 

I183N_Q5_SD
M_ REV 

GTCCATCTCTTTGATAAGTC aggR downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
aggR-I183N fragment. 

Q227A_Q5_SD
M_FW 

TAACTCATATGCGATATCACAAA
TATCTAATATGATAGG 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-Q227A fragment. 

Q227A_Q5_SD
M_REV 

TCAAGCAACAGCAATGCTG aggR downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
aggR-Q227A fragment. 

I14T_Q5_SDM
_ FW 

GATTATAAAAACCAACAATATCA
GAATAC 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-I14T fragment. 

I14T_Q5_SDM
_ REV 

TCTTTTTCGATGTTTTGTTTTAAT
TTC 

aggR downstream primer for 
Q5 site-directed mutagenesis 
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PCR amplification of the 
aggR-I14T fragment. 

N16D_Q5_SD
M_ FW 

AAAAATCAACGATATCAGAATAC
ATC 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-N16D fragment. 

N16D_Q5_SD
M_ REV 

ATAATCTCTTTTTCGATGTTTTG aggR downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
aggR-N16D fragment. 

Y92C_Q5_SDM
_FW 

GATGATAATATGCGGAATATCAA
AAGTAGATGC 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-Y92C fragment. 

Y92R_Q5_SDM
_FW 

GATGATAATACGCGGAATATCAA
AAGTAGATGCTTGTAGTTG 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-Y92R fragment. 

Y92C/R_Q5_S
DM_REV 

AGGGCATCCTTTAGGCGT aggR downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
aggR-Y92C and aggR-Y92R 
fragment. 

E191A_Q5_SD
M_FW 

TAATGTATCAGCGATAACAATAA
GGAAAAG 

aggR upstream primer for Q5 
site-directed mutagenesis 
PCR amplification of the 
aggR-E191A fragment. 

E191A_Q5_SD
M_REV 

AATTCATCTGCAATAATAGC aggR downstream primer for 
Q5 site-directed mutagenesis 
PCR amplification of the 
aggR-E191A fragment. 
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DNA amplification was carried out in a ProFlex PCR System (Thermo Fisher 

Scientific Inc.), PCR cycling conditions are outlined in Table 2.4 and the annealing 

temperature used was dependent on the oligonucleotide primers utilised. 

Following DNA amplification, PCR products were visualised as detailed in section 

2.4. MyTaq red DNA polymerase was used for error-prone PCR, Phusion DNA 

polymerase and Accuzyme were used for PCR, colony PCR and megaprimer 

PCR. 

For use of Phusion DNA polymerase, typical reaction mixtures were composed 

of 10 µL of 2.5 µM forward primer, 10 µL of 2.5 µM reverse primer, 10 µL 5x 

buffer, 1 µL dNTPs, 0.5 µL Phusion, 5 µL 1:40 template DNA and 13 µL SDW, 

the reaction mix was prepared on ice and mixed gently.  

2.7.2 Colony PCR 

Colony PCR was used to amplify genes from pathogenic EAEC strains and to 

confirm the presence of a segment of DNA in a bacterial genome – cell lysates 

of candidate colonies were used as template DNA. To prepare DNA template, a 

single colony from an agar plate was mixed with 50 µL SDW in a microfuge tube 

and heated for 2 minutes at 100˚C. The samples were vortexed and spun in a 

table-top centrifuge for 2 minutes at 15,700 g and the supernatant was retained 

as the cell lysate. 5 µL of this sample was then used as template in the reaction 

and mixed with 5 µL Accuzyme reaction buffer, 0.5 µL dNTPs, 10 µL 2.5 µM 

forward primer, 10 µL 2.5 µM reverse primer, 18.5 µL SDW, 1 µL Accuzyme DNA 

polymerase. The samples were transferred to a ProFlex PCR System (Thermo 

Fisher Scientific Inc.), the PCR conditions are detailed in Table 2.4; the annealing 
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temperature depended on the primers used and the extension time depended on 

the insert size.  

2.7.3 Error-prone PCR  

For random mutagenesis of aggR, error-prone PCR was utilised to generate 

aggR PCR product. The PCR mixture was prepared on ice and contained: 10 µL 

of 2.5 µM pBAD24 FW primer, 10 µL of 2.5 µM pBAD24 REV primer, 25 µL of 

MyTaq RED and 5 µL of 1:40 pBADaggR. The PCR cycle is outlined in Table 2.4.  

2.7.4 Megaprimer PCR  

Megaprimer PCR was used to introduce site-directed mutations into recombinant 

DNA fragments. The procedure required two separate PCR cycles, with 

purification steps, and three primers, including two primers that annealed to the 

ends of the DNA fragment and a final primer, containing the intended mutation, 

that annealed internally. The first PCR used the primer annealing upstream of the 

DNA fragment and the internal primer, with the mutation, the product was then 

run on a gel (section 2.4) and purified (section 2.5). Then for the second PCR 

reaction, to generate the full-length fragment, the purified PCR product was used 

as a primer with the primer annealing downstream of the fragment. PCR cycles 

were carried out as outlined in section 2.7.1. 

2.7.5 Q5® site-directed mutagenesis (SDM) PCR  

Q5® Site-Directed mutagenesis (SDM) was utilised to introduce mutations in 

promoter and gene fragments as outlined by the manufacturer (New England 

BioLabs Inc.). Q5® SDM PCR mixtures were composed of 12.5 µL Q5 Hot Start  

 

 



 

 60 

Table 2.4  PCR conditions   

Cycles  PCR step  Temperature   Time  

1 
Initial 

denaturation 
98˚C 5 min 

35  

Denaturation  95˚C 30 sec 

Annealing  Variable  30 sec 

Extension 72˚C ~1 min/kb 

1 Final extension 72˚C 10 min 

1 Hold 4˚C ¥ 
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High-Fidelity 2X Master Mix, 1.25 µL 10 µM forward primer, 1.25 µL 10 µM 

reverse primer, 1 µL template DNA (diluted 1:40) and 9 µL SDW, with a total 

volume of 25 µL. The reagents were mixed by pipetting and transferred to a 

ProFlex PCR System (Thermo Fisher Scientific Inc), the conditions for the PCR 

can be found in Table 2.5. The annealing temperature was determined according 

to the primers used, and the extension time was 30 seconds/kb of plasmid with 

insert.   

2.7.6 Q5® SDM Kinase, ligase and DpnI (KLD) treatment 

1 µL of Q5 SDM PCR product (section 2.7.6) was mixed with 5 µL 2x KLD reaction 

buffer, 1 µL 10X KLD enzyme mix and 3 µL SDW, the reagents were mixed by 

pipetting and incubated at room temperature for 30 minutes before transformation 

as in section 2.6.2.  

2.7.7 Restriction digestion of DNA 

Restriction enzymes were used to prepare plasmid DNA and purified PCR 

products for DNA cloning. For high copy number plasmids, 12-15 µL of plasmid 

DNA miniprep was digested with 2.5 µL of each restriction enzyme (New England 

BioLabs® Inc.) and 6 µL 10X NEBuffer 4 or CutSmart buffer (New England 

BioLabs® Inc.), with a final volume of 60 µL with SDW. The digests were 

incubated at 37˚C for 2 hours, then 1 µL of calf intestinal alkaline phosphatase 

(CIP) (New England BioLabs® Inc.) was added and the reaction incubated for 

one further hour to dephosphorylate the ends of the DNA to prevent re-ligation. 

The digested plasmid was run on a 0.8% (w/v) agarose gel (2.4.1) and DNA 

bands were purified as in section 2.5.1.  
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Table 2.5  Q5 SDM PCR conditions  

Cycles PCR Step  Temperature  Time  

1 Initial denaturation 98˚C 30 seconds 

25  

Denaturation  98˚C 10 seconds 

Annealing  Variable 30 seconds 

Extension 72˚C ~30 seconds/kb 

1 Final extension 72˚C 2 minutes  

1 Hold 4˚C ¥ 
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For low copy number plasmids (e.g. pRW50), seven DNA minipreps were 

combined with a final volume of 300 µL and digested with 40 µL 10X NEBuffer 4 

or CutSmart buffer, 10 µL of each restriction enzyme and made up to a final 

volume of 400 µL with SDW. The digest was incubated for 3 hours at 37˚C before 

4 µL of CIP was added and then incubated for a further hour. The digested vector 

was purified using phenol/chloroform purification and ethanol precipitation 

(sections 2.5.3 and 2.5.4). 

For the insert DNA, 48 µl of purified PCR product was digested with 3 µL of each 

restriction enzyme and 6 µL 10X NEBuffer 4 or CutSmart buffer, made to a final 

volume of 60 µL with SDW. The digests were incubated at 37°C for 2 hours and 

run on an agarose (section 2.4.1) or polyacrylamide gel (section 2.4.2) and 

purified (section 2.5). 

2.7.8 Ligation  

DNA ligation was utilised to insert genes or promoter fragments into appropriate 

vectors. For the ligations, 5-12 µL restricted insert DNA, 1-5 µL restricted vector 

DNA, 1 µL T4 DNA ligase (New England BioLabs® Inc.), and 2 µL 10x T4 DNA 

ligase buffer were combined and made to a final volume of 20 µL with SDW. The 

ligation mixes were kept on ice for 10 minutes and then incubated overnight at 

16˚C. The mixture was placed on ice before addition of 100 µL CaCl2 competent 

cells and transformations were carried out as in section 2.6.2. To select for 

transformants, cells were plated on MacConkey agar with lactose and 

supplemented with the appropriate antibiotics. To confirm the presence of insert, 

colonies were grown overnight, plasmid DNA was prepared and sequenced.  
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2.7.9 DNA sequencing  

Purified plasmid DNA was plasmid-to-profile sequenced at The Functional 

Genomics, Proteomics and Metabolomics Facility, University of Birmingham, UK. 

Sequence reactions contained 3-5 µL miniprep DNA and 3 µL of primer (1 µM), 

made up to a final volume of 10 µL adjusted with SDW. The sequences were then 

analysed using SnapGene Viewer and the amino acid sequences aligned using 

ClustalW (Kyoto University Bioinformatics Centre, http://www.genome.jp/tools-

bin/clustalw, no date; NCBI, https://www.ncbi.nlm.nih.gov/orffinder/, no date). 

2.8 β-galactosidase assays 

In this study, promoter activity was measured by utilising b-galactosidase assays 

and the promoter fragments were cloned upstream of lacZ in the expression 

vectors: pRW50, pRW224 and pRW400. 

2.8.1 β-galactosidase assays during exponential growth and stationary 

phase  

Cells were grown overnight in LB media containing the appropriate antibiotics. 

Overnight cultures were diluted (1:100) in 5 ml of fresh LB containing appropriate 

antibiotics. Each overnight culture was diluted into two subcultures, one 

containing arabinose at a final concentration of 0.2%. Subcultures were 

incubated with shaking at 37˚C until mid-logarithmic phase (OD650 = 0.4 – 0.6). 

To lyse the cultures, 2-3 drops of each of 1% (w/v) sodium deoxycholate and 

toluene were added to each flask and vortexed, then incubated at 37˚C with 

shaking for 20 minutes to evaporate the toluene. The b-galactosidase activity of 

cell lysates measured in Z-buffer.  
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Z-buffer was prepared to a final volume of 1 litre with distilled water containing: 

0.75 g potassium chloride, 0.25 g magnesium sulphate heptahydrate 

(MgSO4·7H20), 8.53 g disodium hydrogen orthophosphate (Na2HPO4) and 4.87 

g sodium hydrogen orthophosphate dihydrate (NaH2PO4·2H20). 1M sodium 

carbonate (Na2CO3) was prepared by dissolving 10.59 g in 100 mL distilled water. 

Prior to use, 270 µL b-mercaptoethanol was added to 100 mL Z-buffer and 0.0392 

g ortho-nitrophenol-b-D-galactopyranoside (ONPG) was added to 10 mL Z-buffer 

(final concentration 13 mM).  

The b-galactosidase assays were carried out at 30˚C, 100 µL lysate was added 

to 2mL Z-buffer and the reaction was started by adding 500 µL of the ONPG 

solution. The reaction proceeded until the sample turned yellow and 1 mL 1M 

Na2CO3 was added to stop the reaction. The absorbance at OD420 was recorded 

and the b-galactosidase unit was calculated using:  

𝛽𝑔𝑎𝑙𝑎𝑐𝑡𝑜𝑠𝑖𝑑𝑎𝑠𝑒	𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

=
1000 × 2.5 × 3.6 × 𝑂𝐷!"#	%&
𝑂𝐷'(#	%& × 4.5 × 𝑡 × 𝑣 	𝑛𝑚𝑜𝑙/𝑚𝑖𝑛/𝑚𝑔	𝑜𝑓	𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙	𝑚𝑎𝑠𝑠 

Where,  

1000/4.5 = factor for conversion of OD420 into nmol ONPG, based on 1 nmol ml-1 

ONPG having an OD420 of 0.0045. 

2.5 = factor for conversion of OD650 into bacterial mass, based on OD650 of 1 

being equivalent to 0.4 mgml-1 bacteria (dry weight). 

3.6 = final assay volume (mL) 

t = incubation time (minutes) 

v = volume of lysate added (mL) 
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The b-galactosidase activity of cells containing plasmids carrying promoter 

fragments were measured using three independent determinations and the mean 

b-galactosidase level and standard deviation were calculated for each promoter 

fragment. In all assays, negative controls were included with cells containing 

empty vector.  

2.9 Gene Doctoring 

The “gene doctoring” technique (Lee et al., 2009) was utilised in this study to 

delete the yicS gene from the EAEC strain DFB042 chromosome (Table 2.2). The 

pDOC/yicS-HRs donor plasmid used in this study contains DNA fragments 

homologous to the start and end of the yicS gene.  

2.9.1 An overview of the technique 

The l-Red recombinase system is often employed to alter the E. coli 

chromosome, introducing insertions, deletions or mutations. There are three 

genes, gam, exo and bet, in this system that mediate the homologous 

recombination of a linear DNA fragment. For pathogenic strains, a method was 

developed to delete chromosomal genes; pDOC plasmids carry the sacB gene 

that counterselects cells containing the donor plasmid (Lee et al., 2009).  

2.9.2 Gene doctoring methodology  

The donor plasmid, pDOC/yicS-HRs, and the pACBSR plasmid were co-

transformed into EAEC strain DFB042 by electroporation and grown overnight on 

an LB agar plate with chloramphenicol and ampicillin. The co-transformant 

colonies were restreaked on the same plate type and then patched onto nutrient 

agar plates with 5% (w/v) sucrose and kanamycin (25 μg/mL). A single colony 

was used to inoculate 0.5 mL LB, with ampicillin (100 μg/mL) and 
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chloramphenicol (50 μg/mL), in a conical flask and shaken for 2-4 hours at 37˚C 

until turbid. The cells were harvested by centrifugation, the supernatant was 

discarded, and the pellet was resuspended in 0.1 X LB. This process was 

repeated three times to remove residual antibiotics. The cells were resuspended 

in 0.5 mL of 0.1 X LB, with 0.3% arabinose to induce expression of λ-Red genes 

and SceI meganuclease from pACBSR and transferred to a conical flask for 

incubation at 37˚C for 2-3 hours. 125 μL of culture was spread onto each of four 

LB agar plates (5% sucrose and 50 μg/mL kanamycin), and the plates were 

incubated at 30˚C until colonies are visible. Colonies were restreaked onto LB 

agar plates (5% (w/v) sucrose and 25 μg/mL kanamycin) to give single colonies, 

these were recombinant candidates. Colony PCR was carried out to check the 

size of the target region in the chromosome and the PCR products showing 

chromosomal modification were confirmed by DNA sequencing (sections 0 and 

2.7.9). These candidates were also checked for loss of the pACBSR plasmid, by 

streaking onto LB agar plates with chloramphenicol. Glycerol stocks were made 

from chloramphenicol and ampicillin sensitive candidates, which contained the 

chromosomal modification.  

2.9.3 Removal of the kanamycin resistance cassette and detection of 

gene doctored cells  

The kanamycin cassette was removed by transforming the modified strain with 

plasmid pCP20 and incubated overnight on LB agar with ampicillin (100 μg/mL) 

at 30˚C. Transformants were restreaked onto LB agar plates, without antibiotic, 

and incubated at 37˚C overnight. Single colonies were patched onto LB agar 

plates in the order of 5% (w/v) sucrose and 25 μg/mL kanamycin, 100 μg/mL 
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ampicillin, and non-selective. The candidates were then checked by colony PCR 

and sequencing (sections 0 and 2.7.9). 

2.10 Biofilm assay  

Overnight cultures were inoculated from single colonies of EAEC in 5 mL of LB 

medium. To prepare subcultures, overnight cultures were diluted 1:100 in 5 mL 

of DMEM medium with appropriate antibiotics and incubated for 1 hour at 37°C 

with shaking. From the diluted culture, 150 µL was transferred into three wells of 

a 96 well microtitre plate. Negative controls of the DMEM solutions without 

inoculum were also included. The plate was sealed with Parafilm (TM) to prevent 

evaporation and incubated at 37°C overnight. After ~16 hours the media was 

removed by smacking the plate onto a paper towel. 150 µL of 0.1% crystal violet 

was added to each well and incubated at 4°C for 30 minutes. Again, the plate 

was smacked on paper towels to remove crystal violet from the wells and 

submerged in deionised water to remove excess crystal violet. All traces of water 

were removed by smacking repeatedly on a paper towel. 150 µL of 

ethanol/acetone solution (80 mL ethanol and 20 mL acetone) was added to each 

well and the microtitre plate was left to shake slowly for 45 minutes. The 

absorbance was measured at OD595 using a Labsystems Multiskan MS plate 

reader (Thermo Fisher Scientific Inc). 

2.11 Flow cytometry  

2.11.1 Set up of the flow cytometer 

The Attune® NxT Acoustic Focusing Cytometer (Invitrogen) was utilised for all 

experiments. The manufacturer’s instructions were followed to calibrate the 
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machine, including the use of Attune Focusing Fluid (448862, Fisher) and Attune 

® Performance Tracking Beads (4449754, Fisher). GFP has excitation/emission 

maxima of 482 nm / 510 nm (Telford et al., 2012), thus, the Blue laser was set at 

488 nm: channel BL1, 530/30 filter. For fluorophore SYTO-84 Orange 

Fluorescent Nucleic Acid Stain (SYTO84) (Invitrogen), which has 

excitation/emission maxima of 567 nm / 582 nm, the Yellow laser was set at 561 

nm; channel YL1, 585/16 nm filter. The machine was cleaned with 4% bleach 

between samples using the Sip Sanitize function, and at the end of each 

experiment a Deep Clean was performed.  

2.11.2 Measurement of Syto84 with GFP fluorescence  

Overnight cultures were used to inoculate fresh LB, 200 μL in 5 mL, and grown 

with shaking at 37˚C until the OD600 was between 0.5 and 0.6. Then, 200 μL 

subculture was spun in a centrifuge for 5 minutes and resuspended in 100 μL 1 

x HEPES buffered saline (HBS) (Alfa Aesar). To the bacterial suspension, 500 

μL HBS and SYTO84 (final concentration 10 μM) were added and vortexed.  

2.11.3 Gating strategy  

Using the gating strategy in Figure 2.1, GFP fluorescence was measured. To 

identify when no GFP was expressed, a negative control strain was used as this 

allowed measurement of GFP fluorescence in cells with GFP expressed. The 

plots in Figure 2.1A and Figure 2.1B show the unstained control, pLG339 empty 

vector, and in Figure 2.1C and Figure 2.1D the stained pLG339 control; both 

controls show the separation of SYTO84+ stained cells from background debris. 

A polygon gate was added to select for SYTO84+ populations (Figure 2.1A and 
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Figure 2.1C) which were then used to analyse GFP fluorescence (Figure 2.1B 

and Figure 2.1D).  
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Figure 2.1  Gating strategy of empty vector control samples  

The gating strategy used for analysis of flow cytometry data in this study, the plots 
show the negative control unstained BW25113 cells containing pRW400aafD100 
and pLG339 empty vector. In (A) and (C), cells were separated from background 
using channels YL1-H against FSC-H, highlighted by a polygon, and labelled 
SYTO84+ in orange. In (B) and (D), cells in the SYTO84+ gate were analysed 
using channels YL1-H against BL1-H and a quadrat gate separated the SYTO84 
(labelled in orange) and GFP signals (labelled in green): Q1 for SYTO-84+ GFP– 
(+ –); Q2 for SYTO-84+ GFP+ (+ +); Q3 for SYTO-84– GFP+ (– +); and Q4 for 
SYTO-84– GFP– (– –). Data was analysed and plots were made using FlowJo. 

A. One unstained sample of BW25113 cells containing pRW400aafD100 and 
pLG339. The percentage of events in the SYTO84+ polygon gate is 
indicated.  

B. One unstained sample of BW25113 cells containing pRW400aafD100 and 
pLG339 from the SYTO84+ gate (A). The percentage of events in each of 
the quadrat gates is indicated. 

C. One stained sample of BW25113 cells containing pRW400aafD100 and 
pLG339. A SYTO84+ population of over 10,000 events was gated, 
highlighted by a polygon, and labelled SYTO84+ in orange. The 
percentage of events in the polygon gate of SYTO84+ is indicated. 

D. One stained sample of BW25113 cells containing pRW400aafD100 and 
pLG339 from the SYTO84+ gate (C). The percentage of events in each of 
the quadrat gates is indicated.  

– – 

+ – + + 

– + 

– – 

+ – + + 

– + 

SYTO-84+  

SYTO-84+  

B A 

D C 
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Chapter 3  The Action of AggR at 

Target Promoters 

3.1 Introduction  

EAEC colonises host intestinal mucosa and secretes toxins (Morin et al., 2010). 

Some EAEC strains carry a virulence plasmid (Jonsson et al., 2017) that encodes 

virulence genes involved in pathogenicity (Hüttener et al., 2018; Berger et al., 

2016). An important component of EAEC pathogenicity is the master regulator of 

virulence, AggR, a transcription factor with more than 40 virulence genes thought 

to be in its regulon (Dias et al., 2020; Santiago et al., 2017; Morin et al., 2013). 

To confirm this, Chris Icke, working with Ian Henderson, analysed RNA-seq data, 

obtained from comparing differential gene expression in the EAEC prototypical 

strain 042 and its DaggR derivative (Figure 3.1). The results indicated that AggR-

dependent promoters are located both on the chromosome (Figure 3.1A) and the 

virulence plasmid, pAA2 (Figure 3.1B) (Hüttener et al., 2018; Morin et al., 2013; 

Yasir et al., 2019). There are several genes highlighted in the figure, indicating 

some of the target promoters used in this study. Many of the AggR-dependent 

genes have unknown functions and this study investigated the function of the yicS 

gene expressed from the EC042_4006 locus (Section 3.3).  

The organisation of a dozen different AggR-dependent promoters was 

investigated by Muhammed Yasir, and he showed that the AggR promoters 

analysed all had a similar organisation – the DNA binding site for AggR is at a 
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Class II position, overlapping the -35 element, with 20-22 bp between the single 

AggR binding site and the -10 element. Additionally, by transplanting a single 

DNA site for AggR into the E. coli CRP-dependent melR promoter, 22 bp 

upstream of the -10 element, AggR-dependence was conferred on this promoter 

(Yasir et al., 2019). This argued that AggR functions as a monomer.  

Most research has been conducted with the prototypical EAEC 042 strain 

(Hüttener et al., 2018; Ellis et al., 2019), but in recent years, many more EAEC 

strains have been sequenced and analysis is ongoing. Interestingly, there is 

enormous diversity in naturally occurring EAEC strains (Boisen et al., 2020), and 

the pattern of virulence and presence of certain virulence genes does not follow 

the same pattern as in EAEC 042 or E. coli K-12 (which has frequently served as 

a non-virulent non-EAEC comparison). Therefore, my study has focussed on 

whether the rules for AggR-dependence follow the same patterns in different 

strains. I wanted to see what might be learned about AggR-dependence from 

looking beyond strain 042, with a focus on clinically relevant strains that were 

isolated from patients in Brazil (Rosa et al., 1998). Hence, for comparison with 

EAEC 042, I looked at a promoter from the Danish EAEC strain, C1010-00 (Yasir 

et al., 2019; Boisen et al., 2008).   

3.2 Analysis of simple AggR-dependent promoters  

AggR activates the expression of genes important for pathogenicity including 

secretion systems implicated in biofilm formation and antibacterial activity 

(Bamidele et al., 2019; Dias et al., 2020; Navarro-Garcia et al., 2019), including   
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Figure 3.1  AggR transcriptomics on the EAEC 042 chromosome and plasmid  

The figure shows differential RNA levels in EAEC 042 compared to an EAEC 042 
∆aggR strain, according to RNA-seq, on its chromosome (A) and pAA2 virulence 
plasmid (B). Differentially expressed genes are presented as green peaks, these 
identify the AggR gene targets. The light blue boxes indicate the genes in the 
forward orientation and the dark blue boxes are in the reverse. The central ring 
shows the log2 fold difference between EAEC 042 and the ∆aggR strain for each 
gene. The pink stars highlight the gene targets investigated in my study. Adapted 
from Yasir et al. (2019). 

A. EAEC 042 chromosome. The orange boxes show the regions of difference 
in the EAEC 042 chromosome (Chaudhuri et al., 2010). The base 
coordinates are labelled in Mb.  

B. EAEC pAA2 virulence plasmid. The base coordinates are labelled in Kb.  

     

* 

A 

     

* 

* * * 
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the expression of the EAEC fimbrial antigen AAF/II (Elias et al., 1999; Hüttener 

et al., 2018). It has previously been shown that simply overexpressing AggR is 

sufficient for activation at target promoters (Yasir et al., 2019).  

3.2.1 Activation 

Intergenic regulatory regions, likely to contain AggR-dependent promoters, were 

identified in several EAEC strains. To study these promoters, I exploited the 

pRW50 low copy number lac expression vector (Lodge et al., 1992). In this 

plasmid, there is no promoter for the lac operon, so inserting promoters here 

drives lacZ expression, and subsequent b-galactosidase production, thereby 

facilitating measurement of the activity of the cloned promoters (Figure 3.2). PCR 

was used to amplify selected putative intergenic regulatory regions. To facilitate 

cloning into pRW50, primers that introduced an EcoRI restriction site upstream 

of the putative promoter and a HindIII restriction site downstream were used.  

The selected AggR-target promoters looked at in my study include the promoter 

of strain 042 afaB, that encodes a pseudogene involved in fimbrial assembly 

(Figure 3.3A), the agg4D promoter, the first gene in the AAF/IV fimbrial operon of 

EAEC strain C1010-00 (Figure 3.3B), and the strain 042 aafD promoter, which 

controls expression of a chaperone gene in the fimbrial operon (Figure 3.3C) 

(Elias et al., 1999; Yasir et al., 2019; Ellis et al., 2019). These promoters are 

located on virulence plasmids, afaB and aafD are found on the strain 042 pAA2 

plasmid in strain 042 and agg4D is located on the C1010-00 pAA plasmid (Yasir 

et al., 2019). Base sequences of the promoter fragments that were cloned into 

pRW50 are shown in Figure 3.3.  
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Figure 3.2  The pRW50 low copy number lac expression vector 

The figure shows a plasmid map of the pRW50 lacZ expression vector, located 
upstream of the lacZYA operon are the EcoRI and HindIII restriction sites that 
were used to clone promoter fragments. The plasmid carries a tetracycline 
resistance determinant (tetR). Created with BioRender.com. 
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Figure 3.3  DNA base sequence upstream of genes cloned into pRW50 

The figure shows the DNA sequence for promoter fragments cloned into pRW50 
utilising the EcoRI and HindIII restriction sites, highlighted in grey. The -10 
element is highlighted in purple, the DNA binding site for AggR is highlighted in 
blue and the coding sequence is in bold. The bent arrows indicate the start sites 
and the direction of transcription. 

A. 413 bp sequence of EAEC 042 afaB promoter fragment  
B. 496 bp sequence of EAEC C1010-00 agg4D promoter fragment  
C. 433 bp sequence of EAEC 042 aafD100 promoter fragment.  
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To measure AggR-dependent activation at target promoters, I exploited the 

pBAD30 vector (Figure 3.4) (Guzman et al., 1995). The pBADaggR recombinant 

plasmid contains the aggR gene under the control of the araBAD promoter 

(Figure 3.5A). The aggR gene was amplified by PCR and primers were utilised 

that introduced an EcoRI site upstream of the aggR gene and XbaI downstream 

(Figure 3.5B). The araBAD promoter can be induced by arabinose, which binds 

to AraC, resulting in the production of AggR (Guzman et al., 1995). 

In the assay system, utilised throughout this research, arabinose induces the 

production of AggR, which then binds at the target promoter on the pRW50 

plasmid, this activates expression of lacZ, which produces b-galactosidase 

(Figure 3.6). The pRW50afaB recombinant plasmid was transformed into E. coli 

K-12 strain BW25113 Dlac carrying pBAD30 empty vector or pBADaggR (Figure 

3.7A). Cultures were grown in LB medium, with a duplicate of each sample 

containing 0.2% (w/v) arabinose, until the OD650 reached between 0.4 and 0.6. 

The b-galactosidase activity of the lysed cells was measured to determine the 

promoter activity. This was repeated for recombinant plasmids pRW50agg4D 

(Figure 3.7B) and pRW50aafD100 (Figure 3.7C). The b-galactosidase activities 

can be seen in Figure 3.7, each panel shows the comparison of the recombinant 

plasmids carrying target promoters in the presence and absence of AggR. In this 

arabinose-induced system, expression from these promoters was activated by 

AggR. The apparent strength of each promoter differed, with the highest b-

galactosidase activity reported when assaying aafD100, with over 16-fold 

increase over basal levels with pBAD30 empty vector (19121 and 539 units, 

respectively), and the lowest with afaB, with over 13-fold increase over basal 
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levels (660 and 8 units, respectively). b-galactosidase activity increased almost 

13-fold over base levels with agg4D (1512 and 38 units, respectively). The results 

indicate that the afaB, agg4D and aafD100 promoters are activated by AggR. The 

AggR-activated target promoters have a single functional DNA binding site for 

AggR, and the activity levels differ for each promoter.  

The results also indicate that the b-galactosidase levels in the absence of AggR 

are higher than the basal levels in cells carrying pBAD30 empty vector. This 

indicates that expression of AggR from pBADaggR is ‘leaky’. While the araBAD 

promoter is considered to be tightly regulated (Rosano and Ceccarelli, 2014), the 

significant b-galactosidase levels measured in the absence of arabinose, seen in 

Figure 3.7, must be due to arabinose-independent expression of AggR. This 

arabinose-independent b-galactosidase activity can differ from promoter to 

promoter, however, in Figure 3.7 the background levels are comparable. I 

suggest that AggR binds more tightly to certain promoters, which would result in 

higher background levels at these promoters than at promoters with weaker AggR 

binding. 

3.2.2 The role of CRP 

The current view of a typical AggR-dependent promoter, as proposed in Yasir et 

al. (2019), is quite simple. However, the activity of many bacterial promoters is 

influenced by more than one transcription factor. Of all the transcription factors in 

E. coli, the cyclic AMP receptor protein, CRP, has been found to make the most 

interactions (Martinez-Antonio and Collado-Vides, 2003). To investigate whether 

CRP interacts with AggR at AggR-dependent target promoters, the activity of   
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Figure 3.4  pBAD30 vector  

The figure shows a plasmid map of the pBAD30 vector, with the gene encoding 
the arabinose-triggered transcription factor, araC, responsible for activation of the 
paraBAD promoter. Downstream of the promoter are the EcoRI and XbaI 
restriction sites, which are used to clone in gene constructs. The plasmid carries 
ampicillin resistance (ampR). Created with BioRender.com. 
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Figure 3.5  pBADaggR and the DNA sequence of aggR gene cloned into 

pBAD30 

A. The figure illustrates the aggR gene under the control of the paraBAD 
promoter, which is induced by arabinose. pBADaggR contains the 
ampicillin resistance gene, ampR. Created with BioRender.com. 

B. The DNA sequence of the aggR gene cloned into pBAD30 utilising EcoRI 
and XbaI restriction sites, highlighted in grey. The translation start and stop 
codons are highlighted in pink. 
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Figure 3.6  A simple assay for AggR-dependent activation at target promoters 

The figure illustrates the induction of the pBADaggR vector by arabinose. Arabinose binds to the araC gene, which activates the 
paraBAD promoter and subsequent expression of the aggR gene. AggR then binds to the target promoter on the pRW50 vector, 
activating the expression of lacZ, producing b-galactosidase. Created with BioRender.com. 
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Figure 3.7  Measurement of afaB, agg4D, aafD100 promoter activities  

The b-galactosidase activities measured in E. coli K-12 BW25113 ∆lac with the 
recombinant plasmids pRW50afaB (A), pRW50agg4D (B) and pRW50aafD100 
carrying either pBAD30 (empty vector) or pBADaggR 042. The cells were grown 
in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. 
The b-galactosidase activities were measured as nmol of ONPG hydrolysed per 
minute per milligram of bacterial mass. The results are the calculated means of 
three independent determinations, and the standard deviations are shown for 
each data point. 

A. EAEC 042 afaB 
B. EAEC C1010-00 agg4D 
C. EAEC 042 aafD100.  
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promoter targets was compared in crp+ and ∆crp cells. The previous 

measurements of AggR-dependent activation used the araBAD promoter, which, 

itself, is regulated by CRP. Therefore, here, I used a different AggR-expression 

system in which aggR, together with its own promoter was cloned into the plasmid 

pLG339 (Figure 3.8A and B) (Stoker et al., 1982). Thus, the AggR regulatory 

region and aggR gene were amplified by PCR from EAEC 042, using primers that 

introduced an EcoRI restriction site upstream of the amplified sequence and a 

SalI site downstream (Figure 3.9).  

The pLG339aggR recombinant plasmid was transformed into E. coli K-12 strain 

M182 Dlac and into E. coli K-12 strain M182 Dlac Dcrp (Busby et al., 1983), 

containing either pRW50afaB or pRW50agg4D. Cells were grown in LB to mid-

exponential phase and the b-galactosidase activity was measured from the cell 

lysates. Figure 3.10 shows that there was no significant difference in induction 

levels for the agg4D promoter following deletion of crp (one-way ANOVA, 

p<0.0001; Tukey test, p>0.05), however, deletion of crp significantly increased 

induction levels for the afaB promoter (Tukey test, p<0.05). From this, I conclude 

that AggR-dependent activation does not require the presence of CRP.  

3.3 A bi-directional promoter regulated by AggR: activation 

and repression 

One of the AggR-dependent targets identified through the RNA-seq analysis 

(Yasir et al., 2019), called EC042_4006 (or yicS), is located on the EAEC 042 

chromosome and drives expression of the gene for a predicted exporter protein 

dubbed  YicS.  YicS  has  been  implicated  in  biofilm  formation  as  it  is  located   
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Figure 3.8  pLG339 used as a vector for aggR 

The figure shows the plasmid maps of the pLG339 vector (A) and pLG339aggR 
(B), the plasmid carries the kanamycin resistance gene, KmR. Created with 
BioRender.com. 

A. pLG339 
B. pLG339aggR with the aggR regulatory region and gene cloned in using 

EcoRI and SalI restriction sites.  
  

A 

B 
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Figure 3.9  The DNA sequence of the aggR regulatory region and gene in 

pLG339 

The figure shows the DNA sequence for the aggR regulatory region and gene 
cloned into pLG339 using the EcoRI and SalI restriction sites, highlighted in grey. 
The DNA binding site for AggR is blue and the -10 element is purple. The start 
and stop codons are pink.  
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Figure 3.10  Effects of CRP on AggR-dependent activation of a target promoter  

The b-galactosidase activities measured in E. coli K-12 M182 ∆lac and M182 ∆lac 
∆crp with the recombinant plasmids pRW50afaB and pRW50agg4D carrying 
either pLG339 (empty vector) or pLG339aggR 042, with the aggR gene under the 
control of its own promoter. The cells were grown in LB, the black bars show the 
M182 cells, and the blue bars show the M182 ∆crp cells. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point. A 
one-way ANOVA was calculated using the promoter activities, showing the 
analysis was significant (p<0.0001, F(7, 40) = 260.2). A post-hoc Tukey’s HSD 
test showed that the afaB promoter activities in M182 and M182 DCRP cells 
carrying pLG339aggR 042 were significantly different from each other (p<0.05), 
there was no significance for the agg4D promoter activities (p>0.05).  
  

promoter 
in pRW50 afaB afaB agg4D agg4D

activator in 
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042
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adjacent to the gene csgD, which has an important role in biofilm matrix 

production, though the function of YicS is not known (Verma et al., 2018). The 

yicS promoter is found to overlap with the regulatory region for the AggR- 

regulated nlpA promoter, and this arrangement is present in different strains and 

types of E. coli (Verma et al., 2018; Bodero et al., 2007). A single DNA site for 

AggR has been identified in the intergenic region, which contains overlapping -

10 elements. Such an arrangement indicates that the expression of the yicS and 

nlpA transcripts are driven by a bi-directional promoter, as illustrated in Figure 

3.11 and Figure 3.12. Such promoter regions usually contain an AT-rich segment 

and overlapping -10 elements. Hence RNAP can bind in either direction to the 

duplex DNA due to the inherent symmetry, with the -10 element as the driving 

force (Warman et al., 2021). The bi-directional yicS-nlpA promoter in EAEC 042 

was also identified in EAEC strain H92/3, which had been isolated from children 

with acute diarrhoea in Rio de Janeiro, and whole genome sequenced (Rosa et 

al., 1998). For comparison, the yicS-nlpA bi-directional promoter in EAEC H92/3 

was isolated and assayed alongside EAEC 042 and E. coli K-12.  

3.3.1 The yicS promoter: activation by AggR and essential elements 

To investigate whether AggR-dependent activation at a bi-directional promoter is 

affected by divergent transcription, the yicS-nlpA intergenic regions from EAEC 

042, E. coli K-12 and EAEC H92/3 were first compared and analysed. Figure 3.12  

compares the overlapping bi-directional promoters for yicS-nlpA from EAEC 042, 

H92/3 and E. coli K-12. Figure 3.13 shows the alignment of the yicS 042, H92/3 

and E. coli K-12 regulatory regions. Regarding the yicS promoter, both EAEC 

strains have a consensus -10 hexamer (TATAAT), however, the E. coli K-12 
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strain does not (TATAGC). Each of the strains have putative DNA binding sites 

for AggR that follow the organisation of the consensus AggR site identified 

previously (Yasir et al., 2019). However, yicS E. coli K-12 most closely matches 

the consensus sequence AWWWWWWTATC (W = A or T), whereas EAEC 042 

and H92/3 yicS have cytosine at position 2 and 1, respectively, which does not 

match the consensus of either adenine or thymine at these positions. 

To measure yicS promoter activity, the yicS-nlpA regulatory regions from EAEC 

042, EAEC H92/3 and E. coli K-12 were amplified by PCR (Figure 3.14), using 

primers with upstream EcoRI and downstream HindIII restriction sites, and then 

cloned into pRW50 to generate promoter lacZ transcriptional fusions. 

Recombinant plasmids were transformed into BW25113 cells, containing 

pBAD30 or pBADaggR. Cells were grown in LB in the presence and absence of 

arabinose, and β-galactosidase activities were measured. Each pRW50yicS 

plasmid was assayed in the presence of AggR and with an empty vector control. 

Data in Figure 3.15 show high basal levels when AggR is not present (yicS 042, 

405 units; yicS K-12, 314 units; and yicS H92/3, 366 units), this is compared to 

the relatively low basal levels seen with the control plasmid pRW50afaB (13 

units). b-galactosidase activity increases in the system containing yicS 042 in the 

presence of AggR, a 7-fold increase (2708 units compared to basal pBAD30 

levels, 378 units), indicating that this promoter is activated by AggR. However, in 

contrast, yicS K-12 is not activated by AggR, as there is no increase when AggR 

production is induced by arabinose (207 units compared to empty vector, 287 

units) (Figure 3.15A). When comparing yicS 042 and yicS H92/3, there is a slight 

increase in activity when AggR is present, though it is minimal, roughly 1.5-fold   
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Figure 3.11  yicS and nlpA bi-directional promoter in E. coli K-12  

The figure shows a graphic of the divergent genes (red) yicS and nlpA in E. coli K-12. Adapted from Rangwala et al. (2021). 
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Figure 3.12  yicS-nlpA bi-directional promoter in EAEC 042, H92/3 and E. coli 

K-12 

The figure shows the base sequence of the overlapping yicS and nlpA promoters 
from EAEC 042, EAEC H92/3 and E. coli K-12, with the yicS promoter elements 
highlighted on the top strand and nlpA elements on the bottom strand. The -10 
elements are purple and the DNA binding sites for AggR are blue, the consensus 
sequences are included (W=A/T). Created with BioRender.com. 
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Figure 3.13  Alignment of the yicS regulatory regions  

The figure shows the alignment of the regulatory regions from yicS 042 (EAEC 
strain 042), yicS H92/3 (EAEC strain H92/3) and yicS K-12 (E. coli K-12). The 
AggR binding sites are highlighted in blue and the -10 hexamers in purple.  
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Figure 3.14  yicS regulatory regions cloned in pRW50 

The DNA sequences for the yicS promoter fragments from EAEC 042, EAEC 
H92/3 and E. coli K-12. The fragments contain an EcoRI site upstream and a 
HindIII site downstream, highlighted in grey. The DNA binding site for AggR is 
blue, the -10 hexamer is purple, and the coding sequence is in bold. The bent 
arrows indicate the start sites and the direction of transcription. 
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Figure 3.15  Measurement of promoter activities: yicS promoters from E. coli K-

12, EAEC 042 and EAEC H92/3 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac containing pRW50afaB 042, pRW50yicS 042 or pRW50yicS K-12 
(A), and pRW50yicS 042 or pRW50yicS H92/3 (B), carrying either pBAD30 
(empty vector) or pBADaggR 042. Cells were grown in LB in the absence (black 
bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point.  

A. The cells containing pRW50afaB EAEC strain 042, pRW50yicS EAEC 
strain 042 or pRW50yicS E. coli K-12 carrying either pBAD30 (empty 
vector) or pBADaggR 042. 

B. The cells containing pRW50yicS EAEC strain 042 or pRW50yicS EAEC 
strain H92/3 carrying either pBAD30 (empty vector) or pBADaggR 042. 
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(559 units compared to empty vector, 383 units), particularly when considering 

the high background levels of activity (Figure 3.15B). From these data, I conclude 

that AggR activates the yicS 042 promoter but there is minimal activation for the 

H92/3 yicS promoter and none for the promoter from K-12.To investigate the 

importance of different elements in the cloned yicS promoters, a series of 

mutations was made (Figure 3.16). Firstly, the 042 yicS promoter, which is 

activated by AggR, was subjected to mutations in the proposed DNA binding site 

for AggR and the -10 element. Thus, first, these were mutated to be different from 

consensus. Next, I noted that the K-12 yicS promoter, which failed to be activated 

by AggR, carries a consensus DNA site for AggR but a suboptimal -10 hexamer 

element (TATAGC rather than TATAAT). Hence, the K-12 yicS -10 hexamer was 

mutated to match consensus.  

Constructs were created using the Megaprimer method of PCR amplification, 

briefly, the first PCR included the forward primer carrying the mutation and the 

pRW50 reverse primer, with pRW50yicS as the template. The purified product 

was used in the next PCR as a megaprimer, this time pRW50 forward primer was 

used. The purified product was cut with EcoRI and HindIII restriction enzymes 

and ligated in pRW50. Each mutated promoter sequence was confirmed by 

sequencing.  

The mutant pRW50 constructs carrying the mutated promoters were transformed 

into BW25113 cells with pBADaggR or pBAD30, and b-galactosidase activities 

were measured as before. Figure 3.17A shows a comparison of measured 

activities of the 042 yicS promoter constructs. The mutant 042 yicS promoters 

have similar expression levels in the presence and absence of AggR. Thus, 
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knocking out either the -10 region or the AggR DNA binding site negatively affects 

expression levels, and these elements are individually important for expression. 

Again, high levels of background expression in the absence of AggR were found, 

suggesting the presence of a promoter that is not AggR-dependent.  

Remarkably, for the K-12 yicS promoter mutant the consensus -10 element 

conferred AggR-induction as expression levels increased, almost 12-fold, in the 

presence of arabinose (13227 units compared to empty vector basal levels, 1119 

units) (Figure 3.17B). This indicates the importance of the -10 element for AggR-

dependent activation. The total expression levels with the yicS K-12 mutant were 

also significantly higher than yicS 042 wild-type in Figure 3.17A (13227 and 2474 

units, respectively; Tukey test, p<0.05), indicating that the yicS K-12 mutant 

promoter was more strongly activated by AggR. This is likely due to yicS K-12 

containing a better AggR binding site (ATTTTTTTATC) than yicS 042, which does 

not match the consensus AggR DNA binding site, with cytosine at the second 

position as opposed to adenine or thymine. The AggR-independent basal levels 

with the yicS K-12 promoter (280 units) were comparable to basal levels in Figure 

3.15 (approximately 287 units). For the mutant yicS K-12 promoter, the 

background levels were approximately 8% of the AggR-induced expression 

levels, whereas for yicS 042, the background levels were approximately 14%, 

which further suggests the presence of a downstream promoter. 

3.3.2 A potential downstream yicS promoter 

To determine whether there is an AggR-independent promoter downstream from 

the AggR-dependent yicS promoter, the downstream sequences were cloned into 

pRW50, in order to quantify any activity. This is illustrated in Figure 3.18, where   
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Figure 3.16  yicS promoter mutations  

The figure shows the DNA sequence of the yicS promoter sequence from EAEC 
042 and E. coli K-12. DNA sites for AggR and promoter -10 elements are 
highlighted in blue and purple respectively. Bases where mutations were made 
are highlighted in red and mutant names are included alongside the 
corresponding sequence.  
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Figure 3.17  Mutational analysis of the yicS promoter from EAEC 042 and E. 

coli K-12   

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac containing pRW50yicS 042 or pRW50yicS 042 mutants (A), and 
pRW50yicS K-12 or pRW50yicS K-12 mutants (B), carrying either pBAD30 
(empty vector) or pBADaggR 042. Cells were grown in LB in the absence (black 
bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point.  

A. The cells containing pRW50yicS EAEC strain 042, pRW50yicS-10KO1, 
pRW50yicS-10KO2 or pRW50yicS-AggR-BS-KO carrying either pBAD30 
(empty vector) or pBADaggR 042. A one-way ANOVA was calculated 
using the promoter activities, showing the analysis was significant 
(p<0.0001, F(15, 80) = 272.3). A post-hoc Tukey’s HSD test showed that 
the mutant promoter activities were significantly different from the wild-
type yicS 042 promoter activity in the presence of arabinose (p<0.05).  

B. The cells containing pRW50yicS E. coli K-12 or pRW50yicS-K12-
10consensus carrying either pBAD30 (empty vector) or pBADaggR 042. 
A one-way ANOVA was calculated using the promoter activities, showing 
the analysis was significant (p<0.0001, F(7, 40) = 821.2). A post-hoc 
Tukey’s HSD test showed that the mutant promoter activity was 
significantly different from the wild-type yicS K-12 promoter activity in the 
presence of arabinose (p<0.05). 
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the potential -10 element is highlighted. Data in Figure 3.19 compares promoter 

activities measured with the full-length promoter fragment containing the AggR- 

dependent yicS promoter (labelled yicS) and the shorter fragment carrying only 

the downstream sequence (labelled P2). Taking just the downstream region of 

pRW50yicS 042 removes AggR-dependence, and activity levels are similar for 

the downstream promoter and background levels of 042 yicS promoter activity 

(Figure 3.19A).  

For yicS K-12, expression levels were higher when the downstream promoter 

was assayed without the upstream AggR-independent promoter, the activity was 

much higher than the background levels for yicS K-12 in the presence and 

absence of AggR (Figure 3.19B). Finally, the b-galactosidase activity was 

measured in the absence of aggR. For yicS 042, the activity of the downstream 

promoter (41-fold increase, 275 units, compared to empty vector, 7 units) was not 

greatly affected by upstream sequences carrying the AggR-dependent promoter 

(44-fold increase, 376 units). In contrast, for yicS K-12, activity of the downstream 

promoter (90-fold increase, 598 units) was reduced by the inclusion of the 

upstream sequences (44-fold increase, 290 units) (Figure 3.19C). This is most 

likely due to subtle base difference between the K12 and 042 yicS-nlpA intergenic 

regions. Additionally, the results indicate that the downstream promoters do not 

interfere with expression of the yicS-nlpA bi-directional promoter. In any case, my 

results indicate the presence of an AggR-independent promoter in this region 

which explains the high background levels of expression that are independent of 

AggR.  

  



 

 105 



 

 106 

B 



 

 107 

 

Figure 3.18  DNA sequence of the yicS downstream regulatory region 

A. The DNA sequence of the yicS 042 and yicS K-12 promoter fragments that 
were previously cloned into pRW50, the DNA sequence downstream of 
the AggR-dependent promoter to be investigated is underlined (adapted 
from Figure 3.14).  

B. The panel illustrates the downstream region of the yicS promoter, 
excluding the AggR-dependent promoter, from E. coli K-12 and EAEC 
042.  

C. The DNA sequence of the yicS EAEC 042, yicS(042) promoter 2, that was 
cloned into pRW50. The EcoRI and HindIII sites are highlighted in grey. 
The predicted -10 element is highlighted in purple, the coding sequence is 
in bold and the bent arrow indicates the start site and the direction of 
transcription.  

D. The DNA sequence of the yicS E. coli K-12, yicS(K-12) promoter 2, that 
was cloned into pRW50. The EcoRI and HindIII sites are highlighted in 
grey. The predicted -10 element is highlighted in purple, the coding 
sequence is in bold and the bent arrow indicates the start site and the 
direction of transcription. 
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Figure 3.19  Identifying an AggR-independent promoter  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac containing either pRW50yicS 042 or pRW50yicS 042 promoter 2 
carrying either pBAD30 (empty vector) or pBADaggR 042 (A), pRW50yicS K-12 
or pRW50yicS K-12 promoter 2 carrying either pBAD30 (empty vector) or 
pBADaggR 042 (B), and pRW50yicS 042, pRW50yicS 042 promoter 2, 
pRW50yicS K-12 or pRW50yicS K-12 promoter 2 (C). Cells were grown in LB in 
the absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-
galactosidase activities were measured as nmol of ONPG hydrolysed per minute 
per milligram of bacterial mass. The results are the calculated means of three 
independent determinations, and the standard deviations are shown for each 
data point.  

A. The cells containing either pRW50 (empty vector), pRW50yicS EAEC 
strain 042 or pRW50yicS promoter 2 (P2) EAEC strain 042 carrying either 
pBAD30 (empty vector) or pBADaggR 042. 

B. The cells containing either pRW50 (empty vector), pRW50yicS E. coli K-
12 or pRW50yicS promoter 2 (P2) E. coli K-12 carrying either pBAD30 
(empty vector) or pBADaggR 042. 

C. The cells containing either pRW50 (empty vector), pRW50yicS EAEC 
strain 042, pRW50yicS promoter 2 (P2) EAEC strain 042, pRW50yicS E. 
coli K-12 or pRW50yicS promoter 2 (P2) E. coli K-12.  
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3.3.3 Investigating the function of YicS in biofilms 

As the function of the predicted exporter protein, YicS, is not known, I wanted to  

determine whether deletion of the yicS gene in EAEC would affect biofilm 

formation. This was done by gene doctoring (Lee et al., 2009) using the pDOC-

Kplasmid, which carries a kanamycin resistant cassette flanked by Flp 

recombinase restriction sites and two cloning regions on either side that are 

homologous to regions upstream and downstream of the yicS gene. Briefly, the 

kanamycin cassette was transferred onto the chromosome, as recombination 

occurred between homologous regions on the DNA substrate and the 

chromosome, thereby replacing the yicS gene and conferring kanamycin 

resistance. The kanamycin cassette was then excised using the Flp recombinase 

sites using plasmid pCP20.  

Crystal violet biofilm assays were carried out, and the absorbance at OD595 was 

recorded, in order to compare biofilm formation by my YicS-deletion strain with 

the original EAEC 042. In Figure 3.20A, the microtitre plate is shown with the 

purple colour in the well indicating biofilm formation, and the OD595 is shown 

graphically in Figure 3.20B. Both the ∆yicS strain, and the ∆yicS strain with the 

kanamycin cassette remaining, were assayed, and the results showed that 

removing the yicS gene does not affect the ability of EAEC 042 to produce biofilm. 

This indicates that YicS does not appear to have a role in biofilm formation. In 

contrast, removing the aggR gene drastically reduces the level of biofilm formed, 

an 84-fold reduction, and removing O-antigen had a similar effect though to a 

lesser extent, over 4-fold reduction. O-antigen is typically found in pathogenic and 
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Figure 3.20  Biofilm assay analysis of DyicS 

The crystal violet biofilm assays compare the effects of deleting genes from EAEC 042 on the production of biofilm. The controls 
were EAEC strain 042 and DFB 042 TC. D indicates the removal of a gene,  DyicS and DyicS kanR for yicS removal and with the 
kanamycin cassette respectively, and DaggR and DO antigen for the deletion of the genes for aggR and the O antigen 
respectively. Each sample was included with biological triplicates. 

A. A photo of the 96-well plate, with biofilm production indicated by the intensity of the purple from the crystal violet stain. 
The buffer and antibiotic compositions for the different samples are included on the right, with DMEM media only for the 
first 3 rows of samples, DMEM with kanamycin for the next two rows and DMEM with ampicillin for the final row of 
samples.  

B. The absorbance at OD595 was measured for each well of the 96-well plate, the results are calculated from the means of 
three independent samples and error bars represent the standard deviation.
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lab E. coli strains and has a role in pathogenesis, shown to be involved in biofilm 

formation (Kumar et al., 2015). 

3.3.4 Repression and the nlpA promoter  

The nlpA gene encodes an inner membrane protein, NlpA, which has a role in 

the biogenesis of outer membrane vesicles in ETEC (Bodero et al., 2007). The 

nlpA promoter is divergent from the yicS promoter, with a shared AggR binding 

site (Figure 3.11 and Figure 3.12). Moreover, AggR is expected to repress 

expression from the nlpA promoter, as it binds downstream from the transcription 

start site, and AggR homologs, Rns and CfaD from ETEC, have been reported to 

repress expression from nlpA (Bodero et al., 2007). To investigate this, DNA 

fragments, flanked by EcoRI and HindIII sites, covering the yicS-nlpA regulatory 

region from EAEC strain 042, the Brazilian EAEC strain H92/3, and E. coli K-12, 

were cloned into pRW50, such that the nlpA promoter drives lacZ expression 

(Figure 3.21). The recombinant plasmids were transformed into BW25113 with 

either pBAD30 or pBADaggR and b-galactosidase activities were measured to 

indicate promoter activity (Figure 3.22). Results in Figure 3.22A show that cells 

containing pRW50nlpA 042 showed reduced levels of b-galactosidase 

expression, almost 2-fold, when pBADaggR was present (44 units), compared to 

cells grown in the absence of arabinose (80 units). Cells containing pRW50nlpA 

K-12 showed a comparable reduction in b-galactosidase levels when expression 

of AggR was induced (56 units compared to 150 units), although the reductions 

were less than expected. Cells containing pRW50nlpA H92/3 showed only slight 

decrease in b-galactosidase levels when expression of AggR was induced (201  
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Figure 3.21  nlpA promoter fragments cloned in pRW50 

The DNA sequences covering the nlpA promoter from EAEC 042, EAEC H92/3 
and E. coli K-12 were cloned into pRW50. The fragments contain an EcoRI site 
upstream and a HindIII site downstream, highlighted in grey, and transcription 
start sites are indicated by bent arrows. The -10 element is highlighted in purple, 
the DNA binding site for AggR is highlighted in blue and the coding sequence is 
underlined. The bent arrows indicate the start sites and the direction of 
transcription. 
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Figure 3.22  Measurement of promoter activities: nlpA promoters from E. coli K-

12, EAEC 042 and EAEC H92/3 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac containing pRW50afaB 042, pRW50nlpA 042 or pRW50nlpA K-
12 (A), and pRW50nlpA 042 or pRW50nlpA H92/3 (B), carrying either pBAD30 
(empty vector) or pBADaggR 042. Cells were grown in LB in the absence (black 
bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point.  

A. The cells containing pRW50afaB EAEC strain 042, pRW50nlpA EAEC 
strain 042 or pRW50nlpA E. coli K-12 carrying either pBAD30 (empty 
vector) or pBADaggR 042. A one-way ANOVA was calculated using the 
promoter activities, showing the analysis was significant (p<0.0001, F(11, 
24) = 28.34). A post-hoc Tukey’s HSD test showed that, in cells containing 
pBADaggR, the promoter activities were significantly different in the 
presence and absence of arabinose (p<0.05).    

B. The cells containing pRW50nlpA EAEC strain 042 or pRW50nlpA EAEC 
strain H92/3 carrying either pBAD30 (empty vector) or pBADaggR 042. A 
one-way ANOVA was calculated using the promoter activities, showing the 
analysis was significant (p<0.0001, F(7, 40) = 69.40). A post-hoc Tukey’s 
HSD test showed that, in cells containing pBADaggR, the nlpA promoter 
activities were significantly different in the presence and absence of 
arabinose (p<0.05). 
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units compared to 246 units) (Figure 3.22B). Taken together, the data show that 

AggR-dependent repression of the 042, H92/3 and E. coli K-12 nlpA promoters 

is quite feeble, with the lowest reduction in cells containing pRW50nlpA H92/3. I 

had previously introduced mutations into the AggR-controlled EAEC strain 042 

yicS promoter. Hence, I introduced some of these mutations into the EAEC strain 

042 nlpA promoter fragments in order to alter the -10 hexamer (-10 KO) and the 

AggR binding site (AggR KO) (Figure 3.23A).  

Constructs were made using Megaprimer PCR, as before, and primers were used 

that maintained an EcoRI site upstream and a HindIII site downstream of the nlpA 

promoter. The mutant pRW50 nlpA constructs were transformed in BW25113 

cells with either pBAD30 empty vector or pBADaggR and the b-galactosidase 

levels were measured to indicate promoter activity. The results in Figure 3.23B 

show that the b-galactosidase levels in cells containing pRW50nlpA-10KO were 

low both in the presence and absence of AggR (18 units and 23 units, 

respectively), and these levels were comparable to the basal levels in cells 

containing pBAD30 empty vector (22 units). Thus, altering the yicS -10 element, 

which overlaps with the nlpA -10 element, by changing from the consensus 

sequence, prevents expression from the nlpA promoter. In contrast, mutation of 

the DNA site for AggR, which destroyed AggR-dependent activation of the yicS 

promoter, does not have any great effect on the AggR-dependent repression 

compared to the wild-type (240 to 188 units and 155 to 111 units, respectively).   
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Figure 3.23  Mutational analysis of the nlpA promoter guided by the yicS 

promoter   

A. The DNA sequences of nlpA EAEC 042, the DNA binding site for AggR is 
blue and the -10 element is purple. The bases mutated are highlighted in 
red and the mutant name is included alongside the corresponding 
sequences.  

B. Measured b-galactosidase activities in E. coli K-12 BW25113 cells with 
either pBAD30 (empty vector) or pBADaggR, carrying pRW50nlpA 042, 
pRW50nlpA-aggRKO (AggR KO) or pRW50nlpA-10KO (042 -10 KO). 
Cells were grown in the presence (blue bars) or absence (black bars) of 
0.2% (w/v) arabinose. The b-galactosidase activities were measured as 
nmol of ONPG hydrolysed per minute per milligram of bacterial mass. The 
results are the calculated means of three independent determinations, and 
the standard deviations are shown for each data point.  
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This indicates that a mutation that stopped AggR-activation of the yicS 042 

promoter did not greatly alter the reduction in b-galactosidase level in cells 

containing pRW50nlpA 042, therefore showing that AggR-dependence of the 

nlpA 042 promoter is weak and minimal. This suggests that AggR very weakly 

represses the nlpA 042 promoter, regardless of changes to the AggR-DNA 

binding site.  

3.4 Discussion  

The AggR-regulon includes genes encoding over 40 virulence factors, and many 

promoters were shown to have a similar organisation (Yasir et al., 2019). The 

results in Figure 3.7 show that AggR-dependent promoters drive different levels 

of gene expression  and, crucially, I could find no evidence for the involvement of 

the master regulator, CRP, in AggR-dependent activation (Figure 3.10). 

There are, however, some AggR-dependent promoters that do not follow the 

simple structure previously characterised (Yasir et al., 2019). One such case is a 

bi-directional promoter with overlapping -10 elements and a single AggR binding 

site. This bi-directional promoter falls in a regulatory region that is conserved 

between different strains, with small sequence differences in the promoter 

elements conferring or stopping AggR dependence. This is shown by the data in 

Figure 3.15 with the comparison of EAEC H92/3, EAEC 042 and E. coli K-12 yicS 

promoter activities, and it is clear that a DNA site for AggR is not necessarily 

sufficient to confer AggR-dependence when the promoter -10 element is 

unfavourable. Similarly, an AggR DNA binding site that did not follow the 

consensus structure reduces AggR-dependent activation. The AggR-DNA 

binding site consensus sequence is AWWWWWWTATC, where W = A or T, and 
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it was determined, utilising the aafD promoter, that expression levels were 

greatest when adenine was positioned at the start of the AggR DNA binding site 

(Yasir, 2017). Figure 3.15B shows that AggR-dependent activation at the 042 

yicS promoter is greater than at the corresponding strain H92/3 promoter, which 

is remarkable because both promoters have consensus -10 elements (TATAAT) 

with slightly different AggR-DNA binding sites, ACTTTTTTATC and 

CATTTTTTATC in 042 and H92/3, respectively (Figure 3.12). This indicates that 

AggR will tolerate a non-consensus DNA binding site if the first base is adenine 

and not cytosine, however, the second position is not as important. Indeed, the 

mutational analysis shown in Figure 3.17, altering the AggR DNA binding site and 

the -10 elements, supports the relative importance of both promoter features. By 

mutating either element from consensus, AggR-dependence is stopped, and 

having a consensus -10 element with a consensus AggR-binding site confers 

AggR-dependence at a previously non-functional promoter. This shows how 

EAEC strains have evolved, with relative ease, to remove or add yicS-nlpA to the 

AggR-regulon.  

Many promoter -10 elements show a degree of 2-fold symmetry and it is thought 

that this accounts for a large number of bi-directional promoters in bacterial 

genomes  (Warman et al., 2021). Such bi-directional promoters can have a 1-5 

bp overlap of their -10 elements on the opposite strands, the most common 

organisation has the +1 and -18 positions aligned, with a 5 bp overlap, and this 

helps stabilise RNAP binding (Warman et al., 2021). In the case of yicS-nlpA, the 

spacing is -19 bp, which is a 4 bp overlap (Figure 3.12). This means that the 2 bp 

overhang can be altered in either direction without affecting divergent 
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transcription from the other promoter. This is evidenced by yicS K-12, which is 

AggR-independent, though AggR-dependence can be conferred by altering this 

overhang to match the consensus -10 sequence (Figure 3.17). However, as these 

2 bp do not overlap with nlpA -10 element, AggR repression of nlpA K-12 is similar 

to 042, even though yicS K-12 is AggR-independent.  

There is some contention over whether bi-directional promoters’ function 

independently. Clearly any bi-directional promoters cannot transcribe 

simultaneously in both directions, simply because RNAP cannot bind in both 

directions. Hence, one model postulates that bi-directional promoters function by 

blocking and interfering with each other (Warman et al., 2021). However, this 

does not appear to be the case for yicS-nlpA bi-directional promoters that appear 

to function independently, and do not interfere with each other. A CRP-dependent 

bi-directional promoter was shown to activate sequentially, RNAP occupies the 

promoter for a brief time and infrequently in either direction, without interfering 

(El-Robh and Busby, 2002). This sequential activation is likely applicable to yicS-

nlpA as the promoters are not strong, b-galactosidase levels seen in Figure 3.22 

are very low which indicates that the nlpA promoter is very weak. Therefore, 

RNAP binding in either direction will not block activation in the other direction. 

The levels of repression of the nlpA promoter by AggR, reported in Figure 3.22, 

are very low. However, it has previously been reported that AggR strongly 

represses nlpA (Bodero et al., 2007), though it consistently has not been possible 

to replicate this result. Therefore, I would conclude that AggR is a very weak 

repressor of nlpA 042, K-12 and H92/3. Furthermore, the weak repression seen 

is independent of AggR-dependent activation yicS. There is a possible 
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explanation for this weak repression related to the mechanisms of activation and 

repression of transcription initiation. There are two distinguishable mechanisms 

of RNAP recruitment: ‘normal’ recruitment involves the formation of a complex 

between promoter DNA and the activator, which then recruits RNAP to bind; in 

‘DNA scanning’ or pre-recruitment, an activator-RNAP complex forms and then 

scans the DNA to identify and bind to target promoters (Martin et al., 2002). Data 

in this thesis strongly argue that AggR functions by pre-recruitment, which will 

further support this explanation for weak repression. Essentially, a repressor 

binds to the DNA overlapping promoter elements and blocks RNAP from binding 

(Browning and Busby, 2004; Browning and Busby, 2016). As AggR functions by 

pre-recruitment, AggR binds to the yicS-nlpA promoter to block RNAP, however, 

AggR binds as a complex with RNAP which does not effectively block 

transcription initiation because, according to the El-Robh and Busby 2002 

argument, the bi-directional promoters do not interfere with each other.   

The comparison and mutational analysis of the yicS-nlpA bi-directional promoter 

indicated that the organisation of the promoters in the different strains were 

relatively similar but the activity at each promoter was vastly different, and altering 

key positions in the -10 hexamer and DNA binding site for AggR could confer or 

stop AggR-dependence (Figure 3.12 and Figure 3.15). Therefore, this led to a 

theory that this promoter must have some significance in the EAEC virulence 

profile, as E. coli K-12 is not pathogenic. However, upon deletion of this yicS gene 

in EAEC 042, Section 3.3.3 showed that biofilm formation was not prevented, 

thus indicating that the function of YicS is not related to the formation of biofilm. 

This does not, however, indicate that YicS is not involved in pathogenicity in some 
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way, though more work would be needed to ascertain its function and importance 

in pathogenicity. 

Perhaps most interestingly, divergent transcription at a bi-directional promoter, 

as is the case with the yicS-nlpA promoter, has been shown to often be a property 

of DNA that has been newly acquired (Warman et al., 2021). As the organisation 

of AggR-dependent promoters and the degree of AggR-dependence varies 

between strains, it could be hypothesised that this yicS-nlpA sequence has been 

acquired and subsequently mutated in different strains as its irrelevance for 

pathogenicity became evident and therefore its biological use for particular E. coli 

strains was redundant. In fact, the alignments in Figure 3.12 and Figure 3.13 

indicate how straightforward it is for a promoter to drift in and out of the AggR 

operon with simple mutations in the important promoter elements, the DNA 

binding site for AggR and -10 element.  

The work detailed in this Chapter has showed that an AggR-dependent promoter 

requires a functional -10 element and a functional DNA binding site for AggR with 

proper spacing, 20-22 bp, between the promoter elements. Further investigation 

of other EAEC strains would offer new insights into the mechanism of AggR 

regulation. 
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Chapter 4  AggR in diverse EAEC 

strains 

4.1 Introduction  

EAEC strains are often identified by the presence of the aggR gene, and most 

work has been focussed on the ‘proto-typical’ 042 strain, in which AggR is 

encoded on a virulence plasmid, pAA2 (Morin et al., 2013; Dias et al., 2020). This 

042 strain displays a typical aggregative adherence (AA) pattern of biofilm 

formation when colonising host intestinal mucosa (Table 4.1) (Braga et al., 2017; 

Alves et al., 2010; Franca et al., 2013; Pereira et al., 2008).  

Some of my experiments, described in Chapter 3, underscore the value of 

comparing EAEC strain 042 with other strains, and this theme is expanded here. 

In Chapter 3, I explored several promoters from EAEC strain 042, a promoter 

from EAEC strain C1010-00, and a bi-directional promoter from EAEC strain 

H92/3. Strain 042 was isolated in 1983 from a child in Peru with acute diarrhoea 

(Nataro et al., 1985). EAEC strain C1010-00 was isolated from clinical cases in 

Danish children under 5 years of age (Olesen et al., 2005) and also carries a pAA 

virulence plasmid, encoding the aggR gene (Boisen et al., 2008; Boisen et al., 

2020). Strain H92/3, isolated from children with acute diarrhoea in Brazil, contains 

a pAA virulence plasmid, with the aggR gene identified, and this strain also 

follows a typical pattern of adherence (Rosa et al., 1998; Braga et al., 2017; Alves 

et al., 2010; Franca et al., 2013; Pereira et al., 2008). Three other strains, also 

isolated from clinical cases in Brazil, from children under 2 years of age with acute 
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diarrhoea (Rosa et al., 1998), were subjected to whole-genome sequencing and 

analysed. Two of these strains, I18/2 and H9/3, display a typical pattern of 

adherence, and carry a pAA virulence plasmid with an aggR gene. The ‘atypical’ 

strain, H149/5, displays a discrete distinct AA pattern, and lacks a pAA virulence 

plasmid, encoding an aggR gene homologue (Morin et al., 2013; Braga et al., 

2017; Alves et al., 2010; Franca et al., 2013; Pereira et al., 2008).  

AggR is a member of the large AraC-family of transcription factors. Most AraC 

family members consist of a variable N-terminal regulatory domain and a 

conserved C-terminal DNA-binding domain (Schuller et al., 2012; Ibarra et al., 

2008). The ‘hallmark’ of the C-terminal domain is a stretch of 99 highly conserved 

amino acids (Gallegos et al., 1997). AggR belongs to a subgroup of the AraC 

family (Munson et al., 2001), including Rns from ETEC, a positive regulator of 

fimbrial expression (Nataro et al., 1994), which shares strong sequence similarity 

to AggR (Santiago et al., 2014). Rns-dependent promoters also have a DNA 

target for Rns in a Class II position, though this site is sometimes used for 

activation in conjunction with additional upstream sites (Midgett et al., 2021). In 

contrast, AggR has previously been shown to function as a monomer with a single 

DNA-target for AggR, at a Class II position, sufficient to confer AggR-dependence 

(Yasir et al., 2019). However, with results in Chapter 3 showing that AggR-

regulated promoters are not always uniform, the question of whether multiple 

AggR-binding sites are required at some promoters arises. 
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Table 4.1  Some Enteroaggregative E. coli (EAEC) strains and their 

characteristics 

  

Strain Phylo-
genetic 
group 

Serotype AA 
pattern 

pAA 
virulence 
plasmid  

Virulence 
markers 
(aggR, aap) 

Provenance 

042 D O44:H18 Typical  Yes  aggR, aap Peru (Nataro 
et al., 1985) 

C1010-
00 

B1 Orough:H1 Typical Yes aggR, aap Denmark 
(Olesen et 
al., 2005) 

I18/2 D O86:H11 Typical  Yes  aggR, aap Brazil (Rosa 
et al., 1998) 

H9/3 A O113:H12 Typical  Yes  aggR, aap Brazil (Rosa 
et al., 1998) 

H92/3 D O86:H18 Typical  Yes  aggR, aap Brazil (Rosa 
et al., 1998) 

H149/5 B2 O5:H11 Discrete No  N/A Brazil (Rosa 
et al., 1998) 



 

 127 

4.2 Comparison of AggR with related transcriptional 

activators  

4.2.1 Aligning transcription factors 

All AraC family members share a 99 amino acid region of homology in their DNA-

binding domain (Gallegos et al., 1997). AggR belongs to a subgroup of AraC 

family members with the greatest sequence homology with Rns, and these 

regulators can be used interchangeably (Munson and Scott, 1999; Munson et al., 

2001). Hence, I decided to look at transcription factors in other EAEC strains, with 

a focus on pathogenic and ‘atypical’ strains.  

Three strains from Brazil, H149/5, I18/2 and H9/3, were whole-genome 

sequenced and annotated by MicrobesNG, and an AggR-like transcription factor 

was identified on each chromosome and automatic genome annotation, using 

Prokka (Seemann, 2014), labelled these as ‘CfaD’ (Figure 4.1) (Rutherford et al., 

2000; Berriman and Rutherford, 2003; Carver et al., 2008; Carver et al., 2012). 

The amino acid sequences were compared with the master regulator from ETEC, 

Rns, and with AggR from EAEC strain 042 (Figure 4.2A). AggR has 66% 

sequence identity to Rns from ETEC (Morin et al., 2013), and many of the 

regulatory features of AggR are similar in Rns (Munson and Scott, 1999). The C-

terminal domain is highlighted to indicate the 99 amino acid region of homology 

in AraC members (Gallegos et al., 1997), and the alignments in Figure 4.2A show 

that this stretch of amino acids is quite similar. Figure 4.2B shows the comparison 

of the amino acid sequences in AggR 042, CfaD H9/3 and CfaD I18/2, there are 

some differences, including one residue in the homologous region, indicating that 

these annotated transcription factors from the Brazilian strains are AggR-like 
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(Figure 4.2B). CfaD from H149/5, however, is very different to 042 AggR and Rns 

ETEC, though the C-terminal domain is homologous (Figure 4.2C). In fact, Rns 

ETEC and AggR 042 show greater amino acid identity (66%) (Figure 4.2D) than 

AggR 042 and CfaD H149/5 (33%) (Figure 4.2E). The alignments indicate that 

CfaD from H9/3 and I18/2 are AggR-like and Rns ETEC has sequence similarity 

to AggR. However, CfaD H149/5 is very different to AggR, and the other 

transcription factors. For this reason, the regulatory functions of CfaD H149/5, 

AggR 042 and Rns ETEC were compared experimentally.  

4.2.2 Activation of H149/5 promoters by AggR homologues  

As I found that the ‘atypical’ EAEC strain, H149/5, encoded a transcription factor 

with lower sequence homology to strain 042 AggR, I decided to compare its 

regulatory function with 042 AggR. Additionally, I wanted to determine whether 

Rns from ETEC would regulate other AggR-dependent promoters. Several 

putative AggR binding sites were identified in the EAEC H149/5 genome, and I 

wanted to assay associated promoters to ascertain whether they were functional 

and how activity was regulated by AggR, CfaD H149/5 or Rns ETEC. Hence, 

using PCR, I amplified the gene encoding CfaD from EAEC H149/5 (Figure 4.3A), 

and the gene encoding Rns from ETEC (Figure 4.3B), with primers that 

introduced an EcoRI restriction site upstream and a XbaI site downstream. 

Resulting DNA fragments were cloned into pBAD30, placing each gene under the 

control of the arabinose-inducible araBAD promoter.  

Several promoters from strain H149/5, with putative DNA binding sites for AggR, 

were located and then investigated. The aatP gene, which encodes the inner 

membrane permease, AatP (Nishi et al., 2003), was identified in H149/5. Note   
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Figure 4.1  An AggR-like transcription factor in newly sequenced Brazilian strains 

The figure shows screenshots of the main editor window of Artemis showing an annotated section of the EAEC H149/5 (A), 
EAEC I18/2 (B) and EAEC H9/3 (C) genome sequences. The solid orange and grey lines in the centre represent the forward 
and reverse DNA strands. The three forward and three reverse open reading frames are above and below these bars, 
respectively. Genes are illustrated by blue boxes and the vertical lines indicate stop codons. Below is a zoomed-in view of the 
amino acid sequence, following the same organisation as above. The red gene box and the corresponding highlighted amino 
acid sequence indicate the cfaD gene. Adapted from Carver et al. (2008). 

A. The genome sequence of EAEC strain H149/5 with the cfaD gene highlighted in red.  
B. The genome sequence of EAEC strain I18/2 with the cfaD gene highlighted in red.  
C. The genome sequence of EAEC strain H9/3 with the cfaD gene highlighted in red.

C
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Figure 4.2  Amino acid sequence alignments of transcription factors like AggR 

042 

A. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042), Rns from ETEC, CfaD H9/3 (EAEC strain H9/3), CfaD 
I18/2 (EAEC strain I18/2) and CfaD H149/5 (EAEC strain H149/5). The 99 
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amino acid sequence highlighted in orange indicates the homologous 
region in the AraC family.  

B. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042), CfaD H9/3 (EAEC strain H9/3) and CfaD I18/2 (EAEC 
strain I18/2). The 99 amino acid sequence highlighted in orange indicates 
the homologous region in the AraC family. 

C. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042), Rns from ETEC and CfaD H149/5 (EAEC strain 
H149/5). The 99 amino acid sequence highlighted in orange indicates the 
homologous region in the AraC family. 

D. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042) and Rns from ETEC. The 99 amino acid sequence 
highlighted in orange indicates the homologous region in the AraC family. 

E. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042) and CfaD H149/5 (EAEC strain H149/5). The 99 amino 
acid sequence highlighted in orange indicates the homologous region in 
the AraC family.   
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that the aatP promoter had previously been characterised from the prototypical 

strain 042, as well as from two Egyptian strains, E36 and E42, and shown to be 

activated by AggR (Abdelwahab et al., 2021). Figure 4.4A shows the regulatory 

region upstream of aatP that was amplified (Figure 4.4B), utilising primers that 

introduced an EcoRI site upstream and a HindIII site downstream, and cloned 

into pRW50, upstream of the lacZ gene (Figure 4.4C). The pRW50aatP 

recombinant plasmid was transformed into E. coli strain BW25113 ∆lac carrying 

either pBAD30 empty vector, pBADaggR, pBADrns or pBADcfaD. Cells were 

grown in the presence or absence of 0.2% (w/v) arabinose. b-galactosidase 

activity was measured in cell extracts, to indicate target promoter activity and 

responses to arabinose-induced expression of AggR 042, Rns ETEC or CfaD 

H149/5. Results in Figure 4.4D show that cells containing pRW50aatP showed 

significant levels of b-galactosidase expression when pBADaggR (27-fold, 4944 

units), pBADrns (23-fold, 4147 units) or pBADcfaD (19-fold, 3506 units) were 

present, compared to very low levels with the empty pBAD30 vector control (178 

units). Furthermore, when pBADaggR, pBADrns or pBADcfaD were present, 

levels were increased in response to arabinose, though the induction level differs 

from strain to strain. The background levels are very high in cells, in the absence 

of arabinose, containing pBADaggR, approximately 31% of the total b-

galactosidase activity. As discussed in Chapter 3 (Section 3.4), the pBAD 

recombinant plasmids are ‘leaky’, giving some AggR expression in the absence 

of arabinose, and the level of background activity must indicate how tightly the 

regulator binds to the promoter. The results in Figure 4.4D indicate that AggR 

binds very tightly at the aatP promoter. In conditions of full induction, 042 AggR   
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Figure 4.3  Cloned DNA fragments in pBADrns and pBADcfaD 

A. The base sequence of the rns gene cloned into pBAD30 utilising EcoRI 
and XbaI restriction sites, highlighted in grey. The translation start and 
stop codons are highlighted pink. 

B. The base sequence of the cfaD gene cloned into pBAD30 utilising EcoRI 
and XbaI restriction sites, highlighted in grey. The translation start and 
stop codons are highlighted pink.  
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Figure 4.4  Analysing the aatP regulatory region from H149/5 

A. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
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these bars, respectively. Genes are illustrated by blue boxes and the 
vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The pink 
highlighted section in the forward open reading frame second row 
indicates the aatP regulatory region. Adapted from Carver et al. (2008). 

B. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
these bars, respectively. Genes are illustrated by blue boxes and the 
vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The red gene 
box and the corresponding highlighted amino acid sequence indicate the 
aatP gene. Adapted from Carver et al. (2008).    

C. The DNA sequence covering the aatP promoter from EAEC H149/5 was 
cloned into pRW50. The fragment contains an EcoRI site upstream and 
HindIII downstream, highlighted in grey. The -10 element is highlighted in 
purple, the DNA binding site for AggR is highlighted in blue and the coding 
sequence is in bold. 

D. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50aatP, in addition to either pBAD30 (empty vector), pBADaggR 042, 
pBADrns ETEC or pBADcfaD H149/5. Cells were grown in LB in the 
absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The 
b-galactosidase activities were measured as nmol of ONPG hydrolysed 
per minute per milligram of bacterial mass. The results are the calculated 
means of three independent determinations, and the standard deviations 
are shown for each data point.  
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activates the aatP promoter to higher levels, compared to Rns and CfaD. The 

next EAEC H149/5 regulatory region that I investigated is adjacent to the caf1M 

gene (Figure 4.5A and Figure 4.5B). Bioinformatic analyses of the genome 

sequence using the Basic local Alignment Search Tool (BLAST) at NCBI 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) showed significant sequence alignment 

of caf1M to fimbrial chaperone genes (Figure 4.5C) (States and Gish, 1994). This 

is particularly interesting because strain H149/5 has neither a pAA virulence 

plasmid, nor previously identified fimbrial genes, and its pattern of adherence is 

not typical of an EAEC strain (Franca et al., 2013; Pereira et al., 2008). Hence 

the caf1M regulatory region was amplified from strain H149/5, using primers 

introducing an EcoRI site upstream and a HindIII site downstream, and then 

cloned into pRW50 (Figure 4.5D). As before, b-galactosidase activity was 

measured in transformants, reflecting caf1M promoter activity, and arabinose 

was used to induce the expression of activators, encoded by pBAD plasmids.  

The results, illustrated in Figure 4.5E, show that the b-galactosidase activity 

increased when CfaD-expression was induced, and this was also the case with 

both AggR and Rns. The increase in b-galactosidase activity was 19-fold, 22-fold 

and 17-fold in the presence of AggR, Rns and CfaD, respectively, compared to 

the basal levels with pBAD30 empty vector (22061, 25451 and 19122 units 

respectively compared to 1119 units). The relative background levels of 

expression without induction by arabinose are much lower in cells containing 

pRW50caf1M compared to cells containing pRW50aatP (Figure 4.4). The 

background levels were just over 1% of the total b-galactosidase activity in the 

presence of AggR, which indicates that AggR binds much less tightly to the caf1M   



 

 142 

A

B



 

 143 

C



 

 144 

 

 
Figure 4.5  Analysing the caf1M regulatory region from H149/5 

A. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
these bars, respectively. Genes are illustrated by blue boxes and the 
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vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The pink 
highlighted section in the forward open reading frame second row 
indicates the caf1M regulatory region. Adapted from Carver et al. (2008).   

B. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
these bars, respectively. Genes are illustrated by blue boxes and the 
vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The red gene 
box and the corresponding highlighted amino acid sequence indicate the 
caf1M gene. Adapted from Carver et al. (2008).    

C. A screenshot of the protein BLAST search results using the FASTA 
sequence of the Caf1M protein from EAEC strain H149/5. The search was 
performed on 08/07/22. Adapted from States and Gish (1994).  

D. The DNA sequence covering the caf1M promoter from EAEC H149/5 was 
cloned into pRW50. The fragment contains an EcoRI site upstream and a 
HindIII site downstream, highlighted in grey. The -10 element is highlighted 
in purple, the DNA binding site for AggR is highlighted in blue and the 
coding sequence is in bold. 

E. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50caf1M, in addition to either pBAD30 (empty vector), pBADaggR 
042, pBADrns ETEC or pBADcfaD H149/5. Cells were grown in LB in the 
absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The 
b-galactosidase activities were measured as nmol of ONPG hydrolysed 
per minute per milligram of bacterial mass. The results are the calculated 
means of three independent determinations, and the standard deviations 
are shown for each data point.  
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promoter compared to aatP. The b-galactosidase levels measured were highest 

in cells containing pRW50caf1M in the presence of Rns, followed by AggR and 

CfaD respectively.  

My next set of experiments with promoters from strain H149/5 involved the cfaD 

gene regulatory region. Recall that transcription of the gene encoded 042 AggR 

is autoactivated (see Chapter 6) (Shimada et al., 2021; Morin et al., 2010) and, 

indeed, the expression of many bacterial transcription factors is autoregulated 

(Martinez-Antonio and Collado-Vides, 2003; Tierrafria et al., 2022), therefore, I 

investigated whether CfaD expression is autoactivated. A DNA fragment covering 

the cfaD promoter (Figure 4.6A and Figure 4.6B) was amplified and cloned into 

pRW50, using EcoRI and HindIII restriction sites (Figure 4.6C). Assays of 

promoter activity were run exactly as before: cultures were grown in the presence 

or absence of arabinose and b-galactosidase activity was measured to determine 

promoter activity. The results in Figure 4.6D show that the H149/5 cfaD gene 

promoter is autoactivated by CfaD: b-galactosidase activity increases in cells 

containing pRW50cfaD in the presence of CfaD H149/5 (almost 3-fold induction 

over pBAD30 empty vector basal levels, 10402 and 3647 units, respectively). The 

b-galactosidase levels measured in cells containing pRW50cfaD in the presence 

of AggR were high, with a 3-fold increase from basal levels with pBAD30 (11584 

and 3647 units, respectively), though the AggR-dependent background levels 

were relatively low (6.5%) in cells containing pBADaggR in the absence of 

arabinose (Figure 4.6D). 

The results indicate that the cfaD promoter is activated by AggR and CfaD. As 

expected, there are substantial levels of activator-independent activity, section   
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Figure 4.6  Analysing the cfaD regulatory region from H149/5 

A. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
these bars, respectively. Genes are illustrated by blue boxes and the 
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vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The pink 
highlighted section in the forward open reading frame second row 
indicates the cfaD regulatory region. Adapted from Carver et al. (2008).    

B. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
these bars, respectively. Genes are illustrated by blue boxes and the 
vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The red gene 
box and the corresponding highlighted amino acid sequence indicate the 
cfaD gene. Adapted from Carver et al. (2008).    

C. The DNA sequence covering the cfaD promoter from EAEC H149/5 was 
cloned into pRW50. The fragment contains an EcoRI site upstream and a 
HindIII site downstream, highlighted in grey. The -10 element is highlighted 
in purple, the DNA binding site for AggR is highlighted in blue and the 
coding sequence is in bold. 

D. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50cfaD, in addition to either pBAD30 (empty vector), pBADaggR 042 
or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) 
or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per 
milligram of bacterial mass. The results are the calculated means of three 
independent determinations, and the standard deviations are shown for 
each data point.  
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6.4. The induction by AggR and CfaD, independent of arabinose, is lower 

compared to aatP; this indicates that AggR and CfaD bind more tightly to the aatP 

regulatory region than to pcfaD or pcaf1M. In summary, the three H149/5 

promoters identified and assayed here have functional -10 elements and an AggR 

binding site located 20-22 bp upstream. The caf1M and aatP promoters are 

activated by AggR EAEC 042, CfaD EAEC H149/5 and Rns ETEC; AggR and 

CfaD also activate pcfaD. The proportion of AggR-dependent induction in the 

absence of arabinose indicates that AggR binds most tightly at the aatP promoter. 

4.2.3 Activation at promoters from EAEC strain 042 and strain C1010-00 

Since I had shown that different promoters from strain H149/5 could be activated 

by AggR from 042 and Rns from ETEC, as well as CfaD from H149/5, I wanted 

to determine whether promoter regions from strains such as 042 and C1010-00 

could similarly be regulated by Rns and CfaD. Hence, plasmids pRW50agg4D, 

pRW50afaB, pRW50yicS and pRW50nlpA, carrying the strain C1010-00 agg4D, 

strain 042 afaB, yicS and nlpA promoters, respectively, were transformed into 

BW25113 cells containing either pBAD30 empty vector, pBADaggR, pBADrns or 

pBADcfaD. Cultures were grown in the presence or absence of 0.2% (w/v) 

arabinose and promoter activities were determined by measuring b-

galactosidase levels.  

Data illustrated in Figure 4.7A and Figure 4.7B show that both AggR and Rns 

induce expression from the agg4D and afaB promoters, with Rns inducing higher 

levels than AggR. Thus, cells containing the recombinant plasmids pRW50agg4D 

or pRW50afaB had increased levels of b-galactosidase activity following 

induction of Rns expression (2288 units and 1210 units, respectively, compared 
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to basal levels of 56 and 25 units, respectively, with empty pBAD30) or AggR 

expression (27-fold induction to 1522 units, and 25-fold induction to 636 units, 

respectively). Unexpectedly, in cells containing pRW50agg4D or pRW50afaB, no 

increase in b-galactosidase activity was seen when the expression of CfaD 

H149/5 was induced (85 and 41 units, respectively).  

Similarly, cells containing pRW50yicS 042 showed high b-galactosidase levels in 

the presence of Rns (2504 units) and in the presence of AggR (2179 units) 

compared to empty vector (339 units) (Figure 4.7C). In contrast, there was only 

a modest increase in b-galactosidase levels in cells containing pRW50yicS 042 

when CfaD expression was induced (2-fold induction to 732 units compared to 

background levels of 339 units).  

Cells containing pRW50nlpA showed reduced levels of b-galactosidase upon the 

induction of AggR expression (around 2-fold reduction compared to pBAD30, 87 

and 157 units, respectively,  Figure 4.7D), Rns expression (2-fold reduction, 113 

and 157 units, respectively, Figure 4.7D) or CfaD expression (1.4-fold reduction, 

33 and 66 units, respectively, Figure 4.7E). The modest repression of nlpA and 

weak activation of yicS seen with CfaD is consistent with the idea that RNAP 

binds to bi-directional promoters at different times (El-Robh and Busby, 2002); 

essentially, the occupying time is so brief that it does not interfere with the other 

promoter.  

The data in Figure 4.7 show that Rns from ETEC can activate expression from 

AggR-dependent promoters. Most remarkably, the H149/5 promoters were 

activated by AggR and CfaD, however, afaB 042 and agg4D C1010-00 were not  
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Figure 4.7  Measurement of promoter activities: promoters from EAEC C1010-

00 and 042  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac containing pRW50afaB (A), pRW50agg4D (B), pRW50yicS (C), 
or pRW50nlpA (D, E). Cells were grown in LB in the absence (black bars) or 
presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities were 
measured as nmol of ONPG hydrolysed per minute per milligram of bacterial 
mass. The results are the calculated means of three independent determinations, 
and the standard deviations are shown for each data point.  

A. The cells containing pRW50agg4D EAEC strain C1010-00 carrying either 
pBAD30 (empty vector), pBADaggR 042, pBADrns ETEC or pBADcfaD 
H149/5. 

B. The cells containing pRW50afaB EAEC strain 042 carrying either pBAD30 
(empty vector), pBADaggR 042, pBADrns ETEC or pBADcfaD H149/5. 

C. The cells containing pRW50yicS EAEC strain 042 carrying either pBAD30 
(empty vector), pBADaggR 042, pBADrns ETEC or pBADcfaD H149/5. 

D. The cells containing pRW50nlpA EAEC strain 042 carrying either pBAD30 
(empty vector), pBADaggR 042 or pBADrns ETEC. 

E. The cells containing pRW50nlpA EAEC strain 042 carrying either pBAD30 
(empty vector), pBADaggR 042 or pBADcfaD H149/5. 
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activated by CfaD, and the yicS and nlpA 042 promoters were only weakly 

regulated by CfaD. Therefore, I wanted to compare the base sequence of the 

CfaD-activated promoters with the base sequence of promoters where CfaD was 

unable to activate.  

4.2.4 Potential upstream activator binding sites  

To investigate whether other EAEC 042 promoters could be activated by CfaD 

from EAEC strain H149/5, the pRW50aafD100 recombinant plasmid was 

transformed into BW25113 carrying empty pBAD30 vector, pBADaggR 042, 

pBADrns ETEC or pBADcfaD H149/5. Cultures were grown in the presence or 

absence of 0.2% arabinose, and b-galactosidase activity was measured to 

indicate promoter activity. Results in Figure 4.8A show that cells containing 

pRW50aafD100 had increased b-galactosidase levels in the presence of Rns (a 

44-fold increase compared to empty vector, 24060 and 539 units, respectively), 

 these levels were higher compared to cells with AggR expression induced (35-

fold increase, 19121 and 539 units, respectively). Interestingly, cells containing 

pRW50aafD100 in the presence of CfaD also had increased b-galactosidase 

levels compared to the basal level, with a 32-fold increase compared to pBAD30 

(17642 and 539 units, respectively). The background levels in the absence of 

arabinose were low in cells containing pRW50aafD100 and pBADaggR, with 3% 

of the induced b-galactosidase level when AggR expression was not induced.  

As the aafD100 EAEC 042 promoter was strongly activated by CfaD, DNA 

sequences from the different promoter regions were aligned (Figure 4.8B). 

Promoters activated by CfaD H149/5 were separated from the promoters that 

were not activated by CfaD. The sequence alignments show the juxtaposition of 
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the DNA binding site for AggR and the -10 elements, as expected, in each 

promoter there is an AggR DNA binding site located at a Class II position, 20-22 

bp upstream of the -10 hexamer. However, I also identified a possible second 

AggR DNA binding site upstream from this site at some promoters (Figure 4.8B). 

For the CfaD-activated promoters, the putative upstream DNA binding site for 

AggR follows a similar organisation, whereas the promoters that show weak or 

no activation by CfaD have a different organisation. The putative upstream site 

follows a similar pattern to the AggR consensus: A/T rich and ending with TATC 

(aatP and cfaD H149/5), AATC (caf1M H149/5) or GTCT (aafD100 042).  

This analysis led to the suggestion that the H149/5 promoters, and the 042 

aafD100 promoter, might have an upstream operator which is required to permit 

CfaD-dependent activation. To test this, working with the caf1M promoter, the 

suggested DNA sites for AggR were mutated, to knock out each site, either 

together or separately (Figure 4.9A). The putative upstream site is not a 

consensus AggR binding site, and so, in a parallel construction, it was made 

consensus. Hence, point mutations were introduced into pRW50caf1M using Q5 

site-directed mutagenesis. The recombinant plasmids containing the 

pRW50caf1M mutant promoters, ‘both’, ‘down’, ‘up’ and ‘up consensus’, were 

transformed into BW25113 with either pBAD30 empty vector, pBADaggR or 

pBADcfaD. Cultures were grown in the presence and absence of 0.2% (w/v) 

arabinose and the b-galactosidase activity was measured to determine the 

promoter activity, with each pRW50caf1M-mutant being assayed alongside the 

wild-type pRW50caf1M. The data in Figure 4.9 show that cells containing the 

recombinant plasmid pRW50caf1M-down had lower b-galactosidase levels in the  
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Figure 4.8   Measurement of the aafD100 promoter activity and alignments of the promoter sequences 

A. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying the recombinant lac 
expression plasmid pRW50aafD100, in addition to either pBAD30 (empty vector), pBADaggR 042, pBADrns ETEC or 
pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. 
The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per milligram of bacterial mass. 
The results are the calculated means of three independent determinations, and the standard deviations are shown for 
each data point. 

B. The figure shows an alignment of the regulatory regions from pRW50aatP H149/5 (EAEC strain H149/5), caf1M H149/5 
(EAEC strain H149/5), cfaD H149/5 (EAEC strain H149/5), aafD100 042 (EAEC strain 042), agg4D C1010 (EAEC strain 
C1010-00), afaB 042 (EAEC strain 042), yicS 042 (EAEC strain 042). The promoters activated by CfaD H149/5 are 
highlighted in green. The DNA binding sites for AggR are highlighted in blue and the -10 hexamers are in purple.
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presence of AggR or CfaD (2272 and 1178 units, respectively) than cells 

containing pRW50caf1M wild-type (16912 and 16716 units, respectively) (Figure 

4.9B). Similarly, the b-galactosidase levels in cells containing pRW50caf1M-both 

were lower in the presence of AggR or CfaD (2334 and 1263 units, respectively) 

(Figure 4.9C). The b-galactosidase levels in cells containing either pRW50caf1M-

down or pRW50caf1M-both with the expression of AggR or CfaD induced were 

comparable to basal levels. Thus, knocking out the downstream AggR-binding 

site is sufficient to stop activation by AggR or CfaD.  

The b-galactosidase levels were high in cells carrying pRW50caf1M-up 

consensus in the presence of AggR or CfaD, with 28-fold (28004 units) and 27-

fold (27009 units) increase, respectively, compared to empty vector basal levels 

(1392 units) (Figure 4.9D). Most significantly, targeting the final four bases in the 

potential upstream AggR-binding site in the caf1M regulatory region does not 

negatively impact AggR or CfaD activation at this promoter (Figure 4.9E). 

Mutating this upstream site to match the consensus DNA binding site for AggR 

has little or no effect on activation by AggR or CfaD.  

From these results, taken together, I conclude that the potential upstream site for 

CfaD is not required to confer CfaD- or AggR-mediated activation on this H149/5 

promoter and that this has no impact on why the EAEC strain 042 and strain 

C1010-00 promoters are CfaD-independent.  

4.2.5 A new working hypothesis  

The experiments presented in the previous section show that the suggested 

upstream activator-binding site plays little or no role in promoter activation by 

CfaD. Hence, I collated the sequences of promoters that are activated by AggR   
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Figure 4.9  Mutational analysis of the caf1M regulatory region  

A. The figure shows the DNA sequence of the caf1M promoter sequence from EAEC strain H149/5. The DNA sites for AggR 
and promoter -10 elements are highlighted in blue and purple respectively.  Bases where mutations were made are 
highlighted in red and mutant names are included alongside the corresponding sequence.  

B. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying either the recombinant 
lac expression plasmid pRW50caf1M or pRW50caf1M-both, in addition to either pBAD30 (empty vector), pBADaggR 
042, or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per milligram of 
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bacterial mass. The results are the calculated means of three independent determinations, and the standard deviations 
are shown for each data point. 

C. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying either the recombinant 
lac expression plasmid pRW50caf1M or pRW50caf1M-down KO, in addition to either pBAD30 (empty vector), pBADaggR 
042, or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per milligram of 
bacterial mass. The results are the calculated means of three independent determinations, and the standard deviations 
are shown for each data point. 

D. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying either the recombinant 
lac expression plasmid pRW50caf1M or pRW50caf1M-up consensus, in addition to either pBAD30 (empty vector), 
pBADaggR 042, or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 
0.2% (w/v) arabinose. The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per 
milligram of bacterial mass. The results are the calculated means of three independent determinations, and the standard 
deviations are shown for each data point. 

E. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying either the recombinant 
lac expression plasmid pRW50caf1M or pRW50caf1M-up, in addition to either pBAD30 (empty vector), pBADaggR 042, 
or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. 
The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per milligram of bacterial mass. 
The results are the calculated means of three independent determinations, and the standard deviations are shown for 
each data point.
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and Rns, but not CfaD, and compared them with the sequences of promoters that 

are activated by AggR, Rns and CfaD. Figure 4.10 shows the weblogos for the 

different collations. Thus, promoters activated by AggR 042, Rns ETEC and CfaD 

H149/5 were compared (Figure 4.10A) separately to those regulated only by 

AggR 042 and Rns ETEC (Figure 4.10B). The height of each letter corresponds 

to the number of times it is present in the regulatory regions at certain positions. 

The DNA binding site for AggR consistently follows the consensus pattern for all 

the promoters, with 22 bp between the AggR binding site and the -10 element. 

The -10 hexamers are not consensus; however, this has not been shown to 

negatively affect expression.  

Since I found that potential upstream AggR-sites are not required for CfaD-

dependence, I decided to transplant part of a CfaD-independent promoter into a 

CfaD-dependent promoter to attempt to destroy dependence. Figure 4.11A 

shows an experiment with the afaB/caf1M hybrid promoter, where the sequence 

upstream from the AggR DNA binding site in the afaB promoter is transplanted 

into the sequence upstream of the AggR binding site in the caf1M promoter, using 

Q5 site-directed mutagenesis.  

The recombinant plasmid, pRW50caf1M, and the plasmid containing the mutant 

sequence, pRW50afaB-caf1M hybrid, were transformed into BW25113 with 

either pBAD30 empty vector, pBADaggR or pBADcfaD. This allowed direct 

comparison of the mutant caf1M with the wild-type caf1M promoter. The b-

galactosidase activity was measured to indicate promoter activity. The results in 

Figure 4.11B show that the b-galactosidase levels were high in cells containing 

the pRW50afaB-caf1M hybrid recombinant plasmid in the presence of AggR 
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(21296 units) or CfaD (16249 units), the increase was 27-fold and 21-fold, 

respectively, compared to the pBAD30 empty vector (772 units). The activity 

levels are slightly lower than in cells containing pRW50caf1M wild-type with CfaD 

expression induced (19975 units), however, the induction compared to the empty 

vector basal levels (965 units) was 21-fold, similar to that seen with afaB-caf1M 

hybrid. Therefore, my results show that the upstream afaB promoter sequences 

in the afaB-caf1M hybrid promoter do not block activation by CfaD or AggR. This 

argues that the determinants that confer CfaD-dependent activation lie 

downstream of the potential upstream site (Figure 4.11A). 

The sequence compilations in Figure 4.10 identify the motif ‘GTG’, positioned just 

upstream of the AggR DNA binding site, in the CfaD-activated promoters (Crooks 

et al., 2004; Schneider and Stephens, 1990). This motif is present in H149/5 

promoters and aafD100, but it is not present in the promoters that CfaD failed to 

activate. Therefore, Q5 site-directed mutagenesis was utilised to mutate this GTG 

in the caf1M promoter, to CCG, as found at this location in the afaB promoter 

(Figure 4.12A). Hence, the pRW50caf1M-CCG recombinant plasmid was 

transformed into BW25113 with pBAD30, pBADaggR or pBADcfaD. Cultures 

were grown in the presence or absence of arabinose, the starting pRW50caf1M 

plasmid was also included as a comparison, and the b-galactosidase levels were 

measured to indicate promoter activity. In Figure 4.12B, the results show that 

cells containing the pRW50caf1M-CCG hybrid recombinant plasmid had high b-

galactosidase levels, compared to empty vector basal levels (848 units), when 

CfaD (15682 units) or AggR (21628 units) expression was induced, with 18-fold   
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Figure 4.10  Classification of AggR activated promoters  

Each panel shows the weblogo for a group of promoters. The panels illustrate the 
promoters compared from EAEC. The weblogo was generated using 
http://weblogo.berkeley.edu website. The height of each letter corresponds to 
number of times each letter is present in the promoter regions. The position of 
the DNA binding site for AggR is indicated beneath the weblogo with the 
consensus sequence highlighted in blue, the potential upstream site is also 
indicated in blue. The -10 element is in purple underneath the weblogo, indicating 
the position of the bases. Adapted from Crooks et al. (2004). 

A. The sections of DNA from promoters that are activated by AggR 042 
(EAEC strain 042), Rns ETEC and CfaD H149/5 (EAEC strain H149/5). 
The promoters used to generate this weblogo were from EAEC strains 
H149/5 and aafD100 from strain 042.  

B. The sections of DNA from promoters that are activated by AggR 042 
(EAEC strain 042) and Rns ETEC but not CfaD H149/5. The promoters 
used to generate this weblogo were from EAEC strains H149/5, strain 042 
and strain C1010-00.  

AWWWWWWTATC AWWWWWWTATC TATAAT
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B
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Figure 4.11  Analysis of an afaB-caf1M hybrid promoter 

A. The figure shows the DNA sequence of the caf1M promoter sequence from EAEC strain H149/5 and the afaB promoter 
sequence from EAEC strain 042. The DNA sites for AggR and promoter -10 elements are highlighted in blue and purple 
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respectively, with the consensus sequences above.  Bases where mutations were made are highlighted in red and mutant 
name, afaB-caf1M hybrid, is included alongside the corresponding sequence.  

B. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying either the recombinant 
lac expression plasmid pRW50caf1M or pRW50afaB-caf1M hybrid, in addition to either pBAD30 (empty vector), 
pBADaggR 042, or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 
0.2% (w/v) arabinose. The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per 
milligram of bacterial mass. The results are the calculated means of three independent determinations, and the standard 
deviations are shown for each data point.
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Figure 4.12  Analysis of a caf1M-CCG promoter mutant  
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A. The figure shows the DNA sequence of the caf1M promoter sequence from EAEC strain H149/5 and the afaB promoter 
sequence from EAEC strain 042. The DNA sites for AggR and promoter -10 elements are highlighted in blue and purple 
respectively, with the consensus sequences above. Bases where mutations were made are highlighted in red and mutant 
name, caf1M-CCG, is included alongside the corresponding sequence.  

B. The figure illustrates measured b-galactosidase activities in E. coli K-12 BW25113 ∆lac carrying either the recombinant 
lac expression plasmid pRW50caf1M or pRW50caf1M-CCG, in addition to either pBAD30 (empty vector), pBADaggR 
042, or pBADcfaD H149/5. Cells were grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of ONPG hydrolysed per minute per milligram of 
bacterial mass. The results are the calculated means of three independent determinations, and the standard deviations 
are shown for each data point. 
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and 25-fold increases, respectively. However, the levels are slightly lower than in 

the cells containing the pRW50caf1M wild-type recombinant plasmid with CfaD 

(20-fold, 19975 units) compared to the basal levels with pBAD30 empty vector 

(965 units). The results indicate that the caf1M-CCG hybrid promoter is activated 

by CfaD H149/5. Hence CfaD-dependent activation is not altered when the GTG 

sequence upstream of the DNA-binding site for AggR is mutated.  

4.3 An active promoter, an AggR-dependent promoter, 

and an AggR-independent promoter  

In Chapter 3, I discussed AggR-dependent promoters that follow the organisation 

described by Muhammad Yasir (Yasir et al., 2019), and the focus was also on 

characterising the more complex bi-directional promoter in the yicS-nlpA 

intergenic region (Section 3.3). This section will investigate some of the 

differences between a promoter identified in H149/5, aap, which had been found 

to be a very powerful promoter in other EAEC strains (Yasir et al., 2019; Ellis et 

al., 2019), and a promoter that was suggested as a target for AggR activation, 

bssS (Yasir et al., 2019).  

4.3.1 aap: A very strong promoter 

The aap gene, which encodes the dispersin (Aap) surface protein, has previously 

been investigated in EAEC 042 and its promoter was shown to be AggR-activated 

(Morin et al., 2013; Yasir et al., 2019). Following whole genome sequencing of 

EAEC H149/5, the aap promoter and gene were identified in strain H149/5 

(Figure 4.13A and Figure 4.13B). The regulatory region of the H149/5 aap gene 

was found to contain several potential DNA binding sites for AggR (Figure 4.13C).  
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Thus, the regulatory region was amplified and cloned into pRW50, using primers 

that introduced EcoRI and HindIII sites upstream and downstream, respectively. 

The pRW50aap recombinant plasmid was transformed into BW25113 with either 

pBAD30 empty vector, pBADaggR, pBADrns or pBADcfaD. Cultures were grown 

in the absence and presence of 0.2% (w/v) arabinose and b-galactosidase 

activities were measured to gauge promoter activity. The results in Figure 4.13D 

show high b-galactosidase levels in cells containing the pRW50aap plasmid, in 

the presence or absence of AggR (14882 and 13434 units, respectively), Rns 

(14962 and 14337 units, respectively) or CfaD (14288 and 13510 units, 

respectively). There was a slight increase in b-galactosidase levels in the 

presence of AggR, Rns and CfaD, however, this is difficult to distinguish due to 

the high background levels.  This is consistent with the previous work where the 

strain 042 aap promoter was found to be a very active promoter, but a single base 

change downstream of the -10 element greatly reduces the high constitutive level 

of expression revealing a promoter that is dependent on AggR (Ellis et al., 2019; 

Yasir, 2017). Due to lack of time, this observation was not followed up.  

4.3.2 bssS: A putative DNA binding site for AggR/A simple promoter  

Another potential AggR-dependent promoter in EAEC 042 had been identified 

adjacent to the bssS gene (Yasir et al., 2019). This is also present in E. coli K-12 

and a potential DNA binding site for AggR was identified. BssS, formerly known 

as YceP, has been implicated in regulating biofilm formation (Domka et al., 2006). 

The alignments of the bssS 042 and K-12 regulatory regions indicate that the 

DNA sequences are almost identical, except for a few base changes, though the   
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Figure 4.13  Analysis of the aap regulatory region  

A. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
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these bars, respectively. Genes are illustrated by blue boxes and the 
vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The pink 
highlighted section in the forward open reading frame third row indicates 
the aap regulatory region. Adapted from Carver et al. (2008).    

B. A screenshot of the main editor window of Artemis showing an annotated 
section of the EAEC H149/5 genome sequence. The solid orange and grey 
lines in the centre represent the forward and reverse DNA strands. The 
three forward and three reverse open reading frames are above and below 
these bars, respectively. Genes are illustrated by blue boxes and the 
vertical lines indicate stop codons. Below is a zoomed in view of the amino 
acid sequence, following the same organisation as above. The red gene 
box and the corresponding highlighted amino acid sequence indicate the 
aap gene. Adapted from Carver et al. (2008).     

C. The DNA sequence covering the aap promoter from EAEC H149/5 was 
cloned into pRW50. The fragment contains an EcoRI site upstream and a 
HindIII site downstream, highlighted in grey. The -10 element is highlighted 
in purple, the DNA binding site for AggR is highlighted in blue and the 
coding sequence is in bold. There are multiple potential AggR binding sites 
and another potential -10 element, these are highlighted in bold and 
underlined. 

D. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50aap, in addition to either pBAD30 (empty vector), pBADaggR 042, 
pBADrns ETEC or pBADcfaD H149/5. Cells were grown in LB in the 
absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The 
b-galactosidase activities were measured as nmol of ONPG hydrolysed 
per minute per milligram of bacterial mass. The results are the calculated 
means of three independent determinations, and the standard deviations 
are shown for each data point.   
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highlighted suggested DNA binding sites for AggR, and the -10 elements, are 

identical (Figure 4.14). The lac expression vector, pRW224 (Figure 4.15A), was 

utilised here, and the regulatory region for EAEC 042 bssS (Figure 4.15B) and E. 

coli K-12 bssS (Figure 4.15C) were cloned upstream of the lacZ gene, using 

primers that introduced an EcoRI restriction site upstream and a HindIII site 

downstream. The recombinant plasmids were transformed into E. coli BW25113 

with either pBAD30 or pBADaggR, and compared to pRW50afaB, as a positive 

control. Promoter activities were determined by measuring the b-galactosidase 

activity of lysed cells. The results in Figure 4.16 show that cells containing the 

recombinant plasmid pRW224bssS 042 had low b-galactosidase levels when the 

expression of AggR was induced by the presence of arabinose (4.6 units). 

Similarly, the b-galactosidase levels were also low in cells containing 

pRW224bssS K-12 (4.5 units). b-galactosidase levels in cells containing 

pRW224bssS 042 and pRW224bssS K-12 were as low as the basal levels in cells 

containing empty vector (4.2 and 4.8 units, respectively). The results show that, 

while the control afaB promoter is AggR-dependent, there is no evidence for 

promoter activity in the likely regulatory region of bssS from EAEC 042 nor bssS 

from E. coli K-12, despite a potential DNA binding site for AggR. Hence, the 

presence of a putative DNA binding site for AggR does not necessarily indicate 

AggR-activation of a promoter.  

4.3.3 A consideration of the factors that confer AggR-dependence  

As it had been shown that the presence of an AggR DNA binding site did not 

confer AggR-dependence on the bssS promoter, I decided to compare the 

organisation of the bssS regulatory region with an AggR-activated promoter.   
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Figure 4.14  Alignment of the regulatory regions of bssS 042 and bssS K-12  

The figure shows an alignment of the regulatory regions from bssS EAEC strain 
042 and bssS E. coli strain K-12 cloned into pRW50. The fragment contains an 
EcoRI site upstream and a HindIII site downstream, highlighted in grey. The DNA 
binding sites for AggR are highlighted in blue and the -10 hexamers are in purple. 
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Figure 4.15  DNA sequences of bssS 042 and K-12 in pRW224 

A. The figure shows a plasmid map of the pRW224 lacZ expression vector, 
located upstream of the lacZYA operon are the EcoRI and HindIII 
restriction sites that were used to clone promoter fragments. The plasmid 
carries tetracycline resistance (tetR). Created with BioRender.com. 

B. The DNA sequence covering the bssS promoter from EAEC strain 042 
was cloned into pRW224. The fragment contains an EcoRI site upstream 
and a HindIII site downstream, highlighted in grey. The -10 element is 
highlighted in purple and the DNA binding site for AggR is highlighted in 
blue. 

C. The DNA sequence covering the bssS promoter from E. coli strain K-12 
was cloned into pRW224. The fragment contains an EcoRI site upstream 
and a HindIII site downstream, highlighted in grey. The -10 element is 
highlighted in purple and the DNA binding site for AggR is highlighted in 
blue.  

A



 

 178 

 

Figure 4.16  Measurement of bssS 042 and bssS K-12 promoter activities 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying either the recombinant lac expression plasmid pRW224 
(empty vector, negative control), pRW50afaB (positive control), pRW224bssS 
042 or pRW224bssS K-12, in addition to either pBAD30 (empty vector), 
pBADaggR 042, or pBADcfaD H149/5. Cells were grown in LB in the absence 
(black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point.  
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Figure 4.17A shows the alignment of the regulatory regions from the AggR-

dependent promoter, afaB, and the AggR-independent promoters, bssS from 042 

and K-12. The bssS regulatory region is almost identical in 042 and K-12, though 

neither are AggR-dependent. There’s a spacing of 22 bp between the AggR-

binding site and -10 hexamer in afaB and bssS. The highlighted DNA-binding site 

for AggR resembles the consensus in each of these promoters. The -10 element, 

however, does not match consensus in any of the promoters and there is little 

consistency between promoters. The bssS promoters have identical -10 

elements, GATAAA, the guanine at the first position in the -10 is likely the reason 

this promoter is non-functional. This is consistent with the result in Section 3.3.1 

where I successfully conferred AggR-dependence on the previously non-

functional yicS K-12 promoter by altering the non-consensus -10 element.    

I can conclude from the results and comparison of the regulatory regions that 

simply having an AggR-binding site positioned at an optimum distance from a -

10 element does not indicate that a promoter is functional or dependent on AggR.  

4.4 Discussion  

The prototypical EAEC strain 042 has been the focus of much of the published 

research on EAEC. However, worldwide, there is vast variation in EAEC strains, 

and it can easily be argued that much can be learned from studying this variation 

(Boisen et al., 2020; Abdelwahab et al., 2021). Many pathogenic strains from 

Brazil, isolated from children with acute diarrhoea, have been sequenced and 

analysed (Braga et al., 2017; Alves et al., 2010; Franca et al., 2013; Pereira et 

al., 2008). Of the strains that I analysed, strains H9/3 and I18/2 were found to 

carry the aggR gene, though the H149/5 strain does not. However, strain H149/5   
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Figure 4.17  Alignment of the base sequences at AggR-activated and non-activated promoters  

The figure shows an alignment of the regulatory regions from pRW50afaB 042 (EAEC strain 042), bssS 042 (EAEC strain 042) 
and bssS K-12 (E. coli K-12). The DNA binding sites for AggR are highlighted in blue and the -10 hexamers are highlighted in 
purple.
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carries a chromosomally encoded AggR-like transcription factor, labelled CfaD. 

Sequence alignments (Figure 4.2) show that the AggR-like transcription factors 

identified in I18/2 and H9/3 are almost identical to AggR from strain 042. 

However, CfaD H149/5 is somewhat different to AggR 042.  

The AraC-family transcription factor, Rns, from ETEC, also has sequence 

homology to AggR (Munson and Scott, 1999). Results in Figure 4.4, Figure 4.5, 

Figure 4.6, Figure 4.7 and Figure 4.8 show that AggR-dependent promoters are 

also dependent on Rns, but, in some cases, AggR activates better than Rns.  

The results in Figure 4.4, Figure 4.5 and Figure 4.6 also show that H149/5 

promoters can be activated by strain 042 AggR and strain H149/5 CfaD. The 

binding affinities for each regulator with the promoters in H149/5 are different, the 

highest background levels with ‘leaky’ pBADaggR or pBADcfaD are seen with the 

aatP promoter, which therefore must be the tightest binder, followed by cfaD then 

caf1M. Results in Figure 4.6 show that CfaD autoactivates its own expression, 

which is consistent with AggR that also activates its own expression at the aggR 

promoter (Morin et al., 2010; Abdelwahab et al., 2021).  

The aatP promoter has been characterised from the genomes of strain 042 as 

well as in two Egyptian strains. Since the strain 042 aatP promoter -10 hexamer 

(TACATT) was not consensus, the adenines at position 2 and 4 were mutated. 

Mutating the adenine at position 2 reduced, but did not destroy promoter activity, 

whereas additionally mutating position 4 stopped the activity of this promoter. 

This indicates that the -10 hexamer with ideal spacing of 21 bp to the AggR DNA 

binding site, and the other potential -10 element, with 23 bp spacing, are 

ambiguous (Abdelwahab et al., 2021). The alignment of the H149/5 and 042 aatP 
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promoters is shown in Figure 4.18, the AggR DNA binding sites are highlighted 

and the -10 hexamers. The H149/5 aatP promoter has a consensus DNA binding 

site for AggR 21 bp upstream of the -10 hexamer, TATATT, which is close to 

consensus. As the H149/5 aatP promoter more closely resembles a consensus 

AggR-activated promoter, compared to 042, this could explain the tight binding 

at the promoter. However, due to time constraints, it was not possible to follow 

up comparison of the 042 and H149/5 aatP promoters.  

The aatP and cfaD promoters have A/T rich, consensus DNA binding sites for 

AggR, however, caf1M has guanine and cytosine positioned at the beginning of 

the AggR-binding site (GCTTTTTTATC). In Chapter 3 (Section 3.4), I 

hypothesised that it is important for the first base to be adenine or thymine, as 

yicS-nlpA EAEC H92/3 has guanine at the first position and low expression levels.  

Additionally, it has been shown that expression levels were highest at the 042 

aafD promoter when an adenine was the first base of the DNA binding site for 

AggR (Yasir, 2017). Therefore, I conclude that the weaker induction at the caf1M 

promoter, compared to paatP and pcfaD, is due to the non-consensus AggR DNA 

binding site, with the guanine and cytosine at position 1 and 2. 

EAEC strain H149/5 has been characterised as an ‘atypical’ strain due to the 

discrete aggregative adherence pattern when colonising host intestinal mucosa. 

Additionally, previous analysis failed to find AAF fimbrial genes. However, 

following whole genome sequencing, it was possible to find the caf1M promoter 

and gene (Figure 4.5A and Figure 4.5B). The BLAST search shown in Figure 

4.5C indicates that Caf1M is homologous to fimbrial genes. This indicates that 

we have identified a novel AAF gene in strain H149/5.   
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Figure 4.18  Alignment of the regulatory regions of aatP EAEC strain 042 and 

H149/5 

The figure shows an alignment of the regulatory regions from pRW50aatP 042 
(EAEC strain 042) and aatP H149/5 (EAEC strain H149/5). The DNA binding sites 
for AggR are highlighted in blue, the -10 hexamers are in purple, and the coding 
sequence is in bold.  
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The results in Figure 4.7 show that the afaB promoter from strain 042 and the 

agg4D promoter from strain C1010-00 fail to be activated by CfaD. The cells 

containing pRW50yicS had slightly increased b-galactosidase levels in the 

presence of CfaD, though this increase was marginal compared to the 

background levels. The b-galactosidase activity in cells containing pRW50nlpA 

were slightly reduced in the presence of CfaD. This indicates that CfaD can 

regulate the yicS-nlpA bi-directional promoter, though very weakly. This is 

consistent with the conclusions in Chapter 3 (Section 3.4) that it is very 

straightforward for this bi-directional promoter to drift in and out of the AggR-

regulon. This is also consistent with the “occupying time theory”, of Mohamed El-

Robh, which explains how bi-directional promoters can function independently. 

Thus, RNAP binds at different times to the bi-directional promoters and this time 

at one promoter is so brief that it does not interfere with RNAP binding at the 

other promoter (El-Robh and Busby, 2002). The yicS-nlpA bi-directional promoter 

was identified in EAEC H149/5 but the regulatory region is identical to E. coli K-

12. This indicates that yicS expression has been removed from the CfaD-regulon 

in H149/5, presumably because it is unnecessary for infection. 

The results in Figure 4.8 show that the AggR-dependent strain 042 promoter 

aafD100 can also be activated by both Rns ETEC and CfaD H149/5. This is an 

interesting result because the other strain 042 AggR-dependent promoters, afaB 

and agg4D, are not activated by CfaD. DNA sequence alignments of the 

regulatory regions, shown in Figure 4.8, suggested a potential upstream binding 

site, similar to the AggR consensus DNA binding site, that might confer CfaD-

dependence on promoters. This idea, however, was challenged by mutational 
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analysis. Mutating the suggested upstream site to match consensus, or knocking 

it out, did not impact either AggR- or CfaD-mediated activation.  

The weblogos in Figure 4.10 suggested further potential targets that might be 

required to enable CfaD-mediated activation. These targets were mutated with 

the intention to stop the H149/5 caf1M promoter being activated by CfaD. 

However, data in Figure 4.11 and Figure 4.12 show that creating afaB-caf1M 

hybrid promoters did not impact CfaD-activation and sequences directly 

upstream of the DNA-binding site for AggR do not directly confer CfaD-mediated 

activation on promoters. My mutational analysis indicates that more work is 

needed to pinpoint the factors that contribute to conferring CfaD-activation, and 

the downstream sequence should be considered. Additionally, some Rns-

dependent promoters require a second DNA binding site for Rns further upstream 

from the binding site at a Class II position (Midgett et al., 2021), and this could be 

considered when comparing CfaD-activated promoters with CfaD-independent 

promoters.  

Previously, it was reported that members of the subgroup of AraC-family 

transcription factors that include AggR EAEC, Rns ETEC, CsvR ETEC, CfaR 

ETEC and VirF S. flexneri, are homologous and can be substituted at dependent 

promoters (Munson and Scott, 1999; Munson et al., 2001). The results in Figure 

4.7 confirm that Rns ETEC can be substituted for AggR at AggR-activated 

promoters, and activity is similar or higher than with AggR. Equally, Rns and 

AggR can be interchanged with strain H149/5 CfaD at H149/5 promoters. 

However, as CfaD H149/5 could not activate the 042 afaB or the C1010-00 

agg4D promoter, and only showed weak effects at the bi-directional yicS-nlpA 
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promoters, I conclude that CfaD cannot be substituted for AggR at all AggR-

regulated promoters. Note that this does not argue that CfaD H149/5 cannot 

belong to this subgroup, because, for example, Rns can substitute for VirF, but 

this is not reciprocal because VirF cannot substitute for Rns (Munson et al., 

2001). Figure 4.19 shows alignments of some members of the AraC family AggR 

subgroup, with the ‘signature’ stretch of homologous amino acids, that shows the 

greatest region of sequence identity, highlighted. However, Table 4.2 shows that 

overall sequence identity varies within the group. CfaD H149/5 has around 30% 

sequence identity with each of the other factors, showing that there are less 

similarities to the other subgroup members. This could argue that CfaD H149/5 

is not in this subgroup, purely based on the sequence identity, however, VirF from 

S. flexneri also has around 30% sequence identity with the other transcription 

factors. On this basis, I believe that CfaD H149/5 belongs to the subgroup as it 

shows similar identity as VirF and CfaD and can be substituted by Rns and AggR, 

though this relationship is not consistently reciprocated.  

Since factors in this subgroup are interchangeable, it has been suggested that 

these regulators recognise similar DNA binding sites (Munson and Scott, 1999; 

Munson et al., 2001). Therefore, as I showed in the afaB-caf1M hybrid 

experiments that the upstream sequence was not conferring CfaD-dependence, 

we can assume that the downstream sequence, potentially including the 

confirmed AggR-binding site, is important. Thus, further research needs to focus 

on conferring CfaD-dependence on a CfaD-independent promoter, afaB or 

agg4D, by transplanting the downstream promoter sequences from an H149/5 

promoter, such as caf1M, in order to pinpoint the key determinants.  
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Figure 4.19  Alignment of AraC subgroup with CfaD H149/5 

The figure shows an alignment of the amino acid sequences of the AraC family 
subgroup: AggR 042 (EAEC strain 042), CfaD H149/5 (EAEC strain H149/5), Rns 
from ETEC, CsvR ETEC, CfaR ETEC, and VirF S. flexneri. 
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Table 4.2  Sequence identity  

Sequences compared Aligned score 

AggR 042: CfaD H149/5 33.58% 

AggR 042: Rns ETEC 66.42% 

AggR 042: CfaR ETEC 60.38% 

AggR 042: CsvR ETEC 61.13% 

AggR 042: VirF S. flexneri 34.22% 

CfaD H149/5: Rns ETEC 33.21% 

CfaD H149/5: CfaR ETEC 33.46% 

CfaD H149/5: CsvR ETEC 33.83% 

CfaD H149/5: VirF S. flexneri 28.14% 

Rns ETEC: CfaR ETEC 75.47% 

Rns ETEC: CsvR ETEC 76.23% 

Rns ETEC: VirF S. flexneri 33.08% 

CfaR ETEC: CsvR ETEC 99.00% 

CfaR ETEC: VirF S. flexneri 30.80% 

CsvR ETEC: VirF S. flexneri 31.18% 
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The factors that contribute to conferring AggR-dependence appear to differ 

between promoters, though previously it was shown that simply transplanting an 

AggR-binding site into the CCmelR promoter could confer AggR-dependence on 

that promoter (Yasir et al., 2019). However, the results in Figure 4.16 have shown 

that the presence of an AggR-binding site in the bssS promoter is insufficient for 

activation by AggR. The promoter alignments in Figure 4.17 show that the bssS 

promoters from 042 and K-12 have identical putative AggR binding sites, 

however, the identical -10 elements, GATAAA, do not match consensus. These 

promoters are not dependent on AggR, and this could simply be due to the 

guanine at the first position. The first base, thymine in the consensus -10 hexamer 

(T-12 A-11 T-10 A-9 A-8 T-7), is important for contacting s70 (Hook-Barnard and 

Hinton, 2007; Feklistov and Darst, 2011; Saecker et al., 2021), and in the bssS 

promoters this is guanine. Therefore, I would conclude that this guanine is likely 

preventing this promoter from being functional. 

Another interesting promoter, aap, from EAEC strain 042 has previously been 

analysed (Ellis et al., 2019; Yasir et al., 2019). The aap promoter has now also 

been identified in H149/5, following whole genome sequencing. This is interesting 

because aap is encoded on pAA2 in 042, but H149/5 lacks a pAA virulence 

plasmid, and so this promoter had not previously found in H149/5 (Pereira et al., 

2008). A one base mutation in the strain 042 aap promoter reduced promoter 

activity overall but unmasked an AggR-activated promoter (Yasir, 2017). 

Comparison of aap regulatory regions in Figure 4.17 indicates that this promoter 

could have an AggR-binding site located 22 bp upstream of the -10 element, the 

optimal spacing for the DNA-binding site for AggR, without conferring AggR-
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dependence on a promoter, potentially due to a non-optimal -10 hexamer. This 

suggests that a transplant experiment, as with the CCmelR promoter (Yasir et al., 

2019), would not necessarily confer AggR-dependence on any promoter, 

especially as the organisation of the transplanted DNA was similar to bssS, the -

10 element was also non-consensus (CATAAT), with a base change in the same 

position as bssS. Thus, the factors contributing to AggR-dependence are more 

complicated than previously expected.  

The work detailed in this Chapter highlights that the AraC subgroup of 

transcription factors have a non-reciprocal relationship to allow an exchange of 

regulation. CfaD H149/5 belongs to this subgroup due to the homology and 

substitution relationships. Further investigation is necessary to determine the 

important promoter elements in H149/5 promoter that confer CfaD-dependence, 

the key to this will be in the downstream promoter sequences. This offers further 

insight into AggR-independent promoters, since an AggR-binding site does not 

necessarily confer dependence. This highlights the importance of a functional -

10 element, particularly the first position, thymine (-12), which flips out and sits in 

the RNAP W-pocket (Feklistov and Darst, 2011; Saecker et al., 2021); the other 

factors that might contribute to the lack of activation at a suggested AggR-

activated promoter include: high basal activity, a neighbouring strong promoter, 

and non-optimal spacing between the AggR DNA-binding site and the -10 

element.     
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Chapter 5  A Study of Defective AggR 

Mutants 

5.1 Introduction  

AggR is a member of the AraC family of transcriptional regulators. Members of 

this family are typically 250 to 300 residues long and follow similar structural 

patterns (Gallegos et al., 1997). Many AraC regulators contain two domains: an 

N-terminal domain, for effector binding and multimerization, and a C-terminal 

domain, for site-specific DNA binding and interaction with RNAP. For AraC, the 

N-terminal domain covers residues 1 to 170 and the CTD covers residues 178 to 

286 (Gallegos et al., 1997). The NTD, along with the central linker regions, is not 

present in all AraC-members.  

The hallmark of the AraC family members is a region of 99 amino acids that is 

found at the C-terminal domain in AraC. This domain has high sequence 

homology of over 20% between family members, therefore, it can be assumed 

that the tertiary structure is identical. This domain contains two HTH motifs. The 

first HTH motif (HTH1) is supposed to be the DNA binding motif, conservation of 

sequence in HTH1 is low and can be highly divergent between unrelated 

regulators. This variability is thought to be due to the role of HTH1 in recognising 

specific base sequences in target promoter DNA. The second HTH (HTH2) motif 

is more conserved, therefore, it is thought to have a common role across the 

regulators, likely for interacting with holo RNAP (Gallegos et al., 1997; Porter and 

Dorman, 2002).  
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Thus far, my data has focused on how AggR regulates at its target promoters. 

Now, I would like to shift the focus to how the structure of AggR is important for 

its function, specifically, whether it is possible to disrupt AggR-mediated 

activation and block AggR-activated promoters by mutating the aggR gene. By 

co-expressing mutant AggR with wild-type AggR to block activation at target 

promoters, it could be possible to block AggR-activation of virulence factor gene 

transcription. Therefore, the structural information, previously gained from 

research of AraC-family transcriptional factors, was utilised to develop a strategy 

for generating different AggR mutants.  

5.2 The signal for AggR-mediated activation   

It was previously found that AggR functions as a monomer at a single DNA 

binding site during AggR-dependent activation at target promoters (Yasir et al., 

2019), but it has not been determined whether expression of AggR requires an 

external signal. Therefore, to investigate whether there is a signal that activates 

expression of AggR, I designed a system with AggR carried on the pLG339 

vector, with the expression of the aggR gene under the control of its own promoter 

(Figure 3.8B).  

The pLG339 empty vector, pLG339aggR 042, and arabinose-inducible 

pBADaggR recombinant plasmids (Figure 3.5) were transformed separately into 

E. coli K-12 BW25113 ∆lac cells that carried either pRW50afaB or pRW50agg4D. 

Cultures were grown with shaking to mid-exponential phase, in the presence or 

absence of arabinose. The b-galactosidase levels in lysates of cells containing 

the pRW50afaB and pRW50agg4D plasmids were measured to determine 

promoter activities. The results in Figure 5.1 show that cells containing 
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pRW50afaB and pLG339aggR 042 in the presence of arabinose had higher b-

galactosidase levels compared to cells containing pBADaggR (1405 units and 

919 units, respectively). The b-galactosidase levels were similar for 

pRW50agg4D with either pLG339aggR 042 or pBADaggR: 2194 and 2202 units, 

respectively. In fact, the cells with pRW50afaB or pRW50agg4D and 

pLG339aggR 042 also had high b-galactosidase levels in the absence of 

arabinose (1584 and 2088 units, respectively; one-way ANOVA, p<0.0001; Tukey 

test, p<0.05). This indicates that an external signal is not required to induce 

expression of AggR when it is expressed under the control of its own promoter.  

5.3 A system for searching for trans-dominance  

Since I had determined that AggR could be expressed without an external signal, 

I decided to set-up a system in which AggR was expressed both from 

pLG339aggR 042 and from arabinose-inducible pBADaggR. Figure 5.2 shows a 

schematic of this new system with two plasmids carrying the aggR gene: 

pLG339aggR 042 and pBADaggR. The expression of AggR, from pBADaggR, is 

under the control of the paraBAD promoter, which is induced by arabinose. The 

recombinant plasmid, pLG339aggR 042, carries the aggR gene under the control 

of its own promoter. AggR is expressed from the recombinant plasmids and binds 

to the target promoter on the pRW50 plasmid, this activates the production of b-

galactosidase. 

5.3.1 Changes in the AggR protein  

The new system then allowed me to determine how expression at promoters 

would be affected by co-expression of wild-type AggR and an AggR mutant. The   
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Figure 5.1  Analysis of promoter activity when AggR expression is controlled 

by the aggR promoter 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB or 
pRW50agg4D, in addition to either pLG339 (empty vector), pLG339aggR 042 or 
pBADaggR 042. Cells were grown in LB in the absence (black bars) or presence 
(blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities were 
measured as nmol of ONPG hydrolysed per minute per milligram of bacterial 
mass. The results are the calculated means of three independent determinations, 
and the standard deviations are shown for each data point. A one-way ANOVA 
was calculated using the promoter activities, showing the analysis was significant 
(p<0.0001, F(11, 24) = 333.4). A post-hoc Tukey’s HSD test showed that the 
promoter activities were significantly different between cells carrying pLG339 
empty vector or pLG339aggR 042 (p<0.05).  
* Expression of the aggR gene is under the control of the aggR promoter 
  

promoter in 
pRW50 afaB afaB afaB agg4D agg4D agg4D

pLG339 pLG339
AggR 042*

pBAD 
aggR pLG339 pLG339

AggR 042*
pBAD 
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AggR amino acid sequence and predicted secondary structure is shown in Figure 

5.3, I have highlighted the residues that were changed. Initially, I introduced 

mutations into the aggR gene through random mutagenesis, then I utilised site-

directed mutagenesis to target specific codons. Mutations were present 

throughout the aggR gene: I introduced many mutations in the C-terminal domain, 

focusing on the two HTH motifs, the presence of which is conserved in AraC 

family members; and I have also introduced mutations in the non-conserved N-

terminal domain and the region between the domains.  

Firstly, I revisited AggR mutants I had isolated through random mutagenesis, 

during a previous study. Briefly, I utilised error-prone PCR to randomly introduce 

mutations in the aggR gene. Then, I selected for mutants by transforming into 

BW25113 cells carrying pRW50 containing an AggR-dependent promoter and I 

plated on MacConkey agar with appropriate antibiotic. AggR mutants defective 

for activation at target promoters were identified by their phenotype, a white 

colony, on plates. Following sequencing of the mutant aggR fragments, I 

determined the locations of mutations in the aggR gene. The resulting mutants 

are Y92C and Y92R, carrying changes in the same N-terminal domain residue; 

D86N and L221S, an AggR mutant with two-point mutations, one in the N-

terminal and one in the C-terminal domain; and Q230R and K263STOP, an AggR 

mutant with a point mutation in the first a-helix of the second HTH and a 3-residue 

truncation at the end of the sequence.  

To determine whether the randomly isolated AggR mutants are able to activate   
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Figure 5.2  A new system to measure promoter activity  

The figure illustrates the AggR-mediated activation of the target promoter on the pRW50 vector. For pLG339aggR 042: 
expression of the aggR gene is under the control of the aggR promoter. For induction of the pBADaggR: arabinose binds to the 
araC gene, which activates the paraBAD promoter and subsequent expression of the aggR gene. AggR then binds to the target 
promoter on the pRW50 vector, activating the expression of lacZ, producing b-galactosidase. Created with BioRender.com.  
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Figure 5.3  Amino acid structure of AggR 

The figure shows the amino acid sequence of AggR 042 (EAEC strain 042). The predicted secondary structure located above 
the amino acid sequence is modelled on Rns (ETEC) with the a helices and b sheets labelled. For the tertiary structure, the two 
HTH motifs that are part of the AraC homologous region are highlighted in grey. The amino acids highlighted in red indicate the 
residues targeted for mutational analysis. Adapted from Mahon et al. (2010).
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at an AggR-dependent promoter, I transformed pRW50afaB into E. coli K-12 

BW25113 ∆lac cells carrying either pBAD30 empty vector, pBADaggR, 

pBADaggR-Y92C, pBADaggR-Y92R, pBADaggR-D86N-L221S or pBADaggR-

Q230R-K263STOP. Cells were grown with shaking to mid-exponential phase in 

the presence and absence of arabinose and the b-galactosidase levels were 

measured to indicate promoter activity. The results in Figure 5.4 show that b-

galactosidase levels were comparable to basal levels with empty vector for each 

of the AggR mutants.  

As I had shown that the randomly isolated AggR mutants were defective for 

activation at target promoters, I decided to introduce the mutants in trans to wild-

type AggR (pLG339aggR 042).  

The recombinant plasmid pRW50agg4D was transformed into E. coli K-12 

BW25113 ∆lac cells carrying either pLG339 empty vector or pLG339aggR 042, 

and the arabinose-inducible pBAD30, pBADaggR, pBADaggR-Y92C, 

pBADaggR-Y92R, pBADaggR-D86N-L221S or pBADaggR-Q230R-K263STOP. 

Cells were grown in the presence or absence of arabinose with shaking till mid-

exponential phase. The b-galactosidase levels were measured to determine 

promoter activity. The b-galactosidase levels in cells containing pLG339 empty 

vector were as low as basal levels in the presence of AggR-Y92C and AggR-

Y92R (29 and 24 units, respectively, compared to empty vector, 38 units) (Figure 

5.5A) or AggR-D86N-L221S and AggR-Q230R-K263STOP (18 and 42 units, 

respectively, compared to empty vector, 38 units) (Figure 5.5B). The reductions   
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Figure 5.4  Measurement of promoter activity with AggR mutants 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac containing pRW50afaB 042 carrying either pBAD30 (empty 
vector), pBADaggR 042, pBADaggR-Y92C, pBADaggR-Y92R, 
pBADaggRD86N-L221S or pBADaggR-Q230R-K263STOP. Cells were grown in 
LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. 
The b-galactosidase activities were measured as nmol of ONPG hydrolysed per 
minute per milligram of bacterial mass. The results are the calculated means of 
three independent determinations, and the standard deviations are shown for 
each data point.   
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in b-galactosidase levels due to AggR-Y92C or AggR-Y92R were similar in cells 

containing pLG339aggR 042: 1.9 fold in the presence of AggR-Y92C, from 1590 

units to 835; and 2-fold in the presence of AggR-Y92R, from 1552 units to 746 

(Figure 5.5A; one-way ANOVA, p<0.0001; Tukey test, p<0.05). The b-

galactosidase levels in cells containing pLG339aggR 042 in the presence of 

AggR-D86N-L221S (636 units) were lower than in the presence of AggR-Q230R-

K263STOP (1173 units), the reduction compared to cells in the absence of 

arabinose was greatest with AggR-D86N-L221S (decrease of 2-fold compared to 

1.3-fold) (Figure 5.5B). Most notably, the results in Figure 5.5A and Figure 5.5B 

show that the b-galactosidase levels were increased when AggR expression was 

induced, by the addition of arabinose to the medium, in cells containing 

pLG339aggR 042. 

Next, I transformed pBAD30, pBADaggR, pBADaggR-Y92C, pBADaggR-Y92R, 

pBADaggR-D86N-L221S and pBADaggR-Q230R-K263STOP, into E. coli K-12 

BW25113 cells carrying pRW50afaB with either pLG339 empty vector or 

pLG339aggR 042. Again, cells were grown in the presence and absence of 0.2% 

(w/v) arabinose to mid-exponential phase, and b-galactosidase levels were 

measured from cell lysates to indicate promoter activity. The results in Figure 

5.6A show that the cells containing pRW50afaB and pLG339 empty vector in the 

presence of pBADaggR-Y92C (12 units) or pBADaggR-Y92R (10 units) had very 

low b-galactosidase levels compared to cells with pBADaggR, which showed 

increased b-galactosidase levels when AggR expression was induced (368 

units). However, expression levels were affected when pLG339aggR 042 was co- 

expressed and b-galactosidase levels were high in the absence of arabinose.   
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Figure 5.5  Analysis of agg4D promoter activity with previously identified AggR 

mutants  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmids pRW50agg4D, 
in addition to either pLG339 (empty vector) or pLG339aggR 042 and pBADaggR 
or the pBADaggR mutants. Cells were grown in LB in the absence (black bars) 
or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities 
were measured as nmol of ONPG hydrolysed per minute per milligram of 
bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50agg4D with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-Y92C or 
pBADaggR-Y92R. A one-way ANOVA was calculated using the promoter 
activities, showing the analysis was significant (p<0.0001, F(15, 32) = 
240.3). A post-hoc Tukey’s HSD test showed that there was a significant 
difference between promoter activities in cells containing pLG339aggR 
042 and carrying either pBADaggR-Y92C or pBADaggR-Y92R in the 
presence and absence of arabinose (p<0.05).   

B. Cells containing pRW50agg4D with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-D86N-
L221S or pBADaggR-Q230R-K263STOP.  
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Cells containing pLG339aggR 042 had a 1.7-fold decrease in b-galactosidase 

activity when expression of AggR, from pBADaggR, was induced by the addition 

of arabinose (874 units in the absence of arabinose and 510 units in presence). 

This slight reduction of b-galactosidase activity was also seen in cells containing 

pBADaggR-Y92C or pBADaggR-Y92R, a 1.4-fold (516 units compared to 363 

units) and 1.8-fold decrease (492 units compared to 279 units), respectively, 

however, this was to a lesser extent than with cells containing wild-type 

pBADaggR. The reduction in b-galactosidase levels measured was greatest in 

cells containing pLG339aggR 042 in the presence of AggR, followed by AggR-

Y92R or AggR-Y92C respectively, however, the fold-decrease was less than 

seen with pRW50agg4D (Figure 5.5A).  

The data in Figure 5.6B show that b-galactosidase levels were low in the 

presence and absence of AggR-D86N-L221S (10 and 13 units, respectively) or 

AggR-Q230R-K263STOP (29 and 17 units, respectively) in cells containing 

pLG339 empty vector. The reductions in b-galactosidase levels seen in Figure 

5.6A, in cells containing pLG339aggR 042, were also seen in Figure 5.6B. The 

greatest reduction, 1.6-fold, was seen with pLG339aggR 042 in the presence of 

AggR-D86N-L221S, 301 units compared to 482 units in the absence of 

arabinose. AggR-Q230R-K263STOP had a slightly lower reduction of 1.5-fold, 

from 557 units in the absence of arabinose to 377 units when expression of AggR-

Q230R-K263STOP was induced. The data show that the AggR mutants fail to 

activate the afaB promoter in cells containing pLG339 empty vector. In the 

presence of pLG339aggR, expression levels were decreased slightly due to 

expression of mutant AggR (one-way ANOVA, p<0.0001; Tukey test, p>0.05). 
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Most remarkably, cells containing pLG339aggR 042 and pBADaggR in the 

presence of arabinose had increased b-galactosidase levels with pRW50agg4D 

(1.3-fold increase, 1448 units to 1868) and reduced b-galactosidase levels with 

pRW50afaB (1.7-fold decrease, 874 units to 510). This result with pRW50afaB is 

unexpected because producing extra wild-type AggR from pBADaggR leads to a 

reduction in afaB promoter activity.  

The results indicate that the AggR mutants were defective in activation of the 

afaB and agg4D promoters: AggR-Y92C and AggR-Y92R, N-terminal domain; 

AggR-D86N-L221S, N-terminal domain and C-terminal domain linker; and AggR-

Q230R-K263STOP, first a-helix of HTH and 3 residue truncation. The data show 

that there was a reduction in b-galactosidase activity in cells where AggR from 

pLG339aggR 042 was expressed concurrently with the AggR-mutants from 

pBADaggR. Though none of the mutants were strongly trans-dominant, the 

results suggest there is interference from the AggR mutants with wild-type AggR-

dependent activation at the afaB and agg4D promoters. 

5.3.2 Changes in AggR guided by previously isolated AggR mutants 

Changing amino acid residues in AggR can have implications for protein folding 

and resulting conformational changes can have disastrous effects on DNA 

binding and interactions with RNAP, and subsequent activation at promoters. In 

Figure 5.7, the PyMOL molecular graphic of the predicted structure of AggR is 

shown, the pink and purple highlighted a-helices represent the first and second 

HTH motifs. The location of three of the AggR changes discussed in section 5.3.1, 

Y92C, Y92R and Q230R, are indicated by arrows. I decided to investigate some   
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Figure 5.6  Analysis of afaB promoter activity with previously identified AggR 

mutants 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmids pRW50afaB, in 
addition to either pLG339 (empty vector) or pLG339aggR 042 and pBADaggR or 
the pBADaggR mutants. Cells were grown in LB in the absence (black bars) or 
presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities were 
measured as nmol of ONPG hydrolysed per minute per milligram of bacterial 
mass. The results are the calculated means of three independent determinations, 
and the standard deviations are shown for each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-Y92C or 
pBADaggR-Y92R. A one-way ANOVA was calculated using the promoter 
activities, showing the analysis was significant (p<0.0001, F(15, 32) = 
27.85). A post-hoc Tukey’s HSD test showed that there was no significant 
difference between promoter activities in cells carrying pLG339aggR 042 
and containing either pBADaggR-Y92C or pBADaggR-Y92R in the 
presence and absence of arabinose (p>0.05).  

B. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-D86N-
L221S or pBADaggR-Q230R-K263STOP.  
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of these residues further, by substituting alanine or serine at position 92, and 

reconstructing the Q230R mutant without any C-terminal deletion. I also 

examined the effects of the N168D substitution, located in the region between 

the N- and C-terminal domains, that I had previously obtained from error-prone 

PCR.  

Mutant aggR genes were amplified using Megaprimer PCR, utilising a forward 

primer containing the mutation and the pRW50 reverse primer, introducing a 

HindIII restriction site, for the first PCR and the second PCR used the purified 

product from the first PCR and the pRW50 forward primer, introducing an EcoRI 

restriction site. The mutated aggR gene fragments were ligated into pBAD30.  

The pBADaggR mutant recombinant plasmids were transformed into E. coli 

BW25113 cells containing pRW50afaB; pBADaggR and pBAD30 empty vector 

were also transformed into BW25113 cells as positive and negative controls, 

respectively. Cells were grown in the presence or absence of 0.2% (w/v) 

arabinose and promoter activity was determined by measuring the b-

galactosidase activity in lysed cells. The results in Figure 5.8A show that cells 

containing pRW50afaB in the presence of AggR, AggR-N168D or AggR-Q230R 

had high b-galactosidase levels, in fact, the expression levels were higher in the 

presence of AggR-Q230R (866 units) than AggR (560 units) or AggR-N168D (586 

units). The b-galactosidase levels when expression of AggR-Y92A and AggR-

Y92S was induced by addition of arabinose to the medium were low, 26 units and 

39 units, respectively, and comparable to the basal levels, 29 units.  

Next, I transformed pBAD30, pBADaggR, pBADaggR-N168D, pBADaggR- 

Q230R, pBADaggR-Y92A and pBADaggR-Y92S into E. coli BW25113 ∆lac cells 
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Figure 5.7  The predicted structure of AggR 

A model showing the proposed structure of the AggR protein. The homology 
model was generated from the crystal structure of ToxT (Vibrio cholerae). HTH1 
is highlighted in pink and HTH2 is blue. The red amino acids indicate residues 
that have previously been targeted for mutagenesis, the yellow arrows show the 
location of the N-terminal mutation at residue 92 and in the HTH2 at position 230. 
The figure was constructed using PyMol (the PyMOL Molecular Graphics System, 
Version 2.0 Schrödinger, LLC). 
  

Y92C 
and 
Y92R

Q230R



 

 209 

containing pRW50nlpA. Assays were completed with the nlpA promoter to 

confirm that mutations introduced into AggR did not affect DNA binding at target 

promoters. Cultures were grown to mid-exponential stage with each culture 

grown in duplicate in the presence and absence of 0.2% (w/v) arabinose. The b-

galactosidase levels were measured in lysed cells to indicate promoter activities. 

The results in Figure 5.8B show that the b-galactosidase levels were decreased 

when expression of each of the AggR constructs was induced by arabinose, 

including wild-type and the mutants, though cells with wild-type AggR showed the 

greatest reduction (2-fold, 78 units compared to empty vector, 153 units). The 

AggR mutants had the following reductions compared to empty vector: AggR-

N168D, 1.7-fold and 89 units; AggR-Q230R, 1.7-fold and 90 units; AggR-Y92A, 

1.3-fold and 114 units; and AggR-Y92S, 1.4-fold and 112 units. Interestingly, b-

galactosidase levels also decreased in the presence of arabinose in cells 

containing pBAD30 empty vector. The results indicate that each of these AggR 

mutants can repress the nlpA promoter. Thus, although the AggR Y92A and 

Y92C mutants are defective for activating target promoters (Figure 5.8A), they 

are able to bind to promoter DNA.  

Since cells containing AggR-Q230R showed unexpectedly high b-galactosidase 

levels (Figure 5.8A), compared to the low b-galactosidase levels with AggR-

Q230R-K263STOP (Figure 5.5B and Figure 5.6B), I decided to introduce further 

changes at position 230, using Megaprimer PCR. Note that position 230 

corresponds to an important residue in MelR that interacts with the RNAP s70 

subunit, see section 5.4.3 (Grainger et al., 2004). Hence, glutamine 230 in 042 

AggR was mutated to either alanine, leucine, or methionine, and the resultant 
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pBADaggR mutant recombinant plasmids were transformed into E. coli BW25113 

∆lac cells containing pRW50afaB. Cells were grown in duplicate in the presence 

and absence of 0.2% (w/v) arabinose until the OD650 reached between 0.4 and 

0.6. b-galactosidase levels were measured to indicate promoter activity. The 

results in Figure 5.8C show that there was an increase in b-galactosidase activity 

when expression of AggR-Q230A (17-fold and 368 units), AggR-Q230L (13-fold 

and 270 units) and AggR-Q230M (17-fold and 361 units) was induced, compared 

to empty vector control (21 units). The data suggest that mutating glutamine at 

position 230 does not stop activation at AggR-dependent promoters. Hence the 

results with the AggR-Q230R-K263STOP mutant, shown in Figure 5.5B and 

Figure 5.6B, highlight the importance of the C-terminal 3-residue truncation of 

AggR. For this reason, I introduced this 3-residue truncation into AggR, carrying 

glutamine at position 230. Megaprimer PCR was utilised to introduce the 3-

residue truncation into aggR, using primers with an EcoRI site upstream and an 

XbaI site downstream. Recombinant plasmids pBADaggR-Q230R and 

pBADaggR-K263STOP were transformed into E. coli K-12 BW25113 ∆lac 

carrying pRW50afaB and either pLG339 empty vector or pLG339aggR 042. Cells 

were grown in the presence and absence of 0.2% (w/v) arabinose and b-

galactosidase levels were measured in cell lysates to indicate promoter activity. 

Cells containing pLG339 empty vector had increased b-galactosidase levels 

when expression of pBADaggR-Q230R (91-fold, 1145 units) and pBADaggR-

K263STOP (25-fold, 317 units) was induced, compared to pBAD30 empty vector 

(13 units) (Figure 5.9A). This shows that AggR-K263STOP is seriously defective 

for activation function. Cells containing pLG339aggR 042 with the expression of   
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Figure 5.8  Analysis of promoter activity with AggR mutants  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50 carrying 
AggR-activated promoters in addition to either pBAD30 (empty vector), 
pBADaggR or the pBADaggR mutants. Cells were grown in LB in the absence 
(black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point. 

A. Cells containing pRW50afaB with pBAD30 (empty vector), pBADaggR, 
pBADaggR-N168D, pBADaggR-Q230R, pBADaggR-Y92A or pBADaggR-
Y92S. 

B. Cells containing pRW50nlpA with pBAD30 (empty vector), pBADaggR, 
pBADaggR-N168D, pBADaggR-Q230R, pBADaggR-Y92A or pBADaggR-
Y92S.  

C. Cells containing pRW50afaB with pBAD30 (empty vector), pBADaggR, 
pBADaggR-Q230A, pBADaggR-Q230R or pBADaggR-Q230M.  
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the pBADaggR induced had minimal reduction in b-galactosidase activity 

compared to cells in the absence of arabinose. For pBADaggR-Q230R, there was 

a 1.2-fold decrease, with 1937 units in the absence of arabinose and 1604 units 

in its presence. The reduction was lower for pBADaggR-K263STOP, just over 1-

fold, with 1465 units in the absence of arabinose compared to 1334 units. The 

data indicate that separating the Q230R and K263STOP mutations negatively 

impacts the level of interference compared to AggR-Q230R-K263STOP (1.5-fold 

reduction), which shows that these mutants are not trans-dominant. However, the 

results also show that separating the mutations actually restored activation 

function compared to the combined mutant, this suggests that the combined 

mutant is defective in DNA binding, or there was a detrimental conformational 

change.  

During constructions, another AggR-mutant was obtained by chance, AggR-

QIS230-232KIP, with a three-residue substitution at positions 230-232 from QIS 

to KIP. pBADaggR-QIS230-232KIP was transformed into E. coli K-12 BW25113 

containing pRW50afaB and either pLG339 empty vector or pLG339aggR 042.  

Cells were grown in the presence and absence of 0.2% (w/v) arabinose and the 

b-galactosidase levels were measured to show promoter activity. The results in 

Figure 5.9B show that the b-galactosidase levels are low in the presence and 

absence of arabinose in cells containing pLG339 empty vector and pBADaggR-

QIS230-232KIP, 121 and 50 units, respectively. However, cells containing 

pLG339aggR 042 and pBADaggR-QIS230-232KIP showed just over 1-fold 

difference in the presence and absence of arabinose, 1539 and 1654 units, 

respectively. The results indicate that the QIS230-232KIP AggR mutant 
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effectively blocked activation, however, when AggR and the QIS230-232KIP 

mutant were grown in trans, there was no reduction in activity. This suggests that 

the QIS230-232KIP mutant is severely defective for activation but is not trans-

dominant.  

Data show that residue Y92 is important for AggR-medicated activation, similarly, 

changing positions 230-232 prevents AggR-activation. While truncating the final 

three residues greatly reduced expression levels, activation still occurred at a 

lower level. Interestingly, Q230, which has been shown to be important in MelR 

(Grainger et al., 2004), has been shown to not be vital for AggR activation at 

target promoters.  

In summary, in this section I have isolated AggR mutants that are severely 

defective for activation at target promoters, however, none of the changes in 

AggR resulted in strong trans-dominance.  

5.4 Mutations guided by other AraC family transcription 

factors  

The changes described above that I introduced in AggR did not have a strong 

trans-dominant effect when co-expressed with wild-type AggR. Thus, I decided 

to investigate mutations that had been identified in other AraC members as 

defective for activation at target promoters.  

5.4.1 Mutations according to Rns 

The first mutations looked at here were from Rns ETEC. As discussed in Section 

4.2.1, Rns has sequence homology to AggR and can be used interchangeably at  
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Figure 5.9  Analysis of afaB promoter activity with co-expression of AggR 

mutants targeting HTH2 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmids pRW50afaB, in 
addition to either pLG339 (empty vector) or pLG339aggR 042 and pBADaggR or 
the pBADaggR mutants. Cells were grown in LB in the absence (black bars) or 
presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities were 
measured as nmol of ONPG hydrolysed per minute per milligram of bacterial 
mass. The results are the calculated means of three independent determinations, 
and the standard deviations are shown for each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-Q230R or 
pBADaggR-K263STOP. 

B. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR or pBADaggR-
QIS230-232KIP.  
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AggR-dependent promoters, due to recognition of similar DNA sequences. 

Therefore, I decided to utilise my pLG339 assay system to determine whether 

mutations identified in Rns would effectively block activation and act in a trans-

dominant manner. Two Rns mutants, I14T and N16D, had previously been shown 

to be defective for activation (Basturea et al., 2008), these are indicated in Figure 

5.10, the residues at position 14 and 16 are the same in Rns and AggR. 

The corresponding changes were introduced into AggR, utilising primers with an 

EcoRI site upstream and XbaI site downstream. The pBADaggR-I14T and 

pBADaggR-N16D recombinant plasmids were transformed into E. coli K-12 

BW25113 ∆lac containing pRW50afaB and either pLG339 empty vector or 

pLG339aggR 042. Cells were grown in the presence and absence of 0.2% (w/v) 

arabinose and b-galactosidase levels in cell lysates were measured to determine 

promoter activity. The results in Figure 5.11A show that the b-galactosidase 

levels were low in cells containing pLG339 and pBADaggR-I14T or pBADaggR-

N16D both in the presence (15 and 25 units, respectively) and absence of 

arabinose (15 and 16 units, respectively), compared to empty vector (14 and 15 

units, respectively).  

Cells containing pLG339aggR 042 and pBADaggR-I14T in the absence of 

arabinose had 1200 b-galactosidase units, this was reduced 2-fold in the 

presence of arabinose (551 b-galactosidase units; one-way ANOVA, p<0.0001; 

Tukey test, p<0.05). For pBADaggR-N16D, there was just under a 2-fold 

difference, from 1227 b-galactosidase units in the absence of arabinose to 618 

units in the presence of arabinose (Tukey test, p<0.05). Interestingly, cells 

containing pLG339aggR 042 and pBADaggR also had over a 2-fold difference, 
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from 1304 b-galactosidase units to 601 units. The results indicate that AggR-I14T 

and AggR-N16D interfere with AggR expressed from pLG339, though these 

AggR mutants are not strongly trans-dominant.  

Then, I transformed pBADaggR-I14T and pBADaggR-N16D into E. coli K-12 

BW25113 cells containing pRW50agg4D and either pLG339 or pLG339aggR 

042. Cells were grown with shaking until mid-exponential phase in the presence 

and absence of arabinose and promoter activity was determined by measuring 

b-galactosidase levels. The results in Figure 5.11B show that cells containing 

pLG339 and pBADaggR-I14T had low levels of induction, 4.6-fold from 28 b-

galactosidase units in the absence of arabinose to 127 units in its presence. With 

pBADaggR-N16D, there was a 4.9-fold induction from 28 b-galactosidase units 

in the absence of arabinose to 137 units in its presence. b-galactosidase levels 

were much higher with pBADaggR with 1293 units in the presence of arabinose. 

There was a 1.4-fold difference for cells containing pLG339aggR 042 and 

pBADaggR-I14T (1063 b-galactosidase units in the presence of arabinose from 

1523 units in its absence) or pBADaggR-N16D (1118 units from 1594 units).  

Changing residues I14 and N16 resulted in AggR mutants that were defective in 

activation, consistent with results obtained for Rns (Basturea et al., 2008), 

indicating that these residues, and the N-terminal domain, are vital for AggR-

dependent activation. Though neither AggR-I14T nor AggR-N16D were strongly 

trans-dominant, there was a 2-fold reduction at the afaB promoter and 1.4-fold 

reduction at the agg4D promoter when co-expressed with wild-type AggR. This 

indicates that both changes in AggR, guided by Rns, that resulted in mutants 

defective in activation also interfered with wild-type AggR.   
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Figure 5.10  Alignment of Rns ETEC and AggR EAEC strain 042 amino acid 

sequences 

The figure shows an alignment of the amino acid sequences of AggR 042 (EAEC 
strain 042) and Rns from ETEC. The predicted secondary structure located above 
the amino acid sequence is modelled on Rns (ETEC) with the a helices and b 
sheets labelled. For the tertiary structure, the two HTH motifs that are part of the 
AraC homologous region are highlighted in grey. The amino acids highlighted in 
red indicate the residues targeted for mutational analysis guided by Rns. Adapted 
from Mahon et al. (2010). 
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Figure 5.11  Analysis of promoter activity with AggR mutants guided by Rns 
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The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmids pRW50afaB 
(A) or pRW50agg4D (B), in addition to either pLG339 (empty vector) or 
pLG339aggR 042 and pBADaggR or the pBADaggR mutants. Cells were grown 
in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. 
The b-galactosidase activities were measured as nmol of ONPG hydrolysed per 
minute per milligram of bacterial mass. The results are the calculated means of 
three independent determinations, and the standard deviations are shown for 
each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-I14T or 
pBADaggR-N16D. A one-way ANOVA was calculated using the promoter 
activities, showing the analysis was significant (p<0.0001, F(15, 32) = 
209.8). A post-hoc Tukey’s HSD test showed that there was a significant 
difference between promoter activities in cells containing pBADaggR-I14T 
or pBADaggR-N16D in the presence and absence of arabinose (p<0.05).   

B. Cells containing pRW50agg4D with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-I14T or 
pBADaggR-N16D. A one-way ANOVA was calculated using the promoter 
activities, showing the analysis was significant (p<0.0001, F(15, 32) = 
123.0). A post-hoc Tukey’s HSD test showed that there was a significant 
difference between promoter activities in cells containing pBADaggR-I14T 
or pBADaggR-N16D in the presence and absence of arabinose (p<0.05).  
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5.4.2 Mutations guided by the MelR DNA-binding domain  

The changes I introduced, guided by Rns from ETEC, located in the N-terminal 

domain, did not result in strong trans-dominant AggR mutants. Therefore, I 

decided to target key structural regions that are conserved across the AraC 

family. I utilised a study by David Grainger that had mutagenized MelR by 

targeting residues important for DNA binding and interacting with RNAP s70, see 

section 5.4.3 (Grainger et al., 2004). MelR and AggR do not have high sequence 

identity, however, interesting MelR substitutions are located in the 99 amino acid 

region that is conserved between AraC family members (4.2.1). 

Here, I focus on changes in MelR that affected its DNA binding function, and the 

corresponding changes in AggR (Figure 5.12A). My goal was to find AggR 

positive control mutants that prevented activation at target promoters. It has long 

been assumed that AggR functions as a simple Class II activator that binds to the 

promoter, overlapping the -35 element, and recruits RNAP to the DNA for 

transcription initiation. Thus, preventing binding will stop promoter activation by 

AggR. Mutations that resulted in small negative effects on DNA binding by MelR, 

highlighted in pink in Figure 5.12B, corresponded to residues E199, S200 and 

R245 in AggR. The greatest effects were seen at positions corresponding to 

residues I192, T240 and Y242 in AggR. Hence, alanine was introduced, using 

Megaprimer PCR, at each of these positions, using primers with an EcoRI site 

upstream and XbaI site downstream. The mutant recombinant plasmids, 

pBADaggR-I192A, pBADaggR-E199A, pBADaggR-S200A, pBADaggR-T240A, 

pBADaggR-Y242A and pBADaggR-R245A, were transformed into E. coli K-12 

BW25113 ∆lac containing pRW50afaB (Figure 5.12C) and pRW50agg4D (Figure 
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5.12D). Cells were grown in the presence and absence of 0.2% (w/v) arabinose, 

and b-galactosidase levels in cells lysates were measured to determine promoter 

activity.  

The data in Figure 5.12C show that there is an increase in b-galactosidase levels 

in the presence of arabinose, compared to empty vector (40 units), in cells 

containing pBADaggR-I192A (6.7-fold, 271 units), pBADaggR-E199A (12.1-fold, 

485 units), pBADaggR-S200A (11.7-fold, 467 units), pBADaggR-T240A (10.5-

fold, 420 units), and pBADaggR-R245A (19.5-fold, 779 units). However, b-

galactosidase levels in cells containing pBADaggR-Y242A were low in the 

presence and absence of arabinose (27 and 30 units, respectively), and 

comparable to basal levels (40 and 29 units, respectively). The results indicate 

that only the pBADaggR-Y242A mutant negatively affected activation at afaB, 

which is consistent with similar experiments with MelR, where the change at this 

position had a big effect on DNA binding. Interestingly, I192A and T240A were 

expected greatly to greatly affect DNA binding, as in MelR, but activation still 

occurred. However, b-galactosidase levels were lower with I192A compared to 

wild-type AggR, which had a 10.7-fold increase to 427 b-galactosidase units. The 

R245A mutation actually increased the fold induction, 19.4-fold compared to 

10.7-fold with wild-type AggR.  

The results in Figure 5.12D show a similar story at the agg4D promoter: b-

galactosidase levels in the presence and absence of arabinose in cells containing 

pBADaggR-Y242A (59 and 56 units, respectively) were comparable to basal 

levels (52 and 55 units, respectively). The remaining AggR mutants showed an 

increase in b-galactosidase levels in the presence of arabinose compared to 
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empty vector: pBADaggR-I192A (23.4-fold, 1244 units), pBADaggR-E199A 

(37.1-fold, 1929 units), pBADaggR-S200A (34.1-fold, 1768 units), pBADaggR-

T240A (32.8-fold, 1701 units), and pBADaggR-R245A (24.5-fold, 1273 units). 

Again, there was a slight reduction with AggR-I192A compared to AggR wild-

type, which had a 30.4-fold increase with 1580 units. Interestingly, the T240A 

mutation in MelR had a big effect on DNA binding, but here, there was an increase 

compared to wild-type AggR. This was consistent with AggR-E199A and AggR-

S200A, though these mutations in MelR had a moderately negative impact on 

DNA binding. Overall, these results show that the mutations in AggR did not 

behave as expected according to MelR.  

Following these experiments with potential DNA binding mutants of AggR, I 

decided to utilise the pLG339 co-expression assay system. Thus, I transformed 

the AggR mutants into E. coli K-12 BW25113 cells containing pRW50afaB and 

either pLG339 empty vector or pLG339aggR 042. Cells were grown in LB in the 

presence and absence of arabinose, and β-galactosidase activities were 

measured.  

The results in Figure 5.13A show that the DNA binding mutants, that had a small 

effect in MelR, expressed in trans with wild-type AggR reduced b-galactosidase 

levels. The reductions between cells, in the presence and absence of arabinose, 

containing pBADaggR-E199A (1456 and 2222 units, respectively), pBADaggR-

S200A (1358 and 2259 units, respectively) and pBADaggR-R245A (1544 and 

2179 units, respectively) were 1.5-fold, 1.7-fold, and 1.4-fold, respectively. 

However, cells containing pLG339aggR 042 and pBADaggR gave a 1.4-fold 

reduction, from 2193 to 1582 units.   



 

 225 

 

 

 

MELR ANYAMGIFQRVM S-SRFYSTFGKYV
AGGR EITIRKRLESE– T–SYFIRLFVKHF

A

181 190 200 210 220 230

241 250 260

AIIADEFNVSEITIRKRLESEYITFNQILMQSRMSKAALLLLDNSYQISQISNMIGFSST

α7α6 α8α5

α9 α10

SYFIRLFVKHFGITPKQFLTYFKSQ

B

promoter 
in pRW50 afaB afaB afaB afaB afaB afaB afaB afaB

activator 
in pBAD – AggR 

042 I192A E199A S200A T240A Y242A R245A

C



 

 226 

 

Figure 5.12  Mutational analysis and promoter activity with AggR mutants, 

guided by MelR DNA binding mutants 

A. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042) and MelR (E. coli) for the second a-helix in HTH1 and 
first a-helix in HTH2. The arrows indicate residues that were targeted in 
MelR for mutational analysis. The amino acids are highlighted according 
to properties; light blue, hydrophobic; pink, glycine; dark grey, basic; and 
dark blue, polar and aromatic. Adapted from Grainger et al. (2004). 

B. The figure shows the amino acid sequence of AggR 042 (EAEC strain 
042), the predicted secondary structure located above the amino acid 
sequence is modelled on Rns (ETEC) with the a helices and b sheets 
labelled. The two HTH motifs that are part of the AraC homologous region 
are highlighted in grey. The amino acids highlighted in pink and red 
indicate the residues targeted for mutational analysis guided by MelR; 
residues highlighted in red had a big effect on DNA binding in MelR, and 
a small effect if highlighted in pink. 

C. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50afaB in addition to either pBAD30 (empty vector), pBADaggR, 
pBADaggR-I192A, pBADaggR-E199A, pBADaggR-S200A, pBADaggR-
T240A, pBADaggR-Y242A or pBADaggR-R245A. Cells were grown in LB 
in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
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arabinose. The b-galactosidase activities were measured as nmol of 
ONPG hydrolysed per minute per milligram of bacterial mass. The results 
are the calculated means of three independent determinations, and the 
standard deviations are shown for each data point.  

D. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50agg4D in addition to either pBAD30 (empty vector), pBADaggR, 
pBADaggR-I192A, pBADaggR-E199A, pBADaggR-S200A, pBADaggR-
T240A, pBADaggR-Y242A or pBADaggR-R245A. Cells were grown in LB 
in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of 
ONPG hydrolysed per minute per milligram of bacterial mass. The results 
are the calculated means of three independent determinations, and the 
standard deviations are shown for each data point. 
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Next, the DNA binding mutants with bigger effects on MelR-DNA binding, were 

co-expressed with pBADaggR and showed reduced b-galactosidase activity 

(Figure 5.13B). Cells containing pBADaggR-I192A (1249 units) in the presence 

of arabinose had a 1.8-fold reduction compared to cells grown in the absence of 

arabinose (2249 units), this was the greatest reduction seen. Cells with 

expression of AggR-T240A induced had a 1.5-fold reduction, with 1423 and 2109 

units. Cells containing pLG339 and pBADaggR-Y242A had very low b-

galactosidase levels comparable to basal levels. However, there was only a 1.5-

fold decrease in b-galactosidase activity when AggR-Y242A expression was 

induced, 1196 units, compared to cells grown in the absence of arabinose, 1791 

units.  

The data show that the mutations introduced in AggR, guided by mutations in the 

MelR DNA binding domain, behave differently than in MelR. Despite the fact that 

the mutations E199A, S200A and R245A had weak effects in MelR, the results in 

this study indicate that these mutations do not prevent activation at target 

promoters or, presumably, DNA binding. Similarly, the mutations that had big 

effects in MelR, I192A and T240A do not have a negative impact on AggR binding 

affinity to DNA. Only the Y242A change in AggR actually destroyed activation at 

the afaB promoter. When the AggR mutants were expressed in trans with wild-

type AggR, the fold-decrease in b-galactosidase activity was less than 2-fold for 

each mutant AggR. This indicates that, while there is some interference, none of 

these mutants are strongly trans-dominant.   
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Figure 5.13  Analysis of promoter activity with co-expression of AggR mutants, 

guided by MelR DNA binding mutations  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmids pRW50afaB in 
addition to either pLG339 (empty vector) or pLG339aggR 042 and pBADaggR or 
the pBADaggR mutants. Cells were grown in LB in the absence (black bars) or 
presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities were 
measured as nmol of ONPG hydrolysed per minute per milligram of bacterial 
mass. The results are the calculated means of three independent determinations, 
and the standard deviations are shown for each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-E199A, 
pBADaggR-S200A or pBADaggR-R245A. 

B. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-I192A, 
pBADaggR-T240A or pBADaggR-Y242A.  
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5.4.3 Mutations guided by the MelR s70 interaction 

Since AggR functions as a Class II activator, binding to promoter DNA 

overlapping the -35 element and, likely, interacting with the RNAP s70 domain, I 

considered targeting residues, guided by MelR, involved in this interaction. As I 

was searching for a trans-dominant mutant, I wanted to introduce changes that 

either improve or destroy the interaction, thereby either sequestering RNAP or 

stopping its recruitment at target promoters.  

The positions important for MelR s70 interaction correspond to residues Y226, 

Q227, Q230 and M234 in AggR (Figure 5.14A and Figure 5.14B). The residue 

located at Q230 has already been subjected to mutagenesis (Section 5.3.2) and 

shown to not be trans-dominant. Each of the other positions, Y226, Q227 and 

M234, was then changed to alanine utilising Megaprimer PCR. Primers were 

used with an EcoRI restriction site upstream and an XbaI site downstream. The 

recombinant plasmids, pBADaggR-Y226A, pBADaggR-Q227A and pBADaggR-

M234A, were transformed into E. coli K-12 BW25113 ∆lac cells containing 

pRW50afaB and either pLG339 empty vector or pLG339aggR 042. Cells were 

grown in LB, in the presence and absence of arabinose, to mid-exponential 

phase. Promoter activity was determined by measuring b-galactosidase levels in 

cell lysates.  

The results in Figure 5.14C show a 31.7-fold increase in b-galactosidase levels 

in cells containing pLG339 with pBADaggR-Y226A (592 units) in the presence of 

arabinose, compared to pBAD30 empty vector (19 units). The b-galactosidase 

levels are comparable to wild-type AggR, with a 32.3-fold induction, 605 units. In 

contrast, there was a 1.3-fold reduction in cells containing pLG339aggR 042 with  
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expression of AggR-Y226A induced by arabinose (1555 units), compared to cells 

in the absence of arabinose (2077 units). This is compared to a 1.4-fold reduction 

in b-galactosidase activity in cells containing pLG339aggR 042 and pBADaggR, 

with 2139 and 1484 units. The results indicate that mutating tyrosine at position 

226 to alanine does not stop interaction with RNAP s70, additionally, AggR-

Y226A is not trans-dominant. 

Next, the AggR-Q227A and AggR-M234A mutants were assayed. Figure 5.14D 

shows that b-galactosidase levels were similar in cells containing pLG339 empty 

vector with pBADaggR or pBADaggR-M234A, however, the levels were lower 

with pBADaggR-Q227A. For pBADaggR, the fold-induction was 32.3 with 605 

units, compared to 19 units with pBAD30 empty vector. In contrast, pBADaggR-

Q227A and pBADaggR-M234A had 9.1-fold (171 units) and 30.6-fold induction 

(573 units), respectively. This indicates that, when expression of AggR-Q227A 

was induced, there was a 20-fold lower increase in b-galactosidase activity 

compared to wild-type AggR. Therefore, mutating the glutamine at position 227 

to alanine impacts AggR activation at the afaB promoter.  

When AggR, AggR-Q227A and AggR-M234A were co-expressed with wild-type 

AggR, there was a 1.4, 1.6 and 1.3-fold reduction, respectively. Cells containing 

AggR-Q227A had 1256 units in the presence and 1955 units in the absence of 

arabinose, AggR-M234A had 1474 and 1928 units. The results indicate that 

AggR-Q227A expressed in trans with AggR showed the greatest reduction in b-

galactosidase activity, however, this mutant is not strongly trans-dominant. 

However, position 227 has been shown to be important for AggR activation as 

there was a dramatic reduction in b-galactosidase levels.   
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Figure 5.14  Mutational analysis and promoter activity with co-expression of 

AggR mutants, guided by MelR s70 interaction domain mutants 

A. The figure shows an alignment of the amino acid sequences of AggR 042 
(EAEC strain 042) and MelR (E. coli) for the second a-helix in HTH1 and 
first a-helix in HTH2. The arrows indicate residues that were targeted in 
MelR for mutational analysis. The amino acids are highlighted according 
to properties; light blue, hydrophobic; pink, glycine; and green, polar and 
aliphatic. Adapted from Grainger et al. (2004). 

B. The figure shows the amino acid sequence of AggR 042 (EAEC strain 
042), the predicted secondary structure located above the amino acid 
sequence is modelled on Rns (ETEC) with the a helices and b sheets 
labelled. The two HTH motifs that are part of the AraC homologous region 
are highlighted in grey. The amino acids highlighted in green indicate the 
residues targeted for mutational analysis guided by MelR that had an effect 
on s70 interaction. 

C. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50afaB, in addition to either pLG339 (empty vector) or pLG339aggR 
042 and carrying either pBAD30 (empty vector), pBADaggR or 
pBADaggR-Y226A. Cells were grown in LB in the absence (black bars) or 
presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per 
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milligram of bacterial mass. The results are the calculated means of three 
independent determinations, and the standard deviations are shown for 
each data point.  
* Expression of the aggR gene is under the control of the aggR promoter 

D. The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid 
pRW50afaB, in addition to either pLG339 (empty vector) or pLG339aggR 
042 and carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-
Q227A or pBADaggR-M234A. Cells were grown in LB in the absence 
(black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-
galactosidase activities were measured as nmol of ONPG hydrolysed per 
minute per milligram of bacterial mass. The results are the calculated 
means of three independent determinations, and the standard deviations 
are shown for each data point.  
* Expression of the aggR gene is under the control of the aggR promoter 
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My data indicates that “one size does not fit all”, and what works for MelR doesn’t 

necessarily work for AggR: only AggR-Q227A greatly affected expression levels, 

indicating that this residue is important for AggR-activation function, potentially 

for contacting RNAP. While some interference was seen when mutants were co-

expressed with wild-type AggR, this did not stop AggR-activation at afaB.  

5.4.4 Mutations of charged residues  

In the next part of my work, I studied the effects of changing several charged 

residues in the two HTH motifs of AggR that are conserved in AraC family of 

transcription factors and might make contacts with specific DNA sequences 

(Bhende and Egan, 1999; Mahon et al., 2010; Schuller et al., 2012). Figure 5.15 

highlights these residues.  

The glutamic acid at position 191 was targeted as it is at the start of the predicted 

second ‘recognition’ a-helix of HTH1, and this negatively charged residue has 

been identified as important for contacting DNA in other AraC family transcription 

factors (Bhende and Egan, 1999). An alanine codon was introduced by using 

Megaprimer PCR with primers that contained an EcoRI restriction site upstream 

and HindIII site downstream. The recombinant plasmid, pBADaggR-E191A, was 

transformed into E. coli K-12 BW25113 ∆lac cells containing pRW50afaB and 

either pLG339 or pLG339aggR 042. Cells were grown in the presence and 

absence of 0.2% (w/v) arabinose and b-galactosidase levels were measured from 

cell lysates to determine promoter activity. The results in Figure 5.16A show that 

b-galactosidase levels were low in cells containing pLG339 and pBADaggR-

E191A, in the presence and absence of arabinose (101 and 44 b-galactosidase  
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units, respectively), comparable to empty vector control (19 and 22 units, 

respectively). Cells containing pLG339aggR 042 and pBADaggR-E191A in the 

presence of arabinose had 1151 units, compared to 1793 units in the absence of 

arabinose, which was a 1.6-fold reduction. In contrast, pLG339aggR 042 and 

pBADaggR co-expressed had a 1.4-fold decrease, from 2139 units to1484. This 

indicates that expressing AggR-E191A in trans with wild-type AggR, from 

pLG339aggR 042, had a greater effect than wild-type AggR. However, AggR-

E191A is not strongly trans-dominant in this system.  

Next, positions 195-197 were targeted due to the charged amino acids arginine, 

lysine, arginine (RKR) at these positions, which are conserved in other AraC 

family transcriptional regulators, including Rns (ETEC) (Schuller et al., 2012; 

Mahon et al., 2010); additionally, these positions have been identified as 

contacting DNA in other AraC members (Bhende and Egan, 1999). Each of these 

residues was separately mutated to alanine, the three positions were also 

mutated together to alanine to determine how removing this stretch of electrically 

charged amino acids would affect AggR-activation. Mutations were introduced 

into AggR using megaprimer PCR with primers containing an EcoRI restriction 

site upstream and HindIII site downstream.  

The recombinant plasmids, pBADaggR-R195A, pBADaggR-K196A and 

pBADaggR-R197A, were transformed into E. coli K-12 BW25113 cells containing 

pRW50afaB with pLG339 empty vector or pLG339aggR 042. Cells were grown 

in LB to mid-exponential phase, samples were grown in the absence and 

presence of arabinose. Promoter activities were determined by measuring b-

galactosidase levels in cell lysates.  
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The data in Figure 5.16B show that each of the pBADaggR mutants prevented 

AggR-dependent activation and b-galactosidase levels are like basal levels with 

pBAD30 empty vector. The reduction in b-galactosidase levels were similar in 

cells containing pLG339aggR 042 and pBADaggR, pBADaggR-R195A, 

pBADaggR-K196A and pBADR197A: 1.4, 1.4, 1.5 and 1.4-fold reductions, 

respectively. b-galactosidase levels measured in the presence and absence of 

arabinose were: 1468 and 2021 units, respectively, for pBADaggR; 1129 and 

1624 units, respectively, for pBADaggR-R195A; 1333 and 1940, respectively, for 

pBADaggR-K196A; and 998 and 1425 units, respectively, for pBADaggR-R197A. 

The results indicate that individually altering positions 195-197 in AggR prevents 

AggR-activation at afaB, however, the reduction in b-galactosidase levels when 

AggR mutants were co-expressed with wild-type AggR was minimal, comparable 

to overexpression of wild-type AggR from the different plasmids. Therefore, the 

195, 196 and 197 position mutants are not trans-dominant.  

Next, I constructed a mutant where all three of the charged residues were 

changed to alanine. Again, I used Megaprimer PCR and primers with EcoRI and 

HindIII sites, upstream and downstream, respectively. The pBADaggR-RKR195-

197AAA recombinant plasmid was transformed into E. coli K-12 BW25113 cells 

containing pRW50afaB and either pLG339 or pLG339aggR 042. Cells were 

grown in the presence and absence of arabinose. Figure 5.16C shows that 

mutating all three residues stops activation at the afaB promoter. However, in 

cells containing pLG339aggR 042 and pBADaggR-RKR195-197AAA, arabinose 

triggered a reduction in b-galactosidase expression by only 1.3-fold. This 

indicates that mutating positions 195-197 does not result in a trans-dominant   
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Figure 5.15  Mutational analysis of AggR, targeting charged residues  

The figure shows the amino acid sequence of AggR 042 (EAEC strain 042), the 
predicted secondary structure located above the amino acid sequence is 
modelled on Rns (ETEC) with the a helices and b sheets labelled. The two HTH 
motifs that are part of the AraC homologous region are highlighted in grey. The 
amino acids highlighted in brown indicate the residues targeted for mutational 
analysis due to these positions being conserved charged residues. Adapted from 
Mahon et al. (2010). 
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Figure 5.16  Analysis of afaB promoter activity with co-expression of AggR 

mutants targeting HTH1 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmids pRW50afaB, in 
addition to either pLG339 (empty vector) or pLG339aggR 042 and pBADaggR or 
the pBADaggR mutants. Cells were grown in LB in the absence (black bars) or 
presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase activities were 
measured as nmol of ONPG hydrolysed per minute per milligram of bacterial 
mass. The results are the calculated means of three independent determinations, 
and the standard deviations are shown for each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR or pBADaggR-E191A. 
A one-way ANOVA was calculated using the promoter activities, showing 
the analysis was significant (p<0.0001, F(11, 60) = 76.6). A post-hoc 
Tukey’s HSD test showed that there was a significant difference between 
promoter activities in cells containing pLG339aggR 042 and pBADaggR-
E191A in the presence and absence of arabinose (p<0.05).   

B. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR, pBADaggR-R195A, 
pBADaggR-K196A or pBADaggR-R197A.  

C. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR or pBADaggR-
RKR195-197AAA. 
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AggR mutant and the reduction in b-galactosidase levels is actually less than that 

seen when the residues at 195, 196 and 197 were individually changed.  

Next, the second a-helix in the second HTH motif was targeted. Again, charged 

amino acids, arginine and lysine, were targeted, at positions 245 and 249, 

respectively. Mutations were introduced into aggR using megaprimer PCR with 

primers that containing an EcoRI restriction site upstream and HindIII site 

downstream. Cells were grown to mid-exponential phase in the presence and 

absence of arabinose and promoter activity was determined by measuring b-

galactosidase levels in cell lysates. Firstly, with cells containing pLG339 empty 

vector, the results in Figure 5.17 show that cells containing pBADaggR-R245K 

(1128 b-galactosidase units) had the highest induction levels, 64-fold, in the 

presence of arabinose. This was followed by pBADaggR, 46-fold induction to 814 

b-galactosidase units, then pBADaggR-K249A with 34-fold induction to 607 units. 

The results indicate that neither AggR-R245K nor AggR-K249A stopped AggR-

activation at afaB, in fact, AggR-R245K increased activation. Next, with the cells 

containing pLG339aggR 042, the data show that there was only a 1.1-fold 

reduction in b-galactosidase levels when expression of AggR-R245K and AggR-

K249A was induced, from 1516 to 1382 units, and from 1404 to 1277 units, 

respectively. When wild-type AggR was co-expressed, there was a 1.4-fold 

reduction. The results show that removing these charged residues in the second 

a-helix of the second HTH motif does not negatively impact on activation at target 

promoters or result in a trans-dominant AggR mutant.  

In summary, the results show that, while none of the AggR mutants are strongly 

trans-dominant, there were dramatic effects on AggR-mediated activation: 
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changing the charged residues in the second a-helix of HTH1 completely 

prevented AggR-activation at the afaB promoter, however, changing charged 

residues in the second a-helix of HTH2 did not prevent activation. This indicates 

that the charged residues in HTH1 are vital for AggR activation function, 

presumably for DNA binding.  

5.4.5 Mutations guided by VirF 

After considering changes in AggR in its N-terminal domain, guided by Rns, and 

in its C-terminal domain, guided by MelR, I considered a previous report of trans-

dominant mutants in Shigella flexneri VirF (Porter and Dorman, 2002). As 

discussed in Section 4.4, AggR and VirF share 34% sequence identity and belong 

to the same AraC subgroup as Rns, CsvR and CfaR from ETEC (Munson and 

Scott, 1999; Munson et al., 2001). The study by Porter and Dorman identified two 

changes in VirF that resulted in trans-acting VirF mutants, when co-expressed 

with wild-type. The first, VirF-I180N, located in the first a-helix of HTH1, altered a 

conserved hydrophobic residue, which affected the formation of the DNA-protein 

complex. The second, Y224STOP, located just preceding the first a-helix of 

HTH2, introduced a premature stop codon, resulting in deletion of HTH2, which 

is involved in contacting RNAP (Porter and Dorman, 2002).  

The sequence alignment in Figure 5.18 shows Rns ETEC, AggR EAEC 042 and 

VirF S. flexneri, with the predicted secondary structure, indicating the position of 

the two HTH motifs. I have highlighted the locations where changes in AggR were 

previously introduced in AggR. In VirF, a number of changes that affect its activity   
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Figure 5.17  Analysis of afaB promoter activity with co-expression of AggR 

mutants targeting HTH2 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB in 
addition to either pLG339 (empty vector) or pLG339aggR 042 and pBADaggR, 
pBADaggR-R245K or pBADaggR-K249A. Cells were grown in LB in the absence 
(black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point.  
* Expression of the aggR gene is under the control of the aggR promoter   
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are highlighted in blue, and the locations of the I180N and Y224STOP changes 

are highlighted in red. Correspondingly in AggR, I engineered an isoleucine to 

asparagine change at position 183, and also introduced a premature stop codon 

at position 227. Note that I had previously introduced a change at this position 

(see Section 5.4.3: glutamine to alanine), when making changes guided by MelR.  

To introduce these changes in AggR, I utilised Q5 site-directed mutagenesis. The 

pBADaggR-I183N and pBADaggR-Q227STOP recombinant plasmids were 

transformed into E. coli K-12 BW25113 ∆lac cells containing pRW50afaB and 

either pLG339 or pLG339aggR 042. Cells were grown in LB, and in the presence 

and absence of arabinose, to mid-exponential phase and b-galactosidase activity 

was measured as an indicator of promoter activity.  

Figure 5.19A shows the results with AggR-I183N. With cells containing pLG339 

empty vector, the data show that the AggR-I183N mutant gives low b-

galactosidase levels in the presence and absence of arabinose comparable to 

empty vector controls. Cells containing pBADaggR in the presence of arabinose 

(277 units) had a 7-fold induction over cells in the absence of arabinose (39 units). 

In cells containing pLG339aggR 042 with pBADaggR, the b-galactosidase levels 

decreased 1.2-fold, from 1436 units to 1164 units when expression of AggR was 

induced. There was also a 1.2-fold decrease with AggR-I183N: from 1146 units 

in the absence of arabinose to 943 units when expression of AggR-I183N was 

induced (one-way ANOVA, p>0.0001; Tukey test, p>0.05). The results indicate 

that the change at position 183 blocks AggR-activation at the afaB promoter, 

however, AggR-I183N is not trans-dominant to wild-type AggR.  
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Figure 5.18  Alignment of AggR, Rns and VirF amino acid sequences  

The figure shows an alignment of the amino acid sequences of AggR 042 (EAEC 
strain 042), VirF (S. flexneri) and Rns (ETEC). The predicted secondary structure 
located above the amino acid sequence is modelled on Rns (ETEC) with the a 
helices and b sheets labelled. For the tertiary structure, the two HTH motifs that 
are part of the AraC homologous region are highlighted in grey. The amino acids 
highlighted in bold in the AggR and Rns sequences indicate the residues 
previously targeted for mutational analysis. For VirF, residues highlighted in blue 
were defective VirF mutants and red indicates the residues that resulted in a 
trans-dominant phenotype. Adapted from Mahon et al. (2010).  
  

1 10 20 30 40 50

61 70 80 90 100 110

121 130 140 150 160 170

180 190 200 210 220 230

240 250 260

β1 β2 β5β3 β6β4

β7 α1 α2

Rns LGIIADAFNASEITIRKRLESENTNFNQILMQLRMSKAALLLLENSYQISQISNMIGISS
AggR LAIIADEFNVSEITIRKRLESEYITFNQILMQSRMSKAALLLLDNSYQISQISNMIGFSS 
VirF LSDISNNLNLSEIAVRKRLESEKLTFQQILLDIRMHHAAKLLLNSQSYINDVSRLIGISS

α7α6 α8α5

α9 α10

α3 α4

Rns MDFKYTEEKETIKINNIMIHKYTVLYTSNCIMDIYSEEEKITCFSNRLVFLERGVNISVR 
AggR MKLKQNIEKEIIKINNIRIHQYTVLYTSNCTIDVYTKEGSNTYLRNELIFLERGINISVR 
VirF --MMDMGHKNKIDIK-VRLHNYIILYAKRCSMTVSSGNETLTIDEGQIAFIERNIQINVS

Rns MQKQILSEKPYVAFRLNGDMLRHLKDALMIIYGMSKIDTNACRSMSRKIMTTEVNKTLLD
AggR LQKKKSTANPFIAIRLSSDTLRRLKDALMIIYGISKVDACSCPNWSKGIIVADADDSVLD 
VirF IKKS-DSINPFEIISLDRNLLLSIIRIMEPIYSFQHSYSEEKRGLNKKIFLLSEEEVSID

Rns ELKNINSHDNS-AFISSLIYLISKLENNEKIIESIYISSVSFFSDKVRNLIEKDLSRKWT
AggR TFKSIDNNDDS-RITSDLIYLISKIENNKKIIESIYISAVSFFSDKVRNIIEKDLSKRWT
VirF LFKSIKEMPFGKRKIYSLACLLSAVSDEEALYTSISIASSLSFSDQIRKIVEKNIEKRWR

Rns ASYFIRIFNKHYGVTPKQFFTYFKGG
AggR TSYFIRLFVKHFGITPKQFLTYFKSQ
VirF PSYFIRKFNEYYGITPKKFYLYHKKF
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Figure 5.19B shows the effects of AggR truncation with AggR-Q227STOP. With 

cells containing pLG339 empty vector, as with AggR-I183N, this AggR mutant 

stopped AggR-activation at the afaB promoter. Cells containing pLG339aggR 

042 and pBADaggR showed similar levels of b-galactosidase expression in the 

presence and absence of arabinose, 1404 and 1460 units, respectively. There 

was a marginal reduction, 1.1-fold, when expression of AggR-Q227STOP was 

induced in cells carrying pLG339aggR 042 (one-way ANOVA, p<0.0001; Tukey 

test, p>0.05). The results indicate that AggR-Q227STOP is not trans dominant to 

wild-type AggR.  

The results in this section indicate that what works for VirF does not work for 

AggR; when transferred to AggR, the changes that were trans dominant in VirF 

did not produce trans dominant AggR mutants, i.e., the AggR mutants did not 

block wild-type AggR activation of afaB. However, the data have shown that I183, 

in the first a-helix of HTH1, is vital for AggR-dependent activation at the afaB 

promoter, presumably for contacting promoter DNA. Additionally, the presence of 

HTH2 is also vital for AggR-activation, presumably for contacting RNAP.  

5.5 Flipping the script – AggR mutants in pLG339 

The aggR mutations described so far vary in effectiveness at stopping AggR-

activation and cause different levels of interference when expressed in trans to 

wild-type AggR. One consistent feature is that the b-galactosidase levels have 

been higher when AggR was expressed from pLG339aggR 042 compared to 

pBADaggR. For this reason, I investigated whether this difference in expression 

levels might be masking trans dominant effects. Thus, I used Q5 site-directed 
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mutagenesis to introduce selected mutations in pLG339aggR 042, under the 

control of the aggR promoter, picking aggR mutants that were the most effective 
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Figure 5.19  Analysis of afaB promoter activity with co-expression of AggR 

mutants guided by VirF  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB, in 
addition to either pLG339 (empty vector) or pLG339aggR 042 and carrying either 
pBADaggR, pBADaggR-I183N (A) or pBADaggR-Q227STOP (B). Cells were 
grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of ONPG 
hydrolysed per minute per milligram of bacterial mass. The results are the 
calculated means of three independent determinations, and the standard 
deviations are shown for each data point. 
* Expression of the aggR gene is under the control of the aggR promoter 

A. Cells containing pRW50afaB with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR or pBADaggR-I183N. 
A one-way ANOVA was calculated using the promoter activities, showing 
the analysis was not significant (p>0.0001, F(11, 60) = 0.2348). A post-
hoc Tukey’s HSD test showed that there was no significant difference 
between promoter activities in cells containing pLG339aggR 042 and 
carrying pBADaggR-I183N in the presence and absence of arabinose 
(p>0.05).  

B. Cells containing pRW50agg4D with pLG339 or pLG339aggR 042 and 
carrying either pBAD30 (empty vector), pBADaggR or pBADaggR-
Q227STOP. A one-way ANOVA was calculated using the promoter 
activities, showing the analysis was significant (p<0.0001, F(11, 60) = 
222.4). A post-hoc Tukey’s HSD test showed that there was no significant 
difference between promoter activities in cells containing pLG339aggR 
042 and carrying pBADaggR-Q227STOP in the presence and absence of 
arabinose (p>0.05).   
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in blocking activation at promoters: AggR-Y92C and AggR-Y92R (Section 5.3.1), 

AggR-I14T and AggR-N16D (Section 5.4.1), and AggR-E191A (Section 5.4.4).  

First, I transformed pLG339aggR-Y92C and pLG339aggR-Y92R into E. coli K-12 

∆lac BW25113 cells containing pRW50afaB and either pBAD30 or pBADaggR. 

Cells were grown to mid-exponential phase in the presence and absence of 

arabinose, and b-galactosidase levels were measured to indicate promoter 

activity. The data in Figure 5.20 show that cells containing pBAD30 empty vector 

and pLG339aggR-Y92C or pLG339aggR-Y92R had b-galactosidase levels as 

low as empty vector controls. In contrast, there was a 13-fold increase in b-

galactosidase levels in cells with pBADaggR in the presence of arabinose, from 

91 units to 1221 units. When wild-type AggR was expressed from both 

pBADaggR and pLG339aggR 042, 1429 b-galactosidase units were measured, 

which is a 1.5-fold reduction from the 2141 units measured in the absence of 

arabinose. Cells containing pBADaggR and pLG339aggR-Y92C showed a 7.8-

fold increase in b-galactosidase levels, from 86 units in the absence of arabinose 

to 667 units in its presence (one-way ANOVA, p<0.0001; Tukey test, p<0.05). 

Similarly, with AggR-Y92R, there was an 8.2-fold increase from 79 to 659 units 

(one-way ANOVA, p<0.0001; Tukey test, p<0.05). This induction is less, in the 

presence of AggR-Y92R or AggR-Y92C, than with wild-type AggR, indicating 

that, though neither AggR mutant is strongly trans dominant, there is significant 

interference.  

Next, the pLG339aggR-I14T and pLG339aggR-N16D recombinant plasmids 

were transformed into E. coli K-12 BW25113 cells containing pRW50afaB and 

either pBAD30 or pBADaggR. Cells were grown in LB to mid-exponential phase, 
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in the presence or absence of arabinose, and the promoter activity was 

determined by measuring b-galactosidase levels.  The results, illustrated in 

Figure 5.21, show that cells containing pBAD30 empty vector and either 

pLG339aggR-I14T or pLG339aggR-N16D had low b-galactosidase levels, 

comparable to empty vector. The induction level was 8.7-fold for pBADaggR with 

pLG339 empty vector. For cells containing pBADaggR and pLG339aggR 042, 

there was a 1.7-fold reduction from cells in the absence of arabinose to cells with 

AggR expression induced from pBADaggR (2573 and 1504 units, respectively). 

In cells containing both pBADaggR and the pLG339aggR mutants, there was a 

10-fold induction for pBADaggR-I14T (from 60 to 605 units; Tukey test, p<0.05) 

and a 9.7-fold induction for pBADaggR-N16D (from 67 units to 651; Tukey test, 

p<0.05). For pLG339aggR-I14T, this is a 2.4-fold reduction in b-galactosidase 

levels compared to the levels of pLG339aggR 042 with empty vector. Similarly, 

AggR-N16D also interfered with wild-type AggR, giving a 2.2-fold reduction.  

Finally, I transformed pLG339aggR-E191A into E. coli K-12 BW25113 cells 

containing pRW50afaB and either pBAD30 empty vector or pBADaggR. Cells 

were grown in the presence and absence of arabinose and b-galactosidase levels 

were measured to determine promoter activity. The results in Figure 5.22 show 

that cells containing pBAD30 empty vector and pLG339aggR-E191A had low b-

galactosidase levels in the presence and absence of arabinose, both 80 units, 

compared to empty vector controls, 36 and 44 units, respectively. There was a 

3.7-fold increase in b-galactosidase levels, from 297 to 1100 units in the absence 

and presence of arabinose, respectively, in cells containing pLG339 and 

pBADaggR. In cells containing pLG339aggR-E191A with expression of 
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pBADaggR induced by the addition of arabinose to the media, there was a 3.2-

fold increase (834 units) over the cells grown in the absence of arabinose (258 

units). This was a 1.7-fold reduction in b-galactosidase activity compared to the 

cells containing pLG339aggR 042 and pBAD30 empty vector (Tukey test, 

p<0.05). Therefore, this AggR mutant is not trans dominant.  

The results in this section indicate that there is some interference with wild-type 

AggR, when the mutant AggR is expressed from the pLG339aggR 042 vector, 

under the control of the aggR promoter.  

5.6 Discussion  

The AggR regulon contains many virulence factors involved in the pathogenicity 

of EAEC. My starting intention was to use AggR mutants to block AggR-activation 

at promoters, thus preventing expression of virulence factors and opening up a 

possible avenue for the treatment of EAEC infections without using antibiotics; 

for example, by delivering non-functional AggR in trans with wild-type AggR to 

block activation at target promoters. Through extensive mutational analysis of the 

aggR gene, and subsequent measurements of AggR-dependent activation at 

promoters, I have exhausted efforts to find a trans-dominant mutant.  

Data in Figure 5.1 shows expression and activity of AggR independent of any 

external signal, and activation levels at the tested target promoters were the same 

or higher than with arabinose-induced pBADaggR. This is an interesting result 

because it indicates that AggR expression must be turned on constantly, at least 

to low levels. This is consistent with the idea that AggR activity must reach a 

threshold for target promoters to be switched on, see Chapter 6.  

I subjected  AggR  to  extensive  mutagenesis,  both  random  and  site-directed,  
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Figure 5.20  Analysis of afaB promoter activity with co-expression of 

pLG339aggR 042 mutants targeting the N-terminal domain  

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB, in 
addition to either pBAD30 (empty vector) or pBADaggR and carrying either 
pLG339, pLG339aggR, pLG339aggR-Y92C or pLG339aggR-Y92R. Cells were 
grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of ONPG 
hydrolysed per minute per milligram of bacterial mass. The results are the 
calculated means of three independent determinations, and the standard 
deviations are shown for each data point. A one-way ANOVA was calculated 
using the promoter activities, showing the analysis was significant (p<0.0001, 
F(15, 80) = 160.8). A post-hoc Tukey’s HSD test showed that there was a 
significant difference between promoter activities in cells containing pBADaggR 
042 and carrying either pLG339 empty vector, pLG339aggR-Y92C, or 
pLG339aggR-Y92R in the presence and absence of arabinose (p<0.05).   
* Expression of the aggR gene is under the control of the aggR promoter  
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Figure 5.21  Analysis of afaB promoter activity with co-expression of 

pLG339aggR 042 mutants guided by Rns 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB, in 
addition to either pBAD30 (empty vector) or pBADaggR and carrying either 
pLG339, pLG339aggR, pLG339aggR-I14T or pLG339aggR-N16D. Cells were 
grown in LB in the absence (black bars) or presence (blue bars) of 0.2% (w/v) 
arabinose. The b-galactosidase activities were measured as nmol of ONPG 
hydrolysed per minute per milligram of bacterial mass. The results are the 
calculated means of three independent determinations, and the standard 
deviations are shown for each data point. A one-way ANOVA was calculated 
using the promoter activities, showing the analysis was significant (p<0.0001, 
F(15, 80) = 259.8). A post-hoc Tukey’s HSD test showed that there was a 
significant difference between promoter activities in cells containing pBADaggR 
042 and carrying either pLG339 empty vector, pLG339aggR-I14T, or 
pLG339aggR-N16D in the presence and absence of arabinose (p<0.05).   
* Expression of the aggR gene is under the control of the aggR promoter 
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Figure 5.22  Analysis of afaB promoter activity with co-expression of 

pLG339aggR 042 mutants targeting HTH1 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB, in 
addition to either pBAD30 (empty vector) or pBADaggR and carrying either 
pLG339, pLG339aggR or pLG339aggR-E191A. Cells were grown in LB in the 
absence (black bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-
galactosidase activities were measured as nmol of ONPG hydrolysed per minute 
per milligram of bacterial mass. The results are the calculated means of three 
independent determinations, and the standard deviations are shown for each 
data point. A one-way ANOVA was calculated using the promoter activities, 
showing the analysis was significant (p<0.0001, F(11, 60) = 84.34). A post-hoc 
Tukey’s HSD test showed that there was a significant difference between 
promoter activities in cells containing pBADaggR 042 and carrying either pLG339 
empty vector or pLG339aggR-E191A (p<0.05). 
* Expression of the aggR gene is under the control of the aggR promoter 
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throughout the aggR gene (Figure 5.3). In Table 5.1, AggR mutants that I have 

constructed and assayed are organised by the location of the change in AggR. 

The changes in the 33 mutants that I have investigated are located throughout 

AggR, both in the N- and C-terminal domains, and I found changes that 

maintained, improved, and stopped activation at the tested target promoters. 

When mutant defective AggR was co-expressed with wild-type AggR, 

interference with AggR-dependent activation was consistently below 2-fold. 

Research with other AraC family members, and the predicted structure of AggR, 

has guided my search for defective AggR mutants, and targeting key residues 

can directly interfere with DNA binding or contacts with RNAP.   

For analysis of the AggR N-terminal domain, I utilised mutants that stopped 

AggR-mediated activation at target promoters, afaB (Y92C, and Y92R, Figure 5.5 

and Figure 5.8) and agg4D (Y92C and Y92R, Figure 5.6). AggR-N168D, which 

is located at the end of the N-terminal domain, does not stop activation (Figure 

5.8). Using my new 2-plasmid genetic system to introduce AggR mutants in trans 

to wild-type AggR, I showed that the changes at residue 92 reduced activity less 

than 2-fold when co-expressed with wild-type AggR, indicating that there was 

interference but not strong trans-dominance.  

When I assayed these mutants with the nlpA promoter, there was a proportional 

reduction in activity compared to wild-type AggR. The use of the nlpA promoter 

provides a test for whether mutant AggRs are positive control mutants, thus still 

able to bind to DNA, even though defective for activation. I conclude that AggR-

Y92A and AggR-Y92S are positive control mutants.  

As discussed in Section 4.2.1, Rns from ETEC and AggR from EAEC strain 042   
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Table 5.1 AggR mutants and their characteristics 

Location  Mutation  Activation 

at afaB? 

Reduction 

when co-

expressed  

Source and 

predicted 

function 

N-terminal I14T no  2-fold Rns ETEC, 5.4.1 

 N16D no  2-fold Rns ETEC, 5.4.1 

 Y92A, Y92C, 

Y92R, Y92S 

no  Y92C: 1.4-fold 

Y92R: 1.8-fold 

5.3.1, 5.3.2 

 N168D yes N/A 5.3.2 

HTH1 I183N  no  1.2-fold VirF S. flexneri, 

5.4.5 

 E191A  no  1.6-fold Conserved, 5.4.4 

 I192A  yes 1.8-fold MelR E. coli, 5.4.2 

DNA binding  

 R195A  no  1.4-fold Conserved, 5.4.4 

 K196A no  1.5-fold Conserved, 5.4.4 

 R197A  no  1.4-fold Conserved, 5.4.4 

 RKR195- 

197AAA  

no  1.3-fold Conserved, 5.4.4 

 E199A  yes 1.5-fold MelR E. coli, 5.4.2 

DNA binding  
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 S200A  yes 1.7-fold MelR E. coli, 5.4.2 

DNA binding  

HTH2 Y226A  yes 1.3-fold MelR E. coli, 5.4.3  

σ70 interaction 

 Q227A  yes  1.6-fold MelR E. coli, 5.4.3 

σ70 interaction 

 Q227STOP no  1.1-fold VirF S. flexneri, 

5.4.5 

 Q230A, Q230L, 

Q230M, Q230R  

yes Q230R: 1.2-fold MelR E. coli, 5.4.3 

σ70 interaction 

 QIS230-232KIP  no  ~1-fold 5.3.2 

 M234A  yes 1.3-fold MelR E. coli, 5.4.3 

σ70 interaction 

 T240A  yes 1.5-fold MelR E. coli, 5.4.2 

DNA binding  

 Y242A  no  1.5-fold MelR E. coli, 5.4.2 

DNA binding  

 R245A  yes 1.4-fold MelR E. coli, 5.4.2 

DNA binding  

 R245K  yes 1.1-fold Conserved, 5.4.4 

 K249A  yes 1.1-fold Conserved, 5.4.4 
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C-terminal K263STOP yes ~1 -fold 5.3.2 

N-terminal 

and linker 

D86N-L221S no  1.6-fold 5.3.1 

C-terminal 

and HTH2 

Q230R-

K263STOP  

no  1.5-fold 5.3.1 
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have high sequence identity, and, in Figure 5.10, I show the alignment of both 

transcription factors with the predicted secondary structure. Two Rns variants, 

with changes in the N-terminal domain, were identified as positive control mutants 

(Basturea et al., 2008), and I introduced the corresponding changes into AggR: 

AggR-I14T and AggR-N16D prevented activation at the afaB and agg4D 

promoters; both mutants also interfered with wild-type AggR, around 2-fold.  

The mutational analysis of the AggR N-terminus indicates that mutating this 

region does not result in a strong trans-dominant mutant, this could be due to the 

predicted function of this domain: effector binding or multimerization. As I have 

shown that AggR does not require an external signal for expression of aggR and 

a single DNA-binding site for AggR is required for activation, I would conclude 

that the changes in this region might interfere with the proper folding of the AggR 

protein or with holding the C-terminal domain in the correct conformation. The 

changes at residues I14, N16 and Y92 resulted in AggR mutants defective for 

AggR-dependent activation at target promoters, this indicates that the N-terminal 

domain is vital for AggR function, and, in particular, these three residues.  

Interestingly, fold-difference when AggR-I14T and AggR-N16D were expressed 

in trans with wild-type AggR was greater at the afaB promoter than the agg4D 

promoter (Figure 5.11). However, there was 1.4-fold difference at the agg4D 

promoter, indicating that there was some interference. In Section 3.4, I discussed 

AggR binding affinities at different promoters and concluded that the affinity was 

greater at the agg4D promoter than at the afaB promoter. This might explain why 

the interference at each promoter is different, perhaps the greater the affinity, the 

lesser the trans-acting effect, i.e., the lack of interference from co-expression is 
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more pronounced at agg4D than afaB. This could explain why it does not seem 

possible to isolate a trans-dominant AggR mutant and this lack of trans-

dominance is just more pronounced at agg4D than afaB.  

Members of the AraC family of transcriptional regulators have been studied to 

different extents to determine the importance of the HTH motifs in the C-terminal 

domain and the effect of altering key residues: HTH1 for recognition of specific 

promoter DNA and HTH2 for contacting RNAP (Gallegos et al., 1997). MelR is 

an AraC-family transcription regulator controlled by melibiose. A mutational study 

of MelR identified six mutations in HTH1 and HTH2 that impacted DNA binding, 

three had a big effect and three had a small effect (Grainger et al., 2004). As a 

DNA binding mutant, one would expect to find a mutant that binds more strongly 

to the DNA, thus blocking wild-type AggR from binding. In Figure 5.12, the amino 

acid sequences for part of the HTH motifs from MelR and AggR are aligned 

showing the corresponding residues in AggR. AggR-Y242A, located in HTH2, 

was the only mutant that prevented AggR-activation at afaB and agg4D. AggR-

I192A, in HTH1, decreased expression levels slightly compared to wild-type 

AggR. Both changes in AggR corresponded to MelR changes that had a big effect 

on DNA binding. Interestingly, I192 also corresponds to a residue in Rns 

important for DNA binding (Mahon et al., 2010). When co-expressed with wild-

type AggR, none of these DNA binding mutants were trans-dominant and the 

greatest interference was seen with AggR-I192A. Though these changes are 

located in both of the HTH motifs for AggR and MelR, the relative importance for 

contacting DNA differs for each amino acid.  
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The MelR study also identified residues that interact with RNAP. Interestingly, I 

had previously obtained a random mutant, AggR-Q230R-K263STOP, that 

prevented AggR-activation and interfered with wild-type AggR when expressed 

in trans (Figure 5.5). The glutamine at position 230 in HTH2 had been identified 

in MelR as interacting with the RNAP s70 domain. Thus, I changed residue 230 

to different amino acids but I did not see any negative effects on AggR function 

(Figure 5.8 and Figure 5.9). One of these changes, glutamine at position 230, 

had been previously examined (see Section 5.3.2). Taken together, my data 

show that changes to this amino acid have no effect on activation by AggR. This 

position is not as important in AggR compared to MelR. Therefore, I conclude 

that AggR operates differently to MelR and, while this amino acid is in HTH2, 

which, in MelR, interacts with RNAP s70, its importance is negligible in AggR. 

Subsequently (Figure 5.14), I analysed mutations in aggR that correspond to the 

other locations in MelR that interact with the RNAP s70 domain. The four changes, 

including Q230, were located just before and within the first a-helix of HTH2 

(Grainger et al., 2004). I focused on the other three changes, corresponding to 

Y226, Q227 and M234 in AggR: none of these stopped AggR-activation and they 

were not trans-dominant. This was not entirely unexpected, considering the result 

with AggR-Q230R, when I had concluded that MelR and AggR are too different 

in the way that they function for them to behave similarly when mutated. I also 

measured the effects of changing conserved charged residues that are adjacent 

or neighbouring the residues suggested from MelR. In Figure 5.16, I showed that 

mutating these residues that are located in the second a-helix in HTH1 had a big 

effect on AggR-activity. However, none of these AggR mutants were strongly 
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trans-dominant. Similarly, targeting two charged residues in the second a-helix 

of HTH2 had but small effects on activation by wild-type AggR. This indicates 

that, despite targeting regions with amino acids with similar properties, and 

stopping AggR-activation at the afaB promoter, there were no strong trans-

dominant effects. From this, I conclude that simply changing residues that are 

conserved or important for interacting with DNA or RNAP is not sufficient to make 

a trans-dominant mutant.  

In a final effort to find a trans-dominant AggR mutant, I looked at a study that 

found two trans-dominant mutants in Shigella flexneri VirF (Porter and Dorman, 

2002). I chose this because VirF belongs to the same AraC subgroup as AggR, 

though they have lower sequence identity than AggR and Rns (Munson and 

Scott, 1999; Barbieri et al., 2001). One of the mutants identified by Porter and 

Dorman carried a single change in the first a-helix of HTH1 whilst the other lacked 

HTH2 due to a premature stop codon. The corresponding changes in AggR, 

however, did not result in trans-dominance despite both changes abolishing 

AggR-mediated activation (Figure 5.19). Neither mutant could stop wild-type 

AggR from activating at the afaB promoter.  

While expression of AggR did not require any external signal, I consistently saw 

that expression levels were higher with pLG339aggR 042 than when expression 

of AggR from pBADaggR was induced by arabinose. Therefore, I wondered if the 

level of expression of wild-type AggR from pLG339aggR 042 was masking trans-

dominant effects following arabinose-induced expression of mutant AggRs. Data 

in Figure 5.20, Figure 5.21 and Figure 5.22 show that AggR-I14T, AggR-N16D, 

AggR-Y92C, AggR-Y92R and AggR-E191A clearly interfere to some extent with 
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AggR-dependent activation at the afaB promoter. Table 5.2 shows the levels of 

reduction in activity when wild-type AggR was co-expressed with AggR mutants, 

both when the mutants were under the control of the aggR promoter and induced 

by arabinose. The results indicate that, for most of the AggR mutants, the 

reduction in activity was more pronounced when the mutant AggR was introduced 

in pLG339aggR 042. The explanation for this phenomenon is complicated, 

though it is clear that effects are similar regardless of any masking by 

overexpression. 

In the study of VirF trans-acting mutants, it was considered that expression 

reductions of 50% or more indicated trans-dominance, this was identified as a 

strong effect (Porter and Dorman, 2002). However, I conclude that a trans-

dominant effect is not strong if it is only 50%. There is little work into classifying 

the exact conditions of trans-dominance, but I would expect stronger reductions 

in expression in order to class an AggR mutant as strongly trans-dominant. It has 

been hypothesised that the VirF mutants targeting HTH1 and HTH2 are trans-

dominant because wild-type VirF binds to DNA as a monomer and then forms a 

dimer with the VirF mutant (Di Martino et al., 2016), as is the case with MelR 

(Bourgerie et al., 1997). For AggR, the largest reductions were observed with 

AggR-I14T and AggR-N16D; these were the greatest levels of trans-action (Table 

5.1).  

It had previously been claimed that many of the changes in Rns result in similar 

disruption to activation function as seen in AggR (Mahon et al., 2010). Therefore, 

as these transcription factors are so similar, and I have shown that AggR mutants   



 

 265 

Table 5.2  AggR mutants in pLG339 and pBAD30 

Location  Mutation Reduction with co-expression of*:  Section  

pLG339aggR 042  pBADaggR 

N-terminal I14T 2-fold (Figure 5.10)  2.4-fold (Figure 5.21) 5.4.1, 

5.5 

 N16D 2-fold (Figure 5.10) 2.2-fold (Figure 5.21) 5.4.1, 

5.5 

 Y92C 1.4-fold (Figure 5.4) 1.9-fold (Figure 5.20) 5.3.1, 

5.5 

 Y92R 1.8-fold (Figure 5.4) 1.8-fold (Figure 5.20) 5.3.1, 

5.5 

HTH1 E191A  1.6-fold (Figure 5.16) 1.7-fold (Figure 5.22) 5.4.4, 

5.5 
 

* Reduction of expression levels at afaB promoter with co-expression of AggR and AggR mutants.  
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are not trans-acting, I would conclude that both function differently to normal 

Class II activation, where the activator binds to the target promoter overlapping 

the -35 element and then recruits the RNAP; instead, I propose that AggR, and 

by extension Rns, functions by pre-recruitment, though more work would be 

required to confirm this. I suggest that it may not be possible to make a trans-

dominant AggR mutant because AggR does not function as a normal Class II 

activator, and functions by pre-recruitment. In pre-recruitment, AggR first 

contacts RNAP and the AggR-RNAP complex then scans the DNA for AggR-DNA 

binding sites (Taliaferro et al., 2012; Griffith et al., 2002; Griffith and Wolf, 2004; 

Martin et al., 2002). The I14T and N16D mutations in both Rns and AggR had 

strong negative effects on expression levels, but neither mutation in either 

transcription factor was trans-dominant. In Section 3.4, I discussed that AggR 

could be functioning by first binding to RNAP then scanning DNA to find a 

dependent promoter, which is also the mechanism for Rob, SoxS and MarA 

(Taliaferro et al., 2012; Griffith et al., 2002; Griffith and Wolf, 2004; Martin et al., 

2002).  

In summary, in this Chapter, I have described many changes in AggR that 

stopped AggR-activation at target promoters: in the N-terminal domain, I14T, 

N16D and Y92A (C, S or R); in the C-terminal domain in HTH1, I183N, E191A, 

R195A, K196A and R197A; and in HTH2, Q227A (and a premature stop codon) 

and Y242A. The results have indicated the importance of both the N-terminal and 

C-terminal domains for AggR function. However, I have only seen minimal 

negative trans-dominance when AggR mutants were co-expressed with wild-type 

AggR. Additionally, I have shown that simply overexpressing wild-type AggR, 
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from both pBADaggR and pLG339aggR 042, also reduced expression levels. 

This indicates that an excess of AggR, wild-type or mutant, is interfering with 

AggR-activation rather than there being an actual trans-dominant effect. Thus, I 

conclude that AggR functions by pre-recruitment and it is not possible to make a 

true strong trans-dominant AggR mutant.  
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Chapter 6  The Regulation of AggR 

6.1 Introduction  

It has been suggested that the regulatory network for AggR is formed of an 

interlinked positive and negative feedback loop: a similar network is also 

responsible for controlling MarA (Garcia-Bernardo and Dunlop, 2013). 

Expression of the aggR gene is thought to be driven by a bi-stable switch, 

dependent on positive and negative feedback, which has two stable states: ‘on’ 

and ‘off’ (Raj and van Oudenaarden, 2008; Lebar et al., 2014; Abdelwahab et al., 

2021). Due to autoregulation, basal expression of AggR can activate further 

expression and, if level of protein reaches a critical threshold, this ‘flips the switch’ 

to the ‘on’ state. Presumably, this metaphorical, and not physical, ‘switch flipping’ 

could occur due to fluctuations in gene expression (Raj and van Oudenaarden, 

2008) and stochastic variations of repressor levels (Lebar et al., 2014).  

6.2 Aar – the AggR regulator  

The Nataro lab have suggested that the activity of AggR is not dependent on a 

ligand and is in fact modulated by a small protein called Aar (Mickey and Nataro, 

2020). Aar, which stands for AggR-activated regulator, is a negative regulator of 

AggR and was the first AraC Negative Regulator (ANR) to be identified (Santiago 

et al., 2014). The large ANR family of bacterial gene regulators act as anti-

activators that down-regulate AraC partners in clinically important Gram-negative 

bacteria (Santiago et al., 2014; Santiago et al., 2016). ANRs do not have DNA 

binding ability and are predicted to bind directly to their cognate master 
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regulators, to the central linker region, thus blocking dimerization function and 

preventing DNA binding (Santiago et al., 2016; Hodson et al., 2017).  

ANR members are organised into 5 phylogenetic clusters and share common 

features such as a low molecular mass (<10 kDa) and certain highly conserved 

residues (Santiago et al., 2016). Their secondary structure is predicted to consist 

of 3 highly conserved a-helix motifs that span the length of the protein, and these 

motifs are conserved within each phylogenetic cluster (Santiago et al., 2016).  

The aar gene is located near the aggR gene on the pAA2 virulence plasmid and 

is one of the most up-regulated genes in the AggR regulon (Santiago et al., 2014). 

Aar is conserved and prevalent across EAEC strains. The Aar protein is 63 amino 

acids, 7.23 kDa, formed of three a helical domains for oligomerisation. Aar does 

not appear to have DNA binding ability; thus, Aar is thought to bind directly to 

AggR to inhibit binding to target promoter DNA (Hodson et al., 2017; Santiago et 

al., 2014). Aar also regulates the expression of other proteins, including the global 

regulatory protein, H-NS, which silences transcription of some AraC regulators 

(Mickey and Nataro, 2020; Santiago et al., 2017; Morin et al., 2010). Aar has been 

shown to bind directly to AggR and to H-NS (Mickey and Nataro, 2020).  

Aar homologs include anti-regulators encoded by ETEC, Vibrio cholerae, 

Citrobacter rodentium and Salmonella enterica, in fact, these homologs have 

been shown to rescue defective aar mutants in EAEC 042 (Santiago et al., 2017). 

The Rns/CfaD negative regulator from ETEC, known as Cnr or Rnr-1, actually 

down-regulates AggR when overexpressed (Santiago et al., 2014; Santiago et 

al., 2017; Hodson et al., 2017). As with the relationship between Cnr (Rnr-1) and 

auto-activating CfaD in ETEC, Aar prevents excess production of AggR, indirectly 
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suppressing virulence gene expression. In ETEC, Cnr (Rnr-1) is required during 

the late stages of host infection to facilitate the transition from the host intestine 

to the external environment (Hodson et al., 2017).  

The control of EAEC virulence relies on an interplay between AggR and Aar: the 

feed-forward up-regulation of AggR expression is conserved, but the 

downregulation by Aar is not conserved. A study by Radwa Abdelwahab, 

investigating EAEC strains isolated in Egypt, E36 and E42, showed that both 

strains have characteristic AAF fimbrial genes. Strain E36 encodes the aar gene, 

but strain E42 does not. Comparison of Aar from E36 and 042 showed that 

inducing overexpression of E36 Aar decreased biofilm production in EAEC strain 

042, whereas 042 Aar had little effect. Sequence alignments showed that the 

ribosome binding sites (RBS) are different (Abdelwahab et al., 2021). Recall that 

the RBS contains a domain called the Shine-Dalgarno sequence which helps to 

recruit the ribosome to the mRNA translation initiation site (Chen et al., 1994). 

042 has a suboptimal Shine-Dalgarno sequence, therefore, the RBS was altered 

to an improved Shine-Dalgarno sequence in 042 aar to generate the aar+ gene: 

Aar+ completely interrupted EAEC 042 biofilm formation. Thus, it was concluded 

that the poor RBS resulted in lower levels of Aar expression in EAEC strain 042 

(Abdelwahab et al., 2021). 

6.2.1 The proposed mechanism   

Since Aar+ effectively disrupted biofilm formation, I wanted to determine whether 

Aar or Aar+ would similarly disrupt AggR activity when AggR was under the 

control of its own promoter (as in pLG339aggR 042). Hence DNA fragments 

encoding Aar and Aar+ were each cloned into the pBAD30 vector using primers 
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that introduced an upstream XbaI restriction site and a downstream SphI site, so 

that the aar and aar+ genes were under the control of the arabinose-inducible 

araBAD promoter (Figure 6.1). Then, to measure effects on AggR, I transformed 

pBADaar and pBADaar+ into E. coli K-12 BW23115 ∆lac cells containing 

pRW50afaB with either pLG339 empty vector or pLG339aggR 042. Cells were 

grown with shaking in LB to mid-exponential phase, and b-galactosidase levels 

were measured in cell lysates to determine promoter activity. The data in Figure 

6.2A show that there is a very small decrease in b-galactosidase levels when 

expression of Aar was induced, from 448 to 384 units (one-way ANOVA, 

p<0.0001; Tukey test, p>0.05). There is a greater decrease with induction of Aar+ 

(which has the improved Shine-Dalgarno sequence), from 469 to 319 units, 

approximately a 1.5-fold reduction (Tukey test, p>0.05). Nonetheless, neither Aar 

nor Aar+ greatly reduced b-galactosidase levels which indicates that neither is 

effective at stopping AggR-dependent activation at the afaB promoter.  

I then transformed pBADaar and pBADaar+ into E. coli K-12 BW23115 ∆lac cells 

containing pRW50agg4D with either pLG339 empty vector or pLG339aggR 042. 

b-galactosidase levels were measured in cell lysates to determine promoter 

activity. The data in Figure 6.2B show that there is a small decrease in b-

galactosidase levels when Aar expression was induced (611 to 452 units; one-

way ANOVA, p<0.0001; Tukey test, p>0.05), but a greater decrease with 

induction Aar+, over 2-fold (884 to 421 units; Tukey test, p<0.05).  

To conclude, altering the Shine-Dalgarno sequence to create aar+ improves the 

suppression of AggR activity. My data, together with previous research by Radwa 

Abdelwahab, suggest that Aar is not an effective repressor of AggR.  
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Figure 6.1  DNA sequences of aar and aar+ genes cloned into pBAD30 

The DNA sequence of the aar (A) and aar+ (B) genes cloned into pBAD30 utilising 
XbaI and SphI restriction sites, highlighted in grey. The translation start and stop 
codons are highlighted in pink. The Shine-Dalgarno sequences are highlighted in 
red.  
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Figure 6.2  Analysis of afaB and agg4D promoter activity with AggR and 

either Aar or Aar+ 

The figure illustrates measured b-galactosidase activities in E. coli K-12 
BW25113 ∆lac carrying the recombinant lac expression plasmid pRW50afaB (A) 
or pRW50agg4D (B), and either pLG339 (empty vector) or pLG339aggR 042 with 
pBAD30, pBADaar or pBADaar+. Cells were grown in LB in the absence (black 
bars) or presence (blue bars) of 0.2% (w/v) arabinose. The b-galactosidase 
activities were measured as nmol of ONPG hydrolysed per minute per milligram 
of bacterial mass. The results are the calculated means of three independent 
determinations, and the standard deviations are shown for each data point. 

activator in 
pLG339* – AggR 042 – AggR 042 – AggR 042

activator in 
pBAD – – Aar Aar Aar+ Aar+

A

activator in 
pLG339* – AggR 042 – AggR 042 – AggR 042

activator in 
pBAD – – Aar Aar Aar+ Aar+

B
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* Expression of the aggR gene is under the control of the aggR promoter 
A. Cells containing pRW50afaB with either pLG339 (empty vector) or 

pLG339aggR 042, in addition to pBAD30, pBADaar or pBADaar+. A one-
way ANOVA was calculated using the promoter activities, showing the 
analysis was significant (p<0.0001, F(11, 60) = 30.25). A post-hoc Tukey’s 
HSD test showed that there was no significant difference between cells 
carrying pLG339aggR 042 and containing pBADaar or pBADaar+ in the 
presence and absence of arabinose (p>0.05).  

B. Cells containing pRW50agg4D with either pLG339 (empty vector) or 
pLG339aggR 042, in addition to pBAD30, pBADaar or pBADaar+. A one-
way ANOVA was calculated using the promoter activities, showing the 
analysis was significant (p<0.0001, F(11, 24) = 26.36). A post-hoc Tukey’s 
HSD test showed that there was no significant difference between cells 
carrying pLG339aggR 042 and containing pBADaar in the presence and 
absence of arabinose (p>0.05), however, the difference was significant for 
cells containing pBADaar+ (p<0.05). 
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6.3 Single cell analysis  

Thus far, my research has focused on ‘ensemble’ measurements of AggR activity 

in bacterial populations by measuring promoter activity or biofilm formation. I have 

shown previously (5.2) that expression of AggR does not require any external 

signal, and so, I wanted to investigate whether expression was stochastic; 

whether there are threshold levels that are reached at different times to ‘switch’ 

gene expression ‘on’ and ‘off’ (Ambriz-Avina et al., 2014). However, cell-to-cell 

variation, and thus the stochastic nature of gene expression, cannot be 

determined using ‘ensemble’ experiments, such as b-galactosidase assays. 

Therefore, I needed to analyse gene expression at the single-cell level (Longo 

and Hasty, 2006).  

6.3.1 Flow cytometry   

Fluorescence flow cytometry is a high-throughput method to study single-cell 

gene expression in bacteria (Galbusera et al., 2020). A flow cytometer functions 

by passing single cells through a channel where a light beam impacts bacterial 

cells. Light is absorbed, and the resulting scatters, at right angles or in the forward 

direction (forward scatter), and cell fluorescence are then measured (Ambriz-

Avina et al., 2014; Galbusera et al., 2020). There are three major parts of a flow 

cytometer: fluidics, to help ensure cells pass through one at a time; optics, the 

light source to impact on a single cell and scatter light, which is then collected 

and filtered through a band pass filter to a photomultiplier tube (PMT); and 

electronics, the signal collected by the PMT is used by photo detectors to produce 

current pulses which are then amplified, converted to voltage and then converted 

to numbers by analogue signal processing electronics (Ambriz-Avina et al., 
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2014). Each measured ‘event’ typically corresponds to measurement of a single 

cell and every second hundreds of events are generated, analysis of the signals 

is then required to generate plots and data for interpretation (Galbusera et al., 

2020; Ambriz-Avina et al., 2014).   

6.3.2 The potential stochasticity of aggR expression  

To measure gene expression at the single cell level, flow cytometry was used to 

detect GFP fluorescence, utilising an AggR-activated target promoter fused to the 

gfp gene (Bryant et al., 2014). Thus, the aafD100 regulatory region (Figure 3.3C) 

was cloned into the GFP expression plasmid, pRW400 (Figure 6.3A), upstream 

of the gfp gene, using primers containing an upstream EcoRI restriction site and 

a downstream HindIII site (Figure 6.3B). 

For flow cytometry, fluorescent dyes are commonly used to distinguish cells from 

background debris. Here, the fluorescent cell marker SYTO84 was used, which 

emits orange fluorescence when intercalated with DNA. To accurately measure 

fluorescence inside cells, and separate from background noise, a gating strategy 

was used (Figure 2.1). Briefly, SYTO84 fluorescence (channel YL1-H) was 

plotted against forward scatter (FSC-H) on a dot plot and the SYTO84+ population 

was then gated, highlighted by a polygon, and labelled in orange. The SYTO84+ 

population was then plotted on a dot plot with: SYTO84+ fluorescence (YL1-H) 

against GFP fluorescence (BL1-H). A quadrat gate was added to separate the 

populations based on SYTO84+ or SYTO84– and GFP+ or GFP–.  

6.3.3 Regulation by AggR  

The pLG339aggR 042 and pLG339 (Figure 3.8) recombinant plasmids were 

transformed into E. coli K-12 BW25113 ∆lac cells containing pRW400aafD100.   



 

 277 

                           

                           

Figure 6.3  The pRW400 and pRW400aafD100 low copy number vectors 

A. The figure shows a plasmid map of the pRW400 gfp expression vector, 
with EcoRI and HindIII restriction sites upstream of gfp that were used to 
clone promoter fragments. The plasmid carries a tetracycline resistance 
determinant (tetR). Created with BioRender.com. 

B. The figure shows a plasmid map of the pRW400 gfp expression vector 
with the aafD100 promoter cloned upstream of gfp using the EcoRI and 
HindIII restriction sites. The plasmid carries a tetracycline resistance 
determinant (tetR). Created with BioRender.com. 

  

A 

B 
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Cells were grown in LB with shaking until mid-exponential phase and cells were 

then washed with HBS; each sample had an unstained and SYTO84-stained 

duplicate.  

The results, illustrated in Figure 6.4A and Figure 6.4B, show an example of one 

sample of unstained cells carrying pLG339aggR 042 to indicate the gating 

strategy for the experiment to separate the background from the events (this is 

clear in the stained samples). Figure 6.4B and Figure 6.4D show the combined 

data from the biological replicates. The gate is outlined by a polygon and labelled 

SYTO84+ in orange, more than 10,000 events were collected in this gate in each 

of the biological replicates. The panel shows the progression of separating 

according to stain and GFP fluorescence, firstly, the forward-scatter FSC-H 

against SYTO-84 (YL1-H) dot plot indicates the separation of events from 

background debris (Figure 6.4A and Figure 6.4C). Then, in Figure 6.4B and 

Figure 6.4D, I took the SYTO84+ gate and plotted GFP fluorescence (BL1-H) 

against SYTO84 (YL1-H) with a quadrat gate to indicate the percentage of events 

identified with the combinations of unstained (SYTO-84–), stained (SYTO-84+), 

no GFP signal (GFP–) and GFP signal (GFP+). The plots indicate that the gating 

strategy has successfully identified the background debris: unstained and no 

GFP fluorescence detected.  

The data in Figure 6.5A, Figure 6.5B and Figure 6.5C show an example of a 

SYTO-84+ pLG339aggR 042 sample, the panels are organised as in Figure 6.4. 

Briefly, the dot-plot in Figure 6.5A and Figure 6.5D indicate the SYTO-84+ cells 

in the polygon gate separated from background debris, this gate was then used 

to create the middle quadrat dot-plot, with the quadrats: top left (Q1), SYTO-84+   
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Figure 6.4  Flow cytometry plots of unstained control samples 

The flow cytometry plots of the negative control unstained BW25113 cells 
containing pRW400aafD100 and pLG339aggR 042. In (A) and (C), cells were 
separated from background using channels YL1-H against FSC-H, highlighted by 
a polygon, and labelled SYTO84+ in orange. In (B) and (D), cells in the SYTO84+ 
gate were then analysed using channels YL1-H against BL1-H and a quadrat 
gate separated the SYTO84 (labelled in orange) and GFP signals (labelled in 
green): Q1 for SYTO-84+ GFP– (+ –); Q2 for SYTO-84+ GFP+ (+ +); Q3 for SYTO-
84– GFP+ (– +); and Q4 for SYTO-84– GFP– (– –). Data was analysed and plots 
were made using FlowJo. 

A. An example of one sample of BW25113 cells containing pRW400aafD100 
and pLG339aggR 042. The percentage of events in the polygon gate of 
SYTO84+ is indicated.  

B. An example of one sample of BW25113 cells containing pRW400aafD100 
and pLG339aggR 042. The percentage of events in each of the quadrat 
gates is indicated. 

C. Three samples of BW25113 cells containing pRW400aafD100 and 
pLG339aggR 042 combined, each sample highlighted in different colours.  

D. Three samples of BW25113 cells containing pRW400aafD100 and 
pLG339aggR 042 combined, each sample highlighted in different colours. 

  

– – 

+ – + + 

– + 

– – 

+ – + + 

– + 

SYTO84+  

SYTO84+  

B A 

D C 



 

 280 

GFP–; top right (Q2), SYTO-84+ GFP+; bottom right (Q3), SYTO-84– GFP+; and 

bottom left (Q4), SYTO-84– GFP– (Figure 6.5B and Figure 6.5E). Finally, the 

fluorescence of the SYTO84+ GFP– and SYTO84+ GFP+ populations were plotted 

on a logarithmic histogram to indicate GFP fluorescence intensity with distinct 

peaks (Figure 6.5C and Figure 6.5F). The presence of distinct peaks, with a shift 

from the GFP– to the GFP+ peak, indicates that the main population does not 

have GFP fluorescence but there is a subpopulation that does, thus showing the 

heterogeneity within the population. 

Data was summarised in graphs as shown in Figure 6.6 to indicate the number 

of events in each sample that resulted in a GFP fluorescent signal. The data show 

that there was no fluorescent signal detected in the SYTO-84– controls, with 

empty vector or pLG339aggR 042, which indicates that the background debris 

has been removed. The SYTO-84+ with pLG339 control has events in the GFP– 

and no fluorescent signal was detected. For the SYTO-84+ samples containing 

pLG339aggR 042, there are also events for GFP–, however, there are also a 

small number of GFP+ events: a mean of 1088 events from 13363 total events, 

12.3%. This indicates that in a small proportion of the cells containing AggR, 

aafD100 promoter activity is activated by AggR.  

6.4 Discussion  

The AggR-activated repressor, Aar, is thought to bind directly to AggR to prevent 

DNA binding (Santiago et al., 2016). Previously, it was shown that improving the 

Shine-Dalgarno sequence in Aar from EAEC strain 042 improved the ability of 

Aar to repress AggR (Abdelwahab et al., 2021). Thus, improved expression of  



 

 281 

 
Figure 6.5  Flow cytometry plots of stained AggR samples 

The flow cytometry plots of the stained BW25113 cells containing pRW400aafD100 and pLG339aggR 042. Data was analysed 
and plots were made using FlowJo. 
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A. An example of one sample of BW25113 cells containing pRW400aafD100 and pLG339aggR 042. Cells were separated 
from background using channels YL1-H against FSC-H. A SYTO84+ population of over 10,000 events was gated, 
highlighted by a polygon, and labelled SYTO84+ in orange. The percentage of events in the polygon gate of SYTO84+ is 
indicated. 

B. Cells in the SYTO84+ gate (A) were analysed using channels YL1-H against BL1-H and a quadrat gate separated the 
SYTO84 (labelled in orange) and GFP signals (labelled in green): Q1 for SYTO-84+ GFP– (+ –); Q2 for SYTO-84+ GFP+ 
(+ +); Q3 for SYTO-84– GFP+ (– +); and Q4 for SYTO-84– GFP– (– –). The percentage of events in each of the quadrat 
gates is indicated. 

C. The SYTO-84+ GFP– and SYTO-84+ GFP+ quadrat gates (B) were plotted on a logarithmic histogram against BL1-H. The 
grey peak indicates the cells from the SYTO-84+ GFP– quadrat gate and the blue peak indicates the cells from the SYTO-
84+ GFP+ quadrat gate.  

D. Three samples of BW25113 cells containing pRW400aafD100 and pLG339aggR 042 combined, each sample highlighted 
in different colours. Cells were separated from background using channels YL1-H against FSC-H. A SYTO84+ population 
of over 10,000 events was gated, highlighted by a polygon, and labelled SYTO84+ in orange.  

E. Cells in the SYTO84+ gate (A) were analysed using channels YL1-H against BL1-H and a quadrat gate separated the 
SYTO84 (labelled in orange) and GFP signals (labelled in green): Q1 for SYTO-84+ GFP– (+ –); Q2 for SYTO-84+ GFP+ 
(+ +); Q3 for SYTO-84– GFP+ (– +); and Q4 for SYTO-84– GFP– (– –).  

F. The SYTO-84+ GFP– and SYTO-84+ GFP+ quadrat gates (B) were plotted on a logarithmic histogram against BL1-H. The 
dotted line peaks indicate the cells from the SYTO-84+ GFP– quadrat gate and the solid line peaks indicate the cells from 
the SYTO-84+ GFP+ quadrat gate. 
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Figure 6.6  The heterogeneity of GFP fluorescence 

The single circles represent the biological replicates from the SYTO84+ 
population of cells, the black bar indicates the mean of the replicates +/- standard 
error of the mean (SEM). There are 3 biological replicates for each sample. In 
cells containing pLG339 empty vector, the mean number of SYTO-84+ GFP– 
events was 9112. In cells containing pLG339aggR 042, the mean number of 
SYTO-84+ GFP– events was 12275 and the mean number of SYTO-84+ GFP+ 
events was 1088.  
* Expression of the aggR gene is under the control of the aggR promoter 
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Aar gave more repression activity. However, both Aar and Aar+ showed weak 

repression when AggR was expressed under the control of its own promoter, 

pLG339aagR 042 (Figure 6.2).  

The EAEC strains from Egypt support the idea that there is a feedforward 

mechanism of activation shared between strains, whereby the control of virulence 

by AggR is triggered either by an external signal or random fluctuations in protein 

levels (Abdelwahab et al., 2021). The probability of switching into the virulent ‘on’ 

state relies on basal levels of AggR, due to AggR-independent expression of the 

aggR gene, and the level of Aar. The level of Aar, in turn, depends on AggR-

dependent activation of the aar promoter and translation of Aar from aar gene 

messenger (Abdelwahab et al., 2021). However, the aar gene is not present in 

all EAEC strains, nor is the level of repression equal between Aar from different 

strains, it is presumably an addition to the AggR feedforward loop, and it would 

explain why Aar is not a strong repressor because it toggles, and does not 

destroy, AggR levels.  

To further understand the mechanism of AggR regulation, and the potential bi-

stable switch, it was important to determine whether aggR gene expression was 

due to stochasticity or if a ligand is responsible for triggering AggR activity. To 

show this, it was necessary to determine whether there was a difference in gene 

expression between single cells. Unfortunately, there are limitations to flow 

cytometry: bacteria are very small which can make it difficult to distinguish these 

small cells from cellular debris and machine background noise (Ambriz-Avina et 

al., 2014). To mitigate this, I utilised staining to aid in the separation of 

background noise and cells. However, it would also be useful to combine the 



 

 285 

fluorescent flow cytometry data with subsequent fluorescent activated cell sorting 

(FACS) or microscopy analysis to further confirm my results (Davey and Kell, 

1996). Due to time constraints, and the limitations due to the COVID-19 lockdown 

restrictions of lab work and training, it was not possible to follow up on this.   

In Figure 6.5, there are two distinct populations, one that does not activate at the 

target promoter and one that does. Therefore, I would conclude that AggR 

functions stochastically. However, the proportion of individual cells that are ‘on’ 

in Figure 6.6 is lower than the proportion of ‘off’ cells, this suggests that a smaller 

number of cells reach the minimal threshold required to trigger the ‘flipping’ of the 

bi-stable switch to ‘on’, thus activating at the target promoter.  

The data suggest that there is no ligand or trigger but that the control of AggR 

activity depends on a bi-stable switch flipped in a stochastic way. The frequency 

of ‘switch flipping’ is dependent on two principal factors: AggR independent 

expression of AggR, which varies from strain to strain, and the activity of Aar. 

Thus, a certain threshold of AggR, due to uninduced expression of AggR, is 

needed to trigger the aggR promoter and produce more AggR – the feedforward 

loop, i.e. AggR levels increase to reach the threshold level which ‘flips the switch’ 

to the ‘on’ state, though this might happen rarely (as seen in Figure 6.6). 

Alongside production of AggR, the expression of aar is also induced, which then 

dampens the activity of AggR by acting as an anti-activator to modulate AggR – 

the feedback loop with dampening (Abdelwahab et al., 2021).  

The critical threshold that must be reached explains why certain strains are 

virulent while others are not. In fact, a recent study by the Nataro lab of over 100 

EAEC strain genomes searched for a crucial gene that conferred virulence, 
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however, they concluded that virulent strains must be defined by their phenotype 

rather than their genotype, which is unique to EAEC within diarrheagenic E. coli 

strains (Boisen et al., 2020). The prevalence of the aar gene in the strains 

analysed was below 50%, though it is common in non-diarrhoeal EAEC isolates 

(Modgil et al., 2021; Boisen et al., 2020).  Notably, the aggR gene was present in 

78.9% of the >100 EAEC strains investigated, however, at least one gene in each 

of the >100 EAEC strains was under the control of AggR. This is consistent with 

the results detailed in Chapter 4, CfaD from EAEC strain H149/5 was identified 

as an AggR-like transcription factor and there were several AggR-activated 

promoters in strain H149/5, despite the fact that this strain is considered atypical 

because it lacks the aggR gene and has a discreet pattern of aggregative 

adherence. Following the comprehensive study of the EAEC pan-genome 

(Boisen et al., 2020), the theory is that the virulent phenotype is due to this bi-

stable switch which is thrown stochastically. Thus, I would conclude that different 

strains flip into virulence modes at different frequencies and, interestingly, 

induction is a random event rather than guided by a ligand. This is remarkable 

because transcription factors generally respond to a specific stimulus and 

instead, there is this stochastic induction of virulence in a pathogen that does not 

require a ligand.  

In this Chapter, I have highlighted that Aar (EAEC strain 042) and Aar+, with 

increased expression, slightly reduce AggR activity, Aar+ more than Aar, 

however, this reduction is marginal. This is due to the role of Aar in modulating 

AggR activity in the feedforward and feedback loop by which AggR activates 

expression of aggR and aar, respectively. Furthermore, work in this Chapter 
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detailed the stochastic nature of aggR gene expression and, after AggR 

production reached a critical threshold, the subsequent activation at target 

promoters. This offered insight into the remarkable behaviour of this transcription 

factor: the AggR regulon contains many virulence factors, yet AggR expression 

is induced randomly and without an external signal or stimulus.   
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Chapter 7  Final Discussion 

EAEC has been studied extensively to improve our knowledge its epidemiology 

and physiology. EAEC genomes have been examined to locate their virulence 

determinants, and the regulon of the AggR transcription regulator has been 

investigated to identify ‘simple’ AggR-dependent promoters, their essential 

promoter elements, and key activation determinants. In this study, I have 

analysed some more complex promoters, and identified the mechanism by which 

AggR activates, i.e., AggR interacts with RNAP via pre-recruitment (Figure 7.1).  

7.1 EAEC strain differences EAEC strain differences  

A study by the Nataro lab, which analysed over 100 EAEC strains, indicated that 

virulent strains are defined by their phenotype rather than their genotype (Boisen 

et al., 2020). For EAEC strain H149/5, as highlighted in Chapter 4, its pattern of 

adherence to epithelial cells is not the typical “stacked-brick” form that is 

characteristic of EAEC and it does not carry the aggR gene, however, this strain 

is virulent and was isolated from patients suffering from acute diarrhoea. Two 

further strains, H9/3 and I192/3, that display a typical adherence pattern, were 

isolated and sequenced alongside strain H149/5. In 4.2.1, I showed that both 

H9/3 and I192/3 encode a transcription factor that is almost identical to AggR, 

and while H149/5 carries an AggR-like factor, CfaD, which has low sequence 

identity to AggR. The fact that all three strains are pathogenic supports the 

conclusion that pathogenic strains are defined by their phenotype rather than their 

genotype.  
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Interestingly, the H149/5 strain does not carry a pAA virulence plasmid, the aggR 

gene or known AAF genes. However, after whole-genome sequencing, I 

identified a gene homologous to fimbrial genes, indicating the discovery of a novel 

AAF gene in EAEC strain H149/5. The novel genes identified in this study indicate 

that whole-genome sequencing is important to understand the pathogenesis and 

heterogeneity of different EAEC strains.  

EAEC strains that do not carry the aggR gene still encode genes that are 

regulated by AggR (Boisen et al., 2020). Hence, in Section 4.2.2, I showed that 

there are several AggR-activated genes present in EAEC strain H149/5.  

Rns and AggR belong to the AraC-subgroup (Nataro et al., 1994; Yasir et al., 

2019). As outlined in Section 4.2.1, they have high sequence similarity and are 

thought to recognise similar promoter sequences. In Section 4.2, I showed that 

Rns can substitute for AggR at AggR-activated promoters, which corresponds 

with the reported characteristics for this subgroup. Additionally, the AggR-

activated promoters were also activated by Rns from ETEC and CfaD from strain 

H149/5. In Section 4.4, I highlighted that the sequence similarity between AggR 

042 and CfaD H149/5 is low, comparable to VirF and AggR, however, as AggR 

can be substituted for CfaD at CfaD-activated promoters and CfaD could be 

substituted for AggR at the aafD100 promoter from EAEC strain 042, I determined 

that CfaD is a member of this AraC subgroup. My study underscores that whole-

genome sequencing can enhance understanding of pathogenicity, particularly 

when a strain does not follow the typical patterns of adherence. 
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7.2 AggR activation at target promoters  

Several AggR-dependent promoters were previously characterised by 

Muhammad Yasir, and he showed that the optimal spacing between the -10 

hexamer and the single DNA binding site for AggR (consensus 5’-

AWWWWWWTATC-3’ located at a Class II position) is 22 bp (Yasir et al., 2019). 

In this study, I investigated more complex promoters, including a bi-directional 

promoter, to further our understanding of AggR-dependent promoters. It had 

previously been reported that, at bi-directional promoters, one promoter blocks 

expression of the other promoter, as RNAP cannot bind in both directions for 

transcription (Warman et al., 2021). However, my results show that the yicS-nlpA 

bi-directional promoters are not obstructed by each other. This result is consistent 

with a previous study of CRP-dependent bi-directional promoters, which showed 

that the proportion of time occupied by RNAP heading in either direction was so 

small, so there was no interference (El-Robh and Busby, 2002).  

It has long been assumed that the presence of a regulatory region adjacent to a 

gene indicates that it must be expressed, however, as the evolution of bacterial 

genomes occurs rapidly, it stands to reason that not all genes are expressed 

(Minchin and Busby, 2009), as is the case with the bssS gene in EAEC 042 and 

E. coli K-12, despite carrying a DNA site for AggR. In fact, this also appears to be 

the case for the yicS-nlpA bi-directional promoter. Previously, it was identified 

that the yicS gene is important for pathogenicity in APEC (Verma et al., 2018), 

however, its role in EAEC was not known. I showed in Section 3.3.3 that removing 

the yicS gene from the EAEC strain 042 chromosome does not prevent biofilm 

formation. As it has been suggested that bi-directional transcription is a property 
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of newly acquired DNA (Warman et al., 2021), this might explain why the yicS-

nlpA promoter has since been removed from some strains.  

My work shows that different factors affect dependence of a promoter on AggR. 

These include neighbouring strong promoters, the sequence of the AggR-DNA 

binding site and the -10 element sequence, as well as its AggR-independent 

basal activity.  

In my studies, I highlighted the importance of the first base in the DNA binding 

site for AggR, which seems to have an effect on the expression levels and the 

AggR binding affinity. In Section 3.3.1, the importance of the first base compared 

to the second is clear at the yicS promoter, as the expression from yicS strain 

042 is stronger than at yicS strain H92/3. This indicates that simple changes in 

the promoter can allow it to dip in and out of the AggR regulon. This is not 

exclusive to the DNA site for AggR, the -10 element can also be altered to destroy 

AggR-dependence, as with the E. coli K-12 yicS promoter.  

Thus, this study has enhanced the understanding of more complex AggR-

dependent promoters and the key factors that confer dependence. In this study, 

I have highlighted that there are different factors that confer dependence or lack 

thereof.  

7.3 Pre-recruitment and the structure of AggR  

The structure of AggR can offer insight into key residues for contacting RNAP 

and target promoters, but structures for AraC family members are few and far 

between. However, some information can be obtained by comparing AggR to 

related AraC-family members.  
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There are over 40 virulence genes in the AggR regulon, and disrupting the 

expression of these genes could have positive outcomes for patients suffering 

from acute diarrhoea due to EAEC colonisation of the intestine and subsequent 

infection. I had hoped to do this by exploiting changes in key residues in AggR. 

Through extensive mutational analysis, partly guided by other AraC-family 

transcriptional regulators, located residues both in the NTD and the CTD, that are 

essential for AggR function.  

For example, in the NTD, changes at positions I14 and N16, guided by Rns, and 

Y92 destroyed activation function. These residues are located in the region that 

is supposed to be important for effector binding or multimerization. However, 

AggR has been shown to function as a monomer (Yasir et al., 2019) and there is 

no evidence that AggR binds an effector, consistent with Rns (Basturea et al., 

2008), nonetheless, the results in the study are important as I have shown that 

this region is still required for AggR-mediated activation.  

All AraC-family transcription regulators have a 100 amino acid stretch of 

sequence homology, consisting of two HTH motifs, and this domain is thought to 

be responsible for activation function at target promoters (Gallegos et al., 1997; 

Porter and Dorman, 2002). For AggR, I found that both HTH1 and HTH2 are 

independently required for AggR-mediated activation.  

However, my work highlights the importance of both domains of the AggR protein 

for its activation function. This argues for interactions between the domains. 

There are two main mechanisms proposed for transcription-factor dependent 

activation at bacterial target promoters: recruitment and pre-recruitment. For 

recruitment, the transcription activator binds to the promoter DNA before 
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recruiting the RNAP to the promoter. For pre-recruitment, the transcriptional 

activator interacts with the RNAP in solution then directs the RNAP to the 

promoter binding sites (Figure 7.1) (Cortes-Avalos et al., 2021). Rob has been 

shown to function via pre-recruitment, hence, Rob forms a large complex with 

RNAP in the absence of promoter DNA. Interestingly, Rob also binds to DNA in 

the absence of RNAP, so it is thought to be able to function by both recruitment 

and pre-recruitment (Shi et al., 2022). Some AraC members have been shown to 

favour this pre-recruitment method: SoxS interacts with the RNAP a-subunit 

which inhibits the interactions with UP elements, while directing the RNAP to 

soxbox sites in functional promoters (Cortes-Avalos et al., 2021; Zafar et al., 

2011). MarA also functions via pre-recruitment (Taliaferro et al., 2012). In Section 

3.4, I introduced the idea that AggR functions via pre-recruitment as I had showed 

that AggR weakly repressed the nlpA promoter; essentially, AggR binds as a 

complex with RNAP to the AggR-DNA binding site at the yicS-nlpA promoter, 

therefore, repression is weak. 

Interestingly, mutations in AggR, guided by MarA, do not function as expected or 

as in MarA (Grainger et al., 2004). This indicates that though they both function 

by this unusual DNA-scanning method of recruiting RNAP to the promoter for 

transcription, the proteins are too different to directly indicate the significance of 

each residue.  

SoxS and MarA are composed only of the activation/DNA-binding domain and, 

though Rob contains both domains, the structural elements and subsequent roles 

of each domain are swapped (Shi et al., 2022; Lee et al., 2012). It has previously 

been determined that AggR functions as a monomer (Yasir et al., 2019), this is  
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Figure 7.1  Mechanism of transcription activation by pre-recruitment 

The figure shows the binding of AggR to the RNAP s region 4, with the AggR-
NTD required to maintain the AggR-CTD into the active conformation for 
interaction with RNAP and promoter DNA. Then, the AggR-RNAP complex scans 
the DNA for an AggR-dependent promoter. AggR then binds at a position 
overlapping the -35 element, like a Class II activator, and the RNAP makes 
sequence-specific contacts to the promoter elements. Adapted from Browning 
and Busby (2004).    
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also the case for AraC transcriptional activators Rob, SoxS and MarA (Taliaferro 

et al., 2012). Thus, I suggest that AggR, MarA, SoxS and Rob belong to a AraC 

subgroup defined by the mechanism of activation, i.e., RNAP recruitment.  

As with SoxS distinguishing soxboxes in promoters from those that lie outside of 

promoters, the mechanism of pre-recruitment could allow AggR to recruit RNAP 

and then bring RNAP exclusively to functional promoters. As I have shown that 

the presence of an AggR binding site doesn’t necessarily indicate that the 

promoter is AggR-dependent, this mechanism prevents AggR from binding at 

AggR-binding sites that are not present in functional promoters.  

Analysis of the AggR protein has shown that substitutions in the NTD and CTD, 

in both HTH1 and HTH2, have a negative effect on AggR activity at promoters. 

However, none of the AggR mutants are strongly trans-dominant when co-

expressed with wild-type AggR, which suggests that AggR functions via pre-

recruitment, a unique mechanism utilised by a selection of AraC transcriptional 

regulators, placing AggR in this unique group.  

7.4 AggR regulation 

A major aim of my study was to understand how AggR activity is regulated. In 

Section 5.2, I showed that the expression of AggR is not triggered by an external 

signal, this is an important discovery for a regulator of virulence in a pathogenic 

strain of E. coli. Since there is no direct evidence that they activity of AggR is 

controlled by any ligand or by post-transcriptional modification, I wanted to 

determine if expression of AggR was subject to stochastic bursts and hence 

AggR-dependent virulence would depend on a bistable switch. Thus, in Section 

6.3, I showed that expression of AggR differs between individual cells, despite 
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the lack of an external signal. Interestingly, as I had showed that there was a 

lower proportion of cells that expressed GFP, this supported the idea that the 

production of AggR must reach a critical threshold to flip the bistable switch to 

‘on’ for expression of virulence genes. This contradicts the long-standing Jacob 

and Monod model that transcription factors are deterministic (Jacob and Monod, 

1961). Additionally, the weak repressor of AggR activity, Aar, acts as a dampener 

in the feedforward loop to modulate the AggR-virulence switch, as outlined in 

Chapter 6 (Figure 7.2) (Abdelwahab et al., 2021). This modulation of activity has 

also recently been identified in Shigella flexneri, with VirF, whereby VirF-

dependent expression of the virB gene, which is required during secretion and 

invasion of host cells, might be dampened to improve Shigella persistence within 

host cells (McKenna et al., 2022).  

In fact, the pre-recruitment mechanism of transcription activation is consistent 

with the threshold theory; appropriation of RNAP by AggR could help EAEC 

efficiently switch on virulence genes. An example of a transcription factor 

appropriating RNAP for virulence is the activator, AsiA, which binds to and 

remodels s70 domain 4, which allows MotA to interact, thus allowing the 

development of T4 infection (Lee et al., 2012). In fact, the different binding 

affinities between AggR and dependent promoters could indicate how, despite 

the lack of external signal to trigger expression of AggR, it is possible for AggR 

to prioritise genes important for virulence. Thus, I would suggest that the 

regulation of the AggR regulon is related to the strength of the promoter rather 

than a signal.  
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Figure 7.2  AggR regulation: a feedforward loop with dampening 

The figure shows the AggR-dependent virulence ‘switch’: AggR-independent 
expression occurs at low levels which activates the production of more AggR – 
feedforward loop. AggR activates the expression of the aar gene and the activity 
of AggR is modulated by the Aar – dampening. When the level of AggR 
production reaches a critical threshold, the genes in the AggR-regulon are 
activated. Adapted from Abdelwahab et al. (2021). Created with BioRender.com. 
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These results are important for understanding the mechanism of AggR regulation 

but have wider implications for combating EAEC virulence. Though it is not 

possible to introduce a dominant AggR mutant in trans to disrupt wild-type AggR, 

thereby disrupting the AggR regulon, further understanding of the AggR-activated  

virulence switch will show potential targets for disruption of virulence gene 

expressions.  

The results in this study enhance the understanding of the AggR-dependent 

virulence switch. This is particularly important as the prevalence of antimicrobial 

resistant strains increases (Abdelwahab et al., 2021) and will aid in the 

development of alternatives treatments for patients, particularly as research shifts 

to focus on developing  alternatives to antibiotics (Ghosh et al., 2019; Kumar et 

al., 2021).  

7.5 Concluding remarks 

AggR is the master regulator of virulence in EAEC, and its regulon includes genes 

encoded on the chromosome and on a virulence plasmid. My study has improved 

understanding of the AggR regulation mechanism, including the important 

features in the AggR protein, and the key features that confer dependence at 

promoters, with the following novel findings: 

• The key features of an AggR dependent promoter, key bases in the DNA 

binding site for AggR and the -10 element, and how these key bases are 

targeted during evolution to remove genes from the AggR regulon. 

• The aap gene and caf1M gene in H149/5, indicating the presence of 

dispersin and fimbrial genes, respectively.  
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• An AggR-like transcription factor, CfaD, from EAEC H149/5 that has 

sequence similarity to Rns and AggR and should belong to the AraC-

subgroup. AggR and Rns can substitute for this transcription factor at 

promoters. 

• Key residues for AggR-dependent activation at target promoters.  

§ The NTD: I14, N16, Y92. 

§ The CTD:  

§ HTH1: I183, E191, R195, K196, R197. 

§ HTH2: Q227, Y242. 

• AggR mutants that are weakly trans-dominant and slightly suppress wild-

type AggR function when co-expressed. 

• AggR functions via pre-recruitment by first interacting with the RNAP s 

subunit and then scans DNA, as an AggR-RNAP complex, for a target 

promoter.  

• There is no external signal that induces expression of AggR. 

• Expression of the aggR gene is stochastic. 

• A small proportion of cells reach a critical threshold of AggR production to 

‘flip’ a bistable switch ‘on’.  
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