
 
 
 

Molecular characterisation of  

Shigella flexneri outer membrane protease IcsP 

 

Elizabeth Ngoc Hoa Tran  

 

Submitted for the Degree of Doctor of Philosophy  

 

Discipline of Microbiology and Immunology  

The School of Molecular and Biomedical Science  

The University of Adelaide  

 

October 2007 

 
 
 
 
 
 



Abstract I

Declaration III

Acknowledgments IV

Abbreviations V

Chapter 1 - Literature Review 1

1.1 Genus Shigella 1
1.1.1 Disease and symptoms 1

1.2 Classification 2
1.2.1 Species and serotypes 2

1.3 Shigella  pathogenesis 3
1.3.1 Invasion of the gut epithelium 3
1.3.2 Entry into epithelial cells 4
1.3.3 Intercellular and intracellular spread 5
1.3.3.1 Actin based motility (ABM) 5
1.3.3.2 IcsA 6

1.4 The Gram-negative outer membrane (OM) 7
1.4.1 Surface distribution of OM proteins 7

1.5 Outer membrane proteases 8
1.5.1 The Omptin family
1.5.2 Omptins and infectious diseases 9
1.5.3 OmpT of E. coli
1.5.4 OmpP of E. coli 10
1.5.5 IcsP of S. flexneri 11
1.5.5.1 Regulation of IcsP expression
1.5.5.2 Role of IcsP in ABM
1.5.5.3 Role of IcsA cleavage in ABM 12
1.5.5.4 Distribution of IcsP on the cell surface 13
1.5.6 Pla of Y. pestis 13
1.5.7 PgtE of S. enterica 14
1.5.8 PlaA of E. pyrifoliae 14

1.6 Lipopolysaccharide (LPS) 14
1.6.1 LPS and IcsA 15
1.6.2 LPS and Omptins 16

1.7 VirK 17
1.7.1 VirK and IcsA 17

Table of Contents



1.7.2 VirK and IcsP 18
1.7.3 VirK and LPS 18

1.8 Aims of this study 20

Chapter 2 - Materials and Methods 21

2.1 Reagents used in this study 21
2.1.1 Buffers and solutions 21
2.1.2 Oligonucleotides 21
2.1.3 Antibodies 21

2.2 Bacterial strains and growth conditions 22
2.2.1 Strains and plasmids 22
2.2.2 Growth media and conditions 22

2.3 DNA preparation 22
2.3.1 Preparation of chromosomal DNA 22
2.3.2 Preparation of boiled lysates for PCR amplification 23
2.3.3 Preparation of DNA using a kit 23

2.4 Polymerase Chain Reaction (PCR) 23
2.4.1 General PCR 23
2.4.2 Amplification of products for cloning PCR 24
2.4.3 Splicing by overlap extension PCR 24
2.4.4 DNA sequencing 24

2.5 Sequence analysis 25
25

2.6 Analysis of DNA 25
2.6.1 Agarose gel electrophoresis 25

2.7 In vitro cloning of DNA 26
2.7.1 General techniques 26
2.7.2 Preparation of competent cells 26
2.7.2.1 Chemically competent cells 26
2.7.2.2 Electrocompetent cells 27
2.7.3 Bacterial cell transformation 27
2.7.3.1 Heat shock transformation 27
2.7.3.2 Transformation by electroporation 27
2.7.3.3 Conjugation 28

2.8 Creation of chromosomal and virulence plasmid mutations 28
2.8.1 Mutagenesis using pCACTUS 28
2.8.2 Mutagenesis using the λ red phage mutagenesis system 29
2.8.2.1 In E. coli 29
2.8.2.2 In S. flexneri 29



2.9 Protein techniques 31
2.9.1 General preparation of whole cell lysates 31
2.9.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 31
2.9.3 Western transfer and detection 31
2.9.3.1 Stripping and re-probing nitrocellulose membranes 32
2.9.4 Wild-type IcsP and IcsA expression 32
2.9.5 His-tagged protein over-expression and purification from pQE60 32
2.9.5.1 IPTG induced over-expression 32
2.9.5.2 Purification of His-tagged protein 33
2.9.6 Antisera techniques 34
2.9.6.1 Production of polyclonal anti-IcsP antiserum 34
2.9.6.2 Purification of antiserum by absorption with live bacteria 35
2.9.6.3 Affinity purification of antisera 35
2.9.7 HA-tagged protein over-expression from pBAD30 36
2.9.7.1 Arabinose induced over-expression 36
2.9.8 Cell fractionation 36
2.9.8.1 Triton/MgCl2/Urea solubilisation 36
2.9.8.2 Sucrose density gradient fractionation 37
2.9.8.3 Refractive index readings of sucrose fractions 38
2.9.9 Preparation of cell associated and soluble IcsA

2.10 Lipopolysaccharide (LPS) techniques 38
2.10.1 O antigen typing 38
2.10.2 Preparation of LPS samples 39
2.10.3 Analysis of LPS samples by silver-stained SDS-PAGE 39

2.11 Immunofluorescence (IF) microscopy techniques 39
2.11.1 Formalin-fixation of cells 39
2.11.2 Sf6 TSP treatment of cells 40
2.11.3 Lysozyme treatment of cells 40
2.11.4 Indirect epi-fluorescence microscopy and deconvolution 40
2.11.5 Microscopy image analysis 41

2.12 Tissue culture techniques 41
2.12.1 Growth, maintenance, and incubation of cell monolayers 41
2.12.2 Splitting cells and seeding trays/flasks 42
2.12.3 Preparation of bacteria 42
2.12.4 Plaque assay 43
2.12.5 Invasion assay 43

2.13 Plasminogen/α2AP cleavage assay 44

2.14 Antimicrobial assays 45
2.14.1 Growth of bacteria for bactericidal assay 45
2.14.1.1 Complement bactericidal assay 45
2.14.1.2 Protamine assay 45

2.15 Colicin sensitivity assay 46



2.16 Data analysis 46

Chapter 3 - Characterisation of IcsP 47

3.1 Introduction 47

3.2 Mutagenesis of S. flexneri icsP in 2457T and M90T 47

3.3 Characterisation of icsP mutants 49
3.3.1 Analysis of IcsA cleavage by icsP  mutants 49
3.3.2 Analysis of surface distribution of IcsA in icsP  mutants 50

3.4 An analysis of icsP mutants with respect to virulence related properties 50

3.4.1 Analysis of intercellular spread by icsP  mutants 50
3.4.2 Analysis of F-actin tail formation by icsP  mutants 52

3.5 Summary 52

Chapter 4 - Surface distribution of IcsP 54

4.1 Introduction 54

4.2 Cloning of icsP  into pQE60 55
4.2.1 IPTG induced expression and purification of IcsP-His6 56
4.2.2 IcsA cleavage by IcsP-His6 56
4.2.3 Detection of surface IcsP-His6 by IF 57
4.2.4 Production of polyclonal anti-IcsP antisera 58

4.3 Insertion of a HA epitope into IcsP 58
4.3.1 Construction of pBAD30::icsP HA and pBAD30::icsP 59
4.3.2 Expression of IcsPHA and IcsP from pBAD30 60
4.3.3 Characterisation of IcsPHA 60
4.3.4 Localisation of IcsPHA protein to the OM 61
4.3.4.1 Cell fractionation by Triton/MgCl2 treatment 61
4.3.4.2 Cell fractionation by sucrose density gradient centrifugation 62

4.4 Effect of LPS on detection of IcsP 63
4.4.1 Construction of smooth and rough LPS strains 63
4.4.2 LPS analysis of smooth and rough LPS strains 64
4.4.3 IcsPHA detection in smooth and rough LPS strains 64
4.4.4 Effect of extending arabinose incubation time on detection of IcsPHA 65
4.4.5 Detection of IcsPHA at low levels of expression 66

4.5 Deletion of yfdI  gene in E. coli K-12 66
4.5.1 Construction of yfdI  mutant 68
4.5.2 Serotype specificity of yfdI  mutant by antiserum agglutination 68



4.5.3 Effect of Sf6 TSP treatment on detection of IcsPHA – LPS analysis 69
4.5.4 Effect of Sf6 TSP treatment on detection of IcsPHA by IF 69

4.6 Distribution of LPS in S. flexneri 70
4.6.1 S. flexneri  5a LPS labelling with different LPS antibodies 71
4.6.2 S. flexneri 5a LPS labelling inside CV-1 cells 71
4.6.3 S. flexneri 5a LPS and IcsPHA labelling 71

4.7 Summary 72

Chapter 5 - Effect of virK  and rmlD  mutations on IcsP and S. flexneri virulence 75

5.1 Introduction 75

5.2 Construction of S. flexneri  2457T virK  and rmlD mutants 76
5.2.1 Construction of 2457T virK  mutant 76
5.2.2 Construction of 2457T rmlD  mutant 77
5.2.3 Construction of icsP  derivatives 78

5.3 LPS profile of S. flexneri virK  and rmlD  mutants 78

5.4 79

5.4.1 Plaque formation on CV-1 cell monolayers 79
5.4.2 Plaque formation on HeLa cell monolayers 80
5.4.3 Analysis of F-actin comet tail formation 80

5.5 IcsA expression in S. flexneri virK  and rmlD mutants 81

5.6 IcsP expression in S. flexneri  virK  and rmlD mutants 82

5.7 Analysis of IcsP activity in S. flexneri virK  and rmlD  mutants 83

5.8 Surface distribution of IcsA in S. flexneri  virK  and rmlD  mutants 83

5.9 Summary 84

Chapter 6 - Alternative substrates for IcsP 86

6.1 Introduction 86

6.2 IcsP activity against plasminogen and α2AP 86

Analysis of plaque and F-actin comet tail formation by S. flexneri  virK 
and rmlD  mutants



6.2.1 Analysis of IcsP activity against plasminogen 87
6.2.2 Analysis of IcsP activity against α2AP 88

6.3 Antimicrobial assays 88
6.3.1 Analysis of IcsP activity against complement 88
6.3.2 Analysis of IcsP activity against protamine 89

6.4 IcsP activity against colicins 90
6.4.1 Analysis of IcsP activity against colicin E1 91
6.4.2 Analysis of IcsP activity against colicin E2 91

6.5 Summary 92

Chapter 7 - Discussion 94

7.1 Introduction 94

7.2 94

7.2.1 Role of IcsP in S. flexneri  cell-to-cell spread 95

7.3 Surface distribution of IcsP 96
7.3.1 IcsPHA distribution in smooth and rough LPS strains 97
7.3.2 Sf6 TSP treatment enhances detection of IcsPHA 97
7.3.3 Punctate IcsPHA distribution at low arabinose induction 98

7.3.4 Helical distribution of LPS in S. flexneri  5a strains 99
7.3.5 LPS and IcsPHA distribution in S. flexneri  5a 100

7.4 Characterisation of S. flexneri virK and rmlD mutants 101
7.4.1 Reassessment of virK  mutant phenotype 101
7.4.2 Assessment of rmlD mutant phenotype 102

7.5 IcsP activity against other known Omptin protease substrates 103
7.5.1 IcsP activity against plasminogen 104
7.5.2 IcsP activity against α2AP and complement 105
7.5.3 IcsP activity against OmpT substrates protamine and colicins 106

7.6 Conclusion 107

References 108

Characterisation of icsP  mutants and the role of IcsP in cell-to-cell spread







 I

Abstract 

 

Shigella is a genus of Gram-negative bacteria responsible for bacillary dysentery in humans. 

Shigella flexneri type 2a in particular is responsible for the majority of incidents in developing 

countries. The S. flexneri protease IcsP, is a member of the Omptin family of outer membrane 

(OM) proteases which cleaves IcsA, a polarly localised OM protein required for Shigella 

virulence. Mutations in icsP have been shown to effect the observed distribution of IcsA, 

however the significance of IcsP in Shigella virulence is incompletely understood.        

 

In this study, aspects of IcsP biology were investigated. S. flexneri 2457T and M90T icsP 

mutants were constructed to investigate the role of IcsP in Shigella intercellular spread, and it 

was found that icsP in both S. flexneri backgrounds did not appear to be essential for cell-to-

cell spread in human cervical cancer HeLa cells, but enhanced cell-to-cell spread in monkey 

kidney CV-1 cells (as determined by plaque assays). Complementation with icsP returned the 

mutant phenotype to wild-type. The results suggest IcsP does play a role in Shigella 

intercellular spread. 

 

The 2457T icsP mutant was subsequently complemented with an altered icsP gene encoding a 

haemagglutinin epitope tagged IcsP (IcsPHA) to determine the distribution of IcsP on the cell 

surface. In both S. flexneri and E. coli K-12 possessing smooth and rough lipopolysaccharide 

(LPS), the distribution of IcsPHA was found to be punctate across the cell surface. 

Deconvolution analysis revealed that IcsP distribution was punctate and banded in both LPS 

backgrounds. A smooth LPS E. coli K-12 yfdI mutant strain expressing IcsPHA was also 

constructed, and experiments involving treatment of this strain with bacteriophage Sf6 tail 

spike protein suggested that LPS O antigen chains masked IcsP in smooth LPS strains. During 

these studies, double-labelling of IcsPHA and LPS in a S. flexneri 5a M90T strain revealed a 

helical distribution of LPS in this strain. Overall, the results suggest IcsP has a punctate, 

banded distribution across the cell surface. 

 



 II

The effect of virK and rmlD mutations on IcsP was then investigated by constructing a virK, 

rmlD and virK/rmlD double mutant in S. flexneri 2457T. Western immunoblotting showed no 

change in IcsP expression levels in either the virK, rmlD or virK/rmlD mutants compared to 

wild-type. Surprisingly, the virK mutant showed no change in IcsA expression levels by 

Western immunoblotting and plaque assays (using HeLa and CV-1 cells) suggested that virK 

was not essential for Shigella intercellular spread (contradicting the published data on this 

gene). No effect was also observed on IcsP expression level or on IcsP’s ability to cleave IcsA 

into culture supernatants. 

 

Finally alternative substrates for the protease activity of IcsP were investigated against known 

Omptin substrates (plasminogen, α2-antiplasmin, complement, protamine and colicins). 

However, IcsP appeared to have no effect on these substrates as determined by proteolytic 

cleavage assays and antimicrobial assay. Interestingly, Plg cleavage by rough LPS S. flexneri, 

and α2AP cleavage by both smooth and rough LPS S. flexneri, was observed.  
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