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Abstract

Enteropathogenic Escherichia coli (EPEC) is a leading cause of infantile diarrhea in

developing countries. Upon attachment to cultured epithelial cells, EPEC triggers a

number of eucaryotic signals including host cell protein phosphorylation and increases in

intracellular calcium. These signals function to initiate cytoskeletal rearrangement and

other changes in infected cells. Intracellular and extracellular calcium was shown to be

involved in bacterial attachment and entry into HeLa cells. In addition the level of

inositol phosphates (IPs) increased in eucaryotic cells following EPEC addition. EPEC

induced release of IPs preceded actin rearrangement beneath the attached bacterium and

invasion. Noninvasive EPEC mutants and tyrosine protein kinase inhibitors were used to

demonstrate that the formation of IPs depends on tyrosine phosphorylation of eucaryotic

cell proteins. Inhibitors of host protein tyrosine phosphatases (vanadate/H202)promote

uptake of EPEC into HeLa cells, supporting a role for host cell tyrosine phosphorylation

in EPEC invasion. Collectively, these results highlight the essential role of host cell

second messengers in EPEC infection.

Several EPEC loci have been identified and found to be involved in events

occurring prior to invasion, including adherence, cytoskeletal rearrangements, and the

activation of host cell signals. The cfm genes are necessary for the tyrosine

phosphorylation of a eucaryotic protein (Hp90). A second chromosomal locus, eaeA,

encodes a 94-kDa outer membrane protein (intimin) that is essential for the establishment

of intimate adherence and invasion and contributes to virulence. Recently an additional

locus (eaeB), which maps approximately 5 kb downstream of the eaeA gene, was

identified. Mutants carrying a deletion in the eaeB gene (UMD864) were deficient for

invasion and induction of actin rearrangement, and did not attach intimately to eucaryotic
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cells. The AeaeB mutant was also unable to activate epithelial cell signals, including

tyrosine phosphorylation of Hp90 and the release of IPs. Coinfection of HeLa cells with

eaeA and eaeB mutants restored all of the phenotypes associated with attaching and

effacing lesion formation. These data indicate that the EaeB protein is necessary for

induction of host cell signals in infected cells, and that it has a different function than the

eaeA gene product, intimin.
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Chapter 1

Introduction

Enteropathogenic Escherichia coli (EPEC) was the first category of E. coli to be

identified as a causative agent of diarrhea (Bray, 1945; reviewed by Robins-Browne,

1987). EPEC causes a persistent, watery diarrhea that can lead to dehydration and death

(Rothbaum et al., 1982). Although there are recent reports of diarrheal disease due to

EPEC in child-care settings in the United States (Bower et al., 1989; Paulozzi et al.,

1986), these outbreaks are rare and the role of EPEC in developed countries is declining.

Diarrheal disease causes 4.2 million deaths yearly and is the second leading cause of

human death (World Health Organization, 1992). Of these diarrheal diseases, EPEC is

the leading cause of bacteria diarrhea in infants and continues to be a major health

problem in underdeveloped countries worldwide (Senerwa et a!., 1989). In these

counthes, nosocomial neonatal diarrhea due to EPEC in community settings still causes

high mortality. EPEC causes disease in the very young, rarely affecting children over 1

year of age and is most closely associated with diarrhea in those under 6 months (Gomes

et al., 1991; Levin and Edelman, 1984).

Despite considerable progress in understanding some E. coli diarrhea syndromes,

the pathogenesis of EPEC infection remains poorly defined. EPEC is distinct from other

E. coli that cause diarrhea. Unlike enterotoxigenic E. coli (ETEC), EPEC strains do not

elaborate heat-labile or heat stable enterotoxins. In addition, EPEC does not induce

keratoconjunctivitis on inoculation into the conjunctival sac of Guinea pigs (Sereny test)

(Echeverria et a!., 1976; Goldschimdt and DuPont, 1976) seen with enteroinvasive E. coli
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(EIEC). Finally, EPEC belongs to a restricted set of Escherichia 0-serotypes which are

traditionally associated with outbreaks of infantile enteritis (Neter, 1959).

1.1 Three Stage Model of EPEC Pathogenesis.

A genetic analysis of EPEC virulence factors has led to an infection model which

proceeds in three stages (Fig. 1.1, adapted from Donnenberg and Kaper, 1992). 1.

Localized adherence, the initial interaction between the bacterium and host cells, occurs

at a distance from the cell surface. 2. In the second stage of infection, signal transduction

events are initiated by EPEC and result in several characteristic changes in the host cell,

including the effacement of microvilli. 3. The third stage of infection occurs following

the establishment of intimate contacts between EPEC and eucaryotic cells. Intimate

attachment initiates further changes in the host cell, including the rearrangement of

filamentous actin and other cytoskeletal proteins, and a decrease in transepithelial

resistance. A subset of the intimately attached organisms can then invade the epithelial

cell.

1.1.1 Localized Adherence

Small bowel biopsies of EPEC infected children reveal discrete clusters of bacteria

attached to the mucous membranes of the intestine. (Ulshen and Rollo, 1980; Rothbaum

et al., 1982; 1983). Infection of cultured epithelial cells by EPEC yields a similar pattern

of adherence in vitro. Rather than uniformly covering the entire surface of epithelial

cells, EPEC forms adherent microcolonies in a pattern that is termed localized adherence

(LA) (Scaletsky et al., 1984). LA appears to be the initial stage of attachment, in which

the bacterium adheres at some distance from microvilli. This type of attachment is highly
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Figure 1.1

EPEC infection of eucaryotic cells proceeds in three stages. (1) In the first stage, EPEC

attaches to cells at a distance from the microvilli, in distinct microcolonies. This initial

adherence, termed localized adherence (LA), is mediated by a plasmid encoded bundle-

forming pilus (BFP) and possibly other factors. (2) Following this initial adherence,

EPEC triggers several signal transduction events in the host cell that result in several

characteristic changes, including the effacement of microvilli. (3) In the third stage of

infection, intimate contacts are established between the bacterium and the infected cell.

The contact lesion underlying adherent bacteria is characterized by the assembly of a

highly organized structure which contains host cytoskeletal and tyrosine phosphorylated

proteins. Subsequent to these events, approximately one percent of the attached bacteria

enter into (invade) the epithelial cells.
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correlated with specific EPEC serotypes in strains isolated from patients with diarrhea

(Scaletsky et al., 1985).

LA is known to be a common property of the so-called classic EPEC serotypes

and is dependent on the presence of a 60-megadalton (MDa) EPEC adherence factor

(EAF) plasmid (Baldini et a!., 1983; Cravioto et a!., 1979; Nataro et al., 1985; 1987).

EPEC strains cured of this plasmid lose the ability to bind to tissue culture cells in a

localized manner (Knutton et a!., 1987; Levine et at., 1985). Moreover, transfer of the

EAF plasmid to HB1O1, a non adherent E. coli laboratory strain, confers adherence of

HB 101 to HEp-2 cells (Baldini et at., 1983). However, adherence of HB1O1 transformed

with the EAF plasmid is poor in comparison to that of EPEC (McConnell et a!., 1989).

The EAF plasmid appears to have a role in pathogenesis. E. coti strains which

have been isolated during outbreaks of infantile gastroenteritis and from children with

diarrhea almost invariably possess 55- to 70-MDa EAF plasmids (Nataro et at., 1985)

that share significant regions of DNA homology (Nataro et a!., 1987). In addition,

Levine et at. (1985) reported that MAR20, an EAF plasmid-cured strain, is significantly

less pathogenic in volunteers than E2348/69, the parental strain from which it was

derived. Thus the EAF plasmid appears to be required for the LA phenotype in vitro and

for infectivity in vivo.

LA is an inducible property, as transfer of EPEC from a rich nutrient broth to

tissue culture media decreases the time required to exhibit this phenotype from 30-60 mm

to 15 mm (Vuopio-Varkila and Schoolnik, 1991). Bacteria within these microcolonies

interact not only with the host cells to which they are bound, but also with each other.

Autoaggregation of bacteria is also inducible, occurs at the same rate and in the same

growth conditions that induce LA, and requires the presence of the EAF plasmid.

Induction of LA was found to be associated with de novo protein synthesis and changes

in outer membrane proteins, including the production of a 18.5-kDa polypeptide (Vuopio

Varkila and Schoolnik, 1991). Several lines of evidence suggest that this 18.5-kDa
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protein is an EPEC-specific pilus protein (bfp) which constitutes the bundle forming pilus

(BFP). Recently, bfp was cloned from the EAF plasmid of EPEC (Sohel et aL, 1993).

Analysis of the amino acid sequence of the 18.5-kDa protein and its migration in SDS

PAGE gels showed it was identical to the BFP subunit (Vuopio-Varkila and Schoolnik,

1991). This identity was further confirmed by Western blotting, as an antiserum to pilus

protein crossreacts with the 1 8.5-kDa protein. Further, the bundle forming pilus is

induced at the same rate and under the same conditions as the LA phenotype (Sohel et al.,

1993). BFP-like structures, shown to contain a BFP-specific antigen by

immunofluorescence microscopy, can be seen by high-resolution scanning electron

microscopy linking bacteria in adherent microcolonies. And finally, loss of the EAF

plasmid abrogates both the LA phenotype and the capacity to express BFP (Giron et al.,

1991; Vuopio-Varlika and Schoolnik, 1991). Thus the BFP appears to be directly

responsible for the LA and autoaggregating phenotypes. Conclusive evidence awaits

demonstration of a functional correlation between the presence of bfp and the capacity to

exhibit the LA phenotype and produce BFP-like filaments.

1.1.2 Intimate Attachment

In the third stage of infection, EPEC adheres intimately to the epithelial membrane

(Polotsky et at., 1977; Staley et al., 1969). A chromosomal gene, eaeA, was identified by

Jerse et a!. (1990) as a locus necessary for intimate attachment. This gene encodes a 94-

kDa outer membrane protein (OMP), intimin, which is recognized by sera from

volunteers convalescing from experimental EPEC infections (Jerse and Kaper, 1991).

The predicted amino acid sequence of intimin is similar to those of the invasins of

Yersinia pseudotuberculosis and Yersinia enterocolitica (Yu and Kaper, 1992). Invasins

bind with a high affinity to members of the 1 family of integrin receptors to mediate the

efficient uptake of bacteria (Van Nhieu and Isberg, 1991). Although intimin is necessary
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for EPEC invasion, it alone does not convey the invasive phenotype to E. coli laboratory

strains. Although present data demonstrate that intimin is necessary for intimate

adherence, it is not known if intimin is the actual adhesin involved or simply plays an

indirect role in the process.

Recently an additional mutant was constructed by creating a deletion in a gene,

eaeB, which maps approximately 5 kb downstream of the eaeA gene (Donnenberg et al.,

1989). This mutant is deficient in its ability to invade and induce actin rearrangement

and does not attach intimately to eucaryotic cells (Donnenberg et al., 1993). However, in

contrast to the eaeA mutant, the eaeB mutant still produces intimin (Donnenberg et al.,

1993). The product of the eaeB locus is a 39 kDa protein with a predicted amino acid

sequence that is not closely related to previously identified proteins. However a motif

common to the pyridoxal phosphate binding sites of several aminotransferase enzymes is

found within the predicted amino acid sequence (Donnenberg et al., 1993). Many

aminotransferase enzymes participate in biosynthetic pathways and catalyze the transfer

of a small moiety form coenzyme A to an amino acid. Therefore it is possible that the

EaeB protein covalently modifies and activates a protein(s) necessary for intimate

attachment and/or signal transduction events which mediate attaching and effacing (AlE)

lesion formation. The EaeB protein lacks an obvious signal sequence for protein export,

suggesting that it may be located in the bacterial cytoplasm and exert its effects on

epithelial cells indirectly by acting through another protein(s) (Donnenberg et al., 1993).

However, recent observations suggest that the eaeB gene product may be secreted via a

signal sequence independent mechanism (Kenny and Finlay, unpublished observations),

and thus may act directly.

Plasmid cured EPEC strains induce A/E lesions with delayed kinetics and reduced

efficiency (Knutton et al., 1987, Tzipori et al., 1989). Knutton et al. (1987) proposed that

the EAF plasmid may increase the efficiency of intimate attachment by facilitating initial

adherence to the cells. However, the expression of the EaeA protein (intimin) has been
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shown to increase in the presence of the EAF plasmid, although plasmid cured strains can

still produce low but detectable levels of intimin (Jerse and Kaper, 1991). Recently, two

loci have been cloned from the EAF plasmid that enhance expression of the chromosomal

eaeA gene (Gomez and Kaper, 1992). The nucleotide sequence of one gene, designated

per for plasmid encoded regulator, is related to that of envY, a gene involved in

thermoregulation of porin expression (Lundrigan et al., 1989). Therefore the EAF

plasmid may increase the number of lesions both by increasing expression of intimin and

by increasing initial adherence, thus promoting contact so that the A/E activity may occur

more efficiently.

1.1.3 Rearrangement of Host Cell Cytoskeletal Components

Intimate attachment leads to a localized loss of microvilli and induces profound effects on

the epithelial cytoskeleton. Actin accumulates in the apical cytoplasm beneath the

attached bacterium, often forming a pedestal-like structure upon which the bacterium lies

(Knutton et al., 1989). These effects have been termed attaching and effacing (A/E)

(Moon et a!., 1983) and form the basis of a diagnostic test for EPEC (Knutton et a!.,

1989). This test uses flourescein isothiocyanate (FITC)-conjugated phalloidin to identify

the site specific concentrations of actin that are characteristic of the A/E membrane

lesions. In addition to actin, other cytoskeletal components including myosin (Manjarrez

Hernandez et at., 1991), cz-actinin, talin, and ezrin (Finlay et at., 1992) accumulate

beneath the attached bacterium in EPEC infected cells.

1.1.4 Decrease in Transepithelial Electrical Resistance

Following EPEC infection of polarized cell monolayers of Caco-2 and MDCK cells,

transepithelial resistance decreases (Canil et a!., 1993). However,[3H]inulin penetration
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across MDCK monolayers does not increase, suggesting that damage to intercellular tight

junctions is minimal. This concept is supported by immunofluorescent data, as actin

filaments supporting tight junctions are not noticeably affected in the epithelial cells, nor

is the distribution of ZO- 1, a tight junction protein. The decrease in transepithelial

resistance is therefore thought to be triggered by the disruption of a transcellular

(intracellular) pathway rather than by disrupting intercellular tight junctions

(paracellular). These disruptions only occur following the formation of wild type

attaching and effacing lesions. Mutants which are deficient in any loci involved in

adherence or formation of attaching and effacing lesions are unable to cause a decrease in

transepithelial resistance.

1.1.5 Invasion

EPEC was originally thought to be noninvasive, primarily due to negative results

obtained with EPEC in the Sereny test (Echeverria et al., 1976; Goldschmidt and DuPont,

1976). However more recent studies have demonstrated that once EPEC is associated

with the eucaryotic cell, approximately one to five percent of the innoculated bacteria

invade cultured cells (Donnenberg et a!., 1989; Francis et a!., 1991). Invasion appears to

be the last step in the process of EPEC infection, as many mutants which are deficient in

initial adherence, intimate attachment, or signal transduction, are also unable to enter

epithelial cells. The entry of EPEC can be completely inhibited by cytochalasins which

inhibit actin polymerization (Francis et a!., 1991). In addition, colchicine, a specific

inhibitor of microtubule polymerization, also markedly inhibits EPEC invasion (Francis

et at., 1991). These data suggest that EPEC entry is mediated by a microfilament and

microtubule dependent mechanism. Like attaching and effacing activity, the presence of

the EAF plasmid augments EPEC invasion (Donnenberg et a!., 1989; Francis et a!.,

1991). The clinical significance of bacterial entry into host cells in EPEC pathogenesis is
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not known. EPEC strains do not cause dysentery or typhoidal syndromes. However, it

had been noted long ago that EPEC can disseminate late in infection (Drucker et al.,

1970; Giles et al., 1949) and although it is extremely rare, sepsis due to EPEC has been

reported (Bower et al., 1989).

1.2 Host Cell Signal Transduction

Many bacteria that cause disease have the capacity to enter into and live within eucaryotic

cells such as epithelial cells and macrophages. The mechanisms used by these organisms

to achieve and maintain this intracellular lifestyle vary considerably, but most

mechanisms involve subversion and exploitation of host cell functions. This overview

highlights some the the host cell second messenger pathways that are exploited.

1.2.1 Overview of Signal Transduction

The binding of certain growth factors and hormones to their respective receptors induces

cellular signals that can ultimately result in cell growth and proliferation (Yarden and

Ulirich, 1988a; Ullrich and Schlessinger, 1990). The process by which these signals are

transduced from receptors on the cell surface to intracellular second messenger pathways

is presently the focus of much ongoing research. Two different membrane receptor types

have been shown to be involved in signal transduction. One is a family of receptors

linked to heterotrimeric G proteins, and the other is a group of receptors linked directly or

indirectly to a tyrosine kinase activity. Recent reports highlight the funnelling of these

activators into the same, highly conserved recipient proteins.

G protein linked receptors include those for bombesin, acetyicholine (muscarinic),

adrenergic agonists, thrombin, and many other effectors (reviewed by Crouch and

Hendry, 1993 and Berridge, 1993). These receptors are composed of a single protein
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polypeptide which traverses the plasma membrane seven times. Binding of an agonist to

the external domain induces a conformational change in the receptor which leads to the

activation of a G protein, a heterotrimeric protein consisting of a, f3, and y subunits. In

the inactive state, the a subunit binds the nucleoside diphosphate GDP. After receiving

an activating signal, GDP is exchanged for GTP, the aGTP-subunit dissociates from the

fry subunit and goes on to interact with its target effector (Fig 1.2, adapted from Stemweis

and Smrcka, 1991). There is growing evidence that the fry subunit may also play a role in

activation (Fig. 1.2; Blank et al., 1992; Katz et al., 1992; Sternweis and Smrcka, 1991).

The enzyme systems that appear to be affected by G-protein activation include

phospholipase A2 (PLA2), adenylate cyclase, phospholipase(s) C f (PLCI31) and

channels of different ions. PLA2 hydrolyzes phospholipids to liberate fatty acids such as

arachidonic acid and adenylate cyclase generates cAMP from ATP. PLC1 is one of

several PLC isoforms that cleaves the phospholipid phosphatidylinositol 4,5-bisphosphate

(PIP2) to the second messengers inositol trisphosphate (1P3) and diacylglycerol (DAG),

which in turn mediate the release of Ca2 from intracellular stores and activate protein

kinase(s) C (PKCs) (Rhee et al., 1989).

Lymphocyte receptors, including the 1gM receptor in B lymphocytes and T-cell

antigen receptor (TCR)-CD3 complex of T cells, are tyrosine kinase receptors which are

indirectly linked to a tyrosine kinase activity. These receptors lack intrinsic tyrosine

kinase activity, and instead recruit members of the src family of tyrosine kinases such as

fyn and ick. These cytoplasmic kinases associate with the cytoplasmic domains of the

lymphocyte receptors following activation. The epidermal growth factor receptor

(EGFR) and the platelet-derived growth factor receptor (PDGFR) are members of a

second group of tyrosine kinase receptors which possess intrinsic protein tyrosine kinase

activity (Yarden and Ullrich, 1988b; Gill et al., 1987). The EGFR will be used as an

example to describe a pathway activated by tyrosine kinase linked receptors.
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Figure 1.2

A model showing two possible pathways for the activation of PLC by heterotrimeric G

proteins. Following receptor stimulation GDP is exchanged for GTP, and the aGTP

subunit dissociates from the fy subunit. In the upper pathway, the aGTP-subunit goes on
to activate PLC, which in turn, cleaves PIP2 into 1P3 and DAG. Alternatively, as shown

in the lower pathway, the fry subunit may cause the downstream activation of PLC. The

pathway utilized may depend on the subtype of PLC, or the components of the G protein.
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The EGFR is a transmembrane glycoprotein composed of an extracellular domain which

contains the binding site for epidermal growth factor (EGF), a cytoplasmic domain where

the active site for the tyrosine kinase is located, and a single membrane spanning segment

which links the two domains (Ullrich et a!., 1984). Binding of EGF induces a

conformational change in the EGFR monomer that favors the formation of EGFR dimers

(Hammacher et al., 1989; Canals et al., 1992). Dimerization actives the kinase and

allows the two kinase domains to phosphorylate each other on specific tyrosine residues.

Following tyrosine phosphorylation, the EGFR becomes a docking site for signaling

proteins, including phospholipase Cyl (PLCy1), the GTPase activating protein of p2lras

(GAP), phosphatidylinositol 3-kinase (P1 3-kinase) and an adapter protein involved in

Ras activation, growth factor receptor-bound protein (Grb2). A model of these

interactions, adapted from Lowenstein et al. (1992), is shown in Fig. 1.3. All of these

proteins share conserved noncatalytic domains termed Src homology (SH) regions 2 and

3 (Koch et a!., 1991). SH2 domains are conserved stretches of —100 amino acids that are

thought to function in binding to tyrosine-phosphorylated growth factor receptors or to

other non-receptor tyrosine phosphoproteins (Sadowski et al., 1986; reviewed by Pawson,

1988). Different SH2 containing molecules recognize and bind to different

phosphotyrosine sites of tyrosine phosphorylated receptors. The identity of the

phosphotyrosine sites is determined by short sequence motifs adjacent to each

phosphotyrosine (Fantl et al., 1992). The SH3 domain is a distinct motif of —45 amino

acids that is thought to function as a binding sites for specific proline-rich motifs (Mayer

et a!., 1988; Cicchetti et al., 1992). It is thought that once SH2 containing proteins

become closely associated with the a tyrosine phosphorylated receptor, they are activated

by phosphorylation. Although such phosphorylation and associated activation has been

reported for PLCy1 (Nishibe et a!., 1990), others believe this correlation has not been

clearly demonstrated (Majerus, 1992). In further contrast to this hypothesis, PT 3-kinase

activity does not appear to correlate with phosphorylation (Kazlauskas and Cooper,



15

Figure 1.3

Activation of the EGFR with EGF induces tyrosine phosphorylation of the receptor at

several sites. The phosphorylated receptor then acts as a binding site for a number of

cellular signaling molecules that contains one or two SH2 domains. The signaling

molecules are activated following their association with the receptor, and in turn, direct

further signaling cascades.
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1990). Therefore, the phosphotyrosyl binding activity of the SH2 domain may simply

function to promote recruitment of cytoplasmic signaling proteins to activated tyrosine

kinases, thereby facilitating the transduction of external signals to second messenger

pathways.

Once activated, PLCy1 hydrolyzes PIP2 into 1P3 and DAG, as described for

PLCf31. GAP functions to stimulate the ability of Ras to hydrolyze GTP to GDP, and

thereby acts as a negative regulator by turning Ras from the active GTP-bound state to

the inactive GDP-bound conformation (Trahey and McCormick, 1987). P1 3-kinase is a

lipid kinase that phosphorylates the D3 position of phosphatidylinositol,

phosphatidylinositol 4-phosphate, or P1 4,5-P2 (Whitman et a!., 1988).

Phosphatidylinositol 3,4,5-trisphosphate has been shown to effectively and selectively

activate the isozyme of PKC (Nakanishi et al., 1993). The physiological roles of the

other 3-phosphorylated inositol phospholipids are unknown. Although the evidence is

not conclusive, it has been suggested that they may be involved in the control of cell

proliferation (Carpenter et al., 1990), and in altering cellular structure through

interactions with cytoskeletal and associated proteins (Downes and Carter, 1991).

There have recently been significant advances in understanding how Ras is

activated and how it transduces signals (Fig. 1.4, adapted from reviews by McCormick,

1993 and Egan and Weinberg, 1993). An adapter protein, Grb2, binds to activated

receptors by its SH2 domain and recruits a Ras activator (Sos) to the receptor through

interactions with its two SH3 domains (reviewed by McCormick, 1993). Once associated

with the receptor, Sos functions as a guanine nucleotide releasing agent, converting Ras

GDP to active Ras-GTP. Activation of Ras triggers a cascade of serine-threonine kinases

that send trophic signals to the nucleus (reviewed by Egan and Weinberg, 1993). More

specifically, the principal downstream target is the Raf protein. Once activated by Ras,

Raf phosphorylates a second kinase, MAP kinase kinase (MEK). MEK then activates

MAP kinase (MAPK) which also interacts with other effectors, including other kinases.
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Figure 1.4

The Ras pathway runs from the cell surface to the nucleus, where genes are turned on or

off in response to the incoming stimulus. The binding of a growth factor to its tyrosine

kinase receptor triggers activation, dimerization, and autophosphorylation of the

receptor’s tyrosine residues. Grb2 then binds to the activated receptor by its SH2

domain, and to Sos, a Ras activator, by its SH3 domain. Receptor-associated Sos

provokes GDP-GTP exchange on Ras, triggering a cascade of serine-threonine kinases

that send trophic signals to the nucleus.
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Following mediation by other kinases, signals pass into the cell nucleus though

phosphorylation of transcription factors that regulate gene expression. Although

upstream proteins (PT 3-kinase, PLC, and GAP for example) have been left out of this

picture, it does not mean they are not involved.

Although the G protein and tyrosine kinase linked receptors have been presented

separately, they have common features. For example, these two pathways, one initiated

by a family of G protein linked receptors and the other by tyrosine kinase linked

receptors, both lead to the formation of 1P3 and DAG through the activation of different

isoforms of PLC (Fig. 1.5, adapted from Berridge, 1993). In addition, evidence is

accumulating that the signal transduction pathways activated by tyrosine kinase receptors

and by 7-transmembrane receptors are not exclusive within receptor subtypes, but there is

considerable crosstalk. There is evidence that G proteins have a direct effect on PT 3-

kinase activity (reviewed by Crouch and Hendry, 1993). For example, stimulation of the

fMet-Leu-Phe receptor induces the activation of PT 3-kinase in neutrophils, and this

response is blocked by pertussis toxin, an effect thought to be mediated by a Gi protein

(Traynor-Kaplan et al., 1989). Tn addition, P1 3-kinase activity is enhanced in thrombin

stimulated platelets, an effect that is also evoked by direct activation of G-proteins with

GTPyS (Kurcera and Rittenhouse, 1990). PLCy stimulation in some cells appears to be

controlled in part by a direct interaction with G in addition to the well characterized

pathway of tyrosine phosphorylation (Yang et aL, 1991). And finally, EGF has been

shown to activate PLA2 to stimulate the production of arachidonic acid and prostaglandin

E2 (Teitelbaum, 1990). This stimulation requires the EGFR (Hack et al., 1991a; 1991b;

Clark and Dunlop, 1991) and is enhanced by guanosine 5’-(3-thio)-triphosphate (GTP-y

S) and eliminated by pertussis toxin which functions to ADP ribosylate G proteins

(Teitelbaum, 1990).

1.2.2 Role of Signal Transduction in Bacterial Pathogenesis
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Figure 1.5

Summary of the two major receptor mediated pathways for stimulating the formation of

IF3 and DAG. Following G protein linked receptor stimulation, a G protein activates

PLC, whereas tyrosine kinase linked receptors activated by growth factor binding

activate PLOy. Both PLCI3 and y function to cleave PIP2, releasing 1P3 and DAG. Other

effectors interact with the tyrosine kinase linked receptors, including P1-3 kinase and

Grb2 (see Fig. 1.4).
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As described above, cellular processes involved in the normal growth and development of

eucaryotic cells are regulated by a variety of proteins which function to transduce signals

from the cell surface to the cytoplasm. The activation of these signaling proteins is

precisely controlled by protein phosphorylation on tyrosine or serine/threonine residues,

protein dephosphorylation, and protein-protein interactions. At each step, a small

disturbance can unhinge the highly coordinated and meticulously timed interactions

between signaling proteins. It is becoming increasingly clear that many pathogenic

bacteria, including enteropathogenic Escherichia coli (EPEC), Listeria monocytogenes,

and species of Salmonella, Shigella, and Yersinia, exploit these host cell signaling

pathways to facilitate infection. The pathogenic mechanisms of Yersinia and Salmonella

typhimurium will be described as examples of the involvement of the host cell signals in

the infection process.

Yersinia enterocolitica and Yersinia pseudotuberculosis are enteropathogens that

infect lymphoid follicles and cause a variety of illnesses, ranging from mild

gastroenteritis to mesenteric lymphadenitis (Brubaker, 1991; Comelis et al., 1987).

These two bacteria encode multiple independent pathways for attachment to and entry

into cultured mammalian cells (Isberg, 1990; Miller et al., 1989).

Invasin, the product of the chromosomal mv gene, was identified by its capacity to

confer the ability to enter cultured mammalian cells to a noninvasive strain of E. coli.

(Isberg and Falkow, 1985). Invasin has been shown to be solely responsible for the

accumulation of actin and actin-associated proteins (filamin and talin) around the

invading bacterium (Young et al., 1992; Isberg and Leong, 1988). The ability of invasin

to trigger cytoskeletal reorganization is consistent with the finding that invasin recognizes

multiple integrins (Isberg and Leong, 1990). integrins belong to a large family of

a/f3 heterodimeric transmembrane receptors and are involved in cell to cell interactions

and cellular adhesion to extracellular matrix (ECM) proteins.
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YadA is an adhesin encoded on the Yersinia virulence plasmid (Bolin et a!., 1982)

that mediates bacterial attachment (Heesemann et al., 1987) and entry (Yang and Isberg,

1993; Bliska et al., 1993a) into mammalian cells. It appears that YadA also mediates

these effects through interactions with f1 integrins, since monoclonal antibodies against

this receptor block entry by this pathway (Bliska et al., 1993a). In addition, YadA

facilitates bacterial adherence to the ECM proteins collagen and fibronectin (Emody et

al., 1989; Schulze-Koops et a!., 1992; Tertti et al., 1992). It is not known whether these

ECM proteins are involved in bridging the interaction between YadA and f3 integrins, or

if YadA and invasin recognize the same site on the integrin receptor.

Integrins are thought to link extracellular binding events functionally to the

cytoskeleton by the transduction of signals into the eucaryotic cell (Desimone et al.,

1987). In nucleated cells, clustering of c3I31 or c531 integrins induces protein tyrosine

phosphorylation of two proteins localized to focal adhesions, ppl25’ (Juliano and

Haskill, 1993) and paxillin (Burridge et al., 1992). Tyrosine phosphorylation also

appears to play a role in integrin-mediated bacterial entry. For example, protein tyrosine

kinase inhibitors have been shown to block invasin mediated bacterial entry into cultured

mammalian cells (Rosenshine et al., 1992). In addition, a protein encoded by the

Yersinia virulence plasmid, YopH, is a protein tyrosine phosphatase (PTP) (Guan and

Dixon, 1990). PTPs are thought to play specific roles in signal transduction and cellular

physiology and not simply to reverse the action of protein tyrosine kinases (PTKs)

(Fischer et a!., 1991). YopH is a secreted protein that appears to function by

dephosphorylating host proteins, thereby disrupting normal signal transduction processes

in mammalian cells (Bliska et a!., 1991; 1992). Although the host proteins

dephosphorylated by YopH are not known, two macrophage proteins that have been

specifically coisolated from cell lysates with a catalytically inactive form of YopH

(C403A) have been shown to have intrinsic PTK activity (Bliska et al., 1992). Therefore,

YopH may function to dephosphorylate host PTKs, reversing the activation induced by
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the integrin mediated binding of Yersinia. In support of this hypothesis, YopH has been

shown to contribute to the ability of Yersinia to inhibit uptake by phagocytic cells

(Goguen et a!., 1986; Lian et a!., 1987; Rosqvist et a!., 1988). Other Yops are proposed

to act synergistically to interfere with other key host functions including actin

microfilament stability (YopE), serine/threonine phosphorylation (YpkA), and G protein

linked receptor stimulation (YopM) (Straley et a!., 1993). The expression of these

secreted proteins is induced in response to extracellular stimuli, calcium and temperature

(Bolin et a!., 1985; Straley et a!., 1986). YopE, YopH, YpkA and YopM, are all essential

virulence determinants which are encoded on the common virulence plasmid of Yersinia

(Rosqvist eta!., 1990; 1991; Leung eta!., 1991; Galyov eta!., 1993).

Although many Yersinia and host proteins involved in host-parasite “cross-talk”

and association have been identified, our understanding of the Yersinia infection strategy

is not complete. A model summarizing our present knowledge is shown in Fig. 1.6

(adapted from Bliska and Falkow, 1993).

Sa!monella typhimurium is an enteric pathogen which invades non-phagocytic

epithelial and fibroblast cells via a process resembling phagocytosis. Infection with S.

typhimurium induces dramatic changes in the host cell, including disruption of the brush

border microvilli (Takeuchi, 1967; Finlay et a!., 1988), increased permeability of

epithelial tight junctions (Finlay et a!., 1988), membrane ruffling (Francis et a!., 1993),

and the rearrangement of host actin filaments and other cytoskeletal associated proteins

(a-actinin, tropomyosin, ezrin, and talin) (Finlay et a!., 1991). Presumably, the binding

of S. typhimurium induces an “uptake signal” which generates the above changes in the

host cell.

S. typhimurium invasion is known to be associated with the activation of host cell

signals. For example, the concentration of inositol phosphates (IPs) transiently increases

20 mm following infection (Ruschkowski et a!., 1992). This increased release of IPs is

closely correlated with the invasion rate and cytoskeletal rearrangement. S. typhimurium
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Figure 1.6

A model for the role of protein tyrosine phosphorylation in integrin mediated bacterial

entry and YopH antiphagocytic activity. Initial interactions between bacterial invasin

(mv), the product of the chromosomal mv gene, and epithelial cell integrins result in

bacterial attachment to the eucaryotic cells. Bacterial entry is hypothesized to be

stimulated by the invasin-integrin complex, which triggers tyrosine phosphorylation

(encircled P) and activation (+) of a PTK. Contact between the host cell and bacterium

also leads to expression and secretion of the product of the yopH gene (YopH). YopH is

presumed to translocate across the host cell membrane and reverse activation (-) of the
PTK by tyrosine dephosphorylation, thereby inhibiting integrin mediated bacterial

uptake.
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invasion also stimulates a rapid increase in the levels of free intracellular calcium in

cultured epithelial cells (Pace et a!., 1993) Increased [Ca2j1appears to be important for

invasion, as mutants which can not induce these calcium fluxes fail to enter host cells

(Pace et a!., 1993). In addition, chelation of host intracellular, but not extracellular,

calcium inhibits S. typhimurium uptake (Ruschkowski et al., 1992). DAG activation of

host PKC activity is not required for S. typhimurium uptake into HeLa cells as a potent

PKC inhibitor, staurosporine, has no effect on invasion (Rosenshine et al., 1992). These

observations support the hypothesis that S. typhimurium stimulates host PLC activity to

cleave PIP2 to DAG and 1P3, which then mobilizes [Ca2].

It was recently reported that infection of Henle-407 cells with S. typhimurium is

accompanied by induction of tyrosine phosphorylation of the host EGF receptor, and that

exogenously added EGF restored the invasiveness of a noninvasive mutant (Galan et at.,

1992). However, TPK inhibitors or anti-EGFR antibodies do not reduce the invasion

efficiency of S. typhimurium (Rosenshine et a!., 1992; Galan et at., 1992). Moreover, S.

typhimurium also invades cells that do not have EGFR (Francis et a!., 1993; Galan et a!.,

1992). Bliska et al. (1993b) suggest that these contradictions are the result of the ability

of S. lyphimurium to use alternative uptake signals when invading different cell lines.

However, Rosenshine et a!. (submitted) have been unable to demonstrate activation of the

host EGFR by S. typhimurium in HeLa, MDCK, and Henle-407 epithelial cell lines, and

A431, an epidermal cell line overexpressing the EGFR. Therefore, the EGFR does not

appear to be required for entry of Satmonella into host cells.

Additional results by Pace et a!. (1993) suggest that S. typhimurium triggers an

elaborate biochemical cascade, including activation of mitogen-activated protein kinase

(MAPK). Activation of MAPK by protein tyrosine phosphorylation has been confirmed

(Rosenshine et al., submitted), yet the role of this activation in invasion in not known.

Listeria species also induce the tyrosine phosphorylation of MAPK (Tang et at., 1994).

The role of the other activities induced in this cascade, phospholipase A2 and 5-
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lipooxygenase, result in the production of leukotriene D4 (LTD4) (Pace et al., 1993).

LTD4 is proposed to be required for bacterial entry, as noninvasive S. typhimurium

mutants are internalized by addition of LTD4 to the infected cells.

Much of the pathogenic process of S. typhimurium remains to be elucidated, as

most of the genetic determinants of Salmonella virulence discovered thus far are

regulatory elements rather than functional determinants of pathogenicity. A summary of

the infection process of Salmonella, adapted from a model previously proposed by

Rosenshine and Finlay (1993), is shown in Fig 1.7. Although the exact mechanisms are

not well defined, the role of the host cell in the infection process of both Yersinia species

and S. typhimurium has been clearly demonstrated.

1.2.3 Signals Induced by EPEC

Upon attachment to cultured epithelial cells, EPEC induces the assembly of a complex

cytoskeletal structure localized beneath the adherent bacterium. EPEC infection causes

additional changes to the host cell, including disruption of the brush border microvilli and

an increase in transepithelial permeability (Canil et al., 1993). Recent studies suggest

that these changes, which ultimately lead to diarrhea, are induced by the subversion of

host cell signals by EPEC.

As discussed for Yersinia and S. typhimurium, tyrosine phosphorylation of host

cell substrates also appears to play a role in EPEC infection. EPEC induces tyrosine

phosphorylation of three eucaryotic proteins, 39 kDa (Hp39), 72 kDa (Hp72) and 90 kDa

(Hp9O). The major substrate, Hp90, is a membrane associated protein. In correlation

with Hp90 tyrosine phosphorylation, the EPEC induced cytoskeletal structure also

contains tyrosine phosphorylated proteins. Tyrosine phosphorylation appears to play a
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Figure 1.7

A model for S. typhimurium internalization by epithelial cells. Following contact with

host epithelial cells, Salmonella stimulates a PLC to cleave PIP2, releasing 1P3 and DAG.

1P3 mobilizes [Ca2]i from intracellular stores, initiating cytoskeletal rearrangement and

internalization of the bacterium. The induced cytoskeletal structure, which surrounds the

invading bacterium, dissociates shortly after bacterial uptake. The role of tyrosine

phosphorylation in this infection pathway is not clear.
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role in EPEC infection, as protein kinase inhibitors (staurosporine and genistein) that

inhibit Hp90 tyrosine phosphorylation also block bacterial uptake. In addition, EPEC

strains which have a mutation in the cfin gene(s) [cfm::TnphoA 14-2-1(1) and 27-3-2(1)]

fail to induce Hp90 phosphorylation (Rosenshine et at., 1992). These cfm mutants

possess fully functional intimin, a protein involved in EPEC adherence, and are able to

adhere intimately to the host cell surface at normal levels (Donnenberg et at., 1990).

However, cfm mutants fail to induce the rearrangement of tyrosine phosphorylated host

cell proteins or cytoskeletal components (Rosenshine et at., 1992). Two strains of a

different noninvasive mutant, eaeA (intimin), cannot establish a tight association with

host cells but are able to induce phosphorylation of Hp90 (Jerse et a!., 1990; Rosenshine

et at., 1992; Foubister et at., 1994). Intimin mutants are capable of inducing the

accumulation of filamentous actin, but in comparison to the parental strain, the

cytoskeletal rearrangements are less sharply focused beneath the adherent organisms. An

intense but diffuse haze or “shadowt’ of tyrosine phosphorylated proteins also

accumulates underneath microcolonies of the eaeA mutant.

Interestingly, coinfection of the eaeA mutant with both cJin::TnphoA mutants,

which alone demonstrate a minimal rearrangement of host proteins, restores the ability of

many of the adherent bacteria to induce a wildtype rearrangement of host cytoskeleton

and tyrosine phosphorylated proteins (Rosenshine et at., 1992). Additionally, the

internalization of cfm: :TnphoA mutants into HeLa cells is facilitated by the addition of

eaeA mutants in trans. Unlike the cfm mutant, the eaeA function cannot be

complemented. This suggests that for invasion and organization of the cytoskeletal

structure under a specific individual bacterium to occur, intimin has to be present on the

bacterial surface. In contrast, the ability of the cfm function to be supplemented in trans

suggests that some aspect of the phosphorylation and localization of Hp90 involves a

diffusible product, presumably inside the host cell. A model summarizing these results is

shown in Fig. 1.8 (adapted from Rosenshine and Finlay, 1993).
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Figure 1.8

The induction of eucaryotic cell signals occurs during the second stage of the EPEC

infection process. Attached bacteria use the cfm gene product to induce specific host

PTK activity. This, possibly in combination with other signals which increase [Ca2]i,

causes aggregation of cytoskeletal elements. Simultaneously intimin, which promotes

intimate attachment of EPEC to the host membrane, nucleates the cytoskeletal aggregates

into an organized structure beneath the bacterium.
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Additional host cell proteins become phosphorylated by calcium dependent

serine/threonine protein kinases following EPEC infection (Baldwin et al., 1990;

Manjarrez-Hemandez et al., 1992; Baldwin et al., 1993). Of these proteins, the most

prominent phosphorylated species has a molecular weight of 20 kDa. This protein was

identified by immunoprecipitation as myosin light chain, an important cytoskeletal

protein known to affect actin organization in non-muscle cells (Manjarrez-Hemandez et

al., 1992; Keller and Mooseker, 1982). Accumulation of actin and myosin at the sites of

bacterial infection suggest that following adherence, EPEC may directly trigger

cytoskeletal rearrangement through signal transduction pathways which stimulate protein

kinase activity.

Other signaling pathways also appear to be involved in inducing cytoskeletal

rearrangement. EPEC infection of HEp-2 cells leads to an elevation of intracellular free

calcium levels (Baldwin et at., 1991). Actin accretion and loss of cell viability have

recently been shown to be calcium dependent processes, as intracellular calcium chelators

inhibit these responses in EPEC infected cells (Baldwin et at., 1993). The ability of

dantrolene to block EPEC induced calcium elevation suggests that calcium is released

from IF’3 sensitive stores (Baldwin et a!., 1991). The phosphorylation of myosin light

chain is also dependent on the elevation of intracellular calcium, which functions to

activate the calcium-calmodulin-dependent enzyme myosin light chain kinase

(Manjarrez-Hemandez et at., 1992). These data suggest that the elevation of intracellular

calcium plays a key role in infection. In addition, it is likely that the intracellular changes

induced by increased calcium levels disrupt the function of the brush border microvilli,

causing a reduction in the absorptive capacity of the intestinal mucosa and ultimately

diarrhea.

1.3 Objectives
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The goal of my project was to further define the role of host cell signaling pathways in

EPEC infection. Using intracellular and extracellular calcium chelators, the role of

calcium in EPEC adherence and invasion of host cells was investigated. To determine if

inositol phosphates are involved in EPEC induced [Ca2]release, I examined whether

EPEC infection of cultured epithelial cells induces PLC activity. Since an increase in the

level of inositol phosphates is indicative of PLC activity, the level of IPs (both total and

individual IPs including IP, 1P2, 1P3 and 1P4) was measured in epithelial cells at

increasing times of infection. Tyrosine phosphatase inhibitors were used to verify the

importance of increased host cell tyrosine phosphorylation in EPEC infection. Finally, a

recently constructed mutant, AeaeB, was tested for its ability to induce host cell signals.
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Chapter 2

Experimental Procedures

2.1 Bacterial Strains, Plasmids, and Media

EPEC strains E2348/69, JPN15, UMD864, CVD2O6, 10-5-1(1), 14-2-1(1) and 27-3-2(1),

described in Donnenberg et at. (1990), Jerse et a!. (1990), Donnenberg and Kaper (1991)

and Donnenberg et at. (1993) were grown in LB agar or LB broth at 37°C without

shaking. Chioramphenicol (20 .tg/ml) or ampicillin (50 .ig/ml) was added as needed.

The product of the eaeB gene was provided in trans by plasmid pMSD3 (Donnenberg et

al., 1993). The plLl4 plasmid contains the afa operon of uropathogenic E. coli cloned

into pBR322 (Labigne-Roussel et a!., 1985). Table 2.1 summarizes the genotype or

relevant properties of the bacterial strains and plasmids used.

2.2 Tissue Culture

The human cervix epithelioid carcinoma HeLa (CCL 2) cells, the human colon

adenocarcinoma Caco-2 (HTB 37) cells, and the human embryonic intestine Henle-407

(CCL 6) cells were obtained from the American Type Culture Collection (Rockville,

MD) and were maintained in MEM (Gibco Laboratories, Gaithersburg, MD), 10% FCS

(Gibco Laboratories), nonessential amino acids, penicillin (100 .tg/ml) and streptomycin

(100 pg/ml). Rat2 cells (CRL 1764), also obtained from ATCC, were grown in DMEM

(Gibco Laboratories), 10% FCS, nonessential amino acids, penicillin (100 .tg/ml) and

streptomycin (100 pg/ml). These cells were derived from a subclone of a 5’-bromo-
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Table 2.1 Bacterial strains and plasmids used in this study

Strain or Genotype or relevant properties Source or
plasmid reference

Strains

E2348/69 Virulent 0127:H6 EPEC strain; nalidixic acid Levine et al.,
resistant 1978; 1985

14-2-1(1) E2348169 noninvasive mutant containing two TnphoA Donnenberg et at.,
insertions in the cfln gene 1990

27-3-2(1) E2348/69 noninvasive mutant containing two TnphoA Donnenberg et al.,
insertions in the cfin gene 1990

10-5-1(1) E2348/69 noninvasive mutant containing one TnphoA Donnenberg et at.,
insertion in the eaeA gene 1990

CVD2O6 E2348/69 AeaeA8 Donnenberg and
Kaper, 1991

UMD864 E2348/69 iXeaeB Donnenberg et at.,
1993

1{B 101 E. coli K12JB laboratory strain

Plasmids

pILl4 afa operon of uropathogenic E. coti cloned into Labigne-Roussel
pBR322 et at., 1985

pMSD3 2.3-kb BglII fragment of the eae gene cluster cloned Donnenberg et at.,
into the BamHI site of pACYC184 1993
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deoxyuridine resistant strain of the Fischer rat fibroblast 3T3-like cell line Rati, and lack

appreciable levels of nuclear thymidine kinase. Cells were used below passage 40 and

were grown and assayed at 37°C, 5% Co2.

2.3 Inhibitors

Inhibitors were dissolved in dimethyl sulfoxide. Stock solutions of cytochalasin D

(Sigma Chemical Co., St. Louis, MO; 1 mg/mi), staurosporine (Boehringer Mannheim,

Mannheim, Germany; 1 mM) and genistein (UBI Inc., Lake Placid, NY; 100 mM) were

aliquoted and stored at -20°C. Prior to use, inhibitors were diluted in MEM with 10%

FCS and then added to cultured HeLa cells. The kinase inhibitors have no effect on

bacterial viability (Rosenshine et a!., 1992).

2.4 Bacterial Internalization and Cell Association

Invasion and cell association levels were determined as described by Finlay and Falkow

(1988), with slight modifications. HeLa cells were seeded in 24 well tissue culture plates

at a density of 1 x iO cells per well and grown overnight. The cells were then washed

with phosphate buffered saline (PBS) and 500 p.1 of media without antibiotics was added.

5 p.1 of a fresh overnight EPEC culture, or 10 p.1 of mixed culture (1:1 mix) for a mixed

infection, was added to each well and the cells were infected for 3 h at 37CC, 5% CO2.

To measure invasion, cells were washed 2 times with PBS and fresh medium containing

100 p.g/ml gentamicin was added to kill extracellular bacteria. Infected cells were

incubated for an additional 2 h, washed twice and 200 p.1 of 1% Triton X- 100 (BDH

Chemicals, Darmstadt, Germany) was added to lyse the eucaryotic cells. After 5 mm at

room temperature, 800 p.1 of PBS was added to each well and mixed vigorously.

Appropriate dilutions were plated onto LB plates and the number of colony forming units
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were used to determine the number of viable intracellular bacteria. To determine the

number of cell-associated bacteria, the eucaryotic cells were lysed just before the

gentamicin step. Thus, the number of cell-associated bacteria represents the number of

bacteria that are either adherent or intracellular.

2.5 Invasion Rates with Calcium Chelators:

Stocks of 10 mM BAPTA [1 ,2-bis-(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid;

Sigma] or BAPTA/AM [1 ,2-bis- (2-aminophenoxy)ethane-N,N,N’ ,N’ -tetraacetic acid

acetoxy methylester; CalBiochem] (Weiss and Insel, 1991) were made in calcium-free

PBS or dimethysuiphoxide (DMSO), respectively. HeLa cells in MEM with 10% FCS

were plated onto 24-well microtiter plates (1 x 1o cells/well) that had been coated with

poly-L-lysine and allowed to attach for 60 mm. 0.1% w/v poly-L-lysine was diluted 1/50

in PBS, and 1 ml was added to each well, incubated overnight, 4°C, and washed 4 times

with PBS. Pretreatment of wells with poly-L-lysine prevented cell detachment after

chelator addition, as determined by Trypan blue staining and cell counting. Bacteria were

added to HeLa cells in the presence of an appropriate chelator in serum-free MEM +1-
Ca2 for 3 h, followed by gentamicin treatment and quantitation of invasion as described.

To determine the reversibility of chelator treatment, cells were washed extensively with

calcium-free PBS and fresh MEM media with calcium was added and incubated for

various times prior to gentamicin addition.

2.6 Measurement of the Release of Inositol Phosphates.

Release of IPs was determined as described by Ruschkowski et al. (1992). Cells were

seeded onto 60-mm petri dishes, resulting in a 90-100% confluent culture at the time of

infection. After 4 h, the medium was removed and MEM with 1% FCS containing 10
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pCi of[3H]myoinositol (18.4 Ci/mmol, Amersham Life Science, Arlington Heights, IL)

was added and incubated overnight. Before use, the[3H]myoinositol was absorbed with

Dowex to remove contaminants. The cells were washed with Dulbecco’s PBS + 1 g/l

glucose and incubated for 15 mm in HEPES [N-(2-hydroxyethyl) piperazime-N’-(2-

ethane sulfonic acid]-saline solution (25 mM NaHepes, pH 7.4, 125 mM NaC1, 5 mM

KC1, 1 mM CaC12, 1 mMNa2HPO4,0.5 mMMgSO4, 1 g/L glucose) containing 2 mM

glutamine, 1 mM Na pyruvate, 1 mg/mi BSA and 10 mM LiCl. Cells were washed as

before, 2 ml of HEPES-saline solution was added, and then they were either infected with

40 p1 of a fresh overnight bacterial culture (—1.5 x 106 bacteria) or left untreated. After

various times, cells were washed with cold PBS and scraped off into 1 ml PBS. To stop

the reaction, cells were immediately added to 4 ml of 2:1 methanol:chloroform, mixed,

and incubated for 30-45 mm at room temperature. 0.125 ml of ethylene-diamine

tetraacetic acid (EDTA; pH 8.0), 1.2 ml chloroform and 1 ml H20 were added to each

sample, which was then vortexed and centrifuged at 500xg for 20 mm. The upper

(aqueous phase) was loaded onto a 1 ml Dowex anion exchange column (AG 1-X8 resin,

100-200 mesh formate form; Bio-Rad Laboratories, Richmond, CA) which had been

washed with 20 ml of cold 5 mM inositol. The columns were washed again with 20 ml of

5 mM inositol, and then with 20 ml of 5 mM Na borate/60 mM Na formate. Inositol

phosphates were eluted either collectively with 1 M ammonium formate in 20 ml 0.1 M

formic acid, or separately as follows: inositol monophosphate (IP), 20 ml of 0.1 M formic

acid/0.2 M ammonium formate; inositol bisphosphate (1P2), 20 ml of 0.1 M formic

acid/0.4 M ammonium formate; inositol trisphosphate (1P3), 30 ml of 0.1 M formic

acid/0.8 M ammonium formate; and inositol tetrakisphosphate (1P4), 20 ml of 0.1 M

formic acid/1.0 M ammonium formate. The counts per minute (cpm) represent the

release of inositol phosphates, were determined by counting the eluant of each sample

diluted 1 to 4 in Ready Safe liquid scintillation cocktail (Beckman, Fullerton, CA).
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2.7H202/vanadate treatment

Cells were treated withH202and vanadate as described by Volberg et al. (1992), with

slight modifications. Stage 1: infected or uninfected HeLa cells were washed with PBS,

then, 500 jii of 2 mMH202and 1 mM NaVO4in MEM + 10% FBS was added and cells

were incubated at 37°C, 5% CO2 for 30 mm. Stage 2: cells were washed once in MEM

+ 10% FBS and further incubated in the same medium for 30 minutes at 37°C, 5% CO2.

Different bacterial strains exhibit different kinetics of cell binding and invasion and were

therefore used in different ways to evaluate the influence of theVO4/H202treatment on

bacterial uptake. EPEC bind to and invade host cells very slowly. Thus wild type EPEC

and the noninvasive mutant, cfin 14-2-1(1) were preincubated with the host cells in MEM

+ 10 % FBS at 37°C for 2.5 h prior toVO4/H202treatment. The VO4/H202treatment

was followed by gentamicin treatment and an invasion assay as described.

E. coli HB 101 was added to the cells after stage 1 of the VOdH2O2treatment and

incubated with the cells during stage 2 of the treatment. E. coli I{B 101 containing the

pILl4 plasmid were incubated with cells on ice for one hour prior to VO41H202

treatment. This allowed bacterial binding to the epithelial cells, but not uptake. These

infections were followed by the two stages ofVO4JH2O2treatment, gentamicin treatment

and an invasion assay.

2.8 Phospholipase C Diagnostic Plates

Egg yolk agar was made by preparing a 1:2 dilution of fresh egg yolk in 150 mM NaC1

solution and adding 12.5 ml of this mixture to 250 ml of BHI agar at 56°C (Kocks et al.,

1992). Bacteria were grown on egg yolk agar plates and analyzed for the presence of a

zone of egg yolk opacification. Egg yolk opacification results from the activity of a

phosphatidylcholine phospholipase C (lecithinase) (Fuzi and Pillis, 1962). Listeria



43

monocytogenes, which is known to contain a secreted PLC activity, was used as a

positive control.

2.9 Immunofluorescent Microscopy

HeLa cells were seeded at 1 x iO cells per well onto glass coverslips in a 24 well tissue

culture plate and grown overnight. The cells were washed with PBS and infected with 10

tl (—3.75 x 10 bacteria) of a late logarithmic EPEC culture. Following a 3 h infection,

cells were washed and fixed for 30 mm in 2% paraformaldehyde in PBS. The cells were

washed three times with PBS, permeabilized with 0.1% Triton X-100 in PBS and washed

as before. Cells were incubated with 50 pi of primary antibodies (monoclonal anti

phosphotyrosine, 4Gb, UBI Inc., rhodamine-phalloidin or anti-a-actinin, BM-75.2,

Sigma) for 60 mm, washed and incubated with 100 .tl of secondary antibody (anti-mouse

IgG or 1gM, FITC conjugated, both from ICN Inc.), for 60 mm or washed and mounted

directly (samples labeled with rhodamine-phalloidin). Samples were washed, mounted,

examined using a microscope and photographed as described (Finlay eta!., 1991).

2.10 Protein Extraction

HeLa cells were seeded in 100 mm tissue culture plates at a density of 2 x 106/plate. The

next day, cells were infected with 100 p1 of a late logarithmic bacterial culture (0D600

nm —1.5) for 3 h. Infected cells were washed three times with cold PBS, scraped into 1.0

ml of PBS, pelleted (60 s @ 7000 rpm) and lysed in 0.1 ml of lysis solution (1% Triton

X-100, 50 mM Tris-HCL, pH 7.6, 0.4 mM NaVO4, 1mM NaF, 0.1 mg/ml

phenylmethylsulfonyl fluoride and 10 p.g/ml leupeptin). The lysate was spun (60 S

14000 rpm) and the 1% Triton X-100 soluble supernatant was mixed with 20 p1 of a 5 x

loading buffer. The insoluble pellet was dissolved in 100 j.il of a 2.5 x loading buffer.
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The lysates were boiled for 7 mm and cleared (5 mm at 14 000 r.p.m.) prior to resolution

by gel electrophoresis.

2.11 Western Immunoblotting

Proteins were separated by SDS - PAGE as described by Laemmli (1970), and then

transferred to nitrocellulose membrane (AB-S 83 Schleicher and Schuell Inc.) using a

NovaBlot electrophoretic transfer unit (LKB). Monoclonal anti-phosphotyrosine (4Gb,

UBI Inc.) was diluted in TBS (150 mM NaC1, 20 mM Tris-HC1, pH 7.5) containing 1%

BSA (Sigma) and used at a concentration of 0.5 .tg/ml. Anti-mouse IgG alkaline

phosphatase conjugate (Calbiochem) was used similarly at a final concentration of 0.25

.tg/m1.
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Chapter 3

EPEC Infection Triggers Host Cell Signals

3.1 Role of Calcium in EPEC infection

The role of intracellular and extracellular calcium in EPEC adherence and invasion to

cultured epithelial cells was analyzed. HeLa cells were grown on poly-L-lysine treated

microtiter plates to prevent cell detachment in the presence of calcium chelators. Bacteria

were added and allowed to infect either in MEM, Ca2 free MEM, or in Ca2 free MEM

containing Ca2 chelators. BAPTA was used to chelate extracellular calcium and

BAPTA/AM was used to chelate intracellular calcium. EPEC adhered to human cells at

—50% efficiency in Ca2 free MEM and failed to invade host cells at wild type levels.

Treatment with BAPTA greatly decreased levels of bacterial adherence to host cells, and

also decreased invasion efficiency (Fig. 3.9a and b). In contrast, BAPTA/AM treatment

only slightly decreased the attachment of EPEC, while invasion was profoundly inhibited

(Fig. 3.9a and b). These results suggest that both intracellular and extracellular calcium

chelators inhibit EPEC adherence and invasion in a dose dependent manner.

The reversibility of Ca2 chelator treatment on bacterial invasion was examined.

HeLa cells were infected for 3 h in the presence of Ca2 free MEM, 133 .tM BAPTA or

100 .tM BAPTA/AM. After washing to remove unbound bacteria and Ca2 chelators,

calcium containing MEM medium was added and the number of intracellular bacteria

were quantitated at increasing times. Reversibility was extremely rapid with Ca2 free

MEM infected cells, but was slower for BAPTA treated cells (Fig 3.10). In addition,

BAPTA/AM treated cells exhibited low levels of reversibility. The lack of reversibility
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Figure 3.9

The number of cell associated and intracellular bacteria per well (24 well plate) were

measured following a 3 h infection in the absence or presence of the calcium chelators.

Both intracellular (BAPTA/AM) and extracellular (BAFI’A) calcium chelators decreased

EPEC association with (a) and entry into (b) HeLa cells in a dose-dependent manner.

Values are the average of four samples ± SD and represent the results of two independent

experiments.
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Figure 3.10

Reversibility of calcium chelator treatment on EPEC invasion of HeLa cells. After

infecting cells for 3 h in calcium free MEM, 133 p.M BAPTA, or 100 p.M BAPTA/AM,

the chelators were removed and replaced with calcium containing medium. The number

of internalized bacteria were quantitated at increasing times following chelator removal.

Values are the average of quadruplicate samples ± SD.
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with BAPTA/AM treated cells is likely due to the cytolethal effect of prolonged

intracellular calcium buffering, since uninfected cells loaded with BAPTA/AM round up

and lose viability after about 5 h (Baldwin et al., 1993).

3.2 EPEC induces a flux of inositol phosphates in infected human epithelial cells.

To determine if EPEC triggers a flux of IPs, HeLa cells were labeled with

[3H]myoinositol and infected with bacteria for increasing times. The level of total

[3HIIPs began increasing approximately 2 h after EPEC addition, reaching a maximum of

2.6 fold over uninfected at 3 h (Fig. 3.11). Addition of 200 nglml of EGF (as a positive

control) for 10 mm prior to IP extraction caused a 1.9 fold increase in[3H]JPs release.

Similar to the flux of IPs, the rate of association (adherence and invasion) of EPEC to

HeLa cells peaked at 3-3.5 h (Fig. 3.12a), and bacterial entry into HeLa cells reached a

maximum rate at 3.5 h (Fig. 3. 12b). The rate of increase in intracellular calcium also

peaks at 3 h (Baldwin et al., 1991).

Individual inositol phosphates were also measured and the levels of IP, 1P3, and

1P4 all peaked approximately 3 h following EPEC infection and 10 mm following

treatment with lOOng/mi EGF (Table 3.2). The inability to detect an increase in 1P2, and

the small increases in 1P3 and IP.4 are probably a result of the rapid conversion of most

forms of these different species to IP (reviewed by Majerus, 1992), although the

conversion of IP to inositol is prevented by lithium in the assay buffer. Alternatively,

since the levels of IP, IP, 1P3 and 1P4 are known to increase significantly following

stimulation with EGF (Wahl et al., 1987), it suggests that the assay used to measure the

individual IPs is not sensitive enough to demonstrate the differences between values are

quantitatively significant.

It has previously been reported that preinducing EPEC can shorten the time

required to establish LA (Scaletsky et al., 1985; Vuopio and Schoolnik, 1991). We tested
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Figure 3.11

EPEC triggers the formation of IPs in HeLa cells. Release of[3H]IPs was measured in

HeLa cells that were prelabeled with[3H]myoinositol and infected with either EPEC or a

cJin::TnphoA mutant [14-2-1(1)] for increasing times. The concentration of[3H]IPs was

measured in uninfected cells and used to determine the level of release of IPs before

bacterial addition (at time zero). Infection timepoints were an average of two samples ±

error and are representative of one of six different experiments.
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Figure 3.12

EPEC association with (a) and entry into (b) HeLa cells. The number of cell associated

and intracellular bacteria per well (24 well plate) were measured at half hour intervals for

4 h. Values are the average of four samples ± SD and represent the results of two

independent experiments.
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Table 3.2 Release of separate inositol phosphates* in HeLa cells following
different treatments

Treatment Time IP 1P2 ‘P3 ‘P4

Untreated 100% 100% 100% 100%
±53% ±21% ±20% ±16%

EGF,lOOngfml 10mm 328% 99% 115% 108%
±41% ±15% ±34% ±36%

EPEC 3h 374% 99% 115% 107%
± 104% ±17% ±36% ±16%

eaeA::TnphoA 3h 269% 100% 106% 92%
± 30% ± 30% ± 36% ± 35%

*To facilitate comparison between individual experiments, the the % release of IPs
(release of ‘Ps/total incorporation of[3Hjmyoinositol) in untreated cells was set at
100% in each experiment. Untreated and EPEC infected values are the average of
5 samples (4 separate experiments), and EGF treated and eaeA::TnphoA infected
values an average of 4 samples (3 separate experiments).
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whether preinducing the bacteria in tissue culture medium, or spinning them onto the cell

monolayers and allowing them to adhere on ice prior to warming and measurement of IPs

would decrease the time required by EPEC to induce a flux of IPs. These conditions

decreased the time needed for EPEC induced release of IPs by approximately 2 h.

However, even under these conditions, EPEC induced formation of IPs still required a

minimum of 60 minutes before increasing, a much longer time than seen with an EGF

induced flux (10 minutes).

The ability of EPEC to induce a flux of IPs in two other human epithelial cell

lines was examined. Formation of IPs was found to increase 1.3 fold in Caco-2 and 1.9

fold in Henle-407 cells (Fig. 3.13). The kinetics of these fluxes of IPs were similar to

that observed for EPEC infected HeLa cells, with maximal levels of IPs induced 3 h post-

infection. In addition, it was found that EPEC could induce formation of IPs in Rat2

fibroblast cells (Fig. 3.14), suggesting that this response is not limited to human cells.

HeLa cells were used for the remainder of the experiments.

3.3 Formation of Inositol Phosphates is Not a Consequence of Actin Rearrangement or

Bacterial Invasion.

To determine if EPEC induced release of IPs triggers, or is a result of bacterial

internalization, we analyzed the effect of blocking EPEC invasion on levels of IPs

following infection. Cytochalasin D inhibits actin polymerization and blocks entry of

EPEC into human cells, without affecting adherence (Donnenberg et al., 1990; Francis et

al., 1991). We found that 2.5 .tg/ml cytochalasin D decreased invasion by 99.5 %. 2.5

pg/ml cytochalasin D was added to[3H]myoinositol labeled HeLa cells either

independently or simultaneously with EPEC and incubated for 3 h. Formation of[3HIIPs

was induced by EPEC in the presence of cytochalasin D (Fig. 3.15), demonstrating that

cytoskeletal rearrangement and bacterial invasion are not prerequisites for formation of
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Figure 3.13

Formation of IPs is induced by EPEC in the human epithelial cell lines, Henle-407 and

Caco-2. The levels of IPs were measured at 60 mm intervals for 4 h following EPEC

infection. Values are the average of 4 samples (Henle-407) or two samples (Caco-2) ±

error and represent the results of two different experiments.
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Figure 3.14

EPEC induces formation of IPs in Rat2 fibroblast cells. Release of[3H]IPs was measured

in Rat2 cells at increasing times after EPEC infection. Values are the average of

duplicate samples ± SD.
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Figure 3.15

The effect of cytochalasin D on the EPEC induced flux of IPs.[3H]myoinositol labeled

HeLa cells were either left uninfected, infected with EPEC, treated with 2.5 p.g/ml

cytochalasin 0, or infected with EPEC in the presence of 2.5 .tg/m1 cytochalasin D.

Following a 3 h treatment, the level of[3H]JPs was measured. Values are the average of

two samples ± error and represent the results of two independent experiments.
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Ps.

3.4 EPEC Mutants that Fail to Induce Host Cell Protein Tyrosine Phosphorylation do not

Trigger a Flux of Inositol Phosphates

Noninvasive mutants of EPEC, which differ in their ability to stimulate tyrosine

phosphorylation of a 90 kDa host protein, Hp90, were examined for their capacity to

induce a flux of IPs. Several classes of these mutants were examined: (i) two strains of

eaeA mutants including a TnphoA insertion [10-5-1(1)] and an internal deletion

(CVD2O6); (ii) two different TnphoA class 4 insertion mutations (cfm) [14-2-1(1) and 27-

3-2(1)]; and (iii) JPN15, a non-adherent EPEC strain that is cured of its large plasmid.

The eaeA::TnphoA and AeaeA mutants, which still induce tyrosine

phosphorylation of Hp90 (Rosenshine et al., 1992), also induced the flux of IPs at 3 h

(Table 3.3). Although the amount of released IPs was lower than wild type EPEC, the

increase in P and 1P3 was proportionately similar (Table 3.3). JPN15, the plasmidless

strain, which displays reduced adherence and induction of Hp90 phosphorylation

(Rosenshine et al., 1992; Baldini et al., 1983), did not induce release of IPs (Table 3.3).

Both cfin::TnphoA mutants, which adhere normally but do not induce tyrosine

phosphorylation, did not trigger a flux of IPs (Fig. 3.11, Table 3.3).

3.5 Host Cell Tyrosine Phosphorylation Precedes EPEC Induced Formation of Inositol

Phosphates.

EPEC induced tyrosine phosphorylation of Hp90 and bacterial invasion are both

attenuated following treatment with the protein kinase inhibitors genistein and

staurosporine. Staurosporine, however, inhibits Hp90 tyrosine phosphorylation less

efficiently than genistein. We examined whether these drugs also inhibited the EPEC
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Table 3.3 Release of IPs in HeLa cells infected for 3 h with different noninvasive
EPEC mutants*

Strain Genotype Localized A/E Hp90 Release of Inositol
Adherence Lesions tyrosine phos- Phosphates at 3 h

phorylation post-infection (cpm)

uninfected 3156 ±533

E2348/69 wildtype ++ ++ ++ 8440 ± 650

CVD2O6 AeaeA ++ -- ++ 6074 ±764

10-5-1(1) eaeA::TnphoA ++ -- ++ 6387 ±396

14-2-1(1) cfm::TnphoA ++ -- 4144 ± 689

27-3-2(1) cf,n::TnphoA ++ +- -- 4467 ± 272

JPN15 plasmid cured -- +- +- 3117 ± 146
*average of a minimum of 3 assays
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induced flux of IPs. 1 j.LM staurosporine or 250 pM genistein was added either

independently or simultaneously with bacteria to[3H]myoinositol labeled HeLa cells.

Following a 3 h infection, formation of[3HJIPs was measured. Genistein completely

inhibited the formation of EPEC induced IPs, whereas treatment with staurosporine had

only a small effect (Fig. 3.16).

Formation of IPs was also measured at increasing times in the presence of 250

.tM genistein with or without EPEC. Unexpectedly, genistein alone induced a flux of IPs

that peaked 2 h after drug addition and then gradually declined (Fig 3.17). The level of

IPs in cells infected with EPEC in the presence of genistein increased in a manner similar

to that induced by the drug alone, but after 2 h the level of IPs declined sharply (Fig.

3.17). In contrast, EPEC infection without genistein caused the level of IPs to increase

after 2 h, reaching a even higher level at 3 h (Fig. 3.17). These results suggest that

genistein does not inhibit the EPEC induced peak of IPs at 3 h by a direct mechanism

such as phospholipase C (PLC) inhibition, as this drug alone induces the level of IPs to

increase at 2 h. Instead, it suggests that genistein inhibits a protein tyrosine

phosphorylation event(s) that is required for downstream activation by EPEC.

3.6 Inhibition of Host Cell Tyrosine Specific Phosphatases Stimulates Invasion

The levels of tyrosine phosphorylation in eucaryotic cells is controlled by a dynamic

balance between protein tyrosine kinases (PTK) and protein tyrosine phosphatases (PTP).

Using potent inhibitors of tyrosine-specific phosphatases (vanadate and H202), I

examined whether increased host cell tyrosine phosphorylation could induce the uptake

of EPEC and a mutant deficient in signal transduction [cJin 14-2-1(1)1. HeLa cells were

infected with bacteria for 2.5 hours, and treated with 1 mM vanadate and 2 mMH202 as

described (Volberg et al., 1992). Levels of EPEC and cfm invasion were measured and

found to increase by 5 or 12 fold, respectively (Table 3.4). Since PTP inhibitors cause



66

Figure 3.16

Effect of staurosporine and genistein on formation of IPs by EPEC in HeLa cells. 250i.LM

genistein or 1 p.M staurosporine were added alone or with bacteria to[3H]myoinositol

labeled HeLa cells and incubated for 3 h. The release of IPs was measured and compared

to the release of iPs in uninfected cells and in cells infected for 3 h with EPEC alone.

Samples are the average of three values ± SD and represent the results of four

independent experiments.
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Figure 3.17

[3H]myoinositol labeled HeLa cells were either infected with EPEC, treated with 250 tM

genistein, or infected with EPEC in the presence of 250 .tM genistein. The release of IPs

was measured at increasing times following each treatment. Release of IPs is shown as a

percentage of the total[3Hjmyoinositol incorporation per 60 mm plate. All samples were

the average of 2 values.
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Table 3.4 Bacterial uptake byV04/H202treated HeLa cells

Bacterial strain Uptake byV041j12Q2treated cells Invasion Efficiency
Uptake by untreated cells CPU/well

EPEC E2348/69 5.3 ± 1.6 2.7 ± 0.2 x 10

cfrn 14-2-1(1) 12.8±4.6 3.6±l.0x102

E. coli HB 101 Bacteria were not recovered <10

E. coli HB1O1/pIL14 2.6 ± 1.1 3.1 ± 0.5 x 102

* CPU/well represents the number of intracellular bacteria in a 24-well tissue culture
plate well containing —2 x iO HeLa cells.
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strong tyrosine phosphorylation of many eucaryotic proteins, a particular protein(s) could

not be implicated as having a role in the invasion process (Fig. 3.18).

To determine ifV04/H202treatment enhances EPEC and cfm invasion in a

specific manner, the ability of this treatment to stimulate uptake of noninvasive E.coli

HB 101 was examined. Since EPEC adheres to the epithelial cells more efficiently than

E. coli HR 101, attachment efficiency was increased by introducing a plasmid that carries

the afimbrial adhesin (afa) operon into these strains. These transformed bacteria

exhibited a high level of binding to the HeLa cell surface. V04/H202treatment was

unable to enhance uptake of E. coli HB1O1, both with or without AFA expression.

Therefore it appears as that the increase in the invasion efficiency of cfm and EPEC

following this treatment is specific, as uptake is only enhanced if the bacteria are

associated with the host cell in a unique manner.

3.7 EPEC Does Not Secrete Phospholipase Activity

Several pathogenic bacteria are known to have endogenous PLC activity, including

Listeria monocytogenes, Bacillus cereus, and Pseudomonas aeruginosa (reviewed by

Titball, 1993). Phosphatidylinositol-hydrolyzing PLCs are involved in the pathogenesis

of these organisms. To determine if EPEC secretes a PLC which may be responsible for

production of IPs, EPEC was grown overnight on egg yolk agar plates. L.

monocytogenes, which contains phospholipase C activity, produced a zone of egg yolk

opacification surrounding the growing colony (Fuzi and Pillis, 1962). EPEC was unable

to produce a zone of opacity, suggesting that EPEC does not contain a secreted PLC

activity. EPEC may possess a cytoplasmic PLC enzyme, however an unsecreted enzyme

is unlikely to be directly involved in triggering host cell signals. Alternatively, the

growth conditions used in this analysis may not have been suitable for inducing the

activity of a secreted PLC.
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Figure 3.18

Tyrosine phosphorylated protein profile of HeLa cells treated withV041H202. HeLa

cells were either treated withV04/H202or infected for 3 h with EPEC or the noninvasive

cfm [14-2-1(1)]. Proteins were extracted with TxlOO, separated by SDS - PAGE,

transferred to nitrocellulose and probed with anti-phosphotyrosine antibodies. V041H202

treatment induces strong tyrosine phosphorylation of many eucaryotic proteins. EPEC

triggers tyrosine phosphorylation of one host 90 kDa protein (Hp90) (arrow), while the

cfm mutant is unable to induce tyrosine phosphorylation of Hp90 or any other host

protein.
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Chapter 4

The eaeB gene of EPEC is Necessary for Signal Transduction in Epithelial Cells

4.1 The AeaeB Mutant is Deficient in Triggering Host Protein Rearrangement

It has been previously demonstrated that the AeaeB mutant, which contains an internal

deletion in the eaeB gene (UMD864), is unable to attach intimately to epithelial cells and

induce changes in host cell actin (Donnenberg et al., 1993). We compared the ability of

the noninvasive AeaeB mutant and the wild type strain to induce HeLa epithelial cell

cytoskeletal rearrangements by staining infected cells with rhodamine-phalloidin and

anti-c-actinin antibodies as cytoskeletal markers. In addition, we examined whether

these bacteria recruited and nucleated tyrosine phosphorylated proteins.

In contrast to parental EPEC (Fig. 4.19a and b; 4.20a and b), the AeaeB mutant

caused only a minimal rearrangement of actin and a—actinin and did not cause any

detectable change in the distribution or concentration of host cell tyrosine phosphorylated

proteins (Fig. 4.19c and d; 4.20c and d). The ability to recruit and organize tyrosine

phosphorylated proteins, actin, and x-actinin was restored to the AeaeB mutant when the

cloned eaeB gene was reintroduced on the pMSD3 plasmid (Fig. 4. 19e and f; 4.20e and

f). Although the cfm::TnphoA mutants have a phenotype indistinguishable from the

AeaeB mutant with respect to rearrangement of tyrosine phosphorylated and cytoskeletal

proteins, the introduction of the eaeB gene on the pMSD3 plasmid did not restore the

ability of the cfm mutants to rearrange host proteins.
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Figure 4.19

Rearrangement of actin in HeLa cells infected for 3 h with wild type EPEC stain

E2348/69 (a, b), eaeB deletion mutant UMD864 (c, d, e), and UMD864 containing the

cloned eaeB gene on the pMSD3 plasmid (f, g). Rhodamine-phalloidin was used to

localize host cell actin by immunofluorescent microscopy and was compared to

corresponding phase contrast images. The unfocused immunofluorescent image shown in

d was taken at the same focal distance as the corresponding phase image in c. The size

baringis 10p.M.
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Figure 4.20

Rearrangement of eucaryotic tyrosine phosphorylated proteins in HeLa cells infected for

3 h with wild type EPEC stain E2348/69 (a, b), eaeB deletion mutant UMD864 (c, d) and

UMD864 containing the cloned eaeB gene on the pMSD3 plasmid (e, f). Anti

phosphotyrosine antibodies were used to localize tyrosine phosphorylated proteins by

immunofluorescent microscopy and was compared to corresponding phase contrast

images. The size bar in f is 10 .tM.
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4.2 The AeaeB Mutant Fails to Induce the Tyrosine Phosphorylation of a 90 kDa Host

Protein (Hp90)

The failure of the AeaeB mutant to cause a detectable increase in the concentration of

eucaryotic tyrosine phosphorylated proteins suggests that the eaeB gene may be needed

for activation of a host cell tyrosine kinase(s). We examined this question by testing the

ability of the zleaeB mutant to induce tyrosine phosphorylation of a 90 kDa host protein,

Hp90, which is normally phosphorylated in response to EPEC infection (Rosenshine et

al., 1992). HeLa cells were infected with the AeaeB mutant for 3 h and total protein was

extracted and analyzed by Western blot for tyrosine phosphorylated proteins.

The LeaeB mutant was unable to induce Hp90 phosphorylation (Fig. 4.21). As

expected, parental EPEC triggered tyrosine phosphorylation of Hp90 (Rosenshine et al.,

1992; Fig. 4.21), whereas a tyrosine phosphorylated Hp90 was not visible in uninfected

cells. As previously reported, two cfm mutants [14-2-1(1) and 27-3-2(1)] were unable to

trigger phosphorylation of Hp90, although the AeaeA mutant still stimulated Hp90

phosphorylation (Rosenshine et al., 1992; data not shown).

A plasmid containing a cloned eaeB gene (pMSD3) was capable of

complementing the 1eaeB mutation, since the AeaeB mutant harboring pMSD3 was

capable of triggering Hp90 tyrosine phosphorylation (Fig. 4.21). However, when this

plasmid was transformed into the two cfm mutants, these strains did not induce Hp90

tyrosine phosphorylation.

4.3 Formation of Inositol Phosphates is Not Triggered by the Noninvasive /xeaeB

Mutant

Wild type EPEC induces the release of IPs 3 h after infection of cultured epithelial cells

(Foubister et al., 1994; Chapter 3). A correlation between EPECs ability to induce
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Figure 4.21

Induction of Hp90 tyrosine phosphorylation in HeLa cells infected with different

noninvasive EPEC mutants. HeLa cells were infected with the different strains for 3 h

before extraction. Samples were resolved by electrophoresis, using a 8% SDS

polyacrylamide gel and analyzed by immunoblotting with anti-phosphotyrosine

antibodies. Wild type EPEC, E2348/69, induces tyrosine phosphorylation of Hp90.

However, three noninvasive EPEC mutants, cfm [14-2-1(1) and 27-3-2(1)] and AeaeB

(UMD864), fail to induce tyrosine phosphorylation. The pMSD3 plasmid, which

contains the cloned eaeB gene, complements the tXeaeB mutation, but not the two cfm

mutations.
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tyrosine phosphorylation of host proteins and to trigger the release of IPs has been

previously demonstrated (Foubister et al., 1994; Chapter 3). To determine if the eaeB

gene function is also necessary for activation of host cell signals downstream of Hp90

tyrosine phosphorylation, the AeaeB mutant was tested for its ability to trigger the

formation of IPs.

To measure release of IPs, HeLa cells were labeled with[3H]myoinositol and

infected with bacteria for increasing times. There are significant differences in levels of

IPs released among the parental EPEC, cfm and eaeB strains (P < .000001). The AeaeB

mutant was unable to trigger the release of IPs following addition to HeLa cells for up to

4 h (Fig. 4.22). As expected, there was no difference between eaeB and the two cfm

mutants (P = .055), which are also unable to stimulate release of IPs (Fig. 4.23; Foubister

et al., 1994). However parental EPEC, which triggers a 2 fold increase in IPs, and iXeaeB

mutants were significantly different (P = .006), as were parental EPEC and the two din

mutants.

The AeaeB mutant’s inability to stimulate release of IPs could be complemented

by a cloned eaeB gene, since a AeaeBIpMSD3 strain triggered release of LPs (Fig. 4.23).

The level of release induced by the complemented AeaeB mutant corresponds to the

levels observed for wild type EPEC (P = .493). When the pMSD3 plasmid was

introduced into the two cfm mutants, it was unable to complement these mutations and

did not trigger release of IPs (Fig. 4.23).

4.4 Functional Complementation Between the eaeB and eaeA Mutants

We have previously shown that coinfection of the eaeA mutant with either cfm::TnphoA

mutant restores the ability of many of the adherent bacteria to induce a wildtype

rearrangement of host cytoskeleton and tyrosine phosphorylated proteins (Rosenshine et

al., 1992). Additionally, the internalization of cJIn::TnphoA mutants into HeLa cells is
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Figure 4.22

The /xeaeB mutant fails to trigger the release of IPs. The level of[3H]IPs was measured

at increasing times in HeLa cells that were prelabeled with[3H]myoinositol and infected

with wild type EPEC or a &aeB mutant. The concentration of[3H]IPs was measured in

uninfected cells and used to determine the level of IPs before bacterial addition (at time

zero). Infection timepoints were an average of two samples ± SD.



84

6000
AeaeB

—0-- EPEC
Cl)

5000

4000

3000

Cl)
Cua)

• •

0 60 120 180 240

Time (mm)



85

Figure 4.23

Release of IPs in HeLa cells infected for 3 h with different noninvasive EPEC mutants.

As expected, EPEC triggers a flux of IPs, while the eaeB (UMD864) mutant and two

different strains of cfin mutants [14-2-1(1) and 27-3-2(1)1 fail to induce the release of IPs.

By providing the cloned eaeB gene (pMSD3 plasmid) in trans. the ability to induce

release of IPs was restored to the eaeB mutant, but not to the two cfm mutants. The

fraction of total IPs released from cells following infection was adjusted by subtracting

the fraction released from uninfected cells (background). Values are the mean (± SD) of

at least two experiments, each conducted with duplicate samples.
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facilitated by the addition of eaeA mutants in trans. Unlike the cfm mutant, the eaeA

function cannot be complemented. This suggests that, for invasion and organization of

the cytoskeletal structure under a specific individual bacterium to occur, intimin must be

present on the bacterial surface. In contrast, the ability of the cfm function to be

supplemented in trans suggests that some aspect of the phosphorylation and localization

of Hp90 involves a diffusible product, presumably inside the host cell.

In this study we examined whether an eaeA mutant could also complement the

/eaeB mutant. HeLa cells were infected with a mixed culture of AeaeB and eaeA

mutants, and the ability of the bacteria to complement in trans was analyzed by: (i)

immunofluorescent microscopy (IFM) and (ii) a differential invasion assay.

4.4.1 Functional Complementation - Immunofluorescent Microscopy

The distribution of actin, cc-actinin, and tyrosine phosphorylated proteins was examined

in HeLa cells coinfected with the eaeA::TnphoA and AeaeB mutants. Infection with the

eaeA mutant alone caused an increase in the intensity of tyrosine phosphorylated proteins

and a recruitment of these proteins to the area of bacterium-host cell contact, but the

proteins were not tightly focused around the bacteria (Rosenshine et at., 1992; Fig. 4.24c

and d). The effect of the eaeA mutant on the distribution of actin and x-actinin closely

resembled the distribution of the tyrosine phosphorylated proteins (Rosenshine et at.,

1992; Fig 4.25c and d). In contrast, the eaeB mutant only induced a marginal

rearrangement of actin and a-actinin, and did not cause any change in the concentration

or distribution of host tyrosine phosphorylated proteins (Fig. 4.25e and f; 4.24e and 0.
However, a mixed infection of the eaeA::TnphoA and AeaeB mutants restored the ability

of many of the adherent bacteria to efficiently recruit and organize tyrosine

phosphorylated proteins, actin, and x-actinin into lesions indistinguishable from those

caused by parental type EPEC (Fig. 4.24a, b, g, and h; 4.25 a, b, g, and h). Therefore the
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Figure 4.24

Rearrangement of actin in HeLa cells infected for 3 h with: a pure culture of wild type

EPEC (a, b); a pure culture of eaeA::TnphoA [10-5-1(1)] (c, d); a pure culture of Z\eaeB

(e, f); a mixed culture of eaeA::TnphoA and /xeaeB mutants (g, h). Rhodamine-phalloidin

was used to localize host cell actin by immunofluorescent microscopy. This was

compared with the phase contrast images. The size bar in h is 2.5 I.LM.
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Figure 4.25

Rearrangement of host tyrosine phosphorylated proteins in HeLa cells infected for 3 h

with: a pure culture of wild type EPEC (a, b); a pure culture of eaeA::TnphoA [10-5-

1(1)] (c, d); a pure culture of AeaeB (e, f); a mixed culture of eaeA::TnphoA and &aeB

mutants (g, h). Anti-phosphotyrosine antibodies were used to localize tyrosine

phosphorylated proteins by immunofluorescent microscopy. This was compared with the

phase contrast images. The size bar in h is 2.5 tM.
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functions of the eaeA and eaeB proteins do not need to be present on the same bacterial

cell, but one of these functions can be supplied in trans by helper bacteria.

The cfm mutant was also tested for its ability to restore the function of the eaeB

gene. Infection with a mixture of cfm 114-2-1(1) or 27-3-2(1)1 and AeaeB mutants did

not induce wild type rearrangement of host proteins. In addition, coinfection of HeLa

cells with the cfln and eaeB mutants did not trigger tyrosine phosphorylation of Hp90 as

analyzed by immunoblotting (data not shown).

4.4.2 Functional Complementation - Invasion

Since invasion is the last step in the process of EPEC infection, mutants that are deficient

in initial adherence, intimate attachment, or signal transduction are also unable to enter

host cells. In this study we measured invasion levels to determine whether coinfecting

bacteria can complement the function of events prior to bacterial uptake. These studies

also allow us to determine whether complementation is reciprocal or unidirectional.

Following a 3 h infection with a single strain (wild type EPEC, AeaeA,

cfm::TnphoA, eaeA::TnphoA or AeaeB) or with a mixture of two strains (AeaeA and

cfln::TnphoA, cfm::TnphoA and AeaeB, or eaeA::TnphoA and AeaeB), the number of

bacteria within HeLa cells was measured. The coinfecting bacteria were distinguished by

their sensitivity or resistance to neomycin, as only the TnphoA mutants are neomycin

resistant (Manoil and Beckwith, 1985).

As demonstrated by Rosenshine et al. (1992), the AeaeA mutant restored the

invasive capacity of the cfln::TnphoA mutant (Table 4.5). Further, the eaeA::TnphoA

mutant was also able to promote uptake of the AeaeB mutant into HeLa cells (Table 4.5).

In contrast, neither the cfm::TnphoA nor the AeaeB mutant was able to increase the

invasion efficiency of each other or of the eaeA mutants. Thus in each case a mutant

capable of producing intimin, but deficient in signal transduction, could be
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Table 4.5 Relative bacterial internalization efficiency by HeLa cells

% Internalization efficiency when infected as

Strain Genotype Pure Mix with Mix with Mix with Mix with
culture CVD2O6 10-5-1(1) 14-2-1(1) UMD864

E2348/69 WT EPEC 100 - - - -

CVD2O6 ieaeA 6.7 - - 2.4 -

10-5-1(1) eaeA::TnphoA 3.0 - - - 2.5

14-2-1(1) cJin::TnphoA 0.5 31.7 - - 0.4

UMD864 AeaeB 0.8 - 14.7 0.2 -

Internalization efficiency of teaeA (CVD2O6), eaeA: :TnphoA [10-5-1(1)], cfm: : TnphoA

[14-2-1(1)] and &aeB (UMD864) mutants in pure and mixed culture infection is

compared to wild type E2348/69 values.

- not determined
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complemented.by an eaeA mutant, which is competent for signal transduction but unable

to produce intimin.
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Chapter 5

Conclusions

EPEC is one of several pathogenic bacteria which subvert host cell signaling pathways to

promote infection. While there are some similarities in the mechanisms used to exploit

the host eucaryotic cell, there are also differences unique to each type of bacteria. The

common theme emerging is that host cells play an active role in bacterial infection. By

studying the role of eucaryotic cells in the infection process, we will be able to gain

further insight into the pathogenicity of these bacteria.

Intracellular calcium, a key player in many cellular signaling pathways, is

involved in the EPEC infection process. Following EPEC adherence to cells, there is a

release of [Ca2] in the eucaryotic cell. Dantrolene treatment abolishes the ability of

EPEC to induce an increase in [Ca2], suggesting that calcium may be released from

inositol 1 ,4,5-trisphosphate (1P3) sensitive stores (Baldwin et al., 1991). In support of

this hypothesis, I found that EPEC infection triggers an increase in the level of inositol

phosphates within cultured epithelial cells. The inositol phosphates released following

EPEC infection probably contains many species of phosphorylated inositol including IP,

1P3, and 1P4. The different inositol phosphates are proposed to have roles as second

messengers, although the role of 1P3 is the best characterized since binding of 1P3 to its

receptor releases calcium from intracellular stores (Berridge, 1993). Therefore, our

results suggest that the EPEC induced increase in IPs may mediate the reported

intracellular calcium flux (Baldwin et al., 1993). In contrast to the rapid formation of IPs

that occurs within seconds or minutes in response to many growth factors and hormones,
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EPEC induced the release of IPs only after several hours of infection. This long delay in

induction time is not solely dependent on the time needed for EPEC to establish

adherence, as release of IPs does not commence until at least 60 mm following bacterial

attachment. Interestingly, other host signals triggered by EPEC, including Hp90 tyrosine

phosphorylation and increased [Ca2]1,are also induced at similar times (Rosenshine et

al., 1992; Baldwin et al., 1991). These signals do not appear to be transient, but instead

are relatively stable and continuous.

Using an intracellular calcium chelator (BAPTA/AM), intracellular calcium was

found to play a role in EPEC attachment and entry to host cells. Intracellular calcium is

known to activate protein kinases, affect protein-protein interactions and cause alterations

in actin filament structure through proteins such as villin and gelsolin (Korn, 1982).

Released intracellular calcium may ultimately cause depolymerization of microfilaments

that form the structural support for the microvilli, providing free actin monomers for the

formation of other cytoskeletal structures. Effacement of host cell microvilli by attached

bacteria reduces the absorptive capacity of the intestinal mucosa. It is possible that

intracellular calcium is also involved in decreasing transepithelial electrical resistance in

EPEC infected cells (Canil et a!., 1993). Taken together, these effects likely contribute to

diarrhea.

Although increased [Ca2]1has been shown to play an important role in EPEC

infection, a role for extracellular calcium has not been previously demonstrated. Using

an extracellular calcium chelator (BAPTA), I found that extracellular calcium is essential

for EPEC association to HeLa cells. It is possible that extracellular calcium may be

directly involved in the establishment of adherence, or alternatively may function

indirectly by opening ion channels.

EPEC’s ability to trigger the release of IPs correlates with its ability to induce

tyrosine phosphorylation of Hp90. For example, cfm::TnphoA mutants fail to induce both

tyrosine phosphorylation of Hp90 and formation of IPs, suggesting that Hp90 tyrosine
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phosphorylation may be involved in the release of IPs. The role of tyrosine

phosphorylation is further supported by the differential effectiveness of two kinase

inhibitors in blocking an EPEC induced flux of Ps (Rosenshine et al., 1992). Genistein

efficiently inhibits both Hp90 tyrosine phosphorylation and release of IPs, while

staurosporine, which does not completely inhibit Hp90 tyrosine phosphorylation, has

little effect on formation of IPs. Since staurosporine only partially inhibits Hp90

phosphorylation but does not effectively block release of Ps, the phosphorylation event

may not be a rate limiting step. Alternatively, genistein may specifically inhibit the

tyrosine phosphorylation of a substrate that participates in the release of IPs by EPEC.

Staurosporine treatment, in contrast, does not affect the tyrosine phosphorylation state of

this substrate. Both of these hypotheses suggest that host tyrosine phosphorylation is

involved in the release of IPs by EPEC.

Genistein was originally defined to be a highly specific inhibitor of tyrosine

specific protein kinases that scarcely inhibits the activity of serine and threonine kinases

and other ATP analogue-related enzymes in vitro (Alciyama et at., 1987). Recent studies,

however, demonstrate that genistein also has inhibitory effects on fatty acid synthesis,

lactate transport, mitochondrial oxidative phosphorylation, and aldehyde dehydrogenase

(Young et al., 1993). Although it is possible that genistein is inhibiting a non-protein

tyrosine kinase dependent event, the role of tyrosine phosphorylation in EPEC induced

formation of IPs is supported by additional data. For example, genistein treatment

specifically decreases EPEC induced tyrosine phosphorylation of Hp90 by —90 %

(Rosenshine et at., 1993). In addition, the ability of EPEC mutants to trigger tyrosine

phosphorylation of Hp90 correlates with their ability to induce release of IPs.

Vanadate/H202treatment of HeLa cells, which inhibits PTPs, was found to

specifically stimulate the uptake of EPEC and a noninvasive signal transduction mutant

(cfm). This treatment did not trigger the uptake of a noninvasive lab strain of E. coli,

HB1O1, suggesting that an invasion specific pathway is being activated. Increased levels
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of tyrosine phosphorylation are known to be a prerequisite to the rearrangement of

cytoskeletal proteins and bacterial uptake. It is possible that tyrosine phosphorylation of

Hp90 or an unidentified protein(s) plays some role in EPEC invasion. Alternatively,

EPEC may inhibit tyrosine protein dephosphorylation of some host protein(s) to induce

uptake.

Salmonella lyphimurium and Helicobacter pylon also induce the formation of IPs

in infected cells (Ruschkowski et al., 1992; Dytoc et al., 1993). S. typhimurium rapidly

stimulates release of IPs in epithelial cells, with maximal formation occurring 30 minutes

after infection, simultaneous with its invasion rate (Ruschkowski et al., 1992). However,

in contrast to EPEC, tyrosine kinase inhibitors do not decrease entry of S. typhimurium

into host cells (Rosenshine et al., 1992). Although both EPEC and S. typhimurium

thgger a flux of IPs, different host cell mechanisms appear to be activated both

downstream and upstream of this common signal messenger.

Several loci in EPEC have been shown to be important in invasion. The eaeA

mutant is able to trigger host cell signals, but fails to associate intimately with the host

cells and to tightly aggregate host cell cytoskeletal and tyrosine phosphorylated proteins.

The product of the eaeA gene, intimin, is an outer membrane protein (OMP) that is

necessary for invasion. However, intimin, unlike invasin of Yersinia species (Isberg et

al., 1987), cannot alone confer the invasive phenotype to E. coli laboratory strains. Two

strains of a different noninvasive mutant, cfm::TnphoA [14-2-1(1) and 27-3-2(1)], which

express intimin, retain the ability to adhere intimately with the host cell. The cfm

mutants, however, fail to induce host cell signals, including tyrosine phosphorylation of

Hp90 and the release of IPs. A recently constructed EPEC mutant (UMD864), which

carries an in-frame deletion of the eaeB gene, was found to be deficient in the ability to

trigger host cell signal transduction pathways. The eaeB deletion mutant is also unable to

attach intimately or induce the accumulation of filamentous actin in eucaryotic cells,

suggesting that the eaeB gene product is involved in establishing intimate attachment



99

(Donnenberg et al., 1993). However, unlike eaeA mutants, the 1eaeB mutant is capable

of producing intimin and exporting it to the cell surface. In addition, the protein encoded

by the eaeB gene contains no signal sequence for protein export, suggesting that, unlike

intimin, the EaeB protein may be located in the cytoplasm (Donnenberg et al., 1993). In

this study I demonstrate that a functional eaeB locus is required, not only for intimate

attachment to epithelial cells, but also for several processes that can be conceptualized as

signal transduction events: the eaeB mutant is deficient in inducing rearrangement in host

epithelial cells of tyrosine phosphorylated and cytoskeletal proteins, tyrosine

phosphorylation of Hp90, and the release of inositol phosphates. These signal

transduction events distinguish the eaeB mutant from the eaeA mutant, which is deficient

only in intimate attachment.

The phenotype of the eaeB mutant is similar to cfm mutants that are deficient in

signal transduction. Like the cfm::TnphoA mutants [14-2-1(1) and 27-3-2(1)], we found

that the AeaeB mutant is unable to trigger the tyrosine phosphorylation of Hp90.

Tyrosine kinase activity appears to be essential for initiating downstream host signals

including release of inositol phosphates (IPs) (Foubister et al., 1994), elevation of

intracellular calcium (Baldwin et al., 1991; Berridge et a!., 1993), rearrangement of

cytoskeletal proteins, and bacterial uptake (Rosenshine et a!., 1992). Both the AeaeB and

cfin::TnphoA mutants are deficient in these subsequent signals. Despite these phenotypic

similarities, transformation with the cloned eaeB gene does not restore the wild type

phenotype to the cfm mutants. Thus the cfm and eaeB loci are genetically distinct and

must encode separate factors in the pathway leading to signal transduction.

The internalization efficiency of the cfm mutants increased 30 to 50-fold when

coinfected with the eaeA strain CVD2O6 (Table 4.5, Rosenshine et a!., 1992). In

contrast, the EeaeB mutant demonstrated a 15-fold increase in invasion efficiency when

coinfected with the eaeA : :TnphoA mutant. This difference in complementation efficiency

may be due to the low binding capacity of the AeaeB mutant. Whereas the cfm mutants
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perform localized adherence similar to wild type EPEC, the /xeaeB mutant is not only

attenuated in intimate adherence (Donnenberg et at., 1992) but also forms smaller

microcolonies on the host cell surface (Donnenberg et al., 1993).

The function of the eaeB gene may be to covalently modify a signaling protein

upstream of two pathways which independently are responsible for promoting intimate

attachment and activating host cell kinases. Undoubtedly other unidentified genes could

also be involved in these pathways. Most of the signals which have been studied so far

are activated 2-3 h after infection. The eaeB gene could function prior to these signals,

thereby affecting two different infection phenotypes. Support for the speculation that the

eaeB gene may perform a role in protein modification includes the identification in the

eaeB sequence of a motif common to certain aminotransferase enzymes (Donnenberg et

al., 1993). In addition, the absence of an obvious signal sequence for protein export

suggests that the EaeB protein may be located in the bacterial cytoplasm, where it can act

only indirectly through another protein(s) to cause host cell changes. One possible target

of the EaeB protein may be intimin as the expression of both eaeA and eaeB is required

for intimate attachment. Alternatively, since recent observations suggest the EaeB

protein may be secreted (Kenny and Finlay, unpublished observations), it may act

directly to exert its effect on host epithelial cells.

Recent advances in the study of EPEC pathogenesis suggest that several different

bacterial factors are required to establish intimate attachment to epithelial cells, activate

host signals, disrupt the cytoskeleton, efface microvilli and promote uptake into host

cells. Based on my findings, I propose a model in which the eaeA and eaeB genes

function to establish intimate contact between EPEC and the host cell (Fig. 5.26).

Following this association, the cfm and eaeB genes trigger tyrosine phosphorylation of

Hp90 and possibly other host cell substrates. A host PLC is activated, leading to the

release of inositol phosphates. Increased 1P3 levels trigger the release of calcium from

intracellular stores. The increased calcium levels could then induce cytoskeletal
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rearrangements and activate calcium-dependent kinase(s) resulting in morphological

changes in the host cell. The eaeA gene product, intimin, is involved in assembling host

cytoskeletal elements and tyrosine phosphorylated proteins into an organized structure.

Though several genes involved in this pathway have been identified, many other loci may

yet be discovered. The eaeB gene is the first locus identified whose product appears to

affect two different pathways, the establishment of intimate adherence and the activation

of host cell kinases, suggesting that the expression of invasion-related loci may be under

common control.
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Figure 5.26

A model of the interaction of EPEC with HeLa cells. EPEC attaches to the cell surface

and uses the cfm and eaeB gene products to trigger Hp90 tyrosine phosphorylation by

inducing a host tyrosine protein kinase (TPK) activity. This, possibly with other signals,

activates a host PLC to cleave PIP2 to DAG and 1P3 1P3 mobilizes [Ca2ijwhich initiates

cytoskeletal rearrangement beneath the attached bacterium. The eaeA gene product,

intimin, and the EaeB protein are involved in nucleating the sub-bacterial structure that

contains both signaling and cytoskeletal proteins.
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Appendix

Publications

Foubister, V., Rosenshine, I., Donnenberg, M.S., and Finlay, B. B. (1994). The eaeB gene
of enteropathogenic Escherichia coil (EPEC) is necessary for signal transduction in
epithelial cells. Submitted, Infect. Immun.

Rosenshine, I., Ruschowski, S., Foubister, V. and Finlay, B. B.. (1994). Host protein
tyrosine phosphorylation during Salmonella typhimurium invasion into epithelial
cells. Submitted, Infect. Im,nun.

Foubister, V., Rosenshine, I., and Finlay, B. B. (1994). A diarrheal pathogen,
enteropathogenic Escherichia coil (EPEC), triggers a flux of inositol phosphates in
infected epithelial cells. J. Exp. Med. In press.

Tang, P., Foubister, V., Pucciarelli, M.G., and Finlay, B. B. (1993). Methods to study
bacterial invasion J. Micro. Methods 18,227-240.
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