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SUMMARY

A number of year ago workers in this laboratory identified antigen 43 (Ag43) during a 

systematic immunochemical analysis of the envelopes of Escherichia coli ML308-225 

013:068:H  . This Escherichia-s^QCihc outer membrane protein, which can be present in 

copy numbers exceeding 50,000 per cell, is composed o f two chemically and 

immunologically distinct protein subunits termed (Mr 49,800) and (M- 51,641) 

which are present in 1:1 stoichiometry, is surface expressed, extends beyond the 0-side 

chains of smooth lipopolysaccharide, and is bound to the cell surface via a non-covalent 

interaction with a heat-modifiable integral outer membrane protein. The gene encoding 

Ag43 (agn43) has recently been sequenced in both the K12 and ML308-225 strains o f E. 

coli. agn43, which is present in a single copy within E. coli K-12, is subject to phase- 

variable regulation where OxyR and Dam methylase function as repressor and derepressor, 

respectively. Studies have indicated the protein to be involved in autoaggregation and 

biofilm formation o f E. coli K-12 strains, while further lines o f evidence suggest the protein 

may function as an adhesin. The initial aim o f the present study was to conclusively 

establish a function for Ag43.

Initial studies involved mutagenesis of the agn43 in strain ML308-225. Contrary to 

expectations, resultant agn43 mutants retained the ability to express Ag43. Further 

analyses revealed this to be due to the presence o f duplicate functional copies of agn43 

{agn43A and agn43B) on the ML308-225 chromosome. Subsequent analysis o f a panel of 

EPEC strains, previously shown to express multiple Ag43-like proteins, revealed these 

strains to possess multiple copies of agn43. In each case the number o f Ag43-like proteins 

expressed by each strain equalled, or was less than, the predicted gene copy number. These 

studies revealed Ag43 to be a member o f a family o f (antigenically?) variant proteins 

encoded by multiple alleles.

Analysis o f agn43AMum-i2s and agn43Buuo%-22s revealed apparent differences in the rates 

of phase switch o f  each gene. Thus, cign43A has an 8-fold lower tendency to switch ON 

and a 2-fold higher tendency to switch OFF, as compared to agn43B. Furthermore, studies



indicated the lilceHhood that expression from agn43B exceeds that from agn43A, that co

expression within a single cell is possible and as a result, that ML308-225 has four 

potential Ag43 phenotypes, viz., Ag43A'^ Ag43B^, Ag43A^ Ag43B', Ag43A' Ag43B'", and 

Ag43A‘ Ag43B'. Also, Western blot analyses revealed small differences between the 

apparent sizes of both and suggesting that these products o f agn43AML-io&-225 and 

agn43BML308-225 possess structural differences.

Sequencing of both ML308-225 genes revealed them to 98% identical at their nucleotide 

and encoded protein levels. Despite this high level of sequence identity, computer-based 

studies predicted the potential for antigenic differences. Sequence analysis o f  the 0 “*̂ - 

coding region from EPEC strain NCTC 9114 revealed significant sequence divergence 

from both ML308-225 sequences at the 5'-end o f the a^'^-coding region. This divergence 

was predicted to contribute to both antigenic and functional variability within the Ag43 

family o f proteins. Further studies identified in several invasive species of bacteria 

homologues that are surface expressed, display similarity to or function as 

adhesins/invasins, and possess degenerate repeats rich in T, G, and N. This family was 

termed the SPRINGT family of Surface Proteins with Repeats rich In N, G and T residues. 

Interestingly, they also displayed amino acid sequence similarity to trophinin, a mammalian 

cell adhesion molecule.

Functional analysis revealed Ag43 of strain ML308-225 to be unlikely to mediate adhesion 

to HEp-2 cells, or to be involved in biofilm formation or serum resistance. Preliminary 

studies demonstrated a potential role for in enterotoxicity.
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ABBREV IATIO NS

The style o f standard abbreviations follows that defined by the A m erican Society for 

M icrobiology. Other non-standard abbreviations are defined below.

Bacterial species.

B. Bordetella

Bor. Borrelia

C. Clostridium

E. Escherichia

H. Haemophilus

H el Helicobacter

K. Klebsiella

M. Mycobacterium

N. Neisseria

P. Pseudomonas

R. Rickettsia

S. Salmonella

Serr. Serratia

Shig. Shigella

Staph. Staphylococcus

Strep. Streptococcus

Y. Yersinia

Others.

a  subunit o f Antigen 43

subunit of Antigen 43A from M L308-225 

subunit o f Antigen 43B from M L308-225 

subunit of Antigen 43 from N CTC 9114^ 4 3  NCTC 9114



acyl-HSL acyl-homoserine lactones

Ag43 Antigen 43

Ag43^'*^ Antigen 43 from E. coli K-12

agn43  gene encoding Ag43

agn43Auuos-225 gene encoding Ag43A protein o f ML308-225

agn43j^crc9\\4 gene encoding Ag43 protein o f NCTC 9114

AAF/1 Aggregative adherence fimbriae

AIDA-1 adhesin involved in diffuse adherence

Ap ampicillin

BSA bovine serum albumin

P subunit o f Antigen 43 

P subunit o f Antigen 43A from ML308-225 

C- carboxy

Cm chloramphenicol

CP cross-reactive protein

CTB cholera toxin B subunit

Dam deoxyadenosine methylase

DIG digoxigenin

dNTP deoxyribonuclotide triphosphate

EA EC enteroaggregative E. coli

EAggEC enteroaggregative E. coli

EA ST EnteroAggregative ST

EH EC enterhaemorrhagic E. coli

EIEC enteroinvasive E. coli

EPEC enteropathogenic E. coli

ETEC enterotoxigenic E. coli

Fab variable antibody region

FHA filamentous haemagglutinin

HSPG heparan sulphate proteoglycans

Ig immunoglobulin

Km kanamycin



LPS lipopolysaccharide
Lrp leucine response protein

LT heat labile toxin

MAb monoclonal antibody

Mr Relative molecular mass

N- amino

Na nalidixic acid

Omp outer membrane protein

ORF open reading frame

PAI pathogenicity island

PBS phosphate-buffered saline

PMN polymorphonuclear neutrophil

R-LPS rough LPS

RNAP RNA polymerase

scFv single chain antibody

S-LPS smooth LPS

SDS sodium dodecyl sulphate

SDS-PAGE SDS - polyacrylamide electrophoresis

SDW sterile distilled water

SLT shiga-like toxin

SpeB Streptococcal pyrogenic exotoxin B

ST heat-stable toxin

TAE tris-acetate-EDTA buffer

Tc tetracycline

UPEC uropathogenic Escherichia coli

vol volume

wt weight
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CHAPTER 1 

GENERAL INTRODUCTION



1. INTRODUCTION

E. coli is a bacterial species of the family Enterobacteriaceae consisting o f  both commensal 

and pathogenic strains. The organism is a facultatively anaerobic Gram-negative rod that 

lives in the intestinal tracts of animals and humans. It is spread via the faecal-oral route. 

Its regular presence in the human intestine and faeces and its ability to ferment glucose with 

the formation of acid and gas alone has led to the tracking of the bacterium in nature as an 

indicator o f faecal pollution in aquatic environments, a natural reservoir for the bacteria.

Although the majority of E. coli isolates are non-pathogenic, there are a large number o f 

variants that are able to cause infectious disease. This ability is dependent on the 

expression o f an array o f virulence factors such as adhesins/invasins, toxins and capsules. 

Antigen 43 (Ag43), the focus of this thesis, is a potential virulence factor of E. coli. Other 

virulence factors o f E. coli are discussed within the following pages and are listed in Table 

1.1. The following paragraphs introduce the features associated with pathogenic E. coli 

before introducing the various features o f Ag43, the major phase-variable protein o f the E. 

coli outer membrane.

Pathogenic E. coli cause both intestinal and extraintestinal infections. O f the latter, urinary 

tract infections (UTI) and neonatal meningitis are the most common with strains expressing 

P-pili (Braude, 1973) and K1 capsular antigen (Pluschke et ah, 1983; Huang et a l ,  2000) 

being associated with these conditions, respectively.

Based on their pathogenic mechanisms, epidemiology and clinical presentation, E. coli 

strains causing intestinal diseases have been divided into five major categories (Muhldorfer 

& Hacker, 1994): ETEC (enterotoxigenic E. coli ), EIEC (enteroinvasive E. coli), EPEC 

(enteropathogenic E. coli), EHEC (enterohaemorrhagic E. coli) and EAggEC 

(enteroaggreagative E. coli). ETEC strains, an important cause o f diarrhoea in infants and 

travellers, produce disease primarily through the expression o f colonisation factors, such as 

CFA-I and CFA-II, and enterotoxins, such as the heat-labile (LT) and heat-stable (ST) 

toxins (see Section 1.3.2.1). EIEC, which resemble Shigella in their pathogenic

1



Table 1.1. Virulence factors of E. coli (see Kuhnert et al., 2000 for review).

Virulence factor (role in Reference
pathogenicity) _____________

Capsules (immune evasion)

K1 capsule antigen 
K5 capsule antigen

Flagella (motility)

Toxins

LT
ST
SLT
East
Sen
Cytotoxic necrotising factor 1 
Cytolethal distending toxin 
Haemolysin 
Pet

Fimbrial adhesins

Type 1 fimbriae 
P fimbriae 
S fimbriae 
F lC  fimbriae
Colonization factor antigen I 
Colonization factor antigen II 
Bundle forming pilus 
Aggregative adherence fimbriae I

Whitfield & Roberts, 1999

Hoffman et al., 1999 
Burns & Hull, 1999

Moens & Vanderleyden, 1996

Schmitt et al., 1999

Nataro & Kaper, 1998 
Schmitt et al., 1999 
Karmali, 1989 
Savarino et al., 1996 
Nataro et al., 1995 
Schmitt et al., 1999 
Peres et al., 1997 
Koronakis & Hughes, 1996 
Eslavae^a/., 1998

Smyth et al., 1994

Eisenstein, 1988 
Johnson, 1991 
Johnson, 1991 
Johnson, 1991 
Nataro & Kaper, 1998 
Nataro & Kaper, 1998 
Giron et al., 1991 
Nataro et al., 1992

Afimbrial adhesins

Intimin Frankel et al., 1998
AIDA-1 Benz & Schmidt, 1992a
TibA Elsinghorst & Weitz, 1994
Tia Mammarappallil & Elsinghorst, 2000

Invasins

TibA
Tia

Elsinghorst & Weitz, 1994 
Mammarappallil & Elsinghorst, 2000



mechanisms and disease symptoms, penetrate and multiply within epithelial cells o f the 

colon producing a dysentery-like diarrhoea. EIEC strains commonly belong to serotypes 

such as 028, 0112 and 0115 (Sakazaki et al., 1967). The mechanism by which EPEC 

strains produce disease is dependent on the locus o f enterocyte effacement and has recently 

been reviewed by Vallance & Finlay (2000). Briefly, upon initial attachment to intestinal 

epithelia as mediated by the bundle-forming pilus, the bacterial Tir protein is translocated 

into the epithelial cell and modified such that it serves as a ligand for intimin, a 94-kDa 

bacterial outer membrane protein. Once stabily attached to the epithelial cell, EPEC induce 

a characteristic ‘attaching and effacing’ histopathology characterised by cytoskeletal 

rearrangement and localised destruction of brush border microvilli. This results in 

malabsorption and diarrhoea. EHEC strains, such as the now notorious 0157:H 7 serotype, 

are associated with haemorrhagic colitis and can produce severe renal and neurological 

conditions as a result of the translocation of Shiga toxins across the gut (Frankel et al., 

1998). EAggEC, which are characterised by their ability to attach to tissue culture cells in 

an aggregative manner, cause persistent diarrhoea in young children. Factors that may 

contribute to these symptoms include the EnteroAggregative ST (EAST) toxin and the 

aggregative adherence fimbriae 1 (AAF/1; Muhldorfer & Hacker, 1994).

How, or if, Ag43 contributes to any of the above conditions, is not known. The following 

pages document experimentation that has significantly enhanced our knowledge o f this 

protein and reveal a number of properties that are likely to be relevant to the role o f Ag43 

in the life cycle o f  E. coli.

1.1 Ag43

Ag43, a phase-variable protein of the Escherichia coli outer membrane, was identified a 

number o f years ago by workers in this laboratory during a comprehensive crossed- 

immunoelectrophoresis analysis of membrane vesicles isolated from E. coli ML308-225 

(Owen & Kaback, 1978). Since its discovery, Ag43 has been shown to possess many novel 

features. The focus of this dissertation is to establish the relevance o f some o f these
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features and more specifically, to increase the level o f understanding o f  the protein with 

respect to the roles that it plays in the bacterial life cycle.

1.1.1. Properties of Ag43. Following the initial identification o f  Ag43, Owen and 

colleagues prepared monospecific anti-Ag43 serum in order to establish the location, 

polypeptide composition and immunological properties of the protein (Owen et a l ,  1987). 

Thus, utilising sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and Western blotting performed with anti-Ag43 antiserum, Owen et al. (1987) revealed 

Ag43 to be composed of two subunits termed and The former, apparent M- 60,000, 

had an electrophoretic mobility that was unaffected by the temperature used to solubilise 

the complex, while migrated with apparent M^s of 37,000 and 53,000 when heated to 

temperatures o f < 70 °C and 100 ”C, respectively. Western blotting performed with 

and p"^^-specific antisera showed both subunits to be immunologically distinct and to be 

unrelated to other outer membrane proteins of similar molecular weights, e.g., BtuB and 

TolC. Furthermore, screening of a number of closely-related strains including Salmonella, 

Shigella, and Klebsiella spp., using anti-Ag43 sera, failed to identify any immunologically 

related proteins indicating that Ag43 is likely to be an Escherichia-s^Qcxfvc antigen (Owen 

et al., 1987). However, the protein has been detected in a wide variety o f pathogenic and 

non-pathogenic strains including K12, uropathogenic E. coli (UPEC) and EPEC derivatives 

(Owen et al., 1991; Meehan, 1994; Doherty & Owen, 1996).

Further studies predicted that both subunits were unlikely to be associated with 

peptidoglycan, or to contain fatty acyl groups or sugar moieties (Owen et al., 1987; Caffrey 

& Owen, 1989). In addition, zymogram studies, combined with analysis for specific 

cofactors, revealed that Ag43 does not express any of a wide variety o f enzyme activities or 

possess iron and flavin cofactors (Owen et al., 1987).

Interestingly, amino (N)-terminal amino acid sequencing o f revealed significant 

similarities with the N-terminal regions of fimbriae from E. coli, K. pneumoniae, Proteus 

mirabilis, S. enteritidis and S. typhimurium (Caffrey & Owen, 1989; Henderson et al., 

1997b; FIG. 1.1). The notable feature o f these sequence similarities was a stretch o f six
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E. coli A D I V V H P G E T V N G G T L A N
E. coli FMIA A A T T V N G G T V H F

E. coli FMIC A V T T V N G G T V H F

E. coli FMIF D T T T V N G G T V H F

E. coli S V T T V N G G T V H F

E. coli S-II A P A T V N G G T V H F

E. coli NFA-1 D A N G L T V N A G D G K N
K. pneumoniae FMll D T T T V N G G T V H F

K. pneumoniae FM12 D T T T V N 6 G T V H F

P. mirabilis MR/P T G T P A P T E T V D G G T I D F

S. typhimurium type 1 P T P V S V S G G T I H P
S. enteritidis SEF21 P T P V S V S G G T I H P

FIG. 1.1. Comparison o f the N-terminal sequences of various fimbrial subunits (data from 

Henderson et a i ,  1997b) from Escherichia coli, Klebsiella pneumoniae, Proteus mirablis. 

Salmonella typhimurium  and Salmonella enteritidis. Amino acids are given in standard 

single letter code. Identical amino acid residues are indicated in bold.



residues -  TVNGGT. No significant homologues to the N-terminal amino acid sequence of

were detected. Further analysis of both and revealed (a) both subunits to 

possess an abundance of T and G residues but an absence of C residues; (b) the subunits to 

have polarities o f 49.5% and 48%, respectively; and (c) to have an isoelectric point of 

4.6 (Caffrey, 1988; Caffrey & Owen, 1989).

1.1.2. and form a bipartite complex. A number of lines o f evidence support the

hypothesis that and p"̂  ̂ form a bipartite-protein complex: (a), densitometer analysis

indicated both subunits to be present in equal stoichiometry (1:1); (b), immunoprecipitation 

reactions with anti-Ag43 and subunit-specific antisera always co-precipitated the two 

chemically- and immunologically-distinct subunits when conducted under non-denaturing 

conditions (anti-p"^^ does not precipitate alone, nor does anti-a"^^ precipitate alone); 

(c), the two subunit-specific antisera individually precipitated both subunits from mixtures 

of purified and heat-stripped free) outer membranes, the subunits in the 

reconstituted complex being present in equal stoichiometry (Owen et al., 1987; Caffrey & 

Owen, 1989). These data demonstrate that is capable of specific reassociation with p"̂  ̂

to form a bipartite complex. Additional evidence that the two subunits form a complex in 

situ was provided by cross-linking studies using dithio-fcw-succinimidyl propionate that 

revealed and interactions and from Western immunoblotting performed

with outer membranes solubilised in SDS at 20 “C and 30 °C that showed the presence of a 

~120-kDa (a'*^:p'^  ̂ complex?) band cross reacting with anti-Ag43 antiserum (Owen et al., 

1987; Caffrey, 1988; Meehan, 1994). These data demonstrate that is capable o f  specific 

reassociation with p"*̂  to form a bipartite complex.

1.1.3. Localisation of Ag43. From the results o f fractionation experiments monitored by 

SDS-PAGE, Western blotting and rocket Immunoelectrophoresis, it was apparent that both

and p'̂  ̂ were located exclusively in the outer membrane (Owen et al., 1987). Thus, 

neither subunit could be detected in plasma membrane, soluble cytoplasm/periplasm or 

culture supernatant fractions. Also, immunogold-labelling studies performed on E. coli thin 

sections clearly located Ag43 to the outer membrane (Owen et al., 1987). Further electron
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microscope studies of negatively-stained and freeze-etched cells containing high levels of 

Ag43 failed to detect any morphologically recognisable or regular repeating structure 

(Caffrey, 1988; Owen et a l ,  1991; Meehan, 1994).

Immunofluorescence studies conducted with subunit-specific antisera demonstrated to 

be the more dominant surface antigen (as compared to extending beyond the 0-side 

chain o f smooth lipopolysaccharide (S-LPS) in E. coli ML308-225. In contrast, only 

strains bearing rough (R)-LPS reacted with fluorescently labelled anti-p"*^. These studies 

confirmed the results of Western blotting experiments indicating that intact cells bearing S- 

LPS absorb anti-a"^^ serum, but not anti-P"*  ̂ serum. Based on these and other data it has 

been proposed that is a peripheral protein that is anchored to the outer membrane 

through a specific interaction with p"*̂  (Caffrey & Owen, 1989; Owen et al., 1991; Meehan, 

1994).

1.1.4. Purification of and p''^. A useful feature of but not p"̂ ,̂ is that it can be 

selectively released from the outer membranes of E. coli upon heating at 60 °C for 2 min 

(Caffrey & Owen, 1989). Thus, a high degree o f purification has been achieved by heat 

detachment of the subunit from washed outer membranes or crude envelope preparations, 

although the latter procedure often resulted in higher levels o f contamination. Pre

extraction o f envelopes with 2% (vol/vol) Triton X-100 can be used to decrease the level of 

contamination, while purification of water-soluble fractions to apparent homogeneity 

can be attained by gel filtration chromatography using Sephacryl S-300. The protein elutes 

as a monomer with an apparent M  of 50000; no oligomers or aggregates were detected 

(Caffrey, 1988; Caffrey & Owen, 1989).

Due to the integral nature of the p"*̂  outer membrane protein, purification proved more 

difficult than with However, SDS solubilisation o f Triton X-100 insoluble outer 

membranes followed by gel filtration in the presence of SDS and cold butanol precipitation 

yielded relatively pure p'̂  ̂ preparations with the subunit in an apparently undenatured and 

heat-modifiable state. Final purification can be achieved by preparative SDS-PAGE 

(Caffrey, 1988; Meehan, 1994; Owen et al., 1996). More recently, novel procedures
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(reviewed in Buchanan, 1999) have been utilised to purify integral outer membrane porins. 

Such procedures may be of use in future efforts to purify

1.1.5. agn43, the gene encoding Ag43. Early attempts at cloning the gene encoding Ag43 

were unsuccessful (Meehan, 1994; Caffrey, 1988). However, such attempts were 

complicated by the fact that E. coli strains that did not express the protein were unavailable 

at the time. Also, the phase-switch phenomenon (see Section 1.1.6) generated Ag43- 

negative and Ag43-positive variants in any given population of E. coli and made screening 

of gene libraries extremely difficult.

However, through knowledge of the N-terminal amino acid sequence of various Ag43 

proteolytic fragments, Henderson & Owen (1999) were ultimately able to amplify and 

clone regions of the ML308-225 genome that coded for Ag43 and surrounding regions 

(GenBank accession no. U24429). agn43 was also sequenced as part of the E. coli K-12 

genome sequencing project (Blattner et a l, 1997; GenBank accession no. AE000291). The 

ML308-225 and K-12 genes were shown to be 98% identical at both nucleotide and 

predicted protein levels, and analysis indicated that and (3"*̂ were likely to be co

transcribed. The salient features of these sequences were the presence of a 3120 bp open 

reading frame (ORF) that was located downstream of two insertion sequence elements and 

upstream of a phage P2 attachment site. Interestingly, the ORF had a G + C content (57%) 

significantly higher than that of the E. coli genome (51-52%), suggesting that the gene may 

have been recently acquired form a closely related species (Henderson, 1996; Henderson & 

Owen, 1999).

Of special interest was the presence an OxyR-binding site, within which were three 

potential (GATC) sites for deoxyadenosine methylase (Dam) methylation, located in the 

agn43 promoter region (FIG. 1.2). Curiously, the promoter region shared 39.5% identity 

with the corresponding regions of mom and oxyR (FIG. 1.2), both of which are regulated by 

OxyR, a LysR-type transcriptional regulator (Christman et al., 1985; Bolker & Kahmann, 

1989).
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OxyR

OXyR  aatcgttc-attgctattctacctatcgccatgaactatcgtggcgatg

MuC
OxyR

mom  gaaaacgacgatcga-at.caattaaatcgatcggtaatacagat.cgatt.atgccccaataaccacac-bca
-9 6

a g n 4 3  gaataaaacgatcaatatcgatttaatcgatcgtttatatcgatcgattagctaataataacctttgtca
-9 7

FIG. 1.2. Alignment of promoter regions of oxyR, agn43 and mom indicating the location of OxyR and MuC binding sites (overlined). 

The MuC and OxyR binding sites have been determined for mom (Bolker & Kahmann, 1989; Bolker et al., 1989), and the OxyR 

binding site for oxyR (Kullik et al., 1995). Dashes represent gaps introduced for better alignment. GATC sites have been underlined 

within both mom and agn43 sequences. Nucleotides conserved between the three promoter regions are underlined in the oxyR 

sequence; identical nucleotides between agn43 and mom sequences are indicated in bold. Only the autoregulatory site of oxyR is 

shown. Nucleotides are given in standard single letter code. This figure has been adapted from that of Henderson & Owen (1999).



The mom gene of bacteriophage Mu encodes a protein that modifies phage DNA in order to 

protect it against host cell DNA restriction systems, mom is regulated by Dam and OxyR 

by virtue of an OxyR binding site, within which are contained three GATC sites, located in 

the regulatory region. The phage encoded MuC protein also regulates mom and functions 

by recruiting RNA polymerase (RNAP) to a functional promoter PI. In the absence of 

MuC, RNAP binds an overlapping upstream non-functional promoter termed P2. OxyR 

represses mom expression by preventing MuC-dependent recruitment of RNAP to the 

functional PI promoter region and by inhibiting RNAP binding to the non-functional 

promoter P2. There is a partial overlap between the OxyR and downstream MuC binding 

sites, but OxyR only slightly reduces MuC binding. Dam methylation of three GATC sites 

within the OxyR binding domain inhibits OxyR binding. This allows MuC dependent 

recruitment of RNAP to the functional promoter PI and expression of mom (Sun & 

Hattman, 1996).

Comparative analysis of the promoter regions of agn43 and mom shows a region displaying 

65.5% identity at the nucleotide level. Interestingly, the region of agn43 downstream from 

the putative OxyR binding site contains both a six- and a seven-base-pair stretch of 

nucleotides identical to those seen at the beginning and the end of the mom MuC binding 

domain, respectively. Also, the three GATC sites in the promoter region of agn43 have a 

spatial distribution almost identical to that observed in the mom promoter (Henderson & 

Owen, 1999). Considering the similarities that exist between the agn43 and mom promoter 

regions it is not surprising to discover that they share similar modes of gene regulation. 

The mechanism by which agn43 is regulated will be discussed in Section 1.1.6.

The product of agn43, a predicted polyprotein precursor of 1039 residues, displayed 

features predicted of an autotransporter (see Section 1.2). Thus, the Ag43 polyprotein 

precursor contained three recognisable domains, viz., (a) a large (52 residue) N-terminal 

signal sequence whose features suggest it to interact with the Sec system; (b) a passenger 

domain (a'^^ 499 residues) that is predicted to make its way to the cell surface through (c) a 

carboxy (C)-terminal outer membrane P-barrel pore (P'^^ 488 residues). It is expected that 

this precursor be processed via signal peptide and cleavage events. Interestingly,
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with respect to the latter cleavage event, a putative aspartyl protease active site o f the type 

involved in processing o f viral polyproteins was located in (Henderson, 1996; 

Henderson & Owen, 1999). However, it has not yet been established if this region 

mediates cleavage.

Computer-based analysis of (3"̂  ̂ demonstrated it to be highly likely to form an 18-stranded 

amphipathic p-barrel pore with short periplasmic loops and longer cell surface loops 

(Henderson & Owen, 1999). Further studies revealed the presence, primarily within the N- 

terminus region o f o f degenerate amino acid sequences o f 12-20 residues that repeated 

25 times. The primary feature of this repeated sequence (see Section 5.3.3.2) was the 

presence o f conserved T, N, G, Q, V and A residues (Henderson & Owen, 1999). Sequence 

similarity searches also revealed to share 30% identity with AIDA-1, an Escherichia- 

specific adhesin involved in diffuse adherence.

Also o f interest was the presence within both and subunits o f ROD tripeptide 

sequences of the type implicated in binding to host cell integrin molecules. Integrins are 

heterodimeric membrane proteins of the mammalian cell surface. They participate in cell

cell adhesion, and in cellular differentiation, migration, and attachment to the extracellular 

matrix (Ruoslahti, 1996). The tripeptide sequence RGD has been shown to be critical for 

ligand recognition by many, but not all, integrins (Wickham et al., 1993). Microbial 

pathogens as diverse as Borrelia burgdorferi, Yersinia spp., Bordetella pertussis, 

adenovirus, foot-and-mouth disease virus, and hantaviruses bind integrins, usually through 

an RGD m otif located on cell-surface proteins (Reiman et al., 1989; Isberg & Tran Van 

Nhieu, 1994; Mason et ah, 1994; Finn & Stevens, 1995; Gavrilovskaya et al., 1998). 

Several o f these proteins are proven virulence factors (Reiman et al., 1989; Mason et al., 

1994; Finn & Stevens, 1995). Based on the features shared with known adhesins, it was 

suggested that participate in adherence (Owen et al., 1996; Henderson & Owen, 1999).

1.1.6, Phase variation. Early investigations o f Ag43 were continually hindered by 

unexplained fluctuating yields of This was eventually found to be a consequence o f 

reversible phase variation (Owen et al., 1991). Common methods routinely used to



establish the phase state o f Ag43 within populations o f E. coli include SDS-PAGE and 

Western immunoblotting, colony immunoblotting and immunofluorescence microscopy 

(Owen et a l,  1996). Furthermore, within K-12 variants it is possible to distinguish Ag43- 

expressing colonies (large, irregular, rough) from non-Ag43-expressing colonies (small, 

round, glossy; Henderson et al., 1997a; Hasman et ah, 2000).

Interestingly, Diderichsen (1980) had previously noticed this type o f colony morphology 

variation. Flat, irregular, rough colonies were designated frizzy (now known to be Ag43- 

expressing colonies) and the convex, round, smooth variants were termed glossy (now 

known to be Ag43-negative colonies). When inoculated into liquid media, bacteria within 

cultures derived from frizzy colonies settled out of solution forming autoaggregates. This 

was in contrast to cultures derived from glossy colonies. The locus responsible for these 

changes in phenotype was mapped to 43 min on the E. coli K-12 chromosome and named 

flu . However, the product of this gene (now known to be Ag43) was not identified 

(Diderichsen, 1980). Further studies by Diderichsen (1980) identified part of the regulatory 

mechanism controlling the expression of flu . Thus, an E. coli K-12 mutant strain BD1302, 

which possessed a deletion in the 89-min region, was Locked in the frizzy phenotype. 

Subsequent studies by Warne et al. (1990) identified this gene to encode a LysR-type 

regulator that they termed Mor. This product was later found to be identical to OxyR 

(Henderson & Owen, 1997).

Early studies revealed the rates of Ag43 phase variation in ML308-225 grown in succinate 

minimal medium A at 37 °C, from ON-OFF and OFF-ON, to be ~2.2 x 10'  ̂ per cell per 

generation and ~1 x 10'  ̂per cell per generation, respectively. The corresponding rates of 

switch for cells grown in L-broth were shown to be approximately four-fold higher 

(Meehan, 1994; Owen et al., 1996). A number o f factors have since been shown to have 

little effect on Ag43 expression or phase variation, viz., osmolarity, glucose concentration 

and iron concentration. However, studies have indicated that expression levels of Ag43 are 

reduced in populations grown at 24 °C than at 37 °C (Meehan, 1994). More recently, 

Waldron et al. (2000) demonstrated that agn43 promoter activity was (a) 4-fold lower when 

cells were grown at 28 °C compared to 37 °C; (b) 2-2.5-fold higher when cells were grown
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under semi-anaerobic compared to aerobic conditions; and (c) 4-fold higher during 

stationary compared to exponential phase o f growth.

Through the analysis of defined genetic mutants Henderson & Owen (1999) identified 

OxyR (the product of oxyR [mor\), a LysR-type transcriptional regulator, and Dam 

methylase as regulators of agn43 expression. Thus, OxyR mutants were Locked ON for 

Ag43 expression while Dam mutants were Locked OFF (Henderson & Owen, 1999). Later 

studies by Haagmans & van der Woude (2000), using a fusion o f the agn43 regulatory 

region to the reporter gene lacZ, indicated that expression of agn43 is regulated at the level 

of transcription as previously predicted (Henderson & Owen, 1999). The GATC sites were 

not protected in an oxyR background suggesting that (a) OxyR binding results in protection 

from Dam-dependent methylation and a Phase OFF phenotype, (b) methyiation o f  the 

GATC sites prevented OxyR binding and resulted in a Phase ON phenotype. More recent 

studies by Waldron et al. (2000), using a fusion of the agn43 regulatory region to the 

reporter gene lacZ, indicated that (a) methylation o f two GATC sites is sufficient for phase 

variation and (b) the Locked ON phenotype resulting from mutations in the adenines of 

GATC sites 2 and 3 was suggestive of the importance of these residues in OxyR binding.

Taken together, these data support a model, originally proposed by Henderson & Owen 

(1999), in which OxyR-mediated repression of transcription is alleviated by Dam- 

dependent methylation of two of three GATC sites in its binding site resulting in the Phase 

ON state. The Phase OFF state is believed to result from binding of OxyR to the promoter 

region, an event that prevents recruitment of RNAP to the transcriptional start site (FIG. 

1.3; Henderson et ah, 1997b; Henderson & Owen, 1999; Haagmans & van der Woude, 

2000; Waldron et al., 2000). It is interesting to note that although there are significant 

similarities between the promoter regions and modes o f regulation o f agn43 and mom, 

including the presence in both of a MuC-like binding region, a MuC-like protein has not 

been demonstrated, as yet, to function in agn43 regulation.

1.1.7. Ag43 immunologically related proteins. Whereas Western blot analysis o f E. coli 

ML308-225 and K-12 derivatives routinely resolved a single subunit suggestive o f a
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Phase ON

transcription

------- ►

agn43

-35 -10 t  t  t
GATC sites (methylated)

Phase OFF

no transcription

+ -h
agn43

-10 f  f  t
GATC sites (unmethylated)

FIG. 1.3. A model for the phase-variable regulation of agn43 expression. The Phase 

ON state results from the addition of methyl groups (blue ovals) to the adenosine 

residue of at least two of the three GATC sites that prevents binding of OxyR (red 

square) but allows RNAP (green oval)-mediated transcription. Binding of OxyR 

inhibits both methylation of the GATC sites and RNAP-mediated transcription resulting 

in the Phase OFF state.



single Ag43 species, subsequent analysis o f pathogenic isolates revealed more complex 

forms o f the protein. Thus, analysis of a panel of classical EPEC strains by colony 

immunoblotting and immunofluorescence microscopy (Meehan, 1994) revealed the 

presence of phase-variable anti-a"*^ serum cross-reacting proteins (CPs) that were localized 

to the outer membrane. Western blot analysis of cell envelopes isolated from these strains 

showed them to express various (sometimes multiple) anti-a"*  ̂ serum CPs o f  54-60 kDa and 

94 kDa. Those proteins of 54-60 kDa could be released from outer membranes by heating 

at 60 °C for 2 min in a manner similar to that observed for the subunit o f Ag43 from 

ML308-225 (Meehan, 1994; Owen et ah, 1996),

In contrast, the phase-variable anti-a'*^ serum CPs of 94 kDa could not be heat-released 

from outer membranes. However, they did share traits with notably the property o f 

heat-modifiability, migrating with apparent M s of 90,000 and 74,000 when heated at 100 

°C and <50 °C, respectively, for 15 min prior to electrophoresis. An additional feature of 

the 94-kDa proteins o f EPEC strains NCTC 9044 and NCTC 10089 was their sensitivity to 

exogenous proteases. They could be readily cleaved in situ with trypsin to generate two 

membrane-associated products viz. (a) a 55-kDa protein which, like could be 

selectively released from outer membranes by heat shock at 60 °C and (b) a heat-modifiable 

product (Mr 50,000) similar to In strains which expressed both Ag43 and the 94-kDa 

protein, the a  and p homologues produced by controlled proteolysis o f the 94-kDa species 

were clearly distinct, as regards M  and antigenicity, from the endogenous and p"*̂  

subunits (Meehan, 1994; Owen e/a/., 1996).

Amino acid sequencing of from ML308-225 and the 94-kDa protein from NCTC 9044 

indicated both proteins to have similar but distinct N-termini (Henderson, 1996). 

Furthermore, as with Ag43, the 94-kDa protein of NCTC 10089 has been shown to (a) be 

regulated by Dam methylase (dam mutants are Locked OFF for expression of the 94-kDa 

protein), (b) display similar levels of phase-switch from ON-OFF, (c) display reduced 

levels o f expression when grown at 24 °C (Henderson, 1996). It is important to note that 

there is no evidence for a precursor-product relationship between the 94-kDa protein and 

Ag43 although it is tempting to speculate that the former is an uncleaved version o f the
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latter. Overall, these data led to the suggestion that Ag43 may be a member o f a family of 

phase- and antigenically-variable outer membrane proteins (Owen et a l ,  1996).

1.1.8. Functional analysis. A number of functions have been suggested for Ag43 and 

recent publications have shed considerable light upon the area. Initial observations 

revealed the protein to share many traits with known adhesins, viz., the phase-variable 

surface expression, the shared identity with known adhesins, and the presence o f  an RGD 

motif in both and (3"̂  ̂ subunits. Based on these data Henderson and co-workers 

(Henderson 1996; Owen et al., 1996) performed a number o f adhesion assays using a 

variety of cell lines and populations o f strain ML308-225 phase-variable for Ag43 

expression. These studies demonstrated populations that were Phase ON for Ag43 

expression to be 3- to 8-fold (depending on the cell line) more adherent (and invasive) than 

populations predominantly Phase OFF for Ag43 expression. Furthermore, studies also 

indicated adherence of Phase ON populations to be reduced, in a dose-dependent manner, 

by purified preparations of Although these studies indicated a likely role for Ag43 in 

adhesion, the results were compromised by the presence within all phase-variable 

populations o f significant numbers of both Ag43-negative and Ag43-positive cells.

Studies have demonstrated Ag43 to mediate colony morphology variation (see Section 

1.1.6) and autoaggregation o f E. coli K-12 populations (Diderichsen, 1980; Henderson et 

al., 1997a; Hasman et al., 2000). It is interesting to note that the independent expression of 

Ag43 and type 1 fimbriae both result in autoaggregation. Ag43-mediated autoaggregates 

only form in the absence of type 1 fimbriae expression (Hasman et al., 2000) and settle out 

of solution. In contrast, type 1 fimbriae-mediated aggregates form a pellicle at the liquid 

air interface. Thus, through the phase-variable expression o f both Ag43 and type 1 

fimbriae, cells can ensure that members o f the population occupy various niches within a 

static liquid environment such that the overall survival prospects of the population are 

enhanced (Hasman et al., 2000). To date, this function has only been established for the R- 

LPS bearing K-12 strain but it has lead to the suggestion that the protein might play a role 

in the multi factorial process of biofilm formation (Haagmans & van der Woude, 2000).
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Preliminary studies by Danese et al. (2000) support this supposition (see Section 1.3.4 for 

introduction to biofilms). Thus, an E. coli K-12 oxyR mutant was shown to be capable of 

forming biofilms while an E. coli K-12 dam  mutant was not and an E. coli K-12 agn43 

mutant was less efficient at forming biofilms as compared to the parental strain. Further 

evidence in support of a role for Ag43 in biofilm formation has been provided by recemt 

studies by Kjaergaard et al. (2000) in which it was shown that heterologous expression of 

Ag43 in Pseudomonas fiuorescens enhanced the ability o f the construct to form biofilms 

upon glass surfaces.

The balance o f evidence would seem to suggest that Ag43 is involved in the processes o f 

intercellular adhesion. As outlined above, and as will become apparent from analysis o f  the 

roles that biofilms play in a bacterial life cycle (see Section 1.3.4), it would appear that 

expression o f Ag43 enhances the overall survival prospects of a population.

1.2 THE AUTOTRANSPORTER FAMILY

Cell surface and secreted proteins play critical roles in the life cycles o f all bacteria. The 

functions that they perform facilitate processes such as nutrient acquisition (Nikaido, 1993), 

adhesion and invasion (Benz & Schmidt, 1992b; St. Geme et al., 1994), intracellular and 

extracellular motility (Macnab, 1989; Goldberg & Theriot, 1995), protection from the 

immune system (Fernandez & Weiss, 1994) and toxicity (Schmitt & Haas, 1994). Thus, it 

is essential that Gram-negative bacteria possess mechanisms by which proteins can be 

transported from the cytoplasm, through both inner and outer membranes, to the cell 

surface. To date, five such mechanisms have been identified, viz., Type I-V. O f these 

types V is the most relevant in the current context.

1.2.1. Type I-IV secretion systems. The type I system (Wandersman, 1998) is 

characterized by secretion o f the HlyA haemolysin o f coli. HlyA is translocated through 

the inner and outer membranes via an oligomeric complex composed o f  a large ATP-
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binding cassette transporter (HlyB), an accessory factor (HlyD), and an additional outer 

membrane factor (TolC; Path & Kolter, 1993).

The type II secretion system is a two-step process and has been best studied for the 

pullulanase enzyme, PulA, from K. oxytoca. Transport across the inner and outer 

membranes occurs via the Sec system of the general secretory pathway and via a dedicated 

secretion apparatus composed of 13-14 different gene products, respectively (Russel, 

1998).

Type III secretion comprises a complex apparatus of proteins that assembles into a highly 

regulated channel through both the inner and outer membranes (Galan & Collmer, 1999). 

In many cases the apparatus is designed to secrete proteins upon contact with the target 

eukaryotic cell.

Type IV secretion is best illustrated by the apparatus involved in the secretion o f the B. 

pertussis ADP-ribosylating toxin (pertussis toxin) and T-DNA in Agrobacterium  

tumefaciens (Li et al., 1998; Zupan et al., 1998).

1.2,2. Type-V secretion. A number of years ago, research by Pohlner et al. (1987) on the 

export of Neisseria gonorrhoeae IgAl protease identified the existence o f a new family of 

proteins that have since been named autotransporters. This family o f Gram-negative outer 

membrane/secreted virulence proteins was so called in that they that apparently direct their 

own secretion through the outer membrane independently o f any other factors. This new 

method o f protein secretion was termed the type-IV pathway (Finlay & Falkow, 1997) but 

has since been renamed as the type-V pathway (Henderson et al., 2000).

Autotransporters (reviewed in Loveless & Saier, 1997 and Henderson et al., 1998) are 

translated as large polyprotein precursors composed of three primary domains, viz., a large 

N-terminal signal sequence, a C-terminal domain believed to form an outer membrane (3- 

barrel pore, and an N-terminal functional passenger domain. In general terms, it is 

proposed that secretion through the inner membrane is mediated by an interaction o f the
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large N-terminal signal sequence with the Sec system, while formation of an outer 

membrane p-barrel pore by the C-terminal domain is believed to facilitate transport o f the 

passenger domain to the cell surface. Once the passenger domain reaches the ceil surface, 

(auto)cleavage can occur separating the passenger domain from the P-barrel pore, a process 

that can facilitate secretion o f the protein. The various stages are discussed in more detail 

in sections 1.2.2.1-1.2.2.5 below and are illustrated in FIG. 1.4.

1.2.2.1. Transport across the inner membrane. Although poorly studied, this is 

believed to be mediated by the Sec system (FIG. 1.4B). This is based on the presence, 

within most autotransporters, of prototypical Sec-dependent signal sequences, the 

characteristics o f which are an “N ”-domain containing several positively charged amino 

acids, a “H ”-domain (hydrophobic) of predominantly neutral amino acids and a “C”- 

domain containing a consensus signal peptidase recognition site AxB, where A and B are 

small amino acids (e.g. alanine) and cleavage occurs after B (Izard & Kendall, 1994).

An interesting feature of autotransporters is that many possess N-terminally extended signal 

sequences o f 47 residues or longer (Henderson et al., 1998). All such extensions contain a 

sequence o f conserved amino acids, SELAR, in an otherwise poorly-conserved 

background. The functions of the conserved motif and o f the extended signal sequence are 

unknown, although it is possible that the former may be a protein recognition site involved 

in stabilisation, localisation, processing, and/or inner membrane transport of 

autotransporters. In summary, translocation through the inner membrane is believed to be 

mediated by Sec but there is as yet no conclusive experimental evidence to support this 

assumption. Furthermore, the pleiotrophic nature of mutations within the Sec system 

creates an obvious barrier to any such studies.

1.2.2.2. Transport across the periplasm. To date, there is little evidence 

regarding the passage of autotransporters through the periplasm. One line of 

experimentation suggests that periplasmic intermediates exist. In considering this evidence 

it should be noted that autotransporters possess very few, if any, cysteine residues (Jose et 

a l,  1995). Thus, in an IgAl protease recombinant protein where the native passenger
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FIG. 1.4. Diagram illustrating the proposed method o f autotransporter expression. The 

first step involves translation o f a large polyprotein precursor (A) that is composed o f three 

primary domains viz. a signal region (green), a passenger domain (blue) and a C-terminal 

P-barrel-forming domain (red). Translocation through the inner membrane (B) is believed 

to be mediated via an interaction between the N-terminal signal and the Sec system. 

Having traversed the inner membrane, the C-terminal domain inserts itself into the outer 

membrane (C) forming a |3-barrel pore (D). The passenger domain passes through the pore 

(D) to reach the cell surface (E). Additional processing may occur at the surface where a 

cleavage event separates the passenger from the C-terminal domain. Following cleavage 

the passenger may stay attached to the p-barrel pore via a non-covalent linkage (F), or be 

released from the cell into the extracellular surroundings (G).
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domain was replaced with a cysteine containing protein (Jose et al., 1996), outer membrane 

localisation occurred only in the absence of DsbA, a periplasmic oxidoreductase which 

catalyses disulphide bond formation. These data suggest, at least in the case o f IgAl
V

protease, that the proprotein exist/in an unfolded state within the periplasm prior to outer 

membrane localisation. It is unknown how autotransporters avoid or minimize degradation 

in the periplasm. One potential mechanism for doing so might involve protection from 

proteolytic degradation by a chaperone. However, as mentioned in the previous section, it 

is difficult to study potential mechanisms due to the widespread effects that mutations 

within chaperone genes might cause.

I.2.2.3. Transport through the outer membrane. In contrast to the early steps o f 

autotransporter export, transport through the outer membrane is appreciated in some detail. 

Thus, there is large body o f data supporting a mechanism in which the C-terminal domains 

form a (3-barrel pore (FIG. 1.4C and D) that facilitates translocation o f the passenger 

domain through the outer membrane to the cell surface (FIG. 1.4D and E; Jose et al., 1995; 

Suhr et al., 1996; Hendrixson et al., 1997; Henderson & Owen, 1999; Lindenthal & 

Elsinghorst, 1999; Maurer er a/., 1999).

One feature shared by all autotransporters, and one of the primary methods of 

autotransporter identification, is that the C-terminal domains are predicted, with a high 

degree o f certainty, to form P-barrels. In addition they all possess a C-terminal tripeptide 

motif, containing one or usually two aromatic residues, which is believed to function in the 

stability and/or localisation of known p-barrel structures. Thus, Hendrixson et al. (1997) 

revealed that a deletion of the C-terminal tripeptide from the Hap autotransporter (see Table 

1.2) resulted in minimal and no levels of outer membrane and periplasmic expression, 

respectively. Furthermore, deletion of the 12 C-terminal amino acids of Hap resulted in an 

absence o f detectable protein. Identical experimentation with PhoE, a known p-barrel 

containing protein, yielded identical results (Struvye et al., 1991), and demonstrate that the 

C-terminal residues are likely to be important for membrane localisation and/or stability.
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Table 1.2. Selected members o f the autotransporter family (adapted from Henderson et al., 1998).
Protein Microorganism Function RGD

motif
Protease
(Autoproteolytic)^

P-loop
motif

Reference

Ag43 E. coli autoaggregation/biofilm
formation

+ + (?) + Henderson & Owen, 1999

AIDA-1 E. coli adhesin - - - Suhr et al., 1996
TibA E. coli adhesin/invasin - - - Lindenthal & Elsinghorst, 1999
EspC E. coli ? - + (-) - Stein et al., 1996
Pet E. coli toxin - + (?) + Eslava et al., 1998
Tsh E. coli adhesin - + (?) + Provence & Curtis, 1994
Hap H. influenzae^ adhesin - + (+) - Hendrixson et al., 1997
IgAl pro tease H. in fluenzal protease - + (+) + Poulsen et al., 1989
BrkA B. pertussis'^ serum resistance + - - Fernandez & Weiss, 1994
Pertactin P.68 B. bronchisepticd^ adhesin + - - Li et al., 1992
IcsA Shig. flexn erf cell-cell spread - - - Suzuki et al., 1995
SepA Shig. flexn er f ? - + (-) - Benjelloun-Touimi et al., 1995
VacA Hel. p y lo rf toxin - - - Schmitt & Haas, 1994
Hsr Hel. mustelae^ ? - - - O’Toole et al., 1994
rOmpA Rickettsia spp. adhesin - - - Crocquet-Valdes etal., 1994
Ssp Serr. marcescens^ protease + + (?) - Miyazaki et al., 1989
 ̂ indicates the role that the proteolytic site, if present, plays in autoproteolysis. Involvement in autoproteolysis: yes (+); no (-); unknown (?).

Haemophilus influenzae,Bordetella  pertussis, Bordetella bronchiseptica, '  Shigella flexneri,  ̂Helicobacter pylori, ® Helicobacter mustelae, *' Serratia 

marcescens



FIG. 1.5. (A) Scheme o f the composition o f the various CTB-AIDA-1 fusion proteins 

constructed by Maurer et al. (1999). The total number of amino acids (aa) in the various 

proteins are shown. LR, linking region; SP, signal peptide; CTB, cholera toxin B subunit. 

(B) Schematic model illustrating the predicted fates and features o f CTB-AlDA-1 fusion 

proteins. The positions, export, and folding behaviour o f the (3-barrel o f the various CTB- 

ADIA-1 fusion proteins are illustrated. Fusions FP59, FP51 and FP49 are surface 

expressed. It is predicted that FP46 and FP40 do not attain surface expression due to a 

linker region o f insufficient length, and that FP52 and FP34 are unable to form complete 13- 

barrels and are therefore unable to attain surface expression. OM, outer membrane; PP, 

periplasm. This FIG. has been adapted from Maurer et al. (1999).
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Jose et al. (1996) provided evidence that the C-terminal P-barrel acts as a translocation 

channel. Thus, a cysteine-containing passenger domain o f an IgAl protease recombinant 

was only surface expressed in a dsbA mutant. These data imply that folding in the 

periplasm results in the passenger being too bulky to pass through the P-barrel pore, and 

that the latter is only capable of translocating unfolded passenger. More recent studies 

performed by Shannon & Fernandez (1999) with the C-terminal region o f BrkA (see Table 

1.2) revealed that lipid bilayers containing the purified recombinant protein had an average 

single-channel conductance strongly suggestive of a pore.

A recent paper by Maurer et al. (1999) provided further evidence that the C-termini form P- 

barrel pores and introduced the concept that there exists within autotransporters an 

additional domain termed the linker. This region may be defined as a stretch o f residues 

lying between both passenger and p-barrel domains that is essential for the translocation o f 

the passenger through the P-barrel. In the above experiments, sequence encoding the 

cholera toxin B (CTB) subunit was fused to a region encoding the C-terminus of the AIDA- 

1 protein and a number of deletion mutants in both linker and putative p-barrel regions 

were constructed (see FIG. 1.5). Analysis revealed all C-terminal mutants to be negative 

for expression of CTB, while reduction o f linker size below a certain length prevented 

surface expression of the CTB subunit (Maurer et al., 1999; see FIG. 1.5).

Although the above studies indicate that the (unfolded) passenger domain is translocated 

through a P-barrel pore, studies by Viega et al. (1999) demonstrate that folded proteins are 

able to attain surface expression. Thus, a single chain antibody (scFv) was fused to the 

proposed p-barrel of IgAl protease. This scFv cysteine-containing passenger domain was 

able to pass through the outer membrane, albeit at a reduced level, in active conformation 

with disulphide bonds preformed in the periplasm through the action of DsbA. These data 

suggest that it is not necessary for a protein to be in an unfolded state prior to translocation.

In summary, there is very strong evidence to show that C-terminal regions o f 

autotransporters form p-barrel pores that facilitate translocation of the passenger domain 

through to the cell surface. The nature of the passenger domain would also appear to be an
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important part in the process with studies indicating that bulky proteins are less likely to 

attain surface expression. However, it should be noted that the structures o f  these putative 

P-barrels have yet to be conclusively demonstrated by X-ray crystallography.

1.2.2,4. Cell surface processing. Once translocated to the cell surface the 

passenger domain can undergo one of three events: (a) it can be cleaved from the (3- 

barrel/linker domain and be released into the extracellular milieu (FIG. 1.4G), which occurs 

with IgAl protease (Pohlner et a l,  1987) and Hap (Hendrixson et ah, 1997); (b) 

alternatively the passenger domain may remain non-covalently associated with the C- 

terminal domain following cleavage (FIG. 1.4F), as with Ag43 (Henderson & Owen, 1999); 

and (c) cleavage, and thus separation, does not occur leading to a product with fused 

passenger and translocation domains (FIG. 1.4E), e.g. Hsr (O’Toole et a l ,  1994; Table 1.2).

An additional feature of some autotransporters is the presence within the passenger domain 

of a proteolytic site (Table 1.2). It is proposed that these sites may function in (a) 

autoprocessing (e.g., Hap; Hendrixson et al., 1997); (b) pathogenesis (SepA; Benjelloun- 

Touimi et al., 1995); (c) both autoproteolysis and pathogenesis (e.g. IgAl protease; Pohlner 

et ah, 1987); and (d) neither autoproteolysis nor pathogenesis (EspC [Stein et al., 1996]). 

In some cases cleavage is clearly performed not by autoproteolysis but by an outer 

membrane/periplasmic protease. A case in point is IcsA in Shig. flexneri (Table 1.2), which 

is processed by SopA, an OmpT homologue (Shere et al., 1997).

To date, the process of autotransporter secretion through the outer membrane has been 

shown to occur without any apparent energy dependence. However, Henderson et al. 

(1998) have noted that a number of members possess P-loop nucleotide binding motifs 

within their C-terminal domains (Table 1.2) indicating a possible mechanism for energy 

coupling o f outer membrane translocation. Although there are numerous ATP- and GTP- 

binding proteins in which the P-loop can be detected (Path & Kolter, 1993), not all ATP- 

and GTP-binding proteins possess this motif. Additionally there are other proteins that 

possess the m otif which are not thought to be ATP- and/or GTP-binding proteins (Saraste et 

al., 1990). Therefore, although interesting, the presence o f a P-loop m otif within the
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autotransporters is not sufficient to imply energy dependence. However, one would 

imagine that the possibility could be readily studied through the construction o f  site- 

directed mutations and phenotypic analysis of resultant mutants.

I.2.2.5. Functions of autotransporters. As can be seen from Table 1.2, the 

functions o f autotransporters are quite diverse, ranging from adhesion (AIDA-1) to 

intracellular motility (IcsA), cytotoxicity (VacA) and serum resistance (BrkA). An 

interesting feature o f a number of autotransporters is the presence o f RGD tripeptide motifs 

(Table 1.2) that are associated with attachment to mammalian cells via the cell-signalling 

integrin molecules (D’Souza et al., 1991). The role of these motifs in most autotransporters 

has yet to be determined although studies in B. pertussis suggest that they may facilitate 

pertactin-mediated adhesion (Leininger et al., 1991).

1.3 FUNCTIONS PERFORMED BY SURFACE- 

ASSOCIATED/SECRETED PROTEINS

The underlying priority of any bacterial cell, as with most beings on this planet, is to 

propagate the species. The mechanisms by which bacteria can do this frequently involve 

colonisation of a host so that nutrients can be acquired and utilised to support cell division. 

In association with these practices, it is also of importance to resist the surrounding 

environment and to ensure that situations prevail whereby dispersion o f members o f the 

population can occur. Surface-associated/secreted proteins, by their very location and 

resultant ease of interaction with the surrounding environment, are among those proteins 

that facilitate the processes o f colonisation, nutrient acquisition/utilisation and dispersion. 

A flavour o f the various roles played by surface-associated/secreted proteins can be seen 

from a consideration o f the autotransporters (see Section 1.2.2.5 and Table 1.2).

A number o f functions have been proposed for Ag43 including potential roles in adhesion 

(and invasion), autoaggregation and biofilm formation. Other functions not investigated 

include potential roles in toxicity and immune evasion. Selected and well-documented
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examples of proteins that function in these processes will be reviewed in the following 

paragraphs.

1.3.1. Surface-associated/secreted proteins involved in adhesion and colonisation.

Among the earliest events in many bacterial infections are molecular interactions between 

the pathogen and host cells. These interactions are typically required for extracellular 

colonisation or internalisation to occur and may involve a complex cascade o f molecular 

cross talk at the host-pathogen interface. Colonisation is usually mediated by adhesins on 

the surface o f the microbe that are responsible for recognising and binding to specific 

receptor moieties of host cells. The receptor-binding event may activate complex signal 

transduction cascades in the host cell that can have diverse consequences including the 

activation o f innate host defences or the subversion of cellular processes facilitating 

bacterial colonisation or invasion (Nougayrede et al., 1999; Perdigon et a l ,  1999).

There are two essential types o f adhesins: pili or fimbriae, which are assembled into hair

like appendages that extend from the bacterial surface and those that are directly associated 

with the microbial cell surface (so-called nonfimbrial adhesins). Previous studies have 

suggested that Ag43 may be a non-fimbrial adhesin. The following sections contain 

descriptions o f several non-fimbrial adhesins.

1.3.1.1, Opa proteins. Infection by the exclusively human pathogens N. 

gonorrhoeae and N. meningitidis, the causative agents of gonorrhoea and meningococcal 

meningitis, can be manifested by signs ranging from asymptomatic colonisation to localised 

or disseminated inflammatory responses (Apicella, 1990; Handsfield, 1990). The initial 

stages in attachment to the mucosal epithelia are mediated by pili (Nassif & So, 1995) 

while a more intimate attachment is believed to be mediated by the phase-switching colony 

opacity-associated (Opa) proteins. Further studies revealed Opa proteins to be a family of 

closely related but size-variable outer membrane proteins that mediate adherence to 

epithelia and leukocytes (King & Swanson, 1978; Lambden et al., 1979; Heckels, 1981). 

As shall become apparent in Section 1.4.4, Opa proteins are comprised o f  a family o f 

proteins that display phase and antigenic variability, and that are encoded by multiple
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alleles. The following section reveals that Opa proteins also display functional variability 

that influences bacterial receptor tropisms for epithelial, endothelial and phagocytic cells 

(Kupsch et ah, 1993).

The importance of Opa expression for neisserial infection is suggested by the finding that 

gonococci recovered after urogenital, cervical or rectal infection are typically Opa^, as are 

bacteria recovered after the inoculation of human volunteers with Opa' bacteria (Swanson 

et al., 1988; Jerse et al., 1994). However, it should be noted that Opa' bacteria predominate 

during menses (James and Swanson, 1978).

Heparan sulphate proteoglycans (HSPGs) are common constituents o f the surface o f 

mammalian cells and consist of long repeating sulphated glycoconjugates known as 

glycosaminoglycans, which are linked to various core proteins (Carey, 1997). Certain 

variants o f the Opa family have been shown to bind these components (van Putten & Paul, 

1995; Chen et al., 1995) although only Opaso has been shown to mediate an intimate 

adherence that leads to uptake into most cultured epithelial cell lines (Weal et al., 1991; 

Makino et al., 1991; Kupsch et al., 1993).

HSPG-dependent internalisation of Opaso-expressing gonococci has been shown to occur 

by different mechanisms. Thus, invasion into some epithelial cell lines (e.g., Chang 

conjunctiva cells) depends on the activation of phosphatidylcholine-dependent 

phosphoiipase C and acid sphingomyelinase, which results in the generation o f the 

secondary messengers diacylglycerol and ceramide, respectively (Grassme et al., 1997). In 

other epithelial cell lines (e.g., HeLa or CHO cells) HSPG-dependent invasion is triggered 

in the presence of vitronectin (Duensing & van Putten, 1997; Gomez-Duarte et al., 1997), 

which binds to Opaso-expressing cells and stimulates bacterial uptake in an ay  integrin- 

dependent manner.

The majority o f Opa variants do not bind HSPG receptors but mediate an efficient binding 

to and non-opsonic phagocytosis by polymorphonuclear neutrophils (PMNs). These 

interactions are mediated by Opa-dependent binding to CD66a (biliary glycoprotein),
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CD66c (non-specific crossreacting antigen) and CD66d (carcinoembryonic antigen gene 

family member 1), proteins o f the immunoglobulin (Ig) superfamily. The significance o f 

CD66-Opaso interactions in vivo is implied by the fact that >95% of mucosal and disease 

isolates o f gonococci and meningococci are able to bind CD66a (Virji et ah, 1996).

The distinct specificities of individual Opa variants for different CD66 receptors (Dehio et 

ah, 1998) might influence tissue tropism and cellular responses (Gray-Owen et ah, 1997). 

Studies have shown that apically expressed CD66 receptors on polarised T84 cells mediate 

Opa^ bacterial binding to, engulfment by, and the cellular transmigration across these 

epithelial monolayers without disruption of their intercellular junctions (Wang et ah, 1998). 

The presence o f CD66 on epithelia of the cervix and the uterus (Prall et ah, 1996) suggests 

that gonococcal dissemination from these sites could also be mediated by Opa-CD66 

interactions. The up-regulation of CD66 receptors on epithelia (Dansky-Ullmann et ah, 

1995) and primary endothelia (Gray-Owen et ah, 1997), stimulated by pro inflammatory 

cytokines, also suggests that neisserial binding to inflammatory tissues in vivo could be 

mediated by Opa. It is possible that this phenomenon might contribute to the persistence of 

neisserial infections and/or to an increased risk of meningococcal dissemination following 

viral or other infections of the nasopharyngeal mucosa.

1.3.1.2. Hap. Haemophilus influenzae is a common commensal organism o f the 

human respiratory tract and is an important cause of both localised respiratory tract and 

systemic disease (Kuklinska & Kilian, 1984; Turk, 1984). The initial step in the 

pathogenesis o f disease involves colonisation of the upper respiratory tract (Murphy et ah, 

1987) and is thought to be mediated by both pili (Guirnea et ah, 1982; Pichichero et ah, 

1982; Forney et ah, 1992) and non-pilus factors. One such non-pili factor, Hap 

{Haemophilus adherence and penetration), has been shown to mediate both adhesion to and 

invasion o f Chang epithelial cells (St. Geme et ah, 1994).

As already mentioned above, Hap belongs to the autotransporter family of proteins. 

Expression o f a 160-kDa Hap precursor product is followed by the insertion within the 

outer membrane o f a 45-kDa protein that is believed to form a p-barrel that facilitates the
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secretion o f a 110-kDa protein. Autoprocessing via a serine protease active site is believed 

to mediate cleavage o f the putative (3-barrel from the secreted passenger domain (St. Geme 

et a l,  1994; Hendrixson et a l,  1997). Studies by Hendrixson & St. Geme (1998) have 

demonstrated that the uncleaved cell-associated form of Hap mediates adherence to 

cultured epithelial cells and promotes bacterial aggregation and microcolony formation. 

These processes are augmented by secretory leukocyte protease inhibitor, a natural 

component of respiratory secretions that inhibits Hap autoproteolysis and illustrates a novel 

host-pathogen relationship whereby a soluble protein, whose primary function is to protect 

host epithelia, potentiates properties that facilitate bacterial colonisation.

1.3.1.3. AIDA-1. This protein is an autotransporter and an adhesin involved in 

diffuse adherence of E. coli. Thus, AIDA-1 was shown to mediate the diffuse adherence 

phenotype displayed by EPEC strain E. coli 2787 (0126;H27), while transformation o f a 

plasmid that encoded AIDA-1 into E. coli K-12 conferred upon it an identical phenotype 

(Benz & Schmidt, 1989). Also, purified AIDA-I bound to HeLa cells and anti-AIDA-1 

serum inhibited the adherence of whole bacterial cells to tissue culture cells thereby 

confirming the adhesive nature of the protein (Benz & Schmidt, 1992a). AIDA-1 is 

synthesised as a 132-kDa precursor, the C-terminus of which (-30  kDa) is believed to 

mediate transport of the ~100-kDa passenger domain to the cell surface (Benz & Schmidt, 

1992b; Suhr et al., 1996; Maurer et al., 1999).

1.3.1.4. TibA of ETEC. This represents another autotransporter that mediates both 

adhesion and invasion processes. Two separate, chromosomally encoded invasion 

determinants (the tia and tib loci) were cloned from the classical ETEC strain H I0407 and 

were expressed in E. coli HBIOI. These loci could direct HBlOl to adhere to and invade 

HCT 8 cells (human ileoceacal epithelial cells) with a greater efficiency than that o f the 

parental strain. Strains H I0407 and HBlOl containing either the tia or tib locus could 

transit through polarised HCT 8 monolayers, suggesting that ETEC may be crossing the gut 

epithelium in vivo and that epithelial cell penetration may have a previously unrecognised 

role in ETEC disease (Elsinghorst & Kopeco, 1992). Further studies demonstrated TibA to 

be a product o f the tib locus and that its expression is directly correlated with the adherence
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and invasion phenotypes (Elsinghorst & Weitz, 1994). Interestingly, more recent studies 

have demonstrated TibA to be glycosylated (Lindenthal & Elsinghorst, 1999).

1.3.1.5. Filamentous haemagglutinin (FHA). This is a major attachment factor 

produced by B. pertussis, the aetiological agent of whooping cough (Arai and Sato, 1976). 

This large (mature polypeptide: Mr 220,000) surface-expressed protein is secreted into the 

extracellular environment. As the name suggests, it has a filamentous nature (~50 nm long 

and ~2 nm wide), and is folded into a monomeric hairpin structure (Makhov et al., 1994; 

Mooi, 1994).

Through the use o f defined knockout mutants, it was found that FHA mediated adherence 

to cultured human ciliated respiratory epithelial cells (Tuomanen & Weiss, 1985). Also, 

heterologous expression of the protein in such species as H. influenzae enhanced the ability 

to bind to ciliated cells (Tuomanen, 1986). Studies by Arico et al. (1993) demonstrated 

binding to eukaryotic cells to be mediated by multiple domains located in the N-terminus of 

the protein. These include (a) a domain that recognises galactose-containing 

glycoconjugates on ciliated cells and macrophages (Tuomanen et al., 1988); (b) an RGD 

domain that promotes adhesion to the macrophage integrin C3 and possibly other integrins 

on different cells (Reiman et al., 1990; Arico et al., 1993); and (c) a heparin-binding region 

(Menozzi et al., 1991). Studies by Hannah et al. (1994) found that FHA binds specifically 

to sulphated glycolipids but not to gangliosides or other neutral glycolipids, and suggest 

that epithelial cell surface sulphated glycolipids function as receptors for FHA. This 

glycosaminoglycan-binding domain was located to the N-terminus of the FHA molecule. 

Most binding activifies o f FHA mimic eukaryotic mechanisms of cell adhesion (Reiman et 

al., 1989), and in some cases it has been proposed that antibodies to FHA may interfere 

with leukocyte binding (Tuomanen etal., 1993).

1.3.1.6. mSpeB2. The human pathogenic bacterium group A Streptococcus 

produces an extracellular cysteine protease [streptococcal pyrogenic exotoxin B (SpeB)] 

that is a critical virulence factor for invasive disease episodes. Studies have also 

demonstrated that the protein can remain attached to the cell surface (Stockbauer et al..
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1999). Recent sequence analysis (Stockbaeur et al., 1999) of the speB gene from 200 group 

A Streptococcus isolates revealed a novel variant, mSpeB2, that contained an RGD m otif 

and that was capable of binding to transfected cells expressing integrin ay  P3 or anbps. 

Furthermore, binding was blocked by a monoclonal antibody (MAb) that recognises the 

streptococcal protease RGD motif region. In addition, mSpeB2 bound purified anbPs, the 

platelet integrin. These properties were unique to mSpeB2 and were not displayed by other 

non-RGD containing variants. Also, synthetic peptides with the mSpeB RGD motif, but 

not the RSD sequence present in other mSpeB variants, blocked binding o f mSpeB2 to 

transfected cells expressing ay  Pa (Stockbauer et a l, 1999). This putative adhesin 

illustrates how subtle natural variation in microbial virulence factor structure alters the 

character o f host-pathogen interaction, and more specifically, how the presence/absence o f 

an RGD tripeptide sequence can significantly alter the functions displayed by a protein.

1.3.2. Bacterial toxins. Since diphtheria toxin was isolated by Roux and Yersin (1888), 

microbial toxins (soluble substances that alter the normal biological functions o f host cells 

with deleterious effects on the host) have been recognised as the primary virulence factor(s) 

for a variety of pathogenic bacteria. Indeed, the major symptoms associated with diseases 

caused by B. pertussis (whooping cough). Vibrio cholerae (cholera), Clostridium botulinum 

(botulism) and EHEC (bloody diarrhoea and haemolytic uraemic syndrome) are all related 

to the activities o f the toxins produced by these organisms. Bacterial toxins (reviewed by 

Schmitt et al., 1999) can be categorised according to their mode of action, whether they 

damage cell membranes or the extracellular matrix, inhibit protein synthesis, activate 

second messenger pathways, inhibit the release of neurotransmitters, or interact with the 

host immune response. Of particular relevance to this thesis are enterotoxins.

1.3.2.1. Enterotoxins. Bacterial toxins can also target and alter the function o f a 

variety o f cellular proteins without directly killing the intoxicated cell. Toxin activation o f 

or modification of secondary messenger production can cause dramatic alterations to signal 

transduction pathways critical in maintaining a variety of cellular functions. The STa (or 

STI) enterotoxin o f ETEC provides a well-studied example of this class of toxin. Binding 

of STa to its cellular receptor results in the stimulation of membrane-bound guanylate
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cyclase, which in turn leads to an increase in intracellular cyclic GMP (Gianella, 1995). 

This increase affects electrolyte flux in the bowel; sodium absorption is inhibited and 

chloride secretion is stimulated. These ion flux changes result in the secretory diarrhoea 

characteristic of ETEC infection. In a similar manner, the LT toxins o f ETEC activate 

adenylate cyclase activity resulting in an increase in intracellular cAMP concentration, 

which produces electrolyte imbalance and diarrhoea (Nataro & Kaper, 1998).

The Pet autotransporter o f enteroaggregative E. coli (EAEC) has recently been identified as 

an enterotoxin (Eslava et al., 1998). Thus, the protein induced fluid accumulation when 

injected into rat ileal loops and also elicited a rise (-150 |aA/cm^) in short circuit current in 

Ussing chambers experiments conducted with rat mucosal tissue.

1.3.3. Surface-associated/secreted proteins involved in immune evasion. To be an

efficient pathogen an organism must have the ability to overcome the host immune system. 

Strategies employed by micro-organisms to evade the immune system include phase and 

antigenic variation (see Section 1.4), molecular mimicry, resistance to phagocytosis and 

killing by phagocytes, production of blocking antibodies, resistance to serum killing and 

production o f molecules that cleave immunoglobulins. Several proteins contribute to 

virulence by utilising these systems and allowing the organism to evade the host immune 

system (Owen & Meehan, 1994). Some examples of surface-associated/secreted proteins 

involved in these processes are given below.

1.3.3.1. Production of blocking antibodies. The P. Ill protein o f N. gonorrhoeae, 

an OmpA homologue, is a heat-modifiable protein of~31 kDa and is structurally conserved 

within the gonococci and meningococci (Blake & Gotschilch, 1987). Rice (1989) 

suggested that this protein subverts the immune system by binding antibodies that sterically 

prevent antibodies directed against other surface components. This inhibition prevents 

bactericidal attack from components of complement. It has been suggested that blocking 

antibodies may arise from previous exposure to immunologically cross-reactive proteins, 

e.g. OmpA, that are present in commensal flora (Rice, 1989). It is unlikely that this 

potential mechanism is restricted to P.Ill of gonococci.
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1.3.3.2. Serum resistance. Phagocytes and the complement system play important 

roles in host defence mechanisms against bacterial infection. Several bacterial surface 

structures have been shown to combat some o f these effects. For example, YadA of F. 

enterocolitica is thought to inhibit complement activation at the C3 and C9 levels such that 

less C5b-C9 membrane attack complexes are formed (Pilz et al., 1992; Straley, 1993; 

Cornelius et al., 1998). Thus, YadA^ cells are more resistant to the effects o f normal 

human serum than YadA cells (Pilz et al., 1992), YadA also mediates (a) the inhibition o f 

the anti-invasive effect o f interferon (Burdack et al., 1997); (b) adhesion to a number o f 

eukaryotic extracellular and cell surface molecules, e.g., YadA binds to human intestinal 

submucosa via an interaction with collagen and laminin (Skurnik et ah, 1994; Cornelius et 

al., 1998), and (c) internalization of bacteria into eukaryotic cells, which is due, at least in 

part, to interaction with Pi-integrins (Bliska et al., 1993, Yang & Isberg, 1993).

The 25-kDa TraT protein o f E. coli effects serum resistance in a similar manner to YadA by 

inhibiting the formation of C5b-C9 membrane attack complexes or by causing a structural 

alteration o f the complement complex resulting in a non-functional form (Wooley et al., 

1993). The Rck protein o f S. typhimurium (Mr 17,000) also affects complement-mediated 

lysis by inhibiting C9 polymerisation and affecting the polymerisations that occur in such a 

way that normal membrane attack complexes do not form (Heffernan et al., 1994).

1.3.3.3. Resistance to leukocyte mediated killing. During both localised and 

disseminated infections, neutrophils, monocytes and macrophages interact and phagocytose 

infecting microorganisms. The microorganism is usually efficiently killed via oxidative 

and enzymatic mechanisms occurring within the phagolysosome. Resistance to these 

detrimental effects could clearly enhance the survival capabilities of the invading microbe. 

In this respect, studies by Stinivage et al. (1990) noted the presence of a 59-kDa outer 

membrane protein in S. typhimurium that mediates resistance to oxidative killing. At 

present, it would appear that little else is known about this protein.

A second S. typhimurium  protein that is required for full virulence and that has been 

implicated in resistance to leukocyte mediated killing is PagC, a 188-residue outer
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membrane protein (Pullckinen & Miller, 1991). Thus, mutants unable to express PagC are 

incapable o f surviving within macrophage. Recent studies have indicated the protein to 

bind the extracellular matrix component laminin in a manner that may facilitate bacterial 

uptake (Crago & Koronakis, 1999).

1.3.3.4. IgAI protease. These enzymes are produced by N. gonorrhoeae, N. 

meningitidis and H. influenzae and are serine proteases that specifically cleave human IgAl 

at the hinge region (Plaut et ah, 1975). These proteins have been implicated as virulence 

factors in the pathogenesis of human mucosal infections (Killian et a l,  1996). Cleavage o f 

intact IgAl results in the loss of constant antibody region-mediated secondary effector 

functions, such as inhibition of adherence (Killian et a l, 1988; Hajishengallis et a l ,  1992), 

despite the retention of antigen-binding activity by the variable antibody region (Fab) 

fragments (Mansa & Kilian, 1986). Furthermore, it has also been suggested that Fab 

fragments may simultaneously block the binding of intact (functional) antibodies of IgAl 

or other isotypes to bacterial epitopes (Killian et al., 1988) and thereby inhibit such 

processes as complement activation. The presence of IgAl protease in pathogenic strains, 

but not in closely related non-pathogenic species (Mulks & Plaut, 1978; Killian et al., 

1979), suggests that it serves as a virulence factor for these bacteria.

1.3.4, Biofilm formation. In most natural environments, the majority o f  microbes 

associate with a surface via the formation of a structure known as a biofilm. These 

structures, defined as matrix-enclosed bacterial populations adherent to each other and/or to 

surfaces or interfaces, provide an efficient means of lingering in a favourable environment 

rather than being swept away by the current. They also constitute a growth phase distinct 

from that studied by the majority o f microbiologists investigating planktonic bacteria. The 

real significance o f bacterial biofilms has gradually emerged since their first description 

(Zobell & Anderson, 1936), and the first recognition of their ubiquity (Costerton et al., 

1978). The following section lists the features of biofilms and of biofilm formation.

28



Genetic studies o f single-species biofilms have shown that they form in multiple steps 

(Watnick & Kolter, 1999), require intercellular signalling (Davies et al., 1998) and 

demonstrate a profile of gene transcription that is distinct from that o f planktonic cells 

(Prigent-Combaret et ah, 1999). However, in natural environments biofilms are invariably 

a multi-species microbial community harbouring bacteria that stay and leave with purpose, 

share their genetic material at high rates, and fill distinct niches within the biofilm. Thus, 

they form complex, highly differentiated, multi-component communities.

In the first o f the several steps involved in bacterial biofilm formation (FIG. 1.6), the 

bacterium approaches the surface so closely that motility is slowed. A transient association 

with the surface and/or other microbes previously attached to the surface may then result. 

This association facilitates the more stable interactions required to form the three- 

dimensional biofilm structures that consist of exopolysaccharide-encased microbial pillars 

separated by water channels that allow for nutrient circulation and waste disposal (FIG. 

1.6). Occasionally, biofilm associated bacteria detach from the matrix and resume a 

planktonic stage.

Studies have shown fiagella and type IV pili to be involved in the processes o f microcolony 

formation. Once temporary contact with the surface is made, bacteria use these structures 

to move along the surface in two dimensions until other bacteria or microcolonies are 

encountered. Following bacterial pili- or flagella-mediated adhesion, continued growth and 

microcolony formation is facilitated by molecules that mediate intercellular adhesion. The 

product o f the ica locus of Staph, aureus (Cramton et al., 1999) and also Ag43 (Danese et 

a l,  2000; Kjaergaard et al., 2000) are believed to mediate these processes. 

Exopolysaccharide production is necessary to stabilise the resultant pillars that are 

characteristic o f biofilms (O’Toole & Kolter, 1998; Pratt & Kolter, 1998; Watnick & 

Kolter, 1999).

Evidence exists that different genes are transcribed in the planktonic- and biofilm- 

associated phases o f the bacterial life cycle. Thus, studies by Prigent-Combaret et al. 

(1999) demonstrated that flagellar synthesis is decreased in biofilm-associated cells while
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FIG. 1.6. A schematic representation o f the steps and factors involved in the formation o f a biofilm. A planktonic cell approaches a 

surface, attaches to that surface forming a microcolony and finally produces a three-dimensional biofilm. When environmental 

conditions become unfavourable, some o f the bacteria may detach and swim away to find a surface in a more favourable environment.



production o f colonic acid, an exopolysaccharide, is increased. In the case o f  P. aeruginosa  

production o f the alginate exopolysaccharide is four-fold higher in biofilm -associated cells 

than in planktonic cells (Gacesa, 1998). Thus, to become a productive m em ber o f the 

biofilm community, it would appear that the bacterium must differentiate into a biofilm- 

associated cell by repressing synthesis o f the flagellum that might destabilise the biofilm 

and by producing exopolysaccharide that will reinforce the biofilm structure.

Gene expression may also be regulated in response to a surface on which the bacterium  has 

chosen to settle. Attachm ent to and degradation o f chitin for use as a nutrient source is an 

important part o f  survival for many Vibrio marine species (Keyhani & Rosem an, 1986; 

Colwell & Spira, 1992). The genes encoding factors required for attachm ent to  chitin differ 

from those required for attachment to abiotic non-nutritive surfaces such as glass (Pruzzo et 

al., 1996; W atnick et al., 1999). Furthermore, although liquid medium that is rich in 

nutrients prim es many bacteria for attachment to any local surface (O ’Toole & Kolter, 

1998; Pratt & Kolter, 1998; Watnick et al., 1999), the bacteria will attach to chitin, but not 

plastic or glass, even when surrounded by a nutrient-poor medium. Thus, it w ould appear 

that when the surrounding medium is rich in nutrients, a bacterium will attach to any 

available surface, while in a nutrient-poor environment the bacterium  will attach 

preferentially to a nutritive surface. This adaptation ensures that the bacterium  will 

maximise access to nutrients in both nutrient-poor and nutrient-rich environm ents.

A significant feature o f biofilms is that the oxygen concentration and pH decrease as the 

substratum is approached (Xu et at., 1998; Okabe et al., 1999). Thus, biofilm s consist o f  

environm entally heterogeneous microenvironments where bacteria are likely to (a) 

distribute them selves within the biofilm such that they are best able to meet their own needs 

and that o f  the biofilm, and (b) alter gene expression to maximise survival in their particular 

environment.

Intercellular comm unication via the production o f  the quorum-sensing m olecules known as 

acyl-homoserine lactones (acyl-HSL) occurs in both natural and cultured biofilm s (M cLean 

et a l ,  1997; Allison et al., 1998; Davies et al., 1998; Stickler et al., 1998), The im portance
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o f this process in single-species biofilms has been clearly demonstrated for P. aeruginosa. 

Thus, acyl-HSLs are responsible for defining the separations between bacterial pillars in the 

three dimensional structure of the biofilm (Davies et a l, 1998). Mutants that do not 

produce acyl-HSL do not grow and associate as three-dimensional structures but form 

closely packed structures that are easily disrupted by detergents.

Advantages o f life within a biofilm include the as yet unexplained phenomenon o f 

increased resistance to antibiotics and detergents (Costerton et ah, 1987). These traits have 

been suggested to be a result of decreased bacterial growth rates in a biofilm (Evans et al., 

1990), of biofilm-specific substances such as exopolysaccharide (Yildiz & Schoolnik, 

1999) and possibly of decreased diffusion into a biofilm (De Beer et al., 1994). 

Furthermore, there are reports of accelerated rates of conjugation in bacterial biofilms 

(Hausner & Weurtz, 1999). This suggests that evolution by horizontal transfer o f genetic 

material may occur rapidly in a biofilm, making it the perfect milieu for emergence o f new 

pathogens by acquisition of antibiotic resistance, virulence factors and environmental 

survival capabilities.

A potential difficulty of life within a biofilm is that bacteria encased in the 

exopolysaccharide matrix may have difficulty in abandoning the structure at times of 

unfavourable environmental conditions. A polysaccharide lyase (Allison et ah, 1998) 

and/or phase switching OFF of autoaggregative factors, e.g., Ag43 (Danese et al., 2000; 

Kjaergaard et al., 2000), may facilitate the process of detachment o f biofilm-associated 

cells.

The increased understanding of biofilms has arguably been one o f the most significant 

developments in microbiology in recent times. Considering that the majority o f microbial 

research has been performed on planktonic populations and that biofilm-associated bacteria 

display different traits, e.g., different patterns o f gene regulation, it is probable that such 

things as established systems of gene regulation can not be taken to apply equally to both 

planktonic and bifilm-associated bacteria. For example, it is possibile that previously
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unrecognised (biofilm-associated) factors, such as acyl-HSL, may be involved in the 

regulation o f  various genes.

1.4 PHASE AND ANTIGENIC VARIATION

Uniformity, or rather the lack o f it, is a dominant feature o f the environm ents o f  m ost 

bacteria. M any factors contribute to environmental variation but perhaps the m ost 

important is the nature o f  the environment itse lf For example w ithin the hum an m outh 

there are an estimated 300 different species o f bacteria, each o f which takes advantage o f  

the wide ranges in temperature, pH, osmolarity, oxygen availability and nutrient supply that 

occur there. Bacteria themselves also contribute to variability within an environm ent; for 

example the utilisation o f  a given nutrient will frequently result in the production o f  a by

product that hinders growth.

These variations create situations where the expression o f particular proteins is likely to be 

required only at certain times (of high/low osmolarity/nutrient concentration etc). As such, 

the ability to regulate protein expression increases bacterial competitiveness. In this way it 

can prevent wastage o f resources by preventing the expression o f  proteins that are not 

required.

Aside from environmental parameters, there are many other factors that m ay reduce the 

necessity for a cell to express a given protein. For example, following biofilm  formation 

flagellar synthesis is switched OFF in order to reduce its potential destabilising influence 

on the structure o f  the biofilm (Prigent-Combaret et a l ,  1999). Also, the expression o f  a 

particular adhesin can prevent the dispersion o f cells to a new environm ent and thereby 

reduce opportunities for propagation. Further examples include the expression o f  factors 

that act as recognition sites for bacteriophage, bacteriocins and the immune system.

Thus, it is not surprising to note that bacteria have evolved two main m ethods by which 

they can adapt the level o f  expression o f particular proteins. The first m ethod involves
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sensing o f  various environmental signals such as O2 availability, osm olarity and pH. The 

presence/absence o f these signals affects particular regulatory proteins that in turn regulate 

the level o f  expression o f a particular gene leading to a phenotypically-predom inant 

population. The second method involves genetic rearrangements that appear to occur 

randomly and independently of signals and which result in phenotypically heterogeneous 

populations. However, they may also be considered “program med rearrangem ents” 

because the chromosome of the organism is usually organised so that certain 

rearrangements are more likely to occur (Robertson & Meyer, 1992). It is thought that this 

latter type o f variation facilitates the survival o f that proportion o f the population best 

suited to a given environment.

These phenotypic alterations can be broadly divided into two main types, viz., phase 

variation and antigenic variation. Phase variation, where a given characteristic is either 

expressed or not, can be reversible (O N oO F F ) or irreversible (ON->OFF), while antigenic 

variation involves expression of one or more o f a number o f different phenotypes. Both o f 

these processes occur not only in bacteria but also in viruses, fungi and protozoans. W ithin 

the prokaryote kingdom there have been many documented studies o f  phase- and 

antigenically-variable proteins. Perhaps not surprisingly many o f these involve surface 

proteins which interact directly with the environment. Here, variation often results in 

observable changes in particular phenotypic traits.

Exam ples o f some o f these proteins, the perceived function o f  variation and the 

mechanisms by which variation occurs will be presented in the following sections.

1.4.1. Biological relevance o f phase and antigenic variation. In considering the 

potential significance o f  antigenic and phase variation, it is useful to understand the 

overriding goal o f  all living organisms -  procreation. For bacteria to propagate they m ust 

adapt to the numerous environmental conditions and selective pressures that they 

encounter. It is proposed that antigenic and phase variation are tw o such m ethods o f  

adaptation, although their occurrences outside o f the laboratory setting have not been 

studied to any large degree and as such their precise functions are unclear. Studies that
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have indicated the occurrence of phase variation in vivo include those o f (a) Swanson et al. 

(1988), where Opa^ cells were recovered from human volunteers originally inoculated with 

Opa cells (see Section 1.4.4 for description of Opa phase variation), and (b) Struve & 

Krogfelt (1999) where Fim"  ̂ cells were recovered from mouse urinary tracts originally 

inoculated with Fim' cells.

Also of interest is the fact that both forms of variation create phenotypically-heterogeneous 

populations. Thus, it could be assumed that one proportion o f the population is best 

equipped to survive within a given environment. Therefore it would appear that variation 

within a population occurs in order to increase the propagation of the population as a whole 

and not to increase the prospects of each single cell. Also, evolution dictates that attempts 

to ensure the propagation of each cell within the population can only be met by ensuring 

that an optimal single phenotype is displayed. Such an event could be suggested to be 

detrimental to the population as a whole in that a phenotypically homogeneous population 

would be less well equipped to deal with sudden environmental changes and would 

therefore have reduced propagation capabilities.

Considering the above, one of the major functions of both forms o f variation would be to 

create populations capable of surviving within more than one particular environment 

(Saunders, 1994). For example, capsulation of H. influenzae is subject to phase-variable 

expression, encapsulated variants are better adapted to survive in the blood stream, whereas 

unencapsulated variants are more suited to colonisation of human epithelial cells (Saunders, 

1994).

A number o f specific roles have been ascribed to the reversible variation o f crucial 

virulence determinants o f pathogenic bacteria. The most obvious role is to provide a 

strategy for the bacteria to evade the host defence mechanisms since surface components 

are likely to be highly immunogenic and prime targets for protective antibodies (Saunders, 

1994). Indeed, studies have shown that the absence of Opa proteins or the presence o f 

particular variants renders N. gonorrhoeae more resistant to phagocytosis (Heckels, 1986; 

Virji & Heckels, 1986). Also, depending on the Opa protein produced, Opa^ cells are
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phagocytosed to varying extents while the Opa‘ variants are largely ignored by human 

PM Ns (Fischer & Rest, 1988).

Alternatively, phase and antigenic variation may provide the organism with an opportunity 

to colonise different tissues within given hosts. For example, pili and O pa variants o f 

Neisseria  show different adhesion specificities to different human epithelial and endothelial 

cells and analysis o f  clinical isolates indicate that there is a correlation betw een particular 

variants, their sites o f  infection and their degree o f adhesion (Virji et a l ,  1991; N assif et a l ,  

1993).

Another proposed role for variation is to facilitate dissemination between hosts and the 

environment. Thus, it could be suggested that adhesin-negative variants m ight aid 

dissem ination o f bacteria within the host and transmission o f bacteria to another host. The 

previously discussed studies o f Hasman et al. (2000) [see section 1.1.8], indicating Ag43- 

positive and type-1-fimbriae-positive populations occupy different locations w ithin a static 

liquid environment, suggests that these two phase-variable proteins ensure a spread o f  the 

bacterial population such that the overall survival prospects o f the population are enhanced.

The causative agent o f relapsing fever, Bor. hermsii, which is spread by haem atophagous 

arthropods, provides an example o f how antigenic variation can facilitate persistence, re

infection and dissem ination within and between hosts. Upon infection by a single serotype, 

a host immune response is instigated that overcomes the challenge. In order to counteract 

this challenge, a new serotype is adopted by the spirochaete such that a recurrence or 

‘relapse’ o f the infection occurs. Thus, the time spent within the host, and thereby the 

prospect o f  dissemination, is increased through the process o f  antigenic variation (see 

Section 1.4.5). Also, in the event that a particular serotype was not exposed to the host, the 

spirochaete retains the ability to re-infect the same host.

1.4.2. Is Ag43 a member of a family o f related phase- and antigenically(?)-variable  

proteins? As described in Section 1.1, the phenomenon o f phase-variable expression o f 

Ag43 has been well documented. Thus, the action o f Dam and OxyR at three GATC sites
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within the promoter region dictates the mode of agn42 expression (see Section 1.1.6; 

Henderson et al., 1997b; Henderson & Owen, 1999; Haagmans & van der Woude, 2000). 

The phenomenon of Ag43 phase variation can be easily observed within E. coli K-12 

afimbriate populations. Thus, populations Phase ON for Ag43 expression autoaggregate in 

liquid media and form large, irregular and rough colonies, while the corresponding Phase 

OFF populations do not autoaggregate and form small, round and glossy colonies 

(Henderson et al., 1997a, Hasman et al., 2000).

In contrast to the well-documented property of phase variation attributed to Ag43, it is 

unknown if antigenic variability is an additional feature that can be displayed by this class 

o f proteins. However, there are a number of lines of study that suggest this may be the 

case. Thus, phenotypic analysis o f panels of EPEC and UPEC isolates (Meehan, 1994 [see 

Section 1.1.7]; Doherty & Owen, 1996; Owen et al., 1996) revealed a number o f strains 

that expressed one or more anti-a"^^ serum CPs. These immunologically-related proteins 

displayed several properties anticipated of Ag43 but differed in the apparent size of their 

subunits. These studies strongly suggest the anti-a'^^ serum CPs to be structural and 

possibly antigenic variants of Ag43.

Possible methods by which these structural (and antigenic?) variants o f Ag43 could be 

generated include expression from several distinct agn43 genes or differences in post- 

translational modification (e.g. glycosylation [Brimer & Montie, 1998]) o f a single agn43 

gene product.

The potential functions o f phase and antigenic variation with respect to Ag43 are unclear. 

One might anticipate that Ag43, an abundant, high-molecular-weight, surface exposed 

protein might be targeted by the immune system. As such, the ability to switch between a 

number o f different phenotypes might be of significant benefit to the cell. As regards the 

role o f the protein in biofilm formation, it is possible that the process of phase variation 

facilitates dissemination of the population. Thus, an Ag43-positive cell may join a biofilm 

while an Ag43-negative cell is swept away to an alternative environment. In a similar 

manner, Ag43-mediated autoaggregation may also ensure dissemination by enabling
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bacteria from a single population to occupy different niches within a static liquid 

environment as previously suggested. Studies have suggested that Ag43 may function as 

an adhesin. In such circumstances the ability to switch expression OFF may facilitate 

spread and propagation of the bacterial population while also reducing susceptibility to the 

immune system. Antigenic variation of this putative adhesin, as with the Opa family of 

adhesins (see Section 1.3.1.1), may also generate a number of potential ligands such that 

the range of tissues to which the protein can bind are increased.

1.4.3. Shiga-Like Toxin II. Various EHEC strains that cause haemorrhagic colitis and 

haemolytic uraemic syndrome produce Shiga-like toxins (SLT) that are toxic to both Vero 

and HeLa cells. There are two antigenically distinct groups of SLT: SLT-I and SLT-II 

(reviewed by O ’Brien & Holmes, 1987 and Karmali, 1989). Members o f the SLT-I group 

appear to be antigenically and functionally homogeneous. In contrast, the SLT-II family 

contain two functionally divergent proteins, viz., SLT-II and SLT-IIv, the latter being 

cytotoxic to Vero cells only (Samuel et al., 1990).

In an attempt to account for the molecular basis of these observations, Schmitt et al. (1991) 

carried out an in-depth analysis of the SLT-II coding regions o f EHEC 0157:H ' strain 

E32511 and identified what would appear to be the only example within E. coli o f an 

antigenically-variable family of proteins encoded by multiple alleles. Thus, these studies 

revealed the presence of two genes responsible for the expression o f the two antigenically 

related but distinct SLT-II proteins (Schmitt et al., 1991).

The functions of SLT-II multi-gene copies and antigenic variability are not clear. Potential 

benefits may include the expression of variants with different receptor tropisms (Samuel et 

al., 1990), different levels of activity and different levels of susceptibility to the immune 

system. Furthermore, the presence of strains with multiple gene copies, where one copy 

would be free to generate random (beneficial?) mutations while the other maintains the 

original function, may also facilitate the evolution of proteins with novel functions (Force 

e ta l ,  1999).
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1.4.4. The O pa family of N. meningitidis and N. gonorrhoeae. Opa proteins undergo 

botii antigenic and phase variation (Meyer et a l, 1990). Indeed, Opa proteins were 

originally identified because their expression leads to colony morphology variation on solid 

media and bacterial autoaggregation in liquid media (Swanson, 1978; Blake et ah, 1995), 

traits that the Opa proteins share with Ag43. The function of the Opa adhesins has been 

discussed in Section 1.3.1.1.

1.4.4.1. O pa phase variation. Although opa genes are constitutively transcribed, 

Opa proteins exhibit reversible O N oO FF phase variation that is achieved at the 

translational level by alterations in the 5'-end of the reading frame. The DNA encoding the 

signal peptide region of each opa gene contains a pentameric repeat (5'-CTCTT-3') termed 

the coding repeat (CR). The number of these CRs can vary as a result of slipped-strand 

mispairing. If  the number of repeats is such that the initiation codon is in-frame with the 

coding region o f the whole molecule, expression of the protein will occur. However, a 

configuration resulting in the initiation codon being out o f frame with the mature molecule 

will result in the expression of a truncated protein that will be rapidly degraded (Stern et al., 

1986). Similar methods o f phase-variation control have been shown for the bvgS  gene of B. 

pertussis (Stibitz et al., 1989) and are predicted to exist for a number of Helicobacter pylori 

genes as determined by the presence of ORF sequence repeats (Saunders et al., 1998).

1.4.4.2. O pa antigenic variation. Antigenic variability o f Opa proteins has been 

observed in both N. meningitidis and N. gonorrhoeae. In each case, the basis o f variation is 

due to the presence of multiple structurally-variant opa gene copies scattered throughout 

the chromosome. There are 4 and 11 gene copies in strains of N. meningitidis and N. 

gonorrhoeae, respectively (Aho et al., 1991; Bhat et al., 1991). The different classes o f 

proteins expressed by individual genes within a single strain can be distinguished by slight 

differences in electrophoretic mobility, and by their possession o f unique epitopes 

recognised by polyclonal or monoclonal anitbodies (Kawula et al., 1988; Achtman et al., 

1988).
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DNA sequence analysis o f opa genes from several different neisserial strains (Stern et al., 

1986; Stem & Meyer, 1987; Connell et al., 1988; van der Ley, 1988) has shown that the 

genes share large regions of near perfect nucleotide sequence identity throughout their 

length. This framework is interspersed with three regions that vary in size and sequence 

among different genes (FIG. 1.7). One region encoding the amino terminus o f  the mature 

protein exhibits a moderate degree of variability and is designated SV (semivariable). Two 

other hypervariable regions are designated HVl and HV2 (FIG. 1.7). It is these variable 

regions that are responsible for the expression of variant specific epitopes.

Computer-based studies predict that the Opa proteins form P-barrels within the outer 

membrane and that the regions of variability (SV, H Vl, HV2) lie within surface exposed 

loops. These observations have led to the suggestion that the immune response is driving 

the diversification process (Malorny et al., 1998). Studies by Bhat et al. (1991) indicate the 

diversification processes to be facilitated by three related genetic mechanisms: gene 

duplication, gene replacement, and partial non-reciprocal recombination (FIG. 1.8). Other 

possible sources o f genetic variability may include DNA acquired from other species of 

Neisseria, a naturally transformable genus (Hobbs e ta l ,  1994).

It is interesting to note that while all opa genes so far studied are subject to reversible phase 

variation, some appear to exhibit differing rates of expression and phase switching such that 

the product o f one particular gene could be expected to predominate in vivo (Belland et al., 

1997).

1.4.5. The antigenically-variable Vmp outer membrane lipoproteins of Bor. hermsii.

Vmp lipoproteins, like the Opa protein family, are encoded by a family o f structurally- 

variable genes. Bor. hermsii is the causative agent of relapsing fever which is characterised 

by recurring bouts of illness, each of which corresponds to the selection o f a new Bor. 

hermsii serotype (Coffey & Eveland, 1967). An interesting feature o f the Borrelia genome 

is that it is composed of a linear chromosome o f 1 Mb, linear plasmids o f 10-200 kb and 

circular plasmids (Ferdows & Barbour, 1989). In contrast to the opa gene family, only one 

of the 26 vmp alleles within Bor. hermsii (Burman et al., 1990; Restrepo et al., 1992) is
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(CTCTT)n SV HVl HV2

FIG. 1.7. Schematic diagram of an opa gene (810 nucleotides in length). The signal- 

coding region o f each gene contains a variable number of CTCTT-nucleotide repeats 

following which is the coding region for the mature protein whose structure is conserved 

aside from semivariable (SV) and hypervariable regions (HVl and HV2) as indicated. 

Regions H Vl and HV2 may vary in length. However, the appropriate translational reading 

frame is always maintained. This figure has been adapted from that o f Aho et al. (1991).
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FIG. 1.8. Mechanisms for the expansion and diversification of the opa gene family are thought to include the processes of partial 

recombination (A), gene replacement (B), and gene duplication (C).



expressed at any given time (Plasterk et a l ,  1985). This gene is located near the right 

telomere o f a 28 kb linear plasmid (Kitten & Barbour, 1990; Barbour et ah, 1991) and the 

vmp gene at this locus determines entirely the serotypic identity o f the Borrelia spp. When 

a new serotype appears in a patient with relapsing fever, it is the result o f a replacement 

between a vmp gene sitting downstream of a promoter at the expression site and one located 

at a silent locus on a 32-kb linear plasmid. This replacement is brought about by a 

recombination event that is mediated by two blocks of identical nucleotide sequence found 

in both silent and expressed loci (Kitten & Barbour, 1990).

The significance o f antigenic variation within the life cycle of Bor. hermsii, which is spread 

by haematophagous arthropods, is perfectly displayed by the recurring symptoms o f 

relapsing fever. Each recurrence of the illness symptoms is associated with a new serotype 

(Coffey & Eveland, 1967); therefore, antigenic variation increases the longevity o f the 

pathogen within the host, which in turn increases the ability of the pathogen to propagate 

itself For the same reasons, the ability to express only a single Vmp at any one time, 

thereby preserving the antigenic repertoire, is a significant advantage to the pathogen.

As with the opa gene family, one would assume that various recombinational procedures 

would help increase the antigenic repertoire of the genome (see FIG. 1.8). However, unlike 

Neisseria spp., genetic exchange between borrelial cells has neither been achieved in the 

laboratory nor shown in nature, although linear and circular DNA has been found in 

membrane blebs that are commonly released from the surface o f borreliae (Garon et al., 

1989). These blebs are essentially liposomes and could mediate a form o f transformation.

1.4.6. Opc of N. meningitidis. This protein shares numerous properties with the Opa 

family o f proteins (Meyer and van Putten, 1989). For example, they are surface exposed 

proteins that probably exist in the form of P-barrels. They are subject to phase-variable 

expression and they mediate adhesion/invasion processes (Virji et al., 1993).

However, whereas Opa protein expression is regulated at the translational level (see Section 

1.4.4), regulation o f Opc expression is primarily at the transcriptional level and is mediated
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by the length of a polycytidine stretch in the promoter region (Sakari et al., 1994). In 

addition to a reversible O N oO FF switch, opc gene expression also exhibits volume control 

and can thus present in three switch states, viz., one OFF state (Opc') and two ON states 

(Opc"  ̂ and Opc^^) that display differing levels of protein expression. Phase changes are 

produced by strand slippage in the cytidine stretch that is upstream o f the -1 0  promoter 

region. The three phases of Opc expression, Opc"^ ,̂ Opc^ and Opc' correspond to 

polycytidine stretches of 12 or 13, 11 or 14, and >15 or <10, bases in length, respectively 

(Sakari et al., 1994; Saunders, 1994).

1.4.7. Phase-variation of type 1 fimbriae in E. coli. Phase variation occurs via the 

inversion o f a 314 bp segment of DNA which promotes expression of either the structural 

fim A  gene (ON), or of the FimB and FimE (OFF) site-specific recombinases (FIG. 1.9). 

While both FimB and FimE mediate DNA inversion, FimE facilitates only ON->OFF 

switching, whereas FimB promotes both ON->OFF and O FF^O N  events (McClain et al. 

1993). Other factors involved in rearrangement include H-NS (histone-like protein), IHF 

(integration host factor) and Lrp (leucine response protein; Klemm, 1986; Dorman & 

Higgins, 1987; Blomfield e /a /., 1993).

The actions o f both FimE and FimB are modulated in response to temperature and the 

composition o f the medium. FimB-promoted inversion acts optimally between 37-40 °C, 

while FimE-promoted inversions decrease as the temperature increases towards 37 °C. 

This inverse relationship between both recombinases favours switching to the Phase ON 

state at 37 °C, a temperature appropriate for growth in humans and other mammals (Gaily 

et al., 1993).

FimB- and FimE-mediated inversions require the presence o f Lrp, a type-l-fimbrial 

inversion stimulator whose activity is increased in the presence of leucine (Blomfield et al., 

1993). Lrp binds to three sites within the invertible element (FIG. 1.9). Binding at sites 1 

and 2 results in a DNA conformation that is more likely to undergo inversion than that 

produced by binding to all three sites. Although leucine has an effect on Lrp bound at sites 

1 and 2, its effect is more selective on Lrp bound at site 3, promoting greater dissociation
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FIG. 1.9. E. coli type 1 fimbrial variation. Control of expression is effected by an invertible promoter-containing element that is 

bounded by 9 bp inverted repeats and that contains three potential Lrp binding sites and a single IHF binding site. An additional IHF 

binding site is located between the invertible element and the JimE gene. Integrases FimB and FimE direct the inversion of the 

promoter element in an ON<->OFF fashion and by a mechanism that involves the participation of H-NS, Lrp and IHF. This figure has 

been adapted from that of Henderson et al. (1999).



from this site and thereby stimulating the fim  inversion event (Roesch and Blomfield, 

1998).

IHF binds to two sites: one downstream of FimE and one within the invertible element 

(FIG. 1.9). The role of this protein is unclear. However, it is thought that it may facilitate 

recombination events by producing bends within the structure o f the DNA (Dorman & 

Higgins, 1987; Blomfield et al., 1997). As with IHF, the exact role o f H-NS is unclear. 

Recent data indicate that it binds upstream of the fimA  promoter and enhances activity only 

when the switch is in the ON orientation (Schembri e ta l ,  1998).

1.5 BA C TER IA L PORINS

Two membranes that confine the periplasmic space and contain the murien sacculus 

surround Gram-negative bacteria such as E coli. The outer membrane protects bacteria 

from the potentially harmful effects of the environment while also facilitating such essential 

processes as solute and protein translocation. Integral outer membrane proteins (or porins) 

are primarily responsible for mediating these translocation processes. A characteristic of 

these porins is that they are known to form P-barrels structures.

As previously discussed throughout this chapter, the C-terminal regions o f autotransporters 

such as are thought to form P-barrel pores within the outer membrane. By way of 

illustration o f the potential structures that these autotransporter pores may adopt, the 3-D 

topology of a number of porins, as resolved by X-ray crystallography, will be discussed in 

this section.

1.5.1. OmpA of E. coli. This is one of the most abundant proteins in the outer membrane. 

It is composed o f 325 amino acids: residues 1-171 form the smallest membrane-spanning 

P-barrel (FIG. 1.10) so far observed and residues 172-325 form a periplasmic domain 

whose structure remains unknown. The periplasmic domain has been proposed to bind the 

peptidoglycan layer and some believe the physiological function o f OmpA is to physically
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FIG. 1.10. The P-barrel structure of the bacterial membrane protein OmpA as seen 

from the plane of the membrane (top) and from the top of the membrane (bottom). The 

polypeptide backbone is shown in yellow and internal cavities in cyan. This figure has 

been adapted from that of Koebnik et al. (2000).



link the peptidoglycan layer to the membrane (De Mot & Vanderleyden, 1994; Koebnik, 

1995). Thus, it is interesting to note that a double mutant in OmpA and the Lpp 

lipoprotein, another major outer membrane protein that interacts with the peptidoglycan, 

leads to spherical cells that can only survive under well-balanced osmotic conditions 

(Sonntag et al., 1978). The extracellular loops of the barrel facilitate F-mediated bacterial 

conjugation (Ried & Henning, 1987) and recognise specific colicins (Foulds & Barrett, 

1973) and bacteriophage (Morona et ah, 1985).

The structure o f the OmpA (3-barrel (Pautsch & Schulz, 1998) is composed o f eight anti

parallel strands (tilt o f approximately 45°) with an average length o f 13 residues (FIG. 

1.10). The four extracellular loops consist of 7 to 17 residues and are highly mobile; in 

contrast the three periplasmic turns are relatively short. Although ionophore activity and 

diffusional properties have been attributed to OmpA in the past (Saint et al., 1993; 

Sugawara & Nikaido, 1994), current structural studies show that the barrel interior contains 

no channel and can be described as a “solid inverse micelle” (Pautsch and Schulz, 1998). It 

is believed that the barrel interior contains an extensive hydrogen-bonding network that 

creates several large aqueous cavities, but no passage that is large enough for the transport 

of water or small ions (Pautsch & Schulz, 1998).

1.5.2. The LamB maltoporin. This E. coli protein is specific for maltose and 

maltodextrins, and provides a well-studied example of an outer membrane channel with 

specificity for certain substrates. LamB forms a homotrimer whose monomers consist of 

18-stranded antiparallel P-barrels where the third surface loop folds back inside the P-barrel 

(FIG. 1.11; Schirmer et al., 1995). By X-ray analyses of sugar-soaked LamB crystals, a 

substrate translocation pathway, consisting of a row of aromatic residues (greasy slide) that 

is lined up by polar residues (ionic track), has been discovered (Dutzler et al., 1996; Meyer 

et al., 1997). Sugar residues are in van der Waals’ contact with the greasy slide by their 

hydrophobic face, while hydrogen bonds are formed between their hydroxyl groups and the 

ionic track residues. It is thought that movement of the substrate through the channel 

proceeds by continuous disruption and formation of these hydrogen bonds (Meyer & 

Schulz, 1997).

43



FIG. 1.11. The LamB monomer as seen from the plane of the membrane. The 

polypeptide backbone is shown in yellow, aromatic residues that constitute the greasy 

slide are shown in pink, and the Tyr residue that constricts the channel (0.5-0.6 nm in 

diameter) in LamB is shown in blue. This figure has been adapted from that of 

Koebnik et al. (2000).



1.5.3. FhuA. A permanent problem for bacteria is the low availability o f iron. To secure a 

sufficient intracellular concentration, bacteria have evolved strategies whereby iron is 

scavenged from the surrounding environment and taken into the cell by substrate specific 

outer membrane receptors and TonB, an energy transducing molecule, which is anchored in 

the cytoplasmic membrane (Klebba et a l, 1993; Postle, 1993; Braun, 1995). The 

predominant mechanism involves the secretion of siderophores, small molecules that have a 

very high avidity for iron (Neilands, 1995). Binding of an iron-siderophore complex to the 

extracellular face o f the outer membrane receptor is signalled to the TonB complex (Moeck 

et al. 1997) and triggers the energy-consuming translocation of the iron-siderophore 

complex across the outer membrane. This interaction requires a TonB box, present at the 

N-terminus of the receptor and exposed at the periplasmic face of the outer membrane 

(Schramm et al., 1987).

One such outer membrane receptor is FhuA the ferrichrome receptor o f E. coli. The 

structure of this 714-residue protein has been determined in both the presence and absence 

of ferrichrome (Locher et al., 1998). The C-terminal portion of FhuA forms a 22-stranded 

(3-barrel and the N-terminal 150-residue domain makes a plug that folds into the barrel pore 

and obstructs the channel interior (FIG. 1.12). The TonB box is located at the beginning of 

the N-terminal domain. This plug spans the length of the barrel pore and protrudes to the 

extracellular side. It contains three long loops that, together with extracellular loops L3 and 

L ll  of the (3-barrel, participate in ligand binding. Ligand binding causes small (0,1-0.2 

nm), yet significant conformational changes within the extracellular loops o f the plug. 

These changes are amplified through the plug towards the periplasmic side o f the domain 

and result in the unwinding o f an a-helix, causing the polypeptide chain to shift to the 

opposite side o f the barrel wall (Locher et a l, 1998). It is unclear how the conformational 

changes in the N-terminal domain, induced by ligand binding, lead to TonB recognition. 

As the channel remains blocked in the ligand-bound structures, certain aspects o f the 

transport mechanism, such as how the iron-siderophore complex exits the barrel and enters 

the periplasm, remain to be elucidated.
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FIG. 1.12. Structure o f the free (left) and liganded (right) FhuA protein. In both 

conformations a plug (orange / brown) is located in and snugly fits a barrel formed by 

22 antiparallel p strands (green). The ligand, ferrichrome is depicted in yellow, with the 

complexed iron atom shown in red. Note that in the liganded form, one o f the five plug 

a  helices (shown as brown cylinders) is unfolded (bottom). The barrel has a bean

shaped cross section (3.5 x 2.4 nm). This figure has been adapted from that o f Locher 

et al. (1998).



1.5.4. Relevance of these structures to (3“*̂ and to the C-terminal domains o f other 

autotransporters. As previously discussed (Section 1.2), the structures o f  the C-terminal 

domains o f autotransporters have yet to be resolved by X-ray crystallography. However, 

one would assume that they form barrels with a pore size large enough to facilitate the 

translocation o f unfolded and possibly folded passenger domains. It is also possible that 

the pores contain domains responsible for both recognition and translocation o f  the 

passenger to the cell surface. Another point of interest involves the C-terminal domains of 

those autotransporters whose passenger domain is secreted. In these instances it is 

unknown it the p-barrel pore remains open to the extracellular environment or if  it is 

plugged, perhaps by the linker region (Maurer et a l, 1999). Clearly a resolution o f the 

structure o f one such C-terminal domain would provide many clues with respect to the 

functioning o f these proteins.

1.6 AIMS AND OBJECTIVES

The previous sections of this chapter have introduced many features of Ag43 and the 

autotransporter family. Also introduced were selected examples of (a) functions performed 

by surface-associated and secreted proteins, (b) proteins known to display antigenic and 

phase variation and (c), outer membrane porins whose structures have been determined. 

This information serves as a build up for Chapters 3-6 that detail the results of 

experimentation undertaken during the course of this dissertation.

As discussed in Section 1.1.8, a number of lines of evidence suggested that Ag43 plays a 

role in adhesion. Thus, the initial aim at the outset of these studies was to investigate the 

role of Ag43 in this process. While attempting to generate mutants in pursuit of this goal, it 

became apparent that Ag43 was a member of a family of proteins encoded by multiple 

alleles. This discovery resulted in a change of project direction. Thus, in order to 

investigate the nature o f the cign43 gene family and their encoded proteins, the duplicate 

agn43 genes o f ML308-225 were sequenced and the expression o f their products was
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analysed. Finally, further studies investigated the potential roles o f the Ag43 proteins of 
ML308-225.
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CHAPTER 2 

MATERIALS AND METHODS



2.1 BACTERIAL STRAINS AND GROWTH CONDITIONS

The bacterial strains used are listed in the relevant chapters. All strains were routinely 

grown on Lennox (L; tryptone [Difco, lOg/L], yeast extract [5g/L], NaCl [5g/L], agar [1%, 

oxoid]) agar or broth at 37 ”C with shaking at 250 rpm unless otherwise indicated. Where 

appropriate the following supplements were used at the indicated final concentrations; 

ampicillin (Ap; 100 |ig/ml), kanamycin (Km; 50 Mg/ml), nalidixic acid (Na; 15 j^g/ml), 

tetracycline (Tc; 10 |iig/ml); chloramphenicol (Cm; 10 |ig/ml) and 5-bromo-4-chloro-3- 

indolyl-P-D-galactopyranoside (50 |ig/ml).

2.2 DNA ISOLATION TECHNIQUES

2.2.1. Isolation of total genomic DNA. Total genomic DNA was prepared precisely 

according to standard procedures (Wilson, 1987). Briefly, cells were harvested from 1 ml 

of an overnight culture, washed in phosphate-buffered saline (PBS, Oxoid), and lysed with 

an SDS/Proteinase K (Roche) solution. Protein (degraded by the action of Proteinase K) 

was then removed with hexadecyltrimethylammonium bromide and DNA was purified via 

phenol-chloroform extractions, precipitated using isopropanol, washed with 70% (vol/vol) 

ethanol and finally resuspended in 100 |J,1 of sterile distilled water (SDW).

2.2.2. Isolation of plasmid DNA. Plasmid DNA was isolated according to standard 

procedures (Felicello & Chinali, 1993). Briefly, cells from 1.5 ml of an overnight culture 

were washed in STE buffer (0.1 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH 8.0), 

harvested and incubated in lysis buffer (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl, 

pH 8.0). Cells were lysed following incubation (5 min on ice) with alkaline-SDS solutions 

(0.2 M NaOH, 1% SDS), and proteins precipitated during incubation on ice for 5 min in the 

presence of potassium acetate solutions (4 M potassium acetate, 2 M acetic acid). The 

supernatant was recovered following centrifugation and DNA was precipitated using 

isopropanol, washed with 70% (vol/vol) ethanol and finally resuspended in 100 |j,l of SDW.
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2.3 GENERAL DNA MANIPULATION TECHNIQUES

2.3.1. Electrophoretic analysis. DNA samples were routinely analyzed on a 1.0% 

(wt/vol) tris-acetate-EDTA buffer (TAE; 40 mM Tris base, 40 mM Acetic acid, 1 mM 

EDTA)-agarose gel run at ~40 mA unless otherwise indicated. Visualization involved 

ethidium-bromide staining and use of a UV transilluminator. Molecular size markers used 

on a regular basis included Roche DNA molecular weight markers II, III and VII.

2.3.2. Restriction digests. Aliquots of DNA were digested with restriction enzyme(s) 

using incubation temperatures and buffers as per the manufacturers’ instructions (unless 

otherwise indicated).

2.3.3. Transformation procedures. Bacterial transformations were carried out as 

follows: CaCla-induced transformations and electroporations were performed according to 

the methods o f Ausubel et al. (1989) and Sheen (1987), respectively. Each method 

involves repeated washing of cells in CaC^ and SDW solutions, respectively. Quantities of 

DNA to be transformed in a single reaction did not exceed 200 ng. Matings were carried 

out as follows: 100 )l i 1 of overnight cultures from recipient and donor strains were plated 

onto non-selective L-agar and incubated at 37 °C for 6 h. Transformation mixtures were 

harvested using a sterile swab, resuspended in sterile PBS and serial dilutions were plated 

onto selective L-agar plates prior to overnight incubation at 37 “C.

2.3.4. Purification of DNA from agarose. DNA was separated on a 1% (wt/vol) low- 

nielting point TAE agarose gel, stained in ethidium bromide and localized under a UV- 

transilluminator. Desired fragments were excised from the gel with a sterile scalpel blade 

and DNA was then purified from the gel fragment using the WIZARD PCR Purification Kit 

(Promega, WI, USA) and SDW as eluent.

2.3.5. DNA cloning procedures. These were carried out according to standard protocols 

(Sambrook et al., 1989). Briefly, approximately 200 ng of DNA was added to a ligation
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mixture using a 3:1 insert:vector molar ratio. 1 U o f DNA ligase and appropriate buffer 

were added and the reaction mix was incubated at room temperature for no less than 1 h.

2.4 POLYMERASE CHAIN REACTION

Polymerase chain reactions (PCR) were carried out using standard procedures (Kram er & 

Coen, 1987) and oligonucleotides listed in the relevant chapters. A m plification was 

performed in 100-|4,1 reaction volumes which contained 500 pmol o f both forward and 

reverse prim er, 250 |aM o f deoxynucleoside triphosphate mix, x l m anufacturer’s buffer, 

MgCla as indicated for the respective reaction, 2.5 U Taq DNA polymerase (Promega, WI, 

USA) and 50-500 ng o f template DNA. Forty cycles o f amplification were perform ed in a 

thermal cycler, each cycle consisting of a 1-min denaturation step conducted at 94 °C, a 1- 

min annealing step conducted at 40-65 °C and an extension step conducted at 72 “C. The 

durations o f  the extension step for Taq and Pfu polymerases (Promega, WI, USA), per kb 

o f DNA, were 1 min and 2 min, respectively.

2.5 DNA SEQUENCING

DNA sequencing was carried out on PCR-generated gel-purified DNA fragm ents unless 

otherwise indicated. Sequencing reactions were performed according to the m anufacturer’s 

instructions using the Thermosequenase Kit (Amersham Life Sciences, Ohio, USA). E ither 

MWG or Genosys generated sequencing primers, which were used at the annealing 

temperature (45 “C) recommended in the Thermosequenase Kit. E lectrophoresis o f  

sequencing reactions was performed by Dr. David Noone, Dept. Genetics, TCD on an ABI 

373A sequencer (Applied Biosystems Inc.) and resulting sequences were analysed using 

Seqed (Applied Biosystems Inc.). Other sequencing reactions were performed by M W G 

Biotech where indicated. Analysis of completed sequences was carried out using the W EB- 

based facilities supplied by GCG (University of Wisconsin Genetics Com puter Group) and 

NCBI (National Institute o f Health, Bethesda, MD).
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2.6 SOUTHERN HYBRIDISATION TECHNIQUES

Southern blotting was performed by a modification (Sambrook et a l ,  1989) o f  the m ethod 

described by Southern (1975). Total genomic DNA was prepared according to standard 

procedure (Wilson, 1987). DNA (10 ^g) was digested overnight w ith 20 U o f  each 

respective restriction enzyme and products were separated on a 1.0% (wt/vol) TA E-agarose 

gel before transfer to a nylon membrane using a Vacublot system (Vacugene, LKB). This 

involved three 20 min transfers with 0.25 M HCl, followed by denature solution (0.5 M 

NaOH, 1.5 M NaCl), and then neutralise solution (0.5 M Tris-HCl, pH 7.5, 3 M  NaCl). 

The final stage involved a 60 min transfer with 20X SSC (3 M NaCl, 0.3 M sodium  citrate, 

pH 7.0). DNA was then fixed to the nylon membrane via exposure to UV light. High 

stringency probing was carried out at 68 “C overnight with digoxigenin (DIG)-labeled 

probes (5 ng DIG-labeled DNA/ml). Low stringency probing was performed overnight at 

42 °C. All subsequent procedures were carried out according to the DIG User Guide 

(Roche Diagnostics, M annheim, Germany). Briefly, membranes were washed to remove 

unbound probe, blocked in supplied buffer, and incubated in anti-DlG alkaline phosphatase 

solution. M embrane profiles were developed using the chemiluminescent substrate 

CSPD®. Resultant DIG-labeled membranes were exposed to X-Omat film for 15 min -  3 h 

at room temperature.

2.7 CONSTRUCTION OF SOUTHERN-BLOT PROBES

Selected fragments o f  the agn43-coding region (see FIG. 3.1 A) were used as probes in 

Southern hybridization experiments. The ag’w^i-specific probe F6 (1065 bp) was generated 

via PCR (annealing temperature: 65 °C) using the oligonucleotides 5 -

ACGGTAAATGGCGGACTGTT-3' (forward) and 5'-CCGGCAACCTCTGTTCTCATC-3' 

(reverse). Probe F3, specific for the a'*^-coding sequence, was generated by H incll 

digestion o f  F6 followed by gel purification o f the desired 252-bp product. Probe F4 (400 

l^P)) specific for the p^^-coding sequence, was PCR amplified (annealing tem perature: 55 

°C) using oligonucleotides 5'-GTAAGGGTATTCAGGTGGTTG-3 (forward) and 5'-
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CCGGCAACCTCTGTTCTCATC-3' (reverse). Construction of probe F2 (551 bp), 

specific to the 3' end o f the agn43 signal sequence and the 5' end o f the a^^-coding 

sequence (FIG. 3.1 A), was carried out using oligonucleotide primers (annealing 

temperature: 55 °C) 5'-CGCGAGCTCTGCTGGCTGCTGACATTGTTGTGC-3' (forward 

primer; underlined bases signify an engineered restriction endonuclease site), and 5'- 

GGGGGTACCAGTGGTATTTGCCGTTCCTTCAGC-l' (reverse primer). Construction 

of a probe specific to the promoter region of agn43 was performed using oligonucleotides 

(annealing temperature: 45 °C) 5'-CGTGCAATAGCTCAATAA-3' (forward) and 5'- 

CAGCTTTTCCTTAGATTG-3' (reverse), respectively. Total genomic DNA from E. coli 

ML308-225 and E. coli BD1302 were used as templates for construction o f probe F6, and 

probes FI, F2 and F4, respectively. pJP5608 and pJP5603 plasmid probes were generated 

by DIG-labeling linearised vector according to the manufacturer’s instructions (Roche). 

All DIG probes were labeled via the ‘random primed’ method according to manufacturer’s 

instructions (DIG User Guide, Roche Diagnostics, Mannheim, Germany). Oligonucleotide 

primers were obtained from either Genosys or MWG Biotech.

2.8 ENVELOPE/PROTEIN PREPARATION AND ANALYSIS

Cell envelopes were isolated and the subunit was purified according to established 

protocol (Caffrey & Owen, 1989). This procedure initially involved French pressure lysis 

of whole cells in the presence of protease inhibitors (2 mM benzamidine-HCl and 2mM 

phenyl methyl sulphonyl fluoride) and centrifugal separation of envelopes and soluble 

(cytoplasmic and periplasmic) fractions. In order to purify the a  subunit, membranes 

were heated to 60 °C and maintained at that temperature for 2 min. The a'^^-enriched 

supernatant fraction was then separated from envelopes by centrifugation. Additional 

purification steps involving Sephacryl-300 (Pharmacia) and Detoxigel (Pearse) column 

chromatography were performed where necessary. Resultant preparations from these steps 

were analyzed by SDS-PAGE and silver staining, using purified LPS controls where 

necessary.
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One-dimensional SDS-PAGE was performed as detailed by Laemmli (1970), using 12.5% 

(wt/vol) polyacrylamide separating gels and 4.5% (wt/vol) polyacrylamide stacking gels. 

After electrophoresis, proteins were stained with Coomassie Brilliant Blue R250. LPS was 

detected with silver nitrate after periodate oxidation (McVeigh et a l, 1988). Western 

immunoblotting and colony immunoblotting were performed according to established 

protocol (Caffrey & Owen, 1989) using specific anti-Ag43 polyclonal antisera (raised from 

rabbits immunised with Ag43 immunoprecipitates excised from crossed 

immunoelectrophoresis plates) or anti-a"^  ̂ rabbit polyclonal antibodies (raised from rabbits 

immunised with purified a'^^) as appropriate (Owen et al, 1987; Caffrey et al., 1988). 

Dried skimmed milk (5% [wt/vol]) was used as a blocking agent. Peroxidase-conjugated 

goat anti-rabbit immunoglobulin G (ICN Biomedicals Inc., USA) was used as the localizing 

reagent and reacting antigens were visualized by reaction with 4-chloro-l-napthol. 

Molecular masses were determined from the relative mobilities of 15 standard molecular 

mass marker proteins (Gibco BRL, BenchMark™ protein ladder).

Quantitation o f protein in solution was determined using a modification (Dulley & Grieve, 

1975) of the method of Lowry et al. (1951), which eliminates interference from Triton-X- 

100. Bovine serum albumin (BSA) was used as standard.

Slide immunofluorescence microscopy was performed as described by Henderson et al. 

(1997a). Eight-well multitest slides were coated with a solution containing 0.1% (wt/vol) 

chromium potassium sulphate and 1% (wt/vol) gelatin and were allowed to dry at 37 “C. 

Samples o f the bacteria to be tested (10 |il) were applied to each well and allowed to dry at 

37 “C. Cells were then fixed to the slides by incubation in a 1% (vol/vol) solution of 

glutaraldehyde for 30 min at room temperature. After washing the slides three times in 

PBS for a total o f 30 min, anti-cx^  ̂ immunoglobulins were added to each well and the slides 

were incubated in a moist chamber at 37 “C for 30 min. Washing was repeated as above, 

and then 10 |al fluorescein-isothiocyanate conjugated swine anti-rabbit antibodies (Dako, 

Denmark; 1:40 dilution in PBS) was added to each well and incubation resumed at 37 C 

for 30 min. Slides were then washed and dried at room temperature prior to the addition of 

quenching solution (90% [wt/vol] glycerol in PBS [pH 8.5] containing 2 .5 /o [wt/vol] 1,4-
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diazabicyclo-[2.2.2]-octane). The samples were examined by immunofluorescent 

microscopy using a Nikon Optiphot fluorescence microscope and an automatic 

photomicrograph camera attachment was used to photograph fields.

2.9 CALCULATION OF PHASE-VARIATION SWITCH FREQUENCIES

These were determined via the method of Eisenstein (1981). Briefly, colonies selected as 

being either Phase ON or Phase OFF for Ag43 expression by colony immunoblotting were 

inoculated into liquid medium and incubated overnight before plating out on L-agar and 

incubating for a further 18 h. Viable counts were determined and colony immunoblotting 

was performed in order to establish the number of colonies positive and negative for Ag43 

expression. Switch frequencies were calculated using the formula:

Switch frequency = {MIN)lg cell'' generation'* 

where g  is the number of generations (logio total viable count/logio2), N  is the total number 

of bacteria/colonies, M  is the number of the minority population and the units of switch 

frequency are per cell per generation. Experiments were performed in triplicate unless 

otherwise indicated. For each experiment, calculations were based on populations grown 

for approximately 35 generations and on colony counts of not less than 1000.

2.10 SERUM SENSITIVITY STUDIES

These were carried out using an adaptation of the Fothergill method (Heffernan et al., 

1994). E. coli ML308-225 colonies Phase ON and Phase OFF for Ag43 expression were 

each inoculated into 2 ml of L broth. Overnight cultures were then sub-cultured (1:100) 

and grown to early logarithmic phase (Agoonm ~0.5). Serial dilutions o f predominantly 

Phase ON and Phase OFF cultures were each incubated in 40% (vol/vol) normal and heat- 

treated human serum (obtained from A. J. Roche) for a period of 60 min at 37 C, following 

which treated bacteria were plated out onto L agar. Ag43 expression in surviving bacteria 

Was determined by colony immunoblotting using anti-ct serum. Survival rates for both
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Phase ON and Phase OFF populations were calculated from knowledge o f  phase variation 

switch frequencies and viable count determinations.

2.11 SERUM AGGLUTINATION STUDIES

These were routinely conducted using 013  antiserum (Difco Laboratories, USA) to confirm  

the origin o f  putative ML308-225 transconjugants. This involved m ixing the colony in 

question with a loopfull o f  013  antiserum. E. coli ML308-225 (013: 0 6 8 : H") and E. coli 

NCTC 9044 (044 ) were used as positive and negative controls respectively.

2.12 BIOFILM ASSAYS

Biofilm assays were carried out as follows: 20 |il o f a statically grown overnight culture 

was added to 1 ml o f a specific liquid medium in a 24-well polystyrene plate. The resultant 

system was incubated at 37 °C, and the old medium then replaced with new every 24 h. 

After 72 h each well was washed three times with 1 ml PBS and adherent bacteria shown 

by addition o f crystal violet (1% [wt/vol]). After incubation at room tem perature for 15 

min, wells were again washed three times with 1 ml PBS and were then visually analyzed 

for biofilm formation. Biofilm formation was distinguished by the appearance o f  a dense 

film in comparison to the positive control, E. coli 042. Thin/faintly-staining films are 

likely to be associated with bacterial layers that have not differentiated into the 3- 

dimensional structure o f a biofilm.

Where a more precise method o f quantification was required, wells were stained with 

crystal violet and washed with PBS as before. In order to quantify the relative proportions 

o f crystal violet (and hence bacterial biomass) within the wells, lOO/o ethanol was added to 

each well and resulting solutions were measured for their absorbency at 750nm.
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2.13 HEp-2 ADHESION ASSAYS

HEp-2 cells were grown to 50% confluency in high-glucose Dulbecco’s M odified Eagle’s 

Medium (DMEM). Adhesion assays were then carried out as per published protocol 

(Nataro et ah, 1985). Briefly, 20 |ul o f a statically grown overnight culture (~1 x 10̂  

bacteria) was added to a well containing HEp-2 cells and 1 ml o f high-glucose DMEM. 

The slide was then incubated for 3 h at 37 °C in the appropriate atmospheric conditions, the 

medium aspirated, and the slide was then washed three times with PBS before staining with 

Giemsa. Bacterial adherence was measured using the light microscope by directly counting 

the number o f  bacteria adhering per at least 200 HEp-2 cells and averaging to obtain the 

count per cell.

2.14 USSING CHAMBER EXPERIMENTS

Ussing chamber experiments were performed by Dr. A. Fassano (University Maryland, 

Baltimore, USA) according to standard procedures (Raimondi et al., 1995). N ew  Zealand 

White male adult rabbits weighing 2-3 kg were anaesthetised and killed by euthanasia. A 

20-cm segment o f  distal ileum was excised, opened along the mesenteric border, and rinsed 

free o f  intestinal contents. Pieces of intestine stripped o f the serosal and muscular layers 

were then mounted in Ussing chambers (1.12-cm^ opening; FIG. 2.1), bathed in Ringer’s 

solution at 37 °C, and gassed with 95% 02-5% CO2. Once the tissue reached a steady state 

condition, 10 |ag o f  purified (resuspended in lÔ il PBS) was added to the mucosal side. 

Ten microlitres was also added to the serosal side to preserve the osmotic balance. BSA, 

resuspended in PBS, was also tested as a negative control.

Variations in transepithelial electrical potential difference (PD), total tissue conductance, 

and short circuit current (Isc) were recorded for an applied current o f 100 jj,A. PD is the 

difference in electrical charges (ion concentrations) between the mucosal and serosal sides 

of the tissue mounted in an Ussing chamber. Isc, calculated by Ohm’s law (F=//C, where V 

is potential difference, /  is current, and C  is conductance), is the amount o f continuous

55



MEMB
RANE

OUTER
SOLUTION

INNER
SOLUTION

Na

cr<

FIG. 2.1. Illustration o f  the U ssing chamber and the application of short circuit technique to the 

study o f  a m em brane that is capable o f actively transporting Na^ from the outer to the inner 

solution; C f  transport is assum ed to be entirely diffusional. The positions (beginning top left and 

moving clockw ise) o f  the ON-OFF switch, ampmeter (I), power source and voltm eter (V) are 

shown.



current necessary to nullify the PD. Total tissue conductance, representing the reciprocal of 

tissue resistance (Rt), denotes the permeability of an intact tissue to electrical charges 

carried on ions due to cellular fluxes. The maximal changes in these three parameters 

recorded after the addition of were defined as peak differences, symbolized as APD, 

ARt, and AIsc, respectively. According to Ohm’s law, when resistance remains constant, an 

increase in APD must be accompanied by an increase in AIsc. The net secretion o f charged 

ions (such as C l) from the serosal to the mucosal compartment results in an increase in Isc. 

Therefore, an Isc increase in the presence but not in the absence of chloride ions in the 

bathing buffer is considered a reliable indicator of the secretory effect o f putative 

enterotoxins (Raimondi et ah, 1995).

Glucose intake by intestinal tissue is accompanied by Cl" efflux that causes a rise in PD. 

This only occurs when glucose is added to the mucosal side of the membrane. Thus, in 

order to ensure pre-experimentation tissue viability, glucose was added to the serosal side 

of the membrane. Any subsequent rise in PD was indicative of a perforated tissue. Post

experimentation tissue viability was ensured by the addition of theophylline (a potent cyclic 

AMP agonist) to the mucosal side of the membrane. A swift rise in PD confirmed tissue 

viability.

2.15 COMPUTER-BASED STUDIES

The Anfigenicity Index (AI) program, devised by Jameson and Wolf (1988), was used to 

identify potential epitopes within Ag43 sequences generated during the course o f this study, 

and also within Ag43^’’  ̂ (GenBank accession no, AE000291; Blattner et. al., 1997). The 

program is based on an algorithm that integrates the predicted influence o f hydropathy and 

surface probability with flexibility factors.

Other secondary structure predictions were based on the PredictProtein program, a single 

program compiled from a number of others that uses combined evolutionary information 

and neural networks to predict protein secondary structure (Rost & Sander, 1993, Rost &
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Sander, 1994a; Rost & Sander, 1994b; Rost, 1996). The AMPHI program o f Jahnig (1990) 

was also used. This program assigns hydrophobicity values to each amino acid in order to 

predict the occurrence of transmembrane amphipathic P-sheets within a peptide.

Ag43A signal sequence predictions were based on the Signalp program o f Neilsen et al. 

(1997).

Protein/nucleotide BLAST searches were performed at the homepage o f  the National 

Center for Bioinformatics (www.ncbi.nim.nih.gov) using blastp, tblastn and blastn 

programs. M otif identifications were performed using PROSITE.
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CHAPTER 3

E. coli ML308-225 POSSESSES DUPLICATE COPIES OF

agn43



3.1 INTRODUCTION

A number o f years ago workers in our laboratory identified Ag43 during comprehensive 

crossed immunoelectrophoretic analysis of membrane vesicles isolated from E. coli 

ML308-225 (Owen & Kaback, 1978). Research on Ag43 has continued from that date with 

most experimentation being performed on ML308-225, a strain derived from a human 

intestinal isolate (Owen & Kaback, 1978) and most likely the best-characterised strain with 

respect to expression of Ag43 (see Section 1.1). The initial aim of this dissertation was to 

establish a function for Ag43, the major phase-variable outer membrane protein o f E. coli. 

Microbial surface-expressed proteins have been shown to play a critical role in the 

virulence of many microorganisms and function in areas such as adhesion, invasion, 

motility, biofilm formation and toxicity (Hale et al., 1983; Portnoy et a l, 1984; Passerini de 

Rossi et al., 1999; Watnick & Kolter, 2000). Previous data point to a role for Ag43 in 

adhesion. Thus, sequence analysis of Ag43 indicates the presence o f an RGD motif 

implicated in binding host cell integrin molecules and BLAST analysis reveals Ag43 to 

display significant amino acid sequence similarity to a number of adhesins (Henderson et 

al., 1999). In addition, Ag43 is subject to phase-variable regulation -  a feature common to 

many adhesins (Owen et al., 1996); and adhesion assays performed with E. coli ML308- 

225 indicate that populations Phase ON for Ag43 expression are more adherent to HEp-2 

cells than their Phase OFF counterparts (Owen et al., 1996).

Further clues to the function of Ag43 were provided by research by Danese et al. (2000), 

which suggested a role for Ag43 in the multifactorial process of biofilm formation. Thus, 

an E. coli K-12 oxyR mutant (Locked ON for Ag43 expression) formed biofilms while a K- 

12 dam mutant (Locked OFF for Ag43 expression) did not. Furthermore, a K-12 agn43 

mutant formed biofilms less efficiently than the wild-type strain. Kjaergaard et al. (2000) 

provided supporting data indicating that the heterologous expression o f Ag43 within F. 

fluorescens enhanced biofilm-forming capabilities.

As previously discussed, agyi43 is subject to phase-variable expression, the mechanism of 

which involves competition between OxyR (an agn43 transcriptional repressor) and Dam

58



methylase (an agn43  transcriptional derepressor) at three GATC sites upstream o f  the 

ag«^3-coding region (see Section 1.1.6; Henderson et ah, 1999; Haagmans & van der 

Woude, 2000). This phase-variable expression presents a significant difficulty when trying 

to ascribe function since populations derived from either Phase ON or Phase OFF colonies  

always possess a significant minority o f  cells (5-20%) expressing the opposite phenotype. 

To circumvent this problem, initial experimentation in the current work programme 

primarily focused on the generation o f  isogenic mutants Locked ON and Locked OFF for 

Ag43 expression.

Common methods used to generate genetic mutants include transposon m utagenesis, a llele  

replacement and gene interruption (Penfold & Pemberton, 1992; Voelker & D ybvig, 1998; 

Marklund e t ah, 1998; Shimizu & Hoshino, 1998; Donald & Roos, 1998). Considering  

sequence was available for agn43  genes in both ML308-225 and K-12 strains o f  E. co li, it 

was possible to avoid the laborious method o f  random-transposon mutagenesis and to focus 

on more specific procedures involving site-directed insertion o f  agn43  interrupters. The 

experimental strategy chosen involved transforming a strain Locked O N for Ag43  

expression, viz., E. coli M L308-225 oxyR  (Table 3.1, Henderson & Owen, 1999) with a 

Xpir suicide vector, either pJP5603 (Penfold & Pemberton, 1992; FIG. 3 .IB ) or pG P704  

(Miller & M ekalanos, 1988; FIG. 3.2), containing a cloned agn43 fragment (FIG. 3.1A ). 

Using this tested approach (Miller & Mekalanos, 1988; Penfold & Pemberton, 1992), it was 

anticipated that agn43  disruption would occur following a single crossover integration 

event mediated by the cloned agn43  fragment on the suicide vector (FIG. 3.1 A).

The R6K-based Xpir suicide vectors require a trans supply o f  the ;?/r-encoded n  protein o f  

plasmid R6K for replicafion. Therefore, efficient plasmid suicide results upon transfer to 

bacteria not harbouring/7Z>. Both vectors possess an R6K origin o f  replication and an RP4 

mobilisation-encoding determinant. However they differ in that pJP5603 (Km ) possesses a 

functional lacZ  containing the multiple-cloning site, a feature not present in pGP704 (Ap^. 

The decision to perform agn43  mutagenesis in E. coli M 308-225 and not E. co li K -12, 

whose com plete genom e had been sequenced, was based on a number o f  reasons, v iz ., (a) 

expression o f  A g43 has been characterised to a higher degree in M L 308-225, (b) relevant
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Table 3.1. Bacterial strains and plasmids used.

Strain or plasmid Genotype or description Reference or source

Escherichia coli 
AJRl ML308-225 ::pAJR003 (Km'') This study

AJR3 ML308-225 ag-«^i^::pAJR004 

ag«^35::pAJR003 (Km’’, Ap")

This study

BD1302 metB A(ppc-argECBH oxyR) relA spoTQC) 

Hfr P4X

Diderichson, 1980

NCTC 8007 EPEC; O i l ;  expression o f 94- and 54.5-kDa 

CPs"

Meehan, 1994

NCTC 8621 EPEC; 086; expression of no CPs“ Meehan, 1994

NCTC 8622 EPEC; 0126; expression of 54.5-kDa CP“ Meehan, 1994

NCTC 9026 EPEC; 026; expression of 94, 60 and 56-kDa 

CPs“

Meehan, 1994

NCTC 9044 EPEC; 044; expression of 94- and 60-kDa 

CPs“

Meehan, 1994

NCTC 10089 EPEC; 0142; expression of 94-kDa CP“ Meehan, 1994

NCTC 10863 EPEC; 018ac; expression of 56- and 57.5- 

kDa CPs^

Meehan, 1994

ML308-225 lacIZlacY^lacA^ (013:068:H‘) Owen & Kaback, 1978

ML308-225 ML308-225 AoxyR\\¥jr\ oxyS-galK) Henderson & Owen,

oxyR 1999

SI 7.1 Xpir thi thr leu tonA lacY supE r e c y 4  ::RP4-2Tc:: 

MuKm^

Dr. Yashuda’’

Plasmids
PAJR003 pJP5603 with cloned F2 fragment (Fig. 3.1) This study

PAJR004 pGP704 with cloned F5 fragment (Fig. 3.2) This study

pGP704 W0&RP4 on'R6K Ap^(Fig. 3.2) Dr. Yashuda'’

PJP5603
a A . A-i

lacZmobY^^A onR6K Km^ (Fig. 3.1) Dr. Yashuda'’

Anti-a'*^ antiserum Cross reactive Proteins

 ̂Address: The C loning Vector Collection, Dept. Microbial Genetics, National Institute G enetics, Yatal, 111 

Mishima, Shizuoka-ken 411, Japan. fcvector@lab.nia.ac.|p)
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FIG. 3.1 A. Scaled diagrams of agn43 wild type and mutated alleles. agn43Yi.n (Accession no. AE000291) showing the location of fragments 

F1-F6 in relation to the regions encoding the signal sequence (SS), and the and subunits. The ag«4i^::pAJR004 and ag«435;:pAJR0003 

constructs, which are interrupted from positions 11417 and 10157, respectively, were created by single cross-over integration events (generating 

homologous regions either side of the integrated vector) mediated by F5 and F2, respectively. The positions and orientations of primers within 

agn43K-n (12299F, 10181R, 9676R and 9472R), ::pAJR004 (9167F, 10619F, 11586R, and 12669R) and agn43B::pAJR0003 (9473F and

11255R), are indicated by arrows.
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FIG. 3.2. The suicide vectors pOP704 and pAJR004. The latter is a derivative o f the 

former that contains the .g««-fragm ent F5. Ua. ampicillin resistance determinant; ori 

R6K, origin o f replication of plasmid R6K; mob RP4, origin of transfer o f plasmid RP4.



adhesion assays have been performed in ML308-225, and (c) ML308-225 is amenable to 

transformation via conjugation (the most effective method of transforming the Xpir suicide 

vectors) unlike K-12.

As will become apparent, initial difficulties were encountered in generating agn43 

knockout mutants that were Locked OFF for Ag43 expression. This was found to be due to 

the presence o f more then one copy of agn43 on the MLS08-225 chromosome. This 

discovery prompted further studies on a panel of EPEC strains previously demonstrated to 

express multiple Ag43-like proteins (see Section 1.1.7; Meehan, 1994; Owen et a l ,  1996). 

These proteins have been shown to fall into two size classes, viz., ones o f about 54-60 kDa 

that displayed features common to and ones of 94-kDa that displayed features 

anticipated of an uncleaved (hypothetical) Ag43 protein. Resulting analysis o f these strains 

revealed that ML308-225 was not unique in possessing multiple agn43 gene copies.

These findings changed the initial aims of the project due to the need to characterise both 

ML308-225 genes and their respective products. The current chapter presents the data that 

demonstrates the existence of duplicate copies of agn43 on the ML308-225 chromosome 

and of multiple agn43 homologues in various EPEC strains.

3.2 METHODOLOGY

The bacterial strains described in this chapter are listed in Table 3.1 and the methodology is 

described in detail in Chapter 2. In particular, bacterial conjugations were carried out as 

detailed in Section 2.3.3, DNA purification and manipulations as described in Sections 2.2 

snd 2.3 respectively, immunofluorescence microscopy and Western blot analysis as 

described in Section 2.8, Southern blot analysis as described in Section 2.6, and 

construction o f DIG-labeled probes are detailed in Section 2.7. Construction of agn43- 

specific suicide vectors is described below.

60



3.2.1. Construction of fl^/i^J-specific Xpir suicide vectors. The partial agn43 fragment 

F2 (551 bp), covering the 3 end of the agn43 signal codons to the 5' end o f  the coding 

sequence (FIG. 3.1 A), was amplified as detailed in Section 2.7. The product was then 

digested with Kpnl and S a d  to generate overhangs resulting from the restriction sites that 

had been engineered into the forward and reverse primers, respectively. The restricted 

product was then ligated with appropriately digested pJP5603 to give pAJR003 (3.7 kb; 

FIG. 3 .IB).

A 569-bp fragment (F5) o f agn43 covering the 3' end of the coding sequence and the 5' 

end of the coding sequence (see FIG. 3.1 A) was amplified using oligonucleotides 

(annealing temperature: 65 °C) 5'-CCGAATTCACGGTGAACAACGATACCCTGACC-3' 

(forward) and 5'-CCGTCGACCGCCAGCCCCGACGCACTGTTGCC-3' (reverse). The 

product, containing engineered EcoRl and Sail sites (underlined) in the forward and reverse 

primers, respectively, was then digested with the above restriction enzymes and ligated 

with appropriately digested Xpir suicide vector pGP704 to generate pAJR004 (FIG. 3.2).

3.3 RESULTS

3.3.1, Transformation of E. coli ML308-225 oxyR with pAJR004. In initial attempts to 

generate isogenic mutants Locked ON and OFF for Ag43 expression, E. coli ML308-225 

oxyR (Locked ON for Ag43 expression; Km'; see Table 3.1) was transformed with 

pAJR004 (FIG. 3.2; Ap''; see Table 3.1), a Xpir suicide vector containing a cloned fragment 

of agn43. O f the resultant Ap' Km' resistant transconjugants obtained, it was anticipated 

that the construct E. coli ML308-225 oxyR ag«43::pAJR004 (Locked OFF for Ag43 

expression) would predominate. However, colony and Western immunoblotting o f these 

Ap' Km' transconjugants revealed that they had unexpectedly maintained the same apparent 

Ag43 phenotype as the parental strain, i.e.. Locked ON for Ag43 expression (data not 

shown). Southern blot analysis was subsequently carried out to establish the point of 

integration o f the vector.
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& /E II-d igested  to ta l genom ic D N A  from a num ber o f  transconjugants w as separated  on a 

1.2% (w t/vol) T A E -agarose gel and transferred to a nylon m em brane w h ich  w as then 

probed overn ight w ith  the D IG -labeled F6 probe (see FIG. 3.1 A). In the  ev en t o f  the vector 

having crossed into a g n 4 3 , a 5553-bp fragment would be expected to  hybrid ize  w ith  F6, 

com pared w ith  a 1396-bp fragm ent in the case o f w ild type a g n 4 3  (a g n 4 3  fragm en t size 

calculations are based on the restriction map o f the M L308-225 a g n 4 3  gene sequence 

lodged in U 24429 by H enderson  & Owen [1999]). The resulting blot show ed  the  p resence 

in m ost transconjugants o f  tw o m ajor hybridising bands o f approxim ately  5.5 and 1.3 kb, 

corresponding in size to  each o f  the above m entioned possibilities (FIG . 3 .3). ^.y/EII- 

digested D N A  from  the parental strain produced a single band o f  approxim ately  1.3 kb that 

was o f  a m arginally  sm aller size than the lower o f the two hybridising bands observed  for 

transconjugants. C learly  an a g n 4 3  specific integration event had occurred. H ow ever, its 

exact nature w as unclear.

The failure to  generate a Locked OFF m utant could be the result o f  a second genom ic copy 

o f  a g n43  or an unexpected  pG P704-directed recom bination event resulting  in a w ild-type 

copy o f  a g n 4 3  regenerating  itse lf following site-directed m utagenesis. B earing these tw o 

possibilities in m ind, it is interesting to note that previous experim entation (D orm an, 1997) 

had suggested pG P 704 to  be unreliable for the purposes o f  site-directed m utagenesis. A lso, 

previous Southern b lo t analysis o f  M L308-225 by H enderson (1996) illustrated 

discrepancies betw een predicted and observed hybridization profiles, possib ly  indicating 

m ultiple copies o f  a g n 4 3 . In order to pursue these issues it was decided to  perform  a 

sim ilar experim ent using  w ild-type M L308-225 (phase-variable for A g43 expression) and a 

different X pir  suicide vector, viz., the pJP5603-derived pA JR003 (FIG. 3 . IB ). It w as 

anticipated tha t integration o f  pAJR003 into a single-copy o f  a g n 4 3  w ould generate a 

transconjugant Locked OFF for Ag43 expression, w hereas integration into one o f  tw o 

cign43 genes w ould  generate transconjugants still capable o f  Ag43 expression in a phase- 

variable m anner. A lternatively, unexpected functioning o f  pA JR 003 w ould  m ost likely be 

detected by Southern  b lo t analysis.
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FIG. 3.3. Southern blot of E.coli ML308-225 oxyR :pAJR004 total genomic

DNA digested with BstEll and probed with F6. Lane 1, ML308-225 ag«4i::pAJR004 

transconjugant no. 1; lane 2, transconjugant no. 2, lane 3, ML308-225 oxyR. The 

position and sizes (in kb) of selected molecular markers are indicated to the right.



3.3.2. Transformation of E. coli ML308-225 with pAJR003. Nalidixic acid (N a>  

resistant E. coli ML308-225 was mated with S17.1 Xpir pAJR003 (Km'"). Resulting E. coli 

ML308-225 Na Km pAJR003-derived transconjugants were screened initially via colony 

immunoblotting for absence o f Ag43 expression. Promising candidates were then screened 

via immunofluorescence microscopy. This revealed a number of transconjugants to have 

levels o f Ag43 expression less than would be expected for a parental strain Phase OFF for 

Ag43 expression but greater than that anticipated for a population Locked OFF for Ag43 

expression. Thus, an E. coli ML308-225 colony, Phase OFF for Ag43 expression and 

grown up overnight in L-broth, usually generates a population of cells in which 2-5% are 

positive for Ag43 expression. In corresponding Locked OFF populations (ML308-225 

dam) no Ag43-positive cells are observed. In contrast, a number o f transconjugants 

displayed corresponding values of less than one positive cell per thousand (see AJRl FIG. 

4.4B). To determine if  disruption of agn43 had occurred, total genomic DNA was isolated 

from these transconjugants and Southern blot analysis was carried out on EcoKW- & Spe\- 

digested DNA using the F6 DIG-labeled probe (FIG. 3.1 A).

In the event o f the vector having crossed into agn43, a 8607-bp fragment would be 

expected to hybridize with F6 compared with a 4957-bp fragment in the case of wild-type 

agn43. The resulting blot (FIG. 3.4A, lane 1) revealed that wild-type DNA from E.coli 

ML308-225 produced two major F6-hybridizing bands, one of about the expected size (4.5 

kb) and a second unexpected band of approximately 7.5 kb. Transformant DNA displayed 

a number of patterns distinct from wild-type DNA. The most common involved a doublet 

pattern of bands (FIG. 3.4A, lanes 2-5, 7-10, 12, 14). One of these was equivalent to the 

wild-type 7.5-kb band and the other, of approximately 8 kb, was approximately 3.5 kb 

bigger then the smaller of the two hybridizing bands observed for parental DNA. It seemed 

probable that this 8-kb band resulted from integration of pAJR003 (3.6 kb). A number of 

transconjugants displayed the same patterns as the wild type (see FIG. 3.4A, lanes 1, 11, 

13), a phenomenon that may reflect non-specific integration of the vector.

To determine if the 8-kb band observed for most transconjugants was due to a site-specific 

integration event, the blot was stripped and reprobed with DIG-labeled pJP5603 (FIG.
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FIG. 3.4. Southern blot of ML308-225::pAJR003 transconjugant total genomic DNA 

digested with fcoRV & Spel and probed with (A) F6 and (B) pJP5603. Lane 1. 

ML308-225; lane 2, ML308-225::pAJR003 transconjugant no. 1 (AJRl); lanes 3-14, 

transconjugants nos. 4-15, respectively. Selected molecular size markers (kb) are 

shown to the right.



3.IB). The resulting blot (FIG. 3.4B) displayed one major hybridizing band for

transconjugant DNA, but none for wild-type DNA. This single hybridizing band 

corresponded to the upper band of the doublet of agw^i-hybridizing bands observed for 

most transconjugants (compare FIG. 3.4A and 3.4B). This was taken as a firm indication

that site-specific integration of pAJR003 into an agn43 gene had occurred.

Transconjugants displaying the doublet-banding pattern were named A JRl.

Western blot analysis carried out on isolated cell envelopes from a number o f AJRl 

derivatives revealed the absence of any detectable anti-a'*^ cross-reactive antigen (data not 

shown). However, all transconjugants agglutinated in the presence o f 013  antiserum 

indicating that all had arisen from E. coli ML308-225.

3.3.3. Southern blot analysis of E. coli ML308-225 and E. coli BD1302 using a variety

of restriction enzyme combinations and a^«'/J-specific probes. In an attempt to explain 

the unexpected hybridization pattern observed for wild-type E. coli ML308-225 (FIG. 

3.4A, lane 1) and to ascertain whether it was due to errors in the predicted restriction map 

of agn43 (U24429) or to a second copy of the gene, Southern blot analysis was carried out 

on both E. coli ML308-225 and on the E. coli K-12 derivative BDI302 (Table 3.1). The 

complete genome o f E. coli K-12 has been sequenced (Blattner et al., 1997) and the strain 

demonstrated to possess a single copy of agn43. BLAST comparison o f the agn43 

sequences o f ML308-225 (U24429) and K-12 (AE000291) reveals that these are 98% 

identical. For these reasons it was decided that BD1302 would make a suitable control for 

the experiment. Total genomic DNA was isolated from both strains and digested with the 

following (combination of) restriction enzymes: EcoRY, Spel, EcoRV  & Spel, Spel & 

£coRI, Spel & Bam lil, EcoRV  & Hindlll and EcoRW & N sil In addition, plasmid DNA 

was isolated from ML308-225 and was analyzed along with undigested ML308-225 total 

genomic DNA. Following electrophoretic separation and Southern blot transfer, the 

resultant nylon membrane was probed/stripped consecutively with the agw43-specific 

probes F6 (1065 bp), F3 (252 bp), and finally F4 (400 bp). The latter two probes 

correspond to the 5'- and 3'-ends of F6, respectively (see FIG. 3.IA). These three probes 

were used to identify whether the two EcoRV & Spel agn43-fx&gmenXs o f ML308-225
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(FIG. 3.4A, lane 1) were a product of an internal restriction site within a single agn43 gene 

or to the presence o f duplicate agn42 regions (genes?) within ML308-225.

Probing o f the membrane with each of the three different fragments yielded the same 

hybridisation pattern on each occasion (FIG. 3.5). The most notable feature o f these blots 

was the appearance o f two bands in a number of the ML308-225 digests (FIG. 3.5, lanes 3, 

7, 9, 13) as compared with only one band in the majority of the corresponding BD1302 

digests. Assuming a single copy of the gene, each digest ought to have given rise to a 

single hybridising band when probed with each DIG-labelled agn43 specific fragment. 

However, £'coRV, -EcoRV & Spe\, BamYW & Spe\, and £'coRV & Hindlll digestions of 

ML308-225 DNA all yielded hybridisation patterns consisting of two bands, thereby ruling 

out the possibility o f cleavage within a single agn43 gene. Digestion of ML308-225 DNA 

with EcoRV 8c Nsil yielded a hybridisation band that was quite diffuse, suggesting that this 

band may be a doublet of two similarly sized fragments (FIG. 3.5, lane 11). Only Spe\ and 

Spel & Eco'&l digests yielded single banding patterns for ML308-225 DNA, both bands 

being o f relatively large molecular size (>10 kb). In contrast, corresponding digestions of 

BD1302 DNA yielded a single hybridising band in most cases as anticipated (the doublet 

pattern observed following Spel & BamRl digestion [FIG. 3.5, lane 14] is probably a 

reflection o f non-specific nuclease activity). Neither undigested total genomic DNA (FIG. 

3.5, lane 1) or plasmid DNA (data not shown) from ML308-225 produced ag«45-specific 

hybridising bands indicative of a plasmid-borne copy of the gene. These results 

demonstrate that there is an agn43 homologue on the ML308-225 chromosome that does 

not feature in K-12 derivatives.

3.3.4. Analysis of A JR l populations Phase ON for Ag43 expression. It will be recalled 

that strain AJRI {E. colt ML308-225 flg«4i::pAJR003) displayed a phenotype (largely 

Phase OFF) different from that anticipated (Locked OFF). To further investigate this 

phenomenon, an overnight culture of AJRl was spread onto L-agar supplemented with 

appropriate antibiotics (Km and Na) and incubated at 37 C. Resultant plates were then 

subjected to colony immunoblotting using anti-a serum. O f the approximate 4,500 

colonies screened, only 4 were Phase ON for Ag43 expression. Western immunoblot
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FIG. 3.5. Southern blot o f total genomic DNA from ML308-225 (odd numbered lanes) 

and BD1302 (even numbered lanes) digested with: lanes 3 & 4, £coRV; lanes 5 & 6, 

Spel; lanes 7 & 8, EcoBN  & Spel] lanes 9 & 10, EcoRY & Hindlll', lanes 11 & 12, 

EcoRW & Nsil; lane 13 & 14, Spel & BamRl; lanes 15 & 16, Spel & EcoRl and lanes 1 

& 2 contain uncut DNA. The same blot was obtained when probed with the F3, F4 and 

F6 probes. Sizes o f molecular markers are shown in kilobases.



analysis o f colony lysates from these rare Phase ON variants revealed expression o f the 

subunit o f Ag43 (FIG. 3.6) compared to no detectable expression in Phase OFF variants.

In order to discover if the reason for Ag43 expression in AJRl was due to excision of 

pAJR003 from agn43 and its subsequent replication within the cell, total genomic DNA 

was isolated from populations Phase ON and Phase OFF for Ag43 expression and this was 

then digested with EcoKV  & Spel. Resultant digests were then subjected to Southern 

blotting using both F6 and pJP5603 DIG-labeled probes. Both Phase ON and Phase OFF 

populations generated the same pattern of doublet bands (FIG. 3.4, lane 2), with pAJR003 

being integrated into the upper band of the doublet. Furthermore, replicating pAJR003 

could not be detected in an AJRl population at any stage during this course of 

experimentation as determined by plasmid profiling, by plasmid dot blot analysis or by 

Southern blotting (data not shown). These results demonstrate that pAJR003 is not 

replicating autonomously within the cell but remains integrated in agn43. Accordingly, 

there must be a second chromosomal copy of agn43 responsible for Ag43 expression in 

AJRl. The two genes were named agn43A and agn43B in order of increasing 

electrophoretic mobility of their EcoRV  & Spel restriction fragments. Analogous 

nomenclature will be used to describe multiple alleles observed in other strains E. coli 

strains.

3.3.5. Transformation of AJRl with pAJR004 via conjugation. Bearing the above in 

mind, it seems probable that initial failures to generate Locked OFF derivatives o f E. coli 

ML308-225 oxyR (agn43AB) were due to site-directed inactivation of only one {agn43B) of 

the two alleles (see Section 3.3.1 and FIG. 3.3). In order to confirm this, vector pAJR004 

was utilized in attempts to knockout the remaining functional allele (agn43A) in A JR l. It 

Was hoped that this line of experimentation would also provide information relating to the 

reliability of pAJR004 for the purpose of site-specific integration.

Following mating o f S17.1 Xpir pAJR004 (ApO with AJRl (Km^, a number of Ap"" Km' 

transconjugants were obtained. These were analyzed by Southern blotting using the 

procedures (^coRV & Spel digestion of total genomic DNA followed by probing with F6
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FIG. 3.6. Western immunoblot of AJRl colony lysates probed with anti-a"*^ serum. 

Lane 1, ML308-225 oxyR envelopes; lanes 2 and 3, AJRl colony lysates Phase ON for 

Ag43 expression; lane 4, AJRl colony lysates Phase OFF for Ag43 expression. The 

size of a selected molecular marker is shown in kilodaltons (kDa).



and pJP5603) previously shown to be successful in resolving and differentiating the two 

agn43 alleles. Due to the similarities between pJP5603 and pGP704, and between agn43A 

and agn42B, it was expected that pAJR004 might integrate into either agn43B :\pA im 03  or 

agn43A. The latter event should generate a strain, viz., ML308-225 a g n 4 3 A \\p A im M  

flg-«455::pAJR003, totally Locked OFF for Ag43 expression. The resultant blots (FIG. 3.7) 

revealed three hybridization profiles for transconjugant DNA. One corresponded to an 

a^«^35::pAJR003::pAJR004 single-knockout construct, and the other two to the desired 

agn43A\:^AiRQ0A ag«435::pAJR003 structure. The difference in these two profiles is 

thought to be a product o f a duplication event within the agn43Av.pkiR0QA structure o f one 

construct, as mediated by the homologous regions that reside either side o f the integrated 

plasmid, thereby producing a larger band (FIG. 3.7, lane 2).

Immunofluorescence analysis of both double knockout derivatives (ML308-225 

ag«45v4:;pAJR004 a^«^55::pAJR003), revealed them to be fully Locked OFF for Ag43 

expression as anticipated (see AJR3, FIG. 4.4A), confirming the presence o f two functional 

alleles in E. coli ML308-225. In contrast, the ML308-225 agn43B::pAJR003::pASR0QA 

(Ap’’ Km’’) single knockouts maintained the same phenotype as the parental strain, A JR l, 

with approximately 1 Ag43-positive cell per 1000 within a Phase OFF population (see 

AJRl FIG. 4.4B).

3.3.6. Southern blot analysis of EPEC strains. Following the discovery of duplicate 

copies o f agn43 in ML308-225, it was decided to analyze a panel of EPEC strains within 

which a variety o f Ag43-like, anti-a'^^ serum CPs had been previously discovered by 

Western blotting (see Section 1.1.7; Meehan, 1994; Owen et a l, 1996). Total genomic 

DNA, isolated from a number of these strains, was digested with £coRV & Spel and 

analyzed by Southern blotting u s in g  DIG-labeled DNA probes FI, F2, F4 and F6 (see FIG. 

3TA) and conditions o f high stringency. The strains analyzed, the CPs that they express 

and the resultant hybridization patterns (FIG. 3.8) are documented in Table 3.2. Near 

identical hybridization patterns were obtained with F2, F4 and F6 probes (the latter two 

generated identical hybridization patterns) while the FI profile was quite distinct.
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FIG. 3.7. Southern blot of AJRl pAJR004 transconjugant DNA digested with £coRV 

& Spel and probed with (A) F6 and (B) pJP5603. Lane 1, AJRl (ML308-225 

ag«^i5::pAJR003); lane 2, AJRl ::pAJR004 (AJR3); lane 3, ML308-225

:pAIR003::pAJR004; and lane 4, AJRl :pAJR004. The sizes of

selected molecular size markers are shown to the right. Two profiles are displayed for 

AJRl agn43A\\^Am)0A constructs (lanes 2 and 4), the primary difference being the 

upper band in lane 2 which is most likely the result of a duplication event.
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J IG. 3.8. Southern blots of total genomic DNA from a number of EPEC strains. (A) EcoRY  & 

digested (lanes 1, 2, 4, 6, 8, 10, 12, 14, and 16) and undigested (lanes 3, 5, 7, 9, 11, 13, and 

15) total genomic DNA probed with F4 and F6 from: lane 1, ML308-225; lane 2, BD1302; lanes 3- 

4, NCTC 8007; lanes 5-6, NCTC 8621; lanes 7-8, NCTC 8622; lanes 9-10, NCTC 9026; lanes 11- 

12, NCTC 9044; lanes 13-14, NCTC 10089; and lanes 15-16, NCTC 10863. EcoKY  & Spel 

digested total genomic DNA probed with F2 (B) and FI (C) from; lane 1, ML308-225; lane 2, 

^01302; lane 3, NCTC 8007; lane 4, NCTC 8621; lane 5, NCTC 8622; lane 6, NCTC 9026; lane 

7, NCTC 9044; and lane 8, NCTC 10089. Molecular size markers (kb) are shown to the right.



Table 3.2. Southern blot analysis o f  EPEC strains using agn43 gene probes.

Strain CPs Size o f probe-hybridising fragments (kb) agn43

(kDa)“ FI F2 F4 F6 copy no.’’

ML308-225 60, 59.5*= -4.5 -8.0, -4.5 -8.0, -4 .5 -8.0, -4.5 2

BD1302 60 -5.5 -5.5 -5.5 -5.5 1

NCTC 8007 94, 54.5 — >10, -8 .0 ,-6 .5 ,-3 .0 >10, -8 .0 ,-6 .5 ,-6 .0 >10, -8.0, -6 .5 ,-6 .0 4

NCTC 8621 — — — — — 0

NCTC 8622 54.5 — >10, -6 .1 ,-4 .3 >10, -6 .1 ,-4 .3 >10, -6.1,-4.3 3

NCTC 9026 94, 60, 56 -5.5 -9.5, -7.4, -6.5, -5.5 -9.5, -7 .4 , -6.5, -5.5 -9.5, -7.4, -6.5, -5.5 4

NCTC 9044“* 94, 60 -4.3 >10,-4.3 >10, -4.3 >10,-4.3 2

NCTC 10089 94 — -7.5 -7.5 -7.5 1

NCTC 10863 57.5, 56 UD" UD' -23, >10, -9.5, -6.5 -23, >10, -9.5, -6.5 3-4^

“ Anti-a'*^ cross reactive proteins (CPs). Data taken from Meehan (1994).

Predicted gene copy number as determined by Southern hybridization patterns.

See Chapter 4

The mid-hybridizing band visualized in FIG. 3.8A lane 12, is most likely due to non-specific nuclease digestion. 

“ UD; undetermined.

 ̂ Predicted gene copy number established at four (McFadden, 1999).



As judged by the hybridization profiles a number of strains possessed m ultiple copies o f 

agn43. Furthermore, there was a rough correlation in that the apparent gene copy num ber 

of each strain equaled or was greater than the number o f CPs expressed by that strain. 

There was no evidence for plasmid borne copies of agn43  homologues as judged by the 

absence o f  hybridizing bands in lanes containing undigested samples (FIG. 3.8A; lanes 3, 5, 

7, 9, 11, 13 and 15).

O f particular interest were the results obtained for NCTC 10089 and N C TC 8621. 

Phenotypic analysis o f the latter had previously demonstrated it to produce no CPs. 

Southern blot analysis clearly shows that the genome o f this strain does not possess any 

regions o f  hom ology to the a^^'^'i-specific probes used in this study (FIG. 3.8A and 

3.8B/C, lanes 6 and 4, respectively). The other strain, NCTC 10089, is unique in that the 

only CP detected is the 94-kDa protein that displays features anticipated o f  a hypothetical 

(uncleaved?) Ag43 monomer (see Section 1.1.7). Interestingly, this strain only yields one 

major hybridizing band o f  approximately 7.5 kb when probed with fragments F2, F4 and F6 

(FIG. 3.8A. and 3.8B, lanes 14 and 8, respectively). It would appear highly likely that this 

region encodes the 94-kDa protein.

NCTC 9026 and NCTC 8007, which express two and three CPs, respectively, both had 

predicted gene copy numbers o f four with each gene hybridising with probes F2, F4, and 

F6 (FIG. 3.8, Table 3.2). Only agn43D ^cic  9026 hybridised with probe F I . N C TC 10863 

was predicted to have a gene copy number of between 3-4. Further studies have indicated 

that 4 copies exist (McFadden, 1999). This strain expresses two CPs. Three gene copies 

were detected in NCTC 8622 (54.5-kDa CP), each gene hybridising with all probes bar F I. 

Both M L308-225 and NCTC 9044, each o f which expresses two CPs, produced two m ajor 

hybridizing bands when probed with F2, F4 and F6 indicating a probable gene copy 

number o f  two. The agn43B  gene of each strain hybridised with probe F I. As anticipated, 

the K-12 derivative BD1302 revealed the predicted single gene that hybridised to all four 

probes.
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These data suggest that Ag43 is not a single entity but more likely a member o f a family of 

proteins encoded by multiple alleles.

3.4 DISCUSSION

Southern blotting and gene inactivation studies presented above clearly demonstrate the 

existence o f two copies o f agn43 within the ML308-225 chromosome and o f predicted 

multiple copies within a panel of EPEC strains known to express multiple Ag43-like 

proteins.

As regards the origins o f multiple agn43 alleles, analysis of the K-12 genome surrounding 

agn43 (Accession no. AE000291) reveals the existence of two upstream IS elements, o f a 

number o f putative virulence genes and also of an asparagine tRNA gene segment. 

Furthermore agn43^.\2 has a significantly higher G + C content (57%) than the average 

value displayed by the E. coli genome (51-52%). These features are indicative of mobile 

segments o f DNA known as pathogenicity islands (PAI; Hacker et al., 1997) and suggest 

that agn43Y^\2 tnay be located on one. It is conceivable that the mobility attributed to PAIs 

facilitated gene duplication events thus giving rise to multiple agn43 alleles. However, an 

additional feature o f PAIs is that they abide predominantly within pathogenic strains 

(Hacker et al., 1997). Therefore the presence of agn43 within the non-pathogenic K-12 

strain would seem to decrease the likelihood of this explanation and suggests multiple 

agn43 gene copies have most likely arisen from events mediated by the upstream IS 

elements. The complete genome sequence of UPEC strain CFT073 is presently being 

generated (Blattner et a l,  2000). Analysis of preliminary sequences has revealed the 

presence o f two agn43 genes. Further analysis of sequences upstream and downstream of 

both genes may provide valuable clues as to the mechanisms o f agn43 duplication.

The phenomenon o f gene duplication is believed to have a major role in evolution: one 

gene copy maintaining its original function in response to selective constraints thereby 

freeing the other to generate possibly advantageous mutations and new functions. From a
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bacterial point o f view, these processes are believed to facilitate the formation of 

antigenically-variant families of proteins and of proteins with novel functions, whilst failure 

of a duplicated gene to evolve a beneficial function results in it being lost from the genome 

(Force et al., 1999). It is therefore likely that multiple agn43 genes within a single strain 

are each capable o f expressing antigenically and/or functionally variant proteins.

The existence o f multiple gene copies, within a singe strain, responsible for expression o f  a 

protein is not unique to Ag43. The most notable examples include the Opa protein family 

o f# , gonorrhoeae and Â . meningitidis (Dehio et al., 1998; see Section 1.4.4) and the Vmp 

protein family o f Bor. hermsii (Barbour, 1993; see Section 1.4.5). In each case, the 

perceived primary function of the multiple gene copies is to express antigenically-variable 

surface antigens that facilitate evasion of the immune system. The different Opa adhesins 

also display varying receptor tropisms and as such, multiple gene copies also supply 

functional variability. A slightly different role is envisaged for the flaA  and flaB  genes 

responsible for flagellin expression in Campylobacter jejuni (Wassenner et al., 1995). Here 

the primary structural gene flaA, is complemented by jlaB  which has a significantly lower 

level o f expression in comparison to flaA. The primary role of flaB  is to act as a source of 

DNA for both mutational repair and antigenic variation o f flaA  (Wassenner et al., 1995).

It is difficult to firmly establish the significance of multiple agn43 copies without 

performing a number of in-depth studies. However a possible role in immune evasion is 

indicated by a number o f facts suggesting that Ag43 is a likely target o f the immune 

system. These include (a) the high molecular mass and copy number o f Ag43; (b) the 

surface expressed nature o f the subunit; (c) the phase-variability of the system; and (d) 

the pronounced immunogenicity of the antigen in rabbits (Owen et al., 1996). Further 

studies involving sequencing of multiple agn43 gene copies and MAb analysis o f their 

respective products may illustrate the antigenic variation capabilities o f agn43 families. 

Since functions in biofilm formation and autoaggregation have only been ascribed for 

Ag43'^''2, it is difficult to establish potential functional diversity within the Ag43 family. 

However, the possibility cannot be ruled out.
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Analysis o f pathogenic isolates known to express multiple forms o f Ag43-like proteins 

proved a fruitful course of study. The EPEC strains studied displayed between 0-4 copies 

of agn43. Furthermore, the apparent gene copy number of each strain was equal to or 

greater than the number of CPs expressed by that strain thereby providing supporting 

evidence that the multiple gene copies are responsible for expression o f the multiple Ag43- 

like proteins. For example, NCTC 8007 and NCTC 9026 both had a predicted gene copy 

number o f four but expressed two and three Ag43-like proteins, respectively. Interestingly, 

the absence o f agn43 within NCTC 8621 indicated that Ag43 is not an essential component 

of an E. coli cell and may be confined to specific (pathogenic) subtypes. This could be 

established by an extension of the Southern blot studies described within for the EPEC 

isolates using collections of defined pathogenic subtypes, e.g., EHEC, EAEC. Further to 

this point, analysis o f UPEC strains by Owen et a l  (1996) and Blattner et al. (2000) has 

also provided evidence for multiple agn4J genes and Ag43-like proteins.

Of the anti-a'*^ serum CPs detected within the EPEC panel of strains (Meehan, 1994; Owen 

e/ ah, 1996), many were predicted to represent a'^^-like subunits o f 54-60 kDa in size, while 

proteins o f 94 kDa in size were thought likely to represent uncleaved Ag43

molecules. NCTC 10089 possesses a single copy of an agn43-\\kQ gene and expresses only 

the 94-kDa CP. It would seem highly probable that this gene is responsible for expression 

of the 94-kDa CP. The presumed failure to separate the and (3"*̂ domains, may be 

caused by critical amino acid/conformational change(s) in the vicinity of the putative 

autoproteolytic active site or of the site of internal cleavage, or to a lack o f the appropriate 

outer membrane/periplasmic protease responsible for the cleavage event. An insight into 

these issues could be pursued by sequencing (see Chapter 5) of agn42^cjc io o89-

The a^^-like subunits of sub 60 kDa are anticipated to be structural (antigenic?) variants o f 

the typical ML308-225 subunit. This variation may be the product o f amino acid 

substitutions or o f shorter oc^^-coding regions. Previous analysis o f agn43y[\̂ ^Qi%.22s revealed 

the presence o f tandem direct repeat sequences (Henderson & Owen, 1999) which may 

provide a method for intragenic recombination thereby generating oc -coding regions of 

varying sizes. This aspect is dealt with in more detail in Chapter 5.
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Mechanisms that may have facilitated evolution of the agn43 gene family have been 

alluded to at various points throughout this discussion. Thus, the presence o f  direct tandem 

repeat sequences in the a  -coding region and of IS elements upstream of agn43i^-n may 

facilitate gene size variability, gene duplication and gene mobility. Also intergenic 

recombination between the multiple gene copies present in strains such as NCTC 8007 and 

NCTC 9027 may play a significant evolutionary role by facilitating exchange o f  variability 

between two genes thereby generating different protein structures. Extensive sequencing of 

agn43 genes and surrounding regions in strains such as NCTC 9027 may help to resolve 

these issues. The occurrence of intergenic recombination has been extensively studied in 

the opa gene family o f N. gonorrhoeae strain MS 11 (Hobbs et a l,  1994) illustrating it to be 

a major mechanism involved in the generation of antigenically-variant proteins.

Southern blot analysis of ML308-225, BD1302 and EPEC strains revealed that only four 

genes {agn43Bui3m-2i5, agn43^.u, agn43D^cic9m^'^<^ agn43B̂ c-YC9<dAA) hybridised with a 

probe amplified from the promoter region of BD1302. Perhaps coincidentally, these strains 

were the only ones to express a 60-kDa subunit. It would appear likely that similar 

patterns o f expression/regulation exist between these four genes due to the similarities in 

their promoter regions, i.e., they may all be regulated by Dam and OxyR and may also 

display similar switching frequencies. Conversely, this might also suggest that not all 

agn43 genes are regulated in identical fashions, a point which should be considered in 

future studies involving regulation of agn43 expression. However, it should be considered 

that, in comparison to coding regions, promoter sequences are generally not under the same 

pressures to conserve their structures. Indeed the conservation of a limited number o f base 

pairs corresponding to regions such as the -35, -10, and protein binding sites may often be 

sufficient to conserve the pattern of expression/regulation. Studies analysing the regulation 

of expression of both ML308-225 genes are discussed in Chapter 4.

The requirement for an integral outer membrane p-barrel for cell surface translocation of 

the functional (oc) domain is a fundamental principle of the autotransporter mode of 

expression (see Section 1.2). The failure of the AJR3 double knockout to express any 

demonstrable Ag43 suggests a requirement of the subunit in translocation o f the
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subunit to the ceil surface, since the construct {agn43Av.'pA]'RQ0A) might reasonably be 

expected to synthesize a complete subunit but an incomplete subunit. However, an 

additional feature of P-barrels is that the final 3 amino acids are believed to be critical for 

outer membrane localization, proteins lacking this tripeptide m otif generally being 

degraded soon after translation (Brunder et a l, 1997). Further worl<, in the form of 

construction and analysis of various p"*^-deletion mutants will have to be carried out before 

it can be firmly established that (3̂  ̂ is the dedicated outer membrane translocator for the 

subunit.

The implications o f the dual gene structure on previous sequence data for agn43 from 

ML308-225 are unknown. The method originally used to sequence the gene utilized vector 

templates containing PCR-amplified ag«43-specific fragments (Henderson, 1996; 

Henderson & Owen, 1999). The possibility cannot be excluded that the sequence lodged in 

the database is in part a hybrid o f sequences from the two genes. This might explain the 

poor agreement that exists between the restriction map of the sequence lodged in the 

database (U24429) and the patterns observed following Southern blot analysis (FIG. 3.5). 

In order to circumvent this problem and to facilitate the complete characterization o f both 

ML308-225 genes, each was sequenced independently. These data are discussed within 

Chapter 5. Further characterization of the agn43A and agn43B genes of ML308-225, with 

respect to their regulation and their primary translation products, is detailed in the following 

chapter (Chapter 4).

In summary, this chapter clearly demonstrates the existence of twin copies o f agn43 in E. 

coli ML308-225 and provides evidence for the presence of multiple copies o f agn43 in 

certain EPEC isolates.
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CHAPTER 4

CONSTRUCTION AND CHARACTERISATION OF 

SINGLE AND DOUBLE agn43 MUTANTS IN ML308-225 

AND ML308-225 oxyR BACKGROUNDS.



4.1 INTRODUCTION

As discussed earlier, the initial aims of this project were to construct isogenic mutants, 

Locked ON and OFF for Ag43 expression, which could be assessed to establish a function 

for Ag43. However, the discovery of duplicate chromosomal copies o f agn43 in ML308- 

225 complicated the situation and it became necessary to construct a panel of mutants 

(agn43A, agn43B, agn43AB) in both ML308-225 (Phase variable) and ML308-225 oxyR 

(Locked ON) backgrounds. Furthermore, bearing in mind the possibility that both genes 

may not be regulated in the same manner, it also became important to characterise these 

constructs with respect to their expression of Ag43.

Construction of mutants AJRl (ML308-225 agn43B\\^A]R0Ql>) and AJR3 (ML308-225 

::pAJR004 ;pAJR003) has already been discussed in the previous chapter.

In order to inactivate agn43A in ML308-225 and ML308-225 oxyR backgrounds, pAJR004 

(Ap"̂ ) was used as before. However, due to the kanamycin resistance determinant present in 

both pAJR003 and ML308-225 oxyR, a third Ip ir  suicide vector, pJP5608 (FIG. 4.1; 6.1 

kb) was employed to generate an agn43B mutation in the oxyR background (see Table 4.1). 

This vector differs from pJP5603 (Km"̂ ) in that it encodes tetracycline (Tc) resistance and 

would therefore facilitate selection of Tc" and Km'' transconjugants following mating with 

parental strains.

E. coli M L308-225 has been extensively characterized with respect to expression of Ag43 

(Owen et a l ,  1987; Caffrey & Owen, 1989; Owen et a l,  1996; Henderson & Owen, 1999). 

Of relevance here are the following. Ag43 consists of a bipartite protein whose subunits, 

and have apparent molecular masses of 60 and 53 kDa, respectively, as determined 

by SDS-PAGE (Owen et al., 1987). When analyzed by Western immunoblotting the 

subunit frequently displays a diffuse banding pattern, in contrast to the well-defined profile 

of (Owen, 1998). agn43 is subject to phase-variable expression, with OxyR and Dam 

acting as repressor and derepressor, respectively (Henderson & Owen, 1999, Haagmans & 

van der Woude, 2000). The frequency of variation (Phase ON [Ag43‘̂ ] to Phase OFF 

[Ag43‘]) of E.  coli ML308-225 grown in succinate minimal medium is approximately 2.2 x
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Table 4.1. E. coli strains and plasmids used in this study.

Strain or plasmid Genotype Relevant phenotype Reference or Source

Strains

AJRl

AJR2

AJR3

AJR4

AJR5

AJR6

AJR7

AJR8

AJR9

AJRIO

ML308-225

ML308-225 oxyR

NCTC 8621 

SI 7.1 Xpir

ML308-225 agn455;:pAJR003 (KmO 

ML308-225 agn43A::pA}'RQM (ApO 

ML308-225 agn43B::pA]R003 agn43A::pAJR004 

(Ap' Km"̂ )

ML308-225 oxyR agn43B::pA]R005 ( W  Tc^

ML308-225 oxyR agn43A::pA]R004 (Km"̂  Ap"̂ )

ML308-225 oxyR agn43A::pA}R004

agn43B::pAJR005 (Km''Tc''ApO

AJR6 pAJROOl (CmO

AJR6 pAJR002 (CmO

NCTC 8621 pAJROOl (Cm^

NCTC 8621 pAJR002 (Cm^ 

la c IZ la c r  lacA \0U -.06% \n-)

ML308-225 ^oxyR:■Xm' oxyS-galK)

EPEC; agn43'

thi thr leu tonA lacY supE  rec^;:RP4-2-Tc::Mu Km'^

Ag43A - Phase variable; Ag43B - Locked OFF 

Ag43A - Locked OFF; Ag43B - Phase variable 

Ag43A - Locked OFF; Ag43B - Locked OFF

Ag43A - Locked ON; Ag43B - Locked OFF 

Ag43A - Locked OFF; Ag43B - Locked ON 

Ag43A - Locked OFF; Ag43B - Locked OFF

Ag43A - Locked OFF; Ag43B - Locked OFF 

Ag43B - Locked ON 

No expression of Ag43 

Ag43BML308-225 " Phase-variable 

Ag43A - Phase variable; Ag43B - Phase variable^ 

Ag43A - Locked ON; Ag43B - Locked 0 N “

No expression of Ag43

Cloning and conjugative strain for 'kpir suicide vectors

This study 

This study 

This study

This study 

This study 

This study

This study 

This study 

This study 

This study

Owen & Kaback, 1978 

Henderson & Owen, 

1999

Meehan, 1994 

Miller & Mekalanos, 

1998



Strain or plasmid Genotype Relevant phenotype Reference or Source

Plasmids

pGP704

pJP5603

pJP5608

pAJROOl

pAJR002

pAJR003

pAJR004

pAJR005

77jo6RP4 o/'/R6K Ap"̂ Xpir suicide vector

Xpir suicide vector 

Xpir suicide vector

/woZ)RP4 or/R6K lacZ km'̂

/ko6RP4 on'R6K lacZTd^

2.7 kb £coRV & H in d i religated fragment of Cm"̂  

pACYC184

2.7 kb £coRV & M«cII fragment o f pACYC184 with Low copy number, vector with cloned copy of

cloned agM43SML30S-225 <3gŴ .?SML308-225
pJP5603 containing cloned 551-bp agn43 fragment ag«4J-specific suicide vector

F2 (see Fig. 3.1 A)

pGP704 containing cloned 569-bp agn43 fragment agn43-specific suicide vector

F5 (see Fig. 3.1 A)

pJP5608 containing cloned 551-bp agn43 fragment ag«45-specific suicide vector

F2 (see Fig. 3.1 A)

Miller & Mekalanos, 

1998 

Dr. Yashuda*’

Dr. Yashuda*’ 

This study

This study

This study

This study

This study

a Due to the absence o f allele specific sera it is unclear whether both genes are capable o f simultaneous expression. However, it is assumed that 

simultaneous expression o f both occurs within ML308-225 oxyR and has the potential to occur within ML308-225.

Address: The Cloning Vector Collection, Dept. Microbial Genetics, National Institute Genetics, Yatal, 111 Mishima, Shizuoka-ken 411, Japan. 

(cvectorfSlab.nig.ac.ip)
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p A J R O O S  
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Hindlll

FIG. 4,1. The suicide vectors pJP5608 and pAJROOS. The latter is a derivative o f the 

former that contains the agn«-fragm ent F2. Tc, tetracycline resistance determinant; ori 

R6K, origin o f replication of plasmid R6K; mob RP4, origin of transfer o f  plasmid RP4;

/acZ/MCS, lacZ containing multiple cloning sites.



10 per cell per generation, with switching from Phase OFF to Phase ON occurring with a 

frequency approximate to 1 x 10 per cell per generation. The corresponding rate o f  switch 

(Ag43'*' to Ag43‘) for cells grown in L-broth is about four-fold higher (Meehan, 1994). It 

should be remembered that these and other data generated prior to this current study 

(Flenderson, 1996; Caffrey, 1988) were based on the premise that Ag43 o f E. coli ML308- 

225 was the product of a single gene. Clearly in view of the results documented in the 

previous chapter much of the data requires some revaluation. With this in mind, the current 

chapter focuses on analysis of the regulation of agn43A and agn43B and also on the 

expression o f their respective products, Ag43A and Ag43B.

The final section in this chapter discusses the construction of a plasmid-borne copy of 

agn43B. The primary reason for undertaking this was to facilitate future complementation 

experiments during functional assays. However, a cloned copy o f a gene is a very valuable 

asset and has many uses - for example such a tool facilitates mutagenesis studies, be they 

site-directed or deletion based.

4.2 METHODOLOGY

Materials and methods used in this chapter are discussed in detail in Chapter 2 and the 

bacterial strains and plasmids are listed in Table 4.1. Bacterial conjugations were carried 

out as detailed in Section 2.3.3, DNA purification and manipulations as described in 

Sections 2.2 and 2.3, respectively, and PCR procedures as described in Section 2.4. 

Southern blot analyses were carried out as described in Section 2.6, with probes whose 

construction is listed in Section 2.7. Immunofluorecent microscopy, SDS-PAGE and 

Western immunoblot procedures were carried out as described in Section 2.8, calculation of 

switch frequencies as described in Section 2.9 and serum agglutination studies as described 

in Section 2.11.

4.2.1. Construction of a third ugn43sipGC.ific suicide vector, pAJROOS. Construction o f 

pAJROOS was carried out in a manner analogous to that described for pAJROOS (see
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Chapter 3, Section 3.2.1) and involved ligating Kpn\- and /S'acl-digested F2 fragment with 

similarly digested pJP5608 (FIG. 4.1).

4.2.2. Construction of single and double knockout mutants in ML308-225 wild-type 

and ML308-225 oxyR backgrounds. Derivatives were constructed by mating appropriate 

strains with E. coli S I7.1 Xpir carrying one of the three suicide vectors: pAJR003- 

pAJROOS. Construction o f AJRl and AJR3 has been previously discussed (Chapter 3, 

Sections 3.3.2 and 3.3.5, respectively). agn43A single knockout mutants in ML308-225 

(NaO and ML308-225 oxyR (Km"̂ ) backgrounds were constructed using pAJR004 (Ap' ,̂ 

FIG. 3.2) generating AJR2 and AJR5 (see Table 4.1), respectively. An agn43B  single 

knockout mutant in the oxyR background (AJR4) was generated using pAJROOS (TcO, 

while the double knockout mutant in the same background (AJR6) was constructed using 

AJR5 and pAJROOS (see Table 4.1).

4.2.3. Cloning o f agn43BMhim-i2s into a low copy number pACYC184-derived vector.

This was carried out as follows; a 3425-bp fragment (the fragment begins 306-bp upstream 

of the predicted start codon and ends at the STOP codon; it corresponds to bases 9167- 

12592 o f AE00029I [see FIG. 3.1A]) encoding agn43B and including the predicted 

promoter region, was amplified (annealing temperature; 47 °C) using oligonucleotide 

primers 5'-CTGACTCTGAGTCTGCTC-3' (forward) and 5'-

TCAGAAGGTCACATTCAGTGT-3' (reverse) and total genomic DNA purified from 

AJR2 (ML308-225 agn43A::pA}R004). PCR conditions were chosen which would only 

allow for amplification o f agn43B and not the mutated agn43A. Thus, using Pfu 

polymerase (amplification rate; 1 kb per 2 min) and a limiting 7-min extension period, 

amplification o f a fragment larger than 3.5 kb (e.g., agn43A::pA]R004) was excluded. 

Amplified products were then separated by agarose-gel electrophoresis and the desired 3.4- 

kb fragment was gel purified prior to cloning.

pACYCI84 (FIG. 4.2) was purified and digested with EcoRW & H indi. This generated 

three blunt-ended fragments. The largest of these (2.7 kb), encoding both Cm and the 

origin o f replication, was gel purified and used as a vector into which the /yw-amplified
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EcoRI.

Hindi . .

p A C Y C I 8 4  
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acl l

Hindlll

BamHI ^coRV
Hindi

2.7 kb EcoKN! H indi 
fragment

Self-ligate

EcoRI

E coR I,

SadiCm

Cm

on
p A J R O O l  

2 . 7 1  Kb
p A J R O O Z  

6 . 11  Kb .Hindlll

Pagn43 S a c l l
o r i

a g n 4 3 B  M L 3 0 8 - 2 2 5

Hindl l l

FIG. 4.2. Construction of pAJROOl and pAJR002. The 2.7 kb £coRV & Hindi 

product of PACYC184 fragment was ligated back on itself producing pAJROOl, while 

cloning of agn43Buu«-ii^ Wo the same fragment produced pAJR002. Cm, 

chloramphenicol resistance determinant; Te, tetracycline resistance determinant; ori, 

origin of replication of pACYC184; promoter o f agn4SBu’.K%-ni, agn43BuLm- 

2 25 ,  gene encoding Ag43B from ML308-225.



agn43B gene was cloned. The vector containing the cloned agn43B gene was named 

pAJR002 (FIG. 4.2; 6.1 kb) while the re-ligated vector backbone was titled pAJROOl (FIG. 

4.2; 2.7 kb). The presence and orientation of the agn43B fragment was confirmed by 

analysis o f the plasmid and restriction profiles of pAJROOl and pAJR002. Transformation 

of pAJROOl and pAJR002 into AJR6 (ML308-225 oxyR agn43AB) generated AJR7 and 

AJR8, respectively, while transformation of these two plasmids into E. coli NCTC 8621 

{agn43') generated AJR9 and AJRIO, respectively.

4.2,4. PCR studies of the ML308-225 genome. PCR reactions discussed within, 

performed in order to establish the respective locations of agn43A and agn43B, utilised Tag 

polymerase and extension periods of 10 min unless otherwise specified. The primers used 

were designed from knowledge o f agn43-^.n and are listed below (with their annealing 

temperatures):

9167F 5'-CTGACTCTGAGTCTGCTC-3' (47 °C)

I2299F 5’-CGTGACAGTGCAAAACAC-3' (50 °C)

9472R 5'-CAGCTTTTCCTTAGATTG-3' (42 °C)

9676R 5’-CCAACAGTACTAAACGG-3’ (42 °C)

1018IR 5'-GGGGGTACCAGTGGTATTTGCCGTTCCTTCAGC-3' (50 °C)

12592R 5'-TCAGAAGGTCACATTCAGTGT-3' (47 °C)

(see FIG. 3.1 A).

4.3 RESULTS

4.3.1. Confirmation of single- and double-knockout mutant genotypes. This was 

performed by Southern blot analysis of £coRV- & 6>el-restricted total genomic DNA using 

F2 (see FIG. 3.1 A) and pJP5608 (FIG. 4.1) probes. Thus, disruption o f agn43A in both 

wild-type and oxyR backgrounds using pAJR004 (4.2 kb; ApO resulted in disappearance o f 

the larger (7.5 kb) of the two F2-hybridizing bands and the appearance o f  a band o f the 

anticipated size (12 kb) hybridizing with both F2 and plasmid probes (see FIG. 4.3, lanes 1, 

3, 5, and 7). Similarly, disruption of agn43B in a wild-type background using pAJR003
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A

1 2 3 4 5 6 7 8 9 10 11 kb

B
1 2 3 4 5 6 7 8 9  10 11 kb

3.6

FIG. 4.3. Southern blot of EcoRW- & S/>eI-digested total genomic DNA probed with 

(A) F2 and (B) pJP5608 and isolated from ML308-225, ML308-225 oxyR and NCTC 

8621 strains constructed during the course of this study. Lane 1, ML308-225; lane 2, 

AJRI; lane 3, AJR2; lane 4, AJR3; lane 5, ML308-225 oxyR; lane 6, AJR4; lane 7, 

AJR5; lane 8, AJR6; lane 9, AIRS; lane 10, AJR9; and lane 11, AJRIO. Selected 

kilobase (kb) size markers are shown.



(3.7 kb; Km ) resulted in a selective increase in size of the smaller EcoRW  & Spel fragment 

to generate an approximately 8-kb doublet, the upper component o f which (disrupted 

agn43B) hybridized with both F2 and plasmid probes. The lower component o f this 

doublet corresponds to the original agn43A restriction fragment (FIG. 4.3, lanes 1, and 2). 

Inactivation o f agn43B in an oxyR (Km*̂ ) background required the use o f an alternative 

suicide vector (pAJROOS; 7.2 kb; Tc"̂ ) carrying a different antibiotic selection marker. This 

vector possesses an £coRV site which results in mutated agn43B alleles giving rise to two 

restriction fragments (approx. 3.6 and 7 kb) capable of hybridizing with both F2 and 

plasmid-specific probes. The upper band is similar, but smaller in size to the native 

agn43A restriction fragment (FIG. 4.3, lanes 5 and 6). Southern blot analysis o f double 

{agn43AB) mutants constructed in wild type and oxyR backgrounds using pAJR003/4 and 

pAJR004/5, respectively, again yielded the predicted pattern of hybridizing bands (see FIG. 

4.3, lanes 1, 4, 5, and 8). The slight increase in anticipated size of the mutated agn43A 

fragment (FIG. 4.3, lane 4) is most likely the result of a duplication event involving the 

integrated vector (see Section 3.3.5). Analysis of pAJROOl- and pAJR002-containing 

strains AJR8, AJR9 and AJRIO reveals the presence o f an F2-hybridizing band in both 

AJR8 and AJRIO as anticipated (FIG. 4.3A, lanes 9 and 11).

4.3.2. Immunofluorescent microscopy analysis of mutants AJR1-AJR3. Colony 

immunoblot and immunofluorescent microscopy analysis of both A JR l (ML308-225 

:pAJR003) and AJR2 (ML308-225 ag-«45^::pAJR004) revealed that both agn43 

genes were subject to phase-variable regulation. Thus, selection and overnight growth o f 

AJRl or AJR2 from colonies Phase ON for Ag43 expression yielded cells both positive and 

negative for Ag43 expression as determined by immunofluorescent microscopy analysis 

(FIG. 4.4A). Growth from Phase OFF colonies also yielded populations containing cells 

both positive and negative for Ag43 expression (FIG. 4.4B), although in these instances 

there was a much lower proportion of cells expressing Ag43 compared to populations 

derived from Phase ON colonies. The double knockout mutant, AJR3 (ML308-225 

agn43AB) was as anticipated Locked OFF for Ag43 expression (Fig 4.4A).
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✓l I

ML308-225 AJRl

AJR2 AJR3

FIG. 4.4A. Immunofluorescent photomicrographs of anti-a'^  ̂ labelled populations from 

ML308-225 derivatives Phase ON (ML308-225, AJRl [ML308-225 agn43B], AJR2 

[ML308-225 agn43A]) and Locked OFF (AJR3 [ML308-225 agn43AB]) for Ag43 

expression. Ag43‘ cells are indicated by arrows (magnification x 3,600).



AJRl

AJR2

ML308-225

FIG. 4.4B. Immunofluorescent photomicrographs of ML308-225 derivative 

populations Phase OFF for Ag43 expression. A rare positive cell can be seen within the 

AJRl (ML308-225 agn43B) population while both AJR2 (ML308-225 agn43A) and 

ML308-225 populations are indicative of normal fields of view. Ag43‘ cells are 

indicated by arrows (magnification x 3,400).



Although it was evident from immunofluorescent microscopy analysis that both agn43A 

(A JRl) and agn43B (AJR2) were subject to phase-variable regulation, it was also apparent 

that there were differences in the frequencies of phase switching o f the two genes. Thus, 

populations arising from an AJRl colony, either Phase ON or Phase OFF for Ag43 

expression, generated significantly fewer Ag43-positive cells compared to analogous AJR2 

and parental populations (FIG. 4.4). Phase OFF populations o f AJRl typically possess 

approximately one Ag43-positive cell per thousand, while corresponding ML308-225 and 

AJR2 populations contain 20-50 Ag43-positive cells per thousand. Corresponding values 

for populations derived from these ON cultures were <500/1000 (A JR l) and >600/1000 

(AJR2 and ML308-225). These observations suggest that in comparison to agn43B, 

agn43A has a higher tendency to switch OFF and/or a lower tendency to switch ON.

More detailed analysis o f the ON-OFF and OFF-ON switch frequencies o f each gene 

revealed agn43A to switch OFF 2-fold quicker (P=0.038) and to switch ON 8-fold slower 

(P=0.005) than agn43B (see Table 4.2).

4.3.3. Immunofluorescent microscopy analysis of mutants AJR4-AJR6. Previous 

studies have demonstrated that both OxyR and Dam are involved in the regulation o f agn43 

in ML308-225 (Henderson & Owen, 1999; Haagmans & van der Woude, 2000). Thus, 

OxyR mutants are Locked ON for Ag43 expression while Dam mutants are Locked OFF. 

The fact that no Ag43-positive cells are observed in ML308-225 dam populations suggests 

that Dam is involved in the regulation of both agn43A and agn43B. The effect o f OxyR on 

agn43A and agn43B  was assessed by analysis of the single knockout mutants AJR4 

(ML308-225 oxyR agn43B) and AJR5 (ML308-225 oxyR agn43A). Immunofluorescence 

microscopy revealed that both strains were Locked ON for Ag43 expression (FIG. 4.5). 

This suggests that OxyR is also involved in the regulation of both genes. The double 

knockout mutant, AJR6 (ML308-225 oxyR agn43AB) was Locked OFF for Ag43 

expression as anticipated (FIG. 4.5).

An interesting observation noticed during immunofluorescent microscopy analysis o f AJR4 

(ML308-225 oxyR agn43B\\pki^005) was that cells appeared to fluoresce significantly
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Table 4.2. Calculation of AJRl and AJR2 switch frequencies.

Strain" Generations^ Frequency® (per cell per generation)

AJRl ON-OFF

1 ON 35.40 1.52 X 10'^

2 ON 34.66 1.17 X 10'^

Average 1.35 X 10'^ ± 0.25 X 10'^

AJR2 ON-OFF

1 ON 34.73 1.79 X 10'^

2 ON 34.81 1.14 X 10'^

3 ON 35.01 4.54 X 10'^

Average 5.91 X 10'^ ±4.95 X 10'^

AJRl OFF-ON

1 OFF 32.92 8.70 X 10'^

2 OFF 32.65 1.50 X IQ-'̂

3 OFF 33.19 5.50 X 10'^

Average 9.70X 1 0 '^± 3 .9 0 x  10'^

AJR2 OFF-ON

1 OFF 34.58 4.80 X 10'^

2 OFF 34.57 8.90 X 10'^

3 OFF 33.18 9.30 X 10'^

Average 7.70 X 10'^ ± 1.70 X lO'"*

' A colony either Phase ON (ON) or Phase OFF (OFF) for Ag43 expression was selected, grown in L broth 

and plated out on L agar (see Section 2.9). Each single colony was identified by a number (1-3).

N o. o f  generations for w hich the population was grown.

Average frequency values are supplied with standard deviation values.



ML308-225 oxyR AJR4

AJR5 AJR6

FIG. 4.5. Immunofluorescent photomicrographs of anti-a'^  ̂ labeled populations from E. 

coli ML308-225 oxyR agn43 derivatives Locked ON (ML308-225 oxyR, AJR4 

[ML308-225 agn43B], AJR5 [ML308-225 agn43A]) and Locked OFF (AJR6 [ML308- 

225 agn43AB]) for Ag43 expression (magnification x 3,600).



less intensely than the parental strain ML308-225 oxyR. Colony immunoblot analysis 

confirmed AJR4 to be Locked ON for Ag43 expression (data not shown). These 

observations suggest that AJR4 (ML308-225 oxyR agn43E) might have a reduced level of 

Ag43 expression compared to the parental strain. Further comparative immunofluorescent 

microscopy analysis (performed by mixing populations of two different strains in the same 

well) o f ML308-225 oxyR, AJR4, AJR5 and AJR6 confirmed and extended these 

observations and suggested that differences exist between the expression levels o f all four 

strains. Thus, the perceived order of intensity was ML308-225 oxyR > AJR5 > AJR4 > 

AJR6 (see FIG. 4.6). These data suggest that constitutive expression o f agn43A  and 

agn43B occurs in M L308-225 oxyR, while expression from agn43B (AJR5) exceeds that of 

agn43A (AJR4). However, these data cannot be considered conclusive until a method o f 

definitively identifying Ag43A from Ag43B, and vice versa, becomes available.

4.3.4. Western immunoblot analysis of AJR1-AJR6. Whole cell lysates o f AJR1-AJR6 

and parental strains were analyzed by Western immunoblotting using anti-a"^^ antiserum. 

These studies confirmed the anticipated phenotypes of the various strains. Thus, analysis 

of A JRl (ML308-225 agn43B-, Phase ON), AJR2 (ML308-225 agn43A; Phase ON), AJR4 

(ML308-225 oxyR agn43B) and AJR5 (ML308-225 oxyR agn43A) Western blot profiles 

revealed the presence o f anti-a'*^ serum cross-reacting proteins of approximately 60 kDa in 

each population (FIG. 4.7, lanes 8, 10, 3 and 2, respectively). Furthermore, analysis of 

AJRl (Phase OFF), AJR2 (Phase OFF), AJR3 and AJR6 populations confirmed the 

absence o f detectable anti-a"^^ serum cross-reacting proteins (FIG. 4.7, lanes 9, 11, 12 and 

4, respectively). As expected, parental strains ML308-225 oxyR and ML308-225 (Phase 

ON) both revealed significant expression of (FIG. 4.7, lanes 1 and 6, respectively). In 

contrast, ML308-225 (Phase OFF) did not (FIG. 4.7, lane 7).

Further examination o f this Western blot revealed slight differences in the electrophoretic 

mobilities o f the and subunits (FIG. 4.7, compare lanes 3 and 8 with 2 and 10) 

possibly indicative o f structural differences between the two proteins. No differences could 

be detected between and in a similar experiment performed with anti-Ag43 

antiserum (data not shown).
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ML oxyR + AJR5 ML oxyR + AJR4

AJR5

AJR4 + AJR5 ML oxyR + AJR6

(

A J R d   — ^JR 5

AJR5 + AJR6 AJR4 + AJR6

FIG. 4.6. Comparative immunofluorescent micrographs of derivatives expressing 

agn43A and/or agn43B using mixed cultures of ML308-225 oxyR (agn43A^B^), AJR5 

(ML308-225 oxyR agn43A), AJR4 (ML308-225 oxyR agn43E) and AJR6 (ML308-225 

oxyR agn43A agn43B). The perceived cellular intensity of immunofluorescence is 

ML308-225 oxyR > AJR5 > AJR4 »  AJR6. The presumptive identity o f individual 

cells (magnification x 4,000) is indicated and is based on the relative intensities o f the 

individual cultures processed independently (not shown).



1 2 3 4 5 6 7 8 9 10 11 12 kDa

—  60

FIG. 4.7. Western immunoblot analysis of whole cell lysates of E. coli agn43 

derivatives performed with anti-a”*̂ antiserum. Lane 1, ML308-225 oxyR\ lane 2, AJR5 

{oxyR agn43A); lane 3, AJR4 (oxyR agn43B)', lane 4, AIR6 {oxyR agn43AB); lane 5, 

AJR8 (AJR6 pAJR002); lane 6, ML308-225 (Phase ON); lane 7, ML308-225 (Phase 

OFF); lane 8, AJRl {agn43B, Phase ON); lane 9, AJRl (agn43B, Phase OFF); lane 10, 

AJR2 (agn43A; Phase ON); lane 11, AJR2 (agn43A; Phase OFF); and lane 12, AJR 3 

(agn43AB). The identity and apparent molecular mass of the subunit(s) is indicated.



It was consistently observed that lysates from ML308-225 oxyR, AJR4 (ML308-225 oxyR 

agn43B) and AJR5 (ML308-225 oxyR agn43A) expressed different quantities o f  (FIG. 

4.7, lanes 1, 3, and 2, respectively) as determined by visual observation o f the intensity of 

the ~60-kD a  band on a Western blot. The apparent order of expression was ML308-225 

oxyi?>AJR5>AJR4. These data are in agreement with those obtained from comparative 

immunofluorescent microscopy studies (see Section 4.3.3) and suggest that Ag43 

expression from agn43B (AJR5) may exceed that from agn43A (AJR4). In addition, the 

profile o f ML308-225 oxyR (FIG. 4.7, lane 1) was more diffuse than those o f either 

AJR4 (FIG. 4.7, lane 3) or AJR5 (FIG. 4.7, lane 2), again suggesting that ML308-225 oxyR  

populations express both Ag43A and Ag43B.

4.3.5. Analysis of pAJROOl- and pAJR002-containing strains. To facilitate future 

analysis o f Ag43, a fragment of DNA coding agn43Bml30s-22S and its promoter region was 

amplified by PCR and cloned into a portion of the low-copy number plasmid pACYC184 to 

generate pAJR002. To verify the capability of pAJR002 to express Ag43, the plasmid was 

transformed into NCTC 8621 that lacks a native copy of agn43 (see Section 3.3.6). The 

resulting strain, AJRIO (see Table 4.1) was then analyzed by colony immunoblotting and 

by immunofluorescent microscopy. Colony immunoblot analysis (data not shown) 

revealed the presence o f AJRIO colonies that were positive or negative for Ag43 

expression, while the control strain AJR9, containing only the plasmid backbone (NCTC 

8621 pAJROOl), only produced Ag43-negative colonies. Immunofluorescent microscopy 

of AJRIO also revealed the strain to be phase-variable for Ag43 expression as determined 

by the presence o f both Ag43-positive and Ag43-negative cells in populations derived from 

Phase ON and Phase OFF colonies (FIG. 4.8). Similar analysis o f AJR9 again revealed it 

to be Locked OFF for Ag43 expression (FIG. 4.8). These studies demonstrate pAJR002 to 

be capable o f expressing Ag43 in a phase-variable manner. As with all ML308-225 

derivatives, NCTC 8621 derivatives do not display pronounced Ag43-mediated 

autoaggregation.

Further observation o f the Phase ON and Phase OFF populations o f AJRIO (NCTC 8621 

pAJR002) revealed very low numbers of cells negative and positive for Ag43 expression,

81



t

AJRIO ON

t

AJRIO OFF

t

AJR9

FIG. 4.8. Immunofluorescent photomicrographs of NCTC 8621 (does not possess a 

native copy of agn43) derivatives labeled with anti-a^^ antibodies. AJRIO (NCTC 8621 

pAJR002) populations demonstrate phase-variable expression of Ag43, whereas control 

strain AJR9 (NCTC 8621 pAJROOl) shows the absence of Ag43 expression. Ag43‘ 

cells are indicated by arrows (magnification x 3,400).



respectively. Thus, approximately 95% and 1% of cells in populations derived from Phase 

ON and Phase OFF colonies were Ag43 positive, respectively. This suggests a possible 

difference in the rate o f phase switch of the plasmid borne agn43B in the NCTC 8621 

background as compared to that observed for the chromosomal copy in AJR2 (ML308-225 

agn43A).

Transformation o f pAJROOl and pAJR002 into AJR6 (ML308-225 oxyR agn43AB) 

produced AJR7 and AJR8, respectively. As expected, AJR7 (AJR6 pAJROOl) was Locked 

OFF for Ag43 expression. In contrast, AJR8 (AJR6 pAJR002) was Locked On for Ag43 

expression when analyzed by immunofluorescent microscopy (FIG. 4.9), Western blot 

analysis o f whole cell lysates of AJR8 revealing the strain to express an subunit o f  the 

anticipated size (FIG. 4.7, lane 5). Further analysis of AJR8 populations revealed that the 

plasmid might be unstable. Thus, within overnight populations o f AJR8, cells could be 

detected by immunofluorescence microscopy that were Ag43-negative. In contrast, a 

subculture o f this population, grown in medium with (a replenished supply of) Cm, 

produced totally Locked ON progeny when analyzed after 1-2 h. From these and other 

studies (data not shown), it would appear that at as the concentration of Cm, which selects 

for cells containing pAJR002, is diminished, the potential for growth o f AJR8 cells not 

containing the plasmid (i.e. AJR6 [Locked OFF for Ag43 expression]) increases.

The successful transformation of NCTC 8621 and AJR6 with pAJR002 was confirmed in 

Southern blot studies by the appearance of a ~6-kb band that hybridized to the F2 probe but 

not pJP5608 (FIG. 4.3, lanes 9 and 11).

4.3.6. PC R  studies of the ML308-225 genome. In an attempt to establish if  agn43A and 

agn43B were located in tandem on the ML308-225 chromosome, a number o f PCR 

reactions were performed. The first, involving a downstream reading primer (12299F; see 

FIG. 3.1 A) designed to the 3'-end of the p^^-coding region and an upstream reading primer 

designed to the 5'-end of the a'^^-coding region (10181R; see FIG. 3.1A), generated no 

observable amplified products (data not shown). This suggests that both genes are not 

located in tandem on the chromosome with the same orientation. However, it is possible
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FIG. 4.9. Immunofluorescent photomicrographs, performed using anti-a'*^ antiserum, 

of AJR6 (ML308-225 oxyR agn43AB) derivatives. AJR7 (Locked OFF for Ag43 

expression) and AIRS (Locked ON for Ag43 expression) contain pAIROOl and 

pAIR002, respectively (magnification x 3,400).



that each gene is located in opposite orientations either side o f  a central promoter w hose  

orientation dictates the gene to be expressed. To investigate this possib ility  tw o primers, 

designed to read upstream o f  the coding sequence (9472R and 9676R , see FIG. 3.1 A ), were 

used and again no amplified products were observed (data not shown). T hese data indicate 

the most likely scenario to be that both genes are located at a distance from each other and 

are under the control o f  independent promoters.

In an attempt to independently amplify agn43A  and agn43B  upstream regions, A JR l and 

AJR2 D N A  templates were used in conjunction with forward and xeverse primers (9167F  

and 12592R, respectively) designed to amplify the promoter and com plete cod ing region. 

Thus, using 4 min extension periods to facilitate amplification o f  products no longer than 4 

kb in size, agn43B  could be amplified from AJR2 (ag«43^::pAJR004) w hile no products 

could be am plified from AJRl (a^«^35::pAJR003), suggesting that the upstream region o f  

agn43A  differs from that o f  agn43B  (previous studies indicated that 12592R  could be used  

to am plify agn43A-s'pQZ\f\c products[data not shown]).

4.4 DISCUSSION

The observations from analysis o f  single- and double-knockout mutants that both 

ML3 0 8 -2 2 5  and agn43Buum -i2s are regulated in a phase-variable manner is perhaps not 

surprising since the phenomenon o f  A g43 phase-variable expression has been w ell 

documented (O wen e t al., 1996; Henderson et al., 1997b; Henderson & O w en, 1999; 

Haagmans & van der Woude, 2000). Furthermore, in other m ultigene system s com m on  

patterns o f  expression have been observed for each gene o f  the family. For exam ple, each  

member o f  the opa  multigene system is regulated in a phase-variable manner via  slipped- 

strand mispairing (see Section 1.4.4; Bhat e t al., 1991). Other multigene system s such as 

those in B orrelia , ensure identical regulation o f  multiple genes by having only one  

expression locus from where one o f  a number o f  structural genes is expressed (see Section  

1.4.5; Barbour, 1993). The purposes o f  phase variation for any given bacteria include  

evasion o f  the immune response and the facilitation o f  adaptation to new environm ents (see
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Section 1.4; Henderson et a i, 1999). For a large, abundant, surface expressed protein such 

as Ag43 one might expect a significant immune response. It might also be anticipated that 

constitutive expression of Ag43 would place an unnecessary burden on cellular resources at 

times when such expression is not beneficial to the cell. Phase variation may provide a 

straightforward mechanism of avoiding these potential difficulties, and we anticipate the 

majority o f agn43 genes will be shown to be phase-variably expressed (Owen et a l ,  1996).

Analysis o f single knockout mutants AJR4 (ML308-225 oxyR agn43B) and AJR5 (ML308- 

225 oxyR agn43A) suggests that OxyR regulates both agn43A and agn43B. Furthermore, 

the observation by Henderson & Owen (1999) that an ML308-225 dam mutant is Locked 

OFF for Ag43 expression, suggests that both genes are regulated by Dam methylase. These 

data imply very similar regulatory mechanisms. However, to date, the exact location o f 

each gene with respect to the other is not known and the possibility exists that a single 

promoter could regulate both genes. Tentative evidence suggesting tandemly-located genes 

(and therefore, possible co-regulation from a single promoter) comes from Southern blot 

analysis o f Spe\- & ^coRI-digested ML308-225 total genomic DNA (Chapter 3, FIG. 3.5, 

lane 15) where only a single hybridising band of ~10 kb was obtained. However, it is also 

possible that both agn43A and agn43B regions produce identically sized Spel & £coRI 

restriction fragments such that they migrate at the same rate when analysed via agarose-gel 

electrophoresis and are therefore indistinguishable when analysed via Southern blotting. 

Precedence for this exists. Thus, a ^^^EII digest of ML308-225 (agn43A^B^) total genomic 

DNA produces a single hybridising band of~1.3 kb (see FIG. 3.3, lane 3).

Notwithstanding the above, the balance of evidence seems to suggest that agn43A  and 

ogn43B are most likely located at a distance from each other and possess independent 

promoters. Thus, Southern blot analysis of ML308-225 Spel- & 5amHI-digested total 

genomic DNA reveals two large (>20 kb) hybridising bands (FIG. 3.5, lane 13) suggesting 

3 distancing of each gene. Also, analysis of cign43}^-\2 indicates the presence o f two 

upstream IS elements and a possible PAI (see Section 3.4) — features noted for their 

mobility and their capability to duplicate. Furthermore, PCR studies indicate that tandem 

location o f each gene is unlikely and that they most probably possess distinct promoters.
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Differences in the switching frequencies and apparent expression levels o f  the two genes 

again suggest independent distinct promoters. The multiple opa genes o f Neisseria  species 

are scattered throughout the genome (Bhat et a l, 1991); the agn43 gene family shares 

similarities with this family and it is possible that ‘random’ chromosomal gene location is 

another shared feature.

Assuming non-tandem chromosomal location of each gene, their co-regulation by Dam and 

OxyR from independent promoters would suggest that the cell is maintaining tight control 

of their expression. Regulation by OxyR, an oxidative-response protein, suggests that 

agn43 expression is co-ordinated to a particular phase in the bacterial life cycle, perhaps 

one involving large variations in extracellular oxygen concentrations such as those 

encountered upon bacterial invasion into a eukaryotic cell. A recent publication by Hasman 

et al. (2000) suggested a role for Ag43 expression based on its ability to mediate 

autoaggregation o f E. coli K-12 cells. It was hypothesised that Ag43 expression in a static 

liquid environment might mediate movement of bacteria to the lower reaches o f the 

environment, an interesting proposal in light of expected variations in oxygen concentration 

between the upper and lower reaches of a static liquid environment. Also, considering the 

proposed role for Ag43 in biofilm formation (Danese et al., 2000; Kjaergaard et al., 2000), 

it is interesting to note that studies by Xu et al. (1998) revealed that oxygen concentrations 

within biofilms decrease as the substratum is approached.

Southern blot studies revealed the promoter region of agn43B, but not o f agn43A, to share 

strong homology with that of agn43Yi.\i (FIG. 3.8C, lane 1). Assuming each gene possesses 

its own promoter, this suggests that they differ in sequence. If this is indeed the case, it 

implies that although wide scale sequence divergence has occurred between the promoters 

of each gene, evolutionary constraints have maintained a dependence on Dam — OxyR gene 

regulation, indicating a potential importance for this mode of agn43 regulation. To date, 

attempts at sequencing both promoters in an attempt to compare respective properties have 

been unsuccessful. However, studies presently being undertaken by researchers in this 

laboratory into the regulation o f agn43^.\2 expression may help clarify some o f the points 

discussed (Waldron et al., 2000).
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The differences in switch frequencies and expression observed for agn43A and agn43B  by 

immunofluorescence microscopy and by Western blotting suggest that Ag43B is more 

frequently and more abundantly expressed in ML308-225 populations than Ag43A and that 

co-expression o f both proteins is possible. If this is indeed the case four possible phase 

states can be envisaged: viz. Ag43A^ Ag43B^ Ag43A"' Ag43B', Ag43A' Ag43B^, and 

Ag43A‘ Ag43B'. These four potential phenotypes may facilitate ML308-225 in the 

processes o f immune system evasion and in adaptation to new environments. The 

generation o f Ag43A- and Ag43B-specific antibodies/probes may help to confirm these 

possibilities and to extend them to environmental conditions outside of laboratory culture. 

However, since it cannot be ruled out that the genes are located in close proximity, it is 

possible that observed differences in gene expression are the product o f downstream 

polarity effects caused by upstream mutations.

Studies of the rates o f phase-switching and promoter strength of three opa genes within N. 

gonorrhoeae strain M S I l mk  by Beliand et al. (1997), indicated that the stronger the 

promoter the higher the rate of phase-switch from O FF^O N . Thus, within an agn43 

context, the higher rates of phase switch from OFF-^ON displayed by agn43B, as 

compared to agn43A, support previous assumptions that expression from agn43B  exceeds 

that o f agn43A.

One o f the most likely functions o f the duplicate copies of agn43 within ML308-225 is to 

facilitate the expression of antigenically-variant forms o f the same protein. Western blot 

analyses o f single knockout mutants provides some evidence for this and show that 

and have different electrophoretic mobilities. Sequencing (Chapter 5) and epitope 

mapping should help in establishing the veracity of this proposal.

Analysis o f  NCTC 8621 {agn43') bearing a plasmid-borne copy o f agn43Bmuo8-225 

revealed that the cloned 3425 bp agn43B fragment was sufficient to mediate phase-variable 

Ag43 expression. Notably, this fragment contained 306 bp o f upstream sequence, 

including all three critical GATC sites implicated in regulation o f gene expression 

(Henderson & Owen, 1999; Haagmans & van der Woude, 2000). The apparent lower
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levels o f phase-switching observed for this construct could be explained by different levels 

o f OxyR and/or Dam in NCTC 8621 as compared to ML308-225, by the presence o f  the 

gene on a low copy number vector, by a polymerase-mediated mutation within the 

promoter region, or perhaps by the absence of upstream regulatory sequences involved in 

phase-switch modulation. Further studies including the generation o f a plasmid-born copy 

of the gene with a larger upstream region may help to identify novel elements that regulate 

the phase switch.

The apparent instability of pAJR002 within AJR8 is not overly surprising. This is most 

likely a result of one or more of a number of different factors, viz., (a) a reduction o f  Cm 

within the growth medium with the passing of time; (b) the pressures placed on the cell to 

produce Ag43 (a high Mr, high-copy number protein) from a multi-copy vector; and (c) the 

pressures on the cell to produce the Cm resistance determinant. Taking these factors into 

consideration, it would be prudent to use freshly grown populations when dealing with this 

vector.

In conclusion, the data presented in this chapter provide strong evidence that both ML308- 

225 agn43 genes are regulated in a phase-variable manner by a mechanism involving both 

Dam and OxyR, and that differences may exist in the levels of expression and switch 

frequencies o f the two genes and in the structure of the respective subunits.
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CHAPTER 5

SEQUENCING AND ANALYSIS OF agn43 GENES FROM 

E. coli ML308-225 AND EPEC STRAINS



5.1 INTRODUCTION

Following the discovery o f duplicate copies o f agn43 in E. coli M L308-225 it w as decided 

to sequence both genes in order to facilitate their complete characterisation. It was 

anticipated that these studies might aid identification o f potential structural, antigenic or 

functional differences existing between the two genes/proteins.

Previous studies had also demonstrated that E. coli NCTC 9114 expressed a 58-kDa 

like subunit and possessed a single agn43 allele (Owen et a l ,  1996; M cFadden, 1999). It 

was thought that this protein might be the product o f an a"*^-coding region that w as 

structurally divergent (be it in sequence and/or in length) from that o f  M L308-225. 

Sequencing o f  agn43-iic'YC 9 ii4 was therefore performed in order to investigate these 

possibilities. Also o f  interest was the product of agn43't^cic ioo89, a 94-kDa protein that 

displayed features anticipated o f an uncleaved Ag43 polyprotein. Theoretically, this 

polyprotein could be the result o f an alteration within the regions encoding the putative 

aspartyl protease active site and/or the site of internal cleavage (see Section 1.1.7). 

Sequencing across both regions was performed in order to investigate these possibilities. 

Furthermore, it was likely that these studies, involving the sequencing o f  four genes from  

three different strains, m ight provide some insights into their evolutionary relationships.

Construction o f a DNA library and resultant sequencing o f desired clones is the m ost 

common m ethod used to generate a DNA sequence. However, it is a very tim e consum ing 

procedure and is not necessary when a sequence similar to the gene o f  interest already 

exists. In such circumstances primers can be designed from knowledge o f  related D N A 

sequence and sequencing can then be performed on either amplified products or on a cloned 

version o f  the products, thereby removing the necessity o f  having to screen a library. It 

should be noted that previous attempts to clone fi(g«^3ML308-225 through construction o f  a 

DNA library were unsuccessful (Henderson, 1996).

Prior to the present course o f  study agn43 sequences from E. coli K-12 and E. coli M L308- 

225 had been recorded in GenBank, viz., agn43y[i30i-22s (Accession no. U 24429, H enderson



& Owen, 1999) and agn43^^n (Accession no. AE000291, Blattner et a l, 1997). BLAST 

analysis showed these sequences (stretching across 7 kb o f sequence encoding promoter, 

primary translation product, as well as upstream and downstream regions) to be 98% 

identical at both nucleotide and protein levels and to contain no obvious differences with 

respect to proposed functional motifs. The method used to generate the sequence lodged as 

U24429 (Henderson & Owen, 1999) involved PCR amplification o f ag«43-specific 

fragments using ML308-225 total genomic DNA and degenerate primers designed from 

knowledge o f N-terminal amino acid sequences of and various proteolytic

fragments o f Amplified products were then cloned and sequenced by prim er walking. 

However, this procedure took no account o f the fact that two copies of agn43 exist within 

ML308-225 since this property was not apparent at the time. In this respect, it seems 

probable that the sequence lodged originally (U24429) is a mosaic o f both agn43A and 

agn43B. The agn43Yi.\2 sequence (AE000291) was generated during the E. coli genome 

sequencing project (Blattner et al., 1997). In this case, a K-12 DNA library was 

constructed from which all resultant cloned fragments, and ultimately the complete 

genome, were sequenced.

Sequencing can be performed on products cloned directly from the genome, on amplified 

PCR populations or on cloned PCR products. The advantages of cloned PCR products are 

that, generally, standardised sequencing primers can be used and longer sequencing tracts 

are obtained. The disadvantages, however, stem from the origin o f the single cloned 

product. If it originated from PCR, it might well contain errors within the sequence due to 

misreading by the amplifying DNA polymerase. As a result generated sequences will not 

be entirely representative of the original sequence. Such errors may ham per critical 

analyses o f resulting sequences. In contrast, sequencing from PCR populations ensures 

that, in greater than 95% of cases, the native nucleotide residue at any point will be read. 

Accordingly, resulting sequence will be 100% representative of the sequence o f origin. 

Sequencing o f a product cloned directly from the genome also bypasses the problems 

associated with cloned PCR products; however, a significant amount o f time is usually 

spent screening for a desired clone.
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Once in possession o f DNA/protein sequence, numerous computer programs, many o f 

which are internet based, can be employed to identify structural, functional and 

evolutionary features of a given sequence. Identification of sequence similarities, generally 

performed by BLAST searching, is carried out by a basic comparison o f input sequence 

with sequences within a database. This is a very useful and reliable tool for analysing 

evolutionary relationships. In a similar manner, regions of functionality can be proposed 

according to sequences previously demonstrated to be significant in the functioning o f a 

given piece o f DNA/protein. Structural predictions are based on algorithms that ascribe 

values for individual amino acids depending on such factors as solvency, and on the 

positioning o f amino acids within proteins whose three-dimensional structure is already 

known (Jameson & Wolf, 1988; Jahnig, 1990; Rost & Sander, 1993; Rost & Sander, 1994a; 

Rost & Sander, 1994b; Rost, 1996). However, an important point to note about computer- 

based analyses is that they are solely predictive and are no substitute for, and frequently 

yield different results from, normal lines of scientific experimentation. This is especially 

true for structure-based studies (Roche & Owen, 2000).

The presence of duplicate copies of agn43 in ML308-225 complicates the sequencing 

strategy. Studies by Bhat et al. (1991) met with a similar dilemma. In the case o f N. 

gonorrhoeae strain MS 11 was identified by Southern blot analysis o f restricted total 

genomic DNA to contain an opa gene copy number of 11. In order to sequence each gene, 

a library o f restricted total genomic DNA was constructed and clones for each gene, 

distinguishable by the size o f the cloned fragment, were sequenced.

The method chosen here to independently sequence both agn43Aml308-225 ^nd agn43B^Y.j,Q%. 

225 made use of single knockout mutants AJRl and AJR2 (Chapter 4) and Southern blot 

data indicating that jEcoRV & Spe\ double digests of ML308-225 total genomic DNA 

produce agn43A and agn43B fragments of ~7.5 kb and —4.5 kb, respectively (Chapter 3). 

This chapter documents the relevant methodology used to sequence agn43A and agn43B  of 

E. coli ML308-225 and also that used to obtain partial sequence for both agn43^cic  ioo89 

and agn43^cTC9\. m- An analysis of resulting sequences is also presented.
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5.2 M ETH O D O LO G Y

Materials and methods used in this chapter are discussed in detail in Chapter 2. The 

bacterial strains used are listed in the relevant result section, while the primers used are 

listed in Table 5.1. DNA purification and manipulations were performed as described in 

Sections 2.2 and 2.3, respectively; PCR procedures are discussed in Section 2.4; DNA 

sequencing reactions are detailed in Section 2.5; Southern blot analysis were performed as 

outlined in Section 2.6; and computer-based studies are described in Section 2.15.

5.3 R E SU LTS

5.3.1. Generation of agn43Auh^m-22s and agn43Bui3mni specific products. Initial 

attempts at sequencing both E. coli ML308-225 genes focused on direct cloning from the 

chromosome. These procedures, as with numerous attempts in the past (Henderson, 1996), 

were unsuccessful and this led to a new strategy being devised based on a knowledge o f 

previously obtained Southern blot data (see Chapter 3). Thus, the agn43-hyhvidxzmg 

fragments o f approximately 7.5 kb {agn43A) and 4.5 kb (agn43B) obtained following 

digestion o f ML308-225 total genomic DNA with EcoRV  and Spel (FIG. 3.4A, lane 1) 

were individually gel purified and used as templates in PCR amplification reactions to 

facilitate the generation o f and p'^^-coding fragments from each gene.

Previous Southern blot analysis revealed the agn43 genes of strains K-12 and ML308-225 

to be highly similar (see Chapter 3). Therefore, ML308-225 agn43 fragments were 

amplified using PCR primers designed from knowledge o f the agn43\^.\2 sequence (see 

Table 5.1, FIG. 3.1 A).

Cross contamination o f the agn43A- and agn43B-cox\\ammg fractions was ruled out in 

Southern blot experiments which revealed (a) that the agn43A- and agn43B-con\^\n\ng  

fractions each generated a single hybridizing band of the anticipated size (7.5 kb and 4.5 

kb, respectively; FIG. 5.1); and (b) that gel purified products in the size range 6-7 kb
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Table 5.1. Primers used in this study.

Primer
Name"

Sequence 5'-3' (annealing temperature at which the primer was 
used)”

9167F CTGACTCTGAGTCTGCTC (48 °C)
9343F CCGGGAACAACAGAACCACAA
9472R CAGCTTTTCCTTAGATTG
9473F ATGAACCGACATTTGAATACC (55 °C)
9630F CGCGAGCTCTGCTGGCTGCTGArATTGTTrTTrxr ( S S  °r,'>
9650R CCGGGTGCACAACAATGT
9845R GGTTCACTCTCTGAAGAC
9947F CATGAAGACGGGATTGC
10181R GGGGGTACCAGTGGTATTTGCCGTTCCTTC.AGr,
10493R ACATTATCAGCTTTACC
10508F GGCGGACGCCTGGATGTG
10619F AATGGCGGTGTACTGCTG (50 °C)
10667F CGGAGCGACGGAAAGGCA
10774R GGTATCCGTGGCCGTATC
10783F ACGGTAAATGGCGGACTGTT (50 “C)
10979F AGCAACACCACACTCACC
11051R TGACGGTACTGTCGTTCA
11104F GTGCTGAACGGTGCCATTGAC (47 “C)

11152R GAGAGTGACATTCGTGGG (55 °C)

11255R TGTGCGGGTGGAGGTGAAATAAAT

11448F GTAAGGGTATTCAGGTGGTTG

11586R TGCGCAAATACCAGCTCTCATC (48 “C)

11765F GCCACGCCGGAAAGCACC

11852F GGTCACAGACATACCGGC

12037F CGGACAATAACGACTTCC

12198F TCACATAACCGGCGTTGT

12299F CGTGACAGTGCAAAACAC

12592F TCAGAAGGTCACATTCAGTGT (47 °C)

12669R TGTGGCGTTGAAGATCCG (50 °C)

“ The primer name is determined by the region o f  AE000291 to which it corresponds and by its orientation  

(Forward [F]/Reverse [R], see FIG. 3.1 A). Engineered restriction sites have been underlined.

A nnealing temperatures are listed only for those primers that were used to generate PCR products. 

Sequencing primers were used at the annealing temperature (45 C) recomm ended in the T herm osequenase  

kit.
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FIG. 5.1. Southern blot of EcoRY & Spel fractions, purified from ML308-225, 

corresponding to agn43A and agn43B. Total genomic DNA was isolated from ML308- 

225 and digested with EcoRW and Spel prior to agarose gel electrophoretic separation. 

Regions corresponding to each gene fragment were excised from the gel, purified and 

analysed by Southern blotting using probe F6. Molecular size markers are shown.



obtained following digestion of genomic DNA with EcoRV  and Spel [i.e., material between 

the 7.5 kb (agn43A) and 4.5 kb {agn43B) fragments] failed to hybridize with the agn43- 

specific F6 probe or to generate amplified ag«^5-specific PCR products (data not shown).

Upstream and downstream regions of each gene could not be amplified using the above 

procedures; accordingly, a different strategy was devised. Thus, for amplification o f 

agn43A specific upstream products, total genomic DNA purified from A JRl (ML308-225 

flg«435::pAJR003) was utilised as template in PCR reactions. In order to prevent 

amplification from the mutated agn43B allele, primers were chosen (9473F and 11255R, 

see Table 5.1) that were complementary to sequences upstream and downstream o f the 

integrated plasmid (FIG. 3.1 A). Furthermore, extension times were chosen that would 

exclude amplification o f products from the larger mutated allele. These procedures ensured 

that resulting agn43A and agn43B (if any) specific PCR fragments could be clearly 

differentiated by their size when analysed by agarose gel electrophoresis. Desired 

fragments were then gel-purified following electrophoretic separation. In a similar manner, 

agn43B  fragments were amplified from AJR2 (ML308-225 ag«4i^::pA JR004; FIG. 3.1 A) 

templates using primers 9167F and 11586R (Table 5.1). Fragments specific for the 

downstream regions of each gene were amplified in a similar manner using primers 10619F 

and 12669R (Table 5.1 and FIG. 3.1 A); agn43A and agn43B specific products were 

amplified using ML308-225 fl^«435;:pAJR004 and ML308-225 ::pAJR004 (AJR2)

templates, respectively.

Control reactions were performed in order to safeguard against the reversion o f a mutated 

gene to wild type. Thus, a PCR reaction was performed using total genomic DNA isolated 

from AJRl (ML308-225 ;pAJR003), an flg«455-specific forward primer (9167F),

a reverse primer (11255R) from a region downstream of the agn43B mutation and specific 

for both genes (FIG. 3.1 A), and an extension period suitable only for amplification o f the 

shorter wild-type allele. It would therefore be expected that an flg«45-amplified fragment 

would only result in the event of a reversion of agn43B to wild type. No such fragments 

were observed within resultant PCR populations (data not shown).
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agn43A and agn43B specific PCR fragments were sequenced, on both forward and reverse 

strands via primer walking. The primers (Table 5.1) and templates used to generate and 

sequence PCR products are listed in Table 5.2. In all cases, PCR product populations were 

sequenced directly by custom-made primers (either GENOSYS or MWG Biotech) in order 

to by-pass polymerase induced sequence errors that result upon sequencing o f a single 

cloned PCR product.

The completed nucleotide sequences (FIG. 5.2A/B) and corresponding protein sequences 

are lodged in GenBank under the accession numbers AF233271 (agn43A m l30&-225) and 

AF233272 (agn43BML30s-225)-

5.3.2. Analysis of agn43 sequences from E. coli ML308-225. Information pertaining to 

the sequences generated during the course of this study will be discussed in the following 

sections. Some overlap occasionally occurs between the information presented here and 

that previously described by Henderson & Owen (1999) since the current study represents, 

in part, a major refinement and reappraisal o f earlier experimental data.

Sequencing o f agn43Aui3Q?,-22S and agn43BMum-2is generated 3166 bp and 3463 bp o f 

DNA, respectively (see FIG. 5.2). Included in both sequences are the complete predicted 

coding regions o f each gene plus 46 bp of additional downstream sequence. In addition, 

the first 297 bp o f DNA lodged within AF233272 (agn43B) accounts for sequence 

upstream o f the coding region. Numerous attempts to generate analogous sequence in 

agn43A were unsuccessful and support previous suggestions that agn43A and agn43B  

promoter regions are divergent in sequence (see Chapter 3 and 4). Accordingly, further 

detailed comment on the promoter region is restricted to that o f agn43B.

5.3.2.I. Analysis of agn43A and agn43B reveals both predicted coding regions 

(3120 bp) to display 98.7 % identity with a total of 39 base substitutions. O f these, 27 

occur within the signal-coding regions (156 bp in length), where substitutions occur at the 

1'‘, 2"^ and 3̂ ‘' bases o f the codons 9, 7, and 11 times, respectively. There are 9 base 

substitutions within the a^^-coding regions (1497 bp in length), 2 of which occur at both 1
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Table 5.2. Primers, templates and PCR products used to sequence the agn43 genes o f ML308-225, NCTC 9114 and NCTC 10089.

PCR product Sequencing primers

(Template)^ Forward strand Reverse strand

agn43AM U5m-225

9473F-11255R (A JR l) 9473F 9845R

961,0Y-\\255R {agn43A *) Performed by M W G Biotech Performed by MWG Biotech

11104F-12592R {agn43A*) 11104F,11448F,11765F, 12037F, 12299F 11255R, 11586R, 11852R, 12198R, 12592R

10619F-12669R (ML308-225 — I2669R

agn43B: :pAJR004)

agn43B m l 308-22s

9167F-11586R (AJR2) 9167F,9343F, 9472R, 9650R

9630F-11255R (agn43B*) Performed by MW G Biotech Performed by MWG Biotech

11104F-12592R {agn43B*) 11104F,11448F, 11765F, 12037F, 12299F 11255R, 11586R, 1I852R, 12198R, 12592R

10619F-12669R (AJR2) — 12669R

a g n 4 3 f i C T c n u

9630F-11255R 9630F,9947F,10508F, 10619F, 10667F, 10979F 9845R, 1018 IF, 10493R, 10774R, 11051R, 

11152R, 11255R

a g n 4 3 f ^ c T c  ioo89

10783F-11255R'^ 10783F 11255R

10619F-11152R'’ 10619F 11152R

 ̂ Indicates the template from which the sequenced fragment was amplified.

Indicates fragments that were cloned prior to sequencing.

* Indicates that the template from which the sequenced fragment was amplified corresponded to partially purified agn43A or agn43B template.



start
1 ATGACAGACA TTTGGAATAC CAGCTACAGG CTGGTATGGA ATCACATTAC

51 GGGCACCCTG GTGGTGGCTT CCGAACTGGC GCGCTCACGG GGAAAACGCA
101 CCGGTGTGGC GGTTGCGCTG TCTCTTGCTG CTGTCATGTC AGTCCCGGCA

RAl
151 CTGGCTGCTG ACATCGTTGT ACGCCCGGGA GAAACCGTGA ACGGCGGAAC
201 ACTGGCAAAT CATGACAACC AGATTGTCTT CGGTACGACC AACGGAATGA
251 CCATCAGTAC CGGGCTGGAG TATGGGCCAG ATAACGAGGC CAATACCGGC

RBI
301 GGGCAATGGG TACAGGATGG CGGAACAGCC AACAAAACGA CTGTCACCAG
351 TGGTGGTCTT CAGAGAGTGA ACCCCGGTGG AAGTGTCTCA GACACGGTTA

RCl
4 01 TCAGTGCCGG AGGCGGACAG AGCCTTCAGG GACGGGCAGT GAACACCACG
4 51 CTGAATGGTG GCGAACAGTG GATGCATGAG GGGGCGATAG CCACAGGAAC
501 CGTCATTAAT GATAAGGGCT GGCAGGTCGT CAAGCCCGGT ACAGTGGCAA
551 CGGATACCGT TGTTAATACC GGGGCGG7VAG GGGGACCGGA TGCAGAAAAC
601 GGTGATACCG GGCAGTTTGT TCGCGGGGAT GCCGTACGCA CAACCATCAA
651 TAAAAACGGT CGCCAGATTG TGAGTVACTGA AGGAACGACA AATACCACTG

RC3
7 01 TGGTTTATGC CGGCGGCGAC CAGACTGTAC ATGGTCACGC ACTGGATACC

RDl
751 ACGCTGAATG GGGGATACCA GTATGTGCAC AACGGCGGTA CAGCGTCTGA
801 CACTGTTGTG AACAGTGACG GCTGGCAGAT TGTCAAAAAC GGGGGTGTGG
851 CCGGGAATAC CACCGTTAAT CAGAAGGGCA GACTGCAGGT GGACGCCGGT

REl
901 GGTAGAGCCA CG7\ATGTCAC CCTGAAGCAG GGCGGCGCAC TGGTTACCAG
951 TACGGCTGCA ACCGTTACCG GCATAAACCG CCTTGGAGCA TTCTCGGTTG

RFl
1001 TGGAGGGTAA AGCTGATAAT GTCGTACTGG AAAATGGCGG ACGCCTGGAT

RB2
1051 GTGCTGACCG GACACACAGC CACT7\ATACC CGCGTGGATG ATGGCGGAAC
1101 GCTGGATGTG CGCAACGGTG GTACCGCCAC CACCGTATCC ATGGGT^VATG
1151 GCGGTGTACT GCTGGCCGAT TCCGGTGCCG CTGTCAGTGG TACCCGGAGG

RGl
1201 GACGGAAAGG CATTCAGTAT CGGAGGCGGT CAGGCGGATG CCCTGATGCT

RHl RC4
1251 GGAAAAAGGC AGTTCATTCA CGCTGAACGC CGGTGATATG GCCACGGATA

RF2
1301 CCACGGTAAA TGGCGGACTG TTCACCGCCA GGGGCGGCAC ACTGGCGGGC

RC2
1351 ACCACCACGC TGAATAACGG CGCCATACTT ACCCTTTCCG GGAAGACGGT
14 01 GAACAACGAT ACCCTGACCA TCCGTGAAGG CGATGCACTC CTGCAGGGAG
14 51 GCTCTCTCAC CGGTAACGGC AGCGTGGAAA AATCAGGAAG TGGCACACTC
1501 ACTGTCAGCA ACACCACACT CACCCAGAAA GCCGTCAACC TGAATGAAGG

RH2
1551 CACGCTGACG CTGAACGACA GTACCGTCAC CACGGATGTC ATTGCTCAGC

RD2 RIl
1601 GCGGTACAGC CCTGAAGCTG ACCGGCAGCA CTGTGCTGAA CGGTGCCATT



1 6 5 1
RE 2 

GACCCCACGA ATGTCACTCT
R I 3

CGCCTCCGGT GCCACCTGGA ATATCCCCGA
1 7 0 1 TAACGCCACG GTGCAGTCGG TGGTGGATGA CCTCAGCCAT GCCGGACAGA
1 7 5 1 TTCATTTCAC CTCCACCCGC ACAGGGAAGT TCGTACCGGC AACCCTGAAA

1 8 0 1 GTGAAAAACC
R J l

TGAACGGACA GAATGGCACC ATCAGCCTGC

RA2

GTGTACGCCC
1 8 5 1 ^ A T A T G G C A CAGAACAATG CTGACAGACT GGTCATTGAC GGCGGCAGGG

1 9 0 1 CAACCGGAAA AACCATCCTG
RH3

AACCTGGTGA ACGCCGGCAA CAGTGCGTCG

1 9 5 1 GGGCTGGCGA CCAGCGGTAA GGGTATTCAG GTGGTTGAAG

R I 2

CCATTAACGG

2 0 0 1 TGCCACCACG GAGGAAGGGG CCTTTGTCCA GGGGAACAGG

R K l

CTGCAGGCCG
2 0 5 1 GTGCCTTTAA CTACTCCCTC AACCGGGACA GTGATGAGAG CTGGTATCTG
2 1 0 1 CGCAGTGAAA ATGCTTATCG TGCAGAAGTC CCCCTGTATG CCTCCATGCT
2 1 5 1 GACACAGGCA ATGGACTATG ACCGGATTGT GGCAGGCTCC CGCAGCCATC
2 2 0 1 AGACCGGTGT AAATGGTGAA AACAACAGCG TCCGTCTCAG CATTCAGGGC
2 2 5 1 GGTCATCTCG GTCACGATAA CAATGGCGGT ATTGCCCGTG GGGCCACGCC

2 3 0 1

R L l

GGAJ\AGCAGC GGCAGCTATG GATTCGTCCG TCTGGAGGGT GACCTGATGA
2 3 5 1 GAACAGAGGT TGCCGGTATG TCTGTGACCG CGGGGGTATA TGGTGCTGCT
2 4 0 1 GGCCATTCTT CCGTTGATGT TAAGGATGAT GACGGCTCCC GTGTCGGCAC

2 4 5 1 GGTCCGGGAT GATGCCGGCA GCCTGGGCGG ATACCTGAAT CTGATACACA

2 5 0 1 ACGCCTCCGG ACTGTGGGCT GACATTGTGG CCCTGGGAAC CCGCCACAGC

2 5 5 1 ATGAAAGCGT CAACGGACAA TAACGACTTC CGCGCCCGGG GTTGGGGCTG

2 6 0 1 GCTGGGTTCA CUGGAAACCG GTCTGCCCTT CAGTATCACT

RG2

GACAACCTGA

2 6 5 1 TGCTGGAGCC ACAACTGCAG TATACCTGGC AGGGACTTTC CCTGGATGAC

2 7 0 1 GGTAAGGACA

RMl

ACGCCGGTTA TGTGAAGTTC GGGCATGGCA GTGCACAACA

2 7 5 1 TGTGCGTGCC GGTTTCCGTC TGGGCAGCCA CAACGATATG ACCTTTGGCG

2 8 0 1 AAGGCACCTC ATCCCGTGCC CCCCTGCGTG ACAGTGCAAA ACACAGTGTG

2 8 5 1 AGTGAATTAC CGGTGAACTG GTGGGTACAG CCTTCTGTTA TCCGCACCTT

2 9 0 1 CAGCTCCCGG GGAGATATGC GTGTGGGGAC TTCCACTGCA GGCAGCGGGA

2 9 5 1 TGACGTTCTC

R J 2

TCCCTCACAG AATGGCACAT

RK2

CACTGGACCT GCAGGCCGGA

3 0 0 1 CTGG7VAGCCC GTGTCCGGGA AAATATCACC CTGGGCGTTC

RM2

AGGCCGGTTA

3 0 5 1 TCCCCACAGC

R L l

GTCAGCGGCA GCAGCGCTGA AGGGTATAAC GGTCAGGCCA

3 1 0 1 CACTGAATGT

S t o p

GACCTTCTGA CAGAACCATC GCCTCTCTGT GGTCCCGGTC

3 1 5 1 T ^ C ^ G A C C G GGACCC

FIG. 5.2A. agn43A nucleotide sequence lodged in AF233271. Predicted start and stop 
codons have been highlighted in bold, groups of direct repeats (R) have been underlined 
and labelled (RA, RB etc.), while inverted repeats and their orientation have also been 
highlighted using arrows.



f ig .  5.2B. agn43B  sequence lodged w ithin AF233272. Highlighted in bold are GATC 

- 3 5  and -1 0  sites, both predicted ribosom e binding sites (RBS* and RBS) and 

their respective start codons, and the stop codon. The -35 and -10 sites as predicted by 

Henderson & Owen (1999) are highlighted by dotted underlines. Putative OxyR and 

MuC binding sites have been underlined (bases 71-115 and 111-129, respectively; 

Henderson & Owen, 1999). Groups o f  direct repeats (R) have been underlined and 

labelled (RA-RL). The 3 ’-term inus inverted repeats, and their orientations, have also 

been highlighted using arrows.



1

51

TGAGTGTGCT

CAATAGCTCA

CAC^AAAGCA
-10

ATAATAGAAT

CTGTTTTCGT

AAAACGATCG

TACTGTCTCT

ATATCTATTT

-35
CTTGTCCGTG

TATCGATCGT
RBS* Start*101 TTATATCGAT CGATAAGCTA ATAATAACCT TTGTCAGTAA CATGCACAGA

151 TACGTACAGA AAGACATTCA GGGAACAACA GAACCACAAT TCAGAAACTC
201 CCACAGCCGG ACCTCCGGCA CTGTAACCCT TTACCTGCCG GTATCCACGT

RBS Start251 TTGTGGGTAC CGGCTTTTTT ATTCACCCTC AATCTAAGGA AAAGCTGATG
301 AAACGACATC TGAATACCTG CTACAGGCTG GTATGGAATC ACATTACGGG
351 CGCTTTCGTG GTTGCCTCCG AACTGGCCCG CGCACGGGGT AAACGTGGCG
401 GTGTGGCGGT TGCACTGTCT CTTGCCGCAG TCACGTCACT CCCGGTGCTG
451 GCTGCTGACA TCGTTGTGCA CCCGGGAGAA ACCGTGAACG GCGGAACACT
501 GGCAAATCAT GACAACCAGA TTGTCTTCGG TACGACCAAC GGAATGACCA
551 TCAGTACCGG GCTGGAGTAT GGGCCGGATA ACGAGGCCAA TACCGGCGGG

RAl
601 CAATGGGTAC AGGATGGCGG AACAGCCAAC AAAACGACTG TCACCAGTGG
651 TGGTCTTCAG AGAGTGAACC CCGGTGGAAG TGTCTCAGAC ACGGTTATCA

RBI
701 GTGCCGGAGG CGGACAGAGC CTTCAGGGAC GGGCAGTGAA CACCACGCTG
751 AATGGTGGCG AACAGTGGAT GCATGAGGGG GCGATAGCCA CAGGAACCGT
801 CATTAATGAT AAGGGCTGGC AGGTCGTCAA GCCCGGTACA GTGGCAACGG
851 ATACCGTTGT TAATACCGGG GCGGAAGGGG GACCGGATGC AGAAAACGGT
901 GATACCGGGC AGTTTGTTCG CGGGGATGCC GTACGCACAA CCATCAATAA
951 AAACGGTCGC CAGATTGTGA GAGCTGAAGG AACGGCAAAT ACCACTGTGG

RB3
1001 TTTATGCCGG CGGCGACCAG ACTGTACATG GTCACGCACT GGATACCACG

RCl
1051 CTGAATGGGG GATACCAGTA TGTGCACAAC GGCGGTACAG CGTCTGACAC
1101 TGTTGTGAAC AGTGACGGCT GGCAGATTGT CAAAAACGGG GGTGTGGCCG
1151 GGAATACCAC CGTTAATCAG AAGGGCAGAC TGCAGGTGGA CGCCGGTGGT

RDl
1201 ACAGCCACGA ATGTCACCCT GAAGCAGGGC GGCGCACTGG TTACCAGTAC

1251 GGCTGCAACC GTTACCGGCA TAAACCGCCT GGGAGCATTC TCTGTTGTGG
REl

1301 AGGGTAAAGC TGATAATGTC GTACTGGAAA ATGGCGGACG CCTGGATGTG
RA2

1351 CTGACCGGAC ACACAGCCAC TAATACCCGC GTGGATGATG GCGGAACGCT

1401 GGATGTCCGC aac ggtg gca CCGCCACCAC CGTATCCATG GGAAATGGCG

1451 GTGTACTGCT ggccgattcc GGTGCCGCTG TCAGTGGTAC CCGGAGCGAC
RFl

1501 GGAAAGGCAT TCAGTATCGG agg cggt cag GCGGATGCCC TGATGCTGGA
RGl RB4

1551 AAAAGGCAGT tcattcacgc TGAACGCCGG TGATACGGCC ACGGATACCA



1 6 0 1 CGGTAAATGG CGGACTGTTC ACCGCCAGGG GCGGCACACT GGCGGGCACC
1 6 5 1 ACCACGCTGA ATAACGGCGr CATACTTACC CTTTCCGGGA AGACGGTG/lA

1 7 0 1 CAACGATACC CTGACCATCC GTGAAGGCGA TGCACTCCTG CAGGGAGGCT

1 7 5 1 CTCTCACCGG TAACGGCAGC GTGGAAAAAT CAGGAAGTGG CACACTCACT

1 8 0 1 GTCAGCAACA CCACACTCAC CCAGAAAGCC GTCAACCTGA ATGAAGGCAC

RG2 RC2
1 8 5 1 GCTGACGCTG AACGACAGTA CCGTCACCAC GGATGTCATT GCTCAGCGCG

RHl
1 9 0 1 GTACAGCCCT GAAGCTGACC GGCAGCACTG TGCTGAACGG TGCCATTGAC

RD2 RH3
1 9 5 1 CCCACGAATG TCACTCTCGC CTCCGGTGCC ACCTGGAATA TCCCCGATAA

2 0 0 1 CGCCACGGTG CAGTCGGTGG TGGATGACCT CAGCCATGCC GGACAGATTC

2 0 5 1 ATTTCACCTC CACCCGCACA GGGAAGTTCG TACCGGCAAC CCTGAAAGTG

R I l
2 1 0 1 AAAAACCTGA ACGGACAGAA TGGCACCATC AGCCTGCGTG TACGCCCGGA

2 1 5 1 TATGGCACAG AACAATGCTG ACAGACTGGT CATTGACGGC GGCAGGGC7y\

RG3
2 2 0 1 CCGGAAAAAC CATCCTGAAC CTGGTGAACG CCGGCAACAG TGCGTCGGGG

RH2
2 2 5 1 CTGGCGACCA GCGGT/y\GGG TATTCAGGTG GTTGAAGCCA TTAACGGTGC

R J l
2 3 0 1 CACCACGGAG GAAGGGGCCT TTGTCCAGGG GAACAGGCTG CAGGCCGGTG

2 3 5 1 CCTTTAACTA CTCCCTCAAC CGGGACAGTG ATGAGAGCTG GTATCTGCGC

2 4 0 1 AGTGA7\AATG CTTATCGTGC AGAAGTCCCC CTGTATGCCT CCATGCTGAC

2 4 5 1 ACAGGCAATG GACTATGACC GGATTGTGGC AGGCTCCCGC AGCCATCAGA

2 5 0 1 CCGGTGTAAA TGGTGAAAAC AACAGCGTCC GTCTCAGCAT TCAGGGCGGT

2 5 5 1 CATCTCGGTC ACGATAACAA TGGCGGTATT GCCCGTGGGG CCACGCCGGA

R K l
2 6 0 1 TIAGCAGCGGC AGCTATGGAT TCCTCCGTCT GGAGGGTGAC CTGATGAGAA

2 6 5 1 CAGAGGTTGC CGGTATGTCT GTGACCGCGG GGGTATATGG TGCTGCTGGC

2 7 0 1 CATTCTTCCG TTGATGTTAA GGATGATGAC GGCTCCCGTG TCGGCACGGT

2 7 5 1 CCGGGATGAT GCCGGCAGCC TGGGCGGATA CCTGAATCTG ATACATAACG

2 8 0 1 CCTCCGGACT GTGGGCTGAC ATTGTGGCCC TGGGAACCCG CCACAGCATG

2 8 5 1 AAAGCGTCAC CGGACAATAA CGACTTCCGC GCCCGGGGTT GGGGCTGGCT

R F2

2 9 0 1 GGGTTCACTG GAAACCGGTC TGCCCTTCAG TATCACTGAC AACCTGATGC

2 9 5 1 TGGAGCCACA ACTGCAGTAT ACCTGGCAGG GACTTTCCCT GGATGACGGT

R L l
3 0 0 1 AAGGACAACG CCGGTTATGT GAAGTTCGGG CATGGCAGTG CACAACATGT

3 0 5 1 GCGTGCCGGT TTCCGTCTGG GCAGCCACAA CGATATGACC TTTGGCGAAG

3 1 0 1 GCACCTCATC CCGTGCCCCC CTGCGTGACA GTGCAAAACA CAGTGTGAGT

f ig . 5.2B. (Continued).



and 2 base positions in tlie codon and the remainder at the 3'̂ ’̂ position. Three 

substitutions occur in the p"*^-coding regions (1464 bp in length), 2 in the first codon base 

position and 1 in the 2 . Comparison of agn43A and agn43B sequences with agn43K-\2 

(Accession no. AE000291) revealed 98.4% and 99.4% identity, respectively. As expected, 

minor differences exist between both ML308-225 sequences generated during the course o f 

this study (AF233271 and AF233272) and that of Henderson & Owen (U24429, 1999). 

Specifically, AF233271 and AF233272 displayed 97% and 98% identity to U24429, 

respectively. It seems likely that U24429 represents a combination o f sequence from both 

genes.

S.3.2.2. Analysis of agn43 ORFs. The ORFs for agn43A and agn43B  are 

predicted to begin at residues A'TG and A^^^TG, respectively (FIG. 5.2). The predicted -  

35 and -1 0  sites o f agn43B, which are separated by the optimal 17 nucleotides, are located 

at T“̂ ^TGTCC and T^^AGAAT, respectively (FIG. 5.2B). These sequences are in good 

agreement with the consensus sequences (-35; TTGACA, -10: TATAAT) predicted for E. 

coli genes, and with recent primer-extension studies designed to pinpoint directly the 

transcriptional start site of the gene (Haagmans & van der Woude, 2000; Waldron et al., 

2000). The regions of agn43B which correspond to the -35  and -1 0  sites as predicted by 

Henderson & Owen (1999), viz., T ’^'TGTCA and T'^'ACGTA, respectively (FIG. 5.2B), 

are in poorer agreement with those o f the consensus sequences. Thus, T'̂  ̂ and T^^ seem to 

be the most likely sites o f transcriptional initiation.

Two potential translational start sites can be discerned within agn43B. The first (agn43B*,
125see FIG. 5.2) possesses a ribosome binding site and start codon at T AACCTTTGTC and 

A"^^TG, respectively, produces a coding region of 3276 bp and corresponds to that 

predicted by Blattner et al. (1997; AE000291) for agn43K-i2. The second (agn43B, see 

FIG. 5.2) possesses a ribosome binding site and start codon at A GTAA and A TG, 

respectively, produces a coding region of 3120 bp and corresponds to that predicted by 

Henderson & Owen (1999; U24429) for agn43ml30s-225- Based on the common properties 

of signal sequences observed in autotransporters (see Section 1.2), one would predict 

translation to begin at A^^^TG.
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Further analysis of the promoter region o f agn43B reveals the existence o f three GATC 

sites (beginning at G ’\  G '' and O'"''), of a putative OxyR binding site (A ^ '-A '"), and o f  a 

MuC-like binding site (G all o f which have been previously identified by

Henderson and Owen (1999; FIG. 5.2B).

Beginning 21 bp downstream of each coding sequence {agn43A: agn43B\

G -C ), there exists a stem-loop structure of 25 bp in length, with a stem o f 12 bp and 

a loop o f 1 bp (FIG. 5.2). This loop may facilitate transcriptional termination.

5.3.2.3. Nucleotide composition of the ORFs for agn43A and agn43B. Analysis 

reveals the G + C content o f agn43A (57.85%) to be slightly lower than that o f  agn43B  

(58.01%) by virtue of 5 extra G/C residues in the coding sequence (3120 bps) o{agn43B.

5.3.2.4. Codon usage analysis of agn43 ORFs. The codon usage for agn43BuL^o%- 

225 is shown in Table 5.3. The differences between it and that for agn43AuL-im-22s are minor 

(data not shown). The actual codon occurrence is tabulated together with the relative 

synonymous codon use (the ratio of the number of codons actually used to the number o f 

codons expected if all codons for the amino acid were used equally; Grantham et a l ,  1981). 

Each codon’s occurrence is also expressed as a percentage o f the overall number o f codons 

within the ORF. It is apparent from these studies that there is a bias for G/C nucleotides in 

the third position o f the codons and this is reflected in the high G + C content o f agn43 

genes. It is also apparent that many of the codons utilised correspond to abundant tRNAs 

(Kanaya et al., 1999) indicating the likelihood of efficient agn43 mRNA translation, which 

in turn indicates that agn43 possesses the potential to be highly expressed.

5.3.2.5. Restriction analysis of agn43A and agn43B  genes. This was performed 

using the MAP program (GCG), in order to establish potential restriction sites that may 

facilitate differentiation of agn43A from agn43B. Analysis revealed that agn43A had 

potential ^^^HII and BstA?l sites (beginning at Ĝ ® and C ‘^^ respectively) not present in 

ogn43B, and that agn43B possessed a unique Plel site located at G
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Table 5.3. Codon usage, relative synonymous codon usage (RSCU)® and the percentage occurrence (%)*’ o f  each codon for the Ag43B

precursor protein from E. coli ML308-225.

Codon Usage RSCU ao Codon Usage RSCU % Codon Usage RSCU % Codon Usage RSCU %
TTT-Ile 4 0.9 0.4 CTT-Leu 6 0.3 0.6 ATT-Ile 15 1.3 1.4 GTT-Val 19 COo 1.8
TTC-Phe 16 3.0 1.5 CTC-Leu 11 0.5 1.1 ATC-Ile 12 1.0 1.2 GTC-Val 25 1.1 2.4
TTA-Leu 1 0.2 0.1 CTA-Leu 0 0.0 0.0 AT A-He 4 0.3 0.4 GTA-Val 13 0.6 1.2
TTG-Leu 0 0.0 0.0 CTG-Leu 65 3.2 6.3 ATG-Met 15 1.3 1.4 GTG-Val 35 1.5 3.4
TCT-Ser 8 0.9 0.8 CCT-Pro 1 0.2 0.1 ACT-Thr 11 0.4 1.1 GCT-Ala 14 0.6 1.3
TCC-Ser 16 1.8 1.5 CCC-Pro 8 1.7 0.8 ACC-Thr 59 2 .1 5.7 GCC-Ala 50 2.1 4.8
TCA-Ser 9 1.0 0.9 CCA-Pro 1 0.2 0.1 ACA-Thr 17 0.6 1.6 GCA-Ala 23 0.9 2.2
TCG-Ser 2 0.2 0.2 CCG-Pro 9 1.9 0 . 9 ACG-Thr 27 0.9 2 . 6 GCG-Ala 10 0.4 1.0
TAT-Tyr 13 3.1 1.2 CAT-His 12 0.8 1.2 AAT-Asn 32 1.3 3.1 GAT-Asp 33 1.5 3.2
TAC-Tyr 4 0.9 0 . 4 CAC-His 10 0.7 1 . 0 AAC-Asn 44 1.7 4.2 GAG-Asp 26 1.1 2.5
TAA-*** 0 0.0 0.0 CAA-Gln 3 0.2 0.3 AAA-Lys 14 0.5 1.3 GAA-Glu 23 1.0 2.2
TAG-*** 0 0.0 0.0 CAG-Gln 36 2.4 3.5 AAG-Lys 12 0.5 1.2 GAG-Glu 9 0.4 0.9
TGT-Cys 0 0.0 0 . 0 CGT-Arg 14 1. 4 1.3 AGT-Ser 19 1.5 1.8 GGT-Gly 46 1.2 4 . 4
TGC-Cys 1 0.3 0.1 CGC-Arg 16 1.6 1.5 AGC-Ser 23 1. 8 2.2 GGC-Gln 55 1.4 5.3
t g a-*** 1 0.3 0.1 CGA-Arg 1 0.1 0.1 AGA-Arg 6 0.5 0.6 GGA-Gly 32 0.8 3.1
TGG-Trp 13 3.7 1.2 CGG—Airg 9 0.9 0.9 AGG-Arg 4 0.3 0.4 GGG-Gly 22 0.6 2.1
 ̂ RSCU, relative synonymous codon usage is the ratio o f the number o f codons actually used to the number of codons expected if all

codons for the particular amino acid were used equally.

Indicates the percentage number o f times that a given codon occurs within a gene.



5.3.2.6. Nucleotide sequence similarities. Nucleotide sequence similarity 

searches, performed at NCBI using the BLAST family of programs (and default 

parameters), revealed both agn43 sequences to have no detectable nucleotide homologues 

apart from previously existing agn43Y^.\2 and «^«43ml3os-225 sequences. However, 

preliminary BLAST analysis of the unfinished genome sequence databases (Blattner et al., 

2000; URL: www.genome.wisc.edu/) revealed that UPEC strain CFT073 likely possesses 

two agn43 genes that display up to 95% identity with agn43Muos-22s alleles. Interestingly, 

the level of homology drops below 90% towards the 5'-end of the a"*^-coding region.

5.3.2.7. Identification of agn43 repeats. An interesting feature o f agn43 

previously identified by Henderson & Owen (1999) is the number o f in-frame direct repeats 

found within the ex. -coding region. Thus, within ctgn43Â ]̂_̂ Qg.225 and cign43Bf^i,'ios.225 

there are, respectively, 12 and 11 sets of in-frame repeats of 10 or more nucleotides, (RA- 

RM, FIG. 5.2A; and RA-RL, FIG. 5.2B). The difference in repeat numbers is a result o f 

two nucleotide differences between the RAl repeat of agn43AuL3os-225 and the 

corresponding region o f agn43Buuos-225 (FIG. 5.2A). Further repeat stretches o f 12 bp or 

longer, which contain one nucleotide mismatch, are also present in both genes.

5.3.3. Tlie primary translation products of agn43Aml3os-225 and agn43BMh308-225- Both 

gene products are 1039 amino acids in length (FIG. 5.3) and have predicted MrS o f 106979 

and 106940, respectively. The (residues 53-552) and (residues 553-1039) subunits 

are 499 and 488 amino acids in length, respectively, and have predicted M s  o f 49904 

(a'* '̂^), 49795 51554 (p"*̂ "̂ ) and 51633 (p"*̂ ®). The larger potential agn43B* coding

region (see Section 5.3.2.2) encodes a primary translation product o f 1091 amino acids (M,

112876) with a signal sequence of 104 amino acids in length, 52 amino acids longer than 

that predicted for the primary translation product of the agn43B coding region.

5.3.3.I. Analyses of amino acid differences between the Ag43 proteins. The

Ag43A and Ag43B precursors are 98.2%> identical and possess slight differences in 

predicted A/j-s (see above). These result from a total of 20 amino acid substitutions, 13 o f 

which occur within the signal sequence (residues 1-52), 4 in a  , and 3 in p (see FIG. 5.3).
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f ig . 5.3. (A) Multiple alignments of the predicted Ag43 proteins from ML308-255 

(Ag43A and Ag43B), K-12 (Ag43K12), NCTC 9114 (9114) and NCTC 10089 (10089). 

Amino acid differences between the proteins are highlighted in colours other than green. 

Vertical arrows indicate the sites of signal (A^^-A^^) and cleavage (D̂ ^*-P^^ )̂.

The RGD motifs (R̂ *** and R^’°), putative aspartyl protease (AP) active site (L^*’), P- 

loop (G^^*) and tyrosine kinase (TK; R^^ )̂ motifs are indicated within Ag43B. The 0- 

glycosylation and S^^ )̂ and N-glycosylation (N x S/T x) sites are highlighted in 

bold within Ag43B. The critical leucine residues (500, 507, 514, 521) of the leucine 

zipper motif have been highlighted in bold within Ag43A. Extended regions (> 3 

residues) o f high antigenicity index (AI > 0.75) have been underlined within the Ag43 

proteins. Regions around which |3-sheets are predicted (by the PredictProtien 

program) to exist are all highlighted appropriately within Ag43A only. Internal loops, 

identified on the basis that they are smaller in length than external loops, have also been 

italicised within Ag43A. The predictions of the AMPHI program have been highlighted 

in an analogous manner within Ag43Kl2. All of the above features, although only 

indicated within a single protein sequence, are present in all Ag43 proteins unless 

otherwise indicated. In situations where there are amino acid differences between two 

sequences, the features, where present, have been illustrated within each sequence. (B) 

and (C) illustrate the proposed topology of the P-barrel as predicted by PredictProtein 

and AMPHI, respectively. CS, cell surface; PP, periplasm.



A

Ag43A 
Ag4 3B 
Ag43K12 

9114

Signal sequence
50

m|E3BnT@YR LVWNHITgBH VVASELAR@R GKR0GVAVAL SLAAV^sB pS 
MKRHLNTCYR LVWNHITGAF VVASELARAR GKRGGVAVAL SLAAVTSLPV 
MKRHLNTCYR LVWNH|tGAF VVASELARAR GKRGGVAVAL SLAAVTSLPV

■ ^  1°° Ag43A gAApiVVBPG ETVNGGTLAN HDNQIVFGTT NGMTISTGLE YGPDNEANTG
Ag43B LAAPIVVHPG ETVNGGTLAN HPNQIVFGTT NGMTISTGLE YGPDNEANTG
Ag43K12 LAAPIVV^G ETVNGGTLAN HDNQIVFGTT NGMTISTGLE YGPPNEANTG

9114 LAA,DIVA/Jg eT\^GTl1n HDNQIVFGtP NGMTISTGLE YGPDNEANTG

101 150
Ag4 3A GQWVQDGGTA NKTTVTSGGL QRVNPGGSVS DTVISAGGGQ SLQGRAVNTT
Ag43B GQWVQDGGTA NKTTVTSGGL QRVNPGGSVS DTVISAGGGQ SLQGRAVNTT
Ag43K12 GQli^QDGGTA NKTTVTSGGL QRVNPGGSVS DTVISAGGGQ SLQGRAVNTT

9114 GQwBqBgGTA n1tTVt|gGL QRVN|gGSVS DTVISAGGGQ SLQgIaVNTT

151 200
Ag4 3A LNGGEQWMHE GAIATGTVIN DKGWQVVKPG TVATDTVVNT GAEGGPDAEN
Ag43B LNGGEQWMHE GAIATGTVIN DKGWQVVKPG TVATDTVVNT GAEGGPDAEN
Ag43K12 LNGGEQWMHE GAIATGTVIN DKGWQVVKPG TVATDTVVNT GAEGGPDAEN

9114 LNGGEQwIhE HIATGTVIN | ê qB|ê G IvATDTVVNT GAEGGPDAEN

201 RGD motif 250
Ag43A g d t g q f v r g d  avrttinkng rqivrBegtB NTTVVYAGGD qtvhghaldt
Ag43B GDTGQFVRGD AVRTTINKNG RQIVRAEGTA NTTVVYAGGD QTVHGHALDT

Ag43K12 GDTGQFVRGD AVRTTINKNG RQIVRAEGTA NTTVVYAGGD QTVHGHALDT
9114 GDTGqBvBg D AVRTTINKNG RQIvIaEGTA NTTVVYAGGD QTVHGHALDT

251 300
Ag43A TLNGGYQYVH NGGTASDTVV NSDGWQIVKN GGVAGNTTVN QKGRLQVDAG
Ag43B TLNGGYQYVH NGGTASDTVV NSDGWQIVKN GGVAGNTTVN QKGRLQVDAG

Ag4 3K12 TLNGGYQYVH NGGTASDTVV NSDGWQIVKN GGVAGNTTVN QKGRLQVDAG
9114 TLNGGYQYVH NGGTAS|tVV NSDGWQIVKN GGVAGNTTVN QKGRLQVDAG

301 350
Ag4 3A GTATNVTLKQ GGALVTSTAA TVTGINRLGA FSVVEGKADN VVLENGGRLD
Ag43B GTATNVTLKQ GGALVTSTAA TVTGINRLGA FSVVEGKADN VVLENGGRLD
Ag43K12 GTATNVTLKQ GGALVTSTAA TVTGINRLGA FSVVEGKADN VVLENGGRLD

9114 GTATNVTLKQ GGALVTSTAA TVTGINRLGA fH|v EGKADN VVLENGGRLD

351 AP active site 4 00
Ag4 3A VLTGHTATNT RVDDGGTLDV RNGGTATTVS MGNGGVLLAD SGAAVSGTRS
Ag43B VLTGHTATNT RVDDGGTLDV RNGGTATTVS MGNGGVLLAD SGAAVSGTRS
Aa4 3K12 VLTGHTATNT RVDDGGTLDV RNGGTATTVS MGNGGVLLAD SGAAVSGTOS
1008 9 _________ ______________________ ____GGVLLAD SGAAVSGTRS
9114 VLTGHTATNT RVDDGGTLDV RNGGTATTVS MGNGGVLLAD SGAAVSGTRS

401 450
Aq43A DGKAFSIGGG QADALMLEKG SSFTLNAGD^ ATDTTVNGGL FTARGGTLAG
Ag43B D^AFSIGGG QADALMLEKG SSFTLNAGDT ATDTTVNGGL FTARGGTLAG
Ag43K12 DGKAFSIGGG QADALMLEKG SSFTLNAGDT ATDTTVNGGL FTARGGTLAG
1008 9 DGKAFSIGGG QADALMLEKG SSFTLNAGDT ATDTTVNGGL FTARGGTLAG
9114 DGKAFSIGGG QADALMLEKG SSFTLNAGDT ATDTTVNGGL FTARGGTLAG



Ag43A
Ag43B
Ag43K12
10089
9114

Ag43A 
Ag43B 
Ag4 3K12 
10089 
9114

451
TTTLNNGAIL
TTTLNNGAIL
TTTLNNGAIL
TTTLNNGAIL
TTTLNNGAIL

501
TVSNTTLTQK
TVSNTTLTQK
TVSNTTLTQK
TVSNTTLTQK
TVSNTTLTQK

500
TLSGKTVNND TLTIREGDAI, LQGGSLTGNG SVEKSGSGTl. 
TLSGKTVNND TLTIREGDAL LQGGSLTGNG SVEKSGSGTL 
TLSGKTVNND TLTIREGDAL LQGGSLTGNG SVEKSGSGTL 
TLSGKTVNND TLTIREGDAL LQGGSLTGNG SVEKSGSGTL 
TLSGKTVNND TLTIREGDAL LQGGSLTGNG SVEKSGSGTL

AVNLNEGTLT
AVNLNEGTLT
AVNLNEGTLT
AANLNEGTLT
AVNLNEGTLT

LNDSTVTTDV
LNDSTVTTDV
LNDSTVTTDV
LNDSTVTTDV
LNDSTVTTDV

lAQRGTALKL
lAQRGTALKL
lAQRGTALKL
lAQRGTALKL
lAQRGTALKL

550
TGSTVLNGAI
TGSTVLNGAI
TGSTVLNGAI
TGSTVLNGAI
TGSTVLNGAI

Ag43A 
Ag4 3B 
Ag43K12 
10089 
9114

 ̂ 600 
DPTNVTLASG ATWNIPDNAT VQSVVDDLSH agqihftstr tgkfvpatlk 
DPTNVTLASG ATWNIPDNAT VQSVVDDLSH AGQIHFTSTR TGKFVPATLK 
DPTNVTLASG ATWNIPDNAT VQSVVDDLSH AGQIHFTSTR TGKFVPATLK
DPTNVTLASG ATWNIPDNAT VQSVVDDLSH AGQIHFTSTR T--------
DPTNVTLASG ATWNIPDNAT VQSVVd|lSH AGQIHFTS— --------- -

601 P-loop 650
Ag43A VKNLNGQNGT ISLRVRPDMA QNNADRLVID GGRA^GKTIL NLVNAGNSAS
Ag43B VKNLNGQNGT ISLRVRPDMA QNNADRLVID GGRATGKTIL NLVNAGNSAS
Ag43K12 VKNLNGQNGT ISLRVRPDMA QNNADRLVID GGRATGKTIL NLVNAGNSAS

651 TK motif 700
Ag43A GLATSGKGIQ VVEAlJVGArT EEGAFVQGNR LQaGAFNYSL NRDSDESWYL
Ag43B GLATSGKGIQ VVEAINGATT EEGAFVQGNR LQAGAFNYSL NRDSDESWYL
Ag4 3K12 GLATSGKGIQ VVEAINGATT EEGAFVOGNR LQAGAFNYSL NRDSDESWYL

701 750
Ag43A RS_ENAYRAEV PLYASMLTQA MDYDRIVAGS RSHQTGVNGE WWSVRLSIQG 
Ag4 3B RSENAYRAEV PLYASMLTQA MDYDRIVAGS RSHQTGVNGE NNSVRLSIQG
Ag4 3K12 RSENAYRAEV PLYASMLTQA MDYDRIVAGS RSHQTGVNGE NNSVRLSIQG

751 800
Ag43A GHLGHDNNGG IARGATPESS GSYGFVRLEG DLMRTSVAGM SVTAGVYGAA
Aq43B GHLGHDNNGG lARGATPESS GSYGFLRLEG DLMRTEVAGM SVTAGVYGAA
Ag43K12 GHLGHDNNGG lARGATPESS GSYGFVRLEG DLMi^TSVAGM SVTAGVYGAA

801 850
Ag4 3A GHSSVDVKDD DGSRVGTVRD PAGSIiSgYLN LIHNASGLWA DIVALGTRHS
Aa43B GHSSVDVKDD DGSRVGTVRD DAGSLGGYLN LIHNASGlWA DIVALGTRHS
Ag4 3K12 GHSSVDV I ^  DGs'aGTVRD DAg|lGGYLN L§l^SGLWA DIVa|gTRHS

851 900
Ag43A mkasBdnndf RARGWGWLGS letglpfsit DNLMLEPQLQ YTWQGLSLDD 
Ag43B MKASPDNNDF RARGWGWLGS LETGLPFSIT DNLMLEPQLQ YTWQGLSLDD 
Ag43Kl2 MKAsBdNNDF RARGWGWLGS LETGLPFSIT DNLMLEPQLQ YTWQGLSLDD

901Aq43A GKDNAGYVKF GHGSAQHVRA GFRLGSHNDM TFGEGTSSRA PLRDSAKHSV 
Aq4 3B GKDNAGYVKF GHGSAQHVRA GFRLGSHNDM TFGEGTSSRA PLRDSAKHSV 
Ag43K12 GKDNAGYVKF GHGSAQHVRA GFRLGSHNDM TFGEGTSSRA PLRDSAKHSV

FIG. 5.3. (cont.)



9 5 1  RGD motif 1 0 0 0
Ag4 3A SELPVNWWVQ P SV IR T FSSR GDMRVGTSTA GSGMTFSPSQ NGTSLDLQAG
A g43B  SELPVNWWVQ PSV IR TFSSR GDMRVGTSTA GSGMTFSPSQ NGTSLDLQAG
A g43K 12 SELPVNWWVQ PSV IR TFSSR GDMRVGTSTA GSGMTFSPSQ NGTSLDLQAG

1 0 0 1  1 0 4 0
A g43A  LEARVREN IT  LGVQAGYAHS VSG5SAEGYN GQATLNVTF^
A g43B  LEARVRENI T  LGVQAGYAHR VSGS SAEGYN GQATLNVTF*
Ag4 3K 12 LEARVREN IT  LGVQAGYAHS VSGSSAEGYN GQATLNVTF*

FIG. 5.3. (cont.)



FIG. 5.3 (Cont.).



The positions at which these differences occur (and the residue occupying that position in 

Ag43A/Ag43B) are: 2 (T/K), 3(D/R), 4(I/H), 5 (W/L), 8 (S/C), 19 (T/A), 20 (L/F), 29 

(S/A), 34 (T/G), 46 (M/T), 48 (V/L), 50 (A/V), 51(V/L), 58 (R/H), 226 (T/A), 230 (T/A), 

430 (M/T), 776 (V/L), 855 (T/P), and 1020 (S/R).

S.3.3.2. M otif searches. These were performed using PROSITE and 

PredictProtein programs and confirmed and extended previous studies by Henderson & 

Owen (1999). Thus, the presence of the following previously identified motifs was 

confirmed for Ag43A and Ag43B, viz., RGD tripeptides present in (R^°*GD),

and (R^^^GD) subunits; an aspartyl protease active site and an O-glycosylation

motif, present in the subunits (L^^^ADSGAAVSGTR and S'^^^GSG, respectively); and 

O-glycosylation (S^^^GKG) and P-loop motifs (G®^°GRATGKTIL) present in both p^^ 

subunits (FIG. 5.3). Additional motifs identified as a result of this study include (a) a 

leucine zipper m otif (L^°° -  L^^') implicated in protein dimerisation (Phizicky & Fields, 

1995) and located at the C-terminus of each subunits; (b) the presence, within 53 

residues o f the P-loop motif of p"*̂ , of a sequence (R^^^DSDESWY) characteristic o f a 

tyrosine phosphorylation site; and (c) 17 N-glycosylation motifs (N x S/T x) distributed 

throughout the length of both mature proteins (FIG. 5.3).

Henderson & Owen (1999) previously demonstrated the presence o f a degenerate repeat 

sequence m otif repeated throughout the subunit and presented a consensus sequence 

based on their observations. With the new sequences at hand, these alignments have been 

revised (FIG. 5.4), the new consensus sequence now reading;

N / D T T X ^ N X ® G G x  Q x V x x G G x A x ,  

compared with that o f Henderson & Owen (1999) shown below.

D /T  T V x  N X  G G x Q x V x x G G x A x x , 

X ^ i s I ,  L o r  V;  a n d  X® is predominantly a polar residue, x  is any amino acid.
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E T V N GG TLANHDN Q
T T N G MTIS T

N E A N T GG Q
N K T T V T S GG L Q
D T V I S A GG G Q
N T T L N GG E Q
G T V I N DK G W Q
D T V V N T G A E
N G D T G Q
R T T I N K NG R QN T T V VYA GG D Q
D T T L N GG Y Q
D T V V N SD G W QN T T V N QK G RL QN V T L K Q GG A
T V T G I N RL G AF s
N V V L E N GG RL D
N T R V D D GG TL D

T T V S M G N
D S GA A V S G TRS D
D A D A L ML E K GS SF
D T T V N GG LF

T T T L N N G AI
T V N N D TLTIR E
T G N GS V E
T V S N T TLT Q
T L T L N D S T

N/D T T N GG X Q

I V F G
G L EY G P D
W V QD GG T A
R V NP GG S V S
S L Q G R A V
W M HE G AI A T
V V KP G TV A T

GG PD A E
F V R G D A V
I V RAE G T A
T V H G H A L
Y V HN GG T A S
I V KN GG V A G

V DA GG T A T
L V T S T A A
V V E G K A D

V LT G HT A T
V RN GG T A

GG VLL A
GK A FSI GG GQ A
T L NA GD M A T
T A R GG TL A G
LT L S G K
GDA L Q GG S L
K S GS G TL
KA V NLNE G

X  V  X X  GG X



FIG. 5.4. Alignment of the repeat structure within a from amino acid residues Amino acids are given in standard single-letter code.

The consensus sequence at the bottom represents the amino acids most commonly found in that position (highlighted in bold), represents 

VLfV, X - polar amino acids and x -  any amino acid. Aromatic residues and .N.rgly.C.Qaylati.QD,..mQtifs. (N x S/T x) are underlined accordingly. 

Alignments have been improved by placing similar amino acids in conserved positions, and by leaving the position empty where this could not 

be done. This figure represents a refinement of that of Henderson & Owen (1999).



These degenerate repeats, of which there are 27 copies, can be considered to be composed 

of three main domains. The first is a highly-conserved region rich in N, T, and aliphatic 

residues (N/D T T X N X®). The second is bounded by GG dipeptides and contains 

conserved Q and V residues (GG x Q x V xx GG). The final domain contains a high 

proportion of unconserved residues aside from a conserved alanine residue (x A x). 

Interestingly, of the 20 aromatic residues (H, W, Y, F) located in the subunit, 17 are 

located between the GG repeats of the second domain, while the remaining 3 are located 

immediately outside. Furthermore, all 9 of the N-glycosylation motifs (consensus: N x T/S 

x) detailed for the a  subunit occur within the first domain of the degenerate repeat 

sequence, 5 begin at the first conserved N residue and occur within the first 15 repeats and 

the remainder, located in the last 4 repeats, begin at the second conserved N residue (FIG.

5.4).

5.3,4. Structural analysis of the Ag43 proteins of E. coli ML308-225. In view of the 

potential for multiple agn43 alleles to generate antigenic variants, studies were performed 

on Ag43 sequences in an attempt to identify putative surface exposed regions. These are 

described below as are additional studies designed to identify regions of likely to form 

p-sheets. Also of some interest are the potential implications o f differences occurring 

within the signals of both Ag43A and Ag43B precursors.

5.3.4.I. Signal sequence differences between Ag43A and Ag43B precursors.

These should be interpreted in the context of documented features of the region. Thus, like 

many autotransporters (see Section 1.2; FIG. 5.5; Henderson et al., 1998), the Ag43 signal 

peptide displays features characteristic of a ^ec-dependent signal sequence: (1) an ‘N ’- 

domain of positively charged amino acids, (2) a hydrophobic region (‘H ’-domain) of 

neutral amino acids and (3) a ‘C’-domain containing the consensus signal-peptidase 

recognition site (AXB, where A and B are small amino acids and cleavage occurs aftei B). 

In addition, the Ag43 signal peptides, like other autotransporters, possess an extended 

stretch of -25 residues at its N-termini containing the conserved SELAR motif (see FIG.

5.5). In the above respect it should be noted that the 13 amino acid differences between the 

signal peptides of Ag43A and Ag43B (see FIG. 5.5) do not appear to significantly alter the
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1 1 0  2 0 3 0 4 0 5 0

A g 4 3 A MTDIWNTS YKLVW NHITGTLW ASE LAR SRGKR TGVAVALSLAAVMSVP AVA AD IV

A g 4 3 B MKRHLNTCYKLVW NHITGAFW ASELAR ARGKR GGVAVALSIAAVTSLP VLA AD IV

A ID A -1 M N K A Y SIIW SH SR Q W A IV A SEIA R GHGFVLAK N T L L V IA W S T IG N AFA V N IS

Tsh M N RIY SIiR Y SA V A RG FIA V SELA R KCVHKSVRR L C F P V L L L IPV L FSA G SLA GTVN

SepA M N K IY Y LK Y C H ITK SLIA V SELA R RVTCKSHRRIiSRR V IL T SV A A L SL S SAWP ALS ATVS

Hia M N K IFN V rW N W T Q TW V W SE LT R THTK CASATVAVAVLATLLS ATV Q AIN

' N ' 'H' 'C' N-te:
M NpxYpLxWpHxTxxhhVaSELAR domain domain domain

FIG. 5.5. A comparative alignment o f the N-terminal signal sequences o f Ag43A, Ag43B, AIDA-1, Tsh, SepA and Hia. Gaps have 

been introduced for better alignment and amino acids which differ between Ag43A and Ag43B have been underlined. Ag43 residues 

have been numbered 1-50. The positions o f the positively charged ‘N ’, the hydrophobic ‘H ’, and signal cleavage ‘C’ domains have 

been indicated as have the predicted N-termini o f the mature proteins. It should be noted that Ag43A possesses a number o f potential 

cleavage sites resulting in mature proteins with predicted N-terminal residues at positions 49, 50, 51 and 52 (see text for details). 

Abbreviations: p, polar amino acid; h, hydrophobic amino acid; a, A/V; x, any amino acid. This figure has been adapted from that of 

Henderson & Owen (1999).



principal features o f this region. Thus, there are no significant changes in (a) the charge o f  

the ‘N ’-domain; (b) the hydrophobicity o f the ‘H ’-domain; (c) the SELAR m otif; or (d) the 

predicted site o f signal peptidase cleavage (between residues 52-53) as determ ined by the 

Signalp program (Neilsen et a l ,  1997). Although computer programs and previous N- 

term inal amino acid sequencing experiments conducted on purified (Caffrey & Ow en, 

1989) predict cleavage to occur between residues 52-53, it should be noted that the 

replacem ent o f  bulky L residues at positions 48 and 51 in (FIG. 5.5) w ith the sm aller 

V residues in a  creates three additional potential signal peptidase recognition sites 

(S VPJ,, V P A | and P'^^AVJ,) such that could be 1-3 residues longer than

S.3.4.2. Analysis for predicted epitopes within Ag43A and Ag43B. The

Antigenicity Index (AI) program devised by Jameson and W olf (1988) was used to  identify 

potential epitopes w ithin Ag43A and Ag43B. For the purposes o f  this study predicted 

epitopes are defined as regions o f three or more amino acids where each residue has an AI 

value o f  0.750 or over (AI values for Ag43 residues range between -0 .6  and 1.7). W ithin 

Ag43A there are an estimated 49 regions fitting the above criteria (FIG. 5.3). Furtherm ore, 

it is interesting to note that there is a concentration o f surface exposed residues w ithin the 

N-term inus o f  Thus, 36% of residues are predicted to be surface exposed and o f  

these, 58% lie within the first (N-terminal) 38% o f the subunit. Also, all o f  the m otifs 

proposed for the and subunits (see Section 5.3.3.2), bar one N -glycosylation site, 

are associated with regions o f predicted surface exposure (FIG. 5.3). A nalysis o f  the 

degenerate repeat m otif found within for areas o f high antigenicity reveals them  to be 

distributed random ly throughout the structure o f the 27 degenerate repeats such that epitope 

regions are not located uniformly within a specific domain o f the repeat (data not shown).

As previously illustrated, 4 amino acid differences exist between the ct and ct (FIG. 

5.3). Those occurring at positions 226, 230 and 430 are predicted to affect the 

antigenicities o f  the subunits. Thus, between residues 222-229 (FIG. 5.6D) and 426-434 

(FIG. 5.6E), has higher and lower predicted levels o f surface exposure as com pared to  

respectively. These may reflect antigenic differences between A g43A  and A g43B
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FIG. 5.6. Comparison o f the Antigenicity Indices (AI) o f (here denoted as ‘a ’) and 

(denoted as ‘b’) proteins from NCTC 9114 (9114), Ag43A'^^^°*'^^^ (MLA), Ag43B^^^°^-^25 

(MLB) and Ag43^'^ (K12). and are identical. AI values (Y-axis) are plotted

against residue numbers (X-axis).



A

Residues 51-86

o
3
n
>
<

56 66 |76 83

-0.5

a9114
aMLB
aMLA

B

Residues 98-135

0)
(Q>

2
1.5

1
0.5

0
-0.5

-1

aMLA
a9114

Residues 155-185

a>
3
(0>

2
1.5

1

0.5
0

-0.5
-1

LO
,00

CDO
CO

a9114



FIG
. 5.6. (C

ontinued).

Al value

o cn

508

510

512

514

516

ti
o

5  §
N3

7J
(D
(0
a
c
(D
( f l

U l
0  
00
1

O l

o >

Al value

+ t

Al value
I

O l O  U l

203

205

207

211

215

217

219

221

225

229

231

235

0) 0) o>
s ^ ^ 
S 5 5

Residues 
201-235



Al
 v

al
ue

 
Al

 v
al

ue

G

Residues 811-857

o  coi
▼- CVJ CM
00  00  CO

CD I  O) 
CV4 1 CNJ
00  \  CO

CD C3> 
lO  lO  
00  CO

[CO
CO-0.5

—  bK12
—  bML

Residues 1017-1024
1.5

1
bK12/MLA
bMLB0.5

0

-0.5

FIG. 5.6. (Continued).



and thus may provide regions from which monoclonal antibodies specific for (222- 

229) and (426-435) can be produced.

O f the three differences that occur within both subunits only that at position 1020 (FIG. 

5.3) appears to affect the relative antigenicities. Thus, residues betw een 1017-1024 

(FIG. 5.6H) are predicted to have a slightly higher level o f surface exposure than the 

corresponding region o f

5.3.4.3. Construction of a P-barrel model for P"*̂ . Previous structural predictions 

based on the AM PHI computer program of Jahnig (1990) suggested p'̂  ̂ to form  an 18- 

stranded p-barrel w ithin the outer membrane (Henderson & Owen, 1999). This program  

“ is sufficient to predict membrane-spanning amphiphilic p-strands” (Jahnig, 1990) and 

does so by measuring the average hydrophobicity o f amino acids over a stretch o f  ten 

residues. The program was designed specifically to detect possible P-barrel structures. It 

does not predict other secondary structure features and as with all secondary structure 

prediction programs, does not provide a definitive structural model.

In order to extend/assess the veracity o f the 18-stranded P-barrel model for p"*̂  (H enderson 

& Owen, 1999), use has been made in the current study o f PredictProtein (R ost & Sander, 

1993; Rost & Sander, 1994a; Rost & Sander, 1994b; Rost, 1996). This m ore recent 

secondary structure prediction program utilises solvent accessibility factors, evolutionary 

information and neural networks to predict regions o f a protein that are likely to  form  

transm em brane p-sheets.

Using the PredictProtein algorithm, 20 regions within p'^^  ̂ were predicted to contribute to 

the form ation o f transmembrane p-sheets. Assuming internal loops to be sm aller than 

external loops, the model suggests a 20-stranded p-barrel with 10 internal and 9 external 

loops (FIG. 5.3). The positioning o f these loops displayed good correlation w ith regions 

predicted to be surface exposed (see Section 5.3.4.2; FIG. 5.3). O f the various m otifs 

observed w ithin the O-glycosylation, RGD, and tyrosine phosphorylation sites w ere
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predicted to lie within external loops, the final two being associated with regions o f  high- 

predicted surface exposure (FIG. 5.3). Conversely, the P-loop m otif was predicted  to lie 

w ithin an internal loop, while five o f nine N-glycosylation sites were predicted to lie within 

either periplasm ic loops or P-sheets. It will be recalled that there are three am ino acid 

differences between p and In this respect it is perhaps not surprising that

PredictProtein predicts them to have the same structures, with two o f  these substitu tions 

occurring within regions predicted to form P-sheets (positions 776 and 1020; FIG. 5.3) and 

one (position 855; FIG. 5.3) occurring within a predicted external loop. Sim ilarily, the 

program  predicts the sequence for p"̂  ̂ presented by Henderson & Owen (1999) to generate 

a near identical structure to that described above for (data not shown).

The AM PHI program also predicts all three sequences, i.e., that for p"̂ ®̂ (this work) 

and that o f  P'*̂  (Henderson & Owen, 1999), to generate analogous structures, but in this 

case the structure generated is an 18-stranded p-barrel (Henderson & Owen, 1999). In this 

m odel, 4 N-glycosylation motifs and one amino acid difference occur w ithin

regions predicted to contribute to P-sheet formation. The tyrosine phosphorylation site 

m otif, P loop m otif, RGD motif, 3 N-glycosylation motifs and two o f  the amino

acid differences are associated with predicted external loops. Single 0-g lycosylation  and 

N-glycosylation motifs were located on predicted internal loops.

A side from the num ber o f  anti-parallel p-strands contributing to barrel structure, another 

m ajor difference between the two predictive structures is the location o f  the N -term inus o f  

p ‘*  ̂ Thus, the N-term inal residues o f p'*^ which give rise to the first p-sheet o f  the p-barrel, 

are predicted by AM PHI to lie within the periplasm such that the first P-sheet originates in 

the periplasm  and extends to the cell surface. PredictProtein proposes the opposite 

situation, i.e., the N-terminal residues o f P"*̂  are exposed on the cell surface. This feature 

m ay have relevance when considering the mode o f  expression o f  a  .

There are certain similarities in the two structural predictions. Thus, each program  

predicted the follow ing 15 regions to contribute to the formation o f  p-sheets (FIG. 5.3);
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552-560, 593-600, 610-616, 637-643, 659-665, 743-751, 773-782, 787-797, 828-832, 868- 

877, 890-892, 916-924, 955-967, 1010-1018, and 1029-1040. The following 8 regions 

contain residues that were predicted by each program to reside within cell surface exposed 

loops: 577-591, 620-624, 691-704, 754-772, 798-812, 853-864, 899-914, and 968-1090 

(FIG. 5.3). Finally, the following 4 regions were predicted by each program to reside 

within periplasmic exposed loops: 605, 731-740, 784-786, and 928-950 (FIG. 5.3). 

However, major differences involving regions predicted to form external loops by one 

program and internal loops by the other are found at positions 644-657, 671-680, 836-841 

and 1022-1027 (FIG. 5.3). Differences involving regions predicted to form b-sheets by one 

program and external/internal loops by the other occur throughout (FIG. 5.3). Amongst 

these regions, the following stand out: 561-576, 683-690, 704-730, 991-1008 (FIG. 5.3).

5.3.5. Strategy for the partial sequencing of agn43j^cvc 9 ii4 and agn43j^cic ioos9 - 

Previous Southern blot analysis of both NCTC 9114 and NCTC 10089 demonstrated each 

strain to possess a single copy of agn43 that displayed high identity to agn43i^.\2 (Chapter 

3; McFadden, 1999). Therefore, in order to sequence regions o f each gene, PCR 

amplification was performed using total genomic DNA as template and primers designed 

from knowledge o f the agn43^.\i sequence. In the case o f NCTC 9114, a fragment o f 1625 

bp was amplified using primers 9630F and 1 1255R (Table 5.1; see FIG. 3.1 A), and 

sequenced via primer walking (see Table 5.2). In the case o f NCTC 10089, two 

overlapping fragments o f 533 bp (10619F-11152R; see FIG. 3.1A) and 472 bp (10783F- 

11255R; see FIG. 3.1A) were independently amplified, using the proof-reading Pfu 

polymerase, and cloned into the lacZ multiple cloning site of p l23T  (Mitchell et al., 1992). 

Sequencing of the cloned products was then performed using the universal forward and 

reverse primers. The completed partial nucleotide sequences and corresponding protein 

sequences are lodged in GenBank under the accession numbers AF233273 {cign43-^cic9\\a\ 

FIG. 5.7) and AF233274 {agn43Hcic \m%  FIG. 5.8).

5.3.6. Analysis o f EPEC sequences. 1616 bp o f sequence was generated from agn43^c\c  

9114. This encompassed the final 8 nucleotides o f the signal-coding region, the complete 

a '‘̂ -coding region (1497 bp) and the initial 111 nucleotides of the p'^^-coding region.
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R A l
1 TGCTGGCTGC TGACATTGTT GTGCAGGCGG GAGAAACCGT GAACGACGGA

5 1 ACACTGACAA ATCATGACAA CCAGATTGTC TTCGGTACGG CCAACGGAAT
R B I

1 0 1 GACCATCAGT ACTGGGCTGG AGTATGGGCC GGATAACGAG GCCAATACCG
R C l

1 5 1 GCGGCCAATG g a t a c a jv a a t GGCGGTACCG CCAACAACAC TACTGTCACC
2 0 1 GGTGGTGGTC TTCAGAGAGT GAATGCCGGA GGAAGCGTTT CAGACACGGT
2 5 1 TATCAGTGCC GGAGGCGGAC AGAGCCTTCA GGGGCAGGCA GTGAACACCA
3 0 1 CTCTGAACGG CGGTGAGCAG TGGGTACATG AAGACGGGAT TGCAACGGGT
3 5 1 ACCGTCATTA ATGAGAAGGG CTGGCAGGCC ATCAAATCCG GCGCAGTGGC

RB2
4 0 1 AACCGACACG GTTGTGAATA CCGGCGCGGA AGGGGGACCG GATGCGGTU^A
4 5 1 ATGGTGATAC CGGGCAGACC GTCTACGGAG ATGCCGTACG CACCACCATC

RA2
5 0 1 AATAAAAATG GTCGTCAGAT TGTGGCTGCT GAAGGAACGG CAAATACCAC

R D l
5 5 1 TGTGGTTTAT GCCGGCGGCG ACCAGACTGT ACATGGTCAC GCACTGGATA

6 0 1 CCACGCTGAA TGGGGGGTAC CAGTATGTGC ACAACGGCGG TACGGCGTCT

6 5 1 GGCACTGTTG TAAACAGTGA CGGCTGGCAG ATTGTCAAAA ACGGGGGTGT

7 0 1 GGCCGGGAAT ACCACCGTTA ATCAGAAGGG CAGACTGCAG GTGGACGCCG
R E l

7 5 1 GTGGTACAGC CACGAATGTC ACCCTGAAGC AGGGCGGCGC ACTGGTTACC

8 0 1 AGTACGGCTG CAACCGTTAC CGGCAT7\AAC CGCCTGGGAG C A TTTC TTCT
RC2

8 5 1 TGTGGAGGGT AAAGCTGATA ATGTCGTACT GGAAAATGGC GGACGCCTGG

9 0 1 ATGTGCTGAC CGGACACACA GCCACTAATA CCCGCGTGGA TGATGGCGGA
R C 3

9 5 1 ACGCTGGATG TCCGCAACGG TGGCACCGCC ACCACCGTAT CCATGGGAAA

1 0 0 1 TGGCGGTGTA CTGCTGGCCG ATTCCGGTGC CGCTGTCAGT GGTACCCGGA

1 0 5 1 GTGACGGAAA GGCATTCAGT ATCGGAGGCG GTCAGGCGGA TGCCCTGATG
R F l RD2

1 1 0 1 CTGGAAAAAG GCAGTTCATT CACGCTGAAC GCCGGTGATA CGGCCACGGA
RC4

1 1 5 1 TACCACGGTA AATGGCGGAC TGTTCACCGC CAGGGGCGGC ACACTGGCGG
RD3

1 2 0 1 GCACCACCAC GCTGAATAAC GGCGCCATAC TTA CCCTTTC CGGGAAGACG

1 2 5 1 GTGAACAACG ATACCCTGAC CATCCGTGAA GGCGATGCAC TCCTGCAGGG

1 3 0 1 AGGCTCTCTC ACCGGTAACG GCAGCGTGGA AAAATCAGGA AGTGGCACAC

1 3 5 1 TCACTGTCAG CAACACCACA CTCACCCAGA AAGCCGTCAA CCTGAATGAA

RF2

1 4 0 1 GGCACGCTGA CGCTGAACGA CAGTACCGTC ACCACGGATG TCATTGCTCA

1 4 5 1 GCGCGGTACA GCCCTGAAGC TGACCGGCAG CACTGTGCTG AACGGTGCCA

RE 2

1 5 0 1 TTGACCCCAC GAATGTCACT CTCGCCTCTG GTGCCACCTG GAATATTCCC

1 5 5 1 GATAACGCCA CGGTGCAGTC GGTGGTGGAT AACCTCAGCC ATGCCGGACA

1 6 0 1 GATTCATTTC ACCTCC

FIG. 5.7. Nucleotide sequence produced from the a ‘‘̂ -coding region o f  agn43-^cic 9iu and 

lodged within AF233273. Groups o f direct repeats (R) have been underlined and labelled (RA- 

RF).



1 ATGGCGGTGT ACTGCTGGCC GATTCCGGTG CCGCTGTCAG TGGTACCCGG

5 1 AGCGACGGAA AGGCATTCAG TATCGGAGGC GGTCAGGCGG ATGCCCTGAT

1 0 1 GCTGGAAAAA GGCAGTTCAT
R A l

TCACGCTGAA CGCCGGTGAT ACGGCCACGG

1 5 1 ATACCACGGT AAATGGCGGA CTGTTCACCG CCAGGGGCGG CACACTGGCG

2 0 1 GGCACCACCA CGCTGAATAA CGGCGCCATA CTTACCCTTT CCGGGAAGAC

2 5 1 GGTGAACAAC GATACCCTGA CCATCCGTGA AGGCGATGCA CTCCTGCAGG

3 0 1 GAGGCTCTCT CACCGGTAAC GGCAGCGTGG 7\AAAATCAGG AAGTGGCACA

3 5 1 CTCACTGTCA GCAACACCAC ACTCACCCAG AAAGCCGCCA ACCTGTVATGA

4 0 1 AGGCACGCTG
RA2
ACGCTGAACG ACAGTACCGT CACCACGGAT GTCATTGCTC

4 5 1 AGCGCGGTAC AGCCCTGAAG CTGACCGGCA GCACTGTGCT GAACGGTGCC

5 0 1 ATTGACCCCA CGAATGTCAC TCTCGCCTCC GGTGCCACCT GGAATATCCC

5 5 1 CGATAACGCC ACGGTGCAGT CGGTGGTGGA TGACCTCAGC CATGCCGGAC

6 0 1 AGATTCATTT CACCTCCACC CGCACAG

FIG. 5.8. Nucleotide sequence produced from agn43'Hcic ioo89 and lodged within 

AF233274. Direct repeats (R) have been underlined and labelled (RA).



Interestingly, as with UPEC strain CFT073 (see Section 5,3.2.6), this sequence differed 

noticeably from those of ML308-225 and K-12, especially at the 5’ end of the a"'^-coding 

region. Thus, AF233273 displayed 94.6%, 95.2%, and 95.2% identity with the 

corresponding regions of agn43A, agn43B, and agn4 3 K-i2 , respectively. A comparison of 

the a  -coding regions of agn43t^cTc 9 ii4 and agn43K-u revealed 75 base substitutions, 

21.3% of which occurred in the first base of the codon, 13.3% in the second, and 65.3% in 

the third. These included 2 complete codon substitutions. Furthermore, over the initial 

third of the a  -coding region of agn43^cjc 9 ii4, the level of identity with agn4 3 Ŷ .n 

decreased to 87.3%.

627 bp of sequence was generated from agn43^cjc ioos9 (FIG. 5.8; GenBank Accession no. 

AF233274). This encompassed the final 506 nucleotides of the a"^^-coding region and the 

first 121 nucleotides of the p"* -̂coding region. This sequence displayed 99.7%, 99.8%>, 

99.8% (1 nucleotide difference) and 99.2% identity with the corresponding regions of 

agn43A m u o & -225, agn43B m u o s - 225, ag«^5K-i2and agn43ncjc9i\4, respectively.

5.3.6.1. Nucleotide composition of EPEC sequences. The G + C content (57.5%) 

of AF233273 {agn43ncTC 9114) was very similar to the values (57.6% and 57.9%) for the 

equivalent regions of agn43Ami3o&-225 and agn43Bml308-2 2 5 , respectively. Similarly, the G + 

C contents for the equivalent regions of agn43ncjc ioos9, <^gn43AMim-225, and agn43BMuo&- 

225 are 59.7%, 59.3%, and 59.7%, respectively. Analysis o f the equivalent regions of 

agn43^crc 10089 and agn43^cic 9 ii4 reveals their comparative G + C contents to be 59.4% 

and 58.8%, respectively.

5.3.6.2. Nucleotide sequence similarities. Not surprisingly, considering the high 

level of identity between all four sequences generated during the course of this study, 

BLAST analysis of the EPEC nucleotide sequences did not reveal any previously 

unidentified comparisons (see Section 5.3.2.6).

5.3.6.3. Identification  o f  agn43 repeats. Within the partial sequences of 

ogn4 3 ^Qjc 10089 and agn4 3 \icxc 9114 there are 1 and 6 sets of these repeats of 10 or more
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nucleotides, respectively. The repeat o f  a g « 4iN C T c  ioo89 is identical to  the R H l/2 , R G l/2  

and R F l/2  repeats o f  agn43Auuo%-i2s, <3^«^-^5ml308-225, and agn43}^c\c giM, respectively 

(see FIG. 5.2, 5.7, 5.8). O f those agw^iNcic 9114 repeats three sets are specific to the gene 

(RA, RB, and RC, FIG. 5.7). Curiously, o f the RC repeats within agn43^cTC 91145 R C l is 

located in an identical position to the RBI and RA l repeats o f  agn43AMU0s-225 snd 

agn43Bmuo%-225, respectively, while the RC2 and RC3 repeats have distinct locations as 

com pared to RB2 and RA2.

5.3.7. A nslysis o f the trsnslstcd products of ugn43f^ciQ <)ii4 snd ugn43^cTc  ioo89- This 

revealed 538- and 202-residue peptides, respectively. The former consisted o f  the final 2 

residues o f  the signal sequence, all 499 residues o f  the subunit (M  49563) and 37 N - 

term inal residues o f  the subunit (FIG. 5.3). The latter, derived from N C TC 10089, was 

com posed o f  the final 168 residues o f the subunit and the initial 39 residues o f  the (3“*̂  

subunit (FIG. 5.3).

5.3.7.I. A  comparison of Ag43 homologues in M L308-225, NC TC  10089 and 

NC TC  9114. Such comparison reveals that NCTC 10089 differs from the corresponding 

regions o f  Ag43A and Ag43B at 2 (residues 430 and 512) and 1 (residues 512) positions, 

respectively (FIG. 5.3). Both minor changes occur between the putative aspartyl protease 

active site and the site o f internal cleavage. Analysis o f the predicted protein sequence for 

N C TC 9114 (which codes the entire subunit) revealed significant differences at the N - 

term inus o f  when compared with other known proteins (FIG. 5.3). Thus,

displays 95%  identity to ML308-225 j^o^vever, this value drops to  87%  if  only the 

first 156 residues o f  are considered.

A nalysis o f  the Ag43'^''^ sequence produced by Blattner et al. (1997) revealed the sequence 

to display 97.8%  and 99.0% identity to Ag43A and Ag43B, respectively. Ten am ino acid 

differences exist between Ag43B and Ag43'^■'^ one within the signal sequence and the 

rem ainder w ithin the subunit. Curiously 6 o f  these changes occur w ithin a stretch o f  30 

amino acids (FIG. 5.3).
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5.3.7.2. M otif searches. PROSITE identifications of the agn43ncrc 9 ii4 and 

a g n 4 3 ^ C T C  ioo89 predicted peptides revealed them to possess near identical profiles o f motifs 

as compared to the corresponding regions of Ag43A and Ag43B (see Section 5.3.3.2 and 

FIG. 5.3). The only differences being that nctc9ii4 possess an RGD m otif but 

does possess an extra N-glycosylation site beginning at N '

5.3.7.3. Analysis of the effects of amino acid substitutions on predicted 

epitopes. In Section 5.3.4.2 predicted epitopes within Ag43A and Ag43B were identified. 

The following section will focus on how amino acid substitutions observed for the Ag43 

proteins o f ML308-225, NCTC 9114, NCTC 10089 and K-12, affect the predicted 

antigenic architechture o f the molecules.

Although most o f the predicted epitopes previously identified for Ag43A (see Section 

5.3.4.2) are shared among the other Ag43 proteins, some are not (FIG. 5.6). 

possesses a number o f regions that are predicted to have higher levels o f surface exposure 

as a result o f amino acid differences (FIG. 5.3). The most obvious occur at residues 64-74 

(FIG. 5.6A), residues 98-102 (FIG. 5.6B) and residues 159-167 (FIG. 5.6C). In a similar 

manner the following regions are predicted to have lower levels of surface expression; 

residues 58-61 and 77-85 (FIG. 5.6A), residues 104-107 and 121-129 (FIG. 5 .60), residues 

179-185 (FIG. 5.6C), and residues 221-229 (FIG. 5.6D). Of these regions, residues 64-74 

and/or 159-167 may prove useful in the design of monoclonal antibodies for the specific 

identification o f (x‘̂ ^nctc9ii4 other Ag43 proteins analysed.

The predicted peptide sequence o f o^«"/3nctc ioo8 9 was identical to that o f a  apart from a 

single amino acid change at position 512 (FIG. 5.3) that results in a slightly higher degree 

o f surface exposure o f residues 508-512 in comparison to the other a  subunits (FIG. 

5.6F). It would appear unlikely that this small difference, which may facilitate the specific 

identification o f is responsible for the 94-kDa protein o f agn43ucjc ioo89 as

compared to the typical bipartite Ag43 protein o f agn43BMhm-225-
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is identical to However, differs from its ML308-225 counterparts at 6

positions between residues 811-850 (FIG. 5.3). The results of these substitutions are that 

residues R -G , D , A , L and ^ somewhat higher degree o f

predicted surface exposure within than the corresponding residues within ML308-

225 subunits (FIG. 5.6G).

O f all the predicted changes in antigenicity noted, the most significant seems to occur 

between residues 222-230. This region may represent one which is under significant 

pressure from the immune system and which has evolved accordingly.

5.3.8. Analysis of the amino acid composition of Ag43 sequences. The protein 

sequences generated reveal them to be rich in G, T, A, V, L, S D, and N residues (Table 

5.4). In fact these amino acids constitute greater than 70% of all residues in Ag43AML3os-225 

and Ag43BML308-225- Interestingly, the only C residue occurs in the signal sequence of 

Ag43B. Analyses o f the distribution o f amino acid types between and p"̂  ̂ subunits 

reveals to have a higher proportion of G and T residues but a lower proportion o f 

aromatic (Y, W, F, H), R, P, S and M residues. Further analysis reveals to 

possess more A, D, I, L and Q residues, but less R, P and V residues than both ML308-225

subunits (Table 5.4). Analysis of both ML308-225 proteins reveals small differences in 

composition that include A, S and T residues (Table 5.4).

5.3.9. Analysis of amino acid substitutions. An overall analysis o f those amino acids 

most frequently involved in substitutions in the subunit may provide an indication o f

the degree o f conservation o f certain residues and thereby aid identification o f those

amino acids most important to the structure/function of the protein. At present, only four 

different sequences exist. However, two more will be available upon completion o f the 

UPEC genome sequencing project (Blattner et a l ,  2000) and these data will increase the 

significance o f these studies. Currently, A is involved in 19% of substitutions, V and T in 

10.3%, G and D in 8.6%, R in 6.9% and N in 3.4%. As can be seen in Table 5.4, G, T, and 

V are all more abundant than A. Thus, involvement o f A in a higher proportion o f 

substitutions may indicate a reduced level of conservation in comparison to G, T and V
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TABLE 5.4. Predicted® amino acid composition o f Ag43 proteins.

Amino
acid'’

Ag43A Ag43B ^43 NCTC 
9114

p43A p43B

A 9.0 9.3 8.2 8.6 9.4 9.2 9.2
R 4.7 4.8 3.2 3.0 2.4 5.9 6.1
N 5.8 5.8 6.0 6.0 5.8 6.1 6.1
D 7.3 7.3 8.2 8.2 8.6 6.8 6.8
C 0.0 0.001 0.0 0.0 0.0 0.0 0.0
E 3.1 3.1 2.8 2.8 3.0 3.5 3.5
Q 3.8 3.8 4.0 4.0 4.4 3.9 3.9
G 14.8 14.9 17.6 17.6 17.8 12.9 12.9
H 1.9 2.1 1.2 1.4 1.2 2.7 2.7
I 3.1 3.0 3.0 3.0 3.4 3.1 3.1
L 7.9 8.1 7.4 7.4 7.8 8.0 8.2
K 2.4 2.5 2.8 2.8 2.6 2.0 2.0
M L6 1.4 1.0 0.8 0.6 2.0 2.0
F 1.8 1.9 1.2 1.2 1.0 2.7 2.7
P 1.7 1.8 1.0 1.0 0.4 2.5 2.7
S 7.7 7.4 5.0 5.0 4.8 10.2 10.0
T 11.4 11.0 15.6 15.4 15.4 7.2 7.0
W 1.3 1.3 0.8 0.8 0.8 1.6 1.6
Y 1.6 1.6 o bo 0.8 1.0 2.5 2.5
V 9.0 8.9 10.0 10.0 9.4 7.4 7.2

* Amino acid compositions (% of overall amino acids) determined from translated DNA 
sequence
 ̂Amino acid residues are given in standard single letter code



residues. For identical reasons, it may also be suggested that G residues are more highly 

conserved than V, T, D and R residues.

5.3.10. BLAST analysis. Analysis of both unfinished and completed genome databases 

using the blastp program and default parameters revealed a number of proteins to display 

similarity to both and subunits, although the number of homologues and the degree 

o f similarity shared, was greatest with (Table 5.5). Thus, TibA, AIDA-1, YpjA and 

YejO all shared a high degree o f homology with whereas AIDA-1, PPE and VirG all 

shared homology with

Previous studies have revealed a degenerate repeat sequence in AIDA-1 (Benz & Schmidt, 

1992b) which has been shown to be highly similar to those of (Henderson & Owen, 

1999) and TibA (Lindenthal & Elsinghorst, 1999). Examination of BLAST alignments for 

these three proteins reveals that much of the similarity can be accounted for by residues (T, 

N, G, Q, V and A) that are conserved within the degenerate repeat m otif o f Indeed, 

further analyses demonstrated that all the homologues listed in Table 5.5 possessed 

repetitive sequences highly similar to that of (Table 5.6), displayed sequence similarity 

to or functioned as adhesins/invasins, and were predicted/known to be surface expressed. 

Furthermore, all proteins, apart from that of Rhodobacter capsulatus, belong to known 

invasive bacterial species. These data suggest that and its various homologues are 

members o f a family o f adhesin/invasin-like proteins which possess repetitive sequences 

rich in T, N and G residues and which are localised to the outer membrane/bacterial 

surface. We propose to name this family of Surface Proteins with Repeats rich In N, G, and 

I  -  SPRINGT.

BLAST searching against the mouse and human genome databases revealed a protein that 

again possessed blocks of repeated sequence similar to that o f a  (Table 5.5 and 5.6). This 

protein, trophinin, is a cell adhesion molecule thought to be involved in embryo 

implantation (Suzuki et a l,  1998). Although trophinin does not possess a conserved N 

residue, these data introduce the possibility that the SPRINGT family o f adhesin/invasin-
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Table 5.5. BLAST homologues^ o f and

Protein Species Accession no. Identity (%) Similarity (%) Expect*’
homologues

TibA E. coli AAD41751 34 48 1 X 10 '^^
YpjA E. coli P52143 32 43 5 x  10'^^
AlDA-1 E. coli QOS 155 26 42 4 x  10“̂^
YejO E. coli P33924 37 49 4 x  10'^°
Adhesin Y. pestis Contig 677 28 41 3 x  10-'^
RtoA E. coli BAA 15009 22 34 9 x  10''^
OM secretion protein‘s Rhod. capsulatus'^ AAC16169 25 37 9 x  10''^
rOmpA R. australis'^ AAD39531 24 34 1 X lO "
FhaB B. bronchiseptica AAB9407 23 35 5 x  10-'°
ShdA S. typhimurium AAD25110 22 33 2 x  10'*
Trophinin Mus musculus AF145589 26 37 6 x  10'*

homoloeues
AlDA-1 E. coli QOS 155 21 36 5 x  10'^
PPE M. tuberculosis^ AL022121 26 38 4 x  10-̂
VirG Shig. flexneri M22802 29 50 6 x  10^
MisL S. typhimurium AF106566 24 48 .001

 ̂ Studies performed using BLAST default parameters.
Statistical figure illustrating the probability of a particular match occurring by chance. 
Outer membrane secretion protein from Rhodobacter capsulatus.
Rickettsia australis 

® Mycobacterium tuberculosis



TABLE 5.6. Comparisons o f  the consensus repeat motifs from the SPRINGT family o f proteins. 
Protein Repeats analyzed Consensus sequence o f protein repeats®

27 N/D T T x" N X® GG X Q X V X X GG X A X

AIDA-1 14 X T V x^ N S GG X Q X V xS GG X A X

TibA 12 T T I N S GG X Q X V SS GG S A T
YpjA 11 N X T T I N GG x^ Q X® V GG x" X®

YejO 9 N T V x^ N x" GG X Q X V x« GG A A A
Y.p.*^ Adhesin 11 N T x" x° T GG X F X V X G N/D T A
RtoA 8 X T x^ N N G X K X V x" G D S A/T
ShdA'" 6 D T T I N GG X7 D S L G S G
rOmpA'^ 8 N V N GG X4 Q V X2 xG A S
Trophinin 17 T S A x F GG X L N x" SAX GG A S
OM secn'^ 18 N/D D T/S x^ X GG X3 D X®

A
X X GG A G

FhaB 9 S/T X3 V A GG AL Q V S/A xG X2 V/L x®A
Consensus N/D T T N X® GG X Q X V x ° GG x ^ x ^ X

“ Consensus sequences o f individual repeats are compared at a specific position where identical amino acids are coloured red, strongly similar amino acids green 
and weakly similar amino acids blue, x^, predominantly I/L/V; x®, predominantly polar amino acids; predominantly S/T/N; x'’, preominantly hydrophobic 
residue; x^ predominantly S/T/A; x, any amino acid; X3, three consecutive x residues etc.

Putative adhesin o f Yersinia pestis 
‘ Section o f a larger repeat 

Outer membrane secretion protein of Rhodobacter capsulatus



like proteins mimic mammalian molecules in order to gain selective 

(immunological/functional?) advantages within the host.

5.4 DISCUSSION

Following the discovery o f duplicate copies of agn43 within ML308-225, studies were 

undertaken to sequence each gene in order to facilitate their complete characterisation and 

to highlight any differences that may exist between them. In common with the experiments 

o f others (Henderson, 1996), initial attempts at cloning each gene directly from the 

chromosome proved unsuccessful. However, fragments specific for each gene were 

eventually produced using relatively novel procedures. This involved gel-purification o f 

fragments specific for each gene from populations containing fragments derived from both. 

The large difference in size between fragments from each gene ensured sufficient physical 

gel separation such that one gene could be purified without risk o f contamination from the 

other. These procedures were validated by Southern blot and PCR studies that 

demonstrated the absence o f  any cross contamination within specific fractions.

A second method o f generating fragments specific for each gene involved use o f  PCR 

amplifications performed with template isolated from single-knockout mutants. Reactions 

performed with time-limiting extension periods facilitated amplification o f  products from 

only the shorter wild-type allele and not the larger mutated allele, while gel purification 

provided additional insurance against contamination of products.

An additional consideration in the above strategy is the effect o f potential reversion events. 

Clearly with single-knockout mutants (such as agn43A agn43B), a reversion event 

{agn43B' to agn43B^) might have important ramifications in attempts to faithfully amplify 

a product from the agn43A locus, for example. However, in the current constructs 

instability did not appear to be a problem since reverted alleles could not be detected within 

single-knockout mutants using a number o f different procedures (see Section 5.3.1, and 

Chapters 3 and 4). Moreover, in the rare event o f there being a reverted gene (e.g.,
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agn45B^) within total genomic DNA isolated from a single knockout, significantly fewer 

fragments would be amplified from it compared to the other more abundant allele 

{agn43A^). Thus, sequence generated from such PCR populations would represent the 

majority fragments (agn43A) and not those derived from the reverted (agn43B) allele.

Using the above strategies, sequence for the complete coding regions as well as partial 

downstream regions o f both ML308-225 genes and the promoter region o f  agn43B  were 

produced. It would seem probable that the failure to amplify the upstream region of 

agn43A was a result o f differences in promoter sequence. Observations that support this 

theory include (a) the failure o f a probe complementary to the promoter regions o f  agn43B  

and agn43a.\2 to bind to an EcoRV  & Spel agn43A gene fragment (see Section 3.3.6), and 

(b) the observed differences in the levels o f phase switch and expression o f agn43A  and 

agn43B  (see Chapter 4).

Despite the absence o f sequence, a number o f reasonable assumptions can be made with 

respect to the agn43A promoter region. Since both Dam and OxyR clearly regulate agn43A 

expression (see Section 4.3), it seems logical to assume that the promoter would contain 

both an OxyR-binding region (Henderson & Owen, 1999) and GATC sites for Dam 

methylation (FIG. 5.2B). This information may facilitate future attempts to generate 

sequence for this region. Procedures that may be utilised include Inverse PCR and direct 

cloning from the chromosome. The identification of a strain that lacks a copy o f  agn43 

(NCTC 8621, see Section 3.3.6) may facilitate such experimentation.

Analysis o f the sequences contained within AF233272 {agn43B) and U24429 (Henderson 

& Owen, 1999) revealed differences between those regions previously predicted to promote 

expression. Thus, o f the two potential sets o f —35 and —10 sites within agn43B, the set 

predicted in this study, viz., T"*^TGTCC and T^^AGAAT (see Section 5.3.2.2) would appear 

to be the most likely based on the stronger identity between its —10 region and that o f the 

consensus (-10) sequence for E. coli. Also, other researchers have identified it to be the 

most probable transcriptional start site as determined by computer-based analyses (Blattner 

et al., 1997) and primer extension studies (Haagmaans & van der Woude, 2000; W aldron et
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a l,  2000). As regards translational start sites, (see FIG. 5.2B) seems a more likely

option than A'^’̂ TG proposed for agn43Y..\2 (Blattner et al., 1997) since the signal sequence 

corresponding to the former (52 residues in length) would be more akin to those o f other 

autotransporters (Henderson et al., 1998) than that of the latter (104 residues in length). 

Site-directed mutagenesis studies may shed further light on these issues.

Caffrey and Owen (1989) demonstrated that Ag43 was an abundantly expressed protein in 

the outer membrane (~50,000 copies/cell). Although the genetic code is considered to be 

almost universal, many organisms demonstrate preference for particular codons that 

correspond to abundant tRNAs in genes that are highly expressed, resulting in a positive 

correlation between codon usage bias and the level of gene expression (Old & Primrose, 

1989). This appears to be the case for agn43 since a preference is displayed for particular 

codons that correspond to abundant tRNAs, indicating the expected positive correlation 

between agn43 codon usage bias and the level of gene expression. The presence o f the 

predicted -35  and -1 0  regions that are separated by optimal 17 nucleotides and that are 

close to the consensus sequence formulated for a strong promoter (Old & Primrose, 1989), 

is also consistent with the high level o f agn43 expression. From available data, the optimal 

sequences required for maximal translation include (a) an optimal RBS (at least 4 

nucleotides o f the sequence UAAGGAGGU); (b) the RBS positioned between 7-9 

nucleotides upstream of the initiation codon; and (c) the spacer region between the RBS 

and initiation codon to be mostly A + T, with maximal efficiency being achieved when the 

4 bases immediately following the RBS are AAAA or TTTT (Old & Primrose, 1989; 

Deutscher, 1990). The predicted agn43B RBS consists of 5 o f the required nucleotides, is 

located 8 nucleotides upstream from the start codon (5 of 8 residues being an A or T) and is 

followed by four consecutive A residues. This suggests a high level of translation initiation 

and, in addition to the existence of a theoretical strong promoter and the apparent bias in 

codon usage towards high expression, is consistent with the fact that Ag43 is highly 

expressed.

Analysis revealed there to be relatively few nucleotide differences between cigt743A. and 

agn43B  o f ML308-225. This lack o f divergence suggests that the proposed duplication
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event that gave rise to the second gene copy occurred relatively recently in the evolutionary 

past. Thus, given time and the appropriate selection factors, a higher degree o f divergence 

between both ML308-225 genes might be anticipated. Further analysis revealed both genes 

to possess a G + C content {agn43A -57.85% , agn43B -  58.01%) higher than that normally 

expected for E. coli (51-52%). This, as suggested by Henderson (1996), may indicate that 

agn43 was recently acquired from a different but closely related species, since it is common 

for E. coli to influence regions o f higher than average G + C content such that their value 

becomes more A + T rich and converges with that of the genome. Thus, the lower G + C 

content o f agn43A may indicate it to be the predecessor of agn43B. However, the number 

o f differences that contribute to the varying G + C contents may be too small to be o f 

significance.

Analysis o f the Ag43A and Ag43B proteins of ML308-225 revealed a number o f  small 

differences between the two. Several of these occur in the signal sequence region. 

Previous studies, based on N-terminal amino acid sequencing of purified and nucleotide 

sequencing o f  agn43, identified a signal peptidase cleavage site within the Ag43 precursor 

o f E. coli ML308-225 (Caffrey & Owen, 1989; Henderson, 1996). This work clearly needs 

some re-evaluation in light o f the documented presence of two agn43 gene products 

possessing differences in the signal sequence region. It seems likely that the original N- 

terminal sequence was performed on purified since Ag43B appears to be the dominant 

product expressed under normal laboratory growth conditions (see Section 4.3). However, 

the current observations leave open the possibility that differences within the signal 

cleavage domain (‘C ’) o f may result in alteration of the signal cleavage site and thus, 

the production o f an subunit 1-3 residues longer than

Further differences, occurring between the and subunits, provided evidence 

supporting the occurrence o f antigenic variation. Thus, three amino acid variations had the 

effect o f  altering the level of predicted surface exposure in a manner that might be expected 

to change the antigenicity o f the native protein. These relatively minor changes may 

illustrate antigenic drift (a minor change in antigenicity). Two regions were identified that 

facilitate the specific identification o f ct and ct subunits via the production o f
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m onoclonal antibodies. Such studies would also help establish the occurrence o f  antigenic 

variation w ithin the Ag43 proteins o f  ML308-225.

Perhaps not surprisingly, considering the differences in the param eters used to make 

predictions, the AM PHI and PredictProtein programs yielded different strutural m odels for 

the subunit. However, it is essential to realise that com puter-based structural studies are 

solely predictive and, although they often provide additional inform ation useful in 

experim ental design and analysis, they are no substitutes for and often yield different 

results from (see Section 5.3.4.3; Roche & Owen, 2000) the m ore definitive procedure o f 

X-ray crystallography. To illustrate this point, the AMPHI program  predicts Om pA to have 

6 am phiphilic p-strands (Jahnig, 1990) compared to the 8 P-strands dem onstrated by X-ray 

crystallography studies (Pautsch & Schulz, 1998).

Considering that PredictProtein takes a larger number o f factors into account than AM PH I, 

one m ight anticipate the prediction o f the former program to be more accurate. M ore 

im portantly, however, is the relevance o f these differences and o f  the predicted m odels as a 

whole. In brief, these models are not conclusive and it is difficult to find hard scientific 

data at the present tim e to support any o f their predicted structural features bar the fact that 

P'*̂  likely forms a P-barrel. Therefore, it is difficult to speculate m eaningfully on the 

relevance o f  sim ilarities and differences between predicted structures since both m odels are 

questionable. However, the following comments seem appropriate. A s with the 

subunit, the amino acid changes occurring between the and p'*̂ ® subunits were 

relatively small, tw o and one occurring within proposed p-sheets as predicted by 

PredictProtein and AM PHI, respectively. However, residue 855 proved m ore interesting in 

that a different am ino acid was found at that position o f Ag43A, Ag43B and A g43^ 

Furtherm ore, residue 855 occurred in a proposed external loop, as predicted by both 

AM PHI and PredictProtein, with a predicted high degree o f surface exposure. The am ino 

acid changes at this position may be representative o f  antigenic drift, although it should be 

noted that they did not alter predicted levels o f  surface exposure.
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Structural analyses o f p'’̂  suggested a 20-stranded (PredictProtein), and an 18-stranded 

(AMPHI) p-barrel. The loops and turns o f the former showed excellent correlation with 

regions likely to be surface exposed as determined by the program of Jameson & W olf 

(1988). Based on both models, the tyrosine phosphorylation, RGD, and one of the N- 

glycosylation sites all lie within external loop regions predicted to have a high level of 

surface exposure. This suggests that the presence of these motifs may not be entirely 

coincidental. For example, the RGD motif may participate in adhesion. Interestingly, the 

opa proteins o f Neisseria species form p-barrels and are involved in adhesion processes 

(Malorny et a i ,  1998).

Interestingly, opposite orientations o f the first N-terminal P-sheet are predicted by the two 

models. In contrast to PredictProtein, but in comparison with known p-barrel structures 

(Koebnik et a l ,  2000), AMPHI predicts the N-terminal residues o f P'*̂  to reside within the 

periplasm. This supports the hypothesis that attached to the periplasmic end o f the first 

P-sheet o f the P-barrel, translocates through the barrel to the cell surface. In contrast to the 

above and to proposed models o f autotransporter expression (Maurer et al., 1999), the 

PredictProtein model supports a situation where is translocated to the cell surface via a 

mechanism in which its C-terminus is anchored to the cell-surface side o f the first P-sheet.

O f those functional motifs identified within the subunit, all bar one N-glycosylation site 

were associated, to some degree, with areas of high surface exposure. These observations 

would suggest that at least some o f these motifs (e.g., RGD, glycosylation and aspartyl 

protease active sites) within may be functional. Further analysis o f the significance and 

potential roles o f these motifs should perhaps focus on site-directed mutagenesis.

The identification o f  a leucine-zipper motif of the type implicated in protein-protein 

interactions (Phizicky & Fields, 1995) and located at the C-terminus o f ct is interesting 

especially in view o f the proposed role of Ag43 in cellular autoaggregation (Henderson et 

al., 1997a; Hasman et al., 1999). O f related interest are recent studies by Maurer et al. 

(1999), who proposed a model based on studies with the proposed p-barrel forming region
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of AIDA-1 showing that the C-terminal residues of the passenger domain (a) would be 

expected to lie close to the outer membrane p-barrel; by Hasman et al. (1999), who 

indicated that Ag43-mediated autoaggregation only occurs in the absence o f Type-1 

fimbriation; and by Kearns (2000), who indicated that autoaggregation is most likely 

mediated by Also o f significance is the observation that Ag43-mediated

autoaggregation has only been documented for derivatives (£', coli K-12) bearing R-LPS 

and is not a prominent feature o f Ag43-expressing strains such as E. coli ML308-225, 

bearing S-LPS. Based on these data a preliminary model for a"*^-mediated autoaggregation 

can be proposed. Thus, a switch to a non-fimbrial and/or R-LPS phenotype may make 

accessible the otherwise secluded leucine-zipper motifs allowing for productive interaction 

between Ag43 molecules on neighbouring cells and, thus, autoaggregation.

SDS-PAGE analysis reveals and to have apparent M^s o f 59,500 and 60,000, 

respectively. This compares with corresponding values derived from amino acid sequences 

o f 49,904 and 49,795, respectively. The reasons for these differences between the apparent 

and predicted sizes are not entirely understood; however, one explanation is that 

subunits are glycosylated. Such an event would result in binding less SDS/g protein 

and thereby migrating with a higher apparent molecular weight. This hypothesis takes on 

added significance when one considers that contains numerous potential N- and O- 

glycosylation sites, and that the homologue -  TibA -  has recently been shown to be 

glycosylated (Lindenthal & Elsinghorst, 1999). Differences in glycosylation patterns may 

also offer an explanation for the higher apparent Mr of compared to despite the 

higher predicted M  o f the latter. Since glycosylation can clearly affect antigenicity (Doig 

et al., 1996) subtle changes in glycosylation patterns may offer an additional method o f 

generating antigenic variants. It should be noted that previous studies have failed to detect 

the presence o f a"*^-associated sugar moieties (Caffrey & Owen, 1989). However, more 

sensitive procedures, such as those utilised by Lindenthal & Elsinghorst (1999) have since 

become available and the situation needs to be reconsidered.
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In common with the ct subunits, there is also a slight difference between the predicted 

sizes o f and subunits, the latter being 79 Da larger. However, there is good 

agreement between predicted (51.5 kDa) and estimated (53 kDa) sizes of this heat- 

modifiable protein suggesting that the factors affecting size estimations are unique to 

It should be recognised that p'*̂  migrates with an apparent M- o f 37000 when heated at 

temperature below 70 °C but that this is largely due to retention o f stable structure 

(Owen et a i, 1987).

The present studies confirm the existence of direct nucleotide repeats within agn43 coding 

regions and the presence o f degenerate amino acid repeats within the subunit 

(Henderson & Owen, 1999). It is possible that the nucleotide repeats may also mediate 

intragenic recombinations and facilitate the generation of smaller a'^^-coding regions, thus 

producing sub-60-kDa subunits. PCR amplification of the a"^^-coding region followed 

by size determination by agarose-gel electrophoresis may establish the likelihood for this 

process to occur. Other processes likely, or known, to contribute to size variation o f  the 

subunit include (a) amino acid variations (as demonstrated for NCTC 9114 [see below]); 

(b) variations in the point o f signal peptidase cleavage (see Section 5.3.4.1); and (c) a 

failure to (auto)process the Ag43 precursor to the normal bipartite form (possibly 

demonstrated by the 94-kDa protein of NCTC 10089).

Sequencing o f  the a"*^-coding region of NCTC 9114, which produces a 58-kDa a^^^-like 

subunit, revealed it to be of identical length but variable in sequence (especially at the 5’ 

end) to those o f ML308-225. This suggests that amino acid variations, and not a shorter 

a '‘̂ -coding region, most likely contribute to apparent size differences. Analysis o f  the 

nucleotide differences between these coding regions reveals most to occur within the 3 '‘* 

base position o f the codon, while more occur within the first than the second. Assuming 

both NCTC 9114 and ML308-225 genes arose from a common progenitor, it would seem 

likely that the majority of those variations within the 3''̂  position, and the minority o f those 

within the 1®‘ and 2"‘* positions, are results of random mutations. However, one would 

anticipate that variations within the 1'‘ and 2"'' codon positions are primarily a result o f 

selective pressures. As previously suggested for the subunits o f M L308-225,
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glycosylation may account for the difference between the apparent M, (58,000) and 

predicted M  (49,563) ofa'*^ n c t c 9 i i 4

Previous studies have demonstrated the existence o f defined regions o f variation within the 

opa multigene family (Hobbs et a l ,  1994). It was thought that similar regions might exist 

within the agn43 family. Indeed this appears to be the case. Thus, based on analysis of 

agn43 sequences generated to date, including those for strains CFT073 (UPEC) and NCTC 

9114 (EPEC), a likely candidate would appear to be located within the 5'-third o f the a'*^- 

coding region. The majority o f agn43 nucleotide variations occur within this region. 

Significantly, epitope studies have also demonstrated that this region encodes the majority 

o f surface exposed residues in the subunit and that amino acid differences could alter 

predicted levels o f surface expression in the vicinity of these differences. It would 

therefore seem probable that selective pressures imposed by the immune system drive the 

variations in surface exposed residues. Further sequencing studies may help to more 

specifically localise the regions within which significant sequence variation most frequently 

occurs.

An interesting observation was the absence of an RGD motif within (x'‘̂ nctc9ii4 

indicate the Ag43 family o f proteins to be functionally variable. Interestingly, analysis o f 

the unfinished Ag43 sequences o f UPEC strain CFT073 revealed both predicted 

subunits to lack RGD motifs (Blattner et al., 2000).

The single amino acid difference detected between the fragment o f NCTC 10089 and 

^ 4 3 B  ML308-225 occupying position 512) likely has no effect on the apparent failure o f 

the 94-kDa protein o f NCTC 10089 to undergo an cleavage event. This assumption

is based on the distance that the difference occurs from the putative aspartyl protease active 

site (114 residues) and from the site of internal cleavage (39 residues). The amino acid 

difference is predicted to cause a small increase in the level o f localised surface exposure, 

but this again would seem to be unlikely to account for the presence o f an uncleaved (94- 

kDa) protein. It could be that the cleavage event is mediated by an as yet

unidentified, outer membrane/periplasmic protease present in ML308-225 but absent in
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NCTC 10089, or that features o f the NCTC 10089 subunits, as yet unsequenced, account 

for the phenomenon. Further studies involving site-directed mutagenesis and identification 

o f the pathway by which the Ag43 precursor is processed will help resolve these issues.

To date, no energy requirement has been established for translocation o f the passenger (a) 

domain through the p-barrel structure provided by the (P) translocation domain of 

autotransporters. Interestingly, a number o f  the proteins possess P-loop motifs (see Section 

1.2) within their p domains (Henderson et al., 1998). In these respects the observation that 

both P-loop and tyrosine phosphorylation motifs lie within 53 residues o f each other is 

interesting. It is interesting to speculate that if they were to lie adjacent to each other on the 

same side o f a membrane (be it periplasmic or outer membrane), a hypothetical model for 

energy dependent surface expression could be proposed. Thus, ATP/GTP hydrolysis, 

as mediated by the P-loop motif, followed by transfer of the charged phosphate group to the 

adjacent tyrosine phosphorylation site, could cause a shift in a portion o f the barrel 

structure that opens the pore thereby facilitating translocation and surface expression. 

Alternatively, this process may help to plug the pore after expression. One could also 

envisage the above-mentioned processes occurring if the tyrosine phosphorylation site lay 

within a cell-surface expressed loop, although one would not expect a periplasmic P-loop 

region to be involved in production o f the phosphate group. Of course, it is entirely 

feasible that the presence o f both P-loop and tyrosine phosphorylation motifs within 53 

residues o f  each other is entirely coincidental and that these motifs play no role in the 

expression and functioning o f  the protein. Also of significance is that ATP/GTP is not 

considered to be a common constituent o f the periplasm (Missiakas & Raina, 1997). The 

AMPHI program predicts the P-loop and tyrosine phosphorylation motifs to lie on adjacent 

external loops, while PredictProtein predicts these motifs to lie on periplasmic (P-loop) and 

external loops (tyrosine phosphorylation). The veracity o f this model and o f  the above 

proposals would be best solved by site-directed mutagenesis and X-ray crystallography 

analysis o f the p'*̂  subunit.

An interesting feature o f p"^ when compared to its ML308-225 counterparts, is the 

presence within a span o f 30 residues o f 6 amino acid variations. Only one o f these variant
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residues is predicted (by AMPHI and PredictProtein) to reside on a surface exposed loop. 

The significance o f these differences is not understood although they are not predicted to 

alter the proposed structural models. On one hand, their localised nature suggests that they 

are unlikely to indicate random mutation, but are representative o f external pressures. 

Alternatively, the unexposed nature o f 5 o f these residues suggests random mutation. In 

support o f the latter, analysis reveals these variations to have little effect on predicted levels 

o f surface exposure. Thus, with the methods of analyses available at present it would 

appear that these variations, or at least the majority, represent random mutations and not 

antigenic variation.

The confirmed presence o f degenerate amino acid repeat sequences within the subunit 

was an interesting observation and suggests that the protein may have a uniform structure 

throughout its length. Also o f interest was the location of (the majority of) aromatic 

residues within a single domain o f the repeat. The significance o f these observations is not 

understood. However, the presence o f protein repeats, encoded by nucleotide repeats, 

could provide the subunit with a number of mechanisms by which it can vary. For 

example, intragenic recombinations, mediated by nucleotide repeats, might facilitate the 

formation o f  additional protein repeats that are free from evolutionary and functional 

constraints and are therefore able to accumulate potential antigenic and functional 

variability.

The identification o f  the SPRINGT family o f proteins containing closely similar repeating 

blocks o f amino acids is an interesting observation and raises a number o f questions, not 

least o f  which is the significance of this repeat. Proteins containing repetitive sequences 

often function in ligand binding (Wren, 1991). In this respect most members o f  the 

SPRINGT family are found in invasive species of bacteria and all show sequence similarity 

to, or function as, adhseins/invasins. However, additional functions can be proposed based 

on the observation o f a similar repeat motif within the mammalian cell adhesion molecule, 

trophinin (Suzuki et a i ,  1998). Sequence similarity with this protein may constitute 

molecular mimicry thereby providing the SPRINGT family with a degree o f protection 

from the immune system. In a similar manner, these N, G, T rich proteins possess
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numerous glycosylation motifs that may provide the proteins an additional mode o f  evading 

immune attack. Thus, the balance o f evidence suggests that this family o f proteins 

functions in the processes o f adhesion/invasion and possibly in immune system evasion. 

Trophinin is implicated in the processes of embryo implantation, a process frequently 

inhibited by resident bacterial populations (Fanchin et a l,  1998). It is interesting to 

speculate that these trophinin homologues may play a role in the processes o f inhibiting 

embryo implantation.

In summary, the studies documented herein analyse the sequence o f a number o f agn43 

alleles and their encoded proteins.
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CHAPTER 6

FUNCTIONAL ANALYSIS OF ANTIGEN 43



6.1 INTRODUCTION

As discussed in Chapter 1, the numerous functions o f outer membrane proteins include 

roles in motility, adhesion/invasion, toxicity, and immune system evasion (Benz & 

Schmidt, 1989; Heffernan et a l ,  1994; Goldberg & Theriot, 1995; Dubreil, 1997). Until 

recently the function o f Ag43 was relatively unknown, although a number o f  roles had been 

proposed. Recent studies, performed in E. coli K-12 and P. fluorescens  backgrounds, have 

revealed the protein to be involved in colony morphology variation, autoaggregation, and 

biofilm formation (Henderson et al., 1997a; Hasman et al., 1999; Danese et al., 2000; 

Hasman et al., 2000; Kjaergaard et al., 2000). It should be noted, however, that expression 

o f  Ag43 in E. coli has not been correlated with colony morphology variation and 

autoaggregation outside o f a K-12 background. The benefits o f establishing any potential 

additional roles may allow for a more meaningful appraisal o f results obtained to date while 

also allowing future research to move in a more focused direction. This chapter details a 

number o f  preliminary experiments undertaken in attempts to establish a function for Ag43.

Adhesion plays an essential role in the life cycle of many bacterial pathogens, facilitating 

colonisation, multiplication, and dissemination within a host. Research within our 

laboratory has revealed a number of features o f Ag43 that suggest it may function as an 

adhesin. Thus, like many adhesins, is surface expressed and is regulated in a phase- 

variable manner (Owen et al., 1987; Caffrey & Owen, 1989). Also, Ag43 displays 

homology to a number o f known adhesins and possesses an ROD m otif o f  the type 

implicated in binding to host cell integrins (Henderson, 1996; Henderson & Owen, 1999). 

Furthermore, adhesion assays performed with ML308-225 revealed populations Phase ON 

for Ag43 expression to be more adherent to various mammalian cell lines than 

corresponding Phase OFF populations (Henderson, 1996; Owen et al., 1996). In particular, 

Phase ON populations were found to be three-fold more adherent to HEp-2 cells than the 

corresponding Phase OFF populations. However, the fact that these studies were 

performed with phase-switching populations containing cells both positive and negative for 

Ag43 expression leaves some uncertainties about the veracity o f the experimentation. In
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order to clarify the situation, adhesion assays have been repeated using the isogenic mutants 

constructed during the course o f this study.

A number o f different procedures exist by which the relative adhesiveness o f bacteria can 

be determined (Ofek et al., 1986; Sexton & Reen, 1992; Donnenberg & Nataro, 1995). The 

most widely used method involves cell culture to which bacterial populations are added. 

Adherent bacteria can then be determined by direct microscopic examination or by viable 

bacterial counts. HEp-2 cell assays are considered a good model for analysis o f  the 

adhesive capabilities o f  E. coli independent o f subgroup, e.g., EPEC, EHEC, UPEC (Nataro 

et al., 1985). Three patterns o f bacterial adherence to HEp-2 cell lines can be clearly 

distinguished: localised, diffuse and aggregative (Gomes et al., 1989).

Recent studies have revealed the capabilities of bacteria to form three-dimensional, 

structured communities called biofilms that facilitate the survival and persistence o f greater 

than 99% o f free-living bacteria (Section 1.3.4; Watnick & Kolter, 2000). Recent studies 

have indicated that Ag43 plays a role in biofilm formation (Danese et al., 2000; Kjaergaard 

et al., 2000) based on its ability to mediate autoaggregation o f afimbriate E. coli K-12 cells 

(Henderson et al., 1997a; Hasman et al., 1999). Work discussed in this chapter focuses on 

the respective abilities o f AJRI-AJRIO to form biofilms.

Many different ways o f  analysing biofilm formation exist. However, all procedures share a 

common trait in that they analyse bacterial capability to colonise a given surface under 

certain environmental conditions. The typical assay takes the form o f bacterial culture on a 

polystyrene surface over the course o f 24-72 h followed by washing and staining for 

adherent communities (Watnick & Kolter, 1999). Resultant adherent communities may 

represent either biofilms or adherent bacterial populations that are not differentiated into a 

three-dimensional structure. As such the only true way of identifying biofilm formation is 

by the identification o f  populations with the characteristic three-dimensional structure (see 

Section 1.3.4 and FIG. 1.6). However, staining, in comparison to a positive control, can be 

used to tentatively distinguish between biofilm (dense), and adherent (less dense) 

communities.
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Bacterial enterotoxins act on the mucosal epithelium o f the small intestine, causing fluid 

secretion and profuse secretory diarrhoea, without damage to intestinal mucosa. The 

enterotoxic properties o f various bacterial proteins have been well documented (Dubreuil, 

1997; Nair & Takeda, 1998). Fluid secretion is related to an enzymatic effect on intestinal 

cells, often through specific receptors, and activation o f intracellular signalling leading to 

active secretion o f water and electrolytes into the intestinal lumen (Fasano et a i,  1997). 

Two primary methods exist to establish the potential enterotoxicity o f  a protein. The first 

involves the use o f Ussing chambers where enterotoxicity is manifested by significant 

increases in transepithelial electrical potential difference and short-circuit current (Isc) 

without accompanying changes in tissue conductance. Toxin identification can also be 

performed by ligated-illeal loop assays, where a protein is injected into the ligated intestinal 

loop o f an animal and toxicity is measured by resultant fluid accumulation (Staley ei al., 

1974). In the current study Ussing chambers are used to assess the toxic properties o f  

and a'*'".

The innate immune system, and more specifically the complement system, provides a 

prominent threat to pathogenic bacteria. A number of bacterial species have evolved 

proteins to counteract this threat. Notable examples include BrkA o f B. pertussis 

(Fernandez & Weiss, 1994), Ail o f Yersinia spp (Wachtel & Miller, 1995), Rck o f  S. 

typhimurium (Heffeman et a l, 1994) and TraT o f E. coli (Pramoonjago et al., 1992). 

These proteins primarily function by inhibiting formation o f the C5b-9 membrane attack 

complex that inserts in bacterial membranes creating a pore that disrupts membrane 

potential. In an attempt to assess the role, if any, for Ag43 in complement resistance, 

populations o f E. coli ML308-225, Phase ON and Phase OFF for Ag43 expression, were 

incubated in normal human serum and the number o f survivors, plus their state o f  Ag43 

expression, was established.
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6.2 METHODOLOGY

The bacterial strains used in the current studies are listed in Table 6.1. All techniques used 

are described in detail in Chapter 2. Adhesion assays were carried out as described in 

Section 2.13, Ussing chamber analysis as described in Section 2.14, while serum resistance 

and biofilm assays are described in Sections 2.10 and 2.12, respectively.

6.3 RESULTS

6.3.1. HEp-2 adhesion assays. In order to establish a role for Ag43 in adhesion, statically 

grown overnight cultures o f ML308-225, ML308-225 oxyR and A JR l-10 (~1 x 10* 

bacteria) were incubated with HEp-2 cells grown to 50% confluency. Following a three- 

hour incubation, HEp-2 cells were washed to remove unbound cells and stained with 

GIEMSA. Assays were carried out in triplicate and adherent bacteria were counted visually 

using the light microscope. The resulting levels of adherence are displayed in FIG. 6.1.

The most obvious feature of the adhesion assays is that ML308-225, ML308-225 oxyR and 

NCTC 8621 derivatives appear to be largely non-adherent when compared to positive and 

negative controls ( £  coli 042  and H B101, respectively). The controls displayed levels o f 

adherence o f approximately 75 bacteria per HEp-2 cell {E. coli 042) and one bacterium per 

HEp-2 cell (£. coli H BlOl). Isogenic populations Locked ON (ML308-225 oxyR, AJR4, 

AJR5, and AJR8; see Table 6.1) and Locked OFF (AJR6) for Ag43 expression, displayed 

levels o f  adhesion similar to that o f the negative control (FIG. 6.1). A similar situation was 

observed for both Phase ON and Phase OFF populations derived from NCTC 8621 (AJR9 

and AJRIO; see Table 6.1 and FIG. 6.1) and ML308-225 (A JR l, AJR2 and AJR3; see 

Table 6.1 and FIG. 6.1). Curiously, native ML308-225 populations (both Phase ON and 

Phase OFF) displayed a slightly higher level o f adherence in comparison to the other 

derivatives. However, the results as a whole indicate that Ag43 expression is unlikely to 

play a major role in adhesion to HEp-2 cells.
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Table 6 .1. £. coli strains and plasmids used in this study.

Strain or plasmid Relevant genotype Relevant phenotype Reference or Source

Strains

AJRl ML308-225 ag«VJB;;pAJR003 (Km') Ag43A - Phase variable; Ag43B - Locked OFF This study
AJR2 ML308-225 agn-f3A::pAJR004 (Ap') Ag43A - Locked OFF; Ag43B - Phase variable This study

AJR3 ML308-225 agn43B::pAJR003 agn43A::pAJR004 (Ap' Km') Ag43A - Locked OFF; Ag43B - Locked OFF This study

AJR4 ML308-225 oxyR agn43B::pAJR005 (Km' Tc') Ag43A - Locked ON; Ag43B - Locked OFF This study

AJR5 ML308-225 oxyR agn43A::pfiJR004 (Km' Ap') Ag43A - Locked OFF; Ag43B - Locked ON This study
AJR6 ML308-225 oxyR agn43A::pAJR004 agn43B::pAJR005 (Km' 

Tc' Ap')

Ag43A - Locked OFF; Ag43B - Locked OFF This study

AJR7 AJR6 pAJROOl (Cm') Ag43A - Locked OFF; Ag43B - Locked OFF This study
AJR8 AJR6 pAJR002 (Cm') Ag43B - Locked ON This study
AJR9 NCTC 8621 pAJROOl (Cm') No expression of Ag43 This study
AJRIO NCTC 8621 pAJR002 (Cm') Ag43B’̂ ‘-’°* “ *- Phase-variable This study
ML308-225 lacIZ lacT  /ac/l" (013:068;H-) Ag43A - Phase variable; Ag43B - Phase variable Owen & Kaback, 1978

ML308-225 oxyR ML308-225 lS.oxyR:±m' oxyS-galK) Ag43A - Locked ON; Ag43B - Locked ON Henderson & Owen, 

1999

NCTC8621 EPEC; agn43' No expression of Ag43 Owen et al., 1996

042 Positive control for adhesion/biofilm assay I. Henederson

HBlOl Negative control for adhesion/biofilm assay I. Henederson

Plasmids

pAJROOl 2.7 kb religated fragment of EcoRV- & Hindi- digested 

pACYC184

Cm' This study

pAJR002 pAJROOl with cloned agn43BuLv» ns Ag43B'^‘-’“*'^^*- Phase variable This study
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8621 derivatives (AJR9, AJRIO), and with positive (042 ) and negative (H B lO l) controls (see Table 6.1 for relevant phenotypes). For those strains phase- 

variable for Ag43 expression (ML, A JR l, AJR2, and AJRIO), populations Phase ON (ON) and OFF (OFF) for Ag43 expression were used.



6.3.2. Biofilm assays. In an attempt to establish a role for Ag43 in biofilm formation, 

studies were performed using ML308-225 oxyR, AJR4-6, and AJR8 populations (Table 

6.1). In order to establish if certain substrates influenced biofilm formation, 

experimentation was performed using a number o f different media: DMEM (low and high 

glucose), DMEM-F12, M9, and L. In addition, each o f  the following sugars, viz., glucose, 

galactose, mannose, sucrose, and lactose was added individually to DMEM-F12 and L 

media to a final concentration of 1% (wt/vol), and resultant solutions were analyzed for 

their ability to mediate biofilm formation.

An important point to note about the current mode o f  biofilm formation analysis is that a 

distinction exists between a 3-dimensionally-differentiated biofilm and an undifferentiated 

population of adherent bacteria. Following 72-h incubation, a three-dimensional biofilm 

structure is observed as a dense layer upon staining with GIEMSA/Crystal Violet. A faint 

layer is considered indicative o f bacterial adhesion without subsequent biofilm formation. 

As such, scoring for biofilm formation is made on the basis o f dense, faint or no staining 

upon addition o f GIEMSA, and is taken to indicate biofilm formation, bacterial adhesion or 

neither, respectively.

Using the above scoring system all the test strains {E. coli ML308-225 oxyR, AJR4-6 and 

AJR8) plus a negative control (£. coli H B lO l, see Table 6.1) were incapable o f  adhesion or 

biofilm formation in any o f the above media (data not shown). In contrast, the positive 

control, E. coli 042  (see Table 6.1) formed biofilms in all bar M9 medium (data not 

shown). These data suggest that Ag43 expression is unlikely to facilitate biofilm formation 

under these conditions. Identical experiments performed with AJR9 and AJRIO revealed 

both strains to be incapable o f adherence/biofilm formation suggesting that Ag43 

expression alone is not sufficient to mediate biofilm formation.

Bearing in mind that the pleiotrophic oxyR mutation may affect an additional factor 

required for Ag43-mediated biofilm formation, the experimentation was repeated with 

M L308-225-derivative populations Phase ON and Phase OFF for Ag43 expression 

(ML308-225, AJRl  and AJR2) and Locked OFF for Ag43 expression (AJR3). Analysis
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was carried out in the following media: DMEM (high and low glucose), DMEM/F12 (also 

with 1% [wt/vol] glucose) and L (also with 1 % [wt/vol] glucose). Again all ML308-225- 

derivatives were non-adherent and incapable o f forming biofilms in comparison to the 

positive control, E. coli 042, which formed biofilms in all bar M9 medium (data not 

shown). These data again suggest that Ag43 is unlikely to function in biofilm formation in 

the ML308-225 background. The expression by E. coli ML308-225 o f  type-1 fimbriae and 

possibly also S-LPS may offer an explanation for the inability o f  this strain to form 

biofilms in comparison to E. coli K-12.

6.3,3. Ussing cham ber analysis of and During the course o f  these studies the 

opportunity arose to carry out Ussing chamber analysis on purified a'*  ̂ subunits in an 

attempt to assess if had a role in enterotoxicity. Populations o f AJR4 (ML308-225 

oxyR agn43B) and AJR5 (ML308-225 oxyR agn43A) were used in order to purify and
43B • » . .a  protems, respectively, since this ensured preparations free o f the other subunit. 

Subunits were purified using established protocol (Caffrey & Owen, 1989) and the purity o f 

each protein sample was determined by silver-staining analysis o f SDS-PAGE gels (FIG. 

6.2A) with lanes containing (control) LPS isolated from ML308-225 (not shown). Western 

blotting o f  resultant samples was also performed with anti-a'^^ antiserum (FIG. 6.2B). 

These studies revealed both and samples to be largely homogeneous when 

analyzed via silver staining as determined by the absence o f contaminating protein or LPS 

bands (FIG. 6.2A). However, considering the small protein loadings (2 jag) in each lane 

(FIG. 6.2A), the possibility that these preparations contained a significant contaminant 

could not be ruled out. Western immunoblot analysis revealed the presence o f a major 

band in the 60-kDa range corresponding to subunits (FIG. 6.2B). Sub-60-kDa cross

reactive proteins probably indicative o f slight a ‘*^-degradation were also detected (FIG. 

6.2B). From these studies it would appear that both subunits have been purified to a 

relatively high degree o f  homogeneity.

Ussing chamber experiments were performed, on two separate occasions, by adding 10 |ig 

o f  purified protein (resuspended in 10 ^1 PBS) to both mucosal and serosal sides o f  rabbit
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FIG. 6.2. Analysis o f  purified (lanes 1 and 2) and (lanes 3 and 4) by SDS- 

PAGE and (a) silver staining and (b) Western immunoblotting using anti-a‘*̂  antiserum.



f ig . 6.3. Ussing chamber analysis of (A), (B) and control (C) samples

performed on two separate occasions (Panels 1-2 and 3-4) indicating the changes in 

potential difference (PD; Panels 1 and 3) and short-circuit current (Isc; Panels 2 and 4) 

over time (min). Tissues were observed for viability before the addition o f protein 

samples. Samples were added after 104 min.
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illeal tissue. On both occasions elicited a rise in potential difference (PD) and short- 

circuit current (Isc) whereas and negative controls didn’t. In contrast, no significant 

variations in tissue conductance, indicative of cytotoxicity, were observed for either 

subunit. Thus, the APD values upon addition o f were 2.0 mV and 2.3 mV, and the 

Alsc values were 123.7 |aA/cm^ and 106.9 (see FIG. 6.3). The corresponding

values for were 0.9 mV and -0 .4  mV (APD), and 9.6 jj,A/cm^ and -20 .2  jaA/cm^ 

(Alsc). No change in PD was observed upon addition of BSA, although there were small 

rises in Isc o f 8.8 |iA/cm^ and 4.5 p.A/cm^. These studies suggest that preparations o f 

but not o f  possess enterotoxic activity.

As a comparison, a 10 |ag quantity of the Sen enterotoxin (molecular mass o f 63 kDa) o f 

enteroinvasive E. coli and Shigella strains, analyzed under equivalent conditions, elicited a 

Alsc value o f 22 |iA/cm^ (Nataro e t a l ,  1995).

6.3.4. Sensitivity o f ML308-225-derivatives to norm al hum an serum . In order to 

establish if  Ag43 expression conferred serum resistance, E. coli ML308-225 cells Phase 

ON and Phase OFF for Ag43 expression were assayed for resistance to complement-
Q

mediated killing. Bacteria were grown to mid-log phase, and 1 x 1 0  cells were incubated 

in normal and heat-treated human serum (10% vol/vol) for 60 min at 37 °C. Viability 

counts were then performed on both pre- and post-incubation populations in order to 

determine susceptibility to both normal and heat-treated serum. Approximately 0.02% o f 

E. coli ML308-225 bacteria were able to survive the incubation period irrespective o f 

whether the initial population was either Phase ON or Phase OFF for Ag43 expression (data 

not shown). Colony immunoblot analysis revealed the phase o f the surviving populations 

to be o f  the same as that prior to the incubation, indicating that there was no selective 

killing o f  one Phase compared to the other (data not shown). In addition, heat-inactivated 

serum had no effect on the survival of the bacteria. It is apparent from these results that 

Ag43 is unlikely to play a significant role in protecting E. coli ML308-225 from 

complement mediated bactericidal effects o f normal human serum. For this reason and due 

to the pressures o f  time, similar experiments using isogenic mutants were not attempted.
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6.4 DISCUSSION

The preliminary functional assays described above offer clues (albeit minor) as to the 

function o f the Ag43 family of proteins and may prove useful when planning further lines 

o f research. However, in light of the findings discussed in the previous chapters, 

specifically the structural differences that are predicted to exist between the various 

proteins studied to date, it should be recognized that the Ag43 family o f proteins might not 

exhibit a single uniform function. For example, the presence o f an RGD m otif in ml30s- 

subunits but not in and the apparent higher degree o f surface exposure o f

the residues surrounding the RGD motif of compared to may suggest differences 

in their potential adhesive properties. The Opa and PorA protein families o f Neisseria  and 

the SpeB protein family Streptococcus spp. provide excellent examples o f  the effect that 

variations in amino acid sequence can have on protein function (Dehio et al., 1998; 

McGuinness et al., 1991; Stockbaeur et al., 1999).

Biofilm analyses were largely inconclusive since both parental and mutant strains o f  E. coli 

ML308-225 were incapable of biofilm formation. The fact that plasmid-mediated 

expression o f Ag43 in the biofilm-negative strain NCTC 8621 does not confer a biofilm- 

forming phenotype suggests that factors other than Ag43 are necessary for biofilm 

production. This is perhaps not a surprising observation considering that biofilm formation 

is a multi-factorial process (Watnick & Kolter, 2000).

Considering the failure o f parental strains (ML308-225 and ML308-225 oxyR) to form 

biofilms, it is clear that these assays should be repeated on a panel o f agn43 mutants 

derived from an Ag43-expressing, biofilm-forming, E. coli strain, e.g., E. coli K-12 

(Danese et al., 2000) or E. coli 042. Another point o f note with regard to future analyses is 

the recent observations of Hasman et al. (1999) that Ag43-mediated autoaggregation is 

inhibited by fimbriation. Thus, to definitively assess the role o f Ag43-mediated 

autoaggregation in biofilm formation, it will be necessary to perform assays in Type-1 

fimbriae-free backgrounds. However, aside from the potential difficulties involved in 

constructing an Ag43 and Type-1 fimbrial mutant, it is possible that Type-1 fimbriae
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mediate the initial adhesion steps involved in biofilm formation. Performing assays with 

two different populations may circumvent this problem; for example, an initial short 

incubation with cells expressing Type-1 fimbriae may facilitate the initial adhesion step 

required for subsequent biofilm formation by fimbriae-negative populations.

The primary basis in suggesting a role for Ag43 in biofilm formation focuses on its ability 

to mediate autoaggregation (Henderson et ah, 1997a; Hasman et al., 1999) and on studies 

by Danese et al. (2000) that show K-12 oxyR derivatives to be biofilm positive, K-12 dam 

derivatives to be biofilm negative, and K-12 agn42 knockouts to be less efficient at biofilm 

formation than the parental strain. Further studies by Kjaegaard et al. (2000) indicate 

Ag43'^''^ to mediate biofilm formation o f E. coli K-12 and P. fluorescem . However, it 

should be considered that autoaggregation has only been observed in K-12 backgrounds 

and therefore may not be representative o f E. coli strains in general. For example, amino 

acid differences exist between M L 3 0 8 -2 2 5  ^ 4 3  K -1 2  Chapter 5) and it is

conceivable that these may account for the ability o f K-12, and not ML308-225, to 

autoaggregate and form biofilms. More likely, however, is the possibility that the ability o f 

E. coli strains to autoaggregate is also dependent on LPS phenotype, with R-LPS possibly 

allowing unveiling o f an adhesive factor within (the Leucine-zipper motif?) that is 

critical to homophilic subunit interactions (see Chapter 5.4). In support o f  this, studies 

have suggested that the subunit mediates autoaggregation (Kearns, 2000).

Adhesion assays demonstrate that Ag43 is unlikely to mediate adhesion o f E. coli ML308- 

225 and E. coli NCTC 8621 to HEp-2 cells. Thus, no significant differences were observed 

between the levels o f  adherence o f populations positive and negative for Ag43 expression. 

Furthermore, the levels of adherence displayed by Ag43-producing strains indicate that 

they were more akin to the negative (non-adherent) control. Also, expression o f the 

putative adhesin in a non-adherent strain (NCTC 8621), a procedure frequently used to 

confirm the functionality of adhesins (Lindenthal & Elsinghorst, 1999), revealed that 

expression o f  the protein alone does not confer an adhesive phenotype. Although the 

evidence strongly suggests that Ag43^^^°*'^^^ does not function as an adhesin, the
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possib ility  exists that H Ep-2 cells m ay no t possess th e  appropriate  receptor. U se o f  a  w id er 

range o f  cell lines could be an obv ious line o f  future experim en tation .

A s regards those adhesin and biofilm  stud ies perfo rm ed  w ith  stra in s (A JR 8 and A JR IO ; see 

T ab le  6 .1) contain ing a com plem ented copy o f  ag n 4 3B m l3os-22s, su p p lied  by pA JR 0002, it 

is im portan t to  note that it is only assum ed tha t this p lasm id  ex p resses  a  native copy  o f  the 

pro tein . T hus, the possibility  exists tha t the  P /w -am plified  fragm en t en co d in g  agn43B f^uo i. 

225 niay contain  a m utation that p reven ts norm al fu n c tio n in g /ex p ressio n  o f  the pro tein . 

A lso , although  N C T C  8621 is capable o f  the  hetero logous ex p ressio n  o f  A g43 in an 

im m uno log ica lly  recognizable form  (C hap ter 4), it is no t know n i f  th is  s tra in  can  exp ress 

Ag43B^^^°*^^^ in a functional form since w e have yet to develop  a functional assay  for the 

p ro tein .

S ince flm brial expression  can inhibit A g43-A g43 in teractions (H asm an  e t a l ,  1999), it 

w ould  seem  highly  probable that it could also  inh ib it o ther in teractions m ediated  by A g43 

such as those involv ing  adhesion. To get around th is problem  it is reco m m en d ed  th a t 

fu rther s tud ies involving a role for Ag43 in adhesion  should  be perfo rm ed  in a Type-1 

fim briae negative  background.

T o x ic ity  s tud ies perform ed w ith purified subun its indicate tha t bu t no t m ay 

function  as an en tero toxin . As discussed in C hap ter 5, d iffe rs from  at fou r am ino  

acid  residues, tw o  o f  w hich cause a predicted  decrease in the level o f  su rface  ex p ressio n  o f  

an  reg ion  (here to  referred as ep itope 1) w ith in  w hich the R G D  m o tif  is co n ta in ed . 

T h ese  d iffe ren ces betw een A and B subun its m ay account for v aria tio n s in en te ro to x ic ity , 

su g g estin g  th a t ep ito p e  1 o f  is able to  in teract w ith  a m am m alian  cell, po ssib ly  th ro u g h  

its R G D  m otif, and to  cause it to secrete ions. RGD  tripep tide  sequences are im p lica ted  in 

b in d in g  to  in tegrins, m am m alian cell surface signaling  m olecules.

H ow ever, a num ber o f  cautionary points need to be m ade abou t these ana lyses. F irstly , 

assays w ere  on ly  perform ed tw ice and, a lthough  sim ilar resu lts w ere ob ta in ed  each  tim e , it 

w ou ld  be p ru d en t to repeat the experim en tation  before any firm  co n c lu s io n s  are d raw n .
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Secondly, it cannot be ruled out that the protein sample (purified from AJR5 [ML308- 

225 oxyR agn43B]) was contaminated with an ML308-225 toxin not present in the 

sample (purified from AJR4 [ML308-225 oxyR agn43A]). Regarding this particular issue it 

is relevant to note that on a weight basis, the preparation elicits a larger rise in Isc than 

the Sen enterotoxin (Nataro et al., 1995). Assuming that both Sen and a putative 

contaminating enterotoxin display similar levels o f activity, one may conclude that a 

contaminating enterotoxin within the preparation should be observable via SDS-PAGE 

analysis. Clearly, further experimentation is needed to resolve the situation.

Possible further experimentation could involve (a) preparation o f subunits from AJR4 

(ML308-225 oxyR agn43B), AJR5 (ML308-225 oxyR agn43A), and “blank” preparations 

from AJR6 (ML308-225 oxyR agn43AB), followed by a comparative analyses o f the 

enterotoxic capabilities of the different preparations in order to establish if an enterotoxic 

contaminant is being co-purified with (b) comparative analyses o f the enterotoxic 

capabilities o f and following incubation with specific anti-a'^^ antibodies; or (c) 

comparative analyses o f the enterotoxic capabilities o f AJR4 and AJR5 cell lysates. In the 

event that a conclusive role for in enterotoxicity is demonstrated, it may be fruitful to 

analyze the influence o f the ROD motif on the process, possibly through site-directed 

mutatagenesis and the use of purified peptides. With respect to the above points it is 

interesting to note that ML308-225 is derived from ML3, a human intestinal isolate (Owen 

& K aback, 1978).

From the results o f serum sensitivity studies it would appear that Ag43 has little role in 

protecting cells against the bactericidal effect o f human complement. Although these 

studies were performed with phase-variable derivatives o f ML308-225, the results obtained, 

indicating populations Phase ON for Ag43 expression to be as susceptible as populations 

Phase OFF for Ag43 expression, did not warrant further investigation with isogenic 

derivatives.

In summary, the preliminary studies outlined above suggest that the Ag43 proteins o f 

ML308-225 are unlikely to function in adherence to HEp-2 cells, in biofilm formation, or in
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conferring serum resistance for tiiis particular strain. The possibility that the a subunit 

functions as an enterotoxin requires further study.
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CHAPTER 7 

GENERAL DISCUSSION



7.1 GENERAL DISCUSSION

The primary aim at the outset of these studies was to conclusively establish a function for 

Ag43, the major phase-variable outer membrane protein of E. coli. At that time it had been 

demonstrated that the protein mediated autoaggregation and colony morphology variation 

o f E. coli K-12 populations (Henderson et a l ,  1997a). There was also some evidence that it 

may function as an adhesin (Henderson, 1996; Owen et al., 1996). Functional assays 

performed during the course of the present studies on E. coli ML308-225 derivatives have 

failed to conclusively establish a function for Ag43. However, in recent months significant 

advances have been made in the area by others who have shown that Ag43 is capable o f 

facilitating biofilm formation in E. coli K-12 strains (Danese et al., 2000) as well as in P. 

fluorescens populations expressing a heterologous copy o f the protein (Kjaergaard et al., 

2000).

Despite the failure to establish a function for Ag43, studies herein have clearly shown for 

the first time that Ag43 can exist as a family o f proteins encoded by multiple alleles. Their 

origins remain unclear. The higher than average G + C content o f agn43 genes sequenced 

to date has lead to the suggestion that the gene may have been originally acquired by E. coli 

from a closely related species (Henderson, 1996). Whether this is indeed the case remains 

to be seen, although, considering the multitude o f genome sequencing projects that are 

currently being performed, the matter may be resolved in the near future. As regards the 

mechanism o f generating multiple gene copies within a single strain, it would be difficult to 

look further than a duplication event mediated by IS elements o f the type observed 

upstream o f agn43a.i2. This should become clearer following the completion o f the 

genome sequencing project of UPEC strain CFT073 (Blattner et al., 2000) since it should 

clarify whether there are IS elements upstream of both o f the proposed agn43 genes o f  this 

strain.

Force et al. (1999) hypothesized that in the event o f gene duplication, one copy would be 

free to accumulate new and possibly beneficial functions while the other copy maintained 

its original structure in order to perform the required function. A failure o f  the duplicated
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copy to evolve a new and beneficial property would result in it being lost from the genome. 

The basis for this assumption focuses around common evolutionary pressures whereby the 

gene responsible for expression o f an unutilized protein, that places an unnecessary drain 

on cellular resources, will be rapidly lost from the genome. Considering the above it is 

interesting to note that a feature of multigene families, such as the opa family of N. 

meningitidis and N. gonorrhoeae and the vmp gene family o f Bor. hermsii, is the existence 

within a single strain of genes of varying sequence. The variant proteins o f these gene 

families provide the cell with both antigenic (Vmp and Opa; Burman et al., 1990; Bhat et 

al., 1991; Restrepo er a/., 1992) and functional variability (Opa; D eh io e /a /., 1998).

Although the studies described within do not conclusively show that the products o f both 

agn43A and agn43B o f ML308-225 are antigenically and/or functionally variable, it would 

be surprising if this were not to be a common feature of multiple agn43 genes within a 

single strain. Supporting evidence is provided by studies by Owen et al. (1996) where a 

number o f  EPEC strains, demonstrated during the course o f this study to possess multiple 

agn43 gene copies (Chapter 3), each expressed multiple Ag43-like proteins that displayed 

signs o f  structural variability. This is highly suggestive o f antigenic variability. For 

example, NCTC 9026 expresses CPs o f 94 kDa, 60 kDa and 56 kDa (Owen et ah, 1996), 

while studies discussed herein indicate the strain to possess a predicted agn43 gene copy 

number o f four. It would appear highly probable that these structurally variant proteins 

possess antigenic differences. Again, the impending completion o f the CFT073 genome 

sequencing project may shed further light on the above, as would the complete sequencing 

o f  the four agn43 genes from NCTC 9026 followed by analysis o f their products for 

antigenic differences.

It is interesting to note that agn43A and agn43B  o f ML308-225 do not differ to any large 

degree. This is most likely the result o f a potential duplication event having occurred 

relatively recently in the past such that the diversification process is still at an early stage. 

Alternatively, the possibility exists that the small numbers o f differences that exist between 

the two genes are sufficient to confer an advantage to the cell. As suggested in Chapters 5 

and 6, such advantages could include the ability to express antigenically (Chapter 5) and
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functionally (Chapter 6) variable proteins. A third possibility may include an impending 

loss o f  one gene copy from the chromosome due to a failure to evolve a beneficial function 

and to an unnecessary usage o f  cellular resources. In this context, it is interesting to note 

that agn43A  displays (a) an apparent lower level o f expression; (b) a reduced tendency to 

switch ON; and (c) a higher tendency to switch OFF compared to agn43B. This overall 

tendency for higher Ag43B expression may be an indication o f a downgrading o f  agn43A  

expression in response to evolutionary pressures due to an exact duplication o f  function by 

the two proteins. If this is the case, it could be argued that the agn43A  ‘squatter’ is in the 

process o f  being lost or ‘evicted’ from the genome.

The ability to generate antigenic variants, and in some cases functional variants, would 

appear to be the most likely function o f multiple gene copies and gene diversification. As 

stated at many stages in this thesis, Ag43 displays many features that would make it an 

excellent target o f  the immune system. A likely response to sustained pressure from the 

immune system would be to evolve a number o f mechanisms by which varying Ag43 

phenotypes could be displayed. The ON<->OFF phase switch provides one such mechanism  

and its occurrence within agn43 genes has been well documented (Owen et al., 1996; 

Henderson & Owen, 1999; Haagmans & van der Woude, 2000; Chapter 4). Another 

mechanism o f  immune system evasion could involve expression o f  antigenically variant 

proteins. The occurrence o f  such within the Ag43 family has yet to be conclusively  

established. However, studies discussed within Chapter 5 suggest that amino acid 

variations between and may well affect the nature o f  surface expression o f  

putative epitopes.

Sequencing o f  the -coding region o f  NCTC 9114 provided further strong evidence for 

the occurrence o f  antigenic variation within the Ag43 family. Thus, there were significant 

amino acid differences between c c 9 ^  subunits o f  M L208-225.

Interestingly these differences (a) are located predominantly within the N-terminal third o f  

the 01̂  ̂ subunit (as is also the case for both Ag43 proteins o f  UPEC strain CFT073), a 

region that contains the majority o f  predicted ot surface exposed residues, and (b) induce 

changes in the degree o f  surface exposure o f  several predicted epitopes. Taken as a whole,
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the data at hand strongly support the notion that the Ag43 family o f proteins are comprised 

o f  antigenically related but distinct proteins.

In contrast to the above, there is a minimal amount o f  data indicating that Ag43 proteins are 

functionally variable. Recent publications have indicated a role for Ag43 in biofilm 

formation o f E. coli K-12 strains (Danese et ah, 2000) and o f P. fluorescem  strains 

expressing a heterologous copy o f Ag43 (Kjaergaard et a l,  2000). Previous studies have 

also indicated the protein to involved in the related process o f autoaggregation o f E. coli K- 

12 strains (Henderson et al., 1997a; Hasman et al., 1999). In contrast, Ag43 expression in 

ML308-225 has not been shown to mediate either o f  the above processes. This is most 

likely a result o f the presence of certain additional “masking” structures, such as Type 1 

fimbriae and S-LPS (K-12 expresses R-LPS), upon the surface o f ML308-225. Certainly, 

studies by Hasman et al. (2000) have demonstrated that expression o f  Type 1 fimbriae can 

prevent Ag43-mediated autoaggregation. A failure to form biofilms could also be due to 

the absence o f a product that mediates the initial adhesion steps required for biofilm 

formation. An alternative, although perhaps less likely possibility is that Ag43^^^°*'^^^ and 

Ag43 ■ are functionally distinct. As discussed in Chapter 5, the primary difference 

between Ag43'^''^ and Ag43B’̂ ^̂ °*'̂ ^  ̂ is the presence o f 6 amino acid substitutions within a 

30-residue stretch. The possibility can not be ruled out that these substitutions are
K 12specifically responsible for the ability o f Ag43 ' to mediate autoaggregation and biofilm 

formation.

An investigation o f the precise mode o f Ag43-mediated autoaggregation may shed further 

light on these issues. Such studies may include disruption o f the genes within ML308-225 

that are responsible for expression of Type 1 fimbriae and S-LPS followed by phenotypic 

analysis o f  resultant strains for autoaggregation and biofilm formation. In addition, site- 

directed mutagenesis o f the Ag43'^''^ leucine zipper m otif and o f  the specific

residues may help establish the relevance o f these residues (if any) in the process o f 

autoaggregation. Expression of Ag43B'^^^°*'^^^ within NCTC 8621 did not confer the 

ability to autoaggregate or to form biofilms (Chapters 4 and 6). Expression o f Ag43'^''^ 

within NCTC 8621 followed by analysis for a capability to autoaggregate and to form
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biofilms may indicate the relevance o f the specific residues as well as provide

evidence regarding functional variability within the Ag43 family.

Analysis o f amino acid sequences provides further data that the Ag43 family may be 

functionally variable. Thus, an integrin-binding RGD m otif has been detected in the 

subunits o f ML308-225 and K-12, but not in those ofN C T C  9114 and CFT073. However, 

only in the event of a function being attributed to these RGD motifs could it be assumed 

that the Ag43 family is functionally variable. Ussing chamber studies suggested that 

but not might possess enterotoxic activity. However, it would be prudent to repeat 

and expand these assays before firm conclusions are drawn regarding the enterotoxic 

activities o f a'*  ̂subunits.

In summary, it would appear that the most likely function o f the multiple agn43 gene 

copies is to express antigenic variants. The potential to express functional variants cannot 

be ruled out, although there is very little evidence for and against this possibility.

Within the opa multigene family a number o f regions o f variability have been observed 

within otherwise conserved structures. Interestingly these regions are responsible for 

expression o f cell-surface-exposed loops o f the Opa p-barrel and are responsible for 

antigenic and functional variability of the Opa gene family (Bhat et a l, 1991; Malorny et 

al., 1998). Diversification of this gene family occurs via the processes o f  gene 

recombination, gene duplication, and gene replacement. The natural transformability o f  the 

Neiserria genus is also likely to contribute to opa variability.

It is interesting to note the number of similarities between Opa and Ag43 proteins: both (a) 

are phase-variably expressed; (b) display size-variability; (c) are surface-exposed outer 

membrane proteins; (d) are encoded by multicopy gene families; (e) mediate 

autoaggregation and colony morphology variation; (0 , have been demonstrated (Opa) or 

implicated (Ag43) to function as adhesins. Considering available data, it would appear 

likely that agn43 genes share structural similarities with the opa genes as regards regions o f 

variable sequence within otherwise conserved backgrounds. The first third o f the a'*^-
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coding region, which encodes the majority o f amino acid variations and which is predicted 

to encode the majority of surface exposed residues, appears to be a prime candidate. It 

would appear logical to assume that this localization of variation within a region o f 

predominant surface exposure results from immune system pressure and from attempts to 

evade such pressure.

Studies regarding the regulation o f both agn43 genes o f ML308-225 revealed differences in 

the levels o f expression and phase switch, and strongly suggested the promoter regions o f 

each gene to possess distinct sequences (Chapters 4, 5). Assuming that one of the two 

genes is not a transient feature of the genome, the differences in the levels o f switch 

frequencies provide a mechanism by which the cell can express one predominant agn42 

gene product at any given time. This may facilitate the cell in the processes of immune 

system evasion. Furthermore, a similar situation might also be expected to exist within 

other strains possessing multiple agn43 genes, as the coordinated expression o f  the 

(functionally homologous) products of two identical genes, such that the products o f  each 

gene are expressed together, would provide the cell with no apparent benefits. It could be 

argued that a large quantity of the protein may be required upon the surface in order for its 

function to be performed and that such a quantity can only be achieved by coordinate 

expression from multiple genes. However, such a situation would be very unlikely from an 

evolutionary standpoint. Thus, it would appear that the differential expression o f  agn43 

genes within ML308-225 provides the cell with a mechanism by which it can vary the 

expression o f the two potentially antigenically distinct Ag43A and Ag43B proteins. These 

proposals could be resolved via the development o f Ag43A- and Ag43B-specific probes 

(e.g., monoclonal antibodies) and by use o f  same to screen isolates recovered from 

rats/mice that had been orally challenged with ML308-225.

An overall analysis o f  the data at hand suggests that agn43Auuoi-225 and agn43Buuoi-22$ 

possess individual promoters o f distinct sequence, yet are both regulated in a similar 

manner by OxyR and Dam. This preservation of identical modes o f regulation for each 

gene suggests that it is important for the cell to maintain this form o f control o f  Ag43 

expression. Possible reasons for this remain to be resolved. However, it would seem

137



logical to assume that the mode o f regulation ensures that Ag43 expression is programmed 

to occur at times of maximum benefit to the cell. In this respect, it is interesting to note that 

(a) OxyR is an oxidative response protein (Kullik et a l,  1995); (b) Ag43 is proposed to 

function in environments (biofilms [Danese et al., 2000; Kjaergaard et al., 2000] and (static 

liquid environments [Hasman et al., 2000]) where oxygen concentration gradients are likely 

to exist (Okabe et al., 1999); (c) transcription from agn43 is 2.5-fold greater in anaerobic 

than in aerobic environments and is 4-5 fold greater in stationary phase than in logarithmic 

phase (Waldron et al., 2000); and (d) as a general rule o f thumb, DNA sequences are less 

likely to be methylated early on in the cell cycle (Reisenauer et al., 1999). Based on this 

information, one could propose a model for the roles o f agn43 regulation and Ag43 

expression in the life cycle of E. coli. Thus, bacterial cell division is accompanied by the 

production o f cells whose DNA is unlikely to be methylated. As a result, one would 

anticipate these cells to be predominantly Phase OFF for Ag43 expression. As these cell 

“age”, methylation, and therefore Ag43 expression, is more likely to occur. This process 

would therefore increase the biofilm-forming capability o f “old” cells, thereby extending 

their life cycle and increasing the prospects o f population propagation. In the event that 

young cells enter an unfavourable oxygen-poor environment, Ag43 expression may be 

initiated through the action of OxyR increasing the cells biofilm-forming capabilities, 

thereby increasing the life span of the cell and the prospects for population propagation. In 

a nutshell, expression o f the Ag43 ‘fertility factor’ is switched ON in ageing cells or during 

unfavourable conditions of growth in order to increase the potential for the population to 

propagate.

A number o f experiments could be performed to test the above model. Firstly, the biofilm- 

forming capabilities o f late-log and early-log phase populations o f E. coli K-12 could be 

compared. In a similar manner, biofilm-forming capability could be analysed under 

conditions o f varying oxygenicity and nutrition. Enhanced formation o f biofilms by E. coli 

K-12 under conditions of low oxygenicity, as compared to conditions o f high oxygenicity, 

would support the above model.
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As is apparent from Section 1.2, many features o f the m echanism  by which Ag43 is surface 

expressed remain to be resolved. The following experim ents may prove useful in resolving 

these issues. It is proposed that Ag43 crosses the inner m em brane via the general secretory 

pathw ay and the large N-terminal signal sequence that displays Sec-dependent features. A 

disruption o f  these features via the process o f site-directed m utagenesis, followed by 

analysis for Ag43 expression, may provide information regarding translocation o f  Ag43 

across the inner membrane. At this stage it is not known how Ag43 crosses the periplasm . 

As such it is difficult to devise experim entation to resolve the issue. One m ight assum e that 

chaperones are involved in protecting the protein against degradation w hile in the 

periplasm . Transposon mutagenesis may identify previously undetected factors, such as 

chaperones, involved in expression o f  Ag43.

As regards transport through the outer m em brane, it is believed that the passenger 

dom ain attains cell surface localisation via translocation through a P-barrel pore 

(H enderson & Owen, 1999). X-ray crystallography o f the p'’  ̂ subunit w ould establish if  

this protein forms a p-barrel as proposed and may also provide inform ation regarding the 

structure o f  the protein following cleavage. Similar studies o f  the 94-kD a protein o f

N CTC 10089, which appears to represent an uncleaved form o f  A g43, (a) w ould provide 

inform ation regarding the overall structure of, and the interactions betw een, and P'*̂  

upon the cell surface; and (b) may also provide evidence indicating how  attains cell 

surface expression. Analysis for conform ational differences in the X-ray crystallography 

structures o f  the p-barrels o f  p'̂  ̂ and the 94-kDa protein may provide additional inform ation 

regarding the role o f the barrel during surface expression of

The presence o f  the putative autoproteolytic active site within the subunit has lead to 

the suggestion that this m otif is involved in the cleavage event. This issue could be

resolved through site-directed m utagenesis o f  the m o tif In the event that this had no effect 

on the structure o f  Ag43, transposon m utagenesis followed by W estern im m unoblot 

screening o f resulting mutants could be perform ed to establish the identity o f  the

139



peptidase. Alternatively, a potentially less laborious process could involve mutagenesis o f 

all known peripiasmic/cell surface proteases.

In summary, the results documented within revealed Ag43 to be a member of a family o f 

proteins that are encoded by multiple alleles. The functions o f these multiple alleles and 

encoded proteins are not known, although suggestions have been made at various points. 

However, all the results confirm earlier beliefs that the Ag43 family o f proteins is likely to 

play a significant role in the life cycle o f E. coli. Future experimentation should clarify the 

nature o f  this interesting family o f proteins and its contribution, if  any, to the pathogenesis 

o f  E. coli infection.
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