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ABSTRACT

Cellappendagesincludingfrmbriaehavebeenusedfortheexpressionofforeign

antigenic determinants and therefore have been considered as potential immunogens in

vaccine development. Two virulence factors, fimbriae and toxins, are involved in

pathogenesis of Enterotoxigenic E. coli. Fimbriae are colonization factors that have been

used for immunization in farm animals (as vaccine) and human volunteers in vaccine

development studies. Toxins, heat stable (ST) and heat labile (LT), induce secretion of

water and electrolytes in the intestine resulting in diarrhoea. LT is immunogenic whereas ST

which is a small peptide is not. Considerable efforts have been applied to increase the

immunogenicity of ST for inclusion in vaccine against ETEC by coupling the toxin to carrier

molecules through chemical and genetic procedures'

The aims of this studY were:

-To develop the cS3 pili of cFAltI. of enterotoxigenic E- coli as a delivery system for the

expression of foreign antigenic determinants to the bacterial cell surface'

-To make an immunogenic ST toxoid as a step towards a vaccine against Enterotoxigenic

E. coli

CS3 is expressed by most strains bearing colonization factor antigen II (CFA/II) and has

been shown to have a constant structure among CS3 expressing strains. Cloning and

sequencing of the cstH gene, encoding the major fimbrial subunit of cS3, from 6 strains

from different geographical region showed a high degree of similarity at both nucleotide and

amino acid levels. A panel of l9 Mabs against CS3 were isolated and charactetized These

Mabs and two Mabs from previous work have been used to study the antigenic variation in

CS3. 20 Mabs had identical reactivity with CS3 from 5 strains, but Mab 1l:2 failed to

recognizethe CS3 pili on strain 8248750-l whereas it reacted with its denatured form ln

immunoblot. The same results were obtained with E. coli K-72 harbouring a recombinant



CS3 operon which lnchffi the cstTgene from this strain. These results suggest that there

is some antigenic variation in CS3 in different strains and that Mab 11:2 recognizes a

conformational epitope, including aa 39, which is different in CstH from E248150-I

(Asn+Lys).

These Mabs were also used for epitope analysis of CS3. Two sets of nested

deletions from C- and N-terminal of the cstH were generated and truncated genes fused to

the phoA gene lacking both promoter and signal sequence. These fusion proteins and hybrid

CstH::ST and CstH::LT-Bqq-aa,\ryere expressed in E. coliK-72, and by immunoblot analysis

using the Mabs, some epitopes were characterized.

Two exposed region s of cstH have been used for inseftion and expression of the

foreign epitopes. These epitopes were derived from the B subunit of LT (linear epitope) and

ST toxin(nonJinear epitope). PCR mutagenesis and amplification was employed to

introduce two unique sites into cstH and generating the est and eltB epitope cassettes

respectively. These for.eign epitopes were insefted in-frame into the two unique sites of the

mutants cstH gene.

protein analysis of the various constructs in the T7 RNA polymerase/promoter

expression system in E. coli K12 by immunobloting using antibodies to both carier and

insert, demonstrated the expression of the hybrid proteins.

The ability of the hybrid pili to be expressed on the call surface was demonstrated by

immuno dot blot analysis and immunofluorescence microscopy. The hybdd cslËl genes were

reinserted into the csl operon and the hybrid gene clusters were expressed in E- coli Kl2.

Immunofluor.escence microscopy using Mabs against CstH and ST showed the expression

of the hybrid CS3 pili on the bacterial surface'

The immunogenicity of the constructs was evaluated in mice. The plasmids encoding

hybrid CS3 pili were transferred into Sølmonella typhimurium vaccine strain G30 and

expression of the hybrid pili was confirmed by immunofluorescence microscopy. The sera



from orally and intraperitoneally immunized mice with hybrid CS3 were able to recognize

CS3 in the ELISA.

The experiments which have been reported in this thesis have been indicated that the

CS3 pili can tolerate the insertion of the complex peptides into at least two internal regions.

This system therefore has the potential for delivery of foreign epitopes which may be useful

in vaccine development.
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Chapter 1

General Introduction

1.1 Introduction

Escherichia coli is one of the most common microorganisms in the notmal flora

of the intestinal tract of humans and animals. Sixty years after its discovery by Theodor

Escherich (1885), the relationship between E. coli and diarrhoea was established'

However, it is also associated with extraintestinal disease in humans such as infections of

the urinary tract, neonatal meningitis and septicemia (Viboud, 1995).

pathogenic E. coli belong to a limited number of O:H serotypes (Ørskov et al.,

lg77). Diarrhoea causing E. coli have been classified into five major categories, based

on virulence properties, interaction with the intestinal mucosa, clinical syndromes'

epidemiology and o:H serotypes (Donnenberg and Kaper, 1992;Levlne, 1987) as given

below:

Enterotoxigenic E. coli (ETEC) are a major cause of infant and travellers'

diarrhoea.

Entroinvasive E. coli (EIEC) are a cause of dysentery'

Enteropathogenic E. coli (EPEC) are involved in infant dia¡r'hoea.

Enterohaemorrhøgic E. coli (EHEC) are a cause of haemorrhagic colitis and

haemolytic uremic syndrome.

Enteroaggregative E. coli (EAggEC) are associated with prolonged dianhoea.

The common features of these groups are the ability to adhere to the intestinal

brush border and the production of enterotoxins or cytotoxins.
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This thesis involves research into the development of the CS3 (coli surface

antigen 3) subcomponent of CFA/II of human enterotoxigenic .8. coli (ETEC) as a

delivery system for foreign antigens (epitopes). A description of the fimbriae and toxins

of ETEC and the delivery systems for the expression of foreign antigenic determinants

will be made here. The progress in vaccine development against ETEC diarrhoea has

also been examined.

1.2 Enterotoxigenic E. coli (BTEC)

Travellers' diarrhoea is usually caused by ingestion of contaminated food or water

and enterotoxigenic E. coli (ETEC) are the most commonly isolated pathogens. (Black,

1986; 1993; Levine, 1990; Taylor and Echeveria, 1986). ETEC are also the major

cause of dianhoea in developing countries (Black et a1.,1981) and are responsible for

considerable morbidity and mortality among children of endemic regions (Black, 1993).

ETEC cause 50 million dianhoeal cases and about 800,000 deaths annually (Black,

1986). In the farm industry, ETEC cause severe diarrhoea in neonatal and young herd

animals (Gyles, l97l; Gyles et al., 1974; Gross et al', 1918; Guinee et al., 1977; Smith

and Linggood, 1972). The serotypes and fimbrial types of human isolates are distinct

from those of animal ETEC and indicate species-specific characteristics (Soderlind and

Mollby, 1979).

Two virulence factors are involved in the pathogenesis of ETEC. Fimbriae or pili

are host-specific and mediate the colonization of the bacteria to the epithelial surface of

the small intestine. Following colonization of the intestine by the bacteria, enterotoxins

are elaborated. These can be either heat-labile (LT) or heat stable toxins (ST).
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1.3 Bnterotoxins

Two types of toxins (ST and LT) either alone or together, are produced by the

ETEC strains isolated fi'om both humans and animals. These toxins are usually plasmid-

encoded and cause accumulation of water and electrolytes in the small intestine resulting

in diarrhoea (Sherman et al., 1972; Smith and Linggood, 1971).

1.3.1 ST famiþ of toxins

Two types of ST toxin, STa (or STI) and STb (or STIÐ are produced by ETEC.

These are structurally, functionally, immunologically and genetically distinct from each

other (Burgess et al., 1978; Gyles, 1992). STa is a small peptide with a size of

approximately 2kDa. It resists heat up to 100"C for 15 min., is soluble in water and

organic solvents and is resistant to proteolytic enzymes such as pronase, trypsin and

chymotrypsin (Alderet and Robertson, 1978; Smith and Halls, 1967). It is methanol

soluble and is active in the infant mouse gut (Whipp et al', 1981).

1.3.1.1 Genetics of the ST familY

STs are encodedby genes designated est and four esl genes have been cloned from

ETEC. The gene €stAt eîcoding STIa (or STp) fi'om a plasmid of bovine ETEC strain,

B41, was cloned and sequenced (So and McCarthy, 1980) and shown to be part of a

transposon, Tn1681. The gene estAz wàs cloned and sequenced from a human ETEC

strain (CRL 25090) isolated in Bangladesh (De Wilde et al., 1981). The gene estAs was

cloned and sequenced (Moseley et al., 1983; Stieglitz et a/., 1988) from a human ETEC
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strain isolated in Bangladesh. The estA¿ allele was cloned and sequenced [from an 80

MDa plasmid of a human ETEC strain, J5-4, isolated in Mexico (Stieglitz et al., 1988)1.

Guzman-Verduzco and Kupersztoch (1989) resequenced estAz and estAs genes and have

shown that estAs and estA¿ are identical genes and that the C-terminus of estAz wàs not

the same as previously reported. These sequence data have suggested that the estAz and

estAj (estAa) genes are very similar wherèas estAthas the least homology with the others

(Guzman-Verduzco and Kupersztoch, 1989; Stieglitz et al., 1988). The estA genes are

very rich in A+T content (>65%) (Stieglitz et al., 1988) and it has been suggested that

estA møy have originated from another organism with high A+T content DNA (Dallas,

1eeO).

1.3.1.2 Structure of ST toxins

Based on the nucleotide sequence data and properties of purified STs, the STa

toxin is divided into two classes, STp (STA1) from porcine and STh (STAq, STA:, and

STA4) fi'om human strains of ETEC. The STp (STAr) is a peptide of 18 amino acids

(Okamoto and Takahara, 1990; So and McCarthy, 1980; Takao et al., 1983) and the

STh (STAr, STA3 and STA,a) 19 amino acid residues (Aimoto et al., 1982; Guzman-

Verduzco and Kupersztoch,1989; Mosely et al., 1983; Stieglitz et ø/., 1988). The STAs

are extracellular peptides which are synthesized as a 72 amino acid preculsor, Pre-Pro-

ST (Okamoto and Takahara, 1990; Stieglitz et ø1., 1988). The Pre domain consists of 19

amino acids showing the characteristics of atypical signal sequence (von Heijne, 1985)

which is cleaved by signal peptidase I (Guzman-Verduzco et al., 1989) to produce a 53

amino acid Pro-ST protein. This is translocated across the inner membrane to the

periplasm (Guzman-Verduzco and Kupersztoch,1990). Pro-ST is then secreted into the
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environment and is cleaved between the Mets¡ and Asns¿ for STAz, STA3, STAq and

between Asns¿ ând Serss for STAr to yield the mature STa toxins of 19 or 18 amino

acids, respectively @asheed et al., 1990; Stiegltiz et al., 7988, Yang et al., 1992) (Fig

1.1). The Pre-domain which has signal sequence properties is essential for translocation

of the Pro-ST through the inner-membrane and its deletion leads to intracellular

degradation of ST (Yang et al., 1992). The function of the Pro-region is not well

understood, but it is apparently not essential for export of ST to the culture, as evidenced

by the secretion of ST into the culture medium by the Pro-deleted mutants (Yang et al.,

1992). Sanchez et al., (1993) showed that in-fi'ame fusion of mature ST to the signal

sequence of the B subunit of LT (LT-B) resulted in synthesis and secretion of ST, which

implied that the size and confolmation of ST allowed the molecule to exit through the

outer membrane.

Yamanaka et al., (1994) suggested that the Pro-domain is involved in

determining the correct pattetn of disulfide bond formation. The substitution of Cys:q

within this domain caused a significant decrease in ST activity in the culture supernatant,

the accumulation of inactive ST in the periplasmic space, and an alteration in the

cleavage site of the intermediate of STp. Thus it was concluded that Cys:q wâs

imporlant for recognition by the processing enzymes.

Several structurally homologous and antigenically cross-reacting STa proteins are

produced by different enteric bacteria. These include STp (STAr) from porcine (Takao

et al., 1983) and STh (STA2, STA3, and STAq) from human strains of ETEC; NAG-ST

fromVibrio cholerae non-Ol (Artia et al., 1986; Takao et al., 1985; Yoshimuta et al.,

1986), H-ST fromV. cholerae non-Ol Hakata strain (Afiia et al., 1991b), M-ST fromV.

mimicus (Aftia et al., l99la), Y-ST from invasive Yersinia enterocolitica (Pai et al.,



Fig 1.1 Comparison of STa amino acid sequences.

Deduced amino acid sequence for the full-length pre-pro-STA (72 amino acids)

is shown. Arrows show the cleavage sites for STp (Serrq-Glnzo and Asns¿-Asnss) and

STh (Serrq-Gln2s and Mets¡-Asn5a). The STp sequence is from So and McCarthy (1980)

and the STh (STA2 and STA3) are from Guzman-Verduzco and Kupersztoch (1989)'

For STh, only amino acids which are different from STp are shown. Identical amino

acids are empty spaces.
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7918, Takao et a1.,1984; 1985) and noninvasive Yersinia enterocolitica (Robins-Browne

et a1.,1993), C-ST fromCitrobøcterfreundii (Gwtino et al., 1987, 1989a), 01-ST from

a cholera toxin gene-positive strain of V.cholerae Ol (Takeda et al., 1991; Yoshimo et

al., 1993),EAST1 fromEnteroaggregative E. coli (Savarino et al., 1993b) and ST from

Klebsiella pneumoniae (Guarino et al., 1989b). These STs have coÍrmon biological

properties and share antigenic determinants with E. coli ST (Okamoto et al., 1981; 1983;

Takao et al., 1985). They have a common highly consewed region of 10 amino acids

including 6 cysteine residues in the same coffesponding positions (Shiminoshi et al.,

1e87).

STh and STp share a highly conseled C-terminal 13 amino acids (aa 5-18 in STp

and 6-19 in STh) which is antigenic, as well as containing receptor binding and

enterotoxic properlies (GarÌepy and Schoolnik, 1986; Yoshimura et al., 1985). Epitope

analysis of STh using 4 monoclonal antibodies (Mab) showed that there are three

epitopes in this region. Amino acids Leuq and Tyrle could be recognized by two distinct

Mabs, Thrro and Tyle are associated with an epitope for anothel Mab. The data fi'om

this study also suggested that the N{erminal residues (Asn-Ser-Ser-Asn-Thr), thought

not to be essential for the biotogical activity of STh, possess an impoftant epitope (Asn¿

and Thrs ) which can induce neutralizing antibody (Takeda et al., 1993). The C-terminal

13 amino acids conserved region contains 6 cysteine residues that participate in the

formation of three disulfide bonds to form the tertiary structure of the toxin (Okamoto et

at., 1987). A periplasmic protein, termed DsbA (a disulfide bond epimerase), has been

found to catalyze the formation of the disulfide bonds of STp as well as many other

proteins in E. coli (Yamanaka et ø1., 1994). All three disulfide linkages are critical for

the conformational structure and are required for full expression of the biological activity

of the toxin. Dissociation of the disulfide bonds results in a dramatic loss of ST activity
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(Greenberg et al., 1983; Okamoto et al., 1987; Staples et al., 1980; Yoshimura et al.,

1985). These issues were investigated through the chemical synthesis of analogues of

the 13 amino acid C-terminal domain of STh and STp and substitution of residues. A

pattern of disulfide linkage has been proposed (Fig 1.2), where Cysz is paired with Cysrs,

Cyso with Cysrr and Cysro with Cysrs (Gariepy et al., 1987). This patteln is identical to

that determined for STp (Ozaki et al., 1991) and Y. enterocolitica and V. cholerae non'

01 ST (Shimonishi et al., 1987), suggesting that all these toxins have similar'

conformation.

The contribution of each disulfide bond to the potency of the toxin is not

equivalent. The Cys; and Cysrs are the most ctucial pair for activity, followed by Cys6

and Cysrr. The least important linkage is Cysro and Cysrs but they still make a significant

contribution to maximal potency. The folding pattern suggested for STh consists of

three turns which are stabilized by the three disulfide bridges (Gariepy et al., 1987).

Study of the crystal structure of a 13 amino acid toxic domain analogue of STp revealed

that the molecule has a right-hand spiral peptide backbone. Three B-turns are located

along this spiral and fixed tightly by three intramolecular disulfide bonds (Ozoki et al.,

1991). The B-turn sttuctures are located along the spiral from Cys6-Cyse, Asnlr-Cysro

and Cysla-Cysrz of STp. The second turn is more important in the expression of the

toxicity as suggested by the finding that the amino acids in the first and third B-turn can

be replaced without affecting toxicity (Ozaki et al., 1991). The contribution of

individual amino acids to the biological activity of ST has been studied and shown that

Asn11 of STp plays an essential role in the enterotoxic activity of the toxin. The amide

group and the length of the side chain of Asnr r may be important for enterotoxic activity

(Okamoto et al., 1988). Replacement of Alar¡ in the second turn of STp by other amino

acids resulted in mar*ed reduction in the toxic activity and binding to its receptor in rat



Fig 1.2 Amino acid sequences of STp and STh.

The amino acid sequences of the STp þanel A) and STh (panel B) are shown.

The lines show a pattern of disulfide linkage in the molecule as suggested by Gariepy er

al. (1957) andOzaki et al. (1991).
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intestinal cell membranes. Thus, it has been proposed that the second B-turn of the toxin

molecule is important for the interaction of the toxin with its receptor protein. Takashi

et al. (1994) have studied the three dimensional sttuctures of analogues of STp by

replacing Alar¡ with Gly or Leu and concluded that the decrease and loss of the

biological activity in these peptide analogues are because Alar¡ (Alara in STh) is a

putative receptor-binding residue.

1.3.1.3 Receptors for ST toxins

The presence of STa receptors has been demonstrated in the human small

intestine and colon (Cohen et al., 1988), rabbit caecum (Rao e/ al., 1980), rat colon and

ileum (Mezoff et al., 1992), the human intestinal cell line CaCo-2 (Cohen et ø1., 1993),

and in the human colonic cell line T84 (Guarino et al., 1988)'

The STa receptor appears to be a protein or glycoprotein (Dreyfus and

Robeftson, 1984; Hirayama et al., 1992, Vaandrager et al', 1993). STa binds to the

receptor through the reaction of a disulfide bond in STa with a sulphydryl group in the

receptor, as suggested by the finding that STa could readily be dissociated fi'om its

receptor by treatment with dithiothreitol (Dreyfus and Robertson, 1984). Two classes of

ST receptors, low-affinity and high-affinity, have been identified in intestinal membranes

(Dreyfus et al., 1984; Dreyfus and Robertson, 1984; Hugves et al., I99l; Kuno et al.,

1985; Thompson, 1937). High-affinity receptors are not coupled to activation of

parliculate guanylate cyclase (Crane et al., 1992; Dreyfiis et ø1., 1983) but the low-

affinity receptors are associated with its activation (Crane et al., 1992).
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The analysis of labelled ST cross-linked to receptors by SDS-PAGE showed that

there are several structural forms of the ST receptor: non-r'educable 160, 136,J8,71 and

56 kDa binding subunits and 160 and 136 kDa proteins which are able to be reduced to

TSandTlkDasubunits,respectively(Kuno etal., 1985; Ivansetal., 1990). ActiveST

receptor was purified by affinity chromatography fi'om the membrane lipid-bilayer of rat

intestinal mucosa (Hugues et al., 1992) and from the cytoskeleton-associated component

of rat intestinal membranes (Hakki et al., 1993). Analysis of afhnity purìfied ST receptor

from lipid-bilayer by SDS-PAGE and cross linking of labelled ST demonstrated a major

protein subunit of 14 kDa and also 164 and 45 kDa subunits, confitming the structural

heterogeneity of ST receptors. The purÌfied protein did not possess guanylate cyclase

activity which could be attributed to the instability of the enzyme during purification

procedures (Hugues et ø1., 1992).

The ST receptor isolated from rat cytoskeleton possessed a subunit size of 56

kDa which exhibited both high and low-affinity binding sites for ST. This ST binding

protein was not coupled with particulate guanylate cyclase activity (Hakki et ø1., 1993).

These data suggest that ST binds to several different proteins in the intestinal membrane,

but some of themdo nothave guanylate cyclase activity (Hakki et al., 1993; Hugues er

al., 1992;Kuno et a1.,1985; Waldmanet a1.,1985).

ST receptors are also heterogenous in their localization within intestinal brush

borders. 40Y" of tbe total ST receptors seems to be associated with the lipid bilayer and

can be extracted with detergents (Waldman et al., 1985). The remaining insoluble

receptors appear to be linked to the cytoskeleton of brush border membranes. The ST

receptor is not coupled to particulate guanylate cyclase in detergent extracts but



10

cytoskeleton linked ST receptor is associated with guanylate cyclase (Kuno et al., 1985;

Waldman et al., 1985).

Genes encoding ST receptor have been cloned from rat and human intestinal

oDNA libraries (de Sauvage et al., l99l; 1992; Schulz et al., 1990; Singh et al', 1991).

A ST receptor of l2l kDa was predicted based on the deduced amino acid sequence.

The cloned protein, termed Guanylyl cyclase-C (GC-C), which has ST binding and

guanylate cyclase activity, contains an extracellular domain, peptide-binding region, a

single, shorl trans-membrane domain, and a cytoplasmic region containing protein

tyrosine kinase and guanylate cyclase catalytic domains.

The cloned GC-C gene encodes a new member of the particulate guanylate

cyclase peptide receptor family associated with the cytoskeleton of the intestinal cells.

Transfection of Cos-7 cells with the cloned ST receptor gene expressed particulate

guanylate cyclase activity and the ability to specifically bind to ST with low affinrty

leading to accumulation of cyclic GMP (Schulz et al., 1990). Transfection of Cos-7 and

other mammalian cells with the human homologue GC-C exhibited similar results (de

Sauvage et ø1., 1991; 1992; Singh et al., 1991). Vanderager et al. (1993) expressed

GC-C in human embryonic 293 cells. Cyclic GMP concentrations in the cell were

increased 40-fold in response to 1pM STa. The data indicated that GC-C is an N-linked

glycoprotein.

In contrast to the studies of crude and purified ST receptor, which attribute the

guanylate cyclase activity and ST binding to separate molecules in intestinal cells (Crane

et al., 1992; Hugves et al., l99l; 1992; Hakki et al., 1992; 1993; Ivans et al., 1990;

Katawa et al., 1991; Waldman et al., 1985), cloning and expression of the rat and human

intestinal ST receptors suggest that the ST binding and particulate guanylate cyclase
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activity are on a single transmembrane protein (de Sauvage et ø1., l99l; 1992; Schtilz et

al., 1990; Singh et al., 1991). Comparison of receptors for ST in two intestinal cell

lines, the human colon carcinoma cell line CaCo-2 and the rat intestinal cell line IEC-6

showed that CaCo-2 cells respond to ST with increased guanylate cyclase activity.

Cloning and expression studies confirmed that the receptor present in CaCo-2 cells is a

homologue of guanylyl cyclase (GC-C). Northern and PCR analysis indicated that

guanylyl cyclase C is not expressed in IEC-6 cells, suggesting the presence of a different

ST receptor that is not coupled to guanylyl cyclase activity (Mann et al., 1993).

Recently, Visweswariahet ø1. (1994) purified a ST receptor from T84, a cell line

derived from a human colonic carcinoma, with a size of 160 kDa. The purif,red receptor

retained guanylyl cyclase activity.

Further detaited studies of purified and cloned receptor ploteins may solve the

discrepancy in these data. This includes the development of procedures which allow the

purificalionolsuffiuient amounts of native ST receptor for comparisons to be made in

the activity and amino acid sequences of cloned and native ST receptors'

1.3.1.4 Mechanism of action of ST

The initial step in the biotogical activity of STa involves binding of the toxin to

the specific receptor on the intestinal epithelial cell membrane (Cohen et al., 1987;

Dreyfus and Robertson 1984; Kuno et al., 1986) leadingto the activation of particulate

guanylate cyclase. Activated guanylate cyclase convefts GTP to cyclic GMP (oGMP)

resulting in accumulation of the cGMP in the intestinal epitelial cell (Field et al., 1987;

Huott et al., 1988; Waldman et al., 1986). This increase in oGMP mediates the
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inhibition of sodium chlorjde absorption and stimulates chloride secretion with the

concomitant elevation of water and electrol¡es in the gut and consequently diarrhoea

(Dreyfus and Robertson, 1984; Field, et al., 1987; Hughes et al., 1978; Huott et al.,

1988; Kuno et al., 1986; Waldman et al., 1986; Waldman and Murad, 1987).

l.3.2LT toxin family

Enterotoxigenic E. coli and Vibrío cholerae produce a heat-labile enterotoxin

which belongs to a family of structuralty and immunologically related proteins that cause

diarrhoea in humans and animals (Holmes et al., 1990). Heatlabile enterotoxins are

composed of a single A polypeptide bound to a pentamel of the B polypeptide (Gill,

1976; C:III et al., 1981; Sixma et al., 1991).

The E. coli-V. cholerae enterotoxin family consists of two serogroups

(Finkelstein et al., 1987; Pickett et al., 1988). Serogroup one comprises type IE- coli

enterotoxin (LT-D including LTh-I and LTp-I produced by human and porcine strains,

cholera toxin (CT) and antigenically related enterotoxins fi'om several other Gram

negative enteric bacteria (Catva et al., 1989; Prasad et al., 1990; Rose et al', 1989).

Serogroup two consists of Type II E. coli enterotoxin (LT-II) including LT-IIa and LT-

IIb (Pickett et al., 1986; 1989; Pickett and Holmes, 1990). Antisera against LT-I or CT

neutralize the other Type I toxins (Guth et al., 1986; Pickelt et al., 1986; 1989).

Antisera to LT-II toxins do not react with Type I enterotoxins and vice versa. There is

57o/o homology between the A subunit of Type I and II enterotoxins (Holmes et al.,

1990; Pickett et al., 1986; 1987; 1989). In contrast , there is little homology between

the B subunit of Type I and II enterotoxins ( Holmes et al., 1988; Pickett et al., 1986;

1989). Although the B subunit of Type I and II diffel in their sequences, antigenicity and
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receptor binding specificity, they have similar size and overall sttucture, forming a

pentamer to associate with the A subunit to make the holotoxin (Holmes et al., 1990).

1.3.2.1Genetics of LT toxins

LT-I produced by E. coli isolates from humans and animals is plasmid-encoded,

but chromosomal genes may effect its level of expression (Katayama et al., 1990; Neill er

al., 1933). Plasmids encoding LT-I usually also code for colonization factors

(Echeven:ia et al., 1986; Smith, 1984). The genes encoding LT-I have been cloned and

sequenced and show high homology between LTh-I and LTp-I (Dallas et al., I9l9; So et

a1.,7978; Yamamoto et al., 1983; 1984). Sequences of the genes forthe LT-A and -B

subunits, termed eltA and eltB, rcvealed an overlap (Spicer et al., 1981). The genes for

LT subunits are transcribed as a single mRNA (Dallas et al., 1919) and their pattern of

codon usage, G+C content, and structural and functional similarjties with CT suggest

that the E. coli LT gene and V. cholerae cft genes were derived from a common

ancestor (Finkelstein et al., 1987, Yamamoto et al., 1987).

In contrast to CT, which is secreted into the extracellular environment, LT

remains within the bacterial periplasm under experìmental conditions (Hirst et al., 1984).

The presence of bile salts at physiological concentrations causes the release of LT into

the medium, which is increased by trypsin treatment and iron staryation (Hunt and

Hardy, 1991). Expression of a plasmid encoding CT in E. coli resulted in the holotoxin

remaining localized within the E. coli penplasm (Hirst et al., 1984; Pearson and

Mekalanos 1982; Gennaro et al., 1982). In contrast, expression of LT in Vibrio and

Aeromonas strains led to secretion of the LT holotoxin and B subunit (Neill et al., 1983;

Marcello et al., 1994; Michel et al., 1995). These observations suggest the existence of
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a specific secretion machinery which is present in Vibrio and closely related species. In

V. cholerae such a set genes designated eps hasbeen identified (Sandkvist et al., 1993)

1.3.2.2 Structure of LT toxins

In all LT toxins, the A subunit has a molecular mass of 27 kDa and the

monomeric B subunit has a molecular mass of 11.6 kDa. The total size of the holotoxin,

AB5, is 85.5 kDa. The plasmid-borne E. coli elt-I operon shares considerable homology

with the chromosomal ctxA,B genes of V. cholerae, wifh 75 and 77Yo homology at the

nucleotide level for the A and B cistrons, respectively (Mekalanos et al., 1983; Dallas et

al., 1980). Overall the amino acid sequences are largely conserued between CT and LT-

I except for the region around the cleavage site between fragment A1 and A2 (residues

192 and 193), where the homology is only about 33Yo between amino acids 189-212

(Dykes et al., 1985a; Spicer et al., 1981; 1982; Yamamoto et al., 1987; Yamamoto and

Yokota, 1983).

LT toxin fiom a porcine strain has been crystallized and the sttucture of the

molecule studied at23ì+resolution (Pronk et al., 1985; Sixmaet al., l99l;1993). The

stnrctural model of LTp contains the B pentamer and an A subunit. LT-A has a

triangular or wedge shape in one view and a V shape when rotated 90". The A subunit is

composed of an enzymatic fragment (Al) and the A2 fi'agment that mediates the

connection of the A subunitto the B pentamer. The A1 strand contains shott stretches

of both cr-helix and B-strands. The A2 subunit is an extended a-helix, beginning at

lesidue 200 of the A polypeptide. The helix begins on one of the triangular sides of A1
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and then continues into the middte of the central pore formed by the B pentamer (Sixma

et al., 1991).

Subunit A is synthesized as a single polypeptide. The CT-A subunit is nicked

between residues 192 and 195 during secretion, producing 2 polypeptides, A1 and Ã2,

linked by a disutphide bond between Cysr*r and Cysrqq. However LT-A remains in the

periplasmic space without being nicked (Booth et al., 1984; GilI et al., 1979). Failure of

E. coli to nick and secrete the toxin may explain the reduced severity of E. coli induced

enteric disease (Pearson and Mekalanos, 1982). In both CT and LT, A1 and A2 ate

linked by disulphide bonds which remain unreduced, and the toxin is inactive before

entering the mammalian cell.

The separation of A1 and A2 fragments by proteolytic cleavage of the main chain

and reduction of the disulphide bond linking the fiagments (41 and A2), is necessaty for

full activity of the A subunit (Mekalanos et al., 1979; Moss et al., l98l; 1993). It is not

completely clear why the cleavage and reduction are required. This may be needed for

the separation of the Al fiagment fiom the rest of the toxin for efficient membrane

translocation, exposure or increased accessibility of the substrate binding site or to

mediate a possible conformational change in the A1 subunit (Merritt et al., 1994). These

authors studied the structure of the A subunit in the cleaved toxin by crystallography at

2.6 

^ 
resolution and concluded that even though the cleavage of A1 and A2 fragments is

required for biological activity of the toxin, it does not cause a confotmational change by

itself (Merntt et al., 1994).

Structure-function studies of the A subunit by substitution of amino acids Argz,

Glurro and Glurrz, have shown that these residues are important for the enzymatic activity

of the A subunit (Lobet et al., 1991; Tsuji et al., 1990).
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Computer analysis of the crystalloglaphic structure of LT-A containing single

amino acids substitutions showed that the residues Leu41, Ala¿s, Val53, Val6e, Ser6s, Hisro,

Valqz and Ser'¿ are critical in the assembly of the A subunit. Substitution of the residues

Val53, Ser63, Yale,, Tyr,oo and Serrr¿ resulted in a non-toxic molecule, which indicated the

impoftance of these amino acids for enzymatic activity of the A subunit (Pizza et al.,

ree4).

On the three dimensional structure of the A subunit, the NAD-binding and

catalytic-sites of the A subunit are located in a cavity which consists of 18 contiguous

amino acids that form an cr-helix bent over a B-strand, flanked on each side by B-strands

that carry the catalytic residues Glurrz and AlgT (Domenighini et al., 1994; Sixma et al',

1ee3).

The B pentamer has a ring conformation, with a hydrophobic inner surface

having 25 positive and 15 negative charges lining the central pore. The B subunit

monomers are tightly packed around the central pore. The B subunit monomer has two

tr-iple-stranded antiparallel B-sheets, a small N-terminal helix and a large central helix.

Antiparallel B-sheets give the ring the appearance of a smooth outer sutface, while long

cr-helixes form a helical barrel in the center, making a pore 30Ä long with a diameter

from 11Å near the A surface to 15Å at the other side. The pentamer has an overall

diameter of approximately 64Ä and a height of 40Å (Sixma et al., 1991). Within the B

pentamer residue Alao+ is in contact with Met:r of the next subunit around the ring and

mutation of Alao¿-+Val interferes with pentamer formation (Iido et al., 1989).

A study of two-dimensional crystals of CT bound to ganglioside GMr showed a

rÌng shape formed by the B pentamer lying flat on the membrane surface (Dwyer and

Bloomfield 1982; Gill, 1916; Ludwig et al., 1936). The A1 fragment is located away

fi-om the surface and shows minimat contact with the B pentamer. The A subunit
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interacts with the B pentamer through the highly charged central pore and appears to tun

into the pore at its C-terminus (Sixma et ø1., l99I;1993).

1.3.2.3 Receptor for LT

LT toxiri-membrane and toxin-receptor interactions have been studied. After oral

delivery, LT-B binds to the brush border of intestinal villus epithelial cells, the cells

overlying the lymphoid follicles or Peyer's patches, and undergoes transcytosis across the

enterocytes via ganglioside GM1 and galactoprotein receptors on the enterocytes

(Lindnel et al., 1994).

Ganglioside GMr is a leceptor for CT and LT (Cuatrecasas, 1913; Eldels et al.,

1983; Holmgren et al., 1973; Van Heyningen, 1983). Five molecules of GMr on the

membrane surface are bound to the B pentamer at five identical binding sites (Fishman er

al., 1978). The data fi'om binding studies indicate that the oligosaccharÌde porlion of the

receptor is recognized by CT and LT. LT can interact directly with lactose and binds to

the galactose portion of the sugar (Sixma et al., 1992). The crystallography of an

LT:galactose complex at 2.2Ì+ resolution showed that the binding surface on the toxin

contains a relatively flexible loop consisting of residues 5l-60 of the B subunit. During

receptor binding this loop becomes tightly ordered by forming hydrogen bonds joining

the GMr pentasaccharìde (Merntt et al., 1994). LT can also interact with other

receptors not recognizedby CT. These include weak binding to GM2 and to asialo-GMr

(Fukuta et al., 1988), specific binding to glycoproteins from the intestinal brush border

membranes of several species (Griffiths et al., 1986; Griffiths and Critchley, 1991;

Holmgren et al., 1982; Zemeknan et al. , 1989) and in CaCo-2 cells (Orlandi et al.,

lgg4). Although CT recognizes the tefrninal sequence Gal-NAc-Gal, the te$rinal Gal

alone is enough for LT-I binding (Fukuta et al., 1988; Smith, 1984).
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Binding studies have shown that Trpss of the B subunit is involved in the

interaction of the toxin with its receptor (Sillerud et al., 1981). DeWolf et al. (1981)

showed that this residue is in or near the receptor binding site. In the crystal sttucture of

LT, Trpsa is found al the bottom of a small cavity surrounded by several loops, one of

which contains Gly:r fi'om the adjacent monomer. Substitution of Gly:: with Asp

abolished the receptor binding by CT (Sixma et al., 1991; Tsuji et ql., 1985). It has been

proposed that Gly:: is part of a B-turn in LT and a mutation may alter the conformation

of the binding site. The positions of Ttpss and, in the adjacent monomer, Glll suggest

that the cavity is part of the ganglioside-binding site. Jobling and Holmes ( 1 99 1) studied

the structure and function of the B subunit of CT by substitution of several amino acids

for Gly::. This indicated that Gly:: per se is not required for the binding of CT, but a

negative charge or a large hydrophobic residue interferes with binding and abolishes

toxicity. Substitutions at CT-B:Trpss dramatically decrease the amount of

immunoreactive toxin, suggesting that Trpsa is crucial for the establishment or

maintenance of the native conformation of the B subunit. Substitution of positively and

negatively charged amino acids for Trpsa prevent receptor-binding activity. Substitution

with neutral amino acids (Ile, Leu, Asn or Gln) or the basic amino acid His has no effect

on GMr-binding activity. These observations imply that, in this case, the chemical

properties of the residues are more important than the specific amino acid to the

structure and function of the protein.

1.3.2.4 Mechanism of action of LT

Binding of LT toxin to its receptor leads to translocation of the A subunit

through the eukaryotic cell membrane and release of the A1 fragment into the cytosol.

Two main mechanisms for membrane translocation of CT (and most likely also E. coli
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LT) have been proposed but still need to be elaborated (Holmgren, 1994). The filst

involves the entry of the A1 fr'agment into the cytosol, either being driven into the

membrane by energy released by the B subunit-GMr receptor binding, or entry to the cell

through a disasay of the membrane lipid bilayer as a consequence, of GMr-B-pentamer

binding. In this model A1 is supposed to be located on the side of the receptor binding

site of the B pentamer (Ribi er ø/., 1988). The second mechanism implies that the B

subunits unfold and extend across the membrane thereby forming a hydrophilic pore

through which the A1 fragment can pass. In this model Al is located away from the

receptor binding site of the B pentamer which agrees with the CT-GMI crystal structure

(Sixma et ø1., I99l;1992 and 1993).

In the eucaryotic cell, the catalytic activity of A1 fragment needs the reduction of

the disulphide bond between Cysr*, and Cysrqq linking A1 to A2 (Gill and Rappaporl,

1979; Mekalanos et al., I9l9; Tomasi and Montecucco, 1981). The endogenous

reducing agent and mechanism of reduction are not known.

The A1 fi.agment hydrolyzes NAD and transfers the ADP-ribose from NAD onto

the cr subunit of the Gs protein of adenylate cyclase at the cytoplasmic side of the

membrane. In the normal cyclase system the Gs,, GTP, adenylate cyclase complex

catalyzes the conversion of ADP to oAMP. When GTP is hydrolyzed to GDP by the

GTpase activity of G.6, subunit, the complex dissociates and is inactivated (Glman,

1987). ADP-ribosylation decreases the GTPase activity of G*o and thus keeps the

adenylate cyclase in an active form (Cassel and Selingel 7977). The result of this

process is the enhancement of oAMP production and accumulation in the cell, resulting

in the inhibition of the absorption of sodium chloride and increased water secretion fi'om

the intestinal crypt cells, with consequent severe diarrhoea (Holmgren, 1994).
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1.3.2.5 Antigenicity of LT toxins

The A and B subunits of CT and LT are not cytotoxic alone, although activated

A subunit is enzymatically functional in the absence of B pentamer (Mekalanos e/

al,l979). The A and B subunits are antigenically distinct (Gilligan et al., 1983) and

differ in their immunogenicity. Antibodies directed against holotoxin react strongly with

the B subunit and weakly or not at all with the A subunit. There are common and unique

antigenic determinants among members of the serogroup I CT-LT family (Finkelstein ef

al., 1987;Kazemi and Finkelstein, 1990). Small differences in the primary structure are

sometimes associated with marked differences in neutralizing antibody specificities.

Polyclonal and monoclonal antibodies against CT and LT have been produced for use in

epitope mapping and binding site studies (Belisle et al., 1984; Holrnes and Twiddy, 1983;

Kazemi and Finkelstein, 1990; l99I; Ludwig et al., 1985). Mabs were used to study

differences between CT-A and LT-A and some cross reactivity between CT, LTh and

LTp was found @elisle et al., 1984; Finkelstein et al., 1987; Holrnes and Twiddy 1983;

Ludwig et al., 1985). It has been shown that there is extensive cross-reactivity between

CT-B and LT-B with Mabs primarily recognizing the confotmational epitopes of the

toxins. The studies indicated the importance of several specific amino acids in antigenic

determinants such as Altuo and Trpss of CT-B and Asnqo and Lysel of LT-B which are

involved in receptor-binding of the B subunit (Holmes and Twiddy, 1983; Kazemi and

Finkelstein, 1990; Ludwig et al., 1 985).

1.4 Fimbriae

The ability of ETEC to bind to the epithelial surface of intestine is necessary for

the establishment and colonization of bacteria in the gut and is a prerequisite for
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infection. The attachment of the bacteria at the site of infection is necessary to overcome

the mechanical protective factors at the epithelial surface such as peristalsis and mucosa

secretion.

ETEC adhere to the specific receptor on the enterocytes of the intestinal mucosa

by bacterÌal appendages defined as colonization factor antigens (CFA) (Levine, 1981) or

putative colonization factors (PCF) (Thomas et al., 1982). The colonizafion factor

antigens of ETEC are fimbriae (pili) (Gaastra and de Graaf, 1982; Ørskov et al., 1982).

These are rigid, hairlike, filamentous surface appendages which are thinner than flagella

(with a diameter up to about 7 nm), and are made of hundreds of copies of the structural

subunits, called pilin, fimbrin or fibrillin with subunit sizes varying from 14 to 27 kDù.

Some fimbriae of human ETEC have been referred to as fibrillae, because they are much

thinner (about 2 t:rlrtin diameter) and more flexible.

1.4.1 E. coli frmbriae

The crucial stage in the pathogenesis of ETEC is the adherence of bacteria to the

epithelial cells of the small intestine by their fimbriae. Several fimbrjal types have been

defined based on the specificity of the ligand, tissue, host, location of the fimbrial gene

(on the plasmid or chromosome) and serological variation (Paranchych and Frost, 1988).

There is a relationship between the specific fimbriae and the ability of bacteria to

adhere to a given host mucosal surface, due to the binding to distinct receptors on the

epithelial cells (Lark et al., 1986).

Many different species within the Enterobacteriaceae possess fimbriae, which are

usually classified by their ability to agglutinate erythrocytes from different species.

Based on haemagglutination (HA) reactions the fimbriae have been divided into two
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groups: mannose sensitive (MSHA) and mannose resistant (MRHA) (Ottow, 1975;

Pearce and Buchanan, 1980).

I.4.l.l MSHA fimbriae

Type I or cornmon pili are observed in different species and mediate mannose

sensitive agglutination of guinea pig erythrocytes (Clegg and Gerlach, 1987; Eisenstein

1988). Type I fimbrjae are rigid rods, 7nm in diameter and 1pm in length, distrjbuted

gniformly around the cell. The genes encoding type I fimbriae are located on the

chromosome @rinton et al., 1961) and have been cloned and sequenced (Klemm and

Christiansen, 1987). These fimbriae are not specific for ETEC and will not be discussed

further.

1.4.I.2 MRHA fimbriae

Enterotoxigenic and uropathogenic E. coli mediate rnannose-resistance

haemagglutination of erythrocytes from a variety of animal species. This discussion will

concentrate on mannose resistant fimbriae produced by different strains of ETEC.

The mannose-resistant haemagglutination (MRHA) is a characterjstic which is

used for classification of Enterobacteriaceae and distinguishes these colonization factors

from mannose sensitive haemagglutination (MSHA), produced by type I fimbriae which

are present on almost all E. coli strains (Ottow, I9l5; Pearce and Buchanam, 1980;

Ørskov and Ørskov, 1 984).

l. .2lJ;uman ETEC colonization factor antigens (fimbriae)

The expression of colonization factor antigens (CFAÐ is dependent on

environmental conditions such as temperature and composition of the growth medium.
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The CFAs are expressed at 37"C but not below 20'C (Gaastra and de Graaf, 1982).

CFA agar has been shown to be a useful medium to provide good expression of

colonization factors (Evans et al., 1977). Bile salts improve the expression of a number

of colonization factors (McConnell et al., 1989), whereas iron and glucose repress their

synthesis and the addition of glycerol or sodium acetate has no effect on expression

(Evans et al., 1991; Karjalainen et al., 1991 a, b). Addition of exogenous leucine

(lggpg/ml) to the medium completely abolishes the expression of CS3

(M.B. Jalaj akumari, p ersonal communi cati on).

1.4.2.1Nomenclature

A number of different terms such as colonization factor antigen (CFA), coli

surface antigen (CS) and putative colonization factor (PCF) have been used to descrjbe

the various f,rmbriae of human ETEC.

The most studied of human ETEC colonization factors are: CFA/I, CFA.II and

CFA/IV (Evans et al., I975;Evans and Evans, 1978; Svennerholm et al., 1988; Thomas

et al., 1985). CFA/I was the first colonization factor antigen described in human ETEC

by Evans et at. (1975). It has been shown that CFA/I* ETEC strains are associated with

12 serogroups (Table 1.1) (Blanctet al., 1989; Changchawalit et al., 1984;Cravioto et

al., 1979;1982; Drafeuille-Michaud et al., 1987; Evans et al., 1979;Forestter et al.,

1989; Levine et al., 1983; Sommerfelt, 1991). CFA/II is composed of three

subcomponents termed Coli Surface associated (CS) antigens: CSl, CS2 and CS3

(Boylan et al., 1988; Cravioto et al., 1982; Smyth, 1982). CSl and CS2 are fimbrjae

but CS3 is fibrillae (Levine et al., 1984; Mullany et al., 1983). All CFA/II* ETEC from

9 serogroups express CS3 either alone or in combination with CSl or CS2 (Cravioto et

al., 1982; Levine et al., 1983; Scotland et al., 1985; Smyth, 1982; Thomas and Rowe,



Table 1.1 Properties of human ETEC fimbriae

Fimbriae
CFA/I

CS1

CS2
CS3, CS3A

CFMII
C54
CS5

CS6

fimbriae rod
f,rmbriae rod
fibrillar flexible

fimbriae rod
fimbriae rod
frmbriae flexible
?

fimbrial rod
fimbrial, curly
fimbrial rod

fimbrial rod
undetermined
undetemined
fimbrial rod

15.2

15.4

15.11& 15.24

25.3

14.9

r 8.6
15,1

plasmid
chromosome
plasmid

plasmid
plasmid
plasmid
plasmid

chromosome

ho MW kDa Gene location

fimbriae rod 15 plasmid 06,oJ, o12, 015, O25,O32,
063, O78, O80, O85, 0153
06, 0139
o6
08, o78, O80, O85, 0115,
0139, 0154, 0168
o25
02s
06, o29, O92, Oll4, ol28
o21,o92, 0148, 0153

08, o12, 015, O48,
o1l4,ol28,0-146
09, 0143

o20
or48
0159
o166
C25
0117
02,06, 08, o20, o49,0728,
o139 o148

Reference
Karjalainen et al. (1989)

Perez-Casal et al. (1990)
Froehlich et al. (1995)
Jalajakuman et al. (1989) Cassels

and Wolf (1995)

Taniguchi et ø1. (1995)
Cassels and Wolf (1995)

Manning et al. (1987)
Cassels and Wolf (1995)

McConnell (1991)

McConnell et al (1990)

Heuzenroe der et al.(1990)
McConnell (1991)

Viboud et al. (1993)
Knutton et al. (1987)
Tacket et al. (1981)
McConnell et al (1991)
Darfeuille-Mauchaud et al. (1986)

Aubel et al. (1991)
Girón et al. (1994)

5.8

C57 fibrillar, helical 21.5

CS17 fimbrial rod 11.5

PCFO9(CS13) fibrillarflexible 21

01
o

o15,
ol27

tt4,o03I,o
28

8

1

plasmid

PCFO2O

PCFOI43
PCFOI59
PCFO166
2230
8786
Longus

25

unknown
18.6

15,5 8L 17

t6
15.34
22

plasmid
plasmid
plasmid
plasmid
plasmid
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1982; Thomas and Rowe, 1982). The expression of CSI and CS2 is dependent upon the

biotype of the strains. Strains of biotype A express CSl and biotypes B, C and F

produce CS2 (Cravioto et al., 1982; Smyth, 1982).

CFA/III was identified in ETEC strains from Japan (Honda et al., 1984). The

strain was O25:H- which also expressed CS6, but CFA/III positive strains of serotype

O25:HI6 from other geoglaphical areas have also been isolated (Honda et al., 1984;

McConnell and Rowe, 1989). The role of CFA/III in colonization of bacteria in the

rabbit intestine in RITARD model was shown later by Svennerholm et al. (1992).

CFA.4V, initially termed PCF8775, has been conf,rrmed to be a colonization

factor' (Svennelholm et al., 198Sb). Like CFA/II, CFA/IV consists of three

subcomponents: CS4, CS5 and CS6 (Thomas et al., 1985). CS6 is expressed alone or in

combination with CS4 or CS5. The CS4 and CS5 are fimbrial in nature whereas CS6 is

non-fimbrial.

Several other less well characterized fimbriae have been identified on human

ETEC which have been designated as putative colonization factors (PCF). These include

PCFO! (Heuzenroeder et al., 1990), PCFO148 (Knutton et al., 1987), PCFO159

(Tacket et al., 1987), PCFO166 (McConnell et al., 1989c), PCFO2O (Viboud et al.,

1993). Other fimbrial types include CS7 (Hibberd et al., 1990), CS17 (McConnell et al.,

1990) and CS19 (Grewal et ql., manuscript in preparation). Some other putative

adhesins have been defined simply as antigen 2230 (Forestier et al., 1987) and antigen

8786 (Aubel et al., 1991).

Svennerholm et al. (1992) indicated that PCFO159, CS7 and CSIT were

colonization factors using a non-ligated intestine model (RITARD).

CS7 was identified on an ETEC strain of serotype O15:H11 which, like CS5,

agglutinated bovine, human and guinea pig red blood cells. These CS factors have other
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similarities such as the size of the major subunit and the helical structure of the fimbriae.

There are some common epitopes between CS5 and CS7 which are not exposed on the

intact fimbriae but cross-react in the denatured form. CS7 was able to adhere to human

enterocytes and a CS7-expressing strain colonized rabbit intestine in the RITARD model

(Hibberd et a1.,1990; 1991).

CS17 are rigid fimbrjae with a diameter of -7.5 nm identified on ST- LT* strains

of O8:H9, O15:H-, O48:H26, OL14:H2I and O146:H19 (Deneke et al., 1981;

McConnell et al., 1989b; 1990). CS17 is encoded by a 100 MDa plasmid which also

codes for the toxins. CS17 positive strains exhibit a 17 kDa protein which reacts with

antisera against the CS4 fimbrjal subunit, similal to CFA/I, CSl and CS2. No cross-

reaction is observed with the native fimbrial subunit, suggesting the existence of common

epitopes among these five fimbrial subunits which are not exposed on the native fimbriae

(Hibberd et al., 1991).

PCFO9 has been identified fi'om ST- LT* strains isolated from Australia

(Heuzenroeder et al., 1990) and Peru (McConnell, 1991). The adhesin antigen has

fibrillar structure, similar to CS3, as shown by electron microscopy, with a subunit size

o12l kDa.

A putative colonization factor called PCFO2O was identified on a ST* LT. ETEC

strain of serotype O20:K27:H-, isolated from a child with diarrhoea in Argentina and

termed PCFO2O (Viboud et al., 1993). This strain adhered to the CaCo-2 cell line and

produces a27 kDaprotein at37oC which reacts with antisera against purified fimbrjae in

immunoblot analysis. There was no cross-reactivity between this PCF and other known

CFAs or PCFs.
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PCFO148 are curly fibrillae with a diameter of 3nm that are expressed by human

ETEC of serotype O148:H28 (Knutton et al., 1987). These adhere to human

enterocytes suggesting a role as a potential colonization factor antigen.

PCFO|59 has been found in serogroup 0159:H20. The fimbrjae are composed

of a 19 kDa subunit protein which is encoded by a plasmid that also encodes ST and LT

(McConnell and Rowe, 1989; Tacket et al., 1987)'

PCFO166 is morphologically similal to CFA/I but antigenically different fiom

other fimbriae in human ETEC. PCFOI66 is able to agglutinate human or bovine red

blood cells in the presence of mannose (MRHA). The fimbrjae are encoded by a plasmid

of 98 MDa. Immunoprecipitation and immunodiffirsion studies of this PCF suggested

that the fimbriae may be composed of two subunits of different molecular mass

(McConnell et al., 19S9b). The N-terminal sequence of both poþeptides (the first 25

amino acids) are identical and are similar to the N-termini of CFA/I, CS1, CS2, and CS4

suggesting that the two proteins are modified forms of the same gene product and belong

to the same fimbrial class as these proteins (Sommerfelt et al., 1992).

Non-fimbrial antigen 2230 has been demonstrated on the ETEC strains of

serotype O25:H16. The major subunit has a size of 16 kDa and does not mediate

haemagglutination. A 66 MDa plasmid encodes the adhesin antigen (Forestier et al.,

1987).

Antigen 8786 is a non-fimbrial adhesin antigen which shows MRHA with human

and bovine red blood cells. It was demonstrated on an O1I7:H4 strain that produces

only ST. This antigen was shown to adhere to brush borders of human enterocytes and

to CaCo-2 cells. The protein has a size of 16.3 kDa and is antigenically distinct fi'om

previously known CFAs and PCFs of human ETEC. The gene encoding antigen 8786 is

located on a 70 MDa plasmid (Aubel et al., 1991).
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Giron et al. (1994) demonstrated a new pilus on human ETEC strain E9034 of

serotype O8:H9 and designated Longus. Longus was also found in a considerable

number of serotypes (Table 1 .1) (Girón et al., 1995a). These pili form bundles which are

20¡rm long, composed of a repeating subunit of 22kDa found at one pole of the cell.

They are expressed under anaerobic conditions on blood agar'. There is similarity

between the N-terminal amino acid sequence of this pilin and the toxin co-regulated pilus

of Vibrio cholerae, CFA/III, the bundle-forming pilus of entet'opathogenic E. coli and to

a lesser extent with type IV pili. Therefore this pilus is placed in class B of type IV pili

(Girón et al., 1994).

1.4.2.2 Antigenic properties of CFAs

The primary structures of the major subunits of most of the CFAs and PCFs have

been identified (Clark et ø1. 1992; Clark and Manning, unpublished results; Hamers er

al., 1989; Jalajakumari et al., 1989; Jordi et ø1., 1991; Karjalainen et al., 1989; Prez-

casal et al., 1990; Wolf et at., 1989) and the antigenic detetminants of some of them

have been studied.

Monoclonal antibodies against various colonization factors have been produced

(Honda et ø1., 1989; Lopez-Yidal and Svennerholm, 1990; Lopez-Yidal et al., 1988;

Viboud et al., 1993; Worobec et ø1., 1983) and used for characterization, epitope

mapping and epidemiological studies. Potential antigenic detetminants of the CFA/I

major subunit have also been suggested based on predictions of the secondary structure

of the protein (Klemm and Mikkelsen, 1982) and two epitopes predicted within the N-

terminal 46 amino acids. Lopez-Vidal et al. (1988) characterized21 CFNI agglutinating

Mabs and compared one of them with a non-agglutinating Mab. Both Mabs reacted with

isolated fimbriae and with the 46 N-terminal amino acid peptide. The non-agglutinating
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Mab could not recognize CFNI on the whole bacteria but the agglutinating Mab did,

suggesting two different epitopes for the two Mabs on CFA.{, one of which is not

exposed in native form in CFA/I.

Some cross-reactivity has been obsewed among different colonization factors.

One Mab against CFA/I gave cross-reactivity with K99 fimbriae of animal ETEC in

ELISA but not in Western blot analysis. CFA.{, CSl, CS2, CS4 and PCFO166 are

antigenically distinct in ELISA and immunodiffr.rsion studies (McConnell et al., 1989b;

1990) but CFA/I, CS1 and CS2 cross-react with polyclonal antisera against CS4 in

immunoblot analysis (McConnell et al., 1989b). Antisera against CS4 also react with the

CS17 fimbrjal subunit. Antisera against CFA/I has weak reactivity with CSl, CS2 and

CS4 and similarly CFA/I, CS2 and CS4 reacted weakly with an antibody to CSl.

The specificity of two Mabs for CS3 was studied and found that both Mabs

reacted with CS3 from different strains in denatured form. However, one of them could

not recognize native CS3 on the bacteria expressing both CS3 and CS2, suggesting

different epitopes for these Mabs (Lopez-Vidal and Svennerholm, 1990).

Antigenic studies of colonization factors using polyclonal and monoclonal

antibodies suggest that there are common stnrctural epitopes (Worobec et al., 1983) and

some shared epitopes which are not surface exposed and therefore can not be recognized

in the native form on the whole cells, but give cross-reactivity in immunoblot analysis.

1.4.2.3 Receptors for ETEC fimbriae

ETEC producing different colonization factors have been shown to attach to

erythrocytes (Evans et al., 1977), buccal cells (Walser et ø1., 1992), human enterocytes

(Knutton et al., 1985; Viboud et al., 1995) and brush border membrane of rabbit

enterocytes (Wenneras et al., 1990). These studies have been used to characterjze the
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receptors for colonization factors. Different cell lines including Hela cells (Guth et al.,

1995), IJT29 (Neeser et a1.,1989) andCaco-2 (Darfeuille-Michaud et al., 1990; Viboud

et al., 1995) have also been used to investigate the binding of ETEC. Darfeulle-Michaud

et al. (1990) studied the adherence of the ETEC expressing CFA/I and CFA/II, and

demonstrated that these colonization factors mediate the binding of the ETEC to Caco-2

and human enterocytes. They concluded that these cells have similar receptors. Binding

of different colonization factors to these cells has also been studied. Strains producing

CFA/I, CS2, CS4+CS6, CS5+CS6, CS7, CFA/III+CS6 and PCFO166 bind to both

Caco-2 and human enterocytes, suggesting the presence of similar binding sites for these

colonization factors on both cells. Bacteria expressing CS3 or PCFO9 bound well to

human enterocytes but not to Caco-2 cells, suggesting different receptors in these cells

(Viboud et a1.,1995).

It has been shown that cells expressing 8786 antigen adheres to the Caco-2 cells

and the binding is not inhibited by purified CFA/I, CFA/II, CS6 and 2230 antigens,

suggesting different receptors for these fimbriae on these cells (Darfeuille-Michaud et al.,

1990). Bacteria expressing CS6 only are able to colonize the rabbit intestine in the

RITARD model (Svennerhokn et al., 1988) but do not adhere to human small intestinal

enterocytes (Knutton et a1.,1989). Other colonization factors such as CFA/I, CS1, CS2,

CS3, CS4, CS5 and PCFO159 mediate adherence of the bacteria to human enterocytes

(Hinson et al., 1987; Knutton et al., 1987).

Almost all human ETEC show mannose resistant haemagglutination (MRHA) of

erythrocytes from various species. It has been shown that CFA/I binds to sialic acid

containing ganglioside GMz and sialoglycoproteins of erythrocytes (Bartus et al., 1985;

Fans et al., 1980; Naaser et al., 1988). A sialoglycoprotein, with a size of 26 kDa was

isolated from human erythrocyte membranes, and was able to bind to CFA/I expressing
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bacteria (Pieroni et al., 1988). It has been demonstrated that the subcomponents of

CFA/II (CS1, CS2 and CS3) and CS4 of CFA/IV apparentþ bind to asialo-ganglioside

GM1 (Sporsem Oro et al., 1990). The binding of purified CFA/I and CFA/II to cell

membrane components of the human intestinal cell line HT29 and rabbit intestinal brush

borders has been studied and it was shown that CFA/I bound to a similar membrane

component with a size of 30-35 kDa fiom both cell type. CFA/II* ETEC also bound

these molecules and CS3 bound strongly to two components of rabbit intestinal brush

border membtane with a size of 120-140 kDa. This was absent in various cultured cell

lines. Two non-intestinal cell lines tested did not contain the components for binding

CFA/I and CFA/II.

Extraction of lipids f,'om the cell membrane with chloroform-methanol did not

affect the binding of CFA/I and CFA/II, suggesting that the receptor is a (glyco)protein.

Treatment of the membrane with neuraminidase abolished the binding of fimbriae

indicating that sialic acid may be part of the receptor. The 120-140 kDa CS3 receptors

fi.om rabbit intestinal brush borders were not affected by neuraminidase treatment

(Wenneras et al., 1990) but proteinase K treatment abolished the binding, confirming the

proteinaceous nature of the CS3 receptor. Oxidation of the intestinal cell membrane

with sodium meta-periodate abolished CS3 binding, indicating the binding of CS3 to

carbohydrate moieties of glycoproteins. Inhibition experiments showed that GMr, asialo-

GMr and GMz inhibitedthe binding of the CS3, suggesting the carbohydrate sequence,

GalNAcBl - Gal, is the CS3 binding moiety of the glycoprotein. Electron microscopy

showing the localization of this disaccharide around CS3- positive bacteria suppofts

these findings (Wennenas et al., 1995).
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1.4.2.4 Genetics and biogenesis of CFAs

The genes encoding most of the human ETEC fimbriae are located on plasmids

which usually also encode ST and/or LT. The genes encoding colonization factors are

organized in clusters which include a periplasmic chaperone, usher (high molecular

weight outer membrane protein) and the structural gene encoding the major subunit.

Table 1.1 shows properties of the human ETEC fimbriae which will be discussed in the

following sections.

1.4.2.4.1CFA/r

CFA/I is encoded on plasmids with sizes of 89-108 kb. Two legions (region 1,

7.j kb and region 2, 2.1 kb), separated by -40 kb, are required for the expression of

CFA/I (Smith et al., l9S2). These regions have been cloned (Willshaw et al., 1983), and

the nucleotide sequences detetmined (Hamer et al., 1989; Jordi et al., 1992;Karjalainen

et al., 1989; Savelkoul e/ al., 1990). Region 1 consists of cfaB (the structural subunit

gene), cfaA which encodes a protein homologous with CooB (see section 1.4.2.4.2.1)

and probably needed for assembly of fimbriae, and cfaC and cfaE encoding proteins of

unknown functions (Jordi et a1.,1993).

Region 2 contains one gene designated cfaD or cfoR (Iordi et al., 1993) which

encodes a 265 amino acid protein (CfaD) conesponding to a positive legulator (Grewal

et al., 1993; Savelkoul et al., 1990). The protein has been suggested to be a DNA-

binding protein related to the AraC family of transcriptional activators and is

homologous to .Rns (regulation of CS 1 and CS2 antigens of CFA/tr, Caron et al., 1989).

The %G+C content of cfaA, cfaB, cfac, cfaÛ (each between 30-40o/o) and cfaD

(28%) are low for E. coli genes (50%) ( Jordi et ø1., 1992) and thus have been suggested

to have originated in other bacterial species.
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1.4.2.4.2 CFA/II

CFA/II is composed of three subcomponents, CSl, CS2 and CS3 with subunit

sizes of 16.3, 15.3 and 14.8 kDa, respectively (Smyth, 1982). The exprcssion of the

particular CS fimbrjal phenotype is dependent on the biotype of the host strain (Cravioto

et al., 1982; Smyth, 1982). With CSI being expressed in biotype A whereas biotypes B,

C and F produce CS2 fimbriae. All biotypes express CS3 (Scotland et al., 1977).

Expression of plasmids encoding CS1 and CS2 from serotype O6:H15:K16 or H-

in other O serotypes or in E. coli K-12 resulted in the production of CS3 only. The

reverse transformation of plasmids fi'om these CS3-producing strains into strains of

serotype O6:H15:K16 or H- lacking the CS fimbriae associated plasmid resulted in

expression of CSl and CS2 fimbriae (Smyth, 1986). It has been suggested that

chromosomal determinants found only in strains of serotype O6:K15:H16 or H- are

required for the expression of CS1 or CS2 (Twohig et al., 1988) and that both

chromosomal and plasmid information is needed for the expression of CSl and CS2

(Smyth, 1986). Caron et al. (1989) demonstrated the existence of a plasmid encoding a

positive regulatory gene (rrs) required for the expression of CSl and CS2. Genes for

rns and cfaD are highly homologous but, unlike cfaD which is located on the same

plasmid as the structural genes, rns is located on a separate plasmid (Perez-Casal et al.,

1990;Willshaw et al., 1990b).
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1.4.2.4.2.1CSI

The gene encoding the major subunit of CSl, designated cooA (for coli surface

antigen qne), was cloned from a different plasmid to that encoding rrs. The deduced

size of CooA is 15.2 kDa, very close to that obsewed by Westem blot analysis using a

CSl-specific antiserum (16 kDa). There is 92% similarity and 55o/o identity between

CooA and the major subunit of the CFA/I, CfaB , at the amino acid sequence level

(Rerez-Casalet a1.,1990). The product of the first gene in the coo locus, CooB, has an

apparent size of 26 kDa, and is involved in the assembly of CooA (Scott et al., 1992).

t.4.2.4.2.2 CS2

Pelez-Casa| et al. (1990) suggested the chlomosomal location of the CS2 genes,

which like CS1, CFA/I and CS4 are positively regulated by plasmid located rns. A DNA

fi-agment of 5.7 kb required forproduction of CS2 in E. coli K12 has been cloned and

sequenced (Froehlich et al., 1995). This fragment contains four open reading fiames,

cotB, cotA, cotC and cotD of which cotA encodes the major pilus subunit. These genes

show homology with those involved in expression of CSI and CFA/I. CotA and CotB

proteins interact with the CooC and CooD proteins of CSl to fotm pili, and the CooA

and CooB fi'om CSI interact with CotC and CotD to produce pili.

r.4.2.4.2.3 CS3

The molecular cloning of the genetic determinants encoding CS3 fimbrjae has

been achieved independently by three groups (Boylan et al., 1987; Manning et al., 1985;

Willshaw et al., 1988). The nucleotide sequence of the minimal coding region for the

biogenesis of CS3 has been reported (Jalajakumati et al., 1989) and the presumptive
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genes designated nnkDa, where nn is a number approximating the predicted size (x 1000)

of the polypeptide it encodes, and the potential promoters as Pnn. In order to adopt a

convenient terminology by which the CS3 biosynthesis genes are referred to in future,

they were renamed as cstA to cstH, where csl stands for coli sutface antigen three (Fig

1.3). The most striking feature of the CS3 gene cluster is that a number of the genes

completely overlap. Four genes (cstA, cstB, cstG and cstIl) are placed contiguously, but

not overlapping with each other, however another four ORFs (cstC, cstD, cstU and

cstF), are completely contained within csrB. The UAG triplet at nt 3523 is needed for

the termination of some of the polypeptides (cstB, cstC, cstD, cstE and cstF)

(Jalajakumarj and Manning, manuscript in preparation). A very intriguing feature is the

presence of an inframe UAG triplet (UAG¡rt*) within one of the genes, cstG.

Suppression, or some other form of bypassing of this codon, appears to be an integral

parl of CS3 regulation (Jalajakumari et al.,1989).

Cell fi'actionation experiments and studies of the homology to other known

ETEC pilus systems helped to assign some structural roles to the genes in the CS3

operon (Jalajakumari and Manning, manuscript in preparation). Thus, CstA, which is

present in the periplasmic fi'action and shows homology to a number of chaperone

proteins, is probably needed for the transport of pilin to the outer membrane. The CstE

may be associated with CstA (periplasmic chaperone) and CstH (pilin subunit), both of

which show homology to FaeE, FanE and PapD in the K88, K99 and Pap systems, and

to FimG (type 1) and PapE (Pap system). The similarity of CstG to PapH (Båga et al.,

19S7) suggests that this protein may form the basal parl of the pilus itself and helps in the

cell anchorage of the pilus structure. The CstB protein shows homology to PapC of the

Pap system (Norgren et al., 1987), FaeD in the K88 system (Mooi et al., 1983), FanD in

K99 (Roosendaal and De Graaf, 1989) and FimD in type I pili systems (Klemm and



Fig 1.3 Genetic organization of the cst operon

The thin line rcpresents the region DNA with relevant restriction sites. Open

boxes show ORFs. Promoters are indicated by triangles. Terminator to cstH is also

shown. cstH rcpresents the major pilir,subunit gene'
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Chrjstiansen, 1990). These proteins correspond to the ushers which fotm channels in the

outer membrane through which pilins (eg CstH) are transported and assembled into the

pilus structure. Other proteins (CstC, CstD and CstF) may have structural roles, in

conjunction with CstB, in forming the channel. Studies are underway to identiSz the

roles of these proteins in CS3 biogenesis.

1.4.2.4.3 CFA/Itr

In strains producing either LT or CS6, CFA/III is encoded by a plasmid of 86-90

kb, whereas it is encoded by a separate plasmid of 52 kb in stlains producing only

CFA/III (McConnell and Rowe, 1989). A 17.4 kb DNA fiagment containing the gene

necessary for expression of CFA/III has been cloned from a 55 kb plasmid of E. coli

strain 260-l (Shinagawa et al., 1993), and the structural gene, co/A, with a size of 114

bp encoding a 238-amino acid protein was sequenced. CofA is a precursor of CFA/III

pilin which, after cleavage between Gly:o and Met¡r fotms the mature pilin. The N-

terminal30- amino acid sequence of mature CFA/trI has high homology with TcpA pilin

of Vibrio cholerae and thus it has been located in type IV class B pili (Taniguchi et al.,

lees).

1.4.2.4.4 CFA/IV or PCF8775

CFA/IV is composed of three subcomponents, CS4, CS5 and CS6. The genes

involved in biogenesis of CFA/IV are plasmid-located and the strains may contain several

plasmids.
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O25:H42 ETEC strains producing CS4+CS6 hybridize with the regulatory gene

of CFM, cfaD. It has also been shown that cfaD regulates the expression of CS4 but

not of CS6. However, the DNA fragment hybridizing to cfaD is located on the same

plasmid that also encodes the CS6 antigen (Willshaw et al., 1990). The regulatory gene

for the expression of CS4 has been cloned on a 3.3 kb HindIlI fi'agment and had identical

restriction pattern as cfaD. This regulator also promotes the expression of CSl, CS2

and CFA/I fimbriae (Willshaw, 1991). The structural genes for CS4 expression are

located on a second plasmid, and a fuither plasmid encodes enterotoxin. Enterotoxin

production is therefore not linked to either the regulatoly genes or the genes encoding

CS antigens. In most strains CS5 and CS6 are coded for by the same plasmid. No DNA

fi'agment encoding CS4 has yet been cloned.

The genes encoding CS5 antigens have been cloned as a 8.5 kb DNA fragment.

The minimal coding region necessary for the production of CS5 is about 7 kb

(Heuzenroeder et al., 1989). The nucleotide sequence of the DNA fragment encoding

the major subunit has been determined (Clark et al., 1992). The subunit is synthesized as

a precursor of 20.8 kDa (203 amino acids) containing a typical signal sequence, with a

mature protein of 181 amino acids corresponding to a size of 18.6 kDa. The amino acid

sequence of the subunit is different from subunits of other colonization factors but shows

some homology to the subunit of porcine ETEC F41 (Clark et al., 1992).

Regulatory genes from strains of serogroup 0115 and 0167:H5 producing CS5

have been cloned (Willshaw et al., 1991). The products of the genes from 0167 were

similar fo cfaD, rns and the CS4 regulatory genes, and mediate the expression of CFA/I,

CSl, CS2 and CS4 antigens. There is87% homology between this gene and cfaD at the

nucleotide level (Dehaan et al., 1991).



JI

Two variants of CS6 antigen with sizes of 14.5 and 16 kDa have been identified

(McConnell et al., 1988; Wolf et al., 1989). A 3 kb DNA fragment from O167 and O27

strains has been cloned and expressed in E. coli K-12, and three signal sequence

containing proteins with sizes of 15.6, 16.l and 26 kDa were recognized. Antisera

against CS6 reacted with the 15.6 and 16.7 kDa proteins. It was not clear whether the

two proteins represented two types of antigens present in CS6 fimbriae or were

processed from a conìmon precursor (Willshaw et al., 1988). The cloned DNA fragment

obtained fi'om a strain of serogroup O167 encoding CS6 has been sequenced. Three

open reading frames encoding proteins of 140, 160 and 220 amino acids were

determined which had sizes slightly smaller than those observed by Willshaw et al.

(19S8). Allthree proteins had signal sequences and the smallest one was considered to

be the CS6 subunit.

1.4.2.4.5 PCFO9

The genes determining the biosynthesis of PCFO9 from an ETEC strain of O9:H-

have been cloned (Heuzenroeder et al., 1990). The region encoding the major pilin

subunit (27 kDa) was localized using a synthetic oligonucleotide probe derived from N-

terminal amino acid sequence of the subunit. All genes involved in the biosynthesis of

PCFO9 have been identified and sequenced. The amino acid sequences of products

differ fi'om those of other human ETEC fimbriae but have high homology with those

associated with the synthesis of K88 fimbriae fiom porcine ETEC (Claft and Manning,

manuscript in preparation).
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1.4.2.4.6 PCFO2O

The genes involved in biogenesis of the PCFO2Ù, a newly identihed human

colonization factor, are located on the chromosome (Viboud, 1995). The structural gene

of PCFO2Q was cloned as a 3.3 kb DNA fragment and expressed in E. coli K-I2.

Sequencing of 1.3 kb of this fragment revealed an ORF,/o/,,4, whose product, FotA, had

a similar molecular tnass as that of the PCFO2O fimbrial subunit. fotA encodes a 20.5

kDa protein with a2I amino acid signal sequence. The mature protein has a size of 18.1

kDa and is homologous to the subunit of porcine 987P (82% similarity at amino acid

level) but not to human ETEC (Viboud et al., 1993; Viboud, 1995).

1.4.2.4.7 Longus

The structural gene for longus plli,lngA, which is located on a large plasmid has

been cloned on a 15 kb fragment and expressed in E. coli K-12 (Girón et al., 1994). It

has been shown that the lngA gene has high association with CFA/II, CFA/I and CFA/IV

ploducing ETEC strains. lngA is also found in a considerable number of ETEC

serotypes and is more associated with ST* ETEC than with LT*ST* or LT* ETEC strains

(Girón et al., 1995a).

The genetic organization of other human ETEC colonization factors has not yet

been extensively studied.
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1.5 Expression of heterologous peptides on the bacterial surface

One of the most interesting developments in molecular biology has been the

construction of new proteins with novel properties. By using recombinant DNA

technology one can modiff the amino acid sequence of a protein by substitution, deletion

or inseftion of amino acid residues, or by fusing two or more proteins to fotm a hybrid

protein.

The insertion of foreign peptides into cell sutface exposed proteins (referred to as

vector proteins) and expression of the hybrid pt'oteins on the surface of a bacterium such

as E. coli can be used to study the topology and sttucture of the molecule, as well as the

interactions between the bacterium and its environment (including its potential hosts).

This approach has a potential application in vaccine development and diagnosis, and the

search for active peptides for therapeutic use and immunopulification.

Foreign antigenic determinants from viral envelope proteins (Klemm and

Hedgaard, 1990) or domains of bacterial proteins such as cholera toxin (Newton et al.,

1989) have been expressed at the cell surface. The size of the insert vades fiom a few

amino acids to over 60 residues. With the C-termini of the vector proteins possibly being

able to accept larger insertions.

The stability and function of hybrid protein depends on the nature of the insett

and, more imporlantly, on the site of inserlion (Bouges-Boquet et al., 1984). It is

possible to insert a varìety of peptides of limited size in most cell surface sites of the

vector, but the composition of the inserl should not be extremely hydrophobic or charged

(Agterberg et al., 1990a; Chalbit et al., 1988).
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Permissive sites for inseftion of foreign peptides within a vector may be

determined experimentally. If the gene encoding a protein has been cloned, but nothing

is known about the sequence and sttuctule of the protein, it may be possible to recognize

permissive sites by random inseftion of the foreign peptide and then the evaluation of the

hybrid proteins. If the sequence andlor sttucture of a protein is known, it may be

possible to predict permissive sites within the vector. Hydrophilic sequences or turn

regions and loops Ihat are located on the sutface of the molecule (or cell surface) are

good candidates as insertion sites of foreign peptides. The regions of a protein which

show vadation between species are potentially the most likely to be best for mutagenesis

and insertion. If the C-terminus of a protein is exposed, it could also be a suitable site

for introduction of a foreign peptide.

Two classes of cell surface-associated proteins have been used as vectors for

expression of heterologous peptides on the suface of bacterja. These ale outer

membrane proteins and subunits of cell appendages (flagella and firnbriae).

1.5.1 Outer membrane proteins

Several outer membrane proteins including LamB, PhoE, OmpA, and TraT have

been used for insertion of foreign epitopes to study their topology and application in

vaccine development.



4t

1.5.1.1 LamB

LamB is a trimerjc integral outer membrane protein of E. coli that mediates the

entry of maltose and maltodextdns into the cell (Nikaido and Yaara, 1985). LamB is

also a cell surface receptor for bacteriophage ), (Charbit and Hoffnung, 1985). Based on

the deduced sequence of the protein and knowledge of residues affecting phage receptor

activity, a model for folding of the protein in the outer membrane was suggested (Charbit

et al., 1984). Insertion of foreign epitopes into three sites within the LarnB protein have

been used to test this model.

LamB was the first vector developed for cell surface expression of foreign

epitopes. The C3 epitope fiom poliovirus (residues 93-103 of the VPl protein of the

virus) was insefted after residues 153 , 253 and 37 4. The epitope was expressed on the

cell surface as shown by immunoelectron microscopy of intact cells using a Mab against

C3. Insertion did not have any effect on the sttucture and function of the LamB protein

and supporled the proposed model for folding (Charbit et al., 1986a,b; 1991). Several

epitopes with different sequences and sizes of up to about 60 amino acids, have been

inserted into the site adjacent residue 153. They were expressed on the cell surface

without disruption of the structure and function of the LamB molecule (Charbit et al,

19S8). Insertion of longer peptides abolished the function of LamB (Charbit et al, 1988;

Reeves et al., 1990). Several other foreign antigenic determinants, including portions of

PreS2 region of hepatitis B virus (Charbit et al., 1987), epitopes of the major outer

membrane plotein of Chlamydia trachomatis (Hayes et al., 1991) and a peptide fiom

interferon-y (FN-y) (Gargiulo et al., 1993) have been used for insertion and expression

in LamB. Immunization of animals with hybrid proteins results in production of

antibodies against both the carier and insefts. Recombinant Chlamydial-LamB hybrid
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proteins have also been expressed in an aroA mutant of Salmonella typhimurium and

shown to be immunogenic in mice (Hayes et al., 1991).

1.5.1.2 PhoE

The PhoE protein fi'om .8. coli has been used for expression of antigenic

determinants on the bacterial surface. PhoE also forms a trimer in the outer membrane,

protein providing a transmembrane channel to allow the entry of small hydrophobic

molecules (Nikaido andYaaru,1985). In the proposed model for folding of PhoE, the

protein traverses the outer membrane 16 times in a p-sheet sttucture with eight exposed

regions (loops) at the cell surface (Vander Ley et al., 1986; Vander Ley and Tommassen,

1987). These loops were considered as suitable sites for the insertion and expression of

foreign epitopes. An antigenic peptide of the structural protein VPl of the Foot-and-

Mouth disease virus (FMDV) was inserled in the second, fourth and eighth exposed

loops. The expression of the VPl antigenic detetminant on the surface of the cell was

demonstrated by ELISA, using intact cells and a Mab against the foreign antigen. The

second and eighth loops both tolerated insertion of about 50 and 30 amino acid residues,

respectively, and the vector could accept two inserlions simultaneously (Agterberg et al.,

1987; 1990a). Immunization of mice with partially purified hybrid proteins, having

different antigenic determinants of the VPl protein, resulted in the production of

antibody to the peptides (Agterberg et al., 1990b).

This approach has also been used to study the topology of the PhoE protein. By

insertion of an antigenic determinant of VPl protein of FMDV Stnryve et al. (1993)

demonstrated that the third loop of PhoE is located within the pore channel. B-cell
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epitopes of the VPl protein of FMDV were insefted into the exposed region of PhoE.

Immunization of guinea pigs with hybrìd proteins elicited protective antibodies against

the virus and the animals were protected against viral challenge (Agterberg et al., l99l;

Tommassen et al., 1 993).

PhoE has been used for the expression of a T-cell epitope (amino acids 180-188)

of the 65 kDa heat shock protein of Mycobacterium tuberculosis. The hybrid protein

induced proliferation of epitope-specifîc T-cell clones in vitro and induced an in vivo T

cell response against the 180-188 T cell epitope. The results indicate that the peptide is

immunogenic and antigenic in hybrid PhoE protein (Agterberg et al., l99l; Hogervorst

et al., 1990; Janssen et al., 1994; Tommassen e/ al" 1993)-

1.5.1.3 OmpA

Outer membrane protein OmpA has also been used for expression of

heterologous peptides. OmpA is a major structural component of the membrane of

Gram negative bacteria with a monomedc sttucture. The protein traverses the outer

membrane with eight B-sheet segments forming four surface exposed regions (Vogel and

Jahnig, 1986) which are receptor binding sites for various phage and colicins

(Lugtenberg and Van Alphen, 1983; Manning and Reeves, 1976; Manning et al., 1916;

Morona et ø1., 1985). The third domain of the molecule differs in sequence between E.

colí and Shigella dysenteríae (Braun and Cole, 1982), and has been used for inserlion

and expression of various fragments containing antigenic epitopes of VPl protein of

FMDV. Expression of the heterologous epitopes on the bacterial surface was

demonstrated by indirect immunofluorescence and immunogold labelling. Hybtid
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proteins with large insertion stimulated production of anti-virus antibody in rabbits

(Ruppert et al., 1994).

1.5.1.4 TraT

TraT is an oligomeric outer membrane lipoprotein encoded on plasmids of the

IncF group, that has been used for inserlion and expression of foreign antigenic

determinants. TraT mediates resistance to the bacteriocidal activity of serum and

reduces the ability of the bacteria to act as recipients in conjugation with bacterja

harbouring closely related plasmids (surface exclusion) (Sukupolvi and o'Connor, 1990).

The C3 epitope of poliovirus was inserted at five sites (at residues 61, 125, 180,

200 and 216) within the TraT protein. Three hybrid proteins with insertions at residues

6I, 200 and 216 were shown to express the foreign epitope on the cell surface as

indicated by immunoassay using an anti-C3 Mab (Harrison et al., 1990; Taylor et al.,

1eeO).

1.5.2 Cell appendages

Cell appendages such as flagella and fimbriae (pili) are composed of hundreds of

subunits of a monomer, flagellin and fimbrjal (fimbrÌn, fibrillin or pilin) subunits,

respectively. These subunits have variable and exposed domains which have been

considered as good candidates for the insertion and expression ofheterologous antigenic

determinants.
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1.5.2.1Flagellin

The bacterial flagellum, which mediates motility, comprises a basal structure that

selves to anchor it on the membrane, and a long extemal shaft. This shaft is a polymer of

a single protein, flagellin. Flagellin is an approximately 500 amino acid protein with a

central hypervariable domain that can be replaced by foreign peptides.

An 11 residue peptide from hen egg-white lysozyme has been expressed in the

flagellin fi'om,E. coli K-12 (Kuwajima et al., 1988). The flagellin fi'om Salmonella has

been used for insertion of various epitopes. Newton et ø1. (1989) inserted an epitope of

cholera toxin B subunit (residues 50-64) into a Salmonella flagellin. The hybrÌd flagellin

acted normally with tespect to motility and the epitope was expressed at the flagellar

surface. Immunization of mice with an aroA flagellin-negative strain of S. dublin

expressing the hybrid flagella elicited antibody responses to cholera toxin.

Oligonucleotides encoding epitopes of S (residues 122-137) and ple-S2 (residues

I20-I45) domains of hepatitis B virus surface antigen were inserted into the

hypervariable region of a Salmonella flagellin gene. A flagellin negative aroA mtÍant of

S. dublin expressed the chimeric flagella as shown by immunoblotting using antibodies

against both flagellin and hepatitis B virus surface antigen. Animals immunized with live

recombinant bacteria developed antibodies against hepatitis B virus (Wu et al., 1989).

The insertion of a peptide sequence fi'om the surface antigen Pre-S 1 (residues 12-

47) of hepatitis B virus into Salmonella flagellin resulted in assembly of functional

flagella which were immunogenic. Antibodies directed against the viral antigen

developed when the bacteria were injected intraperitoneally (i.p) into mice (Xiao-Song

He et al., 1994).
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Intraperitoneal immunization of animals with live Salmonella expressing the 15

N-terminal amino acids of the M protein of Streptococcus pyogenes type 5 within flagella

on the cell surface, induced the production of antibodies against M protein. Following

immunization, mice were partially protected against a lethal challenge of S. pyogenes

type 5 (Newton et al., l99l; Stocker, 1990).

A B-cell epitope (residues 201-224) of Murray Valley encephalitis virus has also

been inserled into the flagellin of Salmonella. Expression of the epitope on the cell

surface along the flagellum was demonstrated by immunoblot and immunogold electron

microscopy using a Mab specific to the epitope (Whittle et al., 1994).

1.5.2.2 Fimbriae

Fimbriae are long, flexible, filaments composed of hundreds of identical major

subunits as well as minor components which enable the bacteria to adhere to various

surfaces. Sequence comparison of related fimbriae reveals conseled structural motifs

and implies the presence of varjable domains which usually correspond to the major

antigenic determinants. Different fimbriae have been used for insertion and expression of

heterologous epitopes.

1.5.2.2.1 Type 1 fimbriae

These fimbriae have been used for the insertion of two epitopes of hepatitis B

surface antigen (residues 122-137 and 140-146), the C3 epitope fiom the VPl capsid

protein of type I polio virus and an epitope of the VPI capsid protein of FMDV into the
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fimbrial subunit. The results indicated that epitopes up to 18 residues could be expressed

af two sites (after residues 28 and 57) without any effect on the overall sttucture of the

fimbriae, and were detectable on the surface of the bacteria (Hedegaard and Klemrr¡

1989; Klemm and Hedegaard 1990).

1.5.2.2.2 P-fimbriae

P-fimbriae consist mainly of a major subunit with some minor components

comprising the actual adhesin at their tip. The major fimbrjal subunit determines the

antigenic properties of the fimbriae and has been used for classification of P-fimbriae into

serotypes F7-F13 (Ørskov and Ørskov,. 1985). There are five hypervaliable segments

(IIRs 1-5) containing the major antigenic epitopes of the P-fimbrjae (Van Die et al.,

1987 1988). The HRs of the major subunit of Fl 1 fimbriae appeared to be suitable for

insettion of foreign antigenic determinants.

Replacement of HR4 with an epitope of FMDV had no effect on assembly of the

hybrid fimbriae and the foreign epitope could be recognized using a Mab to FMDV (Van

Die et ø/., 1988). It has also been demonstrated that HRl and HR4 can accept foreign

epitopes of up to 14 amino acids from different sources. The chimeric fimbrjae could be

assembled and exposed the inserted peptides. Hybrid fimbriae containing an epitope of

FMDV induced the production of antibodies to the insert when injected into mice (Van

Die et a\.,1990). Recently P-fimbriae have been used to express Gonadotropin releasing

hormone (GnRII), which regulates reproduction in mammals. GnRH was insefted into

the hypervariable region of Fll fimbriae. The hybrid fimbriae were expressed on the

bacterjal surface. Immunization of female rats and bull calves with purified hybrid
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GnHR-fimbriae affected the reproductive characteristics of animals (Van der Zee et al.,

1 ee5)

1.5.2.2.3 K88 fimbriae

K88 fimbriae, produced by enterotoxigenic E. coli in domestic animals, mediate

attachment of bacteria to the intestinal epithelium and facilitate colonization of the gut

(Klemm, 1985). There are three distinct serotypes of K88 -K88ab, K88ac and K88ad -

with common antigenic determinants (a) and variable antigenic detetminants (b, c and d)

(Dykes et al., 1985b). The variable domains of K88ac (residues 164-17l) and K88ad

(residues 208-221) were substituted by a linker sequence, and the hormone somatostatin

and two epitopes of the influenza virus haemagglutinin were cloned into these linkers.

Of the two recombinant pili containing influenza epitopes, one stimulated the production

of antibodies in rat against the inserl. Hybrid pili expressing somatostatin were able to be

recognized by both monoclonal and polyclonal antibodies (Thiry et al., 1989).

Replacement of the variable region (residues 163-173) of K88 with different epitopes did

not affect the biogenesis of pili and the epitopes were detected on the pili. Immunization

with hybrid fimbriae induced antibodies against foreign antigenic detetminants (Bakker er

al., 1990).

1.5.2.2.4 CS31A

CS3lA is a plasmid-encoded fibrillar antigen which is found in bovine and human

enterotoxigenic or septicaemic E. coli and produces a capsule-like sttucture around the

cell. The CS31A antigen is related to K88 fimbriae with 46% homology at the amino

acid level (Girardeau et al., 1988; 1991). There are two variable regions in the subunit,

V2 (residues 123-150) and V3 (residues 186-221) and the only continuous epitope of the



49

native protein is located in V3. These domains have been used for insertion and

replacement with different foreign epitopes. The results showed that replacement of the

V3 domain with heterologous viral epitopes can be performed without a drastic effect on

CS31A biogenesis.

Foreign epitope expression on the bacterjal cell surface and immunization of mice

with these bacteria resulted in the production of antibodies against the foreign epitope

(Bousquet et al., 1994). Fusion of heterologous peptides (with different physical

properties) of up to 19 amino acids to the N-terminus of the CS31A subunit was also

performed. The hybrid antigen was cell-surface exposed as indicated with immunogold

electron microscopy (Der Vartanian et al., 1994).

1.6 Vaccines against human ETEC

Dian'hoeal diseases are an impoftant world wide problem, parlicularly in

developing countries and in travellers to these areas. In developed countdes, children

also suffer fi'om acute diarrhoea often leading to hospitalization and sometimes death

(Black, 1993; Savarino and Bourgeois, 1993). Dianhoeal diseases are estimated to

cause 3.7-4.6 million deaths in infants and children each year (Black,1993). ETEC has

been identified as an important causative agent in diarhoea, resulting in 400-650 million

cases and 500,000-800,000 deaths annually in children under five years old (Kaper and

Levine, 1988; Reid et al., 1993; Black, 1986). Two virulence factors, colonization

factor antigens (pili or fimbriae) and enterotoxins (ST and/or LT) ale involved in the

adhesion of ETEC to the intestinal brush border and subsequent disease. Although

dian'hoeal diseases can be effectively treated by oral rehydration therapy, prevention of

the illness is preferred.
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Investigations have demonstrated that toxins and adhesins of bacteria could be

useful vaccine antigens against ETEC @vans et al., 1988). Numerous studies have been

undertaken to develop vaccines based on these components, but as yet no vaccine is in

cunent human use.

1.6.1 Purified fimbrial vaccines

Fimbriae are good immunogens and expedmental and natural infection by ETEC

elicits the production of antibodies against pili and other components of the bacteria

(Levine et al., 1984; Rivas et al., 1995). Thus it has been proposed that a purified

fimbrjal vaccine consisting of different CFAs could selve as an effective vaccine.

Fimbrjal vaccines based on K88, K99 and 987P antigens are routinely used in fatm

animals to prevent ETEC infections (Klemm, 1985; Moon and Bunn, 1993).

A purified preparation of type 1 pili was the first vaccine evaluated in humans. It

was hoped that this vaccine would provide broad protection against E. coli strains

expressing different CFAs and enterotoxins because of the production of type 1 pili by

pathogenic and non-pathogenic E. coli. Parental administlation of the vaccine stimulated

the production of sIgA anti-typel pili antibodies but did not protect vaccinees against

ETEC challange (Levine et al., 1984).

Several attempts have been made to develop a fimbrial vaccine in animals and

humans. Oral immunization with a purified CFMI (CS1+CS3) vaccine led to rjses in

antibodies to CFA/II in only two out of ten volunteers (Levine et al., 1986) and did not

give significant protection against homologous pathogenic ETEC challenge. Duodenal

administration of the vaccine via an intestinal tube resulted in the production of

significant specific sIgA response in four out of five volunteers. These results imply the

adverse effects of stomach acid and susceptibility of fimbriae to proteolytic digestion
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(Schmidt et al., 1985). To overcome these problems in fimbrial vaccines, a

biodegradable polymer (Lactide-co-glycolid) (PLG) which has been used for the delivery

of other protein antigens (Eldridge et al., 1989; Moldoveanu et al., 1989) was tested.

Purified CFA/I antigen was encapsulated in biodegradable PLG polymer microspheres

and used for a single dose immunization of rabbits via an intragastric tube. The

immunization induced a strong systemic antibody response of the IgG subclass to CFA/I.

One out of three rabbits elicited CFA/I sIgA antibodies @delman et al., 1993).

PLG has also been used for intraduodenal immunization of rabbits with CFA/II

(CSl+CS3). The results showed that the vaccine was safe and immunogenic and

stimulated the ploduction of IgG antibodies to CFA/II. Following vaccination, Peyer's

patch cells could be shown to respond in vitro to CFA/II. Anti-CFA/II antibody

secreting B cells were also found in the spleens (Reid et al., 1993). The immunogenicity

and protective capacity of purified CFA/II antigen encapsulated in PLG was evaluated in

human volunteers immunized four times weekly via intestinal tubes (Tacket et al., 1994).

Five out of ten volunteers developed IgA CFA/II antibody-secreting cells (ASC). Five

out of ten had sIgA anti-CFA/II in jejunal fluid. 30% of the vaccinees were protected in

a challenge with the heterologous ETEC strain 8 weeks after the first immunization.

Two of the protected vaccinees had the highest numbers of ASC and highest titers of

sIgA suggesting that this strategy is promising. However, additional studies need to be

undertaken to develop more effective systems for delivery of purified fimbrial vaccines

and to reduce the number of vaccine doses required.

1.6.2 Toxoid vaccines

Three antigens of ETEC are able to stimulate the production of antibodies and

mediate protection against ETEC: LPS, fimbriae and enterotoxin (LT) (Ahren and
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Svennerholm, 1982; Evans et al., 1988; Levine, 1990). Immunization with LPS and

specific fimbriae do not protect against heterologous strains. Immunization with toxins

which are cornmon to all strains of ETEC elicit the production of antibodies which may

protect against homologous and heterologous strains (Klipstein et al., 1981a; b; c).

ST is a low molecular weight (18-19 amino acids), non-immunogenic peptide

toxin which can become immunogenic when coupled to a large molecular weight canier.

Several different canier molecules have been used to prepare immunogenic toxoids of

STa including: outer membrane protein OmpC (Saarilahti et al., 1989), Bovine serum

albumin (Frantz and Robertson., 1981), LT-A (Sanchez et al., 1986), LT-B (Clements,

1988; 1990) and IgG binding fragment of Staphylococcus aureus proteinase A

(Lowenadler et ø1., 1991).

Native and synthetic STa have been used to construct fusion proteins with

different cariers through chemical procedures and recombinant DNA technology

(Clements, 1990; Houghten et al., 1985; Klipstein et al., 1984; Sanchez et al., 1988).

These fusion proteins have been used to elicit antibody responses and promising results

were recentþ obtained using LT-B::ST fusions which mediated mucosal protection

against both ST and LT toxins following oral immunization (Cardenas and Clements,

1993).

Synthetic modified ST-peptides conesponding to the 15 C-terminal amino acid

tesidues of STa have been made. Peptides in which one or two cysteines were replaced

with alanine were non toxic but reacted with an ST neutralizing Mab (Svennerholrn et

al., 1988). Fusion of a decapeptide homologous to STa to cholera toxin B subunit

resulted in a hybrid protein able to react with STa antibodies and to give rise to STa

antibodies with weak neutralizing activity (Sanchez et al., 1988).
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LT is a high molecular-weight, highly immunogenic protein which is

immunologically and physicochemically related to cholera toxin. The immunogenicity of

LT and CT and their binding B subunit, have been well-studied (Gilligan, 1983; Pierce et

a/., 1988).

LT-B has been used to construct fusion proteins with ST, and immunization

experiments demonstrated the production of antibodies to both ST and LT-B (Clements,

1990; Cardenas and Clements, 1993; Aitken and Hirst, 1993). A non-toxic LT lacking

ADP-ribosylating activity could stimulate the production of LT antibodies in mice

(Douce et al., 1995). Recently IJaqet al. (1995) expressed the LT-B gene in transgenic

plants and demonstrated that immunization of mice with a ctude soluble extract fiom

leaves induced selum and mucosal anti-LT-B immunoglobulins with neutralizing activity

in cell protection assays. Feeding mice with fresh transgenic potato tubers also induced

immunity (Haqet al., 1995).

There has been interest in the development of toxoid vaccines based on epitopes

of CT-B which are conserved in LT-B. It has been shown that antibodies directed

against a peptide vaccine conesponding to a region of CT-B which is conserved in LT-B

can react and neutralize LT-B biological activity (Ghose and Karush, 1988; Jacob et al.,

1984; 1986). Klipstein et al (1986) have constructed a non-toxic synthetic peptide

consisting of the 18 amino acids of ST and a 26 amino acid peptide of LT-B. Oral

immunization of volunteers resulted in serum and intestinal antibody rises against both

components (Klipstein et al., 1986). It has also been demonstrated that antibodies

against the B subunit of CT gives protection against LT producing ETEC (Clements er

al., 1986;1988).
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1.6.3 Whole cell vaccines

An alternative vaccine approach for the protection against ETEC is to use killed

ETEC bacteria alone or in cornbination with the B-subunit of the LT. Clemens et al.

(1938) have demonstrated that the combined cholera toxin B subunit/killed whole cell

oral cholera vaccine conferred shott-term cross-protection against LT-producing ETEC

among rural Bangladeshi children and women in field trials. The same vaccine gave a

similar protection against diarrhoea associated with LT* ETEC in travellers to Morocco

(Peltola et al., 1991) which implied cross plotection was mediated by CT-B. Colicin E2-

killed ETEC (ST*, LT*, O78:H11, CFA/I) have been used for immunization of young

healtþ volunteers, and this demonstrated the induction of intestinal IgA and serum IgG

antibodies against CFA/I and LT, indicating that colicin E2-treated bacteria can deliver

antigens to the gut immune system. This study also showed partial protection of

vaccinees against ST* LT* CFA-homologous and heterologous ETEC (Evans et al.,

1988). Similarly, a formalin-killed vaccine derived from ETEC producing CFA/I and

CFA/II and CT-B subunit was safe, and gave rise to specific intestinal IgA (CFA/I82o/o,

CFA/II 82o/o and CT-B 9I%) and also weaker semm IgA and IgG antibodies in most of

a group of volunteers immunized orally (Ahren et al., 1993).

1.6.4 Live oral vaccines

An effective immunization against ETEC has to be able to elicit protective

immunity at the level of the mucosal surface of the small intestine, the site of action of

ETEC. Mucosal antibodies inhibit adherence of the bacteria to the mucosal surfaces.

Induction of mucosal antibodies can be achieved by the delivery of the antigen at the

mucosal surfaces by the oral administration of attenuated strains or avirulent derivatives

of Salmonella spp. as carders of the antigen.
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1.6.5 Attenuated E. coli vaccines

It has been demonstrated that infection with an ETEC strain can produce a l00o/o

diaghoeal attack rate and that protection to challenge developed in seven out of eight

volunteers (Levine et al., 1919). Thus, it was inferred that an attenuated strain of E. coli

producing the important antigenic determinants had the potential to induce strong,

plotective immunity. Experimental studies showed that ingestion of a single dose of 10e,

1010 or 6x1010 cells of CFA/Il-positive (CSl+CS3) o6:H16 strain (a spontaneous

derivative of a wild type ETEC lacking est and eltA,B genes) resulted in significant tjses

in intestinal sIgA antibodies to CFA/II in 11 out of 14 volunteers. All volunteers had

positive stool cultures, most had positive duodenal fluid cultures and 2 ottt of 19 had

mild, tlansient diarrhoea. Challenge with a different O:H serotype ETEC (LT. and ST*)

with the same CFA/II antigen caused diarrhoea in only 3 out of 12 vaccinees. The

bacterium was isolated fi'om five of six controls (7x103 cells/ml) but fiom only one of 12

vaccinees (10t cells/ ml) (Levine et al., 1986) implying a dlamatic effect on colonization.

These results demonstrated that an attenuated live vaccine could induce the production

of sIgA which inhibited the ability of challenge bacteria fi'om colonizing the small

intestine, and was more effective than a purified fimbrjal vaccine. Although this live

attenuated vaccine resulted in significant protection, the mild diarrhoea in about 15% of

volunteers demands the need for research to develop an efficient immunogenic live oral

vaccine without side effects.

1.6.6 Live oral S almonellø v accines
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Another attractive alternative approach for the delivery of antigens to the

intestinal immune system, and the induction of a protective immune response, is the use

of attenuated Salmonella spp. expressing heterologous antigens. Attenuated Salmonella

provide a prolonged high level production of the antigens with a fate as the antigen in a

natural infection. The antigen is also presented directly into the gut-associated lymphoid

tissue and thought to cause maximal stimulation for the production of sIgA (Cardenas

and Clements, 1992). This system has been used for the expression of fimbrjae of animal

ETEC. K88 and K99 fimbriae have been expressed in an attenuated strain of Salmonella

6tphimurium, galï mutant G30 (Attridge et al., 1988; Morona et al., 1994; Stevenson

and Manning, 1985). Oral and intraperitoneal immunization of mice with S. typhimurium

G30 expressing K88 induced the production of anti-K88 antibodies in both the mice

senrm and gut (Stevenson and Manning, 1985) and ,S. typhimurium G30 expressing K88

and K99 have been administered orally to adult pigs and elicited significant serum

(Morona et al., 1994), colostral and milk antibodies to the fimbrial antigens (Attridge et

at., 1988). The response was sufficient to give positive protection in suckling piglets

(Attridge et al., 1988).

Mutant Salmonella spp. vaccine strains have been used for the expression of the

heat-labile toxin B subunit. Plasmids encoding LT-B wet'e introduced into Salmonella

typhì (SatE mutant) and Salmonella enteritidis, and immunization of mice with these

strains elicited the production of selum and mucosal antibodies (Clements and El-

Morshidy, 1984; Clements et al., 1986). Mice immunized orally with a S. typhimurium

aroA mttant expressing LT-B developed neutralizing antibodies to the antigen (Dougan

et al., 1987). The gene encoding LT-B was also integrated into the chromosome of a

Salmonella mutant and the expression and stability of the foreign peptide in the carier

strains demonstrated (Clements and Cardenas, 1990). Cardenas and Clements (1993)
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constructed a fusion protein composed of LT-B and ST with an eight amino acid proline-

containing linker in between. The hybrid protein was expressed in an. aroA mutant of S.

dublin and used for the oral immunization of mice, which then developed serum IgG and

mucosal IgA that could recognize LT-B and neutralize native ST in the suckling mouse

assay.

The genes encoding human ETEC fimbrjae (CFA/I and CFA/[I) have been

introduced into Salmonella typhi vaccine strain, CVD908, on a plasmid (Giron et al.,

1995; Xt et al., 1993) and integrated into the chromosome (Xu et al., 1993). In all

cases the fimbrjae wefe expressed on the surface of the vaccine strain.

Based on our knowledge of the factors involved in the pathogenesis of ETEC and

their role in immune mechanisms against ETEC infection, it seems that an effective

vaccine must contain the protective antigens of ETEC and be given orally to elicit

antibodies to both colonization factors and toxins. Thus the ideal vaccine should be

composed of a combination of different colonization factor- and toxin-antigens. This

vaccine could be made of different killed or attenuated live bacterial strains expressing

different colonization factors and toxins (such as LT-B). Attenuated Salmonella spp

expressing these antigens can be used as live vaccines as they present a high level of

antigen directly into the immune system similar to the natural infection.

An alternative way to make the appropriate combination is to construct, through

recombinant DNA technology, strains which can express different antigens

simultaneously. Giron et al (1995) introduced two plasmids encoding CFA/I and CS3

fimbriae into a Salmonella typhi vaccine strain CVD908 and E. coli K-12 and

demonstrated the simultaneous expression of both fimbriae on the surface of the bacteria.

This provides promise for the co-expression of different antigenic determinants that ale
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never seen together in nature and may be useful in vaccine development against

diarrhoea.

1.7 Aims of this study

In recent years, numerous attempts have been made to develop a vaccine against

human ETEC based on colonization factor antigens (fimbriae) or toxoids, but as yet no

vaccine is currently in use. An ideal vaccine candidate should contain a combination of

fimbrjal- and toxoid-antigens that could be given orally.

Relevant to this, an interesting area of progress in molecular biology has been the

construction and expression of fusion proteins on the surface of cattier strains, with

potential application in vaccine development.

The overall aim of this study is to develop a potential candidate vaccine strain

against ETEC, based on CS3 pili.

The study was designed initially to investigate antigenic variation and epitope

analysis of the CS3 subcomponent of CFA/II. enterotoxigenic E. coli with the aim of

predicting permissive site(s) for insertion of foreign epitopes within the major subunit

gene, cstH. The approaches to be taken involved the production of a panel of Mabs

against CstH, cloning, sequencing and immunological analysis of CS3 fi'om different

ETEC strains, constructing C- and N-terminal deletions and fusions of CstH and analysis

of their reactivity with the Mabs.

Second approach was the development of CS3 pili (fimbdae) as a delivery system

for the expression of foreign antigenic detetminants, by the insertion of foreign epitopes

into different regions within the major structural subunit, CstH. The foreign epitopes

chosen were an epitope of LT-B and mature ST.
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These various hybrid ploteins and fimbriae could then be evaluated for the

immunogenicity, and as potential candidate vaccin4 .
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Chapter 2

Materials and Methods

2.1 Growth media

Nutrient broth (NB) composed of Lab Lemco (Oxoid, 10 g/1), Bacto peptone

(Oxoid, 5 g/1) and NaCl (5 g/l), was the general growth medium for bacterjal cultivation.

Luria broth (Miller, 1972) composed of Bacto tryptone (Difco, 10 g/l), Yeast extract

(Difco, 5 g/l) and NaCl (5 g/1). The ryB medium which was used for competent cell

preparation, compdsed of Bacto yeast extract (5 g/l), Bacto tryptone (20 gll), MgSO+ (5

g/l) pH adjusted to 1.6 with KOH. Wild type, mutants and hybdd CS3s were expressed

on CFA medium which consisted of casamino acids (Difco 10g/l), Bacto yeast extract

(Difco, 1.5 ell), MgSO+.3I{zO (0.05 g/l), and MnCIz. HzO (0.005 g/1).

Solidified media were prepared by the addition of BBL technical grade Agar or

Bacto Agar (Difco, 15 g/l) to broth medium. Antibiotics were added to broth and solid

media at the following final concentrations: ampicillin (Ap), 50-200 pg/rnl; kanamycin

(Km), 50 Vdrnl; rifampicin (RiÐ, 200 Vdnl; chloramphenicol (Cm), 25 pelntl;

tetracycline (Tc) 8 pdtnl.

RPMI medium 1640 for tissue culture was obtained from Gibco laboratories.

Incubations were at37'C unless otherwise specified. Liquid cultures were grown

in 20 ml McCartney bottles.
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5-Bromo-4-Chloro-3-Indolyl Phosphate (X-pho) and 5-Bromo-4-chloro-3-

indolyl-p D-Galactopyranoside (X-gal) were dissolved in dimethyl formamide at a final

concentration of 2}mglnt, and I ml of this solution v/as added to 500 ml of Nutrient

agar (NA; final concentration of 40 pglrnl) to make X-pho and X-gal plates, respectively
r?
l¿

Isopropyl-p-D thiogalactopyranoside (IPTG) was dissolved in Milli-Q (MQ) water and

filter sterilised to give a concentration of 24 mglnl, and 1 rnl of this solution was added

to 500 ml of NA to make IPTG plates (final concentration of 48 pg/ml).

2.2 Chemicals and reagents

All chemicals used were of analytical grade. Phenol, polyethylene glycol 8000

(PEG) ethanol, methanol, propan-2-ol, iso-amyl-alcohol, hydrochloric acid, glycerol,

sodium chloride, ammonium acetafe, sucrose and sodium dodecyl sulphate (SDS) were

from BDH chemicals. Trjs base (Tris), glycine and the four deoxyrjbonucleotide

triphosphates (dATP, dCTP, dGTP and dTTP) were purchased fiom BoehrÌnger

Mannheim. 3-fN-morpholino] propanesulphonic acid (MOPS), ethylene-diamine-tetra-

acetic acid (EDTA), Triton X-100, calcium chlor-ide, magnesium sulphate, magnesium

chlorjde, potassium chloride, potassium-di-hydrogen orthophosphate, sodium citrate,

sodium hydrogen carbonate, sodium hydroxide, ammonium chloride, chloroform and

formaldehyde were from Ajax chemicals. Mineral oil \ /as Primol 352 (Esso).

/.. )

Adenosine-5'-triphosphate (ATP), l,4-dithiothreitol (DTT), Isopropyl-$-D

thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl-B D-galactopyranoside (X-

gal), 5-bromo-4-chloro-3-indolyl phosphate (X-pho), hening sperm DNA, Tween 20,

cobalt chloride, bovine serum albumin (fraction V), hypoxanthine, aminopterin,

thymidine, L-glutamine, dimethyl sulfoxide, Anti-rabbit and Anti-mouse Ig FITC
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conjugate were from Sigma. Foetal bovine senrm was from Cytosystem, Australia. PEG

4000 was from Gibco laboratodes.

Milli-Q water was purified using the Milli Q water purÌfication system (Millipore

Corp.) with a measured resistance to conductivity of 18 MO/cm.

Antibiotics were purchased fi'om Sigma (Ap, Gm, Km, Rif, Strep) or Calbiochem

(Cm, Tc). All other antimiclobial agents (dyes, detergents and antibiotics) were

purchased from Sigma Chemical Co., BDH Chemicals Ltd., Glaxo, or Calbiochem.

Electrophoresis grade reagents were: acrylamide and ultra pure N, N' metþlene

bis acrylamide and urea (BRL); ammonium persulphate and agarose (Biorad), and

N,N,N,N-tetramethyl-ethylenedia mine (TEMED) (Sigma).

2.3 Enzymes

Ribonuclease A (RNase) and lysozyme were obtained from Sigma. Glycogen and

Proteinase K were from Boehringer Mannheim.

Restriction endonucleases were purchased from Amersham, Boehringer

Mannheim or New England Biolabs, and used according to the supplier's instructions.

Other DNA modiffing enzymes were purchased from New England Biolabs

(Vent DNA polymerase, T4 DNA ligase), Boehringer Mannheim (calf intestinal

phosphatase, tetminal transferase) and Progen (T4 DNA ligase).

Sequencing kits, using dyeJabelled terminators, and dye-labelled primers were

purchased from Applied Biosystems. The Erase-a-base kit used to produce nested

deletions of plasmid DNA was purchased from Promega.
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2.4Bacterial strains and plasmids

The Enterotoxigenic E. coli strains and E. coli K-12 strains used for

transformation of plasmids and expression of the proteins are showed in Table 2.L

Salmonella strains used for expression of hybrid CS3 pili and immunizalon are listed in

Table 2.2. Plasmid vectors and plasmids which were used in this study are listed in Table

2.3.

2.5 Maintenance of bacterial strains

Strains in routine use were stored as a suspension of freshly grown bactelia in

glycerol (32% v/v) and peptone (0.6% w/v) at -70"C. All strains were subcultured from

single colonies before storage. A loopful of the glycerol suspension was streaked onto

an NA plate (with appropriate antibiotic or without antibiotic) and incubated overnight

to provide fresh culture.

Strains were maintained as lyophilized cultures for long tetm storage. To prepare

lyophilized cultures, bacteria fiom fiesh cultures were suspended in a small volume of

sterile skimmed milk and 0.2 nn of suspension were dispensed into sterile freeze drying

ampoules. The end of the ampoule was plugged with cotton wool. The samples were

lyophilized in a freeze drier. The ampoules were sealed and stored at 4C. When

requiled, an ampoule ,was opened and its contents resuspended in a small volume of NB

and used to inoculate 10 rnl NB and grown with shaking at the appropriate temperature,

streaked onto nutrient agar plates and incubated overnight. Single colonies fiom the

plates were selected for subsequent use or storage.



Table 2.1Escherichiø colí strains used in this study

Strain Phenotype/Genotype Source/Reference

ETEC strains

PBT]6

PB176p-

E4I

89034

81392-75

8247425-l

8248750-l

Escherichia colíK-I2
strains

DH5cr

MZl

8219

E4T09

C75a

813734178 O6:H16 ST+ LT+ CFA/II+

F'13734178 O6:H16 ST- LT- CFA/II-

LT+ CFA/II+

O8:H9 ST+ LT+ CFA/II+ (CS3)

O6:K15:H16 ST+ LT+ CFA/II+ (CS3+CS1)

O6:K15 ST+ L'I+ CFA/II+ (CS3+ç517¡

O6:K-:H16 ST+ LT+ CFA,{I+ (CS3+CS2)

F-, þS)dlacZLM I 5, L(lacZYA-argF)U I 69. deoR,
recAl, endAl, hsdRl7(rk-, mk+), supE44, thil,

gvrA96, relAl, T'-

his ilv rpsL galK,,pglLS (bio-uvrB)LHI

MZI hn'A63::mini TnI0

F'traD36, proAB*, lacIqZLMI5 rpsL, thr, leu, thi,

lac7 galK, galT, ara, tonA, tsx, dam, dcm, supE44,

L(lac- proAB)

HfrC, tonA22, pho64^, ompF627Q2R). relAt, pit|0

spoTl, ?"'

B. Rowe

B. Rowe

Honda et al. (1983)

Scotland et al. (1985)

. I-opez-Vidal and
SvennerhoLm (1990)
Svennerholm, A-M

Lopez-Vidal and
Svennerholm (1990)

Bethesda Research
Laboratories, USA

Zuber et al. (1987)

Chris Clark

Marinus, MG

B. Bachmann (4.

Garen, Unpublished)

HfrC, tonA22. phoB62, ompF627(-l2R), relAl, pitl0

spoTl, X

B Bachmann

(Kreutzer et al., 1975)

G206



Table 2.2 Salmonella strains used in this study

Strain GenotypeÆhenotype Refrence

L85010

Pe108 (G30)

metA22 metE55I trpD2 ilv452 Stevenson and Manning (1985)

hsdLTí hsdSA29 strAL20 galE

galE F- lam- Stevenson and Manning (1985)



Table 2.3 Plasmids and cloning vectors

Plasmid Markers Reference

pBluescript (S/K)

pBRj22

pPM484

PACYCl84

pGEM3Zf+

pGEMTZf+

pGPl-2

pBC KS+

pPM3500

Ap*, Tc"

Ap*

CmR, TcR

Ap*

Ap*

KmR

CmR

Ap*

Ap"

Bolivar et al (t977)

Manning et al (1985)

Chang and Cohen (1978)

Promega

Promega

Tabor and Richardson (1985)

Stratagene

C. A. Clark

Stratagene



64

2.6 Synthesis of oligodeoxynucleotides

Oligodeoxynucleotides (oligos) described in Table 2.4 were synthesised on an

Applied Biosystems model 3814 DNA synthesiser, using chemicals purchased fi'om

Applied Biosystems or Ajax Chemicals (acetonitrile). Oligos were purified after

synthesis using oligo purification cartridges purchased from Applied Biosystems

according to manufacturer's specification and then purified by butanol extraction.

2.7 Animals

For the preparation of immune-spleen cells female BALB/C mice were used for

immunization using purified CS3 or Salmonella typhimurium G30 strain canying

plasmids encoding hybrid CS3. Adult New Zealand white outbred rabbits were used for

raising antibodies against CS3.

2.8 Transformation of E.coli

2.8.1 Preparation of competent cells

Competent cells for use in transformation were made ei+hü'by a modified method

of Blown et al. (1979). In the first method, E. coli. K-12 strains were grown on fresh

ryA at 37oC overnight. A 5 rrìl yB culture was inoculated with a single colony and

grown overnight. This was diluted 1:20 into 100 ml ryB and incubated with shaking

further to an optical density (OD) 650 of 0.6. Cells were chilled on ice for 10 min,

pelleted at 4'C in a bench centrifuge, resuspended in 40 ml ice cold 30 mM potassium

acetate, pH 5.8, 100 mM RbClz, 10 mM CaClz,50 mM IVInCl2, 15% (vlv) glycerol and

incubated on ice for 5 min. Cells were then pelleted in a bench centrifuge at 4oC and

resuspended in 4 ml of ice-cold 10 mM MOPS pH 6.5, 10 mM RbClz, 75 mM CaCIz,



Table 2.4 Oligonucleotides used in this study

Name/number sequence Usage

M13-Rev

Ml3-20 primer

#56s

#299

#302

#73s

#736

#738

#739

#74r

#742

#143

#182

#783

#794

#79s

#796

#791

#8r4

#9ls

#9r6

#911

CAGGAAACAGCTATGACC

GTAAAACGACGGCCAGT

ACGCAGAGCGGCAGTCTTG

AGTGGTCCTGAAAGCATGAATAGT

TATCTGACCGAGACCAAAATTGT

CGTTACAGACATCATCAG

CTTGCTATTACCACTGCC

GTCCTGAAAGTCTAGATAGTAGCA

TTTATATTATCTAGATAGCACC CG

TTTCTGATACTCTAGAGAATGGTAC

GTTG GATAAAAACCTAGGAAATGA

GTTAAAACTACCCTAGGGAGTCAT

AAACCAGAACGATTGCGC

ATCGATACCGTTCAGACG

GTTC CAGATACGTATACTGTTGG

CCCAAGCTTGACTATTTAATGATGC

CATTTGTACTCGCAATGCTAACTG

AATCGTATTTCCAGGATTTTTATCC

TTGTGTTGTAATCCTGCTTG

TTACATTTAACCTAGGCGCAACAT

CTTCATC CTTCCTAGGGCTTTTTTTG

AGTCAACATATAGACTCCCAA
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Sequencing ofes/ gene
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Making XbaI site in cstH

Making SryI site in csrH

Making SryI site in cstH

Sequencing the DNA ft'agment

containing esl gene (pPMa565)

PCR amplification

of the cstH

Sequencing of the cstH from

Intemal sequence of the gene

DNA hybridization with esl cassette

Making el tB u -o¿cassêTie

with,SryI in the ends

DNA hybridization with eltBu-ø¿

cassette
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15% (vlv) glycerol, incubated on ice for a further 15 min and then snap fi'ozen in 100 ¡rl

aliquots before storing at -80"C.

Fresh competent cells were made essentially as described by Brown et al.

(1979). A 10 rnl LB was inoculated with a single colony and grown overnight at the

appropriate temperature. The culture was diluted 1:20 into LB and grown to an Aøso of

0.6. The cells were chilled on ice for 20 min, pelleted at 4oC in a bench centrifuge,

resuspended in 0.5 volumes of ice-cold 100 mM MgC12, centrifuged again and

resuspended in 0.1 volume of ice-cold 100 mM CaCb and held on ice for 60 min, before

using for transformation.

2.8.2 Transformation

100 ¡rl of competent cells prepared by either procedure (frozen cells were thawed

on ice) were mixed with ice-cold DNA (1-2 pg) and incubated on ice for 30 min. The

mixture was then heated-shocked at 42'C lor 60-90 sec., returned to ice for 2 min., 0.5-

1.0 Írt of LB was added and incubated at the appropriate temperature for 30-60 min.

The mixture was then plated on selection plates.

2.8.3 Electroporation procedure

Electroporation of E. coli and ETEC strains was petformedby a variation in the

method described by Bio-Rad protocol.Briefly, an overnight culture was diluted l:20

into NB and incubated with shaking until an Aøso of 0.6, chilled on ice for 30 min and

centrifuged at 4oC. The cells were resuspended in one-half volume of cold MQ water,

centrifuged again and resuspended in a half volume of ice-cold l0% (v/v) glycerol,

centrifuged again and resuspended in a one-tenth volume of ice-cold I0 % (vlv) glycerol.
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gtyccro+. This mixture was kept on ice for 60 min before adding DNA, or stored

immediately at-70"C.

Plasmid DNA was added to 40pl electrocompetent cells, mixed and transfened

to an sterile ice-cold PulserrM cuvette (0.2 cm electrode gap, Bio-Rad). Electroporation

conditions were 2500 Y at 25 ¡rF capacitance and 200 O with time-constants of 4.6-4.7

msec. 1.0 ml of LB was addedto the cell suspension immediately after electroporation

and incubated at 37"C for I hr before plating on selection plates.

2.9 Plasmid DNA Preparation precedures

Plasmid DNA was isolated by one of the following procedures.

2.9.1 Lar ge scale purification

Large scale purÌfication of plasmid DNA was performed by the three step alkali

lysis method (Garger et al., 1983). Cells fiom a 1 litre culture were halested (7,000

r.p.m, 10 min at 4C) and resuspended in 24 nt of solution I (50 mM glucose; 25 mM

Tris-HCl, pH 8.0; 10 mM EDTA). Freshly prepared lysosyme (4 ml of 20 uglml in

solution I) was added to the cell suspension and incubated at room tempelature for 10

min. After addition of 5.5 rnl of solution 2 (0.2 M NaOH, l% (wlv) SDS) the cell

suspension was incubated on ice for 5 min which resulted in total lysis of cells. 2.8 ml of

solution 3 (50 mM potassium acetate, II.5Yo glacial acetic acid ) was added, incubated

on ice for 15 min and centrifuged at 4C,10000 r.p.m for 20 min. The supelnatant was

collected and extracted with equal volume of (tris-saturated) phenol: chloroform: iso-

amyl alcohol (25:24:1) mix. Plasmid DNA was precipitated by addition of 0.6 volumes

of propan-2-olto the aqueous phase and standing at room temperature for 15 min. The

DNA was collected by centrifugation at 18,000 r.p.m at 4oC, for 15 min, the pellet was
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washed with 10% (v/v) ethanol, drjed in vacuo and resuspended in 4.8 rnl of I x TE.

Plasmid DNA was fuilher purified from contaminating proteins, chromosomal DNA and

RNA by centrifugation at 100 K for 4 hrs, on a CsCl-ethidium bromide gradient. The

DNA band was removed by side puncture of the tube with a 19 gauge needle attached to

a 1 rnl syringe. The ethidium bromide was extracted using iso-amyl alcohol. CsCl was

then removed by dialysis of the DNA solution against three changes of I x TE at 4oC.

DNA was then stored at 4oC or at -20oC.

2.9.2 Small scale plasmid DNA preparation.

Small scale plasmid purification was performed by a modified alkali lysis method

of Garger et al. (1983). A 1.5 rnl of an overnight bacterial culture was centdfuged (2

min, Heraeus Biofuge 15, 15000 r.p.m) and resuspended in 100 ¡rl of solution L 200¡-rl

of solution II was added and incubated on ice for 5 min which resulted in total cell lysis.

After the addition of 200p1 of solution III, the suspension was incubated on ice for 15

min. Protein, chromosomal DNA and high molecular weight RNA were removed by

centrifugation at 15000r.p.m for 20 mins. The supernatant was extracted with trjs-

saturated phenol:chloroform mix. Equal volume of iso-propanol was added to

precipitate the plasmid DNA then left on ice for 15 min, followed by centrifugation for

15 min, at 15000 r.p.m. The pellet was washed with 70% (vlv) ethanol, dried under

vacuum and resuspended in 20p'l of sterile MQ water or lxTE pH7.5.

2.9.3 Preparation of DNA for sequencing by polyethlene glycol precipitation

The method for pleparation of DNA is essentially the same as the small scale

DNA preparation. After the addition of solution 3 and centrifugation the supernatant

was transferred to a new tube. 1¡rl of Ribonuclease A (RNase A, Sigma) made at 20 ¡tgl
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ml was added and the mixturc incubated at 3l"C for t hr. Plasmid DNA was extracted

by the addition of a phenol:chloroform:iso-amyl alcohol mixture (25:24:1), precipitated

by the addition of an equal volume of 100% (v/v) propan-2-ol and immediately

centrifuged for 15 min at 15000 r.p.m. The pellet was washed with 70% (vlv) ethanol

anddried invacuo. TheDNApelletwasthendissolvedin32¡tl of MQwater, followed

by the addition of 8 ¡rl of 4 M NaCl and 40 pJ of ß% polyethylene Glycol 6000 (BDH).

The mixture was incubated on ice for 60 min, then centrifuged aI 4C for 15-30 min.

The pellet was washed with 70% (vlv) ethanol, dned in vacuo and resuspended in 20 ¡rl

of MQ water and stored at -20'C until use.

2.10 Analysis and manipulation of DNA

2.10.1 DNA quantitation

DNA concentration in solution was calculated by measurement of absorption of

the solution at260 nm. It is assumed fhat an Azoo of 1.0 is equal to 50pg/ml dsDNA or

33þglfü of ssDNA.

2.10.2 Restriction endonuclease digestion of DNA

Digestion of DNA with restriction endonuclease was carried out on 0.1-10 pg of

DNA in a final volume of 20 pl using restriction enzyme buffers recommended by the

manufacturer of the enzyme. DNA was digested in the presence of 0.5 ¡rg RNaseA and

2 units of restriction enzyme per pg DNA. Reactions were incubated at the appropriate

temperature for l-2 hours and were terminated by heating at 65oC for' 10 min (except for

enzymes with higher inactivation temperatures which were heated to 85"C) prior to
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addition of one tenth volume of l5Yo (w/v) Ficoll, 0 l%(w/v) bromophenol blue, and

loading onto a gel.

Parlial digestion of DNA was performed by selially diluting (2-fold) the enzyme

from a concentration of 0.5u per pg DNA in a solution containing 0.1-0.5 pg DNA in 1

x restdction buffer and incubating at 37oC for 60 min. The reaction was then terminated

as descdbed above and partially digested products recovered by gel purification.

2.10.3 Analytical and preparative separation of restriction fragments

Electrophoresis of digested DNA was canied out at room temperature on

horizontal 0.8% or 1.0% (w/v) agarose gels (Seakem HGT). Gels were tun at 100 V in

TBE buffer (67 mM Tris base, 22n1iNI Boric acid, 1.0 mM EDTA, pH 8.8) or in TAE

buffer (40 mM Trjs acetate and 2 mM EDTA). After electrophoresis the gels were

stained in distilled water containing 2p,gl tttl of ethidium bromide for 10-15 min. The

DNA bands were visualised by trans-illumination with UV light at 250 nm and

photographed using either Polaroid 667 positive film, 665 negative filrn or a Tracktel gel

documentation video imager and thermal printer.

2.10.4 Calculation of restriction fragment size

The sizes of restriction fragments were calculated by comparing their relative

mobility with that of EcoRI digested Bacillus subtilis bacteriophage SPPl DNA (Ratcliff

et al., 1979). The sizes of the SPP1 EcoRI digested fragments used were (in kb): 8.5;

7.35;6.1;4.84;3.59;2.81;1.95; 1.86; 1.51; 1.39;1.16; 0.98;0.72;0.48; 0.36.

(Bresatec).
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2.10.5 Gel extraction of DNA fragments and PCR products

Samples of DNA intended to be extracted from agarose gels were loaded, in

duplicate, consecutively on lo/o agarose gels. After electrophoresis, the gel was cut in

two allowing one sample to be visualised by trans-illumination. Once the position of the

fiagment on the gel had been determined, the gel segments were aligned, the fragment on

the untreated portion was excised and the gel slice placed in a dialysis tubing along with

500 pl of sterjle TE. The gel slice was electrophoresed for t h at 100 V. The DNA

solution was extracted with Tris-saturated phenol:chloroform once and precipitated with

two volumes of ethanol plus a tenth volume of 3 M sodium acetate, pH 5.0 for ca. 30

min at -70'C. The precipitated DNA was collected by centrifugation at 15000 r.p.m for

15 min, washed wlth lj%ethanol, dried in vacuo and dissolved in TE buffer.

Purjfication of DNA from a gel was also performed using a QIAEX DNA

extraction kit. Products fi'om PCR amplification were isolated both by gel extraction,

and by the method provided in the QIA quick-spin PCR purification kit according to the

manufacturer' s instructions.

2.10.6 Dephosphorylation of DNA

Dephosphorylation of digested DNA was canied out using alkaline phosphatase.

For this, the dephosphorylation buffer recommended by the manufacturer was added to

the digestion reaction containing l-2 frg of DNA. One unit of calf intestinal alkaline

phosphatase (CIP) was added to the restriction digests that generated 5' overhanging

ends, and the mixture incubated at 37"C for 30 min. For digested DNA with 3'

ovelhanging, or blunt ends, 1.0 unit of CIP was added and the mixture incubated at 3'7'C

for 15 min. Then, a fuither unit of CIP was added and the mixtue incubated at 55oC for

a fuither 45 min. In all cases, EDTA, pH 8.0, to a final concentration of 3 mM was
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added, followed by heating at 65'C for 10 min, to terminate the reaction. The volume

was made up to 0.1 ml with MQ water and the mixture was extracted with TE-saturated

phenol (pH 7.5):chloroform:iso-amyl alcohol (25:24:1). The DNA was precipitated with

0.1 volume of 3 M sodium acetate pH 5.2, two volumes of 100% ethanol and incubated

at -20'C overnight or at -70oC for 20 min. In the case of small fragments 20 pg of

glycogen was added as a carrier. DNA was recovered by centrifugation (15 min, at

15000 r.p.m), pellet washed with 70% (vW) ethanol and dned in vacuo. The DNA was

resuspended in an appropriate volume of MQ water or TE, pH7.5, and stored at -20'C.

2.10.7 Ligation of DNA fragments

Ligations were carried out using l-2luilrit of T4 DNA ligase, and vector DNA and

inserl DNA at a ratio of approximately 1:5 in a final volume of 20 ¡;,J. Ligation mix was

incubated for 2 hrs at l6oC or overnight at 4'C for "sticky end" ligations or 30oC for

"blunt end" ligations.

2.10. Cosmid Cloning

The purified plasmid DNA prepared from strain PB176 was partially digested

with Saz3AI. Samples were taken at specific time interyals, and ligated to pPM2101

which had previously been completely digested with BamHI and dephosphorylated with

CIAP. Ligation was allowed to proceed initially at room temperature for 10 h, and then

overnight at 4oC. The ligation mix was packaged into bacteriophage l" (Collins and

Hohn, 1978) using the in vitro Packagene System (Promega) and then transduced into

E.coli K-12 strain DH1.

Five hundred E. coli transductants obtained from cosmid cloning were initially

screened by dot blot DNA hybridisation with oligo 299 end-labelled with Dig-dUTP and
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terminal transferase (Boehringer Mannheim). Three positive cosmid clones were fur1her

characteized by southem hybridisation and one subclone that was positive in this

reaction were used for subcloning of esl gene.

2.10.8 Sequencing using dyeJabelled terminators

Plasmid DNA was purified by the method recommended by Applied Biosystems.

DNA was sequenced using oligos indicated in Table 2.4, and dye-labelled terminator

premix. In a Gene Amptt reaction tube (0.5 ml, Perkin Elrner) 9.5 ¡rl of premix was

mixed with 1-2 pg template DNA and 3 pmol of prìmer in a final volume of 20 ¡rl and

overlaid with a drop of mineral oil and centrjfuged briefly.

The reaction mixture was cycled as follows:

Rapid thermal ramp to 96'C

96oC for 30 sec.

Rapid thermal ramp to 50'C.

50"C for 15 sec.

Rapid thermal ramp to 60"C.

60oC for 4 min.

25 cycles total.

Rapid cool to 4"C and hold.

After the cycles were completed, 80 pl of sterile MQ water was added to the

reaction tube and the aqueous portion was transferred to a sterjle microfuge tube. The

DNA was extracted with 100 ¡rl of phenol:chloroform:water (68:14:18). Extraction was

repeated again and DNA was precipitated by the addition of one tenth volume of 3M

sodium acetate pH 5.2 and two volumes ice-cold I00% ethanol and kept at -70oC for 20
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min. The DNA was collected by centrifugation at 15000 r.p.m at 4oC for 30 min. The

pellet was washed with 70Vo ethanol then dried and resuspended in 4.5 pl loading buffer

(83% deionised formamide, 8.3 mM EDTA pH 8.0), heated to 95"C for 2 min and

loaded onto a 60/o polyacrylamide-8M urea gel. The gel was lun on a DNA sequencer

(Applied Biosystems 3734), the data collected for a period of 13 hrs, analyzed and

disptayed on the Macintosh IICX as chromatograms.

2.10.9 Sequencing with dye labelled primers

Sequencing was canied out according to the method recommended by Applied

Biosystems. 1 pg double stranded plasmid DNA was dispensed into four tubes

containing 160ng (tubes A & C) and 320 ng (tubes G & T) of the nucleotides

respectively. Dye labelled premixed primer [dyeprimer (0.4 pmoVrnl), 5x cycle

sequencing buffer, d/ddNTPmix and diluted Taq polymerase (1:8)l was added to the

tubes to give a final volume of 5 ¡rl (tubes A & C) and 10 ¡.rl (tubes G & T), respectively.

Reactions were overlaid with a drop of light mineral oil and subjected to the following

cycles:

Rapid thermal ramp to 95"C.

95"C for 30 sec.

Rapid thermal ramp to 55"C.

55"C for 30 sec.

Rapid thermal ramp to 70"C.

70oC for 60 sec.

15 cycles total.

followed by:
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Rapid thermal ramp to 95"C.

95"C for 30 sec.

Rapid thermal ramp to 70'C.

70"C for 60 sec.

15 cycles total.

Rapid cool to 4"C and hold.

Samples were combined and 3 ¡rl of 3 M sodium acetate and 100 p,l of 95%

ethanol added and incubated on ice for 15 min to precipitate the DNA. The DNA was

collected by centrÌfugation at 15000 r.p.m for 15 min. The pellet was washedwithT0%

ethanol and dried in vacuo. Sequencing was carried out as for dye terminator reactions.

2.10.10 Änalysis of DNA sequences

Raw sequencing data were analysed by the computer programs, DNASIS and

PROSIS (Hitachi Software). Multiple alignments was done using the CLUSTAL V

program (Higgins and Sharp, 1989).

2.11 Amplification, and site-directed mutagenesis of DNA:

2.ll.l Polymerase chain reaction (PCR) amplifÌcation:

Amplification of DNA fragments through PCR was carried out according to the

procedure described by Delidow (1993) for the generation of PCR products with

cohesive ends. PCR reactions were performed in GENE-AMPTM reaction tubes (0.5 ml

Perkin Elrner) in a 100 ¡rl volume using a thermal cycler (Cetus Perkin Elmer). The

reaction mixture contained lx Taq buffer (50 mM KCI; 10 mM Tris-HCl pH 8.3; 1.1

mM MgCIz; 0.01% (w/v) gelatin), 200 mM each of deoxynucleoside triphosphate

(dNTP), I 00 pmol each of restriction site-tagged primer, 200 ng of template DNA and 2
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units of Taq DNA polymerase (Perkin Elmer). The reaction was overlaid with light

mineral oil (Nujol, Perkin Elrner). Amplification was carried out by 25 cycles as follows:

Rapid thermal ramp to 95"C.

95"C for I min.

Rapid thermal ramp to 4"C below the T, of primers.

4oC below the T, of Primers I min.

Rapid thermal ramp to 72C.

'7 2o C lor 1 min/lkb DNA polymer isation.

72Cfot 10 min.

Rapid cool to 4"C and hold.

Following the PCR the reaction was extracted with an equal volume of Tris-

saturated phenol:chloroform mix and the DNA was precipitated as described earlier.

Alternatively, the amplified DNA was purified using a Wizard DNA clean up kit

(Promega) according to the manufacturer's protocol.

2.11.2 Site-directed mutagenesis PCR

In order to introduce an unique site in the cstH gene for inframe insertion of

foreign epitopes, the PCR technique was used. The PCR reaction was performed in a

GENE AMPrM reaction tube (0.5 ml, Perkin Elrner) in a volume of 100 ¡rl using Vent

DNA polymerase (New England Biolabs) and the manufacturer's recommended buffer

[10 mM KCl, 20 mM Tris-HCl pH 8.8, 10 mM NHo)zSO+, 2 mM MgSOa, 0.1% Triton

X-1001. The reaction consisted of 20 ng of template DNA, 200 pM each of dNTP, 100

pmol of primer, lx reaction buffer and 1 unit of Vent DNA polymerase. The reaction

samples were overlaid with light mineral oil (Nujol, Perkin Elrner) and subjected to 25

cycles as follows:
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Rapid thermal ramp to 95oC.

95'C for 1min.

Rapid thermal ramp to 4"C below the T. of primer.

4"C below the Tm of Primer for 1 min.

Rapid thermal ramp to 72C.

'72o C for I min/l kb DNA polymerisation.

T2oCfor 10 min.

rapid cool to 4oC and hold.

In this PCR the high fidelity of Vent DNA polymerase was employed to minimize

the error in the PCR product. Three primers were used in the same reaction, M13 Fwd

and Ml3 Reverse which allowed the amplification of the DNA fragment from the

flanking region and the mutant primer which is complementary to the region to be

mutagenized. This primer, along with the M13 Fwd primer, produced a fragment of

DNA containing the mutation (mega primer). This mega primer was used as pdmel for

fuither amplifîcation of the full length mutant DNA in the next cycle. The product was a

mixture of intact and mutant DNA fragments which, after cloning, 'rwas screened for the

mutation by restriction digestion analysis. Following the PCR, DNA was purified as

described above (section 2.10.5).

2.11.3 Cloning of PCR products

PCR products were cloned by one of the following procedures.

PCR products carrying restriction sites within the primers at ends were digested,

purified from the gel and ligated into vector plasmid DNA as described in section 2.10.7 .

Alternatively, purified PCR products were directly cloned into the pGEM-T

vector (Promega). pGEM-T vector is pGEM-5zf (+) vector which was digested with
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EcoP.Y, with an added 3' terminal thymidine at both ends. These single 3'-T overhangs

at the inserlion site are assumed to improve the efficiency of ligation of a PCR product

into the plasmid. Ligation was performed as described previously (section 2.I0.7).

2.12 Generation of stepwise deletions:

A set of nested deletions were generated using Erase-a-base kit (Promega) and

the method provided by the manufacturer. The 25 pg of plasmid DNA was linearised

with the appropriate restriction enzymes before unidirectional digestion of DNA using

Exonucleaselll In the absence of a protective site, to prevent digestion by

Exonucleaselll (ExoIII), the linear DNA was end-filled with Klenow in the presence of

o-Phosphorothioate nucleotides. Digestion with ExoIII was done at 20"C (90 bp/min),

samples taken at 20 sec intervals and placed in a tube containing 7 .5 ¡t"l S I nuclease mix

940.5 mM potassium acetate pH 4.6,338 mM NaCl, 1.35 mM ZnSOq, 6.75% (vlv)

glycerol containing 2.25 :urlrits of S1 nuclease on ice. All samples were incubated ut room

temperature for 30 min, 1 ¡rl of the stop buffer was added and heated at 65"C for 10 min.

The deletion rate was confirmed by electrophoretic analysis of lul of each sample, before

repairing the staggered ends with Klenow. Samples were then ligated and transfotmed

into E. coli K-12 strain DH5cr and plated on selection plates. DNA was prepared from

transformants and analysed electrophoretically to determine the sizes of each deletion.

2.13 Labelling for restriction fragments and oligonucleotides

Labelling was done using digoxigenin-ll-duTP (DIG dUTP Boehrìnger

Mannheim) according to the manufacturer's protocol. Pujfied restriction fi'agments

were labelled in a random priming reaction. The DNA fragment to be labelled (1-3 ¡rg)

was resuspended in 15 pl of MQ rvater, boiled for 10 min and then chilled on ice for 2-3
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min. A solution containing 2 p,I of 1 mM stock of each of the four dNTPs, 0.65 mM

DIG-I1-dUTP, 142.5 niNI Trjs-HCl pH 8, 5.7 mM DTT, 14.25 mM MgCl2, 114 mM

KCl, 2 ¡rl of hexanucleotide mix and 2 units of Klenow enzyme were added and the

mixture was incubatedat3l'C overnight. The reaction was stopped by the addition of 2

pl of 0.2 M EDTA pH 8.0. The DNA was precipitated by the addition of 2.5 ¡rl of 4 M

LiCl and thlee volumes of I00% ethanol followed by incubation at -20'C for 2 hrs.

Glycogen (20 frg) was added as a carder. DNA was recovered by centrifugation (15 min

at 15000 r.p.m). The pellet was washed with 70% (vW) ethanol, dned in vacuo and

resuspended 1n 20 pl 10 mM Tris-HCl, 1.0 mM EDTA, pH 8.0 and stored at -20'C.

The 3'-end labelling was used to label oligonucleotide probes. Oligonucleotide

to be labelled (ca. 200 ng) was mixed with2.5 pl of 10x tailing buffer (1.4 M potassium

cacodylate,300 mM Tris pH7.2, 1 mM DTT), 2.5 ¡i of DIG-11-dUTP, 1'0 pl of

terminal transferase and 1 pl of 400 mM CoClz and the volume adjusted to 25 pl with

the addition of MQ water. The mixture was incubated at 37"C for 60 min, and then

stored at -20oC until needed.

2.14 DNA transfer and hybridization (Southern blot)

Electrophoretically separated DNA was transferred fi'om agarose gels to

nitrocellulose membranes (Schleicher and Schuell) as described by Southern (1975) and

modified by Maniatis et al. (1982). The filters were air-dried and then baked aI80'C in

vacuo for l-2 hrs. Prior to hybridization with labelled DNA fi'agment or oligonucleotide

probes, filters were incubated for 2 hrs at 42'C in a pre-hybrÌ dization solution. The pre-

hybridization buffel for a DNA probe contained 50% (vlv) deionized formamide, 50 mM

sodium phosphate pH 6.4,0.75 M NaCl, 75 mM sodium citrate, 5x Denhardt's reagent
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(0.1% (w/v) Ficoll, 0.1% (wlv) polyvinylpyrollidone, 0.lo/o fraction V BSA) and 100 pgl

ml single-stranded hening sperm (freshly denatured) DNA. For oligonucleotide probes,

the pre-hybridization solution consisted of 1.0 M NaCl, 0.1 M Tris-HCl pH7.6,5x

Denhardt's reagent, 0.05% SDS, 0.025 M EDTA and 0.1 mg/rnl hering sperm (freshly

denatured) DNA. For hybridizalion, the probes were heat denatured for' 10 min (100"C

for fragment probes), added to the filter in pre-hybridization solution and incubated for

16 hrs at 42oC. Filters hybridized with fragment were washed two times with shaking at

room temperature for 5 min with 2x SSC, 0.1% (w/v) SDS, followed by two washes for

15 min at 65"Cwith 0.2x SSC and 0.1% (wlv) of SDS. For oligonucleotide probes, the

filters were washed three times for l0 min in 5x SSC, 0.I% (wlv) SDS, at 5-10"C below

the melting temperatur e (7,20 of the oligonucleotide (Wood et al, 1985)\ ,

After washing, the filters were incubated for 30-60 min in 5% (wlv) skim milk in

buffer 1 (100 mM Tris-HCl pH 7.5, 150 mM NaCl). After a brief wash in the same

buffer, the filter was incubated with anti-Dig antibody-horseradish peroxidase conjugate

at a dilution of 1/5,000 in buffer 1 for a minimum of 30 min. The filters were washed

four times for 5 min in buffer 1, followed by two 5 min washes in PBS. The DNA was

detected by incubation of the filter with ECL detection reagent (Amersham or

Boehringer Mannheim) for I min, and exposure of the fiters to X-ray filrn at room

temperature.

2.15 DNA dot blot

DNA dot blots were caried out using a BioRad dot blot apparatus. The DNA

was denatured by diluting in 100 pl of 10 mM Tris-HCl pH 8.0, 1.0 mM EDTA, 0.1 M

NaCl, adding 6 ¡rl of 5 M NaOH and incubating at 65oC for 60 min. Denatured DNA

was neutralizedby the addition of 0.1 rnl of 3 M NaCl, 0.3 M sodium citrate pH 7.0 and
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50 pl of l 0 M Tris-HCl pH 6.8 and was applied to a nitrocellulose f,rlter. The filter was

drìed, baked at 80"C for 2 hrs in vacuo. Pre-hybridizatron,hybndization and detection

steps were performed as described for Southern hybridization (section 2.14)

2.16 Whole cell lysate

Whole cell lysates were prepared by the procedure which was a modification of

that described by Osborn el a/. (1972). Bacteria were grown in LB (50 rrìl) at 37'C to

ân Aøso of 0.6 and harvested by centrifugation at 10000 r.p.m for l0 min at 4oC. The

cells were resuspended in 1 rnl of 50 mM glucose, 25 mM Tris-HCl pH 8.0 and 10 mM

EDTA and chilled on ice. Bacteria were converled to spheroplasts by the addition of 0.1

ml of 1.0 mg/rnl lysozyme in 0.lM EDTA pIJ7.3 and incubating on ice for 30 min. The

cell suspension was frozen at -'70"C for 30 min, then thawed and lysed by 60x lsec

bursts with a Branson Ultrasonifier. Large cell debris and unlysed cells were removed by

centrifugation at 5000 r.p.m for 5 min at 4'C. The supematant (cell lysate) was stored at

-20"C until used.

2.17 Preparation of formalin-killed bacteria

Formalin-killed bacteria wele plepared by resuspending the CFA grown bacteria

in 10 ml PBS. Formalin was added to a final concentration of 7o/, (voUvol) and

incubated at 31'C for t h with occasional shaking. The sterility of the preparations was

assessed by plating 200 ¡i samples onto LB plates and incubating at 37oC overnight.

The killed bacterial suspensions were used for boosting injections.
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2.18 Piti preparation

2.18.1 Crude pili preparation

2.18.1.1 Method 1

The bacteria fiom an overnight culture on CFA agar, conlaining the appropriate

antibiotic where necessary, were harested into 1.0 rnl of PBS and incubated at 56"C for

20 min. The cells were removed by centrifugation at 10000 r.p.m for 10 min. The

supernatant containing cell appendages was collected, diluted with an equal volume of

2x SDS-sample buffer and used for electrophoresis, or used directly in immunodot blot

analysis.

2.18.1.2 Method 2

Bacterial strains were grown on CFA agar plate containing the appropriate

antibiotic where necessaty, at 37'C overnight. The cells were halested into 3 rnl of

PBS and voftexed for I min and cells wele pelleted by centrifugation at 10000 r.p.m for'

10 min. Trichloroacetic acid was added to the supernatant at a final concentration of 5Yo

and incubated on ice for t hr. The pili was precipitated by centrifugation at 15000r.p.m

for 15 min. The pellets were solublized in lx SDS-sample buffer and stored at -20"C

until needed. The supematant can also be used without precipitation.

2.18.2 CsCl pili preparation

Large amounts of CS3 pili were prepared fi'om a CS3-producing wild type

Enterotoxigenic E. coli strain. One millilitre of an overnight culture was plated onto a

large CFA agar plate (30x30cm) and incubated at 37"C overnight. The cells were

harvested in 50 rnl PBS and heated aI 56oC for 20 min. After cooling at room

temperature the suspension was passed through a 19 g needle. The bacterjal cells were
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removed by centrifugation at 10000 r.p.m for 10 min. The supernatant was fi'ozen at -

20oC, thawed and ammonium sulphate ìwas added to 40Yo saturation with stining for 1

hr at 4'C. The precipitated protein was removed by centrifugation at 15000 r.p.m lor 20

min at 4oC and resuspended n 2.5 ml 1xPBS. CsCl was added to a final concentration

of 40% and the whole was centrifuged for 18 hrs at 35000 r.p.m. The top discreet band

containing CS3 was removed and dialysed against PBS overnight. The dialysed solution

was layered on top of 40% CsCl in PBS and centrifuged at 35000 r.p.m for 18 hrs. The

separate bands in the CsCl gradient were removed, dialysed 4x against PBS at 4oC and

checked for purity by PAGE gel electerophoresis with Coomassie Blue and silver

staining. The purihed pili were stored at -20'C until needed. The most purified sample

was used for injecting into the animal for raising antibody against CS3.

2.19 Production of antisera against CS3

CsCl purified CS3 (100 pg) was emulsified in 1 ml of incomplete adjuvant and

injected sub-cutaneously at four sites into a rabbit. The animal was subsequently

injected with three similar doses of antigen at 14 day interyals. Ten days after the final

immunization, a 20 fin blood sample was taken and the serum was separated by

incubation at 37'C followed by incubation overnight at 4oC, and centrifugation at 10000

r.p.m for 10 min aI 4oC. The serum was stored at -20oC. A working stock of the

antiserum containing 0.02% of sodium azide was kept at 4oC. The antiserum \ryas

absorbed four times with live PB176p- (a wild type Enterotoxigenic E. coli deficient in

CS3) or with bacteria harbouring the plasmid vectors to be used for cloning CS3 or

mut¿nt CS3 (5x1010 bacteria/ml per absorption). Alternating absorptions were done by

incubating the serum at 37oC for 4 hrs or overnight at 4oC. After each absorption the
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bacteria were removed by centrifugation and after the final absorption the serum was

passed through a0.2 ¡tmMillipore filter

2.20 Monoclonal antibody production

2.20.1 Tissue culture solutions

RPMI 1640 powder containing glutamine was dissolved in 750 ml of MQ water

and2 g of NaHCO¡ wâs added. The pH was adjusted with the addition of 2.5 ml of 1 N

HCl. HEPES pH 7.2 at final concentration of 15 mM, penicillin at 67 pglml and

streptomycin sulphate (Sigma) at 100 ¡rglml were added to the medium and made up to 1

litre. The medium was filter sterjlised (0.2 ¡rm pore size filter) and stored at 4oC. When

the medium was used more than 7 days later, glutamine and antibiotics were added

again. The medium was supplemented with 10% (voVvol) heat-inactivated fetal calf

serum to support cell growth and Jl74 cell culture supernatant as feeder cell. HAT

(hypoxanthine, aminopterin, thymidine) and HT (hypoxanthine, thymidine) were used as

selective reagents at a final concentration of 1:100 from a stock solution consisting of

1.36 mg hypoxanthine, 0.019 mg aminopterin, and 0.388 mg thymidine/ ml.

2.2l.zlmmunization of mice to provide immune spleen cells

Female BALB/C mice were used for immunization and preparation of antibody-

producing cells. Purified CS3 pili (immunogen) as shown by silver staining of the SDS

polyacrylamide gel (frg.3.2) was used for immunization.

50 pg of purified CS3 pili (about 100 pl) was mixed with equal volume of

alumina and incubated at 4'C for t hr, mixed with I ml of incomplete adjuvant and

emulsified. The mice were injected at 4 sites subcutaneously with this emulsion thlee

times at two-weekly intervals. Befole each boosting the sera of the mice were checked
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for production of antibodies by dot immunoblot. At week six, three days before

sacrìfîcing, the mice were boosted intravenously with 50 pg of pilus preparation in saline.

2.20.3 Preparation of mouse serum and spleen cells

Three days after final injection the immunized mice were anaesthetised'with CO2,

bled fi'om the retro-orbital plexus and sera were prepared as described in section 2.19

and stored at 4oC or' -20"C after the addition of sodium azide to a final concentration of

0.02% until used. The sera were used as positive controls for screening of the Mab

producing hybridomas by Western blot analysis and ELISA.

For preparation of spleen cells the sacrificed mice were washed briefly with

ethanol, and transferred to a sterile Biohazard hood for the rest of the procedure. The

spleens were removed fi'om the mice, and cut into small pieces and each spleen was

individually homogenized with a loose f,rtting glass homogenizer in 10 ml of serum-free

medium (RPlvII 1640). Clumps of cellular debris were removed from the cell suspension

and the cells pelleted by spinning at 200 g for 5 min. The cells were washed once in

serum-fi'ee medium. The red blood cells were lysed by resuspending the cells in 5 ml of

Trjs-NII¿Cl [1.0 ml NII4CI solution (0.83% w/v) and 10 rnl of 170 mM Tris-HCl pH

7.651 and incubating on ice for 10 min. The cells were centrifuged again as above,

washed in serum-free medium and resuspended in l0 rnl of setum-fi'ee medium. Cell

counts were made using an inverted microscope, after staining with trypan blue. A total

of 2 x 108 spleen cells in 10 ml were obtained from two spleens.

2.20.4 Thawing frozen cells

lr-rÅ
Frozen cells from liquid nitrogen storage were thawed * 37' C water bath.

Equal volumes of pre-warmed medium were added to each vial and allowed to stand for
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15 min. The volume of cell suspension was made to 10 ml by the slow addition of

medium. The cells were collected by spinning at200 g for 5 min, resuspended in 10 ml

of medium, centrifuged again and, after decanting the supernatant the cells were used for

culture.

2.20.5 Preparation of myeloma cell line for fusion

P3-X63-Ag8 653 Cells wele cultured in 60 ml flasks until the exponential phase

of growth. They were then harvested into 50 ml Falcon tubes by centrifugation at 200 g

for 5 min and washed once with approximately 30 ml of serum-free medium. After

resuspending, the concentration of cells was adjusted to 4 x 107 cells/ ml in serum-fi'ee

medium.

2.20.6 Fusion of myeloma cells with immune spleen cells

All reagents used for making the fusions were warmed to 37oC prior to use. The

spleen and myeloma cells were pooled into Falcon tubes at a ratio of 5:1 (spleen

cells:myeloma cells). The spleen cells (2x10t¡ in 10 ml and the myeloma cells (4 x 107)

in 10 rnl were pooled and centrifuged at 400 x g for 5 min. After removing 19 ml of the

supernatant, the pellet was resuspended, the cells were centrifuged again and the

supernatant was removed.

One ml of warm 50% polyethyleneglycol (PEG, the fusing agent) was added to

the myeloma/spleen cell pellet slowly over 1 min, gently stirring the cell pellet with the

tip of the pipette to resuspend the cells. The cells were incubated at 37oC for 2 min.

This mixture was slowly and gently diluted with 2 ml of serum-free medium over 2 min

to dilute the PEG. A further 7 ml of serum-free medium was added over 2-3 min

gradually diluting the PEG without tysing the cells. The mixture was then centrjfuged at
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2009 for 5 min, the supernatant removed and the cell pellet was resuspended in 50 ml

HAT medium (RPMI 1640 containing 10% foetal bovine serum, l0% J774 cell line

cultule supernatant as feeder cell and 1% HAT).

The cell suspension was plated into a 96-well tissue culture plate (0.1 mVwell)

and incubated in a 37oC incubator humidified with 5Y, COz in air. These plates were the

master plates. The day the fusion was perfotmed is referred to as day 0.

2.20.7 Growth of hybrid cells secreting antibody

Two days after fusion, 0.1 ml of HAT medium was added to each well. On day

four, the cells in the tissue culture plates were examined under an inversion phase

contrast microscope to check forthe appearance of hybrid cells and for contamination in

the cultures. Most of the hybrid cells were visible at this time. On day 7, the well-grown

cultures were transferred into a 24 well tray, 0.5 ml of HAT medium \/as added and

incubation continued. On day 11, 0.5 rnl of the supernatant was lemoved fi'om each well

and replaced with 0.5 rnl of fiesh HAT medium. On days 14 and 7J, lhe hybrid cell

colonies in most of the wells were quite large and the colour of the medium had turned

yellow. A 100 ¡rl aliquot was taken fi'om each well and used to test for the presence of

antibody against CS3 by the enzyme linked immunosorbent assay (ELISA). The A¡'o

was measured and an A>0.2 above the background was considered as positive

2.20.8 Expansion of positive clones in 6 well trays

The hybrid cells that were considered as positive by ELISA were expanded into 6

well trays. The contents of the well were resuspended and transferred to the wells

containing 3 ml of HT medium. It is necessary to grow the cells in HT medium (without

aminopterÌn) fol about one week after being in HAT medium. Between 2 und 5 days
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after this expansion, 5 rnl of HT medium was added to each cell culture. When the

hybrid cells were well grown, 5 ml of supernatant were taken for fuilher screening by

ELISA and Western blot analysis.

2.20.9 Expansion of clones

Antibody-producing hybrid cell cultures were expanded in 25 cnf flask. When

the hybrid cells in the 6 well trays were near confluent, they were resuspended and

transferred to a 25 cnt' flask containing 10 rnt of fi'esh HT medium. The cells were

grown until the medium turned orange. The cultures were further expanded by transfer

to 25 cm2 flasks and adding fresh HT medium to the flask. When the cells were at a

density of 4-5 x 105 cells per ml they were hawested into 50 rnl Falcon tubes by

centrifugation at 200 x g for 5 min and preserued in liquid nitrogen.

2.20.10 Preservation of the hybridomas

The viability of the cells to be frozen was checked by obsewation under the

microscope in presence of 0.4% trypan blue. Cells in 30-50 mls of culture medium were

pelleted by centrifugation at 200 x g and resuspended in fieezing solution (HT medium

containing 5Y" dimethyl sulfoxide, DMSO). The cells in freezing mix were frozen in 1.0

ml plastic screw cap vials (Nunc Intermed, Denmark) using a controlled rate fieezer

where the temperature dropped from ambient temperature (25"C) to OoC at 5oC/ min,

then fi'om OoC to -25'C at l'Cl min and from -25oC to -100"C at 5"C/ min. After

freezing the vials were stored in liquid nitrogen.
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2.20.11l-imiting dilution cloning of hybridoma cells

The antibody producing cell cultures were cloned by the limiting dilution method

as described byHarlow and Lane (1988).

The hybrid cells used for cloning were 70-90o/o viable as assessed by trypan blue

exclusion. Approximately 230live cells in 100 ¡rl were added to 4.5 ml of HT medium

and 100 pl aliquots (5 cells/well) were plated into 36 wells of a 96 well microtiter plate.

Four ml of HT medium was added to the remaining 1.0 rnl of the cell suspension and a

fuither 36 wells were plated with 100 pl aliquots (1 celVwell). 1.4 rrìl of the rtmaining

Lf',!
cell suspension mixed with 1.4 rnl of HT medium and used to plate the remaining 24

wells (0.5 cells/well). The plates were incubated at 3l'C in a humidif,red atmosphere of

5% CO2 in air. After 4 days, 100 ¡rl of HT medium was added to each well and every

three days half of the medium in each well was replaced with fresh HT medium. On day

l0 the wells were observed under an inverting microscope to check the presence of

colonies of the hybridoma cells. The wells from the last dilution containing hybridoma

cell colonies were considered as monoclonal antibody producing cells and transferred to

24 well plates and 0.5 ml of HT medium was added to each well and the incubation

continued. After a period of growth, the supernatants from these cultures were tested

for antibody against CS3 by'Western blot analysis. Positive clones were expanded and

preserved in tiquid nitrogen as described previously (sections 2.20.9 and2.20.10).

2.20.12Ig (Immunoglobulin) isotyping of the antibodies

The isotype of the monoclonal antibodies ,was determined by the Ouchterlony

method using goat anti-mouse immunoglobulin (Sigma). Ouchterlony plates were

prepared by pouring 10 ml of 7% (w/v) agarose in saline onto glass microscope slides (5

x 7.5cm). After setting the agar, four sets of holes (one hole in center and six around )
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were made in each plate. Goat anti-mouse immunoglobulin (5 pl) which reacted

specifically with mouse IgGr, IgG", IgGzr, IgG3, or IgM, was placed into the central

well. The outer wells were filled with l0 pl of the concentrated cell culture supernatant

being tested. The culture supernatants were concentrated using centriflo CF-25

membrane cones (Amicon corporation, U.S.A.), Slides were incubated at 37'C for 4

hours and then at 4'C for 48 hours in a humid chamber. The slides were soaked in saline

for thr then blotted to dryness with 'Whatman paper. This procedure was repeated

several times. The slides were stained with 0.1% Coomasie Blue R250 in 10olo methanol,

10,'/o ethanol and 7Yo acetic acid for 30 min, then destained in 10% methanol, l0o/o

ethanol andlo/o acetic acid.

2.21Preparation of antisera and slg against hybrid CS3 pili

Immunization of mice was performed accolding to the regimen described by

Stevenson and Manning (1935). ^S. lyphimurium strain G30 harbouring plasmids

encoding CS3 and hybrid CS3 pili were grown overnight on CFA agar containing Cm.

Bacteria were halested in saline and used for oral immunization. Cells also were treated

with 0.I"/o fg¡rnalin and stored for use in subsequent immunizations.

Groups of 5 mice were orally immunized with 1010 live bacteria in 30¡rl saline

after having first been fed 30 pl of L0% saturatedNaHCO¡. On day 9 and 16, the mice

were injected intraperitoneally with 5 x 107 formalin-killed bactetja. Five days after the

last immunization the blood was taken, pooled and the sera were prepared as above

(section2.19). After euthanasia with COz, the intestines were removed fiom the mice,

washed throughly with 10 ml saline and turned inside-out. Inverted intestines were

incubated at37oC in 3 rnl saline containing 50 mM EDTA and 0.1 mg/rnl soybean trypsin

inhibitor for I hr. The mucous layer was removed from the gut and the solution



90

containing mucous was incubated at 3l'C for' 30 min. then centrjfuged at 10000 r.p.m

for 15 min. Sodium azide (0.01Yo ñna| concentration) was added to the supernatant and

stored at -20oC until needed.

2.22 SDs-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on I5Yo

gels using a modification of the procedure of Lugtenberg et al. (1975). The samples

were solubilized in 2x SDS-sample buffer and boiled for 5 min before loading. Gels

were 1.5 mM thick for the anaylsis of both LPS and protein. LPS gels were run aI 12-14

mA constant current for 16 hrs, whereas protein gels were electorpholesed at 100 V

constant voltage (through the stacking gel), followed by 150 V constant current (through

the separating gel) for a total of 4-5 hrs. Protein gels were stained with gentle agitation

overnight at room temperature in (w/v) Coomassie Brilliant Blue R250 which was

dissolved in I\Y, ethanol, 10% methanol and l.5Yo acetic acid. Gels were destained with

several changes of 10% ethanol, l0% methanol and 7 5Yo acetic acid.

Size markers (Pharmacia) were phosphorylase B (94 kDa), bovine serum albumin

(BSA) (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 kDa), soybean trypsin

inhibitor (20.1 kDa), and ct-lactalbumin (1a.4 kDa).

2.23 LPS analysis

2.23.1LPS preparation

Cells from I ml overnight culture s (ca 2x20e cells/ml) were pelleted, resuspended

in 50 pl of lysing buffer (2% (wlv) SDS, 4% (v/v) B-mercapto-ethanol, 10% (v/v)

glycerol, 1 M Tris-HCl pH 7.6, 0.I% (wlv) bromophenol blue) and boiled for 5 min.

Proteinase K (10 ¡rl of a 2.5 m/nn in lysing buffer) was added and the mixture was
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incubated at 55"C for 3 hrs. Samples (20 frl) were boiled for 3-5 min prior to SDS-

PAGE electrophoresis.

2.23.2 LPS-specific silver staining

Silver staining of LPS was performed using a modification of the method

described by Tsai and Frasch (1982). The SDS-PAGE gel was fixed for 16 hrs in 40%

(v/v) ethanol, 5Yo (v/v) acetic acid, then oxidised for 5 min. wlth 0.7% (v/v) periodic

acid in 40% (vlv) ethanol, 5% (vlv). After oxidation, the gel was washed 4 times (30

min each) with MQ water and then stained for 10 min in a 150 ml solution containing 28

rnt 0.1M sodium hydroxide, 0.2 ml ammonium hydroxide 130% (wlv)l and 2 ml of silver

nitrate 120% (wlv)1. The stained gel was developed in a solution of 50 pLgl nl citrjc acid

and 0.05Y" (w/v) formaldehyde for 5-15 min. The gel was washed with MQ water 3

times (10 min each) and the staining was stopped by placing in 500 ml of MQ water

containing 20 ml of glacial acetic acid for 10-20 min.

2.24 ELIS^

ELISA microtiter plates (96 wells Costar) were coated with purif,red CS3 (2

pglm|, 100 pVwett) by incubating the plates at 4 C overnight. Plates were washed four

times with PBS containing 0.05% Tween 20 (PBS-Tween) and non-specific binding sites

were blocked with 1% BSA in PBS-Tween at 37"C for I hr. Culture supernatants (100

pVwelt) were incubated in the plates at 37'C for 4 hr. After washing with PBS-Tween,

the trays were incubated with goat-anti-mouse immunoglobulin alkaline phosphatase

conjugate (1:2500 dilution) at 4oC overnight followed by addition of substrate

[p,nitrophenyl disodum (Sigma) (5 mglrnl in 10% diethanolamine, I mM MgClz pH 9.8)]
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and incubated af 37"C for 2-3 hrs. The Aqos was measured using a Titertek Multiscan

ELISA tray reader . A¿os>0.2 above the background was defined as positive.

2.25 Protein analysis

2.25.1T7 RNA polymerase expression system

The plasmid containing the gene encoding the protein of interest under the

control of T7 promoter was transformed into an E. coli strain carrying the plasmid,

pcpl-2, which contains T7 RNA polymerase under the control of the ì" P¡ promoter/

repressor (Tabor and Richardson, 1985). Transfotmants were selected on NA

containing Km and Ap at 30"C. Recombinants were identified by restriction digestion

analysis. Ten mitlilitres of LB containing Ap and Kmwas inoculated with a single colony

and shaken at 30oC overnight. The culture was subcultured l:20 and incubated with

constant shaking at 30'C util an Aøso of 0.6 was reached. Cells were then shaken for 20

min at 42"C (to induce the synthesis of T7 RNA polymerase). Rifampicin was added to

a final concentration of 200 p/rtl, to inactivate the E. coli RNA polymerase, and the

incubation continued at 42C for a fuilher 20 min. The culture was incubated for a

fuither 2 hrs with shaking at 3l'C. The pellet, (Eppendorf, 1 min) was resuspended in

60 ¡rl of saline and voftexed, followed by the addition of 60 p,l2 x SDS-sample buffer

and boiling at 100"C for 5 min. It was then subjected to SDS-PAGE.

2.25.2 Western blot analysis

SDS PAGE was performed on l5Yo polyacrylamide gels. A suspension of 10e

cells was mixed with equal volume oî 2x SDS-sample buffer, boiled for 3-5 min and

loaded onto the gel (Laemmli, 1970). After electrophoresis at 150 V, the separated

proteins were transferred to nitrocellulose filter (Schleicher and Schuell) for 2hr. at 250
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mA in a trans-blot cetl (Bio-Rad). The transfer buffer used was 25 mM Tris HCI pH 8.3,

Ig2m}r{glycine and2}Y" (v/v) methanol. Non-specific protein binding sites on the f,rlter

were blocked with 5% skim milk in TTBS [20 mM Tris-HCl pH 7.4, 09%(wlv) NaCl,

0.05% Tween 20] for t hr at RT. The filters were washed in TTBS, and incubated

overnight in antibody solution at room temperature. The immunoblot was washed with

TTBS three times and incubated with goat-anti-mouse or goat-anti-rabbit

immunoglubolin horseradish peroxidase conjugate (1:30000 dilution in TTBS) for 2 hr.

at RT. The filters were washed four times (5 min) with TTBS and two times (5 min) in

TBS [20 mM Trjs-HCl pIH7 .4, 0.9% (wlv) NaCl] and antigen-antibody complexes were

detected by enhanced chemiluminescence (ECL). The filter was soaked in ECL

detection reagent (Boehringer Mannheim) for 1 min., drained and exposed to X-ray filrn

(Kodak).

2.25.3Immunodot blot

Cell lysates or pili preparations from 10e cell were plotted onto the nitrocelullose

filter. After brief drying, non-specific binding sites of the filter were blocked with 5%

skim milk in TTBS. The blot was treated with antibody and detected by ECL as

described (section 2.25.2). The dots were defined as positive (+) and negative (-)

accor-ding to positive and negative controls or the density times area of the dots was

measured by AIS" program for the imaging research Inc, Brock University, Canada.

2.26 lndirect immunofl ourescent microscopy

Bacteria from overnight growth on CFA agar were gently resuspended in PBS.

Cells were fixed on microscope slides, covered by 50 pl of the appropriate dilution of

antibody and incubated at room temperature for t hr. After washing with PBS, slides
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were incubated for I hr. at room temperature with fluorescein-conjugated goat-anti-

mouse or goat-anti-rabbit immunoglobulins (Sigma). Slides were washed with PBS and

distilled water, dried and embedded with Moviol [0.4 g moviol (Calbiochem), 1g

glycerol, lml II2O, 211110.2 M tris-HCl pH 8.al containing 100 mg/ ml para-phenyldiamin

(Sigma) to reduce bleaching. Photographs were taken on Kodak T max 400 fikn with a

microscope camera Olympus C-35 AD-4 mounted on an Olympus BH2 microscope.
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Chapter 3

Isolation of monoclonal antibodies against CS3 pili

3.1 Introduction

Monoclonal antibodies (Mab) are powerful immunochemical tools because of

their specificity of binding, homogeneity and ability to be produced in continuous culture

(Harlow and Lane, 1938), Kohler and Milstein (1975) developed a technique for

continuous culture of specific antibody-producing cells. In this technique lymphocytes

from immune mice were fused with myeloma cells. These hybrid cells or hybridomas can

grow in vitro and secrete specific antibodies continuously. The cultured cells may be

frozen, preserved and recovered later. The cells can also be injected into mice to generate

tumols so that large amounts of antibody are produced by the animal which can be

recovered from ascites fluid (Harlow and Lane, 1988). Each hybridoma produces an

antibody directed against a single antigenic detetminant (epitope), a monoclonal antibody.

Mabs are ideal reagents for recognizingthe epitopes of a molecule and have been used for

the analysis of antigenic determinants of many bacterjal cell components (Takeda et al.,

1993; Kazemi and Finkelstein, 1990; 1991; Ludwig et al., 1985; Lopez-Vidal et al.,

1983). Since a cell line is derived from a single hybridoma cell, and thus the antibody

produced by these cells is homogeneous, impure substances which are able to elicit a

humoral response can be used to prepare Mabs against a desired antigen. Hybridomas

secreting monoclonal antibodies specific for a wide range of bacterial antigens have been

described (Lopez-Vidal et al., 1988; Lopez-Yidal and Svennerholm, 1990; Takeda et al.,

1993; Worobec et al., 1983).
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The production of monoclonal antibodies in large amounts has had an extensive

impact on clinical medicine, science and industry (Kosmas et ql., 1993; Valentino et al.,

1985; Kim and Goldschmid, 1994). Mabs have been used extensively to study the

structure and structure/function relationship of enzymes and proteins as well as for the

epitope analysis of antigens (Bogdan and ApicelIa, 1995; Bowden et al., 1995; Bowden e/

al., 1995; Conner et al., 1994;Bizttb-Bender et al., 1994; Smith-Gill et al., 1984; Tzaftos

and Lindstrom, 1980; Yan et al., 1995).

This chapter describes the production of a set of Mabs directed against native

CS3 frmbriae. The Mabs were used for epitope analysis of the CS3 and in studying its

antigenic variation in different host strains.

3.2 Results

3.2.1 Immunization of mice to provide immune serum and spleen cells

Female Batb/C mice were immunized with purified CS3 pili (section 2.20.2). The

CS3 pili preparation was relatively pule as shown by SDS-PAGE and Coomassie Blue and

silver staining (Fig. 3.1 and 3.2). Before each boosting, the sera from mice were checked

for the presence of antibody by the dot immunoblot method using purified CS3 pili.

Three days after the final injection, sera and immune spleen cells were prepared

fi'om two immunized mice (section 2.20.3). The sera were found to contain antibodies

against CS3 by dot immunoblot method and were routinely used as positive controls for

screening of monoclonal antibody producing hybridomas by 'Westem blot analysis and

ELISA. A total of 2 x 108 spleen cells in 10 ml were obtained fi'om two spleens.



Fig 3.1 SDS-PAGE analysis of purified CS3 pili: staining with coomassie Blue '

The CS3 pili released by heating at 56"C from CFA agar grown ETEC strain

89034 were precipitated with ammonium sulphate at 40o/o saturation. The resuspended

pellet was centrifuged on a CsCl gradient at 35 K r.p.m for 18hr. Five bands were

separated and a 5pl aliquot of each was electrophoresed in SDS on a l5o/"

polyacrylamide gel. The get was stained for l5min with Coomassie Brilliant Blue R250

and dest¿ined with l0% ethanol, lÙVo methanol, and 1.5Vo acetic acid. The arrows

correspond to CstH protein, the major subunit of CS3 pili.

Lanes:

1- Lowerband

2- Middle band (2)

3- Middle band (1)

4- Top band (2)

5- Top band (1)

MW marker are shown
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-30

-20.1
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Fig3.2 SDS-PAGE analysis of purified CS3 pili: silver staining

SDS-PAGE analysis of CsCl purified CS3 as per Fig. 3.1.2 p,l samples were

electrophoresed in SDS on a l5%:o polyacrylamide gel. After electrophoresis, the gel was

silver st¿ined to reveal the LPS content of the CS3 pili preparation. Lanes represent

different bands separated in CsCt gradient. The arrows correspond to CstH protein, the

major subunit of CS3 pili (lower) and LPS (uppers).

Lanes:

1- Top band (1)

2-Top band (2)

3- Middle band (1)

4- Middle band Q)

5- Lower band



12 3 4 5
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3.2.2 Fusion of myeloma cells with immune spleen cells

The spleen and myeloma cells were fused as described (section 2.20.6). The

hybrid cells were grown in 96 well plates as described in section 2.20.1 . A total of 480

well-grown hybrids were transferred into 24 well trays and grown fuilher until the colour

of the medium had turned yellow (section 2.20.7). 100¡rl of medium was taken from each

well and used to test for the presence of antibody against CS3 by an enzyme linked

immunosot'bent assay (ELISA).

3.2.3 Preliminary screening of the hybridoma cells

The hybridornas were screened for antibody production by ELISA using purified

CS3 (section 2.24). The A¡so was measured and an 420.2 above the background was

considered as positive. From 480 cell cultures, a total of 45 hybridomas had the value of

>0.2 andthese were defined as antibody producing cells and expanded into 6-well trays.

The hybrÌds that were considered to be positive in the preliminaty screening were

expanded into 6-well trays (section 2.20.8). When the hybrid cells were sufficiently well

grown, 5 ml of the supernatant was taken for fuilher screening by ELISA and Western

blot analysis.

3.2.4 Secondary screening of the hybridomas

3.2.4.T ELISA

From the 45 hybridomas selected by the initial screening, 35 regrew and were

defined as positive in the second screening when the culture supematants were analysed by

ELISA. A total of 19 hybridomas with an &so) 0.3 above the background were selected,

called Cstl-Cstl9, and used in Western blot analysis to confitm the presence of antibody

against CS3.
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3.2.4.2 Western blot

Cell lysate fi'om ETEC strain 89034 (producing only CS3) was used to test the

Mabs by'Westem blot analysis. All 19 supernatants reacted with the CstH protein and

detected a band coresponding to that detected by the mouse polyclonal antiserum against

CS3 (Fig. 3.3). This result indicated that these hybridomas produced antibody against

CstH, however, some of the supernatants had multiple reactivites suggesting that they

were not clonal.

3.2.5 Limiting dilution cloning of hybridoma cells

Some of the antibody producing cell cultures were cloned by limiting dilution.

The hybrid cells used for cloning were 70-90o/oviable as assessed by trypan blue exclusion.

Suspensions containing 230 live cells were used to prepare dilutions for plating into

microtiter plates (section 2.20.11). After growing the cells for ten days the wells from the

last dilution containing hybridoma cell clones were considered as monoclonal antibody

producing cells as shown by Western blot analysis (see following sections) and were

expanded.

3.2.6 Characterization of monoclonal antibo dies

3.2.6.1 Isotyping of the monoclo nal antibodies

The isotypes of the monoclonals as determined by the Ouchterlony method

(section 2.20.12) are shown in Table 3-1. The results show that 5 Mabs were IgM, 8 were

IgGr and four wele lgGro. Two monoclonal antibodies did not react with any of the Goat-

anti mouse immunoglobulins. This could perhaps be due to the low concentration of

antibodies present in the preparations. The isotypes of the other Mabs were not

determined.



Fig. 3.3 Immunoblot analysis of the reactivity of the Mabs with CS3 pili preparation

A whole cell lysate from ETEC strain F9034 was prepared and electrophoresed

in SDS on l5o/o PAGE, transferred to a nitrocellulose filter and cut into strips. The strips

were probed with supernatants from hybridoma cultures 1-19. The antigen-antibody

complexes were detected by ECL. The arrow indicates the position of the CS3 major

pilin subunit, CstH.

Lanes:

l. Mouse polyclonal antiserum to CS3 (+control)

2. Culture supernatant from an ELISA negative culture (- control)

3-2I. Cultttre supernatants from cultures 1-19 corresponding to Mabs Cstl-19
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Table 3.1 Characteristics of Mabs

Mab Isotvpe W b/CstH W b/LPS IF
CH1
CH2
CH3
CH4
CH5
CH6
CH]
CH8
CH9
CHlO
CHl1
CHI2
CHl3
CHI4
CHl5
CHl6
CHIT
CHl8
CHl9
CH2O
CH2I
CH22
CH23
CH24
CH25

IeG
IgM
IgGt
IgM
IgGt
IgGt
IgGt
IgGt
IgGro
IgGt
IgGt
IgGro
IgGt
IgGo
IgM
IgM
ND
ND
IgM
ND
ND
ND
ND
ND
ND

+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

l

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

ND
ND
ND
ND
ND
ND

W b/CstH: Western blot using cell lysate of E9034. Mabs recogrized aband corresponding to CstH

W b/LPS: Western blot using proteinase K treated cell lysate of E9034. Mabs detected bands corresponding

to LPS
I F: Immunofluoresc enc e microscopy
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3.2.6.2 Specificity of monoclonal antibodies

Immunoblot analysis was performed to define the antigens recognized by the

Mabs. 19 Mabs were directed against CstH and six against LPS. Western blot analysis

using Mabs CHl to CHl9 revealed a 14-15 kDa polypeptide band conesponding to CstH

detected by mouse polyclonal antiserum (Fig 3.a). A whole cell lysate of ETEC strain

B9034 was treated with proteinase K and used for characterization of Mabs CH20-CH25.

These Mabs could recognize bands in the middle of the gel typical of O-antigen substituted

LPS (Fig 3.s).

3.2.6.3 Recognition of CS3 pili by the monoclonal antibodies

Indirect immunofluorescence microscopy and immuno dot blot using pili

preparations from wild type ETEC were carried out to check the ability of the Mabs to

recognize native CS3 pili on the surface of the bacterja. Mabs CH1-19 could recognize

the CS3 piti on the surface of the CS3 positive ETEC strains (Fig 3.6) and in immunodot

blot analysis. These Mabs were also able to recognize the CS3 pili on E. coli K-12

harbouring the cloned csl operon (Fig. 3.7). The results indicate that the Mabs may be

useful in diagnostic and epidemiological studies lelated to CFA/II* ETEC.

3.3 Discussion

In contrast to the senrm from an immunized animal which contains many different

antibodies against various antigenic determinants, a monoclonal antibody recognizes a

specific epitope of an antigen. Mabs against specific antigenic detetminants are also

valuable tools as diagnostic reagents, for epitope analysis, for the study of antigenic

variation and in epidemiological studies.



Fig. 3.4Immunoblot analysis of the Mabs directed against CstH

A cell lysate from ETEC strain 89034 was prepared and electrophoresed in

SDS on 15% PAGE, transferred to a nitrocellulose filter and cut into strips. Strips were

probed with Mabs CHl-19. Antigen-antibody complexes were detected by ECL. The

affow indicates the position of the CS3 major pilin subunit, CstH.

Lanes:

1. Mouse polyclonal antiserum to CS3 (+control)

2. Culture supernatairt from an ELISA negative culture (- control)

3-21. Mabs CHl-19
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Fig. 3.5 Immunoblot analysis of the Mabs directed against LPS

A proteinase K treated cell lysate from ETEC strain 89034 was electrophoresed

in SDS on I5Yo PAGE, transferred to a nitrocellulose filter and cut into strips. The strips

were probed with Mabs CH20-25. Antigen-antibody complexes were detected by ECL.

The arrows indicate the position of the CS3 major pilin subunit, CstH (lowef and LPS

(upper).

Lanes:

1. Mouse polyclonal antiserum to the CS3 pili preparation. The sample was not

treated with proteinase K (+control)

2-l.Mabs CH20-25. Samples were treated with proteinase K
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Fig. 3.6 Indirect immunofluorescence recognition of CS3 pili on the ETEC strain by

Mab

Cells were fixed on a glass slide, incubated with Mab CH1 for I hr, washed and

incubated with goat anti-mouse immunoglobulin fluorescein conjugate for 30 min.

Fluorescent cells were visualized under the fluorescence microscope. The photograph

shows the recognition of the CS3 pili by Mab CHl. All other Mabs had the same

properly.

Fig.3.7 Indirect immunofluorescence recognition of CS3 pili on E. coli K-12 strain

DH5o (pPMaSa) bY Mab

E. coli K-12 strain DH5a harbouring plasmid pPM484 encoding CS3 pilus

biosynthesis was fixed on the slide, incubated with Mab CHI for t hr, washed and

incubated with a goat anti-mouse immunoglobulin fluorescein conjugate for 30 min.

Fluorescent cells were visualized under the fluorescence microscope. The photograph

shows the recognition of the CS3 pili by Mab CHl. All other Mabs had the same

B

propeffy
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A panel of 19 Mabs against CS3 and 6 Mabs against LPS have been produced in

this study. Table 3-1 shows the properties of the Mabs. The Mabs CHl to CH19 can

recognize CS3 on the surface of the bacteda, as indicated by immunofluorescence

microscopy and immuno dot blot analysis using puriñed CS3 pili. They also identif,z its

major subunit, CstH, in Western blot analysis. Immunofluorescence microscopy using a

specific Mab is a simple, fast and useful method for the identification of the CS3

subcomponent of CFA/II. which is known to be expressed by most CFA/II* ETEC strains.

This identification may be imporlant in epidemiological studies to determine the

contribution of CFA/II* ETEC in outbreaks and for assessing the requirements of suitable

vaccines in different geographical regions.

In diagnostic and epidemiological studies, it is important to use Mab that can

recognize the CS3 antigen in all isolates. In this regard, all anti-CS3 Mabs could

recognize CS3 pili on the surface of six ETEC strains expressing different combinations of

coli surface (CS) antigens (see Chapter 4) and may be valuable in these studies.

Mabs CH20 to CH25 could recognize bands in the middle of the gel

corresponding to the LPS bands. Since the aims of this study did not include the

charactetization of Mabs against different surface components of the ETEC strains, these

Mabs have not been studied in more detail. Further study could be done to characterize

the Mabs directed against LPS in detail to identiff the exact antigenic determinants for

them. These Mabs may be useful in investigations related to the LPS of E. coli or other

Enterobacteriacae.

The main aim of the production of Mabs was to study the variation of CS3 in

different ETEC strains fi'om various geographical regions (see Chapter 4). This may be

useful in the vaccine development against ETEC. They are also to be used to perform an

epitope analysis of CstH for defining the surface-exposed domains on CS3 (Chapter 5).
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wasIn this chapter, the production of Mabs against CstH was described

shown that these Mabs can recognize CstH protein in immunoblot analysis and CS3

the different CS3 positive strains in immunofluorescence microscopy. Besides the studies

reported in this thesis it may also be useful to define the specificity of the Mabs for CS3

and evaluate the potential cross-reactivity with other pili.
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Chapter 4

Variation in the CS3 component of CFA/II of human ETEC

4.1 Introduction

Fimbriae are immunogenic and have been used for immunization and protection

against ETEC in farm animals (Moon and Bunn, 1993). Immunization with purified

CFA/II (Reid et ø1., 1993; Tacket et al., 1994) or killed CFA/II* bacteria (Ahren et al.,

1993) has been repofted to induce the production of antibodies in humans. Therefore it

has been proposed that the coli surface antigens (CS factors) or the major antigenic

determinants of the CS factors can be used for immunization against CFA/II expressing

ETEC. Since CS3 is expressed by most CFA/II* strains of ETEC (Scotland et al.,

1985), CS3 expression and its potential antigenic variation in different host strains is

therefore of considerable importance in vaccine development against CFA/Il-expressing

bacteria.

Fimbriae such as type 1, K88, and P-fimbrjae contain conseled regions, which

have been suggested to be impoftant for fimbrial biogenesis, and variable domains which

represent the antigenic domains, at least paftIy, of the pili (Van Die et al., 1987;1988;

Dykes et a1.,1985; Mooi and de Graaf, 1985; Klemm, 1984). The varjable regions of

the pili caî accept inseftion or replacement by foreign epitopes and therefore are good

candidates for surface expression of foreign antigenic detetminants fi'om other

pathogens. Variable domains of P-fimbriae, K88, CS31A and type I pili have been used

for insertion and expression of various foreign antigenic detetminants without any affect
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on the biogenesis and assembly of the pili (Bousquet et aL, 1994; Hedegaard and

Klemm, 1989; Thiry et ø1.,1989, Van Die et a1.,1990; Van der Zee et a1.,1995).

Expression of CS3 in different host strains has been studied using two MAbs

against CS3 and some antigenic differences in CS3 fi'om different host strains have been

suggested (Lopez-Vidal and Svennerholm, 1990). However, there is no information

available at the subunit level.

In this chapter the variation in CS3 has been studied in more detail by cloning,

sequencing and analysis of the expression of the cstH gene from six different strains and

by comparing the different CstH proteins with a panel of 2l Mabs. This investigation

was performed to evaluate whether CS3 contained any varjable domains which might be

used for the insertion of foreign antigenic determinants.

4.2 Results

4.2.1Cloning of the cstH genes

Five CFA/II* strains (Table 4.1) which express different combinations of the CS

factors and were isolated from different geographical areas have been used to study the

variation in CS3. In order to make comparisons between the various CstH proteins, the

cslÉl genes from these strains have been cloned by either PCR amplification or shot-gun

cloning.

4.2.1.1PCR amplification and cloning of the csfiIgenes

DNA fragments containing the cstH genes were amplified by PCR from the

ETEC strains F41,E9034 and.El392-75. Two oligonucleotides, #794 and#795, based

on a known sequence of cstH (Jalajakuman et al., 1989) were designed for the

amplif,rcation of a 650bp DNA fragment encoding the CstH protein. This fragment,



Table 4.1 Properties and origin of the E. colí ETEC strains

Strains Origin Serotype Toxin production CFA

PB-176

E4l

89034

81392-75

824742s-l

8248150-l

Mexico

Japan

Mexico

Bangladesh

Bangladesh

Bangladesh

06:Hl6

ND

08:H9

O6:Kl5:Hl6

06:K15

06:K-:Hl6

ST, LT CS1+CS3

LT CFA/II*

ST,LT CS3

ST,LT CSl+CS3

ST,LT CS17+CS3

ST, LT CS2+CS3

F
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which contains the entire cstH geîe and its promoter allows the protein to be expressed

from its own promoter when cloned in a suitable vector. Oligo #194 corresponding to nt

4082-4104, contains a SnaBl site, and oligo #795 cot'responds to nt 41251o the HindIII

site beyond the end of the csl operon with three extra nucleotides added at the 5' end to

facilitate cleavage by HindIII.

The PCR products were purified, digested with SnaBI and HindIII and cloned

between the HindIII and SruaI sites of pBluescriptSK (Fig. a.1). After ligation, the

plasmids were transformed into the E. coli K-12 strain DH5cr. Transfotmants were

screened for the cstH gene using the blue/white colour selection on X-gal plates and

confirmed by DNA hybridization using the slot blot method with a Dig-labelled 0.65kb

cstH probe. Several positive clones were fuilher characterized by restriction er:.zyme

analysis. Positive clones were selected from each cloning, having a 0.65kb fragment

insert and designated pPM4594, pPM4595, pPM4596, respectively, and used for more

detailed study.

4.2.1.2 Shot-gun cloning of cstH

The cstH genes from two strains, 8247425-l and8248750-1, were isolated by

shot-gun cloning. Purified plasmid DNA from these strains was digested with EcoR[ and

HindIII and cloned between the EcoRI and HindIII sites of pGEMTzf. The ligation

reactions were transformed into E. coli K-12 strain DH5o and the transformants

screened for the cstH gene as described above. Some white colonies which were

positive in DNA hybridization ïvere fuilher cbaracterized by restriction enzyme analysis.

One clone from each cloning, having an approximately l.7kb EcoRI-HindlII fragment

inseft, was used for fuilher investigation and designated as pPM4597 and pPM5498

correspondi ng to 8247 425 - | and 82487 5 0- 1, respectively (F E. a.Ð.



Fig. 4.1 Construction of pPM4594,pPM4595 and pPM4596.

Ptasmids pPM4594,pPM4595 and pPM4596 contain the cstH gene from ETEC

strains E41, E9034 andEl392-75, respectively.The cstH gene was PCR amplified from

these strains, digested with ^SnøBl, HindlII and ligated to the HindIlI, ^SøaI sites of

pBluescript SK. After transformation into DH5o, white colonies on X-gal plates

containing Ap were selected and screened for the appropriate insert'
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ßig.4.2 Construction of pPM4597 andpPM4598.

Plasmids pPM4597 and pPM4598 contain the cstH gene fi'om 8247425-l and

8248750-1, respectively. Plasmid DNA from each of the ETEC strains, 8247425-l and

8248750-1, was digested with HindIII, .EcoRI and the fragments cloned between the

HindIII, EcoRI sites of vector pGEM-72f. After transformation into DH5cr, white

colonies on X-gal plates containing Ap were selected and screened for the appropriate

inserts.
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All of the clones were examined for expression of CS3 by 'Western immunoblot

using a polyclonal antiserum raised against CsCl-purified CS3 pili fr'om 89034. Western

blot analysis revealed a band of about 15 kDa (Fig. a.3) coresponding to the CstH for

all subclones.

4.2.2 DNA sequencing and analysis

Sequencing of the cloned cslÉ1 genes was performed as described in sections

2.10.8 and2.10.9. The sequencing strategy is shown inFig.4.4. The sequences were

edited and analysed using SeqEd (Applied Biosystems) and DNAsis (LKB) and

alignments performed using CLUSTAL V (Higgins and Sharp, 1989).

The amino acid sequences of the various CstH proteins were predicted from the

nucleotide sequences and both the nucleotide and amino acid sequences of all clones

were compared with those of cstH and CstH from PBl76 which were used as a control

@ig. a.5). A comparison of the gene and amino acid sequences is shown inTzble4.2.

The results indicate that thele are minor differences between cstH from different host

strains at both the nucleotide and amino acid levels. However, the degree of

conselation is in the order of 99o/, identity in the sequences.

4.2,3Yariation in the expression of CS3

In older to investigate the possible variation in expression of CS3 among the

ETEC strains, as suggestedbyLopez-Vidal and Svennerholm (1990), the expression of

CS3 and CstH were studied by Western blot, immuno dot blot analysis and indirect

immunoflourescence microscopy using a panel of 21 monoclonal antibodies and the six

CS3/CstH positive enterotoxigenic E. coli strains grown on CFA plates. Two of the



Fig 4.3 Westem blot analysis of CstH from different strains

Cell lysates of CS3 positive ETEC strains and E. coli K-I2 harbouring plasmids

encoding CstH from diffelent strains were electrophoresed in SDS on I5o/o PAGE and

transferred onto a nitrocellulose filter. A polyclonal antiserum against purified CS3 from

89034 was used as the primary antibody in the Western blot. Antigen-antibody

complexes were detected by ECL. The arrow indicates the position of the CS3 major

pilin subunit, CstH

Lanes:

1. PBl76

2.PB176P1CS3 negative, as a negative control)

3.F41

4.89034

5.81392-75

6.8247425-I

7.8248750-I

8. E. coli K-12[pPM4555] expressing CstH from PB176

9. E. coli K-12[pPM4594] expressing CstH from E41

10. E. coliK-I2lpPM4595l expressing CstH from E9034

ll. E. coliK-I2lpPM4596l expressing CstH from 81392-75

12. E. coliK-I2lpPM459ll expressing CstH from 8247425-l

13. E. coliK-12[pPM4598] expressing CstH from 8248750-l
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ßig.4.4 Strategy used for sequencing of the cslÉlgenes

The cstH genes were cloned as either 0.65 or 1.7 kb fragments. The fragments

were sequenced using M13-Reverse primer (oligo #754), Ml3-Forward primer and the

oligos corresponding to the different parts of cstHbased on published sequenced data for

CS3 from PBI76 (Jalajakumari et al., 1989). The number above the arrows refers to the

oligonucleotides in our laboratory collection. The relevant restriction sites are shown. s.s

conesponds to the position of the region encoding the signal sequence of CstH.

Panel A shows the strategy used for the csf/ genes fi'om strains E41, 89034

andBl392-75.

Panel B shows the strategy used for the fragments containing csdtl genes from

strains 8247 425 -l and 82487 50-1 .
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Fig.4 5 Nucleotide and amino acid sequence of CstH

The nucleotide sequence of cstH and amino acid sequence of CstH fi'om P8176

has been shown. The signal sequence is indicated as -l and -22. The mature protein

starts from Alal



1 CG TÀT ÀCT GTT GGT CTT AÀC GTA ACC ÀGT AÀT GTT ATT TA.A, AGT GAA 47

22
48

-11
96

Met Leu Lys I1e Lys Tyr Leu Leu Ile G1y Leu
TGT ÀTG ÀGG GAT TCG ATG TTA AÀA ATÀ A.AÀ TAC TTA TTA ÀTA GGT CTT

-1 1

Ser Leu Ser AIa Met Ser Ser Tyr Ser Leu AIa Àla Ala GIy Pro Thr
TCA CTG TCÀ GCT ATG AGT TCÀ TAC TCA CTA GCT GCÀ GCG GGG CCC ACT

Leu Thr Lys G1u Leu Ala Leu Asn VaI Leu Ser Pro Ala Ala Leu Àsp
CTA ACC A.AÀ GAA CTG GCA TTÀ AÀT GTG CTT TCT CCT GCA GCT CTG GAT

Ala Thr Trp AIa Pro Gln Asp Asn Leu Thr Leu Ser Asn Thr Gly VaI
GCA ACT TGG GCT CCT CÀG GAT ÀAT TTÀ ÀCÀ TTA TCC ÀÀT ÀCT GGC GTT

Ser Asn Thr Leu Val Gly Val Leu Thr Leu Ser Asn Thr Ser lle Asp
TCT AÀT ACT TTG GTG GGT GTT TTG ACT CTT TCA AAT ACC AGT ATT GAT

Thr Val Ser I1e AIa Ser Thr Àsn VaI Ser Àsp Thr Ser Lys Asn G1y
ACA GTT AGC ÀTT GCG AGT ACA ÀÀT GTT TCT GAT ACA TCT AÀG AAT GGT

Thr Va1 Thr Phe Ala His G1u Thr Asn Asn Ser Àla Ser Phe Ala Thr
ACA GTA ACT TTT GCÀ CAT GAG ACA AÀT ÀÀC TCT GCT AGC TTT GCC ÀCC

Thr I1e Ser Thr Asp Àsn AIa Asn lle Thr Leu Asp Lys Asn Ala GIy
ÀCC ATT TCA ACA GAT ÀÀT GCC AÀC ATT ACG TTG GÀT ÀÀ,\ ÀÀ.T GCT GGA

Àsn Thr Tle Val Lys Thr Thr Asn Gly Ser GIn Leu Pro Thr Àsn Leu
.AÀT ACG ÀTT GTT ÀÀÀ ÀCT ACA À,4.T GGG AGT CAG TTG CCA ACT AAT TTA

Pro Leu Lys Phe lle Thr Thr GIu Gly Àsn G1u His Leu VaI Ser GIy
CCA CTT AÀG TTT ÀTT ÀCC ACT GAÀ GGT ÀÀC GA.A CÀT TTA GTT TCÀ GGT

Asn Tyr Arg A1a Asn fle Thr I1e Thr Ser Thr f1e Lys ***
ÃÀT TÀC CGT GCÀ AAT ÀTA ACA ATT ACT TCG ACA ATT A.A.A, TAA TTA TAT

-L2
95

5

!43

6
1-44

22
L92

2L
191

37
239

38
240

53
287

54
288

70
336

69
33s

85
384

85
383

101
431

t02
432

Lt7
479

118
480

133
527

L34
528

764
575

57 6 .AÀT AGA CGT AGC CTT CGA A.A,T AA.A GGC TAC GTT GCT ATC TTT ATG TTT 623

624 GTG ATT TÀT AGG CAT CÀT TAÀ ÀTA GTC ÀÀG CTT 656
IlindIIf



Table 4.2 Comparison of cstH and CstH fi'om different ETEC strains with respectto cstH

from PBl76.

Seq. differences Corresponding

aa.difference

Overall o/" identity
Nucleotide seq. Ämino acid seq.

E41 Tns->C

Thrrz¿-+Ala

E9034 T¡os-)G Sersq-+Arg

Tzqz)G Valss-+Gly

8247425-l Deletion Grz non-coding

8248750-l Asn¡q-+Lys

Asnroq-+Asp 99.4 98.6

99.8

99.7

99.8

99.3

99.3

100

99.3
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Mabs, I0:2 and 11:2, were those described previously (Lopez-Vidaland Svennerholm

1990). The other' 19 Mabs have been descrjbed in Chapter 3.

'Westem blot analysis of these strains using the Mabs revealed a band of

approximately 15kDa conesponding to the CS3 major subunit, CstH (Fig. 4.6), which

was detected with each of the six different host strains. Some differences were obseryed

in reactivity of the Mabs with the antigens and these are probably due to variation in the

concentration of the Mabs in the culture supernatants or the affrnity of the Mabs for the

antigen. These results indicate that the epitopes recognized by the Mabs are present in

all CstH proteins and that the minor amino acid sequence changes did not affect the

antibody reaction. However, it needs to be remembered that the epitopes being

recognized in the immunoblots are likely to be linear or sequential.

Indirect immunofluorescence microscopy was also used to study the reactivity

of the antibodies with CS3 pili, that is assembled CstH. All six strains were recognized

by the Mabs in indirect immunofluorescence microscopy with the exception of 8248750-

1 which did not bind Mab 11:2 (Fig. 4.7). However, Mab ll:2 dld react with CstH from

this strain in'Western blot analysis (see above). In8248750-1, CS3 is co-expressed with

CS2 whereas the other süains express either CS3 alone or in combination with other CS

factors.

Immuno dot blot using pili preparations from the ETEC strains was performed

to check the immunofluorescence microscopy results. Similar results were obtained, pili

from all six strains were recognized by the Mabs with the exception of 8248150-1 which

did not react with Mab 11:2 (Fig. 4.8).

These results indicate that either the expression of CS3 in E,248750-l is

different from that in the other strains, that Mab 11:2 is directed against a native epitope



Fig.4.6lmmunoblot analysis of the Mabs with ETEC strains

Whole cell lysates from the ETEC strains were electrophoresed in SDS on a

l5Yo polyacrylamide gel, transferred to a nitrocellulose filter and cut into strips. The

strips were probed with Mabs CHl-19, l0:2 and 11:2. The antibody-antigen complexes

were visualized by ECL. The panels show the reactivity of CstH from different ETEC

strains with Mabs..

Panel A: ETEC strain P8176

Panel B: ETEC strain E9034

Panel C: ETEC strain 8248750-I

Lanes:

1. Mouse anti-CstH polyclonal antiserum (+ control)

2. Supernatant from a negative hybridoma culture (- control )

3-23. Mabs CHl-19, l0:2 and 11:2, respectively

The remaining 3 strains (E41, 81392-75 and8241425-I) had the same reactivity

with the Mabs
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ßig.4.7Indirect immunofluorescence recognition of CS3 pili on ETEC strains by Mab

ETEC strain 89034 cells were fixed on the glass slide, incubated with Mab CHl

for I hr, washed and incubated with goat anti-mouse immunoglobulin fluorescein

conjugate for 30 min. Fluorescent cells were visualized by fluorescence microscopy. The

photograph shows the recognition of the CS3 pili by Mab CHl. All other Mabs could

recognise all ETEC strains with the exception of Mab 1l:2 which failed to recognise

8248750-1.





Fig. 4.8 Immunodot blot analysis of CstH from different strains

Pili preparations from six CS3 positive ETEC strains and E. coli K-12

harbouring plasmid pPM4740 containing recombinant csl operon as well as the control

strains were blotted onto nitrocellulose paper, treated with Polyclonal antiserum against

purified CS3 from 89034 and 2l Mabs. Antigen-antibody complexes were detected by

ECL

Rows

A. P8176

B. E41

c.89034

D. PB 176p- (CS3 negative, as a negative control)

E.Et392-75

F.E247425-I

G.8248750-r

H. E. coli K-12[pPM4740] expressing CstH fi'om E248750-l

Columns

1. Polyclonal antiserum against CstH

2-20.}llab CHl-CH19.

21. lilab I0:2

22.}l4:ab II:2
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of CS3 which is masked by other surface components of the strain or that changes in the

amino acid sequence of CstH in this strain prevent recognition by the Mab 1 1:2.

4.2.4 Cloning of the cstil gene from 8248750-l and construction of a heterologous

cst operon

In order to establish whether the epitope recognized by Mab 1 1:2 is masked by

other surface components of strain 8248750-l or if its expression is influenced by the

genetic background of the strain, a recombinant cst operon was consttucted in which

cstH ftom8248750-l replaced that of PB176. Plasmids pPM4598 (section 4.2.1.2) and

pPM484 were digested with SnaBI and SphI. A purified DNA fragment fi'om pPM484

containing the assembly gene cluster was cloned in-frame between the SnaBI and SphI

sites of the plasmid pPM4598 upstream of the cstH gene to produce plasmid pPM4740

Gig. a.e).

The reactivity of Mab-17:2 and other Mabs with both denatured and native CS3

expressed from plasmid pPM4740 was investigated by immunoblotting and

immunofluorescence microscopy. Mab-l1:2 showed the same reactivity with CS3 in

DH5a[pPM4740l as it did in8248750-1 (Fig 4.8 H and 4.10), suggesting that the failure

of this Mab to recognize CS3 pili in this strain is not due to an interaction of CS3 with

other surface components of the cell or due to the genetic background of the ETEC

strain. Instead, the data imply that it is the differences in amino acid sequences of CstH

which are responsible.

The CstH proteins of the six ETEC strains studied differ at five positions (amino

acid residues 39, 55, 59, 109 and 124 of the mature protein). The CstH protein of

8248750-l differsfromallof theotherstrainsatamino acid#39 havingLysinsteadof

Asn. Thus the reactivity of the various CstH proteins with Mabl I:2 in 'Westem blot and



Fig 4.9 Construction of recombinantcst operon (pPMa7a0)

Recombinant plasmid pPM4740 contains the cstH gene from 8248750-l and

CS3 assembly genes from PB176. pPM484 DNA, harbouring the cloned PB_l76 cst

operon was digested with SnaBI and SphL The DNA fragment containing the assembly

genes was ligated between the SnaBI and SphI sites of pPM4598. Transfotmants were

selected by Ap*, screened for correct size of DNA and confirmed by restriction enzyme

analysis.
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Fig. 4.10Indirect immunofluorescence recognition of CS3 pili on ETEC strains by Mab

E. coli K-12[pPM4740] expressing CstH from 8248750-1 was fixed on the

glass slide, incubated with Mab CH1 for t hr, washed and incubated with goat anti-

mouse immunoglobulin fluorescein conjugate for 30 min. Fluorescent cells were

visualized by fluorescence microscopy. The photograph shows the recognition of the

CS3 pili by Mab CHl. All other Mabs could recognise CS3 pili on this strain with the

exception of Mab 1l:2 which failed to recognise it.
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the lack thereof with CS3 pili on 8248150-l and E. coli K-12 expressing CS3 from this

strain suggest that this Mab recognizes a confotmational epitope whose access to

antibody is influenced by amino acid#39. It seems likely that the replacement of Asn3e

with the positively-charged Lys inhibits the binding of the Mab to the epitope in the

assembled pilus, but that denaturation by SDS-PAGE lineadzes the protein so that the

influence of the Lys is abrogated.

4.3 Discussion

Antigenic variation is the alteration of the antigenic character of the microbial

surface often due to mutation in the structural genes encoding the surface components in

order to enhance the abitity of the microorganism to evade the host immune response

(Seifert and So, 1988). Many pili shqw variation at the amino acid sequence level in

domains which are presumed to contain antigenic determinants rather than be involved in

the biogenesis of the pili (Van Die et al., 1987, 1988; Ðkes et al., 1985b; Klemm, 1984;

Mooi and de Graaf, 1985). These variable domains are imporlant in diagnostic and

epidemiological studies as well as vaccine development, and have been considered as

sites for the insertion and expression of heterologous epitopes (Bousquet et al., 1994;

Hedegaard and Klemm, 1989; Thiry et a1.,1989, Van Die et al., 1990; Vander Zee et al',

19es).

Variation in the CS3 subunit of six CFA/II* strains has been studied by

immunoblot and immunofluorescence microscopy and by cloning and sequencing the

genes encoding CstH protein. The strains express various combinations of CS factors

and were isolated from different geographical regions. 19 Mabs isolated in this study

(Chapter 3) and two previously described Mabs (Lopez-Vidal and Svennerholm, 1990)

were used. The antigenic variation of CS3 in different ETEC strains presented here
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extends and explains the variation in CS3 which has been suggested by Yolanda and

Svennerholm (1990). It was observed that although all of the Mabs recognized all of the

CstH proteins by immunoblot analysis, Mab-l1:2 failed to recognize the CS3 pili from

8248750-l in immunoflourescence microscopy and immunodot blot (Table 4.3).

A similar phenomenon has previously been reported for CFA/I (Lopez-Yidal et

a1.,1988), CS1, CS2 and CFA/I (Thomas et a1.,1985). It has been shown that a Mab

reacted with CFA/I in immunoblots but could not recognizethe native form of CFA/I on

the cell. An antibody against CS4 reacted with CFA/I, CSI and CS2 in Westem blot but

could not recognize them in intact fimbriae in either ELISA or immunodiffusion tests

(Thomas et a1.,1985; McConnell et a1.,1989).

The sequencing of the cstH genes from six strains showed alterations leading to

five amino acid substitutions within the mature protein at residues 39, 55,59, 109 and

I24, and that the CstH protein of E248750-l is different from the other five strains at

amino acid#39 (Lys instead of Asn). When the cstH gene from E,248750-l leplaced that

of PBl76 to produce a heterologous csl operon that could be expressed in E. coli K-12

strain DH5cr, Mab 1 1:2 still failed to recognize the native CS3 produced.

Lopez-Vidal and Svennerholm (1990) showed that Mabl1:2 could not

recognize CS3 in immunodiffrrsion but reacted with CstH in immunoblot. These authors

suggested that the different reactivity of Mab-11:2 with CS3 was either due to the

influence of the biotype of the host strain on the expression of the CS3, or small

variations in amino acid sequence of the CstH. The work described here clearly

demonstrates that since Mabl l:2 failed to recognize the CS3 fromB248750-l produced

by E. colíK-12, the variation must be independent of the biotype of the strain or the co-

expression of the CS3 with the CS2. It was also revealed that CstH from 8248750-I has

an amino acid substitution (Asn3e -+Lys) not found in the other CstH proteins.



Table 4.3 Cross reactivity of Mabs with CstH and CS3 pili fi'om different ETEC

strains.

Mab Immunoglobulin
Isotype

W b/CstH Dot blot/Pili IF

CH1
CH2
CH3
CH4
CH5
CH6
CH7
CH8
CH9
CHlO
CHI l
CHI2
CHl3
CIJI4
CH15
CHl6
CHIT
CHl8
CH19
l0:2
lI:2

IgGt
IgM
IgGt
IgM
IgGt
IgGt
IgGt
IgGt
IgGto
IgGt
IgGt
IgGro
IgGt
IgGro
IgM
IgM
ND
ND
IgM
IgGt
IgGt

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

+ except 8248750-l + except 8248750-I

and DH5crlpPM 47401 and DH5crlpPM4 7401

W b/CstH: Western blot using cell lysate from six ETEC strains. Mabs recognized a band corresponding to

CstH
Dot blot/pili: Inrmunodot blot analysis of pili preparation from six ETEC strains

IF: hnmunofluorescellce microscopy usirg six ETEC strains

ND: Not deternrined
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Therefore, the only explanation for this phenomenon is the effect of the amino acid

change on the antibody recognition. Since Mab-l1:2 reacts with the denatured form of

CstH in all six strains, the epitope it recognizes must be shared, however, the failure to

recognize CS3 in pili on 8248750-l implies that the incorporation of Lys at residue 39

inhibits the binding of the Mab. This suggests that the epitope recognized by this Mab

and residue 39 are in close juxtaposition in the CS3 sttucture. Consequently,

determination of the actual sequence of the epitope recognized by Mabll:2 may be

useful in CS3 structural studies.

Unfortunatety this work did not reveal the presence of any variable domains of

CstH which might be potentially useful for the insertion of foreign epitopes. Thus, the

most feasible path to follow seems to be to introduce unique sites into regions encoding

predicted epitopes of the CstH protein and use them for insertion of heterologous

antigenic determinants.
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Chapter 5

Epitope analysis of CstH Protein

5.1 Introduction

Epitopes or antigenic determinants, are the specific parts of a protein (antigen)

that are recognized by antibody or T cells. Identification of epitopes within protein

molecules is of imporlance in the analysis of proteins for function/sttucture relation

studies, understanding the interactions involved in the immune response, and in the

design of subunit vaccine and specifîc diagnostic reagents. Several methods, alone or in

combination, have been used for identif,rcation of potential epitopes within antigens.

These approaches include:

-Prediction of epitopes from the amino acid sequence of a protein (Hopp and

'Woods, 1981).

-Construction and expression of a sublibrary containing fragments of the known

gene with random end points in phage or plasmid expression vectors followed by

analyses of the reactivity of the peptides with monoclonal antibodies (Lamb, 1987;

L;rrzzago et a1.,1993; Mehra et a1.,1986; Scott, 1992).

-Peptide scanning or the investigation of the immunoreactivity of all consecutive

overlapping peptides of a known plotein with antibodies (polyclonal or monoclonal)

against intact antigen (Geysen et a\.,1984; 1985; Kohli et al., 1993; Meloen et al., 1986;

Proulx et a1.,1992; Redlich et al.,I99l).
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-Deletion mutagenesis f,'om either the 5' or 3' end of the gene and expression of

the truncated protein as a fusion protein in a suitable vector and screening with

appropriate antibodies (polyclonal or monoclonal) against the intact protein (Gross and

Rohrmann,1990; Skakoan et al., 1993).

-Reactivity of antibodies against the native protein with fragments of the protein

produced by CNBr-cleavage (Kahlert et al., 1992), or proteolytic digestion (Mercier er

al., 1993; Raman, 1993).

-Raising Mab against synthetic peptides comesponding to predicted epitopes of

the protein and using them for epitope mapping of the original protein (Klogfelt et al.,

1987;Mercier et al., 1993; Simon et a1.,1993; Tahara et a1.,1993).

-Site directed mutagenesis (Bakker et al., 1992;Rarnanthan et al., 1993; Simon

et a|.,1993).

-X ray crystallography of the antigen-antibody (Mab) complexes (Prasad et al.,

1ee3).

Fimbrjae are essential virulence factors in the pathogenesis of enterotoxigenic .E'.

coli. They are immunogenic and vaccines based on fimbriae have been used for

protection against animal ETEC. Some fimbriae have also been used for expression of

foreign antigens. It seems that the surface exposed domains on the pili represent the

epitopes of the protein and are potential sites for insertion and expression of foreign

antigenic determinants. In this regard, determination of the exposed epitopes of the

carier protein, in this case the pilin subunit, becomes impoftant in order to define the

suitable inserlion sites.

In this study, deletion mutagenesis from the N and C terminal coding regions of

CstH and fusion of the resulting truncated proteins to a reporter (alkaline phosphatase)

has been used for epitope analysis of CstH protein.
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E. coli alkaline phosphatase (AP) has been used as a reporter because the

sequence of its structural gene, phoA, is known. The PhoA protein has a size of 43 kDa

which can be easily analysed on standard SDS-PAGE systems. Fusion at its N-terminus

should have little effect on the structure of the protein (Hoffrnan and Wright, 1985). ¿'.

coli AP is located in the periplasm of E. coli K-12 and its export by heterogeneous signal

peptides has been reported (Hoffman and Wright 1985). PhoA is st¿ble and can be

readily detected on agar medium containing the chromogenic substrate 5 bromo-4-

chloro-3 indotyl phosphate (X-pho) (Manoil and Beckwith, 1986). Because of these

advantages, phoAi lacking the promoter and signal sequence coding region, was chosen

to generate CstH::PhoA fusion proteins that are expressed from the cstH promoter and

contain its signal sequence. In vivo expression of the fusions from this promoter resulted

in AP activity in bacterial colonies harbouring the in-frame fusion consttucts.

5.2 Results

5.2.1 C-terminal deletions in CstH

5.2.1.1 Construction of plasmid pPM4501

The 650 bp DNA fragment encoding CstH from pPM484 was cloned into

pPM3500 upstream of the E. coli phoA gene lacking promoter and signal sequence

(phoA) (Fig. 5.1). The phoA'gene is expressed to produce active AP when fused in-

frame downstream of a gene having both promoter and signal sequence coding regions.

The cstH gene has these properties and its in-fi'ame fusion to phoA' leads to expression

of alkaline phosphatase (AP). Transformants were screened by restriction en4zme

analysis and one clone of the right size selected. The junction of the fusion and

odentation of the genes was confirmed by sequencing. This clone was designated

pPM4501 and used for deletion mutagenesis. The-elorrc-cm1ãïfls*csrf:ffip'hv,Mh



Fig 5-1 Construction of cstH::phoA'

The cstH gene from the cst operon in pPM484 was isolated by digestion with

HindIII and SnaBI and the 650bp fragment was cloned between the HindIII and, SmaI

sites of pPM3500 upstreamof phoA'. Transformants were selected by Ap* and screened

by restriction enzyme analysis. This plasmid was designated pPM4501.
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The clone contains cstH and phoA' with
à

lÍ
I

suitable cleavage sites in between for unidirectional deletion into csrÉlusing Exonuclease

III (ExoIII) (Fig 5.1).

5.2.1.2 3'Deletion

A nested set of deletions into the CstH coding region was generated from the 3'

end of the cstH gene using ExoIII. Two restriction sites, HindIII and BslBI, were used

for deletion. The HindIII site was protected against exo III by filling with ct-

phosphorothioate nucleotides and BsrBI site used for deletions from 3' end of the cstH

gene. The DNA fi-om sequential deletion time points was religated and transformed into

E. coli K-12 strain DH5o. Transformants \ryere screened for the in-frame PhoA fusions

on X-pho agar medium. In-frame fusion proteins can be expressed and translocated to

the periplasm (where Ap is active) by means of the CstH signal sequence, resulting in

blue colonies. Blue colonies (AP.) were fuither characterized by restriction enzyme

analysis (Fig. 5.2, panel A). A total of 13 subclones with different size regions of cstH

were sequenced in order to precisely define the junction in the fusions. The constructs

were designated pPM4502-pPM45 1 4.

5.2.1.3 Expression of fusion proteins

In the first screening of the fusion proteins, 9 subclones were chatacterized. All

of the hybrid proteins could be detected by Western blot analysis using antibodies to AP

(Fig. 5.3) but only 8 hybrid proteins could be recognized by the CS3 antibody (Fig. 5'a).

More subclones were screened later to find others with end points at additional

sites within csrËl. Four more clones were characterized giving a total of 13 clones with



Fig 5.2 Analysis of cstH::phoA gene fusions by restriction endonuclease digestion.

Plasmid DNA containing cstH::phoA hybrid genes was digested with restriction

endonucleases BamIII and HincIl, (panel A) and DraI (çtanel B) and electrophoresed on

a l.4Yo agarose gel. The small variable fragments conespond to deletions of cstH

(anow). SPP1 phage DNA digested with EcoRl was used as a size marker. The arrows

indicate the smallest fragment.

Panel A: C-terminal deletions. DNA digested with BamÍII and HincII.

Lanes:

1. Size markers.

2-13. cstH::phoA hYbrid genes.

Panel B: N-terminal deletions. DNA digested with DrqI.

Lanes

1. Size markers

2-18 cstH::phoA hYbrid genes.
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Fig. 5.3 Westem blot analysis of the CstH::PhoA fusion proteins using antibody to

alkaline phosphatase (AP).

CstI{::PhoA fusion proteins generated by deletions into the C-terminal coding

region of CstH were analysed using antibody to PhoA. Cell lysates were electrophoresed

in SDS on l5Yo PAGE, transferred to a nitrocellulose filter and probed with the anti-

alkaline phosphatase antibody and visualized,by ECL detection. .8. coli strains C75a and

G206 were used as positive and negative controls, respectively. The arrows indicate the

position of the largest CstH::PhoA fusion protein (left) and PhoA (right).

Lanes:

l. E. coliK-|2 canying PPM4502

2. E. coliK-12 carrying pPM4503

3. E. coliK-|2 carrying PPM4504

4. E. coliK-12 canying pPM4505

5. E. coliK-|2 carrying pPM4506

6. E. coliK-12 carrying pPM4508

7. E. coliK-12 carrying pPM4507

8. E. coliK-|2 carrying pPM45l2

9. E. coliK-|2 canying pPM4513

10. E. coli strain G206 (- control)

ll. E. coli strain C7 5a (+ control)
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different end points across the mature CstH, and these have been used for expression and

epitope analysis (Fig. 5.5).

5.2.2 N-terminal deletions in CstH

In order to defîne the precise location of the epitopes in CstH, deletion of the

N-terminal coding region of CstH was performed. To make unidirectional deletions

from the 5' end of cstH appropriate restriction sites were needed, in addition the hybrìd

gene required the cstH promoter and CstH signal sequence coding region, since it was

assumed that the CstH::PhoA fusion proteins described above wele being expressed

from the cstH promoter. A plasmid having these characteristics was required. The DNA

fragment in pPM4503 encoding an in-frame CstH::PhoA fusion protein from an earlier 3'

deletion time point contains a nearly full-length cstH gene, and was chosen for this

experiment.

5,2.2.1Cloning of cstH promoter and signal sequence coding region

A 500 bp ApaI fragment of the csl operon from pPM484 containing the cstH

promoter and signal sequence coding region was cloned into the ApaI site of pGEM-7Zf

(Fig. 5.6). Transformants were screened for this fi'agment by whitelblue colour selection

on X-gal plates and restriction enzyme analysis. Some clones with the correct inseftion

were confirmed by sequencing. A clone with the cstH promoter and signal sequence

coding region in the orientation of the T7 promoter was selected and designated

pPM4528.



Fig. 5.5 Localiza¡on of C-terminal deletion endpoints within the CstH protein

The endpoints of the C-terminal deletions in CstH were defined by determining

the sequence of the junction of the cstH: :phoA fusions and defining the amount of

residual csrÉlDNA. Numbers -l to -22 indicate signal sequence. Amino acid numbers

are coffesponding to mature CstH. Arrows show the endpoints and these correspond to

the appropriate plasmids as follows:

1. pPM4502

2. pPM4503

3. pPM4504

4. pPM4505

5. pPM4506

6. pPM4508

7. pPM4507

8. pPM4509

9. pPM4510

10. pPM4511

11. pPM4512

12. pPM4513

13. pPM4514
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ür
CTT CGA

L46
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A.AT AGA CGT AGC

GTG ATT TAT AGG CAT CAT TAA ATA GTC A.AG CTT
IlindIII

ÀÀT A.A.A GGC TAC GTT GCT ÀTC TTT ATG TTT 623
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Fig. 5.6 Cloning of the cslËlpromoter and signal sequence coding region

PlasmidpPM484 was digested with Apaland a 500bp fragment containing the

csllpromoter and signal sequence coding region was cloned in ApaI site of plasmid

pGEM-72f. Transformants were selected by blue/white colour selection on X-gal plates.

A plasmid containing this fragment was selected and designated pPM4528.
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5.2.2.2 Clonin g of a cstil : : phoA fusion into pPM4 52 I

A DNA fragment encoding the CstH::PhoA fusion protein from pPM4503,

containing nearly full-length cstH, was cloned into plasmid pPM4528 downstream of the

CstH signal sequence coding region. Transfotmants were screened on X-pho plates for

blue colonies expressing AP activity which were analysed by restriction enzyme cleavage

for detection of the inserted fi'agment. One blue colony with the correct cloned fi'agment

was confirmed by sequencing, designated pPM4530 and used for deletion analysis. This

clone contains appropriate restriction enzyme sites between the CstH::PhoA and CstH

signal sequence coding fi'agments which allows unidirectional deletion into the 5' end of

cstH: :phoA and expression of fusion proteins via the CstH signal sequence (Fig. 5.7).

5.2.2.3 5' deletion csl,tll

Two restriction sites, AatII and SpeI, were used for generating deletions. The

SpeI site was used to generate a set of nested deletions into the CstH coding region from

the 5' end of the cstH gene using Exonuclease III (ExoIII). The AatII site was used as

the protected site. The DNA from sequential time points was ligated and transformed

into E. coli K-12 strain DH5cr,. Transformants were examined for AP activity on X-pho

plates and blue colonies were screened for the size of the deletions by restriction enzyme

analysis. A total of 15 different deletions were further characterized by sequencing and

the length of cstH in fusions was defined. The clones were designated plasmids

pPM453 r-pPM4547 (Fig. s. 8).

5.2.3 Epitope mapping of CstH protein using C-terminal deletions of CstH

Initially,2 Mabs against CS3, 10:2 and 11:2 were used for epitope analysis of

CstH with 9 in-frame CstH::PhoA fusions derived by C-terminal deletion of CstH.



Fig. 5.7 Construction of plasmid pPM4530.

Plasmid pPM4503 was digested with XbaI andXhol andthe DNA fragment

containing cstH'::phoA'was cloned between lhe XbaIandXhoI sites of pPM4528.

Transformants were screened by restriction enzyme digestion and confirmed by

sequencing.The correct construct was designated pPM4530.
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Fig. 5.8 Localization of N-terminal deletion endpoints within the CstH protein

The endpoints of the N-terminal deletions in CstH were defined by determining

the sequence of the junction of the cstH::phoA fusions and defining the amount of

residual cs#IDNA. Arows show the endpoints of the truncated csrÉlfused to phoA' and

the numbers correspond to the appropriate plasmids as follows. Mature CstH starts at #1

and -l to -22 shows signal sequence.

1. pPM4531

2. pPM4532

3. pPM4533

4. pPM4534

5. pPM4536

6. pPM4537

7 . pPM4539

8. pPM4540

9. pPM4541

10. pPM4538

tl.pPM4542

12.pPM4543

13. pPM4545

14.pPM4546

15.pPM4547
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Westem blot analysis was performed using these Mabs with whole cell lysates of CFA

grown bacterja harbouring plasmids encoding the CstH::PhoA fusion proteins.

Mab 1l:2 did not react with fusions with deletions containing less than 122

amino acids of the mature CstH (Fig. 5.9). The largest non-reactive deletion contained

110 amino acids of mature CstH which indicated that part of the epitope for this Mab

could be located between amino acids 1 ll and 122.

Mab 10:2 reacted with 8 fusions with as few as 28 amino acids of the mature

CstH. The fusion in pPM4513 with only 23 amino acids could not be recognized (Fig.

5.10). This fusion also did not react with polyclonal antiserum against CS3. This result

implies that at least part of a second epitope should be located between amino acids 23

and28.

These results proved to be unreproducible and this was related to the level of

expression of the fusion proteins, as will be seen in subsequent chapters. Consequently,

it was difficult to obtain fuither data when more subclones of C-terminal CstH deletions

were obtained and when the N-terminal deletions and the new Mabs were generated

(Chapter 3). In all experiments using fusion proteins with polyclonal and monoclonal

antibodies against CstH, only the fusions in pPM4503 and pPM4531 containing 144

amino acids of CstH (nearly futl length CstÐ could be reproducibly recognized in

Westem blot analysis (Fig. 5.11 and Fig. 5.12).

A number of attempts were made to overcome the possible problems related to

expression of fusion proteins by using different growth media and conditions for the

bacteria and by varying the preparation method of samples for Westem blot analysis.

However, no clear solution was obtained.



F'ig. 5.9 Western blot analysis of the CstH::PhoA fusion proteins generated by deleting

the C-terminus of CstH, using Mab 11:2.

CstH::PhoA fusion proteins generated by C-terminal deletion of CstH were

analysed using Mab 1 l:2 to CS3. Cell lysates were electrophoresed in SDS on I5Yo

pAGE, transferred to a nitrocellulose filter and probed with Mab 1 l:2 against CS3 and

visualized by ECL detection. Wild type ETEC strain, PB176 and E' coliDH5u

containing pPM4501 were used as positive and negative controls, respectively. The

affows indicate the position of the CstH (lower) and CstH::PhoA fusion proteins

(upper).

Lanes:

1. PBl76 (+contlol)

2. E. coliK-12 carrying pPM3500 containingphoA'genes (- control)

3. E. coliK-12 carrying PPM4502

4. E. coliK-|2 carrying PPM4503

5. E. coliK-|2 carrying PPM4504

6. E. coli K-12 carcYing PPM4505

l. E. coliK-12 catrying PPM4506

8. E. coliK-12 carrying PPM4508

9. E. coliK-12 carrying PPM4507

10. E. coliK-12 canYing PPM45|2

lI. E. coliK-12 canYing PPM4513
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Fig 5.10'Western blot analysis of the CstH::PhoA fusion proteins generated by deletion

of the C-terminus of CstH, using Mab 10:2

CstH::PhoA fusion proteins generated by C-terminal deletion of CstH were

analysed using Mab I0:2 to CS3. Cell lysatcs wcrc clectrophoresed in SDS on 75Vo

pAGE, transfered to a nitrocellulose filter and probed with Mab 10:2 against CS3 and

visualized by ECL detection. Wild type ETEC strain' PB176 and E. coliDH5u

containing pPM4501 were used as positive and negative controls, respectively. The

affows indicate the position of CstH (left) and CstH::PhoA fusion proteins (right).

Lanes:

1. P8176 (+control)

2. E. coliK-12 carrying pPM3500 containingphoA'genes (- control)

3. E. coliK-12 carrying PPM4502

4. E. coliK-|2 carrying PPM4503

5. E. coliK-12 carrying PPM4504

6. E. coliK-12 carrying PPM4505

l. E. coliK-12 carrying PPM4506

8. E. coli K-12 carrying PPM4508

9. E. coliK-|2 carrying PPM4507

10. E. coliK-12 canying PPM45I2

11. E. coliK-12 canying pPM4513
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Fig 5.11 
'Westem blot analysis of the CstH::PhoA fusion proteins generated by deletion

of the C-terminus of CstH

CstH::PhoA fusion proteins generated by C-terminal deletion of CstH were

analysed using polyclonal antibody to CS3. The antiserum was absorbed with E. coliK-

l2 strain DH5cr containing pBluescript SK. Cell lysates were electrophoresed in SDS on

15% pAGE, transfemed to a nitrocellulose filter and probed with the antiserum and

visualized by ECL detection. Purified CS3 and E. coli containing pPM4501 were used as

positive and negative controls, respectively. The affows indicate the position of the CstH

(lower) and CstH::PhoA fusion proteins (uppeD'

Lanes:

1. Purified CS3 (+control)

2. E. colí K-12 strain DH5c¿ canying pPM3500 containingphoA' genes (- control)

3. E. coli K-12 strain DH5cr carrying pPM4503

4. E. coli K-12 strain DH5cr canying pPM4504

5. E. coli K-12 strain DH5cr carrying pPM4505

6. E. coli K-12 strain DH5a carrying pPM4506

7. E. coli K-12 strain DH5cr canying pPM4508

8. E. coli K-12 strain DH5cr canying pPM4507

9. E. coli K-12 strain DH5o canying pPM45l2

The other deletions were not used in this experiment
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5.3 Discussion

In this chapter an epitope analysis of CstH was attempted based on CstH::PhoA

fusion proteins in which varying amounts of either the N- or C-terminus of CstH had

been deleted.

Two epitopes were identified in the initial experiments using two Mabs (10:2

and 1 l:2) and 9 fusion proteins based on CstH C-terminal deletions. It was concluded

that the epitopes should be located before amino acids 23 and I22 of the mature CstH.

It was not possible to extend this mapping to the 19 Mabs isolated in chapter 3 and so

define the precise location of the epitopes. Since only the fusion protein with 3 amino

acids deletecl from the C-terminus reliably reacted with the Mabs and polyclonal antisera

to CS3 in subsequent exPeriments.

Deletion mutagenesis has been used for mapping of a continuous epitope on the

baculovirus capsid protein, and it was concluded that this technique could be used as an

altemative to the other procedures for mapping of linear epitopes, such as peptide

synthesis (PEPSCAN) (Gross and Rohrmann, 1990). PEPSCAN failed to map the

epitopes of K88 fimbrjae (van Zijderveld et a1., 1990) and it was concluded that its

epitopes are probably conformational. Antibodies raised against synthetic peptides

mimicking predicted epitopes of the major subunit of K88 also could not recognize intact

fimbriae (Krogfelt, 1987) again supporting the notion that the epitopes of K88 are

conformational.

It seems that, like K88, the epitopes of CstH or at least the epitopes recognized

by the Mabs used are conformational and dependent upon the quaternary structure of

protein formed by intact CstH. A conformational epitope for Mab ll:2 on the native

CS3 pili has been predicted (Chapter' 4). Thus deletion of more than the terminal 3

amino acids of the mature CstH protein appears to disturb the structure of the whole
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protein and the truncated proteins are unable to be recognized by antibodies.

Recognition of CstH by Mabs on Westem blot that was repofted in Chapter 3 and 4 rrny

have been due to some renaturation of CstH during the experiment (van Dam,1994).

There is also the possibility that the deletion into CstH destabilizes the protein or makes

it particularly sensitive to the denaturing conditions, such that during sample preparation

and electrophoresis, thc fusion proteins or at least the CstH domains are denaturecl or

degraded and no longer able to react with the antibodies.

It is feasible that the initial result (Fig 5.a) could be due to the use of large

amounts of the fusion proteins, parl of which remained undenatured and therefore could

still react with the antibodies'

Hybrìd major subunits of K88 have been constructed in which various parts of

the K88"u and K88u" major subunits were exchanged, or non-conseryed amino acid

residues were substituted by mutagenesis. These proteins were used to study the

antigenicity and receptor binding, and several regions or amino acids involved in the

serotype-specific epitopes and receptor binding sites were identified (Bakker et al.,

r9e2).

The results obtained fi'om the epitope analysis of CstH and its antigenic

variation (Chapter 4) support the conclusions made with K88 that the antigenic

determinants of these pili are conformational and that a more suitable procedure for

epitope mapping and receptor binding site analysis may be insertion mutagenesis. This

can be accomplished either randomly, or in ceftain regions that have been predicted by

computer analysis to represent exposed domains of the protein. This approach has been

taken in the following chaPters.
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Chapter 6

Insertion of heterologous peptide into CstH

6.1 Introduction

The immunogenicity of poor antigens can be increased by coupling them to

carriers such as bovine serum albumin and tetanus toxoid. Recent studies have shown

that the immunogenicity of a poor antigen can also be greatly enhanced when it is

genetically fused to bacterial components and expressed in an appropriate host strain

(Clements, 1990).

Many cell surface structures such as outer membrane proteins: LamB, PhoE,

OmpA and TraT (Agterberg et a1.,1990; Hayes et al., 1991; Ruppetlu et al., 1994; Taylor

et a1.,1990), flagella and fimbriae including: P fimbrjae, K88, type 1 and type 4 fimbriae

@akker et al., 1990; Bouquselet al., 1994., Van Die et al', 1990) have been used for

expression of antigenic determinants. Immunization with these recombinant molecules

can lead to an immune response against both the canier and relevant determinants when

injected into animals. This approach is considered to be useful for the expression of

critical antigenic determinants of pathogens for use in vaccine development.

In this study the CS3 fibrillar adhesin system has been used for the development

of a new system for expression of foreign antigenic determinants. CS3 fimbriae have

been relatively well studied. The genes encoding biosynthesis of the CS3 pili have been

cloned (Manning et al., 1985), sequenced and characterized (Jalajakuman et al., 1989).

The organization of the genes involved in the biosynthesis and expression of the CS3 is

shown in Fig 1.3.
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The CS3 system has some potential advantages and may be a good candidate

for expression of foreign epitopes forvaccine development. These advantages include:

1 CS3 is a good immunogen (Reid et a1.,1993), which may be imporlant for

the stimulation of an immune response directed against the inserted epitope.

2. CS3 is a colonization factor (Wenneras et al, 1990) and consequently a

hybrid protein m¿y possess both antigenic and adhesive properties which are important

for live oral vaccines.

3. The inserted antigen will be transpofted to and expressed on the cell surface

of the bacteria in large amounts.

4. CS3 pili are thin (-2nm), flexible, wiry fibrillar (Levi&t at., 1984). CS3 pili

C( r f.*
.is thinner and more flexible than most of the fimbriae from ETEC strains (de Graaf and

Gaastra, 1994). They may expose a larger ploportion of subunit protein on the surface

rather than it being hidden within the pilus structure or in pilin-pilin contact regions,

when compared to flagella and other pili which are much thicker structures.

Consequently, it seems likely that the foreign epitope will be exposed on the surface of

the pili.

5. The CstH protein contains many proline and glycine residues (Jalajalctrmari et

a1.,1989) which can induce turns in the secondary structure of the protein (Sutcliffe er

al., 1994) providing areas that could be exposed on the protein. Foreign antigenic

determinants inserted in these regions would be expected to be exposed on the surface of

the protein.

Enterotoxigenic E. coli strains produce a heatJabile enterotoxin (LT) which is

structurally and immunologically related to cholela toxin (CT). The holotoxin consists

of an A subunit and a pentamer of B subunits. LT toxin and its B subunit are strong

immunogens and can stimulate production of serum and secretory antibodies when
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delivered orally. This propefty, as well as its high stability, capacity to bind to receptors

on the target cell, and its existence in ETEC of different serotypes and colonization

factor types, have made this protein a good candidate for the development of the oral

vaccines against LT. ETEC (Nashar et al., 1993; Spangler, 1992).

There have been several efforts to develop a vaccine for cholera and ETEC

based on CT-B and LT-B. Effective immunity has bccn obtaincd using a vaccine

containing both whole-cell and toxoid antigen (Ahren et al., 1993; Jertborn et a\.,1994).

Synthetic peptides corresponding to different regions of CT-B (which are

conse¡ed in hLT and pLT ) have been used for immunization and the generation of

antibodies. Antibodies directed against residues 50-64 of CT-B cross-reacted with and

neutralized hLT and pLT (Jacob et a1.,1984). Expression of this region in Sølmonella

flagella and their use for immunization resulted in antibodies that recognized CT-B in a

solid-phase assay (Newton et al., 1989).

In this chapter an epitope of hLT-B consisting of residues 44-64, which are

conserved in CT-B and LT-B, has been used for insertion into CstH to evaluate the

potential of CS3 as a delivery system for heterologous antigenic determinants.

6.2 Results

The restriction sites available for the insertion of foreign epitopes into CS3 are

somewhat limited and their use is complicated if the entire biosynthesis region is used in

genetic manipulations. But the genetic organisation of the csl gene cluster (see Fig 1.3)

makes it feasible to work with a much smaller fi'agment containing only the cstH gene. A

second cassette containing all of the assembly genes could be cloned separately, and

these functions could be supplied in trans.
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6.2.1.1 Cloning of the cstH gene cassette

Plasmid pPM484 was digested with SnaBI and HindIII and a 650bp fiagment

containing the CS3 subunit gene (csrI1) including its promoter and signal sequence was

cloned into pBluescriptSK which had been digested with HindIII and SmaI (Fig. 6.1).

Transformants were screened for cstH using blue/white colour selection on X-gal plates

followed by restriction enzyme analysis. One clone, designated pPM4555, containing a

fi'agment of the correct size was characterized further by DNA sequencing and used in

subsequent experiments.

6.2.1.2 Cloning of the CS3 assembly genes cassette

In order to construct the CS3 assembly gene cassette, the 4200 bp HíndIII-

DraII fragment of the csl region fiom pPM484 was cloned between the HindIII and

Drallsites of plasmid pACYC184 (Fig. 6.2). This clone, which contains all of the genes

for fimbrial biogenesis except for the major structural subunit, was designated pPM4551

and used for expression of mutant CS3 subunits (CstH) and hybrid proteins. This allows

hybrid/mutant CstH proteins to be supplied in trans and assembled'

6.2.2 Insertion of foreign epitopes into the CS3 subunit

6.2.2.1 Mutagenesis in csfÍI

The exposed (most likely epitopes) and hypervariable regions of a protein are

good candidates for insertion and expression ofheterologous peptides. These areas can

be defined by experimental approaches such as epitope mapping, or from the predicted

secondary structure of the protein. Since no variable sequence domains could be found

in CstH and epitope analysis of the protein was not entirely successful, it was decided to



Fig. 6-1 Construction of a cslÉlcassette

The cstH gene was separated from the remainder of the csl operon by cloning of

Ihe HindlII-SnaBI fragment of pPM484 between the HindIII and SmaI sites of

pBluescript SK. Transformants were seleoted by blue/white colour selection on X-gal

plates and by ApR and confirmed by sequencing. The plasmid generated was designated

pPM4555.
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ßig. 6-2 Construction of a CS3 assembly cassette.

The genes encoding the assembly proteins of the csl operon (cstA-G) were

cloned. Plasmid pPM484 was digested with HindIII and DraII and the DNA fragment

was ligated between the HindIII and DraII sites of pACYC184. Tlansformants were

selected by CmR and screened for Tcs due to the replacement of the Tc gene by the cstA-

G genes. The plasmid generated was designated as pPM4551-
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use the computer programs to predict the exposed regions of CstH for insertion of

foreign peptides.

Three regions, including amino acids 65-68,98-100 and 108-110 of the mature

protein, which have been predicted to be surface exposed areas of CstH were considered.

This prediction was based on the proposition that the exposed regions were located in or

adjacent to turns in thc secondary sttucture of the protein as predicted by a Chou and

Fasman (1937) analysis (Fig. 6.3). Analysis of the secondary structure-solvent

accessibility of CstH by PHD (Profile fed neural network systems fi'om HeiDelberg)

program (Rost and Sander, 1993, 1994) and PROFILEGRAPH program (Hofmann and

Stoffe, 1989) supported this prediction and defined these areas as loops and exposed

regions of the protein (Fig 6.4a and 6.4b). A summary of the location of the predicted

epitopes within CstH is shown in Fig. 6.5.

In order to introduce suitable cleavage sites into three regions of cstH, PCP*

site-directed mutagenesis was used. Three mutant oligos containing an XbaI site (for

mutation of nt 4413-4411) or StyI site (for mutation of nt 4515-4518 and 4542-4545)

were used in the mutagenesis of cstH. The PCR products were cloned into pBluescript

SK or pGEM3zf and the transformants were screened for the XbaI or ^SryI sites by

restriction enzyme analysis and confitmed by DNA sequencing. The clones with the

desired mutation and correct sequence for the rest of the cstH gene were selected

(pPM4556, pPM4557, pPM4559, respectively) and used for inserlion of the foreign

epitopes. Mutagenesis in csrË1 resulted in the substitution of amino acids #66 and 6l

(Seroo-+Leu and Lys67-+Glu), amino acid #100 (Alaroo-+Leu) and #109 (Asnlse-)Leu)

of the mature CstH protein in the three mutants, respectively.



Fig. 6.3 Predicted secondary structure of the CstH protein

The secondary structure of CstH was prcdictcd using the algorithm of Chou and

Fasman (1973). The mature CstH protein is 146 amino acids in length. The arrows show

the predicted exposed sites of the protein.

3'
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ßig 6.4 Secondary structure analysis of the amino acid sequence of the mature CstH

protein.

^i
The secondary structure and solvent accessibility of the mature CstH protein

was determined using thc PHD program (Rost and Sander , 1993, 1994). The underlined,

bold sequences colrespond to the predicted epitopes.

Abbreviations:
PHDsec PHD: Profile network prediction HeiDelberg

AA: amino acid sequence

secondaty sttucture:
HEL: H=helix, E=extended (sheet), blank=other (loop)

Rel: Reliability index of prediction (0-9) prH: 'probability' for assigning helix

prE: 'probability' fol assigning strand prl,: 'probability' fbr assigning loop

note: the 'probabilities' are scaled to the interval 0-9, e.g.,

prH=5 means, that the first output node is 0.5-0.6

SUg' a subset of the prediction, fol all residues with an expected average accuracy > 82o/o

note: for this subset the following symbols are used:

L: is loop (for which above " " is used)

".": means that no prediction is made for this residue, as the reliability is: Rel < 5

Abbreviations:
PHDacc solvent accessibilitY:

3st: relative solvent accessibility (acc) in 3 states: b=0-9Yo,i=9-360/o,e=36-I00Y,
Rel: Reliability index of prediction (0-9)

P-3: predicted relative accessibility in 3 states

note: for convenience a blank is used intermediate (i).

1Qst:relative accessibility in 10 states:= n coffesponds to a relative acc. of n*nYn

SUB: a subset of the prediction, for all residues with an expected average correlation > 0.69

note: for this subset the following symbols are used:

"I": is intermediate (for which above " " is used)

".": means that no prediction is made for this residue, as the reliability is: Rel < 4

b:

The hydropathy and accessible surface area of the mature CstH protein were

determined using prograph program according to the different algorithms in the

PROFILEGRAPH. X and Y axes indicate the sequence position and hydrophilicity

values respectively.
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F'ig. 6.5 Localizalion of the predicted epitopes within CstH.

Nucleotide and amino acid sequences of cstH and CstH are presente<l.

Underlined, italíc sequences indicate the predicted epitopes within CstH which were

chosen for insertion of heterologous epitopes.



Localizrtion of predicted surface-exposed epitopes within CstH

1 CG TAT ÀCT GTT GGT CTT AAC GTÀ ÀCC AGT AAT GTT ÀTT TAA ÀGT GÀÂ 47

-1
48

Met Leu Lys lle Lys Tyr Leu Leu I1e Gly Leu
TGT ÀTG AGG GAT TCG ÀTG TTA ÀAÀ ATA AÂÀ TAC TTÀ TTA ÀTÀ GGT CTT

-1 1

Ser Leu Ser ÀIa Met Ser Ser Tyr Ser Leu ÀIa ÀIa AIa Gly Pro Thr
TCA CTG TCA GCT ATG AGT TCÀ TÀC TCA CTA GCT GCÀ GCG GGG CCC .ACT

Leu Thr Lys GJ-u Leu AIa Leu Asn Val IJeu Ser Pro Ala Ala Leu Àsp
CTA ÀCC AÄÀ GAÂ CTG GCA TTÀ A.AT GTG CTT TCT CCT GCA GCT CTG GÀT

ÀIa Thr Trp Ala Pro Gln Àsp Àsn Leu Thr Leu Ser Asn Thr Gly VaI
GCA ÀCT TGG GCT CCT CAG GAT ÀAT TTÀ ÀCÀ TTA TCC AAT ACT GGC GTT

Ser Asn Thr Leu VaI GIy Va1 Leu Thr Leu Ser Asn Thr Ser fle Asp
TCT AÀT ACT TTG GTG GGT GTT TTG ACT CTT TCA ÀAT ACC AGT ATT GAT

Thr Val Ser lle Ala Ser Thr Àsn Val Ser Àsp ?år Ser I'ys .Asn G1y
ACÀ GTT AGC ATT GCG ÀGT ACA .AAT GTT TCT GÀT ^åCA TCT AAG.åÄ" GGT

Thr VaI Thr Phe Àla His GIu Thr Asn Asn Ser A1a Ser Phe AIa Thr
ACA GTA ACT TTT GCA CAT GÀG ACA AAT ÀAC TCT GCT AGC TTT GCC ACC

Thr lle Ser Thr Asf> Asn A1a Asn lle Thr Leu Asp ¿y^s Asn Al-a GLy
ACC ATT TCA ACÀ GAT AAT GCC AÀC ÀTT ACG TTG GAT AAA AAT GC? GGA

Àsn Thr lle Val Lys Thr Thr Asn Gly Ser GIn Leu Pro Thr Àsn Leu
AAT ACG ATT GTT A.AÀ .ACT ACA AAT GGG AGT CÀG TTG CCÀ ACT ÀAT TTA

Pro Leu Lys Phe Ile Thr Thr GIu GIy Asn Glu His Leu Val Ser GIy
CCA CTT AÀG TTT ATT ACC ÀCT GAA GGT AAC GAA CAT TTA GTT TCA GGT

Àsn Tyr Arg Ala Asn I1e Thr Ile Thr Ser Thr Ile Lys ***
AAT TAC CGT GCA A.AT ÀTA ACA ÀTT ACT TCG ACA ATT AÀÀ TAA TTA TAT

72
95

-11
96

5

L43

6

L44

22
L92

27
191

37
239

38
240

54
288

53
287

69
33s

70
336

85
383

86
384

702
432

118
480

101
437

tt1
479

133
527

734
528

L46
575

623

6s6

576 AÀT ÀGA CGT AGC CTT CGA ÀÀT À.AÀ GGC TAC GTT GCT ATC TTT ATG TTT

624 GTG ÀTT TAT AGG CAT CAT TAA ÀTÀ GTC AAG CTT
IfindlII
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6.2.2.2 Expression of mutant CstH

The effect of the mutations on the stability of the mutant CstH proteins was

determined by Western blot analysis. Plasmids pPM4555, pPM4556, pPM4557'

pPM4559 were transformed into the E. coli K-12 strain DH5cr to give stlains 82155,

82756,82757 andE2l59, respectively. The cstH gene in these plasmids has its own

promoter. The cells harbouring thcsc plasmids were grown on CFA agar and analysed

by Western blot using a polyclonal antibody against purified native CS3. This revealed a

band corresponding to the CS3 subunit fi'om the wild type ETEC strain, PB176 (Fig.

6.6). The same results were obtained using two anti-CS3 MAbs l0.2 and II:2. These

results suggest that the mutations did not affect the stability or overall antigenic sttucture

of the protein (Fig 6.7).

6.2.3 Cloning of the eltB gene

In order to generate a DNA cassette encoding aa 44-64 of hLT-B, the eltB gene

was cloned fromhuman enterotoxigenic E. coli s1.rain,E248750-1.

Total plasmid DNA fromB248750-1r was digested with Hindlll and -EcoRI and

cloned between the HindIII and EcoRI sites of pGEM-7zf (Fig. 6.8). After

transformation of the ligation reaction into ,8. coli K-12 strain DH5cr, transfotmants

were screened on X-gal plates and tested for reactivity with a DNA probe, Dig-labelled

oligo #302, based on a known internal sequence within the eltB gene. Ten white, DNA

probe positive colonies were selected and the size of inserted DNA confirmed by

restriction analysis. One clone, pPM4581, with a DNA insert of the correct size was

chosen for analysis by automated Dye tetminator sequencing. The sequence of the

cloned eltB genehadgg% identity withheltB and 98.5% withpeltB in the 588bp EcoRI-

HindIIIfi'agment (Fig 6.9) (Leong et a1.,1985; Dallas and Falkow, 1988). The predicted



Fig. 6.6 Westem blot analysis of mutant CstH proteins with a polyclonal antiserum to

CS3.

Celt lysates of E. coli K-I2 expressing CstH and mutant CstH proteins were

electrophoresed in SDS on 15% PAGE and transfert'ed to nitrocellulose. A polyclonal

antiserum against purified CS3 was used to probe for CstH and its mutants and

visualized by ECL.

Lanes:

1. Purified CS3 (+ssrì1¡s1¡

2.PBl76p (-control)

3. PB176p (+control)

4. E. colí K-12[pPM484] (+control)

5. E. coli K-12[pPM4555 ]expressing CstH from P8176

6. E. coti K12 [pPM4556] expressing mutant CstH (aa 66 and67)

7. E. coli K-12 [pPM4557] expressing mutant CstH (aa 100)

8. E. coti K-12 [pPM4559 ]expressing mutant CstH (aa109)
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Fig. 6.7 Westem blot analysis of mutant CstH proteins with Mabs l0:2 and ll.2.

Cell lysates of the strains were electrophoresed in SDS on 15% PAGE,

transferred to a nitrocellulose filter and probed with Mabs l0:2 and Il:2 and visualized

byECL dctcction. Wild type ETEC strain, P8176, and E. coliK-|2 [pPMaSa] were used

as positive controls. The arrows indicate the position of CstH.

Panel A: Mab 10:2

Panel B: Mab l1:2

Lanes:

1. PB176 (+control)

2. E. coli K-12[pPM484] (+control)

3. PB176p-(-control)

4. E. coli K-12[pPM4555] expressing CstH from P8176

5. E. coli K-12[pPM4556] expressing mutant CstH (aa 66 and67)

6. E. coli K-12[pPM4557l expressing mutant CstH (aa 100)

7. E. colí K-12[pPM4559] explessing mutant CstH (aa109)
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Fig. 6-8 Construction of plasmid pPM458 1.

Plasmid DNA from E248750-l was digested with HindIII and EcoRI and the

fragments ligated between thc HindIII and EcoRI sites of pGEM-72f. Transfotmants

were selected by blue/white colour selection on X-gal plates and ApR and confirmed by

DNA sequencing. The plasmid carrying the eltB gene was designated pPM4581.



Plasmid DNA

E,248760-l
pGEM-?Zf

q

Hin dIlI
EcoRI

MCS

Cleave with
Hir,dIII and EcoR

Cleave with
Híz¡,dlTI and EcoRl

Hin dlll

eltB

EcoRt

Ligation

pPM4581



Fig. 6.9 DNA and amino acid sequence homology of the cloned eltB gene to known

sequences

The DNA @anel A) and amino acid @anel B) sequence of the cloned eltB gene

was compared with those of heltB andpeltB using the CLUSTAL V program. Numbers

indicatrfhe position of the nucleotide and amino acids. The cloned eltB showed 99V" and

98.5% homology with the heltB andpeltB at the nucleotide level, respectively. The stars

indicate identity, dots similarity and differences have been shown by space.



Panel A

Nucleotide sequence alignment of the cloned eltB gene to known sequences

ceLtB
i:IeitB
ç)e7tB

na1 lQ

}]eltB
pef LB

ceTtB
hreTLB
ç)eJtB

delLB
heTtB
peTtB

ceftB
Ï:eTtB
peltB

ceTtB
hel tB
peltB

ceTtB
l-'l.eTtB
pel tB

ceTtB
n'eltB
pefLB

celtB
hleltB
pel-tB

ceTtB
hel tE
peltB

õâ1 lÞ

}:-eTtB
pel tB

cel-tB
heitB
peTtB

1 50
GAÀTTC GGGATGAATTAT GAÀTA.AÀGTA.A.AÀTÀTTATGTTTTATTTAC GG

GA.ATTC GGGAT GÀÀTTATGAÀTAÀ.AGTAÀA.ATTTTAT GTTTTÀTTTAC GG

GÀÀTTC GGGATGAATTÀTGAÀTA.A.AGTÀAÀATGTTAT GTTTTÀTTTAC GG
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

100
C GTTÀCTÀTCCTCTCTÀTGTGCÀCACGGAGCTCCCCAGTCTATTACAGA.A
C GTTACTÀTCCTCTCTATGTGCACAC GGAGCTCCTCAGTCTÀTTÀCAGAÀ
C GTTACTATC C TC TC TATATGCACAC GGAGC TCCCCAGAC TÀTT.ACAGAÀ
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * *

150
C TAT GTTC GGÀ.ATATC GCAÀCÀCACAÀÂTATÀTÀC GATAÄÀT GACAAGÀT

C TATGTTC GGÀ.ATATCACAACACACÀ.AÀTÀTATAC GÀTAåÀT GACAAGAT

C TÀTGTTC GGAATATC GCAÀCACACAÀATATATAC GATAÀÀTGACAÀGAT
* * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * ** * * * *

200
ÀC TATCATÀTAC GGÀ.ATC GATGGCÀGGCAÀÀÀGÀGÀÀ.ê,TGGTTÀTCÀTTÀ
AC TATCÀTATAC GGAÂTC GÀT GGCAGGCA.A.AAGÀGAÀÀT GGTTATCÀTTA
ÀC TATCATATÀC GGAÀTC GÀTGGCAGGCAÀÄÀGAGAÀÀT GGTTATCATTA
* * * * * * * * * * ** * * * * * * * * * * * tr * * ** * * * * * * * * * * * * * * * * * * * * * *

250
CÀTTTAAGAGCGGCGCAÀCÀTTTCAGGTC GAAGTCCC GGGCAGTCA¡'CÀT

CÀTTTÀÂGÀGC GGC GCA.ACATTTCAGGTC GÂÀGTC CC GGGCÀGTC.AACAT

CÀTTTAAGAGC GGC GÀÀACATTTCAGGTC GÃÀGTCCC GGGCÀGTCA.ACAT
* * ** ****** * * *** **,r**** ****** * ******** * *** ** ***** *

300
ATÀGAC TC CCAÀÀ.AAÀÀAGCCÀTTGA.A.A,GGAT GÀÀGGACÀCATT.èÀGA.AT

ÀTAGAC TCCCAÀÀ.4À.4ÀAGCCATTGA.AÀGGATGAÀGGÀCACATTAÀGAÀT
ÀTAGAC TCC CAGA.A,A.AÀAGCCATT GA.A.AGGATGAÀGGÀCACÀTTAÀGAÀT
* * * * * * * * * * * lr * * * * * * * * * * Jr * * * * * * * * * * * * * * * * * * * * * * * * * *

3s0
CÀCATÀTC T GACC GÀGACCA.AÂÀTTGATA.AATTATGT GTATGGAATÃÀTA

CACÀTATC T GÀCC GAGACCAÀÀÀTT GATAåÄTTAT GT GTAT GGÀÀTAÀTA

CACATÀTC TGÀC C GAGAC CÀ.A.AATT GÀTÀAATTAT GT GTAT GG.AÀTAÀ'TA
**************************************************

400
AAÀC CCC CAÀ.TTCAÀTTGC GGCAATCAGTATGGÀ.AÀÀC TAGTTT GC TTTA
AÀAC CCCCAATTCAATT GC GGCAÀTCAGT.ATGGAÀÀÄC TAGT TTGCTTTA
A.AÀ,CC C CCAÀTTCAATTGC GGCAÀTCAGTAT GÀÂ.AÀACTAGTTTGCTTTÀ
* * * * * * * ** * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * *

450
A.AÀGCATGTC TÀÀTGC TÀGGAGCC TÀTATAACÀ.AC TÀC T GTÀC T TATÀC T
AÀÀGCATGTC TAÀTGCTAGGAÄCCTATATAACA.A'CTÀC T GTAC TTATAC T
A.AÀGCATGTCTAÀTGCTAGGAAC CTÀTATAACAÀC TAC T GTÀCTTATÀC T
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

500
AAT GAGCC TTATGC TGCATTTGA.AÀAGGC GGTAGAGGÀT GCAÂTACC GAT
ÀATGÀGCC TTÀTGCT GCATTTGA.A.A.AGGC GGTÀGAGGAT GCAÀTÀCC GAT
AÀT GAGCC TTATGC TGCATTTGA.AÀAGGC GGTAGAGGAGGCAATAC C GÀT
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * *

5s0
CC TT.A.AACTGTAÀ.CAC TÀTAACAGC TTCCAC TACAGGGÀGC TGTTATAGC
CC TT.AÀÀC T GTÀÀCAC TAÍAÀCÀGC TTC CAC TACÀGGGAGC T GTTATAGC
C C TTAÀAC T GTAACAC TATA.ACAGCTTC CÀC TACAGGGAGC T GTTÀT.AGC
**************************************************

s88
ÀCÀCAGAÂ.AÀ.AÀCTAAGCTAGGCTGGGGGG - CÀAGCTT
AÀÀ,CÀGA.A.AÀÀAC TAÀGC TÀGGC T GGGGGGGCAÀGC TT
ÀCACAGAÀÀ.àÃAC TAÀGC TAGGC TGGAGGGGCAÀGC TT
* *t(********************** *** *******



Panel B

Amino acid sequence alignment of the cloned LT-B to known..n,r.rr...

CIrT - B

HLT-B
PLT-B

LLf -D

HLT-B
PLT-B

CLT-B
HLT-B
PLT-B

-2L -r_0 L 29
MNKVKYWLFTALLS SLCATIGAPQS ITELCSEYRNTQTYT INDKIIJSYTE
MNKVKFWLFT.A,LLS SLCAI{GAPQS ITELCSEYHNTQTyT INDKILSYTE
MNKVKCWLFT.â,LL S SLYÀj{GÀPQT I TELC SEYRNTQ IyT INDKTL SYTE
***** *********** ****** *+****** ****************

30 19

SPIAGKREIqVI I TFKS GATFQVEVPGS QH ID S QKI(ÀI ERMKDTIJR I TYLTE
ST{AGKREIIMT I TFKS GATFQVEVPGS QH IÐ S QKK.A,I ERMKDTLR I TYLTE
SMAGKRETIMT I TFKS GETFQVEVPGS QH IDS QKKAI ERMKDTLR I TYLTE
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

80 103
TK IDKLCW|INNKT PNS IAÀI SMEN
TKIDKLCW¡NNKTPNS IAAI SMEN
TK I DKLCWNNKT PN S IAÀ I SMICiI
* * * * * * * * * * * * * * * * * * * * * * *
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amino acid sequence of LT-B fi'om the cloned eltB gene showed 98.4% identity with

hLT-B and 96.1% with pLT-B (Table 6.1). Plasmid pPM4581 was used for the

generation of the eltB epitope cassette.

6.2.4 Construction of an eltB epitope cassette and cloninginto cstH

In order to oonstructthe eltB epitope cassette, a DNA fragment cncoding amino

acids 44-64 (LT-B¿+ o+) was amplified by PCR. Oligos #915 and #976, containing SryI

sites, and conesponding to nt 197-220 and nt 259-285 of eltB, were designed in such a

way that they would allow in-frame insertion of the epitope-encoding fi'agment into cstH.

pCR was canied out using these oligos as primers to ampliff a fi'agment of 89 bp. The

pCR product was purified, digested with ,SryI, and the fiagment was cloned into either

5ô{ or XbøI sites of the mutant cslÉ1genes, between nt 4413-4414 and 4515-4516, of

plasmids pPM4556 and pPM4557, respectively (Fig. 6.10). Inseftion between nt 4542

and 4543 of cst{'in pPM4559 was not successful. Transfotmants were screened using

an intemal DNA probe (oligo #917). The in-fi'ame insertion and the odentation of the

foreign epitope in cstH were confirmed by sequencing of the fusions. The correct

constructs were designated as pPM4585 and pPM4589, respectively, and used for

fuither investigation.

Computer analysis of the secondary sttucture and solvent accessibility of the

hybrid proteins using the PHD program suggested that the foreign epitope will be

present as a loop and exposed to the environment (Fig. 6.11). The data predict that the

insert would be expressed on the surface of the protein and eventually on the surface of

the hybrid pili and the bacteria producing them.



Table 6.1 Comparison of the cloned eltB inpPM4581 with those ETEC strains

Overall %o homologY

Sîrain seq.differences Corresponding Nucleotide seq' amino acid seq'

aa diff'erences

heltB A¡z+T Tyrl¡-+Phe 99.2 98.4

Cs++1' fug:a+His

Gne-)A

peltB A¡z-+G Tyrro-+Cys 98.5

Gos-+A Cys22-+Tyr

Tsg-)A Serzq+Thr

Grs+A Alazr)Glu

Azor+G GlupT-+LYs

G¡sz-+A

96.1

]}



Fig. 6-10 Insertion of eltBu-e+into cstH.

A 89 bp fiagment encoding amino acid residues 44-64 of LT-B was arnplified by PCR

using oligos #915 and#91,6. The DNA fragment was digested with ,SryI and ligated into

the 
^SryI 

or XbaI sites of the mutated csf/ genes. Transformants were screened by DNA

probing using Dig-labelled oligo #372 and confirmed by sequencing. The plasmids

clesignated pPM4585 and pPM4589 were generated from plasmids pPM4556 and

pPM45 57, respectivelY.
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Fig. 6.11 Secondary structure analysis of the amino acid sequence of the CstH::LT-B¿¿-o¿

hybrid proteins

The secondary structure and solvent accessibility of the CstH::LT-Bu-e+hybnd

proteins was determined using the PHD program (Rost and Sander, 1993; 1994). Panel

A indicates the hybrid protein with insert between amino acids 65-66 (pPM4585), and

panel B with the insert between amino acids 99-100 (pPMa589). The underlined' italic

sequences conespond to the inserts. The abbreviations are the same as in Fig. 6.4'
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6.2.5 Characterization of CstH: zLT-B4a.-e+ hybrid proteins

6.2.5.1Expression of hybrid proteins in E. coli K-12 strain DH5cr

The expression of the hybrid proteins was analyzed using E. coli K-12 strain

DH5o harbouring plasmids pPM4585 and pPM4589. In no case could the hybrid

proteins be detected by Western blot analysis using antiserum against native CS3 (Fig.

6.12 tracks 1-6). There are several possible reasons for the failure to detect the

expression of these proteins and attempts were made to overcome them by the use of

different expression systems. These reasons are:

1 - The hybrid proteins are unstable and are degraded within the cell.

2 - The gene is not transcribed and translated

3 - The hybrid genes are transcribed but the mRNA is unstable.

4 - The inseftion of the foreign epitope has changed the confotmation of the

protein so that it no longer reacts with the antibody.

6.2.5.2 Expression of hybrid proteins in a degP strain

In order to protect the fusion proteins from degradation in the periplasm of the

cell, the plasmids encoding the CstH::LT-B¿g.-aq hybrid proteins were transformed into an

E. coli K-l2 strain (Ecc2l9) deficient in periplasmic degradation of proteins (Table 2.2).

Since it is known that DegP is involved in pilin degradation (Holtgren et al., 1993), this

mutation might help to protect the hybrid pilin from degradation. The expression of the

hybrÌd proteins was analyzed by Westem blot using antibody against native CS3. None

of the hybridproteins could be detected (Fig.6.12 tracks 11 and 12). Although these

results suggest that the failure of the antiserum to recognize the hybrÌd proteins was not

due to the degradation of the hybrid proteins by DegP, there is still the possibility that

degradation may be involved.



ßig.6.12 Westem blot analysis of hybrid cstH::LT-B++-6+ proteins.

The hybrid CstH::LT-Bu-s+ proteins were analysed by Westem blot and

visualized by ECL. The hybrid proteins were expressed in several different systems.

Whole cell lysates were electrophoresed in SDS on l5Yo polyacrylamide gels, transfened

to a niüocellulose filter and probed with an antiserum against native CS3 and the blots

were visualizedby ECL. The arrow conesponds to mature CstH. Ecc 2l9 isthe degP

strain

Lanes:

1. PB176 (+control)

2.PBl76p- (-control)

3. E. coti K-12[pBtuescript] vectorplasmid rot cstH::eltBaa-6a (-control)

4. E. coti K-12[pPM4581] encoding LT-B

5. E. cotiK-12[pPM4585] encoding cstH::LT-B¿q-uo (between aa65-66)

6. E. cotiK-12[pPM4589] encoding cstH::LT-B¿¿-6¿ (between aa 99-100)

7 . E. coli K12[pPM4585] encoding CstH::LT-Bu-s+ (between aa 65-66) and CS3

assembly genes

g. E. coliK-l2[pPM4589] encoding cstH::LT-B¿¿-6¿ (between aa 99-100) and cs3

assembly genes

9. pBl76p-[ppM4585] encoding CstH::LT-B¿¿-6¿ (betweenaa65-66) and CS3 assembly

genes

1 0. pB 1 76p-[pPMa5 89] encoding cstH: :LT-B¿¿-o+ (betwe en aa 99-100) and cs3

assembly genes

11. E. coliK-l2$cc219lpPM4585l encoding CstH::LT-B¿¿-.¿ (between aa 65-66)

12. E. cotiK-l2Ecc219lpPM45S9l encoding CstH::LT-B¿¿-6¿ (between aa 99-100)
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6.2.5.3 Expression of hybrid proteins in complementation with the assembly genes

A wild type ETEC strain deficient in the expression of CS3, und E. coli K-12

strain DH5o were used to express the CstH-hybrid proteins in the presence of the CS3

assembly cassette. It was thought possible that the assembly pt'oteins, in particular the

chaperone CstA, may protect the fusion proteins fi'om degradation within the cell

(Holtgren et al., 1993). Plasmids pPM4585 and pPM4589, encocling CstH::T'T-Rtøet

hybrid proteins and pPM4551, encoding the CS3 assembly proteins were electroporated

into the strains. The assembly and fusion proteins are encoded by compatible plasmids.

Ttansformants were screened for ampicillin and chloramphenicol resistance, and the

prcsence of both plasmids confirmed by restriction enzyme analysis. Cells harbouring

both plasmids were analyzed for the expression of the hybrid proteins by Western blot

analysis using an antiserum against native CS3. In no case could the hybrid proteins be

detected (Fig. 6.12 tracks 7-10). Thus, it was decided to use the T7 promoter/RNA

polymerase system (Tabor and Richardson, 1985) for expression of the hybdd proteins.

6.2.5.4 Overexpression of the hybrid proteins in the T7 promoter/RNA polymerase

system

The DNA fi'agment encoding the hybrid protein with LT-B¿a-6a insefted between

aa 99 and 100 of the mature CstH protein was not in the conect orjentation for

expression from the Tl promoter, consequently it was subcloned into plasmid

pBluescript KS in the correct orientation to give pPM4590 (Fig. 6.13).

Plasmids pPM4585 and pPM4590 containing fragments encoding hybrid

proteins, and plasmid pGPl-2 encoding the T7 RNA polymerase were transformed into

E. coli K-12 strains MZI (Zrßer et al., 1987) and the degP strainEcc2lg (Table2.2).



Fig. 6-13 Cloning of cstH::eltB¿q-aqunder the control of the T7 promoter.

plasmid ppM4589 (bascd upon pBluescript SK) was digested with BamHI and

HindIII and the DNA fragment was ligated between BamHI and HindlII sites of

pBluescript KS to place cstH::eltBu-a+ under the control of the T7 promoter. This

plasmid was designated pPM4590. The anows indicate the orientation of the T7

promoter and cstH gene.
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Transformants were selected for resistance to Ap and Km, and the presence of the two

plasmids was confitmed by restriction enzyme analyses'

Expression of hybrid proteins was studied by Westem blot analysis. Both

hybrid proteins (LT-B¿¿-6¿ between residues #65-#66 and #99-#100 of mature CstH)

reacted with polyclonal and monoclonal antibodies raised against CS3 (Fig. 6.14). This

result shows that a foreign epitope can bc inscrled into CstH in these regions without

dramatic changes in its overall structure. However polyclonal antibodies against native

CT (provided by S. Attridge) and Mab to LT-B (Mab39, provided by A'M.

Svennerholm) could not recognize the hybrid proteins in Western blot analysis (Fig.

6.1 s).

6.2.6.1Cloning of the hybrid cstH gene into the cst operon

It has been shown (see above) that the expression of the hybrid proteins in

different systems is poor and only the use of a strong promoter provided sufficient levels

of protein to permit them to be detected. It was thought that the notmal biosynthetic

operon structure of CS3 may help overcome the problem related to the expression of the

hybrid proteins. Therefore the DNA fragments encoding the hybrid proteins were used

to replace the wild type cstH inthe cst operon'

Ptasmids pPM4585, pPM4589 (encoding CstH::LT-Baa-6a hybrid proteins) and

ppM484 were digested with Bsu36I and BamHI and the 4.3 kb DNA fi'agment fi'om

pPM484 containing the CS3 assembly genes was cloned between the Bsu36I and BamfII

sites of plasmids pPM4585 and pPM4589, to give plasmids pPM4588 and pPM4593

respectively (Fig. 6.16). In plasmid pPM4588 the reconstituted hybrid csl operon is

orientated so that it can be expressed from theT7 promoter when necessary.



Fig. 6.14 Immunoblot analysis of hybrid CstH proteins'

The CstH:..LT-Bq¿-e+ hybrid proteins were expressed in the Tl promoter/RNA

polymerase system and analysed by Western blot and detected by ECL. Cell lysates were

run in SDS on l5Yo polyacrylamide gels, transferred to a nitrocellulose filter and probed

with a polyclonal antiserum against CS3 (panel A) and with Mab CHl to CS3 (panel B).

The arows on the left indicate native CstH.

Lanes:

A:

1. PB176 (+control)

2.PBl76p- (-control)

3. E. coliK-l2[pPM4556 andpGPl-2] expressing mutant CstH (between aa 65-66)

4. E. coliK-12[pPM4585 and pGPl-2] expressing cstH::LT-B¿¿-o¿ (between aa 65-66)

5. E. coliK-l2[pPM4590 andpGPl-2] expressing CstH::LT-B¿¿-o¿ (between aa 99-100)

B:

1. PB176 (+control)

2.PEl76p- (-control)

3. E. coti K-12[pPM4585 and pGPl-2] expressing CstH::LT-B¿¿-6¿ (between aa 65-66)

4. E. coli K-12[pPM4590 and pGPl-2] expressing CstH::LT-B 4,a+(between aa 99-100)
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Fig. 6.15 Western blot analysis of hybrid CstH::LT-Bn+-e+ proteins'

The CstH: :LT-Bqq-a+ hybrid ploteins were expressed in different systems and

analysed in Westem blot and detected by ECL. Whole cell lysates were electrophoresed

in SDS on l1Yopolyacrylamide gels, transfcrred to a nitrocellulose filter and probed with

a polyclonal antiserum against CT. The arrow indicates CT-B'

Lanes

1. Cholera toxin (+ control)

2. E. coti K- I 2 [pBluescript] vector plasmid fot cs tH : : elt-B q+-ø+(-control)

3. E. coli K-12[pPM4581] encoding LT-B

4. E. coliK-12[pPM4585] encoding CstH::LT-B¿¿-6¿ (between aa 65-66)

5. E. coli K-12[pPM4589] encoding cstH::LT-B¿¿-6¿ (between aa 99-100)

6. E. cotiKl2[pPM4585] encoding cstH::LT-Bq+-a+(between aa65-66) and CS3

assernbly genes

l. E. coli K-12[pPM4589] encoding CstH::LT-B¿¿-o¿ (between aa 99-100) and CS3

assembly genes

8. pBl76p-[pPMa585] encoding CstH::LT-B¿¿-6¿ (betweenaa65-66) and CS3 assembly

genes

g. pB176p-[pPM4589] encoding cstH::LT-B¿¿-6¿ (between aa 99-100) and cS3

assembly genes

10. E. coliK-12 [pPM4585 and pGPl-2] encoding CstH::LT-B¿+-u (between aa65-66)

Il. E. coliK-12 [pPM4590 and pGPl-2] encoding CstH::LT-Bqq-e+ (between aa 99-100)
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F'ig 6.16 Construction of hybrid csl operon

plasmids pPM484, pPM4585 and pPM4589 were digested wilh BamIil' and

Bsu36I and the DNA fragment containing the CS3 assembly genes from pPM484 was

cloned between the BamIn. and Bsu36I sites of pPM4585 and pPM4589 upstream of

recombinant cstH gene to generate plasmids pPM4588 and pPM4593, respectively.
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6.2.6.2 Expression of the hybrid proteins from within the cst operon

Expression of the hybrid proteins was investigated by 
'Westem blotting using

polyclonal and Mab (CH10) against CS3 and Mab against LT (Mab 39) and polyclonal

antibodies against CT. Since optimal expression of the native CS3 pili is accomplished

on CFA medium (Evans et al., 1919) it was also used for expression of the hybrìd

proteins.

Bacteria harbouring plasmids pPM4588 and pPM4593, which encode the hybrÌd

CstH::LT-B¿¿-6¿ with insertion of foreign epitope between amino acids 65-66 and 99-100

respectively, were grown overnight on CFA containing Ap. Cell lysates from 5X lOe

cells were used for'Westem blot analysis. Polyclonal and Mab CH10 against CS3 could

detect protein with the size of the hybrid proteins (Fig 6.17). Mab to LT could not

detect the hybrid proteins (the Mab is against B pentamer) (Fig. 6.18 A), but polyclonal

antiserum against CT could recognize the hybrid proteins in Western blot (Fig. 6.18 B).

The positions of the bands recognized by polyclonal antiserum against CT were higher

than those of the bands detected by antibodies against CS3 and CstH, being

approximately twice the molecular weight. These could be dimer hybdd proteins which

were recognized by anti-CT antibodies, while the monomer hybrid'was not. In support

of this possibility, polyclonal antiserum against CS3 detected several bands some of them

corresponding to the bands, recognized by anti-CT antibodies.

6.2.7 Re-cloning and expression of the mutant cst operon in plasmid pBC KS

While the construction of the hybrid csl operon was in progress, vector pBC KS

which is derjved from pBluescript with a CmR marker became available. In order to

check the expression of the hybrid CstH proteins in an alternative vector, the wild type

and the mutant csl operons were cloned into plasmid pBC KS. Purified HindIII



Fig. 6.17 Western blot anaþsis of hybrid CstH::LT-B++o+ proteins expressed by

recombinant csl operons.

The hybrid CstH::LT-B++-o+ proteins, expressed fi'om a recombinant cst operon,

were analysed in Westem blot using the appropriate antibodies and detected by ECL.

Whole cell lysates were electrophoresed in SDS on l5Yo polyacrylamide gels, transfeffed

to a nitrocellulose filter and probed with either a polyclonal antiserum to CS3 (Panel A)

or Mab CHl0 to CstH (Panel B). The arrow indicates CstH.

Lanes:

AandB

1. PB176 (+control)

2. E. coli K- 1 2 [pBluescript]vector plasmid for cs tH : : elt-B qq-e+(-control)

3. E. coli K-12[pPM484] expressing wild type CstH

4. E. co li K- 1 2[pPM45 8 8] expressing CstH: : LT-B¿¿-o¿ (betwe en aa 65 -66)

5. E. coti K-12[pPM4sg3lexpressing CstH::LT-Baa-6a (between aa 99-100)
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Fig. 6.18 Western blot analysis of hybrid CstH::LT-B++-o+ proteins expressed by

recombinant csl operons.

The presence of the foreign epitope in hybrid proteins expressed from

recombinant csl operons in different plasmid vcctors was analysed by Western blot, using

Mab #39 against LT-B (Panel A) and polyclonal antiserum against CT (Panel B) and

detected by ECL. Whole cell lysates of 10e cells were electrophoresed in SDS on 15%

polyacrylamide gels, transferred to a nitrocellulose filter and probed with the antibody.

The anow indicates the position of the LT-B.

Lanes:

l. P8176 (+control)

2.PBI76P-(-control)

3. E. coli K-12fpBluescript] vectorplasmid for cstH::elt-B¿¿-ø (-control)

4. Non-denatured CT(+ssn1¡.1¡

5. Denatured CT(+control)

6. Non-denatured LT(+ss¡1¡s1¡

7. Denatured LT (+control)

8. E. coli K-12[pPM4588] expressing CstH::LT-B++-6+ (between aa 65-66), pBluescript vector

9. E. coli K-12[pPM4593l expressing CstH::LT-B++-6+ (between aa 99-100), Pbluescript vector

10. E. coliK-l2lpPM47l3l expressing CstH::LT-Baa-6a (betweenaa65-66), pBC KS vector

Il. E. coliK-12[pPM4715] expressing CstH::LT-B++-6+ (between aa 99-100), pBC KS vector
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fragments encoding csl operons from plasmids pPM484, pPM4585 and pPM4593 were

ligated into the HindIII site of pBC KS to give plasmids pPM4568, pPM4713 and

pPM4715, respectively (Fig. 6.19). The ligations were transformed into E. coli K-12

strain DH5cr and transformants were selected for CmR and screened by restriction

digestion analysis. Clones resistant to Cm and containing plasmids of the correct size

were selected for furlher investigation. The orientation of the cloned DNA in the

plasmid vector (T7 or T3 promoters) was confirmed by restriction enzyme digestion of

the constructs. Bacteria harbouring plasmids containing the hybrid csl operon in the T3

promoter orientation were used for expression of the hybrid CstH proteins.

'Western blot analysis was employed to assess the expression of the recombinant

CstH through the pBC KS vector plasmid using a polyclonal antiserum and Mab CH10

against CS3. This revealed a band with a higher molecular weight than CstH

coresponding to the hybrid CstH (Fig 6.20). The hybrid proteins could also be

recognized by polyclonal antisera against CT but not by Mab against LT, Mab 39 (Fig

6.18) as described in section 6.2.6.2.

Comparison of the expression of the CstH hybrid proteins from pBluescript and

pBC KS indicated that pBC KS expressed hybrid proteins at a higher level than

pBluescript, especially the hybrid with the inseftion between amino acids 99 and 100,

(Fig 6.21) suggesting that this vector may be better for the expression of the hybrid

proteins.

6.3 Discussion

In this chapter, a first stage in the development of the CS3 fibrillar adhesin

system for delivery of foreign antigenic determinants has been described. This study

suggested the potential of CstH for inseftion and expression of foreign antigenic



Fig 6.19 Re-cloning of recombinanlcst operons into pBC KS

Plasmids pBC KS, pPM484, pPM4588 and pPM4593 were digested with

HindIII and the DNA fragments containing wild type or recombinaut cst (rcs/) operons

were cloned into the HindIII site of pBC KS. The plasmids containing cst and tcst

operons in T3 orientation were selected and designated pPM4568, pPM4713 and

pPM471 5, respectively.
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Fig. 6.20 Westem blot analysis of the hybrid CstH proteins expressed by recombinant csl

operons in pBC KS.

The CstH::LT-Bqq-aq hybrid proteins were expressed fi'om recombinant cst

operons, analysed by Westem blot using appropriatc antibodies and detected by ECL'

Whole cell lysates were electrophoresed in SDS on l5o/o polyacrylamide gels, transfered

to a nitrocellulose filter and probed with either a polyclonal antisera to CS3 (Panel A) or

Mab cH10 to cstH (Panel B). The arrow indicates the position of cstH.

Lanes:

1. PB176 (+control)

2. E. coli K-l2[pBC KS] vector ptasmid for cstH::elt-Baa-60(-control)

3. E. coti K-12[pPM484] expressing wild type CstH

4. E. co li K- I 2 [pPM47 1 3 ] expres sing cstH : :LT -B q+-s+ (between aa 65 -66)

5. E. coli K-12[pPM4715] expressing CstHjLT-Bo,+-s+(between aa 99-100)
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F'ig. 6.21 Comparison of the expression of the CstH::LT-B++o+ proteins from different

vectors

The expression of the CstH::LT-B¿0,-e+ hybrid proteins fiom recombinant csl

operons in different plasmid vectors was analysed by Westem blot using Mab CHl0 to

CstH and detected by ECL. Whole cell lysates of 10e cells were electrophoresed in SDS

on I5o/o polyacrylamide gels, transfered to a nitrocellulose filter and probed with the

antibody. The left arrow indicates the position of the CstH and the right arrow hybrid

CstH.

Lanes:

l. PB176 (+control)

2. E. coli K- 1 2[pBtuescript] vector plasmid ror cstH : : elt-B u-o¿ (-control)

3. E. coli K-12[pPM484] expressing wild type CstH

4. E. coliK-12[pPM4588] expressing CstH::LT-B¿¿-6¿ (betweenaa65-66); vectorpBluescript

5. E. colí K-12[pPM4593] expressing CstH::LT-B¿¿-o¿ (between aa 99-100); vector

pBluescript

6. E. c oti K- 1 2 [pPM 47 13] expressing CstH: :LT-B++-6+ (betwe en aa 65 =66); vectol pBC KS

j. E. coli K-12[pPM4Tlslexpressing CstH::LT-B¿¿-o+ (between aa 99-100); vector pBCKS
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determinants. The major subunit of the fimbriae may be suitable as a canier of

heterologous antigenic determinants if inserlion of such epitopes into the protein does

not distort the structure of the subunit, but allows the epitope to be expressed on the

hybrid fimbriae.

It has been demonstrated that the highly variable domains of P-fimbrjae, K88

and CS3IA are suitable areas for inseftion or replacement by forcign cpitopes (Van Die

et al., 1990; Van der Zee et al., 1995, Bakker et al., 1990; Thiry et al., 1989; and

Bousquet et al., 1994). The exposed area or epitopes of a protein are also thought to be

good candidates for insertion of foreign antigenic determinants. Howevel there are no

variable domains in CstH (Chapter 4) suitable for insertion or replacement with

heterologous peptides. Since it was not possible to define the epitopes of CstH by

expedmental approaches (Chapter 5), three potentially exposed areas of CstH were

chosen for insertion sites, based on computer analysis of the secondary sttucture of the

plotein.

The introduction of restriction sites into three predicted epitopes of CstH

resulted in the substitution of amino acids #66 and 6l (Seroo-+Leu and Lys67-+Glu),

amino acid #100 (Alaroo-+Leu) and #109 (Asnroq->Leu) of the mature protein in the

three mutants, respectively. Experimental analysis of the mutants by immunoblot using

polyclonal and two monoclonal antibodies showed that the mutants reacted with all of

the antibodies.

As the foreign epitope, a peptide coresponding to residues 44 to 64 of hLT-B,

containing a continuous epitope near the GMr-binding domain of the B subunit

(Finkelstein,lgST; Kazemi and Finkelstein, 1991), was chosen on the basis that it is a

conserved sequence between CT-B and LT-B. Several peptides coresponding to this

sequence or paft of it have been used for immuntzation and the antibodies that were
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generated showed cross-reactivity with CT-B and LT-8, and in some cases neutralized

these toxins (Jacob et al., 1983, 1984, 1986; Pedoussout et al., 1989; Guyon-Gruaz e/

al., 1986; Ghose and Karush, 1988). It was assumed that this peptide would be

appropriate for use as a linear epitope to evaluate the potential of CstH as a carder. The

hybrid proteins could then be assessed to see if they could be assembled as chimeric pili

capable of eliciting an antibody response against both dcterminants. Such hybrid pili may

be useful as components of a multivalent vaccine against diamhoeal diseases. Computer

analysis of the hybrid proteins also suggested the exposure of the insefted hLT-B

epitope.

Expression of the hybrid proteins was monitored in different expression systems

by immunoblot using antibodies against native CS3, CT and LT-B. Expression of hybrid

proteins from their natural promoters was unsuccessful even in an E. coli deg! strain

(defective in the degradation of periplasmic proteins) and in the presence of the assembly

genes, in trans. Presumably, the production of protein is so low that it is not detectable

by immunoblot analysis. When the T7 promoter/RNA polymerase was used, CstH::LT-

Bq+_øq hybrid proteins were detected with polyclonal and monoclonal antibodies against

CS3, although a polyclonal antibody against native CT and an Mab to native LT-B could

not recognize the hybrid proteins. The Mab to LT-B was against the B-pentamer

(Gunhild Johnson personal communication), so it is likely that this Mab does not react

with the specific epitoPe of LT-B.

The hybrid proteins were expressed from the native CS3 biosynthetic operon by

replacing the witd type cstH gene with the hybrid genes in the csl operon. The hybrid

proteins could be detected by using polyclonal antisera against CS3 and CT and Mab

against CS3. However, the expression of the hybrìdproteins was low, because a large

number of cells (more than 10e ) was needed for detection. The expression of the hybrid



t34

proteins was lower than for the native CstH and the production of hybrid proteins with

an insefiion between amino acids 99 and 100 was very poor.

Re-cloning of hybrid csl operon into pBC KS improved the expression of the

hybrid proteins as shown by Western blot using equal numbers of cells harbouring

plasmids pBluescript or pBC KS encoding the same hybrid proteins.

The poor level of expression of the hybdd pili may simply be a rlirect reflection

of plasmid loss. In Ap-containing cultures, bacteria harbouring plasmids with a B-

lactamase gene release the enzyme into the medium and Ap will be degraded allowing

growth of plasmid free cells. Bacteda expressing the hybrid proteins seem to be more

susccptible to plasmid loss. Thus, bacteria lacking the plasmid encoding hybrid CstH are

likely to overgrow those bacteria with plasmids encoding the hybrid protein. In such

cultures where cells lose their plasmids, there are insufficient cells still producing protein

for it to be detected by antibody by Western blot analysis. However, pBC KS-based

plasmids have the advantage that the Cm does not degrade in the culture and bacteria

without plasmid do not overgrow and thus this system is better for the expression of the

hybrid proteins

In conclusion, although expression of hybrid CstH::LT-B u-e+cdÍt be

problematic, the results indicate that the CstH can accept insertion of heterologous

epitopes in at least two sites, and has the potential to be used as a canier for the

expres si on of forei gn antigeni c determinants.
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Chapter 7

Construction of CstH::ST hybrid protein

7.1 Introduction

In the previous chapter, the construction of CstH::LT-B¿¿ o¿ hybrid proteins was

described. The results showed that CstH can tolerate the insertion of a 20-aa peptide.

To test the effect of the inseftion of a complex peptide into the CstH protein it was

decided that the mature form of ST, which contains 3 disulfide bonds, would be used.

Two types of ST are involved in the pathogenesis of ETEC. Of particular

interest here is STa of which there are several sttuctural fotms produced by different

enteric bacteria. The STa family of toxins are either 18 or 19 aa extracellular peptides

which result fi'om two proteolytic cleavages from a 72 aa precursor (Rasheed et al.,

1990). They have a common highly conserved region of 10 aa, and 6 conseled cysteine

residues which form three disulfide bonds (Shimonishi et al., 1987). The tertiary

structure formed by these bonds is critical for the expression of the biological activities

of STa.

Monoclonal antibodies (MAb) against STa have been produced and used for

diagnosis and epitope mapping of the peptide (Brandwein et al., 1985; Svennerholm,

1986; Takeda, 1993). Three distinct antigenic determinants have been recognized in STh

using MAbs against the native STh (Takeda et al., 1993). These studies demonstrated

that the intact native structure of the peptide is required for proper MAb binding.
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ST toxin is a low molecular weight, non-immunogenic peptide toxin but it has

been shown that ST is haptenic and can become immunogenic when coupled to a large

molecular weight carder. Several different carrier molecules have been used to prepare

immunogenic toxoids of STa including: outer membrane protein OmpC (Saarilahti et al.,

1989), bovine serum albumin (Frantz and Robertson, 1981), LT-A (Sanchez et al.,

1986), LT-B (Clements, 1990, 1993) and IgG binding fragment of StaphylococcLts

aureus proteinase A (Lowenadler et al., I99l).

Native and synthetic STa have been used to construct fusion proteins with

different cariers through chemical procedures (Klipstein et al., 1982; 1984) and

recombinant DNA technology (Aitken and Hirst, 1993; Clements, 1990; Houghten et al.,

1985; Sanchez et al., 1988). These fusion proteins have been used to elicit antibody

responses and recently positive results were obtained (Cardenas and Clements, 1993)

using LT-B::ST fusions which mediated mucosal protection against both ST and LT by

oral immunization.

In this chapter, the construction of the CstH::ST fusion proteins will be

described. In order to express ST with CstH, DNA encoding mature ST has been cloned

in-frame within cstH and the fusion proteins examined with antibodies directed against

CS3 and ST.

7.2 Results

7.2.1 Construction of an est gene cassette

For expression of ST within CS3, a DNA fragment encoding the mature ST was

generated for insertion into mutant cstH genes. This fragment was prepared fiom the est

gene isolated from a ST* ETEC strain, P8176.



t31

7.2.1.1Construction of a cosmid gene bank from P8176 plasmid DN'A'

purified plasmid DNA from PB176 was prepared using CsCl isopycnic gradient

centrifugation. The DNA was partially digested with,Søu3AI and ligated into the BamHI

site of the mobilizable cosmid vector pPM2101 (Sharma et al., 1989). Aftet in vitro

packaging, the cosmids were transduced into E. coli K-12 strain DHl and the

transfor.uants were screencd for the esl gene using a DigJabelled esl-specific DNA

probe (oligo # 2gg) based on the known sequence of est (Moseley et al., 1983). Three

positive clones, ppM793, ppM801 and pPM807 were characterized fuilher by Southern

hybridisation using the same probe and purÌfied DNA from these clones digested with

HindIII. Hybridisation analysis showed that the est geîe was present on a HindIII

fragment of >8 kb (Fig. 7.1). This fiagment was purified from pPM793 and cloned into

the HindIII site of pBluescript SK and transformants were screened for est as above'

One positive clone designated pPM4564 was selected and used for further wo[k.

7.2.1.2 Subcloning of the ¿st gene

The est* clone, pPM4564, was used as a source of DNA for subcloning the esl

gene. Southern hybridisation analysis identified a 1.9 kb BamHI fi'agment containing esr

(F1g.7.2). This fi.agment was purified and cloned into the BamHI site of pBluescriptSK

to give plasmid ppM4565 (Fig. 7.3), which was confitmed by sequencing. The fi'agment

contained the full-length est gene (360 bp) encoding the 72 aa pre-pro-ST protein (Fig.

7.4 A). This fi.agment was identical with the estA3 gene (Moseley et al., 1983 ). This

clone, which was designated pPM4565 was used for the construction of the esl gene

cassette



Fig. 7.1 Southern analysis of DNA of cosmids pPM793, pPM801 and pPM807

DNA was digested with HindIII and electrophoresed on a lo/o agarose

gel. plasmid DNA fr-om P8176 and pPM2101 were used as positive and negative

controls respectively. After transfer to nitrocellulose the filter was probed with Dig-

labelled oligo #299. The position of the DNA fragment containing esl is shown by an

arrow

Lanes

1. P8176

2. pPM2l}l

3. pPM793

4. pPM801

5. pPM807
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Fig.7.2 Southem analysis of est positive clones

DNA was digestetl with restriction enzymes and electrophorcscd on a lo/o

agarose gel. After transfer to nitrocellulose the filter was probed with DigJabelled oligo

#29g. A 1.9 kb Bø6HI fragment containing the est gene is indicated by the arrow. SPPI

phage DNA digested with EcoRI was used as a size standard on the ethidium bromide

stained agarose gel (not shown).

Lanes:

L Whole PBl76 DNA digested with HindIII (+control)

2. pBluescript SK digested with HindIII (-control)

3. pPM4564 digested with HindIII and EcoRI

4.pPM793 digested with HindIII

5. pPM2101 digested with HindIII (-control)

6. pPM793 digested with HindIlI and EcoRl

7.pPM4564 digested with BamHI
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Fig. 7 3 Construction of plasmid pPM4565.

Plasrnid DNA from ETEC strain P8176 was partially digested with,Søø3AI and

cloned into the BarnHI siæ of pPM2101. Transformants ìvere selected as ApR and

positive in DNA hybridization using Dig-labelled oligo #299. DNA from a positive

plasmid, called pPM793, was digested with HindlII and a > 8 kb fragment cloned into

pBluescript to produce pPM4564. pPM4564 digested with BamfIl and a 1.9 kb fragment

ligated into the Bamln site of pBluescript SK to give plasmid pPM4565.
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ßig.7.4 The nucleotide sequence of the l794bp fragment containingthe erl gene

A

The sequence of the 1794 bp DNA fi'agment containing esl gene cloned from

p8176 is presented. Underlined sequence between nt 476 and 835 encodes pre-pro-ST

which is identical to estA3 and estA4 (Mosely et al., 1983; Staieglitz et al., 1988).

Translation of the region encoding pre-pro-ST has been indicated. Terminatìon site is

shown by stars

B

The homotogy of the DNA with published sequences has been defined

using BLASTN program

C

1.9 kb DNA fragment with relevant restriction sites has been shown. boxes

show ORFs.
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ll|||llllllllllllllllllllllllllllllllllllllllllllllllllll
TTC TGGTTTTGATTCÀ.AAT GTTC GTGGATGC CAT GTCC GGAGGTÀ.ATATGÀAGA,AÀTC.AÀ

TATTATTTATTTTTCTTTCTGTATTGTCTTTTTCACCTTTCCCTCAGGATGCTAAACCAG
||||llllllllllllllllllllllllllllllllllllllllllllllllllll
TATTATTTATTTTTCTTTCTGTATTGTCTTTTTCÀCCTTTCCCTCÀGGÀTGCTAÂACCÀG
TAGAGTCTTCAÀÀ.AGA.AÀÀ.4ÄTCACÀCTAGA.ATCA.AÀÂ.4.4ÀTGTAACÀTTGCA.AÀÄÀ.4ÀÀ
|||||llllllllllllllllllllllllllllllllllllllllllllllllll
TAGAGTCTTCA.AÀ.A.GAÀÂ.AAATCACACTAGAÀTCÀ.4À.AA.AÀTGTÀÀCÀTTGCA.AÀÃÀ.AÀÀ
GTAÄTÀÄÀÀGTGGTCC TGAÀÀGCÀT GAATAGTAGCAÀTTÀC TGC T GTGAÀTTGTGTTGTA

||||llllllllllllllllllllllllllllllllllllllllllllllllllll
GTÀ.ATAÀÀAGTGGTCC T GAÀÀC.CATGÀÀTAGTAGCÀÄTTACT GC TGT GAÀTTGT GTT GTA

ATCC TGCTT GTACC GGGTGC TATT.A.ATAATATAÄAGGGAAC TA.AÂC.AGTTC C CTTTÀTÀT

l|||||||||r||tIllllrIlllllllllllllllllllllll
ÀTCC TGC TTGTACC GGGTGC TATTAÀTAÀTÀT.A.AÀGGGÀÀC T.A.AÄCAGTTCCC TTTATAÎ
TTGTTCTGÀTTCTGATGATGTCTGTAÀCGTATGTACCTGTTGCTTTGTTGAAT.A¡,ATC GA

|||||||||trllIrIllllrIllllllllllllllllllllll
TTGTTCTGATTCTGATGATGTCTGTAÀC GTÀTGTACCTGTTGC TTTGTTG.AÀTAÀÀ,TCGA

535

50
595

120
6s5

180
7 r_5

240
175

300
83s

Transposon Tn602 IS602L region DNA, 5' end-
ppM4 5 5 5 817 GCTTTGTTGA-ATA.A¡.TCGAÀCTTTCGCTGGGTTGAÀGGAGCÀGAGCACGCATC.ATCCGG 8 7 5- ll|ll|||llll|||| llI llrrlll llll llll lll lll l

TN602: 12 GCTTTGTTGAATAÃÀTCGAÀCTTTTGCTGAGTTGAAGGÀTCAGATCACGTATCTTCCCG 7 O

ppM4 5 6 5 I 7 2 CCGGCAÀCÀTGAGTCGTTCCATGGTA-AÀGCÀGAÀGTTCAGA-ATCÀCCAÄCTGGCGC 921- |t || ||| |t llllI lllllll llllllllllllll l

TN602: 68 CCGACAÀCGCÀGACCGTTCCGTGGCAÀAGCAÃÀÀGTTCAÃ.A.ATCACCAÀCTGGCCC 1'23

E. coli transposable element variant IS9r3.B present on kanamycin resistance transposon Tn 2680

Identities = 177/218 (81%), Strand = Plus / Plus
ppM4 5 6 5 8 7 2 CCGGCAACÀTGÀGTCGTTCCATGGTAÄAGCAGA.AGTTCAGA-A,TCACCAACTGGCGCAGCC

It |ll ||| |t illl| lllllll llllllllllllll ll I

lSg O3: 17 9 CCGACA.ACGCÀGACCGTTCCGTGGCA.A.A,GCA.A.A.AGTTCA.A.AÀTCACCAÀCTGGCCCÀCCT
ppM4 5 6 5 9 3 2 ACA.ACAAÀGCCCTTATCCTCCGTGGCACCÀTCACTTTCTGGCGGGÀTGGCGAGGCAÀTCC- || |||| |t |||t llI llllllllll lllll ll ll ll l

ISg O3 Z 239 ACA.ATAÀ.AGCCCTCATCAACCGTGGCTCCATAACTTTCTGGCTGGATGATGAAGCTATTC
ppM4 5 5 5 9 9 2 AGGCCTGGTATGAGTCAGCAÀCCCCCTCATCÀCGGGGÀCGACCTCAGAGTTATTCTGACC- ||||||||||| | | ||t ll llllllll l llllllllll
rSg O3 Z 29 9 AGGCCTGGTATGÀGTCAGCAÀCÀCCTTCTTCACGAGGCAGACCTCAGCGCTATTCTGACC
pPM4565 1052 TTGCTÀTTACCACTGCCCTTGTGATT.AÀÀCGCGTATTC l-089

llll ll ll llll ll ll lllllllllllllll
I5903: 359 TTGCCATCACGACTGTGCTGGTCATTA-AÀCGCGTATTC 396

931

238
991

298
10 51

358

360

931

2L54
991

221,4
10 51

Transposon Tng03Identities = 1761218 (80%)' Strand = Plus / Plus
ppM4 5 5 5 8 7 2 CCGGCA-ACÀTGAGTCGTTCCATGGTA-AÀGCAGAAGTTCÀGA¡,TCACC.A¡,CTGGCGCAGCC

|t || ||| |t |llll lllllll lllllllllllll ll I

Tn9 03: 209 5 CCGACAÂCGCÀGACCGTTCCGTGGCÃ.4ÀGCA-AÄAGTTCA-AÀÂTCACCAÀCTGGTCCACCT
pPM4 5 6 5 9 3 2 ÀCAACÀAAGCCCTTÀTCCTCCGTGGCACCÀTCACTTTCTGGCGGGATGGCGAGGCAATCC- ||||| | |t ||llt ll llllllllllll lllll l lll ll l

TN9 O 3 2 1 5 5 ÀCAÀCA.AAGCTCTCATCÀ¡,CCGTGGCTCCCTCACTTTCTGGCTGGÀTGÀTGGGGCGATTC
ppM4 5 5 5 g g 2 AGGCCTGGTÄTGAGTCAGCA-ACCCCCTCATCÀCGGGGACGACCTCAGAGTTATTCTGACC- |||||||||til | | lllll lr llllllll l llllllllll
Tn9 0 3 : 2215 AGGCCTGGTATGAGTC.AGCA.ACACCTTCTTCÀCGAGGCÀGACCTCAGCGCTATTCTGACC
pPM45 65 L052 TTGCTATTACCÀCTGCCCTTGTGATTAÀACGCGTATTC 1089

llll ll ll llll ll ll lllllllllllllll
TN903 = 22'75 TTGCCATCACGACTGTGCTGGTCATTAÀÀCGCGTATTC 2312

22'7 4
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7.2.1.3 Features of plasmid pPM4565

The plasmid pPM4565 which encodes ST contains a fiagment of 1.79 kb.

The homology of this fi'agment with published sequences was investigated using the

BLASTN program (Fig 1.aC). A region of 297 bp (nt 448-744) has 65Yo homology

with transposon T1168I encoding STA1 (So and McCarlhy, 1980). The region

including nucleotides 476-835 is identical to E. coli estA3 gene (Moseley et al., 1983).

The region downstream of est showed high homology with several insertion sequence

elements: nucleotides 817-927 have 83% homology with the 5' end of Tn602: nt 872-

1089 are homologous (81%) to the 5' end (nt 179-396) of the E. coli ttansposable

element IS903.B present on the kanamycin resistance transposon Tn26B0 and to the 3'

end (2095-2312) of Tn903 (Fig7.aC).

7.2.1.4 Construction of zn est gene cassette

Since it was planned to introduce a fi'agment of fhe est gene encoding the

mature ST into the cstH gene, it was necessary to remove the stop codon and introduce

desired restriction sites at the ends of the est gene so that it could be inserted in-frame

into cstH. Oligos # 738 and 739 were designed to allow PCR amplification of the

mature toxin coding region of the gene in such a way that they also changed the stop

codon and introdwed XbaI sites that would allow correct insertion of the e'çl gene

fragment into the mtúant cstH. Polymerase chain reaction (PCR) was performed using

these oligos as pdmers to amplifz a fragment of 88 bp. The PCR product was purified,

and digested with XbaI, and cloned into the XbaI site of pBluescript SK. Transformants

were screened for the est gene sequence using an erl-specific Dig-labelled oligo #814.

Plasmid DNAs from some positive clones were digested with PvulI and XbaI to check

the presence of the correct fragment. One positive clone was fuither charactetized by
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DNA sequencing. The plasmid in this clone containing DNA encoding the 19 aa mature

ST was designated pPM4566 and used as a source of the esl cassette for insertion into

mutant csrÉlgenes (Fig. 7.5).

7.2.2Insertion of estinto cstH

In order to inserl esl into cstH,pPM4566 DNA or the PCR product fi'om oligos

#738 and #139 was digested with XbaI, the est fragment purified and cloned into either

the XbaI or SryI sites (between nt 4413-4414 and 4515-4516, respectively) of the mutant

cslÉIgenes, (plasmids pPM4556 and pPM4557). Insertion into a third site (between nt

4542-4543 of cstIl in plasmid pPMa559) was not successful suggesting that this is not a

permissive site. Transformants were screened using Dig-labelled oligo # 814, and the in-

fiame insertion and orientation of est tn cstH were confirmed by sequencing of the

fusions. Two plasmids designated pPM4569 and pPM4574 (Fig. 7.6) with in-frame

insertions were selected, and used for fuilher studies. Computer analysis of the

secondary structure and solvent accessibility of the hybrid proteins using the PHD

program suggested that the foreign epitope would be present as a loop in the hybtid

proteins and exposed to the environment (Fig. 7.7). The data suggest that the inseft

would be expressed on the surface of the protein and eventually on the surface of both

the hybrid pili and the bacteria.

7.2.3 Characterization of CstH::ST hybrid proteins

7 .2.3.1Expression of CstH: : ST in DH5a

E coti K-12 strain DH5cr harbouring plasmids pPM4569 and pPM4574

encoding CstH::ST hybrid proteins were analysed for expression by Westem blot



Fig. 7 5 Construction of plasmid pPM4566.

An 85 bp fiagment encoding mature ST was amplified fi'om pPM4565 by PCR

using oligos #738 and #739 into which XbaI sites had been incorporated. The PCR

product was digested with XbaI and ligated into the XbaI site of pBluescript SK.

Transformants were screened by DNA hybridization using Dig-labelled oligo #814 as a

probe and confirmed by sequencing. Plasmid pPM4566 harbours the est gene cassette.
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Fig. T.6Insertion of the esl cassette into cstH.

The est cassette was insefted into the mutant cslÉI genes either using PCR

product (A) or by cleavage of the fragment from pPM4566 (B). Transfotmants were

screened by hybridization to Dig-labelled oligo #814 and sequencing. Plasmids produced

were called pPM4569 andPPM4574.

A:

A fi'agment of 88 bp encoding mature ST was amplified by PCR using oligos

#138 and #139 and cleaved with XbaI. This fragment was then ligated into the XbaI

cleaved pPM4556. The resultant plasmid was designated pPM4569.

B:

The esl cassette was liberated fi'om pPM4566 by cleavage with XbaL This was

then ligated to pPM4557 cleaved with ^SryI. The resultant plasmid was designated

pPM4574.
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ßig. 7 .7 Secondary structure analysis of the amino acid sequence of the CstH::ST hybrid

proteins

The secondary structure and solvent accessibility of the CstH::ST hybrid proteins

was determined using the PHD program (Rost and Sander, 1993; t994). Panel A

indicates the hybrid protein with insert between amino acids 65-66 encoded by plasmid

pPM4569, and panel B the hybrid protein with an inseft between amino acids 99-100

encoded by pPM4574. The underlined, italic sequences conespond to the inserts.

The abbreviations are the same as in Fig'6.4.
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analysis using antisera against native CS3 and a MAb against mature ST. In no cases

could the hybrid proteins be detected (Fig. 7.8 trackes 1-4).

Since the hybrid proteins were not expressed n E. coli K-12 strain DH5o, the

same reasons as for the failure of expression of the CstH::LT-Bu-a+ (Chapter 6) were

considered and it was decided to attempt to overcome them by expression of the hybdd

proteins in different systems.

7.2.3.2 Expression of constructs in a degP strain

It was expected that the hybrid proteins would be located in the periplasm or on

the periplasmic side of the cytoplasmic membrane. Hence, in order to protect the

proteins from degradation, plasmids encoding the hybrid proteins were transformed into

an E. coli K-12 strain, Ecc2l9 (Table 2.2), which is dehcient in periplasmic protease

D.gt. Expression of the hybrid proteins was analysed by Western blot using a polyclonal

antibody against CS3 and MAb against ST. None of the proteins could be detected (Fig.

7.8 tracks 9-10).

7.2.3.3 Expression of constructs together with the assembly genes

PBl76p-, a mutant from ETEC strain PB176 deficient in the expression of

CFA/II , ST and LT (Evans, 1979), was used to express the hybrid proteins. The

plasmids encoding the hybrid proteins, and the CS3 assembly cassette (section 6.2.1.2)

were electroporated into PB176p- and E. coli K-12 strain DH5cr. Transfotmants were

studied for the expression of the hybrid proteins by Western blot analysis using a

polyclonal antiserum to CS3 and Mabs against CstH and ST. In no case could the hybrid

proteins be detected (Fig. 7.8, tracks 5-8). In all of the above experiments the



Fig. 7.8 Immunoblot analysis of hybrid CstH proteins.

The CstH::ST hybrid proteins were expressed in different strains and analysed

by Western blot. Whole cell lysates were electrophoresed in SDS on I5Yo polyactylamide

gels, transferred to a nitrocellulose filter and probed with an antisetum against CS3. The

blots were visualized using ECL. The arrow corresponds to the position of CstH.

Lancs:

1. PB 176 (+control)

2. E. coli K-12fpBluescript] vector plasmid fot cstH::esl (-control)

3 . E. co li K- I 2 [pPM 45 69] encoding CstH: : ST (between aa 65 -66)

4. E. coli K-12[pPM4574] encoding CstH::ST (between aa 99-100)

5. E. coli K-l2[pPM4569l encoding CstH::ST (between aa 65-66) and CS3 assembly

genes

6. E. coli K-12[pPM4574] encoding CstH::ST (between aa 99-100) and CS3 assembly

genes

7 .PBl76p-[pPM4569] encoding CstH::ST (between aa 65-66) and CS3 assembly genes

8. PB176p-lpPW4574l encoding CstH::ST (between aa 99-100) and CS3 assembly genes

9. E. cotiK-l2Ecc219[pPM4569] encoding CstH::ST (between aa65-66)

10. . E. cotiK-72Ecc2l9lpPM4574l encoding CstH::ST (between aa 99-100)
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immunoblots were detected by Enhanced Chemiluminescence (ECL) (Boehringer

Mannheim) which is particularly sensitive for the detection of small amounts of protein.

These results indicate that the hybrid proteins are not exptessed in this system at

a level that could be detected with antibody. In addition analysis in a degP background

suggested that this is not because of degradation of the proteins by this protease. It was

thus decided to usc an altemative expression system based on the T7 promote/RNA

polymerase system (Tabor and Richardson, 1985) for expression of the hybtÌd proteins.

7.2.3.4 Expression of the constructs in the T7 promoter /RNA polymerase system

In order to overcome the potential problems related to the transcription and

translation of the hybr-id genes, an expression system based on the T7 promotedRNA

polymerase system (Tabor and Richardson, 1985) was used. The DNA fi'agment in

pPM4574, was re-cloned into the plasmid pBluescript KS to give plasmid pPM4576

(Fig. 7.9) in order to place the cstHhybrid gene under control of the T7 promoter.

For analysis of the expression of the hybrid proteins, pPM4576 and pGPl-2

were transformed into É'. coti K-I2 strain MZI (Zuber et al., 1987) selecting for ApR

and KmR and the presence of the two plasmids was confitmed by restriction analysis.

The expression of the proteins \ryas studied by Western blot analysis using a polyclonal

antiserum to CS3 and Mabs to CstH and to ST. Two hybrid proteins (ST insefted

between residues 65-66 and 99-100 in mature CstH) reacted with antibodies to both CS3

and ST (Fig.7.10 and 7.Il). Unexpectedly the two hybrid proteins had different

mobilities on PAGE, which may be due to the differences in their amino acid sequences.

This result shows that CstH can tolerate the insertion of a complex foreign polypeptide in

two sites and that insertion in these regions does not dramatically change the overall



Fig. 7 9 Cloning of cstH::esl under the control of the T7 promoter.

Plasmid pPM4574 was digested with BamHI and HindIII and the DNA

fragment containing cstH::est and the cstH promoter was ligated between the BamHI

and HindIII sites of pBluescript KS. The result¿nt plasmid was designated pPM4576 and

contains cstH::est under the control of the T7 promoter.
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Fig. 7.10 Immunoblot analysis of hybrid CstH proteins'

The CstH::ST hybrid proteins were expressed in the T7 promoter/RNA

polymerase system and analysed in a'Western blot. Whole cell lysates were run in SDS

on l5Vo polyacrylamide gels, transferred to a nitrocellulose filter, probed with a

polyclonal antiserum against CS3 (Panel A) and Mab CHl to CstH (Panel B) and the

blot visualizedby ECL. The left arrow conesponds to CstH.

Lanes:

A:

1. P8176 (+control)

2. PB176p- (-control)

3. E. coti K-12[pPM4556] expressing mutant CstH with mutationinnt#4413-4417 cstH

4. E. coli K-12[pPM4569l expressing CstH::ST (between aa65-66)

5. E. coli K-12[pPM4516] expressing CstH::ST (between aa 99-100)

B:

1. PB176 (+control)

2.P8176p- (-control)

3. E. coli K-12[pPM4569l expressing CstH::ST (between aa65-66)

4. E. coli K-12[pPM4576] expressing CstH::ST (between aa 99-100)
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Fig. 7.11 Immunoblot analysis of the hybrid CstH proteins.

The CstH::ST hybrid proteins were expressed in the T7 promoter/RNA

polymerase system and analysed in a Westem blot. Whole cell lysates were nm in SDS

on l5Yo polyacrylamide gels, transferred to a nitrocellulose filter, probed with Mab 1:3

to ST and the blot visualized by ECL. The arrow corresponds to the position of the

CstH: ST hybrid proteins.

Lanes:

1. P8176 (+control)

2.PBI76p- (-control)

3. E. coli K-I2[pPM4569]expressing CstH::ST (between aa65-66)

4. E. coli K-12[pPM4576] expressing CstH::ST (between aa 99-100)
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antigenic structure of CstH. In addition it also demonstrated that foreign epitopes can be

inserted in these regions and be expressed as hybrid proteins.

7.2.4.1Cloning of the hybrid cstH gene into the cst operon.

In the above sections it has been shown that the expression of the hybrid

proteins from a T7 promoter provided sufficient protein to be detected by Westem blot.

It was thought that the native biosynthetic operon structure of CS3 may enhance the

poor expression of the hybrid proteins. Therefore the hybrid cstH::est genes wete used

to replaced the wild type cstH gene in the cst operon.

Ptasmids pPM4569, pPM4574 (encoding CstH::ST hybdd proteins) and

pPM484 were digested with Bsu36I and BamHI and the 4.3 kb fragment containing the

CS3 assembly genes was cloned between the Bsu36I and BamHl sites of plasmids

pPM4569 and pPM4574 to give plasmids pPM4571 and pPM4577, respectively (Fig.

7.I2). In the plasmid pPM4571 the recombinant csl operon is orientated so that it can be

expressed from the T7 promoter/RNA polymerase system if necessary.

7.2.4.2 Expression of the CstH::ST hybrid proteins from the CS3 operon

Expression of the hybrid proteins was investigated by Western blot using a

polyclonal antiserum to CS3 and MAb against CstH. Bacteria harbouring plasmids

pPM4571 and pPM4577 encoding the hybrid CstH::ST with ST inserted between amino

acids 65-66 and 99-100, respectively, were grown overnight on CFA containing Ap.

Using cell lysates from 5x10e cells in Western blot analysis with both Mab and polyclonal

antiserum, as shown in fig 1.13, it was possible to detect bands conesponding to the

hybrid proteins (Fig. 7.13).



ßig.7.12 Construction of hybrid csl operons

Plasmids pPM484, pPM4569 and pPM4574 were digested with BamHI and

Bsu36I and the DNA fragment containing the CS3 assembly genes from pPM484 was

cloned between the BamIIl and Bsu36I sites of pPM4569 and pPM4574 upstream of

cstil:est to generate pPM4571 and pPM4577, respectively.

Abbreviation:

r Recombinant
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Fig. 7.13 Immunoblot analysis of hybrid CstH proteins expressed from the recombinant

c.ç/ operon.

The CstH::ST hybrid proteins were expressed fi'om the recombinant csl operon

and analysed by Western blot. Whole cell lysates were electrophoresed in SDS on I5Yo

polyacrylamide gels, transferred to a nitrocellulose filter and probed with polyclonal

antiserum to CS3 (Panel A) and Mab CH10 to CstH (Panel B). The arrow corresponds

to the position of CstH.

Lanes:

1. P8176 (+control)

2. E. coli K-12[pBluescript] vector plasmid for cstH::esr (-control)

3. E. coti K-12[pPM484] expressing wild type CstH

4. E. co li K- I 2 [pPM 451 l] expressing CstH: : ST (between aa 65 -66)

5. E. coti K-12[pPM4577] exptessing CstH::ST (between aa 99-100)
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7.2.5 Re-cloning and expression of the mutant csf operon in plasmid pBC KS

As indicated in the previous chapter (section 6.2.7) the vector pBC KS

improved the expression of CstH::LT-B¿¿-6¿ hybrjd ptoteins, consequently it was decided

to check the expression of the CstH::ST hybrid proteins in this system.

The mutant csl operons were cloned into plasmid pBC KS. Purified HindIII

fragments encoding mutant csl operons from plasmids pPM4571 and pPM4577 were

ligated into the HindIII site of pBC KS to give plasmids pPM4573 and pPM4579,

respectively (Fig. 7.14). The ligations were transformed into E. coli K-12 strain DH5cr.

and transformants were screened for CmR and by restriction digestion analysis. Clones

resistant to Cm and containing plasmids of the correct size were selected for fuilher

investigation. The orientation of the cloned DNA in the plasmid vector was confitmed

by restriction enzyme digestion of the constructs. Plasmids with the recombinant csl

operon in the T3 orientation were used for expression of the hybdd CstH proteins.

'Western blot analysis of the expression fiom the recombinant csl operon using a

polyclonal antiserum to CS3 and MAb against CstH revealed bands conesponding to the

CstH hybrid proteins (Fig. 7.15) and with higher molecular weight than CstH.

Comparison of the level of the CstH hybrid proteins expressed fiom pBluescript

and pBC KS indicated that the pBC KS vector led to greater production of proteins,

particularly for the hybrid with an insertion between amino acids 99 and 100 (Fig. 7.16).

Thus, as with the CstH::LT-Bu-e+ fusions pBC KS may be a better vector for the

expression of hybrid proteins.

7.3 Discussion

In the previous chapter it has been shown that there are at least two sites in CstH

which could accept the insertion of a 20 aa linear peptide (LT-844-64), without resulting



ßig.7.14 Re-cloning of recombinant cst operons into pBC KS.

plasmids pPM4571 and pPM4577 were digested with HindIII and the DNA

fiagments containing the recombinant cst operons were cloned into the HíndIII site of

pBC KS. The resultant plasmids were designated pPM4573 and pPM4579, respectively.
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Fig. 7.15 Westem blot analysis of hybrid CstH proteins expressed by recombinant cst

operons in pBC KS.

The CstH::ST hybrid proteins were expressed from recombinant csl operons

and analysed in Western blot and detected by ECL. Whole cell lysates were

electrophoresed in SDS on I5o/o polyacrylamide gels, transferred to a nitrocellulose filter,

and probed with a polyclonal antiserum to CS3 (Panel A) and Mab CHl0 to CstH (Panel

B). The arrow corresponds to the position of CstH.

Lanes:

L E. coti K-12[pPM484] expressing wild type CstH

2. E. coli K-12[pBC KS] vector plasmid fot cstH::esr (-control)

3.P8176 (+control)

4. E. coli K-12[pPM4579l expressing CstH::ST (between aa 99-100)

5 . E. co li K- 1 2 þPM 457 31 expressing CstH: : ST (between aa 65 -66)
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Fig. 7.16 Comparison of the expression of the CstH::ST proteins in different vectors

Expression of the hybrid CstH::ST proteins from recombinant csl operons in

pBluescript (lane 1 and 2) and pBC KS (lanes 3 and 4) was analysed by Western blot.

Whole cell lysates of 10e cells were electrophoresed in SDS on l5o/o polyacrylamide gels,

transferred to a nitrocellulose filter, probed with Mab CH10 to CstH and visualizedby

ECL. The alrow corresponds to the position of CstH.

Lanes:

L E. coti K-l2[pPM4571] expressing CstH::ST (between aa 65-66)

2. E. coli K-12[pPM4577] expressing CstH::ST (between aa 99-100)

3. E. coli K-12[pPM4s73]expressing CstH::ST (between aa65-66)

4. E. cotí K-12[pPM4579] expressing CstH::ST (between aa 99-100)

5. P8176 (+control)

6. E. coli K-12fpBluescript] vector plasmid fot cstH::esl (-control)

7. E. coli K-12[pPM484] expressing wild type CstH
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in change to the overall antigenic sttucture of the CstH protein. The question arose

whether this protein could tolerate the insertion of non-linear heterologous epitopes,

especially peptides containing cysteine (CVÐ residues. In theoty, since there are no Cys

in CstH (Jalajakuman et al., 1989), the Cys residues of a foreign conformational epitope

should not interfere with the folding of CstH, allowing it to function as a carier for

expression of this type of epitope. Thus, CstH has an advantage for the insertion of

foreign conformational epitopes over other systems such as type 1 fimbriae in which the

major fimbrial subunit, FimA, contains two Cys residues (Hedegaard and Klemm, 1989).

As mentioned in Chapters 1 and 6, several fimbrjae and flagella have been used

for inserlion and expression of foreign epitopes. In most cases the epitopes are linear

and do not contain Cys residues (I(lemm and Hedegaard, 1990; Newton et al., 1989;

l99l; Van der Zee et al., 1995; Bousquet et ø1., 1994; Bakker, 1990). In two

experiments conformational epitopes have been used for insertion. A 16 aa epitope of

hepatitis B surface antigen containing two Cys residues has been inserted into the type 1

fimbrial subunit (FimA), but no fimbriae were produced. This may be a consequence of

interference between the Cys residues in the epitope with those in FimA, preventing the

assembly of FimA into fimbriae (Hedegaard and Klemm, 1989). It has also been shown

that the K88ad subunit can accept a somatostatin-coding sequence containing two Cys

residues and expressed hybrid pili around the cell. The hybrÌd pili were recovered from

bacterial cultures, however when the same epitope was insefted in the K88ac subunit

more hybrid pili were detected, suggesting that minor changes in the canier protein can

have significant effects on its utility (Thiry et al,1989).

Mature ST was chosen as a complex peptide for insertion into CstH not only

because of its structure but also for its importance in the pathogenesis of ETEC. ST

contains six Cys residues, forming three disulfide bonds which are essential for the
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terliary structure and biological activity of the toxin (Yoshimura et al., 1985; Gadepy er

at., 7987). The conformational epitopes of native ST elicit the production of antibodies

against ST with neutralising and guanylate cyclase-inhibiting activity (Takeda et al.,

1993). In the other hand, ST is haptenic and only becomes immunogenic by coupling to

high molecular weight caniers (Frantz and Robertson, 1981; Sanchez et al., 1986;

Clements, 1990).

By the inseftion of mature ST into CstH and expression of the hybdd protein as

pili, it may be possible not only to evaluate the flexibility of CstH for the acceptance of

conformational epitopes, but it may also make the ST immunogenic and induce the

production of antibodies against both ST and CstH. The hybrid proteins thet'efore may

also be useful in developing a suitable vaccine against ST producing ETEC. Since

several enteric bacteria produce ST, such hybrid proteins may also represent suitable

components fol inclusion in a multivalent vaccine against dianhoeal diseases.

Like the CstH::LT-B+¿-o¿ fusions described in the previous chapter, there was

little success in expressing the CstH::ST hybrids under the control of the CstH promoters

using an E. coli K-12 deg 
P 

strain or in conjunction with the assembly genes. However,

the hybrid proteins could be expressed using both the T7 promoter/RNA polymerase

system and as hybrid csl operons. The higher level of expression of CstH hybrids from

the hybrid CS3 operons may suggest that there are additional promoter or regulatoty

regions in the CS3 operon which are imporlant for CstH expression. In both cases the

CstH::ST hybrid proteins reacted with both antibodies against ST and CS3. These

results demonstrate that CstH can accept the insertion of complex peptides or

conformational heterologous epitopes containing Cys residues without any apparent

affect on its antigenic structure. Thus, this may provide a system for the insertion and
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expression of other conformational antigenic determinants whose expression in other

systems is impossible or difficult.
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Chapter I

Characterization of hybrid CS3 pili

8.1 Introduction

In the previous chapters, the construction and reactivity of CstH::LT-B¿¿-o+ and

CstH::ST hybrid proteins with antibodies have been described, along with their

expression using the T7 promoter/RNA polymerase system and in conjunction with their

natural CS3 biosynthetic system. In this chapter the expression of the hybrid ploteins on

the bacterial surface and their immunogenicity in mice will be evaluated.

Oral administration of vaccines, especially live attenuated Salmonella spp. is an

effective means of inducing significant humoral and secretory antibody responses because

the antigen is delivered to the Peyer's patch lymphoid follicles (Cardenas and Clements,

lgg2). A number of attenuated Sølmonella spp. have been used for expression of

heterologous antigens and considered as potential cariers for virulence factors of

pathogens in vaccine development (Attridge et al., 1988; Brown et al., 1987; Curtiss e/

al., 1987; Dougan et al., 1987; Giron et al., 1995; Maskell et al., 1986; Morona et al.,

1994; Sadoff er al., 1988; Stevenson and Manning, 1985; Xu et al., 1993).

A galactose epimerase (galE) mutant of Salmonella typhimurium (sttain G30)

has been used for the expression of fimbrial antigens, and it has been demonstrated that

immunization with hybrid Salmonella/E. coli strains produced high levels of secretory

and humoral antibody responses to the heterologous antigens and immunity to the parent

pathogen (Hone et al., 1988; Morona et al., 1994; Stevenson and Manning, 1985). In
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the studies presented here, G30 has been used for the evaluation of the immunogenicity

of hybrid CS3 pili in mice.

8.2 Results

8.2.1 Characterization of the hybrid CS3 piti

8.2.1.1 Polymerising capacity of the hybrid CstH proteins

The ability of the mutant CstH proteins to polymerise was checked by Western

blot analysis using non-denaturing PAGE with a polyclonal antiserum to native CS3 pili.

After expression of the mutant CstH and hybrid proteins in the T7 promoter/RNA

polymerase system, cells were haruested, resuspended in SDS sample buffer lacking B-

mercaptoethanol and used for the assessment of polymerjsation. Westem blot analysis

(Fig. S.1) of the non-denatured and denatured proteins revealed several immunologically

related bands conesponding to the denatured CstH and CstH hybrid proteins as well as

several bands which represent the polymerjsed form of these subunits. These results

indicate that the mutations in cstH (corresponding to aa residues, 66-67 , 100 and 109 of

the mature protein) and the inseftion of the foreign epitopes (in particular the ST

inserlion) into at \east2 regions of mutant CstHproteins (residues 65/66 and 99/100 of

the mature protein) does not change the conformation and subunit-subunit binding sites

which are responsible for polymerisation. Since pilus assembly requires subunit-subunit

interaction for polymerisation, it is most likely that the recombinant CstHs are able to be

polymerised in the periplasm and assembled as pili on the cell sutface. To assess the

expression and assembly of the recombinant CstHs, the recombinant cst operons with

inseftions of ST and LT-B¿¿-6¿ between residues 65166 and 99/100 of CstH were used in

immunoblot and immunofluorescence mi croscopy exp eriments.



Fig. 8.1 Polymerisation of the mutant CstH proteins

CstH and the mutant CstH proteins were analysed for polymerization by

Westem blotting and detected by ECL. Denatured (Panel A) and non-denatured (Panel

B) samples (ca.10e cetls) were electrophoresed in SDS on l5o/, polyacrylamide gels,

transferred to nitrocellulose filters, probed with polyclonal antisetum to CS3 and

visualized by ECL. The left arrow indicates the position of the CstH monomer and right

anow indicates hybrid CstH proteins.

Panel A: denatured proteins

l PB 176 (+contlol)

2.PB 176p- (-control)

3. E. coli K-I2[pPM4556] expressing mutant CstH with mutation innt 4413-

44ll ofcstH

4. E. coli K-12[pPM4557l expressing mutant CstH with mutation in nt 4515-

4518 of cstH

5. E. coli K-12[pPM4559l expressing mutant CstH with mutation innt 4542-

4545 of cstH

6. E. co ti K- I 2 [pPM 4569] expressing CstH: : ST (between aa 65 -66)

l. E. coli K-12[pPM4576] expressing CstH::ST (between aa 99-100)

8 . E. c o li K- 1 2 [pPM45 8 5 ] expres sing cstH 
""LT 

-B qq-e+ (between aa 65 -66)

9. E. coli K-12[pPM4590] expressing CstH::LT-B¿+-6¿ (between aa 99-100)

Panel B

The samples are the same as in panel A. Non-denatured proteins were prepared

by dissotving the bacteria in SDS-sample buffer lacking B-mercaptoethanol and loaded

onto the gel without boiling.
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8.2.1.2 Expression of the hybrid CS3 pili

Expression of the hybrid pili on the bacterjal surface was investigated by

immunodot blot analysis and immunofluorescence microscopy using Mabs against CstH

and recombinanl cst operons in the plasmid vector pBC KS. These clones were chosen

for expression of hybrid CS3 pili due to the higher level of expression of the hybrid

proteins compared to their expression in pBluescript (see sections 6.2.7 andl .2.5).

Bacteda harbouring plasmids which encode CstH::LTB++-e+ (pPM47l3 and

pPM4715) and CstH::ST þPM4573 and pPM4579) hybdd proteins were grown

overnight on CFA containing Cm. Cells were harvested in PBS and the pili prepared

(section 2.18.1.1) and used for immunodot blot analysis. Both the polyclonal antiserum

to CS3 and Mab against CstH were able to detect the hybrid pili. The reactivity of some

Mabs with hybrid CS3 pili has been shown in Fig. 8.2.

The Mabs against CstH and ST could also recognize Lhe hybrid pili on the

surface of these bacteria by immunofluorescence microscopy (Fig 8.3 and 8.4,

respectively).

These results show that CstH can tolerate inseftion of heterologous peptides,

even complex peptides such as ST with six Cys residues, and can be assembled as a pili

on the surface of the bacteria.

8.2.I.3 Effect of the insertions on the antigenic property of CS3

The effect of the insertions of heterologous peptides, with regard to both the

insert and the inseftion site, on the structure and antigenicity of CS3 pili was investigated

using a panel of Mabs and hybrid pili.

The hybr{d pili fi'om bacteria expressing CstH::LT-Bqq-eq àîd CstH::ST hybtÌd

proteins encoded on plasmid pPM47l3, pPM47I5, pPM4573 and pPM4579 were



Fig. 8.2 Immunodot blot analysis of hybrid CS3 pili

pili were prepared from the bacteria and blotted onto the nitrocellulose filter

and their reactivity with a polyclonal antiserum to CS3 (Panel A) and to various Mabs

directed against CstH (Panel B) were visualized by ECL'

Panel A:

l. E. coliK-|2 carrying PPM484

2. E. co li K- 1 2 [pPM 457 l] expressing CstH: : ST (between aa 65 -66)

3. E. coli K-12[pPM4577] expressing CstH::ST (between aa 99-100)

4' E. coli K-12[pPM4588] expressing CstH""LT-Bq+-ea' (between aa65-66)

5. E. coli K-l 2[pPM 4593] expressing cstH: :LT-B¿¿-6¿ (between aa 99- 1 00)

6. E. coliK-12[pPM45/3)expressing cstH::ST (between aa65-66), in pBC KS

7. E. coliK-l2[pPM4579]expressing cstH::sT (between aa 99-100), in pBC KS

8. E. coli K-12[pPM41l3]expressing CstH::LT-B¿¿-6¿ (betweenaa65-66), in pBC KS

9. E. coliK-l2[pPM47l5] expressing CstH:'.LT-Bu-e+(between aa 99-100), in pBC KS

a: pili fi'om 10s cells b: pili from 5x107 cells c: pili from 107 cells

Panel B

Purjfied pili fiom 108 cells were analysed as in panel A, but using a number of

different Mabs.

1. Purified CS3 (+control)

2. E. coli K-12[pBC KS]vectorplasmid for hybrid cstH (-control)

3. E. coliK-12[pPM45T3lexpressing cstH::ST (between aa65-66), in pBC KS

4. E. coli K-12[pPM l7glexpressing cstH::sT (between aa 99-100), in pBC KS

5. E. coti K-12[pPM47l3] expressing CstH :LT-Bu-e¿ (between aa 65-66), in pBC KS

6. E. coli K-12[pPM47l5] expressing CstH:LT-B+4a+ (between aa 99-100), in pBC KS

d: polyclonal antibody

e-j: Mabs CH1-CH6 against CstH
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Fig 8.3 Immunofluorescence detection of hybrid CS3 pili.

Bacterja harbouring expressing hybrids CstH::ST and CstH:lLT-B¿¿-o¿ were

fixed on glass slides, treated with Mab to CstH and visualised under the fluorescence

microscope.

A. E. coli K-12[pPM4573] expressing CstH::ST (between aa65-66), in pBC KS

B. E. coli K-12[pPM4579] expressing cstH::ST (between aa 99-100), in pBC KS

C. E. coli K-12[pPM4713] expressing CstH::LT-Ba,q-s+ (between aa 65-66), in pBC KS

D. E. coli K-12[pPM4]l5l expressing CstH::LT-Baa-6a (between aa 99-100)' in pBC KS

Negative control PB176p- is not shown because no fluorescent bacteria were able to be

detected.
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Fig S.4Immunofluorescence detection of hybrid CS3 pili using Mab to ST.

Bacteria harbouring plasmid pPM4573 expressing hybrids CstH::ST (between

aa 65-66) were fixed on glass slides, treated with Mab to ST and visualised under the

fluorescence microscope.
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prepared and used in immunodot blot analysis. Pili prepared from 108 cells were blotted

onto nitrocellulose paper, treated with either the polyclonal antiserum to CS3 or the

Mabs against CstH, and the antibody-antigen complexes detected by ECL. The density

times area of the blots was measuled on the Analytical Imaging Station (Imaging

Research Inc).

Two sets of Mabs were used in immunodot blot analysis. Mabs CH1-CH19,

10:2 and 7I:2 are produced by cloned hybridomas. Mabs Cstl-Cst16 are supernatants

from cell cultures which have not been cloned.

The polyclonal antiserum against CS3 could recognize all hybrid pili (Fig. 8.2).

The Mabs had different reactivity with hybrid pili. The density times area for the blots

was in the range of 0-150 above the background (-control ). The distribution of the

values obtained with the Mabs is shown in Table 8.1. The Mabs have been classified into

several groups according to their reactivity with the hybrid pili (Table 8.2). Mabs were

classified in four groups: Mabs with scoring below 5 wele considered negative and above

it, positive. Mabs with values of 5-35 were indicated by +,36-70 by ++ and above 70 by

+++. The positive controls always had the density times area above 70.

All Mabs, except CH9 and CH1l, could bind to the hybrid CS3 with the

insertion of the LT-B epitope between amino acids 65-66 of mature CstH implying that

these Mabs are not directed against this region. However, Mabs CH9 and CHl1 reacted

with the hybrid proteins with ST in the same site, implying that these Mabs may not be

directed against this region, but their binding can be influenced by conformational

changes at this site. The epitope(s) for Mabs in groups 8, 11, 12 and 13 is probably

close to this site and thus the insertion has not disrupted the epitope completely, allowing

the Mabs still bind, albeit weakly.



Table 8.1 Recognition of CstH::LT-B aa-6a dîd CstH::ST hybrÌd proteins by different Mabs.

Density times area

Number of Mabs to CstH reacted with pili lrom E. coliK'12
carrying

pPM4713 pPM4715 PPM4573 PPM4572

0-s
6-10

1 t-15
r6-20
2t-25
26-30
31-35
36-40
4r-45
46-s0
5 1-55

56-60
6r-6s
66-70
'7 r-7 5

76-80
I 1-85

86-90
9t-95

95-100
101- 10s

106-l 10

111-11s
lt6-120
12t-r25
126-130
l3 1-135

136-140
t4t-r4s
146-150

2l
4

5

1

2
2
I
1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
0

0

2

J

1

2

0

4

0

0
0
1

0

0

I
2

1

1

1

6

0
I
I
J

1

2

0

2

0
I
0

I

I3
3
aJ

2

J

1

J

6
aJ

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
0

0

0

23
aJ

I
J

5

I
0

0

0

0

I
0
0

0

0

0

0

0

0

0

0

0

0

0

0
0

0

0

0

0



Table 8-2 Classification of Mabs based on theil reactivity with hybrid CstH proteins encoded

by plasmids

Groups Mabs pPM4713 pPM4715 pPM4573 PPM4579

1

2

3

4

5

6

7

8

9

10

1l

T2

13

+++

+++

+++

+++

+++

+++

+++

++

+++

+++

++

+

+

Cstl

Cstl3

Cst4, Cst7, Cstl8

CHl

CH2, CH6, CH8, CSt6

CH7,70:2, Cst8, Cstl0

Cst2, Cstl4, Cstl5,

Cstl1

Cst17

CH4, CH5, TI..2

CHl0, Cst3, Cst9

CHl9

CH3, CHl2, CHI3, CHI4,

CH15, CH16, CHT7,

CHl8, Cst5

CH9, CHl1

++++

+

+

+

+

+

+

++++

++

++

++

+

+

+

+

+

+

+

+

+

t4 +

Cst I -Cst 1 8 : Culture supernatants fi'om cultures Cst 1 -Cst 18

CH1-CH1 9: Mabs CHl-CHl 9

ppM4713, ppM4715 encoding CstH::LT-84¿-e¡ with irsertion between aa# 65-66 and 99-100 respectively

ppp4573 and,pPM4579 encoding CstH::ST with insertion between aa# 65-66 and 99-100 respectively
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Insertion of ST in the same site had a more dramatic effect on the antigenic

properlies of CstH and all Mabs had weaker reactivity with the hybrid proteins. The

epitope for the Mabs in groups 9, 17, 13 and 14 møy be adjacent to this site or

alternatively, the epitope is conformational with a contribution fi'om this area and the

inserlion of ST ( and LT-Baa-6a in the case of group 14) disrupting the conformational

epitope.

Insertion between amino acids 99 and 100 of mature CstH had a greater effect

on the ability of CS3 to be recognized by the Mabs and the binding was abolished for

Mabs in groups 4 5,J,9, 10, 17, 12, 13 and 14. This suggests that this region is an

epitope or paft thereof for these Mabs or altematively, the epitope for Mabs in group 5

and I is close and has been disrupted by the insertion of ST . Mabs Cst2, Cst14 and

Cstl5 (group 7) which reacted with CstH::LT-Baa-6a could not recognize CstH::ST and

Mabs CH2, CH8, Cst6 (group 5) and CH6 did not react with CstH::LT-B¿¿-o¿ but

reacted with CstH::ST.

In general, the epitopes for Mabs in groups 1,2 and 3 are likely to be located

distant fromboth insertion sites. Mabs in groups 6,J and 8 could be in a region between

the two sites or in an area which could be affected by insertion at both sites. The epitope

for Mabs in groups 7,10,12 and 14 møy be located closer to amino acids 99 and 100 or

be more affected by insertion at this site. The epitopes for groups 9, 11 and 13 could be

located in a region which includes amino acids 99 and 100 and close to the insertion site

of amino acids 65166 in the three dimensional sttucture of the protein, since insertion in

site 99-100 abolished the binding of the Mabs and the binding was also affected by

insertion in the site 65-66.

These results suggest that:

1- The different Mab classes recognize different epitopes in CS3.
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2- Insertion of ST has the more pronounced effect on the antigenic structure of

CstH. However, these inserlions did not adversely affect the structure of

CstH as the hybrid proteins can still be assembled into pili and the hybrid

pili can be recognized by the polyclonal antiserum to intact CS3 and some

Mabs.

3- The region that includes amino acids 99-100 is more sensitive to inseftion

of heterologous peptides, but the site between amino acids 65-66 can

accept the insertion of foreign epitopes.

4- The epitopes of CstH, at least most of those recognized by the Mabs here,

are conformational and the inseftion of a more complex peptide has greater

effect on the structure of these epitopes.

S.2.2Immunogenicity of hybrid CS3 pili

8.2.2.1Expression of hybrid CS3 pili in the Salmonella vaccine strain

The avirulent Salmonella typhimurium strain G30 (galactose epimerase-less,

galq mtúant of strain LT2, Osbom et al., 1964) was used for delivery of the wild type

and the recombinant CS3 pili to the immune system of mice. Hybrid pili with an

insertion between amino acids 65166 were chosen for immunization due to the higher

level of expression and the apparently lower effect on the CstH epitopes. Most of the

Mabs could react with these hybrid CstH proteins and could recognize the hybrid pili in

immunodot blot analyses. Plasmids pPM4568, pPM4573 and pPM4713 encoding CS3

and hybrid CS3 pili (CstH::ST and CstH::LT-B++-II,, respectively) were transformed into

strain LB5010 (Bullas and Ryu, 1983), the DNA re-isolated and then transformed into ,S.

typhimurium G30. This transition of DNA through strain LB5010 overcomes the
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problem of restriction of the transforming DNA by strain G30. The transformants were

selected on to Cm and screened for the presence of the conect plasmid DNA.

Expression of the CstH hybrid proteins and the hybrid CS3 pili on the cell sulface

was confirmed by immunoblot analysis using polyclonal antiserum to CS3 (Fig 8.5) and

immunofluorescence microscopy using Mab to CstH (Fig8.6). The resulting strains

G30[pPMa568], G30[pPM4573] and G30[pPM4113l were used for immunization of the

Írce.

8.2.2.2 Immunization experiment

Strain G30 harbouring plasmids encoding CS3 and hybrid CS3 pili were grown

overnight on CFA containing Cm (to select for maintenance of the plasmid). Bacteria

were harvested in saline and used for oral immunization. Aliquots of the same cells were

also treated with 0. I % formalin to prepare killed bacteria for booster inj ection.

Groups of 5 mice were orally immunized with 10e live bacteria in 30¡rl saline

after having first been fed 30¡rl of 10% saturated NaHCO¡. On day 9 and 16, the mice

were injected intraperitoneally with 107 formalin-killed bacteria. This regimen has been

shown to induce the production of the secretory and humoral antibody against K88 pili

of E.coli deliveredbytheG30strain(StevensonandManning, 1985). Fivedaysafter

the last immunization blood was taken and the sera pooled. After euthanasia with COz,

the intestines were removed from the mice and washed with saline.

Sera and gut washings obtained from mice immunized with strains

G30[pPM4568], G30[pPM4573] and G30[pPM47l3l were used to test for the presence

of antibodies against CS3, ST and LT-B in an ELISA using purified CS3, ST (Sigma)

and LT (Sigma) as coating antigens. The titre of antibody was defined as the dilution of

sera or gut washing which gave àî A,aos of 0.4 above the background (normal sera). The



Fig 8.5 Analysis of the expression of the hybrid CS3 pili in S.typhimurium G30

Expression of the CstH hybr-id proteins from recombinant csl operons in

S.typhimurium G30 was analysed by Westem blot. Whole cell lysates were

electlophoresed in SDS on 15% polyacrylamide gels, transferred to a

nitrocellulose filter, probed with a polyclonal antiserum to CS3 and visualizedby

ECL. The left arrow indicates the position of CstH and the right indicates the

CstH hybrid proteins.

Lanes:

l. s.typhimurium G30[pPM4573] encoding cstH::sT (between aa65-66)

2. S.typhimurium G30[pPM4579] encoding cstH::ST (between aa 99-100)

3.P8176 (+control)

4. S.typhimurium G30/vector plasmid for cstH::esr (-control)

5. E. colí K-12[pPM484] expressing wild type CstH

6. S.typ himuríum G3 0 [pPM47 1 3 ] encoding CstH: : LT -B ++-uo (between aa 65 -66)

7 . S. typ himuríum G3 0 [pPM47 1 5 ] encoding CstH: : LT -B u-e+ (between aa 99- I 00)
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Fig. 3.6Immunofluorescence detection of hybrid CS3 pili on S.typhimurium G30

Bacteria harbouring plasmids encoding hybrid CstH proteins were fixed on glass

slides, treated with Mab CH10 to CstH and visualised under the fluorescence

microscope.

A. S.typhimurium G30[pPM4573] encoding CstH::ST (between aa65-66)

B. S.typhimurium G30[pPM4579] encoding CstH::ST (between aa 99-100)

C. S. typ himurium G3 0 [pPM47 I 3 ] encoding CstH: : LT -B u-s+ (between aa 65 -66)

D. S.typhimurium G30[pPMa715] encoding CstH::LT-Bqq-sq (between aa 99-100)

The negative control S.typhimurium G30 is not shown since no fluorescent

bacteria were able to be detected.
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results indicated that the sera contained antibody subclass IgG to CS3 with the titres of

6x10a, 800 and 100 for sera from mice immunized with G30 expressing CS3, CstH::ST

and CstH::LT-Bu-e+ pili, respectively. IgA was not detected in these sera. The gut

washings from mice immunized with G30[CS3], G3O[CstH::ST] and G3O[CstH::LT-B¿¿-

6al showed the presence of IgG with titres of 16, 10 and 8 and IgA with the titre of 4,6

and2, respectively (Table 8.3). In ELISA using ST and LT as antigens, no anti-ST or

anti-LT could be detected in sera and gut washings.

8.3 Discuss¡on

Explession of heterologous antigens such as fimbriae on the surface of bacteria,

especially vaccine strains such as attenuated Salmonella spp, has been considered a

useful apploach in vaccine development (Attridge et al., 1988; Giron et al., 1995;

Morona et al., 1994; Stevenson and Manning, 1985; Xu et al., 1993). In addition, the

expression of foreign epitopes on cell appendages like fimbrjae has also been considered

a worth-while adjunct to such progl'ammes (Bakker et al., 1990; Bousquet et al., 1994;

Van der Zee et al., 1995; Van Die et al., 1990). In order to test the suitability of CS3

fimbriae for these systems, an attempt has been made to construct hybrid proteins

(CstH::LT-Bu-aq, Chapter 6; CstH::ST, Chapter 7) and express them on the surface of

bacteria for vaccine development putposes.

In this chapter, the hybrid proteins were characterized and the expression of the

hybrid pili on the surface of E. coli K-12 strain DH5cr and Salmonella typhimurium

strain G30 and their immunogenicity has been presented. In addition, the effect of the

inseftion on the antigenicity of CstH was studied. Although the insertion of

heterologous peptides did not alter the polymerÌsing capacity of CstH, and the hybrid

CstH proteins could be assembled as pili, the insertion of these peptides caused minor



Table 8.3 CstH antibody responses after immunization with hybrid CstH::LT-B+¿-o¿ ând

CstH::ST

Sera from mice immunized with IgG titre of sera IgGtitre of gut wash IgA titre of gut wash

Normal sera

S.typ himur ium G3 0IPPM45 6 8 l

(cs3)

S. typ h imur íum G3 }!PPM4 7 I 3 l

(CstH::LT-Bat-a+)

S. typ h imur ium G3 0IPPM45 7 3 l

(CstH::ST)

00

4xl}a

100

800

t6

10

28

6

0

4



155

changes in the structure and disrupted some epitopes of CstH. As a result, some of the

Mabs did not react with the hybrid proteins. This property was also affected by the

nature of the insert and insertion site. Inseftion in between amino acids 99 and 100

decreased the expression of hybrid proteins and some Mabs did not react with hybrid

proteins which may show that this region is an epitope of CstH which can be disrupted

by the insertion of foreign epitopes. The area that includes amino acids 65 and 66 was

more resistant to the effects of inseftion. Hybrid proteins with insertions at this site were

expressed better, although at lower levels than wild type CS3, and most of the Mabs

could recognize the hybrÌd pili. Inserlion of ST caused more changes in CstH and more

Mabs did not recognize the hybrÌd proteins.

The results presented in this study suggest that CstH can accept insertion of

heterologous peptides and still be assembled as pili on the sutface of the bacteria. The

hybrid pili were expressed on E. coli K-12 fi'om the natural promoters, albeit at low

levels. In the case of ApR plasmids, the low level of expression of hybrìd pili could be

attributed to the instability of the plasmids and the overgrowth by the bacteria lacking

plasmids encoding hybrid pili. This problem was partially overcome by recloning the

recombinant c.s/ operons in pBC KS which confers CmR. Under these conditions, good

expression of hybrid CS3 was obtained as measured by immunoblot analysis. The hybrid

pili were also expressed in Salmonella typhimurium strain G30 as shown by Western blot

analysi s and immunofluorescence microscopy.

G30 has been used for expression of K88 and K99 fimbrjae, immunization and

raising antibodies against ETEC (Attridge et al., 1988; Morona et al., 1994; Stevenson

and Manning, 1935). In the experiments described here it has been possible to

demonstrate the induction of antibodies against fimbrìae, but with CstH::ST and

CstH::LT-B¿¿-6¿ chimeric pili, only antibodies to CS3 could be detected by ELISA using
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sera and gut washings from immunized mice. No antibodies to ST or LT could be

detected in sera or gut washings. Immunofluorescence microscopy showed the binding

of Mab against ST to the bacteria expressing hybrid CS3::ST which demonstrates

exposure of the foreign epitope. It is clear that the plasmids encoding hybt'id CS3 are

highly unstable in vitro and this is likety to be problematic in vivo as well, in fact this may

be reflected by the 100-fold weaker anti-CS3 response obtained with the hybrid pili

compared to the unmodified CS3 (as shown by ELISA). The instability of the

recombinant plasmids suggests that the plasmid may have been lost in oral inocula and

negligible amounts of antigen were presented to the immune systems of the animals.

Since fimbrjae are immunogenic antigens, the low level presented has not precluded the

production of detectable levels of anti CS3 antibodies. However, if the foreign epitopes

are not as immunogenic, then the production of anti ST and LT-B antibodies could be

below detectable levels. It is also possible that only the booster injection with killed

bacteria elicited the production of antibodies mainly against the body of the hybdd pili.

The failure of the production of antibodies to the foreign epitopes may also be due to

masking of them by CstH, which prevents the presentation of heterologous epitopes to

the animal immune system. The possible reasons for the failure of the animal to respond

to ST should be investigated in future studies'
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Chapter 9

General discussion

9.1 Introduction

Infectious diseases are still a world wide problem with diarrhoea due to

enterotoxigenic E. coli (ETEC) being a major contributor. ETEC is the major cause of

diarrhoea in developing countries and in travellers (Black, 1993) with about 50 million

cases and 800000 deaths annually (Black, 1986). There are two classes of pathogenic

factors associated with ETEC. These are adhesins refened to as colonization factor

antigens, pili or fimbriae, and the toxins. Several colonization factor antigens (CFA)

including CFA.{, CFA/tr, CFA/III and CFA/IV and putative colonization factors (PCF)

have been identified on ETEC. The toxins which are elaborated from bacteria attached

to the intestinal brush border are heat labile (LT) and heat stable (ST) and stimulate

accumulation of water and electrolytes in the intestine leading to dian'hoea. The most

effective long-term solution to control the disease is improved hygiene and the provision

of safe water supplies. A short-term solution is the development of an effective vaccine

particularly for travellers to the endemic regions. There have been many efforts to

generate a vaccine against ETEC. However, since ETEC express several diffelent

colonization factors, and in addition two toxins, an effective vaccine should protect

against as many virulence factors as possible. Some efforts has been made to produce

bivalent vaccines by fusion of ST or its related peptides to LT-B or a paft thereof

through chemical procedures or recombinant DNA technology. Fimbrjae have also been

used to elicit antibodies against ETEC. However, as yet no effective vaccine is available
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for human use. On the other hand, bacterial surface molecules and appendages such as

fimbrjae have been used for expression of antigenic determinants of pathogens with the

pu{pose of vaccine develoPment.

The major aim of this project was development of a delivery system for

expression of heterologous antigenic detetminants based on the CS3 subcomponent of

the colonization factor antigen II (CFA/ID of ETEC with the aim to generate a vaccine

or component of a vaccine against ETEC. The approaches taken involved studying the

antigenic variation in CS3, mapping exposed epitopes, insertion of ST and a pafi of LT-

B as foreign epitopes in CstH, expression of hybrid proteins as hybrid pili on the surface

of E. coliK-L2 and Salmonella typhimurium G30 and immunizalion of mice.

9.2 Isolation and characterization of Mabs against CstH

A panel of Mabs was produced in order to study the antigenic variation among

CS3 from different geographical areas and for epitope mapping of CstH. 19 cell cultures

producing Mabs against CstH were prepared. After cloning this resulted in 25

monoclonal antibody producing cell lines including 19 Mabs against CstH and 6 against

LPS.

The anti-CstH Mabs were able to recognize CS3 pili in six ETEC strains

expressing different combinations of CS factors by immunodot blot and

immunofluorescence microscopy. Since CS3 is expressed by most CFA/II* ETEC, these

Mabs may be useful in epidemiological studies to define the prevalence of the CFA/II*

involved in disease in different geographical regions and so evaluate its importance for

vaccine development in these areas.

These Mabs are against several different epitopes of CstH as demonstrated by the

variation in reactivity with CstH::ST and CstH::LT-B qq-s+hybnd proteins. However, the
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exact sequences of the epitopes recognized by the Mabs were not identified because the

Mabs appear to recognize conformational epitopes. They may also be useful in studies

related to the structure of the CstH and subunit-subunit binding in CS3, as well as the

biogenesis and assembly of the CS3 pili'

The cross-reactivity of the Mabs with other CS factors has not been investigated

but this could be another aspect of future work. If there are any shared or common

epitopes among the colonization factor antigens, they may be useful in vaccine

development against these bacteria provided they inhibit colonization. The unique

epitopes, are also applicable to diagnostic and epidemiological studies.

The Mabs directed against LPS have not been studied in more detail but the

preliminary data presented here suggests that they recognize the O-antigen component.

Future investigation could charactenze these Mabs and they may have application to the

study of LPS or its biogenesis in E. coli or other Enterobacteriacae.

The protective capacity of the Mabs can also be evaluated in animal models by

mixing the wild type ETEC with Mabs and challenge the mice with the mixture as has

been used îor V. cholerae to demonstrate the prtective efficacy of antibodies to the TCP

oî V. cholerae (Sw et al, 1990). The results could be useful in defining the protective

epitope(s) of CstH which is important in subunit vaccine design for ETEC.

9.3 Antigenic variation in CS3

The ability of a pathogen to vary the antigenic determinants is a mechanism by

which it can evade the immune response of the host. In fimbrjae and flagella variation

occurs in the domains which are not involved in biogenesis and assembly. However,

these domains have the potential to be replaced by foreign epitopes or accept the

inseftion of heterologous epitopes without disruption of the pili or flagella.
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Some antigenic variations in CS3 had been suggested by Yolanda and

Svennerholm (1990), who thought that the variation was dependent upon the biotype of

the strain or co-expression of CS3 with CS2. Careful analysis of the variation in CS3 by

sequencing and immunoblot analysis of the denatured and native CS3 fi'om six different

strains revealed that Mab 1 1:2 recognizes a confotmational epitope which is unable to be

detected by a Mab in one strain when the antigen is present in its native conf,rguration.

Mab 1 l:2 reactedwith CS3 from five strains under both conditions and reacted only with

denatured form of CstH in 8248750-l and in E. coli K-12 expressing CS3 of this strain

from a recombinant csl operon. This strain differs from the others at amino acid, #39

which is Lys instead of Asn. This phenomenon associated with epitope recognition has

also been observed for CFA/I (Lopez-Vidal et al., 1988) and for CSl, CS2 and CFA/I

(Thomas et a\.,1985). The experiments presented in Chapter 4 clearly indicate that the

variation is independent of the biotype of the strain or the co-expression of the CS3 with

CS2. It seems likely that Mab 11:2 binds to a conformational epitope that includes

amino acid #39 and that substitution of this t'esidue affects antibody lecognition. The

epitope is shared by all six strains since they reacted with the Mab in a Western blot.

One possible explanation is that the epitope is partially hidden within the pilus sttucture

with an exposed part which includes amino acid#39. However, when this amino acid is

substituted antibody binding to the pilus is abolished. However, a more feasible

explanation is that the substitution of residue 39 simply inhibits binding of the MAb to its

epitope because of both the positive charge and longer side chain on Lys compared to

Asn. The simplest way to assess this could be by site-directed mutagenesis of residue

#39. This sort of information could clearly be useful in studying the structure and

assembly of CS3.
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9.4 Epitope analysis of the CsfH

One approach to make a multivalent vaccine is the construction of a hybrid

protein comprising different antigenic determinants. Expression of foreign epitopes in

bacterial surface molecules has been used to elicit the production of antibodies against

both vector and insert. Exposed regions of a protein that are most likely the epitopes

and the variable regions of a pitin subunit are good candidate sites for insertion and

expression of foreign epitopes. In addition, epitope analysis of a plotein is also

imporlant in studies related to defîning sttucture/function, the interactions during the

immuneresponse and for the design of diagnostic reagents and vaccines. CstH is the

major fimbrial subunit of CS3 and consequently epitope analysis is of impoftance in

vaccine development against CS3 pili.

Since no varjable regions suitable for the insertion of foreign epitopes could be

identified, it was necessary to defîne the exposed areas or epitopes of this protein. Two

epitopes were defined in initial experiments using two Mabs and C-terminal deleted CstH

fusion proteins, but it proved impossible to define the precise sequence of the epitopes

for these Mabs and for 19 Mabs produced in this study (Chapter 3) using C- and N-

terminal deleted CstH fusion ploteins. Several attempts such as changing cultule

conditions, method of sample preparation and experimental conditions failed to

overcome the probable problems. Part of the reason for failure of fusion proteins to

react with the Mabs may be due to the instability of the proteins.

Another reason for the failure of deletion mutagenesis in epitope mapping of the

CstH may be due to existence of conformational epitopes in CstH as has been proposed

for- K88 (Yan Zijdeweld et al., 1990). The importance of conformation in epitope

recognition can be infened from the effects of varying amino acid #39 on binding of Mab

II:2 (Chapter 4).
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The characterization of the reactivity of the Mabs with hybdd CS3 pili (Chapter

8) showed that the Mabs could be grouped into different classes consistent with them

being directed against different epitopes of CstH. The results were also consistent with

the notion that the epitopes of CstH, at least for the Mabs used, are confotmational. A

group of Mabs were against an epitope including amino acids 99 and 100 (one insertion

site) and some were against epitope(s) near the inseftion sites amino acids 65-66 and 99-

100 of mature CstH. Computer analysis of the secondary structure and surface

accessibility predicted exposed regions containing these amino acids which is consistent

with the recognized epitope consisting amino acids 99 and 100.

The results from epitope analysis and the antigenic variation study of CS3, in

addition to the epitope analysis of K88 (Bakker et al1992) may suggest that the epitopes

of these pili are conformational. These data also suggest that random insertion

mutagenesis or insertion of heterologous peptide into predicted area of the pilin subunit

and amino acid substitution may be useful for epitope mapping, pilin-pilin interaction and

receptor binding site analysis of CS3, and possibly other pili, as has also been

successfully used for studying the folding of the LamB in the outer membrane (Charbit et

al., 1986, 1991) and charactenzing the hypervariable domains of the major fimbdal

subunit of P-fimbriae (van Die et ø/., 1988).

9.5 Expression of heterologous peptides in CS3

The potential of CS3 pili as a delivery system for the expression of foreign

epitopes on the surface of the bacteria has been investigated by insertion of two peptides

in CstH, the major subunit of the CS3 pili. The flexibility of three areas for the inseftion

and expression of the foreign epitopes was examined. These areas were considered as

exposed regions based upon computer programs for the prediction of the secondary
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structure, associability and hydropathy of the proteins. Unique sites were introduced

into these area by PCR mutagenesis. The epitopes which were chosen for inseftion in

CstH were the mature ST and amino acids 44-64 of hLT-B which are highly conseled

in pLT-B and CT-B. These peptides have been used as models for simple (LT-B44-64)

and complex (ST) peptides. ST is a small, complex peptide with six cysteine residues

which make 3 disulf,rde bonds that are necessary for its biological activity. Three

epitopes have been demonstrated in this molecule (Takeda et a1.,1993)'

The insertion of foreign epitopes between amino acids 108-109 was not

successful suggesting that this is not a permissive site, possibly due to the toxicity of the

hybrid protein for the cell. The inserlion of the peptides between amino acids #65-66

and 99-100 of mature CstH resulted in four hybrid proteins, but expression from their

natural promoter was poor and thus had to be expressed in the T7 promoter/RNA

polymerase system to obtain sufficent protein for analysis. Since the regulatory regions

have not been altered, the poor expression of the hybrid proteins presumably results fi'om

post transcriptional problems, which appear to only be reduced by increasing the overall

level of transcription. For example, the stability of the hybrìd mRNA may be adversely

affected as a result of the inserlion. This could be evaluated by norlhem analysis as well

as pulse-chase studies to follow mRNA half-life. The use of coupled in vitro

transcription/translation experiments may also facilitate studying the effect of the

inseftion of the epitopes on the stability of the csrÉI mRNA and its translation.

Reconstitution of a cst opercn in which the cstH hybrìd genes replaced the wild type

cstíhaspartially overcome the problems related to the expression of the hybrid proteins,

however, the expression of CS3 was lower than in wild type ETEC and in clones

containing the wild type cst operon. The improved level of expression of the CstH

hybrid proteins from within a hybrid csl operon may be due to in part the additional
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transcription when all of the CS3 biosynthesis genes are transcribed as a single transcript

originating upstream lromcstA (Jalajakumai,lgg2). Transcription of the hybrid cstH as

a part of a multicistronic mRNA may protect the hybrid csrÉImRNA from degradation

and reduce the translational ploblems'

plasmid maintenance is also a problem which contributed to poor hybdd protein

expression. This was seen when changing the selection marker of the vector fi'om Ap to

Cm. It is clear that the plasmids expressing the hybrid proteins are unstable and selection

is required to maintain them, thus, Ap is unsatisfactory due to its degradation by the

vector encoded B-lactamase. A more satisfactory solution for enhancing stability of the

genetic constnrcts would be to incorporate the genes into the bacterial chromosome. For

example, Hone et al. (1988) have developed a system based on the hisOGD gene.

Alternatively, it may be that part of the problem is due to the high copy number of the

Vector, and single or low copy number vectors may be more suitable.

Besides reactivity with antibodies to CS3/CstH, the CstH::ST hybrid proteins

also reacted with a Mab against ST and CstH::LT-Baa-6a rcàctêd with a polyclonal

antiserum to CT but not with a Mab to LT-B. The Mab to LT-B was directed against

the B pentamer, and so it is not surprising that it failed to detect the CstH::LT-Bqq--eq,

however, recognition of these hybrid proteins by anti-CT indicate that the epitope is

expressed and that would be it likely to be recognized by a polyclonal antiserum to LT-

B. These results indicate that the epitopes inserted in CstH can be successfully expressed

as the hybrid proteins and Pili.

It was interesting to note however, that inserlion of the foreign peptides affected

the ability of some of the Mabs isolated here to recognize the hybrid pili. In pafticular,

insertion between amino acids 99-100 and inseftion of a more complex peptide (ST) had

the greater affect on Mab binding to CstH. Thus, in spite of the potential of the CstH for
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expression of foreign epitopes, there are some limitations on both insertion sites and the

insert. Further investigations need to be performed to charactenze other petmissive sites

in CstH and determine the types of peptide suitable for this delivery system. Perhaps, it

may be more appropriate to define the X-ray crystallographic structure before embarking

on extensive mutagenesis studies.

9.6 Immunogenicity of the hybrid CS3 piti

The immunogenicity of the hybrid CS3 pili was assessed by immunization of mice

with Salmonetta typhimurium strain G30 expressing these hybrids. This strain has been

used for expression and immunization against K88 and K99 pili (Attridge et al., 1988;

Morona et al., 1994; Stevenson and Manning, 1985). Plasmids encoding the hybrid

proteins with insertion between amino acids 65-66 were transferred into S. typhimurium

G30 and bacteria expressing hybrÌd pili were used for oral immunization of mice, which

were boosted with formalin killed cells of the same bacterja. The sera and gut washing

of the mice immunized with hybrid pili contained low levels of antibodies against CS3

compared to the titre of antibody produced against wild type pili. No antibodies against

ST and LT-B could be detected. The failure of mice to respond to the hybrid proteins at

the same level as the intact CS3 is probably a reflection of both poorer expression and

the instability of the plasmids encoding hybrid CS3. CS3 fimbriae are known to be

highly immunogenic (Reid et ø1., 1993) which together with the instability of the

plasmids may indicate that the plasmid has been lost in oral inocula and only antigen used

in boosting led to the production of antibodies against CS3. It is also possible that in the

hybrid protein the ST and LT-B epitopes are not presented as appropriate B-cell

epitopes or processed into the relevant T-cell epitopes. ST is haptenic and becomes

immunogenic when coupled with high molecular weight caniers and it may not become
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immunogenic in CstH, although it can be in LT-B::ST hybrids (Cardenas and Clements,

1993). The failure of the production of antibodies against hybrid pili may be overcome

by different immunization procedures or using purified hybrid pili to elicit the production

of antibodies to both canier and insefi.

The toxicity of the hybrid pili has not been studied but it is necessaty to define

whether any of the hybrid proteins, especially CstH::ST hybrids, have any detrimental

properties. Maintenance of any residual toxicity in the CstH::ST would pose a problem

to the potential vaccine application of these constructs'

9.7 Concluding remarks

This study has sought to develop a new system, based on the CS3

subcomponent of the CFA/II of ETEC, for delivery of the foleign epitopes on the

bacterjal surface. In this regard, the structure of the CstH, the major subunit of the CS3,

was analysed, both by computer analysis of the amino acid sequence of the protein and

by experimental study of its antigenic variation together with epitope mapping using a

panel of Mabs generated in this study. CstH is highly conseled among the strains

studied. Epitope analysis led to the suggestion that the Mabs are against different

epitopes which are conformational. Computer analysis of the secondary sttuctule of the

CstH defined exposed area of CstH which can tolerate the insertion of the heterologous

peptide. Experimental insertion of foreign peptides (a epitope of LT-B and ST) into two

regions of CstH confirmed this assumption and hybrid proteins were expressed from both

the bacteriophage T7 promoter and natural csl operon promoters. More interestingly,

the hybrid proteins are able to be assembled as pili on the sutface of the bactetia

harbourìng plasmids encoding hybrid proteins. The CstH::ST hybrid proteins could also

be recognizedby a Mab directed against ST and the hybrid proteins containing LT-B
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epitope were reacted with antiserum against CT. The most interesting feature of this

system is that, the CstH can accept the insertion of a complex peptide (ST) with cys

residues in contrast to other delivery systems which are sensitive to inserlion of complex

foreign epitopes. This may be due to the composition of the CstH which has no cys

residues of its own that can interfere with those of the foreign epitope. This feature ffìÍly

give CS3 an advantage for the delivery of complex epitopes which cannot be expressed

on other carriers.

Although the hybrid proteins were expressed and reacted with antibodies to

CS3 and foreign epitopes, there are still some limitations in regard to the insetl, inseftion

sites and stability of the plasmids leading to poor expression of the hybrid proteins. The

more complex insert has a greater effect on the structure of CstH but this carrier is still

more flexible than others. These limitations should be investigated and overcome in the

future to find the most st¿ble state of the hybrid genes leading to the high level

expression of hybrid proteins with the minimum toxicity that can be assembled as pili.
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