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ABSTRACT
Enterotoxigenic Escherichia coli (ETEC) have two major virulence

determinants:- the pilus/fimbria required for colonization and the enterotoxin which

induces the diarrhoea. Various types of pili are found in human ETEC, and the coli

surface antigen 3 (CS3) is common to strains bearing Colonization Factor Anrigen II

(CFA/II). This factor is poorly characterised at the level of genetic organisation and

regulation of its synthesis. This thesis describes the molecular organisation and

regulation, and suggests possible roles, of the various genes and their products in the

biosynthesis of CS3. The studies reported here have all been performed n E. coli K-12,

using a pBR322-based clone containing the plasmid encoded genes from the wild type

CFA/II ETEC srain, PB176.

Minicell and in vitro analyses of üanslation and DNA sequencing showed that all

genes involved in the biosynthesis of CS3 are present on a minimal fragment of 4.6 kb, as

previously described by Manning et al. (1985). Although the DNA sequence analysis

conf,rrmed some observations made in the above paper, it also required the number and

sizes of polypeptides to be revised. Specifically, the previously reported size of a 97 kDa

polypeptide has been revised to 82 kDa and three smaller polypeptides of sizes 31, 22

and 9 (kDa), respectively, have been identified. Eight ORFs with predicted sizes of 82,

6I, 46, 3I, 27, 22, l7 and 9 kDa, respectively, are found in a uniquely overlapping

arrangement, in that, four of them are fully contained within, and share, the same

reading frame with, another. These five ORFs each initiated with a different AUG codon

but terminated with the rarely used UAG termination codon. Experimental evidence for

independent initiation of translation to produce these polypeptides, as contrasted to post-

translational processing, was obtained by the use of site-directed mutagenesis.

Furthermore, oligonucleotide-directed mutagenesis of the common termination codon

resulted in lengthening of the polypeptides and loss of pili biosynthesis. However, this

effect on pili synthesis was reversed when a frame-shift was inroduced near the
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termination codon. Translation to produce the 22 kDa polypeptide required the

suppression of an inframe UAG codon and it was found that insertion of glutamine at

this position, by the sapE mutation in E. coliK-12, was critical for CS3 biogenesis.

The open reading frame (ORF) of the major pilin subunit (CS3) was identified by

determining the N-terminal amino acid sequence of purified pilin. An alternative signal

peptide cleavage site for the CS3 polypeptide, used preferentially in E. coli K-12, has

been identified.

Amino acid sequence comparisons revealed significant homologies between the

82 kDa and several putative channel proteins involved in other known ETEC pili

systems. Similarly, the27 kDa protein showed homologies to other periplasmic transport

proteins. No signifîcant homology between the CS3 polypeptide and other pilin subunits

was found but the 22kDa polypeptide showed some homology to CS3, suggesting that

it participated directly in pili formation.

Cell fractionation studies showed that the 27 kDa polypeptide was located in the

periplasmic fraction. A large amount of the CS3 pili subunit was also seen in the

periplasmic fraction. All other proteins, except the22 kDa protein which was observed in

very small amounts in minicell translations, were in the membrane fraction. An

accumulation of the 22 kDa protein was observed when pilus biosynthesis was abolished

by introducing an inframe deletion in a region shared by the 82 kDa and 61 kDa

polypeptides.

The mRNA analyses revealed at least four transcription units and four promoters

have been shown to be functional in vivo. The CS3 ORF is preceded by its own

promoter but is also encoded on the other three transcripts. Neither the ranscription nor

translation of the CS3 polypeptide required functional products of any of the other

proteins. Expression of pili on the cell surface, however, required all proteins.

An IS91 element is found in the DNA, upstream to the cloned CS3 biosynthesis

genes. The promoter region of the 27 kDa protein showed homology to the promoter
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region of the cfaA gene described by Hamers et al. (1989). Similarity to a sequence

downstream to the coding region of the adhesin F17-G gene was also found near the P27

promoter. A putative IHF binding site precedes the [anslation iniriation site of cp82. No

Rho-independent terminator was found on the sequence, but comparison of transcription

patterns n E. coli K-12 and P8176 indicated that termination of ranscription occured

in the area following the cpCS3 coding region.

A model for CS3 biosynthesis has been proposed in the thesis. This model

assumes the 82 kDa protein as a channel protein, the 27 kDa protein as a periplasmic

transporter and the 22kDa protein as a pili-associated basal protein. The remaining five

proteins are membrane-associated but are of unknown functions.
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CHAPTBR 1

General Introduction

1.1 Introduction

Escherichia coli is the most common facultative anaerobe found among the flora

that inhabit the large intestine, where it plays an important role in maintaining normal

physiological functions in humans. However, E. coli is also the most common

Gram-negative human pathogen, responsible for both infra- and extra- intestinal

infections. Within the species there are pathogenic strains that cause distinct syndromes

of diarrhoeal diseases.

pathogenic E. coli, involved in distinct disease patterns, belong to a limited

number of O-H serotypes, bea¡ distinct capsular antigens (Orskov et al', 1977), and

show specific binding properties to epithelial cell surface receptors. Based on virttlence

properties, interactions with the intestinal mucosa, clinical syndromes, epidemiology and

O:H sero-types, the diarrhoeagenic E. coli are classif,red into five major groups (Levine,

1987):

1. Enterotoxigenic E. coli (ETEC) - a major cause of travellers' diarrhoea and

infant diarrhoea in less developed countries.

2. Enteroinvasive E. coli(EIEC) - a cause of dysentery'

3. Enteropathogenic E. coli (EPEC) - an important cause of infant diarrhoel.

4. Enterohaemorrhagic E. coli (EHEC) - a callse of haemorrhagic colitis lnd

haemolytic uremic syndrome.

5. Enteroadherenr E. coli (EAEC) - identifiable only by their pattern of aclherence

to Hep-2 cells in tissue culture. 
o[ [6e

Since this thesis is an investigation of the biosynthesisfCSl pilus belonging to the

Colonization Factor Antigen II (CFA/II) of human ETEC, the rest of this cltlpter

concentrates on the toxins and f,rmbriae in different ETEC strains. Particul¿rr ¿lttentiorl has
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been given to what is known about the components of va¡ious hmbrial assembly systems.

Emphasis has also been placed upon the biogenesis of cell-surface pili in human and

animal ETEC strains.

1.2 Enterotoxigenic E. coli (ETEC)

ETEC are considered to be one of the major causes of diarrhoea in infants in

developing countries (Black et a1.,1981). ETEC also causes diarrhoea in travellers to the

third world countries, often referred to as "[avellers' diarrhoea", "Matlab Monsoon",

"Montezuma's revenge", or "Delhi belly" (Gorbach et al., 1975; Merson ¿/ al., 1976)'

Infection is acquired by ingesting contaminated food or water.

In the veterinary field, ETEC are known to cause severe diarrhoeal disease in

young herd animals by producing toxins similar to those of strains infecting humans

(Gyles, 1971; Gyles et al., 1914). ETEC are also a significant cause of diarrhoea in

neonatal herd animals (Gross et a1.,1978; Guinee et al., 1977; Gyles, 1971; Smith and

Linggood, l97Z). The animal serotypes and fimbrial types are distinct from those causing

disease in humans and tend to be species-specif,rc (Soderlind and Mollby,I979).

The production of virulence factors may be affected by environmental conditions

such as iron, osmolarity, temperature and nutritional status, e.g. amino acid availability

(Båga et a1.,1985; Bortolussi et a1.,1983; Calderwood and Mekalanos, 1987; Finley and

Falkow, 1989; Jovanovich et a1.,1988; Mekalanos, 1985; Roosendaal et al., 1986). The

colonization of ETEC occurs by means of various host-specihc hmbrial aclhesins.

Bacterial growth in situ, and elaboration of enterotoxin(s), lead to incréased water and

electrolyte secretion into the intestinal lumen, hence the diarrhoeal response and

dehydration. Individual strains of ETEC produce either heat-labile (LT) or heat-stable

(ST) enterotoxin or both.

Enterotoxins

The ETEC strains isolated from man and animals produced either or both LT and

t.2.1
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ST enterotoxins. The genes encoding these toxins are usually found on transferable

plasmids (Sherman et al.,1972 Smith and Linggood' 1971).

l.z.l.L LT toxin

The heaçlabile enterotoxins of Vibrio cholerae (Cholera Toxin) and E. coli (LT)

belong to a family of structurally related proteins that cause dia¡rhoea in humans and

animals.'These toxins stimulate production of cAMP in target cells by catalysing the

ADP ribosylsation of the G5ç¡ subunit of the adenylate cyclase complex in the plasma

membrane (Holmes et al., 1990; Middlebrook and Dorland, 1984). The heat-labile

enterotoxins are oligomeric proteins composed of a single A polypeptide that is

non-covalently bound to a pentameric array of B polypeptides (Gill er al., l98l; Holmes

et al., 1990). The B polypeptides mediate binding of the toxins to receptors on the

plasma membrane of target cells (Holmes et a1.,1990). Fragment 41, derived from the A

polypeptide by proteolytic cleavage, and reduction of an inra-chain disulphide bond, is

enzymatically active and catalyses the ADP ribosyltransferase reaction.

The E. coli - V. cholera¿ enterotoxin family is divided into two serogroups

(Finkelstein et al., 1987; Holmes et al., 1986b; Pickett et aI., 1986; 1989). Serogroup

one consists of cholera toxin (gI), the type IE. coli enterotoxins (LT-I; including the

variants, LTp-I and LTh-l produced by E.coli strains of porcine and human origin,

respectively) and antigenically related enterotoxins from several other Gram-negative

enteric bacteria (Calva eta1.,1989; Prasad et al., 1990; Rose et al., 1989). Antiserum

against CT or LT-I will neugalise the toxicity of other type I toxins (Guth et al., 1986b;

Holmes et a1.,1986b; Pickett et a1.,1986, 1989). Serogroup two consists of the type II

E. coli enrerotoxins (LT-II), including the cross-reacting antigenic variants designated

LT-IIa and LT-IIb (Pickett et a1.,1986, 1989; Pickett and Holmes, 1990). Antisera to

type I enterotoxins do not neutralise the LT-II variants, and více versa.

Comparative genetic and biochemical analyses of these enterotoxins were

facilitated by cloning and sequencing the representative operons encoding them and by
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purifyrng the corresponding holotoxins (Dallas and Falkow, 1980; Guth ¿r al., 1986a,

1986b; Holmes et a1.,1986a, 1986b, 1988; Pickett et a1.,1986, L987,1989; Pickett and

Holmes 1990). The genes that encode the A polypeptides of type I and II enterotoxins

are homologous (Holmes et a1.,1990; Pickett et a1.,1986, 1987, 1989; Yamamoto et al.,

1984a). In contrast, the genes that encode the B polypeptides of type I enterotoxins have

little, if any, significant homology with those that encode the B polypeptides of type II

enterotoxins (ÉIolmes et at.!988; Pickett et a1.,1986, 1989). The B polypeptides of type

I enterotoxins differ greatly from those of type II enterotoxins with respect to amino acid

sequence, antigenicity and receptor binding specificiry (Fukuta et a1.,1988; Guth et al.,

1986a, 1986b; Holmes et a1.,1986b). Nevertheless, type I and type II B polypeptides are

approximately equal in size, have a single intra chain disulphide bond between cysteine

residues located at nearly identical positions, have similar hydropathy profrles, form

pentamers and associate with their conesponding A polypeptides to form holotoxins

(Flolmes et a1.,1990; Yamamoto et al., 1984b).

While both CT and LT-I utilise ganglioside GM-1 as a functional receptor in the

plasma membranes, LT-I also binds to intestinal glycoproteins (Griffiths et aI., 1986).

LT-IIa binds preferentially to ganglioside GDlb, whereas LT-trb binds most strongly to

ganglioside GDla (Fukura et al., 1988). It is likely that these gangliosides serve as

funcrional receptors for type II enterotoxins. Both LT-IIa and LT-trb also bind less

strongly to several other gangliosides (Fukuta et al., 1988). The structure of the

ganglioside GMl-binding domain of CT and LT-I has been studied by both genetic and

biochemical merhods (De V/olf et a1.,1981; Finkelstein ¿r al.,1987; Ludwig et al.,1985;

Tsuji er ¿/., 1985). Connell and Holmes (1992) identified three positions in the mature B

polypeptide of LT-IIa at which amino acid substitutions cause loss of ganglioside GDIb-

binding activity, and they implicated the hydroxyl groups of threonine at positions l, 14,

and34 as important for such binding.



5

1.2.1.2 ST toxins

ETEC produce two kinds of heat-stable enterotoxin (ST) which cause intestinal

secretion and diarrhoea (Betley et al., 1986). Two immunologically and genetically

distinct forms of ST toxin, 5T6 and STg, have been cloned and their sequences

determined Q-ee et al.,1983; So and McCarthy, 1980). The form, ST¡, found in human

pathogens causes fluid accumulation in the intestine of infant mice and this is the basis

for an effective bioassay (Dean et al.,1972). This form of ST toxin has been termed ST-I

to differentiate it from a methanol insoluble ST-II found in some ETEC strains

pathogenic forpigs (l-ee et a1.,1983). The latter, alsodesignated as STg byBurgess er

at. (1978) and STp by Olsson and Soderlind (1980), has been primarily associated with

ETEC isolated from diarrhoeic swine. Genes encoding this toxin have the highest

prevalence among the toxin genes in porcine ETEC (Monckton and Hasse, 1988; Moon

et a1.,1986). ST-I is well characterised, and the toxic domain involved in the expression

has been determined. The heat-stable toxins bea¡ no structural or functional characteristic

with LT.

Only 5T6 is of relevance to human disease. DNA hybridisation studies, using

cloned genes from different sources as probes (Moseley et al.,1982), have shown that at

least two distinct sub-classes of ST4 exist. These subclasses, which have been referred

to as ST human and ST porcine (or ST bovine), have been shown by DNA sequencing

studies to share 697o DNA homology with each other (Moseley et al., 1983; So and

McCarthy, 1980). So et al. (1976) cloned the gene for ST4 production. Restriction and

nucleotide sequence analyses revealed that the ST4 gene resides on a transposon'

flanked by two inverted repeats of IS1 elements (So ¿r al., 1979). This ST4 transposon

was termedTnllSI and its full nucleotide sequence determined (So and McCarthy,

1980). Depending on rhe host species of origin, ST4 toxins are either 18 or 19 amino

acid, extracellular peptides @reyfus et al., 1983), which result from two discrete

proteolytic cleavages of a 72 amino acid precursor (Rasheed et al., 1990). Following

attachment to a specific receptor located in the intestinal brush border membrane, ST4
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activates the membrane guanylate cyclase and the resulting rise in mucosal cGMP is

thought to mediate intestinal ion and fluid ransport @ield et a1.,1978; Guenant et al.,

1980). Recently, it has been reported that the intestinal guanylate cyclase serves as an

ST4 receptor (Schulz et a1.,1990). Whether additional 5T6 receptors may couple with

guanylate cyclase has yet to be determined.

The gene for STg has also been cloned and analysed. This toxin originates as a

71 amino acid (Lee et a1.,1983; Picken et al.,1983) precursor which is processed in a

single step to yield a periplasmic, 48 amino acid species. The latter becomes, without

further apparent proteolysis, an extracellular peptide (Kupersztoch et aL, 1990).

Although STg, like ST4, is a cysteine-rich peptide, the latter is sensitive to trypsin

¡Mhipp, 1987) and does not invoke a cyclic nucleotide response in the gut (lileikel and

Guerrant, 1985). It too appears to be associated with a transposable element (Tn4521).

Dreyfus et al. (1991) reported that disulphide bond formation is apparently absolutely

required for proper folding and/or export of mature, biologically active STg toxin. They

also reported that ar least two of the amino acids (Arg52 and Asp53) present in a 14

amino acid, closed loop formed by Cys44 and Cys59 are essential for full toxin activity.

At present, the mechanism by which STg induces intestinal secretion is poorly

understood.

1.2.2 Fimbrial Adhesins

ETEC must possess accessory virulence properties in addition to LT and ST

toxins to cause diarrhoea. The ability of bacteria to bind to epithelial surfaces is

considered to be a pre-requisite for infection. Mechanical protective factors at epithelial

surfaces are important in host defences against invading bacteria. These factors

include direct removal by washing, e.g. by the flow of urine in the urinary tract, by

peristalsis in the intestine and by continuous secretion of saliva in the oral cavity. To

colonise epithetial surfaces, bacteria have to overcome the washing effect by hrrnly

attaching to the infection site. This is apparently necessary for the bacteria both to cause
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infectious diseases and to establish themselves as members of our normal flora.

The best characterised accessory virulence properties are colonization factors,

which allow the bacteria to adhere to specific receptors on enterocytes of the proximal

small intestinal mucosa of the host (I-evine, 1981). All specific colonization factors so fa¡

identified in either animal or human ETEC strains have been shown to be fimbriae (also

termed pili).

The term fimbriae, derived from Latin, meÍuts "frbres" or "threads", and was

introduced as a designation for non-flagellar bacterial appendages by Duguid et al.

(1955). Fimbriae are supramolecular structures composed of low molecula¡ weight

subunits, which a¡e found on the cell surfaces of many pathogenic Gram-negative

bacteria (Beachey, 1931). Brinton (1959) later coined the term pili (Latin for hair).

Lately, these two terms have generally been used as synonyms. A cell may produce more

than one type of frmbria. Some have been shown to mediate attachment to the host cell

surface. Bacterial fimbriae are filamentous, non-flagellar surface appendages. They vary

in their phylogenetic distribution, morphology, function and number per cell. The

terminology and classification of different types of fimbriae is confusing, since there is no

general acceptance of a single system of nomenclature. ottow (1975) proposed a scheme

in which six groups were tentatively defined according to the criteria given below.

Group 1 Peritrichous, adhesive organelles found in the Enterobacteriaceae

(Paranchych and Frost, 1988).

Group 2 Organelles for conjugative genetic exchange (sex pili), which a¡e

encoded by plasmid borne genes. These are also the atøchment sites for certain

bacteriophages (Paranchych and Frost, 1988)'

Group 3 Thick (40-60nm wide) hollow tubes found on Agrobacterium spp.

and other soil bacteria.

Group 4 Fimbriae, def,rned by tfreir polar location on the cell and thei¡

ability to impart a form of bacterial motility, called rype 4 or MePhe (because of thei¡
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N-terminal amino acid) frmbriae. These appeu to function as colonization factors

@lleman and Hoyne ,1984; Paranchych and Frost, 1988).

Group 5 Fimbriae found on cell poles (of certain soil bacteria) but are

distinguished by an unusual function, vÍ2., promoting conjugation by effecting bacterial

clustering.

Group 6 The bundled filaments of. Corynebacterium renale.

The terms pilus and fimbria dehne structures with a specific morphology and do

not specify function. Pili that a¡e adhesins a¡e therefore called pilus adhesins. ln this

thesis, the terms pilus and fimbria will be used as synonyrrls.

1.3 E. colí fimbriae

Adherence of ETEC to the brush borders of epithelial cells of the proximal small

intestine is a cn¡cial event in their pathogenesis. A number of fimbrial types can be

distinguished within this group. These classifications are based on the speciñcity of the

ligand, the tissue and host infected, location of fimbriat genes (chromosomal or on the

plasmid-encoded) and serological variation. (Paranchych and Frost, 1988). A clear

correlation has been established between the presence of specific adhesins on the surface

of bacteria and their ability to adhere to a given host mucosal surface. These adhesins

allow the bacteria to overcome the clearing mechanisms that protect the epithelial

surfaces (e.g. peristalsis, mucus secretion), providing a structure which binds to a distinct

receptor on the mucosa or in the glycocalyx of epithelial cells (Lark et al., 1986; Smyth,

1986).

Many different species in the Enterobacteriaceae possess frmbriae, but most of

our knowledge comes from studies of E. colí, particularly those strains involved in

infectious diseases (Clegg and Gerlach, 1987; Duguid and Old, 1980). They are usually

classified functionally by their receptor specificity, as determined by the ability of either

fimbriated bacteria or their purified fimbriae to agglutinate erythrocytes from different

species. The pili have been divided into two categories, based on haemagglutination
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(HA) reactions, mannose sensitive (MSHA) and mannose resistant (MRHA; Ottow,

197S;Pearce and Buchanan, 1980). The sensitivity to mannose derives from the fact that

some pili use D-mannose, its derivatives, or D-mannose-containing molecules as

receptors (Duguid and Old, 1980; Old, 1972).

1.3.1 Type I (I\'ISHA) fimbriae

MSHA is associated with pili that a¡e often referred to as "type I" or "common

pili". These have been observed in a number of different species (Clegg and Gerlach,

1987; Eisensrein, 1988). Type I fimbriae are rigid rods, 7nm in diameter and lpm in

length, distributed uniformly over the cell surface. Their number varies between 100-500

per cell. They mediate characteristic mannose sensitive agglutination of guinea pig

eryrhrocytes. MSFIA is displayed by 707o-9o7o of E. coli strains and appears not to b

related to bacterial virulence. Type I frmbnial genes n E. coli are genetically mapped to

distinct loci at 98 minutes on the chromosome (Brinton et a1.,1961). Eight of the genes

involved in the synthesis and assembly have been cloned and sequenced (Klemm and

Christiansen, 1987).

1.3.2 MRHA flrmbriae

E. coli strains expressing mannose-resistant fi.mbriae cause haemagglutination of

erythrocytes from certain animal species, thereby providing a simple screening test to

detect their presence. MRHA can be mediated by uropathogenic and enterotoxigenic

strains of E. coli.

1.3.2.L MRHA fimbriae of uropathogenic E. coli.

MRHA is frequently (77Vo) displayed by acute pyelonephritic isolates, but is less

commonly observed with strains isolated from the faecal flora (I6Vo) or cystitis patients

(357o; Hagberg et a1.,1981). P fimbriae, associated with MRFIA, have been designated

as PAP pili (Pili Associated with Pyelonephritis), P-frmbriae (Korhonen et al., 1982) or

G-fimbriae (Rhen et a\.,1936). Apart from their binding specificiry, frmbrrial adhesins can
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be separated into different F groups F7-F14; Abe, et al., 1987:. Orskov and Orskov,

1983, 1985) according to their serologic specificities - e.g.P f,rmbriae of F13, encoded by

pap operon (Lund et al., 1985; Normark et aI., 1983a) and of serotypes F71 (tto

determinant; Van Die et a/., 1985) andF72 (/sr determinant; Van Die et al.,I984a).

The genetic determinants which code for P or P-related frmbriae of serofypes

¡-7t,F'72 and F13 have been mapped respectively to regions next to the serA gene (map

position 57 - 63 minutes), in the vicinity of the i/v gene cluster (position 85-90 minutes)

and at 95 minutes on the chromosome of 04 and 06 of wild type strains (Hoekstra,

et al., '1986; Hull ¿r al., 1986).In contrast, the P-determinant of serotype F8 (/¿t) has

been mapped at 17 minutes on the chromosome of an 018:K5 strain (Iftallmann-Wetzel

et a1.,1989).

Another type of fimbriae, termed S-fimbria or S fimbrial adhesin (Sfa; Moch

et al., 1987: Schmoll et al., 1989), binds to sialic acid-containing receptors (Korhonen

et al., 1984). These fimbriae are specifically associated with E. coli strains that cause

septicaemia and meningitis. These fimbriae are encoded by a cluster of genes with a

similar organisation to the type I system (Schmoll et al., 1989). Sfa a¡e produced by

srrains exhibiting the Kl antigen, such as O18:K1 or O83:Kl isolates (Korhonen et al.,

198s).

Another new type of hmbria, expressed by an E. coli blood culture isolate of

serotype O75:Kl:H7, showed high degree of sequence homology to the Sfa and FlC

(Fimbriae of serotype One C) gene clusters (Van Die et al., 1984b). This new type of

fimbria is therefore termed SÆ1C-related fimbriae (Sfr). Another fimbrial adhesin, found

to be associated with O75:K5 E. coli strains, is the Dr haemagglutinin (previously termed

the O75X fimbria-like adhesin) which was cloned recently and found to recognise a

receptor on the Dr blood group antigen (Nowicki et a1.,1988).

Normark and colleagues have also independently cloned the second copy of the

pøp-homologous sequences from strain J96 and have designated this prs (pap related
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sequence of pap-2; Karr et al., L989; Lund et al'., 1987, 1988). The Prs pili are

cha¡acterised by their ability to haemagglutinate sheep erythrocytes but not human

eryrhrocyres, clearly exhibiting a different binding specificity from P pili (Lund et aI.,

1988). However, Prs pili resemble P pili in several respects; the Prs pilus filament

expressed by E. coli J96, is serologically indistinguishable from the P pilus fi.lament

expressed by the same strain, and the prs operon is homologous to the pap operon (Lund

et al., 1988). Subsequent studies have revealed that the only detectable difference

between the pap and prs operons is limited to their respective PapG molecules

(Stromberg et a1.,1990). These findings suggest that alterations in the receptor binding

componenr of pili can result in significant changes in binding specificity. The subtype of P

fimbriae, encoded by the pap-z gene cluster, is capable of binding to Bowman's capsule

in the human kidney (Karr et al., 1989). The potential receptors for pap-z- (or prs-)

encoded fimbriae in the human urinary tract are the antigen known as LKE (I-uke) on

human erythrocytes and the stage-specifrc embryonic antigen 4 (SSEA-4) in ússues (Karr

et al., 1990). Thus, pathogenic E. coli, such as J96, can express a variety of adhesive pili

with distinct receptor binding properties that may be important in increasing the range of

hosts and tissues that the organisms can colonise.

The genes encoding several serologically different P-frmbriae have been cloned

and the genetic organisations of gene clusters involved in fimbrial biosynthesis have been

studied (Clegg and Pierce, 1983; Normark et a1.,1983b; Van Die and Bergmans, 1984;

Van Die et al., 1984a,1985). It has been shown that, in addition to the gene encoding

the major subunit, at least eight other genes a¡e involved in the expression of f,rmbriae

and adhesion (Lindberg et aI., 1987). For the Pap (F13) P-fimbriae it has been shown

that papG is the actual adhesin gene (l-indbetg et aI., 1987), whtle papE and papF

encode minor frmbrial subunits.

The gene clusters encoding the F71 and F72 fimbriae have been cloned from a

uroparhogenic E. coli strain (Van Die et al., 1984a; 1985). The nomenclature fso G
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Seven Qne ) and /sr (E Seven Two) has been proposed for these gene clusters. The

lertering A-G is used for the individual genes, in accordance with the Pap (F13) gene

cluster nomenclature (Norgren et al., 1984). Riegman et aI. (1988) demonstrated that

both FsoE and FstE proteins are non-adhesive minor fimbriat subunits, located at the tip

of the fimbnial structure. The FsoF and FstF/G proteins play important roles in the

initiation of polymerisation of the minor and major subunits into the frmbrial structure.

A new blood group-specific agglutinin has been identified on human

pyelonephritogenic E. coli strains (Rhen et a1.,1986). This haemagglutin recognised the

terminal N-acetyl-D-glucosamine, and was associated with a new type of fimbriae,

G-fimbriae.

1.3,2.2 MRHA fimbriae of Enterotoxigenic Eschertchia coli

MR fimbriae of enterotoxigenic Escherichia coli are serologically and

morphologically heterogeneous (Paranchych and Frost, 1988). The lust fimbriae

identifred (plasmid-encoded) were the heat-labile K88 antigen found in ETEC strains that

cause dia:rhoea in neonatal piglets.

Adhesion fimbriae tend to be rather species-specific. Thus, the K88 fimbriae a¡e

encountered only in strains pathogenic to piglets (Smith and Linggood, 1971). K99

(plasmid encoded) and F41 (chromosomally encoded) a¡e associated with calf, lamb and

piglet pathogens (Moon et al., 1977; Orskov et al., 1975), and the 987P fimb'riae

(chromosomally encoded) are found only in porcine strains (Isaacson et a1.,1977). K88

and F41 fimbriae a¡e thinner (2-3 nm diameter) and more flexible than type I fimbriae and

have been referred to by some workers as fibrillae. K99 fimbriae aro of an intermediate

size (about 4.5 nm in diameter).

Another fimbrial adhesin, was described in bovine süains associated with

neonaral calf diarrhoea (Girarde av et al., 1980; Pohl et al., 1982). This fimbnial adhesin,

which was classified as F17, mediates binding to receptors containing

N-acetylglucosamine (NAG) on calf intestinal mucosal cells (l-intennans et al., 1988).
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Most likely, the genetic determinants for F17 fimbriae are located on the bacterial

chromosome (Lintermans et aI., 1988). The fimbrial subunits a¡e assembled from the

F17-A peptides. Analysis of the F17 gene cluster indicated that the Fl7-4, Fl7-C,

Fl7-D and F17-G genes are indispensable for the binding of the fimbriae to the intestinal

villi. The gene for F17-G was localised and sequenced. Fl7-mediated binding requires

the presence of an intact pilus structure, together with the binding moiety. The specific

NAG-dependent adhesion is mediated by the F17-G product (Lintermans et al.,l99l).

A new K88-related antigen, designated as CS3IA (plasmid-encoded), was

isolated from dia¡rhoeic or septicaemic calves. CS31A consists of thin (2nm) "fibrrillar"

fimbriae (Girardeau et aI., 1988). T\e clpG (26.7 kDa) gene, encoding the CS31A

subunit, was localised and the nucleotide sequence of the coding region was determined

(Girardeau et al., 199 1).

Evans et al. (1975) first gave the name of Colonization Factor Antigen (CFA) to

MR fimbriae on human ETEC. A similar f,rmbrial antigen that was found a few years latei

was designated as CFMI @vans and Evans, 1978) and the original antigen was

designated CFA/I. CFMI was subsequently found to consist of three distinct fimbniae

that were termed Coli Surface antigens l, 2 and 3 (CS 1, CS2 and CS3; Cravioto et al.,

1979;1982; Smyth, 1982). The terms Colonization Factor Antigens (CFAs), coli surface

antigens (CS) and Putative Colonization Factor (PCF) a¡e used interchangeably to

describe these fimbriae. The name PCF was used until it was confirmed that they were

CFAs. CS are subclasses of a particular CFAIPCF. The fimbriae associated with

gastrointestinal disease in humans have been divided into at least four main CFAs: CFA/I

@vans et al., L975), CFA/II @vans and Evans, 1978), CFMII (Honda et a1.,1984) and

CFMV (previously called PCF8775; Cravioto et al., 1982; McConnell et al., 1988;

Thomas et al., 1982, 1985), and two PCFs: PCFOI59:H4 (Tacket et al., 1987) and

PCFO9 (Heuzenroeder et al.,1990).

CFAÂI is suMivided into CSl, CS2 and CS3, whereas CFA/IV (PCF8775) is
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suMivided into CS4, CS5 and CS6. Some of these fimbrial types found on human ETEC

appear to be present on only a relatively small number of serova¡s or serotypes. Thus,

CS1 appear on strains of serotype 06: K15: H16 (or H-) and PCFO159:H4 strains of

serotype O159:H4 or H20, whereas others occur naturally on strains belonging to a

range of O-serovars, e.g. CFAA, CS3, CS6 and CS5/CS6. The reason for this difference

in distribution of fimb,rial occurrence in wild type isolates is unclea¡. Moreover, ETEC

expressing these different adhesins possess characteristic MR haemagglutination and

enterotoxin-producing phenotypes. The different haemagglutination patterns presumably

reflect different receptor specifrcities on the red blood cells for the different fimbrial

ligands, but little is known about these receptors (Mouricout and Julien, 1986; Sjober9 et

¿/., 1988; Smyth, 1982).

1.4 Morphology and structure of fimbriae.

The first report of fimbriae in 1950 involved an electron microscopic srudy

(Houwink and Van Itersen, 1950). The pili are distributed peritrichously on most

Gram-negative bacteria, the number per cell dependent upon the organism and conditions

of growth. On the other hand, the pili of myxobacteria are usually observed as tufts at the

cell poles (MacRae et al., 1977). Fimbriae have diameters in the range of 2-7nm. They

are therefore considerably thinner than flagella, which have a diameter of -20nm

(Silverman and Simon, 1977), but equal to or thinner than F pili, whose diameter is 8nm

(Brinton, 1965). Examples of the group of pili with morphologically simila¡ thin, rigid,

rod-like structures include E. coli type I pili, and fimbriae associated with urinary tract

infections (Orskov et al., 1980). S-fimbriae, 987P pili and F7 pili of E. coli probably

consist of subunits packed into a three-dimensional array similar to the type I pili. The

latter has axial holes (Brinton, 1965; Isaacson and Richter, 1981). These structures have

a uniform cross sectional diameter of approximately 7nm and are composed of subunits

with a molecula¡ weight of 17,000. X-ray crystallography of the type I pilus revealed that

it was arranged in a right-handed helix with a pitch distance of 6.32nm (3.125 subunits
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per turn), with an ædal pore of 2nm in diameter. The subunits a¡e so arranged that the

supramolecular arrangement gives a rigid rod-shaped structure. Some pili in this group

are as thin as 2nm, but others with diameters greater than 10nm have also been reported

(Brinton, 1965; Ottow, L975).

The E. coli K99 pilus appears to be flexible, with the reported diameters mngmg

from 2 to 4.5 nm (Isaacson, 1977). K88 and F4l are visualised under the electron

microscope as very thin, wavy th¡eads with diameters of - 2nm (Gaastra and De Graaf,

1982; Rhen ¿f al., 1983). Morphologically, the fi.mbriae on human ETEC strains can be

'¿" J ll v+n

divided into those resembling type I fimbriae, 
Tyhict¡ 

are thin, wiry, wavy or curly

structures with a diameter of 2 rc 4 nm resembling K88 and F41 fimbriae (e.g. CS3

frmbriae). It is thought that this latter type of fimbria is also comprised of structural

subunits in a helical arrangement, but the difference in the number of subunits per turn of

the helix results in an open-structured helix rather than a closed one a¡ound an axial pore

(Jones and Isaacson, 1983). The pitch distances and numbers of subunits per turn of the

helix depend on the molecular weights of the subunits. The open helical structure

proposed for Bordetella pertussis fimbriae, with a pitch distance of 6.5nm and 2.5

repeating units per turn, may be used as a model for these flexible, wiry fimbriae of

human ETEC (Steven et al., 1986). Some sfains of human ETEC express only a single

fimbrial type - e.g. CFM, PCFO166 and PCFO159:(H4). Others occur more commonly

in specific combinations, e.g. CFMII fimbriae + CS6 antigen, CS4 fimbriae + CS6

antigen, CS5 fimbriae + CS6 antigen, and CSI or CS2 fimbriae + CS3 fimbriae. The

presence of more than one fimbrial gene cluster in a srain raises the possibility of

interaction between gene clusters in the regulation of expression of genes, or in the

biogenesis of fimbriae on the cell surface. This, however, has not yet been reported.

Physio-chemical variability among pilus structures makes the categorisation of

the pili by morphology difficult, especially since no X-ray diffraction investigations on

any of these E. colí adhesins have been described.
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1.5 Structural aspects of the fTmbriae.

Bacterial pili are polymers, composed of identical protein subunits called pilin

(Jones and Isaacson, 1983). The number of subunits defines the molecular weight and

length of an intact pilus. The forces holding pilin subunits together a¡e unknown but do

not include covalent bonds. These non-covalent forces apparently exert considerable

strength, as the pili resist disruption by various denaturing agents, such as SDS, which

readily disrupts most protein polymers (Eshdat et a1.,1981; Klemm, 1984; Klemm et al.,

1982; Salit ¿r aI., 1983). It is reasonable to believe that hydrogen- and hydrophobic-

bonds are important in pilus formation and maintenance. Two imporønt functional

constraints a¡e obviously imposed on any fimbrial protein:

(1) it must supply the necessary interaction, hydrophobic or electrostatic, of

subunits in order to conserve the structural integrity of the whole fimbria, and

(2) it must provide, by means of specific structural elements inherent in its amino

acid sequence, a binding site for a specific host epithelial receptor in order to function as

an adhesin.

Most fimbriae identified so fa¡ have now been purified and the molecular weights

of their structural subunits characterised (Tables 1.1 and 1.2). The N-terminal amino acid

sequences of several of these subunits have been determined using purihed f,rmbniae

anüor have been deduced from the nucleotide sequences of cloned genes (Tables 1.3 and

1.4). Each contains about 507o non-polar amino acids. The calculation of protein

hydrophobicity, based on amino acid composition, results in a value that assumes a

uniform distribution of hydrophobicity, which is unrealistic. Surface hydrophobicity has

also been measured in a salting out procedure using ammonium sulphate (Lindahl et al.,

1981). The greater the amount of ammonium sulphate required to salt out the f,rmbrial

structure, the lower its hydrophobicity. It is therefore possible to rank each pilus type

according to its hydrophobicity. Although this procedure has been given limited use, the

results are in close agreement with the calculated values (CFM > CFMI > K88 >



Table 1.1

Properties of ETEC fimbriae.

Fimbriae MorphologY MW Reference

Type I
K88
CS31A
F41
cs1541
K99
987P
FT7
CFA/I

rigrd
flexible
flexible
flexible
Flexible
flexible
rigtd
flexible
rigtd

15,700
27,600
29,500
29,500
19,000/19,000
16,500
17,100
19,500
15,000
13,000
13,000

16,300

17,000
16,000
15,800
16,000
14,800
14,500/15,500
16,600/18,000
18,000

Orndorff and Falkow (1984)

Mooi et al. (1919)
Gi¡ardeau et al. (1988)
Moseley et al. (1986)
Broes et al. (1988)
Van EmMen et al. (1980)

De Graaf and Klaasen (1986)

Gi¡ardeau er al. (1980)
Klemm (1982)

Willshaw et al. (1985)
Smyth (1982)

Smyth (1982)
}J.alI et al. (1989)
Klemm et al. (1985a)
Sjoberg er al. (1988)
Smyth (1982)
Boylan et al. (I988b)
Smyth (1982)
Levine et al. (1984)
Manning er al. (1985)
Honda et al. (1984)

Wolf ¿r al. (1989)
McConnell et al. (1988)
Heuzenroeder et al. (1989)
McConnell et al. (1988)
Wolf ¿r al. (1989)
Hibberd et al. (1990)
McConnell et al. (1990)
Knutton et al. (1987)
Tacket et al. (1981)
McConnell er al. (1989)
Heuzenroeder et al. (1990)
Aubel et al. (1991)
Darfeuille et al. (1986)

CFA/II:
CS1

CS2

CS3

CFA/Itr
CFA/IV:
CS4

CS5

CS6
CS7
CS17
PCFO148:H2
PCFO159:H4
PCFO166
PCFO9
Antigen 8786
Antígen2320

rigrd

wlry

?

?

rigtd
wiry
rigtd
rigtd
flexible
wtry?
flexible

22,000
17,000
23,000
21,000
14,500;16,000
15,500;17,000
17,500
n.d
19,000
15,500;17,000
27,000
16,300
16,000

dgrd

rigrd

rigrd

rigtüwtry



Table 1.2

Summary of human fimbrial polypeptides

Fimbriae Gene Size (kDa) Putative function

CFA/I:
Region 1

Region 2

CFAÆI:
CS3

CS1/CS2
CS1
CS2

23.5
15

85
38.3
29.4
26.9
25.7
r4.9
13.8
30

97
94
58
46.5

26/27
24
15

30
16.3

T7

cfaA
cfaB
clac

Shuttle function in transport of subunits ?

Structural subunit
Anchor in outer membrane ?

Regulation

Anchor in outer membrane?

Pilin subunit
Regulation (Rns)

Pilin subunit
Pilin subunit

cfaD



Table 1.3

N-terminal amino acid sequences of flrmbrial subunits

Fimbria N-terminal amino acids Reference

F11
F13 (PapA)
F7t
E'7 z
S faA
FIC
P i]-A
FimA
Type I b
Type I c
K99
KBSab (p17.6)
KB 8ab 1p26)
E. coli E7

K. pneumoníae

APTIPQGQGKVTFNGTWDAP
APTTPQGQGKVTFNGTWDA
AÀS IPQGQGEVSFKGTWDAP
APTTPQGQGKVTFNGTWDAP

VTT_\¡NGGTVHFKGEWDAA
VT T -VN GG TVHF KGEV\¡NAA

AATT-VNGGTVHFKGEWNAA
AAT T -VNGG TVHF KGE\A¡NAA

ATT_VNGGTVHFKGE\A/
VTT-\TNGGTVHFKGEW
NTTINFNGKITSAT

AVQKT IFSAD\A/ASV
WMTGDFNGSVDIGG

AAT IPQGGEVAFKGTWDA
NTTTVNGGTVAFKGE\A/DA

Van Die et. al. (1986)

Bà,ga et al. (1984)
Van Die et al. (1985)

Van Die et al. (1984a)
Schmoll et al. (1989)
Van Die et al. (1.984b)

Omdorff and Falkow (1985)

Klemm (1984)

Klemm (1985)

Rhen ¿r al. (1985)
Roosendaal er al. (1984)

Mooi et al. (1984)
Gaastra er al. (1981)

Klemm (1985)
Fader et al. (1982)



Table 1.4

N-terminal amino acid sequences of fimbrial subunits in human ETEC

Fimbria N-Terminal Amino Acids Reference

CFA/ I

cs1
cs2
LòJ

cs4
cs5
PCFO9

8786
2230

VEKN I TVTASVDPVIDLLQADGNALP SAVK

VEKTESVTASVDPTVDLLQ
AEKNITVTASVDPVIDLLQA
AAGP TLlKELALNVLSPAÀLDÀTDAT
VELNTTVCASVDPTICIKQA
AVTNGOLTFNWQGWP SAPVTQ S SQPFVNG

D SOQD SAFNGN IELGGT LSP EVKKLP RELR

AGFVGNKAWQAÀVT IAÀQNTT S

GNVL SGGNGT QTVTMP VNAÀTXTVSMP TDP TD

Hamers et al.(1989);
Klemm (1982)
HaIlet ø/. (1989).

Klemm et al. (I985a).
Boylan ¿t a/. (1988b)

Wolf ¿r ¿/. (1989)

Cluk et al. (1992)
Heuzenroeder et al. (1990)

Aubel er al. (1991)
Darfeuille et a\.09á6)
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K99 > type I). It is probable that the hydrophobic domains at the receptor recognition

site may promote the interaction with the receptor.

The large K88 fimbrial subunit was the first for which the amino acid sequence

was determined. At least three serological variants have been described, designated

K88ab, K88ac and K88ad (Guinee and Jansen, 1979; Orskov et al., 1964). The

differences in amino acid composition among the K88 va¡iants suggest that the

serological differences are solely due to differences in the primary structures of the

proteins.

The N-terminal amino acid sequences of several pili show rema¡kable relatedness.

The sequences of the first 2O aa of different type I pili of E. coli (Klemm etal., 1982)

and Klebsiella pneumoniae (Fader et al., 1982) and that of the E. coli F/ pilus Q{emm

et al., 1982) are nearly identical. However, the five pili are antigenically unrelated

(Table 1.3). Unlike the others, haemagglutination of erythrocytes by the F7 pilus is not

inhibited by D-mannose (Fader et a1.,1982; Klemm et al., 1982).

In the case of some fi.mbnial subunit proteins (e.g. those of KS71A, F72, Pap and

Fll fimbriae; Van Die and Bergmans, 1984; Van Die et al., 1984a; 1985) the

conservation of amino acid residues is most appa¡ent at the C-termini and to a lesser

extent at the N-termini. These regions are probably involved in functions common to this

group of proteins, such as transport across the outer membrane, anchorage and

maintenance of the fimbrial structure. The more va¡iable parts have probably been

adapted for the recognition of different receptors, or tnay simply have diverged as a

response to immunological pressures. The conserved N-termini and C-termini a¡e more

hydrophobic than the non-conserved regions of their primary structures (Van Die et al',

1987). It has been suggested that the non-conserved regions a¡e located at the outside of

the subunits and also on the outer surface of the fimbriae (Van Die et a|.,1987).

N-terminal amino acid sequence homologies benveen E. coli K88 pili (Gaasra er

al., 1979,1981, 1983; Klemm, 1981), K99 pili (Roosendaal et aI., 1984) and, to a lesser
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exrent, F41 piti (De Graaf and Roorda, 1982 ) have been observed. The type I, F7 to

F12, Pap and K99 fimbriae form a distinct group, as suggested by their amino acid

sequences (Klemm, 1985; De Graaf and Mooi, 1986). Likewise, the K88 fimbrial series

of antigenic variants form a distinct fimbrrial group. Among the rod-shaped fi.mbriae of

human ETEC, there is a substantial degree of homology benveen the N-terminal amino

acid sequences of CS1, CS2, CS4 and CFM frmbrial subunits which indicate a group of

evolutionally related fimbriae (Table 1.4). In contrast, the N-terminal amino acid

sequences of CS3 and CS5 fimbriae show no close homology, either to each other or to

those of the CFM, CSl, CS2 or CS4. These fimbrrial subunits therefore appear to

belong to distinct groups.

Although the pilus structure does not contain inter-pilin covalent bonds, it is

likely that intra-pilin covalent bonds are present in some pili. For example, pilin

molecules that contain di-sulphide bonds rnay assume three different conformations,

depending upon the integrity of the bond (Isaacson, 1980b; Isaacson and Richter, 1981;

Isaacson et al., 1981; Jann et al., l98l; McMichael and Ou, 1979). M*y, but not all

pilin molecules contain disulphide bonds. The fact that each of them assumes three

different conformations suggests the existence of conserved amino acids in their primary

sequences.

Amino acid analyses of purified fimbriae have revealed a lack of Cys residues in

CS1 Glall et a1.,1989), CS2 (Klemm et al., 1985a; Sjoberg et al., 1988), CS3 (Boylan

et al., 1988b) and CFA/I (Klemm, 1932) fimbrial subunits. In contrast, CS4 fimbrial

subunits have at least two Cls residues. Therefore, CFM, CS1, CS2 and CS3 fimbrial

subunits must be held together by non-covalent bonds. These fimbrial subunits also

contain few aromatic amino acidresidues. This contrasts with K88 f,rmbriae. CS1, CS2,

CFA¡/I and type I fimbrial subunits each contain only two tyrosine residues. These

residues are at the C-terminus in the case of the type I frmbnial subunit. It is therefore of

interest that a¡omatic amino acids have been implicated in the maintenance of the
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quaternary structure of some fimbriae (Mooi and De Graaf, 1985; V/atts et a1.,1983).

I.6 Biogenesis of fimbriae

The genetic organisation of several E. colí pilus adhesins has been determined by

recombinanr DNA technology. Although there are noteworthy differences in the genetic

organisation of the known hmbnial operons, some basic consEaints are imposed on such

systems. For example, various auxiliary proteins are needed for the subunits to be

processed, translocated and assembled into intact f,rmbriae. The type I and Pap pili

operons encode several accessory proteins required for regulation and biogenesis of the

pilus. Pap pili are morphologically similar to type I fimbriae. Generally five to eight

polypeptides are implicated in the phenotypic expression of. E. coli fimbriae (Båga et al.,

1985; De Graaf et al., 1984; Klemm et al., 1985b; Mooi et al., 1982; Norgren et al.,

1984; Orndorff and Falkow, 1984; Van Die et al., 1984a). The genes encoding the

subunit and auxiliary proteins are normally placed close together and are in many cases

found on a common transcriptional unit (De Graaf et al., 1984; Dougan et al., 1983;

Mooi et a1.,1981).

f.6.1 Pap fimbrial system

The biogenesis of Gal-cr-(l-4) Gal binding P-fimbriae requires the co-ordinate

expression of at least eleven closely linked chromosomal pap genes (Båga et al., 1985;

Hultgren et a1.,1991). P pili, encoded by the pap operoq are composite hbers consisting

of flexible adhesive fibrillae joined end-to-end to the pilus rod on uropathogenic E. coli

(O'Hanley et al., 1985; Kallenius ¿, al., l98l). The specialised fibrillar structures at the

tips of P pili are composed of PapE, PapF and the adhesin PapG (Lindberg et al., L987,

1989; Lund et a1.,1987). Kuehn et aI. (1992) reported that the adhesin is a component

of distinct fibrilla¡ structures present at the tips of the pili. These virulence-associated tip

frbrillae are thin, flexible polymers composed mostly of repeating subunits of PapE that

frequently terminate with the cr,-D-galactopyranosyl-(1-4)-p-D-galactopyranose- or
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Gal-cr(l-4) Gal-binding PapG adhesin (Lund et al., 1987). The stalk of the pilus is

composed of repeating PapA monomers, probably arranged in a right-handed helix

(Brinton, 1965; Lindberg et a1.,1984; Utrlin et al., 1985a). PapH, located at the base of

the pilus, is a necessary component of the pilus anchor (Båga et aL, 1987). All of the

genes encoding these pilus protein subunits have been sequenced and characterised

(Båga et a1.,1984, 1987; Hultgren et al., 1989,1991; Lindberg et al., 1986; Tennent et

aI., 1990a). PapD binds to pilus subunit proteins after they are imported into the

periplasmic space (Flultgren et al., 1989, 1991; Lindberg et aI., 1989). Stable

PapD-PapG and PapD-PapE periplasmic pre-assembly complexes have been purified

(Hultgren et a1.,1989; Lindberg et al., 1989). These stable complexes a¡e transported to

an assembly site, thought to be composed, in part, of the outer membrane protein PapC

(Norgren et a1.,1987), where the complexes are dissociated and the pilus subunits are

polymerised.

The mechanism by which the periplasmic PapD chaperone ensures correct

interactions of six different types of pilus subunit proteins so that they are assembled into

well defined composite fibers that have distinct adhesive tip structures is virually

unknown. Kuehn et al. (1991) proposed that the role of this protein is to bind to

interactive assembly surfaces on its pilus protein targets to prevent non-productive

aggregation of pilus subunits exported into the periplasm. The assembly of pili seems to

involve the targeting of chaperone-pilus protein complexes to the outer membrane

assembly sites, where PapD is dissociated by an unknown ATP-independent mechanism

and the released interactive subunit is assembled into the pilus.

ThepapJ gene encodes an 18kDa polypeptide (Tennent et al.,l990a), which may

be involved in pilus assembly/chaperone integrity (Hultgren et al., 1991). It too may

function as a molecular chaperone, directly or indirectly establishing the correct assembly

of PapA subunits in the P-pilus. The separation of adhesive from fimbnial structural

determinants in the Pap system conceivably confers an advantage, in that it might be
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possible for the bacterium to evade an immune response by using fimbriae with an

alternative antigenic structure but the same binding specificity.

Studies on the transcriptional regulation of the Pap gene cluster have shown that

the polycistronic transcript initiating with papB and including the major subunit gene,

papA, and the monocistronic papl transcript are divergently oriented. Transcription of

borh occurs at 37oC but is turned off at 26"C. A posifue tans-regulatory effect of PapB

and PapI to the expression of the structural gene papA was also observed by Båga and

co-workers (Båga et a1.,1985; Uhlin et al.,l985b). The intergenic regions between the

two regulatory genes and the structural gene are necessary in cis-orientation for the

thermo-regulation of fimbrial production and they also play a role in the repressive effect

of trimethoprim on P fimb'riat expression (Vaisanen-Rhen ef ø/., 1988). In addition, a

putarive CRP (cAMP-receptor protein) binding site was detected in the intergenic

region. This implies an influence by catabolite repression on the transcription of. the pap

operon (Båga et a1.,1985; Göransson and Uhlin, 1984). Bâ,ga et a/. (1988) reported that

the differences in the expression of the genes papB, papA and papH, which are all part of

the same transcriptional unit, may result from different half-lives of the corresponding

6RNA molecules. Regulation of the expression of the pap genes also involves post-

transcriptional mechanisms. It has been shown that the papBlpapA transcript is subject to

specific endonucleolytic cleavage (Båga et a1.,1988). This possibility, together with the

presence of a terminator downstream of papA, may explain why the amount of PapA

protein produced is somewhat larger than those of PapB or PapH. Forsman et al. (1989)

have shown that PapB has a dual function as an activator/represser of pilus adhesin

transcription, and that its autoregulatory mode of action involves differential binding to

specific DNA sequences located at different positions upstreÍLm and within its gene and

promoter.

The fact that E. coli strains can contain multiple Pap-like (Forsman et al., 1989)

gene clusters raises the possibility that this mode of transcriptional control might be a
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means whereby more than one kind of frmbriae, differing in adherent properties, can be

differentially expressed.

Göransson et aI. (1988) showed that a plasmid containing the prs genes is able to

complement papl/papB double mutants and restore the production of functional Pap

frmbriae. Similar results were obtained with pap geîes derived from other isolates of

uropathogenic E. colí, and with gene clusters specifying the production of fimbriae that

adhere to sialic acid-containing receptors.

Phase variation refers to the reversible transition of bacteria bet'ween fimbriate

and non-fimbriate states (ñm+ e) fim'). Low et al. (1987) have found that

transcription of the papA gene in E. coli is subjected to control by a heritable phase

va¡iation mechanism in which alternation between nanscriptionally active (phase-on ) and

inactive (phase-off) states occur. Phase va¡iation is responsive to at least two

environmental signals: temperature and carbon source. Blyn er al. (1990) suggested that

phase switching occurs without DNA realrangement of pap DNA sequences,

distinguishing this system from those described for E. coli type I pili and Salmonella

flagellar phase variation. Anatysis of the regulatory region upstream of papA in DNAs

isolated from phase-on and phase-off cell populations showed that two deoxyadenosine

methylase (Dam) sites, GATCTOZS and GATC¡3g, were present. The presence of

unmethylated GATC sites in E. coli is unusual and has not been previously reported.

Blyn er al. (1989) suggest that the methylation states of GATC1628 and GATClt30 may

affect the regulati on of pap transcription. papA transcription was absent in dam- E. coli.

Using papB Ap-lac fusion experiments, White-Ziegler et al. (1990) identified a

locus that was involved in the thermo-regulation of Pap pilin uanscription and designated

it rcp (/hermo-regulatory control of pap). The tcp locus mapped to approxrmately 23.4

min on the E. coli K-12 chromosome. It appeared to be distinct from the recently

described E. colí homologue to the S. flexneri virR gene, which is located at about 27.5

min on the E. coli chromosome (Flromockyj and Maurelli, 1989). Thermo-regulation of
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Pap pili has been shown to occur at the level of ranscription (Göransson and Uhlin,

1984; Roosendaal et al., 1986). The control of expression is brought about by

temperature-dependent transcription of a regulatory cistron in the pilus adhesin gene

cluster. Göransson et al. (1990) identified and characterised a histone-like bacterial

protein that has an important role in the thermo-regulation of tanscription, and the locus

was denoted drü( (for derepressel e¿¡lression). T"he drü( locus was mapped in the

vicinity of the trp region at 27.5 min on the E. coli chromosome. T\e drü. gene is

identical ro a DNA-binding protein n E. coli called H-NS Galconi et al., 1988) and

negatively regulates two divergently oriented promoters. The intercistronic region

between papl and papB contains a divergent upstream activating sequence (UAS), which

mediates the enhancing effect of cyclic AMP and of PapB on transcription of both

promoters (Göransson et al., 1989).

1.6.2 Type I flrmbriae

The genetic organization of the type I pilus cluster is simila¡ to the pap opercî

(Clegg et aL, 1985a, 1985b; Gerlach et al., 1989; Klemm, et al.,l985b; Omdorff and

Falkow, 1984; Tennent et al., 1990b). Although fewer genes compose the type I gene

cluster, their functions are extremely simila¡ to corresponding genes in the pap operon,

suggesting that the biosynthesis of these supramolecula¡ structures is similar. Tt,e E. coli

type I fím gene cluster includes, in addition to the structural gene fimA, two regulatory

genes fimB and ÍímE, which directs the phase-dependent expression of the fimA gene

(Klemm, 1936). In addition to fimA and its regulators, frmC nd ÍimD have been

identified and are necessary for the Eansport and assembly of pili (Klemm et al., 1985b;

OrndortT and Falkow, 1984). FimC is thought to be a periplasmic protein (Klemm et al.,

1985b; Orndorff and Falkow, 1984) and possibly functions in the translocation and

assembly of the frmbrial proteins (Hultgren et a|.,1990) as suggested for PapD in the pap

operon (Flultgren et al 1989; Lindberg et a1.,1989; Norgren et a1.,1984). FimC is also

required for surface localization of the mannose-binding adhesin moiety even in the
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absence of the major FimA subunit (Flultgren et al., 1990). FimD resides in the outer

membrane and might serve the same function as PapC in the assembly (Klemm and

Christiansen, 1990). Three genes distal to the structural gene (fímA) have been identified,

and their corresponding gene products appeu to be minor components of the type I pilus

(Abraham et a1.,1987; Hanson and Brinton, 1988; Klemm and Christiansen, 1987). The

product of one of these genes, FimH, has been specifically implicated in mediating

D-mannose-specific binding (Abraham et aI., 1987,1988a, 1988b; Krogfelt et al., L990;

Maurer and Orndorff, 1985, 1987). The protein FimF may be comparable to PapH in the

Pap pili sysrem. The latter is located at the base of the pilus and is believed to be the last

pilus subunit incorporated into the pilus filament (Båga et al., 1987; Hultgren et al.,

1991; Klemm and Christiansen, 1987; Maurer and Orndorff' 1987)

E. coli possessing type I f,mbriae undergo phase variation due to the reversible

switching of transcription of the major fimbrial subunit gene, fimA @isenstein, 1981).

This involves the inversion of a 300-bp DNA segment harbouring the promoter for the

fimA gene (Abraham et al., 1985; Dorman and Higgins, 1987; Eisenstein, 1981).

Abraham et al. (1985) have shown that the mechanism underlying this switch involves

the inversion of a 314bp segment of DNA, which contains the ftmA promoter, so that

limA is uanscribed only in one orientation of this invertible region. The inversion is

controlled by two trans-acting regulatory genes, ÍímB and ftmE, which a¡e located

upsrream to ftmA (Klemm, 1986). The FimB protein switches the invertible fîmA

promoter to the'on'orientation (fímA expressed), whilst FimE promotes the adoption of

the'off orientation.InrhefimA promoter region, Dorman and Higgins (1987) found two

matches to the consensus sequence for IHF [ntegration Host Factor) binding, and they

showed that II{F indeed played a role in the ranscription of fimA. Probably, this host

protein may bind to the DNA and induce a conformatiqnal change necessary for the

recombinarion, mediated by FimB and FimE proteins. Pallesen et al. (1989) suggested

that the direction and frequency of switching is determined by the ratio and total



25

concentration of the two regulators. Possibly, once FimE has induced a change to the

'off position it is then itself repressed by interfering with transcription from the fimA

promoter, which in this configuration might produce an anti-sensefimE transcript.

It is not clea¡ whether in the type I system the fímA promoter is subjected to any

ranscriptional control other than the promoter inversion mechanism.ThefimE gene was

reported by Orndorff and Falkow (1984) to be a repressor of ftmA expression and not

involved in the metastable promoter inversion, whereas Klemm (1986) found it to have

some enhancing activity on fimA transcription.

1.6.3 F4 (K88) fimbriae

Four antigenically different fimbnial antigens, F4 (K88), F5 (K99), F6 (987P) and

F41 are important virulence factors of porcine ETEC (Gaastra and de Graaf, 1982;

Orskov and Orskov, 1983). The K88 antigen was the first frmbrial adhesin found to be

plasmid encoded (Orskov and Orskov, 1966). It enables the ETEC strains to colonise the

small intestine by specific adhesion to the mucosa.

So far, three subtypes of the F4 (K88) fimb,rial antigen, F4ab, F4ac and F4ad

(also designared as K88ab, K88ac and K88ad) have been described (Guinee and Jansen,

L979: Orskov et al., L964). These variants have very few differences in their amino acid

sequences (Gaastra et a1.,1979,1981, 1983; Mooi and De Graaf, 1979; Mooi et al.,

1984). The K88 antigen is composed of identical subunits with apparent molecula¡

weights ranging from 23,500 to 26,000 in different variants (Gaastra et a1.,1981; Mooi

and De Graaf, 1979). The organisation and expression of the genes involved in the

production of K88 antigen have been described (Mooi et al., 1981). The cloned DNA

fragment responsible for the biosynthesis of K88 fi,mbriae has been shown to contain six

genes designated faeC , faeD , faeï , faeF , faeG, and faeH (/ae stands for¿lmbrial ødhesin

sighty-eight; Mooi and De Graaf 1979; Mooi et a1.,1981; De Graaf, 1990). The major

subunit, encoded by faeG, itself is responsible for receptor binding (Jacobs et al., 1987a).

In addition to faeG, the gene cluster also codes for several minor components. FaeC, for
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instance, is present at the tip of K88 fimbriae (Oudega et al., 1989). At least two

additional proteins, encoded by faeE andfaeD, are required for translocation of fimbrial

subunits across the periplasm and the outer membrane (Mooi et al., 1982, 1983). The

nucleotide sequence of. the faeD gene has been determined and shown to encode a large

outer membrane protein of 82 kDa (Mooi et al., 1986; Van Doorn et al., 1982). It is

required for the translocation of fi.mbnial subunits across the outer membrane and for the

assembly of subunits into a multimeric structure. It also plays a role in anchoring the

fimbriae to the cell surface. The product of the faeE gene is located in the periplasm and

has a size of 27 kÐa (Van Doorn et a1.,1982; Mooi et al., 1982). Bakker et al. (1991)

have shown that FaeE functions as a chaperone-like protein. Its interactions with the

fimbnial subunit (FaeG) in the periplasm to stabilise the latter and prevent its degradation

by the cell-envelope protease. Furthermore, FaeE prevents the formation of FaeG

multimers which cannot be incorporated into the fimbriae. Bakker et al. (1992) showed

that several amino acid residues in FaeG were involved in the formation of the receptor

binding site. A clea¡ correlation was found between the receptor binding site and the

serotype-specific antigenic determinants.

Gaasrra and Pedersen (1985), Thlry et al. (1989) and Pedersen (1991) showed

that, unlike the conserved regions, the variable regions among the serological K88

va¡iants are not essential for their secretion and assembly. This was in agreement with

results in other fimbrial systems such as type I fimbriae (Hedegaard and Klemm, 1989),

and P-fimbriae (Van Die et al., 1989).

Mooi and De Graaf (1985) suggested that gene expression might be subjected to

regulation both at transcriptional and post-translational levels in K88 and K99 frmbrial

biogenesis. The ancillary fimbrial proteins (i.¿. the basal protein, assembly proteins and

minor subunits) are required at lower levels than the subunit itself. They suggested that

an appropriate ratio of fimbnial components might be maintained. De Graaf and

co-workers proposed that once ranscribed, the outer membrane proteins in both K88
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(faeD) and K99 (fanD) are probably translated in a temperature-dependent manner. The

initiation codons of these genes lie within regions of dyad syrnmetry, and might be

prevented from interacting with ribosomal RNA by the formation of a stem-loop

structure in the mRNA. This would provide a means of thermo-regulation of fimbrial

expression, since Eanslation could proceed efficiently only at temperatures high enough

to destabilise the mRNA hairpin. This result is also consistent with the observation that

K99 fimbnial production is repressed at temperatures below 30oC (De Graaf et aI.,

1930). If the availability of the urcillary fimbnial proteins is the limiting factor in the

formation of fimbriae, then the control of the concentration of these factors might be the

most sensitive level at which regulation of fimbnial biogenesis could be effected by the

cell. Unlike the type I piti, K88 does not appear to be subject to phase variation.

1.6.4 K99 flrmbriae

The K99 (F5) antigen ,was the second fimbrial adhesin discovered to be plasmid

encoded (Smith and Linggood, 1972). K99 is fibrilla¡ in nature and is often found on

non-invasive ETEC strains that cause neo-natal dia:rhoea in calves, lambs and piglets

(Gaastra and De Graaf, L982). The fimbriae are mainly composed of a protein subunit

(FanC; ¿lmbrial ødhesin ¿inety-nine) with a size of 16.5 kDa, and are implicated in the

binding of the bacteria to intestinal epithelial cells and some species of erythrocytes

(Gaastra and De Graaf, 1982). The amino acid sequence of the K99 subunit has been

deduced from the nucleotide sequence of its corresponding gene (Roosendaal et al.,

l9S4). A ganglioside glycolipid, identified as Neu5Gc-cr-

(2->3)-Galp-P-(l->4)-Glcp-þ(1->1)-Ceramide, functions as the K99 receptor on horse

erythrocytes (Smit et a1.,1984). This moiety has also been in the mucosal scrapings of

pig and calf small intestines (Teneberg et a1.,1990).

At least eight polypeptides are involved in the biosynthesis of K99 fibrillae. Two

polypeptides, FanA (11 kDa) and FanB (11.7 kDa), function in the regulation of

expression of the gene encoding the fibrilla¡ subunit, FanC, and of five other structural
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genes encoding FanD-H, respectively (Roosendaal et al., 1989). FanC is not only the

main componenr of the K99 fibdllae, but is also required for the interaction with the

glycolipid receptor. Jacobs et al. (1987b) showed that a lysine residue at position 132

and an arginine at position 136 in FanC a¡e essential for receptor binding, and probably

constitute a part of the binding domain. FanD (84.5 kDa) is an outer membrane protein

involved in export, assembly and/or anchorage of the fibrillar components (Roosendaal

and De Graaf, 1989; Oudega and De Graaf, 1988). FariE (23 kDa) is a periplasmic

protein which functions as ca¡rier protein in the transport of fibrilla¡ subuniS from the

cytoplasmic membrane to the outer membrane. It also protects FanC, FanF, FanG and

FanH against proteolytic degradation (Bakker et a1.,1991). FanG (16.5 kDa) and FanII

(16.7 kDa) are identified as fibrilla¡ subunit-like polypeptides and the genes encoding

these polypeptides have been sequenced (Roosendaal et a1.,1987). FanF (33.9 kDa) is a

minor component of K99 fibrillae, present at the tip and in, or along the shaft of, the

fibrillar structures. The amino acid sequence of FanF showed similarity with the K88ab

major subunit, FaeG. FanF is reported to have a role in initiation and elongation of K99

fibrillae formation. Experiments involving the purified receptor have shown that FanF is

not required for binding of K99 fibrillae to the ganglioside receptor (Simons et al.,

1990).

In the K99 frmbrial operon, immediately downstream of the major subunit gene

fanC, there is a sequence exhibiting dyad symmetry which probably acts as a

transcriptional termination signal. Since the next gene (fanD) starts very close to fanC, it

was proposed that/anD, together with other downstream genes, is co-transcribed with

the fanC terminator. Once transcribed, it is possibly translated in a

temperature-dependent manner. Although a similar genetic arrangement is present in

K88, the gene faeC, which is equivalent to fanC, encodes a minor subunit (Oudega

et aL, 1989). K99 does not appear to be subject to phase va¡iation. Environmental

factors known to influence K99 production include the level of aeration during growth,
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the presence of glucose, L-alanine and oAMP and temperature (Brinton, 1965; De Graaf

et aI.1980: Guinee et a1.,1977; Isaacson, 1980a; Isaacson and Richter, 1981).

L.7 Fimbrial biogenesis in Human ETEC

1.7.1 General aspects

Resea¡ch on the genetics of fi.mbriae production in human ETEC is not as

advanced as in other systems, such as the K88, type I and the P-hmbriae. The fimbriae in

human ETEC are heterogeneous, both morphologically and antigenically, but they share

some common characteristics. The genes encoding these fimbriae generally reside on

high molecular weight plasmids (Gaastra and De Graaf, 1982) which also often encode

toxin molecules. The fimbriae can generally mediate haemagglutination and thei¡

production is dependent on the growth medium and temperature.

Although there are differences in the organisation of the genetic elements

involved in fimbnial biogenesis, the data available for the human ETEC fimbriae reveal

features in common with the plasmid-encoded K88 and K99 (Mooi et a1.,1986) as well

as the chromosomally encoded f,mbriae such as type I and Pap flmbriae (Normark et al.,

1986; Van Die et a1.,1987). The operons generally consist of approximately eight genes.

Accessory proteins of similar molecula¡ weights to the gene products characterised for

the K88 and Pap fimbrial operons have been identified among the gene products of the

determinants for CFM, CS3 and CS5 fimbriae (Boylan et al.,1987; Cla¡k et a1.,1992;

Gaastra et a1.,1990; Heuzenroeder et al., 1989; Manning et a1.,1985; Savelkoul et al.,

1990; Willshaw et a1.,1985).

Genes, or gene products, associated with the expression of fi.mbriae on human

ETEC strains are summarised in Tables 1.2. Putative functions are assigned to these on

the basis of knowledge gained from the K88, K99 and Pap fimbrial systems (Table 1.2).

1.7.2 Colonization Factor Antigen I (CFA/I)

An ETEC fimbniat adhesin that confened specific adherence to human intestinal

epithelium was first reported by Evans et al. (1975) and was designated colonization
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factor antigen I. The CFM adhesin is encoded by non-conjugative plasmids of

52-65 MDa in size which often code for enterotoxins @vans et al., 1975). Unlike other

f,mbriat operons, the genetic information for the expression and assembly of CFA/I

fimb,riae is located in two regions, separated by about 40 kb (Smith et al., 1982). These

have been studied in detail and designated regions 1 and 2 (Smith et a1.,1982; Willshaw

et a1.,1983). Region 1 directs the synthesis of at least six polypeptides, of which one is

the major CFA/I subunit. Three other polypeptides appear to be synthesised as

precursors which undergo processing (Willshaw et aI., 1985). Region 2 encodes three

polypeptides, of which one is essential for the assembly of the fimbriae (Willshaw et al.,

1985; Gaastra et a1.,1990).

The structural gene for the fimbnial subunit, c/cB, has been isolated and

sequenced (Hamers et al., 1989; Karjalainen et aI., 1989). The protein has an apparent

size of 13.3 kDa for the mature protein and 15.6 kDa for the precursor. The deduced

polypeptide sequence is composed of 170 amino acids, of which the first 23 amino acids

a¡e considered to be the signal peptide. The CFM gene has a typical ribosome binding

site located 10 base pairs (bp) upstream from the initiation codon, and a putative

promoter at 48 bp upstream from the initiation codon. A pair of inverted repeats,

followed by a stretch of eight adenine residues, is located 45 bp downstream from the

termination codon of the CFM gene. This region may be a Rho-independent

ran scriptional terminator.

Upstream to cfaB is the gene cfaA, which encodes a protein of 24 kDa, while

downstream is the gene cfaC, probably encoding an 85 kDa protein. The region in front

of the cfaA gene contains a sequence homologous with the left terminal repeat of the IS2

insertion element (Ghosal et a|.,1979).

The nucleotide sequence of region 2 displays an open reading frame, designated

as cfaD by Savelkou| et al. (1990) and cfaR by Caron and Scott (1990), encoding a

protein of 265 amino acids. Its product has no signal sequence, and computer analysis
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suggests it to be a DNA-binding protein related to the AraC family of transcriptional

activators. It has been shown that cfaD enhances expression from the promoter of region

1. The gene, cfaR, is homologous to rns (for regulatio¿ of CSI a¡rd 2 antigens of

CFA/tr; Ca¡on et a1.,1989), a positive regulator of the region I of CFA/I genes (Ca¡on

and Scotr, 1990). Although cfaR, or cfaD, differs from rns at 28 positions, 14 of which

alter the amino acid sequence (Caron et al., 1989), they can functionally substitute for

one another (Savelkoul et a1.,1990).

Gaastra et aI. (1990) identified a DNA sequence, homologous to the cfaD gene

of CFM region 2, on CFM region 1. This putative gene is designated cÍaD'. It diffen

from the cfaD gene in containing two deletions and a stop codon. The cfaD' sequence

therefore can only encode a truncated CfaD-like protein. A regulatory function for cfaD'

is not likely since its deletion does not affect the production of CFA/I fimbriae n E. coli

K-12 strains. However, cfaD' is present on wild:type plasmids isolated from CFAÂ

strains of different serotypes, obtained at va¡ious geographical locations.This suggests

that it is not completely without a function.

The CFM pilin protein contains neither any cysteine residue nor substituted

amino sugars (Klemm, 1982). It contains a rather hydrophobic C-terminal region and it

has been proposed that this part of the molecule helps to maintain the integrity of the

fimbrial super-structure by taking part in interactions between subunits, like the K88

protein (Klemm, 1982). The amino acid sequence of CFM does not show zury homology

with the known sequences of other fimbriae. On the basis of primary structure, the

localisation of potential antigenic determinants of the CFM adhesin has been predicted

(Klemm and Mikkelsen, 1982). Pieroni et aI. (1988) identified a 26 kDa

sialoglycoprotein, as a receptor for the CFA/I pili in human erythrocyte membranes. The

specific binding components have been identif,red (Wenneras et al.,1990).

CFM does not appear to be subject to phase variation. Karjalainen et al. (1991)

indicated that the expression of CFM fimbriae ,was responsive to fluctuations in iron
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concentration and showed that the repressive effect of iron on fimbrial production may

be mediated by the fur gene product (far stands for /enic 4ptake ¿egulation) vi¿ the

promoter for cfaB.

1.7.3 Colonízation Factor Antigen II (CFA/II)

The second adhesive factor, CFA/tr, was originally described as a single fimbrial

antigen which caused MRHA of bovine erythrocytes @vans and Evans, 1978). It is now

realised that CFMI is composed of more than one antigenic component. Using putative

antiserum to CFAÂI, Smyth (1982) identified and described three components called coli

surface antigens CS1, CS2 and CS3. These antigens were associated with protein bands

of 16.3, 15.3 and 14.8 kDa, respectively, in SDS gel electrophoresis. Smyth found a

correlation benveen the presence of CS 1 and CS2 and the haemagglutination of bovine

erythrocytes. In contrast, CS3 showed no such activity. The three antigens described by

Smyth appeared to be identical to component l, 2 and 3 previously reported by Cravioto

et al' (1982)' 
ovre o{ tho conPneì5'

: - Nearly atl CFMI positive E. coli possess CS3, which probably conesponds tol

þhe original CFA/II defined by Evans and Evans (1978). Furthermore, a strong

correlation was found between CS fimbria and the presence of heat-labile and heat-stable

enterotoxins. The CS fimbrrial phenotype of an ETEC strain is dependent on the specific

serotype and biotype of the host bacterium, which are therefore useful phenorypic

ma¡kers of predictive value for fimbnial expression (Smyth, 1986). V/ith the exception of

one wild type ETEC of serotype Ol39:H28 (Scotland et al., 1985), only ETEC of

serotype 06: K15: H16 or H- belonging to biotype A (Scotland et al., 1977) produce

CSl, whereas biotypes B, C and F of the same serotype produce CS2 frmbriae. All

biotypes produce CS3.

Mobilisation of plasmids encoding CS-fimbriae from serotype O6:H15:K16 or H'

background to other 06 serotypes, to other O-serovars or to E. colí K-12 gives rise to

expression of only the CS3 fi.mbriae in these new hosts. In contrast, depending upon the
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biotype, rhe reverse mobilisation of plasmids from a CS3-only wild type background to

serotype 06: K15:H16 or H' strains lacking a CS frmb'riae-associated plasmid gives rise

to CS1 or CS2 fimbriae (Smyth, 1986). A K15 or H16 phenotype, in combination with

other O-serovars, does not allow expression of CSI or CS2 fimbriae in such E. coli

hosts. Twohig et al. (1988) indicated that expression of CSl or CS2 fi.mbriae probably

involves chromosomal determinans that are found only in strains of serotype

O6:K15:H16 or H'. All other natural ETEC hosts of such CS-fimbriae-associated

plasmids produce only CS3 fimbriae, irrespective of O-serovar or O: K: H serotype and

biotype. Smyth (1986) suggests that the expression of CSl and CS2 fimbriae requires

genetic information from the host chromosome as well as from the plasmid.

The morphological characteristics of CSI and CS2 were shown to be much like

those of the type I and CFM group. These antigens were visualised as stiff rod-like

frmbriae with diameters of 6-7nm (Levine et al., 1984; Mullany et aI., 1983; Smyth,

1982).In contrast, the CS3 antigen appeared to resemble the K88 and F41 antigens as

thin, flexible fibrilla¡ fimbriae, with diameters close to 2nm (Knutton et al., 1984; Iævine

et a1.,1984).

The specific binding components for the different sub-components of CFA/II

(CSl, CS2 and CS3) have been identified as glycoproteins (Wenneras et al., 1990).

Using immuno-thin layer chromatography, Oro et al. (1990) found that CFMI and is

three sub-components bound to a sialoganglioside GMl. Sjoberg et al. (1988) have

shown the binding specificity of CS2 fimbriae for sialic acids.

1.7.3.1 CSl and CS2

Molecula¡ cloning of plasmid-encoded genetic determinants for the expression of

CS1 and CS2 has been reported (Boylan et a1.,1988a; Willshaw et aI., 1988). Studies

with two similar non-conjugative plasmids of 59 MDa, both of which were capable of

producing CS1, CS2 and CS3, found that the expression of these fimbrial adhesins from

a given plasmid was dependent on the biotype of the host strain (Mullany et al., 1983).



34

More specifically, depending on the biotype of the cell, CSl and CS3 together, CS2 and

cs3 together or cs3 alone were produced' The cloning of cs llcsz fimbriat

determinzurts demonstrated that the expression of CS 1 and CS2 fimbriae parallelled the

host-related restriction of expression observed with the parental plasmids, in E. colí K-12

and serotype O6:K15:H16 or H- ETEC strains of different biotypes (Boylan and Smyth,

1985; Boylan et a1.,1988a; Willshaw et a1.,1988).

Boylan et at. (I988a) cloned the pili determinants from an ETEC strain, E90a,

and expressed CS1, or CS2 and CS3, fimbrial adhesins in appropriate E. coli hosts. To

cha¡acterise this further, a chimaeric plasmid called pCS200, which mediated the

expression of CS1 or CS2, but not of CS3, fimbrial antigens in appropriate host sEains

was obtained. As previously observed with E. coli K-12, recipients of CS-fimbriae-

associated plasmids mobilised from wild-type ETEC, the E. coli K-I2 recipients of the

pCS200 did not express the CSI or CS2 fimbrial antigen. An oligonucleotide probe,

synthesised on the basis of the published N-terminal amino acid sequence of the CS2

fimbriat subunit (I{emm et a1.,1985a), hybridised to plasmid pCS200, implying that the

gene for the structural subunit resided on this plasmid. However, subsequent studies with

pCS200 (Caron et al., 1989) have found that this is not the case. There was just

unfortunate homology of the redundant oligonucleotide sequence to one of the

plasmid-encoded genes, called rns (¿egulatio¿ of CSl and 2) and required for the

expression of CSl and CS2. This gene encodes a regulatory protein that may act

positively on the structural genes for these pili.

Production of CS I by E. colj strain 824377, of serotype O139:H28, is controlled

by a plasmid that encodes heat-stable and heat-labile enterotoxins as well as CS3.

Willshaw et aI. (I990a) have shown the presence, on this plasmid, of a sequence that

regulates the expression of CFA/I fimbriae and is at least 967o homologous to the rru

gene. A separate plasmid, encoding the structural genes for CS 1 synthesis, was identified

and transformed into the E. coli srrain H8101 or a derivative of strain 824377 not
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carying any large plasmid. These transformants did not produce CS I fimbrial antigen,

but its expression was obtained when a cloned cfaD gene, or a wild-type plasmid

carrying the rrs gene, was inuoduced into the cell (Caron and Scott, 1990; see section

1.7.3.2). Transposon mutagenesis identified a 3.7 kb region which was essential for the

production of CS1 fimbriae. Subsequently, all genes essential for the production of CS1

fimbriae were cloned on a 9.9 kb BamHI fragment and expressed in the presence of

cÍaD.

The gene which encodes the major CSl subuni¡., cooA (forc¿li surface antigen

¿ne), has been cloned from a plasmid different from the one encoding its regulator, the

rns gene (Perez-casal et a1.,1990). The molecula¡ mass calculated for the CooA protein

is 15.2 kDa, in close agreement with the size observed on SDS-PAGE (16 kDa). The

predicted amino acid content is consistent with that obtained by Hall ¿r ¿/. (1989) from

the analysis of CSI protein, but differs from that obtained by Smyth (1982). This

difference probably reflects the different strains used. The analysis of the fust gene in the

coo locus, cooB, showed that its product, with an apparent molecula¡ mass of 26 kDa,

was required for assembly but not transport of the major pilin subunit, CooA (Scott er

al., 1992). There appear to be several simila¡ities between the organisation of the genes

involved in the expression of CFM and CS 1, which suggest an evolutionary relationship

between the operons involved. At the protein level, there is 92Vo simtlartry 657o identity)

between CooA and CfaB, the major subunit of CFA/I pilin.

The CS2 fimbriae, with a subunit size of 17 kDa (Klemm et al., 1985a; Table

1.1), preferentially agglutinate bovine erythrocytes (Faris et al., Ig82). The N-terminal

amino acid sequence of CS2 is given in Table 1.4. This protein does not contain any

cysteine residues (Klemm et al., 1985a; Sjoberg et al., 1988). Honda et al. (1989)

reported that CS2-possessing ETEC were predominant among isolates of Eavellers'

diarrhoea in Osaka, Japan. The pili from one clinical strain (TH61) were purified to

homogeneity and found to be CS2 pili, with a subunit molecula¡ weight of about 16,000.
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1.7.3.2 Rns protein

The plasmid-encoded regulatory gene called rns is required for the expression of

CSl or CS2 colonization factor antigens. The CFMI rns gene produces a 26 trÐa

protein with a pI of 10.1. The Rns protein shows significant amino acid sequence

homology to the carboxy-terminal ends of the AraC, RhaR and RhaS proteins of E. coli

and to the VirF proteins of both Yersinia enterocolitíca and Shígella flexneri. AraC is

the regulatory protein of the arabinose operon n E. coli (Ca¡on et al., 1989). In

Y. enterocolítica VirF controls the virulence regulon associated with calcium

dependency, secretion of outer-membrane proteins and pathogenicity (Cornelis et al.,

1989), whereas n S.flexneri VirF controls the expression of genes required for initial

invasion of epithelial cells and for subsequent cell to cell spread (Sakai et al., 1986,

1987).

The amino acid sequence homology between the Rns and AraC proteins includes

the DNA-binding domain of the latter (aa L95-213; Caron et al., 1989). In addition, the

VirF proteins of Y. enterocolítíca and S. flexneri have been shown to be nanscriptional

activators (Cornelis et al., 1989; Sakaí et al., 1988) and, at least in Y. enterocolitica,

VirF has been shown to regulate gene expression via DNA-binding (Comelis et al.,

1989).

The average G+C content of. E. coli DNA is 507o, yet the rr¡J gene contains only

28Vo G+C, implying that it has been acquired from some other organism. Rns is 927o

identical to the regulatory protein in the CFA/I system, CfaR or CfaD (Ca¡on and Scott,

1990) and, like n s, the G+C content of cfaR is28%o. The rns gene also uses rare codons

such as AGA/G for arginine, AUA for isoleucine and GGA/G for glycine (Ca¡on et al.,

1989). Ra¡e codons aro generally used in genes which are not highly expressed,

consistent with the proposed function of Rns as a regulatory protein. Different r/¿i genes

rnay be involved in the expression of CS I and CS2 frmbriae. Boylan cloned one such

gene in a plasmid (pCS300) which mediated the expression of CS2, but not of CSl,

fimbriae (Smyth, personal comunication). The insert DNA in plasmid pCS200, from
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which Ca¡on et al. (1989) identified rrß, differs in structure from the insert in plasmid

pCS300.

The plasmid pEU2030 allowed the expression of CSl or CS2 ñmbrial antigens

with subunit molecular weights corresponding to those reported for native CS 1 and CS2

fimbriae (Table 1.2). Moreover, it produced MRHA of bovine erythocytes. This can be

interpreted to mean that it encoded the genes for the structural subunits of CS I and CS2

f,rmbriae. The genes for accessory proteins required for the biogenesis must be

chromosomally encoded. This explanation is consistent with the model for CS 1 and CS2

fimbrial expression, proposed by Smyth (1986), to explain the host restricted nature of

CSl and CS2 fimbrial expression. The ch¡omosomal location of the pilin genes explains

the serotype-restricted production of CSI and CS2 in the presence of the plasmid

regulatory gene. The nucleotide sequence analysis by Caron et al. (1989), using the

plasmid pEU2030, also provides an explanation for the DNA hybridisation data of

Boylan et al. (1988a). The sequence demonsuates that the homology to the putative pilin

gene probe was present upstream of the ATG start codon of the rns gene.

r.7.3.3 CS3

Compared to the other colonization factor antigens described above, relatively

little is known about CS3. A family of recombinant plasmids encoding the genes for its

synthesis has been cloned by Manning et al. (1985) from the wild type ETEC strain,

P8176 (06: Hl6 biotype A), the original CFA/Il-expressing strain of Evans and Evans

(1978). One of these plasmids, pPM474, ca¡ried a 4.7 kb DNA fragment and was used

for further studies. A minimum coding region of at least 3.75 kb DNA was needed for

the expression of CS3 fimbriae. Protein analysis identifred seven polypeptides of 97,94,

58,46.5, 27,18 and 16.6kDa in sizes. Boylan et al. (1987) showed that the 15kDa

polypeptide was the structural subunit of CS3 fimbriae, and confirmed that the 17 kDa

polypeptide was its precursor form. Since the total nucleotide sequence required to

encode all these proteins exceeds 4.7 kb DNA, an overlapping arrangement of genes has
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been implicated.

Boylan et al. (1987) have independently cloned a 5.1 kb HíndIII DNA fragment

from the wild-type plasmid (originally mobilised from the ETEC strain E90a of 06: H16:

K15) which encodes the genetic determinans for CS3 synthesis in this strain. Subcloning

and TnS insertion mutagenesis of this CS3-expressing plasmid, pCS100, revealed that

more than one cistron was involved in its expression. Polypeptides of 94, 26,24, 17 and

15 kDa were detected in E. coli minicells.

The restriction maps of the plasmids, pPM474 and pCS100, appear to differ

slightly (Manning et a1.,1985). This probably reflects the strain differences. The plasmids

encoding CS3-fimbriae in PB176 and E90a are 60 and 5l MDa, respectively (Boylan and

Smyth, 1985; Penaranda et a1.,1983), which further supports the assumption that srain

va¡iations do occur. As mentioned ea¡lier, the plasmids associated with the production of

CS I and CS2 fimbriae have also been shown to be heterogeneous (Boylan and Smyth,

1985; Echeverria et a1.,1986; Mullany et al., t983; Penaranda et a1.,1983; Smith et al.,

1983).

While the work for this thesis was in progress, Boylan et al. (I988b) sequenced a

6L2 bp DNA fragment containing the gene for the major fimbrial subunit of CS3. A

single open reading frame of 168 amino acids, with a calculated molecula¡ mass of 18.4

kDa, was encoded by the sequence. A possible promoter region and a putative ribosome

binding site were identified upstream of this open reading frame. A potential signal

peptide cleavage site was identif,red between amino acid residues 21 and 2Z(Ala-Ala).

This yields a processed subunit of 16 kDa which is slightly higher than the apparent size

determined by SDS polyacrylamide gel electrophoresis (Table 1.1).

Willshaw et al. (1988) sub-cloned the plasmid DNA responsible for CS3

production in strain 85470 (serotype 06: H16, biotype C). They too found that a 5.4 kb

fragment was all that was required for CS3 expression. The restriction map of this

fragment showed similarity to that of pCS 100 described earlier.
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In summary, molecula¡ cloning of the genetic determinants of CS3 fimbriae has

been achieved independently by three groups (Manning et a1.,1985; Boylan et al.,1987;

Willshaw et a1.,1988). The cloned fragments carry a cluster of genes encoding a number

of proteins necessary for the fimbrial biogenesis (Manning et al., 1985; Boylan et al.,

1987). Regions associated with expression of specific gene products have been defined

by deletion or transposon mutagenesis, coupled with analyses of proteins in minicell

translations. All these analyses implied the presence of overlapping genes.

1.7.4 Colonization Factor Antigen III (CFA/III)

Honda et al. (1984) found a putative new colonization factor antigen of human

ETEC and named it CFAIII. Da¡feuille et al. (1983) also independently reported a

CFA/III but Manning et al. (1985) suggested that the fimbriae described by these authors

was in fact CFM. Under the electron microscope, CFAÂII appear as rod-like fimbriae

with a diameter of 6-8 nm (Honda et al., 1984). Human ETEC colonization factors a¡e

restricted to a limited number of serogroups. The prototype CFA/III strain of Honda ¿r

al. (1984), which also produces CS6 (McConnell et al., 1988), belongs to the serogroup

025:H'.

1.7.4 Colonization Factor Antigen IV (CFA/IV)

A putative colonization factor, designated 88775, has been described for ETEC

strains of serogroups O25, O115 and O167 (Thomas et al., 1982) and was later renamed

as putative colonization factor, PCF8775 (Thomas et al., 1985). PCF8775 is analogous

to CFA/II in that it is a complex composed of three antigens designated as CS4, CS5 and

CS6. Later, McConnell et al. (1988) changed the name PCF8775 to Colonization Factor

Antigen IV (CFMV) to conform with the nomenclature used for the other conhrmed

human colonization factors. Fimbrial antigens, CS4 and CS5, a¡e rigid fimbriae with a

diameter of about 6-7nm which promote MRHA of human and bovine erythrocytes. Two

variants of the CS6 polypeptide, having sizes of 14.5 and 16.0 kDa, respectively, have

been identified (McConnell et al., 1988; V/olf et al., 1989). These were thought to
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represent two types of fimbriae, which differ in subunit sizes. CS6 is apparently non-

fimbrial in nature, but the polypeptides might be assembled to form a polymeric structure

as in the antigen 2230 @arfeuille ¿t al.,1986). The DNA encoding CS6 has been cloned

from a plasmid (Willshaw et a1.,1988). However, the structure of the third antigen, CS6

(Thomas et a1.,1985), remains uncertain; CS6 does not promote MRHA.

The fimbnial antigens of the CFAÆV complex (CS4, CS5 and CS6) are

plasmid-encoded. The molecular characterisation of a new fimbrial type isolated from

ETEC, belonging to the 0115:H40 and 0115:H- serotypes, was designated as CFA/V by

Manning et al. (1986). This was later identified as the previously reported CS5 of

PCF8775 (Heuzenroeder et al., 1989). The sizes of CS4 and CS5 polypeptides are about

22.0 kÐa and 23.0 kDa, respectively (Heuzenroeder et al., 1989; V/olf et al., 1989).

The N-terminal amino acid sequence of CS4 (Wolf et a1.,1989) was determined

and found to be similar to that of CFA/I (Klemm, 1982) and CS2 (Klemm et al., 1985a;

Table 1.4). The N-terminal sequence of CS5 has shown it to be distinct from other

Irmbriae, although there is some conservation of residues (Heuzenroeder et al., 1989).

The genes determining the biosynthesis of CS5 fimbriae have been cloned and sequenced

(Clark et al.,1992: Heuzen¡oeder et al., 1989). The fimbriae expressed from the cloned

DNA appeared to differ morphologically from the CS5 fimbriae described by Thomas et

al. (1985) in being wiry and 3nm in diameter, instead of rigid fimbriae of 6-7 nm in

diameter. The wild type strains examined by Heuzenroeder et al. (1989) exhibited rigid

rod-shaped fimbriae as well, possibly type I hmbriae, which did not react with antibodies

directed against the23 kDa CS5 fimbrial subunit protein.

Willshaw et al. (1990b) showed that two ETEC strains of serotype O25:H42,

that produced CS4 and CS6, hybridised with a probe from the cfaD gene, which

regulates expression of CFA/I. Transformation of a cloned cfaD gene, into derivatives of

the strains that were negative for CS4 and CS6, resulted in expression of CS4 but not of

CS6. By hybridisation, the sequence that regulated CS4 production in the wild type O25
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stmins was located on a plasmid that also encoded the CS6 antigen. The structural genes

for the CS4 antigen were on a separate plasmid. The O25 strains ca¡ried a thi¡d plasmid

encoding the genes for enterotoxin production, which were therefore not linked to the

regulatory genes or genes encoding CS antigens. Willshaw et aI. (1991) cloned the

regulatory genes from CS5 fimbniae-producing strains of E. coli of O- serogroup 0115

and O167:H5. The latter (O167 regulator) encodes a product sufficiently similar to those

of cfaD, rr¡J or CS4 regulator genes and promotes expression of CFA/I, CS1, CS2 and

CS4 antigens. However, complete functional homology is lacking, as fimbriae are not

always produced. Nucleotide sequence determination of this gene showed homology to

claD (DeHaan et al.,l99l).

"The attachment pili" (Deneke et al., 1981), of E. coli strain 334A of serotype

O15: H11, consist of subunits simila¡ in size to CS5 subunits (21.5kDa). The intact

fimbriae of strain 334^ have shown to be aritigenically distinct from the other known

colonization factors and have been designated CS7 (Flibberd et al., 1990). Western

immunoblotting revealed that the subunits of 3344 and CS5 fimbriae shared common

epitopes. Expression of 3344 was controlled by a plasmid which also coded for

enterotoxin production.

Thomas et al. (L985) noted the presence of curly, wiry fimbriae on some srains

of CS6+ bacteria. Such curly fimbriae have also been described on ETEC of serotype

0148: H28 (Knuttoî et aI.,1987), a serovar known to produce CS6 antigen. These wiry

fimbriae look mo¡phologically simila¡ to fimbriae recently described by Olsen er c/.

(1989), termed curli, as being fibronectin-binding fimbriae on E. coli strains associated

with bovine mastitis. Curli are thin, wiry fibres with diameter of approximately 2nm and a

size of 17 kDa. This differs from the known pilin protein and is synthesised in the

absence of a cleavable signal peptide. The gene for the structural subunit, crl, is present

and transcribed in most nanlral isolates of E. coli, but only certain strains a¡e able to

assemble the subunit protein into Curli pili. The assembly process occurs preferentially at
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$owth temperatures below 37"C.

Oro et al. (1990) examined the binding of colonization factor antigens of ETEC

to gangliosides and asialo-gangliosides by using immuno-thin layer chromatography and

found that the sub-component, CS4, of the CFMV complex bound to asialo ganglioside

GMl.

t.7.6 PCFO9

The genes determining the biosynthesis of a new putative colonization factor,

designated PCFO9, have been cloned from an ETEC strain of serotype 09: H-

(Heuzenroeder et al., t990). A synthetic oligonucleotide probe, based on N-terminal

amino acid sequence, has been used to dehne the region encoding the structural gene for

the major pilin subunit (27 kDa). All the genes necessary for the biosynthesis of PCFO9

have been identified and sequenced (Clark, C.4., personal communication). The genetic

organization and amino acid sequences of the products show a higher degree of

homology to the porcine ETEC, K88.

1.7.7 Other human ETEC

Knutton et al. (1987) studied CFA in strains lacking MRHA properties and

examined the ability of human ETEC strains to adhere to human proximal small intestinal

mucosa. ETEC strain, B7A (O148:H28), was selected for study because it belonged to

an epidemiologically important serotype and did not produce a known CFA. However, it

is known to be pathogenic and has been shown to cause diarrhoeal disease in human

volunteers. The results of a human enterocyte adhesion assay indicated that some

bacteria in cultures of B7A produced a new flmbrial structure that was morphologically

distinct from CFM, CFMI and PCF8775 (CFA/IV) fimbriae. It consisted of curly f,rbrils

of approximately 3 nm in diameter, which were readily identified when bacteria were

subcultured from the mucosa and examined by electron microscopy. Identical hmbriae

were produced by the ETEC strain 1782-77, of the same serotype. Identif,rcation of these

f,rmbriae on only the bacteria subcultured from human intestinal mucosa strongly suggests
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that they promote mucosal adhesion of ETEC serotype O148:H28 and thus represent a

potentially new human CFA.

Tacket et al. (1987) found distinct plasmid-encoded fimbriae composed of

19 kDa protein subunits associated with the ETEC serotype O159:H4. This putative

colonization factor of O159:H4 joins other ETEC fimbriae as potentially useful

immunogens against human dia¡rhoea.

McConnell et al. (1989) described an ETEC strain of serogroup 0166 which

gave MRHA with bovine and human erythrocytes and found that it produced fimbriae of

about 7 nm in diameter. Two possible fimbnial polypeptides, of molecula¡ masses of 15.5

and 17.0 kDa, were seen on SDS-PAGE. The term putative colonization factor O166

(PCFO166) is proposed to describe the adhesive factor(s) on ETEC of serogroup O166

because of the similarity of properties with those of known colonization factors.

McConnell et al. (1990) showed that an ETEC strain of serotype OLL :IÐ|,

which produced only heat-labile enterotoxin gave MRHA with bovine erythrocytes. One

strain, 820738A, was shown to possess fimbriae of approximately 7.5 nm in diameter.

Two possible fimbrial polypeptides, of molecula¡ masses 17.5 and 15.5 kDa, were seen

on SDS-PAGE. The 17.5 kDa band was the more prominent. The term CS17 has been

used to describe this fimbria.

Aubel et al. (I99I) identified a new adhesive factor, designated as Antigen 8786,

which was isolated from the ETEC strain 8786 of serotype 0117: H4. The coding region

of antigen 8786 was located on a 70 MDa plasmid and has a molecula¡ mass of 16.3

kDa. Antigen 8786 lacks Cys residues. The amino-terminal sequence showed no

homology with those of other ETEC adhesive factors.

1.8 Aims of this thesis

In recent years, considerable effort has been made to identify and characterise

hmbriae present on human ETEC strains, and to clone the genes involved in fimbrrial

biogenesis. Novel control mechanisms for expression of fimbriae have been revealed.
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Much is still required to be done to reveal and understand the precise nature of the

control mechanisms and the number of accessory proteins involved in the biogenesis of

fi.mbriae on human ETEC.

The purpose of the work undertaken in this thesis was to expand the basic

knowledge of the molecula¡ organization and conduct a functional analysis of the various

genes involved in the biogenesis of CS3 pili. This work is based on that reported by

Manning et al. (1985), who have cloned and cha¡acterized plasmids encoding the DNA

required for biogenesis of CS3 pili in E. coliK-Lz. The specific aims of this thesis are:

. To identify and sequence the minimal region encoding all genes

necessary for CS3 biosynthesis in E. coliK-12.

. To identify the genes by sequence analysis, followed by experimental

verification of the predictions.

o To analyze the transcription pattern of the genes contained within this

region and identify the number and sizes of transcripts present in the CS3

operon.

o fo investigate the possible roles of the various gene products and

develop a model for CS3 biosynthesis.
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2.1 Bacterial strains

Bacterial strains used in this thesis a¡e listed in Table.2.1.

2.2 Bacteriophage strains

M13mp18 and M13mp19 (Messing and Vieira, 1982) were used for cloning the

DNA fragments for sequencing and oligomutagenesis'

2.3 Plasmids

Relevant features of the plasmid clones and vectors used in this study are listed in

Table2.2.
2.4 Media and Buffers

All media and buffers were prepared with Mitti Q water and sterilised by

autoclaving. Stock solutions of amino acids and antibiotics were added from sterile

solutions after the media had been autoclaved and cooled to 45oC.

Composition of media and buffers that follow is given in grams per litre of

various components.
2.4.I CFA broth

Casamino acids 10 g

Bacto yeast extract 1.5 g

MgSOa.3H2O 0.05 g

MruCI2.4H2O 0.005 g

Water to 1000 ml
2.4.2 L Broth

Sodium chloride 10 g

Bacto tryptone 10 g

Yeast extract 5 g

Water to 1000 ml

The pH was adjusted to 7.0 before autoclaving.



Table 2.1

Bacterial Strains

Strain Genotype/PhenotYPe Source/Ref.

c600

DS41O

JM1O1

JM109

R594

TG1

CB806

SMlO

PC2251,

PC225I

P8176

F- thr-I leuB6 tonA2l lacYl

supE44 thi-l rfbDl

F miù minB sup E rspL

F' ltraD36 lacle L(acZ)Mls proABlMlí

sup0 thi-L L(lac-proAB)

F ltraD36 lacla L(lacZ)ìv{IS proABl

recAl endAl gyrA96 (NalR) thi hsdRl7

(r*-m*+)sup 844 relAL L(lac'proAB )

W3350 F- lac3350 galK2 galT22

rpsLlT9 Su-

F ltraD36 lacJq L\acZ)MlS proABl

(lac pro) supE thi hsdDS

F- L(lacZ) galK rps4

thi recA5ï phoAS

RP4-2-Tc;:Mu thi thr leu supE

E. coli C minA minB supE

E. coli C minA minB Su-

E13734178 E. coli O6:H16

ST+ LT+ CFA/II+ PB176

E13735178 E. coli O6:Hl6 ST- LT-

CFAÆ-

Bachman (1987)

Dougan and

Sherratt (1977)

Yanish-Perron

et al. (1985)

Yanish-Perron

et al. (1985)

Bachman (1987)

Amersham

Schneider and

Beck (1986)

Simon et al. (1983)

J. B. Egan

J. B. Egan

B. Rowe

PB176p-

B. Rowe



Table 2.2

Vectors and Plasmid Clones

Plasmid Characteristic Reference

pBR322

CDMS

pMac 5-8

pCB182

pCB192

pSUP202

pPM744

pPM788

pPM40?"4

pPM4025

pPMl351

pPM1352

pPM1353

pPM4017

pPM791

pPM4026

pP}l{ 4027

M13mp18

M13mp19

Ap, Tc

supF gene

bla *n
Ap; promoter-detection vector

Ap; promoter-detection vector

Ap; Cm; mobilizable vector

p SUP202+ H i ndIll fragment

PsrI mutant

UAG3523 mutant

S¿cI mutant

NcoI mutant

Bgltr deletion mutant

EcaRI mutant

Apaldeletion mutant

UAG3573 mutant

pMac 5-8 + HindtII fragment

CDM8 + KR carrridge

Ml3 vector

M13 vector

Bolivar et al. (1977)

Seed (1987)

S tanssens (unpublished)

Schneider and Beck (1986).

Schneider and Beck (1986).

Simon et a1.,1983

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

This Thesis

Messing and Vieira (1982)

Messing and Vieira (1982)
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2.4.3 Nutrient Broth

Nutrient Broth (Difco)

Sodium Chloride

'Water

16g

5o

to 1000 ml

2.4.4 2xYTBroth

Sodium chloride 5 g

Bacto tyrPtone@ifco) 16 g

Yeast extract (Difco) 10 g

Water to 1000 ml.

The pH was adjusted to 7.0 before autoclaving.

2.4.5 M13 minimal medium

K2HPOa 10.5 g

KH2PO4 4.5 g

(NH4)2SO4 1.0 g

Sodium citrate 0.5 g

Water to 1000 ml

Added the following after autoclaving and cooling to 45oC:

2}VoMgSO4 I ml(autoclaved)

207o glucose 10 nù (filter sterilised)

l%o thiamine HCI 0.5 rnl (filter sterilised)

2.4.6 TFB I (Transformation Broth I)

30mM KOAc

l00mlvl RbCl

10mM CaCl2

50mM MnCl2

5Vo (vlv) GlYcerol

The pH was adjusted to 5.8 with 0.2M acetic acid, and sterilised by hltration
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2.4.7 TFB TI

10mM MOPS

75mM CaCI2

10mM RbCl,

l57o Glycerol

The pH was adjusted to 6.5 with 1 M KOH, and sterilised by filtration.

2.4.7 .L Transformation component #a

Bacto yeast extract 5.0 g

Bacto Tryptone 20.0 g

Bacto Agar 14.0 g

MgSOa 5.0g

Adjusted the pffto 7.6 with 5M KOH and sterilised by hltration.

2.4.7 .2 Transformation component #b

Transformation components #b is same as transformation component #a without

agar.

2.4.8 CFA agar plates

CFA broth + 2,07o bacto agar.

2.4.9 M13 minimal plates

The M13 minimal plates were prepared with M13 minimal medium

containing t.57o Bacto agar.

2.4.10 Nutrient Agar plates

Lab-Lemco powder (Oxoid) 10 g

Peptone 10 g

Agar (Media Makers) 15 g

Sodium chloride 5 g

Water to 1000 ml
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NA plates containing antibiotics were prepared either by adding the appropriate

antibiotics from sterile stock solutions to the medium before pouring the plates or by

spreading the antibiotics on plates just before use. The final concentrations of the

antibiotics were: ampicillin (Ap) - 50 Fdrnl; chloramphenicol (Cm) - 30 Fdrnl;

tetracycline (Tc) - 16 pglrnl.

Incubations were at37"C unless otherwise specified. Nomrally the liquid cultures

\ilere grown in 20 ml McCartney bottles.

2.4.LI McConkey agar plates

McConkey agar base @ifco) 40g

water to 950m1

Filter-sterilised solutions of 207o galactose or lactose, as the case may be, was added

after autoclaving and cooling to 45oC.

2.4.12 YT Soft agar

Yeast extract 5 g

Bacto Tyrptone 8 g

Sodium chloride 5 g

Bacto agar 7 g

Water to 1000m1

The pH was adjusted to 7.0 before autoclaving.

2.5 Buffers

Tris buffers were made from Tris and the pH was adjusted with HCl.

2.5.L 10 x TM

Tris-HCl pH 8.0 0.1M

MgCl2 0.1M

2.5.2 10 x TE

Tris-HCl pH 8.0 0.1 M

EDTA 1.0 mM
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2.5.3 10 x TAE

Contained 0.89 M Tris-acetate and 10 mM EDTA, pH 8.2, and was prepared by

dissolving at room temperature,

Trizma base 48.2 g

Sodium acetate 16.4 g

EDTA 3.36 g

V/ater to foOO mt

The pH was adjusted to 8.2 with glacial acetic acid and used without

autoclaving.

2.5.4 10 x TBE

The 10 x TBE Contained 0.89 M Tris-borate and 10 mM EDTA, and was

prepared by dissolving at room temperaturê,

Trizma base 108.0 g

Boric acid 55.0 g

EDTA 9.3 e

Water to 1000 ml

The pH was adjusted to 8.3 before autoclaving.

2.5.5 TBS for Western blotting

Tris-HCl pIJ7.4 20 mM

NaCl 0.97o (w/v)
2.5.6 TTBS for Western blotting

Tween 20 0.057o (vlv)

Tris-HCl pH7.4 20 mM

NaCl 0.9Vo (wlv)
2.5.7 Transfer buffer for Western blotting

Trizma base 10.59 g

Glycine 50.45 g

Methanol 175 ml

Water to 3.5 litres
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2.s.8 10 X PBS

NaCl

KCI

Na2HPOa

KH2POa

Water

8og

1o

11.5 g

)a

to 1000 ml

2.5.9 TMACI solution

Tetra methyl ammonium chloride

1 M Tris pH 8.0

O.lM EDTA

107o SDS

Water

for 200 rnls

65.7 69

10rrù

4ml

zml

to 200 ml

2.6 Chemicals

Acrylamide and mixed bed resin were from Bio-RAD. Bis (N,N'-nrethylene-bis-

acrylamide), low melting point agarose and ultra pure urea were from Bethesda Research

Laboratories (BRL). Sea plaque (Seakem) agarose for routine agarose gel

elecrophoresis was purchased from Sigma. Bacto yeast extract, tryptone, McConkey

agar base and bacto agar were from Difco. Agar from Media Makers, South Australia,

was used in the routine preparation of L plates. Adenosine-5'-triphosphate (ATP),

herring sperm DNA, dithiothreitol (DTT), sodium dodecyl sulphate (SDS), N,N,N',N'-

teramerhylenediamine (TEMED), ampicillin and chloramphenicol were from Sigma.

Ammonium persulphate (APS) was from May and Baker.

BCIG (5-bromo-4-chloro-3-inaol tyt-f -pJ-Galactopyranoside), iso-propyl

B-D-thiogalactopyranosiaf {nfC), Trizma base, deoxy-ribonucleotide triphosphates

(dATP, dCTP, dGTP and dTTP) and the dideoxy-ribonucleotide triphosphates (ddATP,

ddCTP, ddGTP and ddTTP) were from Boehringer-Mannheim. Molecular biology grade
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caesium chloride was from Bethesda Research Laboratories (BRL), whereas the technical

grade caesium chloride was from BDH.

Ethylene-diamine-tetra-acetic-acid (EDTA) was from Aj ax Chemicals.

Phenol was from BDH and was re-distilled before use.

Polyethylene glycol-6000 (PEG), also purchased from BDH, was used for

preparing M13 single stranded phage for sequencing.

The sequencing primer (17mer; 5'-GTAAAACGACGGCCAGT-3') was obtained

from BRESATEC (Adelaide). The -35 sequencing primer was obtained from New

England Biolabs.

All other chemicals were routinely obtained from Sigma Chemical Co., BDH

Chemicals Ltd, Ajax Chemicals and May and Baker Ltd., and were of either anllytical

grade or of the highest available purity.

2.7 Enzymes

Resrriction endonucleases rwere routinely purchased from New England Biolabs,

Boehringer-Mannheim, Pharmacia or Amersham.

DNase I, RNAse-A and lysozyme were obtained from Sigma. Stock solutions of

RNAse-A (10 mg/nìl) were heated to 80oC to inactivate any contaminating DNAses.

Bovine Serum Albumin (BSA, enzyme grade) was obtained from BRESATEC

(Adelaide). Solutions of BSA at2mglmlwere prepffed in water and stored at -20"C .

Other enzymes were purchased from the following suppliers: New Engllnd

Biolabs (T4 DNA ligase), Amersham (T4 DNA polymerase), Boehringer-Mannheim

(Klenow and Calf intestinal alkaline phosphatase) and IUB (Sequenase TS).

2.8 Radionucleotides

cr-[32P]-dCTP ar a specif,rc acrivity of 1,700 CiimMole and y-¡32pl-dATP

(2399Cilmmol) were obtained from BRESATEC (Adelaide). [35S]-ivtettrionine ( 1,270

CVmMole) and [3551-¿ATP (>1000 CVmMole) were purchased from Amershanr. Il]Cl-

galactose # CFA 435 was purchased from Amersham.
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2.9 Miscellaneous materials

Kodak X-ray film was used for autoradiography. Polaroid hlrn No. 667 from

Pola¡oid Film Co. was used for taking photographs of agarose gels. Dialysis tubing was

from Union Carbide. Ordinary filter papers and GF/A f,rlters were from Whatmann. Micro

porous filters were from Millipore.

2,10 Synthesis of oligodeoxynucleotides

Oligo-deoxynucleotides were synthesised using reagents purchased from Applied

Biosystems or Ajax Chemicals (acetonitrile). Synthesis was perfornled on an Applied

Biosystems 3814 DNA sYnthesizer.

z.tl General techniques

2.ILl Maintenance of bacterial strains

All strains were maintained as lyophilised cultures (see below) and stored

invacuo in sealed glass ampoules. When required, an ampoule was opened and its

contents resuspended in several drops of the appropriate sterile broth and tlsed in stilrting

liquid or plate cultures. Single colonies from the plates were selected for subsequent use

or storage. Short term storage of strains in routine use was as a suspension of freshly

grown bacteria n 32Vo (v/v) glycerol, containing 0.67o (w/v) peptone, a[ -70oC, or in

40Vo glycerol, containing0.6To (w/v) peptone, at -20oC.

2,11.2 Lyophilization of bacterial cultures

Several colonies were suspended in a small volume of sterile skimmed nrilk.

Approximately 0.2 ml each of this bacterial suspension was dispensed into sterile

0.25 X 4 inch freeze-drying ampoules and the end of each ampoule was plttgged with

cotton wool. The samples were then lyophilised in a freeze drier. After releasing the

vacuum the cotton wool plugs were pushed well down the ampoule and a constriction

was made just above the level of the plug. The ampoules were evacuated to a partial

pressure of 30 microns, sealed at the constriction without releasing the vacuttnr and

stored af 4oC.
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2.11.3 Purification of colonies and plaques

Bacterial colonies were purified by streaking out for single colonies on agar plates

(Miller, L972). The phage plaques were purified by the overstreaking procedure of Davis,

et al. (1980).

2.12 Analysis and manipulation of DNA

2.12.1 Small scale plasmid DNA extraction

Plasmid DNA was isolated by one of the following procedures.

2.I2.1.a Method I

Small scale plasmid purification from 1 to 10 mls of cultures were done

essenrially by the three-step alkali lysis method of Birnboim and Doly (1979), as

described by Maniatis et al. (1982), with some minor modifications. Overnight bacterial

cultures (1.5 rnl) were transferred to a microfuge tube, harvested by centrifugation

(10 minutes, Eppendorf) and resuspended in 0.1 ml of GTE solution (50 mM glucose, 25

mM Tris-HCl pH 8.0, 10 mM EDTA). The cells were lysed by adding 0.2 ml of a freshly

prepared solution of 0.2 M NaOH, IVo (w/v) SDS followed by a 5 minute incubation at

room temperature. Proteins and chromosomal DNA were precipitated by the addition of

0.15 rnl of KAc solution (5M potassium acetate, pH 4.8). After a 5 minute incubation at

room temperature, and centrifugation in an Eppendorf for 5 minutes, the stìpern¿ìt¿ìnt

(-400 pl) was transferred to a fresh tube and precipitated by the addition of lml of

ethanol. The DNA was collected by centrifugation, washed with 95o/o (vlv) ethanol and

dried in vacuo. The pellet was resuspended in 200 pl of TE+RNAse (5pdrnl) and, after a

5 minute incubation at 37"C, the DNA solution was extracted with TE-equilibrated

phenol. The DNA was further ethanol precipitated and resuspended in 20 pl of TE.

Usually 2-3¡s"l of the DNA solution was used for restriction analysis.

2.I2.L.b Method 2

Small scale plasmid purification from i.5 ml overnight cultures was by a

modificarion of the alkali lysis method, as suggested by Garger et al. (1983), wherein the

supernatant after KAc precipitation step in Method I was transferred to a fresh tube and
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exrracred once with TE-equilibrated phenol. Plasmid DNA was precipitated by the

addition of 2 volume of 957o ethanol followed by a 2 minute incubation at room

temperature and centrifugation. The DNA pellet was washed with 70Vo (v/v) ethanol,

dried in vacuo and resuspended in 40 pl of TE.

2.12.1.c Method 3

Small scale plasmid DNA was also prepared by the Triton X-100 (cleared lysate)

method of Kahn et aI. (1979): Cells from 10ml overnight cultures were resuspended in

0.4 rnl of 257o (w/v) sucrose in 50 mM Tris-HCI pH 8.0. After adding 50pl of lysozyme

(10 mg/rrù; freshly prepared in H2O) and 50 ¡tl of 0.25M EDTA, pH 8.0, the cells were

left on ice for 15 minutes. Then 0.5 rnl of the TET buffer (50 mM Tris-HCl, 66 mM

EDTA, pH 8.0, 0.4Vo Titon X-100) was added and mixed by inverting the tubes a few

times. The chromosomal DNA was pelleted by centrifugation (20 minutes, 4oC,

Eppendorf) and the supernatant was extracted with TE-saturated phenol, followed by

one extraction with diethyl-ether. Plasmid DNA was precipitated by the addition of an

equal volume of propan-2-ol and cooled at -70oC for 30 minutes. The precipitate was

collected, washed once with 1 rnl of 70Vo (v/v) ethanol, dried in a vacuum desiccator for

10 minutes. and resuspended in 50 pl of TE.

2.13 Large scale plasmid DNA isolation

2.13.1.a Method 1

Large scale plasmid DNA preparations were performed according to the method

of Bimboim and Doly (1979) as described by Maniatis et al. (1982) with the exception

that the nucleic acids were precipitated with ethanol. The pellet was then resuspended in

8 rnls of TE and 8 grams of caesium chloride was dissolved in it. After adding 200¡tl of

an ethidium bromide solution (1Omg/rnl in TE) the DNA/CsCI solution was centrifuged

to equilibrium in a Beckman Ti50 rotor at 45,000 r.p.m. for 42 hours at 15"C. The DNA

bands were visualised in ordinary light and the lower band was collected. The ethidium

bromide was removed by exracting three times with iso-propanol, which had been
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equilibrared with 5M NaCl, 10mM Tris-HCl pH8.0 and 1mM EDTA, and dialysed at 4oC

against one litre of TE. The buffer was changed 3 to 4 times at intervals of 4 to 12 hours.

2.L3.1.b Method 2

Larye scale plasmid purification was also performed by the three step alkali lysis

method of Garger et al. (1983). Cells from a one lire overnight culture were harvested

and resuspended lu;.24 ml of solution-I (50 mM glucose, 25 mM Tris-HCl, pH 8.0, 10

mM EDTA). Freshly prepared lysozyme (4 rnl of 20 mglml in solution-I) was mixed with

the cell suspension and incubated at room temperature for 10 minutes. Addition of 55 rnl

of solution-Il (0.2 M NaOH, lVo (wlv) SDS) followed by a 5 minute incubation on ice

resulted in lysis of the cells. To this was added 28 ml of solution-Ill (5M potassium

acetate, pH 4.8) and incubated on ice for 15 minutes. The protein, chromosomal DNA

and high molecular weight RNA were removed by centrifugation at 8,000 rpm at 4"C for

20 minutes. The supernatant was then extracted with an equal volume of TE-saturated

phenol: chloroform: iso-amyl alcohol mixture in the ratio of 25:24:1. Plasmid DNA from

the aqueous phase was precipitated with 0.6 volume of propan-2-ol at room temperature

for 10 minutes and collected by centrifugation at 10,000 rpm at 4"C for 35 minutes. After

washing with 707o (v/v) ethanol the pellet was dried in a vacuum desiccator for L5-20

minutes. The DNA was resuspended in 4.8 rnl of TE and purilted by centrifugation on a

rwo-step (1.8 and 1.47 gnrl) CsCVethidium bromide gradient. The DNA band was

recovered and the ethidium bromide removed by extracting with iso-amyl alcohol. CsCl

was then removed by dialysis against TE at 4'C in 5 lires of TE overnight. The buffer

was changed 3 to 4 times at intervals of 4 -12 hours and the DNA was stored at 4oC.

2.I4 Phenol extraction of nucleic acids

2.I4.a Equilibration of phenol

Molecula¡ biology grade phenol from BDH was equilibrated as follows: an equal

volume of lM Tris pH8.0 and 5mg of 5-hydroxy-quinoline were added to the melted

phenol and heated in a 65oC oven until the aqueous and organic phases became one
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(usually took 1 to 2 hours). This was followed by cooling to room temperature in the

da¡k to separate the two phases. AliquotÎs of 10 mls of phenol phase from this master

mix, stored at -20"C, were mixed with 10 rnl of TE and let stand at room temperature

until the phases separated. The TE phase was then removed and the whole procedure

repeated twice. This working stock of phenol was stored under TE at 4oC. Fresh

working stock was prepared at every 3 to 4 week intervals.

2.14.b Extraction with phenol

Extraction with phenol was done by mixing DNA-containing solutions with 0.5

volume of equilibrated phenol, cooling on ice and centrifuging at room temperature or at

4oC. The aqueous phase was withd¡awn and the procedure was repeated, if necessary,

until no protein band was visible at the interphase. Finally, the aqueous phase was ethanol

precipitated and the DNA resuspended in TE.

2.I5 Ethanolprecipitation

Plasmids and linear double stranded DNAs were precipitated by adding N¿tCl to

200mM and 2.5 volume of ethanol, followed by freezing either at -70"C for 30 minutes

or in a dry ice/ethanol bath for 15 minutes. For the recovery of small qtìantities ol DNA,

2 to 5¡rl of glycogen (2Omglml; Boehringer-Mannheim) was added as carrier. The

precipitated DNA was recovered by centrifugation rn,nppend#i'r*[, minutes at room
rr) l:5i. r ,, ..

temperarure or at 10K for 30 minutes at 4oC (for large volumes precipitated in'50nrlQak

Riag" tubes). The pellet was then washed once with 95Vo ethanol, dried in lt vacuum

desiccator for 10 minutes and dissolved in TE.

Single stranded M13 DNA was prepared by phenol extracting the phage

suspension in TE and precipitating the aqueous phase with 2.5 vol. of ethnnol after

adding 300 mM sodium acetate pH 4.8, instead of the 200mM NaCl used in precipitlting

double stranded DNA.
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2.16 DNA quantitation

Concentrations of DNA in solutions were determined either by measuring the

absorption at 260 nm, assuming that an A269 of 1.0 represents 50 ¡tg/nù of DNA (Miller,

7912), or by electrophoresing on agarose minigel and comparing the intensities of

ethidium bromide-stained bands with the intensities of bands containing known

concentrations of DNA standards.

2.17 RestrictionEndonucleaseDigestion

DNA digestions were done at37"Cfor I hour with the following general recipe:

DNA+ water 15Pl (up to 10Pg of DNA)

10 x digestion bufferx 2fú

BSA (lmg/ml) lttl

Restriction eîzyme 2pl (0.6 to 20 units)

* Separate buffers for each enzymes was made according to the assay conditions

described by the manufacturers'recommendations and stored at -20'C.

Reactions were terminated by adding EDTA to hnal concentration of 30mM and

heating to 65oC for 10 minutes.

Those enzymes which required similar concentration of NaCl were used

simultaneously when needed to digest with more than one enzyme. When the optimal salt

concentrations of enzymes differed the one which required the lowest NaCl concentration
cuete qd.lea)

was used first and, after an hour's incubation, the other(slafter supplementing the

mix with the required amount of NaCl. When the reaction buffers differed considerably,

the DNA was ethanol precipitated after the fust digestion and resuspended in the

appropriate digestion buffer before proceeding with the second digestion.

When large amounts of DNA (> 10pg ) were to be digested the reaction volumes,

except that of enzyme, were scaled up and digestion continued overnight in a 37oC

incubator.



58

2.I8 Size determination of DNA fragments

The sizes of restriction fragments.were calculated by comparing their relative

mobility with the molecular weight markers, such as the EcoRI digested DNA of the

Bacillus subtilis bacteriophage SPP1. The sizes of these SPPl EcoRI fragments differed

from those published (Ratcliff et a1.,1979) and were initially re-calculated using HindIII

digested bacteriophage lambda DNA and HpalI digested plasmid pUC19 DNA as

standards. The newly estimated sizes (kb) are: 8.51;7.35:6.1I;4.84;3.59;2.81; 1.95;

1.86; 1.51; I.39; l.16; 0.98; 0|72; 0.48; 0.36 (BRESATEC, Adelaide). The plasmid

pEC701 (Sivaprasad,et a1.,1990), digested withHinFL was used as small size standard

(sizes in bp: 1464, 7378,783, 690, 577, 509,506, 489, 396,344, 319,3I4,298,221,

220, 154, 132, 119, 94, 8 1, 75, 7 4 and 32).

2.I9 Analytical and preparative separation of DNA fragments

Electrophoresis of digested DNA was carried out at room temperature on 0.6Vo,

0.87o or lVo (wlv) agarose gels, i3 cm long, 13 cm wide and 0.7 cm thick in a horizontal

gel apparatus. Gels were run at 100V for 4-5 hr in either TBE or TAE buffer. The gels

were stained with ethidium bromide (0.00047o w/v in TBE or TAE) and photographed

under short wave UV, using either Polaroid 665 or 667 film.

For preparative gels low melting point agarose at a concentration of lo/a (wlv)

was used and the DNA bands recovered by the following methods:

2.19.a Method 1

The gel slices containing the required DNA bands \ilere excised into Eppendorf

tubes and approximately 2 volumes of 50mM Tris-HCl pH 8,0 + 0.5mM EDTA were

added. The gel was melted by at 65'C for 10 minutes. After cooling to 37'C the DNA

was recovered by two phenol extractions followed by ethanol precipitation, by adding

2¡t"I of glycogen (20 mg/ml) as carrier and 300mM of sodium acetate pH 5.0.

2.19.b Method 2

Gel slices containing the required DNA bands were excised and then placed inside

a dialysis bag. About 400¡rl of TE was added, ends tied such that the bag was in a fully
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inflated state, placed across the path of electric current in a horizontal gel apparatus and

elecrrophoresed at 100m4 for 5 minutes (10-20 minutes when the length of DNA

fragment was more than 4 kb). The bag was inverted a few times to dislodge any DNA

that might be sticking to the walls, and the buffer was taken out by piercing the side of

the bag and the DNA was precipitated with ethanol.

2.I9.c Method 3

Gel slices containing the required DNA bands were excised and placed in an

Eppendorf tube, containing siliconized glass wool covering a hole at the bottom of the

tube. This was inserted into another Eppendorf tube and centrifuged for 15 minutes at

6500 r.p.m. The DNA contained in the elute was collected by ethanol precipitation as

previously described.

2.20 Polyacrylamide gel electrophoresis

2.20.1.a Non-denaturing PAGE

The gel stock (30%) was prepared by dissolving recrystallised acrylamide and bis

in a 50:1 ratio in distilled water at room temperature. This was de-ionised by stirring with

5gl100m1 of mixed-bed resin (Bio-Rad) for 30 minutes at room temperature. After

removing the resin by filtration through scintered glass funnel the gel stock was

de-gassed by applying vacuum for 30 minutes and stored at4"Cin the dark.

Gels were poured and used on the same day. A 20 x 40cm gel was prepared by

mixing 10mls of 307o stock solution, 6rnls of 10 x TBE, 385p1 of 257o APS and 95¡tl of

TEMED and poured into the gel sandwich, which had been pre-warïned to 37oC. The gel

was allowed to polymerise at 37oC for at least 30 minutes before use. Immediately after

removing the comb, the wells were rinsed with distilled water and the gel was

pre-electrophoresed at 100V for 15 minutes before loading the DNA. Electrophoresis

was done at a constant 400 to 500V. The bands of DNA fragments, end-labelled before

elecrophoresis, were visualised by autoradiography at room temperature.
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2.20.1.b Denaturing (sequencing) gel

The sequencing gel stock (67o polyacrylamide, 8M Urea in TBE) was prepared

by dissolving, at 37"C,57g acrylamide, 39 bis-acrylamide and 4809 urea in 400 ml of

distilled water. This was de-ionised by stirring 35g mixed-bed resin for 30 to 60 minutes

and hltered through scintered glass funnel. After adding 100 mls of 1OxTBE the volume

was made upto 1 liue wlth lvater and degassed under vacuum for 2 hours. The gel stock

was stored at 4"Cin the da¡k and used for a maximum period of 2-3 months.

For pourin g a 28 x 40 x 0.025 cm gel, 75ml of the gel stock was mixed with

480p1of freshly made 25Vo anrnonium persulphate solution and 120p1of TEMED. After

allowing to polymerise for 30 to 60 minutes the gel was set up the apparatus, and a metal

plate was clamped to the front of the gel to maintain a uniform temperature across the gel

surface. The gel was pre-electrophoresed for 30 minutes at 1000V, using TBE as the

running buffer. The comb was left in place while pre-electrophoresis, as prolonged

electrophoresis without the comb resulted in distortion of the wells. The conb was

removed, and the wells flushed with buffer to remove the unpolymenzed acrylamide, just

before loading the reaction mixes.

2.21 Elution of DNA from polyacrylamide gel

Gel slices containing the DNA fragments were cut out by super-imposing the

autoradiograph from which positions of the bands had been removed. The DNA was

eluted by soaking the gel slices overnight in 400p1 of gel elution buffer (500mM

ammonium acetate, 10mM magnesium acetate, lmM EDTA, and 0.17o SDS pH7.6) and

the supernatant was ethanol precipitated. No carrier was used when precipitating the

DNA fragments eluted out of polyacrylamide gel slices.

2.22 Dialysis

Dialysis bags were prepared by boiling the tubing (18132) in TE for 5 nrinutes,

followed by washing the inside of the bags with the same buffer at room temperature.

Dialysis tubes were prepared and used on the same day. Dialysis was done at 4oC in



6l

1 litre of TE with 3 to 4 changes of the buffer at intêrvals of 4 to 12 hours. The DNA

solution was then ethanol precipitated and resuspended in TE.

2.23 De-phosphorylation of DNA

Restriction enzyme digested DNA was de phosphorylated by either of the

following two methods:

2.23.a Method 1

Approximately 0.5-1.0 pg of digested plasmid DNA was incubated, in a 60 pl

volume containing 100 mM Tris-HCl pH 8.0, 0.l7Vo SDS, with 1-5 units of calf intestinal

alkaline phosphatase (CIP; Boehringer-Mannheim) for 20 minutes at3J"C. The reaction

was terminated by the addition of EDTA,.pH 8.0 to a hnal concentration of 30 mM

followed by heating at 70"C for 10 minutes. The DNA was extracted twice with

TE-saturated phenol and precipitated overnight at -20oC with two volumes of ethanol

and 300mM of sodium acetate PH 5.0.

2.23.b Method 2

Approximately 0.5-1.0 pg of digested plasmid DNA was placed at 65'C tbr 10

minutes to heat inactivate the enzyme. The 100p1 digested DNA aliquot was nrade to a

hnal volume of 290p1 with 30¡rl of lM Tris-HCl pH 8.0, 5ml of 10% SDS, 5ptl of CIP

(lu/pl) and 150 plof water. Afterincubating at37oC for2 hrs. the CIP was inactivated

by incubating at 70oC for 10 minutes and removed by phenol exraction. The DNA was

recovered by ethanol precipitation.

2.24 End-labelling and end-filling

End-labelling, used in identifying small DNA fragments (less than l kb) on

polyacrylamide gels, was done as follows:

o-¡32pr-ooTP (or cr-[32P]-dCTP) 4pl (vacuum dried)

DNA + water 8Pl

to x TM lttl

Klenow enzyme lPl (lunit)
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After incubating the above mix at 37oC for 15 minutes, 2pl of dNTP solution

(0.25mM each of dATP, dCTP, dGTP and dTTP in 5mM Tris-HCl pH8.0, 1.0mM

EDTA) was added and the incubation continued for a further 15 minutes. The reaction

was terminated by adding EDTA to 30 mM or heating to 70oC for 10 minutes.

End-filling was essentially similar to end-labelling except that the radionucleotide

was omitted. Addition of EDTA, as well as heat-killing of Klenow, was omitted when the

DNA was to be used for ligations.

2.25 Ligation

A typical ligation reaction contained 20 to 100 ng of DNA, 5mM IATP, 10mM

MgCl2, 10mM dithiothreitol, 50mM Tris-HCl pH 7.5 and 0.2 units (for sticky end

ligation) to 2 units (for blunt end ligations) of T4 DNA ligase in a 20pl reaction volume.

Polyethylene glycol (PEG 6000; BDH) was added to 25Vo to increase the efhciency of

ligations when the DNA concentrations were low. Ligations were done at 14oC for I to

16 hours.

For M13 cloning, a vector to insert molar ratio of 1:3 was used. For this, the

amount of vector was kept constant, at 20ng per ligation, and the insert DNA was added

at approximately 10 ng/kb of fragment's length.

2.26 Transformation of E. colí

2.26.a CaCl2 Method

Transformation was performed essentially according to the method of Brown,

et al. (1979). E. coli K-12 strains were made competent for transformation with DNA as

follows:

An overnight culture in LB (or M13 minimal medium for JMl01ffG-t) was

diluted 1:100 into LB (or 2xYT for JM10lÆG-1) and incubated with shaking at 37oC

until an AOOO of 0.6. The cells were chilled on ice for 20 minutes, sedimented (5000

r.p.m. at4"C for 5 minutes,) and resuspended in 0.5 vol of cold 100 mM MgCI2, The

cells were pelleted again and resuspended in 1 to 2 ml of ice-cold 100 mM C¿rClr. This
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was ailowed to stand for at least t hour on ice before adding the DNA. Competent cells

\¡/ere prepared and used on the same day.

Transformation was done by mixing 5 to 20 ng of DNA and 0.2 ml of competent

cells in a chilled sterile screw-capped polTarbonate tube. After keeping on ice for 30

minutes, the cells were heat-shocked for 5 minutes at 37oC and chilled a further 10

minutes on ice. The cells were then diluted by adding 3 rnl of LB and incubated with

shaking at37"Cfor t hr. Fractions of 0.1 ml were spread directly on selective plates, or

the entire culture \ilas concentrated by centrifugation and plated. Competent cells not

transformed with DNA were included as control.

2.26.b RbCt Method (M. Scott and V. Simanis personal communication)

E. coli K-12 strains were made competent as follows: the bacterial stock culture

was streaked out onto a tansformation component #a plate (section 2.4.1.1) and

incubated overnight at 37oC. A single colony was inoculated into 5 ml of transformation

component #b (section 2.4.7.2) medium and incubated to an A6so of 0,6. This was

diluted 1:20 into 100 ml of transformation component #b medium and incubated with

shaking for a further 2 hours until it reached an A6so of 0.5 - 0.6. (4x 108 cells/ml). The

cells were chilled on ice for 5 minutes, pelleted at 4oC and resuspended n 215 vol. of

TFB-I (section 2.4.6). This was allowed to stand for 5 minutes on ice, cells pelleted again

for 5 minutes at 6000 r.p.m. at 4oC and resuspended n l/25 vol. of TFB-II (section

2.4.7). After standing on ice for a further 15 minutes, aliquois of 200 pl were

snap-frozen and stored at -70oC.

For transformation, competent cells stored at -70"C were allowed to thaw on ice

and 0.1 ml was mixed with DNA and left on ice for 45 minutes. The celliDNA mixture

was heat shocked at 42oC for 90 seconds and kept on ice for 2 minutes, before adcling 2

rnl of LB and incubating with shakin g at 37"C for 45 minutes. An aliquot of 0.1nrl was

then plated onto selection plates directly.
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2.27 M13 transfection

Transfection was performed by mixing 1¡rl of ligated DNA with 0.2m1 of

competent cells in chilled sterile glass tubes and keeping on ice for 40 minutes. After heat

shock treatment at 45oC for 2 minutes, the cells were plated on M13 minimal plates with

3rnl of molten YT soft agar, containing 20pl of IPTG (24mglrltl, stock solution made in

warer), 20pl of BCIG (2Omglrnl stock made in dimethyl formamide) and 0.1m1 of

exponential phase cells. Incubation was at3T"Covemight.

2.28 Mobilization of plasmid into ETEC cells

The plasmid to be mobilized was transformed into the donor strain, SM10 (Simon

et a\.,1983; Table2.l), and selected on chloramphenicol plates. The donor and recipient

strains, SM10 and PB176p- (CS3-), respectively, were grown overnight in NB or NB,

containing chloramphenicol. After diluting l:20 in the same medium, and growing to

early exponential phase with slow agitation (not more than 200 r.p.m), the donor and

recipient bacteria were mixed at a ratio of 1:10 and allowed to stand at3J"C for 3-4

hours. The mixture was plated onto minimal plates containing chloramphenicol and

incubated overnight at 37" C.

2.29 Labelling of the oligonucleotides

Oligonucleotides were kinased using a reaction mix consisting of 1¡tl of primer

(-60-100 ng), 1¡.rl 100 mM DTT, 1 pl of 10 x kinase buffer (500 mM Tris-HCl p}ì7.4

and 100 mM MgClz), llrl of T4 polynucleotide kinase (2-3 units/pl) and 10 ¡tl of

lyophilisedy-[32p]-¿ATP in a total volume of 10p1. After a 30 minute incubation at37oC

the labelled oligonucleotide was purihed either by PAGE or by removal of the

unincorporated dNTPs by centrifugation through a Sepharose CL-68 column. The

oligonucleotide was heated to 65oC for i0 minutes before use, to destabilise the

secondary structures.

Sepharose CL-6B columns were prepared by placing glass wool into an

Eppendorf tube with a hole punched at the bottom. After adding 1 ml of Sepharose

CL-68 (equilibrated with lx TE buffer) the tube was placed within another tube and
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centrifuged at 2000 r.p.m for 2 minutes in a bench centrifuge (Hermle). The column was

washed twice with sterile distilled water before use.

2.30 GalactokinaseAssaY

The GalK assay was performed essentially as described by McKenney et al.

(1981): an overnight culture of C8806 (Schneider and Beck, 1986; Table 2.1) harbouring

the appropriate plasmid was subcultured in M9 minimal medium using fructose as a

carbon source and grown at 37"C until the ODOSO reached 0.6. A I ml sanrple was

removed to a test tube to which 40¡rl of lysis buffer (100 mM EDTA, 100 mM DTT, 50

mM Tris-HCl pH 8.0) and a drop of toluene were added. After vortexing for 10 seconds

the tubes were incubated at 37oC for thr. From this lysis mix a 20pl sample was removed

to a clean test tube to which was added, 20¡rl of solution-I (5 mM DTT, 16 mM NaF),

50pl of solution-Il (8 mM MgCl2, 200 mM Tris-HCl pH7.9,3.2 mM ATP) and 1Opl of

l4C-galactose (diluted to 4.5 x 106 dpm/mmole). This mixture was incubated at 32oC

during which 25pl samples were removed at 0, 5, 10,20 and 30 minutes intervals and

spotted on 23mm DE81 Whatmann hlters and air dried. Two samples were also spotted

onto sepamte discs and retained unwashed. The other discs were batch washed 3 times at

5 minutes intervals in 300mls of water, dried at 65oC for 10 minutes and counted with 3

mls of Optiphase "Hisafe [I" GKB) scintillation fluid.

The specific activity of galactokinase (GalK) was determined according to the

formulaof McKenney et al. (1981).

Results are presented as mean values of three independent experiments in which

GalK was assayed in duplicate .

2,3I Analysis and manipulation of RNA

2.31.I Preparation of cellular RNA

2.31.I.a Method 1

RNA was prepared by a modihed method of Chomczynski and Sacchi (1987) as

follows. Overnightcultures were subcultured and grown to an AeSO of 0.8 to 1.0. The
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cells from a 50 rnl culture were harvested and washed twice in 10 rnl each of 1mM

EDTA-PBS. To this was added 800p1 of denaturing solution (solution D; 4M

guanidinium thiocyanate, 2mM sodium citrate pH 7.0, 0,57o sarcosyl, 0.1 M P-

mercaptoethanol), swirled the cell suspension gently, and sequentially added 0.1 rnl of

2M sodium acetate pH 4.0, I ml of water-saturated phenol and 0.2 ml of chloroform.

Thoroughly mixed the solution by inverting the tube after the addition of each reagent.

After a 10 minutes' incubation at 4oC, followed by a 15 minute centrifugation, the

aqueous phase was transferred to a fresh tube, mixed with an equal volume of

iso-propanol and placed at -20"C for t hour to overnight. The precipitated RNA was

sedimented at 10,0009 for 20 minutes and dissolved in 0.5 ml of solution D. This was

transferred into a 1.5 rnl Eppendorf tube and precipitated again with 1 vol of

iso-propanol at -20oC for at least thour. The pellet was resuspended in J5o/o etlianol,

sedimented, vacuum dried and dissolved in 100p1 of RNase-free water. If the RNA was

not to be used immediately, it was mixed with 1/10 vol of 3M sodium acetate pH5.6 and

2.5 vol of ethanol and stored at -20oC.

2.31.1.b Method 2

RNA was also prepared by a modifred method described by Aiba et al. (l9iì l) as

follows: overnight cultures were subcultured and grown to an 4656 of I in NB. The cell

pellet from 5 mls was resuspended in 0.5 ml of solution A (0.02 mM NaAc pH '5.5, 0.57o

SDS, 1 mM EDTA) and extracted 3 to 4 times with hot (65'C) phenol which had been

equilibrated with a solution containing 0.02 mM NaAc, 0.02mM KCI and 0.01mM

MgCl2 pH 5.2. After precipitating with two volumes of ethanol and 1/10 volLrnre of

NaAc, the contaminating DNA was removed by incubating at3l"C for 10 to l5 nrinLrtes

with 1 ml of DNAse I (10u/¡rl, BRESATEC) in 20 mM Tris-HCl pH 7.6, 5nrM \{gCI2.

The RNA was re-extracted with phenol, ethanol precipitated three times, driecl in t'ucLto

and resuspended in water for immediate use or stored in ethanol for later use.
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2.31.2 Quantitation of RNA

The concentration of RNA in solutions was determined by measuring the

absorbance at 260nm, assuming an 4266 of 1.0 is equal to 40 pg RNA/ml (Miller, 1972).

2.31.3 Preparation of single stranded probe

Strand-specific probes were made from M13 clones, containing the required

DNA fragment, by using the hybridisation probe primer. The primer (2-3 ng) was

annealed to the single strand template DNA (1pg) and extended with Klenow in the

presence of all four dNTPs (0.25 mM each) to generate a partially double-stranded DNA,

leaving the insert DNA in single stranded form. The probe synthesised this way was used

without denaturing.

2.3I.4 Hexamer labelling method to make double strand probe

Probes were also made from double stranded DNA using the random hexamer

labelling method (BRESATEC, Adelaide). The reaction mix contained,

Template DNA (6-10ng,/Lll) 11¡rl

Hexamer nucleotide solution 6pl

dNTP mix + 10 x TM 6pl

a [32p]-¿crP (lomcvml) 5pl

The above components were mixed together and heated to 100oC for 5 minutes

and cooled to room temperature for 15-30 minutes. Klenow was added to the reaction

mix and incubated at37"C for 30 minutes. The probe prepared in this fashion was boiled

for 3 minutes and snap-chilled in a dry ice/ethanol bath before adding to the

pre- hybridis ation solution.

2.31.4 Preparation of RNA Dot Blots

RNA solutions (1-5 ¡tg in 100 pl H2O) were denatured by the addition of 300p1

of 6.15M formaldehyde/lOxSSC and incubated at 65oC for 10 minutes. A nitrocellulose

filter (Schleicher and Schüll) equilibrated with 10 x SSC was placed in the dot blot

apparatus (BIO-RAD) and the denatured RNA was spotted. The filter was then air dried,
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baked in vacuo ar 80oC for 2 hr and subjected to hybridisation (section 2.31.5.d and

2.31.5.e).

2.31.5 Northern blot

Glyoxalation of RNA, electrophoresis and Northern transfer procedures (Thomas,

1980) \vere as described below:

2.31.5.a Glyoxalation of RNA

The RNA samples were denatured by incubation of RNA (20-30 pg) with lM

deionized glyoxal and 10mM sodium phosphate buffer pH 6.5 at 50oC for 60 minutes.

The reaction mix was chilled on ice and 5pl of sample buffer containing 50o/o (vlv)

glycerol, 10mM sodium phosphate buffer pH 6.5 and bromophenol blue (0.4Vo) was

added.

2.31.5.b Electrophoresis

Denaturing electrophoresis of RNA was performed on I.8Vo agarose gels in

10 mM phosphate buffer. Upto 20pg of RNA was loaded in each lane, after heating to

100oC for 2-3 minutes. Gels were run at 20V with circulating buffer, in order to keep the

pH at acceptable limits (glyoxal dissociates from RNA at pH > 8.0), for the glyoxal

adduct to remain associated with the RNA during electrophoresis .

2.31.5.c Transfer to the nitrocellulose filter

No treatment of the gel was needed before transfer. Transfers were set up in 20 x

SSC (3M NaCl, 0.3M trisodium citrate). The RNA was transfered from gel to the

nirocellulose membranes by capillary blotting, as described by Maniatis ¿t al. (1982).

After 17 hours of transfer, the filters were air dried and baked at 80oC for 2 hours. Prior

to pre-hybridisation, the glyoxal adduct was removed by treating with 20mM Tris pH 8.0

at 100oC and allowed to cool to room temperature.

2.31.5.d Pre-hybridization

Filters were pre-hybridized for 8-12 hours aÍ. 42"C in 50o/o (v/v) fomranride,

50mM sodium phosphate buffer pH 6.5, 5 x SSC (0.34M NaCl,75mM sodium citritte pH
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7.0), 5 x Denhardt's solution, (for 50x Denhardt's: Ficoll 59, Polyvinylpynolidone 59,

BSA fraction V 59 in 500rnl water) and 250 pg /rrìl Herring sperm DNA (Note: The

herring sperrn DNA was boiled for 3-5 minutes at 100oC just before adding to the pre-

hybridization mixture).

2.31.5.e Hybridization, washing of filters and autoradiography

Denatured probe was added to the pre-hybridized filter and incubated at 42"C for

20-48 hours. Filters were washed ¡wice for 5 minutes at room temperature in 2 x SSC

and 0.17o SDS (w/v). This was followed by two washes for 15 minutes each at 50'C in

0.1 x SSC and 0.17o SDS (w/v).After air drying for 15-20 minutes, the filters were

covered in plastic wrap and autoradio{raphed at room temperature.

2.3I.6 Primer extension

RNA (10¡rg) and the primers, 5' labelled by kinasing, were co-precipitated with

ethanol and resuspended in 50pl of 10mM Tris-HCl (pH 8.0), lmM EDTA and lM

NaCl. This solution was heated to 75-80'C for 3 minutes, to denature the RNA, and

incubated at 42"C for 2hours to allow hybridisation to occur. After slow cooling to room

temperature, the primed RNA was precipitated by the addition of 100¡tl of ethanol, the

pellet dried and resuspende d, n 24¡tI of 50mM Tris-HCl (pH 8.3 ar. 42"C),40mM KCl,

6mM MgCl2, 1mM dithiothreitol and 500mM each of all four dNTPs. Reverse

transcriptase (from Avian myeloblastosis virus; 20 units) was added and incubated at

42"C for thour. The reaction was stopped by extraction with phenol and precipitated

with ethanol. The pellet was dried and re-dissolved in TE, containing 1Omg/ml RNase A,

and incubated for 30 minutes at room temperature. After a further extraction with phenol

and rwo ethanol precipitations the pellet was dissolved in 5pl of TE. Formamide/dye

loading buffer (5pl) was added and the sample was electrophoresed immediately after

denaturation at 100oC for 3 minutes. A DNA sequencing ladder, generated by using the

above primers, was run on the same gel as a size marker.



70

2.32 Protein analysis

2.32.I Minicell labelling

Minicells from the E. coli strain DS410 (Dougan and Shenaï, 1911), carrying

the appropriate plasmid, were purified and the plasmid-encoded proteins labelled with

l3ss]-tvtettrionine by the method of Kennedy et at. (1977) as modihed by Achrman et al.

(1919). The cells (250m1 overnight culture in LB) were initially collected by

cenrrifugation (Sorvall rotor GSA, 7,000 rpm, 10 minutes, at 0oC). Minicell purification

involved separation of minicells from whole cells by centrifugation (Sorvall rotor HB4,

6,000 rpm, 20 minutes, at OoC) through two successive 207o sucrose gradients in 1x

buffered saline gelatin (BSG: 857o(wlv) NaCl, 0.03Vo(wlv) KH2PO4, 0.06Vo(wlv)

Na2HPO4, O.I%o(w/v) gelatine). The minicells were removed by puncturing the side of

the centrifuge tube and withdrawing the cells into a 10ml syringe. These were then

washed in minimal medium and the optical density was adjusted to 0.6 at 4656. Minicells

were pre-incubated in minimal medium to degrade long-lived mRNAs of chromosomally

encoded genes, and pulse labelled with 12.5 ÞCi ¡3551-Methionine in the presence of

Methionine assay medium @ifco) for 60 minutes. Following this, the cells were collected

and resuspended in lrnl of nutrient broth and incubated ar.37oC for 5 minutes. Minicells

wete pelleted by centrifugation for 3 minutes, resuspended in 100 pl of 1x sample buffer

(Lugtenberg et a1.,I975) and solubilised by heating at 100oC for 5 minutes. The labelled

proteins were analysed by SDS-PAGE and visualized by autoradiography.

2.32.2 Cell fractionation

After labelting the minicells, the fractionation was performed as a modihcation of

themethodof Osborn etal.(I972a, 1972b). Thecellswerepelletedandresuspendedin

100p1 of 20Vo sucrose,30mM Tris-HCl pH 8.1 and chilled on ice. Cells were converted

to sphaeroplasts with the addition of 10pl of lmg/rnl lysozyme in 0.lM EDTA pH 7.3

and incubating for 30 minutes on ice. After centrifugation at 10,000 r.p.m. for 10 minutes

at 4"C, the supernatant was collected (periplasmic fraction). The cell pellet was tiozen at

-70oC for 30 minures, thawed and dispersed vigorously in 300p1 of 3mM EDTA pH 7.3
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and lysed by 60 x 1 second bursts with a Branson Ultasonifier. Intact cells and large cell

debris were removed by low speed centrifugation (5,000 r.p.m, 5 minutes, 4oC) and the

supernatant containing the membranes and cytoplasm was centrifuged at 35,000 r.p.m in

a Beckman Ti50 rotor for 60 minutes at 4oC in a Beckman L8-80 ultracentrifuge. The

supernatant (cytoplasmic fraction) was collected and the membrane pellet was

resuspended in 25pl water and 75pl of I.67Vo sarcosyl in 11.1mM Tris-HCl pH 7.6.

After incubating at room temperature for 20 minutes the sarcosyl-insoluble material was

recovered by centrifugation at 35,000 r.p.m in a 50Ti rotor for 90 minutes at 4oC. The

sarcosyl-soluble supernatant contained the inner-membrane whereas the pellet contained

the outer-membrane (Achtman et a1.,1979).

2.32.3 Prokaryotic In vítro transcription/translation

The prokaryotic DNA-directed nanslation kit was obtained from Amersham.

Reactions were carried out according to the manufacturer's specifications, which

involved reacting together the S30 cell extract, supercoiled plasmid DNA (CsCl purilted

at 2-5 pglreaction), amino acids (excluding methionine), L-[35S]-Methionine and the

supplement solution (containing the nucleotides, IRNA, inorganic salts and an energy

generating system) at 37"C for t hour. The reaction was continued for a further 5

minutes, after the addition of Methionine chase solution, and terminated by placing the

reacrion tubes in an ice bath. Samples were diluted 1:1 (v/v) with the loading buffer

(0.08M Tris-HCl pH 6.8,0.1M DTT, 2Vo (w/v) SDS, 107o (v/v) glycerol,0.1 p/rnl

bromophenol blue), heated to 100"C for 5 minutes and then analysed by SDS-PAGE and

autoradiography.

2.32.4 SDS-Polyacrylamide Gel Electrophoresis of proteins

SDS-polyacrylamide gel electophoresis (SDS-PAGE) was performed on l5Vo

polyacrylamide gels using a modif,rcation of the procedure of Lugtenberg et al. (I97 5), as

described previously by Achtman et al. (1978). Samples were heated at 100'C for 5

minutes prior to loading. Gels were run at 150V for 3-4 hours or at a constant cttrrent of
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10 mA for 16 hours. Proteins were stained by either, (1) shaking gently with the stain

(107o methanol, l2%o ethanol, 7.5Vo acetic acid and 0.0275Vo (w/v) coomassie brilliant

blue R-250) for 15 to 45 minutes and destaining in a mix containing methanol (107o),

ethanol (107o) and acetic acid (7.57o), with several changes at 15-30 minute intervals or,

(2) by gentle agitation overnight at room temperature n 0.06Vo (w/v) coomassie brilliant

blue G250 n 5Vo (v/v) perchloric acid and destaining in several changes of 5Vo (vlv)

acetic acid, with gentle agitation, for 6-24hr.

2.32.5 Autoradiography

Protein gels were dried on'Whatmann 3MM chromatography paper at 60oC for 2

hours on a gel drier (BIO-RAD) before autoradiography. Kodak XR-100 f,r-lm was used

at room temperature for l-7 days without the use of intensifying screens. With

[32p]-ta¡etled samples, the gels were exposed to the X-ray fi.lm using intensifying screens

for I-72 hours at -70oC.

2.32.6 Preparation of CS3 antisera

Adults rabbits were obtained from the Cenral Animal House of the University of

Adelaide for the production of antisera to CsCl purifred native CS3 fimbriae or to

denatured CS3 protein by subcutaneous immunization. The rabbit was immunized

without adjuvant by subcutaneous injections on day 1, 10 and 17. The rabbits were bled

by cardiac puncture under anaesthesia 10 days after the last immunization.

2.32.7 Crude pili preparation

An overnight culture (0.1m1) of the bacterial strain was plated on CFA agar plate

containing the appropriate antibiotic and incubated at 37oC overnight. The cells were

harvested into 0.75 ml of PBS, incubated at 56oC for 20 minutes and centrifuged in an

Eppendorf centrifuge for 5 minutes. The supernatant was removed and diluted with an

equal volume of 2 x SDS sample buffer (Lugtenberg et al., 1975), containing 0.67o

bromophenol blue, and electrophoresed on l5Vo SDS polyacrylamide gels.

/ru lÈtç /r,
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2.32.8 Colony transfer and blotting with antiserum

A nitrocellulose disc (9 cm diameter) was placed on agar plates containing the

patched colonies to be screened. After overnight growth of the colonies ar.37"C the disc

was peeled off very gently from the plate, air dried and incubated for 30 minutes n 5Vo

(w/v) skim milk powder in TTBS (section 2.5.6) to block the non-specif,rc protein

binding sites. The cell debris was removed with a jet of saline (0.9Vo w/v NaCl). The

anriserum was diluted 1:1000 in TTBS containing 0.02Vo (w/v) skim milk powder, added

to the filters and incubated with gentle agitation at room temperature for 2-16 hours.

Excess antibody was removed by shaking the nirocellulose disc in TTBS three times for

10 minutes each. The disc was then gently agitated for 1-4 hours with goat anti-rabbit

IgG, coupled with horseradish peroxidase (KPL), at a dilution of 1:5000 in TTBS plus

0.27o (w/v) skim milk powder, and washed four times at 5 minute intervals with TTBS,

followed by two 5 minutes washes in TBS (20 mM Tris-HCl, O.9Vo(w/v) NaCl). To

detect the antigen-antibody complex, a peroxidase substrate (9.9 mg 4-Chloro-1-Nufiftof

d.issolved in 3.3 ml -20"C methanol, added to 16.5 rnt TBS containing 15 rnl hydrogen

peroxide) was added and the disc incubated for 10-15 minutes with shaking.

2.32.9 Western Blotting

The procedure used was a modification of that described by Towbin et al. (1919).

Samples were run on SDS-PAGE and transferred to niÍocellulose at 15-20m4 overnight

in a trans-blot cell using 25 mM Tris-HCl pH 8.3, 192 mM glycine and 57o (vlv)

methanol as transfü buffer. The nirocellulose sheet was then soaked for 30 minutes in

5Vo (wlv) skim milk powder in TTBS to block non-specihc protein binding sites and

incubated with the antiserum, diluted 1/1000 in TTBS, 0.02Vo (w/v) skim milk powder,

at room temperature for 2-16 hours. Excess antibody was removed by washing the

nitrocellulose sheet four times for 5 minutes each in TTBS with shaking. Bound antibody

was detected by incubating the filter for 2-4 hours with gentle agitation in goat anti-rabbit

IgG coupled with horseradish peroxidase at a dilution of 1/5000 in TTBS plus 0.027o

skim milk powder. The f,rlter was then washed four times (5 minutes intervals) with
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TTBS, followed by two 5 minutes washes in TBS (section 2.5.5). The antigen-antibody

complexes were then visualised using either of the following staining procedures:

2.32.9.a Using peroxidase 
h

The substrate (20mg 4-Chloro-l-Nap;hol, dissolved in 7 ml of cold methanol and

added to 33 ml of 1 x TBS containing 50pl hydrogen peroxid^e) was added and allowed

to incubate for 10-15 minutes with shaking. The reaction was stopped by adding distilled

water.

2.32.9.b Using Di-aminobenzidine (DAB)

Following the wash with TBS the nirocellulose was pre-stained by adding,

separately, DAB (7.5 mg / 7.5 rnl PBS) and CoSO4 (5 mg / 7.5 nl PBS) at room

temperature. The stain was then added (7.5 rnl of lmg/rnl DAB in PBS, 9 ml of

Hydrogen peroxide and 5 mg / 7.5 ml of CoSOa in PBS) and incubated at room

temperature without shaking. The nitrocellulose sheet was kept away from direct light

during staining. The bands usually appeared within one minute and the reaction was

stopped by adding PBS + Na-Azide solution.

2,32.10 Electronmicroscopy

2.32.10.a Preparation of protein A-Gold

Colloidal gold (10nm-15nm in diameter) was treated with dextran, activated with

glutaraldehyde and then coupled to protein-A (Pharmacia), according to the nlethod of

Hicks and Molday (198a).

2.32.I0.b Immuno-gold labelling of whole cells

Immunolabelling and elecuon microscopy of whole cells were carried out as

follows: A 30pl of a bacterial suspension in phosphate buffered saline pH7 .2, containing

3Vo bovine serum albumin was placed on a sheet of parahlm. A formvar electron

microscope grid, treated with poly-l-lysine, was then placed (plastic side down) on the

surface of the drop for 2 minutes. Excess liquid was removed and the grid was

transferred to drops of PBS+BSA placed on the same parafilm sheet. The ,qrid was
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then placed face down on a drop of a suitable dilution (1:50) of antiserum for 15 minutes.

After thorough washing in PBS, the grids *.r, $.ra on drops of protein A-gold (1:50

dilution in PBS+BSA) for 15 minutes. After washing fu¡ther, the grids were negatively

stained with a solution of 2Vo (w/v) uranyl acetate. Grids were examined in Philips

EM300 üansmission electron microscope, operated with an accelerating voltage of

80 KV.

2.33 M13 cloning and sequencing

The insert in pPM484 was isolated after digesting the plasmid DNA with HindIII,

ligating into the HindIII site of M13mp19 and the two opposite orientations were

selected. These were used in generating progressive deletions as described below,

2.33.1 Generation of Subclones for sequencing

Two approaches were used to generate the subclones for determining the

sequence.

2.33.1.a DNaseI deletion method

Firstly, progressive deletions from either end of the insert were made by a slightly

modified version of the DNase-I deletion method of Anderson (1981), as follows: Double

stranded DNA of the M13 clones was digested with BamHI and dephosphorylated.

DNaseI stock solutions (lmg,/rnl in 0.lN HCl, stored at -80'C) was thawed on ice and

serially diluted to 10-5 in 500mM BSA, 10 mM Tris-HCl pH 8.0 and 10 mM MnCI2. The

cut and dephosphorylated DNA was treated with 1pl from each of these DNAse dilutions

for 15 minutes and run on IVo agarose gel to check the extent of digestion. The sample

that showed benteen 10 and 30Vo digestion, indicated by a smear of DNA below the

linear DNA band, was endfilled with Klenow in the presence of all four dNTPs and self

ligated. Upon transfecting into JMl01 this ligation mix produced several plaques, some

of which were blue on the indicator plates. The white plaques were picked, inoculated

into fresh JM101 and cultured for 5 hours. About 20pl from the supernatant was mixed

with 5pl of 5 x SDS buffer (37o SDS, 250mM EDTA and 50mM Tris-HCI pH 8.0),
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heated to 100"C for 5 minutes and run on IVo agarose gel along with single strand DNA

templates from M13mp19 and one of the clones of the HindIIl fragment. Deletion

derivatives were selected based on their mobility in relation to these markers, such that

the estimated size difference between two adjacent ones were approximately 200 bases

and the total number of clones was enough to cover the entire fragment. The same

procedure was repeated with the DNA from the clone in the opposite direction.

2.33.1.b Restriction fragment subcloning method

The HindIII fragment from pPM484 was digested separately with TaqI, Sau3AI

and HpaII, and end-labelled with Klenow and cr-¡32p1-dATP. The individual fragments

isolated from polyacrylamide gels were cloned into M13mp18 or mp19 RF DNA, which

had been cleaved with either AccI (for rhe TaqI and HpaII fragments) or BamHI (for the

Sau3AI fragments).

2.33.2 Preparation of M13 replicative form (RF) DNA

Fresh 2 xYT broth (10 ml) was inoculated with 10 ¡rl of an overnight culture of
I

JM10/JM109ÆG1 (in M13 minimal medium). A single plaque from the plate, picked up

with a sterile Pasteur pipette, was inoculated into the culture and grown at 37'C with

vigorous shaking for 6 hours. The culture was then added to 1 litre of 2 x YT broth and

incubation conrinued overnight at 37oC with shaking. Replicative form (RF) DNA

was prepared as described above for plasmid DNA purif,rcation, using a CsClÆthidium

Bromide equilibrium gradient.

2.33.3 Purification plaques for sequencing

'When the density of plaques on the plate was high, the plaques were purif,red by

the following procedure:

lrnl of 2xYT broth in a sterile 1.5m1 eppendorf tube was inoculated with a single

plaque picked up with a Pasteur pipette. This was incubated for 5minutes at room
rþ1 t^rrs 4r¿¡h

temperature and theá^ransferred into 5ml of^2x YT broth. After mixing

thoroughly 2.5 to 5pl of this diluted phage suspension was plated on M13 minimal plates
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containing the indicator bacteria, BCIG and IPTG. The plates were incubated ovemight

at37"Cand single plaques isolated for further inoculations.

2.33.4 Screening M13 clones for inserts

Colourless plaques were picked from BCIG/IPTG plates with sterile toothpicks

and added to 1 ml of 2xYT broth in microfuge tubes containing a 1:100 dilution of an

overnight culture of JM101ÆG1/JM109. The cultures were incubated for 5hr at 37oC

and the cells were pelleted by centrifugation (10 minutes, EppendorÐ. For rapid

screening of inserts, 25pl of the supernatant was lysed by adding 5ml of 5 x lysis buffer

(37o SDS, 50mM Tris-HCl pH 8.0, 1.5M NaCl and 250mM EDTA) and incubating at

65oC for 30 minutes. The lysed phage suspension was n¡n on a lVo agarose gel along

with clones not containing the insert as controls. By checking the differences in the

mobility, clones with insert were identified. For further checking, the RF DNA suitable

for restriction analysis were prepared from selected clones by the miniprep method and

run on agarose gels after restricting with a suitable enzyme.

2.33.5 Single stranded phage preparatio

Overnight cultures of JM101 or TGl grown in M13 minimal medium were

diluted in 2xYT broth and 2 ml each dispensed into screw capped polycarbonate tubes.

After 15 minutes of incubation at 37"C with aeration the cultures were infected with M13

phage by picking fresh plaques using a sterile tooth pick and incubated at 37oC with

aeration for 5 to 6 hours or overnight. The cells were sedimented for 15 minutes in an

Eppendorf. The supernatant was transferred to clean tubes and re-centrifuged for further

10 minutes. About lrnl of supernatant was transferred to an eppendorf tube, and the

phage particles were precipitated by mixing with 270¡tl of PEG solution (20Vo PEG and

2.5M NaCl) at room temperature for 15 minutes. The phage pellet was collected by

centrifugation at room temperature for 5 minutes and, following another short spin for 10

seconds, the remainder of the PEGA{aCI supernatant was removed with a drawn out
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Pasteur pipette. The phage pellet was resuspended in 200p1 of TE. Phage stocks

prepared in this way rwere stored at 4"C.

2.33.6 Single stranded DNA preparation

The phage suspension (200p1) was phenol extracted with 100p1 of TE-saturated

phenol at room temperature. From the aqueous phase, 150p1 was carefully withdrawn

and ethanol precipitated overnight at -20oC after adding 6pl of 3M sodium acetate pH

4.8 and 400¡tl of ethanol. Single stranded DNA was precipitated by centrifugarion for 15

minutes in an Eppendorf centrifuge. DNA pellets were washed once with 1 nl, of 957o

(v/v) ethanol followed by centrifugation. After drying in vacuo the pellets were

resuspended in 20pl of lx TE and stored at -2}"Cuntil required.

2.33.7 Sequencing

Several variations of the dideoxy sequencing were used during the course of this

project. These are described below:

2.33.7,I Dideoxy sequencing protocol with Klenow fragment

2.33.7.1.a Annealing of primei and template

The universal primer (17mer) was annealed to the template by mixing 1¡rl of

primer (2.5ng), 1pl of 10xTM and 8pl of the single strand DNA template. Annealing was

at 60oC for t hour and the tubes were slowly cooled to room temperature.

2.33,7 .l.b Polymerization reaction

The sequencing reagents ddNTPs and dNTPs were prepared separately and

stored at -20"C. Compositions for these mixes are given in Table 2.3.

Prior to sequencing, reaction mixes were prepared by combining equal volumes of

ddNTPs and dispensing 2pl each into eppendorf tubes. The annealed DNA-Primer was

mixed with 2pl of lyophilised a-¡32p1-dCTP and 2pl of label supplement (16mM dCTP

in 5mM Tris-HCl pH 8.0 and 0.lmM EDTA). From this,2pl each was dispensed into

four reaction tubes. The Klenow enzyme solution (1 unit/pl) was diluted just before use,

and2¡tl (approx.O.Sunits) each was dispensedonto the side walls of the reaction tubes.



Table 2.3

Sequencing Reagents

a. dNTP solutions

Components Composition

dATP

dGTP

dTTP

AO

1l pM

215 pM

215 pM

CO

153 pM

153 pM

153 pM

GO

215 pM

16 pM

215 ¡tN{

TO

215 pM

215 pM

16 ¡rM

Symbols Ao, Co, Goand To refer to the respective mixes containing the rate

limiting deoxy-ribo nucleotide triphosphate.

The sequencing reagents ,were prepared in 5mM Tris-HCl pH 8.0 and 0.1mM

EDTA, by mixing the required amounts of dNTP solutions from 20mM stocks (in

water), and stored at -20oC.

b. ddNTP solutions

Components Composition

ddATP

ddCTP

ddGTP

ddTTP

0.5mM

0.1mM

0.3mM

0.8mM

The ddNTP solutions were made in water.
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The sequencing reaction was commenced by a quick centrifugation to bring the enzyme

solution down into the reaction mix.

After exactly 15 minutes at 3':-"C,2¡tl of dNTP solution (0.25mM each of dATP,

dCTP, dGTP and dTTP in lxTE), containing 0.25 units of the Klenow enzyme, was

added to each tube. The reaction was continued for a further 15 minutes and then

terminated by adding 4pl of freshly prepared formamide loading buffer (957o deionised

formamide, O.lVo bromophenol blue, 0.lVo xylene cyanol, 10mM EDTA and 10mM

NaOH). Just before loading onto the gel the reaction mixes were heated to 100'C for 3

minutes, and 0.5¡tl each loaded onto 6Vo polyacrylamide denaturing gels. The gels were

run at a constant 1500V until the b'romophenol blue dye had migrated to about 2cm from

the bottom of the gel.

2.33.7.I.c Fixing of gel and autoradiography

After removing the glass plate the gel was immediately washed with a solurion

containing lÙVo acetic acid and 20Vo ethanol. The washing was continued for about

15 minutes until all urea had been removed from the gel. The gel was then baked in a

110'C oven for 45 minutes and autoradiographed overnight at room temperarure.

2.33.7.2 Dideoxy sequencing protocol with Sequenase

The dideoxy chain termination procedure of Sanger et al. (1977) was modified to

encompass the use of Sequenase (modified T7 DNA Polymerase) in place of Klenow

(Tabor and Richa¡dson, 1987). All reagents were stored at -20oC. Two types of labelling

and termination mixes were used, namely the dGTP mixes and the dITP mixes. The

contents of the dGTP mixes are as follows:

Labelling mix: 7.5mM dGTP, dCTP and dTTP.

ddG termination mix : 80mM dNTP, 8mM ddGTP, 50mM NaCl.

ddA termination mix : 80mM dNTP, 8mM ddATP, 50mM NaCl.

ddC termination mix : 80mM dNTP, 8mM ddCTP, 50mM NaCI.

ddT termination mix : 80mM dNTP, 8mM ddTTP, 50mM NaCl.
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The dITP mixes were used to reduce gel artefacts due to secondary structures in

DNA synthesised in the sequencing reaction (Barnes et al., 1983; Gough and Murray,

1983). The dITP mixes ile as follows:

Labelling mix : 15mM dITP, 7.5mM dCTP and 7.5mM dTTP.

ddG termination mix : 160mM dITP, 80mM dATP, dCTP, dTTP,

1.6mM ddGTP, 50mM NaCl.

ddA termination mix : 160mM dITP, 80mM dATP, dCTP, dTTP,

8 mM ddATP, 5OmM NaCl.

ddC termination mix : 160mM dITP, 80mM dATP, dCTP, dTTP,

8 mM ddCTP, 50mM NaCl.

ddT termination mix : 160mM dITP, 80mM dATP, dCTP, dTTP,

8 mM ddTTP, 50mM NaCl.

Normally, the labelling mix was diluted 1:5 with water to obtain the working

concentration, however, to read long sequences in a singlereaction, a dilution of 4:5 was

used. The synthetic primer was annealed to the template by incubating 7pl of templare

(5-10 nM), 1¡rl of primer (500nM) and 2pl of 5 x sequenase buffer (200mM Tris-HCl

pH7.5. 100mM MgCl2, 250mM NaCl). The mixture was heated in a metal block ar 65oC

for 5-15 minutes and then the block containing the tubes was allowed to cool to room

temperature. To the annealed mixture was added, 2¡tl of the appropriately diluted

labelling mix, lpl of O.IMDTT, 0.5p1 of [a-3s51dATp (1000 ci/mmol) and 2¡rt of

diluted sequenase (1:8 dilution in lx TE buffer). The reaction mixture was incubated for
¡oori ,l

5 minutes at room temperature, and ,.S4 was aliquol into four microfuge tubes,

which have been pre-watmed to 37oC and labelled A, C, G and T, each containing 2.5¡r.l

of the corresponding termination mix. A quick centrifugation brought the reaction and

termination mixes together to start the termination reaction. After 3 to 5 minutes at 37"C,

4¡tl of stop solution (95Vo formamide, 20mM EDTA, 0.05Vo bromophenol blue, 0.05o/o
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Xylene cyanol) was added to each of the reactions. Reaction mixes were heated to 100oC

for 2minutes and 1.5p1each loaded onto the sequencing gel.

2.33.7.3 Double stranded DNA sequencing (CsCl DNA)

Plasmid DNA (2-4pÐ was diluted to 32¡tI with water. The DNA was denarured

by the addition of 4pl each of 2M NaOH (fteshly prepared) and 2mM EDTA. The

mixture was incubated for 5 minutes at room temperature. To this mix was added 16pl of

5M ammonium acetate pH 7.5 and 200p1 of 95Vo ethanol, to precipitate the DNA. The

supernatant was removed after centrifugation at 4oC for at least 30 minutes. The pellet

was washed n70Vo ethanol. The pellet was dried in vacuum and dissolved in a mixture

containing 1¡rl of primer (500nM), 2¡tI of 10xTM and 7pl of water and heated to 37oC

for 20-60 minutes. The labelling and termination reactions were done exactly as

described for Ml3 single stranded template DNA (section 2.33.7.1b).

2.33.7.4 Double stranded DNA sequencing (miniprep DNA)

Plasmid DNA (2-4pÐ from the lml preparation of 18pV20¡tl volume in water

was denatured by the addition of 2pl of 2M NaOH (freshly prepared) and 2mM EDTA

mix. The mixture was incubated for 5 minutes at room temperature. To this mix, 8pl of

5M ammonium acetate pH 7.5 was added with 100¡tl of 95Vo ethanol to precipitare the

DNA. The DNA was pelleted at 4"C for at least 30 minutes and washed n 707o ethanol.

The pellet was dried in vacuum, dissolved in a mixture containing 1¡-rl of primer (500nM),

2¡tI of 10 x TM and 7pl of water and heated to 37oC for 20-60 minutes. The labelling

and termination reactions were run exactly as described for Ml3 single-stranded template

DNA (see section 2.33.7.1b).

Sequence compilation was done on a Vax lll750 computer using a modif,red

version of the DNA sequence comparison program, DBCOMP (Staden, 1980) for the

general compilation and analysis of the sequence. The codon usage searching program,

GENE (Kalionis, et al., 1986) was used to sea¡ch the DNA for possible coding regions

by comparing the codon usage against a standard codon-frequency table prepared from
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known ETEC genes, using the method of Staden and Mclachlan (1982). Various other

comparisons were performed using the softwa¡e package of the Genetics Computer

Group (GCG; Devereux et al., 1984). Sequence comparisons to the various nucleotide

and protein databases (GenBank, EMBL, NBRF-PIR and SWISS-PROT) were by the

FASTA program of Lipman and Pea¡son (1985). More recently, comparisons were also

done using the BLAST algorithm, provided by the GenBank online services, to search

the databases.

2.34 Site-directed oligonucleotide mutagenesis

Oligo-mutagenesis were performed by two different methods:

2.34.I Method 1

Using the Amersham oligonucleotide-di¡ected in vito mutagenesis system

version 2 (code RPN.1523). The procedure was followed according to the

manufacturers' specification. Clones were confirmed by single stranded DNA sequencing.

2.34.2 Method 2

Single strand templates from M13 clones of the appropriate polarity were

prepared as described earlier (section 2.33.6) and the kinased oligonucleotide carrying

the desired change, as well as the universal sequencing primer, were annealed to it by

incubating at 60oC for t hour. Synthesis of the complementary strand and ligation was

achieved by incubating with Klenow, the four dNTPs (0.25mM each) and T4 DNA ligase

for overnight. The ligated DNA was transfected into TGI competent cells. The plaques

were screened by a modified method of Benton and Davis (1977) as follows: The plates

were chilled at 4oC for 30 minutes and a dry nitrocellulose disc was placed on the plates

for 30minutes. The disc was then peeled off very gently, air dried and baked at 80oC for

2 hours in vacuo. The discs were hybridized overnight at 41'C with the 5' labelled

oligonucleotide, in a hybridization solution containing 0.9M NaCl, 90mM Tris-HCl pH

7.5, 6 mM EDTA, 5 x Denha¡dt's solution, 100¡rg/rnl Salmon sperm DNA and 0.57o

Non-idet P-40. The nitrocellulose disc was washed twice in 6xSSC at room temperature,



83

followed by two washes in the TMACI (section 2.5.9) solution at 66 to 69"C, depending

on the length of the oligonucleotide. The actual temperature of the solution was

monitored by placing a thermometer in it. After washing, the discs were air-dried,

wrapped in a plastic and exposed to X-ray film overnight at -80'C with intensifying

screen. Positive clones were purified and analysed either by sequencing or, in cases where

a new restriction site was created by the mutation, by restriction analysis.



CHAPTER 3

Sequence Analysis Of The DI\A Encoding The
CS3 Gene Cluster



CHAPTER 3

Sequence Analysis Of The DNA Encoding The CS3
Gene Cluster

3.1 Introduction

Shotgun cloning of HindIlI digested plasmid DNA from the ETEC strain P8176

resulted in the isolation of a number of clones capable of synthesising CS3 pili in E. coli

K-12 (Manning et a1.,1985). All ca¡ried a common 4.6 kb fragment, termed the minimal

fragment, which, contained the essential plasmid-encoded genes for CS3 pilus

biosynthesis. Miniceli labelling, using the the E. coli strain DS410 @ougan and Sheratt,

1977), showed that pPM474, the plasmid that carried the minimal fragment and an

additional 0.71 kb of contiguous DNA, coded for at least seven polypeptides with

relative molecular weights (MW) of 97000, 94000, 58000,46500, 21000, 18000 and

16600, respectively. Deletion derivatives of pPM474 which did not form CS3 pili,

suggested that most, if not all of these polypeptides, were involved in its biosynthesis.

Based on the Eanslation pattern observed with pPM474 and its deletion

derivatives, Manning et al. (1985) assumed that the 94 kDa, 46.5 kDa and 16.6 kDa

polypeptides were derived from the 97 kDa, 58 kDa, and 18 kDa proteins, respectively.

An overlapping gene arrangement was proposed, as the length of the minimal fragment

(4.6 kb) was too short to encode these three precursors, together with the 21 kDa

polypeptide, as independent ranscription and/or translation units. It appeared that only

the 27 kDa polypeptide and the CS3 subunit genes could be non-overlapping rvith any

other gene on the minimal fragment.

The plasmid, pPM484, was similar to pPM474 in its ability to direct CS3

biosynthesis, butitca¡ried only the minimal HindIII fragment (see Figure 6 in Mlnrring

et a|.,1985). This plasmid was chosen for the present study, which is aimed at provicling

an understanding of the molecula¡ organisation of the CS3 operon. Evidence is presented

to substantiate the ea¡lier prediction that all essential genes for CS3 biosynthesis,
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encoded on the parental plasmid in the wild type ETEC strain, P8176, are present on

pPM484. To identify these genes, and to assign possible roles to their protein products,

the nucleotide sequence of the minimal fragment was determined. The sequence and its

computer analyses are described in this chapter.

3.2 Results

3.2.1 pPM484 encodes all genes required for CS3 pilus synthesis in E. coli
K-12

The ability of E. colí K-12 strains to synthesise CS3 was conf,rrmed by preparing

crude pili from cultures of DS410 or C600 that have been transformed with pPM484 or

pPM474. Pili were prepared from cells grown overnight as a thick layer on CFA plates.

Vy'estern blotting of this material, using antiserum raised against CsCl-purified CS3 pili

from PB176, revealed a single band of about 15kDa figure 3.1, lanes c to fl. In

contrast, crude pili from P8176 showed two forms figure 3.1, lane 8) - a major form

that migrated slightly faster than the 15 kDa band, seen in E. coliK-Iz, and a minor form

that co-migrated with it. The pili from E. coli K-12 srrains showed a total lack of the

shorter, major band. One possible explanation for this difference is that two sites for CS3

signal peptide processing exist, and that only one is being used in E. coli K-Lz, whereas

both a¡e being used to different extents in ETEC. Evidence for this interpretation will be

presented later (see section 4.2.1.8 in Chapter 4). Judging from the relative intensities of

the CS3 bands, as compared to the non-specihc bands in the same lanes, DS4l0

produces a relatively higher level of pili than C600. Immunogold labelling, followed by

electron microscopy of DS410 (pPMa84) revealed the presence of CS3 hmbriae on the

cell surface (Figure 3.2 b). The amount of pili was much lower than that found on the

ETEC cell surface (Figure 3.2 a). Cells carrying pBR322, in contrast, were devoid of pili

@igure 3.2 c).

Labelling of the minicells, carrying pPM484, with 35S-Met revealed that the

pattern of protein bands (Figure 3.3, lane a) was identical to that obtained with pPM474



Figure 3.1 Western blot of crude pili from pPM474 vs pPM484

Çomparison of pilus biosynthesis mediated by pPM474 and pPM484. Crude pili

from DS410 and c600, carrying either pPM474 or pPM484, were run in SDS on 157o

PAGE, transferred to nitrocellulose paper and probed with CS3 antiserum. Strains

carrying pBR322 and the wild type ETEC strain, PB176, were used as controls. The two

mature forms of CS3 pili subunits in PB176 are indicated.

Lanes:

a - DS410, carrying pBR322

b - C600, carrying pBR322

c - DS410, carrying pPM484

d - DS410, carrying pPM474

e - C600, carrying pPM484

f - C600, carrying pPM474

g - PB176.
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Figure 3.2 Electron micrographs showing cell-surface CS3 pili

An ETEC cell, and E. coli K-12 minicells carrying pPM484 or pBR322 were

labelled with rabbit anti- CS3 pilin antibody followed by protein-A colloidal gold

complexes.

a - ETEC (PB176) cell

b - E. coliK-t2 minicell, carrying pPM484

c - E. coli K-12 minicell, carrying pBR322

The photographs are taken at different magnifications. Thus, the horizontal bar

equals 0.37pM in a, 0.30pM in b, and 0.37pM in c.
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Figure 3.3 Minicell translation of pPM484 and pBR322

Minicells carrying either pPM484 or pBR322 were labelled with 35S-Met, lysed

and electrophoresed in SDS on 157o PAGE.

Lanes:

a - PPM484

b - pBR322

Molecular weight markers are:- phosphorylase B (97.4 kDa), bovine serum

albumin (68 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), B-lactoglobulin

(18.4 kDa) and lysozyme (14.3 kDa). The approximate sizes (kDa) of pPM484-specific

protein bands are indicated. -T, À, cv^ (,¿,,vJ Ì+*t 1t.,,
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byManninget al. (1985). The bands designated as 97kDa,58kDa, and 46.5kDa were

thin, but consistently present, whereas more intense bands were observed for the 2J kDa,

18 kDa and 16.6 kDa polypeptides. Along with these expected proteins, three others

with sizes 31 kDa, 22kDa and 9 kDa were also observed. Though not described by

Manning et al. (L985), a re-investigation revealed that they were also being produced by

pPM474. Presumably, these bands were overlooked in earlier studies owing to the

masking effect of the p-lactamase on the 31 kDa protein, poor expression of rhe 22kDa

protein and small size of the 9 kDa protein.

3.2.2 The nucleotide sequence of pPM484

The insert from pPM484 was subcloned into M13 vectors and sequenced as

described in Chapter 2. The complete sequence (4747 bp) and the sequencing strategy

a¡e shown in Figure 3.4a and b, respectively. Numbering is in the 5' to 3' direction,

starting from the flrst base of the HíndIII site, and has the same polarity as the mRNA.

All regions in this sequence have been determined from more than one clone and in both

directions. No disparity was observed between the sequences determined from

independent clones. Areas that showed "compressions" were resolved by accepting the

sequence of the strand not showing such compression. There was no region that could

not be read unambiguously from one or the other strand.

3.2.3 Analysis of the nucleotide sequence

The nucleotide sequence was sea¡ched for the presence of various motifs that

would help to identify the potential coding regions of the polypeptides observed in

minicell translations. These included the open reading frames (ORFs), ribosome binding

sites (RBS), promoters and terminators. In addition, the sequence was also analysed for

its coding probability by comparing the codon usage patterns against tables based either

on the E. coli K-12 genes or on the sequenced pilus biosynthesis genes from ETEC and

other patho genic E. coli strains. A modified computer algorithm based on the S taden and

Mclachlan (1982) method for predicting coding probability, by comparing the three



Figure 3.4 a. Nucleotide sequence of the Hínd[n' fragment, encoding the CS3

pitus biosynthesis genes

Nucleotide sequence of the HindIII fragment cloned in pPM484. The sequence

reads in the 5'to 3'di¡ection. The -35 and -10 regions of the promoters are underlined.

Also underlined are the relevant restiction sites, the IF{F binding site (AA---RTTGATR;

Nash, 1981; Friedman, 1938) putative RBSs and initiation codons of the genes, the two

14 bp direct repears (nt 948 and 2620) and the region homologous to the IS9/ element

(section 3.2.6.1a). The deduced amino acid sequences of the genes are are written above

the DNA sequence, and the sequenced N-terminal amino acids of CS3 are over-lined.

Signal peptide cleavage sites of the polypeptides are marked by inverted triangles. A

putative stem-loop sffucture after the CS3 coding region is over-lined.

b. Sequencing strategY:

Solid line represent the entire sequence, with short vertical bars marking the

sequence positions. Thin horizontal lines represent the gel readings from i.ndividual

sequencing experiments, the lengths of which correspond to the actual number of bases

read. Gel readings in the 5' to 3' direction a¡e ma¡ked above, whereas those in the

opposite direction are given below the line representing the completed sequence. (The

iurows represent the directions of gel readings).
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TGAAECTAACCAACATTTAGTTTCAC,CTAATTACCGTC,CAAATATAACAATTACTICGACAATTAAATAATTATATAATAGACGTAC,CCI 4680

lcss)
TCGAAATAAACÆCTr{CcTTCCTATC TTTA IGTTTGTGATTTATAC'GCATCATTAAAT AGTCAAGCTT' EÍtîä 4141
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b
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reading frames against the codon frequency tables, is shown as a plot in Figure 3.5.

Whenever a reference to the sequence position of a particular signal is made, the

convention of referring to the fust nucleotide (nt) in the signal is followed.

3.2.4 Definition and summary of ORFs

An ORF is generally defined as a stretch of DNA not interrupted by stop codons.

However, in the context of this thesis, an ORF has been def,rned as a stretch of DNA that

codes for a string of amino acids starting with an AUG or GUG initiarion codon. The

initiation codons that dehned the start of ORFs were not necessarily the first of their kind

in an unintemrpted stretch of amino acids. In many cases, ORFs were a¡birrarily defined,

based on the size of the potential protein products they encoded. This re-dehning has

been made to accommodate the possibility that one or more of the polypeptides seen in

minicell labelling could have inframe initiations within the reading frame of a larger

polypeptide. In the instance of defining the ORF of one of the genes, cp22, a UAG triplet

was assumed not to function as a termination codon. Reasons for this assumption are

explained later in this chapter (section 3.2.4.3). Presence of suitable RBSs (Stormo et al.,

1982) in front of the initiation codons were also searched for, but were not deemed

critical, as several proven genes n E. coli K-12lacked clear RBSs (Gold et a|.,1981). It

has been suggested that an RBS is not absolutely essential for initiation, instead is

required for efficient translation (Calogero et a|.,1988).

Essentially, three criteria were used in the initial search of ORFs. Firstly, stretches

of at least 75 amino acids (aa) from an initiation codon (AUG, GUG or UUG) were

searched for. Secondly, presence of a suitable RBS (Stormo et al., 1982; Munson et al.,

1984; Shinedling et a|.,1987; Hartz et al., 1991) in the region preceding these potential

initiation codons was examined. Finaily, the codon usage pattern was analysed to gain an

insight into the potential of them being protein coding regions. The presumptive genes

thus identihed were given the designation cpnn where cp stands for eS3 ¿rotein, and nn

is a number approximating the predicted MV/ (x 1000; e.g. cp82 for the ORF with MW



Figure 3.5 Codon usage plot of the DNA sequence

The codon usage in each of the three reading frames, on the coding strand alone,

was calculated by a modified computer algorithm based on the method of Staden and

Mclachlan (1982). The probability of a triplet being in a protein coding region was

calculated over a window of 25 codons, by comparing against the respective codon

usage tables as well as against the two alternative reading frames. Probable coding

regions generally show stretches of positive values unintem:pted by stop codons

(marked by dots). Short vertical bars represent the AUG initiation codons. Horizontal

bars mark the length and direction of ORFs. Plots were derived by comparing the

sequence against,

a - the ETEC codon frequency table (based on the genes, fanD, fanE, faeD,

faeE,fimD,fimE, papc, papD, papc andpaplT)

b - the E. colí K-12 codon frequency table (Maruyana et al.,1986)
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82150) of the polypeptide it encodes. The corresponding protein product is referred to as

Cpnn (except the pilin subunit, which is referred to as CS3), and the potential promoter

as P*. A summary of the ORFs is given in Table 3.1. These ORFs, as well as the

potential promoters, a putative terminator and the relevant restriction sites are given

schematically in Figure 3.6. All presumptive genes were on the same strand of the DNA.

The largest ORF on the opposite strand, beginning with a UUG triplet, was only 65

amino acids long (MV/ 7051) and, therefore, this strand was considered to b€

non-coding. Of the eight ORFs found on the coding strand, four (cp6l, cp46, cp3l and

cp9) were entirely contained in a fifth, and the largest, ORF (cp82) within the sequence.

All five shared the same reading frame, using internal initiation codons and a common

termination codon. The remaining three (cp27, cp22 and cpCS3) were non-overlapping

with any other.

The following sections describe the ORFs and properties of their deduced

polypeptides:-

3.2.4.L cp27

This is the hrst ORF on the sequence, which begins with an AUG (nt 378) and

ends with a UGA (nt 1101), to give a polypeptide of MW 26893 (Figure 3.4a; Table

3.1). The string, GGAG, at nt 369 is appropriately located to function as an RBS.

Although not ideal, the strings, TCAAAA (nt 312) and TATTAT (nt 336; Figure 3.4a;

Table 3.2), show similarity to the -35 and -10 regions, respectively, of an E. coli o70

promoter. The position of the last T residue in the -10 region is hereafter referred to as

the sequence position of the putative promoters (e.g. nt 341 for P27). Another potential

promoter, with the -35 and -10 regions ar. ü324 and34J, respectively, are also seen

upstream to this ORF. The predicted size of this ORF (26.9 kDa) correlates well with the

size of a protein band (27 kDa) seen in minicell labelling. Its location on the DNA also

conformed with the prediction of Manning et al. (1985) for the 2lkDa polypeptide.

Since it, most probably, represented the gene coding for the 2l kDa polypeptide, it was



Table 3.1

Summary of ORFs

ORF RBS Start Stop Mol. Wt.

cp27
cp82
cp6l
cp46
cp3 I

cp9
cp22
cpS3

378
r3 r8
1858
2266
2668
3274
3530
4154

1101

3523
3523
3523
3523
3523
4r30
4658

26893
82150
6rt7t
45861

30687
8668

2r704
17475

GGAG-5-AUG
AAGA-GAUG

AGGG-3.AUG
GAAG-7-AUG
GGAA-8-AUG

GAGG-GAUG



Table 3.2

Summaries of potential promoters.

Seq. Pos. Score Designation*

341
352
382
631
63r
822
876

It27
tr54
t479
1797
1952
2l2t
2433
2574
2702
2718
3252
3482
3483
38s8
4004
4134
4668

-3.23
1.06
0.01
0.05
0.30
1.56
0.29
0.24
0.19
0.75

-0.78
0.65
0.r7
0.00
0.35
0.15
0.79

-r.54
0.21
1.15
0.26
0.03
0.12
0.66

Pzl#

Psz

P6t#

P+o

P¡t#

P9

Pzz

Pcs:#

Notes: * - The designation for promoters was arbitrary, based on their location on the
DNA in relation to the ORFs.

# - These promoters have been confirmed by primer extension or Northern blot
analysis (see chapter 5).



Figure 3.6 Schematic diagram of ORFs and promoters.

Schematic representation of the potelntial ORFs. The DNA sequence is

represented by a thin line, with the positions of relevant restriction sites marked. Solid

boxes represent the ORFs, whereas shaded boxes indicate the putative signal peprides of

proteins. Potential promoters (P27, P61, P3t, PCS3) a¡e marked by triangles. The

potential terminator downstream to cpCS3 (TCS:) is also marked. The homology to IS9/

is also marked.
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given the name, cp27. A leader peptide cleavage site between the residues 21 and22

(Figure 3.4a) could be predicted by the -1,-3 rule of von Heijne (1983, 1986). Processing

at this site would give a mature polypeptide of MW 24597, corresponding to the size of

the shorter band seen in minicell translations. Codon usage within this ORF showed a

bias towards the ETEC codons but not towards the E. coliK-I2 codons (Figure 3.5).

3.2.4.2 cp82

The second ORF, termed cp82 on the sequence, starts 215 nt downstream from

the end of cp27. Translation initiating from any of the three inframe AUG codons at nt

1312,1315 or 1318 would terminate at the UAG triplet atnt3523 (hereafter referred to

as UAG3523) to give a polypeptide of MW 82150 (Table 3.1). The string, AAGA, at nt

1308 probably corresponds to its RBS figure 3.4a). Since an RBS is usually located 3

to 9 bases upstream from the initiation codon (Stormo et al., I98Z), the AUG triplet at

nt 1318 appears to be the most likely start of translation. As in the case of cp27, the

codon usage plot along this ORF shows a strong bias towards that for ETEC genes but

poorly to thar for E. coli K-IZ genes (Figure 3.5). Although this ORF was the longest

observed on the sequence in either di¡ection, the polypeptide it encoded would be well

short of the 97 kDa protein band observed in minicell translations. The sequence ladder

in the vicinity of UAG3523 could be unambiguously read(see Figure 6.1, panel b), and

the presence of stop codons in the other two reading frames discounted the possibility of

a frameshift error that would make this ORF longer. Examination of the codon Llsage

plot (Figure 3.5) revealed that the characteristic codon bias shifted the relding frrme

neat the stop codon, suggesting that translation of this ORF terminated at this position. It

appears, therefore, that an 82 kDa protein is migrating abenantly on PAGE to give tn

apparent size of 97 kDa. Examination of the amino acid sequence of cp82 did not reveal

any unusual distributil of charged amino acids that might explain the abnormal nrobility.

In minicell ranslations, this band is closely followed by a shorter band of 94 kDa.
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3.2.4.3 cp22

A faint band of approximately 22kDa was consistently seen in minicell and

invitro translations during this study (see Figure 4.1, lane b), but had not been reported

by Manning et aI. (1985). A re-investigation of the translation pattern in pPM474,

however, revealed the presence of this band. Two alternative start sites for its ORF are

the AUG triplets at nt 2884 and 3530, respectively. Translation from the former

terminares at the same UAG triplet that marks the end of cp82, to give a polypeptide of

MW 22713. The initiation from the AUG at nt 3530 would only give a 2 kDa band.

However, if the translation were to go past the UAG triplet nt 3578 (termed UAG3573) a

polypeptide of MW 21104 would result. Examination of the codon usage plot (Figure

3.5), which showed good coding potential across this UAG in the same reading frame,

suggested that this area most likely encoded a protein. No initiation codon was present

downstream to UAG3578, to account for a 22kDa protein. In addition to the coding

potential across UAG3573, the codon usage plot displayed the characteristic shift, from

poor to good coding, near the AUG at 3530. In light of these indications, as well as

based on other evidence given in Chapters 4 (section 4.2.1.6) and 6 (section 6.2.1), it

was assumed that the translation of cp22 ininated from the AUG at 3530, bypassed the

UAG3573 and terminated at the UAA triplet at nt 4130.

3.2.4.4 cpCS3

The third open reading frame on the sequence starts with an AUG at nt 4154 and

ends with a UAA at nt 4658 @igure 3.4a and 3.6, Table 3.1). The string, GAGG, at nt

4144 appears to be the RBS, and the -35 and -10 regions, corresponding to o o70

promoter, have been predicted at nt 4107 (TTAACG) and 4130 (TAAAGT),

respectively (Figure 3.4a, Table 3.2). As in the case of cp27 and cp82, this ORF also

showed a bias towards the ETEC codon usage (Figure 3.5). Judging from its size

(17.5 kDa) and relative location to the physical map of pPM474 (Manning et al., 1985),

it appeared to code for the stmctural subunit of CS3 and hence was design ated cpCS3 .
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While this work was in progress, Boylan et al. (1988b) reported the sequence of

the DNA encoding the CS3 gene from the.ETEC sÍain, E90a. The DNA and deduced

amino acid sequences reported by these authors are identical to those presented here

except for one conservative amino acid change, within cpCS3 at nt 4400 (Ser instead of

Asn) and two base pair differences (G instead of A, in both cases) at nt 4089 (upstream

to cpCS3) and nt 4401 (Figure 3.4a). However, the restriction maps of the HindIII

fragment, encoding all genes necessary for the biosynthesis of CS3 pili, do differ from

each other (see Figure 2 in Boylan et a1.,1987).

3.2.5 Overlapping translation is needed for other ORFs

Almost the entire DNA in one direction, from nt 378 to nt 4660, has been

covered by the four ORFs (Figure 3.6) described above. Other reading frames in the

sarne or opposite directions were devoid of any ORF of significant length. As the largest

ORF on the opposite strand, beginning with a UUG trþlet, was only 65 amino acids long

(MW of 7057), this strand was not considered to be coding for any of the protein bands

seen in minicell labelling. Manning et al. (1985) have considered two alternatives for the

production of the 58 and 46 kDa polypeptides:-

(1) specif,rc cleavage of one or more of the larger polypeptides and

(2) re-initiation of translation within the coding region of a larger polypeptide.

Assuming re-initiation of tanslations, rather than post-translational processing, to

produce the remaining four polypeptides, the DNA sequence was searched for potential

initiation codons within the four identified ORFs (í.e. cp27, cp82, cp22 and cpCS3).

Although the 9 kDa band was small enough to be contained within cp27, cp22 or cpCS3,

the absence of suitable initiation codons within these ORFs ruled out this possibility.

However, cp82 showed several potential initiation codons, and these were critically

examined in the search for the ORFs for the 6I, 46, 31 and 9 kDa proteins. The

following sections describe these ORFs.
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3.2.5.1 cp61

Initiation of ranslation from the GUG at nt 1837 or the AUG at nt 1858 (Figure

3.4a and 3.6) would give rise to a polypeptide of MW 619ll or 61171, respectively

(Table 3.1). The AUG triplet was taken as the likely initiation codon for the 61 kDa

protein which, in turn, was assumed to be the 58 kDa band reported by Manning et al.

(1985). No suitable RBS was found before this codon.

3.2.5.2 cp46

Since the difference in size between the 46 kDa and the 61 kDa bands was too

large to consider them to be the precursor and mature forms of the same gene product, a

potential translation initiation site for the 46 kDa polypeptide was sought. Translation

from the AUG codon atnt2266 would produce a polypeptide of MW 45861. The string,

AGGG, ar.fi2259 appears to be an RBS forits translation (Figure 3.4a; Table 3.1). It

should be noted that the 46 kDa band was faint in minicell labelling, possibly reflecting a

weak RBS.

3.2.5.3 cp31 and cp9

The last two ORFs to be examined, like cp22, corresponded to protein products

not reported by Manning et a/. (1985). The intensities of their protein bands in minicell

translations were higher than those of cp6l and cp46, suggesting the presence of either a

stronger RBS and/or a promoter to reinitiate transcription. Alternatively, their mRNAs

may have more stability.

cp31

Two alternative start sites to produce a 31 kDa polypeptide were found at nt29l,

upstream to the start site of cp27, and at nt 2668 within the reading frame of cp82.

Though both initiation codons were preceded by the string, GAAG, that could be

considered as an RBS, examination of the codon usage plot (Figure 3.5) showed poor

coding potential in the vicinity of the AUG at nt 291. The ORF stafling at 2668 is within
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cp82, and therefore shared a better coding region with the latter ffigure 3.5). This ORF

is also preceded by a puøtive promoter, with the strings GTGGAA (nt 2546) and

GAGAAT (nr2569) as the potential -35 and -10 regions (Figure 3.4a; Table 3.2). The

string, GAAG, atnt2657 appeared to be its RBS (Figure 3.4a; Table 3.1). The AUG

triplet atnt2668 was therefore taken as the most likely initiation codon for the 31kDa

polypeptide.

cp9

The smallest polypeptide seen in minicell and in virro translations had a size of

9 kDa and was seldom observed, since it often ran off the gel during electrophoresis. The

AUG at nt 3274 was taken as the candidate for its initiation codon. The string, GGAA

(nt3262), preceding this triplet would form a likely RBS. Although a good -10 region

(srring TATAAT at nt 3247) was found before this ORF, the -35 region (string

CTGGTG at ît 3224) showed only poor homology to the o70 ronsensus (Figure 3.4a;

Table 3.i and 3.2).

3.2.6 Other Features of the sequence

Searches against nucleotide databases revealed several interesting homologies.

Other sequence analyses revealed potential signals, like promoters and protein binding

regions.

3.2.6.1 Sequence homologies with other DNAs

The entire 4747 bp DNA sequence was comparcd against the GenBank and

EMBL nucleotide databases, using the FASTA program (Pearson and Lipman, 1988), to

detect probable homologies to other pilus biosynthesis genes. An arbitrary value of 100

for the optimised score of the program's output was used as the cut-off point when

selecting the homology alignments for further study. Only those homologies which are

statistically or functionally significant are described in the following sections.
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3.2.6.Ia IS91 element

Good sequence homology was observed with the insertion element IS91 between

nr 68 and 167 (Figure 3.7a). Since only about 100 bases from each end of the IS9/

elemenr (about 1.85 kb) have been sequenced @iaz-Aroca et al., 1987), it could not be

verified whether nt 1 to 67 of the ETEC sequence also matched it. From the observed

sequence homology, it is apparent that at least a part of IS91, or a closely related IS

element, is present on the plasmid, in such an orientation that its left end is within the

DNA cloned in pPM484. If the entire IS9/ element is present in the wild type plasmid,

then, its right end must be approximately 1.85 kb to the left of the HindIII (nt 1) that

marks the left end of the insert DNA in pPM484.

3.2.6.1b cfaA

Strong homology was observed between the promoter regions of cp27 and the

cfaA gene (Hamers et al., 1989) in the E. colí CFA/I f,rmbrial operon (Figure 3.7b). A

better consensus for the -10 region of the promoter, than the one marked by Hanters

et al. (1989), was identihed in front of the cfaA gene sequence, and this exactly

overlapped with P27. Hamers et al. (1989) have also observed a 172 bp fragment of the

IS2 element (about 1.1 kb; Ghosal et a1.,1979) located at1,28 bp upstream to the cfaA

promoter. The end of IS91 element in pPM484 lies at 174 bp tìpstream to P27 nnd,

therefore, is approximately in the same relative location as the IS2 element is'to c/aA.

There is no sequence similarity between IS9/ and IS2 elements.

3.2.6.Lc E. coli adhesin gene, F17-G

Similarity to a region 600 bp downstream ot?ne E. coli adhesin gene (Fl7-G;

Lintermans et a1.,1991) was found between 76 and 135 base pairs upstream to the cp27

promoter. This homology breaks down near the junction between the IS91 elentent ltnd

pPM484 sequence. No homology was seen between the sequences around the trvo

promoters (Figure 3.7 c).



Figure 3.7 DNA sequence homologies

Homologies detected by comparison against nucleotide databases.

a - Against the IS9/ element. The complementary strand of the left

end of IS9/ is shown here. Arrow indicates the terminal inverted repeat at the ends of

IS9/.

b - Against the promoter region of the cfaA gene in the CFAÄ

opefon. The deduced -35 and -10 regions of the two promotorS, P27 and Pr¡o¡, ue

overlined. Partial amino acid sequences of the two genes are also shown.

c - Against the E. coli adhesin gene' F17-G'
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Besides the above two homologies, which could have some functional

significance, several others were noted. Most of these occurred in A+T-rich regions and

were probably spurious.

3.2.6.2 homoters

A computer seatch, using a score matrix method (Kalionis et a1.,1986), identified

an unusually high number of potential promoters on the sequence (Table 3.2). The most

likely candidates are ma¡ked on the sequence at nt 341, 1797 ,2574 and 4135. These a¡e

designated P27,P6y, P31 and PCs3,respectively (Figure 3.4a and 3.6).

3.2.6.3 Terminators

Weak stem-loop stnrctures with runs of 3 to 5 Us were found at nt 387, 1775

and 1967. Iudging from the location on the sequence, and the relatively positive free

energy of the stem-loops, these did not appear to be candidates for Rho-independent

terminators. A potential stem-loop structure, followed by a U-rich region, but not an

unintemrpted run of Us, appears at nt 4671 with a free energy of - 10.8 kcaVmol (Tinoco

et al., 1973) This appears to be a candidate for the terminator of CS3 mRNA (Figure

3.4a and 3.8).

3.2.6.4 Direct repeats

The minimum length for a statistically significant repeat on the 4747 bp DNA of

pPM484 was 12 bases. The longest repeat CITTAATGGAAAGGC) was 14 bp in

length. These were found at nt 948, within the coding region of cp27, and at nt 2620,

immediaæly upstream to cp3l (Figure 3.4a). This string is not known to have any

functional significance.

3.2.6.5 Protein binding sites

The string AAAAAATTGATT, at nt 1218, shows 8/9 homology with the

consensus sequence for IHF binding (AANNNRTTGATR; Nash,198l; Friedman, 1988).



Figure 3.8 Transcriptional terminator in the CS3 operon.

Potential stem-loop structure downstream of cpCS3. The free energy of the

srrucrure was calculated by the method of Tinoco et al. (1973). The termination codon

of cpCS3 is underlined.
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This site precedes the translation initiation site of cp82 (Figure 3.4a). No other protein

binding site was found on the sequence.

3.2.6.6 G+C content and Restriction Enzyme Sites

The DNA sequence of pPM484 displayed a relatively low G+C content (367o),

and in this regard deviated significantly from E. coli K-I2, where the G+C and A+T

contents,ffe approximately equal (507o; Ca¡on et aI., 1989). In order to verify whether

the low G+C content was a characteristic of pilus biosynthesis genes, the nucleotide

sequences of genes from other pilus systems were extracted from the GenBank database

and examined. The percentage of G+C and the GenBank accession numbers for the

respective sequences are given in brackets. A low G+C content was seen in cfaA (33Vo;

M55661), fanD (34Vo; X13560), fanE (34Vo; X56001) papE (407o; M13239) and papF

(407o; MI3239) genes. In contrast, the G+C content is higher in faeD gene (58Vo;

X03675). The G+C/A+T contents were approximately equal n the faeE (X56003), fimG

(X05672), fimH (X05672), papD (M30806), papF (M13239) and papH (Mt6202)

genes.

Overall, the frequencies of restriction sites in the DNA reflected the low G+C

content; i.¿. sites containing only G and C nucleotides were fewer than those containing

a! four nucleotides which, in turn, were fewer than those containing A and T alone. Sites

of all known enzymes with 4-base recognition sequences were present on the fragment,

as would be expected on a 4.7 kb fragment, the lowest number being one for FnuDII

(CGCG) and the highest being 47 for Ms¿I (TTAA).

The relevant restriction sites that were used in the mutagenesis of ORFs, as well

as those sites mapped by Manning et al. (1985), are listed in Table 3.3 and underlined on

the sequence in Figure 3.4a. Two BglII sites, instead of the lone site reported by

Manning et al. (1985), were seen on the sequence. Instead of the two reported PsrI sites,

there were three on the sequence. The short distances between the two Bglll sites (348

bp), and two of the three PsrI sites (51 bp) would have been responsible for these being



Table 3.3

Summary of Relevant Restriction sites

Restriction Site Seq. Position(s)

ApaI

BglIr

EcoRI

Ncol

Pstl

ScaI

3706

2239

724

r663

2087

1358

4226

2587

2978

42t8 4269

2788
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classified as single sites in earlier studies. One of these two PsrI sites occurred in the area

encoding the signal peptide cleavage site of CS3 polypeptide and the other at 51 bases

downstream from it. In future, these sites could become useful in either a deletion

analysis of CS3 subunit or the N-terminal fusion of a foreign antigen. A lone ClaI site at

nt 3084 overlaps a dam methylase recognition site and, due to methylation, was

uncleavable when pPM484 DNA was prepared from a damt E. coli K-12 strain.

3.3 Discussion

This chapter fìntly investigated the ability to mediate CS3 biosynthesis by the

plasmid, pPM484, which does not contain the additional 0.7 kb HindIII fragment found

in the plasmid, pPM474, originally used by Manning et al. (1985). Minicell labelling was

used to conf,rm that pPM484 encoded all of the CS3 biosynthesis-related polypeptides

reported to be present in pPM474.Tltree additional bands with sizes of 31, 22 and 9 kDa

were discovered during this study. The probable reasons for the failure to detect these

bands earlier studies are,

(1) masking by the ApR gene product (31 kDa),

(2) poor expression (22 kDa), and

(3) small size (9 kDa).

The entire DNA sequence of the insert was determined in order to facilitate the

identifrcation of the CS3 biosynthesis genes. The sequence was unrema¡kable in terms of

structures and repeats, but showed an unusually extensive overlapping of translation.

Some overlap is common in prokaryotic transcription and translation, which was

anticipated to be imperative in the case of the CS3 gene cluster (Manning et al., 1985).

However, the extent of overlap at the level of translation, and the possibility also at

transcription, was unusual. Five presumptive genes overlapped with each other. Four of

these were completely contained within the largest gene, termed cp82.

Previous evidence for the existence of several genes came from minicell

translations as well as physical mapping of the DNA by transposon mutagenesis and
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Bal3l deletion (Manning et al., 1985). Interpretation of results from these experiments

was complicated by the apparent overlapping of translation, and alternative explanations

were possible. For example, a band seen in minicell translation could also have formed by

post-translational processing or by degradation of the product before PAGE analysis.

Because of the genetic organization, deletion derivatives and transposon mutants gave

polar effects which did not permit an accurate picture of the number and location of

translational units. In this chapter, an attempt has been made to locate the genes by DNA

sequence analysis. It has been assumed that the major bands seen in minicell translations

are produced by independent initiations of translation rather than post-translational

processing. Although codon usage patterns generally give an accurate assessment of the

coding regions of genes, it could not be used in the identification of cp6l, cp46, cp31,

cp22 and cp9, all of which were contained within the reading frame of cpB2. These genes

were therefore assigned by taking into account the size of the polypeptides that could be

formed by Eanslational initiations from the putative initiation codons. The presence of

potential RBS and promoter sequences were also considered in these assignments. A

complication in the latter was that homologies to these signals were not strong. Of

relevance is that several known genes n E. coli K-12 are found to lack a distinct RBS or

promoter (Gold et a1.,1981; Hershey, 1987; Gold and Stormo, 1987).

The DNA sequence revealed, as predicted, that the 2l kDa protein was not

derived from any other polypeptide and had independent ranscription and translation

signals (Manning et aL.,1985). Similarly, the CS3 pilin subunit also had its own putative

promoter and translation initiation sites. The 22 kDa protein appeared to be translated

independently, but was probably encoded on the same mRNA that encoded the upsrream

ORFs. An in-frame UAG triplet is found in its presumprive ORF. Evidence to believe

that AUG at nt 3530 is in fact used as initiation site of translation of cp22, and UAG3573

is either suppressed or bypassed during [anslation, comes from the following

observations. Firstly, this area on the sequence had been verihed thoroughly to rule out
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any possible sequencing error. Secondly, the codon usage plot across this codon

indicated good coding potential, with no potential initiation codon downstream to

UAG3573 to give rise to a polypeptide of approximately 22 kDa. Thirdly, cell surface pili

are absent in an Su- strain (see Chapter 6), which indicates that suppression of an amber

codon, presumably the one tn cp22, plays a part in pilus biogenesis.

The DNA sequence was devoid of extensive direct or inverted repeats. An

unusually large number of potential o70 promoters were identified on both strands of the

DNA. The high A+T content of the DNA (64Vo) could have been responsible for

detecting a large number of spurious promoters by a computer algorithm, which used a

score matrix containing high frequencies of A and T residues at several positions (overall

A+T content in the matrix = 62.3Vo). Owing to the functional significance of their

locations, the promoters found in front of cp27 and cpCS3 are probably genuine.

However, the probability score for these two promoters was lower than several others

found on either strand of the DNA. Analysis of nanscription from these

computer-predicted promoters, by Northern blots or ín vivo activity assays, is the best

way to conhrm or rule out their existence.

The presence of a putative IFIF binding site in front of cp82 suggests a possible

role of this host protein in regulating its translation. Examining the production of CS3

pilus in a strain defective in the ihf gene may resolve this.

Proving the overlapping ranslations in the CS3 biosynthesis gene cluster is

imperative, and forms a major part of the studies reported in this thesis. Availabiliry of

the nucleotide sequence will geatly facilitate the introduction of specific mutations into

the DNA. End-filling single restriction sites to create frameshift mutations in their cocling

regions may help to identify the possible initiation sites of the polypeptides. The spatial

organization of the non-overlapping genes suggests that they form a single operon.

Transcription of the downstream genes could therefore be dependent upon the
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Eanslation of upstream genes. Possible polarity of the upstream frameshift mutations

must be taken into consideration when analyzing their effects.

Frameshift mutants may also be assessed to verify the role of the various gene

products in pilus biosynthesis. A difficulty in interpreting these results is that all

mutarions that abolish the downstream genes (cp6l , cp46, cp31 and cp9) may also result

in a mutation of cp82 and, if the latte¡ is essential for CS3 fimbrial synthesis, will result in

the loss of CS3 expression. These questions are addressed in the next chapter, which

deals with the experimental confirmation of the proposed iniriation codons, computer

analyses of the proteins, verification of the involvement of all proteins in pilus biogenesis,

and the determination of their potential roles.



CHAPTER 4

Identification, Analyses And Roles Of The CS3

Pilus Biosynthesis Proteins



CHAPTER 4

IdentifTcation, Analyses And Roles Of The CS3 Pilus
Biosynthesis Proteins.

4.L Introduction

Predictions, based on the DNA sequence data for the region encoding CS3

biosynthesis, suggested an overlapping gene ¿urangement to account for the proteins

detected by minicell labelling. Four ORFs were fully contained within a larger ORF,

cp82, and used a common termination codon, but different start codons. These ORFs

were arbitrarily defined, based on the sizes of polypeptides and the presence of likely

ribosome binding sites (RBS) preceding their initiation codons. To conhrm these

predictions it was necessary to introduce alterations into the DNA, to verify whether they

produced the expected effect on üanslations. Two approaches considered were

progressive deletions from ends of the DNA, and site-specific mutagenesis of the coding

regions. The former is useful when the genes are independently ranscribed and

rranslated. Since it was probable that most of the genes in pPM484 were ranscribed

from a single upsfream promoter, deleting the DNA from the 5' end would affect all

genes if this promoter was deleted or inactivated. Similarly, a common termination codon

was being used by the overlapping genes and, therefore, deleting the DNA from the 3'

end could also lead to erroneous conclusions. For these reasons, it was decided that site-

specific mutations in the coding regions were more appropriate in determining the starts

and ends of genes, as well as investigating the roles of their products.

This chapter analyses the eight potential genes encoded within pPM484, in terms

of their location in the DNA and the involvement of their products in pilus biosynthesis.

The initiation and termination sites were mapped by introducing site-specific frame-shifts

into the coding regions, followed by minicell labelling. The effect of these mutations on

pilus production was investigated to verify the involvement of these proteins in its

biogenesis. Finally, an attempt has been made to assign possible roles to these proteins by
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similarity to other known proteins, and by investigating their inracellular locations using

cell fractionation studies. The sequence positions mentioned in this chapter correspond to

those in Figure 3.4aof Chapter 3.

4.2 Results

4,2.I Correlation of protein bands to ORFs.

Due to their overlapping arrangement, a number of potential initiation sites had to

be considered for each gene. Absolute proof for the translation initiation sites could only

be obtained by mutagenizing these predicted initiation codons. Indirect evidence,

however, could be obtained by site-directed frameshift mutations that resulted in a

truncation or loss of the polypeptides. Either an insertion of 4 bases, in the case of EcoRI

and NcoI (restriction enzymes that produce 5' overhang), or a deletion of 4 bases, in the

case of PstI (enzyme that produces 3' overhang), was created by digesting with the

respective enzyme, treating with Klenow (in the presence of all four dNTPs) and re-

ligating with T4 DNA ligase. The following sections describe, flustly, the correlation of a

minicell-identif,red protein band to an ORF and, then, mutational analyses to confîrm its

sta¡t of translation.

4.2.1.1 Cp27

Two protein bands, migrating slightly ahead of the mature form of B-lactamase,

are the candidates for the cp27 prodacts (Figure 4.1, lane c). Only the larger of these

bands is found in in vitro translation of pPM484 DNA (Figure 4.1, lane b), or the in vivo

(minicell) translation in the presence of \Vo ethanol (Figure 4.2, lane c). Since leader

peptide processing does not occur in these methods of ranslation, absence of the shorter

band suggests that it represents the mature form of Cp27 protein.

One of the three EcoRI sites in pPM484 is within cp27 at nt724. End-filling this

site would result in a frameshift and produce truncated proteins with sizes of 14.3 and

12.0 kDa, respectively, for the precursor and mature polypeptides. The desired mutation



Figure 4.1 Comparison of the in vítro and minicell translation of pPM484

Translation products labelled with 35S-methionine were run in SDS on 15Vo

PAGE, flourographed and exposed overnight at -80oC.

Lanes:

a - In vi¡ro translation of pBR322 DNA

b - In virro translation of pPM484 DNA

c - Invivo (minicell) translation of pPM484

d - In vivo (minicell) translation of pBR322.

Potential gene products are marked. Precursor forms of the proteins a¡e indicated

by bi-directional arrows whereas mature products in the minicell's lane are indicated by

short arrows. The product of cfil appears to co-migrate with pre-bla in the ín vitro

translation, but slightly beiow it in the in vivo system. Molecular weights, as determined

from the mobility of pre-stained protein M'W standards a¡e marked.
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Figure 4.2 Minicetl translation in the presence of 8Vo ethanol

Minicells containing either pBR322 or pPM484 were labelled ìn the presence or

absence of \Vo ethanol. The bands for Cp27 , Cp22, CS3, Cp9 and p-lactamase (bla) are

marked. The presence of non-specific bands in all tracks made it dificult to assess

whether the observed bands for Cp82, Cp61, Cp46 and Cp31 were real and, hence, thei¡

expected positions are given in brackets.

Lanes:

a - pBR322 in the absence of ethanol.

b - pPM484 in the absence of ethanol.

c - pPM484 in the presence of 8Vo ethanol.

d - pBR322 in the presence of 8Vo ethanol.
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(hereafter referred to as the EcoRI mutation) was achieved by partially digesting the

plasmid DNA with EcoR[, end-f,rlling with Klenow and re-ligating. Plasmids from several

colonies were screened to identify the one that had lost the EcoRI site at nt 724 bul.

retained the other two sites. Translation in vivo revealed that the two bands originally

assigned to Cp27 disappeared, coinciding with the appearance of two faster migrating

bands (Figure 4.3A, lane å). The truncated precursor polypeptide (predicted size of

14.3 kDa) migrated more slowly than the mature form of CS3 subunit (15.8 kDa), giving

the former an apparent size of 17 kDa. This raised the possibility that the actual initiation

site of Cp27 was upstream to the previously predicted site at nt 378. The following

observations, however, ruled out this possibility:-

Firstly, even though the rruncated product would be approximately 17 kDa, if

translation were to iniriate from an alternative AUG at nr. 291, the full length Cp27

precursor protein (predicted size of 30.4 kDa) in this case should migrate more slowly

than the mature B-lactamase (29.7 kDa). In reaiity, however, it migrated ahead of the

latter.

Secondly, the predicted signai peptide cleavage site after the aa residue 21

(Figure 3.4a), if ranslation began from the AUG at nt 378, made it the favoured

candidate. No signal peptide cleavage site could be predicted at a similar distance from

the AUG atnt2gl.

Thirdly, the presence of a potential promoter at nt 341 made the AUG at nt 378

(see Chapter 5, Section 5.2.3) the most likely candidate, as no potential promoter was

found upstream of the alternative AUG triplet.

Fourthly, a characteristic shift of the codon usage plor @igure 3.5) from poor to

good coding potential occurred near the AUG at nt 378.

A possible explanation for the disparity between the predicted and observed sizes

of the truncated products of Cp27 was that translation after the frame-shift mutagenesis

of cp27 might be terminating further downstream than as suggested by the sequence. A



Figure 4.34 Minicetl translation of the mutant derivatives of pPM484

Minicells prepared from DS410, transformed with pPM484 and its mutant

derivatives were labelled with 35S- Met invivo and separated in SDS on l5%o PAGE.

Lanes:

a - pPM484

b - The EcoRI mutant (pPM1353)

c - The Bgltr mutant (pPM1352)

d - pBR322

' e - pPM484

Í - TheNcoI mutant (pPM1351)

g,h - PBR322

t - pPM484

j The Bgt[I mutant (pPM1352)

k - The Psr I mutant (pPM788)

I - PPM484

m - PBR322

Accumulation of Cp22 as a result of the Bgl II mutation is visible in lane j

whereas Cp46 is accumulated as a result of the Psr I mutation (lane ft). The band for

Cp31 is seen above that of pre-p-lactamase in lanes ø to c whereas in lanes ft and / its

migrates faster. To indicate this fact the observed band, as well as its expected position,

in lanes È a¡rd / are marked. Molecular weights (l<Da) are marked between the lanes d

and e.
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Figure 4.38 Minicell translation of the EcoRI and the BSilI deletion mutants

This figure is an expanded view of the first four lanes in figure 4.34 to show the

band assigned to Cp31. The truncated product of Cp61, associated with the BgiII

delerion is marked as Â Cp61 in lane c. Also ma¡ked are the Cp protein bands and the

two forms of p-lactamase (pre-bla and bla).

Lanes:

a - pPM484

b - The EcoRI mutant (pPM1353)

c - T"be Bg/JL mutant (pPM1352)

d - pB.R322
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sequencing error (e.g. a nonsense codon being interpreted as sense codon) could be

responsible for this. However, a critical examination of the sequence between the EcoRI

site (nt 724), and the predicted termination site at nt 781, did not reveal any error. The

observed disparity in mobility must therefore be due to an aberation of SDS-PAGE. The

ratio of negatively charged amino acids (D+E) to positively charged ones (K+R) is 1.29

in the full length Cp27 polypeptide, whereas a ratio of 1.5 is seen in the truncated

product. The relatively lower overall positive charge in the truncated product could be

one reason for its aberrant migration.

4.2.1.2 Cp82

Although no plasmid-encoded protein band could be visualised in the vicinity of

82 kDa, two relatively intense bands of approximately 97 kDa and 94 kDa aÍe

consistently seen in minicell labelling of pPM484 (Figure 4.1, lane c), but not of pBR322.

Previously reported by Manning et al. (1985), these bands are assumed to represent the

cp82 prodacts. They were not detected in the in vítro translation of pPM484 (Figure 4. 1,

lane å).

End-filling of the unique NcoI site at nt 1663 (termed the NcoI mutation) resulted

in a frameshift in the reading frame of cp82 and caused the disappearance of the 97 kDa

and 94 kDa bands, but did not affect any other (Figure 4.34,1anefl. A truncated product

of 14.5 kDa, predicted from the sequence, was not found. The three AUG triplets at nt

1312, 1315 and 1318 are the only alternative initiation sites upstream to the Ncol site.

The triplet at nt 1318 was accepted, taking into consideration that the other two AUG

triplets would be too close to the putative RBS (AAGA at nt 1308). As in the case of

cp27, a shift in the codon usage plot from poor to good coding potential occurred near

this AUG @igure 3.5). The protein bands of Cp61, Cp46, Cp31 and Cp9 did not show

any change in their size or intensity, suggesting that a functional Cp82 was not required

for their ranscription and/or translation. Furthermore, it also proved that the bands

assigned to their polypeptides were not derived from the former by post-translational
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processmg.

4.2.1.3 Cp61

A band of approximately 61 kDa was consistently seen in minicell labelling

(Figure 4.1, lane c). Unlike those of Cp27 and Cp82, this band was not accompanied by

another band. The predicted MW of the precursor protein is 61171 and, if it has a leader

peptide of 20 aa, the mature peptide should have a MW of 58839. Owing to the absence

of a MW marker closer to either of these sizes, it could not be said with certainty which

of these bands was being observed. Presence of a single polypeptide signifies either an

absence of signal peptide processing in minicells, or a rapid turnover of either the

precursor or mature polypeptide.

The NcoI mutation had no effect on the cp6I polypeptide (Figure 4.3A,lanefl.

However, a frameshift introduced by removal of the 3' overhang of the PsrI site at nt

2087 (termed the PsrI mutation) led to its disappearance (Figure 4.3A,lane k). Although

a truncated product of 13.6 kDa was predicted from the sequence, this was not seen in

minicell translation. As a further check to conf,rm the uanslational initiation site of cp61,

an inframe deletion was effected by deleting a fragment between the two BglII sites (nt

2239 and2587; termed the BgIII deletion). This deletion eliminated Cp61 and produced

a truncated product of 46 kDa (Figure 4.3ê^, lanes c and 7 ). Since the only probable

translational start sites between the NcoI (nt 1663) and PsrI (nt 2087) are the GUG and

AUG triplets at nt 1837 and 1858, respectively, one of these must be the initiation codon

of cp6l. The AUG triplet at nt 1858 (Figure 3.4a) was taken as the more likely initiation

site, although no suitable RBS was present before this codon.

It had been predicted from the sequence that the BgIII deletion would truncate

Cp61 to a 48 kDa precursor and, if it has a 20 aa leader sequence, to a 45.8 kDa mature

peptide. As the observed band co-migrated with that of Cp46 (MW 45861) it appears to

be the mature peptide and, by correlation, the full length product seen in the pPM484

lane must also be the mature protein of Cp61. However, no signal peptide could be
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identified by examining its amino acid sequence. An alternative explanation is that the

bands seen in pPM484 and the BgIII mutant translations represent the precursor

molecules which, due to abnormal migration on SDS-PAGE, appear shorter than their

predicted sizes.

4.2.L.4 Cp46

A single bandin the vicinity of 46kDa (Figure 4.1, lane c) has been assigned to

Cp46 (Manning et al., 1985). In minicell ranslations this band appeared fainter as

compared to those of Cp27 and CS3. The shorter band accompanying it in Figure 4.1 is

probably an a¡tefact, as in other experiments the 46 kDa poiypeptide has been clearly

observed as a single band (Figure 4.3{,lanes ø and i).

Two altemative initiation sites for the product of cp46 are the AUG triplets at nt

2l3l and 2266, producing two pollpeptides of 51 kDa and 46kDa, respectively. The

site-specific mutations generated in the analysis of cp6l proved useful in establishing the

actual start site of its ranslation. Specifically, it was found that end-filling of the PsrI site

at nt 2087 did not affect Cp46, which indicated that its initiation was downstream to this

site. The BgIII deletion, however, led to its disappearance @igure 4.3A,lane c andT ). A

truncated product of approximately 38 kDa should have been present if translation

initiated from the AUG a¡. nt2I3I. Absence of such a band suggested that its initiation

site was located between these two Bglll sites. The AUG triplet ar. fi 2266 was the only

possible initiation codon in this DNA segment and, therefore, it was accepted as the start

of cp4ó.

4.2.1.5 Cp31

A band migrating slightly above that of pre-B-lactamase (Pre-bla) has been

observed in pPM484 translations. Failure to resolve these two bands from each other, in

earlier experiments, had resulted in this polypepride being overlooked (Manning ct al.,

1985). It appeared to be produced at almost the same level as Cp27.In Figure 3.3, lane

a, it migrates above that of Pre-bla, whereas lane c in Figure 4.1 displays a band below
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that of Pre-bla. The absence of a signal sequence makes it difficulr to assume that these

represent the precursor and mature forms of Cp31. More likely, they represent the same

form, which migrates differently under different electrophoresis experiments. Slight

variations in SDS concenEations can affect the relative migration of proteins (Manning

and Reeves, 1977).

The two alternative initiation sites for cp3l are the AUG riplets at nt 291 and

2668, respectively, which would give either a 30.4 kDa or 30.7 kDa polypeptide. The

first potential start at nt 291. was ruled out when it was found that the end-filling of

EcoRI site at ntl24 did not result in the disappearance of the 31 kDa band (Figure 4.38,

lane å). The BgIII deletion (nt2239 and2587) also did not result in its disappearance

@igure 4.3B,lane c), suggesting that it originated downstream to nt 2587. The only

possible start site for cp3t was therefore the AUG atnt2668. 'Àu*ll l'"\ h 'r"

4.2.1.6 Cp22

Two bands in the vicinity of 22 kDa are seen in minicell (Figure 4.2,lane c) as

well as in vitro ranslations of pPM484 ffigure 4.1, lane b, Figure 4.4, lane a). The

shorter band accumulated when pilus biosynthesis was inhibited by the BglII deletion

(Figure 4.3A,lane7).

Removal of UAG3521 ßee section 4.2.2) by oligomutagenesis, and subsequent

frameshift at the resulting SacI site, did not affect the cp22 polypeptide (Figure 4.5),

which indicated that its coding region was downstream to this codon. One of the two

ApaIsites,atnt3T06 and4226, isinthecodingregion of cp22. Deletingthefragment

between these ApaI sites (termed the ApaI delerion) showed the disappearance of the

two bands assigned to Cp22 (Figure 4.4, lanes b and c). Although these two bands

possess a relative size difference of about 2kDa, suggesting that they represent the pre-

and mature forms of the same protein, their appearance ih the in vitro translation rules

out this possibility. More likely, these bands originate from alternative initiarions of

translation. Although initiation from the AUG at nt 3530 could give a 22kDa band, no

/,¡,o



Figure 4.4 Effect of Apal deletion on Cp22 and CS3. f
In vitro and in vivo (minicell) translation of pPM484 and its derivaive carrying a

deletion of the fragment be¡ween nt 3706 and 4226. The proteins were labelled with

35S-Met and separated in SDS on L57o PAGF, Band positions are indicated. Also

indicated, in brackets, are the expected positions of protein products not visible in the

gels.

Lanes:

ct - In virro translation of pPM484

b - Inyifro translation of the Apalmutant (pPMaQH )

c - Invivotranslation of the Apalmatant (pPM4017 )

d - In vivo translation of pPM484
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Figure 4.5 Minicell labelling of the UAG3523 mutant

In vivo (minicell) translation products of pPM484 and its mutant derivatives were

run in SDS on LSVoPAGF,.

Lanes:

a - pBR322

b - The SacI mutant , ,

c - The UAG3523 mutant /'

d - pPM484

The normal and extended products for Cp82, Cp61, Cp46, Cp3l and Cp9 are

indicated. Alsó indicated are the precursor and mature forms of. Cp27, Cp22 and CS3.
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potential initiation codon could be assigned for the shorter band.

The translation of cp22 is unusual, requiring an apparent suppression of the

amber codon, UAG3573. The observation that CS3 pilus formation does not occur in a

suppressor-free strain of E. coli C (see section 6.2.I) lends support to this assumption.

4.2.1.7 Cp9

Although often overlooked, a 9 kDa band is seen in minicell translations (Figure

3.3, lane b, Figure 4.5, lane 0, The intensity of this band suggests that it is made in

larger amounts than those of Cp46 and Cp61 . In vito translation also reveals this band

(Figure 4.l,Lane b).

The absence of a suitable restriction site within its coding region made site-

directed mutagenesis of cp9 diff,rcult. However, mutagenesis of UAG3 522 ßee section

4.2.2), and subsequent frame-shift, resulted in extended polypeptides of Cp9 as predicted

from the sequence ffigure 4.5, lanes b and c). Owing to the relarively small size of the

coding region, the initiation site was deduced by searching for an AUG triplet at an

appropriate distance from U4G3523. Only one potential start site, the AUG triplet at nt

3274, could produce a poiypeptide of 9 kDa (predicted MW of 8668)'

4.2.1.8 cs3

Two bands of approximately 15 and 17 kDa are seen in minicell translations

(Figure 4.1, lane c). The larger of these represent the precursor form, as it alone is

present tn in vito translations (Figure 4.1, lane å, Figure 4.4,lane a). The smaller band

was detected by Westem blotting using antisera raised against the purified pili from wild

type ETEC strain, PB 176, and corresponds in length to the minor form of the latter (data

not shown).

The N-terminal amino acid sequence of the first 30 residues, determined from

CsCl-purified CS3 pili from original wild type ETEC strain P8176, corresponded exactly

with that for amino acids 23-52 of the cpCS3 product. The preceding 22 amino acids

consrirute a signal sequence (Figure 3.4a), according to the rules of von Heijne (1984,
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1985, 1986). Since the mature polypeptide would be devoid of any Met residue, it should

not have been labelle.d with 35S-Met in minicell Eanslations. However, labelled bands

corresponding to both the precursor and apparent mature forms could be seen in minicell

translations. Analysis of the N-terminal amino acid sequence data revealed a second

product in lower molar ratio corresponding to an alternative cleavage between residues

14 and 15 (Ser and Ala). In this case the mature polypeptide is longer, and would retain

one Met residue. This cleavage would f,rt in with the -1, -3 rule (von Heijne 1984, 1985,

1986), although the h- region is at the lower limits of size. It does, however, provide a

helix-breaker (Gly) at -5 from the cleavage site. The banding pattern of purified pili from

P8176 and E. coliK-12 differed, in that the former showed two bands. Only the minor,

larger band was present in E. coli K-12 (Figure 3.1).

The AUG triplet atnt 4154, preceded by a suitable RBS, is assigned to be the

initiation codon of CS3. Presence of a potential promoter between nt 4107 and 4135 also

suggested that it was the probable candidate. A deletion of the DNA between the two

ApaI sites at nt 3106 and 4226 showed the disappearance of the CS3 polypeptides

@igure 4.4, lanes b and c).

4.2.2 Termination codon of the overlapping ORFs

Five ORFs (cp82, cp6l, cp46, cp3l and cp9) terminated at a common UAG

triplet at nt 3523. Oligo-nucleotide directed mutagenesis of this stop codon to ¿ì sense

codon should result in lengthening of the respective polypeptides by 24 amino acids (ca.

2.6kDa), as translation would extend up to the UAA at nt 3595. Substitution o[ G in

place of T at nt 3523 resulted in the removal of the stop codon and creation of a unique

SøcI site at this site (termed the UAG3523 mutation). The mutation was verified by SacI

restriction analysis of plasmid DNA @igure 4.6, lanes c and /¡). As a further verificution

of the introduced change, as well as fidelity of the DNA sequence between the two UAG

triplets (nt 3523 and 3578), a frameshift was inroduced by removal of the 3' overhung

generated by this enzyme and the change (termed the SacI mutation) was verifìed by



Figure 4.6 Restriction analysis to verify the UAG356 mutation.

Plasmid DNAs of pPM484 and its derivatives, digested with different restriction

enzymes, were run on l%o agarose, stained with ethidium bromide and photographed

under short wave UV.

Lanes and expected sizes of bands, in brackets, are:

a - pBR322 x HindIII (4.36 kb)

b - pPM484 x NcoI (9.1 kb; control for linear pPM484)

c - UAG3523 mutant x Sac I (9.1 kb)

d - pPM484 x HindIII (4.36 and 4.75kb)

e - pPM484 x Hindlll + SacI (4.36 and 4.75 kb)

Í - pPM484 x SacI (uncut supercoiled DNA)

g - UAGzszz mutant x HíndIII (4.36 and 4.75kb)

h - UAGZSzZ mutant x HindIII + SacI (4.36,3.52 and 1.23 kb)

i - SPP1 x EcoRI (Size standards; Bresatec, Adelaide)

j SøcI mutantx HindlII (4.36 and 4.75kb)

k - SacI mutant x UifatI- + SacI(4.36 and 4.75 kb)

I - SøcI mutant x S¿cI (uncut supercoiled DNA)

m - uncut UAG3523 mutant

n - uncut pPM484.
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restriction analysis (Figure 4.6, lanes c, h, k and / ). The ORFs now terminated at the

UAG triplet at nt 3578, adding only 17 aa (1.9 kDa) to the wild type polypeptides.

Minicell translations of the two mutant plasmids revealed that the products of cp82,

cp6l , cp46, cp3l , and cp9 increased in sizes as predicted (Figure 4.5, lanes b and c). No

change in size was observed for the protein bands assigned to Cp27, Cp22 and CS3.

4.2,3 Involvement of the Cp proteins in pilus biosynthesis.

The overlapping arrangement of the genes posed a difficulty in ascertaining the

roles of individual genes in pilus biosynthesis. Only the mutagenesis of cp27 and cp82

could be successfully achieved without a concomitant effect on other genes. Direct

involvement of only these two genes could therefore be verified, and the involvement of

others is assumed in the following discussion.

4.2.3.1 Cp27

The effect of the EcoRI mutation on pilus biosynthesis was verihed by western

bloning of crude pili (Figure 4.J, lane c) and electron microscopic examination by

immunogold labelling (Figure 4.8b). No pili were detected in either case. Minicell

analysis showed the presence of the CS3 subunit (Figure 4.3A,Iane b), which indicated

that functional. Cp27 was not needed for the ranscription and/or translation of CS3

subunit. However, it is clearly required for the assembly of cell-surface pili.

4.2.3.2 Cp82

The NcoI mutation resulted in an absence of cell-surface pili, as indicated by

Western blotting of crude pili preparation figurc 4.7, lane 4 and immunogold EM

(Figure 4.8c). It was shown by 355-*.t labetling that the CS3 subunit was being

produced in minicells (Figure 4.3A,lanel). This indicated that functional Cp82 was not

required for the expression and post-translational modihcations, if any, of the CS3

polypeptide. However, the absence of detectable pili indicated that it was needed for the

formation of cell-surface pili. There was no phenotypic difference between cells carrying



Figure 4.7 Western blot of pili from cells carrying the mutant plasmids

Crude pili, prepared from cells carrying the different mutant derivatives of

pPM484, were separated in SDS on L57o PAGF,, transferred to nitrocellulose and probed

with CS3 antiserum. The CS3 subunit is indicated. Other visible bands do not correspond

to any of the pPM484-specific proteins and probably are the results of non-specihc

antibody reaction.

Lanes:

a - pPM484

b - pBR322

c - The EcoRI mutant

d - The NcoI mutant

e - The Bgltr deletion mutant

f - The PstI mutant
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Figure 4.8 Immunogold EM of cells carrying mutant derivatives of pPM484

Minicells carrying pPM484 or its mutant derivatives were labelled with rabbit

anti-CS3 pilin antibody, followed by protein-A colloidal gold complexes. Photographs

ate taken at different magnifrcations. Thus, horizontal bar equals 0.14¡tM in a, but

0.37pM in all other panels.

a - pPM484

b - EcoRI mutant

c - NcoI mutant

d - BSIJ delEtion mutant

e - PstI mutant

f - pBR322
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the cpï2-mutated plasmid and those carrying the mutationn cp27

4.2.3.3 Cp61 and Cp46

Western blotting showed that the BglII deletion, which truncated the product of

Cp61 and eliminated that of Cp46, resulted in an absence of CS3 pili on the cell surface

(Figure 4.7 ,lane e, Figure 4.8d). Similarly, the end-hlling of the PsrI site nt 2087 resulted

in absence of cell surface pili, as evidenced by 'Western blot and immunogold EM (Figure

4.7,Iane /, Figure 4.8e). Although the absence of assembled pili indicated that the

products of these genes were needed for its formation, both these mutations also affected

the product of Cp82. Since a mutation n cp82 was associated with an absence of pili,

and cp82 overlapped with cp6l and cp46, the effect could have been due to their effect

on rhe Cp82 protein. A direct role of Cp61 and Cp46 could not be ascertained from this

experiment, however, the CS3 band in minicell labelling indicated an absence of their

involvement in the Eanscription and/or Eanslation of cpCS3 (Figure 4.34, lanes c, 7

and k).

4.2.3.4 Cp31 and Cp9

The cp31 and cp9 ORFs have not been analysed by site-specific mutagenesis.

However, read-through ranslation of these, effected by mutagenising the UAG3523

resulted in loss of pilus synthesis as indicated by immunogold EM (see Figure 6.6c). In

this case, however, a very faint band corresponding to CS3 subunit was seen in Su+, but

not in Su-, background by Westem blotting (see Figure 6.3, lanes g and /r). Again, as in

the case of Cp61 and Cp46, this could reflect an effect of the change in Cp82.

Interestingly, end-filling of the newly created SøcI site at UAG3523 returned the pilus

synthesiscapacitytothecells(seeFigure6.3, lanes eandf ;Figure6.6d). Itappearsthat

the addition of a certain string of amino acids to the C-terminal end of one or more

proteins affects pilus synthesis, whereas addition of another string does not.
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4.2.3.5 Cp22

Although one of the two ApaI sites occurred within the coding region of Cp22,

attempts to end-fill this site without affecting the other were unsuccessful. Therefore,

direct evidence for the involvement of this protein in pilus synthesis could not be

obtained. However, it has been observed that pili are not formed in an Su- minicell srrain

(section 6.2.1). This effect is believed to be due to the need to suppress the inframe

UAG3578 codon within the reading frame of. cp22.If so, it can be inferred that cp22 is

involved in pilus biosynthesis. Further evidence for its possible involvement as a

structural component of the pilus itself is presented later in this chapter (see

section 4.2.7).

4.2.3.6 CS3

Direct correlation of the N-terminal amino acid sequence of purified pili and the

deduced amino acid sequence of cpCS3 proved that it was the structural gene for CS3

subunit. No further mutational analysis was done on this ORF.

4.2.4 Structural properties of the proteins

The primary amino acid sequences of the various proteins were analysed by

computer programs to predict their secondary structure properties. In the following

sections the secondary structure predictions, by the method of Chou and Fasman (1978),

and hydrophobicity by Kyte and Doolittle (1982) are described for each protein. The

GCG programs, "peptidestructure" and "plotstructure" @everevx et al., 1984) are used

to make these predictions, and the outputs for individual proteins are given in Figures 4.9

to 4.16.

4.2.4.1 Cp27

Table 4.1 lists the amino acid composition of Cp27 . Figure 4.9 shows its protein

secondary structure, superimposed with hydrophilicity and hydrophobicity. The N-

terminal region is highly hydrophobic, characteristic of a leader peptide (Sjostrom et al.,

1987).



Table 4.1

Summary of protein compositions

Ptn
aa

Cp27
nVo
3 t.24

15 6.22
14 5.81

15 6.22
1l 4.56
t] 7.05
18 7.47
11 4.56
13 5.39
6 2.49
2 0.83
9 3.73

22 9.13
4 r.66

24 9.96
25 10.37

13 5.39
9 3.73
1 2.90
3 t.24

Cp82
Vo

Cp61
Vo

Cp46
nVo
2 0.48

50 11.93

25 5.97

I 1.91

r7 4.06

49 11.69

40 9.55
23 5.49
r2 2.86
11 2.63
4 0.95
t4 3.34
25 5.97
7 1.67

34 8.11

32 1.64
20 4.17
10 239
29 6.92
7 1.67

Cp31
Vo

0.70
9.82
6.32
2.46
4.2r

13.33

8.42
6.32
2.46
2.46
1.05

2.81

5.96
2.t1,
9.41
5.96
6.67
r.75
6.32
1.40

Cp22
Vo

0 0.00
22 11.06
24 12.06

6 3.02
l0 5.03
15 1.54
11 5.53
t2 6.03
6 3.02
4 2.0r
3 1.51

5 2.5t
13 6.53
4 2.0r
13 6.53
16 8.04
t7 8.54
11 5.53
5 2.51

2 1.01

CS3
n

0 0.00
20 11.90
27 16.07

5 2.98

16 9.52
9 5.36

18 10.71

6 3.57
4 2.38
2 1.19

2 1.19

1 0.60
8 4.16
2 1.19

11 6.55
2t 12.50

9 5.36
3 r.79
3 1.79

1 0.60

100

n

2 2.4t
5 6.02
5 6.02
1 1.20

4 4.82
13 15.66

6 7.23
8 9.64
r t.20
2 2.4t
0 0.00
I r.20
6 7.23
3 3.6r
8 9.64

5 6.02
8 9.64
T L.zO

3 3.6r
I 1.20

cp9
n n

2

28

18

1

I2
38

24

18

7

7

J

8

T7

6

27

t]
19

5

18

4

VoVo

cys
Ser
Thr
Pro
Ala
Glv
Asn
Asp
Glu
Gln
His
Arg
Lys
Met
Ile
Leu
Val
Phe

Tyr
Trp

4 0.54
18 10.61

40 5.44
21 2.86

30 4.08

74 10.07

61 8.30
43 5.85
32 4.35
23 3.t3
5 0.68

27 3.67
45 6.12
11 1.50

54 7.35
53 7.2r
36 4.90
33 4.49
54 1.35
11 1.50

2 0.36
66 11.89

34 6.13
15 2.70
22 3.96
60 10.81

43 7.75
29 5.23
22 3.96
17 3.06
4 0.72
17 3.06
32 5.77
9 r.62

44 7.93
40 1.2r
30 5.4t
20 3.60
42 1.57
7 t.26

Total 241
MW 26893

100 735
82150

100 555
6rnl

100 4t9
45861

100 285 100

30681
100 t99

2r704
100 168

t7415
83

8668



Figure 4.9 Secondary structure and hydrophobicity profiles of Cp27

The Chou and Fasman (1978) method for predicting the secondary structures

was effected using the GCG programs, PEPTIDESTRUCTURE and

PLOTSTRUCTURE.Thehydrophobicity(0)un¿hydrophilicity(O)predictionswere

by the Kyte and Doolittle (1982) method. A score of 1.3 or above for the

hydrophobicitylhydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot are, cr-helix ('W ), B-sheet

( MAVWW' ), B-turn ( Z ) and random coil ( ,Â,,Â,4,,2 ).
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Figure 4.10 Secondary structure and hydrophobicity profiles of Cp82

The Chou and Fasman (1978) method for predicting the secondary structures

was effected using the GCG proglams, PEPTIDESTRUCTURE and

PLOTSTRUCTURE.Thehydrophobicity(S)anahydrophilicity(O)predictionswere

by the Kyte and Doolittle (1982) method. A score of 1.3 or above for the

hydrophobicitylhydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot a.re, a-helix ('W ), B-sheet

( /Vt^/V\Afuf ), Ê-turn ( Z ) and random coil ( .Â.,4,Â,2 ).

Positions of the start sites of other proteins encoded within the coding region of

Cp82 a¡e marked.
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Figure 4.11 Secondary structure and hydrophobicity profiles of Cp61

The Chou and Fasman (1978) method for predicting the secondary structures

was effected using the GCG proglams, PEPTIDESTRUCTURE and

PLOTSTRUCTURE. The hydrophobicity ( Q) and hydrophilicity ( O ) predictions were

by the Kyte and Doolittle (1982) method. A score of 1.3 or above for the

hydrophobicity/hydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot are, o-helix ('W ), B-sheet

( M fu\ /Vf ), Þ-turn ( Z ) and random coil ( Â,Â,4.,2 ).

Positions of the start sites of other proteins encoded within the coding region of

Cp61 are marked.



NH2

200

50

150

0

Cp46

300

CpS 1

HOOC

250

0

450

cp9

I

550



Figure 4.12 Secondary structure and hydrophobicity proflrles of Cp46

The Chou and Fasman (1978) method for predicting the secondary strl¡ctures

was effected using the GCG programs, PEPTIDESTRUCTURE and

PLOTSTRUCTURE.Thehydrophobicityt0l*¿hydrophilicity(O)predictionswere

by the Kyte and Doolittle (1982) method. A score of 1.3 or above for the

hydrophobicity/hydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot are, cr-helix ('W ), p-sheet

( MM^Mff ), F-turn ( Z ) and random coil ( ,Â,Â,4'2 ).

Positions of the start sites of Cp31 and Cp9, encoded within the coding region of

Cp46, a¡e ma¡ked
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Figure 4.13 Secondary structure and hydrophobicity proflrles of Cp31

The Chou and Fasman (1978) method for predicting the secondary structures

was effected using the GCG programs, PEPTIDESTRUCTURE and

PLOTSTRUCTURE.Thehydrophobicity(0)an¿hydrophilicity(O)predictionswere

by the Kyte and Doolittle (1982) method. A score of L.3 or above for the

hydrophobiciry/hydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot are, cr-helix ('\/\, ), p-sheet

( MWWf ), Þ-turn ( Z ) and random coil ( ,Â,,Â,,A,2 ).

Position of the Cp9 start site within the coding region of Cp31 is marked.
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Figure 4.14 Secondary structure and hydrophobicity profiles of Cp9

The Chou and Fasman (1978) method for predicting the secondary sÍuctures

was effected using the GCG progfams, PEPTIDESTRUCTURE and

pLOTSTRUCTURE. The hydrophobicity (0 ) an¿ hydrophilicity (O ) predictions were

by the Kyte and Doolittle (1982) method. A score of 1.3 or above for the

hydrophobicitylhydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot are, u-helix ('VV ), B-sheet

( M/V\^M/T ), B-turn ( E. ) and random coil ( ,Â,'Â,4,,2 ).
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Figure 4.15 Secondary structure and hydrophobicity profÏles of Cp22

The Chou and Fasman (1978) method for predicting the secondary structures

was effected using the GCG programs, PEPTIDESTRUCTURE and

pLOTSTRUCTURE. The hydrophobicity ( $ ) ana hydrophilicity ( O) predictions were

by the Kyte and Doolittle (1932) method. A score of 1.3 or above for the

hydrophobicity/hydrophilicity index was chosen for superimposing the latter propefiies

on the secondary structure plot. Shown on the plot are, s-helix ( 

^/V 
), B-sheet

( 
^4 

fu\ 

^lf 
), Ê-turn ( Z ) and random coil ( .,Â,Â,À,2 ).
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Figure 4.16 Secondary structure and hydrophobicity profiles of CS3

The Chou and Fasman (1978) method for predicting the secondary structures

,was effected using the GCG programs, PEPTIDESTRUCTURE and

PLOTSTRUCTURE. The hydrophobicity 1$ ) anO hydrophilicity ( O ) predictions were

by the Kyte and Doolittle (1982) method. A score of 1.3 or above for the

hydrophobicity/hydrophilicity index was chosen for superimposing the latter properties

on the secondary structure plot. Shown on the plot are, cr-helix ('W ), B-sheet

( M/Vv!!!U ), B-turn ( Z ) and random coil ( Â,4,,Â/ ).
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4.2.4.2 Cp82

The amino acid composition of Cp82 is given in Table. 4.1. Only four cysteine

residues are present in this protein. It does not have an unusual number of any other

amino acids. Although 11 Met residues were presenï., in vivo uanslation using 355-pt.,

consistently produced a very faint band, which suggested that this protein was either

translated at a low level or that it was rapidly rurned over. The in vitro translation did not

show its product. This probably reflects an inability of the in vitro system to rranslate

long polypeptides, either due to the instability of mRNA or the depletion of amino acids.

The secondary structure predictions for the Cp82 polypeptide are sunxnarised in

Figure 4.10. Consistent with the absence of a predictable signal peptide cleavage site, no

marked hydrophobic segment was found in the N-terminal region. Interestingly, all major

hydrophobic domains on this protein occur in the domains shared by the ORFs contained

within its coding region.

4.2.4.3 Cp61, Cp46, Cp31, Cp22 and Cp9

The amino acid compositions of all are given in Table 4.1 and the secondary

structure prediction in Figures 4.11 to 4.15. Since these proteins, except Cp22, are fully

contained within Cp82, they share the secondary structure prohles with the latter, One

apparently significant finding was the absence of a hydrophobic region at the N-terminal

end of Cp61, whereas hydrophobic domains were found in the N-terminal regions of the

other four proteins.

4.2.4.4 CS3

The N-terminal region was ma¡kedly hydrophobic, characteristic of the leader

peptide. No cysteine residue is present in this polypeptide. The secondary strlrctllre

predictions are summa¡ised in Figure 4.16, and Table 4.1 gives the amino

acid composition,
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4.2,5 Leader peptides and membrane spanning regions of the Cp proteins.

Examination of the amino acid sequences revealed signal peptides, according to

the -1, -3 rule of von Heijne (1983), only for Cp27, Cp22 and CS3. The remaining

proteins, Cp82, Cp61, Cp46, Cp22 and Cp9 did not reveal any convincing leader

peptide. The latter could therefore be located in the cytoplasmic membrane or present

within the cytoplasm itself. An attempt to decide between these two locations was made

by using their hydrophobicity profile in conjunction with the predicted secondary

structures.

A sequence of hydrophobic amino acid residues is an energetically favourable

structure for a membrane spanning ø-helix (Jennings, 1989). The length required to span

a lipid bilayer plane, is 20 amino acid residues in an cr-helix formation, however, this

region may be smaller (10-12 aa) if the amino acids a¡e in B-sheet formation.

Examination of secondary structure profiles revealed that Cp82, Cp61 and Cp46 all had

several hydrophobic domains in areas of B-sheet conformations (Figures 4.10, 4.1 1 and

4.12). The length of unintem¡pted B-sheets varied from 5 and 11 residues. The

secondary structure of Cp22 did not predict many such areas, with the only significant

area being at the N-terminal region, and is probably in its leader peptide (Figure 4.15).

Considering that these five proteins, Cp82, Cp61, Cp46, Cp22 and Cp9, do not have

leader peptides, it is tempting to speculate that they are not transported to the outer

membrane. They may either be located in the cytoplasmic membrane, or tr¿ìnsported at

lower efficiencies. This interpretation, however, apparcntly contradicts the possibiliry

that these proteins may play a structural role in pilus synthesis and therefore nrust be

located in the outer membrane (see section 4.2.7).

Although short stretches of hydrophobic domains are seen n Cp27, these are

interrupted by strong hydrophilic regions (Figure 4.9). Presence of a leader peptide,

conforming well with the rules, makes this a likely protein to be transported across the

inner membrane. The absence of potential membrane spanning regions on this plotein

probably indicates that it is a periplasmic protein.
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4.2.6 Potential roles of proteins.

It is evident from the N-terminal sequence determination of pili that cpCS3

encodes the structural subunit. Mutational analyses indicated that Cp27 and Cp82 were

directly involved in the biosynthesis of pili. Although an attempted mutational analysis of

Cp22 was unsuccessful, a direct involvement of this protein could be infened from the

following observations:- (1) it shows homology to CS3 and PapH and, (2) pilus

biogenesis apparently requires the suppression of an inframe UAG3578 codon in the

coding region of Cp22. Involvement of other proteins in pili synthesis could not be

ascertained because mutations that altered their products also affected Cp82. A sequence

similarity search was done against the GenBank, NBRF-PIR and SWISS-PROT

databases, in order to locate other ETEC proteins showing similarity to the Cp proteins

and, thereby, gain an insight into the potential roles of these genes.

4.2.7 Protein similarities with other pilus biosynthesis genes.

Signif,rcant homologies to some proteins associated with Pap, K88 or K99 pilus

biosynthesis were found, using the FASTA program of Pearson and Lipman (1988).

These proteins were retrieved and individually compared to the Cp protein, using

SEQDP, a program that calculates the statistical significance of homologies. Pairs of

sequences, that showed a match of significance above 2 standard deviations, were further

analysed by CLUSTAL (tliggins and Sharp, 1988), a sequence alignment program.

Figures 4.ll to 4.19 show the multiple alignments of the sequences.

Cp27 showed a very significant match against the PapD (Lindberg et al., 1989),

FaeE and FanE (Bakker et al., 1991) proteins of ETEC figure 4.Il). These proteins

function as the periplasmic transporters of the pilin subunits in the Pap, K88 and K99 pili

systems. Its promoter region showed weak homology to that of the cfaA gene (Ghosal er

al., 1979; Hamers et a1.,1989; Figure 3.7b, section 3.2.6.1b).

Cp82 showed signihcant homology (Figure 4.18) to the PapC (Norgren etal.,

1987), FaeD (Mooi eî al., 1986; Van Doorn et al., 1,982), FanD (Roosendaal and De



Figure 4.17 CLUSTAL alignment of Cp27 and other piti biosynthesis
proteins

The amino acid sequences of Cp27, PapD, FanE and FaeE proteins were aligned

by the program CLUSTAL (Higgins and Sharp, 1988). Residues that are identical in all

sequences are indicated by a solid dot. Those residues which ¿ìre conserved in all, but not

necessarily identical, a¡e indicated by open circles. Sequence numbers refer to the last

residue in each line.
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Figure 4.18 CLUSTAL alignment of Cp82 and other pili biosynthesis
proteins

The amino acid sequences of Cp82, PapC, FimD, FanD and FaeD proteins were

aligned by the program CLUSTAL (Higgins and Sharp, 1988). Residues that are

identical in all sequences a¡e indicated by a solid dot. Those residues which are

conserved in all, but not necessarily identical, a¡e indicated by open circles. Sequence

numbers refer to the last residue in each line.
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Figure 4.19 Homology of Cp22 and CS3 to each other and to other ETEC

Proteins

Comparisons of the amino acid sequences. The sequences were individually

aligned by the program CLUSTAL (Higgins and Sharp, 1988). Solid circles indicate

identical residues whereas open circles mark the conserved replacements.

a - Cp22 vs. PaPH

b Cp2zvs. CS3

c - CS3 vs. FimG

d - CS3 vs. PaPE
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Graaf, 1989) and FimD (Klemm and Christiansen, 1990) of E. coli .

A minor Pap fimbrial component is encoded by PapH, in the Pap pilus system. A

unique role for the PapH product in anchoring the fimbria to the cell membrane has been

proposed. Comparison of Cp22 against this protein showed suff,rcient homology to

suggest that Cp22 probably played a simila¡ role (Figure 4.19 a). More significant

homology was found between Cp22 and the CS3 subunir (Figure 4.19 b).

CS3 showed weak homology to FimG and PapE proteins (Figure 4.I9 c and d).

The latter two function as minor pilin components (Hanson and Brinton, 1988; Lindberg

et al., 1987). No significant homology between CS3 and any of the other pilin subunit

proteins was found.

4.2.8 Intracellular localisation of the gene products

An investigation of the intracellular location of the va¡ious gene products may be

helpful in assigning them possible roles in pilus biosynthesis. This was done using 355-

labelled minicells, which were fractionated into three components, as periplasm, inner

membrane and outer membrane. (Cytoplasmic fraction was also taken, but it did not

show any difference from the whole-cell sample. hesumably, it was contaminated either

by whole cells or by the inner/outer membrane fractions). The protein products were

visualised by autoradiography after separating on SDS-PAGE (Figure 4.20). Although

every attempt was made to separate the two membrane fractions, cross contamination

could not be ruled out. For this reason, although the two lanes are separately labelled in

Figure 4.20, a distinction between the two fractions is not made in the following

discussion.

The mature form of Cp27 was found almost enrirely in the periplasm (Figure

4.20, lane d). The membrane fractions showed a band corresponding to its precursor

form. The mature form of CS3 too was found in the periplasm @igure 4.20, Iane d).

Contrary to the expectation, only a faint band corresponding to the CS3 subunit was

found in the membrane fractions. Probably, the forces exerted during minicell pLrrification



Figure 4.20 Intra-cellular location of proteins

Minicells carrying pB.Ft322 and pPM484 were labelled with 35s-Vtet and then

fractionated into periplasmic, outer membrane and inner membrane components. Lanes a

and b represent the whole translation products of minicells. The entire amount of each

fraction (fractionated from 250 rnl of overnight cultures) were run in SDS on 157o

PAGE and visuali zed by autoradiopgraPhy.

Lanes:

a - Minicell lysate carrying PBR322

b - Minicell lysate carrying PPM484

c - Periplasmic fraction (PBR322)

d - Periplasmic fraction (pPMaSa)

e - Outer membrane fraction (pBR322)

f - Outer membrane fraction (pPMaSa)

g - Inner membrane fraction (pBR322)

h - Inner membrane fraction (pPMaSa)
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and the fracrionation procedures would have sheared the CS3 pili from the cell surface,

thus explaining the failure to detect it in large amounts in the membrane fractions.

Five proteins, Cp82, Cp61, Cp46, Cp31 and Cp9 were found in the membrane

fractions alone (Figure 4.20,lanes / and /r). Two closely spaced bands were noted for

Cp82 which were similar in appearance to the bands visible in the whole cell fraction

(Figure 4.20, lanes b). 
^ 

very faint band conesponding to Cp22 was found in the

membrane fraction (Figure 4.20,Iane h).

4.3 Discussion

4.3.1 Analysis of translational initiation

The first objective of the work described in this chapter was to investigate

whether the five overlapping polypeptides originated by independent initiations of

translations or by post-translational processing of a larger, presumably that of Cp82,

polypeptide. In this regard, evidence for independent franslation was obtained as

follows:-

(1) the NcoI mutation that resulted in the disappearance of Cp82 retained the

other polypeptides, proving that they did not originate from the former,

(2) the PsrI frameshift within Cp61 retained the polypeptides of Cp46, Cp31 and

Cp9 and, therefore, these could not have originated from the 61 kDa polypeptide, and,

(3) the BgIII deletion resulted in the disappearance of the 46 kDa band but not of

the 31 and gkDa bands. The latter two proteins cannot, therefore, be the processed

forms of the 46 kDa polypeptide.

It is, however, possible that the 9 kDa protein is derived from the 31 kDa protein.

This seems unlikely, as there is a candidate initiation codon, with RBS, for its translation

at an appropriate distance from the termination codon. The CS3 gene cluster, therefore,

is unique among the pilus biosynthesis operons by having independent translational units

in an overlapping arangement.

Although the same reading frame is shared by all five ORFs, this does not
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necessarily mean that they are translated from the same mRNA. For instance, it is

possible that five overlapping transcripts are produced from separate promoters, and

each is translated to give a single polypeptide. Such a situation may be necessary to avoid

problems encountered with the entry of fresh ribosomal subunits into the mRNA that is

being actively translated and, thereby, covered with ribosomes. Alternatively, one or

more mRNAs may be translated from different internal initiation codons at different

times. Examination of the pattern of rranscription, which forms the subject of next

chapter, may resolve those possibilities.

4.3.2 Mutational analyses to identify potential roles

The indispensable nature of the various genes in the expression of pili on the cell

surface was also investigated. It was found that the EcoRI mutation in cp27 and the NcoI

mutation n cp82 resulted in the absence of su¡face-pili. Products of these two genes are

therefore directly involved in pilus biogenesis. Mutagenesis of the remaining genes also

resulted in the absence of pili, but, given the concomitant effect on Cp82 of any mutation

in the overlapping regions, the absence of pilus synthesis in these cases could not be

considered as evidence for their direct involvement. However, the products of cp6l,

cp46, cp3l and cp9, bke that of cp82, are all associated with the membrane, Thus,

although no direct involvement could be demonstrated for these proteins, it could be

assumed that they played some structural role in pilus biogenesis. Homology between

Cp27 and the periplasmic transporter/chaperone proteins from other pili systems (e.9.

PapD of Pap pilus system; Lindberg et a|.,1989; Kuehn et al., 1991) indicates that this

protein probably functions in a simila¡ manner in CS3 pilus biogenesis. Almost all of the

mature form of this protein was found in the periplasmic fraction, which sLrpports the

above conclusion. A possible role of this protein could be in the folding and/or transport

of the CS3 subunit prior to assembly into cell surface pili. In this regard it would

probably function catalytically, requiring it to be produced only in small amounts.

However, its band intensity during minicell labelling suggests that it is produced at



119

si gnificantly hi gher level.

Judging from its homology to the cha¡rnel proteins in other pilus systems, the

product of Cp82 might be a channel protein as well. This protein, however, is either

produced in very small amounts or is being used up very rapidly, as its band in minicell

translations is always very faint.

The proteins, Cp46, Cp31 and Cp9 are also seen in the membrane fractions and,

like Cp82 and Cp61, these too may perform some structural roles.

Cp22 showed homology to CS3 and also to PapH (Båga et al.,1987), suggesting

that it is probably a basal protein, involved in the last step of the assembly of CS3 pili.

PapH has been proposed to function as the length modulator, by incorporating into the

base of the pap pili and terminating further elongation. A simila¡ role of Cp22 in CS3

pilus biogenesis may be predicted.

4.3.3 Identification of potential roles by cell fractionation

The fractionation of minicells implied that the 82, 61, 46,31 and 9 kDa proteins

were located in the membranes. A distinction between the inner and outer membrane

fractions could not be made, as cross contamination could have occurred, and minicell

fractionations are notoriously fraught with problems (Achtman et al., 1979). The

presence of the precursor forms of the 27 kDa and CS3 polypeptides in the membrane

fractions suggests that they probably represent the molecules that are trapped as they

pass through the inner membrane.

Two species of the 22 kDa protein have been observed in both in vivo and i¡¡

vitro vanslations. Since processing does not occur tn in vitro translations, these two

forms could have resulted from independent initiations or by a mechanism of cleavage

other than that mediated by signal peptidase. The major, shorter species is seen in the

membrane fractions. This is consistent with the earlier assumption that it might fonn part

of the pilus. Minicell Eanslation of the BglII deletion mutant showed an accumukrtion of

this shorter band. As pltinnt not formed in this mutant it probably suggests that Cp22 is
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accumulated in either the periplasm or cytoplasm. lnterestingly, in the same sample that

showed an accumulation of Cp22, the precursor form of CS3 subunit is in far excess

over the mature form @igure 4.3{,laneÐ. However, no accumulation of either Cp22 or

CS3 precursor was seen when pilus biogenesis was inhibited by mutatingthe cp27 and

cp82 ORFs.

Though surface pilus synthesis was absent, none of the mutant plasmids showed

the disappearance of the CS3 polypeptide in minicell ranslations. This is an indication

that these gene products do not take part in the regulation of expression of CS3.

Examination of the DNA sequence reveals a potential promoter for CS3. The RBS for

this gene is also highly homologous to the Shine-Dalgarno sequence. It was, therefore,

not surprising to see that absence of any of the other proteins did not result in a loss of

CS3 subunit polypeptide.

An alternative processing site for the CS3 precursor polypeptide has been

identif,red. Processing apparently occurs at both these sites in the wild type ETEC srrains

as indicated by the appearance of two bands in crude pili preparations from PB 176. Only

one band, corresponding to the minor form, has been observed in E, coli K-12. This

suggests that only one processing site, the one after the 14th residue, is able to be

recognized n E. coli K-I2. Since CS3 pili were present in E. coli K-12 that harboured

pPM484, this suggests that an extra 7 aa at the N-terminal end do not affect its function,

or ability to be assembled.

Examinarion of the secondary structure profiles of the Cp proteins indicates that

all are devoid of extensive o-helices, but rich in p-sheets. Marked hydrophobic regions

occur along the length of Cp82. Significantly, most of these occur near the predicted

start sites of the smaller polypeptides contained within it. Several of the predicted

hydrophobic domains overlapped these B-sheets, which probably signihes that they are

the membrane spanning regions of the protein molecules.

In conclusion, results presented in this chapter show that all polypeptides
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identif,red by minicell translations originate by independent initiation of translations. They

all seem to take part in CS3 pilus biogenesis, although direct involvement of only Cp27,

Cp82 and CS3 has been demonstrated. Future work using monoclonal antibodies and

immunogold EM studies may indicate specific roles of each of these proteins.
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CHAPTER 5

Transcriptional Analysis Of The CS3 Operon.

5.1 Introduction

The control of gene expression in bacteria occurs mainly at the level of

transcription (Rosenberg and Court, 1979). Genes involved in a common biosynthetic

pathway a¡e often grouped together in transcriptional units called operons. Even though

the arrangement of the cp genes suggests that they form an operon, sequence analysis

imptied the existence of several putative promoters. The most likely candidates are

marked on the sequence at nt 341 , 1797 , 257 4 and 4t35. These are designated P27, P61,

P31 and PCS3, respectively (Figure 3.4a and 3.6). No putative promoter for cp82 was

detected, nor was there a Rho-independent terminator between the end of cp27 and the

start of cp82. Other putative promoters detected by computer analysis could not all be

disregarded, even though most of these are likely to have been spurious and were

erroneously detected due to the high A+T content of the DNA.

In this chapter, the number, size and location of transcripts from the CS3 region

and the relative strengths of the promoters are investigated. The emphasis of these

studies centres on identifying the major transcripts that encode the genes necessary for

pilus synthesis, and characterising the putative promoters, P27 and PCS¡. Other putative

promoters within the coding region of cp82 have not been investigated experimentally,

apart from showing that transcription does initiate in the vicinity of some of these

promoters.

5.2 Results

5.2.1 Growth conditions for studying the transcription patterns

The expression of pili is affected by growth conditions such as temperature and

composition of the growth medium (De Graaf et al., 1980; Gaasna and De Graaf, t982).

This could mean that either the ranscription of pilus genes is affected by the gowth
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conditions, or pilus biogenesis is prevented by some other physiological changes to the

cells. In the case of Pap pili, transcription of the structural gene for the pilus subunit

(papA) is regulated in response to the growth temperature so that pilus formation is

absent at low temperatures (Göransson and Uhlin, 1984). Glucose and other fermenøble

sugars suppress the synthesis of type I @isenstein and Dodd, L982) and K99 fimbriae

(Isaacson, 1980b; Ollier and Gira¡deau, 1983). Indications have been that this glucose

effect is a manifestation of selective outgrowth of non-piliated cells in the population

rather than a transcriptional regulation of pilus synthesis (Van Verseveld et a/., 1985).

It has been observed, while preparing crude CS3 pili, that pili were much less

abundant on cells grown in nutrient broth (NB) than on those grown in colonization

factor broth (CFB) or Luria Broth (LB). [n order to determine whether this difference

reflected the effect of these media on Eanscription, cultures were grown in different

media and total cellular RNA was prepared from them. An analysis of the dot blots,

using a pPM484-specific probe, did not reveal any signihcant difference between the

CFB and LB culture media. However, significantly lower levels of target mRNA were

detected in the cells grown in NB (Figure 5.1 A). To examine the effect of temperature

on pilus synthesis, cells were grown at 18oC and pilus synthesis examined, and found to

be negative, by immunogold EM and colony blotting (data not shown). All subsequent

experiments were therefore done with RNA prepared from cells grown, at37oC, in either

CFB or LB.

5.2.2 Northern blot analysis of transcripts

Computer analyses have predicted putative promoters on both strands of the

DNA even though all putative ORFs are on the same strand. In order to establish

whether transcription occurs in one or both directions, and to determine the number and

sizes of transcripts, Northern blots of total RNA from cells carrying pPM484 were

hybridised with single and double-st¡anded DNA probes. The single-stranded probes

were prepa¡ed from Ml3 clones of restriction fragments, whereas double-stranded



Figure 5.1 Relative abundance of mRNA in cells grown in different culture
media

Dot blots of total RNA prepared from exponentially growing cultures of E.

coli strains harbouring either pPM48 or pBR322 were probed with the 4.7 kb'Hi¡¿dIII

fragment from pPM484. Approximate amounts (ttg) of mRNA loaded in each spot are

ma¡ked.

Groups:

A - Nutrient broth.

B - L Broth.

C - CF Broth.



cBA

mRNA(¡¿e) 0

pPM484 - |

pBR322

2.6 t 5?,.6 152.6 I
o t

* trrttü(

1, I a
o



r24

probes were made from the entire insert DNA in pPM484 or from an internal Sc¿I

fragment (Figure 5.2, probe 4). The RNA isolated from cells carryingpBR322 was used

as control. It was found that at least four bands (4.3, 2.9,2.0 and 0.6 kb) were detected

@igure 5.3, lane a) with the single-stranded probe (probe 1 in Figure 5.2), which is

derived from the CS3 coding region and is complementary to the mRNA. The longest

transcript (4.3 kb) probably originates in the ,riciniry of P27 and the shortest (0.6 kb) in

the vicinity of Pgg3. One transcript of 2.9 kb could be mapped to the region around nt

1800 and was assumed to originate from P61 (Figure 5.3; lanes a and å). Another

transcript of 2.0 kb probably corresponded to the mRNA initiating from P31. The latter

was confirmed by using the SccI fragment (nt 1358 and 2788) as a double-stranded

probe, which revealed the 2.0 and2.9 kb bands after longer exposure (Figure 5.3; lanes g

and å). This probe did not detect any other band. The 0.6 kb band, assigned to P653, is

downstream to this probe and would not be detected, whereas the 4.3 kb band might

have been missed due to its relatively low level of expression.

No transcript was detected when the probes were from the opposite strand

(probes 2 and 3 in Figure 5.2) or with pBR322 Qigure 5.3, la¡res b to d). Thus, all

transcripts encoded on the DNA in pPM484 have the same polarity as suggested by the

potential ORFs. As expected, a double-stranded probe, prepared by using the enti¡e

insert from pPM484 revealed an identical pattern of bands (Figure 5.3, lane fl as that

seen with the single-sranded probe. Since no new band was detected by this probe, as

compared to those detected by the probe within the CS3 coding region, it indicated that

all transcripts extended to the end of cpCS3. This finding confirmed the ea¡lier prediction

that no Rho-independent terminator was present upstream of the CS3 coding region.

Northern blots were also prepared with RNA isolated from the ETEC strain,

PBl76, in order to verif whether any difference in the pattern of transcription existed

between ETEC and E. coliK-12. Upon probing with the entire insert from pPM484, two

bands, identical in length to the Pç53 and P31 transcripts, were readily visible (Figure 5.3,



Figure 5.2 Linear diagram showing probes, putative promoters and their
transcripts.

Thick horizontal lines with arrow heads on both ends are the double-stranded

probes, whereas those with single arrow heads are M13 single-stranded probes. Probe

numbers, referred to in the text, are indicated. Length and direction of transcripts are

shown by thin lines with Íurow heads. Fragments cloned in the pCB vectors (A to D) are

indicated. These have been cloned in both possible orientations, so that in one orientation

the promoter activity will be indicated on BCIG plates whereas in the other orientation

the activity will be indicated on GalK plates. Arrow heads represent the putative

promoters (Pzt,P6r P31 and Pcs¡). Vertical ba¡s indicate the sequence positions (kb).
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Figure 5.3 Messenger RNA detected by pPM484-specific probes.

Approximately 10 ¡rg each of total RNA, isolated from late exponential phase

culrures of P8176 and E. coli K-t2, carrying pPM484 or pBR322, were run on I.2 Vo

agatose, transferred to nitrocellulose and hybridized to probes (see Figure 5.2).

Panels:

A - Single-stranded probes

B - Double stranded probe of the 4.7 kb HindIII fragment

C - Double-stranded probe of the ScaI fragment (nt 1360-2788)

Positions of the bacterial 23S (3700 nt) and 165 (1700 nt) ribosomal RNA are

marked. Approximate sizes of the bands are indicated.

Lanes (see Figure 5.2 for probe numbers):

a - probe 1; RNA from cells carrying pPM484

b - probe 1; RNA from cells carrying pBR322

c - probe 2; RNA from cells carrying pPM484

d - probe 3; RNA from cells carrying pPM484

e - probe 5; RNA from PB176

f - probe 5; RNA from cells carrying pPM484

g - probe 4; RNA from P8176

h - probe 4; RNA from cells carrying pPM484
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lane ¿) and two faint bands, probably corresponding to the P27 and P61 transcripß

appeared after longer exposure of the blot to X-ray filrn Thus, the number and sizes of

transcripts appear to be the same in PB 176 as in E. coli K-12, indicating a simila¡ pattern

of transcription in both organisms. However, a difference in the relative abundance of

mRNAs, originating from P31 and Pgg3, was observed between the two organisms.

Thus, while the 600 nt mRNA band, originating from PCs3, was much more intense than

the 2.0 kb band n E. coliK-12, the reverse w¿rs true in the case of P8176 (Figure 5.3,

lanes ¿ and e).

The fact that transcripts from PB176 a¡e identical in size to those from pPM484

suggests that termination of ranscription occurs within the DNA cloned in pPM484. The

stem-loop structure downstream of the cpCS3 ORF (Figures 3.4a and 3.8) is therefore

the putative terminator of all transcripts.

5.2.3 Localisation of P27 and Pcs¡ by primer extension

Primer extensions were performed in order to map the 5' ends of P27 and Pç53

transcripts. An oligonucleotide primer, complementary to nucleotides 399 to 420, should

produce an approximately 63 nt extension product from the P27 transcript, whereas one

complementary to nucleotides 4248 to 4272 should give a 131 nt product from the Pç53

transcript. Primer extensions on the total RNA from cells carrying pPM484 revealed

several fragments, of which the major ones approximately corresponded in length to the

above predicted sizes (Figures 5.4 and 5.5). No primer extension was done to confirm

the putative promoters detected upsream ro the cp6I and cp3l ORFs.

5.2.4 In vivo analyses of promoter activities

The promoter-detection vectors, pCBl82 and pCBl92 (Schneider and Beck,

1986) could be used in the in vívo detection of promoter activiries on cloned DNA

fragments. Depending on the orientation of the insert, an active promoter would express

either the p-galactosidase (IacD or galactokinase (galIÇ gene. In order to confrm the

ínvivo activity of the four promoters, predicted by the Northern blot, Sau3AI restriction



Figure 5.4 Primer extension onP27 transcript

Total RNA isolated from cells harbouring pPM484 was used in primer extension

with an oligonucleotide complementary to nt 399 to 42O. Two major bands, marked as

P27 and Py,, correspond to mRNA initiations from nt 281 and 348. The sequencing

ladder shown here was generated by dideoxy sequencing of double-stranded DNA by

using the same oligonucleotide as primer. The nucleotide positions of bands are indicated

by arrows.
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Figure 5.5 Primer extension on PCS3 transcript

Total RNA isolated from cells harbouring pPM484 was used in primer extension

with an oligonucleotide complementary to nt 4248 to 4272. The sequencing ladder

generated by the same primer is used as size marker. The major band, marked by arrow,

corresponds in size to mRNA initiation from nt 4149.
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fragmens encoding P61, P27, P31 and Pç53 were cloned in pCB182/pCBl92 and rhe

colonies tested on appropriate indicator plates. The results, summarised in Figure 5.6 and

Table 5.1, indicate that detectable promoter activities are present on fragmens encoding

P27 and Pcs3, when the cloned promoter fragments were in either di¡ection (pCB clones

of fragments A and D in Figure 5.2). The fragments encoding P61 and P¡r (B and C in

Figure 5.2) showed B-galactosidase activity when their direction of transcription was the

same as that of lacZ, but no color reaction on the GalK plate could be observed when

transcription was in the direction of the gaIK gene. However, low level of activity for

P31, but not for P61, wâS seen when the GalK assay was performed. The fragment

containing PcS3 had been predicted to carry another promoter on the complementary

strand. This was found to be active, albeit at a lower level than Pcs:.

5.2.5 Estimation of relative promoter strengths by GalK assay

Northern blotting revealed that the transcripts from Pg53 and P31 were more

intense than that from P27. Differences in mRNA levels could result from differences in

the relative promoter srengths or mRNA stabilities (Hoopes and McClure, 1987). The

P27 transcript is longer than those originating from Pçg3 and P31, and this could result in

decreased stability. Altematively, its promoter could be less active ín vivo. The pCB

system can be used in the testing of promoter strengths by quantitating the GalK enzyme

activity (McKenny et al., 1981). These assay results are presented as mean values of

three independent experiments in which the GalK activity was determined in duplicates

(Table 5.1). In order to compare the relative srengths of the promoters, a conrol

experiment was set up with the lac promoter (PIaò, which gave 620 GalK units. This

correlates with the results of Rosenberg and McKenny (1983), who obtained 500 GalK

units for this strong promoter. As the GalK units obtained with P2l, P3t and Pgg3 were

99.1,72.2 and 157.7, respectively, it indicates that these three ETEC promoters are of

moderate strength (Table 5.1).



Table 5.1

Galactokinase Assay to detect promoter activities

Fragment Putative Promoter GalK Units

A

B

c
D

Vector ConEol

Positive Connol

Pzt

Pot

P31

Pcs:

Phc

99.10

0.3s

72.20

157.70

2.86

620.00



Figure 5.6 Detection of promoter activities in vivo

Bacteria carrying the pCB clones containing PZi, P6t, P31 and Pç53 (see frgure

5.2 for map) were tested on galactose or lactose indicator plates. The plates were

photographed under ordinary light. Groups A-D represent colonies of cells carrying the

pCB clones in which the fragments are cloned in the appropriate direction to promote the

transcription of the galK or lacZ gene. Group D' caries the Pç53 (fragment D in Figure

5.2) n the direction opposite to the galK and lacZ genes. Cultures in D (II) and D' (II)

are plated for single colonies, alongwith control culture carrying pCB182, in panel III: ø

- pCS¡ in the lacZ direction, å - PCS¡ in the galK direction (i.e. testing the reverse PCS3)

and c - pCB182.
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P2? mRNA, but is translated at a lower efficiency, the low intensity of the 4.3 kb band

could result from a degradation of the mRNA in the absence of translation.

The translatíon of cp61 through cp22 couLd be from the P61 and/or P31

transcripts. Since a single transcript, initiating from P27, covered the enti¡e CS3 gene

cluster, it could function as an operon even if no other promoter was present on the

DNA. These additional promoters, including the strong PCS3, are probably required for

the production of the correct stoichiometric amounts of each of the proteins. Taylor

et al. (1984) have suggested that intemal promoters play a major role in achieving

discoordinate regulation of genes within operons during special or extreme conditions.

The overlapping transcription in the CS3 gene cluster further confirms the

arrangement of the genes. As previously predicted (Manning et al., 1985), the DNA

included in pPM484 is too short to encode all genes in a conventional, non-overlapping

fashion, and therefore the bacterium is probably maximising its use by a combination of

transcriptional and Eanslational overlapping. Further studies, aimed at

trans-complementation of mutations in different genes, will help to understand the

functional significance, if any, of this arrangement. The mutagenesis of downsteam

genes by frameshift, nonsense or missense mutations will affect the product of cp82, one

of the essential genes for pilus biogenesis. Locating the exact promoters and altering

their -10 regions, without affecting the amino acid sequence within cp82, should help to

ascertain the qpecific roles of these internal promoters as well as of the protein products,

Cp6l through Cp9.
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CHAPTER 6

Translational Control Of CS3 Pilus Biosynthesis

6.1, Introduction

In order to produce the 22 kDa polypeptide seen in minicells, the translation

initiating from the AUG at nt 3530 must continue past the amber codon at nt 3578.

Critical examination of the sequence did not reveal arìy error that would sllggest an

alternative reading frame to account for this polypeptide (Figure 6.1). The codon usage

plot indicated that this region of the DNA (Figure 3.5) was probably coding and,

furthermore, the plot showed good coding potential across this UAG codon in the same

reading frame (section 3.2.4.3).If a sequencing error had occurred in this region, which

resulted in a frameshift near the UAG codon, it should have been indicated by a shift in

the codon usage plot. The absence of any frameshift error in this region was also

confirmed by showing that the Cp9 polypeptide increased in size as predicted, when the

upstream UAG codon UAG¡sz¡) was mutated to a sense codon to allow continued

translation up to UAG357g (Figure 4.5, lane c). For these reasons, a non-conventional

translation for cp22, by read-through of UAG3573, was predicted. As no precedenr for

this mode of translation of pilus biosynthesis genes was found in the literature, it was

decided to investigate this phenomenon in some detail. This chapter describes the

preliminary work towards verifying this hypothesis by investigating the effect of amber

suppression on the production of CS3 pili.

6.2 Results

6.2.L Suppression of UAG3sTs is required for CS3 biosynthesis.

The minicell-producing strain (DS410), which was routinely used in labelling the

polypeptides and to verify pilus biosynthesis, carries a supE mutation (Manning, P.A. and

Achtman, M., unpublished data). The plasmid, pPM484, directs the synthesis ol pili in



Figure 6.1 Nucteotide sequence between UAG3523 and UAG3573

The sequence, detennined from an Ml3 clone carrying the oligomutagenized

UAG3573, is complementary to that shown in Figure 3.4a. Panel ø gives the wild type

sequence for comparison.Panel á shows the sequence between the two UAGs in the

clone carrying the mutated UAG3573. Asterisks indicate the nucleotide that was changed

by oligomutagenesis.
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this strain (Figure 3.1 and 3.2). When this plasmid was inroduced into two isogenic

minicell-producing strains, PC225l (Su+) and PC2251 (Su-), pilus biosynthesis was

detected only in the Su+ host. This was verified by immunogold EM analysis and

Western blotting of crude pili preparations figure 6.2 and 6.3, lanes i and). This

implied that suppression of the UAG triplet in the reading frame of Cp22 was required

forpili formation. Since the wild tlpe E. coliK-12 is Su- (i.e. søp+), and if the same is

true for ETEC, then pili cannot be formed in P8176. It appears, therefore, that either the

wild type ETEC strains are Su* or a chance mutation, during or after the subcloning of

DNA into pPM484, has resulted in the occunence of a UAG triplet on the DNA. If the

latter was true, then, re-introducing the DNA from pPM484 into a CS3- derivative
(('

ofPB176, namely PB176p-, should not restore pilus biosynthesis. To test this, the

HindIII fragment from pPM484 was cloned into a mobilizable vector, pSUP202 (Simon

et al., 1983), and introduced into the ETEC strain PB179p- by conjugation. This

derivative expressed CS3 pili, as verified by 'Western blotting and immunogold EM

(Figure 6.4 and 6.5). This eliminated the possibility of a chance mLrtation in pPM484. To

see whether the suppression of the amber codon in Su*, but not in its isogenic Su-

derivative, was a peculiarity of the strain, PC2251, the plasmid was introduced into an

Su- E. coli K-12 strain, R594 (Bachman, 1987). Normal pili synthesis was observed in

this strain, as evidenced in crude pili preparations (data not shown). This suggested that

some mechanism other than amber suppression was involved in the read-throLrgh in this

case. Vy'hether the amber codon is suppressed in ETEC as in PC2251 (Su+) or as in

R594 is unknown at this stage.

6.2.2 Mutating UAG3578 to a sense codon restored pilus biosynthesis.

In a sup0 sfrain, the UAG amber codon is recognised by the IRNA for Gln (CAG

codon; Parker, 1989; Fox, 1987). If this amino acid is being inserted at UAC3573 in

PC225l Su*, then changing the UAG codon to a CAG triplet should result irr pili

synthesis in PC2251 (Su-). This change w¿ìs achieved by oligonucleotide mutagenesis



Figure 6.2 Immunogold EM o1PC225l (Su+) andPC2251 (Su-) minicells

The minicells were labelled with rabbit anti- CS3 pilin antibody followed by

proteinA-colloidal gold complexes.

A - Su+ minicell ha¡bor¡ring pPM484

B - Su- minicell ha¡bouring PPM484
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Figure 6.3 Western blot of crude pili from Su+ and Su' strains:

Crude pili were prepared from PC2251 (Su+) and PC2251 (Su-) carrying

pPM484 or its mutant derivatives, run in SDS on líVo PAGE, transferred to

nitrocellulose and probed with CS3 antiserum.

Lanes:-

¿ - Su- (pBR322)

b - Su+ (PBR322)

c - Su- (UAG3573 mutant)

d - Su+ (UAG3573 mutant)

¿ - Su- (SøcI mutant)

/- So* (SccI mutant)

I - Su- (U4G3523 mutant)

/r - Su+ (U4G3523 mutant)

i - Su- (PPMa84)

i - Su+ (pPMaSa)

ft - PB176p-

/ - PB176
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Figure 6.4 Western blot of crude pili from E. colí K12 and ETEC strains

Crude pili from the respective snains were run in SDS on l5Vo PAGE,

transferred to nitrocellulose and probed with CS3 antiserum.

Lanes:

ø - pSUP202 in SM10

b -pPM744 in SM10

c - pPM744 in PB176P-

d-PBl76p-

e -PBt76
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Figure 6.5 Immunogold EM of ETEC, mobilized with DNA from pPM484

The cells were labelled with rabbit anti-CS3 pilin antibody followed by protein-A

-colloidal gold complexes.

a - PB176p- ha¡bouring the plasmid,pPMT4{

b - PB176P-

Magnification bars indicate 0.37pM in both cases.
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Figure 6.7 Western blot of crude pili from szpF strain carrying pPM484

DNA

Crude pili from the respective snains were run in SDS on I57o PAGE,

transferred to nitrocellulose and probed with CS3 antiserum.

a - pPM/o26 inPC2251 (Su+)

b - pPM[oz6inPC225l (Su-)

c - CDMS nPC2251(Su+)

d - CDMS in PC2251 (Su-)

e - pPM/roz1in PC2251 (Su-)

Í - pPM484inPC225l (Su-)

g - pPM484inPC2251 (Su+)

h - PB176
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although suppression was occurring, it appeared that the Tyr residue inserted at

UAG3573 by means of the supF suppressor was unsuitable for restoring pilus synthesis.

6.3 Discussion

The results presented in this chapter i-ply that suppression of the UAG triplet in

cp22 is essential to produce cell-surface pili. When tested in isogenic Su+ and Su-

strains, this suppression appeared to require the insertion of a particular amino acid

(Gln), as indicated by the absence of pilus production when suppressed by the insertion

of Tyr by supF. However, in wild type ETEC and in R594, where pili are formed in the

absence of suppression, a read-through rather than insertion of an amino acid is

presumably occurring. This region of Cp22 is probably critical for its maturation, but

insertion of certain amino acids or the omission of a residue may be tolerated. A

membrane associated segment has been predicted n Cp22 between the residues 8 and

22, and may form part of the signal sequence. Since the amino acid (residue 17) inserted

at the amber codon would lie within this region, it is possible that specihc residue at this

position could affect accessibility by the signal peptidase and not permit mature Cp22 to

be made. A computer analysis, with all possible amino acid residues in this position,

showed that the substitution of Tyr for Gln, as well as omission of a residue, actually

increased the probability of a trans-membrane segment. Without a clearer understanding

of the role of Cp22, it is difficult to speculate how, and whether, the presence of a

trans-membrane segment in it affects pili synthesis.

Although amber codons usually occur as a result of mutations in E. coli K-12,

use of these codons as a regular mode of control of gene expression occurs in many

RNA viruses (Parker, 1989). RNA dependent DNA polymerase (reverse transcriptase) is

apparently a product of misreading at the amber codon in the pol gene of the RNA virus,

murine leukemia virus (Shinnick, et al., l98I). The termination at the leaky UAG stop

codon results in the synthesis of a 126 kDa protein of tobacco mosaic virus

(Pelham,1978), whereas read-through (at an efhciency of l07o) leads to the synthesis of
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a 183 kDa product essential for infectivity (Ishikawa, et al., 1986). Chang et al. (1989)

suggest that read-through translation may produce polypeptides whose amino terminal

peptides serve as leader sequences as well as independent polypeptides.

Suppression in an Su+ host only produces about l}Vo of the normal level of

polypeptide (Atkins et al., 1990). This can conceivably work as a modulator of

expression of some genes. Compared to the amounts of other proteins visualised by

minicell translations, the product of cp22 always appeared as a very faint band,

supporting the proposition that the inframe UAG codon is a modulator of its expression.

In an in vitro translation system, however, this protein was synthesised at an elevated

level. This could reflect either an elevated level of tRNAs in the in vitro system, or the

accumulation of Cp22 in the absence of pilus assembly.

Translations of cp82, cp6l, cp46, cp3l and cp9 terminate at UAG3523 (Figure

4.5). No significant suppression seems to occur at this codon, as indicated by the

intensity of bands. Although a faint band in lane d of Figure 4.5 is of the same length as

the Cp9 product after the mutagenesis of UAG¡szg Gigure 4.5, lane c), it is most

probably an artefact, rather than read-through of Cp9. This probably signifies that

suppression, or read-through, of an amber codon is highly context-dependent and that

the sequence around the first UAG triplet does not permit it.

It is also significant that ranslation of UAG3523-mutated Cp9, as well as of the

other upstream proteins, stopped at, rather than read past UAG3szg Gigure 4.5, lane c).

It appears to be an enigma that requires further study. Functional signihcance of an

inframe UAG triplet n cp22 may also be ¡evealed by further studies. Òp22 shows

signif,rcant homology to the PapH protein, and hence may serve as a basal protein or

length modulator in CS3 pili synthesis. Perhaps an unusual control in its ranslation may

serve to keep its expression at the required levels.
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General Discussion

7.1 Introduction

Pilus biosynthesis requires the co-ordinate expression of a number of genes. In

addition to the pilin subunit proteins, the pilus operons consist of genes encoding

regulatory, transport, assembly and structural proteins. Five to eleven polypeptides have

been implicated in the phenotypic expression of E. coli fimbriae (Mooi et al., 1982;

Norgren et al., 1984; Van Die et al., I984a; De Graaf et aI., 1984; Båga et al., 1985;

Hultgren et a1.,1991). Co-ordinate expression of proteins is accomplished in the simplest

way by having the genes which code for such proteins organised within a transcriptional

unit, an operon, under the control of one promoter that is regulated by signals in the

environment. The classical example is the E. coli lac operon (Jacob and Monod, 1961).

The pilus biosynthesis genes are clustered together and in most cases present as a single

transcriptional unit (Mooi et al., 1981; Dougan et a1.,1983; De Graaf et al., 1984; De

Graaf, 1990). Though putative promoters were observed upstream to the first three

genes (lanA, fanB and lanC\ in the K99 operon, the remaining five genes were not

preceded by a promoter. It appears therefore that the whole operon is controlled by the

regulatory region upstream of fanC (De Graaf, 1990). The same appears to be true in the

case of K88, Typel and Pap systems (De Graaf, 1990), with a difference in that the

transcription of papl proceeds in the direction opposite to that of the rest of the genes.

Although co-ordinate expression of genes is generally achieved at the level of

tanscription (Rosenberg and Court, 1979), differential expression of genes within an

operon, resulting in different stoichiometry of the gene products, is obtained vi¿

regulation that acts at levels beyond the initiation of tanscription.

Studying the organisation of genes involved in CS3 pilus biogenesis was

important in addressing the question of whether the general features of pili operons were

retained in this system. Previous work (Mannng et a1.,1985) has shown that a minimum



135

coding region of at least 3.75 kb of DNA was needed for the expression of CS3. Since

this was far larger than the length required to encode a 15 to 17 kDa major subunit

(approx. 450 nt), it re-aff,rmed that more than the pilus subunit was required for CS3

pilus biogenesis. At least seven polypeptides were observed in minicell translations using

plasmids carrying this minimal DNA, and deletion analyses suggested that all were

needed to express cell-surface pili. The observation, that the length of the minirnal DNA

was well short of the length estimated from the sizes of these polypeptides, led to the

proposal that some of these polypeptides could be either derived by post-translational

processing of larger molecules, or encoded as overlapping tanslational units (Manning

et al., 1985). If the latter were true, then regulation of expression at the level of

translation could be occurring in CS3 pilus biogenesis.

The aim of this thesis ttras to provide a better understanding of the organisation

of the genes involved in the biosynthesis of CS3 fimbriae and to assign possible roles to

the va¡ious protein products.

7.2 Gene organization within the CS3 operon

Transcription, as indicated by RNA Northern blots and by va¡ious

promoter-detection methds, appears to originate from at least four sites within the

minimal DNA (Figure 3.6). The highest activity was found for the promoter in front of

CS3, followed by that in front of cp27 and cp31 (Tabke 5.1). Another promoter in front

of cp61 has also been detected by Northern blot analysis, and colorimetrically on BCIG

plate. Apparently, expression of the genes involved in CS3 pilus biogenesis is not from a

single transcript, and in this respect differs from that in other pilus systems. The

nomenclature 'CS3 gene cluster', instead of 'CS3 operon', is therefore used to signify the

possibility that different gene products may be synthesised from different mRNAs.

Sequence analysis revealed that eight potential ORFs were identified on the cloned DNA

and five of these could be correlated with the protein products visualised in earlier

minicell studies (Manning et aL, 1985). Three additional proteins, observed during the
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course of the present study, were confirmed to be present on the plasmid (pPM474) used

by Manning et al. (1985). Though the number of genes within the CS3 gene cluster was

simila¡ to that in other pilus systems, thei¡ organisation was differenr Firstly, the spatial

organisation of genes on the DNA was quite different from that in Type I, Pap, K88 and

K99 systems @eGraaf, 1990; Figure 7.1). The relative location of the genes for the

putative channel protein (cp82) and periplasmic transporter (cp27) in the CS3 gene

cluster is opposite to that found in the Pap, K88 and K99 systems (De Graaf, 1990).

Only the Type I pilus offers some simila¡ity in the gene arrangement, as the equivalent

genes,fmC andfimD (Klemm and Christiansen, 1987; De Graaf, 1990), are arranged in

the same order as cp27 and cp82.In all the above pilus systems, the genes are aranged

contiguously but do not overlap, except for minor tra¡slational coupling. In the case of

CS3 pilus system, four genes (cp27, cp82, cp22 and cpCS3) are simila¡ly placed -

contiguous, but not overlapping with each other (Figure 3.6). Another four ORFs (cp6l,

cp46, cp3l and cp9), however, were completely contained within cp82. Finally, a very

intriguing feature is the presence of an inframe UAG triplet within one of the genes,

cp22. Suppression, or some other form of bypassing of this codon, appears to be an

integral part of CS3 regulation. These differences, especially the possible overlapping of

translation and the inframe UAG codon, make the CS3 gene cluster unique among all

other pilus systems so fa¡ studied.

7.3 Possible significance of overlapping genes

Since the most striking feature of the CS3 gene cluster was the overlapping

organisation of the genes, the main emphasis of the present study was to identify the

translation initiation sites of these polypeptides and to assign possible roles to their

proteins. Even though post-translational processing and degradation of polypeptides

used are conceivable alternatives to produce the polypeptides visualised in minicell

translations, site-directed mutagenesis unambiguously proved independent initiations of

translation. The direct involvement of these proteins in pilus synthesis could not be



Figure 7.1 Structural organization of genes involved in fimbrial biogenesis

This figure has been adapted from De Graaf (1990), by adding the map of the

CS3 gene cluster for comparison. Genes are represented by boxes, with the predicted

sizes (kDa) of their polypeptides marked beneath. Positions of the overlapping genes in

the CS3 gene cluster are indicated by short arrows. Thick lines represent the vector

sequences. Transcripts are indicated by thin lines with arrolv heads. Known or predicted

promoters and terminators are marked. Genes for the pilin subunits are hatched.



Type I

limltÍimçÍímFliml)ILr^ClirnElimD

25

K99

KBBab

23 t8 ?6.5 8g t7.ó 16 32

-----.-.--------Pr lP¿ r2 re

11 r0.8 rB.5 84.5 22.9 31.5 l8.e 16.3

T

laeB Jøal

16.0 82.1

P¡r

26.3 15.4 27.6 27.5

16.õ 1ã 3õ

<_ _______|P PiIi

cFArr/cs3

Pr

tr;1tr¡[*,,-l
13 13 19.5 20 8l

B2

28.5

PcsJ Tcs¡
Pot

Pzz

føeItJaelfoeEJoeÐJoeC

cp22cp&2cp27

27 22 17.5
cp6l

6l
cp.16 cpJ l cP9

046 3l



t37

demonstrated due to the concomitant effect of all mutations, within their coding regions,

on Cp82. This raises the question as to whether they are actually needed for pilus

synthesis. It is possible that these proteins are a¡tefacts seen in the minicell expression

system, and m,ay not be produced in wild type ETEC at all. Visualisation of these bands,

by 355-trt labelling, in the ETEC strain, PB176, is impracticat and immunoprecipitation

with antibodies to these proteins may be the only way to identify them. However, the

following observations suggest that these proteins are real and are probably needed for

pilus biosynthesis in the wild type ETEC. Firstly, the transcription pattern in P8176 is

simila¡ to that n E. colí K-12, with four bands of the same length being detected in

Northern blots (section 5.2.2, Figure 5.3). The finding that these transcripts all have the

same polariry, as well as length in both organisms, strongly suggests that they are

identical. The estimated locations of two promoters, upstream of cp61 and cp3l,

suggested that these two genes, and possibly cp46 and cp9 as well, are encoded on

transcripts that are different to the one encoding cp82. Thus, even though these genes

share the same reading frame with cp82, they are transcribed and translated

independently. Consequently, their proteins are almost certainly preSent in PB176 as well

as in E. coliK-12.

Secondly, the truncation of Cp61 and Cp46 by the BglII deletion resulted in an

accumulation of Cp22 (Figure 4.34, lane 7). The NcoI mutation that affected Cp82

without affecting the other two polypeptides did not result in this accumulation @gure

4.34, lane fl. This suggests that the products of cp6l and cp46 play a role in the

utilisation of Cp22 in pilus synthesis. The above observations support that these proteins

are indeed part of the pilus biosynthesis appa.ratus.

Although overlapping fanslation has a distinct advantage to viruses and

bacteriophages (Parker, 1989; Norma¡k et al., 1983b), w.here the size of the genome is

small, its use in CS3 fimbrial biosynthesis genes is surprising. It has been proposed that

bacterial polycistronic mRNA is sequentially translated by the same ribosomes from the
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5'-proximal cistons to those distal to it (Ames and Hartman 1963; Danchin and Ullmann,

1980; Brot et a/., 1981). Ribosomes can also re-initiate intemally in a cistron after

encountering a nonsense mutation (Files et al., L974;Puker, 1989). It is believed that in

these situations the ribosome release factor somehow fails to cause the dissociation of

the translating ribosomes from the mRNA, so that they now scan the downstrearn region

for an initiating Met residue (Parker, 1989). It seems possible that intemal de novo

initiations within a reading frame can also occur (Manley, 1978). The latter appears to be

happening in the CS3 gene cluster, as no stop codon is encountered before any of the

four internal initiation sites. Instead, five proteins with identical C-terminal ends are being

formed by independent translation (section 4.2.2). One could, however, speculate that

occasional frameshift during the translation of upstream genes could result in termination

in the vicinity of the initiation codons of the downstream genes. The ribosomes may then

re-initiate from the downsEeam AUG triplets. Such frameshifts are not uncommon and

can be induced by amino acid starvation (Parker, 1989, Weiss and Gallant, 1986). A

more likely scenario is that the genes in CS3 gene cluster arc translated from different

mRNAs. The appearance of the 2.9 and 2.0 kb mRNAs in the Northern blot favours this

hypothesis. These RNAs start do',vnstream to the initiation codon of cp82, and a¡e

probably used for the ranslation of cp61 and cp3I, respectively. Other, as yet undetected

mRNAs may encode cp46 and cp9.

Apart from independent translations, post-translational cleavage of the 82 kDa

polypeptide could also, conceivably, produce the five different polypeptides observed in

minicells. However, since there are several proteins to be made from a single precursor

molecule, it is essential to ensure that a single molecule of the polypeptide is cut only

once. Unless specific cleavage mechanisms operate to generate molecules with different

N-termini, this method is likely to result in a complete degradation of the precursor to

the smallest protein in the set. This mode of producing the smaller polypeptides will also

be uneconomical, as the N-terminal peptides remaining after cleavage will have to be
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discarded. In separate translations, however, only a required level of the polypeptides

may be produced, and this can be both economical and efficient to the organism.

Perhaps one purpose of overlapping genes in the CS3 gene cluster is to effect a

stoichiometric expression of the various proteins needed for pilus synthesis. By having

independent transcription and/or üanslation to produce these polypeptides, the bacterium

can probably ensure the synthesis of appropriate, but different concentrations of the

va¡ious proteins.

7.4 Pattern of Transcription

It appears that more than one promoter is involved in the ranscription of the

genes for CS3 pilus biosynthesis. All transcripts terminate after the CS3 coding region,

as indicated by the ability of CS3 probes to pick up all mRNA bands (Figures 3.6 and

5.3). The largest transcript originates upstream from cp27 and probably encodes all eight

genes. Transcripts initiating from promoters within cp82, but upstream from cp6l, cp31

and CS3, may encode the latter and other genes contained within them. Since multiple

initiation sites can be used to generate different proteins from the same mRNA, ö

explained in the previous section, multiple transcripts to encode the downstre¿ìm genes

may also signify a different level of control for thei¡ expression. The existence of internal

promoters n FSendA (endoglucanase gene from Fibrobacter succinogenes ARl)

suggested that gene expression could be modulated by the individual prbmoters.

Cavicchioli and Watson (1991) suggested that repression of the primary transcript and

derepression or induction of the secondary transcript could control expression of an

operon, of which FSendA is a part. Taylor et al. (1984) have suggested that internal

promoters play a major role in achieving discoordinate regulation of genes within

operons during special or exreme conditions. Thus, a single mRNA might encode all

genes under normal conditions of growth, but under a different set of conditions (e.g.

change in growth temperature or nutritional state) the downstream promoters might

become active. The expression of pili is affected by growth conditions such as



140

temperature and composition of the growth medium (Gaastra and De Graaf, 1982; De

Graaf et al., 1980). In the case of Pap pili, transcription of the structural gene for the

pilus subunit (papA) is regulated in response to the growth temperature (Göransson and

Utìlin, 1984). Transcription of papB, and papA has been shown to be under cataboüte

repression (Båga et al., 1985). Temperarure aiso appears to be an important factor to

which this transcriptional regulatory system is responsive, as papl has been implicated in

the thermoregulation of Pap flmbrial expression (Göransson et al., 1989). Investigation

of the pattern of transcription in the CS3 gene cluster under different grolvth conditions

might reveal any possible significance of these internal promoters in regulating CS3

expression.

7.5 Codon Usage

. In unicellular organisms, codon choice bias is often correlated with the level of

the IRNA species that reads the codon and is most pronounced in highly expressed genes

(Ikemura, 1985). Kurland (1987) has postulated that use of a limited number of codons,

and hence a limited number of tRNAs, for higtrly expressed genes is a strategy for

optimising translational efhciency. Marked differences in the codon usage preferences

seem to exist benveen E, colí K-IZ and the ETEC pilus biosynthesis genes. This was

originaly indicated by the observation that the codon usage table based on E. coliK-72

genes did not predict the coding regions in pPM484 DNA, whereas one based upon

other ETEC pilus genes readily detected the potenrial coding areas. Closer examination

of the codon usage tables (Table 7.1) revealed that some of the codons predominantly

used in ETEC were used at a low frequency n E. coli K-Iz. Specifically, the triplets

AUA (for lle), ACA (for Thr) CGG and AGA (for Arg) and GGA and GGG (for Gly)

are rare codons n E. coli K-12 but these are used at the same frequency as others in

ETEC. In five out of nine cases, where only two codons existed for the snme amino acid,

the preferences were opposite n E. coli K-12 and ETEC. The codon usage n cp82

Showed similariry to that in ETEC genes, concomitant with an even more evident



Table 7.1

Codon frequencies in ETEC, E. colí K-12 and the cp genes

aa Codou ETEC E.coli Cp82 Cp27 C'p22 CS3

F UUU
F UUC
L UUA
L UUG
S UCU
S UCC
S UCA

Y UAU
Y UAC
* UAA
* UAG
C UGU
C UGC
r UGA
W UGG
L CUU
L CUC
L CUA
L CUG
P CCU
P CCC
P CCA

H CAU
H CAC
ô cÀ À

Q CAG
R CGU

R CGA
R CGG
I ÀUU
I AUC
I AUA
M AUG
T ACU
I ÀCC
T ACA

N À.AU

N AÀC
K AAA
K AAG
S AGU
S AGC
R AGA
R AGG
V GUU
V GUC
V GUA
V GUG
A GCU
A GCC
A GCA
A GCG
D GAU
D GAC
E GAÀ
E GAG
G GGU
G GGC
G GGA
G GGG

16.56
17.88
44.3'7
61 .44
32.56
18.06
81.94
4'1 .33
1ô O<

9.92
22 .90
49.05
20 .0o
30.95

100.00
L1 .24
2'l .59
31.03
24.14
60. 98
39 .02
66.49
33.51
64,l0
35.90
'72 .50
2't .50
30.0?
10.51
23 .9t
3s.51
2t.3-r
26.34
31.30
20.99
60.28
39.'t2
59.49
40.51
33. 60
L9.4'ì
22 .93
24.00

4r.29
55.10
3.61

100.00

72.73
21 .2't
37,25
12.50
25.00
L6.67
4L.6'l
76. 61
80.00
20.00

t_00.00
l-00,00

0.00
0,00
0.00

100.00
25.00

6 .25
6 ,25

18.75
66.61
0.00

33.33
0.00

L4.29
28 .57
42,86
74 .29

0.00
40.00
0.00
0.00

84 .62
0.00

15.38
100.00
37.50
12 .50
37.50
l-2.50
12.13
27.2'7
92 .3L

1 <õ

12.'t3
21 .2't
20.00
40.00
64.11
5.88

L't .65
11.76
30.00
30.00
30.00
10.00
83 .33
L6.67
66.6'7
33.33
53.33
13.33
26.61

6.6'7

64
35
'10

l0
75
24
20

100
T2

5
3

53
2I

67. 8L
32.19
16.40

9.46
2't .23
22.28
30. 69
19.80

43 .69
56.31

8.50
10.05
32.78
32.50
74 -22
20.50
4'7 - 67
52 .33

71.5

42.r4
57.86
2r.5

100.00
I .20

71.7A
22.22
24 .00

4.00
62.50
12.50
12. 50
12.50
42 .86

1d
.00
.00
.6'1
.33
.00
.00
.00
.00
.00
.00

at

.61

.00

100.00
0.00

40.91
18.18
35.71

't .L4
50.00

't .I4
0.00

100.00
100.00

0.00
0.00
0.00
0.00
0.00

18.18

YU
ô

41
13
28

't

50
13
64
35

0
00
00

0
0

l0
28

1
11

3
LC

9
1T

4

80
20
4'l
52

1
1
't

3
51

91

88
I2
00
00
76
24
00
00
30
05
41
3t_
19

1
1

.69

.00

.46

.81

.41
,41
.47

57
0
0

66
33

100
100

20
I

36
ö

33
6

40

0.00
70.83
0.00

29.11
100. 00
2I.43

't2.22

11 11

2't .21
85.71
L4.29
55.56
22 .22
38.46

18
88
4L
53

09
51
2r
85

.19

.00

.00

.00

.00

.00

30
89
32

29
52
43
76
00
00
83
17

00
00
50
00
50
05
95
22
18
¿l b

00
33
't8

89
33
00
00
61
42
58
50
50

54
39
1)

00
28
94
86
11

9
2

61
L2

1

72
50
37

27.19
48.56
9.24

32.26
61 .74

09
64
00
00
00
00
00
00
00
00
00
00
00
00

04
52
04
47
33
6't
00
00
61
33

n

9.
13.
40.
¿u-
40,
0.

50.
0.
0.

50.
I

0
0
0

72
0

2't
00
3'7
18
3't

1
83
16

00

.50

I't ,63
62 .52
44,3L
55. 69
28.00

20.00
50.00
50.00
50.00
50.00
11.11

0. 00
11.11

.70

18.52
29.63

.'7 3

.00

.21

.00

85

100
35
11
45

2
11

22
82
T1
88

1

2I.43
42-86
]-4.2927-O0

76.05
23 .95
26 .28
13.72
r.'t5
1.06

3r.79
t1.59
r7.'73
32 .89
20.24
23 -29
2r-55
34.92
54.20
45.80
77.40
24.60
42.77
41.06

6. 18
o ôô

0.00
4 6.15
r.5.38
27 -27

0.00
63. 64

9 .09
72.'73
21.21
16.92
23 .08

11 q/

51.85
22.22

66.
aa

0.00
0.00

50,
8.

zt.
11

33.
20.
30.
16.
'14.
25.
62.
3't ,

66.61
0.00

11.11
22.22
37.50

12.50
100. 00

0.00
75.00
25.00

12.50
37.50

55.56
11.11
11.11
22.22

28.38
16.22
33.78
2L.62

41
5

29

Tot al 3920 '7]-135 '136

23

242 200 L69
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disparity with the E. coti K-12 genes. In addition to the rare codons mentioned above,

the rriplets fIUA (for Leu) and AGG (for Arg) were found at relatively high levels in the

cp82 ORF. As the relative abundance of tRNAs can dictate the rate of ranslation

(Ikemura, 1985), the presence of rare codons in the coding region can act to modulate

the expression of genes. The E. coli K-I} codon usage table (lvfaruyama et al., 1986)

was based on a random selection of genes whose sequences were known, without any

distinction as to the type or level of expression of these genes. The inability of this øble

to predict the coding region of the CS3 genes may stem from the fact that the genes for

pilus biosynthesis, in general, belong to a class of proteins expressed at a lower level and

therefore use a speciñc set of codons under-represented in the table. Expression of these

genes n E. coli K-12led to pili on the cell surface, which suggested that the presence of

ra¡e codons did not affect the production of the required amounts of proteins in this

bacterium. Assuming that no fundamental difference in codon usage exists berween the

two organisms, the use of ra¡e codons in the pili synthesis genes could be a form of

regulation of thei¡ expression in ETEC.

7.6 Read-throughTranslation

In Chapter 3, an assumption was made that the reading frame of cp22 passed

across a UAG termination codon. Site-di¡ected muøgenesis proved that cp22 was

indeed located in this region. The oligonucleotide mutagenesis that removed U4G3523,

where the upstream genes terminated, resulted in lengthening of the Cp82, Cp61, Cp46,

Cp31 and Cp9 polypeptides in agreement with the prediction that they now terminated at

UAG357S. This showed that the latter UAG triplet, in the reading frame of cp22, did not

occur as a result of a sequencing error. A chance mutation in the plasmid, pPM484, that

resulted in an inframe UAG triplet was ruled out when the same area of the DNA was

sequenced from the independently isolated plasmici, pPM474. Furthermore,

re-introduction of the minimal DNA for pilus synthesis into a deletion derivative of

P8176 resulted in restoration of pilus synthesis. It was therefore assumed that
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suppression or read-through translation of the UAG codon was essential for production

of Cp22 and, thereby, pilus synttresis. Analyses in isogenic Su+ and Su- minicell strains,

where pili were formed only in the Su+ srain, supported this assumption. In wild type

ETEC, expected to be Su-, some other form of read-through must be occurring. Genetic

background of the strain must be playing role in read-through, as implied by the

observation that one Su- E. colí K-12 srain (R594) produced pili when transformed with

the plasmid pPM484. Programmed read-through of nonsense codons have been observed

in many instances (Parker, 1989). One of the best-cha¡acterised example is in tobacco

mosaic virus (TMV). The most 5' open reading frame encodes a L26 kDa protein and

terminates at a UAG (Goelet et al., 1982). Reading this termination codon would allow

the synthesis of a 183 kDa protein, which is seen in both ín vitro and in vivo (Paterson

and lftight, 1975; Pelham, 1978). In addition to TMV, the turnip yellow mosaic virus

(Haenni, et al., 1987) and the beet yellow vein virus (Bouzoubaa et al., 1986) show

read-through translation at a UAG. A wide variety of other plant RNA viruses also seem

to produce read-through proteins (Haenni, et al., 1987; Harbison ¿f al., L985; Hsu and

Brakke, 1985; Hughes, et al., L9861' Ziegler, et a/., 1985). The use of UAG and UGA

codons is also common in the attenuators of E. coli (Pa¡ker, 1989). In the above

examples the read-through occurs naturally in vivo, but the aÍiount of such read-through

could be increased in vitro by suppressor tRNAs. It has been postulated that the use of

read-through could simply ensure that a protein is made in low abundance or targeted to

a particular location (Parker, 1989). The N-terminus of the protein in these instances

could serve as a leader sequence as well as an independent polypeptide (Chang et al.,

1989). In the case of Cp22, however, such an independent peptide that terminated at

UAG357g would be very short (16 aa), and therefore its detection in minicell ranslations

is not practical.

One paradox must be noted in accepting the suppressiorVread-through hypothesis

to explain the synthesis of Cp22: if suppression occurs at the downstream UAG triplet,
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then, it must also occru at the UAG codon that marks the end of ranslation of the

upstream genes. If this were the case, extended products of .cp82 through cp9 must be

visible in minicell translations, but these were not present. Suppression of amber codons

is influenced by the sequence context in which they are found (Ryoji et a1.,1983; Atkins

et al., 1990). It is possible that the sequence a¡ound the downstream UAG triplet

somehow favours suppression or bypassing of this codon, whereas that around the

upstream UAG triplet prevents such read-through.

The connol of expression of cp22 is probably unique in more than one way. The

sequence nea¡ its AUG initiation codon does not show an RBS and the ribosomes

terminating at the UAG3523 triplet, which occurs 7 bases upstre¿rm to the initiation

codon of cp22, may be essential for creating a localised concentration and thereby

facilitating re-initiation. Perhaps this serves as a mechanism to translationally couple the

expression of cp22 with the upstream genes.

7.7 Properties of proteins

Examination of the secondary structure profiles of the Cp proteins indicates that

all are devoid of extensive c,-helices but rich in p-sheets. Marked hydrophobic regions

occur along the length of Cp82.

The predicted isoelecric points of the proteins va¡ied widely, with Cp27 having

the highest (pI = 9.9) and Cp9 having the lowest (pI = 4.53). The pI values of other

ETEC proteins that showed homology to Cp27 were also high (e.g. PapD = 9.77,FanE

= 9.17, FaeE= 10.23). Similarly, the pI values of Cp82 and other channel proteins

showed some similarity (e.g. Cp82 = 6.42; PapC= 6.44; FanD = 6.L4; FaeD = 5.60).

CS3 lacks cysteine residues, which suggests that non-covalent forces are

responsible for the structural integrity of the native protein. Other fimbrriat proteins

lacking cysteine residues include clìzA (Klemm, 1982; Hamers et al., 1989), CS2

(Klemm, et a1.,1985a), CS I (Hall et al., 1989), K88ab (Gaastra et a1.,1981) and antigen

8786 (Aubel et al., 1991). Since disulphide bonds rnay be important for protein-protein
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interactions, and a¡e of critical importance in a structu¡al protein, the morphogenesis of

CS3 fimbriac rnay be significantly different from that of Pap and Type I frmbniae. The

C-terminal portion of the CS3 polypeptide, like that of other fimbrial subunits, is

hydrophobic. It has been proposed that such segments may be involved in intersubunit

interactions which maintain the integrity of frmbrial superstructure (De Graaf and Mooi,

1986; Klemm, 1985).

Although the mature CS3 product lacked any Met residue, if processing occurred

after the Ala (residue 22) as indicated by the N-terminal sequence, this polypeptide was

being labelled with 35S-Met in minicell ranslations. An alternative processing site after

the residue 14, in which case one Met residue will be retained in the mature protein, has

been demonstrated. This presumably forms the band migrating slower than the major

pilus subunit from P8176 and has been observed in minicell translations. Processing

apparently occurs at both these sites in PBl76, as indicated by the presence of two bands

in crude pili preparations from this strain. Only one band, corresponding to the larger,

less abundant component is seen in the minicells. This suggests that only one processing

site, the one after residue 14, is being used in E. colí K-12. Since pili were being formed

n E. coli K-12, it seems that an extra 7aa at the N-terminal end does not affect its

function. Whether this alternative processing is a normal function in the wild type ETEC,

or an artefact created by difference in the signal peptidase qpecificiry n E. colí K-12 is

not known.

7.8 Cellular location of gene products

Cell fractionation clearly showed that the mature Cp27 was entirely located in the

periplasm. Although none of the mature form was seen in the membrane fractions, the

precursor form was found in the membrane, as might be expected for molecules in the

process of being translocated across the inner membrane. Homology to other chaperone

proteins in the ETEC pilus systems makes Cp27 a clear candidate for being a periplasmic

transporterrchaperone protein. Contrary to the expectation, the mature form of CS3 was
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not found in the membrane fractions, but some was found in the periplasm. This probably

represents the pool of molecules waiting to be transported to the outer membrane. It

seems likely that the shearing forces exerted druing fractionation could have dislocated

the fimbriae on the cell surface so that no CS3 was seen in the outer membrane. As for

the other six proteins in the CS3 system, all appeared to be membrane associated.

Although the fractionation of minicell membranes is fraught with problems (Achtman

et al., L979) it seems clear that most of the proteins a¡e found in the inner membrane.

This is very different to what has been observed in other ETEC and Pap pili systems.

These proteins most likely have structural roles, and therefore might be predicted to be

located in the outer membrane, however, with the possible exception of Cp22 they do

not possess discernible leader peptides. The same applies to Cp82. It seems more likely

that these proteins span the inner membrane. Although the experiments in this thesis do

not conclusively resolve the localizations of the proteins, it is possible that the use of

gene fusions based on lacZ, phoA or bla may provide genetic evidence for thei¡

membrane topology and imply inner or outer membrane localization (Manoil and

Beckwith, 1985; Broome-Smith and Spratt, 1986).

If the interpretation of the data is correct, then, how a¡e CS3 fimbriae assembled

using a series of proteins which appear to be cytoplasmic membnane-located? A possible

clue comes from studies of secretion of the haemolysin (FIlyA) of uropathogenic

Escheríchia colí (Blight and Holland, 1990). In this case, the HlyA molecule, which

lacks a signal peptide but possess a specific secretion signal within the last 50 C-terminal

amino acids, is transported directly to the medium by a ranslocation complex formed by

HlyB and HlyD (Gray et al., 1986; Mackman et aI., 1986; Koronakis et al., 1989). Both

HlyB and HlyD have been located to the inner membrane of E. coli (Maclanan et al.,

1985; Holland et a1.,1989) but they fractionate in small but significant amounts with the

outer membrane fractions, simila¡ to the proteins seen here. It has been proposed that

they form a complex which spans both membranes, allowing direct secretion of HlyA
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into the medium (Blight and Holland, 1990). A simila¡ situation could be visualized in the

CS3 system, where the products of Cp6l, Cp46, Cp31 and Cp9 forming a complex

which translocates Cp82, the channel protein, to the outer membrane. Another system of

proteins that do not possess signal sequences, but which are outer membrane located, are

the Ipa invc.t'siodadhesion proteins of Shigella (Venkatesan et a1.,1988). These proteins

a¡e assembled on the cell surface in a signal-sequence-independent manner. Perhaps such

a system also applies to CS3.

The interpretation of the role of Cp3l is somewhat difficult. It does not have a

discernible signal sequence and appears to migrate abenantly on SDS-PAGE

sometimes faster thøn pre-bla and at other times slower. Such anomalies have previously

been observed in E. coli and are, in part, related to the concentrations and purity of SDS

(Manning and Reeves, 1977). A 30 kDa protein is thought to function in association with

the periplasmic transporter protein to prevent preliminary polymerisation of the pilin

subunits and to keep the major and minor subunits in a conformation favourable for

translocation across the outer membrane (De Graaf, 1990). It also possesses afFrnity to

the pore protein and is the fust protein to be inserted in the fimbrial $owth point.

Although Cp31 does not show significant homology to this 30 kDa FimH protein

(Klemm and Christiansen, 1987), it has homology to the putative pore protein and

similarity in size to FimH. The presence of a separate promoter for this gene (cp3l) rnay

also be significant.

Cp22 appears to have a signal peptide, and its homology to PapH (Båga et al.,

1987) sEongly suggests that it is a minor pilin component. Cp9 was also clearly found in

the membnane fraction, and is, therefore, likely to play a structural role in CS3

biogenesis.

7.9 Model for CS3 pilus biosynthesis

Based on the predicted roles of Cp27 , Cp82, Cp22 and CS3, and the inracellula¡

location of thei¡ products, the following model for CS3 pilus biogenesis, diagramatically
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given in Figue 7.2, may be proposed: Independent transcription and translation of the

genes, cp27 through cpCS3, produces the various polypeptides. The control of

expression of the pollpeptides is probably regulated at the level of transcription and

translation, but none of the genes on the

expression of other genes. The physiological condi

role, and ttris is somewhat suggested by the fact

Graaf et a1.,1980; Mooi et a1.,1986; Roosendaal, 1987) and that differences in the level

of piliation exist between cells grown in different media.

Once in the periplasm, the CS3 polypeptide associates with Cp27, which modifies

its structure anüor transports it to the outer membrane. In the Pap pilus system, the

PapD protein, to which Cp27 shows homology, is proposed to act at the level of

transport of pilins to the outer membrane (Bâga et al., 1987), and is also needed for

stabilisation of non assembled pilins in the periplasm (De Graaf, 1990). In the Type I

pilus system, the 30 kDa FimH protein is associated with the periplasmic transporter,

FimC, at this stage (Klemm and Christiansen, 1987). Probably, in the CS3 system, Cp31

rnay be associated with Cp27 and the pili subunit. Additionally, this complex is likely to

contain Cp22, which probably acts as the basal protein during the assembly of pili. The

similarity of Cp22 to PapH (Bâga et a1.,1987) suggests that, like the latter, ttris protein

may form the basal part of the pili itself and helps in the cell-anchorage of pilus structurc.

Cp82 may form channels in the outer membrane through which CS3 passes to

form the cell-surface pili. The poorly expressed PapC was found to be located in the

outer memb'rane (Norgren et al., 1987) where it forms channels in the outer membrane

through which pilins are transported and assembled into the pilus structure. A similar

function has been proposed for 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

Christiansen, 1990).

The remaining three proteins (Cp6l, Cp46 and Cp9) may play structural roles, in



Figure 7.2 Model for CS3 pilus biosynthesis

Dtþamatic representation of the predicted locations and roles of the gene

products. Shown are tho inner (thin line) and outer (thicker line) membranes and the

periplasmic space. P¡oteins are represented by ovals and circles, roughly in proportion to

the relative sizes of polypeptides. Possible protein-protein associations are indicated by

grouping the symbols together. Even though the active form of proteins may contain

more than one subunit, this is not assumed in the figure. Arrows indicate the

Cp27-mediated transport of pilin subunits to the outer membrane.
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conjunction with Cp82, in forming the channel. Alternatively, they may be involved in the

transport of Cp82 to the outer membrane. The accumulation of C:p22 n a cp6llcl6

mutant suggests a possible interaction be¡ween either or both these proteins and the

product of cp22. These proteins may also play a role in the Cp27-mediated tansport of

CS3 to the membrane, as an accumulation of the CS3 precursor form was also seen in

the above mutants. A possible scenario is that unless the mature CS3 is delivered to the

outer membrane and assembled into pili, the Q'22 product will remain un-utilised-

In order to test the above model the protein complexes that may be formed

during CS3 pilus biogenesis must be isolated intact and analyzed on PAGE under

denaturing and non-denaturing conditions. Antibodies against CS3 might be useful in the

precipitation of such protein complexes.

7.10 Conclusion

This thesis has sought to provide a better understanding of the molecular

organisation and functioning of the CS3 pilus system in ETEC. In this regard, the

minimal fragment required for pilus synthesis n E. coli K-12 was analysed, both þ
computer analysis of the DNA sequence and i¿ vivo expression/manipulation of the

proteins it encodes. The sequence and its analyses led to some surprises, the most

important of which was the overlapping translation and an amber suppression as possible

modes of control in pilus synthesis. Both of these are unique features of CS3 compared

to atl other pili systems studied so fa¡, although ample evidence for such

non-conventional control mechanisms exists in the expression of genes in viruses and

bacteriophages. Since CS3 pili do not possess morphological cha¡acters totally different

to other types of pili, this novel method of regulation of the genes involved in is

synthesis is intriguing. From a standpoint of economy of the coding DNA, the

organisation and expression of the genes in the CS3 gene cluster rivals even that found in

some bacteriophages and RNA viruses, where such economy is vital. The CS3 genes,

like some other pili gene systems, ¿rre located on a plasmid in the wild type DNA. Size
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limitations of plasmids cannot be assumed to contribute a selection prcssure on the

operon sizes. One may speculate that the CS3 gene cluster was once part of a transposon

or a bacæriophage which was integrated into one of the plasmids. The presence of part

of the IS9/ element in the minimal DNA strongly points to this possibility.

Further studies on the regulation, especially that involving ttre amber suppression

rnay be rewarding. In this respect, a region encoding the sta¡t site of cp22 and the two

UAG triplets could be fused to a reporter gene and expressed in vivo and in vitro.

Site-directed mutagenesis of this construct may help to unravel the sequences responsible

for effecting suppression at one amber codon but not the other. It may also reveal the

requirements, if any, of upsream uanslation on the efficiency of initiation of cp22.

Selectively mutating a gene and then supplying its protein in traß must be performed to

see the effect of individual proteins on pilus synthesis. One way of mutating an

overlapping gene in the CS3 gene cluster, without affecting Cp82, is to alter its RBS in

such a way that the amino acid sequence is unaltered. Identifying the RBS and

specifically changing the sequences to render them non-functional must be tried fust on

small pieces of DNA fused to a reporter gene, and then inroduced into the minimal DNA

for pilus synthesis. The inactivation of the internal promoters should also be done in the

same manner, in order to veriff whether they play any essential role in pilus synthesis.

Finally, monoclonal antibodies against peptides from the different proteins. must be

raised, and used in immunogold EM studies to identify the intracellular location of these

proteins.

Fundamental knowledge gained from the studies on the expression of CS3 pili

could be utilised in a practical application such as generating oral vaccines. In addition to

expressing the CS3 gene cluster, to elicit an immune response to the CS3 pilus itself, it

rnay be possible to replace par:t of the pilus subunit with other antigenic determinants or

insert suitable epitopes in exposed domains. Identifying the minimum length of CS3

subunit required to form pili, and defrning the surface exposed domains will be a prelude
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to inserting other antigenic proteins into its coding region. It is hoped that the data

presented in this thesis will be of some assistance in designing future experimens in this

direction.
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