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Abstract 
 

Enteroaggregative and uropathogenic Escherichia coli are both pathogenic strains that likely 

evolved from commensal E. coli by acquisition of virulence genes. These pathogens, EAEC 

and UPEC, can cause problems in the intestines and the bladder, of the host. To understand 

how pathogens, initiate their infection, it is important to consider how they behave in 

nutritionally challenging conditions, such as low glucose levels in the environments and how 

they co-exist with other pathogens and microbiota. Many bacteria can respond to 

environmental changes using small effector molecules that activate the regulator proteins that 

are needed to cope with the circumstances. One of the best studied transcription regulators in 

E. coli is cyclic AMP receptor protein (CRP) which can regulate more than 100 genes/operon 

in E. coli, hence, comes the name a global regulator.  

 

The regulation of virulence in EAEC has been intensively studied, and AggR is known to be 

the master regulator for the expression of most chromosomally-encoded and plasmid-encoded 

of virulence genes. However, for some genes that both analysis of promoter sequences, and 

experimental data, show that they are not involved in the AggR regulon. My project focuses 

on the regulation of such EAEC virulence determinants, during starvation condition. One of 

these is Pic (Protein involved in colonisation), encoded by chromosomal pic gene, which 

encodes an important enzyme, needed in the early stage of infection. The architecture of pic 

promoter was compared between EAEC and UPEC using different methodologies, using site-

direct mutagenesis assays, the 5`rapid amplification of cDNA ends (5`RACE) method, and 

promoter activity measurements. My results show that pic is a CRP-dependent promoter with 

an unusual promoter architecture. In EAEC strain 042: it is the first example of an ‘ambiguous’ 

CRP-activiated promoter. 

 

My unexpected results from studying pic regulation leads me to ask if there are more virulence 

genes involves in the EAEC CRP regulon. Hence, my second objective was to use chromatin 

immunoprecipitation with high- throughput sequencing (ChIP-seq) with the wild type EAEC 

042 to locate the full complement of DNA site for CRP. My results showed more than 300 

CRP targets in the EAEC 042 genome. Comparison of my data with the situation in commensal 

E. coli K-12 strains revealed 31 targets that were specific genes for EAEC 042, and I focussed 

further work on these. The results of these new CRP targets were validated using in vivo and 

in vitro experiments. Results showed involvement of CRP at some of these virulence genes 
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targets, whereas, at other, CRP appeared to play a role in chromosomal organisation. One 

outcome from the CRP ChIP-seq data was discovery of a very strong DNA site for CRP in the 

regulatory region upstream of the genes encoding polysialic acid transport proteins, KpsMII, 

located in EAEC 042 chromosome. In my investigations, I used in vivo and in vitro assays to 

demonstrate the involvement of CRP and the possibility of indirect regulation by CRP of 

kpsMII expression. My data argue that bacterial pathogens use global transcription regulators 

to overcome challenging conditions like starvation hence and assure the production of 

virulence factors in the early stages of infection.  

 

 



1 
 

 

 

 

 

 

 

 

 

 

 

 

Dedications 
 

 

 

 

 

 

This work is dedicated to my parents, Jawzaa Alhammadi and Meshari 

Alhammadi, and to my lovely son, Ibrahim Alotaibi, for their endless love, 

support, and inspiration.  

 

iv 



1 
 

Acknowledgments.  
 

I am deeply indebted to Professor Stephen Busby for guiding me through this project and for 

his kindness and encouragement all these years, especially during the COVID -19 crisis. I am 

also grateful to my second supervisor, Dr. Jessica Blair, for her support during my assessments 

and for answering all my questions. I also would like to express my deepest appreciation to Dr. 

Douglas Browning for teaching me and directing me through the project, as well as being my 

friend during the rough study years. 

 

I also would like to thank and be grateful for all Busby Lab members during my studies in 

2018-2022: Rita Godfrey, Joanne Hothersall, Radwa Wahab, Georgina Lloyd, and Gabrielle 

Christie; and all Master students who helped me in this project with their amazing effort. I 

could not have completed this journey without the support and collaboration with Dr. James 

Haycocks; his patience and kindness in teaching me the ChIP-seq and the analysis were 

outstanding. This work would not be a great story without Busby Lab`s support. I had the 

pleasure of working and attending in Grainger’s Lab, and I am grateful for their advice and 

assistance. And above all, I would like to thank my sponsors, Princess Nourah Bint 

Abdulrahman University (PNU, Saudi Arabia); the Saudi Arabia Cultural Bureau (SACB, 

United Kingdom); and the Minister of Education in Saudi Arabia, for giving me this 

opportunity and scholarship to accomplish my goals. 

 

I would like to extend my sincere thanks to my family, my parents, and their patience during 

all these years. I would also like to thank my lovely son, Ibrahim, for his patience and support 

throughout my life. This work is dedicated in honour of all my loves ones and relatives who 

could not be here today to celebrate with me, my uncles, and my grandparents. Lastly, I would 

like to acknowledge my gratitude to my amazing brothers, Mashal, Yasir, Saud, Khaled, 

Muhanned, and Waleed, for their support and encouragement over all these years. I also would 

like to thank all my friends in the U.K. and Saudi Arabia for helping me during these years and 

for their support. I am also thankful for all the people who helped me and supported me during 

the COVID -19 crisis in the UK, the Emirates and Saudi Arabia.   

  

  

 

v 



1 
 

 

Table of Contents 

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

Dedications ............................................................................................................................... iv 

Acknowledgments. ....................................................................................................................... v 

List of Figures. ........................................................................................................................... x 

List of Tables. ..........................................................................................................................xii 

List of abbreviations. ................................................................................................................. 1 

Chapter 1 .................................................................................................................................... 3 

Introduction ................................................................................................................................ 3 

1.1 Escherichia coli ............................................................................................................. 4 

1.2 Pathogenic E. coli .......................................................................................................... 4 

1.2.1 EAEC Pathogenesis ................................................................................................... 5 

1.2.2 UPEC pathogenesis .................................................................................................... 8 

1.3 Autotransporters in pathogenic E. coli......................................................................... 10 

1.4 Transport of capsular polysaccharides via ABC transporter system ........................... 12 

1.5 Virulence determinants in pathogenic E. coli strains................................................... 15 

1.5.1 Plasmid –encoded Toxin (Pet) ................................................................................. 15 

1.5.2 Protein involved in colonisation (Pic)...................................................................... 20 

1.5.3 Enteroaggregative Heat Stable Toxin-1 (EAST-1) .................................................. 20 

1.5.4        Polysialic acid transport protein: Group 2 capsule (KpsMII) .................................. 21 

1.6 Bacterial Gene Expression ........................................................................................... 23 

1.6.1 Transcription in bacteria .......................................................................................... 23 

1.6.2 RNA Polymerase (RNAP) ....................................................................................... 23 

1.6.3 Sigma factors ........................................................................................................... 24 

1.6.4 Promoter Regions..................................................................................................... 26 

1.6.5 Transcription initiation in E. coli ............................................................................. 26 

1.7 Regulation of transcript initiation by transcription factors .......................................... 29 

1.7.1 Transcription activation ........................................................................................... 29 

1.7.2 Transcription repression........................................................................................... 30 

1.8 Regulation of promoters by modifications .................................................................. 33 

1.9 Regulation of transcription by small molecules........................................................... 33 

1.10 The cyclic AMP receptor protein and its helpers: their role in health and sickness .... 37 

1.10.1 Cyclic AMP receptor protein (CRP) ........................................................................ 37 

vi 



2 
 

1.10.2 Factor for inversion stimulation (Fis) ...................................................................... 37 

1.10.3 Other bespoke transcription factors ......................................................................... 38 

1.10.4 The involvement of CRP in virulence gene regulation ............................................ 38 

1.11 Hypotheses and aims of this project ............................................................................ 40 

Chapter 2 .................................................................................................................................. 41 

Materials and Methods ............................................................................................................. 41 

2.1 Bacterial media ............................................................................................................ 42 

2.2 E. coli strains and plasmids, and growth conditions .................................................... 42 

2.3 Antibiotic stock preparation ......................................................................................... 42 

2.4 Chemicals, buffers, and reagent preparations .............................................................. 42 

2.5 Growth curves using growth kinetics in the Fluostar microplates ............................... 53 

2.6 Crystal violet biofilm formation using microtiter plates.............................................. 53 

2.7 Bacterial conjugation procedures ................................................................................. 54 

2.8 E. coli transformation with DNA plasmid DNA ......................................................... 54 

2.8.1 Competent cells preparation using 0.1 M calcium chloride .................................... 54 

2.8.2 Plasmid transformation into competent cells ........................................................... 54 

2.9 Plasmid DNA extraction method ................................................................................. 55 

2.9.1 Miniprep Kit for small scale of plasmid DNA preparation (Qiagen) ...................... 55 

2.9.2 Maxiprep Kit for large scale of DNA plasmid (Qiagen) ......................................... 55 

2.10 B- galactosidase assays ................................................................................................ 55 

2.11 Construction of promoter fragments and cloning into plasmids .................................. 56 

2.11.1 Polymerase chain reaction (PCR) ............................................................................ 56 

2.11.2 Site-directed mutagenesis (SDM) ............................................................................ 57 

2.12 Polyacrylamide gel electrophoresis ............................................................................. 64 

2.13 Electroelution of DNA fragments from polyacrylamide gel ....................................... 64 

2.14 Phenol/chloroform extraction and ethanol precipitation of DNA fragments............... 64 

2.15 Restriction digestion of PCR fragments and plasmids ................................................ 65 

2.16 Ligation and sequencing of segments of plasmid clones ............................................. 65 

2.17 Rapid amplification of cDNA ends (5` RACE) ........................................................... 65 

2.18 In vitro assays .............................................................................................................. 66 

2.18.1 Radiolabelled DNA fragments ................................................................................. 66 

2.18.2 Electrophoretic mobility shift assay (EMSA) .......................................................... 66 

2.18.3 Multi-round transcription assays.............................................................................. 67 

2.19 Chromatin immunoprecipitation followed by sequencing assay (ChIP-seq) .............. 67 

2.20 Bioinformatic analysis of ChIP-seq data ..................................................................... 68 

vii 



3 
 

Chapter 3 .................................................................................................................................. 71 

Investigation of the pic gene promoter region in Enteroaggregative and Uropathogenic E. coli

.................................................................................................................................................. 71 

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

3.2 The EAEC 042 pic regulatory region .......................................................................... 77 

3.2.1 Investigation of the pic p042 promoter region and transcription regulation ........... 77 

3.2.2 Identification of the transcript start site at the pic p042 promoter ........................... 81 

3.2.3 Identification of functional -10 hexamer element at the pic p042 promoter ........... 83 

3.2.4 CRP activation at the pic p042 promoter ................................................................. 87 

3.3 The UPEC CFT073 pic regulatory region ................................................................... 89 

3.3.1 Investigation of the pic p073 promoter region and transcription regulation ........... 89 

3.3.2 Identification of the transcript start site at the pic p073 promoter ........................... 93 

3.3.3 Identification of functional -10 element at the pic p073 promoter .......................... 95 

3.3.4 CRP- dependent activation at the pic p073 promoter .............................................. 99 

3.4 Comparison of the EAEC 042 and UPEC 073 pic regulatory regions ...................... 102 

3.4.1 Alignment of pic p042 and pic p073 base sequences ............................................ 102 

3.4.2 The influence of the GC marker on pic p042 activity ........................................... 104 

3.4.3 Leader sequence deletions in pic p042 .................................................................. 107 

3.4.4 Improving the pic p042 promoter DNA site for CRP ............................................ 110 

3.4.5 Trans dominance of CRP mutants at the pic promoters ........................................ 113 

3.4.6 Translation efficiency at the pic p042 and pic p073 regulatory regions ................ 115 

3.5 Involvement of other TFs in pic promoter regulation ................................................ 120 

3.5.1 Investigation of the role of Fis at the pic promoter ................................................ 120 

3.5.2 The influence of AggR on pic promoter activity ................................................... 123 

3.6 Discussion .................................................................................................................. 127 

Chapter 4 ................................................................................................................................ 131 

Identification of CRP binding sites across the EAEC 042 genome ....................................... 131 

4.1 Introduction ................................................................................................................ 132 

4.2 The influence of CRP on EAEC strain 042 biofilm formation .................................. 134 

4.3 ChIP-seq analysis of CRP binding sites across the EAEC strain 042 genome .......... 136 

4.3.1 A catalogue of CRP binding sites in the EAEC strain 042 chromosome .............. 136 

4.3.2 CRP binding site quality and location on the EAEC 042 chromosome ................ 144 

4.3.3 CRP binding sites within the pAA plasmid of EAEC strain 042 .......................... 147 

4.4 Discussion .................................................................................................................. 151 

Chapter 5 ................................................................................................................................ 153 

viii 



4 
 

Investigation of some EAEC 042-specific genes targeted by CRP ....................................... 153 

5.1 Introduction ................................................................................................................ 154 

5.2 Experiment design ..................................................................................................... 154 

5.3 CRP binding in vitro using Electrophoretic Mobility Shift Assays ........................... 157 

5.4 In vivo investigation of CRP regulation at selected targets ....................................... 159 

5.4.1 The role of CRP at the kpsMII regulatory region .................................................. 159 

5.4.2 The role of CRP at the EC042_0225 / EC042_0224 intergenic region ................. 163 

5.4.3 The role of CRP at the EC042_0536 regulatory region ......................................... 167 

5.5 Discussion .................................................................................................................. 171 

Chapter 6 ................................................................................................................................ 172 

CRP regulation at the EAEC strain 042 kpsMII promoter region ......................................... 172 

6.1 Introduction ................................................................................................................ 173 

6.2 Investigation of kpsMII upstream DNA sequence ..................................................... 174 

6.2.1 kpsMII cloning strategy.......................................................................................... 174 

6.2.2 Orientation of the kpsMII second promoter ........................................................... 177 

6.2.3 Location of kpsMII promoter determinants using nested deletions ....................... 180 

6.2.4 Identification of -10 element in the kpsMII promoter region by mutation analysis

 183 

6.2.5        Investigation of the KpsM promoter region DNA site for CRP ............................. 188 

6.2.5 An in vitro study of the influence of CRP on transcription from the kpsMII second 

promoter 188 

6.2.7 Activity of the kpsMII second promoter at lower temperatures ............................ 192 

6.2.8 kpsMII promoter activity in different nutrition conditions .................................... 192 

6.3 The kpsMII regulatory region: comparison between EAEC strain 042, UPEC strain 

CFT073 and UPEC strain UTI89 ........................................................................................... 196 

6.4 Discussion .................................................................................................................. 199 

Chapter 7 ................................................................................................................................ 200 

Final discussion and conclusions ........................................................................................... 200 

7.1 Discussion .................................................................................................................. 201 

7.2 Limitations ................................................................................................................. 205 

7.3 Future research directions .......................................................................................... 205 

7.4 Conclusions ................................................................................................................ 206 

8.1 List of References ...................................................................................................... 207 

Appendix ................................................................................................................................ 223 

 

ix 



1 
 

List of Figures.  

 

Figure 1.1:  EAEC pathogenesis. ............................................................................................... 7 

Figure 1.2: UPEC pathogenesis in the bladder stage. ................................................................ 9 

Figure 1.3: Schematic summary of type V secretion. .............................................................. 11 

Figure 1.4: Model for capsular polysaccharide export by the ABC system in E. coli. ............ 14 

Figure 1.5: Organization of the genetic locus responsible for the group 2 capsule in EAEC 

strain 042. ......................................................................................................................... 22 

Figure 1.6: Schematic drawing of RNAP holoenzyme structure. ............................................ 25 

Figure 1.7: Transcription initiation stages in E. coli. ............................................................... 28 

Figure 1.8: Simple promoter activation mechanisms .............................................................. 31 

Figure 1.9: Simple promoter repression mechanisms .............................................................. 32 

Figure 1.10: Regulation of carbon catabolite repression in E. coli .......................................... 36 

Figure 2.1: Assessing the quality of ChIP-seq samples ........................................................... 70 

Figure 3.1: Position of pic gene in the EAEC and UPEC genomes ........................................ 73 

Figure 3.2: CRP activation classes........................................................................................... 75 

Figure 3.3: Cloning vectors for pic promoter fragments ......................................................... 76 

Figure 3.4: Fragment carrying the EAEC 042 pic promoter DNA sequence .......................... 78 

Figure 3.5: The pic p042 promoter .......................................................................................... 79 

Figure 3.6: Mapping the pic p042 promoter TSS .................................................................... 82 

Figure 3.7: Alignment of pic p042 mutated derivatives with different at -10 hexamer elements

.......................................................................................................................................... 84 

Figure 3.8: Mutational analysis of pic p042 promoter ............................................................. 85 

Figure 3.9: Measured pic p042 promoter activities with different CRP derivatives ............... 88 

Figure 3.10: Fragment carrying the UPEC CFT073 pic promoter DNA sequence ................. 90 

Figure 3.11: Activity of the pic p073 promoter ....................................................................... 91 

Figure 3.12: Mapping the pic p073 promoter TSS .................................................................. 94 

Figure 3.13: Alignment of pic p073 derivatives with point mutations in alternative -10 

hexamer elements............................................................................................................. 96 

Figure 3.14: Mutational analysis of the pic p073 promoter ..................................................... 97 

Figure 3.15: Measured pic p073 activity in CRP derivatives ................................................ 100 

Figure 3.16: Alignment of the EAEC strain 042 and UPEC strain CFT073 pic promoter 

region base sequences .................................................................................................... 103 

Figure 3.17: Influence of the GC marker on pic p042 U promoter activity .......................... 105 

Figure 3.18: Effects of shortening pic p042 downstream sequences ..................................... 108 

Figure 3.19: pic p042 activity is affected by the quality of its DNA site for CRP ................ 111 

Figure 3.20: Trans-dominance of defective CRP at pic promoters ....................................... 114 

Figure 3.21: Base sequences of pic p042 and pic p073 fragments for protein fusions.......... 116 

Figure 3.22: Expression of pic p042 and pic p073 protein fusions ....................................... 118 

Figure 3.23: Comparison of measured pic p042 and pic p073 activities in operon fusions and 

protein fusions ................................................................................................................ 119 

Figure 3.24: Regulation of the pic promoters by Fis ............................................................. 121 

x 



2 
 

Figure 3.25: AggR site in the EAEC 042 and UPEC CFT073 pic promoter DNA sequences

........................................................................................................................................ 124 

Figure 3.26: Impact of AggR on pic promoter activity ......................................................... 125 

Figure 3.27: RNA secondary structure prediction of pic p073 expression ............................ 130 

Figure 4.1: Alignment of the E. coli K-12 genome with the EAEC 042 genome ................. 133 

Figure 4.2: Effect of CRP on biofilm formation .................................................................... 135 

Figure 4.3: CRP binding across the EAEC 042 genome determined by ChIP-seq analysis . 138 

Figure 4.4: Binding of CRP at selected EAEC 042-specific genes ....................................... 142 

Figure 4.5: Gene categories of genes targeted by CRP in EAEC 042 ................................... 143 

Figure 4.6: CRP target analysis ............................................................................................. 145 

Figure 4.7: ChIP profiles CRP at selected EAEC 042 plasmid genes ................................... 149 

Figure 4.8: CRP binding motif on EAEC 042 plasmid pAA ................................................. 150 

Figure 5.1: CRP binding in vitro at EAEC 042-specific genes ............................................. 158 

Figure 5.2: Base sequence of fragment carrying the EAEC 042 kpsMII regulatory region .. 160 

Figure 5.3: Assessing regulation by CRP at the kpsMII promoter region ............................. 161 

Figure 5.4: Base sequence of fragments carrying the EAEC 042, EC042_0224 and 

EC042_0225 intergenic region ...................................................................................... 164 

Figure 5.5: Promoter activity in the EC042_0224/EC042_0225 intergenic region............... 165 

Figure 5.6: Bases sequence of the EAEC 042 p0536 fragment ............................................. 168 

Figure 5.7: Assessing the regulation by CRP at the EC042_0536 promoter region.............. 169 

Figure 6.1: Chromosome context of kpsMII in EAEC 042 ................................................... 175 

Figure 6.2: DNA sequence of the upstream of kpsMII promoter region from EAEC 042 .... 176 

Figure 6.3: Promoter orientation of the kpsMII second promoter ......................................... 178 

Figure 6.4: kpsMII regulatory region nested deletion analysis .............................................. 181 

Figure 6.5: DNA sequence of the kpsMII 440 promoter fragment ........................................ 184 

Figure 6.6: kpsMII derivatives with different -10 hexamer element mutations ..................... 185 

Figure 6.7: Mutational analysis of kpsMII promoters ............................................................ 186 

Figure 6.8: CRP binding in vitro studied by EMSA .............................................................. 190 

Figure 6.9: Promoter activity in the kpsMII intergenic region studied in vitro ..................... 191 

Figure 6.10: Temperature effects on expression from the kpsMII promoters and the effect of 

CRP ................................................................................................................................ 194 

Figure 6.11: The effect of glucose on CRP-dependent repression of the kpsMII promoters. 195 

Figure 6.12: Base sequence alignment of the UPEC CFT073, and EAEC 042, and UPEC 

strain UTI89 kpsMII regulatory regions ........................................................................ 198 

 

 

xi 



1 
 

List of Tables.  
 

Table 1.1: A- Chromosomally-Encoded virulence factor genes in EAEC strain 042. ............ 16 

B- Plasmid-Encoded virulence factor genes in EAEC strain 042............................................ 16 

Table 1.2: Chromosomally encoded virulence factor genes in UPEC strain CFT073. ........... 18 

Table 2.1: E. coli strains .......................................................................................................... 46 

Table  2.2: Plasmids used in this study .................................................................................... 47 

Table 2.3 PCR thermocycle conditions ................................................................................... 58 

Table 2.4 Oligonucleotide primer sequences used in this study .............................................. 59 

Table 4.1: CRP targets identified by ChIP-seq analysis on the EAEC 042 plasmid. ............ 148 

Table 5.1: The EAEC 042-specific genes from CRP ChIP-seq Data. ................................... 155 

 

xii 



1 
 

List of abbreviations. 
 

ABC transporters     ATP-binding cassette transporters 

AggR                          Aggregative regulator  

BKO                           Both promoter knockouts  

cAMP                         Cyclic adenosine monophosphate 

ChIP-seq                    Chromatin immunoprecipitation- sequence 

CRP                            Cyclic AMP receptor protein 

CRP AR1 AR2          CRP active region 1 active region 2 

DKO                           Dowenstream promoter kockout  

DNA                            Deoxyribonucleic acid 

E. coli                          Escherichia coli 

EAEC                         Enteroaggregative E. coli    

EAST-1                       Enteroaggregative Heat Stable Toxin-1 

Fis                               Factor for inversion stimulation protein 

HlyA                           Haemolysin A 

H-NS                           Histone-like nucleoid-structuring protein 

IBCs                            Intracellular bacterial communities  

IHF                             Integration host factor 

KpsMII                       Polysialic acid transport proteins; group 2 

LB                               Luria-Bertani media 

OC                              Open promoter complex 

Ops                              Operon polarity suppressor  

Pet                                Plasmid encoded toxin 

Pic                                Protein involved in colonisation 

(p)ppGpp                    Guanosine pentaphosphate or tetraphosphate 

PTS                              Phosphotransferase system  

QIRs                            Quiescent intracellular reservoirs  

5` RACE                     5` Rapid amplification of cDNA ends 

RNA                             Ribonucleic acid 

RNAP                          RNA polymerase  

RNA-seq                      RNA-sequencing 

SD                                Shine–Dalgarno 

SDW                            Sterile distilled water 



2 
 

sRNA                         Small RNA  

T5SS                          Type 5 secreation system  

TF                              Transcription factor  

TSS                            Transript start site  

UKO                          Upstream promoter knockout  

UPEC                        Uropathogenic E. coli 

UTI                            Urinary tract infection  

VFGs                         Virulance factor genes 

WT                            Wild type  



3 
 

 

 

 

 

 

 

 
 

Chapter 1 

Introduction 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

1.1  Escherichia coli 
 

In the tree of life kingdom, bacteria and Archaea are classified as prokaryotic cells that lack a nucleus, 

and organelles, in their structure. These organisms can be found in all environments, and, in some 

situations, they live in symbiotic relationships with other organisms, such as plants or animals. 

Bacteria are microscopic organisms that can be classified into five categories according to their 

shapes: rod (bacilli), spherical (cocci), comma (vibrios), spiral (spirilla), corkscrew (spirochaetes), 

and they can be found alone as a single cell, or in pairs or chains, dependent on the morphology of 

the bacterial species. One of the best-studied species is Escherichia coli due to its heterologous gene 

expression in it (Goeddel, 1990), which was named after Theodor Escherich, who discovered this 

microorganism in 1885 (Hacker and Blum-Oehler, 2007).  

 

Escherichia coli is a Gram-negative rod-shaped facultative anaerobic bacterium that has been 

classified within the Enterobacteriaceae family. Escherichia coli can thrive in a variety of 

environments, including the gut of vertebrates, where it is an important component of the host 

microbiome. In fact, E. coli colonises the gastrointestinal tract of humans within the first hours of 

human infant life. This species and its human host have been co-existing in good health for mutual 

benefits, like producing vitamin K and vitamin B12 (Lawrence and Roth, 1996; Kaper et al., 2004). 

Another key benefit to the host intestines from intestinal microbiota (including commensal E. coli) is 

protection against colonization by external pathogens and balancing the gut microbiota (Chow et al., 

2011). Some E. coli strains have evolved to increase their ability to colonise the human gut, and many 

of these strains cause diseases. Three common clinical diseases can result from an infection by 

pathogenic E. coli: urinary tract infection, diarrhoea, and sepsis/meningitis (Nataro and Kaper, 1998).  

1.2  Pathogenic E. coli 
 

Many commensal E. coli strains remain harmless in the human gut because they lack genes encoding 

virulence determinants such as enterotoxins, invasion proteins, and adhesion factors. When strains 

acquire these genetic elements, they can evolve by locking them into their genome (Kaper et al., 

2004). However, only the successful combination of certain virulence determinants results in E. coli 

pathotypes that cause illness to healthy humans. Six such pathogenic E. coli types have been described 

in the last decade, that differ according to their pathogenicity mechanisms: enterotoxigenic E. coli 

(ETEC), enteropathogenic E. coli (EPEC), enteroinvasive E. coli (EIEC), diffusely adherent E. coli 

(DAEC), enterohaemorrhagic E. coli (EHEC) and enteroaggregative E. coli (EAEC) (Nataro and 
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Kaper, 1998). Additionally, other pathogenic E. coli can cause extraintestinal infections in other parts 

of the human body. Examples are uropathogenic E. coli (UPEC), which causes bladder and urinary 

tract infections, and neonatal meningitis-associated E. coli (NMEC), which can cause cardiovascular 

or brain infection. 

1.2.1 EAEC Pathogenesis 
 

EAEC causes watery, mucoid, and bloody diarrhoea in children and travellers, worldwide. EAEC is 

the second most common cause of travellers’ diarrhoea, second only to ETEC, and, over the past 

decades, outbreaks of EAEC have flared up in the United Kingdom (Smith et al., 1997), Italy (Scavia 

et al., 2008), and Japan (Itoh et al., 1997). EAEC was first identified by Jim Nataro in 1987 who 

recognised aggregative and diffuse strains as different phenotypes, both associated with diarrhoea. 

The classical phenotype of disease causing EAEC is ‘stacked-brick’ aggregative bacterial adherence 

on Hep-2 cells due to EAEC cells sticking to each other and adhering to Hep-2 cells in a process 

known as auto-aggregation (Nataro et al., 1987). At the molecular level, EAEC can be defined by 

plasmid-encoded aggregative adherence (AA) protein and the att locus, which encodes an ABC 

transporter system (Baudry et al., 1990; Okeke et al., 2000). Importantly, a typical EAEC can be 

recognised by the presence of the transcription activator AggR, which is often plasmid-encoded and 

regulates the expression of most of the EAEC virulence factors. Due to the high ability of EAEC 

strains to form biofilms, biofilm assays can be used to screen large numbers of strains from clinical 

cases. Hence Iwanaga and his colleagues (2002) in Japan used biofilm assays and found that 89% of 

the strains tested were EAEC.  

 

The hallmark of EAEC pathogenesis is the presence of aggregative adhesion fimbriae (AAF), the 

production of toxins, and the formation of biofilm, as host intestinal cells are colonised. One EAEC 

strains, EAEC 042, is taken as a paradigm, and has been studied in detail. Figure 1.1 illustrates the 

infection process of this strain. Which is initiated by the attachment of AAF to human intestinal cells. 

This can be reproduced with mammalian cultured cells, such as HeLa and Hep-2 (Navarro-Garcia 

and Elias, 2011). In EAEC strain 042, AAF/II is the most common AAFs, binding to fibronectin and 

type IV collagen on host intestinal cells. The interaction of EAEC AAF to host cells is supported the 

help of dispersin; a hydrophilic protein that attaches non-covalently to the EAEC outer membrane, 

thereby allowing AAF extension from the cell surface and subsequent interaction with host cells to 

form a robust biofilm (Farfan et al., 2008).    
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The second stage of EAEC pathogenesis is the secretion of toxins. Autotransporter proteins are 

associated with adhesion, and these are secreted by type V protein secretion systems (Wells et al., 

2007). EAEC 042 produces two autotransporter proteins during growth in poor environmental 

conditions, and these help it to survive and colonise in the host colon. One is an enterotoxin, named 

as Pet (plasmid encoded toxin) (Navarro-Garcia and Elias, 2011). The other autotransporter protein 

is Pic (protein involved in colonisation), which is involved in mucinolytic activity. Additionally, some 

EAEC strains can produces enterotoxins like Shigella enterotoxin 1 (ShET1), and enteroaggregative 

E. coli heat-stable toxin-1 (EAST-1), which are involved in secretory and watery diarrhoea (Kaper et 

al., 2004). These stages lead to the third stage of EAEC infection, which is intestinal secretion due to 

the EAEC colonisation, and mucosal inflammation.  

Molecular and genetic studies of EAEC pathogenesis have underscored the importance of the 

aggregation regulator protein (AggR) in triggering the expression of many of the virulence genes of 

EAEC 042 (Sarantuya et al., 2004; Nataro, 2005). However, some virulence genes, such as pic and 

pet, are not regulated via AggR. Rossiter et al. (2011) showed that pet gene transcription initiates 

from a single promoter that is co-dependent on two global transcription factors, the cyclic AMP 

receptor protein (CRP) and the factor for inversion stimulation (Fis). CRP and Fis are global 

transcription factors that are involved in the regulations of many genes beside pet in E. coli (Santos-

Zavaleta et al., 2019).  
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Figure 1.1:  EAEC pathogenesis. 

The panel shows the disease process that starts with (A) EAEC 042 adherence by AAF to human 

intestinal cells. (B) Toxin productions such as Pet (orange), EAST1 (white), Pic (blue) and 

ShET1(green). (C) Mucosal inflammation resulting from damage to the intestine and mucosa (taken 

from Elias and Navarro-Garcia, 2016). 
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1.2.2 UPEC pathogenesis 
 

UPEC is responsible for more than 80% of urinary tract infection (UTI) cases (Klein and Hultgren, 

2020). This pathogen can cause cystitis in the bladder and pyelonephritis in the kidneys. UTI 

symptomatically can be classified into three stages depending on the severity of the infection: to 

urosepsis syndrome (urine), pyelonephritis (kidneys), and cystitis (bladder) (Foxman, 2014).  

 

The pathogenesis of UPEC, shown in Figure 1.2, starts with colonisation of the urethra. UPEC then 

ascends into the bladder where it appears in urine as planktonic cells. When the pathogen enters the 

bladder, it starts the colonisation there with adhesion to the uroepithelium layer, via the pathogen 

fimbria adhesin H (FimH), which binds to uroplakin receptors on the superficial facet cells (in 

uroepithelium layer) (Croxen and Finlay, 2010; Klein and Hultgren, 2020). Then UPEC initiates 

biofilm formation, leading to invasion, replication and the formation of biofilm-like complexes 

known as intracellular bacterial colonies (IBCs) that help to protect the pathogen from the host’s 

immune systems. Secretion of haemolysin A (HlyA) toxin then triggers apoptosis of host cells, 

including peeling of the uroepithelium, which allows access to transitional cells for more invasion. 

UPEC can live inside these transitional cells as quiescent intracellular reservoirs (QIRs). Motile 

UPEC then moves to colonise the kidneys and futher damage to the host tissue generates a high risk 

of septicemia (Bien et al., 2012; Terlizzi et al., 2017). In the kidney infection stage, the host's immune 

system responds to UPEC invasion by activating proinflammatory mediators that protect the kidney 

from pathogens, but until this response becomes excessive, pathogens can cause chronic 

pyelonephritis, which can cause damage to kidney cells and renal failure (Bien et al., 2012). 

 

Multiple virulence factors contribute to UPEC infection of UTI cells, including flagella, adhesins, 

iron-acquisition systems and polysaccharide capsules (Bien et al., 2012). Moreover, UPEC, similar 

to EAEC, expresses an autotransporter mucinase (Pic), which targets the mucus, and polysialic acid 

transport proteins (KpsMII). However, UPEC toxins differ from EAEC, hence, UPEC strain CFT073 

encodes α-haemolysin (HlyA) and vacuolating autotransporter toxin (Vat) (Wiles et al., 2008).  
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Figure 1.2: UPEC pathogenesis in the bladder stage. 

The figure illustrates the pathogenesis of UPEC in the bladder. Starting from the left side, UPEC 

binds to uroplakin receptor (Ia and IIIa) on the uroepithelium to initiate invasion. The binding of type 

1 pili on the pathogen to α3β1 integrins on host cells then leads to the formation of intracellular 

bacterial communities (IBCs). Filamentous bacteria fluxing out from infected cells and invading the 

surrounding superficial cells. The secretion of toxins like haemolysin A (HlyA) prevents Akt proteins 

activation that are crucial in cell survival and proliferation. This results in apoptosis, which exposes 

transitional cells and extends the invasion to these cells, with the formation of quiescent intracellular 

reservoirs (QIRs). Motile UPEC then continues to infect the kidneys. Figure taken from Croxen and 

Finlay (2010).  
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1.3  Autotransporters in pathogenic E. coli 

 
Autotransporter proteins are frequently involved in pathogenesis. They have the property of 

transporting themselves from their cytoplasmic site of synthesis to the extracellular milieu (Henderson 

et al., 1998). This is known as type 5 secretion, mediated by type V in the protein secretion systems 

(T5SS) (Henderson et al., 2004). The T5SS consists of three subfamilies: the autotransporter system 

(Va), the two-partner secretion pathway (Vb); and the trimeric autotransporter adhesin system (Vc) 

(Henderson et al., 2004; Wells et al., 2010).  

 

Autotransporter proteins are composed of three functional domains: a signal sequence, a passenger 

domain which carries the virulence function, and a translocation β -barrel unit (Figure 1.3). The signal 

sequence is found in the N-terminal end of the protein, and its function is to target the protein to the 

inner membrane, so it can be transferred to the periplasm (Henderson et al., 1998). The passenger 

domain is destined to be the secreted extracellular protein. The translocation unit (named as the β-

domain) is present in the C-terminal domain at the end of protein. The translocation here follows the 

secretion across the outer membrane (Henderson et al., 2004). In type Vb pathways, the passenger 

domain and the translocation unit are two separate proteins, TpsA and TpsB, each of them carrying 

their own signal sequence to target them to the inner membrane. For the type Vc pathway, the 

translocation unit trimerizes, with the C-terminal domains of each monomer contributing four β-

strands to form a complete pore (Henderson et al., 1998).  

 

Type Va autotransporter proteins share similar structures. Interestingly, the EAEC and UPEC 

autotransporter protein Pic and EAEC Pet autotransporter protein all use the type Va pathway (AT-1 

pathway). The autotransporter translocation domain consists of 250-300 amino acids and is assumed 

to form 14 antiparallel β-strands as it inserts into the outer membrane (Yen et al., 2002). However, 

passenger domains can differ greatly, from one type Va autotransporter to another. This allows 

passenger domains to be involved in highly diverse functions, such as adhesion, serum resistance, 

haemagglutination, protease activity, biofilm formation and toxin activities. Basically, in the Va 

autotransporters, the passenger domain fits into a common framework formed by the rest of the protein 

(Emsley et al., 1994).  
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Figure 1.3: Schematic summary of type V secretion. 

The diagram illustrates type V secretion with a type Va autotransporter protein type (left), a two-

partner type Vb system (middle), and a type Vc system (right). Different parts of the autotransporter 

are colour coded as indicated in the figure. These autotransporters are exported to the periplasm 

membrane by the Sec machinery. The signal sequence is cleaved in the periplasmic space and the β-

domain ejects the passenger domain after insertion into the bacterial outer membrane. The diagram 

is taken from Henderson et al., 2004. 
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1.4  Transport of capsular polysaccharides via ABC transporter system 
 

The bacterial capsule is defined as the extracellular structure that surrounds bacterial cells, and it can 

be viewed via a microscope as a thick layer (Kröncke et al., 1990). These extracellular materials 

include O antigens, lipopolysaccharide (LPS) and capsular (K) antigens (Whitfield and Roberts, 

1999). Capsule are made as long polysaccharide chains which have negative charge to provide a 

highly hydrated capsular layer to the cell. It is believed that the role of these polysaccharides is to 

mediate the interactions between the bacteria and their surroundings, and to protect bacteria from the 

innate and acquired immunity of their host (Vimr et al., 2004; Whitfield, 2006).  

 

The many K antigens of E. coli are classified into 4 groups, based on genetic, biochemical, and 

serological data (group 1, group 2, group 3, and group 4 capsule; Whitfield, 2006) Non-protein 

molecules such as capsular polysaccharides cannot use the Gram-negative Sec pathway for export to 

the cell surface. Hence, capsule molecules are exported to the cell surface using two systems: ABC 

transporter-dependent (required for group 2 and group 3 capsules) or Wzy-dependent systems 

(required for groups 1 and 4 capsules) (Cuthbertson et al., 2009; Cuthbertson et al., 2010). Note that 

the ABC transporter dependent pathway uses an ATP-binding cassette (ATP) to provide the energy 

to facilitate the translocation of the polysaccharide chains.  

 

In mucosal pathogens, such as pathogenic E. coli strains, Haemophilus influenzae and Neisseria 

meningitidis, the capsular (K) polysaccharides were defined as major virulence factors that use ABC 

transporter-dependent pathways to export the polymer to the cell surface (Willis and Whitfield, 2013). 

Capsules that are exported by this system have a unique structure at the end of the polysaccharides 

chain. This structure consists of a phospholipid named lyso-phosphatidylglycerol and it is linked to 

the polysaccharide via a “β-linked poly-3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) linker” (Willis 

et al., 2013). It has been suggested that the role of this terminal linker is to attach the polysaccharide 

chain to the cell surface (Fischer et al., 1982). The organisation of an ABC transporter-dependent 

system is shown in Figure 1.4. After the polymer is synthesised in the cytoplasm, it is exported across 

the inner membrane via KpsT, which consists of two identical nucleotide binding domains (NBD), 

and KpsM, which consists of two integral membrane domains (TMD). These proteins only export the 

mature polysaccharide chains to the periplasm, and the process is then continued by two other 

proteins: KpsE (polysaccharide co-polymerase (PCP)) and KpsD, which are located at the outer 

membrane (outer membrane polysaccharide (OPX)) (Cuthbertson, et al., 2009). Structural studies 
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show that the 258-aa KpsM protein forms a spanning pore in the inner membrane, whereas the 223-

aa KpsT faces the cytoplasmic membrane and contains the ATP binding cassette (Figure 1.4) 

(Chaudhuri et al., 2010).  

 

E. coli group 2 K antigen is expressed at 37C, when it is inside a host, but not in external 

environments where there are lower temperatures (Whitfield, 2006). The essential genes for group 2 

K antigen are located in the chromosomal kps cluster. This consists of three regions: region 1 

(encoding kpsFEDUCS), region 2, that is strain serotype-specific (encoding the enzymes for polymer 

synthesis) and region 3 (kpsMT) (Roberts, 1996). Together, these regions encoded the proteins that 

involved in capsule polysaccharide biosynthesis, maturation, and location (Steenbergen and Vimr, 

2008) 
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Figure 1.4: Model for capsular polysaccharide export by the ABC system in E. coli. 

 

The cartoon illustrates the four main proteins of the Kps system that are involved in exporting 

polysaccharide chains from their site of synthesis (the cytoplasm) to the cell surface. The mature 

polysaccharide chains are shown here as black and grey chains that identify via the terminal (lyso) 

phosphatidylglycerol-poly-Kdo, illustrated here as the red shape, to attach the polysaccharide chain 

to the cell surface. On the inner membrane are shown KpsT and KpsM which form an ABC 

transporter. The outer membrane consists of KpsE and KpsD that are involved in export of the 

polysaccharide chain to the cell surface. The model is adapted from Willis and Whitfield (2013).  
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1.5  Virulence determinants in pathogenic E. coli strains 
 

The chromosome and pAA plasmid of EAEC strain 042 encode many virulence factor genes (VFGs) 

that are involved in pathogenesis (the chromosomal VFGs of EAEC 042 are listed in Table 1.1A, and 

plasmid encoded VFGs are in Table 1.1B). Expression of the majority of these VFGs, such as aaf, 

aat and aap, is controlled by AggR (Yasir et al., 2019). This transcription activator belongs to the 

AraC family of transcription regulators and is encoded on the pAA plasmid (Elias et al., 1999; Morin 

et al., 2013). AggR is also involved in the regulation of some chromosomally encoded VFGs, such 

as a T6SS (Dudley et al., 2006). Previous studies have argued that AggR is the global regulator of 

expression of most virulence determinants in EAEC. However, not all VFGs such as pet, belong to 

the regulon controlled by CRP, a well-characterised global transcription factor (Rossiter et al., 2011). 

In the case of UPEC strain CFT073, all its virulence factors are chromosomally encoded, as this strain 

especially does not carry a plasmid (Rodriguez-Siek et al., 2005). VFGs in the UPEC strain CFT073 

are listed in Table 1.2, for comparison purposes with EAEC strain 042.  

 

1.5.1 Plasmid –encoded Toxin (Pet) 

 
The full-length Pet protein is a serine protease autotransporter of the Enterobacteriaceae SPATE 

family. It has a molecular weight of 104 kDa and is encoded on the EAEC strain 042 plasmid pAA2 

(Navarro-Garcia et al., 2001; Navarro-Garcia et al., 2010). Interestingly, it has been shown that Pet 

toxin has both cytotoxic and enterotoxic effects (Navarro-Garcia et al., 2001). These effects are 

dependent on the activity of the serine protease and on its internalization into target cells (Navarro-

Garcia et al., 2007).  

 

Studies with cultured epithelial cells revealed that Pet enters host cells, causing cytopathic effects 

(Navarro-Garcia et al., 2001).  The role of Pet is to damage the host cell cytoskeleton by interfering 

with actin stress fibres, thereby causing mucus release (Navarro-Garcia and Elias, 2011). 

Furthermore, Pet targets α-fodrin, which are cytoskeleton proteins and play a crucial role in 

preserving the membranes' structural stability. The target of Pet on α-fodrin is by binding and cleaving 

between residues M1198 and V1199.  This results in redistribution of fodrin within cells, the 

formation of intercellular aggregates, and membrane blebs (Bennett and Gilligan, 1993). These 

studies show that Pet is an important virulence element in EAEC pathogenesis. 
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Table 1.1: A- Chromosomally-encoded virulence factor genes in EAEC strain 042. 
 

Virulence 

factor 

Position in contig Protein function Accession 

number 

aaiC 4895043..4895549 Type VI secretion protein FN554766 

air 4259271..4270691 Enteroaggregative immunoglobulin repeat protein FN554766 

capU 5117126..5118214 Hexosyltransferase homolog CU928145 

chuA 4024131..4026113 Outer membrane hemin receptor FN554766 

eilA 4257522..4259219 Salmonella HilA homolog FN554766 

fyuA 2301968..2303989 Siderophore receptor FN554766 

gad 4042972..4044372 Glutamate decarboxylase CU928163 

gad 1699700..1701100 Glutamate decarboxylase FN554766 

hra 3390633..3391424 Heat-resistant agglutinin CP043942 

irp2 2282673..2288780 High molecular weight protein 2 non-ribosomal peptide synthetase NZ_BGNW010

00020 

kpsE 3443946..3445094 Capsule polysaccharide export inner-membrane protein FN554766 

kpsMII 3457805..3458581 Polysialic acid transport protein; Group 2 capsule FN554766 

lpfA 4351536..4352108 Long polar fimbriae AB198066 

mchB 3416292..3416585 Microcin H47 part of colicin H AJ009631 

mchC 3414471..3416021 MchC protein FN554766 

mchF 3410477..3412573 ABC transporter protein MchF FN554766 

mcmA 3410003..3410224 Microcin M part of colicin H FN554766 

pic 4924840..4928958 Serine protease autotransporters of Enterobacteriaceae (SPATE) FN554766 

sitA 1582859..1583773 Iron transport protein FN554766 

terC 3232455..3233168 Tellurium ion resistance protein CP007491 

terC 3609332..3610290 Tellurium ion resistance protein MG591698 

 

B- Plasmid-encoded virulence factor genes in EAEC strain 042. 
Virulence  

factor 

Position in 

contig 

 

Protein function Accession 

number 

ORF3 1397..2425 Isoprenoid Biosynthesis FN554767 

ORF4 2429..2968 Putative isopentenyl-diphosphate delta-isomerase FN554767 

aafA 39652..40134 AAF/II major fimbrial subunit FN554767 

aafB 22554..22994 AAF/II minor adhesin. Enterobacteria AfaD invasin protein FN554767 

aafC 23011..25581 Usher, AAF/II assembly unit AF114828 

aafD 38499..39248 Chaperone, AAF/II assembly unit FN554767 

aap 42684..43034 Dispersin, antiaggregation protein FN554767 

aar 46246..46437 AggR-activated regulator 042 
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aatA 5647..6885 Dispersin transporter protein FN554767 

aggR 41080..41877 AraC- family transcriptional activator FN554767 

astA 32628..32744 EAST-1 heat-stable toxin AB042002 

capU 16404..17492 Hexosyltransferase homolog FN554767 

pet 28073..31960 Plasmid-encoded toxin AF056581 

traT 60523..61299 Outer membrane protein complement resistance FN554767 

 

*The tables were produced by genomicepidemiology.org.  
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Table 1.2: Chromosomally encoded virulence factor genes in UPEC strain CFT073. 
 

Virulence 

factor 

Position in contig Protein function Accession number 

cea 1168463..1168702 Colicin E1 GG772217 

chuA 4086073..4088055 Outer membrane hemin receptor UFZT01000001 

clbB 2304280..2313901 Hybrid non-ribosomal peptide / polyketide megasynthase NZ_CP028714 

clbB 2304280..2313901 Hybrid non-ribosomal peptide / polyketide megasynthase NZ_QLAC01000024 

focCsfaE 1189406..1190101 - CP002211 

focG 1193363..1193866 F1C adhesion DQ301498 

foci 1188817..1189365 S fimbrial/F1C minor subunit AM690762 

fyuA 2247129..2249150 Siderophore receptor ADTO01000058 

gad 4104924..4106324 Glutamate decarboxylase CP001671 

gad 1756318..1757718 Glutamate decarboxylase CP001671 

iha 3448776..3450866 Adherence protein AE014075 

ireA 4935990..4938038 Siderophore receptor AE014075 

iroN 1198162..1200339 Enterobactin siderophore receptor protein AE014075 

irp2 2227128..2231359 High molecular weight protein 2 non-ribosomal peptide 

synthetase 

NZ_PXVW01000053 

irp2 2227128..2231359 High molecular weight protein 2 non-ribosomal peptide 

synthetase 

NZ_QLAC01000001 

irp2 2227128..2231359 High molecular weight protein 2 non-ribosomal peptide 

synthetase 

NZ_UIHY01000010 

irp2 2227128..2231359 High molecular weight protein 2 non-ribosomal peptide 

synthetase 

NZ_UIKF01000007 

iss 1422880..1423221 Increased serum survival AE014075 

iucC 3464728..3466470 Aerobactin synthetase AAJW02000016 

iutA 3461193..3463391 Ferric aerobactin receptor UFZT01000001 

kpsE 3513147..3514295 Capsule polysaccharide export inner-membrane protein AE014075 

kpsMII 3528516..3529292 Polysialic acid transport protein; Group 2 capsule MG736912 

mchB 1176756..1177049 Microcin H47 part of colicin H AE014075 

mchC 1177321..1178871 MchC protein AE014075 

mchF 1180751..1182865 ABC transporter protein MchF AE014075 

mcmA 1183119..1183397 Microcin M part of colicin H AJ586887 

ompT 629100..630053 Outer membrane protease (protein protease 7) AE014075 

papA_F7-1 4948203..4948787 Major pilin subunit F7-1 AF447814 

papA_F7-2 3436965..3437531 Major pilin subunit F7-2 ECOFIMAA 

papC 4944977..4947487 Outer membrane usher P fimbriae ADTJ01000356 

papC 3433739..3436249 Outer membrane usher P fimbriae JNRA01000049 

papC 4944977..4947487 Outer membrane usher P fimbriae JOSS01000102 

pic 326209..330324 Serine protease autotransporters of Enterobacteriaceae 

(SPATE) 

AE014075 

sat 3456362..3460249 Secreted autotransporter toxin AE014075 

sitA 1449293..1450150 Iron transport protein AM072350 
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tcpC 2202763..2203686 Tir domain-containing protein GQ903008 

terC 3277741..3278454 Tellurium ion resistance protein CP000468 

terC 3678652..3679609 Tellurium ion resistance protein MG591698 

usp 127216..128997 Uropathogenic specific protein FQSQ01000009 

vat 371877..376007 Vacuolating autotransporter toxin AE014075 

yfcV 2737155..2737721 Fimbrial protein UFZT01000001 

 

*The table was produced by genomicepidemiology.org.  
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1.5.2 Protein involved in colonisation (Pic) 

 
Pic identified as the second SPATE member in EAEC strain 042, has a molecular weight of 114 kDa. 

Pic, in contrast to Pet, is chromosomally encoded in EAEC, and also in UPEC (Navarro-Garcia et al., 

2001; Navarro-Garcia et al., 2010). It has been suggested that Pic is involved in the early stage of 

EAEC pathogenesis by stimulating colonisation of the intestines due to its mucinolytic activity 

(Henderson et al., 1999). Pic activates the pathways that secrete mucus rapidly, which causes a large 

fusion of mucin granules with the goblet cells apical membrane and complete cavitation of these cells 

(Specian and Oliver, 1991). Gutierrez-Jimenez et al. (2008) reported that Pic mucinolytic activity 

was reduced when sialic acid was removed from mucin. In order to generate carbon sources and 

penetrate the mucus layer, the dual function of Pic as a mucinase and a mucus secretagogue is 

important. This enables EAEC to dwell within the mucus layer while also having access to epithelial 

cells. 

 

Pic is also found in UPEC, where it has a similar function in urinary tract infections. It is known as 

PicU and has 96% identity at the level of amino acid sequence to EAEC Pic (Parham et al., 2004). 

Navarro-Garcia et al. (2010) observed that EAEC Δpic mutants cannot provoke mucus hypersecretion 

compared to EAEC wild type, indicating an important role of Pic in pathogenesis. Interestingly, 

purified Pic protease is capable of causing hypersecretion of intestinal mucus, whereas no effect was 

found observed when Pic protein was heat-denatured (Navarro-Garcia et al., 2010). Hence, Pic 

mucinase is considered to be an important infection determinant in both EAEC and UPEC.    

 

1.5.3 Enteroaggregative Heat Stable Toxin-1 (EAST-1) 

 
In contrast to Pic and Pet, EAST-1 toxin is found in both pathogenic and non-pathogenic commensal 

E. coli. In EAEC strain 042, this toxin is encoded by the pAA plasmid via astA. The mature toxin is 

38 amino acid polypeptides, that contains four cysteines, at positions 17, 20, 24 and 27 which form 

two disulfide bridges (Yamamoto and Nakazawa, 1997). The EAST-1 toxin acts by interacting with 

the guanylyl cyclase C receptor of host intestinal cells, thereby causing an increase in intracellular 

cGMP levels, that trigger anion secretion and diarrhoea (Bertin et al., 1998). Studies with pigs and 

cattle (Bertin et al., 1998; Osek, 2003; Yamamoto and Nakazawa, 1997) concluded that EAST1 alone 
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did not cause diarrhoea and found a strong association between EAST-1 and CS31A adhesin. Thus, 

EAST-1 is a co-virulence factor in diarrheagenic E. coli. 

 

1.5.4 Polysialic acid transport protein: Group 2 capsule (KpsMII) 
 

Group 2 capsule is considered as a virulence factor for infection (Russo et al., 1994). As outlined in 

Section 1.4, the genetic locus responsible for group 2 capsule in EAEC 042 consists of three regions: 

region 1 (kpsFEDUCS), region 2 (EC042_3236, EC042_3237 and EC042_3238) and region 3 

(kpsMT) (Figure 1.5). The role of KpsMII is to translocate the polymer across the cytoplasmic 

membrane, and it also acts as a membrane anchor. Hence, mutations in region three (kpsMT) lead to 

the accumulation of polysaccharides inside the cell. For example, Pigeon and Silver (1994) showed 

that the GE93 substitution (at position 93; glycine residue→glutamic acid) in the KpsMII protein 

reduces polymer export through the inner membrane. Zong et al. (2016) showed that a kpsM knock 

out in strain PCN033 results in a significant decrease in colonisation ability. Additionally, they found 

that the knockout led to reductions in adhesion, resistance to complement-mediated serum 

bactericidal activity, and resistance to phagocytosis.   
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Figure 1.5: Organization of the genetic locus responsible for the group 2 capsule in 

EAEC strain 042. 

The Figure illustrates the organisation of group 2 capsule genes in the EAEC 042 chromosome. 

Region 1 consists of kpsFEDUCS that encode proteins involved in the assembly of capsule 

components, which include the K antigen of E. coli. Region 2 consists of EC042_3236, EC042_3237 

and EC042_3238 that encode enzymes for capsular biosynthesis. Region 3 consists of kpsMT, which 

encodes an ABC transport protein that is responsible for polymer translocation through cell inner 

membranes. 
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1.6 Bacterial Gene Expression 

1.6.1 Transcription in bacteria 

 
The term transcription refers to the process when one strand of DNA is used as a template for RNA 

synthesis by a DNA-dependent RNA polymerase (RNAP). Transcription produces various RNA 

molecules such as mRNA (messenger RNA), tRNA (transfer RNA), non-coding RNA and rRNA 

(ribosomal RNA); each of them has a role in transcription or protein synthesis. Messenger RNAs are 

used as a template for the synthesis of proteins in a process named translation. In E. coli, and likely 

most bacteria, the translation of mRNA begins before its transcription is completed (Hardin et al., 

2018).  

 

In most bacteria for most of the time, only a subset of genes are being transcribed. Specific transcripts 

are switched on or switched off, depending on the environmental conditions, and much (though not 

all) of this regulation occurs at the level of transcription initiation which plays a crucial role in the 

control of gene expression in bacteria. The process of transcription occurs in four phases: initiation, 

promoter escape, elongation, and termination. When the mRNA is made, it sometimes goes through 

a processing step before it is translated into protein. In most bacteria, transcription initiates when 

RNAP recognises a promoter. The ‘players’ in this process are the multi-subunits DNA -dependent 

RNA polymerase (RNAP), the base sequence of the promoter, and various transcription factors which 

can help to hinder initiation, and often regulate the process in response according to environmental 

conditions (Browning and Busby ,2016; Griesenbeck et al., 2017).    

1.6.2 RNA Polymerase (RNAP) 
 

Transcription in E. coli is done by a multi-subunit enzyme, RNAP, which has a molecular mass of 

450 kDa. The “core” of this polymerase is five subunits: beta , beta prime ’, alphas   (two copies) 

and omega . The core enzyme itself is able to transcribe DNA alone, however, it is incapable of 

locating promoter regions and is not competent to initiate transcription with double stranded DNA 

(Browning and Busby, 2004). For these reasons, the  subunit is the key factor for specific transcript 

initiation, and is essential for promoter recognition (Lee et al., 2012). Hence, to initiate bacterial 

transcription, the  assembly is required, and this is named as “holoenzyme”.  



24 
 

Structural studies have shown that RNAP has the shape of a crab claw, with two pincers surrounding 

a cleft, that contains the RNAP active centre, which is where the template DNA strand is threaded 

(Chakraborty et al., 2012). The  subunit forms one claw whilst the ’ subunit forms the other. The 

 and ’ subunits are assembled by the  dimer that acts as a hinge for the claw. The small  subunit 

attaches to the ’ subunit and so is in the lower claw (Mathew and Chatterji, 2006). The  and ’ 

subunits provide the catalytic centre for RNA synthesis in addition to the binding site for flanking 

DNA (Chakraborty et al., 2012). The schematic diagram of RNAP is illustrated in Figure 1.6. 

Each  subunit, consist of two domains: the amino terminal domain (NTD) and the carboxyl 

terminal domain (CTD). NTD (residues 8-235) is important in RNAP assembly, and it binds  or 

’ in the core enzyme (Murakami, 2015). CTD (residues 250-329) binds to upstream sequences (UP 

element) at many promoters and interacts with many transcription factors and hence is important for 

regulation (Browning and Busby, 2004). NTD and CTD are linked by a 13 amino acid linker that 

plays a role in CTD flexibility, allowing it to bind at different functional locations (Ebright and 

Busby, 1995).   

1.6.3 Sigma factors 

 factors have a crucial role in promoter recognition by RNAP and in the formation of the open 

complex on a DNA template, which supports RNAP in site-specific transcript initiation. As the job 

of sigma factors is to lead the RNAP to target promoters, it dissociates from the RNAP as it begins 

to elongate its transcript during the promoter escape phase (Murakami, 2015). E. coli strains possess 

several  factors, each of which plays a regulatory role. In most conditions, most transcript depend 

on the housekeeping 70 factor, it is replaced by other  factors in certain conditions. For example, 

32 is mobilised in response to temperature and stress conditions; and 54 in limited nitrogen 

conditions (Russell, 2002). 

All housekeeping  factors, and many alternative  factors, consist of four distinct independently 

folding domains. D1, D2, D3 and D4, that are connected to each other by flexible linkers. Each 

domain has a function and D2, D3 and D4 are involved in the recognition of different promoter 

elements and subsequent DNA melting and the transcriptionally competent open complex formation 

(Lee et al, 2012) (Figure 1.6).  
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Figure 1.6: Schematic drawing of RNAP holoenzyme structure. 

 

The Figure shows the RNAP binding site at a promoter region. The holoenzyme ‘RNAP’ shows in 

the cartoon as follows: beta  ’light blue oval’, beta prime ’ ‘pink oval’, alphas  (two copies; grey 

sphere), and sigma  ‘ brown oval’. The following RNAP domains attach to promoter elements: D2 

to the -10 element and the discriminator, D3 to the extended -10 element, D4 to the -35 element, 

and CTD to the UP element. The Figure is adapted from Browning and Busby (2004). 

 

 

 



26 
 

1.6.4 Promoter Regions 

Promoters are segments of DNA that are located upstream of genes, and they are where RNAP binds 

to start transcription (Russell, 2002). Recognition of these regions by RNAP is the responsibility of 

the  subunit. When the RNAP holoenzyme attaches to a promoter, the DNA is still in the double-

stranded helical form and this stage is named the “closed promoter complex”. Therefore, this 

attachment then leads to unwinding of the double-stranded DNA helix around the transcription 

initiation site and this structure is termed the “open complex” (Rivetti et al, 1999).  

All bacterial promoters contain key sequence elements: two of them are the -10-hexamer element 

(consensus 5`-TATAAT-3`) and the -35-hexamer element (consensus 5`-TTGACA-3`). These are 

found upstream of the transcript start point, which by convention is denoted as +1. At many E. coli 

promoters, the -10-hexamer element and the -35-hexamer element are separated by 17 bp, and this 

distance is crucial in the efficiency of promoters (Feklistov, 2013). Other functional elements at 

bacterial promoters include the upstream element (UP-element) which is an A/T rich sequence and 

located upstream of the -35 hexamer element, the extended -10 element (ex-10, consensus 5`-TG-3`) 

located one bp upstream from the -10 hexamer element, and the discriminator elements, downstream 

and adjacent to the -10 hexamer, involved in stabilising open complexes (Lee et al., 2012; Feklistov, 

2013). In the case of holo-RNAP binding to promoters, the  domains 2, 3 and 4 are responsible for 

recognition of specific promoter elements (Figure 1.6).  

1.6.5 Transcription initiation in E. coli 
 

The initiation stage of transcription can be subdivided into promoter recognition, isomerisation 

“forming of transcription bubble”, DNA scrunching and promoter escape (Figure 1.7) (Browning and 

Busby, 2004; Murakami, 2015). The process begins when the core RNAP binds a  factor. This is 

crucial for RNAP to recognise a promoter. The holoenzyme often binds first to the promoter -35 

element, with the DNA still as a double helix. Attachment of holo-RNAP to promoter DNA becomes 

tighter and this to leads to untwisting of ±17 bp in the region starting from the -10 element, shaping 

the open promoter complex (OC). The richness of A/T bases in the -10-hexamer element helps to 

break DNA helices more easily than GC bases (Hardin et al., 2018). In the open complex, RNAP 

becomes oriented properly to start the transcription of the DNA strand usually starting 12 bases 

downstream from the highly conserved non-template strand A2 in of the -10 hexamer (consensus 5`-

TATAAT-3`; Russell, 2002).  
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The synthesis of RNA starts at the transcription bubble where the DNA region is melted and the 

bubble is maintained by the  and ’ subunits (Borukhov and Nudler, 2008). When 9 to 15 RNA 

nucleotides have been linked together, 70 detaches from the RNAP which enters the promoter escape 

phase. After that, RNAP completes gene transcription and the elongation become productive. RNAP 

continues to untwist the double helix of DNA resulting in torsional stress in the DNA. However, the 

DNA helix recovers by untwisting behind the transcription bubble. Around 17 bp of DNA remains 

untwisted as the RNAP continues transcription at an average of speed of 30 to 50 bases per second 

(Russell, 2002). When RNAP reaches the end of the transcript, it terminates transcription either with 

or without the help of the Rho terminator protein (Russell, 2002).  
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Figure 1.7: Transcription initiation stages in E. coli. 

The diagram shows the different stages of transcript initiation. Binding represents the phase of 

RNAP- (R) binding to promoter DNA(P) to form a closed complex (RPC). Isomerization is the 

stage where the DNA promoter starts to untwist to form the open complex (RPO). Initiation shows 

the initiation complex (RPINIT) and synthesis of RNA (shown as a dashed red line). Elongation 

represents the final stage, where the RNA chain, shown as a red line, grows. Adapted from Browning 

and Busby (2004).  
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1.7  Regulation of transcript initiation by transcription factors 

 
Much of the regulation of transcription in bacteria is due to transcription factor (TF) proteins. These 

play an important role by activating or repressing gene transcription in response to environmental 

signals. In most cases, transcription factors have a specific DNA-binding ‘operator’, located either 

near or a little upstream from the target promoter sequence, dependent on their mode of actions. It 

was once believed that TFs would have to break the hydrogen bonds between base pairs to recognise 

target sequences. However, because the major and minor grooves of double-stranded DNA are 

studded with base sequence information, TFs can recognise their targets without the need to open up 

the double helix (Alberts et al., 2002).   

 

Regulation at any promoter can be simple, with just one transcription factor involved, or complex, 

when one or more transcription factors work together to control promoter activity. Transcription 

factors can be sorted into two categories: bespoke transcription factors that regulate a small number 

of promoters, such as E. coli strain K-12, AraC, or global transcription factors that regulate more than 

scores (or even hundreds) genes such as E. coli cAMP receptor protein (CRP) (Dhiman and Schleif, 

2000; Shimada et al., 2011). Transcription factor roles can be divided into two groups, depending on 

their influence on the promoter activity: activators or repressors. Some transcription factors (such as 

CRP) can function as either an activator or a repressor depending on the architecture of the target 

promoter. 

 

1.7.1 Transcription activation 
 

Activation of transcription can be simple at some promoters, where a single activator is required to 

recruit RNAP. In most of these cases, one of three activation mechanism operates, depending on the 

location of activator binding with respect to key promoter elements. Hence, Class I activation occurs 

when the activator binding site is located upstream of the promoter -35 element. Here the activator 

helps recruit RNAP to the target promoter via direct interaction with RNAP CTD (Figure 1.8a). The 

flexibility of the linker that joins NTD and CTD in RNAP permits the activator to bind at certain 

different locations upstream of the promoter. One of the best studied examples of Class I activation 

is the activation of the lac promoter by CRP (Ebright, 1993).  
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In Class II activation, the activator binds to an operator that overlaps the target promoter -35 element 

and interacts with domain 4 of the holoenzyme  subunit, again, helping to recruit RNAP to the 

promoter to initiate the transcription (Figure 1.8b). In some cases, the activator interacts with other 

parts in RNAP, such as NTD and CTD (Browning and Busby, 2004). An example of this is the 

action of bacteriophage λ CI protein at the bacteriophage λ PRM promoter (Nickels et al., 2002).  

 

The third commonly occurring mechanism of activation is when the activator binds the spacer 

sequence in the target promoter, between the -35 and -10 elements. Here, the activator changes the 

conformation of the target promoter and allows RNAP to bind the promoter -35 and -10 elements 

efficiently (Figure 1.8c) (Browning and Busby ,2004). Good examples of this are found with members 

of the MerR family of activators, where the space between the -35 and -10 elements in the target 

promoter is greater than the optimal ±17 bp for binding of the  subunit in holo-RNAP so the MerR-

like regulator binds this space and twists the DNA to make a good binding site for the  subunit 

(Brown et al., 2003). 

 

1.7.2 Transcription repression 

 
At many bacterial promoters, transcription factors play a repressing role, thereby decreasing 

transcription of specific target genes. In most such cases, the repressing factor blocks RNAP from 

binding to the target promoters. Three simple mechanisms, involving a single repressor, have been 

identified: steric hindrance, DNA looping and anti-activator (Browning and Busby, 2004). In the 

steric hindrance mechanism, the repressor blocks promoter elements from RNAP by binding over 

key promoter elements (Figure 1.9a), an example being repression by LacI at the lac promoter (Müller 

et al, 1996). The second looping mechanism usually involves more than one operator: here, when 

repressors bind, they cause the DNA to loop, which closes off promoter elements and prevents RNAP 

binding (Figure 1.9b). An example is the repression by GalR at the galETK promoter region (Choy 

and Adhya, 1992). The third repression mechanism involves disabling an activator protein. Usually, 

the repressor interacts directly with the activator, and a good example is the interaction of CytR with 

CRP at promoters such as deoP2 (Figure 1.9c) (Shin et al., 2001).   
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Figure 1.8: Simple promoter activation mechanisms 

This diagram shows three ways of activation at simple promoters: a. Class I activation, an activator 

binds upstream of the promoter and interacts with CTD in RNAP. b. Class II activation, here, the 

activator binding site overlaps the promoter -35 element and so the activator makes direct contact 

with the RNAP  subunit. c. The activator binds to the spacer sequence between the promoter -35 

and -10 elements and reorientates these elements, so they are competent to interact with RNAP. 

Figure taken from Browning and Busby (2004).  
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Figure 1.9: Simple promoter repression mechanisms 

This panel shows three ways of inhibition of transcription initiation by a repressor. a. shows steric 

hindrance where the bound repressor (red dimer) overlaps with key promoter elements. b. shows 

looping of DNA by the interaction of bound repressor. c. shows the modulation of an activator by the 

repressor interacting with the activator (green), thereby stopping its function. Figure taken from 

Browning and Busby (2004).  
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1.8  Regulation of promoters by modifications 
 

One mechanism whereby promoter activity can be regulated is promoter modification, involving 

covalent changes or modifications to specific bases in a gene regulatory region. These changes can 

modify the affinity of TF binding, or modify the efficiency of RNAP binding, to the promoter region. 

One of the most common modifications is DNA methylation which can result in global changes to 

the transcription pattern, due both to activation and repression at target promoters. This has been seen 

with the regulation of agn43 expression in E. coli. In this case, the TF, OxyR, binds to GATC 

sequences at the agn43 promoter site and blocks RNAP access. Following DNA replication, the DNA 

adenine methylase enzyme (Dam) will methylate the adenine in the GATC motif, which prevents 

OxyR from binding, and triggers agn43 promoter activity (Wallecha et al., 2002).  

 

At some bacterial regulatory regions, an invertible cassette mediates an ON-OFF switch by toggling 

the ordination of a promoter. Hence, when the promoter is oriented to allow RNAP to bind and 

transcribe the target gene, it is in the ON phase. However, in the OFF phase, the inversion enzymes, 

together with other regulatory proteins, invert the promoter and prevent transcription of the target 

gene. A prime example of this is the regulation of E. coli fim. Here, the fim recombinases (fimE and 

fimB), with assistance from regulatory proteins, IHF and H-NS, invert the fimA promoter and orient 

it away from fimA expression (Blumer et al., 2005).  

 

Variation of the promoter base sequence can also influence promoter activity or regulation. Here, 

random insertion or a deletion in one base pair dinucleotides repeat can modulate promoter activity 

(Browning and Busby, 2016). For example, the Haemophilus influenzae hifA and hifB promoters, that 

drive expression of fimbrial components, contain a variable number of AT repeats between the -10 

and -35 hexamer elements. Cell-to cell differences in the number of repeats results in variation of 

gene expression levels due to differences in activity between the different possible promoter 

sequences (Moxon et al., 2006; Browning and Busby, 2016). 

 

1.9  Regulation of transcription by small molecules 
 

Bacteria use signals and effectors to communicate environmental changes to the machinery of 

transcription and translation. These changes, which can be either a limitation in nutrition or a change 

in growth conditions, often involve small molecules that regulate essential processes like stress 
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responses, nutrient acquisition, and other important adaptation (Mejía-Almonte et al., 2020). Good 

examples of these small molecules are guanosine pentaphosphate or tetraphosphate (p)ppGpp and 

cyclic adenosine monophosphate (cAMP) (Kalia et al., 2013). 

 

(p)ppGpp is an important E. coli second messenger that reflects the shortage of amino acids in the 

cell. Hence, (p)ppGpp is involved in the regulation of genes involved in translation, amino acid 

biosynthesis and nucleotide metabolism (Potrykus and Cashel, 2008; Gallant and Cashel, 1971). 

When the cell faces amino acid starvation, deacylated tRNAs accumulate and enter the ribosomal 

acceptor site (A-site) leading to an activation of RelA (ribosomal-associated protein) and synthesis 

of ppGpp from ATP and GTP/GDP. High levels of ppGpp trigger the expression of stress genes and 

lower the expression of genes that are responsible for translation, growth, and cell division. This is 

due to the action of ppGpp in altering the stability of the transcription bubble in conjunction with 

DksA; a crucial component for rRNA regulation, at certain promoters. Hence, (p)ppGpp/DksA can 

activate or inhibit of transcription, depending on the promoter (Barker et al., 2001; Paul et al., 2005). 

DksA does not bind to DNA, it rather binds to the RNAP secondary (NTP) channel, therefore, 

reducing the lifetime of competitor-resistant complexes and the ppGpp concentration required for 

rRNA transcription inhibition (Perederina et al., 2004; Paul et al., 2004) 

cAMP is one of the most important second messengers, signalling carbon starvation. During carbon 

catabolite repression, the EIIA Glu domain in the glucose transporter is the main factor to induce the 

cAMP synthesis. The transfer of carbohydrates in E. coli are dependent on the phosphotransferase 

system (PTS). This system is a multi-compnent system that can be encoded separately or fused 

together in the bacterial genome. The PTS mainly consists of three distinct proteins: histidine protein 

(HPr), enzyme I (EI) and enzyme II (EII) (Figure 1.10) (Görke and Stulke, 2008). The role of the PTS 

is to transfer the carbohydrate substrates e.g., glucose, across the cytoplasmic membrane with their 

simultaneous phosphorylation.  

The regulation of carbon catabolite repression is dependent on the phosphorylation state of the 

EIIAGlu unit. When the glucose is available in the media, the phosphate group in EIIAGlu is consumed 

by glucose (Görke and Stulke, 2008) (Figure 1.10). This process starts when the glucose enters the 

cell via the EIIBC membrane bound complex by phosphorylating the glucose using the phosphate 

group from phosphorylated EIIAGlu and converting the glucose to glucose-6-phosphate. Then EIIAGlu 

accepts the phosphate group from phosphor-enol pyruvate which is converted to pyruvate after losing 
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the phosphate group. Then, glucose-6-phosphate loses phosphate group and enters the glycolysis 

cycle, and the phosphate group is transferred to enzyme I then to histidine protein (HPr) and then 

which eventually transferred to EIIAGlu to start the cycle again (Görke and Stulke, 2008).  

However, in the absence of glucose in the bacterial environments, the phosphorylation of EIIAGlu for 

a long period activates adenylate cyclase (AC); a membrane bound enzyme; by binding the C-

terminal domain of the enzyme itself and with the help of factor “X” (unknown factor) (Figure 1.10). 

The activation of adenylate cyclase leads to induction of the synthesis of cyclic adenosine 

monophosphate (cAMP) from ATP. The high level of cAMP then binds to its receptor protein to 

trigger the formation of the cAMP-CRP complex.  This changes the conformation of CRP, so it 

becomes competent to bind to target sites and regulate the activity of target promoters. Thus cAMP-

CRP binds and can activate the transcription of catabolic genes promoters to overcome glucose 

limitation in the surroundings (Görke and Stulke, 2008).  
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Figure 1.10: Regulation of Carbon catabolite repression in E. coli 

The Figure illustrates the phosphotransferase system (PTS) in E. coli. Glucose transfers through the 

cell inner membrane using the EIIBC complex phosphorylation in phosphotransferase system (PTS). 

EIIBC uses the phosphate group from phosphorylated EIIAGlu to convert glucose to glucose-6-

phosphate. Then EIIAGlu gains the phosphate group from histidine protein (HPr) and enzyme I (EI). 

The Histidine protein (HPr) phosphorylates the transcriptional antiterminator protein (BglG) that 

regulates the expression of the β-glucoside utilization genes. High levels of phosphorylated EIIAGlu 

will activate the carbon catabolite repression strategy. Phosphorylated EIIAGlu binds to adenylate 

cyclase (AC) with the help of an unknown factor (factor X). This binding stimulates the synthesis of 

cAMP from ATP which binds to its protein receptor (CRP) and induces the expression of catabolite 

genes. This Figure was taken from Görke and Stulke (2008). 
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1.10 The cyclic AMP receptor protein and its helpers: their role in health and 

sickness 

1.10.1  Cyclic AMP receptor protein (CRP) 
 

As described above, CRP is a global transcription factor involved in carbon source consumption. CRP 

also controls the expression of many genes that encode others transcription factors (Shimada et al., 

2011). Among the 300 CRP targets genes, around 70 encode transcription factors. The molecular 

mass of CRP is 45 kDa and it is a dimer of two identical subunits, with each subunit containing two 

domains: The N-terminal domain (residues 1-133) that interacts with the allosteric effector cAMP 

and is responsible for dimerization, and C-terminal domain (residues 139-209) and that carries the 

determinants for DNA binding (Busby and Ebright, 1999; Won et al., 2009). CRP recognises and 

binds to a 22 bp DNA sequence, composed of two inverted motifs (consensus 5`TGTGA`3), which 

are recognised by the helix-turn-helix of each C-terminal domain separated by six bp. Hence, the 

consensus DNA site for CRP is 5`-TGTGATCTAGATCACA-3` (Busby and Ebright, 1999; Zheng 

et al., 2004).  

 

Most CRP- dependent promoters fall into three classes, depending on the location of the DNA binding 

target and how CRP interacts with RNAP. At Class I promoters, CRP binds upstream of the RNA-

binding promoter region and interacts with a target in RNAP CTD via activation region 1 (AR1) 

(Busby and Ebright, 1999; Browning, and Busby, 2004). At Class II promoters, two distinct 

determents in CRP, AR1 and AR2, are required. Here, CRP binds to a target that overlaps the 

promoter -35 element and makes multiple interactions: AR1 in the upstream subunit of the CRP dimer 

binds CTD, AR2 in the downstream subunit of the CRP dimer binds NTD, and, in some cases, 

AR3 binds Domain 4 of the RNAP holoenzyme  subunit (Busby and Ebright, 1999; Browning, and 

Busby, 2004). Class III activation occurs when two or more CRP dimers bind to separate DNA sites 

at the promoter region. Activation of transcription at these promoters involves both Class I and Class 

II interactions simultaneously (Busby and Ebright, 1999; Browning, and Busby, 2004). 

1.10.2  Factor for inversion stimulation (Fis) 
 

Fis is considered primarily as a nucleoid-associated protein (NAP) due to its ability to bend DNA and 

facilitate synapse formation, but it also has direct effects on the activity of many promoters in E. coli. 

Bradley et al. (2007) showed that Fis regulates 231 genes either directly or indirectly. Additionally, 
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in EAEC strain 042, at the pet gene promoter, Fis, together with CRP, is an essential co-activator 

(Rossiter et al., 2011). Fis regulation of gene expression is triggered by changes in its level in response 

to changes in growth rate due to the nutritional environment (Mallik et al., 2006; Azam et al., 1999).  

1.10.3  Other bespoke transcription factors 
 

Some strains of pathogenic E. coli, for instance EAEC and EHEC, have master transcription 

regulators that are dedicated to their virulence genes. In the case of EAEC, AggR is the specific 

virulence regulator that regulates dispersin, AAF and some plasmid encoded toxins (Morin et al., 

2013). AggR is encoded on the EAEC pAA2 plasmid and is a member of the greater AraC family of 

transcription factors (Morin et al., 2013). In EHEC, regulation of the virulence genes is under control 

of Ler (LEE encoded regulator) and GrIA (global regulator of Ler activation), and both are encoded 

in the LEE chromosome: pathogenicity island (Yerushalmi et al., 2008). 

1.10.4  The involvement of CRP in virulence gene regulation 
 

Pathogens require physiological traits and virulence determinant expression to adapt to the changes 

in their environment, and, also, to promote infection, they need to resist the host immune defences. 

Therefore, pathogens have evolved different ways to cope, by exploiting signals, using effectors, and 

evolving regulatory circuits. The global transcriptional protein, CRP, has been reported to be involved 

directly or indirectly in such regulation. Here, I discuss some examples in species other than E. coli.   

 

In Yersinia pestis, the knockout of the crp gene affects the expression of the virulence factor 

plasminogen activator (Pla), which is crucial for causing pneumonic plague and bubonic in infected 

cells (Kim et al., 2007). Moreover, the ability of the Y. pestis crp deleted strain to cause infection by 

subcutaneous inoculation is compromised (Zhan et al., 2008). Many attenuated Y. pestis strains 

contain lower levels of CRP and this is thought to be a factor in helping host evasion of pneumonic 

plague (Sun et al., 2010). Type three secretion systems (TTSSs) in Y. enterocolitica involved in its 

CRP regulon include the flagellar type III secretion systems, YSA, and the YSC system that exports 

virulence proteins (Petersen and Young, 2002)  

 

In Salmonella enterica, CRP indirectly post-transcriptionally impacts the level of the master regulator 

of invasion, HilD. This is due to CRP repression of Spot 42 sRNA transcription. This small RNA has 

a positive effect on HilD expression, and, hence, downregulation of Spot42 transcription leads to a 
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negative effect on HilD expression (El Mouali et al., 2018). The regulator of std, chaperone-usher 

fimbriae, in S. enterica has been reported by Dufresne and Daigle (2021) to be significantly affected 

in crp mutants. CRP was also reported as a regulator of virulence genes, hlyE and taiA, in S. Typhi 

which are encoded in a pathogenicity island, SPI-18 (Jofré et al., 2014).  

 

CRP is also involved in the expression of virulence genes in Klebsiella pneumoniae. A study carried 

out by Xue et al. (2016) revealed a binding motif for CRP in the promoter region of allS and the 

expression of this virulence gene was decreased in the absence of CRP. In Aggregatibacter 

actinomycetemcomitans, the lower expression of leukotoxin RNA levels in the absence of crp 

indicates that CRP is involved in the transcription of this virulence factor. However, as there is no 

CRP-binding site consensus at the leukotoxin promoter, Feuerbacher and his colleague (2011) 

suggested that either CRP binds to a non-consensus sequence or it acts indirectly by regulation of 

another transcription factor. In previous study on Mycobacterium tuberculosis suggestes that deleting 

crp gene in this pathogen caused significant diminishing the growth in vitro and lower the expression 

of virulence genes in model mouse (Rickman et al., 2005).  

Müller et al. (2009) suggest that cAMP-CRP controls the expression of type 1 fimbriae during the 

exponential phase of uropathogenic E. coli growth, and this control decreases when the pathogen 

reaches stationary phase, leading to type 1 fimbriae expression being coupled to environmental 

conditions. CRP is also involved in the modulation of multidrug resistance genes in E. coli. Nishino 

et al. (2008) report that CRP repressed the expression of the MdtEF multidrug efflux pump, 

introducing the connection between sugar metabolism and multidrug efflux pumps. In Vibrio 

cholerae, an investigation by Manneh-Roussel et al. (2018) proved that CRP is required for V. 

cholerae gene expressions in addition to the rtxBDE operon in order to respond to the intestinal 

environment; therefore, CRP is an important part of the V. cholerae regulatory network for lifestyle 

switching.  

 

 



40 
 

1.11 Hypotheses and aims of this project 

My thesis focusses on one of the major causes of intestinal and UTI illness, caused by pathogenic 

EAEC and UPEC, respectively. The overall aim of my project is to discover other virulence 

determinants that are under CRP regulation beside the previous findings by Rossiter et al. (2011). My 

study follows up on a previous observation that the expression of certain of virulence genes is 

regulated by the global regulator, CRP. The research here focusses on molecular characterization of 

promoters that are regulated by CRP in two strains, EAEC strain 042 and UPEC strain CFT073. Also, 

this project aims to study and to identify any new virulence factor genes that could be involved in the 

CRP regulon and to understand the behaviour of CRP in EAEC strain 042.  

The work on this thesis has been divided into sub-projects: 

1. Investigation of the pic gene promoter region of in Enteroaggregative E. coli and 

Uropathogenic E. coli (Chapter Three). 

2. Identification of CRP binding sites across the EAEC 042 genome using chromatin 

immunoprecipitation (ChIP) (Chapter Four). 

3. Investigation of some EAEC 042-specific genes targeted by CRP in vitro and in vivo (Chapter 

Five). 

4. CRP regulation at the EAEC strain 042 kpsMII promoter region (Chapter Six). 

Within each of these sub-projects, there are other questions that arise, such as the mechanism of CRP 

action at target promoters, and whether CRP activates or represses. This leads to the issue of how to 

prevent and treat the EAEC infections, and whether, since it is highly conserved in Gram-negative 

bacteria, CRP might be engineered and used a ‘drug’.  
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Chapter 2 

Materials and Methods 
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2.1  Bacterial media 
 

Luria-Bertani agar (LB, Sigma) agar was prepared by dissolving 35 g of product in 1L of deionised 

H2O (dH2O), and autoclaving. Luria-Bertani broth (LB broth, Sigma) was made by dissolving 20 g 

of product in 1L of dH2O, and autoclaving. 20% (w/v) Arabinose (Sigma) stock was prepared by 

dissolving 10g of product in 50 ml of dH2O and filtered. MacConkey agar (BD Difco) was made by 

dissolving 50 g of product in 1L of dH2O, and autoclaving. Minimal salt agar was prepared by 

dissolving 20 ml of autoclaved 5x M9 salts (Sigma), 2ml filtered 1M glucose (Fisher Chemical), 200 

l of autoclaved 1M MgSo4 (Sigma), 100 l 100 M CaCl2 (Fisher Scientific UK), in 100 ml of 

autoclaved technical agar (Oxoid). Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich). 

2.2   E. coli strains and plasmids, and growth conditions 

For overnight cultures, a single bacterial colony from a streaked plate or transformation was 

inoculated into 5 ml of LB, with appropriate antibiotics (if needed). Then the bacterial culture was 

incubated at 37C with shaking, for overnight or for a given time, depending on the experiment. All 

E. coli strains and plasmids are shown in Table 2.1 and Table 2.2. 

2.3  Antibiotic stock preparation 

0.04 mg of tetracycline (Sigma) was added to 4 ml of 50% ethanol and stored at -20C. 200 mg of 

Ampicillin (Sigma) was added to 2 ml of dH2O, filtered, and then stored at 4C. Final concentration 

of antibiotics in 100ml of LB broth was 15 μgml-1 for tetracycline, 100 μgml-1 for Ampicillin.  

2.4  Chemicals, buffers, and reagent preparations 
 

100 mM CaCl2 was prepared by dissolving 1.1098 g of CaCl2 in H2O, making up to 100 ml, then 

autoclaving and storing at 4 ̊C. 

100 mM CaCl2 + 15% (v/v) Glycerol was prepared by adding 18.9 g of glycerol (Fisher Chemical) 

into 100 ml of 100mM CaCl2, followed by autoclaving and storage at 4 C̊. 

Z buffer was prepared by dissolving the following chemicals in dH2O: 0.75 g of KCl (BDH), 0.246 

g of MgSo4⋅7H2O (Sigma), 8.53 g of Na2PO4 (Fisher Chemical), and 4.866 g of NaH2PO4⋅2H2O 

(Fisher Chemical), making up to 1L and autoclaving. This buffer was stored at room temperature. On 

the assay day, 270 μl β-mercaptoethanol (Sigma) was added into 100 ml of Z buffer. Then, 20 ml of 
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the prepared Z buffer were used to dissolved 80 mg of o-nitrophenyl-β -D-galactopyranose (ONPG) 

(Sigma) and used as reagent for ß-galactosidase assays.  

1% Sodium Deoxycholate (Sigma-Aldrich) was prepared by dissolved 0.25 g sodium deoxycholate 

in 25 ml of dH2O.  

1 M Na2CO3 (Fisher Chemical) was prepared by dissolving 52.995g of Na2CO3 in H2O and making 

up to 500 ml.  

100%Toluene (Fisher Chemical).  

Ethanol stock (Fisher Chemical) 100 % (v/v) Ethanol, 70 % (v/v) Ethanol. 

7.5% Acrylamide was prepared by mixing 125 ml 30% (w/v) acrylamide (National Diagnostics), 

100 ml 5x TBE, 94.5 g glycerol, and 200 ml H2O, with storage at 4 ̊C. 

10% Ammonium persulphate (APS) (Sigma) was prepared by dissolved 1g of APS in 10 ml of 

dH2O. 

5x TBE buffer (National Diagnostics) was prepared by dissolved 54 g of Tris base, 27.5 g of boric 

acid, and 20 ml of 0.5M EDTA (pH 8.0) in dH2O, then made up to 1L.  

Phenol/chloroform/isoamyl alcohol mixture pH 8 (Sigma). 

N, N, N`, N`-Tetramethylethylenediamine (TEMED) (Sigma). 

Agarose gel 0.8g of agarose (Bioline) was dissolved in 100 ml of 0.5X TBE. 

Ethidium Bromide (Bio-Red). 

3M Sodium acetate. was prepared by dissolving 408 g of Sodium acetate in 800 ml of dH2O.  

1 M MgCl2 (BDH) was prepared by dissolving 203.3 g of MgCl2 6H2O in 800 ml of H2O.  

2.5M Glycine was prepared by adding 18.79g of glycine (Fisher Bioreagents) into 100ml of dH2O, 

autoclaved. 

FA-2 buffer was prepared by adding 50mM HEPES-KOH (pH7.5), 150mM NaCl, 1mM EDTA, 1% 

Triton-x 100, and 0.1% Sodium Deoxycholate into dH2O, made up to 500 ml. 
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FA-1 lysis buffer was prepared by adding 1 protease inhibitor cocktail tablet (Roche) per 50 ml of 

FA-2 buffer. Then store on ice until use. 

FA-3 was prepared by adding 20mM Tris (pH8.0), 250mM LiCl, 0.5% IGEPAL CA-630, 0.5% 

Sodium Deoxycholate, and 1mM EDTA into dH2O then made up to 500 ml.  

TE buffer pH8 was prepared by adding 10 ml of 1M Tris (pH8), 1 ml of 0.5M EDTA (pH8). 

TBS was prepared by adding 6 g of Tris and 8.76 of NaCl into 800 ml of dH2O, pH adject to 7.5 with 

1M HCl, then make it up to 1 L with dH2O. 

250 nM cAMP was provided from Dr. Doug Browning. 

ChIP Elution buffer was prepared by adding 50mM Tris (pH7.5), 10mM EDTA and 1% SDS into 

100 ml of dH2O.  

G-50 Sephadex beads 5g of Sephadex G-50 (Sigma) were washed 3 times with 50 ml dH2O, with 

centrifugation at 4000 xg inbetween washes to collect the beads. Finally, beads were resuspended in 

100 ml of 1x TBS buffer. 

T4 polynucleotide kinase. Supplied by NEB, used with supplied 10x buffer.  

10x Transcription buffer (TNSC buffer): 400 mM Tris acetate pH 7.9, 10 mM MgCl2, 1 M KCl, 

10 mM DTT.  

STOP solution: 97.5 % (v/v) deionised formamide, 10 mM EDTA, 0.3 % (v/v) Bromophenol Blue/ 

Xylene Cyanol FF.  

Denaturing PAGE 8% of denaturing PAGE was prepared following the manufacturer’s instructions 

from Promega.  

α-
32 P labelled UTP (3000 Ci/mmol). Supplied by Perkin- Elmer.  

G+A ladder was provided by Dr. James Haycocks.  

DynaMagTM -2 Magnet (Thermo Fisher Scientific). 

Agencourt AMPure XP magnetic SPRI beads (Beckman Coulter). 
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Purified anti-E. coli CRP antibody (monoclonal anti-CRP, BioLegend). 

E. coli RNA Polymerase, Holoenzyme (New England BioLabs (NEB)). 

Gel extraction kit (Qiagen). 

PCR purification kit (Qiagen). 
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Table 2.1: E. coli strains 

 

Strains  Characterisations Source/ 

Reference  

EAEC 042  

 

Wild type, prototype strain, Sm
R
, Tet

R
, Cm

R
, 

Diarrhoeagenic in volunteers, expresses AAF/II, 

biofilm positive, harbours pAA  

(Nataro et al., 

1995)  

EAEC 042 DFB Wild type prototype strain that is Sm
R
, Tet

S 
Cm

S
, 

biofilm positive, but with no plasmid (pAA)  

Douglas 

Browning 

EAEC 042 DFB 

crp 
Wild type prototype strain that is Sm

R
, Tet

S 
Cm

S
, 

biofilm positive, but with no plasmid (pAA). The crp 

gene has been deleted. 

Douglas 

Browning  

 

EAEC DFB 042 

fis 
Wild type prototype strain that is Sm

R
, Tet

S 
Cm

S
, 

biofilm positive, pAAs lack and fis gene has been 

deleted. 

Douglas 

Browning  

E. coli M182 Δ(codB-lacI)3, galK16, galE15(GalS), λ-, e14-, relA1, 

rpsL150(strR), spoT1 

(Casadaban and 

Cohen, 1980) 

E. coli M182 

crp 

Δ(codB-lacI)3, galK16, galE15(GalS), λ-, e14-, relA1, 

rpsL150(strR), spoT1 and crp 

(Busby et al., 

1983) 

E. coli BW25113 lacI
q
, rrnBT14, ∆lacZWJ16, hsdR514, ∆araBADAH33, 

∆rhaBADLD78  

(Baba et al., 

2006) 

E. coli BW25113 

crp 

lacI
q
, rrnBT14, ∆lacZWJ16, hsdR514, ∆araBADAH33, 

∆rhaBADLD78. The crp gene has been deleted. 

(Baba et al., 

2006) 

E. coli S17`1  Gram negative bacteria use for conjugation purposes, 

pro, res− hsdR17 (rK− mK+) recA−, RP4-2-Tc::Mu-

Km::Tn7, Tpr 

 

(Simon et al., 

1983) 

E. coli BW25113 

fis 

lacI
q
, rrnBT14, ∆lacZWJ16, hsdR514, ∆araBADAH33, 

∆rhaBADLD78.  The fis gene has been deleted.  

(Baba et al., 

2006) 

UPEC  CFT073 Wild type UPEC strain  Welch et al., 

2002) 



47 
 

 

Table  2.2: Plasmids used in this study 

 
Plasmids  Description  Source 

pRW50 Low-copy- number lacZ expression 

vector oriV, lacZYA, tet
R 

(Lodge et al., 

1992)  

pRW224 

 

A pRW50 derivative which allows 

promoter fragments to be cloned using 

EcoRI and HindIII sites as fusions to 

lacZ transcription.  

(Islam et al., 2011)  

 

pRW225  

 

pRW224 derivative which allows 

cloning of promoter fragments using 

EcoRI and HindIII sites as translational 

fusions to lacZ.  

(Islam et al., 2011)  

 

pSR Supercoiled small plasmid with 2.6 kb 

with EcoRI and HindIII sites for 

inserting the desired promoter fragment 

which will be located upstream of a 

λoop terminator site. Amp
R
 

Kolb et al. (1995)  

 

pDCRP pBR322 derivative which encodes the 

crp gene 

(West et al., 1993) 

pDU9 pDCRP derivative with the crp gene 

deleted  

(Bell et al., 1990)  

pDCRP AR1-AR2-  pDCRP derivative with inactivation of 

AR1 and AR2.  

(Thiyagarajan, 

Unpublished)  

pDCRP AR1- pDCRP derivative with inactivation of 

active region 1 (AR1-) of CRP  

(Thiyagarajan, 

Unpublished) 

pDCRP AR2- pDCRP derivative with inactivation of 

active region 2 (AR2-) of CRP  

(Thiyagarajan, 

Unpublished) 

pRW224/pic p042 WT A derivative of pRW224 with pic042 

from EAEC 042  

(Chaudhuri et al., 

2010)  
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pRW224/pic p042 DKO A derivative of pRW224 carrying 

pic042 with the downstream promoter 

knockout.  

Rita Godfrey 

pRW224/pic p042 UKO A derivative of pRW224 carrying 

pic042 with the upstream promoter 

knockout. 

This study 

pRW224/pic p042 BKO A derivative of pRW224 carrying 

pic042 with both promoter knockouts. 

This study 

pRW224/pic p073 WT A derivative of pRW224 with pic p073 

from UPEC CFT073 

Douglas Browning 

pRW224/pic p073 DKO A derivative of pRW224 carrying 

pic073 with the downstream promoter 

knockout. 

Rita Godfrey 

pRW224/pic p073 UKO A derivative of pRW224 carrying 

pic073 with the upstream promoter 

knockout. 

This study 

pRW224/pic p073 BKO  A derivative of pRW224 carrying 

pic073 with both promoter knockouts. 

This study 

pJET1.2 Cloning vector, Amp
R
 CloneJET PCR 

Cloning Kit 

pJET1.2/ pic p04 TSS TSS of pic042 cloned into pJET1.2 This study 

pJET1.2/ pic p073 TSS TSS of pic073 cloned into pJET1.2 This study 

pRW224/pic p042 U WT A derivative of pRW224 carrying 

pic042 with part of the sequence of pic 

p073.  

This study 

pRW224/pic p042 U UKO A derivative of pRW224 carrying 

pic042 with the upstream promoter 

knockout and with part of the sequence 

of pic p073. 

This study 

pRW224/pic p042 U DKO A derivative of pRW224 carrying 

pic042 with the downstream promoter 

This study 
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knockout and with part of the sequence 

of pic p073. 

pRW224/pic p042 U BKO A derivative of pRW224 carrying 

pic042 with both promoter knockouts 

and with part of the sequence of pic 

p073. 

This study 

pRW224/pic p042 28 WT A derivative of pRW224 carrying 

pic042 with a 28bp deletion in pic p042 

sequence.  

This study 

pRW224/pic p042 28 

UKO 

A derivative of pRW224 carrying 

pic042 with the upstream promoter 

knockout and with a 28bp deletion in 

pic p042 sequence. 

This study 

pRW224/pic p042 28 

DKO 

A derivative of pRW224 carrying 

pic042 with the downstream promoter 

knockout and with a 28bp deletion in 

pic p042 sequence. 

This study 

pRW224/pic p042 28 

BKO 

A derivative of pRW224 carrying 

pic042 with both promoter knockouts 

and with a 28bp deletions in pic p042 

sequence. 

This study 

pRW224/ pic p042 120 

WT  

A derivative of pRW224 carrying 

pic042 with a consensus CRP site.  

This study 

pRW224/ pic p042 120 

UKO 

A derivative of pRW224 carrying 

pic042 with the upstream promoter 

knockout and with a consensus CRP 

site. 

This study 

pRW224/ pic p042 120 

DKO 

A derivative of pRW224 carrying 

pic042 with the downstream promoter 

knockout and with a consensus CRP 

site. 

This study 
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pRW224/ pic p042 120 

BKO 

A derivative of pRW224 carrying 

pic042 with both promoter knockouts 

and with CRP consensus. 

This study 

pRW225/ pic p042 WT A derivative of pRW225 carrying the 

pic p042 fragment with 12bp of pic 

gene ORF.  

This study 

pRW225/ pic p042 UKO A derivative of pRW225 carrying the 

pic p042 fragment with 12bp of pic 

gene ORF and with the upstream 

promoter knockout. 

This study 

pRW225/ pic p042 DKO A derivative of pRW225 carrying the 

pic p042 fragment with 12bp of pic 

gene ORF and with the downstream 

promoter knockout. 

This study 

pRW225/ pic p042 BKO A derivative of pRW225 carrying the 

pic p042 fragment with 12bp of pic 

gene ORF and with both promoter 

knockouts. 

This study 

pRW225/ pic p073 WT A derivative of pRW225 carrying the 

pic p073 fragment with 12bp of pic 

gene ORF.  

This study 

pRW225/ pic p073 UKO A derivative of pRW225 carrying the 

pic p073 fragment with 12bp of pic 

gene ORF and with the upstream 

promoter knockout. 

This study 

pRW225/ pic p073 DKO A derivative of pRW225 carrying the 

pic p073 fragment with 12bp of pic 

gene ORF and with the downstream 

promoter knockout. 

This study 

pRW225/ pic p073 BKO A derivative of pRW225 carrying the 

pic p073 fragment with 12bp of pic 

This study 
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gene ORF and with both promoter 

knockouts. 

pBAD/AggR A derivative of pBAD30 carrying the 

aggR gene with its promoter.  

(Sheikh et al., 

2002)  

pRW50/cc41.5 A derivative of pRW50 carrying the CC 

(-41.5) promoter fragment. 

(Savery et al., 

1995)  

pRW50/pkpsMII A derivative of pRW50 carrying the 

pkpsMII promoter fragment. 

This study 

pRW50/p0225 VI A derivative of pRW50 carrying the 

p0225 VI promoter fragment. 

This study 

pRW224/p0224 VI A derivative of pRW224 carrying the 

p0225 VI promoter fragment. 

This study 

pRW50/kpsM WT A derivative of pRW50 carrying the 

pkpsM promoter fragment. 

This study 

pRW224/ kpsM216 A derivative of pRW224 carrying the 

kpsM promoter fragment. 

This study 

pRW224/ kpsM216R A derivative of pRW224 carrying the 

kpsM promoter fragment reverse 

version of kpsM216. 

This study 

pRW50/kpsM 751 A derivative of pRW50 carrying a kpsM 

promoter fragment with a deletion of 

100bp from kpsM WT promoter 

fragment.  

This study 

pRW50/kpsM 651 A derivative of pRW50 carrying a kpsM 

promoter fragment with a deletion of 

200bp from the kpsM WT promoter 

fragment. 

This study 

pRW50/kpsM 551 A derivative of pRW50 carrying a kpsM 

promoter fragment with a deletion of 

300bp from the kpsM WT promoter 

fragment. 

This study 
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pRW50/kpsM 451 A derivative of pRW50 carrying a kpsM 

promoter fragment with a deletion of 

400bp from the kpsM WT promoter 

fragment. 

This study 

pRW50/kpsM 351 A derivative of pRW50 carrying a kpsM 

promoter fragment with a deletion of 

500bp from the kpsM WT promoter 

fragment. 

This study 

pRW224/kpsM 440 A derivative of pRW224 carrying a 

kpsM promoter fragment constructed 

from the kpsM WT promoter fragment. 

This study 

pRW224/kpsM p1KO A derivative of pRW224 carrying a 

kpsM promoter fragment with promoter 

1 knocked out, constructed from the 

kpsM WT promoter fragment. 

This study 

pRW224/kpsM p2KO A derivative of pRW224 carrying kpsM 

promoter fragment with promoter 2 

knocked out, constructed from the kpsM 

WT promoter fragment. 

This study 

pRW224/kpsM p3KO A derivative of pRW224 carrying kpsM 

promoter fragment with both promoters 

knocked out, constructed from the kpsM 

WT promoter fragment. 

This study 

pSR/ pkpsM 440 A derivative of pSR carrying the kpsM 

440 promoter fragment located 

upstream of a λoop terminator site. 

This study 
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2.5  Growth curves using growth kinetics in the Fluostar microplates 
 

Overnight bacterial cultures of the test strain and their parent strain were set up, a day before the day 

of the assay. For the growth kinetics assay, 90l of an appropriate media with an appropriate antibiotic 

was added to each well of a 96-well plate. Biological and technical replicates of tested strains were 

included in the assay. The overnights of the test cultures were diluted by adding 10 l to 1 ml sterile 

LB broth. These suspensions were inoculated by adding 10l to each well of the plate, including an 

empty well as the media control. The plate was covered with a BreathEasy membrane to prevent 

evaporation of liquid into the machine. The plate was placed in a Fluostar and the machine was 

absorbance measurement set to OD600 nm, number of cycles as 24, temperature at 37C and with 

shaking. The data was analysed using MARS analysis and Excel software.   

2.6  Crystal violet biofilm formation using microtiter plates 
 

Overnight bacterial cultures were grown from single colonies of test strains. Each strain was diluted 

1:100 into 5 ml of high glucose medium (Dulbecco’s modified Eagle medium (DMEM)) and 

incubated for 1 hour with shaking at 37C. DMEM was used here due to its high concentration of 

amino acids such as arginine, cysteine, glutamine, histidine, methionine, glycine, phenylalanine, and 

tyrosine. All these amino acids play an important role in regulating biofilm formation. Each well of 

a microtiter plate was inoculated with 150 l of each culture. The microtiter plate was covered with 

a BreathEasy membrane to prevent evaporation and incubated at 37 ̊C overnight. After 16-17 hours 

of incubation, the media was removed by smacking the plate on absorbent papers upside down until 

no more media appeared on the paper towel. After that, 150 l of 0.1% crystal violet was added to 

each well and the plate was incubated for 30 min at 4 ̊C. The crystal violet was removed by smacking 

the plate again on absorbent paper upside down and the wells were washed with dH2O three times 

until no dye found in the negative control. Then the plate was dried by smacking the plate on 

absorbent papers upside down and 150 l ethanol/acetone solution was added to each well (mixture 

of 40 ml ethanol and 10 ml acetone) and was incubated the plate for 30 min at room temperature. The 

Labsystem Multiskan MS plate reader was used to measure absorbance at OD595 nm as a measure of 

biofilm formation.  
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2.7  Bacterial conjugation procedures 

The transformant Escherichia coli S17`1 (with tested plasmids) was grown on a selective LB agar 

plate overnight at 37 °C and EAEC DFB 042 was grown on LB agar overnight. EAEC DFB 042 was 

mixed with E. coli S17`1 on the trans-conjugant agar plates. Control plates (EAEC DFB 042 and E. 

coli S17`1; separately) were prepared parallel to the conjugation process and all plates were incubated 

at 37 °C for 5 hours. When the incubation was complete, the conjugated EAEC DFB 042 and the 

controls (EAEC DFB 042 and E. coli S17`1) were streaked onto minimal salt agar with appropriate 

antibiotics. All plates were incubated overnight at 37 °C. 

2.8   E. coli transformation with DNA plasmid DNA 

2.8.1 Competent cells preparation using 0.1 M calcium chloride 

1 ml of overnight bacterial culture was used to inculcate 50 ml LB media, which was incubated at 

37C until the culture reached mid-exponential phase of growth (OD600 of 0.3-0.5). After that the 

culture was transferred into a sterile centrifuge tube and incubated on ice for 10 minutes.  Then, the 

culture was harvested by centrifugation for 15 minutes at 4000 rpm at 4C in a pre-cooled centrifuge. 

The supernatant was removed, and the pellet re-suspended in 25 ml ice cold 0.1 M CaCl2 and 

incubated on ice for 20 minutes before being harvested by centrifugation for 15 min at 4000 rpm at 

4C. The pellet was re-suspended in 3.3 ml ice cold 0.1 M CaCl2 with 15% glycerol and incubated 

on ice for overnight before aliquoting into microfuge tubes and storage at -80C. 

2.8.2 Plasmid transformation into competent cells 
 

1 l of plasmid is added to 100 l of competent cells and incubated on ice for 45 minutes, including 

competent cells alone as a control for the experiment. Then, all transformations are heat-shocked at 

42C for 2 minutes followed by incubation on ice for a further 5 minutes. 900 l of LB is added to 

the cells and incubated at 37C for 1 hour with shaking. Then cells are harvested by centrifugation at 

13,000 rpm for 1 min and re-suspended in 100 l LB before being plated out using a sterile glass 

spreader onto appropriate agar plates with appropriate antibiotics. The plates were incubated at 37C 

overnight.   
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2.9  Plasmid DNA extraction method 

2.9.1 Miniprep Kit for small scale of plasmid DNA preparation (Qiagen) 
 

A bacterial overnight culture was centrifuged at 4000 rpm and 15C for 15 minutes. Pelleted bacterial 

cells were suspended in 250 l buffer P1, then transferred it to a microcentrifuge tube. 250 l of 

Buffer P2 was added to the suspended cells and mixed by inverting 6 times until the solution becomes 

clear. Then, 350 l of Buffer N3 was added and mixed immediately by inverting 6 times before being 

centrifuged it for 10 minutes at 13,000 rpm. 800 l of the supernatant was applied to a QlAprep 2.0 

spin column by pipetting, then the column was centrifuged at 13,000 rpm for 1 minutes and the flow-

through discarded. The QlAprep 2.0 spin column was washed by adding 0.5 ml of Buffer PB, then 

centrifuged for 60 seconds, and the flow-through discarded. Then, the QlAprep 2.0 spin column was 

washed by adding 750 l of Buffer PE, centrifuged for 1 minutes and the flow-through was discarded, 

and the column centrifuged again for 1 minute to remove residual wash buffer. After that, the QlAprep 

2.0 spin column was transferred to a fresh microcentrifuge tube to collect the plasmid DNA. To do 

this, 50 l of Buffer EB was added to the centre of the QlAprep 2.0 spin column, and, after standing 

for 1 minute, the column was centrifuged for 1 minute. 

2.9.2 Maxiprep Kit for large scale of DNA plasmid (Qiagen) 

A single colony from a fresh transformation or restreak plate was inoculated into 50 ml of LB medium 

with appropriate antibiotic. The following day, the culture was transferred into a 50 ml centrifuge 

tube and centrifuged at 4000 rpm for 15 minutes at 4C to collect the cells. The pellet was resuspended 

in the P1 buffer provided in the kit and the plasmid extraction was continued following the 

manufacture’ instructions.   

2.10 B- galactosidase assays 
 

Single colonies of the strains to be assayed were transferred into 5 ml LB in flasks with appropriate 

antibiotics. Three biological replicates were incubated overnight at 37C, separately. The following 

day, subcultures were set up by adding 100 μl of overnight culture into 5 ml of fresh LB with 

appropriate antibiotics. Each culture was and incubated at 37C until the OD650 was between 0.4-0.6. 

The subcultures then were then lysed by adding three drops of 1 % sodium deoxycholate and three 

drops of toluene (last step were done in the hood) and vortexed for 5-10 seconds. After 20 minutes 

incubation in the hood, 100 l of lysed cells was added into 2 ml aliquots of Z buffer solution (100 
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l of Z buffer with 270 l of β- Mercaptoethanol) that had been equilibrated in a water bath at 30C. 

The reaction was started by adding 500 l o-nitrophenyl-β -D-galactopyranoside (ONPG) in Z buffer 

and stopped with 1000 l of 1M Na2CO3 when sufficient yellow colour had developed. The OD420 

measurements of the final solutions were used to measure the amount of o-nitrophenol and recorded 

for further calculations.  β -galactosidase activity was determined by using the following formula:  

 β − galactosidase activity (Miller Units) =
1000×2.5×A×OD420

4.5×T×V×OD650
nmol/minutes/mg   

Where: 

1000/4.5= Conversion factor of OD420 into nmol Ortho-nitrophenyl-b-D- galactopyranoside (ONPG), 

based on the assumption that 1 nmol/ml ONPG absorption of OD420 is equivalent to 0.0045. 

2.5= Conversion factor of OD650 into bacterial mass(mg) based on the assumption that OD650 of 1 is 

equivalent to 0.4 mg/ml bacterial dry weight.   

T=incubation time(minutes). 

A=final assay volume (3.6 ml). 

V= lysed culture volume (0.1 ml) 

The β -galactosidase activities were measured using three independent transformants that carried the 

recombinant plasmids with desired promoter fragments. Therefore, β–galactosidase levels were 

calculated with standard deviation for each promoter fragment. Negative controls were included in 

all assays with empty vector and titled with ‘No Insert’.  

2.11 Construction of promoter fragments and cloning into plasmids 

2.11.1  Polymerase chain reaction (PCR) 
 

Q5 DNA polymerase (New England BioLabs (NEB)) was mainly used in the construction of desired 

products, due to its high fidelity. A typical PCR thermocycle method is outlined in Table 2.3. DNA 

template for the PCR experiment was prepared either from bacterial lysates or purified plasmids. 

Isolated DNA from bacterial cells came from boiling a single colony of EAEC strain 042 at 100C, 

followed by centrifugation to then use the supernatant (bacterial lysate) which contains the DNA. The 
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primers used for PCR are listed in Table 2.4. All oligonucleotides (Table 2.4) were made by Merck 

Life science UK limited.   

 

The typical PCR reaction volume was 50 μl using Q5 DNA polymerase. This includes 5 μl of DNA 

template, 10 μl of 10 μM Forward primer, 10 μl of 10 μM Reverse primer, 1 μl of 1mM dNTPs 

(Bioline), 0.5 μl of Q5 DNA polymerase, 10 μl of 5x Q5 buffer, 3.5 μl of dH2O and 10 μl of Q5 

enhancer. The samples were transferred to the PCR machine and set up the cycling conditions as 

detaild in Table 2.3. After that, PCR products were run on polyacrylamide gels, calibrated by 100 bp 

DNA ladders (New England BioLabs (NEB)). 

2.11.2  Site-directed mutagenesis (SDM) 
 

SDM was used to introduce selected point mutations into desired promoters using the megaprimers 

listed in Table 2.4. Accuzyme DNA polymerase was used in the two rounds of PCR. In the first round, 

Megaprimer and primer D19897 were used, then the reaction was checked by running 1 μl of the 

PCR product on a polyacrylamide gel. Then, if the desired product was detected, the product was 

purified for the second round of PCR where the PCR product from the first round was used as a 

reverse primer togather with the Forward primer, D10520. The DNA templates for pic p042 and pic 

p073 mutagenesis were provided by Rita Godfrey.  

 

For designing nested deletion fragments, a plasmid carrying the WT full length target promoter was 

used as the template for PCR. Then, a set of forward primers, listed in Table 2.4, were used to 

construct the desired fragments with the same reverse primer. Forward and reverse primers were 

flanked with restriction sites for EcoRI (New England BioLabs (NEB)) and HindIII (New England 

BioLabs (NEB)) respectively. The DNA products from each PCR reactions were then digested with 

these restriction enzymes and ligated into appropriate plasmid vectors.  
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Table 2.3 PCR thermocycle conditions 

 

Cycle Step Temperature Time Cycles 

Initial step 98C 30s 1 

Denaturation 98C 10s  

x35 
 

Annealing 

XC (Typically 55C) 30s 

Extension 72C 30s 

 

Final extension 

72C 10 minutes 
1 

4C Hold 
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Table 2.4 Oligonucleotide primer sequences used in this study 

 
Oligo name Sequence (5-3)   Use  

D10520  CCCTGCGGTGCCCCTCAAG  Forward primer for 

upstream EcoRI site in 

pRW50/ pRW224/ 

pRW225. Used in 

sequencing and 

amplification of the 

inserts. 

D19897  GGCGATTAAGTTGGGTAACG 

CCAGGG  

Reverse primer for 

HindIII site downstream 

in pRW224/pRW225. 

Used in sequencing and 

amplification of the 

inserts.  

D10527  GCAGGTCGTTGAACTGAGCCTGAA 

ATTCAG  

 

Reverse primer for 

HindIII site downstream 

in pRW50. Used in 

sequencing and 

amplification of the 

inserts. 

pic p042 MG CATTAATGCAGTAACTCTATTTTCC Megaprimer for 

knockout the upstream 

promoter in pic p042 

pic p073 MG  CGCCCGGGTCATCACGTCTGGTTATC Megaprimer for 

knockout the upstream 

promoter in pic p073 

pic p042.225 R GGGGGAAGCTTAACTTTATTCACTAT

GGAT 

Reverse primer for 

construction of the pic 

p042 protein fusion 

fragment including 

HindIII site.  

pic p073.225 R GGGGGAAGCTTAACTTTATTCACTGC

GGACTCTCCATGATGTTTAAGT 

Reverse primer for 

construction of the pic 

p073 protein fusion 

fragment including 

HindIII site. 

pic p042 120 F GGGGGAATTCCTCCAGGAAACCCGGT

GTGATTCAGTTCACAAAAACAC 

Forward primer for 

construction of the pic 

p042 120 fragment 

including EcoRI site.  

pic p042 28 F GGGGGAAGCTTATGATGTTTAAGTAC

TAATGATAACCCG 

Forward primer for 

construction of the pic 
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p042 28 fragment 

including EcoRI site. 

pic p042 U F GGGGGAATTCGAAAAGTATTTCACTA

GGCGGTTCAGTTCACAAAAACACA 

Forward primer for 

construction of the pic 

p042 U fragment 

including EcoRI site. 

SP1 CTGGCGAAAGGGGGATGTGCTGCAA Specific primer for 

5’RACE kit (SP1)  

pJET1.2 forward 

sequencing 

primer  

CGACTCACTATAGGGAGAGCGGC Forward sequencing of 

insert colony PCR in 

pJET1.2  

pJET1.2 reverse 

sequencing 

primer 

AAGAACATCGATTTTCCATGGCAG Reverse sequencing of 

insert colony PCR in 

pJET1.2 

EC042_0224 F GGGGGAATTCACGAACAACCCGTCGT

TAATCCC 

Forward primer for 

construction of the 

EC042_0224 fragment 

including EcoRI site. 

EC042_0224 R GGGGGAAGCTTCCGTGTTCTGAAATT

GACTAAA 

Reverse primer for 

construction of the 

EC042_0224 fragment 

including HindIII site. 

KpsM 201 F GGGGGGAATTCTAATTACCTTCGGGA

TTATTGATG 

Forward primer for 

construction of the 

KpsM 201 fragment 

including EcoRI site. 

KpsM 201 R GGGGGAAGCTTCTGTTTCAAACCAGA

ACGCACGCG 

Reverse primer for 

construction of the 

KpsM 201 fragment 

including HindIII site. 

EC042_0414 F GGGGGGAATTCATGTTGCAATCTTCT

GCTGACAAAGC 

Forward primer for 

construction of the 

EC042_0414 fragment 

including EcoRI site. 

EC042_0414 R GGGGGAAGCTTTTAACTTATAATTAA

GAGAAAAAAC 

Reverse primer for 

construction of the 

EC042_0414 fragment 

including HindIII site. 

EC042_3143 F GGGGGGAATTCATGTCCGTTTGCGGA

CAAGCAATAG 

Forward primer for 

construction of the 

EC042_3143 fragment 

including EcoRI site. 

EC042_3143 R GGGGGAAGCTTGGGAAACCGGTGTTT

TGAAAACAGT 

Reverse primer for 

construction of the 

EC042_3143 fragment 

including HindIII site. 

EC042_3644 F GGGGGGAATTCTTTAACATTAATGCC

AAAAACCGGG 

Forward primer for 

construction of the 
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EC042_3644 fragment 

including EcoRI site. 

EC042_3644 R GGGGGAAGCTTTTGATAAACGTTCGA

CGCATAGTAA 

Reverse primer for 

construction of the 

EC042_3644 fragment 

including HindIII site. 

EC042_0224 F GGGGGGAATTCATGAGCAAAATGAA

CAACAATGGCG 

 

Forward primer for 

construction of the 

EC042_0224 fragment 

including EcoRI site. 

EC042_0224 R GGGGGAAGCTTCGGTTGATAGCAATG

GCAGTTCGCT 

Reverse primer for 

construction of the 

EC042_0224 fragment 

including HindIII site. 

EC042_4012 F GGGGGGAATTCGGTGGAGATCTCTGT

CACCAGCCAG 

Forward primer for 

construction of the 

EC042_4012 fragment 

including EcoRI site. 

EC042_4012 R GGGGGAAGCTTCGCAGCGTGTTCGCC

GTCGAACCGT 

Reverse primer for 

construction of the 

EC042_4012 fragment 

including HindIII site. 

EC042_3975 F GGGGGGAATTCAGATTCGGTTTTTCA

GACCCCCATC 

Forward primer for 

construction of the 

EC042_3975 fragment 

including EcoRI site. 

EC042_3975 R GGGGGAAGCTTATAAGAGTTATTCAA

AATATTTTGT 

Reverse primer for 

construction of the 

EC042_3975 fragment 

including HindIII site. 

EC042_3970 F GGGGGGAATTCCAATAGCTAATTTTT

TTGGCGCACC 

 

Forward primer for 

construction of the 

EC042_3970 fragment 

including EcoRI site. 

EC042_3970 R GGGGGAAGCTTATCGCTCACCAGAGT

CGTACAGG 

Reverse primer for 

construction of the 

EC042_3970 fragment 

including HindIII site. 

EC042_4604 F GGGGGGAATTCAACTATTGAGGCCAG

CCTGATTTTG 

 

Forward primer for 

construction of the 

EC042_4604 fragment 

including EcoRI site. 

EC042_4604 R GGGGGAAGCTTATCGCTCCCCTCTTT

AACCATTTGA 

Reverse primer for 

construction of the 

EC042_4604 fragment 

including HindIII site. 

virK F  GGGGGGAATTCTCATGTTTTCCGGCA

ATTGAGATAC 

Forward primer for 

construction of the virK 
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fragment including 

EcoRI site. 

virK R GGGGGAAGCTTTTTCGGTACTCAGAG

CGTTTTTTAC 

Reverse primer for 

construction of the virK 

fragment including 

HindIII site. 

EC042_0225 F GGGGGGAATTCAACTCGAATAAAGA

AAAGGGTGTG 

Forward primer for 

construction of the 

EC042_0225 fragment 

including EcoRI site. 

EC042_0225 R GGGGGAAGCTTATGGGGTTGGCATTT

ATG 

Reverse primer for 

construction of the 

EC042_0225 fragment 

including HindIII site. 

KpsM527 F GGGGGGAATTCATAACACCATTTAAA

TGTGATAT 

Forward primer for 

construction of the 

KpsM 527 fragment 

including EcoRI site. 

KpsM WT R GGGGGAAGCTTACTTCTTGCCATTTG

ATGATGTG 

Reverse primer for 

construction of the 

KpsM WT fragment 

including HindIII site. 

Primer was used as the 

reverse primer for all 

nested deletion 

fragments.  

KpsM WT F GGGGGGAATTCTTATTAATAGTTGCA

ATAAATCA 

Forward primer for 

construction of the 

KpsM WT and KpsM 

440 fragments including 

EcoRI site 

KpsM751 F GGGGGGAATTCAAAATTCCTGGAGAT

AATCAGAAA 

Forward primer for 

construction of the 

KpsM 751 fragment 

including EcoRI site 

KpsM651 F GGGGGGAATTCACTGAGGGATGGTGT

TGGTTGTAA 

Forward primer for 

constructing KpsM 651 

fragment including 

EcoRI site 

KpsM551 F GGGGGGAATTCGATGCGACTTAAATA

ACACCATTT 

Forward primer for 

construction of the 

KpsM 551 fragment 

including EcoRI site 

KpsM451 F GGGGGGAATTCAAATAGGGAAATAG

TTTCTCGGTG 

Forward primer for 

construction of the 

KpsM 451 fragment 

including EcoRI site 
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KpsM351 F GGGGGGAATTCGGGGTATTATAATCA

AGTAGTTA 

Forward primer for 

construction of the 

KpsM 351 fragment 

including EcoRI site 

KpsM216 F GGGGGAATTCTAACACTGGTTAAAAT

AAATA 

Forward primer for 

construction of the 

KpsM 216 fragment 

including EcoRI site 

KpsM216 R GGGGGAAGCTTTGTTCACCGAGAAAC

TATTT 

 

Reverse primer for 

construction of the 

KpsM 216 and KpsM 

440 fragment including 

HindIII site. 

KpsM216R F GGGGGAATTCTGTTCACCGAGAAACT

ATTT 

Forward primer for 

construction of the 

KpsM 216R fragment 

including EcoRI site 

KpsM216R R GGGGGAAGCTTTAACACTGGTTAAAA

TAAATA 

Reverse primer for 

construction of the 

KpsM 216R fragment 

including HindIII site. 

KpsM p1KO F GGGGGGAATTCTTATTAATAGTTGCA

ATAAATCATTGAGTAACAATTGATAG

GCCAAAACATATAGGATAATTCTTGT

GTGATCTGTGTTTTGTGTAGC 

Forward primer for 

construction of the 

KpsM p1KO and KpsM 

p3KO fragments 

including EcoRI site 

KpsM p2KO R GGGGGAAGCTTTGTTCACCGAGAAAC

TATTTCCCTATTTAAAATTCACTCGTG

TACTTCTTATTTATATCTACAGCCCCC

TCTTTACAGTCATATTTGTGATTTACA

TCACATTTA 

 

Reverse primer for 

construction of the 

KpsM p2KO and KpsM 

p3KO fragments 

including HindIII site. 

**Grey shaded bases represent the site for restriction enzymes EcoRI or HindIII. 
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2.12 Polyacrylamide gel electrophoresis 
 

Polyacrylamide gels were used to check PCR products and purify the desired products. Each gel was 

prepared by adding 15 μl Tetramethylethylenediamine (TEMED) and 100 μl 10% Ammonium 

persulphate (APS) into 10 ml 7.5% acrylamide solution, which was then poured into vertical glass 

casting chambers. The chamber was placed into a vertical electrophoresis tank, and then the tank was 

filled with 1x TBE buffer. The PCR product and 100 bp DNA ladder were loaded using 6x loading 

dye, and run for around 35 min, at a constant current of 40 mA. Gels were stained with ethidium 

bromide before visualisation on a UV light box. The desired DNA fragments bands were cut out 

according to their size and the gel slices were placed into clean micro centrifuge tubes, for purification 

by DNA electroelution, phenol chloroform extraction, and ethanol precipitation.  

2.13 Electroelution of DNA fragments from polyacrylamide gel 
 

Slices of gel containing DNA fragments were placed in sterile dialysis tubing (Medicell International 

Ltd), which had been washed out with H2O, and then clipped at one of the ends. Then 200 μl 0.1x 

TBE buffer was added into the tubing, and the other end was clipped. 0.1X TBE buffer was put in an 

electroelution tank, and then, the dialysis tubing was placed in the tank and electrophoresed for 20 

min at 30 mA. The DNA solution was removed from the tubing into a clean micro centrifuge tube 

then the dialysis tube was washed with 200 μl with sterile distilled (SDW) water, which was added 

to the DNA solution already in the microfuge tube.    

2.14 Phenol/chloroform extraction and ethanol precipitation of DNA fragments 
 

After electroelution, samples containing DNA were made up to 400 μl with SDW, then 400 μl 

phenol/chloroform (1:1) was added and mixed by vortexing until the solution turns white. After 

centrifuging for 2 minutes at 13,500 rpm, the upper layers of the samples were taken into a clean 

micro centrifuge tubes and made up to 400 μl with SDW. For ethanol precipitation, 40 μl 3 M sodium 

acetate (pH 7.0), 4 μl 1 M MgCl2 and 888 μl 100% ice cold ethanol (stored at -20 ̊C) was added and 

incubated overnight at -20 ̊C. The following day, the samples were centrifuged at 13,000 rpm for 15 

minutes at 4 ̊C. After removal of the supernatant, the pellet was resuspended in 1 ml 70% iced cold 

ethanol (stored at -20 ̊C) and centrifuged at 13,000 rpm for 10 minutes at 4 ̊C. Most of the supernatant 

was then decanted and the samples were dried using the DNA speed vac for around 10 minutes at 

medium heat. DNA pellets were resuspended in 20 μl SDW.  
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2.15 Restriction digestion of PCR fragments and plasmids 
 

Plasmids, pRW50, pRW224 and pSR were cut using restriction enzymes to facilitate cloning of 

promoter fragments. before. Hence, 300 μl of plasmid minipreps DNA (pRW50 (9 μg), pRW224 (9.9 

μg), and pSR (15 μg)) was digested by adding 10 μl EcoRI (200 Uμl-1), 10 μl HindIII (200 Uμl-1), 40 

μl 10x CutSmart buffer, with the volume then made up to 400 μl with SDW. The mixture was 

incubated for 3 hours at 37 ̊C and then 4 μl calf intestinal alkaline phosphatase (CIP) was added to 

the mixture and incubated for a futher 1 hour at 37 ̊C. The digested plasmid was purified using 

phenol/chloroform extraction and ethanol precipitation and then run on a 0.8 % agarose gel to 

estimate the amount of plasmid needed for DNA cloning. For digesting PCR products, 4 μl EcoRI, 4 

μl HindIII, and 6 μl CutSmart buffer were added to 20 μl of PCR product, and the mixture was made 

up to 60 μl with SDW. The mixture was incubated for 3 hours at 37 ̊C then purified by 

phenol/chloroform extraction and ethanol precipitation. The amount of PCR product was estimated 

before cloning by running 1 μl of the PCR product on a small polyacrylamide gel.  

2.16 Ligation and sequencing of segments of plasmid clones 
 

The desired promoter was cloned into an appropriate vector by adding 1-2 μl cut plasmid, ,1 μl T4 

DNA ligase (200 Uμl-1), and 2 μl 10x T4 DNA ligase buffer, with 8-15 μl restricted insert DNA, and 

the final volume made up to 20 μl with sterile dH2O. The mixture was incubated overnight at 16 ̊C. 

The following day, the mixture was transformed into 100 μl CaCl2 competent cells. Cells were plated 

out onto MacConkey agar plates with selective antibiotics and incubated for overnight at 37 ̊C. For 

sequencing analysis, single colonies from each ligation plate were inoculated into 5 ml 2x LB and 

incubated overnight with shaking at 37 ̊C. The following day, plasmid DNA was prepared from the 

cultures and then 3 μl of 1 μM D10520 primer was added to 7 μl plasmid DNA and sequenced in the 

Functional Genomics and Proteomics Laboratory, University of Birmingham, UK.  

2.17 Rapid amplification of cDNA ends (5` RACE) 
 

Overnight cultures of BW25113 cells, containing either pRW224/ pic p042 or pRW224/ pic p073, 

were grown in LB medium at 37 °C with shaking until OD600 = 1. Total RNA was isolated using an 

Isolate II RNA Mini Kit (Meridian Bioscience), as specified by the manufacturer. Specific mRNA 

was then converted to cDNA using primer SP1 and a 5`Race kit 2nd Generation (Roche), according 

to the manufacturer’s instructions. Strand-specific cDNA was A-tailed on the 3` end and then 

amplified by PCR using primers dT-anchor and lacZRev. PCR products were cloned into the pJET1.2 
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vector using the Clone JET PCR Cloning Kit (Thermo Scientific), as specified by the manufacturers, 

and sequenced using Sanger Sequencing.  

2.18 In vitro assays 

2.18.1  Radiolabelled DNA fragments 
 

The desired fragments were constructed with flanking EcoRI and HindIII restriction sites and 

amplified using PCR (primers listed in Table). This was done to generate promoter fragments that 

could be cloned into pSR plasmid for sequencing. After verifying the fragment sequence, DNA was 

produced using Qiagen plasmid miniprep kits following the manufacturer’s instructions, DNA was 

prepared for radiolabelling by cutting the fragments with EcoRI and HindIII followed by treatment 

with Calf Intestinal Alkaline Phosphatase (CIP) and was purified by gel extraction. Then fragments 

were radiolabelled at both ends using T4 polynucleotide kinase (following manufacturer’s guidelines) 

and [-
32

P]-ATP by incubation of the reaction for 30 minutes at 37 ̊C. Next, the fragment was purified 

to remove the excess [-
32

P]-ATP using a 200 μl of G-50 Sephadex columns. Labelled fragments were 

then used in EMSA assays.  

2.18.2  Electrophoretic mobility shift assay (EMSA) 
 

Purification of CRP is described in Kumari et al. (2000) and CRP purified in this way was used in 

EMSA assays. The labelled fragments were incubated with various concentrations of purified CRP, 

depending on the purpose of the experiment. One μl of the labelled DNA fragment was added into 

the reaction. Reaction buffer was provided by Dr. Doug Browning (contained 10x HEPES, 2mM 

cAMP, 50% (v/v) glycerol, 25 μg ml-1 herring-sperm DNA, 0.5 mg ml-1 BSA in dH2O). The final 

volume of the reaction was 10 μl. The reactions were then incubated at 37 °C for 30 minutes, and 

then run on 0.25 x TBE on a 6% polyacrylamide gel supplemented with 250 nM cAMP, with 0.25 x 

TBE as running buffer, and the gel was run for 3 hours at 166V. After electrophoresis, the gel was 

fixed with (10% v/v) methanol and (10% v/v) acetic acid for one hour. Next, the gel was dried using 

a vacuum drier. After that, the gel was exposed overnight to a phosphor-screen for analysed using a 

Bio-Rad Molecular Imager FX and Quantity One software (Bio-Rad).  
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2.18.3  Multi-round transcription assays 
 

Desired fragments, cloned into pSR, were purified from bacterial hosts grown overnight using Qiagen 

Maxiprep kits, following the manufacturer’s instructions. The recombinant plasmids were used for in 

vitro transcription reactions as described by Kolb et al. (1995). Reaction mixtures contained 40 mM 

Tris pH 7.9, 10 mM MgCl2, 50 μM DTT, 0.1 M KCl, 2 μg ml-1 BSA, 5 mM ATP/GTP/CTP, and UTP 

and 5 μCi α-32P- UTP, using 572 μg ml-1 pSR template. The reaction mixture was incubated at 37°C 

for 10 minutes. Then 2 μl of 400 nM holo-RNAP were added into 11 μl reaction mixture and 

incubated further for 10 minutes. The reaction mixture was then stopped using stop solution. Four μl 

of each reaction was analysed by denaturing PAGE (at 60 W for 2 hr). Then the gel was dried and 

exposed to a Biorad phosphorscreen. The gel image was analysed using Bio-Rad Molecular Imager 

FX and Quantity One software (Bio-Rad). 

2.19 Chromatin immunoprecipitation followed by sequencing assay (ChIP-seq) 
 

The method used for ChIP-seq has been modified from that described by Singh et al. (2014). Data 

analysis was carried out and the quality of samples was assessed using the Galaxy platform (Afgan 

et al., 2018). Experiments were carried out in duplicate. EAEC 042 cells were sub-cultured from 

overnights and grown to exponential phase in 1/100 LB medium (OD600 between 0.3 and 0.6). The 

culture was fixed using formaldehyde at a final concentration of 1% (v/v) and incubated for 20 

minutes then quenched with 10 ml of 2.5 M glycine. Cells were collected by centrifugation for 5 

minutes at 4000 rpm at 4°C then re-suspended in 1x of the culture volume in 1 ml of 1x TBS. This 

step was repeated twice. After washing, the cells were resuspended in 1 ml of FA lysis buffer 

(containing 2 mg/ml lysozyme) and incubated for 30 minutes at 37°C. Then the cell lysates were 

chilled on ice for around 5 minutes before the sonication step using a Bioruptor sonicator. This was 

set for three rounds of 10-minutes cycles at 4°C (30s on, 30s off), and cells were kept on a water/ice 

slurry during the sonication. Then cell lysates were centrifuged at 13,000 rpm in a cooled benchtop 

centrifuge, and the supernatant was kept. The DNA concentration in clarified lysates was estimated 

using a nandrop, and 150 g of chromatin was used per immunoprecipitation. Immunoprecipitations 

were made up to 700 l using FA-1 buffer, and two immunoprecipitations were set up for each 

culture, one containing antibody as a ‘treatment’ sample, and the other as a mock. The remainder of 

the supernatant was stored at -80°C. For the immunoprecipitation step, 2 μl of anti-CRP antibody 

provided by Dr. Douglas Browning (1mg/ml) was added into treatment samples. For the the mock 
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samples, I added 2 μl of FA-1 buffer. All samples (the treated and mock samples) were incubated on 

a rotating wheel at 4°C overnight. 

 

Magnetic beads (Dynabeads protein A and protein G (ThermoFisher Scientific)) with a magnetic rack 

were used to form and wash the immunocomplexes. Fifteen μl of each protein A and protein G 

magnetic beads were prepared for each sample (scaled to the number of samples being processed). 

Beads were washed with 1 ml FA-1 buffer, before resuspending in the equivalent of 100 μl of FA-1 

buffer per samples. 100 μl of beads were added into each sample and incubated on a rotating wheel 

for 1 hour at 4°C. Then a series of washes were done, using FA buffers as follows; the beads were 

washed three times using 1 ml FA-1 buffer each time. For the last wash, 1 ml of FA-1 buffer was 

added, and beads were rotated for 5-10 minutes at room temperature. Then the beads were 

resuspended with 1 ml of FA-1 and transferred into a new tube and washed twice with 1 ml of FA-1 

(total of six washes were done). One ml of FA-2 buffer was used to wash the beads then 1 ml of FA-

3 buffer was used to wash the beads. Afterward, 1 ml of TE buffer was used to wash the beads. Then 

the beads were resuspended in 195 μl of ChIP Elution buffer and incubated for 10 minutes at 65°C. 

Next, 5 μl of Proteinase K (50mg/ml, Sigma) were added into samples. Afterwards, the reversal of 

crosslinks was done by placing the tubes at 42°C for one hour and then at 65°C for 4 hours. Next the 

DNA was purified using a PCR purification kit (Qiagen), following the manufacturer’s instructions. 

Then the DNA was eluted with 50 μl of dH2O. Next, DNA libraries were generated using NEBNext 

Ultra II DNA library prep kit (New England BioLabs (NEB)), following the manufacturer’s 

instructions. After the final purification of amplified libraries using Agencourt AMPure XP magnetic 

SPRI (Solid Phase Reversible Immobilisation) beads, the library quality was checked using the 

Tapestation instrument and quantified by qPCR using a NEBNext library quantification kit, following 

the manufacturer’s instructions. Then samples were diluted to 20nM stocks, and pooled in an 

equimolar ratio, before being sent for sequencing. Samples were sent for sequencing on an Illumina 

HiSeq platform at the Genewiz Next Generation Sequencing facility.   

2.20 Bioinformatic analysis of ChIP-seq data 
 

Raw sequences were aligned to the EAEC 042 genome (chromosome genome reference FN554766.1; 

and pAA plasmid genome reference FN554767) using Bowtie selection in Galaxy software. Next, 

the quality of the reads was generated by studying the correlation among samples and the strength of 

signals of ChIP-seq reads (Figure 2.7). Here I used plot correlation to generate a heat map for studying 
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the correlation between the input and treated samples and the signal from the ChIP-seq enrichment. 

The parameters for further analysis were done following the instructions on the Galaxy website, under 

analysis of the ChIP-seq data tutorial. Peaks were called using MACS2 in Galaxy software, each 

replicate was assessed with the appropriate controls separately then peaks were called only if the 

peaks were found in both replicates. The thresholds indicate the total number of reads, and these were 

compared with control samples to discard any artefactual enrichment. I extracted DNA sequence from 

50 bp upstream to 50 bp downstream of the peak centre and applied the sequence to MEME SUITE 

software (Bailey et al., 2009) to locate CRP binding sites and generate a CRP motif. The nearest 

annotated genes to peaks were compared to E. coli K-12 strain MG1655 using BLASTp to identify 

the common CRP targets or new targets. CRP targets in the EAEC 042 genome was viewed in the 

Artemis genome browser (Carver et al., 2011). The EAEC 042 DNA plotter of chromosome and pAA 

plasmid were created using the Artemis genome browser. Statistical analyses, calculation of peak 

locations, and determination of CRP binding site positioning relative to genomic features were done 

manually in an Excel spreadsheet. 
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Figure 2.1: Assessing the quality of ChIP-seq samples 

A. Heatmap shows the correlation between ChIP-seq replicates. 

B. The strength of signals of ChIP-seq reads using Signal Extraction Scaling (SES).  

A. B.

A. B.
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Chapter 3 

Investigation of the pic gene promoter region in 

Enteroaggregative and Uropathogenic E. coli 
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3.1  Introduction 
 

Enteroaggregative E. coli and uropathogenic E. coli both express a “protein involved in colonisation” 

(Pic) in the early stage of infection of human hosts. Pic is a serine protease autotransporter of the 

Enterobacteriaceae (SPATE) and is secreted via a type V protein secretion system. This virulence 

determinant is an enzyme that targets mucus in the intestines and the bladder, hence the name 

mucinase. Degradation of the mucin component of mucus, by Pic, permits pathogens to attach to the 

host cells, hence, initiating the formation of biofilms. The pic gene is usually found on the pathogenic 

chromosome: in EAEC strain 042, pic is located at position 4,924,840 (accession no. FN554766.1), 

and in UPEC strain CFT073 it is at position 326,209 (accession no. NC_004431.1) (Navarro-Garcia 

et al., 2010) (Figure 3.1).  

 

Pic was originally identified as a virulence determinant in EAEC by Henderson et al. (1999). 

Comparison of the pic promoter region in EAEC strain 042 and UPEC strain CFT073 shows some 

differences in promoter DNA sequence. Although transcription of the genes encoding most virulence 

determinants in EAEC is controlled by the virulence transcription factor, AggR, the pic gene appears 

not to be part of the AggR regulon (Morin et al., 2013). Pic is needed at the very first stage of infection 

to break down the host’s first line of defence (the mucus layer), hence the regulation of pic needs a 

transcription factor that can manage to regulate in these circumstances.   

 

Both Henderson et al. (1999) and Harrington et al. (2009) studied the pic gene in EAEC strain 042 

(accession no. AF097644). These papers focused on the Pic protein itself, its secretion, and its 

transportation, and how Pic contributes to EAEC 042 virulence. Behrens et al. (2002) studied the 

transcriptional regulation of the pic/set locus in EAEC strain 042 and Shigella flexneri 2a strain 245T. 

They concluded that multiple promoters were located upstream of pic gene, and that expression of 

pic reached high levels in the exponential phase of bacterial growth, but there was no consideration 

of which regulator drives pic expression. In this chapter, I focus on the regulation of pic expression 

by the cyclic AMP receptor protein (CRP), and the differences in the pic regulatory region between 

EAEC strain 042 and UPEC strain CFT073. 
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Figure 3.1: Position of pic gene in the EAEC and UPEC genomes 

The panel shows the diagrammatic representation of the position of pic gene in (A) EAEC strain 042 

chromosome (pic) (B) UPEC strain CFT073 chromosome (c0350). The target gene is outlined with 

red (Chaudhuri et al., 2007).  

 

 

 

 

 

 

 

A. EAEC 042

B. UPEC CFT073
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In E. coli K-12, CRP is a global transcription factor as it regulates hundreds of promoters. It is usually 

considered that CRP is involved in regulating the use of alternative carbon sources, in the absence of 

glucose or other nutritional stresses.  CRP can act as an activator or a repressor of genes expressions, 

depending on its binding position with respect to RNAP at target promoters (Grainger and Busby, 

2008). CRP binds to specific DNA sequences after it becomes activated via cAMP (Busby and 

Ebright, 1999; Zheng et al., 2004). The consensus DNA site for CRP on DNA contains two 5 base 

pairs elements separated by 6 base pairs: 5`-TGTGAN6TCACA-3`, each bold sequence is recognised 

via the recognition helix on one subunit of the CRP homodimer. After binding, CRP often recruits 

RNAP to the target promoter and this positions the RNAP to initiate the transcription. This happens 

by interaction of domain 2 in sigma (D2 in holo-RNAP) with promoter -10 hexamer element to 

open the transcription bubble to facilitate insertion of the template strand into the RNAP active site. 

Such promoters are classified as Class I or Class II for activation by CRP. In Class I activation, the 

CRP binding site is located 41 bp or more upstream from the promoter -10 hexamer element and the 

CRP-RNAP interaction requires activating region 1 (AR1) of CRP. In Class II activation, the CRP 

binding site is located 21 bp upstream of the promoter -10 hexamer element, and so bound CRP 

overlaps with the promoter -35 element. Class II activation requires both CRP activating region 1 

(AR1) and activating region 2 (AR2) to interact with RNAP (Rhodius et al., 1997) (Figure 3.2).     

 

To study the regulation of pic promoters, site-directed mutagenesis was used to find the functional 

regulatory elements at the pic promoter in both EAEC strain 042 and UPEC strain CFT073 (pic p042 

and pic p073). Surprisingly, I found that both promoters were dependent on CRP. In next two 

sections, I outlined the strategy I have used, involving two lacZ-based reporter vectors. The promoter-

less lacZ expression vector, pRW224 was used to clone the pic promoters using EcoRI and HindIII 

sites, and then measure transcription (Figure 3.3). The other reporter vector was pRW225, which 

carries lacZ without an SD sequence and start codon. This was used to clone pic promoter fragments 

that included the pic gene translation start and this facilitated study of the efficiency of pic gene 

translation initiation (Figure 3.3). Comparisons between pic p042 and pic p073 were conducted in the 

following sections. Additionally, I studied other TFs, such as Fis (another global regulator) and AggR 

(master regulator for virulence determinants in EAEC strain 042) to assess if they played any role in 

pic regulation.  
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Figure 3.2: CRP activation Classes 

The figure schematically shows the two CRP activation classes:  

A. The figure shows a diagrammatic representation of Class I CRP activation. CRP, shown as 

light maroon subunits, interacts with alpha-CTD of RNAP (light blue domain) using active 

region 1 (red star). The -10-hexamer element of the target promoter is showed as a black box 

separated from the CRP binding site by 41 bp. +1 represent transcription start site. 

B. The figure shows a diagrammatic representation of Class II CRP activation. CRP, shown as 

light maroon subunits interacts with alpha-CTD of RNAP (light blue domain) using CRP 

active region 1(red star), and interacts with alpha-NTD of RNAP (light blue domain) with 

CRP active region 2 (green star). The -10-hexamer element of the target promoter is shown 

as a black box separated from CRP binding site by 21 bp. +1 represent transcript start site.  
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Figure 3.3: Cloning vectors for pic promoter fragments 

pic promoter fragments were cloned into two plasmids to study their regulation. lacZ reporter, 

pRW224 (left), was used to construct operon fusions for studying and detecting pic promoter activity 

and regulation. lacZ reporter, pRW225 (right), was used to construct protein fusions for studying pic 

gene translation efficiency, as well as pic promoter- directed transcription. Lower part of figure shows 

the sequence of cloning site for each plasmids. The bases after HinDIII site until BamI site in pRW224 

are missing bases in pRW225 cloning site (SD bases missed) .  
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3.2  The EAEC 042 pic regulatory region 

3.2.1 Investigation of the pic p042 promoter region and transcription regulation 
 

To investigate the activity and regulation of pic p042, the 167 bp DNA sequence upstream of the pic 

gene was amplified by PCR, using DNA from EAEC strain 042, and primers listed in Table 2.4. The 

PCR product was cloned, using EcoRI and HindIII sites into the promoter-less lacZ expression vector, 

pRW224. This gave an opportunity to measure the promoter activity by measuring ß-galactosidase 

enzyme levels due to expression of lacZ. The recombinant plasmid, pRW224/ pic p042 WT was used 

to investigate regulation by CRP, Fis and AggR to define functional -10 element, and for mapping 

transcript start sites. Figure 3.4 shows the base sequence of inserted promoter fragment.  

 

To study the activity of promoters cloned in lacZ expression vector, E. coli K-12 ∆lac host strains 

were used. Thus, the recombinant plasmid, pRW224/ pic p042 WT, was transformed into E. coli K-

12 strains BW25113 ∆lac and its ∆crp derivative. The transformed cells were then grown in LB 

medium at 37C, with shaking to mid-exponential phase, with the OD650 between 0.4-0.6. Cells were 

lysed and measurements of ß-galactosidase levels were used as a proxy for promoter activity. The 

negative control, pRW224 with no insert, was included in the experiments.  

 

Data in Figure 3.5 show an increase in ß-galactosidase level by 350 Miller units, in cells that carrying 

pRW224/ pic p042 WT comparing with negative control with no insert, indicating the existence of a 

promoter in the cloned fragment. The level of ß-galactosidase expression was reduced by almost 4-

fold in ∆crp cells, indicating a CRP-dependent promoter. A potential DNA site for CRP binding site 

is shown in Figure 3.4 starting at positioned 118 5`-GCGGTTCAGTTCACA-3`. A calculation of 

AT% of the bases downstream of CRP binding site (103 bp) showed a hight percentage of AT bases, 

around 68.93 AT%.  
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Figure 3.4: Fragment carrying the EAEC 042 pic promoter DNA sequence 

 

The figure shows the DNA sequence of pic p042 promoter, 167 base pairs upstream from the of pic 

gene Shine Dalgarno sequence (see Figure 3.5B below). The DNA site for CRP is highlighted in light 

green. The sequences highlighted with dark green are the flanking EcoRI and HindIII restriction site. 

The numbering of bases in fragment starts from the HindIII site.   

> pic p042 WT

GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAA

CCCGGGGCGGTTCAGTTCACAAAAACACATTAATGCAGTAACTATATTT

TCCTTTCTGGTGATAACGTCGGGTTATCATTAGCTTCTTCAGCTATTTT

ACTTTTATATCCCTTGTAAACATCATAAGCTT
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Figure 3.5: The pic p042 promoter 

A. The panel shows a diagrammatic representation of the position of the pic gene in the EAEC 

chromosome (strain 042) (Chaudhuri et al., 2007). 

B. The panel shows the DNA sequence of the pic p042 promoter region. The proposed DNA site for 

CRP is identified by horizontal arrows with bold type denoting bases that correspond to the 

consensus. The pic gene coding region is shown in red with start codon underlined.  
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C. The bar chart illustrates measured ß- galactosidase levels in E. coli K-12 strain BW25113 WT  

lac (blue bars) and E. coli K-12 strain BW25113  lac crp (orange bars) carrying pRW224 with the 

pic p042 promoter. Each measurement is the average of three independent β-galactosidase assays and 

the error bars represent the standard deviation (STDEV) and * indicates P < 0.0008 using a student’s 

t-test.  
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3.2.2 Identification of the transcript start site at the pic p042 promoter 
 

The location of the pic p042 transcript start site (TSS) can help identify promoter -10 hexamer 

element. Hence, the 5` RACE (rapid amplification of cDNA ends) method was used to determine the 

first base of the transcript and plasmid pRW224/ pic p042 WT was used here. Cells carrying this 

plasmid were grown in LB medium at 37C, with shaking to late-logarithmic phase (OD600= 1.0), and 

total RNA was isolated from the lysate using a kit. Using thr 5`RACE kit, this RNA was copied into 

cDNA and then tailed with poly(A). After that, the tailed cDNA was amplified using anchor primer 

5`-GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV-3` as forward primer and SP2 as 

reverse primer (listed in Table 2.4). The PCR product from this last step was then used in cloning 

using the CloneJET PCR cloning kit. Here, the product from the PCR step was ligated into pJET1.2 

vector, then the ligation mixture was used directly for transformation into E. coli K-12 strain, M182. 

Transformants were then selected to isolate the recombinant plasmid pJET1.2/pic p042 TSS and 

sequenced by reverse or forward primers, provided by the CloneJET PCR cloning Kit (the primers 

are listed in Table 2.4).  

 

The result, illustrated in Figure 3.6, pinpoints the pic p042 transcript start to position 50 in the 

sequence shown in Figure 3.4. Inspection of the base sequence upstream from the experimentally 

determined start point (Figure 3.6) suggests 5`-TAACGT-3` as the likely pic p042 -10 hexamer 

element and 5`-AACTAT-3` as the likely -35 hexamer element. The pic p042 promoter TSS is 62 

bases upstream from pic gene started codon 5`-GTG-3`. Note that the suggested -10 hexamer element 

carries an upstream 5`-TG-3` motif and is located 41bp downstream of the proposed DNA site for 

CRP (see Figure 3.6).  
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Figure 3.6: Mapping the pic p042 promoter TSS 

 

The figure shows the identification of the TSS at the pic p042 promoter. Upper part shows the base 

sequence of pic p042 promoter non-template strand. The arrow and +1 indicate the TSS with the 

corresponding base shaded bold green. The DNA site for CRP is highlighted in yellow. The likely 

corresponding promoter -10 and -35 hexamer elements are shown with rectangles. The pic gene 

coding sequence is shown in red typeface with the start codon in bold. The lower graph shows the 

5`RACE sequencer readout for the pic p042 TSS.  

 

 

>pic p042 

GATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAACCCGGGGCGGTTCAGTTCA

CAAAAACACATTAATGCAGTAACTATATTTTCCTTTCTGGTGATAACGTCGGGTTATCATTA

GCTTCTTCAGCTATTTTACTTTTATATCCCTTGTAAACATCATGGAGAATCCATAGTGAATA

AAGTTT

+1

+20 +40. .

.

.

.

.

...

.

.

.

.

.

.

.

-20-40

-60-80-100

-10 

Anchor Primer TSS

.

.

+60

-35 



83 
 

3.2.3 Identification of functional -10 hexamer element at the pic p042 promoter 
 

The purpose of this experiment was to locate functional -10 hexamer element and assess their location 

with respect to the proposed DNA site for CRP, using the 167 bp DNA fragment, pic p042 WT, 

shown in Figure 3.4. As well as carrying the proposed extended -10 element 5`-TGATATAACGT-

3`, I noted a second potential -10 hexamer 20 bp upstream 5`-TATATT-3`. Hence, site-directed 

mutagenesis was used to: (1) introduce a point of mutation in the upstream -10 element at base 2A 

5`- TATATT-3` (Upstream knockout, UKO), and (2) introduce double mutations at -10 element base 

A and at extended -10 element G 5`-TGATAACGT-3` (Downstream knockout, DKO), and (3) 

combine the mutations 5`-CTATATTTTCCTTTCTGGTGATAACGT-3` (Both knockout, BKO). 

The primers are listed in Table 2.4, and alignments of the mutated constructs are shown in Figure 3.7. 

with schematic diagrams of the four constructs: WT, UKO, DKO, BKO, shown in Figure 3.8A. 

 

Each of the three mutant constructs, UKO, DKO and BKO was cloned into the pRW224 lac 

expression vector and the resulting recombinant plasmids were transformed into E. coli strains M182 

∆lac and M182 ∆lac ∆crp. Transformed cells carrying pRW224/pic p042 WT (positive control), 

pRW224/pic p042 UKO, pRW224/pic p042 DKO, pRW224/pic p042 BKO, and empty vector 

pRW224 with no insert as a negative control, were grown and assayed to measure ß-galactosidase 

expression.  

 

Figure 3.8B shows a strong reduction in promoter activity with the knockout of the downstream -10 

element (DKO). This promoter activity was decreased more than 2-fold in the absence of the 

transcriptional factor CRP. In the case of pic p042 BKO, the promoter activity here was recorded as 

the lowest activity with all previous promoter activities as the ß-galactosidase level shows only 158 

Miller units and in ∆crp cells shows half of this expression. On the other hand, pic p042 UKO 

promoter activity was less than the pic p042 WT. These results indicate that pic p042 is a CRP-

activated promoter and both upstream and downstream play some role. However, this promoter 

prefers to use the downstream -10 element and thus is predominantly a Class I CRP-activated 

promoter, as predicated from the experimentally determined transcript start site.  
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Figure 3.7: Alignment of pic p042 mutated derivatives with different at -10 hexamer 

elements 

The figure presents base sequence alignment of the wild type pic p042 promoter (WT), the upstream 

-10 element knock out (UKO), both -10 element knock outs (BKO), and the downstream -10 element 

knock out (DKO) respectively. The red-letters C show the points of mutations at -10 elements in the 

region of pic p042 promoter. Yellow rectangles are located above the two potential -10 elements and 

the extended -10 elements in the pic promoter region. The green rectangle denotes the DNA site for 

CRP. (Thompson et al., 2003) 
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Figure 3.8: Mutational analysis of pic p042 promoter 

A. The figure illustrates pic p042 promoter derivatives, WT, UKO, DKO and BKO. The green bars 

represent the -10-hexamer element, and the black arrows denoted the CRP binding site. Restriction 

sites are shown as E (EcoRI) and H (HindIII). 

B. The figure shows measured ß- galactosidase levels expressed in E. coli strains M182 ∆lac and 

M182 ∆lac ∆crp carrying the lacZ expression vector (pRW224) or pRW224/pic p042 WT or 

pRW224/pic p042 UKO or pRW224/pic p042 DKO or pRW224/pic p042 BKO. Each column of 

promoter activity indicates the average of three independent ß- galactosidase assays and the error bars 
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represent the standard deviation (STDEV) and * indicates P < 0.002, ** indicates P < 0.000002; and 

*** indicates P < 0.000005 using a student’s t-test.  
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3.2.4 CRP activation at the pic p042 promoter 
 

To investigate how CRP, activates transcription at the pic p042 promoter, the experiment in Figure 

3.8 was repeated but with CRP mutants lacking specific Activating Regions. Hence, genes encoding 

wild type CRP, CRP with inactive region 1 (CRP AR1-), CRP with inactive region 2 (CRP AR2-) and 

CRP with inactive region 1 and inactive region 2 (CRP AR1- AR2-), were each cloned into pDU9 and 

transferred into E. coli K-12 strain M182 ∆lac ∆crp that also contained pic p042::lac fusions in 

pRW224. In these experiments, I used the pic p042 WT::lac fusion, the pic p042 UKO::lac fusion, 

the pic p042 DKO::lac fusion or the pic p042 BKO::lac fusion, individually. This resulted in host 

cells carrying two plasmids (one with the pic promoter in pRW224 and the other with CRP in pDU9), 

thereby permitting the measurement of CRP-dependent activation using ß-galactosidase assays. 

 

The results presented in Figure 3.9 show that the pic p042 WT::lac fusion is highly expressed in the 

presence of pDCRP or pDCRP AR2-. Less than 150 Miller Units of pic p042 promoter activity were 

recorded in the negative control and with pDCRP AR1- or pDCRP AR1- AR2-. With the pic p042 

UKO::lac fusion, ß-galactosidase levels with pDCRP or pDCRP AR2- were almost the same level as 

with the pic p042 WT::lac fusion, suggesting that RNAP does not use the upstream -10 element of 

pic p042, and it prefers the downstream one. In sharp contrast, knocking out the downstream -10 

element in the pic p042 DKO::lac fusion greatly decreased lacZ expression. Knocking out both -10 

elements resulted in even lower ß-galactosidase levels, so it is possible that RNAP might use the 

upstream -10 element to drive some transcription at pic p042. Taken together, these results indicate 

that CRP mainly uses activating region 1 (AR1) to interact with RNAP and recruit it to the 

downstream promoter for transcription. Hence, pic p042 can be considered as Class I CRP-dependent.  
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Figure 3.9: Measured pic p042 promoter activities with different CRP derivatives 

The Figure shows measured ß-galactosidase activities in E. coli strain M182 ∆lac ∆crp carrying two 

plasmids. One encodes a pic p042::lac fusion vector (pRW224/pic p042 WT or pRW224/pic p042 

UKO or pRW224/pic p042 DKO or pRW224/pic p042 BKO). The other encodes wild type of mutant 

CRP in pDU9 vector (pDU9 or pDCRP or pDCRP AR1- or pDCRP AR2- or pDCRP AR1-AR2-). The 

bar chart shows measured levels of ß-galactosidase in each strain with each measurement driving 

from the average of three independent assays and the error bars represent the standard deviation 

(STDEV). * Indicates P < 0.005, ** indicates P < 0.0005, *** indicates P < 0.05; and ns not 

significant using a student’s t-test.  

pic p042 WT pic p042 UKO pic p042 DKO pic p042 BKO

B
e
t
a
 
g
a
l
a
c
t
o
s
i
d
a
s
e
 
a
c
t
i
v
i
t
y
 
M
i
l
l
e
r
 
u
n
i
t
s

0

200

400

600

800

1000

1200

1400

1600

1800
p
D
U
9

p
D
C
R
P

p
D
C
R
P
 
A
R
1
-

p
D
C
R
P
 
A
R
2
-

p
D
C
R
P
 
A
R
1
-
 
A
R
2
-

p
D
U
9

p
D
C
R
P

p
D
C
R
P
 
A
R
1
-

p
D
C
R
P
 
A
R
2
-

p
D
C
R
P
 
A
R
1
-
 
A
R
2
-

p
D
U
9

p
D
C
R
P

p
D
C
R
P
 
A
R
1
-

p
D
C
R
P
 
A
R
2
-

p
D
C
R
P
 
A
R
1
-
 
A
R
2
-

p
D
U
9

p
D
C
R
P

p
D
C
R
P
 
A
R
1
-

p
D
C
R
P
 
A
R
2
-

p
D
C
R
P
 
A
R
1
-
 
A
R
2
-

*

*

*

**
ns

**

**
***

**

*
ns

*



89 
 

3.3  The UPEC CFT073 pic regulatory region 

3.3.1 Investigation of the pic p073 promoter region and transcription regulation 
 

The purpose here was to study the pic p073 promoter and compare it with the pic p042 promoter. A 

107 bp DNA segment from upstream of the UPEC strain CFT073 pic gene was amplified by PCR, 

using chromosomal DNA and primers listed in Table 2.4. The PCR product was then cloned into the 

promoter-less lac expression vector, pRW224, using flanking EcoRI and HindIII sites. This plasmid 

was used in assays to identify active -10 hexamer element for mapping the TSS, and for investigating 

any regulation by Fis and AggR. The base sequence of the promoter fragment and other details are 

shown in Figure 3.10 and Figure 3.11.  

 

The recombinant plasmid, pRW224/ pic p073 WT, was transformed into E. coli K-12 BW25113 ∆lac 

and E. coli K-12 BW25113 ∆lac ∆crp. Then the transformed cells were grown in LB medium at 37C, 

with shaking to mid-logarithmic phase (OD650=0.4-0.6). The culture then was lysed to release the cell 

contents for measuring the ß-galactosidase levels. Plasmid pRW224, with no insert was used as a 

negative control.  

 

Sequence analysis shows a potential DNA site for CRP in pic p073 WT: starting at base 90 5`-

TGTAACAGACATCACA-3`, (Figures 3.10 and 3.11B). An AT% calculation of the bases 

downstream of CRP DNA site shows a percentage of 60 %. Data in Figure 3.11C show that high 

levels of ß-galactosidase are recorded with pic p073, and these are reduced 4-fold in ∆crp cells. This 

result indicates the presence of a promoter in the insert fragment, pic p073 WT, and this promoter is 

a CRP-activated promoter.  
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Figure 3.10: Fragment carrying the UPEC CFT073 pic promoter DNA sequence 

 

The figure shows the 107 bp base sequence of the starting pic p073 promoter fragment (WT), from 

upstream of the pic gene. The CRP binding site is highlighted in light green. The sequence highlighted 

with dark green correspond to the EcoRI and HindIII restriction sites. The numbering of the fragment 

starts from HindIII site.   
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Figure 3.11: Activity of the pic p073 promoter 

A. The panel shows a diagram of the position of pic p073 gene in the UPEC chromosome strain 

CFT073 (Chaudhuri et al., 2007). 

B. The panel shows the DNA sequence of the pic p073 promoter region. Bases in black bold typeface 

correspond to the consensus DNA site for CRP. pic gene encoding sequence is shown by red 

underlined bases.  
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C. The bar chart illustrates measured ß- galactosidase activities in E. coli K-12 strain BW25113 WT 

 lac (blue bars) and E. coli K-12 strain BW25113 crp  lac (orange bars). The strains carried empty 

pRW224 or pRW224/ pic p073 WT as indicated. Each data bar indicates the average of three 

independent ß- galactosidase assays and the error bars represent standard deviation (STDEV). * 

Indicates P < 0.00000004 using a student’s t-test.  
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3.3.2 Identification of the transcript start site at the pic p073 promoter 
 

The purpose of this section was to locate the actual TSS in the pic p073 promoter region, using the 

5` RACE method and pRW224/ pic p073 WT. Hence, E. coli K-12 strain M182 ∆lac with this plasmid 

was grown in LB medium at 37C, with shaking to late-logarithmic phase (OD600=1.0) and total RNA 

was isolated using a kit.  

 

The TSS for pic p073 was identified using the 5`RACE kit (following same procedure in the pic p042 

TSS Section). RNA, extracted from growing cells that carry pRW224/ pic p073 WT, was converted 

into cDNA then tailed with poly(A). The mixture from this last step was amplified by PCR using the 

anchor primer (forward primer) 5`-GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTTV-

3` and SP2 (reverse primer) (listed in Table 2.4). The product from this PCR was then cloned into 

pJET1.2 vector, using the CloneJET PCR cloning kit, and transformed into E. coli K-12 strains M182 

∆lac. Recombinant plasmid pJET1.2/ pic p073 TSS was isolated from cells and sequenced by primers 

using the CloneJET PCR kit (primers listed in Table 2.4).   

 

Figure 3.12 shows the results, the starting base of the pic p073 promoter transcript is 5`C`3 located 

downstream from the likely -10 hexamer element 5`TATATT`3, and a possible -35 elements 5`-

ACAAAA-3`, which overlaps with the likely DNA site for CRP binding. The start codon 5`-GTG-3` 

of pic p073 is separated from TSS by 55 bp. This result suggests that RNAP selects the upstream 

promoter in pic promoter fragment to drive lacZ expression. The result also suggests that RNAP uses 

a different -10 elements in pic p073 from pic p042 which indicates the possibility of multiple promoter 

elements in the pic regulatory region.  
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Figure 3.12: Mapping the pic p073 promoter TSS 

 

The figure shows the identification of the TSS at the pic p073 promoter. The upper part shows the 

pic p073 promoter region base sequence. The arrow and +1 represent the TSS (green bold base). The 

DNA site for CRP is highlighted in yellow. The suggested promoter -10 and -35 hexamer elements 

are boxed. The lower part shows the 5`RACE sequencing. The start codon of the pic gene is shown 

with bold red type and underlining bases. The numbering of the fragment starts from the TSS.   
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3.3.3 Identification of functional -10 element at the pic p073 promoter 
 

The aim was to locate the functional -10 hexamer element in order to confirm the mechanism of 

activation by CRP. As for pic p042, hexamer elements that concurred with the -10 consensus could 

be found at different locations downstream of the DNA site for CRP at the pic p073 promoter from 

UPEC strain CFT073. Hence, the 107 bp pic p073 WT fragment, shown in Figure 3.10, was used to 

introduce a point of mutation at position 2A of 5`-TATATTTT-3` (Upstream knockout, UKO), and, 

also, double point mutations in downstream extended -10 elements 5`-TGATAACGT-3` 

(Downstream knockout, DKO). In addition, the UKO and DKO mutations were combined 5`-

CTATATTTTCCGCCCGGGTGATAACGT-3` (Both knockout, BKO). Alignment of the base 

sequences in the different constructs is shown in Figure 3.13, together with a schematic diagram of 

the four constructs: WT, UKO, DKO and BKO, in Figure 3.14A.   

 

The different constructs were cloned into pRW224, and recombinant plasmids were transformed into 

E. coli strain M182 ∆lac and M182 ∆lac ∆crp. Transformed cells carrying pRW224/ pic p073 WT 

(positive control), pRW224/ pic p073 UKO, pRW224/ pic p073 DKO, pRW224/ pic p073 BKO, and 

empty vector pRW224, used as a negative control, were grown, and assayed to measure ß-

galactosidase expression.  

 

Data in Figure 3.14B show that knockout of the upstream -10 element (UKO) results in a significant 

decrease in pic p073 promoter activity compared with the positive control (pic p073 WT). Note that 

the residual activity is reduced in ∆crp cells by 2-fold. In contrast, the DKO mutations resulted in less 

of a decrease in promoter activity, whilst, as expected, the BKO construct showed the greatest 

decreased production in promoter activity. Note that for each promoter, there was a reduction in 

promoter activity in the ∆crp strain. Taken together, these results indicate that RNAP prefers the 

upstream promoter in the pic p073 promoter region and that activation by CRP predominantly works 

by a Class II mechanism, with the DNA site for CRP separated from functional -10 hexamer element 

by 21bp. 
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Figure 3.13: Alignment of pic p073 derivatives with point mutations in alternative -10 

hexamer elements 

The figure presents the bae sequence alignment of wild type pic p073 promoter (WT), downstream -

10 element knock out (DKO), both -10 element knock out (BKO); and upstream -10 element knock 

out (UKO), as shown on the left side. The red-letters C denote the inserted mutations. The yellow 

rectangles indicate potential -10 elements and extended -10 elements in the promoter. The green 

rectangle represents the DNA site for CRP. (Thompson et al., 2003) 
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Figure 3.14: Mutational analysis of the pic p073 promoter 

A. The figure shows schemes of the WT, UKO, DKO and BKO pic p073 promoter fragments. The 

green bars represent -10 element. The black arrow represents the DNA site for CRP binding site. 

Restriction sites are shown as E (EcoRI) and H (HindIII).  

B. The figure shows measured ß-galactosidase activities in E. coli K-12 strains M182 ∆lac (blue bars) 

and E. coli K-12 strain M182 ∆lac ∆crp (orange bars) carrying the empty pRW224, or pRW224/pic 

p073 WT or pRW224/pic p073 UKO or pRW224/pic p073 DKO or pRW224/pic p073 BKO. Each 

measurement indicates the average of three independent ß- galactosidase assays and the error bars 
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represent the standard deviation (STDEV). * Indicates P < 0.0000006, ** indicates P < 0.0000008 

using a student’s t-test. 
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3.3.4 CRP- dependent activation at the pic p073 promoter 
 

To investigate how CRP activates transcription at the pic p073 promoter, the experiment in Figure 

3.14 was repeated, but with CRP mutants lacking specific Activating Regions. Hence, genes encoding 

wild type CRP, CRP with inactive region 1 (CRP AR1-), CRP with inactive region 2 (CRP AR2-) and 

CRP with inactive regions 1 and 2 (CRP AR1- AR2-) were each cloned into pDU9 and transformed 

into E. coli K-12 strain M182 ∆lac ∆crp that also contained pic p073::lac fusions in pRW224.Then 

negative control, pDU9, was also included. In these experiments, I also used the pic p073 WT::lac 

fusion, the pic p073 UKO::lac fusion, the pic p073 DKO::lac fusion or the pic p073 BKO::lac fusion, 

individually.   

 

Results in Figure 3.15 show that pic p073 activity is highest in the presence of WT CRP and this is 

the benchmark in this experiment. With CRP AR2-, expression is halved, showing the need for CRP 

AR2 to recruit RNAP on the pic p073 promoter. Note that CRP AR1- gives low ß-galactosidase 

expression, similar to the negative control (pDU9). All other three promoter constructs show lower 

in ß-galactosidase expression. The experiments with the pic p073 UKO::lac fusion underscores the 

importance of the upstream promoter pic p073 expression. In the situation where both promoters are 

knocked out in pic p073, the ß-galactosidase level was recorded as the lowest level with all the CRP 

derivatives. Taken together, the data indicate that pic p073 is an ambiguous promoter, but it is 

predominantly a Class II CRP-dependent promoter and so both CRP AR1 and AR2 are used for 

RNAP recruitment.  
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Figure 3.15: Measured pic p073 activity in CRP derivatives 

The Figure shows measurements of expression of the pic p073::lac fusion with different CRP 

derivatives. E. coli K-12 strain M182 ∆lac ∆crp carries two plasmids (1) one is the lacZ expression 

vector pRW224/ pic p073 WT or pRW224/ pic p073 UKO or pRW224/ pic p073 DKO or pRW224/ 

pic p073 BKO. And (2) the CRP mutant construct (pDCRP WT, pDCRP AR1-, pDCRP AR2-, pDCRP 
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AR1-AR2- ) separately. Here, pDU9 was used as negative control, and pDCRP as positive control. 

Each activity measurement is the average of three independent ß-galactosidase assays and the error 

bars represent the standard deviation (STDEV). * Indicates P < 0.000005, ** indicates P < 0.0005, 

*** indicates P < 0.05; and ns not significant using a student’s t-test. 
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3.4  Comparison of the EAEC 042 and UPEC 073 pic regulatory regions 

3.4.1 Alignment of pic p042 and pic p073 base sequences 
 

The base sequence alignment of the pic promoter region from EAEC strain 042 and in UPEC strain 

CFT073 is shown in Figure 3.16, which highlights some differences. For example, pic p073 as a 28 

bp deletion near the ORF. A DNA site for CRP appears in both promoters. The site in pic p073 shows 

a 9/10 match to the CRP consensus binding site, whilst the site in pic p042 shows only a 7/10 match. 

Both promoter regions carry plausible -10 hexamer elements located 21bp downstream and 41 bp 

downstream of the DNA site for CRP binding site. These hexamer elements are respectively, 5`-

TATATTT-3` and 5`-TAACGT-3` and they are conserved in both promoter regions. The existence 

of two -10 elements suggests two promoters that I named ‘upstream promoter’ and ‘downstream 

promoter’: the names were dependent on the promoter location from the pic gene. A difference to 

point out is a cluster of GC bases, the “GC marker”, found at a different position in each promoter. 

For the pic p073 promoter, the GC marker is located downstream of the upstream promoter, whereas 

in the pic p042 promoter, it appears adjacent to and upstream of the CRP binding site.  

 

The aim of this section was to study the differences in base sequence between the two promoter 

regions, that show 68% base sequence identity and 32% divergence (Figure 3.1) I wanted to 

understand how RNAP switches between the two possible promoters, changing from one activation 

class to another, for the same virulence factor gene, pic. To do this, I used “transplant” methodology 

which is the transfer of short sequence segments from one promoter to another. The first difference 

that I assessed was the location of CG marker, the second difference was the 28 bp deletion in pic 

p073, and the third difference was the deviation from consensus of the DNA site for CRP in pic p042. 

I also examined the trans dominance of CRP mutants at different pic promoters and the consequences 

of transcript start site selection on translation efficiency.   
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Figure 3.16: Alignment of the EAEC strain 042 and UPEC strain CFT073 pic 

promoter region base sequences 

The figure illustrates the alignment of the EAEC and UPEC pic promoter region sequences. The DNA 

site for CRP is shown in bold with bases that match consensus (highlighted in green) underlined 

bases. The two -10 hexamer elements are highlighted in yellow. The SD sequence is in bold, and the 

coding region highlighted with red bases. The GC marker is marked with blue bases. Starts indicating 

identical bases and dashes indicate gaps introduced to support the alignment. (Thompson et al., 2003). 

 

 

 

 

 

 

EAEC GAAACCCGGGGCGGTTCAGTTCACAAAAACACATTAATGCAGTAACTATATTTTCCTTTC

UPEC ATTTCACTATGTAACAGACATCACAAAAATACATTAATGCAGTCACTATATTTTCCGCCC

* *   *      *  ********* ************* ************   *

EAEC TGGTGATAACGTCGGGTTATCATTAGCTTCTTCAGCTATTTTACTTTTATATCCCTTGTA

UPEC GGGTGATAACGTCTGGTTATCATTAG---------------TACTT-------------A

************ ************               *****             *

EAEC AACATCATGGAGAATCCATAGTGAATAAAGTTT

UPEC AACATCATGGAGAGTCCGCAGTGAATAAAGTTT

************* ***  **************

CRP
TGTGA TCACA

-10

-10

SD
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3.4.2 The influence of the GC marker on pic p042 activity 
 

To investigate effects of the GC marker on pic p042 promoter activity, a new construct was made 

with the marker removed from the pic p042 promoter. This was done by transplanting the 15 bp 

upstream of the CRP binding site in pic p073 into pic p042, as shown in Figure 3.17A. This was done 

using PCR and primers listed in Table 2.4. The new construct named pic p042 U, size 147 bp, was 

cloned into pRW224, again using EcoRI and HindIII sites. The same procedure was applied to the 

other pic p042 derivatives: pic p042 UKO, pic p042 DKO and pic p042 BKO. The recombinant 

plasmids pRW224/ pic p042 U WT, pRW224/ pic p042 U UKO, pRW224/ pic p042 U DKO and 

pRW224/ pic p042 U BKO were then transformed into E. coli K-12 strains M182 ∆lac and E. coli K-

12 strain M182 ∆lac ∆crp individually. Transformed cells was then grown in LB medium at 37C, 

with shaking to mid-logarithmic phase (OD650= 0.4-0.6). As before, ß-galactosidase assays were used 

as a proxy for promoter activity. 

 

The result, illustrated in Figure 3.17C, shows that the replacement of the GC marker here causes an 

increase in promoter activity, but the CRP-dependence is unchanged. Additionally, the same pattern 

of expression is found with the different pic p042 derivatives, with the downstream promoter 

preferred, as CRP functions predominantly as a Class I activator. A possible explanation for the higher 

pic p042 U activity is that the increase of AT% in the upstream sequence allows RNAP alpha-CTD 

to bind properly, but this cannot be enough to switch the selection from Class I activation by CRP to 

Class II. 
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Figure 3.17: Influence of the GC marker on pic p042 U promoter activity 

A. The figure shows the 147 bp DNA fragment carrying pic p042 U. The DNA site for CRP is shown 

with bold underlined bases. Yellow highlighter denotes the two -10 hexamer elements. Base 
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sequence highlighted with light grey denotes the sequence taken from pic p073 that was 

transplanted into pic p042 DNA sequence. The sequences highlighted dark green indicate the 

EcoRI and HindIII restriction sites. The numbering starts from the HindIII site.   

B. Schematic diagrams of the pic p042 promoter WT and the derivative pic p042 U. The green bars 

represent the two -10 elements. The black arrow represents the CRP binding site. E represents 

EcoRI and H represents HindIII.  

C. The figure shows measured ß- galactosidase levels in E. coli K-12 strain M182 ∆lac (blue bars) 

and E. coli K-12 strain M182 ∆lac ∆crp (orange bars) carrying the lacZ expression vector 

pRW224/ pic p042 WT or pRW224/ pic p042 UKO or pRW224/ pic p042 DKO or pRW224/ pic 

p042 BKO with or without the GC marker. The left part shows activities of the starting pic p042 

derivatives, and the right part shows corresponding pic p042 U promoter activities. Each promoter 

activity is the average of three independent ß- galactosidase assays and the error bars represent 

the standard deviation (STDEV). * Indicates P < 0.01, ** indicates P < 0.0001;and ns not 

significant using a student’s t-test. 
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3.4.3 Leader sequence deletions in pic p042 
 

The pic p073 base sequence has a 28 bp deletion downstream of the promoter, compared with the pic 

p042 sequence (Figure 3.16), which will result in a shorter untranslated 5` end to the pic message. 

Here, guided by pic p073, I deleted 28 bases in pic p042, to study if this affects -10 element selection 

by RNAP, and hence, CRP activation class, or if there is any effect of this deletions on promoter 

activity. Hence, a new construct was made, named pic p042 28 with fragment size of 151 bp, using 

the reverse primer of pic p073 (listed in Table 2.4). Figure 3.18A shows the difference in base 

sequence between pic p042 and pic p042 28. The deletion was also introduced into the other pic p042 

derivatives: pic p042 28 UKO, pic p042 28 DKO and pic p042 28 BKO. Then, each construct was 

ligated into pRW224, using the EcoRI and HindIII sites and the recombinant plasmids were 

transformed into the E. coli K-12 strain M182 ∆lac for ß-galactosidase assays. A negative control, 

pRW224, with no insert, was included in the experiment.  

 

Results illustrated in Figure 3.18B shows that with pic p042 28, in general, ß-galactosidase levels 

were lower by 2-fold in comparison with the starting pic p042 derivatives. Interestingly, these lower 

levels were similar to those observed with pic p073 (Figure 3.11C). However, the data in Figure 

3.18B indicates that the 28 bp deletions does not impact promoter selection by RNAP, and CRP 

continues to activate in Class I mode.  
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Figure 3.18: Effects of shortening pic p042 downstream sequences 

A. The figure illustrates the alignment of the base sequence of pic p042 with pic p042 28. (Thompson 

et al., 2003). The DNA site for CRP is shown with bold underlined bases. Yellow highlighter 

denotes the two -10 hexamer elements. The sequences highlighted dark green indicate the EcoRI 

and HindIII restriction sites. 

B. The left part of the figure shows measured ß- galactosidase levels in E. coli K-12 strain M182 

∆lac carrying pRW224/ pic p042 WT or pRW224/ pic p042 UKO or pRW224/ pic p042 DKO or 

pRW224/ pic p042 BKO. The right part of figure shows activity with pic p042 28 derivatives 

pic p042 WT GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAACCCGGGGCGGT

pic p042.28 GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAACCCGGGGCGGT

************************************************************

pic p042 WT TCAGTTCACAAAAACACATTAATGCAGTAACTATATTTTCCTTTCTGGTGATAACGTCGG

pic p042.28 TCAGTTCACAAAAACACATTAATGCAGTAACTATATTTTCCTTTCTGGTGATAACGTCGG

************************************************************

pic p042 WT GTTATCATTAGCTTCTTCAGCTATTTTACTTTTATATCCCTTGTAAACATCATAAGCTT

pic p042.28 GTTATCATTAG---------------TACTT-------------AAACATCATAAGCTT

*********** ***** ***************
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(pRW224/ pic p042 28 or pRW224/ pic p042 28 UKO or pRW224/ pic p042 28 DKO or pRW224/ 

pic p042 28 BKO). Each promoter activity indicates the average of three independent ß- 

galactosidase assays and the error bars represent the standard deviation (STDEV). * Indicates P 

< 0.0001, ** indicates P < 0.000005; and *** indicates P < 0.002 using a student’s t-test. 
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3.4.4 Improving the pic p042 promoter DNA site for CRP 
 
The pic p042 DNA site for CRP 5`-GGCGGTTCAGTTCACA-3` shows three mismatches from the 

consensus that, likely, weaken CRP binding. Here, a consensus CRP binding site was introduced into 

pic p042, to study its effect on promoter activity. In this experiment, a new 179 bp construct was 

made, named pic p042 120, with a consensus DNA site for CRP 5`-TGTGATTCAGTTCACA-3` 

(Figure 3.19A). Corresponding, CRP consensus sites were also introduced to pic p042 UKO 120, pic 

p042 DKO 120 and pic p042 BKO 120. All these fragments were cloned into pRW224 and 

transformed into E. coli K-12 strains M182 ∆lac for testing via ß-galactosidase assays. 

  

Results of the experiment are shown in Figure 3.19B. All ß-galactosidase levels were much higher 

with the pic p042 120 derivatives compared to the corresponding pic p042 derivatives. This indicates 

the importance of the CRP consensus sequence in setting expression levels. pic p042 120 DKO 

showed lower promoter activity than pic p042 120 UKO indicating that the nature of the DNA site 

for CRP does not affect -10 hexamer choice and mechanism of activation at pic p042.  
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Figure 3.19: pic p042 activity is affected by the quality of its DNA site for CRP 

A. The figure shows the DNA sequence of pic p042 120 promoter fragment. The CRP binding 

site is highlighted in light green, and bases changed to consensus are in red bold bases. The 
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two -10 elements are highlighted in yellow. Restriction enzyme EcoRI and HindIII sites are 

highlighted in dark green. The numbering of the fragment starts from the HindIII site.   

B. The left part of the figure shows measured ß-galactosidase levels in E. coli K-12 strain M182 

∆lac carrying the lacZ expression vector pRW224/ pic p042 WT or pRW224/ pic p042 UKO 

or pRW224/ pic p042 DKO or pRW224/ pic p042 BKO. The right part of the figure shows 

measured ß-galactosidase levels with the corresponding pic p042 120 derivatives (pRW224/ 

pic p042 WT 120 or pRW224/ pic p042 UKO 120 or pRW224/ pic p042 DKO 120 or 

pRW224/ pic p042 BKO 120). Each promoter activity indicates the average of three 

independent ß- galactosidase assays and the error bars represent the standard deviation 

(STDEV). * Indicates P < 0.0003 ,and  ** indicates P < 0.000005 using a student’s t-test. 
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3.4.5 Trans dominance of CRP mutants at the pic promoters 
 

Trans dominance experiments were used to investigate the behaviour of CRP at the EAEC strain 

042 and UPEC strain CFT073 pic promoter regions. Here, the test strain is E. coli K-12 M182 ∆lac 

carrying pRW224 with either pic p042 WT or pic p073 WT. These cells were then used for another 

transformation with pDU9 (negative control), or with pDCRP (CRP wild type), or with pDCRP AR1- 

AR2- (CRP with inactive region 1 and inactive region 2) leading to strains carrying two plasmids, 

pRW224 with pic promoter and pDU9 encoding wild type or mutant CRP. These transformed cells 

were grown in LB medium at 37C, with shaking to mid-logarithmic phase (OD650= 0.4-0.6), lysed 

and assayed for ß-galactosidase activity. The negative control, pRW224, with no insert, was included 

in these experiments.  

 

The results of these assays are shown in Figure 3.20. For pic p042, ß- galactosidase level shows a 

significant increase when cells expressed more wild type CRP, indicating the boost of transcription 

of pic p042 by RNAP with the help of CRP, leading to higher expression of ß- galactosidase. 

However, when the extra CRP carries inactive of region 1 and region 2, the impact on promoter 

activity is less. With pic p073, ß- galactosidase expression is the same with or without added WT 

CRP, but promoter activity is decreased in cells carrying CRP with inactive region 1 and region 2. 

This trans-dominant effect must be due to defective CRP binding at pic p073 and blocking access 

for WT CRP. Note that, at pic p073, activating regions are required in both subunits of the CRP 

dimer because the Class II activation mechanism is operating (Zhou et al., 1994). In contrast, at pic 

p042, activating regions are only functional in one subunit, since the Class I activation mechanism 

is operating, and this likely explains why the trans-dominance is so weak.  
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Figure 3.20: Trans-dominance of defective CRP at pic promoters 

The figure illustrates pic promoter activity measured in E. coli K-12 strain M182 ∆lac cells carrying 

two plasmids: pRW224/pic p042 WT (middle) or pRW224/pic p073 WT (right) and pDU9 (blue 

bars), pDCRP (orange bars), pDCRP AR1-AR2- (grey bars). Empty pRW224 was included as a 

control (left). Each activity measure is the average of three independent ß- galactosidase assays and 

the error bars represent the standard deviation (STDEV). * Indicates P < 0.005 , ** indicates P < 

0.0001; and ns not significant using a student’s t-test. 
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3.4.6 Translation efficiency at the pic p042 and pic p073 regulatory regions 
 

One of the consequences of the differences between pic p073 and pic p042 is that the untranslated 

leader sequence will differ from promoter to promoter (and mutant to mutant, UKO and DKO). 

Hence, I wanted to measure the efficiency of pic gene translation. In this section, the lacZ expression 

vector, pRW225, was used to study the efficiency of pic translation. As well as being promoter-less, 

the lacZ gene in pRW225 lacks a SD sequence and start codon. Here, in my constructions, when pic 

p073 and pic p042 fragments were inserted into pRW225, the SD sequence and start codon were 

provided by the cloned EcoRI-HindIII promoter fragment. Hence this allowed me to study the full 

5’ UnTranslated Region (5`UTR) of the pic promoters. The fusion of the pic promoter and the 

translation start of the pic gene with the pRW225 lacZ gene results in a protein fusion, whereas, with 

pRW224, the pic::lac fusion is an operon fusion.  

 

To serve my purpose, new pic p073 and pic p042 fragments were constructed carrying the pic SD 

sequence and start codon 5`-GTG-3` of pic. The pic p042 new fragment size was 203 bp and pic 

p073 new fragment size was 143 bp (Figure 3.21). Derivatives of both promoters were also included 

in fragment constructions: pic p042 UKO, pic p042 DKO, pic p042 BKO; and pic p073 UKO, pic 

p073 DKO, pic p073 BKO. All the new constructs were ligated into pRW225 using the EcoRI and 

HindIII sites, and the recombinant plasmids were then transformed into E. coli K-12 strain, M182 

∆lac. Transformed cells, carrying the recombinant plasmids, were grown in LB medium at 37C, 

with shaking to mid-logarithmic phase (OD650= 0.4-0.6). Cultures were then lysed and assayed for 

ß-galactosidase activity.  

 

The results of assays with the pic p042 protein fusion are shown in the left part of Figure 3.22. The 

starting pic p042 construct shows high ß-galactosidase levels, almost 7000 Miller Units. Knocking 

out the upstream promoter in pic p042 reduced promoter activity by 1000 Miller Units, whereas the 

knocking out the downstream promoter in pic p042 DKO caused a reduction of 3800 Miller Units. 

As expected, knocking out both promoters, in pic p042 BKO, gave the lowest ß-galactosidase levels 

with the protein fusion situation in pRW225. 
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Figure 3.21: Base sequences of pic p042 and pic p073 fragments for protein fusions 

 The figure shows the DNA sequence of the (A) EcoRI-HindIII pic p042 wild type promoter fragment, 

(B) EcoRI-HindIII pic p073 wild type promoter fragment, including the start of the pic gene. The 

CRP binding site is highlighted in light green. The yellow highlighter denotes the two -10 hexamer 

elements. The start codon is shown in bold red bases. Sequences highlighted with dark green denote 

restriction sites EcoRI and HindIII.  
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With the different pic p042 protein fusions, the hierarchy of the activities was similar to that found 

with operon fusions (Figure 3.8). Surprisingly, the results with the pic p073 protein fusion (Figure 

3.22 right) showed different results from the operon fusions (Figure 3.14). The data illustrated in the 

right part of Figure 3.22, show that pic p073 appears to rely more on the downstream promoter. 

Hence, with pic p073 DKO, apparent promoter activity is reduced by 5200 Miller Units, whilst 

knocking out the upstream promoter, with pic p073 UKO, showed only a reduction 2500 Miller 

Units. As expected, knocking out both promoters, in pic p073 BKO, gave the lowest ß-galactosidase 

levels with protein fusion situation in pRW225.  

 

Figure 3.23 shows a combination of data from both pic p042 and pic p073 operon fusions and protein 

fusion. With pic p042, I found the same pattern of activation in both the operon fusion and protein 

fusion experiments. This argues that the efficiency of translation here is independent of the transcript 

start. In contrast, with pic p073 derivatives, there is an apparent switch in transcription activation 

class between the operon fusion and the protein fusion. However, the more likely explanation is that 

the longer transcript, driven by the upstream -10 element, is less efficiently translated. This is likely 

due to an inhibitory 5’UTR structure (see later, Section 3.6). 
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Figure 3.22: Expression of pic p042 and pic p073 protein fusions 

The Figure shows measurements of ß-galactosidase activities in E. coli K-12 strain M182 ∆lac 

carrying pRW225 with pic p042 promoter derivatives (left part of graph) or pic p073 promoter 

derivatives (right part of graph). Each promoter activity indicates the average of three independent ß-

galactosidase assays and the error bars represent the standard deviation (STDEV). * Indicates P < 

0.001 , ** indicates P < 0.0007, *** indicates P < 0.000005 ;and ns not significant using a student’s 

t-test. 
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Figure 3.23: Comparison of measured pic p042 and pic p073 activities in operon 

fusions and protein fusions 

A. Figure shows the measured expression of each derivative as a percentage of the value with 

the starting pic p042 and pic p073 fragments.  

B. Graph shows a combination chart detailing relative expression from pic p042 and pic p073 

derivatives, comparing operon fusion data (pRW224) shown as the blue line, with protein 

fusion data (pRW225), showed with green bars. 
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3.5  Involvement of other TFs in pic promoter regulation 
 

The regulation of the expression of some virulence genes can be complex, with more than one 

transcription factor involved. Here, I tested two transcription factors, Fis and AggR, to study their 

impact on pic promoter activity. To do this, I used fusions of pic promoters with the lacZ reporter in 

pRW224 vector, and different bacterial host strains. The reason for selecting these factors was that 

Fis is a co-activator, with CRP, of transcript initiation at the EAEC 042 pet promoter, and AggR is 

known to be the master virulence regulator of EAEC virulence (Rossiter et al., 2011; Yasir et al., 

2019).  

 

3.5.1 Investigation of the role of Fis at the pic promoter 
 

Analysis of the pic promoter region in UPEC and EAEC, Figure 3.24A, shows a binding site for Fis 

that resemble the consensus 5`-GNTcAaatTTtGaNC-3`, located after the downstream -10 hexamer 

element in both promoters (pic p042 and pic p073). With this location, Fis could affect pic expression 

negatively. To study this, E. coli K-12 strain BW25113 ∆lac ∆fis was used. Recombinant plasmids 

pRW224/ pic p042 WT (Figure 3.4) and pRW224/ pic p073 WT (Figure 3.10) were transformed into 

E. coli K-12 strains BW25113 ∆lac and BW25113 ∆lac ∆fis. Then, transformed cells were grown in 

LB medium at 37C, with shaking to mid-exponential phase (OD650= 0.4-0.6), and the level of ß-

galactosidase in cell lysates was measured. A negative control, pRW224, with no insert, was included 

in the assay.  

 

The influence of Fis on pic promoter expression is shown in Figure 3.24B. For pic p042, a 2-fold 

higher level of ß-galactosidase is found in cells that had a deletion of fis gene, indicating a repression 

role of Fis on pic p042 expression. However, with pic p073, ß-galactosidase level in ∆fis was 90 

Miller Units more than wild type indicating a smaller repressive effect of Fis on pic p073. Due to the 

location of the Fis binding site at both pic promoters, it is likely that Fis hinders RNAP binding or 

elongating, resulting in repression.   
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Figure 3.24: Regulation of the pic promoters by Fis 

A. The figure shows an alignment of pic promoter DNA sequences in EAEC and UPEC. The 

two -10 elements are highlighted in yellow. The location of the CRP binding site is indicated 

by the green rectangle with bases corresponding to the consensus in bold. The Fis binding site 
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is indicated with bold underlined bases with an orange rectangle above it. The pic gene start 

codon is shown in red bold type. (Thompson et al., 2003). 

B. The figure shows measurement of ß-galactosidase levels in E. coli K-12 strain BW25113 ∆lac 

(blue bars) or BW25113 ∆lac ∆fis (orange bars) carrying pRW224 with the pic p042 WT or 

pic p073 WT promoters. A negative control, pRW224, with no insert, was included. Each 

promoter activity is the average of three independent ß- galactosidase assays and the error 

bars represent the standard deviation (STDEV). * Indicates P < 0.02 , and ** indicates P < 

0.05 using a student’s t-test. 
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3.5.2 The influence of AggR on pic promoter activity 
 

The master regulator of most virulence genes in EAEC, AggR, has been described (Morin et al., 

2013; Yasir et al., 2019). Here, I wanted to study if and how AggR interacts with RNAP at the pic 

promoters. The base sequence of these promoters shows an interesting three putative AggR binding 

sites 5`-AnnnnnnTATC-3` along the pic p042 and pic p073 DNA sequence (highlighted in red in 

Figure 3.25). The first potential position AggR binding site is next to the upstream -10 hexamer 

element in both pic p042 (5`-AATGCAGTAaC-3`) and pic p073 (5`-AATGCAGTcaC-`3). The 

second potential site is located downstream and overlapping the downstream -10 hexamer element at 

both promoters, pic p042 (5`-gTCTGGTTATC-3`) and for pic p073 (5`-gTCTGGTTATC-3`). The 

third potential site only occurs in pic p042 (5`-ACTTTTATATC-3`) as it located in the 28 bases that 

are deleted in pic p073.  

 

To test the impact of AggR on pic regulation, the recombinant lacZ expression vectors carrying the 

pic promoters, pRW224/ pic p042 WT or pRW224/ pic p073 WT, were transformed into E. coli K-

12 strain M182 ∆lac containing pBAD/aggR. The resulting cells, with two plasmids, pRW224/ pic 

p042 WT and pBAD/aggR or pRW224/ pic p073 WT and pBAD/aggR were grown in LB medium 

either without or with 0.2% (w/v) arabinose to induce AggR expression. All cultures were incubated 

at 37C, with shaking to mid-exponential phase (OD650= 0.4-0.6). Cultures were lysed and ß-

galactosidase expression was measured.  

 

Results are shown in Figure 3.26B. Measured ß-galactosidase levels are high for both promoters, pic 

p073 and pic p042, in the absence of AggR induction. When AggR expression was induced, the level 

of ß-galactosidase levels falls by nearly 60% for pic p042, and nearly 45% for pic p073. These results 

indicate that AggR can repress each pic promoter, likely by blocking the promoter from RNAP. The 

key binding site of AggR could well be the second potential binding site: 5`-gTCTGGTTATC-3` in 

pic p042 and (5`-gTCTGGTTATC-3`) pic p073, that was overlaps with the downstream -10 hexamer 

element promoter.  

 



124 
 

 

 

Figure 3.25: AggR site in the EAEC 042 and UPEC CFT073 pic promoter DNA 

sequences  

A. The figure shows the base sequence of the pic p042 wild type (WT) fragment. The CRP binding 

site is highlighted in light green. The yellow highlighter denotes the two -10 hexamer elements in pic 

p042 promoter. Potential AggR binding sites are highlighted in red and olive-green highlighter 

represents the overlapped with the downstream -10 element. The sequences highlighted with dark 

green denotes the EcoRI and HindIII restriction sites. The numbering of the fragment starts from 

HindIII site.   

B.  The figure shows the DNA sequence of pic p073 wild type (WT) fragment. The CRP binding site 

is highlighted in light green. The yellow highlighter denotes the two -10 hexamer elements in pic 

p073 promoter. Potential AggR binding sites are highlighted in red, and the olive-green highlighter 

represents the overlap with the downstream -10 element. The sequences highlighted with dark green 

denote EcoRI and HindIII restriction sites. The numbering of the fragment starts from the HindIII 

site.   

A. pic p042 WT

GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAA

CCCGGGGCGGTTCAGTTCACAAAAACACATTAATGCAGTAACTATATTT

TCCTTTCTGGTGATAACGTCGGGTTATCATTAGCTTCTTCAGCTATTTT

ACTTTTATATCCCTTGTAAACATCATAAGCTT
.
1

..

.....

.....

....

100

50

150

GAATTCGAAAAGTATTTCACTATGTAACAGACATCACAAAAATACAT

TAATGCAGTCACTATATTTTCCGCCCGGGTGATAACGTCTGGTTATC

ATTAGTACTTAAACATCATAAGCTT
..

.....

....

50

100

1

B. pic p073 WT
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Figure 3.26: Impact of AggR on pic promoter activity 

A. The panel shows diagrammatic representation of the position of the potential AggR binding 

sites at the pic p042 and pic p073 promoters. DNA sites for AggR are shown here as red 

rectangles. The green rectangles represent EcoRI (E) and HindIII (H) restriction sites.  

0

100

200

300

400

500

600

700

800

pic042 piccft073

 -

 +

B
e
t
a
 
g
a
l
a
c
t
o
s
i
d
a
s
e
 
a
c
t
i
v
i
t
y
 
M
i
l
l
e
r
 
u
n
i
t
s

pic p042 WT 

pic p073 WT

pBAD/AggR

pBAD

A

B

E H

E H

pic p042 WT pic p073 WT

*

*



126 
 

B. The figure illustrates pic promoter activity, measured by ß-galactosidase activities, in wild 

type E. coli K-12 strain M182 ∆lac carrying two plasmids: the lacZ expression vector 

(pRW224/pic p042 WT) and pBAD/AggR, or the lacZ expression vector (pRW224/pic p073 

WT) and pBAD/AggR. Blue bars indicate experiments without added (-) arabinose, whereas 

orange bars denote the inclusion of 0.2% (w/v) arabinose. Each promoter activity is the 

average of three independent ß- galactosidase assays and the error bars represent the standard 

deviation (STDEV). * Indicates P < 0.005 using a student’s t-test. 
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3.6  Discussion 

 
To understand the full picture of infectious pathogenesis and how pathogens attack their host, we 

need to focus on the early stages of infection. Human organs exposed directly or indirectly to the 

external environment are usually covered with slippery fluid mucus (Kim and Khan, 2013).  The main 

role of this is to protect the organs from invasion by harmful microbes (Kim and Khan, 2013). EAEC 

and UPEC cause infection in two different tracts in the human body (the digestive tract and the urinary 

tract). The level of Pic expression differs between these two pathogens due to the difference in mucus 

thickness between the intestines (approximately 50 m) and bladder (approximately 20 m) 

(Johansson et al., 2011; Zhang et al., 2023). These pathogens produce Pic enzyme in the early stage 

of their pathogenesis, which helps to breakdown mucin and expose host cells (Henderson et al., 1999). 

For this reason, I aimed to understand the regulation of pic gene expression, focussing on its promoter 

and transcription factors.  

 

Genetic analysis of the EAEC and UPEC pic promoter DNA base sequences show the presence of a 

DNA site for CRP binding, located 21 bp and 41 bp upstream of promoter -10 hexamer element. My 

experiments showed that the pic gene in both EAEC and UPEC carries a CRP-activated promoter. 

The first prediction of multiple promoter elements in the pic promoter region was reported by Behrens 

et al. (2002). In their study, they suggested that the presence of multiple promoters in the pic 

regulatory region might be due to the need for mucinase in the early stages of infection.  

 

A study done by MSc project student, Joseph Ingram, to locate the DNA site for CRP at the pic p042 

promoter region had shown that knocking out the underlined T base in the CRP binding element 5`-

GGCGGTTCAGTTCACA-3` in pic p042 caused a significant reduction in promoter activity, 

indicating the position of CRP binding site at position -119 upstream from pic gene (Alhammadi et 

al., 2022). The importance of this element is supported, here, by the experiment shown in Figure 3.19, 

in which enhancing the CRP consensus resulted a boost in promoter activity. The mode of CRP-

dependent activation at the pic p042 promoter was tested by assessing the contribution of the upstream 

5`-TATATT-3` and downstream 5`-TAACGT-3` -10 hexamer elements. The results show that RNAP 

prefers the downstream promoter in pic p042, which is subject to Class I activation by CRP. Thus, 

the DNA site for CRP is located at position -60 upstream from the TSS (+1), Figure 3.6. The promoter 

activity was lowest when both -10 elements were knocked out, but there is some expression that could 

be due to pervasive transcription (Lybecker et al., 2014). 
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In the case of pic p073, a study done by MIBTP student, Gurdamanjit Singh, showed that mutating 

the T base in the CRP binding site 5`-TGTAACAGACATCACA-3` resulted in a complete knockout 

of promoter activity, thereby locating the CRP binding site and showing the need for CRP to recruit 

RNAP to pic p073. CRP activation classes at pic p073 were tested using ß-galactosidase assays. 

Investigations showed that pic p073 is predominantly Class II, and RNAP prefers the upstream 

promoter. Here, the bound CRP overlaps with the promoter -35 element, as shown in Figure 3.12. 

Tests with CRP mutants showed that RNAP needs both AR1 and AR2 for activation at pic p073. 

Hence, here, CRP interacts with RNAP by two contacts, AR2 via NTD and AR1 via CTD, driving 

transcript initiation (Browning and Busby, 2004).  

The significant differences between pic p042 and pic p073 prompted me to examine the differences 

in promoter elements. My results show that different in promoter elements lead to promoter activity 

differences. Note that, TSS in bacterial transcription usually strats at the seventh or eighth base 

downstream from -10 element, however, many factors influence this selection, such as nucleotide 

levels, and the DNA sequence in region of TSS, for instance, in case of the E. coli fis promoter 

position 8 with nucleotide preference ATP = GTP ≫ CTP ≥ UTP is preferred (Walker and Osuna, 

2002).  

 

The presence of the GC marker in different positions in pic p042 and pic p073 has shown that the 

increase of GC bases in the UP-element sequence influenced the binding of RNAP subunit alpha-

CTD. Thus, the result in Figure 3.17 showed an increase in promoter activity when the GC bases 

were replaced with AT bases suggesting the preference for UP-element sequences to have AT bases 

for alpha-CTD binding site (Estrem et al., 1998; Aiyar et al., 1998). Another interesting point to study 

was the deletion block in pic p073 and how it influences the pic p042 activity. Figure 3.18 shows that 

transplanting the 28 base pair deletions from pic p073 into pic p042 result in loweing of expression 

but no change in promoter preferences. This is likely to be due to a shorter 5`-UTR. This situation 

has been seen in case study of Aggregatibacter actinomycetemcomitans where 528 base pair deletions 

in the 5’-non-coding region of the leukotoxin operon produces lower expression of leukotoxin 

(Feuerbacher et al., 2011).  

 

The biggest difference between the EAEC and UPEC pic promoter is the location of the transcript 

start and this has consequences for pic gene translation. My data suggest that the pic p073 transcript 

is sub-optimally translated, presumably due to the presence of an inhibitory element. Here, the pic 
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p073 5’UTR seems to have a challenging structure. Figure 3.27 shows the RNA secondary structure 

prediction of 5’UTR in pic p073. Here, the structure showed a stem-loop if the upstream is promoter 

chosen and this appears to have an impact on translation of the gene.  

 

The other factors were tested on pic promoter regulation were the influence of AggR and Fis on pic 

expression. All results with these factors show a repression role on pic promoter regulation. The 

reason behind this is that the position of these regulators comes after the promoter, as it shown in 

Figure 3.24A (for Fis) and Figure 3.26 (for AggR). The interesting point here is that pic p042 is more 

susceptible to repression by Fis and AggR than pic p073, and this is likely due to the position of the 

-10 element with respect to the AggR and Fis binding sites. 

 

It is crucial point to understand how pathogenic strains begin infection. Understanding this might 

help us to target the first phase of pathogenesis and prevent its continuation. In the case of pathogenic 

strains of E. coli such as EAEC and UPEC, both express Pic in the early stage of pathogenesis which 

targets the mucus that covered inner tracts in the host. My result suggests that the pic promoter from 

EAEC and UPEC is an ambiguous CRP-dependent promoter.  
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Figure 3.27: RNA secondary structure prediction of pic p073 expression 

Figure shows a prediction of RNA secondary structure in case of using the upstream promoter in pic 

p073 (Left-hand) or downstream in pic p073 (right-hand). SD sequence highlighted in yellow in bases 

and structure.  
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Chapter 4 

Identification of CRP binding sites across the EAEC 

042 genome  
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4.1  Introduction 
 

Some E. coli strains have evolved the ability to colonise the human gut, and some of these strains 

cause disease. Hence, EAEC strain 042 is a diarrhoeagenic human pathogen that infects human 

intestines. Infection by this pathogen starts with the colonisation of intestinal mucosa, followed by 

the expression of various virulence determinants. Genomic analysis of commensal E. coli K-12 and 

EAEC strain 042 showed a high similarity, but with some differences. Some genes have been deleted 

from the EAEC 042 genome, and others have been acquired that might be involved in virulence. 

Figure 4.1 shows a comparison between the genomes of E. coli K-12 strain MG1655 and EAEC strain 

042.  

 

Since the evolution of EAEC 042 required the acquisition of virulence determinants genes, it is 

important to study their expression and knowledge from such a study could help to develop treatments 

for infection that are independent of antibiotics. Yasir et al. (2019) had studied the virulence genes 

of the AggR regulon using RNA-sequencing and this led to understanding of the regulation of three 

virulence factors: attachment adherence fimbria (AAF), anti-aggregative protein dispersin (Aap) and 

a dedicated type I system (T1SS). The RNA-seq approach revealed AggR-regulated genes both on 

the EAEC 042 chromosome and the virulence plasmid (pAA2). However, some virulence genes are 

not involved in the AggR regulon, for example, pic which encodes the mucinase, and pet which 

encodes a cytotoxic protease. The regulation of pic and pet requires the global regulator cAMP 

receptor protein (CRP), since these virulence determinants are needed in conditions of nutritional 

stress (Rossiter et al., 2011; Alhammadi et al., 2022).   

 

Due to the need for a full understanding of EAEC strain 042 pathogenesis, the regulation of the most 

critical virulence factors needs to be studied. Here, I contribute with a genome-wide study of the 

influence of the global regulator, CRP, in EAEC strain 042. My aim was to find other virulence 

determinants that are controlled by CRP, in addition to pic and pet. A 

study was undertaken to determine the binding profile of CRP across the EAEC genome, focusing on 

the location of the CRP-binding sites within the chromosome and plasmid pAA. To achieve this goal, 

I used chromatin immunoprecipitation (ChIP) combined with next generation sequence to study how 

CRP copes with the evolution of EAEC; and if there are other virulence genes besides pic and pet 

involved in the CRP regulon. 
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Figure 4.1: Alignment of the E. coli K-12 genome with the EAEC 042 genome 

The figure illustrates a comparison of the E. coli K-12 strain MG1655 genome (green inner circle) 

and the EAEC 042 genome (blue outer circle) using the BLAST tool of the CGview server (Grant 

and  Stothard, 2008). Well-known genes of the CRP regulon are named outside of circle.  
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4.2  The influence of CRP on EAEC strain 042 biofilm formation 

My first aim was to assess the broad role of CRP on the biofilm formation of EAEC strain 042. Here 

I used two modified strains: EAEC 042DFB and a derivative with a crp gene knock out (EAEC 

042DFB crp) (Table 2.1). Firstly, the recombinant plasmids pDCRP, pDCRP AR1- AR2-and pDU9 

(empty vector) were transformed into E. coli S17`1. Then the transformed E. coli S17`1 was grown 

overnight on selective agar and the EAEC 042DFB and EAEC 042DFB crp were grown on LB agar 

in preparation for a conjugation experiment. The following day, the transformed E. coli S17`1 was 

mixed with EAEC 042DFB and EAEC 042DFB crp separately on agar plates, and these trans-

conjugant agar plates and all other control plates, were incubated at 37 °C for 5 hours. Then the 

conjugated EAEC DFB 042; conjugated EAEC DFB 042 crp; and E. coli S17’1 was streaked onto 

minimal salt agar with appropriate antibiotics. All plates were incubated at 37 °C overnight. 

The conjugated strains (EAEC DFB 042 and EAEC DFB 042 crp) that carry pDCRP, pDCRP AR1- 

AR2- or pDU9 were grown overnight at 37C, and the following day, cultures were diluted 1:100 in 

DMEM medium supplemented with tetracycline and ampicillin, and incubated for 1 hour at 37C. 

Then each strain was added to 8 wells of a 96-well microtitre plate and incubated for 17 hours to 

allow cells to form biofilm. Then biofilm formation was assessed using the crystal violet biofilm 

assay by measuring the blue dye absorbance with a Labsystem Multiskan MS plate reader at OD595 

nm. 

 

Figure 4.2 illustrates the measured absorbance for EAEC 042DFB and EAEC 042DFB crp with 

plasmids pDCRP, pDCRP AR1-AR2- or pDU9. The wells containing EAEC 042DFB carrying 

pDCRP show higher absorbance than the wells that contains EAEC 042DFB with inactivated CRP 

(pDCRP AR1-AR2-). The reason for the low absorbance in the case of EAEC 042DFB with pDCRP 

AR1-AR2- must be the trans-dominance of inactive CRP blocking the activity of the functional CRP. 

These data argue strongly that functional CRP is essential for biofilm formation in EAEC 042. Hence, 

as expected, with EAEC 042DFB crp, the absorbance was high only when the functional CRP is 

present.   
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Figure 4.2: Effect of CRP on biofilm formation 

Biofilm formation of EAEC 042 DFB (left) and EAEC 042DFB crp (right) that carry pDCRP, 

pDCRP AR1-AR2- , or pDU9 (empty vector) as negative control, grown in wells. The bar chart 

illustrates blue dye absorbance of each well using the plate reader at OD595 nm. The error bars denote 

the standard deviation (STDEV) of the technical repeat of each column. 

 

 

 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

 pDU9  pDCRP pDCRP
AR1-
AR2-

 pDU9 pDCRP pDCRP
AR1-
AR2-

A
b

so
rb

a
n

ce

EAEC 042DFB EAEC 042DFB Dcrp



136 
 

4.3  ChIP-seq analysis of CRP binding sites across the EAEC strain 042 genome 
 

Chromatin immunoprecipitation (ChIP) coupled with high-throughput sequencing was used to map 

CRP binding sites across the EAEC strain 042 genome. This method was done in collaboration with 

Dr. James Haycocks. For the immunoprecipitation, mouse mono-clonal anti-CRP, provided by Dr. 

Douglas Browning, was used here to study the binding of CRP under the native condition. Here, I 

used the wild type strain of EAEC 042, genome reference number FN554766.1 (Chaudhuri et al., 

2010), which was grown to mid-exponential phase in LB medium at 37C, with shaking. When the 

culture reached OD600=0.313, cells were fixed with formaldehyde and harvested and lysed with a 

Bioruptor sonicator. Clear cell lysates were produced and subjected to immunoprecipitation with the 

anti-CRP antibody (treated samples) alongside control no-treatment samples. Afterwards, the DNA 

products were washed using AMPure magnetic beads. DNA libraries were generated using an NEB 

Next Ultra II DNA Library Prep Kit, and then the library quality was checked by Tapesation, 

quantified by qPCR using NEB Next library quantification kit, and sequenced on an Illumina HiSeq 

sequencing platform.  

 

The data were analysed using several software packages: the number of reads mapped to each position 

within the EAEC 042 genome was estimated by MACS2 in Galaxy (Afgan et al., 2018); the traces 

were visualized, and plotted on the DNA sequence using the Artemis genome browser (Carver et al., 

2011); and CRP binding motifs within peaks were obtained from the MEME SUITE (Bailey et al., 

2009). I compared the EAEC 042 data with E. coli K-12, using the protein sequence provided in the 

EAEC 042 genome profile, NCBI Blast; and the CRP regulon viewed in the RegulonDB databases 

(Santos-Zavaleta et al., 2019; Altschul et al., 1990).  

 

4.3.1 A catalogue of CRP binding sites in the EAEC strain 042 chromosome 
 

From the ChIP-seq data, I identified 322 CRP binding peaks on the EAEC 042 chromosome, and 10 

CRP binding peaks on the pAA plasmid. These peaks, plotted onto the EAEC 042 chromosome and 

the pAA plasmid, are shown in Figure 4.3 (A. EAEC 042 chromosome DNA plotter and B. EAEC 

042 plasmid DNA plotter).  

 



137 
 

The sequence around each peak centre, provided by MACS2, was extracted from 50 bp upstream to 

50 bp downstream of the peak centre point, resulting in a 101 bp search window for CRP binding 

peak sequences. These sequences were applied to the MEME SUITE to obtain likely CRP binding 

motifs. The results revealed 322 loci where CRP might bind to a target that resembles the consensus 

DNA binding site for CRP (Appendix B). Five of these loci had two recognisable CRP binding motifs: 

mlc, sdhC, EC042_3992, gntR, aslA. A total of 10 CRP binding motifs were located between 

divergent gene: EC042_2583/fadL, putA/putP, EC042_2480/EC042_2478, nagE/nagB, aspA/fxsA, 

malX/malI, plsB/dgkA, EC042_4888/sltY, glk/ EC042_2608 and dacD/sbcB.  

 

Next, the EAEC 042 genes listed in Appendix B were compared with E. coli K-12 strain MG1655, 

using NCBI Blast protein and RegulonDB databases. This showed that 291 of the EAEC targets from 

the CRP ChIP-seq assay are also present in E. coli K-12 strain MG1655, whereas 31 genes were 

specific to EAEC 042. These are: kpsMII, EC042_0414, EC042_3143, EC042_0536, EC042_0225, 

EC042_0224, EC042_4604, EC042_3975, virK, EC042_4012, EC042_4187, EC042_3970, 

EC042_4606, EC042_2431, aadA1, EC042_3998, EC042_4746, EC042_0305, EC042_0769, 

EC042_4744, EC042_3956, EC042_3465, EC042_3075, tetR, EC042_4011, EC042_0363, 

EC042_4524, EC042_2670, EC042_3190, set1A and EC042_2130 (selected CRP targets are shown 

in Figure 4.4). This points to new genes that may have been recruited into the CRP regulon in EAEC.  

 

The classification of the genes associated with CRP binding was obtained from gene ontology (GO) 

based on the protein classes (Mi et al., 2019). Figure 4.5 shows these categories. A total of 10 genes 

are involved in nucleic acid metabolism (DNA and RNA). The metabolite interconversion enzyme 

category recorded 30 genes. This category includes genes that encoded enzyme products for 

catalysing the hydrolysis of a variety of bonds, for example peptides (serC) or glycosides (glK and 

maa and mtlD). A total of 20 genes encoding transcription factors were found including GalS, AaeR, 

LysR, RpoH, LrhA, MalI, TdcA, CytR, DhaR, Mlc, PdhR and CecR. The categories with the lowest 

number of genes, with one gene in each category, were transfer/carrier proteins (ptsH) and storage 

proteins (ftnB). Categories with two genes are chaperones (ppiA and ppiA), scaffold/adaptor proteins 

(clpS and mobB), and protein-binding activity modulators (engB and glnB). In addition, 26 genes 

were involved in the transporter category, such as ydeA, a sugar efflux transporter, cutC, which is 

important in copper homeostasis, and other proteins involved in transporter such as malE, malK and 
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Figure 4.3: CRP binding across the EAEC 042 genome determined by ChIP-seq 

analysis 

In the plots, A and B, genes are indicated with grey blocks located in the outer two tracks. GC content 

is shown in track coloured based on to GC percentage (red as higher than the average of GC content 

whereas blue represents a lower level than the average of GC content). Coordinate zero of the 

genomes is shown by a red line. The green tracks indicate the binding by CRP, determined from 

ChIP-seq data. The DNA plotter was obtained from the Artemis genome browser (Carver et al., 

2011).
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nepI. The translation-associated protein category contains 10 genes, including ettA, raiA and 

bipA. The protein modifying enzyme category contains 5 genes, encoding a protease (yegQ), a 

protein phosphatase (yedP), a serine protease (decD) and two metalloproteases (nlpD and 

mtfA). 79 genes were categorized as ‘other’ which includes 43 genes with unknown function, 

5 pseudogenes and the 31 EAEC 042-specific genes.  

 

All targets bound by CRP in the EAEC 042 chromosome, from this experiment, are listed in 

Appendix B and are compared with the CRP targets in the E. coli K-12 strain MG1655 that are 

listed in the RegulonDB database. 93 of the genes common to both E. coli K-12 strain MG1655 

and EAEC 042 were listed in RegulonDB database as targeted by CRP, whereas 160 genes are 

new in the CRP regulon, indicating that more investigation is needed here. However, for 69 

genes, no comparison was able to be made with genes in the E. coli K-12 strain MG1655 as 

these genes encoded unknown proteins.  
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Figure 4.4: Binding of CRP at selected EAEC 042-specific genes (continued) 

A.

B.

C.
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Figure 4.4: Binding of CRP at selected EAEC 042-specific genes (continued) 

D.

E.

F.
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Figure 4.4: Binding of CRP at selected EAEC 042-specific genes 

The figure shows the experimentally observed peaks of CRP binding at selected EAEC 042-specific 

loci, associated with: A. divergent genes (EC042_0225 EC042_0224), B. kpsMII, C. EC042_4012, D. 

virK, E. EC042_0414, F. EC042_3143, G. EC042_3970, H. EC042_4604, I. EC042_3975. Genes are 

shown as light blue blocks and CRP binding is shown as green peaks. Green blocks denote the position 

of the genes within the contig. Pictures were obtained from the Artemis genome browser (Carver et al., 

2011). 
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Figure 4.5: Gene categories of genes targeted by CRP in EAEC 042 

The figure shows the categories of genes that are targeted by CRP on the EAEC 042 

chromosome, determined from ChIP-seq data. Categories are based on the general functions of 

genes. A total of 12 categories, shown on the x-axis, are correlated to the number of genes in 

each category showed on the y-axis. The ‘Other’ category denotes genes that encoded a protein 

with unknown function.  
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4.3.2 CRP binding site quality and location on the EAEC 042 chromosome 
 

The purpose here was to study the relationship between the degree of CRP binding, judged by 

ChIP-seq analysis, and the ‘quality’ of the proposed DNA site for CRP at each location. Figure 

4.6A shows the correlation between CRP ChIP-seq signal scores (i.e., the number of reads) and 

the number of bases in each site that match to the known consensus DNA site for CRP (5`-

TGTGAN6TCACA-3`; Figure 4.6A). Surprisingly, the CRP ChIP-seq signals correlate poorly 

with the CRP target sequence consensus: the calculated correlated coefficient is negative, -

0.12. Many CRP motifs, obtained from MEME SUITE, showed a highly conserved CRP motif 

(with E-value 2.2e-026), but many of the CRP binding sequences, marked towards the left of 

Figure 4.6A, failed to show any conserved CRP motif. For example, the highest score for a 

CRP ChIP-seq signal is associated with fixA (around 16000 reads) but the CRP binding site in 

the regulatory region of fixA is 5`-TGTTTTATAGATCACC-3` that corresponds to the 

consensus only at 7/10 positions. Note that a study by Buchet and colleagues demonstrated the 

involvement of CRP in the regulation of fixA (Buchet et al., 1998). Another striking example 

is the EAEC 042-specific gene EC042_0225 gene that has a 10/10 CRP motif in its promoter 

region, 5`-TGTGAGCCGCATCACA-3`, but the score for the reads betrays a weak signal 

(around 100 reads only) indicating this gene as an interesting subject for additional 

investigation.  

 

The position of each CRP motif in intergenic and intragenic regions was calculated by its 

distance to the translation start site of the nearest genes. A total of 74 CRP motifs were found 

to locate within a coding region, indicating that CRP could be involved in long-distance 

regulation of the downstream gene, or alternatively, that CRP plays a role in chromosome 

organization. However, 248 DNA sites for CRP are positioned in non-coding intergenic 

regions, which suggests a potential regulatory role at these locations. Figure 4.6C illustrates 

the distribution of bound CRP between coding and non-coding regions, according to the ChIP 

data:  23% of sites are in intragenic regions, whilst 77% are found in intergenic regions. This 

distribution suggests that CRP is more involved in gene regulation than in DNA sculping 

(NAP) roles.  
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Figure 4.6: CRP target analysis 

A. The panel illustrates the correlation of score reads with number of matches to the CRP 

consensus 5`TGTGANNNNNNTCACA`3 (correlation coefficient= -0.1185289).  
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B.  CRP binding sequence logo deduced from MEME software analysis of identified 

targets from CRP ChIP-seq on the EAEC 042 chromosome (Bailey et al., 2009).  

C. The pie chart represents the distribution of bound CRP between intergenic and 

intragenic regions on the EAEC 042 chromosome, deduced from ChIP-seq analysis.  
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4.3.3 CRP binding sites within the pAA plasmid of EAEC strain 042 
 

The EAEC 042 pAA plasmid was included in the CRP ChIP-seq data to locate CRP binding 

sites on the virulence plasmid, using the reference of EAEC 042 pAA FN554767 from the 

NCBI database. A total of 10 CRP binding peaks were recorded by MACS2. As before, we 

applied the MEME SUITE software to find a consensus CRP motif in 101 bp windows centred 

on ChIP signals. Table 4.1 lists these CRP targets. Figure 4.7 illustrates the peaks using the 

Artemis genome browser (pet, virK, aafA) and Figure 4.8 shows the CRP motif found by 

MEME SUITE. Strikingly, the motif poorly resembled the usual conserved motif for CRP 

binding (E value 2.7e+005). The reason behind this might be that CRP has not evolved to be a 

major regulator of plasmid-encoded genes. However, there is one known promoter, targeted by 

CRP, on the EAEC 042 plasmid pAA, that drives expression of the pet, which was studied by 

Rossiter et al. (2011). Therefore, the CRP site in the pet promoter region was used as a positive 

control for the other nine CRP binding peaks. 

 

 Interestingly, the EAEC 042 genome encodes two versions of the virK gene, one in the 

chromosome, upstream of the msbB2 gene, and the other on the plasmid, upstream of the 

EC042_pAA024 pseudogene. The ChIP-seq experiment identifies a CRP motif at both the 

chromosomal and plasmid virK locations, with similar sequences for the CRP motif: 5`-

TGTGGTGACTGGTACA-3`. However, at each location, the DNA site for CRP is located in 

the coding region, indicating either a NAP role or long-distance regulation (or both). Another 

gene in the EAEC 042 plasmid that is associated with CRP binding is aafA, which encodes a 

fimbrial subunit. However, the CRP ChIP-seq signal profile in the aafA gene, obtained from 

the Artemis browser, showed a noisy background so this needs further study (Figure 4.7C).
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Table 4.1: CRP targets identified by ChIP-seq analysis on the EAEC 042 plasmid.   

  
Peak 

Centre1 

Score2 Annotated genes3 p-value4 Matching sequence5 Distance 

to TSS6 

E. coli K-12 

Homologues7 

Gene products8 

112767 321 repA 7.83E-12 CTTGAGAATTGTGACG -38 In K-12 Replication protein A 

108769 293 repA 7.83E-12 CTTGAGAATTGTGACG -35 In K-12 Replication protein A 

62001 907 EC042_RS26580 3.46E-07 AGACAGTATTCTGAAC -212 traS Hypothetical protein 

27988 2975 pet 5.92E-07 CGAGAGCATTGTCACA -85 S.G. Serine protease autotransporter toxin 

Pet 

18257 387 virK 4.48E-06 TGTGGTGACTGGTACA 774 S.G. Virulence protein 
39765 81 aafA 7.72E-06 GTGAATAATTGTGATA 113 S.G. Aggregative adherence fimbria II major 

subunit aafA 

86933 13 EC042_RS26755 1.11E-05 CGTCAGTATGGCCTCT -109 hok Type I toxin-antitoxin system Hok 

family toxin 

50078 15 EC042_RS29140 1.36E-05 ACGATGAATTCTCAGA -143 pseudo IS66 family insertion sequence element 

accessory protein TnpB 

94581 23 EC042_RS26810 8.13E-05 AGACATCCCCGCGCCG -20 In K-12 Hypothetical protein 

3987 13 EC042_RS30500 1.49E-04 GACTAAACTTCCAGAG 155 pseudo Transposase 

 

1 Peak centre indicated by MACS2 and annotated to EAEC 042 plasmid pAA.   

2 Score represents the number of reads mapped to each position within the EAEC 042 genome. 

3 Annotated gene to an identified CRP site.  

4 p-value of CRP motif matches from MEME SUITE (Bailey et al., 2009). 

5 Matching sequence obtained from MEME SUITE (Bailey et al., 2009). 

6 Distance between an identified CRP site and the Translation Start Site (TSS) of annotated gene.  

7 E. coli K-12 homologues to EAEC 042 genes. S.G denotes an EAEC 042 specific genes. Genes in bold represent those listed for E. coli K-12 in 

RegulonDB (Santos-Zavaleta et al., 2019). In K-12 indicates genes that are present in E. coli K-12 but with unknown functions.  

8 Products of encoding gene (Chaudhuri et al., 2010).  
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Figure 4.7: ChIP profiles CRP at selected EAEC 042 plasmid genes 

The figure shows the CRP peaks at selected EAEC 042-plasmid genes: A. pet, B. virK, C. aafA. 

Genes are shown as light blue blocks and CRP binding is shown as green peaks. Green blocks 

denote the exact position of the genes within the annotation (obtained from the Artemis genome 

browser (Carver et al., 2011)). 
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Figure 4.8: CRP binding motif on EAEC 042 plasmid pAA 

The logo represents the CRP consensus motif, deduced using MEME software (Bailey et al., 

2009) from DNA sequences at identified targets from CRP ChIP-seq analysis of the EAEC 042 

pAA plasmid.
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4.4  Discussion 

 
The impact of CRP on bacterial biofilm formation is shown in Figure 4.2. EAEC strain 042DFB 

crp formed a biofilm only when complemented with CRP (in pDCRP). This result, which 

evidences the involvement of the global transcription factor CRP in biofilm formation by the 

pathogenic EAEC strain 042, was unexpected. Building on this, I was able to show that 

defective CRP, CRP AR1- AR2-, can be used as a tool to suppress biofilm formation in the wild 

type strain. This is because activating region 1 (AR1) and activing region 2 (AR2) are needed 

for activation by CRP (Busby, 2019).  

 
Most of the data in this chapter focuses on a study of the role of CRP in EAEC 042 that aimed 

to understand whether novel CRP-regulated targets in the EAEC 042 genome had evolved. 

CRP ChIP-seq analysis of the EAEC 042 chromosome revealed 322 CRP sites related to 312 

genes. Some of these CRP targets are common to E. coli K-12 and were reported by Grainger 

et al. (2005) (underlined written genes in Appendix B), whereas other targets are to our 

knowledge, new (genes labelled with S.G. in Appendix B) and are the subject for more 

investigation. Most CRP sites from the data were in non-coding regions and so the new targets 

may well be involved in CRP-dependent regulation. However, some CRP sites were in coding 

regions, suggesting either long-distance regulation or a NAP role for CRP.  

 

Three genes involved in adhesion and autoaggregation like OmpC, OmpF, and OmpT, lpxC 

(encoding a protein associated with lipid A biosynthesis), and slp (encoding an outer-

membrane lipoprotein induced after carbon starvation) were among the genes that showed 

increased expression in biofilms. slp and ompC are two of these genes that have recently been 

linked to the early stages of E. coli biofilm development on abiotic surfaces (Sauer, 2003). 

However, none of these genes were reported by CRP ChIP-seq, indicating indirect regulation 

by CRP of these genes, as the result in Figure 4.2 shows a positive impact of CRP in EAEC 

biofilm formation. 

 

The targets from my CRP ChIP-seq experiments were compared with the targets from the 

previous study of Grainger et al. (2005) and the Regulon DB database for E. coli K-12 strain 

MG1655. A total of 291 targets for CRP binding were common between E. coli K-12 strain 

MG1655 and EAEC 042, whereas 31 genes from the CRP ChIP-seq analysis were exclusive to 
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EAEC 042, indicating the recruitment of new target genes into the CRP regulon. These new 

targets might contribute to EAEC 042 virulence, and this requires more investigation. Most of 

the CRP sites from CRP ChIP-seq analysis were recorded upstream of genes that encoded 

enzymes for cell metabolism indicating the important of these enzymes to nourish the cell and 

consume other carbon sources in environments with a low level of glucose or to compete with 

commensal microbes in the intestines (Shimada et al., 2011). CRP sites in EAEC 042 plasmid 

pAA shows unconserved site as they encode the pathogenicity determinants, but we were able 

to record CRP binding peak in the regulatory region of pet which is supported by the work of 

Rossiter et al. (2011). However, no novel targets for CRP in the pAA plasmid were identified 

from the CRP ChIP-seq data.   
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Chapter 5 

Investigation of some EAEC 042-specific genes 

targeted by CRP 
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5.1  Introduction 
 

The EAEC 042-specific genes identified from CRP ChIP-seq data were investigated to check 

CRP binding and study the possible regulatory roles of CRP at these targets. EAEC 042-

specific genes from Appendix B, can be classified into four groups depending on the gene 

product:  

i. protein with unknown function, this group contain 14 genes. 

ii.  prophage protein, this group contains 4 genes. 

iii. type VI secretion system protein, this group contain 3 genes.  

iv. 10 genes encode ‘various’ products, some of which may well be involved in 

pathogenesis (Table 5.1).  

 

5.2  Experiment design 
 

In this Chapter, I selected 10 targets from Table 5.1 (underlined red-highlighted) for in vitro 

investigation using Electrophoretic Mobility Shift Assays (EMSA). The aim here is to study 

the CRP binding site in vitro and compare it with ChIP-seq score (as in vivo result). The 10 

targets that I selected were: kpsMII, EC042_0414, EC042_3143, EC042_0225, EC042_0224, 

EC042_4604, EC042_3975, virK, EC042_4012, EC042_3970. The CRP binding site score for 

these targets show a range of values. 

 

In Table 5.1 most of the CRP binding site located within genes, but 12 falls in intergenic 

regions.  To test the role of CRP in regulation, I cloned putative promoter fragments into a lacZ 

vector and performed ß-galactosidase assays, only picking targets, if the CRP binding site was 

in an intergenic region with a good score of reads. It is important to clarify that the binding of 

CRP from ChIP-seq data in EC042_3975 was too close to the TSS (-20), and any binding of 

TF near to TSS will inhibit the transcription, for this reason, EC042_3975 was not included in 

vivo investigations. The selected CRP targets were kpsMII, EC042_0225 and EC042_0224 

(divergent genes), and EC042_0536 (bold typed genes in Table 5.1). The positive control, 

pRW50/CC 41.5, (provided from Dr. Douglas Browning) was used to calibrate the experiment. 
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Table 5.1: The EAEC 042-specific genes from CRP ChIP-seq data 

 
Gene name Gene Product Score in 

ChIP-

seq 

Distance to 

Translation 

start 

Matching Sequence 

kpsMII Polysialic acid transport permease 

protein 

894 -479 TGTGATTTATATCACA 

EC042_0414 Conserved hypothetical protein 312 65 TGTGATCTTGCGCACA 

EC042_3143 Hypothetical protein 6783 31 CGTGTTGTAGATCACA 

EC042_0536 Putative adhesin (not virulence) 168 -112 TGTGATGTAAAGCGCA 

EC042_0225 Putative type VI secretion system 

protein 

111 -67 TGTGAGCCGCATCACA 

EC042_0224 Putative type VI secretion system 

protein 

97 108 ATTGCCGGTGATCAAT 

EC042_4604 Putative helicase (pseudogene) 14 315 TTTCGCTGCCTTCACA 

EC042_3975 Hypothetical protein 250 -20 TGTTATCGTATACACG 

virK Virulence protein 827 774 TGTGGTGACTGGTACA 

EC042_4012 Putative invasion ‘air’ 4 4601 CGTGACGTTTGTCGCG 

EC042_4187 Hypothetical protein 35 1 CGAGGTGTTGATCACG 

EC042_3970 Putative prophage protein 4 301 TGTGGATGAGAGCAAA 

EC042_4606 Hypothetical protein 33 787 TCTGTGCTCCATCAAG 

EC042_2431 Putative prophage protein 81 -223 TGTTTTGTAGATGTAA 

aadA1 Aminoglycoside 

adenylyltransferase 

46 61 CGTTGCTGGCCGTACA 

EC042_3998 Putative phage immunity repressor 

protein 

23 -45 TGTGGCGTTGATTGCG 

EC042_4746 Conserved hypothetical protein 13 -696 TGCGGTTTTGCGGCAA 

EC042_0305 Conserved hypothetical protein 16 876 TCCTATTATCGGCACC 

EC042_0769 Hypothetical protein 39 -381 TCTGAGTTTGATGTTA 

EC042_4744 Conserved hypothetical protein 1 -1219 GGTGAACTCCATCTTG 

EC042_3956 Putative prophage protein 33 435 TATGACGCGCCGAGCG 

EC042_3465 Hypothetical protein 20 -108 CCCGTCCTCGGTACCA 

EC042_3075 Conserved hypothetical protein 24 -248 CCTTCGCCCGCTCCAA 

tetR Tetracycline repressor 45 108 TCTGACGACACGCAAA 

EC042_4011 Transcriptional regulator 5 2663 GGTTGGAGCGATGCCA 

EC042_0363 Hypothetical protein 9 153 TATGAAAAAAATCATA 

EC042_4524 Putative type VI secretion protein 11 -137 ATCGATATAATGCAAA 

EC042_2670 Conserved hypothetical protein 209 179 GGAGGTAGTCATCGCA 

EC042_3190 Conserved hypothetical protein 69 33 ACTCATTCAGTTCATG 
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set1A Enterotoxin 1 174 39 ACTGACGGTTTTCCCA 

EC042_2130 Putative prophage protein 95 769 GGGTTAGATCGTCACT 

**Targets indicated by red-typed genes have been tested in vitro, whereas bold-typed genes 

have been tested in vivo. 
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5.3  CRP binding in vitro using Electrophoretic Mobility Shift Assays 
 

To quantify the interaction of CRP with target sites at EAEC 042-specific genes in vitro, I used 

Electrophoretic Mobility Shift Assays (EMSAs). DNA fragments covering selected EAEC 

042-specific targets were first amplified by PCR using chromosomal EAEC 042 DNA as 

template and primers listed in Table 2.4. Each PCR product was approximately 200 bp and 

flanked with EcoRI and HindIII restriction sites (kpsMII, EC042_0414, EC042_3143, 

EC042_0225, EC042_0224, EC042_4604, EC042_3975, virK, EC042_4012, EC042_3970). 

Each PCR product was than ligated into plasmid pSR, using the EcoRI and HindIII restriction 

sites, and the base sequence was checked. DNA fragments for EMSA experiments were 

generated using EcoRI and HindIII restriction enzymes and end-labelled with γ-32 PATP (10 

μCi/μl). Labelled DNA fragments were incubated with different concentrations of purified 

CRP protein (200nM, 400nM, 800nM and 1.6 μM) at 37 
o

C for 30 minutes, and a negative 

control was included in each experiment (no CRP). Then the mixture (labelled DNA fragments 

and CRP or the negative control) was run on a 6% (w/v) polyacrylamide gel supplemented with 

250 nM cAMP. After electrophoresis, the gel was exposed to a phosphor-screen.   

 

The results of EMSA experiments are shown in figure 5.1. A clear detectable shifted band was 

seen with kpsMII, EC042_0225, EC042_4012, EC042_0414 and EC042_3143, indicating that 

CRP binds strongly at its target in these fragments. In contrast, no shifted bands were detected 

with EC042_0224. This could be explained by the poor fit of the suggested DNA site for CRP 

to the consensus, matching it at only 5/10 positions. For both the virK and EC042_3975 

fragments, CRP causes a very small shift at high concentration, consistent with a very weak 

binding target (at approximately 1.6 μM). For the EC042_3970 fragment, CRP causes a shift 

only at 400nM, and for the EC042_4604 fragment, the shift is seen at 800nM. These results 

show that fragments with the weaker sites required higher concentrations of CRP for binding 

to be evidenced. As expected, the CRP sites with a 10/10 match to the consensus, at the kpsMII 

and EC042_ 0225 targets, showed a clear strong band shift. 
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Figure 5.1: CRP binding in vitro at EAEC 042-specific genes 

Radiolabelled EAEC 042-specific DNA fragments were incubated with purified CRP protein at 37 
oC for 30 minutes. Mixtures were electrophoresed on 

6% (w/v) polyacrylamide gel, in buffer supplemented with cAMP. Gels were fixed, then dried and exposed to a phosphor-screen. The CRP concentration 

in each panel started with 0 (no CRP), followed by 200nM, 400nM, 800nM and 1.6 μM. The CRP binding sequence for each target, obtained from 

MEME, is shown for each target. Bands resulting from binding of CRP are labelled as ‘CRP-DNA complex’. The ChIP-seq score is noted in red typeface 

under each target.
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5.4   In vivo investigation of CRP regulation at selected targets 

Some CRP sites, found to be located at intergenic regions were investigated for the presence 

of CRP-regulated promoters. These sites are upstream of kpsMII, EC042_0224, EC042_0225 

and EC042_0536, suggesting a possible regulatory role for CRP. The location of the CRP site, 

as shown by ChIP-seq data, for kpsMII is -479 bp, for EC042_0225, it is -67, and for 

EC042_0536, it is -112. In the case of the CRP site at EC042_0225, a divergent gene, 

EC042_0224, was identified and is listed as specific gene to EAEC strain 042. Hence, I cloned 

the different promoter regions, into lac reporter plasmid, and tested for promoter activity by 

measuring ß-galactosidase activities.  

 

5.4.1 The role of CRP at the kpsMII regulatory region 
 

Amplified DNA fragments carrying of the pkpsMII regulatory region sequence were ligated 

into promoter-less lacZ reporter plasmid (pRW50) with help of EcoRI and HindIII sites. 

Recombinant plasmids pRW50/pkpsMII was then transformed separately into E. coli K-12 

strains M182 ∆lac and E. coli K-12 strain M182 ∆lac ∆crp. Transformed cells were then grown 

in LB medium at 37C with shaking to mid-exponential phase, cells were lysed when growth 

reached OD650= 0.4-0.6 and measured ß-galactosidase levels were taken as a proxy for 

promoter activity. The positive control, pRW50/CC 41.5, and negative control, pRW50, with 

no insert, were included in these experiments as controls.  

 

Results are shown in Figure 5.3C. The DNA insert in pRW50/pkpsMII clearly carries one or 

more promoters and expression is inhibited 3-fold by CRP. Hence, CRP appears to act as a 

repressor here. Therefore, more investigation of the pkpsMII regulatory region is needed to 

understand the role of CRP (see Chapter 6). 
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    Figure 5.2: Base sequence of fragment carrying the EAEC 042 kpsMII 

regulatory region 

The figure shows the base sequence of a DNA fragment carrying 527 bp upstream of the kpsMII 

gene. The CRP binding site is in bold bases and highlighted in light green. The red bases 

represent the start of the kpsMII gene coding region. The sequences highlighted with dark green 

denote EcoRI and HindIII restriction sites. The numbering of the fragment starts from the 

HindIII site.   
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GAATTCATAACACCATTTAAATGTGATATAAATCACAAATATGACTGTAAAGAGGGGGCTGTAG

ATATAAATAAGAAGTACACGAGTGAATTTTAAATAGGGAAATAGTTTCTCGGTGAACAATTTAT

TGGTAATCAATCGCGTGCGTTCTGGTTTGAAACAGATTGCAGGTATTGTTACGCATAAAATCCA

TGGGGGTATTATAATCAAGTAGTTAACAGTAATAACAAAAAATAATTTCCTGGGAAATTAACTC

TACATTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGACCGAATACATTCATGCCTGAAGAA

TGGATTAGAAGAAACGAGACGGAAATAGATCTATTTATCCCTGCGGAAATAATTTCTGCTGAAA

TTTTTTGCGGCTATTAAAAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTACAAATAAGCAT

TACCTCCAGTGTATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCA

CATCATCAAATGGCAAGAAGTAAGCTT
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Figure 5.3: Assessing regulation by CRP at the kpsMII promoter region 

A. The panel shows a diagrammatic representation of the position of the kpsMII gene in the 

EAEC 042 chromosome (Chaudhuri et al., 2007). 

B. Schematic of the pkpsMII promoter fragment. The blue line represents the regulatory region, 

and the red line represents the start codon of the gene.  The CRP dimer is denoted in yellow, 

binding at its target. Restriction sites for EcoRI and HindIII are shown as green lines. 
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C. The Figure shows measured ß-galactosidase levels in E. coli K-12 strain M182 ∆lac (blue 

bars) and E. coli K-12 strain M182 ∆lac ∆crp (orange bars) carrying pRW50/pkpsMII, or 

pRW50/cc41.5, or pRW50 as a control. Each promoter activity indicates the average of three 

independent ß- galactosidase assays and the error bars denote the standard deviation (STDEV) 

and * indicates P < 0.0001 using a student’s t-test.  
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5.4.2 The role of CRP at the EC042_0225 / EC042_0224 intergenic region 

CRP ChIP-seq data had shown an interesting CRP site between divergent genes that encoded 

two type VI secretion system genes (EC042_0225/ EC042_0224). Hence, this intergenic region 

was amplified by CRP using EAEC 042 isolated chromosomal DNA as template and primers 

listed in Table 2.4. The resulting fragments (shown in Figure 5.4) were ligated into promoter-

less lacZ reporter plasmid, pRW50 (for EC042_0225) or pRW224 (for EC042_0224). The 

recombinant plasmids (pRW224/p0224 VI or pRW50/p0225 VI) were then transformed into E. 

coli K-12 strain M182 ∆lac and E. coli K-12 strain M182 ∆lac ∆crp, transformants were grown 

into LB medium at 37C with shaking, till the growth reach an OD650 between 0.4-0.6. Cultures 

were lysed and ß-galactosidase activities were taken as a proxy for promoter activity, with 

pRW50/cc41.5 and empty pRW50 being used as controls. 

 

Results, shown in Figure 5.5C, indicate that the p0225 VI fragment failed to display any 

measurable promoter activity, not with standing the clear CRP binding, evidenced in Figure 

5.1. Measured expression matches that found with the negative control, pRW50 with no insert. 

In contrast, the p0224 VI fragment showed activity, albeit low (less than 100 Miller units of ß-

galactosidase was measured), that was impacted by CRP. At first sight the role of CRP here 

appears to be associated with chromosome organization.  
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   Figure 5.4: Base sequence of fragments carrying the EAEC 042, EC042_0224 

and EC042_0225 intergenic region 

The figure shows the base sequence of a DNA fragments p0224 VI, carrying 163 bp upstream 

of the EC042_0224 gene, p0225 VI, carrying 169 bp upstream of the EC042_0225 gene. The 

consensus of CRP binding site is in bold highlighted in light green. The red bases denote part 

of the EC042_0225 gene. Bases highlighted with dark green represent the EcoRI and HindIII 

restriction sites. The numbering of the fragment starts from HindIII site.      

>p0225 VI (169 bp)
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GAATTCATAACACCATTTAAATGTGATATAAATCACAAATATGACTGTAAAGAGGGGGCTGTAG

ATATAAATAAGAAGTACACGAGTGAATTTTAAATAGGGAAATAGTTTCTCGGTGAACAATTTAT

TGGTAATCAATCGCGTGCGTTCTGGTTTGAAACAGATTGCAGGTATTGTTACGCATAAAATCCA

TGGGGGTATTATAATCAAGTAGTTAACAGTAATAACAAAAAATAATTTCCTGGGAAATTAACTC

TACATTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGACCGAATACATTCATGCCTGAAGAA

TGGATTAGAAGAAACGAGACGGAAATAGATCTATTTATCCCTGCGGAAATAATTTCTGCTGAAA

TTTTTTGCGGCTATTAAAAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTACAAATAAGCAT

TACCTCCAGTGTATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCA

CATCATCAAATGGCAAGAAGTAAGCTT
.
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GAATTCGAGTTTTTCAGTAGGTGCTAATTACGTGTGCCTGTAACTCGAATAAAGAAAAGGG

TGTGGTTCCTGATGTGAGCCGCATCACACTCTAACCCGTCGGGGATTAACGACGGGTTGT

TCGTAAAACAGCAGTTGATAATTTCACAAGGAGTTCATAAATGCCAACCCCATGAAGCTT
.1

>p0224 VI (163 bp)

GAATTCACGAACAACCCGTCGTTAATCCCCGACGGGTTAGAGTGTGATGCGGCTCACATCA

GGAACCACACCCTTTTCTTTATTCGAGTTACAGGCACACGTAATTAGCACCTACTGAAAAA

CTCTTTTATGGTGTTTAAATATATTTTTAGTCAATTTCAGAACACGGAAGCTT

1.....

......

......

50100

150
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Figure 5.5: Promoter activity in the EC042_0224/EC042_0225 intergenic region 

A. Diagrammatic representation of the EC042_0224 (outlined with red) and EC042_0225 

(upstream of EC042_0224) genes in the EAEC 042 chromosome (Chaudhuri et al., 2007). 

B. The figure shows schematics of the p0224 and p0225 promoter fragments. The blue line 

represents the regulatory region, and the red line represents the start codon of the EC042_0225 
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gene. The CRP dimer is denoted in yellow, binding at its target. Restriction sites for EcoRI and 

HindIII are denoted as green lines. 

C. The Figure shows measured ß-galactosidase levels in E. coli K-12 strain M182 ∆lac (blue 

bars) and E. coli K-12 strain M182 ∆lac ∆crp (orange bars) carrying the lacZ expression vector, 

pRW50 (negative control), or pRW50/cc41.5 (positive control) or pRW224/p0224 or 

pRW50/p0225. Each promoter activity indicates the average of three independent ß- 

galactosidase assays and the error bars denote the standard deviation (STDEV). * Indicates P 

< 0.001 and ns not significant using a student’s t-test.  
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5.4.3 The role of CRP at the EC042_0536 regulatory region  
 

A target of interest from the CRP ChIP-seq data is EC042_0536 gene, that encodes an EAEC-

specific putative adhesin. This is an autotransporter adhesin, and the region from amino acids 

615...717 suggests that it is like the Yersinia YadA anchor that was reported by Hoiczyk et al. 

(2000). The EcoRI-HindIII p0536 fragment, shown in Figure 5.6, which carries sequence 

upstream from the EC042_0536 gene coding region, was amplified by PCR (primers are listed 

in Table 2.4). The fragment was ligated into pRW50 and resulting plasmid, pRW50/p0536, 

was then transformed into E. coli K-12 strain M182 ∆lac and E. coli K-12 strain M182 ∆lac 

∆crp. Transformants were grown in LB medium at 37C, with shaking till the growth reached 

an OD650 between 0.4-0.6, cultures were then lysed, and the ß-galactosidase activities were 

taken as a proxy for promoter activity. Results are shown in Figure 5.7C. Cells that carry 

pRW50/p0536 shows promoter activity that is higher than with pRW50/cc41.5. However, this 

activity is higher in cells where the crp gene has been knocked out, indicating that CRP acts as 

repressor here.   
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   Figure 5.6: Bases sequence of the EAEC 042 p0536 fragment 

The figure shows the base sequence of p0536, 168 bp upstream of EC042_0536 gene. The CRP 

binding site is denoted by bold bases and highlighted in light green. The red bases show the 

start of the EC042_0536 gene coding sequence. The sequence highlighted with dark green 

denote the EcoRI and HindIII restriction sites. The numbering of the fragment starts from the 

HindIII site.   

 

GAATTCTGGTGTTTACGCTTACACCAGACAAAAATGCGCTTTACATCACACAAATGGCGGCGT

AGATTTCGATTAAATTGCAACGCAGATTAATTCTTATAACAACGTTTTACGTTGCTTATAGAA

ACAAATATGTGACTTACTTTGAAAGAGAAAAAATGCATGAAAACTGTAAAGCTT

>p0536 (168 bp)
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1
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150
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   Figure 5.7: Assessing the regulation by CRP at the EC042_0536 promoter 

region 

A. The panel shows a diagrammatic representation of the EC042_0536 gene in the EAEC 042 

chromosome. EC042_0536 shows as a black arrow with red outlined.  

B. The figure illustrates the p0536 promoter fragment. The blue line represents promoter region 

sequences. The red line represents the EC042_0536 gene start codon. CRP dimer (yellow) are 

shown binding to a target site. The EcoRI and HindIII restriction sites are shown as green lines. 
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C. The Figure shows measured ß-galactosidase activities in E. coli K-12 strain M182 ∆lac 

(blue bars) and E. coli K-12 strain M182 ∆lac ∆crp (orange bars) carrying pRW50 (negative 

control) or pRW50/cc41.5 (positive control) or pRW50/p0536. Each promoter activity 

indicates the average of three independent ß- galactosidase assays and the error bars denote the 

standard deviation (STDEV) and * Indicates P < 0.00001 using a student’s t-test.  
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5.5  Discussion 

 

The interaction of CRP with sites near to EAEC 042-specific genes was checked here, both in 

vitro and in vivo. In vitro results in Figure 5.1 show strong binding of CRP when the CRP site 

in DNA has full consensus 10/10 ( EC042_ 0225, kpsMII) or 9/10 (EC042_ 0414). However, 

CRP consensus scores of less than 7/10 either required a higher concentrations of CRP protein 

like the result with EC042_ 3970, and EC042_ 4604, and EC042_ 3975, or virK. Or no binding 

shifts were detected such as the case of EC042_ 0224. Some of these results in vitro did not 

agree with CRP ChIP-seq results in vivo, such as the case of virK (Scored 827 reads) and 

EC042_3975 (Scores 250 reads), where no detectable bands were recorded in vitro. 

Interestingly, EC042_3143 scored high reads more than 6000 and shows a detectable binding 

from lower concentrations of CRP though CRP site within gene (consensens match 8/10) 

indicating a NAP role of CRP there or a long distance of promoter regulation. In the case of 

EC042_ 4012 compared to EC042_3970, CRP showed detectable binding of CRP in EC042_ 

4012 at lower concentration in contrast to EC042_3970, though the results from ChIP-seq 

(Scored 4 reads) from these two targets were similar. These all indicate the need for a helper, 

and this helper could be another transcription factor.  

 

The role of CRP at the intergenic regions of EAEC 042-specific genes has been studied in vivo. 

Results in Figure 5.3C show that CRP is involved in the regulation of the upstream region of 

kpsMII gene by repressing a promoter in its regulatory region. Therefore, the regulatory region 

of kpsMII was subject to further analysis (see Chapter 6). Another interesting reason for 

studying kpsMII promoter region is that this gene encodes virulence determinants (polysialic 

acid transport protein; Group 2 capsule) that might be involved in EAEC pathogenesis. Another 

regulatory region where CRP appears to repress is the EC042_ 0536 promoter region that 

carries a strong promoter, and since EC042_ 0536 encoded a putative adhesion that might be 

involved in EAEC 042 pathogenesis, further investigation is also needed in this case.  

 

Finally, the divergent, EC042_0225/EC042_0224, genes were included here as the intergenic 

region carries a near consensus DNA site for CRP. However, this region showed only weak 

promoter activity, there was little regulation by CRP and no bidirectional promoter present. 

Conclusion in EC042_0225/EC042_0224 case could be that CRP might play a NAP role there.  

 

 



 172 

 

 

 

 
 

 

 

 

 

 

 

 

Chapter 6 

CRP regulation at the EAEC strain 042 kpsMII 

promoter region 
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6.1  Introduction 
 

Many bacteria express a polysaccharide capsule that is believed to facilitate interaction 

between the bacterial cell and its immediate environment. More than 70 different types of 

polysaccharide capsule have been studied in E. coli strains, and they are categorised into four 

groups depending on genetic correlations, serology, and biochemical information. The majority 

of isolated extraintestinal E. coli that cause disease express group 2 k antigens capsule 

(Whitfield and Roberts, 1999). Group 2 capsules are usually expressed only at 37°C, signalling 

the pathogens’ presence inside the host rather than outside environments (Xue et al., 2009). 

Pathogens benefit from their capsule as a protection from the host immune system, and also 

avoidance of desiccation during transmission between different environments (Evrard et al., 

2010; Wooster et al., 2006; Ophir and Gutnick, 1994). Most group 2 capsule genetic loci 

contain three regions, with region one (contain kpsFEDUCS genes) and region three (contain 

kpsMT genes) being conserved among strains that encoded this type of group. Products of 

regions one and three play roles in maturation and exportation of the polysaccharide. In 

contrast, region two is serotype specific and encodes proteins that are involved in synthesis of 

the polymer (Whitfield and Roberts, 1999).  

 

The regulation of region 3 expression was studied by Xue et al. (2009). They found that 

transcription regulation in this region involves H-NS, SlyA and a large 5’untranslated region 

(741 bp of 5`UTR) that is located between the transcription starting site +1 and the first gene 

of the operon, kpsMII. H-NS plays a crucial role on repressing the transcription of this region 

at temperature 20°C. SlyA promotes transcription independently of H-NS at 37°C, but H-NS 

is required for maximum induction. The temperature-dependent activation of region 3 

transcription is thought to be influenced by the relative availability of H-NS and SlyA in the 

cell. Xue et al. concluded that the long 5’UTR moderates the number of transcripts that reach 

the kpsMII structural gene. This process is helped by the RfaH, an anti-termination factor, 

which after binding at its target site, helps RNAP to elongate and translate transcripts (Xue et 

al., 2009; Stevens et al., 1994).  

 

The CRP ChIP-seq data, in Chapter 4, showed a strong peak located in the intergenic region 

upstream of the kpsMII gene. Section 4.1 of Chapter 5 describes my investigation using a DNA 

fragment (Figure 5.2) that lacks the Xue et al.  (2009) promoter. My results (Figure 5.3C) 
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showed the existence of another promoter that is repressed by CRP. Here I attempt to 

investigate the presence of multiple promoter in the kpsMII regulatory region. 

6.2  Investigation of kpsMII upstream DNA sequence 
 

In EAEC strain 042, the intergenic region located upstream of the kpsMII gene region contains 

827 bp with 67% AT bases (Figure 6.1A). The -10 element of the promoter identified by Xue 

et al (2009) is located at position -764 bp upstream of the kpsMII gene whereas the DNA site 

for CRP, deduced from ChIP-seq, is located at -512 bp (Figure 6.2). Here, I studied the 

possibility of multiple promoter elements in the kpsMII intergenic region, using nested 

deletions and point mutations. I studied the influence of CRP binding at the promoters using 

multi-round in vitro transcription assays. I also investigated the effects of temperature and 

different conditions. Finally, kpsMII regulatory region sequences from EAEC strain 042 were 

aligned with UPEC strain CFT073 and strain UTI89 to compare the binding site of CRP and 

to study the similarities and differences.  

 

6.2.1 kpsMII cloning strategy 
 

Differents kpsMII fragments used in this Chapter are illustrated in Figure 6.1C. The longest, an 

839 bp kpsMII promoter region EcoRI-HindIII DNA fragment (Figure 6.2), including the start 

codon of the kpsMII gene, was constructed using PCR and primers listed in Table 2.4. The 

PCR product was ligated into promoter-less lacZ vector, pRW50, resulting in pRW50/pkpsMII 

WT. To investigate the promoter associated with the DNA site for CRP, a shorter 216 bp 

internal kpsMII promoter fragment was constructed using pRW50/kpsMII WT as template. 

Forward and reverse versions were produced (Figure 6.3B). These were cloned into pRW224 

to study the orientation of any promoters adjacent to the CRP binding site. Starting with 

pRW50/kpsMII WT, nested deletions were used to define different promoters. Also, I 

constructed a shorter 440 bp fragment kpsMII, including the two possible promoters, for 

analysis with point mutations. This fragment, kpsMII 440, was also cloned upstream of a 

terminator in the small plasmid, pSR, for in vitro multi-round transcription assays.  
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Figure 6.1: Chromosome context of kpsMII in EAEC 042 

A. The panel shows a diagrammatic representation of the position of the kpsMII gene in EAEC 

042. The kpsMII gene is outlined in red (Chaudhuri et al., 2007). 

B. The panel shows a schematic diagram of the kpsMII intergenic region. Blue arrows 

represent the gene orientations. The CRP binding site is shown as black arrows with the 

CRP consensus. The previously identified promoter by (Xue et al., 2009) is shown as P1 

located upstream of the CRP binding site.  

C. The panel shows a schematic diagram of the different kpsMII fragments used in 

experiments here: pkpsMII WT, kpsM 201, kpsMII 216 and pkpsMII 440. Size of fragments 

shown right side of panel. The CRP binding site is shown as black arrows. Restriction sites 

flanking the fragment are shown in green EcoRI (E) and HindIII (H). The previously 

identified promoter by (Xue et al., 2009) is shown as P1. 
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Figure 6.2: DNA sequence of the upstream of kpsMII promoter region from 

EAEC 042 

The figure shows the DNA sequence of the 827 bp kpsMII WT fragment. The CRP binding 

site is highlighted in yellow. The DNA bases highlighted in grey represent the -10 element of 

the previously identified promoter (P1). The P1 transcript starting site +1 is illustrated with a 

black arrow at position 750 bp. kpsMII coding sequence is shown with red bases. The sequences 

highlighted with dark green denote the EcoRI and HindIII restriction sites. The numbering of 

the fragment starts from the HindIII site.  

 

GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTATTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGTTTGAAA

CAGATTGCAGGTATTGTTACGCATAAAATCCATGGGGGTATTATAATCAAGTAGTTAAC

AGTAATAACAAAAAATAATTTCCTGGGAAATTAACTCTACATTCTAAAACGGCCAGTTT

TCTGAAATTACCAGAAGACCGAATACATTCATGCCTGAAGAATGGATTAGAAGAAACGA

GACGGAAATAGATCTATTTATCCCTGCGGAAATAATTTCTGCTGAAATTTTTTGCGGCT

ATTAAAAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTACAAATAAGCATTACCTCC

AGTGTATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCACA

TCATCAAATGGCAAGAAGTAAGCTT

>pkpsM WT (851 bp)

. . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . .

. . . . . .

. . . . .

.

.

.....

. . . . . .

......

. . . . .

. . .

.

. . .

......

. . . . . .

.

50

100

150

200250

300

350

400

450

500550

600

650

700

750

800



 177 

6.2.2 Orientation of the kpsMII second promoter  
 

Results presented in Chapter 5 show promoter activity associated with the DNA sequence 

adjacent to the CRP binding site and hence the possibility of a second promoter distinct from 

that described by Xue et al. (2009). Hence a 216 bp segment of kpsMII intergenic region was 

cloned on an EcoRI and HindIII fragment in both orientations (Figure 6.3B). The resulting 

fragments, kpsMII 216 and kpsMII 216R, were cloned into lacZ promoter-less vector, pRW224, 

in order to measure the promoter activity. Recombinant plasmids were transformed then into 

E. coli K-12 strain M182 ∆lac and E. coli K-12 strain M182 ∆lac ∆crp. The transformed strains 

were grown in LB medium, incubated at 37C, with shaking to mid-logarithmic phase 

(OD650=0.4-0.6). Cultures were lysed and ß-galactosidase activities were measured. The 

negative control, pRW224 with no insert, was used for promoter activity comparisons.  

 

Data presented in Figure 6.3C show that ß-galactosidase expression was highest with kpsMII 

216 in the ∆crp strain, indicating the presence of a CRP-repressed promoter. Lower, yet 

significant expression was observed with kpsMII 216R, suggesting a promoter that is divergent 

from the kpsMII 216 transcript and, hence, the kpsMII gene.  
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Figure 6.3: Promoter orientation of the kpsMII second promoter 

A. The panel shows the base sequence of the pkpsMII 216 promoter fragment. The CRP binding 

site is shown in red and underlined bases. A possible second promoter -10 element is shown 

with blue bases and underlined within the CRP binding site. The sequences highlighted dark 

green denote flanking restriction sites (EcoRI and HindIII).  
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B. The panel shows schematic representations of the pkpsMII 216 and pkpsMII 216R 

fragments. Red lines denote the CRP binding site and blue boxes represents the predicted -10 

elements. Green lines represent flanking restriction sites.  

C. The bar chart illustrates ß- galactosidase activites in E. coli K-12 strain M182 WT  lac 

(blue bars) and E. coli K-12 strain M182  lac crp (orange bars) carrying pkpsMII 216 or 

pkpsMII 216R cloned in pRW224. No insert represents the negative control in the experiments 

(pRW224). Each activity is the average of three independent ß- galactosidase assays and the 

error bars denote the standard deviation (STDEV). * Indicates P < 0.0000004, and ** indicates 

P < 0.0003 using a student’s t-test. 
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6.2.3 Location of kpsMII promoter determinants using nested deletions 
 

To investigate the presence of multiple promoters in the kpsMII regulatory region, a series of 

nested deletions was constructed by deleting 100 bp each time. Starting with the 

pRW50/kpsMII WT (851 bp) fragment, I constructed five shorter fragments, using primers 

listed in Table 2.4: kpsM 751, kpsM 651 and kpsM 551, kpsM 451 and kpsM 351 fragments 

(Figure 6.4A). These were cloned separately into the lacZ vector, pRW50. The kpsM 851, kpsM 

751, kpsM 651 and kpsM 551 fragments contain the DNA site for CRP binding, whereas it was 

lacking in the kpsM 451 bp and kpsM 351 bp fragments. The recombinant plasmids, including 

the pRW50/kpsMII WT (as positive control), were transformed into E. coli K-12 strain M182 

∆lac and E. coli K-12 strain M182 ∆lac ∆crp. Then, the transformed cells were grown in LB 

medium at 37C, with shaking to mid-exponential phase (OD650=0.4-0.6). Cultures were then 

lysed for measurement of the ß-galactosidase levels. Here, the negative control, pRW50 with 

no insert, was used for comparison.  

 

Figure 6.4B shows the result of the ß-galactosidase assays. Lysates of cells that carried plasmid 

with kpsMII WT 851 showed the highest activites compared with the other constructs 

indicating a powerful promoter located at the upstream end of pkpsMII WT 851. This is likely 

to be the promoter was previously reported by Xue et al (2009). The other plasmids carrying 

kpsM 751, kpsM 651 or kpsM 551) showed lower expression, that was optimal in cells with the 

crp deletion, consistent with the existence of a second promoter that is repressed by CRP. The 

other plasmids carrying kpsM 451 or kpsM 351, with no consensus DNA site for CRP showed 

the lowest ß-galactosidase levels. Analysing the DNA sequence around CRP site revealed a 

possible -10 element lying within the CRP consensus 5`-TGTGATATAAATCACA-3`. This 

could explain the repression of promoter activity by CRP by blocking RNAP engagement. 
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Figure 6.4: kpsMII regulatory region nested deletion analysis 

A. The panel illustrates the promoter fragments of kpsM 851, kpsM 751, kpsM 651 and 

kpsM 551, kpsM 451 and kpsM 351. Gold arrows represent CRP binding sites. The 

black directional arrow indicates promoter P1. The red lines represent kpsMII gene 

coding sequence. 
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B. The bar chart illustrates measured ß- galactosidase activites in E. coli K-12 strain M182 

WT  lac (blue bars) and E. coli K-12 strain M182  lac crp (orange bars) carrying 

different kpsMII intergenic fragments with nested deletions cloned in pRW50. No insert 

represents the negative control, empty pRW50. Each measureament is the average of 

three independent ß- galactosidase assays and the error bars represent the standard 

deviation (STDEV). * Indicates P < 0.00000001, ** Indicates P < 0.000001; and ns not 

significant using a student’s t-test. 
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6.2.4 Identification of -10 element in the kpsMII promoter region by 

mutation analysis 
 

To attempt to pinpoint the promoters in the kpsMII intergenic region, three derivatives of the 

pkpsMII 440 fragment (Figure 6.5) were made by introducing point mutations in the -10 

hexamer elements (shown in Figures 6.5 and 6.7A). A key point here is that I used a shortened 

version of the strating kpsMII with fragment with a size of 440 bp flanked with EcoRI and 

HindIII. The new fragments are kpsM p1KO (with knocking out the first promoter), kpsM 

p2KO (knocking out the second promoter), and kpsM p3KO (with knocking out both 

promoters). The different fragments were then cloned into lacZ reporter, pRW224 and 

transformed into E. coli K-12 strain M182 ∆lac and E. coli K-12 strain M182 ∆lac ∆crp. 

Transformed cells carrying the recombinant plasmids were grown in LB medium at 37C, with 

shaking to mid-logarithmic phase (OD650=0.4-0.6). Cultures were lysed and ß-galactosidase 

levels were measured. A negative control, pRW224 with no insert, was included as a control.  

 

Data in Figure 6.7B show that the starting fragment that carries two functional promoters gives 

high activity, but this is reduced nearly 3-fold in presence of crp, indicating a repression role 

for CRP here. Knocking out p1 caused a major reduction of promoter activity, and again 

expression was reduced in the presence of crp. In the case of knocking out the second promoter, 

expression is lowered and, again, suppressed by crp, supporting the obstruction of RNAP from 

transcription by CRP. Optimal activity clearly needs both promoters here. Knocking out both 

-10 elements (pRW224/kpsM p3KO) led to a great reduction in promoter activity, as measured 

ß-galactosidase activity dropped to less than 100 Miller Units. These results support the 

existence of a second functional significant promoter in the kpsMII promoter region, and a role 

for CRP in regulation of kpsMII expression.  
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Figure 6.5: DNA sequence of the kpsMII 440 promoter fragment 

The figure illustrates the DNA sequence of the kpsMII 440 promoter fragment, including two 

promoters P1 and P2. The CRP binding site is highlighted in yellow. The DNA bases 

highlighted in grey denote the suggested -10 element of the previously identified P1 promoter 

and the second promoter P2. The flanking EcoRI and HindIII restriction sites are shaded dark 

green. The numbering of the fragment starts from the HindIII site.   

 

 

GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTATTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAAAGCTT

>pkpsM 440 (440 bp)
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Figure 6.6: kpsMII derivatives with different -10 hexamer element mutations 

The Figure presents base sequence alignments of kpsMII 440 fragments with two functional 

promoters (pkpsM 440), the upstream -10 element knock out (p1KO), the “both -10 elements” 

knock out (p3KO); and the downstream -10 element knock out (p2KO). The red-letter Gs mark 

the sites of mutation in the -10 elements and shaded red rectangles are located above each -10 

element. The green directional arrow represents the transcript start site of kpsM p1. The gold 

DNA bases denote the CRP binding site. Green DNA bases indicate flanking restriction sites 

EcoRI (beginning of fragment) and HindIII (end of fragment). (Thompson et al., 2003). 
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Figure 6.7: Mutational analysis of kpsMII promoters 

A. The panel shows diagrams of the kpsMII promoter fragments pkpsM 440, p1KO, p2KO 

and p3KO. The blue bars represent the functional -10 element of pkpsM promoter. Gold 

lines represent the CRP binding sites and the black directional arrow represents +1 of 

kpsMII P1. Restriction sites (EcoRI and HindIII) are indicated by green lines.  
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B. The bar chart illustrates ß- galactosidase activites in E. coli K-12 strain M182 WT  

lac (blue bars) and E. coli K-12 strain M182  lac crp (orange bars) carrying the 

different kpsMII  440 fragments cloned in pRW224. No insert represents the negative 

control with empty pRW224. Each measurement is the average of three independent ß- 

galactosidase assays and the error bars represent the standard deviation (STDEV). * 

Indicates P < 0.0005, ** Indicates P < 0.003, *** Indicates P < 0.000004; and ns not 

significant using a student’s t-test. 
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6.2.5 Investigation of the KpsM promoter region DNA site for CRP  
 

The kpsMII promoter region DNA site for CRP had been studied in vitro using Electrophoretic 

Mobility Shift Assays (EMSAs) (Figure 5.1). Here, a new 201 bp fragment was made with 

mutations that disrupt the CRP-binding consensus sequence (5`-TCTGATATAAATAACA-

3`) and compared with the same fragment with a functional DNA site for CRP (Figure 5.1, 

kpsMII). These fragments, kpsM 201 bp and kpsM 201CRPKO, again flanked by EcoRI and 

HindIII restriction sites, were ligated into the small plasmid pSR to check the DNA sequences. 

After that, the kpsM 201 and kpsM 201CRPKO fragments were end-labelled with labelled - 

32P ATP (10 μCi/μl) and radiolabelled kpsM 201 and kpsM 201CRPKO fragments were 

incubated separately with different concentrations of purified CRP protein (200nM, 400nM, 

800nM and 1.6 μM) at 37 oC for 30 minutes. The negative control in this experiment was “no 

CRP”. Then the mixture (radiolabelled DNA fragments and CRP) was electrophoresed in a 6% 

(w/v) polyacrylamide gel supplemented with 250 nM cAMP. The gel was than dried and 

exposed to a phosphor-screen and visualized with a Bio-Rad Molecular Imager FX and 

analysed using Quantity One software (Bio-Rad). The results of this experiment are shown in 

Figure 6.8. As shown in Figure 5.1, CRP gives a clear band shift, even at the lowest 

concentration, and this is indicative of tight binding. This binding is stopped by the base 

changes in the kpsM 201CRPKO fragment. The result here underscores the crucial role of CRP 

consensus for CRP binding.  

 

6.2.5 An in vitro study of the influence of CRP on transcription from the 

kpsMII second promoter 
 

First, I used the EMSA assay to study the competition between CRP and RNAP for binding to 

the pkpsM 201 fragment. I followed the same procedure as in Section 6.2.5, but with adding E. 

coli holo-RNAP after fragments had been incubated with CRP. Figure 6.9A shows the binding 

of CRP and holo-RNAP to kpsMII 201 that contains only the P2 promoter. Clear bands appear 

as CRP binds to its site. However, after adding holo-RNAP to the mixture, most of the 

fragments remained occupied by CRP, leaving a small amount of fragment bound by holo-

RNAP. This indicates that there is a competition between CRP and holo-RNAP binding the 

kpsMII P2 region. Another interesting point to show here is the faint band seen in Figure 6.9A 

with no holo-RNAP disappeared after the addition of holo-RNAP. This may indicate the 
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presence of a possible thired -10 element, likely to be at position 57 in the kpsMII 440 fragment 

(5`-TATAAA-3`: see Figure 6.5) 

 

Next, I tried a multi-round in vitro transcription assay, using the pkpsMII 440 fragment cloned 

upstream of the λoop terminator in the small, supercoiled plasmid pSR. To preform the assay, 

pSR/pkpsM 440 was mixed with holo-RNAP and different concentrations of purified CRP 

protein (or no CRP as a negative control). After incubation with labelled NTPs, the reaction 

was stopped with stop solution and loaded directly into 8% (w/v) denaturing polyacrylamide 

gel. Then the gel was dried and exposed to a phosphor-screen and analysed. The transcript from 

kpsMII P1 appears at 250 nt as shown in Figure 6.9B. The transcription from kpsMII P2 was 

detected as an abundant 180 nt transcript in lane 1 (no CRP). However, the transcript from 

kpsMII P2 starts to decrease with increasing CRP concentration, indicating a transcription 

inhibition by blocking RNAP binding. Note that the transcription at kpsMII P1 was not affected 

by CRP binding. The P3 transcript, suggested from Figure 6.9A, also appeared in Figure 6.9B, 

as a transcript at 150 nt, supporting the presence of a possible third -10 element in the kpsMII 

intergenic region. Both, P2 and P3, showed an inhibition in transcription with the increase of 

CRP concentration, likely due to the near location of CRP site to these promoters.  
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Figure 6.8: CRP binding in vitro studied by EMSA 

Radiolabelled fragments (kpsM 201 and kpsM 201CRPKO) were incubated with purified 

CRP protein at 37 oC for 30 minutes. The mixture was then run on a 6% (w/v) 

polyacrylamide gel supplemented with cAMP, for 3 hours at 250 V. Gels were dried and 

exposed to a phosphor-screens. The CRP concentration in each panel starts with 0 (no 

CRP), 0.2 μM, 0.4 μM, 0.8 μM and 1.6 μM respectively. The base sequence of the CRP 

consensus is shown above the panels with red bold bases. For kpsM 201CRPKO, the grey 

bases denote the base changes that knockout CRP binding. The binding of CRP on DNA 

fragment labelled as ‘CRP-DNA complex’ and no binding was labelled with ‘Free DNA’. 

 

 



 191 

  
 

Figure 6.9: Promoter activity in the kpsMII intergenic region studied in vitro 

A.  The figure shows EMSA analysis of the effects of E. coli holo-RNAP binding to P2 at the 

kpsMII promoter region. The left part shows the radiolabelled kpsMII DNA fragments with no 

RNAP. CRP additions start from lane 2. The right part of figure shows the radiolabelled kpsMII 

DNA fragments mixed with E. coli holo-RNAP added into the mixture.  

B. The figure shows transcripts resulting from E. coli holo-RNAP using the kpsMII promoter 

region, cloned in pSR plasmid. The RNA1 transcript, located at 110nt, represents the internal 

control for the experiment. The Maxam-Gillbert G+A ladder is shown in lane 0 and was used 

to calibrate transcripts starting at P1, P2 and P3 (as labelled). Lane 1 represents the control (no 

CRP). CRP concentrations start from lane 2 (0.1μM), lane 3 (0.2μM), lane 4 (0.4μM), lane 5 

(0.6μM), lane 6 (0.8μM), lane 7 (1μM), lane 8 (2μM) and lane 9 (3μM). 
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6.2.7 Activity of the kpsMII second promoter at lower temperatures 
 

The aim here was to assess expression from the second promoter (P2) in the kpsMII intergenic 

region at lower temperatures, since the first promoter was known to be repressed by H-NS at 

20 oC (Xue et al., 2009). pRW224/kpsM 440 that contains both functional promoters (P1 and 

P2) and the derivative pRW224/kpsM p2KO which has the second promoter knocked out 

(P2KO) were included in this experiment. Hence, these two recombinant plasmids were 

introduced into E. coli K-12 strain M182 ∆lac and E. coli K-12 strain M182 ∆lac ∆crp. The 

transformed cells were grown in LB medium and incubated at 37C or at 20C with shaking to 

mid-logarithmic phase (OD650=0.4-0.6). Cultures were lysed to measure the ß-galactosidase 

activites. The negative control, pRW224 with no insert, was used here. 

 

Figure 6.10 shows kpsMII promoter activities at two different temperatures (at 37 oC and 20 

oC). ∆crp cells showed higher levels of ß-galactosidase expression, with more than 1000 Miller 

units at 37 oC, confirming that CRP blocks the second promoter from RNAP, and also interferes 

with RNAP that is transcribing from the first promoter. Cells grown at 20 oC showed much 

lower promoter activities: plasmids, pRW224/kpsM WT and pRW224/kpsM p2KO, both   

showed the same low level of low ß-galactosidase expression at 20 oC (only 100 Miller Units). 

These data suggest that the second promoter in the kpsMII intergenic region cannot be 

expressed at lower temperature and followed temperature regulation just like first promoter of 

kpsMII (P1) (Xue et al., 2009).  

 

6.2.8 kpsMII promoter activity in different nutrition conditions 
 

The aim was to study the response of the kpsMII promoters to high glucose levels. Here, I used 

pRW224/kpsM 440 (containing both promoters) in E. coli K-12 strain M182 ∆lac and E. coli 

K-12 M182 ∆lac ∆crp. The level of ß-galactosidase expression was assessed during growth in 

LB or with LB supplemented with 0.4% (w/v) glucose. Cultures were incubated at 37C with 

shaking to mid-logarithmic phase (OD650=0.4-0.6). pRW224 with no insert was used here as 

the negative control for promoter activity comparisons.   

 

Figure 6.11 illustrates the activity of the kpsMII promoters in the different nutrition conditions. 

The results show the same pattern as previous results, with promoter activity boosted in the crp 

deleted strain. High levels of glucose are known to lower the cAMP signal in cells, but the 
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result here can be explained by the consensus nature of the DNA for CRP (Gaston et al., 1988). 

Note however, that the repression factor seen due to crp is significantly less in the glucose-

supplemented medium.  
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Figure 6.10: Temperature effects on expression from the kpsMII promoters and 

the effect of CRP 

The bar chart illustrates measured expression from the pkpsMII 440 fragment and the p2KO 

derivative in E. coli K-12 strain M182 WT  lac (blue bars) and E. coli K-12 strain M182  

lac crp (orange bars). The left-side panel concerns cells that were incubated at 37oC and the 

right-side panel concerns cells incubated at 20oC. ‘No insert’ denotes the negative control with 

empty pRW224. Each value indicates the average of three independent ß- galactosidase assays 

and the error bars represent the standard deviation (STDEV). * Indicates P < 0.002 and  ** 

indicates P < 0.04 using a student’s t-test. 
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Figure 6.11: The effect of glucose on CRP-dependent repression of the kpsMII 

promoters 

The bar chart illustrates ß- galactosidase expression driven by kpsMII promoters in E. coli K-

12 strain M182 WT  lac (blue bars) and E. coli K-12 strain M182  lac crp (orange bars) 

carrying pRW224/kpsM 440. The left and right sides of the figure show data from experiments, 

respectively, without or with (w/v) glucose-supplemented LB media. ‘No insert’ represents the 

negative control using empty pRW224. Each measure indicates the average of three 

independent ß- galactosidase assays and the error bars represent the standard deviation 

(STDEV) and * Indicates P < 0.000001 using a student’s t-test. 

 

 

 



 196 

6.3 The kpsMII regulatory region: comparison between EAEC strain 

042, UPEC strain CFT073 and UPEC strain UTI89 
 

Following my previous comparisons of virulence factor genes between UPEC strain CFT073 

and EAEC strain 042, the EAEC and UPEC kpsMII regulatory region sequences were aligned 

and are shown in Figure 6.12. The alignment shows that the P1 promoter -10 hexamer element 

is conserved. Interestingly, in CFT073, the -10 element of the second promoter is 5`-

TGTAAA-3` which is predicted not to be functional, due to a natural mutation at position 2. 

In contrast, no such mutation is seen with the strain UPEC UTI89 strain. However, the CRP 

binding site in both UPEC strains is fully conserved. The alignment also shows a 116 bases of 

insertion, in the UPEC sequence (or a deletion, in the EAEC sequence) 256 bp downstream of 

the CRP binding site. As P2 should be functional in UPEC strain UTI89, it would be interesting 

to investigate how this affects mRNA translation and stability. Regardless to the 

insertion/deletion block, the kpsMII intergenic region from UPEC shows a high degree of 

conservation with the sequence from EAEC 042, with a similarity of 91% (approx. 45 

mutations and two insertions in DNA sequence of kpsMII regulatory region from UPEC). 

Another point to mention in the alignment in Figure 6.12 is that ops element sequence for RfaH 

binding is conserved between the UPEC UTI89 and EAEC 042.  

 

The long length of the 5’UTR in the kpsMII regulatory region increases the possibility of the 

existence of small regulatory RNAs (sRNA) in both UPEC and EAEC. The DNA sequences 

were applied to PredsRNA (Kumar et al., 2021) and BLASTN analysis, however, no predictable 

sRNA sequence was recognised, suggesting that the existence of trans-acting sRNA here is 

unlikely. 
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kpsMI89           TTATTAATAGTTGTAATAAATCATTGAGTAACAATTGATAGGTCAAAACATATAGGATAA  
kpsM042           TTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATATAGGATAA  
kpsM073           TTATTAATAGTTGTAATAAATCATTGAGTAACAATTGATAGGCCAAAACATATAGGATAA  
                  ************* **************************** *****************  
  
kpsMI89           TTCTTATGTGATCTGTATTTTGTGTAGCCTGGAAATTAGTAAAATTACAGGAGATAATCA  
kpsM042           TTCTTGTGTGATCTGTATTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGAGATAATCA  
kpsM073           TTCTAGTGTGATCTGTATTTTGTGTAACCTGGAAGTTAGTAAAATTCCTGGAGATAATCA  
                  ****  ******************** * ***** *********** * ***********  
  
kpsMI89           GAAAGGGAATTTCAAATAAGCATAATAATTTCCAGGGAAACTATTCGTCGATTTTAAGAA  
kpsM042           GAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGATTTTAAGAA  
kpsM073           GAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTCGATTTTAAGAA  
                  *********************************** ************ ***********  
  
kpsMI89           ATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGGTTAAAATAAA  
kpsM042           ATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGGTTAAAATAAA  
kpsM073           ATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGGTTAAAATAAA  
                  ************************************************************  
  
kpsMI89           TACACAAAA-TAATCAAGATGTATATTTTAATCGACGAAAATAATTACCTTCGGGATTAT  
kpsM042           TACACAAAA-TAATCAAGATGTATATTTTAATCGACGAAAATAATTACCTTCGGGATTAT  
kpsM073           CACACAAAAATAATCAAGATGTATATTTTAATCGACAAAAATAATTACTCGCGGAATTAT  
                   ******** ************************** ***********   *** *****  
  
kpsMI89           TGATGCAACTTAAATAACACCATTTAAATGTGATATAAATCACAAATATGGCTGTAAAGA  
kpsM042           TGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATATGACTGTAAAGA  
kpsM073           TGATGGGTGTTAAATAACACCGTTTAAATGTGATGTAAATCACAAATGTGACTGTAAAGA  
                  *****    ************ ************ ************ ** *********  
  
kpsMI89           GGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGGGAAATAGTTTCT  
kpsM042           GGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGGGAAATAGTTTCT  
kpsM073           GGGTGCTGTAGATATAAATAAGAAGTACATGAGTGAATTTTAAATAGGGAAATAGTTTCT  
                  *** ************************* ******************************  
  
kpsMI89           CGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGTTTGAAACAGATTGCAAGTG  
kpsM042           CGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGTTTGAAACAGATTGCAGGTA  
kpsM073           TGCTAAACAATTTATTGGTAATCAATCGCATGCGTTCTGGTTTGAGATAGATTACAGGTG  
                   * * ************************ *************** * ***** ** **   
  
kpsMI89           TTGTTACGCATAAAATCCATAGGGGATATTATAATCAAGTAGTTAACAGTAATAACAAAA  
kpsM042           TTGTTACGCATAAAATCCATGGGGG-TATTATAATCAAGTAGTTAACAGTAATAACAAAA  
kpsM073           TTACTACGCATAAAATTCATGGGTGGTATTATAATCAAGTAGTTAACAGTAATAGTGAAA  
                  **  ************ *** ** * ****************************   ***  
  
kpsMI89           AATAATTTC---------------------------------------------------  
kpsM042           AATAATTTC---------------------------------------------------  
kpsM073           AATAATTTCTTGCGAAATTAGCGGCCCGTTTTGAATAAGTGTGTTCCGGAGTAATCCAGA  
                  *********                                                     
  
kpsMI89           ------------------------------------------------------------  
kpsM042           ------------------------------------------------------------  
kpsM073           ACGCATGCTGCTTTACATCTTTTTCAAGCCATATTGGTTAAGCAAAAAGAAGTAGAAATA  
                                                                              
  
kpsMI89           -----CTGAGAAATTAACTCTGCATTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGA  
kpsM042           -----CTGGGAAATTAACTCTACATTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGA  
kpsM073           ATTTCCTGAGAAATTAACTCAACATTCTGAAACGGCCAGTTTTCTGAAATTACCAGAAGA  
                       *** ***********  ****** *******************************  
  
kpsMI89           CCGAATACATTCATGCCTGAAGAATGGATTAGAAGAAACGAGACGGAAATAGATCTATTT  
kpsM042           CCGAATACATTCATGCCTGAAGAATGGATTAGAAGAAACGAGACGGAAATAGATCTATTT  
kpsM073           CCGAATACATTCATGCCTGAAGAATGGATTAGAAGAAACGAGACGGAAATAGATCTATTT  
                  ************************************************************  
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kpsMI89           ATCCCTGCGGAAATAATTTCTGCTGAAATTTTTTTGCGGCTATTAAAAAGGTCAAACCGT  
kpsM042           ATCCCTGCGGAAATAATTTCTGCTGAAATTTTTT-GCGGCTATTAAAAAGGTCAAACCGT  
kpsM073           ATCCCTGCGGAAATAATTTCTGCTGAAATTGTTT-GCGGCTATTAAAAAGGTCAAACCGT  
                  ****************************** *** *************************  
  
kpsMI89           CTGAGTAAATTTTATCCAGTTACAAACAAGTATTACCTCCAGTGTATTGGTAGCTGTTAA  
kpsM042           CTGAGTAAATTTTATCCAGTTACAAATAAGCATTACCTCCAGTGTATTGGTAGCTGTTAA  
kpsM073           CTGACTAAATTTTATCCAGTTACAAACAAGTATTACCTCCAGTGTATTGGTAGCTGTTAA  
                  **** ********************* *** *****************************  
  
kpsMI89           GCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCACATCATCAAATGGCAAGAAGTGG  
kpsM042           GCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCACATCATCAAATGGCAAGAAGTGG  
kpsM073           GCCAGGGGCGGTAGCATACCTGAAGAGAATAGGATCACATCACCAAATGGCAAGAAGTGG  
                  **** ********** ************ ************* *****************  

 

Figure 6.12: Base Sequence alignment of the UPEC CFT073, and EAEC 042, and 

UPEC strain UTI89 kpsMII regulatory regions 

The figure shows the alignment of base sequence of the kpsMII regulatory region from UPEC 

UTI89 (kpsMI89); and EAEC 042 (kpsM042); and UPEC CFT073 (kpsM073). The two 

promoters -10 elements are highlighted with yellow shading and a key difference is underlined.  

Key bases for CRP binding are in gold typefaces. Triplets highlighted in light blue upstream 

of the CRP site indicate possible start codons, and kpsMII coding sequences are shown as 

underlined red bases. Green olive highlighted and dash underlined bases indicate the RfaH ops 

element from the Xue et al. (2009) study. Start markers denote identical base and dash mark 

means the deletion of the bases. (Thompson et al., 2003). 
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6.4 Discussion 
 

My results show that CRP plays a role in the kpsMII regulatory region, which, according to my 

data, contains at least two functional promoters and possibly a third weak promoter. The 

findings here are supported by the signal from CRP ChIP-seq in the kpsMII intergenic region 

(Chapter 4) and the comparable and continuing work reported by Xue et al. (2009) paper. 

However, Xue et al. (2009) did not test the kpsMII fragments in  crp cells. Interestingly, 

kpsMII P1 is clearly a more powerful than kpsMII P2, although the reasons for this are not 

evident from the base sequence. kpsMII P2 was optimally active only in the absence of CRP, 

indicating the repression mode of CRP at kpsMII P2. Not only does CRP affected the kpsMII 

P2 expression, but H-NS also affects the kpsMII P2 expression, as the promoter shows more 

activity after removing of H-NS binding sites in the kpsM 551 fragment (Figure 6.4B). Clearly 

more experiments are needed to understand the role, if any, of the long intergenic region before 

the kpsMII structural gene. And a further mutational analysis is needed in case of the third 

promoter (kpsMII P3). RfaH is important for virulence expression in Vibrio vulnificus (Garrett 

et al., 2016), therefore, it is essential to study how can this antiterminator might influence the 

kpsMII P2.  

 

It could be assumed that there might be a trans-acting sRNA embedded between the first 

promoter and the kpsMII gene, and the presence of the second promoter will interfere with this. 

It is possible that this sRNA is essential for the stability of kpsMII translation and the rest of 

the operon. However, Xue et al. (2009) had studied this possibility, but no a trans-acting sRNA 

was found there. Moreover, several more experiments of the role of CRP in kpsMII are needed 

to state if CRP affects the transcription of kpsMII indirectly.  
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Final discussion and conclusions 
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7.1  Discussion 
 

CRP was discovered as an activator for lac operon promoter and its mechanism of action was 

first reported by Malan et al. (1984). Following this, other promoters, beside the lac operon 

promoter, were found to be activated by CRP by different mechanisms (Busby and Ebright, 

1999). Therefore, CRP was used as a model to study mechanisms of promoter activation, and 

it was found to function in two ways, known as Class I and Class II, to recruit RNAP to target 

promoters. However, studies also shown that CRP also can act as a repressor. The subsequent 

application of whole genome sequencing methods such as ChIP-seq showed that CRP binds to 

many targets besides what was discovered before. Also, CRP can bend DNA, and at many 

targets, this has no role in transcription activation or repression, leading to the idea that CRP 

can act as NAP at these targets. 

 

The application of genomic methods has helped to study pathogen genomes. For example, in 

EAEC, a catalogue of genes under the control of the ‘master’ virulence regulator, AggR, was 

produced (Yasir et al., 2019). It was assumed that all VFGs would be controlled by this bespoke 

regulator until the work of Rossiter et al. (2011) found that one of the virulence determinants, 

pet, was co-activated by the global regulators, CRP, and Fis. This could be explained by the 

need of SPATE for scavenge in nutritional starvation conditions. Other virulence determinants 

were found to be also co-activated by the CRP and Fis such as sat and sigA (Rossiter et al., 

2015). The outcome from these studies led to my project in which I asked if there are more 

virulence determinants that are dependent on CRP. Also, would the same pattern be seen in 

other pathogens?  

 

The findings in Chapter three illustrates a comparison of the pic promoter region between 

EAEC and UPEC. Pathogens benefit from Pic during colonization of host intestines or bladder 

because of its mucinase activity (Flores-Sanchez et al., 2020). The natural media of mucus is 

known to be nutritionally poor, and this creates the need for pic to be expressed in these 

circumstances. The results in Section 3.2.1 for the EAEC pic promoter and Section 3.3.1 for 

the UPEC pic promoter demonstrate CRP-dependence, as suggested from sequence analysis 

that showed a CRP binding site upstream of the pic gene in each case. My results show that the 

first base (+1) of the transcript differs between EAEC and UPEC. Thus, the EAEC pic promoter 

follows Class I CRP activation whilst the UPEC pic promoter follows Class II. My results 

suggest competing -10 element in pic promoter regions. Hence, my findings show an unusual 
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promoter architecture, with a single binding site for the transcriptional regulator, CRP, but two 

alternative downstream promoters, posing a challenge to incoming RNAP that has to make a 

choice of where to start.  

 

Studies of the CRP consensus at the pic promoter in Section 3.4.4 underscored its importance 

in recruiting RNAP. Another significant finding was the impact of the length of 5`UTR on the 

translation of mRNA. The result in Section 3.4.6 showed that, when transcription of lacZ starts 

from the pic p073 upstream promoter, translation of the pic::lacZ fusion gene was reduced, 

indicating that a challenging mRNA secondary structure occurs here which likely causes a 

decay in the transcript. In contrast, selection of the downstream promoter led to normal 

pic::lacZ translation. My findings suggest that pic p073 is an ambiguous promoter where both 

Class I and Class II CRP-dependent activation is possible (Alhammadi et al., 2022).  

 

An unexpeted finding was that other regulators, like Fis and AggR, are involved in pic promoter 

regulation in EAEC and UPEC. My findings in Section 3.5.1 for Fis, and Section 3.5.2 for 

AggR, suggest a repressive role for both Fis and AggR, as their binding sites are downstream 

from the promoters. Furthermore, Fis levels increase in rapid growth conditions and promoters 

that are not needed in this condition e.g., pic will be repressed by Fis. Other work by previous 

PhD student, Muhammad Yasir, had shown that some CRP-dependent promoters repressed 

such as pet could be repressed by AggR (Yasir, unpublished). Here, I showed that AggR can 

also repress the pic promoter, which can be rationalised by the complementary roles of CRP 

and AggR as global and bespoke regulators, respectively. However, it is important to point out 

here that AggR is not present in UPEC (Wallace-Gadsden et al., 2007). Togther my result lend 

support to the statement of “virulence determinants that are expressed in the early stage of 

infection time scale require a common or global regulator, until the bespoke regulator is 

expressed and drives the expression of the ‘vicious’ determinants. However, more studies and 

more examples are needed here to support this theory. The involvement of Pic in pathogen 

biofilm formation stage was illustrated by Liu et al. (2020). They found that the wild type 

EAEC could increase colonisation with differential in biofilm distribution and this was 

enhanced by mucus layer penetration driven by Pic. The findings of Liu et al. (2020) findings 

support the importance of Pic in colonisation and supported that Pic is expressed in the early 

stages of pathogenesis. 
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My research continued with an investigation of whether more EAEC strain 042 virulence genes 

beside pet and pic, have been recruited to the CRP regulon (Rossiter et al., 2011; Alhammadi 

et al., 2022). To address this, first, I tested the involvement of CRP in the formation of biofilm 

in EAEC 042. The result in Section 4.2 proves that CRP has a broad role. Therefore, guided by 

James Haycocks, I carried out CRP ChIP-seq on the EAEC 042 genome and the findings are 

catalogued in Chapter 4. We were able to find 322 CRP targets on the EAEC 042 chromosome, 

thirty-one of them were specific to this pathogen (Section 4.2.1) and only 10 CRP targets were 

found on the pAA virulence plasmid (Section 4.2.3). Many of these locations are positioned at 

promoter regions, which could indicate a role for CRP in transcription, but there were more 

sites where CRP appears to play a NAP role. In contrast to EAEC CRP ChIP-seq data, the 

distribution of CRP sites between intergenic and intragenic regions was approximately equal 

to that found in the Mycobacterium tuberculosis genome (Kahramanoglou et al., 2014). Many 

of the CRP targets in the EAEC genome have been reported previously such as: proP (McLeod 

et al., 2000), galP (Semsey et al., 2007), gntK (Izu et al., 1997), aaeR (Raghavan et al., 2011); 

and others too (Appendix B; regulated by CRP).  

 

Remarkably some apparently weak binding sites for CRP gave high read scores, such as: cat 

(4/10), cspE (3/10), hdfR (4/10) and fixA (7/10). As expected, other CRP targets, with a 

complete match to the CRP consensuses, gave high score of reads. The best example was 

kpsMII, which is an interesting candidate for further investigation. DNA binding bases for CRP 

from ChIP-seq results showed a conserved bases 5`-TGTGAN6TCACA-3` (Section 4.2.2) 

which supported the importance of these bases in the interaction of CRP with the DNA template 

(reviewed in Lawson et al. 2004). The majority of regulatory CRP targets from my ChIP-seq 

data are involved in expression of metabolic enzymes, gene-specific transcriptional regulators, 

or transporters.  

 

To try to understand the role of CRP at specific-EAEC 042 loci, I focused on CRP targets that 

are located in intergenic regions where the DNA site of CRP is not too close to the translation 

site of the gene. Most of my findings at new targets, such as kpsMII and EC042_0536, show a 

repression role for CRP. This repression mechanism is likely due to blocking the promoter 

elements from holo-RNAP binding, and this indicates that the corresponding gene products 

may be unnecessary when EAEC is faced with nutrient starvation mode. Some tested targets, 

like EC042_0225 and EC042_0224, did not show any high promoter activity, indicating that 

CRP could play a NAP role in there.  
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In the following chapter, Chapter 6, I present the evidence from in vivo and in vitro 

investigations of the influence of CRP at the kpsMII regulatory region. Xue et al. (2009) 

previously reported the transcription regulation of kpsMII; however, the results of ChIP-seq 

detected a CRP binding site into the region after the reported promoter, indicating that CRP 

may have played a vital role in the expression of region three of group 2 capsule. The 

preliminary result in Section 5.4.1 indicated a repressive role for CRP in the kpsMII intergenic 

region. Taking into consideration the reported promoter of kpsMII P1 and the result from CRP 

ChIP-seq, the orientation of the repressed promoter by CRP in Section 5.4.1 needed to be 

investigated. The result of the previous point was shown in Section 6.2.2 and proved the 

existence of a second promoter oriented to the kpsMII gene (kpsMII P2). 

 

Section 6.2.3 assessed the number of promoters that can drive the downstream gene expression, 

kpsMII, which concluded the existence of two promoters, showing the hexamer elements: 5'-

TATTTT-3' (Xue et al., 2009) and 5'-TATAAA-3' which are remarkably located between the 

CRP binding site 5'-TGTGATATAAATCACA-3'. In Section 6.2.4, kpsMII P1 showed 

powerful promoter activity, whereas kpsMII P2 showed weak promoter activity compared with 

kpsMII P1. This correlation is important as kpsMII is the first gene in the operon, and the 

promoter that drives the expression of region three will continue the translation to region two 

too (Xue et al., 2009; Stevens et al., 1994). 

 

Thus, the repression role of CRP on the kpsMII second promoter may have contributed to the 

transcription of kpsMII in an indirect way that might interfere with the expression of sRNA. 

As most genes that encode outer membrane proteins are regulated by sRNA and are essential 

for mRNA translation stability (Johansen et al., 2006). There are several significant differences 

in the alignment of the kpsMII promoter region between EAEC 042 and UPEC CFT073 and 

UPEC UTI89 strains, as shown in Chapter 6, Figure 6.12. The natural mutation in the kpsMII 

P2 in UPEC strain CFT073 (5'-TGTGATGTAAATCACA-3') but not in UPEC UTI89 due to 

conserved bases in P2 with EAEC 042 is one of the significant differences. Furthermore, the 

116 bp, whose presence in UPEC UTI89 (Jia et al., 2017) raises the possibility that it plays a 

role in the kpsMII P2 expression. 
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7.2  Limitations 
 

Although there were some good results were presented on this project, some limitations were 

recorded during the research, for example, the CRP ChIP-seq experiment in Chapter 4 the wild 

type strain, EAEC 042, was only used there and I did not investigate the EAEC 042 crp strain. 

Because of the large quantities of data produced from the CRP ChIP-seq experiment, Appendix 

B, it was difficult to investigate all of the CRP targets, due to time limitations, and the 

possibility of false positive results remains. Another difficulty was ignorance of the 

involvement of other regulators at many CRP tragets: these could well have co-activator or co-

repressor roles. Perhaps the most serious problems I faced it was the predictions of CRP 

binding sites from ChIP-seq data via the MEME SUITE software (Figure 4.6B). The selected 

motif by MEME was 5`-TGTGAYBBNBATCACAWWWTT-3` where the bases: 

Y=T or C, 

B= G or C or T, 

N= G or A or Tor C, 

and W=A or T.  

The presence of 5`-WWWTT-3` at the end of the motif did affect the chosen motif from the 

sequence window,101 bp, and in some cases gave the wrong motif, which was identified before 

in some studies, such as the case of malT. The proposed CRP DNA site in Chapon and Kolb's 

(1983) research was 11 bp upstream of where the MEME result suggested it.  

7.3  Future research directions 
 

The involvement of the global regulator, CRP, in the regulation of virulence genes had been 

reported in many papers before this project (Section 1.12), yet more virulence genes in CRP 

regulon need to be discovered from different strains. The outcomes from these researches can 

help to understand the behave of pathogens in serious situation like the lack of nutritions in the 

surrounding and how to cope with it.  

 

Some suggestions could direct this project in the future are pointed here. An experiment could 

be considered in Chapter 4 for a comparison purposes is RNA-seq technique which can prove 

if there are any mRNA comes from the binding of the CRP on it site. Furthermore, the results 

in Chapter four of CRP ChIP-seq needs more investigations on the CRP new targets where the 

genes are common with E. coli K-12 to update CRP regulon network in RegulonDB database 

(Santos-Zavaleta et al., 2019). Further research on the regulation of kpsMII is require to 
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determine if CRP involves at the post-transcriptional of kpsMII expression. Another 

investigation should be considered is testing the translation efficiency of kpsMII gene using the 

strain EAEC 042 with ±CRP background via reverse transcriptase experiments. Also, the 

promoter activity of kpsMII P2 from UPEC UTI89 need further investigation to compare it 

with kpsMII P2 from EAEC 042 and build a model suit these findings. Although Chapter five 

answered the regulation of CRP on EAEC specific genes in general, the question of CRP 

repression on EC042_0536 remain to be answered.   

7.4  Conclusions 
 

This study helped to uncover how can pathogens cope the challenging circumstances by 

responding to the environment signals and exploit a global regulator to regulate the essential 

enzymes in early stages of infections of EAEC and UPEC.  

 

The remarkable outcomes from this study are: 

• Involvement of CRP to activate the transcription of some virulence factors like pic. 

• Unusual architecture of the pic promoters from Enteroaggregative and 

Uropathogenic Escherichia coli. 

• The remarkable of a conserved two promoters drive same gene from two different 

strains whereas one follow Class I activation and the other follows Class I/II activations.  

• Most of CRP-dependent promoters that drive virulence genes are repressed by the 

master regulator of virulence genes in EAEC 042, AggR.  

• CRP plays indirect regulation role on kpsMII regulatory region.  

• The closer of binding site of a repressor to the -10 element of the promoter the more 

effect of repression will occur.  

• The impact of the leader sequence lengths on the mRNA translation stability. 
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Appendix  
 

Appendix A 

 

Figure 1: DNA base sequence of pic p042 promoter fragment WT and derivatives 

(continued) 

> pic p042 WT

GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAA

CCCGGGGCGGTTCAGTTCACAAAAACACATTAATGCAGTAACTATATTT

TCCTTTCTGGTGATAACGTCGGGTTATCATTAGCTTCTTCAGCTATTTT

ACTTTTATATCCCTTGTAAACATCATAAGCTT
.
1

..
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.....

....

100

50

150

> pic p042 UKO

GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAA

CCCGGGGCGGTTCAGTTCACAAAAACACATTAATGCAGTAACTCTATTT

TCCTTTCTGGTGATAACGTCGGGTTATCATTAGCTTCTTCAGCTATTTT

ACTTTTATATCCCTTGTAAACATCATAAGCTT
.
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Figure 1: DNA base sequence of pic p042 promoter fragment WT and derivatives 

The panels show the DNA sequence of the pic p042 promoter and its derivatives: (A) pic p042 

WT promoter fragment, (B) pic p042 UKO promoter fragment, (C) pic p042 DKO promoter 

fragment, and (D) pic p042 BKO promoter fragment. 167 base pairs upstream of the pic gene 

from EAEC strain 042. The CRP binding site is shown in bold bases and is highlighted in light 

green. The arrows show the point of mutation in the upstream promoter (A ➔ C) at position 

81 bp; and in the downstream promoter (A ➔ C) at position 61 bp; and the point of mutation 

> pic p042 DKO

GAATTCGATCTGGCAGCCTGAGTTCACAGATAAAACAATCTCCAGGAAA

CCCGGGGCGGTTCAGTTCACAAAAACACATTAATGCAGTAACTATATTT

TCCTTTCTGGTCATCACGTCGGGTTATCATTAGCTTCTTCAGCTATTTT

ACTTTTATATCCCTTGTAAACATCATAAGCTT
.
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ACTTTTATATCCCTTGTAAACATCATAAGCTT
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in the extended -10 element (G ➔ C) at position 64 bp. The sequence highlighted with dark 

green represents the restriction sites for EcoRI and HindIII. The numbering of the fragment 

starts from the HindIII site.   
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Figure 2: DNA base sequence of pic p073 promoter fragment WT and derivatives 

(continued) 

GAATTCGAAAAGTATTTCACTATGTAACAGACATCACAAAAATACAT

TAATGCAGTCACTATATTTTCCGCCCGGGTGATAACGTCTGGTTATC

ATTAGTACTTAAACATCATAAGCTT
..
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100

1

>pic p073 WT

GAATTCGAAAAGTATTTCACTATGTAACAGACATCACAAAAATACAT

TAATGCAGTCACTCTATTTTCCGCCCGGGTGATAACGTCTGGTTATC

ATTAGTACTTAAACATCATAAGCTT
..

.....

....

50

100
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         Figure 2: DNA base sequence of pic p073 promoter fragment WT and 

derivatives 

The panels show the base sequence of the pic p073 promoter and its derivatives: (A) 

pic p073 WT promoter fragment, (B) pic p073 UKO promoter fragment (C) pic p073 

DKO promoter fragment, and (D) pic p073 BKO promoter fragment. 107 base pairs 

upstream of the pic gene from UPEC strain CFT073. The CRP binding site is in bold 

bases and highlighted in light green. The arrows show the point of mutation in the 

upstream promoter (A ➔ C) at position 52 bp; and in the downstream promoter (A ➔ 

C) at position 32 bp; and the point mutation in the extended -10 element (G ➔ C) at 

position 35 bp. The sequence highlighted with dark green represents the restriction sites 

for EcoRI and HindIII. The numbering of the fragment starts from the HindIII site. 

 

GAATTCGAAAAGTATTTCACTATGTAACAGACATCACAAAAATACAT
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A. 

>kpsMII (201 bp) 

 
GAATTCTAATTACCTTCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATA

AATCACAAATATGACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATT

TTAAATAGGGAAATAGTTTCTCGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGT

TTGAAACAGAAGCTT 

 

B. 

>kpsMII CRPKO (201 bp)  
 

GAATTCTAATTACCTTCGGGATTATTGATGCGACTTAAATAACACCATTTAAATCTGATATA

AATAACAAATATGACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATT

TTAAATAGGGAAATAGTTTCTCGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGT

TTGAAACAGAAGCTT 

C. 

>EC042_0414 (171 bp) 

 

GAATTCATGTTGCAATCTTCTGCTGACAAAGCGTGCAACGTACTGGTGAAGAAAGTGCGTTA

TCTCAATGATGTGCGCAAGATCACAAAAATGATGAACGGGAAGCTAATTTATTCCTGGCTTG

TATGGCCATGCAGTGAGTTTTTTCTCTTAATTATAAGTTAAAAGCTT 

D. 

>EC042_3143 (191bp)  

 

GAATTCATGTCCGTTTGCGGACAAGCAATAGATAAGGCGTGTTGTAGATCACAAATATTTAT

ATGCAATAAATATCAATTATGTAACATGCATCACGATATGCGTATTGACATTTGTTGTTATA

TCTATAACTCAATGTTATATAAGAAATTAATAATTCACTGTTTTCAAAACACCGGTTTCCCA

AGCTT 

Figure 3: DNA base sequence of EAEC 042 specific genes regulatory regions 

(continued) 
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E. 

>EC042_3644 (192 bp)  
 

GAATTCTTTAACATTAATGCCAAAAACCGGGGAAACCCGGTTTTTTTATCCTCTTTTTGTAA

TAATCCGAAAAAATGTGAAGCGCCTCGCCGTTTCCACATCTCGCAGTTGCCACTTATCTTCA

TTTTTATGAAGATATAAATATTCATTTTATTGAAAATTTACTATGCGTCGAACGTTTATCAA

AAGCTT 

 

F. 

>EC042_0224 (200 bp)  

 
GAATTCATGAGCAAAATGAACAACAATGGCGGCAGTGTCGCGCCGAAAGAAAGAATCAGCGT

TCGGTATACACCAAAAGTTGATGGGGTGGCTGCTGATATCGAATTGCCGCTGAATTTATTGA

TCACCGGCAATCTGAAAGGGAAACCAGATAACACGCCGTTGGACGAGCGAACTGCCATTGCT

ATCAACCGAAGCTT 

 

G. 

>EC042_4012 (192 bp)  
 

GAATTCGGTGGAGATCTCTGTCACCAGCCAGACGGCGGGCACCAGTGCGGTCACTGCCAGCA

TTAACAGCAGCAGCCAGAGCCGGAACGTGACGTTTGTCGCGGATGTCAGGACGGCGAAGATA

GCGGATCTGGTCGTTAGCCAGGATAACGCGGTGGCAGACGGTTCGACGGCGAACACGCTGCG

AAGCTT 

 

H. 

>EC042_3975 (192 bp)  

 
GAATTCAGATTCGGTTTTTCAGACCCCCATCCTAAACCAGCATGAATCAGACTAAAAGTTCA

CTTACCCATACTGGCATTAACAATGTTATCGTATACACGTTATTGCGTCTTTATAGGTGTTA

ACATGGCTAAAGATTTAACAACCTCTGCTCATGACAGACAAAATATTTTGAATAACTCTTAT

AAGCTT 

Figure 3: DNA base sequence of EAEC 042 specific genes regulatory regions 

(continued) 
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I. 

>EC042_3970 (186 bp)  
 

GAATTCCAATAGCTAATTTTTTTGGCGCACCATATGAGGTAGGTTATCTATTCTCTGTTTTT

TGTCTTGTTATTGCCCTTCTTTACCTGTGGATGAGAGCAAAGAACAAAAATTAGCCATCCGT

GGCTAACCAGTTATTGAGCTTCTTTTTGTGATGCCTGTACGACTCTGGTGAGCGATAAGCTT 

J. 

>EC042_4604 (192 bp)  
 

GAATTCAACTATTGAGGCCAGCCTGATTTTGGCGCAAAATGGGCTGAACGCCGCCGAAAACT

GTTGCTGATTGCACCCGCAACGCTACGCAAGCAGTGGAGCCAGGAGCTGGAAGAGAAATTTT

CGCTGCCTTCACAAATTATTGAAGCGAAGATCTTCAATCAAATGGTTAAAGAGGGGAGCGAT

AAGCTT 

 

K. 

>virK (192 bp)  
 

GAATTCTCATGTTTTCCGGCAATTGAGATACTGGTATCAGAAACGCAAAACCTTTGTTGCGG

TCTATAGTGATTTCTGGGAGTCTGTAGCAGGAAAAACCTGTGGTGACTGGTACAGATTACCA

ACCCAGGTGATTCGAAAGCCGCTAAGCGATATAGCCAGTAAAAAACGCTCTGAGTACCGAAA

AAGCTT 

 

L. 

>EC042_0225 (145 bp) 
 

GAATTCAACTCGAATAAAGAAAAGGGTGTGGTTCCTGATGTGAGCCGCATCACACTCTAACC

CGTCGGGGATTAACGACGGGTTGTTCGTAAAACAGCAGTTGATAATTTCACAAGGAGTTCAT

AAATGCCAACCCCATAAGCTT 

Figure 3: DNA base sequence of EAEC 042 specific genes regulatory regions 

The panel shows the DNA sequence of A. kpsMII, B.  kpsMII CRPKO, C. EC042_0414, D. 

EC042_3143, E. EC042_3644, F. EC042_0224, G. EC042_4012 H. EC042_3975, I. 

EC042_3970, J. EC042_4604, K. virK; and L. EC042_0225. Black bases indicate promoter 

fragments whereas the red bases indicate the intragenic regions. CRP binding sites identified 

by CRP ChIP-seq are shown as yellow highlighted bases. The sequences highlighted with dark 
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green represent the restriction sites for EcoRI and HindIII. The numbering of each fragment 

starts from the downstream HindIII site.  
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A. 

>pkpsM216 (216bp) 

GAATTCTAACACTGGTTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGA

AAATAATTACCTTCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATAAAT

CACAAATATGACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTA

AATAGGGAAATAGTTTCTCGGTGAACAAAGCTT 

B. 

> pkpsM216R (216bp) 

GAATTCTGTTCACCGAGAAACTATTTCCCTATTTAAAATTCACTCGTGTACTTCTTATTTAT

ATCTACAGCCCCCTCTTTACAGTCATATTTGTGATTTATATCACATTTAAATGGTGTTATTT

AAGTCGCATCAATAATCCCGAAGGTAATTATTTTCGTCGATTAAAATATACATCTTGATTAT

TTTGTGTATTTATTTTAACCAGTGTTAAAGCTT 

Figure 4: DNA sequence of the pkpsMII216 forward and reverse fragments 

The figure illustrates the DNA sequences of 216 bp of pkpsMII DNA around the CRP binding 

site that was located by CRP ChIP-seq, which is shown in yellow with bold bases. A. pkpsM216 

oriented to the kpsMII gene. B. pkpsM216R complement sequence of A. The sequences 

highlighted with dark green represents the restriction sites EcoRI and HindIII. The numbering 

of the fragment starts from the HindIII site.   

 

 

. 

. . . . 

. . . . . 

100 
. 

50 

. 

. . 

. 

. . . 

. 

. 

10 

150 

200 

. . . . 

. . . . 

100 

. 

. . . . . . 

. 

10 

150 

200 

. 

. 

. 

50 

. 



 233 

 

Figure 5: DNA sequences of the pkpsMII nested promoter deletions 

(continued) 

 

GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTATTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGTTTGAAA

CAGATTGCAGGTATTGTTACGCATAAAATCCATGGGGGTATTATAATCAAGTAGTTAAC

AGTAATAACAAAAAATAATTTCCTGGGAAATTAACTCTACATTCTAAAACGGCCAGTTT

TCTGAAATTACCAGAAGACCGAATACATTCATGCCTGAAGAATGGATTAGAAGAAACGA

GACGGAAATAGATCTATTTATCCCTGCGGAAATAATTTCTGCTGAAATTTTTTGCGGCT

ATTAAAAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTACAAATAAGCATTACCTCC

AGTGTATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCACA

TCATCAAATGGCAAGAAGTAAGCTT

>pkpsM WT (851 bp)
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Figure 5: DNA sequences of the pkpsMII nested promoter deletions 

(continued) 

 

GAATTCAAAATTCCTGGAGATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCC

AGTGAAACTATTCGTTGATTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGG

TGTTGGTTGTAACACTGGTTAAAATAAATACACAAAATAATCAAGATGTATATTTTAAT

CGACGAAAATAATTACCTTCGGGATTATTGATGCGACTTAAATAACACCATTTAAA TGT

GATATAAATCACAAATATGACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACAC

GAGTGAATTTTAAATAGGGAAATAGTTTCTCGGTGAACAATTTATTGGTAATCAATCGC

GTGCGTTCTGGTTTGAAACAGATTGCAGGTATTGTTACGCATAAAATCCATGGGGGTAT

TATAATCAAGTAGTTAACAGTAATAACAAAAAATAATTTCCTGGGAAATTAACTCTACA

TTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGACCGAATACATTCATGCCTGAAGA

ATGGATTAGAAGAAACGAGACGGAAATAGATCTATTTATCCCTGCGGAAATAATTTCTG

CTGAAATTTTTTGCGGCTATTAAAAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTA

CAAATAAGCATTACCTCCAGTGTATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCT

GAAGAGATTAGGATCACATCATCAAATGGCAAGAAGTAAGCTT

>pkpsM 751 (751 bp)
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Figure 5: DNA sequences of the pkpsMII nested promoter deletions 

(continued) 

GAATTCACTGAGGGATGGTGTTGGTTGTAACACTGGTTAAAATAAATACACAAAATAAT

CAAGATGTATATTTTAATCGACGAAAATAATTACCTTCGGGATTATTGATGCGACTTAA

ATAACACCATTTAAATGTGATATAAATCACAAATATGACTGTAAAGAGGGGGCTGTAGA

TATAAATAAGAAGTACACGAGTGAATTTTAAATAGGGAAATAGTTTCTCGGTGAACAAT

TTATTGGTAATCAATCGCGTGCGTTCTGGTTTGAAACAGATTGCAGGTATTGTTACGCA

TAAAATCCATGGGGGTATTATAATCAAGTAGTTAACAGTAATAACAAAAAATAATTTCC

TGGGAAATTAACTCTACATTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGACCGAA

TACATTCATGCCTGAAGAATGGATTAGAAGAAACGAGACGGAAATAGATCTATTTATCC

CTGCGGAAATAATTTCTGCTGAAATTTTTTGCGGCTATTAAAAAGGTCAAACCGTCTGA

GTAAATTTTATCCAGTTACAAATAAGCATTACCTCCAGTGTATTGGTAGCTGTTAAGCC

AAGGGCGGTAGCGTACCTGAAGAGATTAGGATCACATCATCAAATGGCAAGAAGTAAGC

TT

>pkpsM 651 (651 bp)
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Figure 5: DNA sequences of the pkpsMII nested promoter deletions 

(continued) 

GAATTCGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATATGACTG

TAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGGGAAAT

AGTTTCTCGGTGAACAATTTATTGGTAATCAATCGCGTGCGTTCTGGTTTGAAACAGAT

TGCAGGTATTGTTACGCATAAAATCCATGGGGGTATTATAATCAAGTAGTTAACAGTAA

TAACAAAAAATAATTTCCTGGGAAATTAACTCTACATTCTAAAACGGCCAGTTTTCTGA

AATTACCAGAAGACCGAATACATTCATGCCTGAAGAATGGATTAGAAGAAACGAGACGG

AAATAGATCTATTTATCCCTGCGGAAATAATTTCTGCTGAAATTTTTTGCGGCTATTAA

AAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTACAAATAAGCATTACCTCCAGTGT

ATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCTGAAGAGATTAGGATCACATCATC

AAATGGCAAGAAGTAAGCTT

>pkpsM 551 (551 bp)
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GAATTCAAATAGGGAAATAGTTTCTCGGTGAACAATTTATTGGTAATCAATCGCGTGCG

TTCTGGTTTGAAACAGATTGCAGGTATTGTTACGCATAAAATCCATGGGGGTATTATAA

TCAAGTAGTTAACAGTAATAACAAAAAATAATTTCCTGGGAAATTAACTCTACATTCTA

AAACGGCCAGTTTTCTGAAATTACCAGAAGACCGAATACATTCATGCCTGAAGAATGGA

TTAGAAGAAACGAGACGGAAATAGATCTATTTATCCCTGCGGAAATAATTTCTGCTGAA

ATTTTTTGCGGCTATTAAAAAGGTCAAACCGTCTGAGTAAATTTTATCCAGTTACAAAT

AAGCATTACCTCCAGTGTATTGGTAGCTGTTAAGCCAAGGGCGGTAGCGTACCTGAAGA

GATTAGGATCACATCATCAAATGGCAAGAAGTAAGCTT

>pkpsM 451 (451 bp)
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Figure 5: DNA sequences of the pkpsMII nested promoter deletions 

The panel shows the DNA sequences of the (A) 851 bp kpsMII promoter fragment, (B) 

751 bp kpsMII promoter fragment, (C) 651 bp kpsMII promoter fragment, (D) 551 bp 

kpsMII promoter fragment, (E) 451 bp kpsMII promoter fragment, (F) 351 bp kpsMII 

promoter fragment. The CRP binding site indicated by CRP ChIP-seq is highlighted in 

yellow highlighted and bold bases. The DNA bases highlighted in grey represent the -

10 element of the previously identified promoter (P1). The transcription starting site +1 

of the P1 promoter is indicated with a black arrow at 750 bp. The kpsMII gene is shown 

in red bases. The sequence highlighted in dark green represents the restriction sites for 

EcoRI and HindIII. The numbering of the fragment starts from the HindIII site.   

 

 

GAATTCGGGGTATTATAATCAAGTAGTTAACAGTAATAACAAAAAATAATTTCCTGGGA

AATTAACTCTACATTCTAAAACGGCCAGTTTTCTGAAATTACCAGAAGACCGAATACAT

TCATGCCTGAAGAATGGATTAGAAGAAACGAGACGGAAATAGATCTATTTATCCCTGCG

GAAATAATTTCTGCTGAAATTTTTTGCGGCTATTAAAAAGGTCAAACCGTCTGAGTAAA

TTTTATCCAGTTACAAATAAGCATTACCTCCAGTGTATTGGTAGCTGTTAAGCCAAGGG

CGGTAGCGTACCTGAAGAGATTAGGATCACATCATCAAATGGCAAGAAGTAAGCTT

>pkpsM 351 (351 bp)
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Figure 6: DNA sequence of the pkpsM promoter fragment WT and with point 

mutations (continued) 

GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTATTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAAAGCTT

>pkpsM 440 (440 bp)
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GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTGTTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATATAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAAAGCTT

>pkpsM p1KO (440 bp)
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Figure 6: DNA sequence of the pkpsM promoter fragment WT and the promoter 

with point mutations 

A. Figure shows the DNA sequence, 440 bp, of the pkpsM promoter fragment (wild type), 

with the CRP binding site highlighted in yellow highlighted bases. The DNA bases 

highlighted in grey represent the -10 element of the previously identified promoters, 

GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTATTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATGTAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAAAGCTT

>pkpsM p2KO (440 bp)
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GAATTCTTATTAATAGTTGCAATAAATCATTGAGTAACAATTGATAGGCCAAAACATAT

AGGATAATTCTTGTGTGATCTGTGTTTTGTGTAGCTTGGAAATTAGTAAAATTCCTGGA

GATAATCAGAAAGGGAATTTCAAATAAGCATAATAATTTCCAGTGAAACTATTCGTTGA

TTTTAAGAAATGTCTGCTCAGGTATATCTACTGAGGGATGGTGTTGGTTGTAACACTGG

TTAAAATAAATACACAAAATAATCAAGATGTATATTTTAATCGACGAAAATAATTACCT

TCGGGATTATTGATGCGACTTAAATAACACCATTTAAATGTGATGTAAATCACAAATAT

GACTGTAAAGAGGGGGCTGTAGATATAAATAAGAAGTACACGAGTGAATTTTAAATAGG

GAAATAGTTTCTCGGTGAACAAAGCTT

>pkpsM p3KO (440 bp)
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P1, and promoter P2. The sequences highlighted in dark green represents the restriction 

sites for EcoRI and HindIII. The numbering of the fragment starts from the HindIII site.   

B. Figure shows the DNA sequence, 440 bp, of the derivative pkpsM promoter fragment 

(p1KO), with the CRP binding site highlighted in yellow. The DNA bases highlighted 

in grey represent the -10 element (P2). The arrow shows the point of mutation in P1 (A 

➔ G) at position 352 bp. The sequencse highlighted in dark green represent the 

restriction sites for EcoRI and HindIII. The numbering of the fragment starts from the 

HindIII site. 

C. Figure shows the DNA sequence, 440 bp, of the derivative pkpsM promoter fragment 

(p2KO), with the CRP binding site highlighted in yellow. The DNA bases highlighted 

in grey represent the -10 element of the previously identified promoter (P1). The arrow 

shows the point of mutation in P2 (A ➔ G) at position 95 bp. The sequences highlighted 

in dark green represent the restriction sites for EcoRI and HindIII. The numbering of 

the fragment starts from the HindIII site. 

D. Figure shows the DNA sequence, 440 bp, of the derivative pkpsM promoter fragment 

(p3KO), with the CRP binding site highlighted in yellow. The arrow shows the point 

of mutations in P1 (A ➔ G) at position 352 bp and P2 (A ➔ G) at position 95 bp. The 

sequences highlighted in dark green represent the restriction sites EcoRI and HindIII. 

The numbering of the fragment starts from the HindIII site. 
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Appendix B 
 

 CRP targets identified by ChIP-seq analysis on the EAEC 042 chromosome   
 

Peak 

Centre1 

Score2 Annotated 

Gene3 

E. coli K-12 

Homologues4 

Dista

nce 

to 

TSS5 

Matching Sequence6 p-value7 Regula

ted by 

CRP8 
 

Gene Product9 
 

4801045 1563 proP proP -203 TGTGAAGTTGATCACAAATTT 1.26E-08 Y Proline (betaine transporter) 

4149109 17137 mtlA mtlA -260 TGTGAGTGATGTCACATTTTT 1.26E-08 Y Mannitol-specific PTS system EIICBA component 

1748762 63 ydeA ydeA -75 TGTGATCTGGATCGCGTTTTC 2.31E-08 N L-arabinose MFS transporter 

1827122 631 mlc mlc -87 TGTGATTAACAGCACATTTTT 3.09E-08 Y Protein Mlc (making large colonies protein) 

3364989 113 galP galP -58 TGTGATTTGCTTCACATCTTT 4.09E-08 Y Galactose-proton symporter (galactose transporter) 

2034392 2844 gapA gapA -118 TGTGATTTTCATCACGATTTA 4.09E-08 Y Glyceraldehyde 3-phosphate dehydrogenase A 

2205763 485 EC042_2120 yedR -38 TGTGATAAAGGTCACATTTTT 5.38E-08 N Putative membrane protein 

1261443 508 EC042_1182 bhsA -63 TGTGATCCAGATCACATCTAT 7.03E-08 Y Putative exported protein 

147627 240 gcd gcd -56 TGTGATCGTCATCACAATTCG 7.03E-08 Y Quinoprotien glucose dehydrogenase 

3231340 646 EC042_3028 In K-12 

(EO53_0363) 

-118 TGTGACCTGGGTCACGAATTA 9.13E-08 - Hypothetical protein 

2496355 30 EC042_2373 yohj -44 TGTGATCGGTAGCACGTTTTA 1.51E-07 N Putative membrane protein 

4753197 338 EC042_4429 yjcB -26 TGTGATATAGTTCACAAAATT 1.93E-07 N Putative membrane protein 

3284051 40 EC042_3081 ygeW -144 TGTGGGGTTGATCACAAATTG 1.93E-07 N Putative aspartate/ornithine carbamoyltransferase 

461029 312 EC042_0414 S.G. 65 TGTGATCTTGCGCACATCATT 2.45E-07 - Conserved hypothetical protein 

263739 111 EC042_0225 S.G. -67 TGTGAGCCGCATCACACTCTA 2.45E-07 - Putative type VI secretion system protein 

3459052 894 kpsMII S.G. -479 TGTGATTTATATCACATTTAA 3.10E-07 - Polysialic acid transport permease protein 

608383 168 EC042_0536 S.G. -112 TGTGATGTAAAGCGCATTTTT 3.10E-07 - Putative adhesin (not virulence) 

3747290 727 EC042_3523 yhcN -41 CGTGACCCATATCACAAAATC 3.90E-07 N Conserved hypothetical protein 
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3931572 607 gntK gntK -108 TGTGAGCTACTTCAAATTTGT 4.89E-07 Y Thermoresistant gluconokinase 

3676811 377 deaD deaD -9 TTTGAGCCGGTTCACACTTTT 4.89E-07 N ATP-dependent RNA helicase (DEAD-box protein) 

3160614 242 EC042_2967 ygcW -44 TGTGATTACGATCACATTAGC 4.89E-07 N Putative short chain dehydrogenase 

2051133 39 EC042_1961 yeaQ -74 CGTGATGCTCGTCACAAATCT 4.89E-07 N Putative transglycosylase associated protein 

1711834 361 EC042_1630 aslA -274 AGTGACATTCATCACATATTT 6.10E-07 N Putative sulfatase 

3751263 64 aaeR aaeR -18 AGTGATTTAGATCACATAATA 7.57E-07 Y LysR-family transcriptional regulator 

2197691 115 EC042_2113 yedP -102 GGTGACGCGCGTCACATTTCT 7.57E-07 N Putative mannosyl-3-phosphoglycerate phosphatase 

4062646 308 dctA dctA -119 TGCGAGCCAGCTCAAACTTTT 9.37E-07 Y C4-dicarboxylate transport protein 

2844005 245 hyfA hyfA -177 CGTGATCAAGATCACATTCTC 9.37E-07 Y Hydrogenase-4 component A 

5218617 4089 deoC deoC -130 TGCGATCTGGTTCAAATAATT 1.16E-06 Y Deoxyribose-phosphate aldolase 

4388273 416 atpI atpI -244 CGTGCTTCAGATCACATATTG 1.16E-06 N ATP synthase protein I 

3417179 116 mchS4 In K-12 1 TGTGATTATTATCACAATTCA 1.16E-06 - Conserved hypothetical protein  

2877210 1487 xseA xseA 1 TGTGAGCGAGATCAAATTCTA 1.16E-06 Y Exodeoxyribonuclease VII large subunit 

2506198 500 mglB mglB -246 TGTGAGTGATTTCACAGTATC 1.16E-06 Y Galactose/glucose ABC transporter substrate-

binding protein MglB 

3858617 17 EC042_3644 In K-12 -75 GGCGAGGCGCTTCACATTTTT 1.42E-06 - Hypothetical protein  

816974 62 sdhC sdhC -212 TGTGATTTACATCACATAAAG 1.42E-06 Y Succinate dehydrogenase cytochrome b-556 

subunit 

1881643 144 EC042_1802

A 

In K-12 

(EO53_03635) 

39 CGTGATCTTGATCACGAATGA 1.42E-06 - Conserved hypothetical protein 

56171 77 folA folA -165 TGTGATTTACGTCACTCTTTA 1.42E-06 N Dihydrofolate reductase 

3883094 9 greB greB 90 TGCGGCCCAGGTCACCTTTTT 1.74E-06 N Transcription elongation factor GreB 

2993024 8657 raiA raiA -57 TGAGATTTCCATCACACATTT 2.12E-06 Y Ribosome-associated inhibitor A 

2784492 7180 ptsH ptsH -318 TGTGGCCTGCTTCAAACTTTC 2.12E-06 Y Phosphocarrier protein Hpr 

5020611 392 cycA cycA -179 TGTGAGCTGTTTCGCGTTATC 2.57E-06 N D-serine, D-alanine, glycine transporter 

3590224 20 air air -85 TTTGATTTAGATCGCAATTTG 2.57E-06 Y Aerotaxis receptor protein 

3308819 37 EC042_3098 ygfT -96 TGCGACTGAGTTCAAATTATT 2.57E-06 N Formate-dependent uric acid utilization protein 

YgfT 

3128509 52 nlpD  nlpD  678 TGTGACCGTGGTCGCAGTTGG 2.57E-06 Y Murein hydrolase activator NlpD 
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2525169 7 EC042_2399 psuK -206 TGTGCATCCCGTCACAAATTC 2.57E-06 N Putative pseudouridine kinase 

2499767 56 EC042_2378 preT -87 TGTGAATCCTTTCACAGTTTA 2.57E-06 Y Putative oxidoreductase 

2349836 25 dacD/sbcB dacD/sbcB - 74/ - 

59 

TGTGACTACTATCTCATTTTT 2.57E-06 N Penicillin-binding protein 6B/ 

exodeoxyribonuclease I 

1381630 819 adhE adhE -217 TTTGATTTGGATCACGTAATC 2.57E-06 N Aldehyde-alcohol dehydrogenase 

4290090 31 EC042_4032 yidG 267 CGCGAGGGAGATCAAAAATTT 3.12E-06 N Putative membrane protein 

1740383 90 EC042_1653 In K-12 -31 CGTGATTACGATCACATTCTC 3.12E-06 - Putative membrane protein 

1344062 218 EC042_1262 ychH -81 TGCGGGCGTGATCACAATTAC 3.12E-06 Y Putative membrane protein 

2627362 785 glpT glpT -110 TGTGAATTACCGCACACATTA 3.77E-06 Y Glycerol-3-phosphate transporter 

5094768 3314 EC042_4748 In K-12  -54 TGTGATGATTGTCGCATTTGA 4.53E-06 - PTS system EIIA component 

3638072 758 tdcA tdcA -63 TGTGAGTGGTCGCACATATCC 4.53E-06 Y Tdc operon transcriptional activator 

3356318 6783 EC042_3143 S.G. 31 CGTGTTGTAGATCACAAATAT 4.53E-06 - Hypothetical protein 

4596821 13 cytR cytR -123 TGCGAGGCGGATCGAAAAATT 5.44E-06 Y DNA-binding transcriptional regulator 

2544035 94 EC042_2414 yejG -134 TGCGGGCGTGGTCACGTTTGC 5.44E-06 N YejG family protein 

1336252 1427 dhaR dhaR -14 GGTGTTCCGGCTCGCAATTTT 5.44E-06 N PTS-dependent dihydroxyacetone kinase operon 

regulator (sigma-54 dependent transcriptional 

regulator) 

4272121 295 EC042_4013 nepI -7 TGTGACGCATTTAACGTTTTT 6.52E-06 N Purine ribonucleoside efflux pump NepI 

3838726 12183 ppiA ppiA -121 AGTGATTCTCATCACGAAATA 6.52E-06 Y Peptidyl-prolyl cis-trans isomerase 

4456964 77 cyaA cyaA -148 TGTTAAATTGATCACGTTTTA 9.27E-06 Y Adenylate cyclase 

2766013 32 glk/ 

EC042_2608 

glk/ yfeO - 92/ -

90 

TGTGACCCAGATCGATATTTA 9.27E-06 N Glucokinase/Ion channel protein 

1865552 30 uidA uidA -162 CGTGATATAGATCGCATTAAT 9.27E-06 Y Glucuronidase ß 

1314710 502 dadA dadA -92 GGTGAGCTGGCTCACATCTCC 9.27E-06 Y D-amino acid dehydrogenase small subunit 

544222 102 maa maa -73 TGTGATCTTTATCACACAGAT 9.27E-06 N Maltose O-acetyltransferase 

467174 392 aroM aroM -195 AGGGATCTGCGTCACATTTTT 9.27E-06 N AroM family protein 

5101081 53 EC042_4755 In K-12  -72 TGTGACTGAGATCGCGATTAG 1.10E-05 - Putative sugar kinase 

5010825 22 ulaA ulaA -105 TGCGGGTCGCGTCACATTTAA 1.10E-05 Y PTS ascorbate transporter subunit IIC 
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3346695 76 mscS mscS -89 TGTGATCTATTTGGCAAAATT 1.10E-05 N Small-conductance mechanosensitive channel 

943255 26 EC042_0886 cecR -87 TGTGACGCAGCGCATAAATTA 1.10E-05 N TetR-family transcriptional regulator 

4724645 552 malE malE -113 TGTGATCTCTGTTACAGAATT 1.30E-05 Y Maltose transport system substrate-binding protein 

MalE   

4237814 145 EC042_3992 In K-12 -156 CGTGCTACCGGTCACGGTTTT 1.30E-05 - Phage integrase family (tyrosine-type 

recombinase/integrase) 

3771532 442 dusB dusB -278 TGCGAGCGATGTCACAAAAGG 1.30E-05 Y tRNA-dihydrouridine synthase B 

2769499 755 nupC nupC -60 TGTGTGTCAGATCTCGTTTTC 1.30E-05 Y Nucleoside permease NupC 

4182076 16 rfaK rfaK 646 TGTGAGCAACGGCCAATTTTT 1.54E-05 N Lipopolysaccharide N-

acetylglucosaminyltransferase 

3645715 857 garD garD -164 TGCGCGCTAAAGCACAGATTT 1.54E-05 N D-galactarate dehydratase pseudo 

3101613 429 ascF ascF -85 GGTGACCGGTTTCACAAATAT 1.54E-05 Y Arbutin-, cellobiose-, and salicin-specific PTS 

system EIIBC component 

3985355 32 EC042_3762 gntR -116 ATCGACTCACGTCACATTTTT 1.82E-05 Y GntR-family transcriptional regulator 

3723245 20 gltB gltB -180 TGTGCTTTAGCGCAAAATTCT 1.82E-05 Y Glutamate synthase [NADPH] large subunit 

2497609 3901 cdd cdd -54 TGAGATTCAGATCACATATAA 1.82E-05 Y Cytidine deaminase 

1250181 7061 ptsG ptsG -134 TTTGACGGCTATCACGTTTCA 1.82E-05 Y PTS glucose transporter subunit IIBC 

405459 29 EC042_0361 yahK -153 TTCGTGGCAGATCACACTTTC 1.82E-05 N NADPH-dependent aldehyde reductase YahK 

3382409 2794 nupG nupG -44 TGTTACCTGTGGCAAATAATT 2.14E-05 Y Nucleoside permease NupG 

4287533 122 ivbL ivbL -85 TGAGGGGTTGATCACGTTTTG 2.51E-05 Y ilvBN operon leader peptide 

2678707 161 lrhA lrhA -170 CCTGAAGTAGATCACAGAATA 2.51E-05 N NADH dehydrogenase operon transcriptional 

regulator 

2272380 151 EC042_2206 mtfA -173 TGTGATTTTTGTCACTGACTT 2.51E-05 N DgsA anti-repressor MtfA 

4720171 269 psiE psiE -41 TGTGACGGAGATCTATATTTT 2.94E-05 Y Putative phosphate starvation-inducible membrane 

protein  

3190075 3516 sdaC sdaC -160 AGTGATCTTGATCCCAAATAC 2.94E-05 N Serine transporter 

1970534 77 infC infC 1174 CGTTAACTTCATCGCGAATTT 2.94E-05 N Translation initiation factor IF-3 

409039 34 EC042_0364 In K-12 -22 TGCGAGAGAGATCACAAAGTG 3.43E-05 - LysE-family translocator 

4266116 4 EC042_4012 S.G. 4601 CGTGACGTTTGTCGCGGATGT 4.00E-05 - Putative invasion ‘air’ 

3209376 59 mltA mltA -140 TTTTACCCCGATCACGGTTCT 4.00E-05 N Murein transglycosylase A 
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2733499 23 EC042_2583

/fadL 

yfcZ/fadL -175 AGTGACCGAAATCACACTTAA 4.00E-05 Y Conserved hypothetical protein/ Long-chain fatty 

acid transport protein 

1177277 639 putA/putP putA/putP -176/-

225 

TCTGCGGCAGTTAACATTTTT 4.00E-05 Y Bifunctional protein PutA/sodium proline 

symporter (proline permease) putP 

150878 67 EC042_0128 yadI -46 TTTGACGGCTATCACCCTTTA 4.00E-05 N PTS sugar transporter subunit IIA 

5030357 827 EC042_4698 ytfJ -101 TGCGGTCAAGCGCACAAATCA 4.65E-05 N YtfJ family protein 

4236685 21 EC042_3992 In K-12 -156 TGTGATCTTCCGCCAAACTTC 4.65E-05 - Tyrosine-type recombinase/integrase 

2430107 2264 EC042_2320 yegQ 29 TGTGATCGGTTTCTAAGAATT 5.40E-05 N tRNA 5-hydroxyuridine modification protein YegQ 

2095051 55 pphA pphA -14 CGCGCTAAAGATCACATAATC 5.40E-05 N Serine/threonine protein phosphatase 1 

1976942 41 EC042_1890 yniA -55 TGTGCGTTAGCTCGTGTTTTT 5.40E-05 N Fructosamine kinase family protein 

4318893 16 dnaA dnaA -181 TCTTCTGTTTCTCACAGATTT 6.26E-05 N Chromosomal replication initiator protein DnaA 

2773567 1953 EC042_2614 yfeC -75 AGTTATTCATGTCACGGTTTC 6.26E-05 N Putative DNA-binding transcriptional regulator 

1623270 82 EC042_1553 ydcH -72 CACGATCCCGCTCGCATTTTT 6.26E-05 N YdcH family protein 

1072066 118 serC serC -94 TGCGATGTGTGTCACTGAATG 6.26E-05 Y 3-phosphoserine (phosphohydroxythreonine 

transaminase) 

5027585 433 cpdB cpdB -66 TGTGGCATTCTTCACTGTTCT 7.24E-05 Y 2',3'-cyclic-nucleotide 2'-phosphodiesterase 

2795558 1964 ucpA ucpA -74 TGCGGATCAGCTCACTAATTC 7.24E-05 N SDR family oxidoreductase UcpA 

2531800 12889 EC042_2405 mtlD -88 TGTGAGGGCGATCAATGAACT 7.24E-05 Y Mannitol dehydrogenase family protein 

2507357 39 galS galS -71 TGTGACTCGATTCACGAAGTC 7.24E-05 Y HTH-type transcriptional regulator GalS 

1190486 1700 EC042_1101 ycdZ 17 TGAGATCGAGCACACATTTTA 7.24E-05 Y DUF1097 domain-containing protein 

4488945 19348 udp udp -68 GGTGATGGGTATCACGAAAAA 8.35E-05 Y Uridine phosphorylase 

4051417 311 EC042_3818 yhjE -136 TATGAAATGCTTCACATAATT 8.35E-05 N MHS family MFS transporter 

2068782 150 sdaA sdaA -129 TGAGACAATCATCGCAATATT 8.35E-05 N L-serine ammonia-lyase 

1825856 114 mlc mlc 1207 TGTTGCAGGGTTAACATTTTT 9.62E-05 Y Protein Mlc (making large colonies protein) 

5121039 42 EC042_4775 In K-12 241 ACTTAGTCATGTCACGTTTTT 1.27E-04 - Hypothetical protein 

4530302 86 glnA glnA -106 TGTGATCGCTTTCACGGAGCA 1.45E-04 Y Glutamine synthetase 

2054834 90 EC042_1966 yeaV -219 AGTGACGCGGTTCAAATAAAC 1.45E-04 N BCCT family transporter YeaV 

228313 583 gmhB gmhB -661 TGTGAAGTGATTCACATCCGC 1.45E-04 N D-glycero-β-D-manno-heptose-1,7-bisphosphate 7-

phosphatase 
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4301258 22 EC042_4041 yidE -63 TTTGCCTTATAGCGCACATTA 1.90E-04 N Putative transporter 

2746629 6 EC042_2592 insA 221 CGTTGGCCTCAACACGATTTT 1.90E-04 N Putative transposase (IS1) 

719805 1585 rnk rnk -116 TGTGACGCAAATCACTTCAAA 1.90E-04 N Nucleoside diphosphate kinase regulator 

2622643 712 EC042_2480

/ 

EC042_2478 

lysR/pseudogene - 72/ -

58 

TGCAAAGTACATCACAATTTG 2.16E-04 N LysR-family transcriptional regulator (partial)/ 

MFS transporter Pseudo  

1302952 13 minC minC 348 TGTGACCGGCGTTGTATTTTG 2.16E-04 N Septum site determining protein MinC 

1038450 134 clpS clpS -111 TGTGACAGATGTCGCTGATGC 2.16E-04 N ATP-dependent Clp protease adaptor protein 

4466034 35 EC042_4187 S.G. 1 CGAGGTGTTGATCACGAAACT 2.46E-04 - Hypothetical protein 

3353695 98 EC042_3140 yggP 487 TGCGATGCTCATAAACATATT 2.46E-04 N Zinc-binding dehydrogenase 

494392 1853 tsx tsx -110 TATGTTTCGTTTCACAGTTCT 2.46E-04 Y Nucleoside-specific channel-forming protein Tsx 

4217753 250 EC042_3975 S.G. -20 TGTTATCGTATACACGTTATT 2.80E-04 - Hypothetical protein  

4213344 4 EC042_3970 S.G. 301 TGTGGATGAGAGCAAAGAACA 2.80E-04 - Putative prophage protein 

3996354 14 EC042_3771 ybhG -211 AGTTTTATAGATCACACTTAT 2.80E-04 N HlyD family secretion protein 

2975867 1701 EC042_2790 patZ 710 TCTGGGTAGCATCACAGCAGA 2.80E-04 Y Protein lysine acetyltransferase 

780664 122 nagE/nagB nagE/nagB -152/-

159 

TGCGATACGAATTAAATTTTC 2.80E-04 Y N-acetylglucosamine-specific PTS enzyme IIABC 

component/ Glucosamine-6-phosphate deaminase  

4954732 3900 aspA/fxsA aspA/fxsA -132/-

183 

AGTGATCCAGATTACGGTAGA 3.17E-04 Y Aspartate ammonia-lyase/ membrane protein FxsA 

3846061 15 frlA frlA -107 TGTGATCTTCCTCCACATTAC 3.17E-04 Y Fructoselysine (psicoselysine) transporter 

1868607 95 malX/malI malX/malI -70/-

83 

TGTGATTTATGCCTCACTATA 3.17E-04 Y PTS maltose transporter subunit IIC/ mal regulon 

transcriptional regulator MalI 

968344 134 EC042_0909 ybiT 1 TGCGCGGTTTGTCATATCTCT 3.17E-04 Y ABC transporter ATP-binding protein 

48719 16242 fixA fixA -196 TGTTTTATAGATCACCAATAT 3.17E-04 Y Probable electron transfer flavoprotein subunit of 

oxidoreductase 

3878947 818 pckA pckA -61 CGCGACAAGGCTCATAGATTT 3.59E-04 Y Phosphoenolpyruvate carboxykinase [ATP] 

128586 5 pdhR pdhR -107 TGTGCACAGTTTCATGATTTC 3.59E-04 Y Pyruvate dehydrogenase complex repressor 

4160841 104 lctP lctP -38 TCTGATGCTCATCTCCTTGTC 4.06E-04 N L-lactate permease 

3966675 53 EC042_3740 In K-12  142 CGTTTGGCGCGTCGCAGCATT 4.06E-04 - Putative acyltransferase 

175121 61 fhuC fhuC 553 TGTGGTGACTGGCGCACTGTA 4.06E-04 N Ferrichrome transport ATP-binding protein 
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5212600 384 osmY osmY -92 AATGGTCGCCATCACAAAAGC 4.58E-04 Y Osmotically inducible protein Y 

5116358 827 virK S.G. 774 TGTGGTGACTGGTACAGATTA 4.58E-04 - Virulence protein 

4167598 74 grxC grxC 171 ATTGACGCACAGCACATTGGC 4.58E-04 N Glutaredoxin 3 

3615779 1543 uxaC uxaC -86 ATTGATCTATCTCACGAAAAT 4.58E-04 Y Glucuronateisomerase 

773400 56 EC042_0701 In K-12 -481 TCTGGTGCGTCTACCAATTTC 4.58E-04 - Putative exported protein (pseudo) 

5081393 155 EC042_4739 ahr -121 TGCGAGCAAGCTGGCGCTTGC 5.16E-04 N NADPH-dependent aldehyde reductase Ahr 

3510478 251 hyb0 hyb0 -29 TTTTGCCTCAATCGCAAAATC 5.16E-04 N Hydrogenase-2 small chain 

3335320 692 serA serA -95 CGCGATGTTGAGGAAATATCA 5.16E-04 Y Phosphoglycerate dehydrogenase 

3951363 1108 rpoH rpoH -94 TGTGGATAAAATCACGGTCTG 5.81E-04 Y RNA polymerase sigma-32 factor RpoH 

2158975 18 ftnB ftnB -98 TGTGATCGTGGAGTCAATTCT 5.81E-04 N Ferritin-like protein 2 

736066 860 lipA lipA -54 TGTTGTAATTATCAACTATTT 5.81E-04 N Lipoyl synthase 

4945596 33 EC042_4606 S.G. 787 TCTGTGCTCCATCAAGCCAGT 6.52E-04 - Hypothetical protein 

4664179 66 htrC yjaZ 120 TCTTCACTGCTTCACAAAAGA 6.52E-04 N Heat shock protein C 

4101165 95 cspA cspA -39 TATGGCGTGCTTTACAGATTT 6.52E-04 N RNA chaperone/antiterminator CspA 

1444796 173 stfR stfR -106 CCTGCGTATCATAACAATATT 6.52E-04 N Phage side tail fiber protein 

927587 8 moaA moaA -11 TGTGAAGCCATGTACACCTTT 6.52E-04 N Molybdenum cofactor biosynthesis protein A 

4734493 69 plsB/dgkA plsB/dgkA -30/-

119 

TGCTATCCTTGCCGCGCATTT 7.32E-04 N Glycerol-3-phosphate acyltransferase PlsB/ 

diacylglycerol kinase 

3293513 1002 EC042_3089 ygfK -288 AACGATTGCGTTCAAATATTT 7.32E-04 N Pyridine nucleotide-disulfide oxidoreductase 

3152883 1050 EC042_2961 In K-12 

(ORF_o433) 

9 TGTGTCGGCGGTCAATTTCCC 7.32E-04 - Putative FAD-dependent oxidoreductase 

2535535 3525 spr mepS -70 CGTGTCGCTTGGCATTTTTTT 7.32E-04 N Lipoprotein 

4926886 174 set1A S.G. 39 ACTGACGGTTTTCCCAGTCTT 8.20E-04 - Enterotoxin 1 

4817898 39 dcuB dcuB -29 TGTGTGAACCCTCGCGATAAT 8.20E-04 N Anaerobic C4-dicarboxylate transporter 

3739372 164 sspA sspA -109 TGTCGGGTATTGCTCATTTTT 8.20E-04 N Stringent starvation protein A 

1601165 3 insB insA1 90 TTTTACGCGTATGACAGTCTC 8.20E-04 N Transposase 

33766 193 rihC rihC -35 CGTGAAGTCGATTAAGTCATT 8.20E-04 N Nonspecific ribonucleoside hydrolase 

(purine/pyrimidine ribonucleoside hydrolase) 
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20866 6 insB insB 76 TTTTACGCGTATGACAGTCTC 8.20E-04 N IS1 transposase B 

5230955 45 EC042_4888

/sltY 

ettA/sltY -77/-

112 
TGCGAAGGTGATCGACCAACT 9.17E-04 N Energy-dependent translational throttle protein 

EttA/ murein transglycosylase 

4741151 625 EC042_4418 pspG 315 TTTTATCCTTAGAACAAAATA 9.17E-04 N Putative membrane protein 

4398875 2967 rbsD rbsD -36 GGTGCCTTTTTTCATTTTTTT 9.17E-04 Y Putative ribose transport (metabolism protein) 

3517716 329 EC042_3298 yghB -62 TGCGTCCGGGATCAAGGCGTC 9.17E-04 N Putative membrane protein 

3196847 155 fucP fucP 580 TGTGTTTATACGCACTCAATT 9.17E-04 Y L-fucose permease 

2982786 81 kgtP kgtP -1097 TGCTCGCGCCGTCACGCTCGC 9.17E-04 N Alpha-ketoglutarate permease 

2945729 6 EC042_2760 glrK -141 GGTGCCTGCCGTCCAACTTCT 9.17E-04 N Two-component system sensor kinase 

1926713 17 lpp lpp -36 TTTTATGTTGAGAATATTTTT 9.17E-04 N Major outer membrane lipoprotein 

526093 29 ppiD ppiD -74 CCCGTTTCTTGTCACAATAGG 9.17E-04 N Peptidyl-prolyl cis-trans isomerase D 

4944103 14 EC042_4604  S.G. 315 TTTCGCTGCCTTCACAAATTA 1.02E-03 - Putative helicase (pseudogene) 

4448062 161 aslB aslB -317 CCTTCGCATTGTCACAACTTC 1.02E-03 N Probable arylsulfatase-activating protein 

4116976 107 malS malS -53 TGAGAGTTGAATCTCAAATCA 1.02E-03 Y Alpha-amylase 

4089215 168 EC042_3851 pseudo 101 AATGGTTTCTGTCACAAATCC 1.02E-03 - Conserved hypothetical protein 

2576006 117 napF napF -76 TTTGGTCGCTCTCAATTTTCA 1.02E-03 N Ferredoxin-type protein 

2559209 81 EC042_2431 S.G. -223 TGTTTTGTAGATGTAATTTTA 1.02E-03 - Putative prophage protein 

4359930 46 aadA1 S.G. 61 CGTTGCTGGCCGTACATTTGT 1.14E-03 - Aminoglycoside adenylyltransferase 

4243275 23 EC042_3998 S.G. -45 TGTGGCGTTGATTGCGACACA 1.14E-03 - Putative phage immunity repressor protein 

3719403 3355 elbB elbB -72 ACTGATTCATGTAACAAATCA 1.14E-03 N Enhancing lycopene biosynthesis protein 2 (sigma 

cross-reacting protein 27A) 

5093367 13 EC042_4746 S.G. -696 TGCGGTTTTGCGGCAAGTTTT 1.27E-03 - Conserved hypothetical protein 

4747362 265 aphA aphA -33 TGTGAGATTTGTTGCAAAAAC 1.27E-03 N Class B acid phosphatase 

2677252 50 nuoA nuoA -296 TGTGAAGCAATGGAAAAAATA 1.27E-03 N NADH-quinone oxidoreductase subunit A 

937104 77 EC042_0881 ybhQ -32 TCCGTAAGACCGCACCTTTTT 1.27E-03 N Putative membrane protein 

855435 69 aroG aroG -126 TGTAGGAGAGATCTCGTTTTT 1.27E-03 N Phospho-2-dehydro-3-deoxyheptonate aldolase, 

Phe-sensitive 

336180 16 EC042_0305 S.G. 876 TCCTATTATCGGCACCATTTA 1.27E-03 - Conserved hypothetical protein 
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5118152 2 EC042_4771 In K-12  62 TTTGAGCAACAGCCTGTAATT 1.42E-03 - Glycosyl transferase 

4969712 85 EC042_4632 yjeM -124 TCCGCTAAAGGCCACAATTTA 1.42E-03 N Putative permease 

4522062 267 engB engB 866 CGCGACTAACTTTACTCTTTT 1.42E-03 N Probable GTP-binding protein 

4006081 208 EC042_3779 dtpB -106 TCTGACAGATGTAAACTTTTT 1.42E-03 N Putative oligopeptide transporter 

3948285 20 EC042_3720 panM -192 TCTGCCCTTTGTTCCGTTATT 1.42E-03 N Putative acetyltransferase 

2073958 3353 manX manX -142 ACGGATCTTCATCACATAAAA 1.42E-03 Y Mannose-specific PTS system EIIAB component 

27718 12 rpsT rpsT -95 GGCGCTTATTTGCACAAATCC 1.42E-03 N 30S ribosomal protein S20 

3892798 55 gntT gntT -136 TGTTACCCGTATCATTCACGT 1.57E-03 Y High-affinity gluconate transporter 

3204810 42 gcvA gcvA -211 TGCGATTCAGACCATGGTAGC 1.57E-03 N Glycine cleavage system transcriptional activator 

2315229 25 EC042_2225 yeeO -50 TCTGACTGGACTCGAACCAGT 1.57E-03 N Putative membrane protein 

2313387 14 EC042_2224 yeeN 1195 TCTGACTGGACTCGAACCAGT 1.57E-03 N Conserved hypothetical protein 

2273560 22 EC042_2207 In K-12 -363 TCTGACTGGACTCGAACCAGT 1.57E-03 - Integrase 

851102 39 EC042_0769 S.G. -381 TCTGAGTTTGATGTTAAAATT 1.57E-03 - Hypothetical protein 

5089682 1 EC042_4744 S.G. -1219 GGTGAACTCCATCTTGGAATT 1.75E-03 - Conserved hypothetical protein noise background 

4956885 12 groS groS -93 TGTGCTGATCAGAATTTTTTT 1.75E-03 N 10 kDa chaperonin 

4697783 24 metH metH -72 TGTTGCGTGGTGGTCGCTTTT 1.75E-03 N Methionine synthase (5-methyltetrahydrofolate-

homocysteine methyltransferase) 

3608027 45 EC042_3380 ygjR -17 CGTGCGCAGATACGCATTATT 1.75E-03 N Putative oxidoreductase 

3012994 857 EC042_2821 In K-12 -194 TCCGCTCTGGCTCATACTAAA 1.75E-03 - Conserved hypothetical protein 

263036 97 EC042_0224 S.G. 108 ATTGCCGGTGATCAATAAATT 1.75E-03 - Putative type VI secretion system protein 

3872334 283 nudE nudE -89 TGTGAATTGCATGTTATTTAC 1.93E-03 N ADP compounds hydrolase 

965159 19 EC042_0905 opgE -166 TGCAATCCCCTTCGCAAAAGA 1.93E-03 N Putative membrane protein 

784980 12 EC042_0709 In K-12 -72 TTTTTCGCTGTTCACCTTTGG 1.93E-03 Y Putative exported protein 

540752 28 EC042_0493 ybaA -171 TGTTGGTTCTCTCGCAACGCT 1.93E-03 N Conserved hypothetical protein 

125271 40 ampD ampD -35 CGTTAGCTATCTGGAGTTTTA 1.93E-03 Y N-acetyl-anhydromuramyl-L-alanine-amidase 

4219192 26 EC042_3978 yicG -202 TCTTTTCCACCCCTCAATTTT 2.14E-03 N Putative membrane protein 

3687170 262 argG argG -303 CCTGAAACGTGGCAAATTCTA 2.14E-03 Y Argininosuccinate synthetase 
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3565809 4 EC042_3343 In k-12 1874 CCTTGCTGACTTCCCGATTGT 2.14E-03 - Putative membrane protein 

3545591 258 icc icc -135 TGTGTTCAAGCCAGCAGATTT 2.14E-03 N Repressor protein of division inhibition gene 

3337434 10 sbm scpA -172 AATGCCTGATAGCACATATCA 2.14E-03 N Methylmalonyl-CoA mutase 

2941936 195 glnB glnB -38 TGTGTTACGTTTAGCAGATCA 2.14E-03 N Nitrogen regulatory protein p-II 

2255919 34 EC042_2180 pseudo 612 TCTGGTTTGCGGGGAGTTTGT 2.14E-03 - Putative prophage protein 

459356 1136 EC042_0411 yaiZ 112 TGTTGTCTACGCCACAGACGG 2.14E-03 N Putative membrane protein 

4362407 3 EC042_4096 In K-12 275 CGCGGTGCGACGGACACATGC 2.37E-03 - Putative acetyltransferase 

4202532 33 EC042_3956 S.G. 435 TATGACGCGCCGAGCGTCTTT 2.37E-03 - Putative prophage protein 

4177213 9 htrL htrL -152 TGCTAATTGCAACAAACTAGT 2.37E-03 N Putative lipopolysaccharide biosynthesis protein 

2079650 271 EC042_1989 pseudo 74 GTTGTATGTGATAACAGATTT 2.37E-03 - Conserved hypothetical protein (pseudogene) 

1418735 75 EC042_1347 In K-12 -637 ACAGGCTTTCATCACATCTGA 2.37E-03 - Putative phage protein 

167375 194 sfsA sfsA 103 TGTGCAACGCCTGGCGATACC 2.37E-03 Y Sugar fermentation stimulation protein 

4590079 3873 glpF glpF 271 TGTTTCGACAAGCGCAAAGTT 2.61E-03 Y Glycerol uptake facilitator protein 

3832206 568 EC042_3619 In K-12 

EO53_00955 

46 ATTGATGTACTGCATGTATGC 2.61E-03 - Hypothetical protein 

1915871 36 EC042_1835 ydhR -154 AGTTGGTTAGAGCACCACCTT 2.61E-03 N Conserved hypothetical protein 

40727 46 caiF caiF -110 CAGGATTTAGCTCACACTTAT 2.61E-03 Y Transcriptional activator 

172 301 thrA thrA -164 TCTGTGCGCTATGCCTATATT 2.61E-03 N Bifunctional aspartokinase I/homoserine 

dehydrogenase I 

4353137 229 cat In K-12 -58 TTTTTGAGTTATCGAGATTTT 2.88E-03 - Chloramphenicol acetyltransferase 

3932650 49 gntR gntR -37 TGTTTTCCCCGGGAAGGTTCT 2.88E-03 Y Gluconate utilization operon repressor 

2917822 42 EC042_2736 trmJ -8 CGTCTCCACCAGCACAATTCG 2.88E-03 N Putative RNA methyltransferase 

5141146 4 EC042_4800 In K-12 -156 TGTTCTTTCATTCATAACCTT 3.17E-03 - Conserved hypothetical protein 

3548332 26 EC042_3327 ygiB -35 TTTTGTCCGTTTCATTTTTGT 3.17E-03 N Putative lipoprotein 

2480548 911 EC042_2359 btsS -30 TTTGCGGGTATGTACGATTTT 3.17E-03 N Two-component system sensor kinase 

2416645 544 mdtA mdtA -382 TCTTATCGTGAAGGCATACTT 3.17E-03 N Multidrug resistance protein 

4978451 41 orn orn 1136 CGTTTCCCGCTCCAAATTCTT 3.49E-03 N Oligoribonuclease 



 251 

4682235 2044 purH purH -309 TGTCGATGGAGGCGCATTATA 3.49E-03 N Bifunctional purine biosynthesis protein 

4451798 32 aslA aslA -437 TGCTCATTCCATCTCTTATGT 3.49E-03 N Arylsulfatase 

3640881 17 garK garK 1472 CTTGAGCCAGTGAGCGATTGC 3.49E-03 N Glycerate kinase 2 

3421201 615 mchA In K-12 -130 AATGAGTTACAGGACAGTTAT 3.49E-03 - Microcin activation protein 

3350600 5944 epd epd -144 TCTTCGGCTGGACAAACATTC 3.49E-03 Y D-erythrose 4-phosphate dehydrogenase 

5240772 4 arcA arcA -141 TGCGTTCTTGATGCACTTTCC 3.83E-03 N Aerobic respiration control protein 

4560899 4155 fdhD fdhD -18 TGCTGTGTTTTTTTCACTTTC 3.83E-03 N Putative formate dehydrogenase accessory protein 

3690953 20 EC042_3465 S.G. -108 CCCGTCCTCGGTACCAAATTC 3.83E-03 - Hypothetical protein 

3327528 16 gcvT gcvT -96 CCCGGTCCCCAACGCAATCGT 3.83E-03 Y Aminomethyltransferase (glycine cleavage system 

protein 

2782302 30 zipA zipA -48 TGAGGTAATCGGCAAATACTC 3.83E-03 N Cell division protein 

1742072 146 uxaB uxaB -80 TCAGGAGTTGATCAAAAAAGG 3.83E-03 Y Altronate oxidoreductase 

4968382 25 frdA frdA -88 TGCGAACGCTATTCCACTGCT 4.20E-03 N Fumarate reductase flavoprotein subunit 

3187106 9 syd syd 157 CGTTTACCGGGGAACAAAATG 4.20E-03 N Putative SecY-interacting protein 

1149859 8 cspG cspG -35 TTTGCCGAAAGGCCCAAAATG 4.20E-03 N Old shock-like protein 

3276979 24 EC042_3075 S.G. -248 CCTTCGCCCGCTCCAATTTAT 4.61E-03 - Conserved hypothetical protein 

2151336 4034 flhD flhD -216 CTTTACACTTATCTAAGATTT 4.61E-03 Y Transcriptional activator FlhD 

2132403 20 cutC cutC 519 CGTGATGCTCCAATCATTATG 4.61E-03 N Copper homeostasis protein 

1475788 284 EC042_1404 lapA -67 TGCGGTAAGTTGACCATAATT 4.61E-03 N Putative membrane protein 

1139173 29 EC042_1056 yccA -274 TCCGGAATGACGCGCACTATA 4.61E-03 N Putative membrane protein 

816974 62 sdhC sdhC -212 GTATAGGCCGTTCACAAAATC 4.61E-03 Y Succinate dehydrogenase cytochrome b-556 

subunit 

379869 89 EC042_0340 In K-12 -136 CCTCATTTGTATGACAAATGA 4.61E-03 - Conserved hypothetical protein 

4761274 7 EC042_4436 pseudo -183 TGAGCAAGGCCGCGCGCATTA 5.04E-03 - Putative type III effector protein (pentapeptide 

repeat protein) (pseudogene) 

4674584 42 hupA hupA -118 TTTGTCGTACCTGGAGTCTTC 5.04E-03 Y DNA-binding protein HU-alpha 

4354065 11 EC042_4087

A 

In K-12 367 GGAGAGCCTGAGCAAACTGGC 5.04E-03 - Putative plasmid-related protein 

3899333 300 malT malT -72 AATGCAAGCGATGACGTTTTT 5.04E-03 Y Regulatory protein 
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2551890 24 EC042_2422 intA  -230 TCCGACCCCCGACACCCCATG 5.04E-03 N Integrase 

732988 1014 cspE cspE -54 CGCTTTGTCCAGTGCAACTTT 5.04E-03 Y Cold shock-like protein 

5007735 171 EC042_4669 bsmA -9 TGGGGGAATGTTCCCGAATTG 5.51E-03 N Putative lipoprotein 

4999291 10 EC042_4657 In K-12 -7 TTTTTGCATAATCATATTCTT 5.51E-03 - Putative D-galactarate dehydratase/altronate 

hydrolase 

3363224 24 EC042_3148 yqgD 191 CGCGTTTTATACCCCACAATG 5.51E-03 N Putative membrane protein 

5015959 41 rpsF rpsF -114 CGTTATAGTACTGACATACCC 6.02E-03 Y 30S ribosomal subunit protein S6 

4374307 45 tetR S.G. 108 TCTGACGACACGCAAACTGGC 6.02E-03 - Tetracycline repressor 

4260185 5 EC042_4011 S.G. 2663 GGTTGGAGCGATGCCAATTAT 6.02E-03 - Transcriptional regulator 

4192231 13 rpmB rpmB -151 TCGGGACTTGAGCACATCGCT 6.02E-03 N 50S ribosomal subunit protein L28 

3186304 27 EC042_2990 yqcC -208 TGTGAGCAGGAAGCAATAGTT 6.02E-03 N Conserved hypothetical protein 

1866407 1300 uidR uidR -34 TCTGCATGTTATCCATCATTA 6.02E-03 N Uid operon repressor (TetR-family transcriptional 

regulator) 

1127654 12 EC042_1043 In K-12 

(EO53_13390) 

-35 GCTTATGCCGAGCACCCCTGG 6.02E-03 - Conserved hypothetical protein 

841420 39 cydA cydA -133 GGTTTATTCATTAACATATTT 6.02E-03 N Cytochrome d ubiquinol oxidase subunit 1 

407967 9 EC042_0363 S.G. 153 TATGAAAAAAATCATAATTCC 6.02E-03 - Hypothetical protein 

5129030 57 fecI fecI -146 TGTGTCGGTCAGAATGACTCA 6.57E-03 N RNA polymerase sigma factor 

4852738 11 EC042_4524 S.G. -137 ATCGATATAATGCAAATAATC 6.57E-03 - Putative type VI secretion protein 

4431631 17 rho rho -206 ATCTGTTCACTTCGCATTTAA 6.57E-03 N Transcription termination factor 

3332837 78 EC042_3122 fau -115 ACCGCGGAGCGCCACATTCTT 6.57E-03 N Conserved hypothetical protein 

3080457 78 EC042_2887 yqaB -554 GCTGATATTGATACCGCTACT 6.57E-03 N Putative phosphatase 

2529223 4498 fruB fruB -102 GCTGAAACGTTTCAAGAAAGC 6.57E-03 N Multiphosphoryl transfer protein 

1235648 3 rluC rluC -277 CGCTAACTGCCTGAAAGATCA 6.57E-03 N Ribosomal large subunit pseudouridine synthase C 

5133814 2 EC042_4789 In K-12 793 CCCGGTCTTCGTCTTCTTATT 7.16E-03 - Transposase 

4752086 197 ssb ssb -56 CGGAACCGAGGTCACAACATA 7.16E-03 N Single-stranded binding protein 

4650149 75 tufA tufA -188 GTTGGTAGAGCGCACCCTTGG 7.16E-03 N Elongation factor Tu 

2833992 209 EC042_2670 S.G. 179 GGAGGTAGTCATCGCAGCAAT 7.16E-03 - Conserved hypothetical protein 
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5192683 765 EC042_4851 btsT -130 AGTTATTTACCTTACTTTACG 7.79E-03 Y Putative carbon starvation protein 

2842820 3 dapA dapA -57 TGTTGTATGCATGTTTTTTTT 7.79E-03 N Dihydrodipicolinate synthase 

2310574 176 amn amn 179 AGTGATGGATAGACAAAAAGA 7.79E-03 N AMP nucleosidase 

1068899 7 focA focA 78 CCTGCCTCTTCGGCCACTTTG 7.79E-03 Y Probable formate transporter 1 

4325818 71 tnaA tnaA -326 TTCGAGGATAAGTGCATTATG 8.47E-03 Y Tryptophanase 

3011421 48 EC042_2820 In K-12 -450 GGCGGTTGGCCTCGTAAAAAG 8.47E-03 - Integrase 

4412462 285 hdfR hdfR 1067 CGCGACCCCCTGCGTGACAGG 9.20E-03 N LysR-family transcriptional regulator (H-NS-

dependent flhD regulator) 

3419417 7 mchS1 In K-12 887 GCTGGTCGTTCTAATACTATA 9.20E-03 - Putative microcin esterase 

242043 48 EC042_0209 In K-12 -361 CGCGACCCCCTGCGTGACAGG 9.20E-03 - Putative lipoprotein 

4812398 90 melR melR -19 GCTGCTGCACATAAACGTATC 9.98E-03 Y Melibiose operon regulatory protein 

3485206 29 glcC glcC -65 CTTGTCTTGGTTAACTTAATG 9.98E-03 Y Glc operon transcriptional activator 

3377662 3657 ansB ansB -169 TTTTATGCCGTTTAATTCTTC 9.98E-03 Y L-asparaginase 2 

2776365 79 EC042_2617 fixA-like family 

protein 

-245 AGCTGAGCTAATCACCCACTT 9.98E-03 N Conserved hypothetical protein 

4511085 67 mob mob 2529 TGATACCTCCAGCAACCCTCA 1.08E-02 N Molybdopterin-guanine dinucleotide biosynthesis 

protein B 

516051 6 cyoA cyoA -189 TTTGTTATAACGCCCTTTTGC 1.08E-02 Y Cytochrome o ubiquinol oxidase subunit 2 

3512048 18 EC042_3292 gpr -37 TCCTTTCCACCGTTCAATTTC 1.17E-02 N Putative aldo/keto reductase 

2685148 22 EC042_2536 yfbV -134 TTTTCAGCCAATGGCATAATG 1.17E-02 N Putative membrane protein 

4646221 64 murB murB -229 TACGGCCGCCAGGCAAATTCT 1.27E-02 N UDP-N-acetylenolpyruvoylglucosamine reductase 

3784875 200 EC042_3554 yhdZ 915 ACTGCCGCCAGACAAATTCTT 1.27E-02 N ABC transporter, ATP-binding protein 

4005281 31 uspA uspA -156 TGTTAAGACCATCCTTACCTT 1.37E-02 N Universal stress protein A 

3407089 69 EC042_3190 S.G. 33 ACTCATTCAGTTCATGTTTCA 1.37E-02 - Conserved hypothetical protein 

4946926 8 insB insA 43 TTTGCCGTTACGCACCACCCC 1.48E-02 N Transposase 

461937 112 phoA phoA 230 TGGGATGGGGGACTCGGAAAT 1.48E-02 N Alkaline phosphatase 

5207449 48 EC042_4865 yjjZ 376 TGCGAAGGTGGCGGAATTGGT 1.71E-02 N Putative membrane protein 

5167710 103 EC042_4823 pseudo 6 TATGTTCTGTAACAAGTAAAA 1.84E-02 - Conserved hypothetical protein 
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4046225 299 treF treF -160 TTTCATTTTCAGAACATTCAA 1.84E-02 N Cytoplasmic trehalase 

3740611 156 rplM rplM -165 AGTTTTTTTCCCAAAACTTTT 1.98E-02 Y 50S ribosomal subunit protein L13 

2214844 95 EC042_2130 S.G. 769 GGGTTAGATCGTCACTGTTTT 1.98E-02 - Putative prophage protein 

2164036 99 EC042_2071 yecA -280 TTTCTTCCCGAGCCCGGATGG 1.98E-02 N Conserved hypothetical protein 

3562340 187 EC042_3340 In K-12 

ORF_o116 

-76 GGTGGGGAATTTCGCCCCGCC 2.45E-02 - Conserved hypothetical protein 

2647958 252 pmrD pmrD -46 GCTAAGAGTTTTCACATCAAT 2.80E-02 N Polymyxin B resistance protein 

 

1 Peak centre indicated by MACS2 and annotated to EAEC 042 chromosome. Locations with more than one CRP site are highlighted in red.  

2 Score represents the number of reads mapped to each position within the EAEC 042 genome.  

3 Annotated gene to an identified CRP site.  

4 EAEC 042 homologues to E. coli K-12 genes. Genes underlined represent matching genes targeted by CRP and previously indicated by Grainger 

et al. 2005. S.G denotes specific genes to EAEC 042. In K-12 indicates genes that are present in E. coli K-12 but with unknown functions.  

5 Distance between an identified CRP site and the TSS (Translation Start Site) of annotated gene. 

6 Matching sequence obtained from MEME SUITE (Bailey et al., 2009).  

7 p-value for CRP motif matches from MEME SUITE. 

8 Reported to be regulated by CRP, as listed for E. coli K-12 in RegulonDB (Santos-Zavaleta et al., 2019).  

9 Product of encoding gene (Chaudhuri et al., 2010).
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Appendix C 

 

The influence of CRP transcription factor on EAEC growth 

 
 

 
 

Figure 1: Growth kinetics of EAEC 042DFB ∆crp. 

 

The line chart illustrates the growth curve of EAEC 042DFB ∆crp carrying pDU9 (blue line), 

EAEC 042DFB ∆crp carrying pDCRP (red line) and EAEC 042DFB ∆crp carrying pDCRP 

AR1-AR2- (green line). Bacterial cultures of each strain with desire plasmid were incubated for 

12 hours at 37 ̊C with culture absorbance every 30 min at OD600 nm using Fluostar plate reader. 
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