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This book concerns the intimate association between bacteria and host cells.
Many bacterial pathogens are able to invade and survive within cells at mu-
cosal membranes. Remarkably, the bacteria themselves orchestrate this pro-
cess through the exploitation of host cellular signal transduction pathways.
Intracellular invasion can lead to disruption of host tissue integrity and per-
turbation of the immune system. An understanding of the molecular basis
of bacterial invasion and of host cell adaptation to intracellular bacteria will
provide fundamental insights into the pathophysiology of bacteria and the
cell biology of the host. The book details specific examples of bacteria that are
masters of manipulation of eukaryotic cell signaling and relates these events
to the broader context of host—pathogen interaction. Written by experts in
the field, this book will be of interest to researchers and graduate students in
microbiology, immunology, and biochemistry, as well as molecular medicine
and dentistry.
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Preface

Few microbiologists are likely to forget the moment when the sheer scale
and diversity of the microbial world became apparent to them. Similarly, it
is a sobering thought that, in (or more accurately on) the human body, bac-
teria outnumber human cells by at least 10 to 1. Fortunately, most of these
bacteria behave as good guests should, and they are content to remain on the
other side of the physical barriers that separate us from the outside world.
It is inevitable that at such a large gathering, some guests, the pathogens,
will misbehave, and worse, start a fight. For many years it was thought that
the battle between host and pathogen at the mucosal membranes was fought
at arm’s length. The bacteria lobbed toxins and other noxious agents at the
host and the host returned the favor with antibodies. Bacteria that ventured
too close were rapidly dispatched by the professional killing machines, the
phagocytic cells. Some bacteria, such as Mycobacterium tuberculosis, however,
proved inconveniently recalcitrant to intracellular killing and could become
permanent guests within macrophages. Nonetheless, despite the apprecia-
tion that mitochondria originate from intracellular bacteria, the notion that
mucosal pathogens could be intimately involved with nonprofessional phago-
cytes is relatively new.

We now know that a wide variety of organisms are capable of direct-
ing their own entry into epithelial cells and other host nonphagocytic cells.
These bacteria engage in a remarkably sophisticated molecular dialogue with
host cells in order to manipulate signal transduction pathways and effectuate
bacterial entry. In such an immunologically protected, nutrient-rich envi-
ronment, bacteria can thrive. At first glance the burden of an intracellular
bacterial load would appear to bode ill for the host cell. However, a long
evolutionary relationship has resulted, in many cases, in a more balanced
encounter between invasive organism and host, whereby the bacteria have
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adapted to minimize the degree of damage to the host. In other words, both
bacteria and host try to make the best of their enforced cohabitation.

The long-term consequences of such an arrangement can only be specu-
lated on. Does the presence of intracellular bacteria help the host by providing
a continuous low level stimulation of the immune system? Could intracellular
bacteria aid in normal development of the epithelium as has been suggested
for Bacteroides species in the intestine? Conversely, is it possible that sup-
pression of apoptotic cell death by some organisms could be a cofactor in
cancer development? While indulging speculation, it is interesting that, in
what is called the Penrose-Hameroff orchestrated objective reduction model,
microtubule stability can perform a cognitive role through quantum compu-
tations within the neurons of the brain. If bacteria that can impinge upon
microtubule stability were to gain access to the brain, the results could be
startling!

In the following chapters the molecular bases of invasion, and the out-
comes for host and bacterium, are discussed for variety of Gram-negative
and Gram-positive species. Also included are organisms that subvert host
cell signaling but do not appear to locate intracellularly in large numbers,
or indeed use these pathways to prevent uptake into phagocytic cells. In a
volume of this size, obviously we cannot be comprehensive; nonetheless,
although some specific invasive species are not included, the themes that
are developed are broadly applicable. In that vein, each of the authors has
addressed the topic according to his or her own perspective, so individual
chapters are uniquely informative.
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CHAPTER 1
Invasion mechanisms of Salmonella

Beth A. McCormick

Salmonella enterica serovar Typhimurium is a facultative intracellular pa-
thogen that causes gastroenteritis in humans and a systemic disease similar
to typhoid fever in mice. Following oral ingestion, bacteria colonize the in-
testinal tract and then penetrate the lymphatic and blood circulation systems.
Passage of eukaryotic organisms through the intestinal epithelium is thought
to be initiated by bacterial invasion into M cells and enterocytes. The process
of epithelial cell invasion can be studied experimentally because S. enterica
serovar Typhimurium invades cultured epithelial cells in vitro. Many of the
genes required for epithelial invasion have been found within eukaryotic
pathogenicity island 1 (SPI-1), which is a contiguous 40-kb region at centro-
some 63 of the chromosome. SPI-1 genes encode a bacterial type III secretion
apparatus and several effectors, which contribute to pathogenesis through an
interaction with eukaryotic proteins. The type I1I secretion apparatus is a mul-
tiprotein complex that is thought to build a contiguous channel across both
the bacterial and epithelial cell membranes, resulting in efficient translo-
cation of bacterial effectors directly into the cytosol of epithelial cells. The
secreted effectors are thought to interact with eukaryotic proteins to activate
signal transduction pathways and rearrange the actin cytoskeleton, leading to
membrane ruffling and engulfment of the bacterium. This chapter discusses
the mechanism by which S. typhimurium enter into host cells.

CLINICAL DESCRIPTION

S. enterica, gram-negative bacteria of the family Enterobacteriaceae, cause
a variety of diseases in humans and other animal hosts. Salmonella serovars
fall into two general categories: those that cause enteric (typhoid) fever in
humans (S. typhi and S. paratyphi), and those that do not (S. enteriditis and
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S. typhimurium). Enteric fever is a systemic illness characterized by a high,
sustained fever, abdominal pain, and weakness. Millions of cases of enteric
fever are reported annually throughout the world, and, without antimicro-
bial therapy, the mortality rate is 15% (Hook, 1990). Nontyphoidal serovars
of S. typhimurium produce an acute gastroenteritis, characterized by intesti-
nal pain and usually nonbloody diarrhea, which is a serious public health
problem in developing countries (Hook, 1990). Approximately 40,000 cases
of nontyphoidal Salmonella infection are reported annually in the United
States, and the nontyphoidal Salmonella are responsible for more deaths in
the United States than any other foodborne pathogen, with a mortality rate
of approximately 1% (Hohmann, 2001). Because S. typhimurium is usually
self-limiting in healthy adults, it is often not reported to public health offi-
cials, and the total number of annual cases in the United States has been
estimated to be 1-3 million. However, in infants, in the elderly, in immuno-
compromised individuals, or in response to certain serovars, nontyphoidal
Salmonella, such as S. choleraesuis, infection can also result in bacteremia and
establishment of secondary focal infections (i.e., meningitis, septic arthritis,
or pneumonia). Antibiotic treatment of nontyphoidal salmonellosis is not
recommended, because it may prolong the illness; this is most likely due to
the killing of the normal gut microbiota, which exert a protective effect on the
intestine (Hohmann, 2001). Bacteremia and its associated secondary infec-
tions can be treated with antibiotics, such as ampicillin or celphalosporins,
but this treatment has recently become a serious problem as a result of the
rapidly growing number of Salmonella isolates that are multidrug resistant.
Most infections with Salmonella (typhoidal and nontyphoidal) are con-
tracted through contaminated food or water, and, although it is very rare,
direct person-to-person transmission can occur. Studies with healthy vol-
unteers have demonstrated that 10°~10° organisms are necessary to cause
symptomaticillness (Hook, 1990). Most organisms are killed by the low pH of
the stomach, but those that persist target the colon and small intestine (distal
ileum) as their portal of entry into the host. The surviving bacteria then di-
rect their internalization by the epithelial cells (both enterocytes and M cells)
lining the intestine. S. typhimurium pass through the intestinal epithelial bar-
rier to gain access to the lymphoid follicles, from which point the bacteria
are eventually transported to the bloodstream and more distant sites of in-
fection, such as the liver and spleen (Hook, 1990). Nontyphoidal Salmonella
remain primarily at the level of the intestinal epithelium and submucosa (ex-
cept during bacteremia), where they elicit an acute inflammatory response
that manifests itself as fever, diarrhea, and abdominal cramping (Hohmann,
2001). Although in healthy adults the symptoms usually abate within a few



days, it can take atleast 1 month to fully clear all Salmonella from the gastroin-
testinal tract, reflecting the fitness of these bacteria for their gastrointestinal
niche (Hohmann, 2001).

SALMONELLA ENTRY: SALMONELLA PATHOGENICITY ISLAND-1

One of the first noteworthy in vitro activities observed regarding
Salmonella—host cell interactions was the ability of this organism to induce
its own uptake into epithelial cells, which are not normally phagocytic. This
unusual phenotype, termed invasion, allowed for the identification and char-
acterization of invasion genes associated with SPI-1. Galan and Curtiss (1989)
were the first to characterize the S. typhimurium invasion locus, inv, which was
identified by complementation of a noninvasive mutant of S. typhimurium.
In particular, using an in vitro system of cultured epithelial cells, these in-
vestigators discovered that highly virulent S. typhimurium strains carrying
inv mutations were defective for entry into but not attachment to Henle-407
cells. Moreover, when administered perorally to Balb/c mice, the inv mutants
of S. typhimurium had higher 50% lethal doses than their wild-type parents
(Galan and Curtiss, 1989).

Since this original observation, significant progress has been made to-
ward understanding the molecular mechanisms that lead to Salmonella entry
into cells. As subsequently discussed in detail, contributions by a variety of
laboratories have established that the key ingredient of the machinery used
by Salmonella to gain access into nonphagocytic cells is the type III secretion
system encoded at centrosome 63 of its chromosome. Type III secretion sys-
tems are widely distributed among plant and animal pathogenic bacteria that
share the property of engaging host cells in an intimate manner. Composed
of more than 20 proteins, these systems are regarded as one of the most com-
plex protein secretion systems discovered. Such complexity is largely due to
their specialized function, which is not only to secrete proteins from the bac-
terial cytoplasm but also to deliver them to the inside of the eukaryotic host
cell. Adding to this level of complexity is the temporal and spatial restrictions
that govern their activity.

The regulation of Salmonella pathogenicity islands

Salmonella have evolved spatially and temporally regulated systems,
which secrete proteins that allow for the microorganism to invade the intesti-
nal epithelium. In Salmonella, these delivery systems are encoded on regions
of the bacterial chromosome termed pathogenicity islands (Darwin and Miller,
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1999a; Hansen-Wester and Hensel, 2001). Many of the genes required for
epithelial invasion have been found within SPI-1, which is a contiguous 40-kb
region at centrosome 63 of the chromosome (Mills et al., 1995). SPI-1 genes
encode a bacterial type III secretion apparatus and several effectors, which
contribute to pathogenesis through an interaction with eukaryotic proteins
(Fig. 1.1A). Salmonella invasion gene expression is known to be modulated by
multiple environmental signals, including osmolarity, oxygen tension, pH,
and stage of growth (Lee and Falkow, 1990).

Specifically, the expression of SPI-1 genes appears to be regulated at
several stages in a complex manner by regulators within SPI-1, including
HilA and InvF, and those outside SPI-1, such as the two-component reg-
ulators, the flagella associated genes, and the small DNA binding proteins
(Fig. 1.1B). Salmonella does not constitutively express the virulence pheno-
types associated with the SPI-1 type III secretion system (TTSS-1). In vitro
inducing conditions that result in optimal expression of TTSS-1 include high
osmolarity, low oxygen tension, slightly basic pH, and the growth rate of the
bacteria (Lee and Falkow, 1990). The primary mechanism for controlling the
production of TTSS-1 factors in response to environmental and physiological
cues is by transcriptional regulation. The expression of genes encoding the
TTSS-1 apparatus and most of the effectors requires HilA, a transcription
factor encoded on SPI-1. HilA, a member of the OmpR/ToxR family, directly
binds to and activates the promoter of SPI-1 operons and functions as a cen-
tral regulator of invasion gene expression (Lostroh et al., 2000). Osmolarity,
oxygen, and pH coordinately affect the transcription of hilA, and changes in
the level of HilA mediate the regulation of the SPI-1 TTSS-1 by the same

Figure 1.1. (facing page). Type I1I secretion genes of SPI-1 and their regulation. (A) An
overview of the type III secretion system encoded on SPI-1 includes subunits of a type III
secretion apparatus, effectors secreted by the apparatus, factors required for their efficient
translocation, and transcriptional regulators. The part of the island encoding a
high-affinity iron transporter (sitBCDA) is not depicted. (B) Sequential upregulation by
factors encoded on SPI-1 leads to expression of the type III secretion system. When in
vitro environmental conditions are favorable for invasion gene expression (low pH, low
oxygen tension, and high osmolarity), HilD derepresses the hilA promoter. The straight,
solid arrows show that HilA protein directly activates the expression of structural genes
such as the prgs and another regulatory gene, invF. HilA transcription initiated at Pjy,r
results in a long mRNA that continues through sicA. Although not illustrated, InvF, as a
complex with SicA, directly activates the expression of effectors such as SipB, SopE, and
SopB/SigD. HilD also makes a small direct contribution to invF expression by slightly
upregulating the activity of a promoter far upstream of the start of invF translation.
(Adapted from P.C. Lostroh and C.A. Lee, Microb. Infect. 3: 1281-1291, 2001.)
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environmental conditions. Notably, no environmental condition has ever
been documented that affects HilA-dependent TTSS-1 genes without also
affecting hilA expression.

SPI-1 encodes four additional transcriptional regulators besides HilA;
these include InvF, HilD, SprB, and SprA/SirC. To date, genetic evidence
implicates a cascade of transcriptional activation in which HilD, HilA, and
InvF act in sequence to stimulate TTSS-1 gene expression in vitro (Fig. 1.1B).
Initially, HilD, an AraC/XylS family member, binds directly to several sites
within Ppys and derepresses hilA expression. HilA then binds to conserved
sequences located between —54 and —37 relative to both invF and prgH start
sites. Activation of Ppyy and Py,,r results in the transcription of prgHIJK-
orgAB and InvFGEABCspaMNOPQRS. Therefore, HilA directly activates the
expression of the structural type 111 secretion genes as well as the transcription
factor InvF. InvF, an AraC-like transcriptional regulator, promotes expres-
sion of HilA-activated effector genes by inducing their transcription from a
second HilA-independent promoter (Darwin and Miller, 1999b). That s, InvF
activates a promoter upstream of sicA, causing additional expression of sicA-
sipBCDA. Furthermore, it has been demonstrated that two transcriptional
regulators of SPI-1, HilC and HilD, allow the expression of hilA by coun-
teracting the action of an unknown repressor (Lucas and Lee, 2001). These
complex regulations appear to ensure that invasion genes are appropriately
expressed when Salmonella infects the host.

SPI-2 also encodes for a protein secretion system similar to that encoded
by SPI-1. Unlike SPI-1, which is found in all Salmonella lineages, SPI-2 is
found only in S. enterica serovars and its acquisition most likely led to the
divergence of S. enterica and S. bongori. SPI-2 is located at minute 30 of the
S. typhimurium chromosome and has been implicated in the systemic phase
of infection (Hensel et al., 1998; Shea et al., 1999). Expression of SPI-2 is
induced within macrophages (Cirillo et al., 1998), and it appears to mediate
bacterial survival within macrophages through evasion of NADPH oxidase-
dependentkilling (Vasquez-Torres et al., 2000), and interference with cellular
trafficking of Salmonella containing vacuoles (Uchiya et al., 1999).

The type Il secretion complex

A'TTSS is a complex organelle composed of more than 20 proteins (Fig.
1.2). Subsets of these proteins are organized into a supramolecular structure,
termed the needle complex, which spans the bacterial envelope (Kubori et al.,
1998). This structure resembles the basal body of flagella, suggesting an
evolutionary relationship between these two organelles. Indeed, components



InvE Prgl

SpaM/InvI Prgl
SpaO (needle)
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InvG InvH

(secretin pore)
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(export apparatus) A PrgH (bottom inner membrane ring)
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(ATPase) (specificity regulator)

Figure 1.2. Schematic representation of the SPI-1 type III secretion system. The secretion
machinery is made up of approximately 20 proteins that span the inner and outer
membranes and direct the secretion of proteins without the classical sec-dependent signal

sequence.

of the TTSS share amino acid similarity to flagellar proteins. The needle
complex of the SPI-1 encoded TTSS has been characterized in some detail
(Kubori et al., 2000; Zhou and Galan, 2001). It consists of a multiring base
composed of the SPI-1 encoded proteins PrgHIJK. PrgH alone multimerizes
into a tetrameric structure, but when complexed with PrgK it oligomerizes
into ring-shaped structures that resemble the base of the needle complex
of flagella. InvG has also been reported to form part of the base, and this is
consistent with the observation that InvG forms a ring in the outer membrane
in the presence of a helper lipoprotein, InvH. Prgl and Prg] appear to form
part of the bore of the needle. The core components, which comprise the
needle-like complex, are highly conserved among different gram-negative
pathogens, suggesting a common mode of operation. However, regulation
of the secretion event is not well understood except that it requires energy in
the form of ATP (Eichelberg et al., 1994). Further, unlike the sec-dependent
pathway of bacterial protein secretion, type III secretion does not require a
signal sequence on the protein to be exported, and in this respect it shares
similarities with the bacterial flagellar export system.

©)
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The needle complex is constructed in an orderly manner (Kubori et al.,
1998, 2000; Zhou and Galan, 2001). The proteins that make up the base of the
complex are secreted through the inner membrane by the sec-mediated path-
way. Once in the periplasm, the proteins form a complex that associates with
a set of inner membrane proteins that share extensive sequence similarity
to the components of the flagellar export apparatus. The resulting complex
is restricted to the export of only the proteins that are necessary to make the
needle structure. Once this foundation is made, the type III secretion appa-
ratus becomes competent for the export of other type III secreted proteins,
including those that are targeted to the inside of host cells.

Although much progress has been made in characterizing the secretion
apparatus itself, little is known about how the effector proteins are subse-
quently translocated across the eukaryotic cell membrane. To date, three
proteins, SipB, SipC, and SipD, are required for the translocation of effector
proteins into the host cell, although the mechanisms by which SipB, SipC,
and SipD exert their functions is not understood. Although these three pro-
teins have been shown to be required for translocating effector proteins into
the cytoplasm of the host cells, SipB, SipC, and SipD are not essential for
the secretion process (Collazo and Galan, 1997). At least 13 proteins that
are delivered by the SPI-1 TTSS have been identified: AvrA, SipA, SipB,
SipC, SipD, SlrP, SopA, SopB, SopD, SopE/E2, SptP, and SspH1 (see ref-
erences in Zhou and Galan, 2001). During the infection process, these pro-
teins are presumably translocated into the cytosol of the host cell, where
they engage host cell components to induce host cellular responses and pro-
mote bacterial uptake. Although some of these effector proteins are encoded
within SPI-1, several effector proteins are encoded outside this pathogenicity
island.

INTERNALIZATION OF SALMONELLA BY THE HOST EPITHELIUM
Animal models of Salmonella infection

A key feature of Salmonella pathogenesis is the ability of these bacteria
to induce their own internalization by the normally nonphagocytic epithelial
cells that line the intestine. Interactions between Salmonella and the intesti-
nal epithelium were first described by Takeuchi, who orally infected guinea
pigs with S. typhimurium (Takeuchi, 1967). From this early work it was de-
termined that bacteria that closely contact the epithelial cells lining the intes-
tine, primarily the ileum, elicit the local degeneration of filamentous actin in
apical microvilli and the underlying terminal web. The morphology of other



areas of the apical surface, either on the same cell or adjacent enterocytes,
remains unaffeced. Subsequently, extruded membrane (described as mem-
brane ruffles) surrounds the bacteria, resulting in their internalization into
membrane-bound vacuoles. Once the bacteria are internalized, the overlying
apical membrane regains its microvillar morphology, and despite these dras-
tic changes to the apical cytoarchitecture and the presence of intracellular
S. typhimurium, infected enterocytes remain healthy. Interestingly, although
some bacteria become internalized by enterocytes, the majority remain in
the intestinal lumen (Watson et al., 1995). Similar observations have been
reported in other animals, including calves, pigs, and primates, all of which
present with a diarrheal gastroenteritis in response to S. typhimurium and
other related Salmonella strains (Bolton et al., 1999; Rout et al., 1974; Wallis
and Galyov, 2000).

Cell culture models of Salmonella infection

As a way to investigate in more detail the changes to the host intesti-
nal epithelium during early Salmonella—host cell interactions, a number of
cell culture models have been developed. Initial studies were performed with
epithelial cell lines that, when cultured on porous filter supports, establish
electrically resistant epithelial monolayers with full apical-basolateral po-
larity. Two polarized cell lines used in these early studies were the Madin
Darby canine kidney cell line (MDCK), derived from dog kidney distal tubule
cells, and the Caco-2 cell line, derived from human colonic epithelia. Polar-
ized cells presented with nontyphoidal Salmonella on the apical cell surface
exhibit similar features to enterocytes in the guinea pig model: microvilli be-
come disassembled, and the resulting membrane extrusions internalize the
bacteria (Finlay and Falkow, 1990; Finlay et al., 1988). Thus, S. typhimurium
contacting the apical plasma membrane were observed to induce ruffling
of the membrane at sites of bacterial-epithelial cell contact, providing the
driving force for bacterial internalization. The ability of S. typhimurium to
induce contact-dependent membrane ruffling as a means of gaining entry
into the host cell suggests that the bacteria recapitulate a process resembling
phagocytosis in these normally nonphagocytic cells. This process has been
termed macropinocytosis to reflect its resemblance to pinocytosis, or fluid up-
take into cells, but with the engulfment of much larger particles (Francis
et al., 1993). Interestingly, although Salmonella initially interact with their
animal hosts at the apical surface of the intestine, studies with the T84 cell
polarizing cell line have revealed that they can invade from the basolateral cell
surface at the same frequency as from the apical surface (Criss et al., 2003).
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However, the significance of this observation in the in vivo setting remains
to be determined.

S. typhimurium invasion is not restricted to epithelial cells. In vivo the bac-
teria also invade macrophages, and in vitro they infect a variety of eukaryotic
cells, except yeast and erythrocytes (Finlay et al., 1991). Subsequent invasion
assays with HelLa cells and the Chinese hamster ovary (CHO) fibroblast cell
line demonstrated that less polarized cells are more effectively infected by S.
typhimurium, suggesting that the rigid cytoarchitecture of polarized epithelial
cells is a hindrance to bacterial internalization in vivo. These studies implied
that S. typhimurium utilize the same strategy to enter both polarized and
nonpolarized cells, and the latter has gained widespread use for studies of
the molecular regulation of S. typhimurium invasion.

INVOLVEMENT OF THE HOST CELL CYTOSKELETON IN
BACTERIAL INTERNALIZATION

The distinct morphologic changes occurring to the apical enterocyte
membrane upon binding of S. typhimurium suggested that host cell microfil-
aments (composed of actin) or microtubules might be involved in the forma-
tion of membrane ruffles. Finlay and Falkow were the first to report that treat-
ment with cytochalasins, drugs that prevent F-actin polymerization, inhibits
Salmonella invasion of multiple cultured cell lines. In contrast, microtubule-
depolymerizing agents do not block bacterial internalization, suggesting that
the actin cytoskeleton, but not the microtubual network, plays an active role
in bacterial entry into host cells (Finlay and Falkow, 1988). Moreover, pre-
treatment with cytochalasin D does not prevent bacterial attachment to the
host cell surface, indicating that actin-dependent cytoskeletal rearrangements
and membrane ruffling follow initial bacterial binding (Francis et al, 1993).
Immunofluorescence microscopy later demonstrated that bacteria recruit fil-
amentous actin to sites of active bacterial invasion. Confocal laser scanning
microscopy revealed that several actin-binding proteins, including e-actinin,
tropomysin, and talin, are recruited to the S. typhimurium-induced ruffles in
cultured cells (Finlay et al., 1988). Remarkably, Salmonella do not disrupt the
actin cytoarchitecture in other regions of the cell, including cortical actin bun-
dles or stress fibers (Finlay et al., 1991). S. typhi also induce actin-dependent
ruffling during invasion, suggesting that this aspect of bacterial invasion is
conserved regardless of eventual disease outcome (Mills and Finlay, 1994).
Because ruffle formation is essential to the invasion process, understanding
the development of these structures is critical to understanding Salmonella
pathogenesis as a whole.
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Figure 1.3. Nucleotide cycling of monomeric GTPases: In the resting state, the
monomeric GTPase (shown here as Rac1) is in the GDP-bound, inactive conformation.
Upon stimulation, a GEF catalyzes the release of GDP from the GTPase, followed by
binding of GTP. This places the GTPase in the active conformation, where it can interact
with effector proteins. To turn off the signal, a GAP enhances the GTPase’s intrinsic
hydrolysis rate, leading to GTPase inaction. S. typhimurium encodes two related GEFs for
Rho GTPases, that is, SopE and SopE2, as well as one GAP for these GTPases, that is,
SptP.

INVOLVEMENT OF RHO GTPase IN S. TYPHIMURIUM INVASION
OF NONPHAGOCYTIC CELLS

Over the past 10 years, it has been demonstrated that the formation
of actin-based cytoskeletal structures, which occurs in response to growth
factors and other extracellular stimuli, is regulated by monomeric guano-
sine triphosphatases (GTPases) of the Rho family (Hall, 1998; van Aelst and
D’Souza-Schorey, 1997). Rho proteins are members of the Ras superfamily
of monomeric GTPases, and, like all Ras superfamily members, they cycle
between active (GTP-bound) and inactive (GDP-bound) conformations (Fig.
1.3). Members of this family include RhoA-B-C-D-E-G, Rac1-2, Cdc42, and
TC10; however, RhoA, Racl, and Cdc42 have been the most extensively stud-
ied. In vitro, both GTP binding and hydrolysis activities of the GTPases are
extremely low; therefore, accessory factors are required to facilitate these pro-
cesses. Guanine nucleotide exchange factors (GEFs) catalyze the release of
GDP and binding of GTP, which activates the GTPase, while GTPase activat-
ing proteins (GAPs) stimulate the GTP hydrolysis rate, thereby promoting
their inactivation (Fig. 1.3). In fibroblasts, activation of RhoA promotes for-
mation of stress fibers and focal contacts; Racl activation yields lamellipodia
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and dorsal ruffles; and Cdc42 activation leads to the extension of filopodia
(Kozma etal., 1995; Nobes and Hall, 1995; Ridley and Hall, 1992). During cell
spreading, Rho family members function sequentially, with initial activation
of Cdc42 followed by Racl and RhoA (Nobes and Hall, 1995; Ridley and Hall,
1992). In other actin-dependent processes, distinct subsets of Rho GTPases
become activated, often in a cell-type specific manner.

The involvement of Rho GTPases in S. typhimurium invasion was initially
examined in nonpolarized cell lines of both epithelioid (HeLa and COS-1) and
fibroblastic lineages. In these cells, Chen et al. (1996) demonstrated that inva-
sion of Salmonella was primarily dependent on Cdc42. In this model, expres-
sion of a point mutant of Cdc42 unable to bind GTP (which acts in a dominant
inhibitory manner) prevented bacterial entry, whereas expression of domi-
nant negative Rac1 partially inhibited internalization but not as effectively as
the Cdc42 mutant. The result of this study correlated with previous analysis
of Rho GTPases during Fc receptor-mediated phagocytosis in macrophages.
Particularly, expression of dominant negative mutants of either Rac or Cdc42,
butnot Rho, blocks phagocytosis of IgG-opsonized particles by having unique
but complementary effects on localized actin polymerization at the plasma
membrane (Caron and Hall, 1998; Cox et al., 1997; Massol et al., 1998).
Moreover, in their activated form, Cdc42 and Rac have been shown to in-
duce actin polymerization through the activation of N-WASP and the Arp2/3
complex. At present it is not known whether S. typhimurium direct their mor-
phological changes in the actin cytoskeleton by using a similar activation
strategy.

Nonetheless, as a result of the unique structure of the enterocyte brush
border, the cytoskeletal regulatory factors co-opted by Salmonella during in-
vasion in polarized epithelia are different from those identified in studies
with nonpolarized cells (Criss et al., 2001). Dominant negative Racl, but not
Cdc42, significantly inhibited bacterial entry at the apical aspect of polarized
cells. In this in vitro model of Salmonella — enterocyte interaction, the bacteria
elicit actin reorganization and membrane ruffling at the apical surface in a
manner that is morphologically indistinguishable from ruffling in nonpo-
larized cell lines. However, during entry at the apical pole of epithelial cells,
Salmonella encounter a complex, highly organized actin cytoskeleton unlike
any other cell surface they invade. At the apical domain, polymerized actin
is organized into rigid microvilli and the underlying terminal web, a cross-
linked meshwork of actin filaments that attaches to intercellular junctional
complexes (Fath et al., 1993). Accordingly, the ability of Salmonella to reorga-
nize the apical plasma membrane and its underlying actin architecture may
require the mobilization of a unique set of cellular regulatory factors.



S. TYPHIMURIUM GENES THAT REGULATE EPITHELIAL
CELL INVASION

Several S. typhimurium gene products secreted via the SPI-1 encoded
TTSS have been found to participate in the process of bacterial uptake by
epithelial cells. These gene products fall into two categories: those that affect
Rho GTPase activity, and those that directly affect host actin dynamics.

SopE/SopE2

SopE was first identified as a protein secreted by the SPI-1 TTSS of
S. dublin, and it was subsequently found in S. typhimurium. Initial studies
determined that deletion of sopE reduces invasiveness to 40%—60% of wild-
type levels, presumably as a result of a reduced capacity of the pathogen to
elicit plasma membrane ruffling, which can be rescued by complementation
of the sopE locus (Wood et al., 1996; Hardt et al., 1998). Subsequently, S.
typhimurium SopE was found to have GDP-GTP nucleotide exchange activity
on Rho family GTPases in vitro (i.e., it acts like a GEF; see Hardt et al., 1998;
Rudolph etal., 1999). Ectopic expression of SopE protein in mammalian cells
elicits membrane ruffling over the surface of the cell in a Racl- and Cdc42-
dependent manner (Hardt et al., 1998). SopE is not encoded within SPI-1
but is instead found on a lysogenic bacteriophage, which is only possessed
by a subset of Salmonella spp. However, possession of the SopE phage does
not correlate with invasiveness or pathogenicity (Mirold et al., 1999). Since
this initial report, it was found that S. typhimurium possesses a homolog of
SopE called SopE2, which has approximately 69% identity to SopE and is also
secreted by the SPI-1 TTSS. A mutant strain deleted in SopE2 has reduced
invasiveness relative to wild-type bacteria, but, unlike SopE, SopE2 is found
in all pathogenic strains of Salmonella examined (Bakshi et al., 2001; Stender
et al., 2000). These findings implicate SopE/E2 in the formation of the actin
rearrangements necessary for membrane ruffling on the host cell surface
and subsequent bacterial internalization.

It is interesting to note that SopE can activate Cdc42 despite its lack of
sequence similarity to Dbl-like proteins, the Rho-specific eukaryotic GEFs.
Recent investigations focusing on the mechanism by which SopE mediates
guanine nucleotide exchange have determined that SopE binds to and locks
the switch I and switch II regions of Cdc42 in a conformation that promotes
guanine nucleotide exchange (Buchwald et al., 2002). Although this confor-
mation resembles that of Racl in a complex with the eukaryotic Dbl-like
exchange factor Tiam 1, the catalytic domain of SopE has an entirely differ-
ent architecture from that of Tiam 1; furthermore, it interacts with the switch
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regions by means of different amino acids. In this regard, SopE is the first
example of a non-Dbl-like protein capable of inducing guanine nucleotide
exchange in Rho family proteins.

SopB

SopB exhibits potent phosphoinositide phosphatase activity in vitro and
is capable of mediating pronounced inositol phosphate fluxes in vivo (Galyov
etal., 1997). In addition, SopB has been found to stimulate Cdc42-dependent
rearrangements of the actin cytoskeleton that are a prerequisite for cellular
invasion. The ability of SopB to activate Cdc42 is dependent on its phos-
phatase activity, because a phosphatase-defective SopB in which a critical
active-site cysteine residue was changed to serine lost its ability to activate
Cdc42. Because inositol-based molecules can directly affect Cdc42 activity, it
is thought that SopB activates Cdc42 and Racl indirectly by fluxing cellular
phosphoinositides (Zhou et al., 2001).

The activation of Cdc42 and Racl triggers a series of signal transduction
events that lead to actin cytoskeleton rearrangements. Despite their different
biochemical activities, SopE/E2 and SopB exert at least partially redundant
functions during Salmonella invasion. Thus, introduction of a loss-of-function
mutation in the genes that encode either one of these proteins results in a
minor defect in Salmonella entry. However, the simultaneous inactivation of
SopE/E2 and SopB results in a very severe entry defect.

SptP

Cells infected with S. typhimurium quickly recover from the dramatic
actin cytoskeletal rearrangements and regain their normal cellular architec-
ture. SptP was identified as a S. typhimurium protein with homology in its
carboxy-terminal to both prokaryotic and eukaryotic phosphatases, and it was
demonstrated to possess tyrosine phosphatase activity (Kaniga et al., 1996).
Although SptP mutants do not have an invasion deficiency, cells infected with
sptP-deficient S. typhimurium do not exhibit normal recovery of their actin
cytoskeleton following bacterial entry. Sequence scanning of SptP revealed
a region in its amino terminus with homology to GAPs for Rho proteins,
which is also possessed by other bacterial pathogens (ExoS of Pseudomonas
spp. and YopE of Yersinia spp.), as well as by eukaryotes. SptP behaves as a
GAP for Cdc42 and Racl, but not RhoA or Ras. A mutation of arginine to ala-
nine within the proposed catalytic arginine finger abrogated GAP activity (Fu
and Galan, 1999). These results suggest that SopE/E2 and SptP coordinately



control the GDP-GTP cycle of Rac and Cdc42 in host cells, thereby modu-
lating the actin cytoskeleton. Thus, SptP’s GAP activity opposes the Cdc42
and Racl activating function of SopE, SopE2, and SopB to help the host cell
rebuild its actin cytoskeletal network. How these proteins are regulated in
vivo so that their activities do not nullify each other is not yet clear, but it may
be due to differential secretion or activation of SptP by its chaperone, SicP
(Fuand Galan, 1998). In addition to its GAP activity located within the amino
terminus, the carboxy-terminal domain of SptP possesses potent tyrosine
phosphatase activity. Such tyrosine phosphatase activity of SptP is not only
involved in reversing the MAP kinase activation that results from Salmonella
invasion but also targets the intermediate filament vimentin, which is re-
cruited to the membrane ruffles stimulated by Salmonella (Murli et al., 2001).

SipC

SipC has been reported to nucleate and bundle actin in vitro. The
bundling and nucleation activities are located at different domains of SipC.
The precise role of these activities in vivo is unknown because the necessary
experiments to address this important issue are hampered by the fact that
SipCis required for the translocation of effector proteins into host cells. SipC
has been identified along with SipB as a general chaperone for the transloca-
tion of other SPI-1 type III secreted effector proteins into the host cell (Carlson
and Jones, 1998). In addition, SipC becomes translocated into the host cell,
where it has a bipartite ability to modulate actin polymerization directly. In
vitro, the C-terminus of SipC aids in the nucleation of new actin filaments
(the rate-limiting step in actin polymerization), whereas the N-terminal half
facilitates filament bundling. Accordingly, microinjection of purified SipC
protein into HeLa cells induces actin polymerization, but rather than induc-
ing ruffles like SopE, it promotes the condensation of filamentous actin into
large aggregates (Hayward and Koronakis, 1999). The physical function of
these aggregates is unclear.

SipA

SipA is also encoded within and secreted by the SPI-1 TTSS. It is thought
that SipA affects actin dynamics in cells by initiating actin polymerization at
the site of Salmonella entry by lowering the critical concentration of actin
required for polymerization (Zhou et al., 1999a). A sipA mutant strain of S.
typhimurium has a minor invasion deficiency that is only detectable at very
early time points (up to 20 min) of bacterial entry. Furthermore, although the
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sipA mutant elicits actin-dependent membrane ruffling, these ruffles are less
localized to sites of internalization than those induced by wild-type bacteria
(Zhou et al., 1999a). In additon, SipA was found to bind filamentous actin
in an in vitro binding assay and induce formation of actin bundles at sites of
bacterial internalization (Hayward and Koronakiz, 1999). In vivo, SipA may
additionally affect actin dynamics by binding to, and enhancing the activity
of, the bundling protein T-plastin (Zhou et al., 1999a, 1999b). Furthermore,
McGhie et al. (2001) recently determined that SipA potentiates the effects of
SipC on filamentous actin nucleation and bundling in vitro. Thus, it appears
that SipA modulates the internalization process by decreasing the critical
concentration for actin polymerization, inhibiting depolymerization of actin
filaments, and increasing the bundling activity of T-plastin.

SipA is also unique in that interaction of this effector protein at the apical
surface of intestinal epithelial cells is sufficient to initiate the proinflamma-
tory signal transduction pathway that leads to polymorphonuclear leukocyte
(PMN) transepithelial migration. The recruitment of PMN to the intestinal
epithelium is a key virulence determinant underlying the development of
Salmonella-elicited enteritis. Purified SipA applied to the apical surface of
intestinal epithelial cells initiates an ADP ribosylating factor 6 (ARF6) lipid-
signaling cascade, which, in turn directs the activation of protein kinase C
(PKC) and subsequent PMN transepithelial migration (Lee et al., 2000; Criss
etal., 2001). This demonstrates that some SPI-1 effector proteins involved in
the invasion of epithelial cells may have additional roles that do not require
their introduction directly into the cytosol of the host. Moreover, the signifi-
cance of these results has been confirmed by the finding that SipA plays an
important role in eliciting proinflammatory responses, such as PMN influx,
during Salmonella infection of calves — a relevant in vivo model system used
to study human enterocolitis (Zhang et al., 2002).

ROLE OF SPI-1 IN PATHOGENESIS

To understand the role of invasion in Salmonella pathogenesis, re-
searchers have investigated the in vivo phenotypes of invasion gene mutants.
Most in vivo studies have used the murine model of typhoid fever, in which
orally introduced S. typhimurium causes a systemic illness in Balb/c mice.
To induce systemic illness in these animals, S. typhimurium first colonize
the distal ileum, and, after successful colonization, a subpopulation of S. ty-
phimurium can be found in the gut-associated lymphatic tissues. Still later,
host death can occur in response to high numbers of bacteria found within
deep lymphoid-rich organs such as the spleen and liver (Carter and Collins,



1974). Invasion, per se, has long been thought to be important for this pro-
cess because mutants that are noninvasive in vitro are less able to reach the
spleen and liver and so are attenuated in orally infected mice. However, if
introduced systemically, noninvasive mutants are as virulent as the wild-type
(Galan and Curtiss, 1989; Ahmer et al., 1999). Many groups have interpreted
such data to mean that invasion of nonphagocytic cells allows S. typhimurium
to access the lymphatics, especially through the Peyer’s patches that underlie
M cells in the distal ileum (Penheiter et al., 1997).

In spite of this, several recent observations suggest that invasion, per se,
is not always required for S. typhimurium to access privileged sites within
the host. For example, S. typhimurium can reach the spleen in an invasion-
independent manner by residing inside CD18+ macrophages (Vazquez-
Torres etal., 1999). In yet another example, it has been postulated that CD18-
expressing phagocytes are involved in an alternate route for bacterial invasion
(Rescigno etal., 2001). Among CD18+ cells, dendritic cells are migratory and
phagocytic cells that are ideally located for antigen sampling in tissues that in-
terface with the external environment, where they perform a sentinel function
for incoming pathogens. With the use of polarized monolayers of the intesti-
nal epithelial cell Caco-2, it has been shown that dendritic cells are able to
open up the tight junctions between epithelial cells, send dendrites outside
the epithelium, and directly sample bacteria. Because dendritic cells express
tight junction proteins (i.e., claudin-1, occludin, and ZO-1) the integrity of
the mucosa is preserved. This unique cell-cell interaction allows dendritic
cells to sample the environmental microorganisms without compromising
the barrier function and to deliver the organisms to the lymphoid tissues
where an efficient immune response can be mounted. Thus, this identifies
a new mechanism for bacterial uptake in the mucosa tissue.

In a different study it was demonstrated that S. typhimurium lacking
the entirety of SPI-1 cannot invade tissue cells but nevertheless still dis-
seminates to systemic organs in Balb/c mice following intragastric infection
(Murray and Lee, 2001). This observation highlights a new important concept
in Salmonella pathogenesis establishing that TTSS-1 may also have activities
aside from inducing invasion-associated rearrangements inside nonphago-
cytic epithelial cells. It is now apparent that S. typhimurium attracts, kills,
and parasitizes different immune cells, and some of these activities require
TTSS-1.

Therefore, the in vivo significance of invasion is likely to vary depending
on the particular host-bacterial interaction. For instance, invasion may be re-
quired for some aspects of virulence but not for access to deeper tissues. Itis
alsolikely that there are situations in which invasion-independent TTSS SPI-1
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phenotypes contribute significantly to salmonellosis and others in which
invasion-dependent systemic dissemination is more critical. Although inva-
sion can be uncoupled from some pathogenesis-associated phenotypes in
vitro, it is not currently feasible to uncouple invasion from other TTSS SPI-1
phenotypes in vivo. Thus, the relative contribution of different SPI-1 pheno-
types remains to be elucidated.

HISTORICAL PERSPECTIVE OF SPI-1

The genes that comprise the SPI-1 are not present in the genome of
Escherichia coli K-12, but groups of similarly organized genes with related
sequences occur on the virulence plasmids of the invasive enteric pathogens
Shigella and Yersinia and in the genome of certain plant and animal pathogens
of the genera Erwinia, Pseudomonas, and Xanthomonas (Li et al., 1995). And,
as already mentioned, there are similarities between certain SPI-1 genes and
loci involved in biogenesis of flagella in a variety of bacteria.

Perhaps the best characterized example of the functional and structural
conservation in TTSS-1 is between Salmonella and Shigella. The inv/spa genes
of SPI-1 are homologous to the Shigella mxi/spa genes; as a consequence, it
is not surprising that the Salmonella and Shigella TTSS not only exhibit signi-
ficant similarities in the primary sequence of their determinants (Hermant
et al., 1995) but also complement each other functionally for secretion in
vitro (Rosqvist et al., 1995). Perhaps they even share essentially the same
macromolecular structure. Moreover, there is also significant structural and
functional conservation between the Sip proteins encoded on the SPI-1 of
S. typhimurium and the Ipa proteins encoded on the Shigella mxi/spa locus,
suggesting that the entry processes engaged by these two enteric pathogens
are promoted by similar effectors (Hermant et al., 1995).

In consideration of the base compositions, genomic locations (i.e., chro-
mosome vs. plasmid), and phylogenic distribution of these genes, it is un-
likely that the SPI-1 TTSS complex was ancestral in the Enterobacteriaceae.
In addition, given their relatively low G + C content in S. enterica (46%),
Li et al. (1995) proposed that the SPI-1 genes were horizontally transferred
from Yersinia. However, because of their occurrence in all the subspecies of
S. enterica and the overall similarity of their evolutionary diversification to
that of housekeeping genes (Li et al., 1995), it is more likely that they were
already present in the last common ancestor of the contemporary lineages
of the salmonellae. Thus, it is generally agreed that Salmonella, Yersinia, and
Shigella independently acquired these genes from another source.
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CHAPTER 2
Shigella invasion

Chihiro Sasakawa

INVASION
Shigella invasion and the host inflammatory responses

Shigella cause bacillary dysentery (shigellosis), a disease provoking a se-
vere inflammatory diarrhea in humans and primates. In tropical areas of
developing countries, shigellosis is endemic and a major killer of children
under 5 years of age. Shigellosis occurs following ingestion of a very small
number (100-1000) of bacteria, thus permitting easy spread of the disease by
person-to-person contact as well as by the drinking of contaminated water.

Shigella, a Gram-negative bacillus, comprises four species — S. dysenteriae,
S. flexneri, S. boydii, and S. sonnei (Pupo et al., 2000; Lan and Reeves, 2002).
Shigella is now recognized as a member of Escherichia coli; however, the group
of bacteria causing shigellosis is idiomatically called Shigella in this chapter.
Shigellosis is also caused by enteroinvasive E. coli (EIEC), a pathogenic E. coli.
Shigella and EIEC possess a large 210- to 230-kb plasmid on which the major
virulence functions are encoded. Because Shigella has neither adhesins for
upper GI tract cells nor flagella, after infection by means of the fecal-oral
route the bacteria reach the colon and rectum directly, where they translocate
through the epithelial barrier by means of the M cells overlaying the solitary
lymphoid nodules (Fig. 2.1; also see Wassef et al., 1989; Sansonetti et al.,
1991, 1996). Once they have reached the underlying M cells, Shigella infect
the resident macrophages and multiply. Within the macrophages Shigella
secrete IpaB, which specifically binds to, cleaves, and activates caspase-1,
thus leading to macrophage cell death through apoptosis (Zychlinsky et al.,
1992, 1994, 1996).

The stimulation of caspase-1 in infected macrophages causes the pro-
duction of large amounts of IL-18 and IL-18, thus eventually leading to an
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Figure 2.1. A simplified model for the infection of colonic epithelial cells by Shigella (refer
to the text for details).

increase in the permeability of the epithelial barrier to Shigella and migra-
tion of polymorphonuclear leukocytes (PMNs; see Zychlinsky et al., 1992;
Zychlinsky and Sansonetti 1997). Meanwhile, the bacteria released from the
dead macrophages immediately enter surrounding enterocytes from the ba-
solateral surface by directing large-scale membrane ruffling, which finally
leads to phagocytic events. Though the invading bacterium is entrapped by
a phagocytic membrane, Shigella immediately disrupts the membrane and
escapes into the cytoplasm (Fig. 2.1; also see Sansonetti et al., 1986). Within
the cytoplasm, Shigella multiply and induce actin polymerization at one pole
of the bacterium, by which the intracellular bacterium can gain a propulsive
force to move intracellularly and intercellularly (Fig. 2.1; also see Bernardini
etal., 1989).

Internalized Shigella release a large amount of lipopolysaccharide (LPS)
into the host cytoplasm, where the LPS binds Nod1, a member of the CED4/
Apaf-1 superfamily, eventually leading to activation of NF-«B by means of
the stimulation of the bipartite CARD-kinase protein, RICK (Inohara et al.,
2000; Girardin et al., 2001). In response to the activation of NF-xB, colonic
epithelial cells express a large array of proinflammatory cytokines, especially
IL-8, thus further promoting local inflammation and attracting more PMNs
(Zychlinsky and Sansonetti, 1997). Therefore, the predominant pathogenic
feature of Shigella is the ability to invade macrophages as well as epithelial
cells, including subsequent dissemination into adjacent epithelial cells. In



this chapter, I mostly focus on the bacterial system involved in the invasion
of epithelial cells and subsequent intracellular and intercellular spreading
processes.

Basolateral entry into polarized cells

Shigella infection of polarized epithelial cells such as Caco-2 or Madin
Darby Canine Kidney (MDCK) cells reveals that the bacteria invade from the
basolateral surface into the cells (Mounier et al., 1992). This characteristic
entry can be seen when Shigella infect rabbit ligated ileal loops, where bac-
teria move to the basolateral surface by means of the M cells (Wassef et al.,
1989; Sansonetti et al., 1991, 1996), indicating that Shigella have an affin-
ity to the basolateral surface of the polarized enterocytes to effectuate entry.
Shigella are capable of inducing a highly dynamic rearrangement of actin
and tubulin cytoskeletons during entry, and this leads to a large-scale phago-
cytic event. Shortly after coming into contact with epithelial cells, Shigella
induce the formation of focal adhesion-like actin-dense patches beneath the
bacterial contact point (Tran Van Nhieu and Sansonetti, 1999) and trigger
local destruction of the microtubule structure (Yoshida et al., 2002), which
is followed by the protrusion of large-scale membrane ruffles. The invading
Shigella are finally enclosed by a large membrane vacuole, but the pathogens
immediately escape into the host cell cytoplasm, where they elicit intracellular
and intercellular movement (Fig. 2.1).

Invasion-associated genes on the large plasmid

The invasion of epithelial cells by Shigella requires many genes mostly
confined to the 31-kb pathogenicity island (PAI) on the large virulence plas-
mid, which is highly conserved among Shigella spp. (Sasakawa et al., 1988;
also see Fig. 2.2). The PAI of S. flexneri contains 28 genes bracketed by several
IS elements and vestigial DNA sequences, where the 28 genes are arranged in
several transcribed regions, encoding the components of the type III secretion
system (TTSS), secreted effector proteins, chaperone proteins, and regulatory
proteins (Fig. 2.2; also see Buchrieser et al., 2000; Venkatesan et al., 2001).
ipa BCDA encode secreted effectors such as IpaA, IpaB and IpaC required for
invasion of epithelial cells, whereas mxi and spa mostly encode components
of the TTSS including the TTSS-associated secreted proteins. ipgA, ipgC, and
spal5 encode IpgA, with IpgC and Spal5 that act as chaperones for IcsB,
IpaB/IpaC, and IpgB1/IpaA, respectively (Ménard et al., 1994a, 1994b; Page
et al., 2002; Ogawa, unpublished results). The PAI possesses two regulatory
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genes, virB and mxiE, required for the expression of the virulence-associated
genes in the 31-kb PAI (Adler et al., 1989; Dorman and Porter, 1998; Mavris
et al., 2002).

In addition, another plasmid-encoded gene, virF, codes for the essential
regulatory protein VirF, an AraC-like transcriptional regulator, which directly
binds the virB promoter to activate the virB gene. The VirB protein in turn
activates the promoters for several transcribed regions in the 31-kb PAI On
the large plasmid, there is another effector gene called virA (Uchiya et al.,
1995), located near the virG (icsA) gene; together these form a PAI (Venkate-
san et al., 2001). VirA has recently been shown to be essential for evoking
membrane ruffling in epithelial cells and promoting Shigella entry into host
cells (Yoshida et al., 2002). Recently the whole genomic sequence of the large
plasmid (pWR100) of S. flexneri serotype 5 was determined (Buchrieser et al.,
2000; Venkatesan et al., 2001).

Examination of the repertoire of proteins secreted by means of the
TTSS under conditions that activate the TTSS revealed that 15 proteins
(IcsB, IpaH9.8, IpaH7.8, IpaH4.5, MxiC, MxiL, Spa32, OspC1, OspB, IpgB1,
OspD1, OspEl, OspF, OspG, and VirA) plus IpaA, IpaB, IpaC, IpaD, and
IpgD can be secreted from Shigella by means of the TTSS into the medium
(Buchrieser et al., 2000; Ogawa, unpublished results). Although the proteins
potentially secreted by means of the TTSS such as Spa32, MxiC, or MxiL
(Tamano et al., 2002; Tamano unpublished results) do not necessarily serve
as effectors, studies have clearly indicated that Shigella secrete a diverse array
of effectors into the external medium and target host cells.

Type Il secretion system

The TTSS is a highly sophisticated bacterial effector protein delivery
system. Upon contact with the host cells, a set of effector proteins is delivered
from the infecting bacteria to the host cells by means of the TTSS. These
translocated proteins have a variety of effects on host cells and are necessary
for bacterial attachment, invasion, trafficking, and avoidance from the host
defense systems. Although the mechanisms of protein export by means of
the TTSS, including the biosynthesis of the secretion machinery, are still to

Figure 2.2. (facing page). The genetic structure of the ipa/mxi/spa PAI encoding the
Shigella TTSS. (A) A simplified structure of the ipa/mxi/spa PAL Arrows represent IS
elements and the vestigial DNA sequences. (B) The genetic constitution of the ipa/mxi/spa
PAL (For details refer to the text and to Buchrieser et al., 2000 and Venkatesan et al., 2001.)
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Figure 2.3. The supramolecular structure of the Shigella type III secretion machinery.
(A) An electron micrograph of the purified type III secretion machinery from S. flexneri.

be elucidated, some common characteristics of this secretion system have
emerged (Hueck, 1998).

Genetic and functional studies have indicated that the TTSS is encoded
by more than 20 genes. The subset of genes together with other genes coding
for the secreted effectors, chaperones, and regulators exist as a PAI, which
potentially transposes horizontally in different species of bacteria, thus dis-
tributing among many Gram-negative pathogenic bacteria, where some of
the PAI are located on the chromosome and some on a plasmid. In fact,
there is considerable homology between the proteins of the TTSS in differ-
ent pathogens (Hueck, 1998). Of note, some of the proteins of TTSSs also
share significant similarity to the components of the bacterial flagella ex-
port machinery. For example, some of the putative components of the type
IIT secretion complexes such as S. flexneri MxiJ, Spa47, Spa33, Spa24, Spa9,
Spa29, Spa40, and Mxi] share significant similarity to FlhA, Flil, FliN, FliP,
FliQ, FliR, FlhB, and FIiF of the Salmonella flagellar export system, respec-
tively (Hueck, 1998; Cornelis and Van Gijsegem, 2000; Plano et al., 2001).

Furthermore, the TTSS is functionally and structurally similar to the
flagellar export system. Secretion of a set of proteins by means of the TTSS
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Figure 2.3. (cont.) (B) Model of the structure of the type III secretion machinery, including
the translocation of effectors from bacterial cytoplasm into the host cell cytoplasm.

is dependent on the energy supply mediated by the F1-type ATPase asso-
ciated with the secretion apparatus. The same is true for secretion of the
extracellular flagellar components, which form the hook, cap, and flagella
filament by means of the flagella export system. The supramolecular struc-
tures of the TTSS of Salmonella typhimurium and S. flexneri have recently
been elucidated, and they share similarity with that of the flagellar basal body
(Fig. 2.3B; also see Kubori et al., 1998; Blocker et al., 1999; Tamano et al.,
2000). As already mentioned for the Shigella TTSS, the expression of genes
encoding the TTSS as well as the flagella export system is under stringent
control that is mediated by complicated regulatory networks in each of the
bacteria.

Despite the structural and functional similarities of the TTSS in each
pathogen, the proteins delivered by means of the TTSS are quite diverse.
For example, Shigella potentially deliver ~20 proteins by means of the TTSS;
some share similarity to secreted proteins from different pathogens, whereas
others are unique to Shigella. Studies of the proteins secreted from Yersinia,
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Salmonella, and Shigella have indicated that some have a role in linking the
secretion complex to the target host plasma membrane, whereas others serve
as effectors to modulate host cell functions.

The purified type III secretion complexes from S. typhimurium and S.
flexneri as reported by Kubori et al. (1998) and Tamano et al. (2000), respec-
tively, contained four major components. The Salmonella type III secretion
complex contained InvG, PrgH, Prgl, and PrgK proteins, whereas the Shigella
type I1I secretion complex contained MxiD, MxiG, MxiH, and Mxi]. Recently,
these type III secretion complexes have been shown to contain an additional
component, which is Prg] in Salmonella and Mxil in Shigella. The supramolec-
ular structures of the type III secretion complexes of each bacterium observed
by electron microscopy are similar, being composed of two distinctive parts,
the needle and basal parts (Fig. 2.3B). The needle of the S. typhimurium and
S. flexneri type 111 secretion complexes consists mainly of Prgl and MxiH,
respectively (Kubori et al., 2000; Tamano et al., 2000). The basal part of the S.
typhimurium type I1I complex is composed of InvG, PrgH, and PrgK, whereas
that of the S. flexneri complex is composed of MxiD, MxiG, and MxiJ. Further-
more, the supramolecular structures of the basal portion of both type ITI com-
plexes share significant similarity to that of the Salmonella flagella basal body.

Indeed, the basal part of the type III secretion complex possesses two
pairs of rings, referred to as the upper and lower rings (Fig. 2.3B). Because
the basal portion was observed by electron microscopy to be embedded in the
osmotic-shocked bacterial envelope, similar to the flagellar basal complex,
the two pairs of rings are thus assumed to be anchored to the inner and
outer membranes of bacteria. The flagellar hook forms a curved protruding
structure from which along flagella filament is extended; the type III secretion
complex forms a straight needle protruding from the basal part. The length
of the type III needle of wild type S. flexneri is estimated to be 45nm and
distributed in a narrow range with a standard deviation of 3.3 nm (Tamano
et al., 2000). The length of the basal body of the Shigella type III secretion
complex is estimated to be approximately 31 nm, which is consistent with
the thickness of the Gram-negative bacterial envelope (approximately 25 nm)
(Tamano et al., 2000). This suggests that the type III secretion complex spans
both the outer and inner membranes. Although the number of needles per
bacterium has not been accurately determined, on the basis of the distribution
of the type III secretion structures in a field of osmotically shocked bacterial
envelope as observed by electron microscopy, it is estimated to be around
50-60 per bacterium.

Genetic and functional studies of TTSSs have strongly suggested that the
basic morphological features displayed by Salmonella and Shigella would be



conserved among other pathogens. Indeed, recently studies have shown that,
in enteropathogenic E. coli (EPEC), a long (50-700 nM) filamentous structure
protrudes from the tip of the TTSS needles; it is composed of EspA, which is
encoded by the espA gene located on the locus of enterocyte effacement (LEE)
PAI, downstream of the region encoding genes of the TTSS (Sekiya et al.,
2001; Daniell et al., 2001). Previous studies indicated that EspA forms a fila-
mentous structure that assembles as a physical bridge between the bacteria
and host cell surface, which then functions as a conduit for the transloca-
tion of bacterial effectors into host cells (Knutton et al., 1998). In fact, the
espA mutant of EPEC has been shown to be deficient in forming a long fila-
mentous structure and delivering effectors such as Tir, EspB, and EspD into
the host cells, thus becoming a nonadherent mutant. Similarly, some plant
pathogens such as Pseudomonas syringae and Ralstonia solanacearum form
a filamentous appendage called the Hrp-pilus, which consists of HrpA in
P. syringae or HrpY in R. solanacearum (Van Gijsegem et al., 2000).

Secreted effector proteins induce host cellular signaling

The effectors delivered from Shigella trigger host cellular signal pathways
to direct its own internalization event (Fig. 2.4). One signal transduction
pathway is linked to the interaction of secreted IpaB and IpaC with putative
host surface receptors, and the others are evoked by intracellular effectors
such as IpaA, IpaB, IpaC, IpgD, and VirA. Although the roles of IpaB and
IpaC during invasion are important, their functions are complicated. For
example, IpaB and IpaC act as secreted effector proteins in the target host
cells to stimulate caspase-1 and Rho GTPases, respectively, whereas IpaB and
IpaD act as a molecular plug for the TTSS at the tip of the TTSS needle (Figs.
2.3B and 2.4; also see Ménard et al., 1996; Tran Van Nhieu and Sansonetti,
1999). Like Yersinia YopB and YopD (Hakansson et al., 1996) or Salmonella
SipB and SipC (Collazo and Galan, 1996), upon contact between Shigella and
the host cell, IpaB and IpaC serve as a membrane pore located at the tip
of the TTSS needle in the host cell plasma membrane, thus allowing the
translocation of secreted effector proteins into the host cells (Fig. 2.3B; also
see Blocker et al., 1999).

The IpaB and IpaC proteins secreted into the culture supernatant
form high molecular matrix-like structures, which promote Shigella invasion
through interaction with CD44 (the hyaluronan receptor belonging to the
immunoglobulin superfamily) and «sB; integrin (Fig. 2.4; also see Skoudy
et al., 2000; Watarai et al., 1996). Because both molecules are distributed on
the basolateral surface of the polarized epithelial cells, these interactions are
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thus assumed to contribute to the basolateral entry of Shigella into the epithe-
lial cells by mediating outside-in signaling to induce local rearrangement of
the actin cytoskeleton (Skoudy et al., 2000). a5 8; integrin localizes at focal ad-
hesions, and the cytoplasmic domain of the ; integrin acts as a cytoskeleton
linker by means of focal adhesion proteins; the cytoplasmic moiety of CD44
also acts as a cytoskeleton linker by means of association with ERM (ezrin-
radixin-moesin) proteins. Ezrin is shown to be recruited at the periphery of
the extended membrane ruffles at the point of Shigella entry (Skoudy et al.,
1999). A recent study has shown that IpaB can bind CD44, where IpaB parti-
tions during Shigella invasion within specialized membrane microdomains
enriched in cholesterol and sphingolipids, called rafts (Lafont et al., 2002).
CD44 is known to participate in signaling responses regulating the reorgani-
zation of the cytoskeleton (Hirao et al., 1996). Early in the invasion (~15 min
after contact), an accumulation of cholesterol and raft-associated proteins
such as GPI-anchored proteins can be observed at Shigella entry foci.

In agreement with this, bacterial entry is impaired upon cholesterol de-
pletion with methyl-8-cyclodextrin at the site of bacterial entry (Lafont et al.,
2002). Therefore, the binding of IpaB at the tip of the TTSS needle to clus-
tered CD44 is thought to increase binding affinity; thus rafts and clustered
CD44 seem to be crucial for efficient Shigella entry. Meanwhile, o5 8; integrin
accumulates together with F-actin, vinculin, talin, o-actinin, and tyrosine-
phosphorylated FAK, which are major scaffolding components of focal ad-
hesions (Watarai et al., 1996, 1997). However, these interactions alone are
insufficient to elicit the phagocytic events required for bacterial uptake by
epithelial cells (Ménard et al., 1996). For induction of large-scale actin re-
arrangements and large membrane protrusions sufficient to engulf several
bacterial particles simultaneously, cellular signals evoked by Shigella effectors
such as IpaA, IpaC, IpgD, and VirA appear to be necessary (Fig. 2.4).

In addition, Shigella require the activation of FAK and Src tyrosine ki-
nase to induce cytoskeletal rearrangements during entry (Watarai et al., 1997;
Duménil et al., 1998). Overexpression of a dominant interfering form of
pp60°S™ leads to inhibition of Shigella-induced cytoskeletal rearrangements
and decreases the phosphorylation of cortactin (Duménil et al., 1998), a
Src substrate recruited at the site of Shigella entry (Dehio et al., 1995). Because
focal adhesion formation is dependent on the activation of Rho and Src, an
early cellular event triggered by Shigella contact may be associated with such a
cellular function (Adam et al., 1996; Ménard et al., 1996; Watarai et al., 1997).

Figure 2.4. (facing page). A model for cytoskeletal rearrangements induced during Shigella
invasion of epithelial cells, and the roles of effector proteins (refer to the text for details).
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IpaA

IpaA secreted via the TTSS upon cell contact has been indicated to mod-
ify the Shigella-induced entry foci, and an ipaA mutant induced disorganized
filopodial protrusions (Fig. 2.4; also see Bourdet-Sicard et al., 1999). IpaA has
a high affinity for N-terminal residues 1-265 of vinculin. In cosedimentation
and solid-phase assays, IpaA binding to vinculin increases the association of
vinculin with F-actin, which in turn promotes depolymerization of F-actin
associated with the IpaA—vinculin complex. Vinculin is a cytoskeletal protein
present at focal adhesion and cell-cell adhesion structures, involved in cell ad-
hesion to the extracellular matrix, cell motility, and tumorigenesis (Jockusch
and Rudiger, 1996). Vinculin is composed of N-terminal head and C-terminal
tail domains. It has multiple functional domains; talin and «-actinin inter-
act with the N-terminal domain, whereas F-actin binds to the C-terminal
tail domain. Importantly, the interactions with proteins are determined by
the conformation of vinculin. The unfolded form is the activated form and
interacts with talin, a-actinin, and F-actin through the exposed binding do-
mains, whereas, in the folded conformation, the tail domain interacts with
the head domain, resulting in the masking of the binding domains (Jockusch
and Rudiger, 1996). Importantly, the 1-258 domain of vinculin has been in-
dicated to be involved in the intramolecular association with the C-terminal
tail domain.

The binding of IpaA to vinculin was found to be strong, with a Kd of
5 nM; therefore, it is likely that the binding of IpaA to the head domain dis-
rupts the head—tail interaction, thus allowing vinculin to open up and link
to F-actin. The vinculin-IpaA complex promotes F-actin depolymerization
in vitro and in vivo. Indeed, microinjection of IpaA into Hela cells induces
a rapid (within 40 s) cell retraction with the disappearance of actin stress
fibers. When IpaA is comicroinjected with the MBP-fused vinculin 1-265
moiety, cell retraction induced by IpaA can be blocked and actin stress fibers
along with vinculin—containing focal complexes are still intact, indicating
that the vinculin-IpaA binding domain has a functional role in inducing
the IpaA-induced cytoskeletal rearrangements. Although the mechanism for
stimulating F-actin depolymerization is speculative, the activity of IpaA for
induction of actin depolymerization by means of the vinculin-IpaA com-
plex seems to be important in regulating the formation of protrusions that
might promote detachment of Shigella. Alternatively, the IpaA-induced acti-
vation of vinculin and recruitment of focal adhesion components may lead
to the formation of a specific focal adhesion-like structure that might help to
maintain bacterial contact with the epithelial surface (Bourdet-Sicard et al.,
1999).



IpaC

IpaC has an activity to modulate actin dynamism, because the forma-
tion of filopodia and lamellipodia is induced when purified IpaC protein is
added to semipermeabilized Swiss 3T3 cells or a ipaC clone is transfected into
HelLa cells (Tran van Nhieu et al., 1999). The IpaC-induced membrane protru-
sions have been implicated in the activation of Cdc42, which in turn activates
Racl, suggesting that IpaC can somehow act as the effector for promoting
Shigella invasion of epithelial cells (Fig. 2.4). In addition, a recent study has
indicated that Shigella direct their own entry into macrophages by exploit-
ing IpaC to stimulate macrophage phagocytic activity (Kuwae et al., 2001).
Indeed, Shigella invade murine macrophages such as ]J774 more efficiently
than the noninvasive ipaC mutants. Wild type Shigella can induce large-scale
lamellipodial extensions including ruffle formation around the bacteria. In
contrast, when macrophages are infected with the noninvasive ipaC mutant,
the invasiveness and induction of membrane extension are dramatically re-
duced. Shigella infection of ]774 cells causes tyrosine phosphorylation of
several proteins, including paxillin and ¢-Cbl, and the profile of phosphory-
lated protein is distinctive from that stimulated by S. typhimurium or phorbol
ester. Upon addition of a recombinant IpaC into the external medium of
J774, membrane extensions were rapidly induced, and this also promoted
uptake of E. coli. Importantly, the exogenously added IpaC was shown to be
integrated into the macrophage plasma membrane. An analysis of the IpaC
sequence (382 amino acids) with TMpred, a program for the prediction of pu-
tative membrane-spanning regions, predicts that the residues encompassing
121-139 and 169-191 are the putative transmembrane domains, whereas the
remaining N-terminal and C-terminal regions are predicted to be presented
on the external side of the plasma membrane.

With the use of three IpaC antibodies that recognize three distinctive
regions in IpaC, it has been suggested that the residues 140-168 of IpaC
exist as the cytoplasmic loop, whereas the preceding N-terminal portion
of TM1 (transmembrane 1) and the following C-terminal portion of TM2
(transmembrane 2) exist as the external membrane domains (Kuwae et al.,
2001). Although the mechanisms underlying the IpaC-mediated macrophage
spreading event are still to be elucidated, some surface receptors such as
Mac-1 (em B3 integrin) and Fcy R on macrophages seem to be involved in the
phagocytic event.

Incubation of J774 cells with wild type Shigella, but not with the ipaC
deletion mutant, generates Mac-1 and FcyR foci at the site of bacterial
contact. Importantly, the Mac-1 foci were observed along the periphery of
the extended cell membrane, strongly indicating that an integrin-dependent
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adhesion event, which is a prominent feature of the Mac-1-mediated
macrophage adherence, had occurred. The observed macrophage response is
consistent with the study by Renesto et al. (1996), in which PMNs suspended
in medium became adherent onto serum-coated wells when wild type Shigella
but not the ipaC mutant was added to the external medium.

Clustering of Mac-1 and FcyR has been indicated to stimulate protein
tyrosine phosphorylation and local rearrangement of the actin cytoskeleton.
Because some truncated versions of IpaC capable of associating with the host
plasma membrane are able to stimulate macrophage cell spreading (Kuwae
et al., 2001), IpaC might have an association with or effect on some pu-
tative host receptor(s), such as ayf; integrin, mediating the induction of
membrane extension by means of activation of a cellular signal transduction
pathway such as the activation of Cdc42. The IpaC-induced membrane pro-
trusions from Hela cells can be inhibited by a dominant interfering form of
Cdc42, whereas adominantinterfering form of Rac results in inhibition of the
lamellipodium formation, further supporting the notion that IpaC has activ-
ity to stimulate Cdc42 activity. This in turn causes Racl activation (Mounier
et al., 1999; Tran van Nhieu et al., 1999). Importantly, recent studies have
suggested that activated Racl stimulates WAVE2, a WASP (Wiskott-Aldrich
syndrome protein) family protein, via IRSp53, a substrate for the insulin re-
ceptor, by forming a Rac1-IRSp53-WAVE2 complex, which recruits Arp2/3
complex including profilin, thus evoking membrane ruffling (Miki et al.,
2000; Takenawa and Miki, 2000; Krugmann et al., 2001). Because WAVE2
can be detected around the area of protruded membrane ruffles induced
by Shigella (Suzuki, unpublished data), the Rac1-IRSp53-WAVE2 complex
might take part in the formation of membrane protrusion induced by Shigella
invasion (Fig. 2.4).

IpgD

IpgD, a 69-kDa protein encoded by ipgD and located upstream of
ipaBCDA, is secreted by the TTSS in amounts similar to the Ipa proteins. Like
the Ipa proteins, IpgD is stored in the Shigella cytoplasm unless the TTSS
is stimulated such as by incubation in conditioned medium (Niebuhr et al.,
2000). The storage of IpgD in the cytoplasm requires its association with
a cytoplasmic chaperone, IpgE, encoded by the gene located immediately
downstream of ipgD. Interestingly, after secretion, IpgD forms a complex
with IpaA in the extracellular medium, although the biological significance
is unclear. An ipgD mutant still enters host cells; however, in comparison
with that directed by the wild type, the morphology of the membrane ruffle is
altered. For example, scanning electron microscopic analysis reveals that the



ipgD mutant provokes fewer actin rearrangements and less membrane ruf-
fling on the target cell surface, suggesting that IpgD is involved in the process
of invasion of epithelial cells and that the protein serves as a translocated ef-
fector (Niebuhr et al., 2000). A protein homologous to IpgD, SopB (also called
SigD), has been identified in S. dublin, and it is involved in invasion, because
a sigD mutant affected Salmonella invasion of CHO and HEp-2 cells (Galyov et
al., 1997; Hong and Miller 1998). SopB has sequence homology with mam-
malian inositol polyphosphate 4-phosphatase, and recombinant SopB pro-
tein prepared from S. dublin shows inositol phosphate phosphatase activity
required for promoting membrane fission during invasion (Norris et al.,
1998; Terebiznik et al., 2002).

Similarly, the sequence of IpgD has been suggested to have the active
site of mammalian inositol polyphosphate 4-phospatase, which specifically
dephosphorylates PtdIns(4,5)P, into PtdIns(5)P (Niebuhr et al., 2000, 2002).
In mammalian cells this enzyme plays key roles in many processes, includ-
ing reorganization of the actin cytoskeleton, and cytoskeleton—plasma mem-
brane linkage. The importance of the enzymatic activity encoded by IpgD has
been shown in promoting detachment of the plasma membrane from the cy-
toskeleton to facilitate extension of membrane filopodia and ruffles evoked
by Shigella invasion of epithelial cells. Indeed, continuous ectopic expression
of IpgD in Hela cells increases membrane detachment and causes formation
of membrane blebs (Niebuhr et al., 2002).

VirA

An examination of the cytoskeletal architecture around invading Shigella
by confocal microscopy indicated that the local microtubule network beneath
the protruding ruffles undergoes remarkable destruction (Yoshida et al.,
2002). This finding, together with the increase in Shigella invasiveness in
host cells treated with microtubule-destabilizing agents such as nocodazole,
suggests that the bacteria have the ability to modulate tubulin dynamics.
VirA has activity to trigger microtubule dynamic instability in vitro and in
vivo, which can stimulate Racl activity, thus leading to membrane ruffling
(Fig. 2.4).

VirA is a 45-kDa protein composed of 401 amino acids; it is able to
bind «aB-tubulin dimers but not microtubules. In an in vitro tubulin poly-
merization assay system, purified VirA showed activity to inhibit the poly-
merization of tubulin and stimulate microtubule destabilization. Interest-
ingly, a portion of VirA, encompassing residues 224 to 315, involved in
the interaction with tubulin heterodimers shares significant (>40%) amino
acid homology with a portion of EspG encoded by the espG gene in the
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LEE of EPEC or enterohemorrhagic E. coli, as well with as some other un-
characterized bacterial proteins such as NMB0928 (Neisseria menigitidis) or
Cj1457c (Campylobacter jejuni). Indeed, the expression of EspG in a Shigella
virA mutant can rescue invasiveness, suggesting that EspG and VirA share
an essential function (Elliott et al., 2001). The expression of VirA in mam-
malian cells such as HeLa, COS-7, or Swiss3T3 cells allows for the forma-
tion of membrane ruffling, though the scale of ruffles is smaller than that
evoked by Shigella. Microinjection of VirA into HelLa cells also induces a
localized membrane ruffling in a few minutes, whereas overexpression of
VirA in host cells causes the destruction of microtubules and protruding
membrane ruffles. Importantly, the VirA-induced membrane ruffling is de-
pendent on the host Racl activity, because when VirA is coexpressed with a
dominant negative Racl mutant in the cells, the appearance of ruffles can be
shut off.

In agreement with this, wild type S. flexneri, but not the virA mutant,
stimulates Racl and induces the formation of membrane ruffles in infected
HelLa cells (Yoshida et al., 2002). These observations suggest that the desta-
bilization of microtubules induced by VirA secreted from Shigella into host
cells can provoke the formation of membrane ruftles, thus stimulating bacte-
rial entry (Fig. 2.4). Although it is still unclear whether or not other invasive
bacteria are able to stimulate host microtubule dynamic instability, a simi-
lar activity to Shigella VirA may also be found to be involved in some other
bacterial infections of host cells.

The microtubule network is dynamic in migrating or growing cells in
which the microtubules undergo growth and shortening, called microtubule
dynamic instability, which is mediated by various factors including micro-
tubule stabilizing and destabilizing factors. For migrating cells, the interplay
between the microtubule and actin cytoskeletal systems is though to be cru-
cial. Indeed, recent studies have strongly indicated that microtubule growth
and shortening participate in the activation of Racl and RhoA signaling,
respectively, to control actin dynamics.

Waterman-Storer et al. (1999) revealed that when microtubule growth
in host cells is stimulated by pretreatmenting with nocodazole followed by
washing out the drug, Racl is activitated, thus leading to the formation of
lamellipodial protrusions in fibroblasts. Enomoto (1996) originally showed
that microtubule disruption by colcemid or vinblastine, but not taxol, rapidly
and reversibly induced the formation of actin stress fibers and focal adhe-
sions, which was accompanied by activated cell motility. Consistent with
that study, Krendel et al. (2002) have observed that RhoA activity in fibro-
blasts can be stimulated by nocodazole. These studies have suggested that
the depolymerization or shortening of microtubules can somehow trigger the



stimulation of Rho activity, such as by releasing factors bound to the micro-
tubules into the cytosol, and these factors are then required for activating Rho
GTPases beneath the plasma membrane (Fig. 2.4).

Of note, this notion has recently been supported by the finding of func-
tional involvement of microtubules in regulating the Rho guanine nucleotide
exchange factor GEF-H1 and Rho activity itself (Krendel et al., 2002). Al-
though the association of microtubules and Racl or GEF-H1 has been in-
dicated, the function of this interaction is only recently becoming clear. In-
terestingly, recent studies have strongly indicated that Racl and RhoA have
some functional linkage to each other, where the enhancement of one ac-
tivity downregulates activity of the other. Therefore, the cross-talk between
Racl and RhoA activities may account for the microtubule instability-induced
membrane ruffling in mammalian cells as well as for the ruffling induced
by Shigella VirA (Fig. 2.4).

CELL-CELL SPREADING

After escaping from phagocytic vacuoles, Shigella multiply and move
within the cytoplasm. The ability of Shigella to move within the host cyto-
plasm, and the subsequent cell-cell spreading, is a prerequisite for shigel-
losis. Intracellular Shigella exploit actin polymerization at one pole of the
bacterial surface, through which the bacterium gains a propulsive force to
spread within the cytoplasm and into adjacent epithelial cells (Fig. 2.5). Under
optimum conditions, intracellular bacterial motility is around 15-20 um/min
(Mimuro et al., 2000). The actin-based motility of Shigella is dependent on
VirG (IcsA) encoded by the virG gene on the large plasmid (Makino et al.,
1986; Bernardini et al., 1989; Lett et al., 1989).

VirG

VirG (IcsA) is a surface-exposed outer membrane protein, which accu-
mulates at one pole of the bacterium (Fig. 2.6; also see Goldberg et al., 1993;
Goldberg, 2001). VirG is composed of 1102 amino acids and contains three
distinctive domains: the N-terminal signal sequence (residues 1-52), the 706-
amino-acid a-domain (residues 53-758), and the 344-amino-acid C-terminal
B-core (residues 759-1102; see Goldberg et al., 1993; Suzuki et al., 1995).
The a-domain is exposed on the surface of bacteria, whereas the S-core is
embedded in the outer membrane to form a membrane pore. The «¢-domain
is translocated through the membrane pore onto the bacterial surface by a
typical autotransporter mechanism as represented by the IgA protease of
N. gonorrhoeae (Pohlner et al., 1987).
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Figure 2.5. Electron micrograph of motile Shigella in epithelial cells. (A) Bacteria escaping
from the phagocytic vacuoles. (B) Multiplied bacteria within the host cell cytoplasm. (C) A
motile bacterium forming a long actin tail. (D) A motile bacterium entering the neighbor
host cell.

The asymmetric distribution of VirG along the bacterial body is a pre-
requisite for the polar movement of Shigella in mammalian cells, including
bacterial spreading between epithelial cells (Goldberg et al., 1993; Suzuki
et al., 1995; Goldberg, 2001). Although the mechanisms are still specula-
tive, recently studies have suggested that the unipolar localization of VirG
results from its direct targeting of the pole following diffusion laterally in
the outer membrane (Goldberg, 2001; Charles et al., 2001; Robbins et al.,
2001). Interestingly, when a VirG-GFP fusion protein is expressed in E. coli,
S. typhimurium, Yersinia pseudotuberculosis, or Vibrio cholerae, the protein al-
ways localizes at one pole, suggesting that the mechanism of polar targeting
for VirG is not unique to Shigella. Several factors including its own VirG «
portion have been implicated in the establishment or maintenance of the
asymmetric distribution (Suzuki et al., 1995; Steinhauer et al., 1999). The
N-terminal two thirds of the VirG «-domain, which contains six glycine-rich
repeats, is essential for mediating actin assembly, because the domain serves
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Figure 2.6. Current model for VirG-induced actin polymerization on Shigella in infected

Arp2/3

epithelial cells. VirG accumulated at one pole of bacterium recruits vinculin and N-WASP.
The vinculin recruits profilin by means of binding to VASP; the N-WASP activated upon
binding by Cdc42 allows recruitment of the Arp2/3 complex, with profilin. The activated
Arp2/3 complex, with the aid of profilin, can catalyze rapid actin nucleation and
elongation.

to interact with host proteins such as vinculin and neural WASP (N-WASP;
see Suzuki et al., 1996, 1998; Suzuki and Sasakawa, 2001). The C-terminal
one third of the ¢-domain is required for VirG to distribute asymmetrically,
because S. flexneri expressing a VirG mutant with a deletion in this region no
longer displays polar movement; instead, it is surrounded by an actin cloud
(Suzuki et al., 1996).

Interestingly, LPS plays arole in either the establishment or maintenance
of VirG at one pole of Shigella (Okada et al.,, 1991). A number of genes
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involved in the biosynthesis of LPS have been shown to affect the localization
of VirG (Rajakumar et al., 1994). Indeed, removal of the O-side chain from
the LPS of S. flexneri results in an aberrant localization of VirG, causing a
circumferential distribution over the whole bacterial body (Goldberg, 2001).
SopA (also called IcsP), an outer membrane protease, has also been indicated
to be involved in the asymmetric distribution of VirG by cleaving laterally
diffused VirG protein along the bacterial body (Egile et al., 1997; Shere et al.,
1997). Finally, the absence of OmpT, an outer membrane protease encoded
by the ompT gene in E. coli, is crucial for VirG to be maintained on the cell
surface, because OmpT specifically cleaves at Argysg—Argysg of VirG, causing
degradation of the a-domain of VirG on bacteria (Nakata et al., 1993). In fact,
none of the Shigella and EIEC strains examined has the ompT region, thus
ensuring the VirG a-domain is expressed and maintained on the bacterial
surface (Nakata et al., 1993).

VirG ligands

VirG can interact with at least two host proteins, vinculin and N-WASP
(Fig. 2.6). Vinculin, a protein linking focal adhesions and actin filaments,
interacts directly with a portion of the VirG «-domain that spans residues
103-508. As already mentioned (see the subsection on IpaA), the function
of vinculin in mammalian cells is regulated by PtdIns(4,5)P;. In the inac-
tive state, the N-terminal globular head domain interacts with the C-terminal
elongated tail domain, and this interaction is disrupted by the binding of
PtdIns(4,5)P,. The exposed head and tail domains become activated to inter-
act with other molecules. In epithelial cells infected with Shigella, vinculin
is recruited to the bacterial surface as well as to the actin comet tail elon-
gated from motile bacteria in infected cells (Suzuki et al., 1996). Laine et al.
(1997) revealed that the recruited vinculin is cleaved, leaving the head portion,
which interacts with VirG along with vasodilator stimulating phosphoprotein
(VASP) and profilin. Thus, the complex formed in the vicinity of the bac-
terium seems to contribute to enhancing the growth of barbed ends of actin
filaments. Microinjection of the vinculin head portion into Shigella-infected
cells stimulates the bacterial motility (Laine et al., 1997). In fact, the speed at
which E. coli expressing VirG induce formation of the actin tail in vinculin-
depleted Xenopus egg extracts is shown to be significantly decreased to less
than 30% of the original level (Suzuki, unpublished data). Thus, vinculin
appears to contribute to Shigella-inducing actin assembly such as through
interaction with VASP, because VASP recruits profilin (Fig. 2.6). Alterna-
tively, existing actin filaments bound by vinculin at the bacterial surface may
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Figure 2.7. Functional domains of N-WASP, WASP, and WAVE2 and molecules that
interact with these proteins (Takenawa and Miki, 2000).

facilitate actin nucleation mediated by the Arp2/3 complex interacting with
the VirG-N-WASP complex.

N-WASP

N-WASP is a member of the WASP and WAVE family, which includes
human WASP, Saccharomyces cerevisise WASP-like protein Las17p/Beelp,
and WAVE1, WAVE2, and WAVE3 proteins (Takenawa and Miki, 2000).
WASP and WAVE family proteins integrate upstream signaling events with
changes in the actin cytoskeleton by means of the Arp2/3 complex. Fig-
ure 2.7 shows the functional structures of N-WASP, WASP, and WAVE2,
and molecules to which they bind (Takenawa and Miki, 2000). The expres-
sion of WASP is limited to hematopoietic cells, whereas N-WASP and WAVEs
are ubiquitously expressed in host cells including epithelial cells. N-WASP
has been implicated both in the formation of filopodia and in the actin-based
motility of intracellular Shigella, whereas WAVEs are involved in formation
of lamellipodia and membrane ruffling. N-WASP and WASP possess several
distinctive domains: a homology (WH1) domain that binds PtdIns(4,5)P,, a
domain composed of basic amino acids, a GTPase binding domain (GBD)
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that binds Cdc42, a proline-rich region (PRR), a G-actin-binding verprolin ho-
mology (V) domain, a domain (C) with homology to the actin-depolymerizing
protein cofilin, and finally a C-terminal acidic (A) segment (Fig. 2.7). The
C-terminal VCA domain mediates the interaction with the Arp2/3 com-
plex, by which the Arp2/3 complex is activated, thus mediating actin
polymerization.

In Shigella-infected cells, N-WASP, but not the other members of the
WASP family, accumulates at the pole of the intracellular bacterium assem-
bling an actin comet tail (Suzuki et al., 2002). Functional assays using the
ectopic expression of dominant negative N-WASP in mammalian cells or
immunodepletion in Xenopus egg extracts revealed that N-WASP is an essen-
tial host component for mediating the actin-based muotility of intracellular
Shigella (Suzuki et al., 1998). Of note, none of the WASP family proteins as-
sociate with the surface of intracellular L. monocytogenes including the actin
tails (Suzuki et al., 2002). The binding of Shigella VirG to WASP family pro-
teins is limited to only N-WASP. With the use of a series of chimeras obtained
by swapping the N-WASP and WASP domains, the specificity of VirG to in-
teract with the N-terminal WH1 region of N-WASP was found to serve as
the critical ligand (Suzuki et al., 2002). Consistent with this, hematopoietic
cells such as J774 cells (mouse macrophages), human monocytes, PMNs, or
platelets express WASP predominantly but not N-WASP, which cannot sup-
port the actin-based movement of intracellular S. flexneri (Egile et al., 1999;
Suzuki et al., 2002). This was also confirmed by use of N-WASP-deficient
embryos (Snapper et al., 2001).

Cdc42

In vitro studies have indicated that activation of N-WASP in cells re-
quires the binding of Cdc42 to the GBD motif of N-WASP (Miki et al., 1996;
Rohatgi et al., 1999, 2000). This binding inhibits the intramolecular interac-
tion between the C-terminal acidic amino acids and the basic amino acids
near the GBD, thus causing the unfolding of N-WASP into the activated form.
Furthermore, when N-WASP interacts with a fragment of VirG encompass-
ing residues 53-503 of VirG, the N-WASP-Arp2/3 complex-mediated actin
nucleation can also be stimulated without Cdc42 in vitro (Egile et al., 1999).
The ability of VirG to activate N-WASP without Cdc42 was also observed by
using Clostridium difficile Tcd-10463, which inhibits Rho GTPases; however,
the actin tails are significantly shorter in the presence of the exotoxin than
in infected cells without the toxin, implying that actin assembly by Shigella
is partly affected by toxin (Mounier et al.,, 1999). A later study, however,
strongly indicated that cellular Cdc42 is required for the actin-based motility
of Shigella in infected cells (Suzuki et al., 2000). Microinjection of activated



Cdc42 accelerates Shigella motility, whereas inhibiting Cdc42 activity, for
example by adding Rho GDI, a guanine nucleotide dissociation inhibitor,
into cell extracts greatly reduces bacterial motility. In pyrene actin polymer-
ization assays, VirG-N-WASP-Arp2/3 complex is insufficient to express the
full activity for polymerizing actin; rather, in the presence of activated Cdc42,
the actin nucleation activity is remarkably stimulated. In fact, Cdc42 can be
accumulated at one pole of Shigella in the process of initiating movement
in infected cells. Importantly, Cdc42 is not accumulated on motile Shigella
possessing an actin tail in the infected cells, implying that Cdc42 seems to be
no longer necessary after a steady speed has been reached, at which stage the
VirG-N-WASP-Arp2/3 complexes would be constitutively activated. These
studies have thus indicated that Cdc42 takes part in initiating the actin-based
motility of intracellular Shigella in epithelial cells.

Arp2/3

VirG expressed on the bacterial surface in host cells can directly recruit
and activate N-WASP, which in turn recruits and activates the Arp2/3 com-
plex. Consequently, the VirG-N-WASP-Arp2/3 complex formed at one pole
of the bacterium can mediate actin nucleation and elongation (Fig. 2.6). To
initiate actin nucleation, the Arp2/3 complex is activated upon physical inter-
action with the VCA region of N-WASP. With the aid of other host factors, the
VirG-N-WASP-Arp2/3 complex mediates rapid actin filament growth at the
barbed end, including cross-linking between the elongated actin filaments.
In this way Shigella can gain a propulsive force in the host cytoplasm, where
some motile bacteria impinge on the host plasma membrane, leading to the
extension of membranous protrusions. Through these protrusions that pen-
etrate neighboring cells, Shigella further move into adjacent epithelial cells by
disrupting the double membranes with the secreted proteins (Suzuki et al.,
1994; Schuch et al., 1999). In a reconstitution experiment supporting the
actin-based motility of Shigella with pure proteins, host factors required
for Shigella movement were confirmed to include actin, Arp2/3 complex,
and N-WASP (Loisel et al., 1999). In addition, actin depolymerization factor
(ADF)/cofilin, capping protein, and profilin are also indicated to be involved
in the regulation of actin turnover and stabilization of the actin tail (Loisel
etal., 1999; Mimuro et al., 2000). Several other actin-associated proteins, such
as plastin (fimbrin), filamin, VASP, zyxin, ezrin, CapZ, Nck, and WASP in-
teracting protein (WIP), have also been identified as being localized to the
actin tail or at the posterior end of intracellular bacteria. However, whether
or not these host factors are functionally required for Shigella movement in
infected cells awaits further study.
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Profilin

Profilin binding to actin facilitates the formation of ATP-actin
monomers, the form of actin to be assembled into the free barbed ends of
actin filaments. Profilin can interact with various proteins, notably proteins
with a proline-rich sequence, such as N-WASP, VASP, MENA, p140mDia,
WAVE/Scar, and Arp2/3 complex (Suzuki and Sasakawa, 2001). In a reconsti-
tution assay in vitro, profilin and VASP (for Listeria) were shown to enhance
bacterial motility but were not essential, suggesting that recruited profilin
helps to increase the local concentration of ATP-actin (Loisel etal., 1999). Pro-
filin exists in two isoforms in mammalian cells, profilin I and II, with profilin
I having a greater affinity for N-WASP (Kd = 60 nM) than profilin IT (Kd = 400
nM). Hence, the role of profilin I in the actin-based motility of intracellular
Shigella has recently been investigated (Mimuro et al., 2000). Upon overex-
pression of a profilin H133S mutant defective in interaction with the PRR of
N-WASP including poly-L-proline, Shigella motility is significantly decreased.
Similarly, the depletion of profilin from Xenopus egg extracts results in a de-
crease in bacterial motility that is rescued by adding back profilin I but not
H133S mutant. Consistent with this, on overexpression of an N-WASP mu-
tantlacking the PRR unable to interact with profilin, the actin tail formation of
intracellular Shigella is abolished. In N-WASP-depleted extracts, the addition
of wild type N-WASP but not the N-WASP mutant restores bacterial motility,
indicating that profilin associated with N-WASP is an essential host factor for
supporting rapid movement of intracellular Shigella (Mimuro et al., 2000).

CONCLUSION

Invasion of epithelial cells by Shigella is a highly dynamic cellular event
that occurs through the complicated interaction between bacterial effectors
and target host factors. Shigella-directed internalization requires large-scale
membrane ruffling, which eventually leads to a phagocytic event. In pro-
moting the host cellular events including the subsequent infectious steps,
the roles of effectors such as IpaA, IpaB, IpaC, IpgD, and VirA delivered
by means of the TTSS are crucial. However, many other putative effectors
secreted by the TTSS (Buchrieser et al., 2000) must also be involved in al-
most the entire stage of infection, including modulation of host immune
responses. Furthermore, it is thought that targeting of the host factors by
bacterial effectors during infection would appropriately be operated by the
pathogen, for which the timing and amounts of effectors to be secreted by
means of the TTSS may be stringently controlled at a posttranslational or



cotranslational level, depending on the stage of Shigella infection (Blocker et
al., 2003). Clearly, we must await further study to elucidate the role of all of the
effectors in each stage of Shigella infection, including the secretion control
system. Such information is needed for better understanding of the sophis-
ticated bacterial infectious strategy and host inflammatory responses, which
are prerequisite for the development of both a novel safer Shigella vaccine
and a suitable animal model to study the disease.
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CHAPTER 3

How Yersinia escapes the host: To Yop
or not to Yop

Geertrui Denecker and Guy R. Cornelis

The genus Yersinia contains three species of Gram-negative bacteria that are
pathogenic for humans: Y. pestis, the agent of bubonic plague; Y. pseudotu-
berculosis, causing mesenteric adenitis and septicemia; and Y. enterocolitica,
causing gastrointestinal syndromes (enteritis and mesenteric lymphadeni-
tis). Bacteria from these three species have a tropism for lymphoid tissues and
share the common capacity to resist the innate immune response. Whereas
Y. pestis is generally inoculated by a fleabite or aerosol, Y. enterocolitica and
Y. pseudotuberculosis are foodborne pathogens, which gain access to the under-
lying lymphoid tissue (e.g., Peyer’s patches) of the intestinal mucosa through
M cells (Fig. 3.1; see Autenrieth and Firsching, 1996; Perry and Fetherston,
1997). Once Yersinia has entered the lymphoid system, it overcomes the pri-
mary immune response of the host by using the type III secretion system
(TTSS) (Cornelis et al., 1998; Cornelis, 2002). TTSS is a sophisticated viru-
lence mechanism by which Gram-negative pathogens inject effector proteins
directly into host cells. Currently, more than 20 different TTSSs have been
described in animal, plant, and even insect pathogens (Hueck, 1998; Galan
and Collmer, 1999; Cornelis, 2000; Buttner and Bonas, 2002).

Depending on the effectors injected, the employment of the TTSS will
have a different outcome. Some, like the Mxi—Spa system of Shigella flexneri
or the Salmonella pathogenicity island 1 (SPI-1) system of Salmonella enterica,
make use of the innate immune system of the host to enhance the proinflam-
matory response and to trigger phagocytosis by normally nonphagocytic cells,
whereas others, such as the pathogenic Yersinia Ysc—Yop system, essentially
paralyze the innate immune response of the host (Galan, 2001; Sansonetti,
2001; Cornelis, 2002; Juris et al., 2002). The Yersinia TTSS becomes acti-
vated upon contact with eukaryotic cells and directs effector proteins — called
Yops — over the bacterial membranes. Some of the Yops form a kind of
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Figure 3.1. Model showing the interaction of Yersinia with an eukaryotic cell.
At 37°C and upon contact of Yersinia with its eukaryotic target cell, the adhesins YadA or
Inv interact with the 81-integrins and other extracellular matrix proteins at the cell surface,
and Yersinia attaches tightly to the cell membrane. The Ysc injectisome is installed and
the Yop translocators and effectors, some of which are intrabacterially capped with a
chaperone, are transported through the bacterial inner and outer membranes by the Ysc
injectisome. The translocators Yops, YopB, YopD, and LcrV form a pore in the target cell
membrane, through which the effector Yops are translocated into the cell cytosol. Four
effector Yops with different enzymatic functions (YopE, a Rho GTPase-activating protein,
YopT, a cysteine protease, YopO/YpkA, a serine/threonine kinase, and YopH, a pro-
tein tyrosine phosphatase) will cooperatively lead to the destruction of the actin cytoskeleton,
(cont.)



translocation pore in the eukaryotic target cell membrane, whereas the other
Yops are effector proteins that are delivered through this pore into the cy-
tosol of the target cell. At least six different Yop effectors are injected by
the secretion translocation apparatus, five of which have been shown to play
an important role in the defense against the innate immune response (Fig.
3.2). In this chapter we discuss how Yersinia escapes the host immune re-
sponse after initial invasion of the intestinal mucosa by (i) its strong resis-
tance to phagocytosis, which is caused by the concerted action of YopE, YopH,
YopO (called YpkA in Y. pseudotuberculosis and Y. pestis), and YopT, (ii) its ca-
pacity to block the proinflammatory response induced by different immune
cells, caused by the action of YopP (called Yop] in Y. pseudotuberculosis and
Y. pestis) and YopH, and (iii) its ability to induce cell death of the macrophage,
promoted by YopP/] (DeVinney et al., 2000; Aepfelbacher and Heesemann,
2001; Cornelis, 2002; Juris et al., 2002; Orth, 2002).

THE YERSINIA VIRULENCE SYSTEM
Ysc—Yop Il secretion system

The Ysc—Yop type III secretion machinery present in all pathogenic
Yersinia is encoded by a 70-kDa virulence plasmid, which harbors the genes
for the Ysc (for Yop secretion) secretion apparatus or Ysc injectisome, for
an array of proteins secreted by this apparatus — called Yops (for Yersinia
outer proteins) — and for a set of proteins controlling the system (Cornelis
et al., 1998). The Ysc injectisome is composed of a large dual-ring structure
spanning the bacterial inner and outer membrane, which resembles the flag-
ellum basal body. This structure is associated with a needle-like complex that
extends outside the bacterium. It mediates the secretion of the Yop effector
proteins (YopE, YopH, YopO/YpkA, YopT, YopP/J, and YopM), a structural
component of the needle (YscF), and the components of a translocation appa-
ratus, which are YopB, YopD, and LcrV (Cornelis et al., 1998; Cornelis, 2002;
also see Fig. 3.2). The latter proteins are inserted into the host membranes
and form a kind of pore, which allows the delivery of the Yop effector proteins
into the cytosol of the cell. Whether the Ysc injectisome and the translocation

Figure 3.1. (cont.) and by doing so contribute to the antiphagocytic action of Yersinia. Two
Yops (YopH and YopP/]) are involved in the downregulation of the proinflammatory
response of the immune cells, and YopP/] will also lead to the induction of apoptosis in
macrophages. YopM, a protein containing several leucine-rich repeats, is translocated to
the nucleus; however, its function remains unclear. PP = Peyer’s patches.
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Figure 3.2. Schematic representation of entry routes during Yersinia infection in humans.
Y. pestis is generally inoculated by fleabites or aerosol and enters the bloodstream directly.
Y. enterocolitica and Y. pseudotuberculosis are both foodborne pathogens and enter the
underlying lymphoid tissue (e.g., Peyer’s patches) of the intestinal mucosa through M
cells. Once Yersinia has reached the lymphoid system, the plasmid-encoded effector Yops
allow the bacteria to avoid phagocytosis and actively downregulate the proinflammatory
response in order to promote their extracellular survival. OM = outer membrane;

P = periplasm; IM = inner membrane; LRR = leucine-rich repeat.

pore form a continuous channel connected by the needle is currently being
investigated.

Type I1I-dependent protein secretion in Yersinia is a tightly regulated
process, and several regulatory circuits control both the expression of the
injection system and the injection of the Yop effector proteins itself. The first
level of regulation involves temperature. Although growth of Yersinia is un-
affected by low temperatures, such as those found in contaminated food
(Y. enterocolitica and Y. pseudotuberculosis) or the stomach of the fleas
(Y. pestis), the expression of Yop effector proteins is repressed at these low
temperatures. It is only at 37°C that a stock of intracellular Yops is synthe-
sized and the Ysc injectisome is installed. However, the injectisome remains
closed and a mechanism of feedback inhibition prevents a deleterious accu-
mulation of Yops (Cornelis et al., 1987). This first level of regulation involves
at least two proteins: a plasmid-encoded transcriptional activator, VirF, and
a chromosome-encoded histone-like protein, YmoA (Cornelis et al., 1991;



Lambert de Rouvroit et al., 1992; Rohde et al., 1999). A second level of regu-
lation is close contact with the host cell membrane, which is established by
the bacterial adhesins Inv, YadA, and Ail (Pettersson et al., 1996). It is only at
37°C and upon contact with the eukaryotic cell that the injectisome is opened,
the negative feedback regulation is relieved, and Yersinia starts to inject its
effectors into the cytosol (Francis et al., 2002; Miller, 2002). Yop proteins
destined to be secreted have no classical signal sequence that is cleaved off
during secretion, but nevertheless their N-terminal part (~15 amino acids
or codons) contains the information that is necessary for secretion (Michiels
etal., 1990; Sory et al., 1995; Anderson and Schneewind, 1997).
Furthermore, some secreted proteins require the binding of a special-
ized cytosolic chaperone, called Syc (specific Yersinia chaperone), to be se-
creted (Wattiau et al., 1996). The loss of a chaperone results in the inefficient
secretion of its cognate partner, while the secretion of other proteins re-
mains unaffected. Chaperones do not share a general homology, but they
do share common properties of being small (less than 20 kDa), being acidic
(pI ~4-5), and possessing a C-terminal amphipatic helix. The Syc chaper-
ones have been proposed to act as (i) bodyguards, preventing degradation or
premature association of their target; (ii) secretion pilots, being part of the
signal for recognition of their substrates by the export machinery; (iii) hier-
archy factors, establishing a hierarchy for Yop delivery into its host cell; or
(iv) antifolding factors, maintaining their substrate in a secretion-competent
state (Frithz-Lindsten et al., 1995; Cheng and Schneewind, 1999; Boyd et al.,
2000; Stebbins and Galan, 2001; Lee and Schneewind, 2002; Wulff-Strobel
et al., 2002; Feldman et al., 2002). However, at this stage it is premature to
decide which of these functions accounts for the need of chaperones.

Other virulence mechanisms and TTSS present
in Yersinia species

In addition to the 70-kb virulence plasmid encoding the Ysc—Yop TTSS,
Y. pestis harbors two unique plasmids encoding essential virulence determi-
nants. The 9.5-kb plasmid (pPst/pPCP1) contains the Pla protease, which
enables the spread of Y. pestis from subcutaneous infection sites into the
circulation (Perry and Fetherston, 1997). Pla has been shown to exhibit
coagulase activity and can also activate plasminogen into plasmin. It has
also been reported that Pla can serve as an adhesion-promoting factor for
Y. pestis (Cowan et al., 2000). The 100- to 110-kb plasmid (pFra/pMT1) en-
codes the murine toxin Ymt, a phospholipase D family member, and the
fraction 1 (F1) capsule-like protein (Perry and Fetherston, 1997). Ymt has
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recently been shown to be an essential factor for the survival of Y. pestis
in the midgut of the flea (Hinnebusch et al., 2002), and F1 has been sug-
gested to be involved in the antiphagocytic activity of Y. pestis and to re-
duce the number of bacteria that interact with the macrophages (Du et al.,
2002).

In mammals, the level of free iron is too low to sustain bacterial growth;
therefore, pathogens possess siderophores that can solubilize the iron bound
to host proteins and transport it to the bacteria. Y. pestis, Y. pseudotuberculosis,
and high-virulence Y. enterocolitica strains carry a chromosomally encoded
high pathogenicity island (HPI), which comprises genes involved in the syn-
thesis of a siderophore called yersiniabactin (Heesemann et al., 1993; Carniel,
2001). This capacity to acquire iron is an essential virulence determinant for
the invading Yersinia bacteria, and it endows them with the ability to multiply
in the host and cause systemic infections.

Recently a second TTSS of Y. enterocolitica, called Ysa (for Yersinia
secretion apparatus) and its substrates for secretion — Ysp proteins — has
been described (Haller et al., 2000; Foultier et al., 2002). Interestingly, the
chromosome-encoded Ysa-Ysp TTSS of Y. enterocolitica is similar to the Mxi—
Spa TTSS of Shigella and to the SPI-1 encoded TTSS of S. enterica, but it
is different from another chromosome-encoded TTSS of Y. pestis (Parkhill
et al., 2001). In addition, the ysa locus is only present in the high-virulence
biotype 1B strains of Y. enterocolitica and, at least in laboratory conditions,
is only operational at low temperature (Haller et al., 2000; Foultier et al.,
2002). Whether this Ysa TTSS plays a role in the high-virulence phenotype of
Y. enterocolitica or in a yet to be identified cold-blooded host is unclear at the
moment and awaits further in vivo experiments.

FIRST CONTACT

Interaction of the enteropathogenic Y. enterocolitica and
Y. pseudotuberculosis with M cells

Y. enterocolitica and Y. pseudotuberculosis possess two different adhesins:
the chromosomally encoded Inv (Invasin) and the pYV plasmid-encoded
YadA (Yersinia adherence protein A; see Boland and Cornelis, 2000). They me-
diate initial adhesion, uptake, and translocation of the bacteria through the
M cells, covering the Peyer’s patches, to the underlying lymphoid tissues,
where the bacteria remain extracellular, multiply, and eventually migrate to
deeper tissues such as liver and spleen (Fig. 3.1; also see Sansonetti, 2002).
The Inv protein has been shown to be important for the initial step of inva-
sion by its strong interaction with host B;-integrin expressed on the apical



membranes of the M cells (Pepe and Miller, 1993; Berton and Lowell, 1999;
Schulte etal., 2000). The cytoplasmic domain of integrins will transmit signals
to the cell cytoskeleton that mediate internalization of Yersinia by a “zipper-
ing” process (Isberg et al., 2000). As epithelial cells only express integrins at
their basal membrane, the enterocytes are not expected to be heavily invaded
during oral infection. Indeed, an analysis of intestines of infected mice shows
that Y. enterocolitica is only found in sections that contain Peyer’s patches.
This indicates that M cells, rather than enterocytes, form the major port of
entry for Yersinia.

After this initial step of invasion, the YadA protein seems to be the pre-
dominant adhesin, mediating adherence through interaction with extracel-
lular matrix proteins such as fibronectin and collagen (El Tahir and Skurnik,
2001). YadA also protects Y. enterocolitica against the bactericidal and opso-
nizing action of complement by binding complement factor H (China et al.,
1993). Once the dome is reached, Yersiniae survive attack by professional
macrophages by injecting antiphagocytic Yops (see what follows) that disrupt
the cytoskeleton. Yersinia will thus essentially remain extracellular, which al-
lows its survival and possible Inv-mediated entry into nonphagocytic cells,
but this is not well documented.

Y. pestis enters the bloodstream immediately

Y. pestis is a pathogen primarily affecting rodents, which is usually trans-
mitted to humans by a fleabite (Fig. 3.1). When a flea ingests a blood meal har-
boring Y. pestis, the ingested Yersinia secretes a coagulase that clots the blood
and thus prevents the flea from swallowing the bacteria. Ymt, a plasmid-
encoded and intrabacterially expressed phospholipase D, protects the bac-
terium from a cytotoxic digestion product of blood plasma in the flea gut
(Hinnebusch et al., 1998; Hinnebusch et al., 2002). After multiplying in the
clotted blood, Y. pestis is transmitted efficiently into a human host when
the hungry flea repeatedly attempts to feed and the blood clot is regurgi-
tated into the host (Perry and Fetherston, 1997; Cole and Buchrieser, 2001).
The bacterium then spreads from the site of infection to the regional lymph
nodes, where it grows to high numbers and causes swelling of the lymph
node (bubo), resulting in bubonic plague. If the lymphatic system becomes
overwhelmed, the infection rapidly spreads into the lymphstream and blood-
stream, causing fatal blood poisoning, followed by colonization of all the main
organs (including the lungs). It is notable that Y. pestis lacks functional YadA
and Inv, which are present in its enteropathogenic relatives. However, some
studies indicate that Y. pestis may invade and cause systemic infection from
digestive and aerogenic routes of infection.
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HOW YERSINIA ESCAPES THE HOST: TO YOP OR NOT TO YOP
Inhibition of phagocytosis

When a nonpathogenic bacterium enters the host organism, it is usually
engulfed by professional phagocytes, such as macrophages, neutrophils, or
dendritic cells (May and Machesky, 2001; Underhill and Ozinsky, 2002a).
Phagocytosis of a bacterium is usually preceded by the activation of many
signaling pathways, causing rearrangement of the actin cytoskeleton, exten-
sion of the plasma membrane, and finally engulfment. Members of the Rho
family GTPases (Cdc42, Rac, and Rho) play a central role in this process, as
they are key regulators of the actin cytoskeleton dynamics associated with ad-
hesion, membrane ruffling, and stress fiber formation (Hall, 1998; Bar-Sagi
and Hall, 2000; Chimini and Chavrier, 2000). Furthermore, the formation of
focal adhesion complexes, mediated by the action of paxillin, p130Cas, and
focal adhesion kinase (FAK), at points of contact with bacteria may also play a
role in phagocytosis (Greenberg et al., 1993; Allen and Aderem, 1996; Berton
and Lowell, 1999). Finally, the phosphoinositide 3-kinase (PI3K), phospholi-
pase C (PLC), and protein kinase C (PKC) signaling pathways are integration
points for regulating phagocytosis. Pathogenic Yersiniae subvert several of
these pathways by injecting YopE, YopT, YopO/YpkA, and YopH. This en-
sures an extracellular lifestyle and propagation in the host. It was recently
demonstrated that deletion of either YopE, YopT, YopO/YpkA, or YopH ren-
ders Yersinia more susceptible to phagocytosis by macrophages and PMNs,
and thus that the concerted action of all four antiphagocytic Yops is necessary
for full protection against phagocytosis (Grosdent et al., 2002).

YopE

Translocation of YopE into mammalian cells leads to a cytotoxic re-
sponse, characterized by rounding up of the cells and detachment from the
extracellular matrix (Rosqvist et al., 1990). YopE is one of the earliest iden-
tified Yop effectors that has an inhibitory effect on the actin cytoskeleton by
inactivation of the Rho family GTPases (Figs. 3.3 and 3.4A; also see Black and

Figure 3.3. (facing page). Structural diagrams of the Yop effectors and their enzymatic
function. Except for YopM, which is an LRR protein of unknown function, the enzymatic
function of all the effector Yops has been identified, as indicated. The amino acids
important for their catalytic function are depicted. All six Yop effectors have a short
N-terminal secretion signal (~15 amino acids or codons), which is necessary for their
secretion. Three of them (YopE, YopT, and YopH) also contain a chaperone-binding site.

®

dOX OL ION ¥0O dOX OL :ISOH HHL SIdVDSH VINIS¥TXA MOH



Integrin s
FR Ecu Yersinia
YopE
YopT ' YpkA
GTP GTP GTP
2% W %
YopE Rho Rac Cdc42
YopT Inhibition of
phagocytosis Filopodia Lamellipodia Stress fiber
YpkA micfaspikes membiana uffes formation
Actin-based
Cytoskeletal rearrangements
RTK Yersinia Integrin
e.g. TLR, TCR... ECM ?
3
E) el e PSP wus.;s)Kvé/PDm Src =
PI3K FAK y!
; 2V P lpss (PISK & Qs il p130cas B\ SKAP-HOM
~ ~ p110 P YopH > P) /A B
o / /v’\
I} L)
- 1 4
=} ” ¥
U YopH GSK3 YopH YopH
a P Actin-based
5: Cytoskeletal rearrangements
~ PFKHF{
%)
2 MCP-1 YopH Inhibition of phagocytosis
5 IL-2 Downregulation of inflammation
[a]
—
=)
& C L.
2 Yersinia LS N
o or other bacterial signals —.
@ TLR
8«
B
YopP/J = =
g <_/—Q-—/ 2
Casp-8
YopP/J PN
£J — GEd YopP/J iKKp (-
4 Y - }o YopP/J YopP/J
) = | XFo+X] + ' hrS o
o ? kB~ —»
t ? ? NEog MAPK
® De-sumoylation ~ ?
@patl De-ubiquitinylation
Casp-9
Casp-8/7 Downregulation of inflammation
YopP/J . . "
Induction of macrophage apoptosis Proinflammatory cytokine production
APOPTOSIS Production of survival genes

Figure 3.4. Molecular mechanism of the Yop effectors in the host cell. (A) Antiphagocytic
action of YopE, YopT, and YopO/YpkA. Upon contact of Yersinia with a phagocytic
receptor, the Rho family members (Rho, Rac, and Cdc42) are targeted to the cell
membrane and converted to their GTP-activated state, which promotes actin
polymerization and facilitates phagocytosis. YopE, acting as a GAP, will transiently

(cont.)



Bliska, 2000; Von Pawel-Rammingen et al., 2000). Rho GTPases are reg-
ulated at different levels (Hall, 1998; Ridley, 2001). Cytosolic GDP-bound
Rho proteins are normally posttranslationally modified by prenylation at the
C-terminus, which is important for their translocation to the cell membrane.
The guanine nucleotide exchange factors (GEFs) induce the release of bound

Figure 3.4. (cont.) downregulate Rho, Rac, and Cdc42 by converting them into the
inactive GDP-bound state. The YopT cysteine protease cleaves the C-terminus of Rho,
Rac, and Cdc42, removing the prenyl group of the Rho GTPases and liberating them from
the plasma membrane. The YopO/YpkA serine/threonine kinase becomes
autophosphorylated upon contact with actin and interacts with Rho and Rac; however, its
real cellular target is unknown. The concerted action of these three Yops will lead to a
destruction of the actin cytoskeleton network and in this way inhibit phagocytosis. FR,
phagocytic receptor; ECM, extracellular matrix. (B) Antiphagocytic and anti-inflammatory
action of YopH. The interaction between Yersinia and the eukaryotic cell surface causes a
rapid tyrosine phosphorylation of adhesion complexes to mediate uptake of Yersinia. To
exert its antiphagocytic role, the phosphotyrosine phosphatase YopH is targeted to the
focal adhesion complexes, where it dephosphorylates proteins such as the FAK, p130Cas,
and paxillin, and to other not yet well-characterized adhesion-regulated complexes in
macrophages to dephosphorylate Fyb and SKAP-HOM. By inhibition of the PI3K/Akt
signaling pathway, YopH also contributes to the downregulation of the inflammatory
response. Upon infection, Akt is activated and will phosphorylate several proteins that are
involved in apoptosis, cellular proliferation, and cytokine/chemokine production, such as
glycogen synthase kinase 3 (GSK3) or the transcription factors of the forkhead family (e.g.,
FKHR), and locks them in their phosphorylated inactive state. Inhibition of this pathway
by YopH is presumably responsible for the inhibition of T-cell proliferation, IL-2
production, and MCP-1 production. PTEN, phosphatase and tensin homologue deleted on
chromosome 10; PDK1, phosphoinositide-dependent kinase-1; RTK, receptor tyrosine
kinase; TCR, T-cell receptor. (C) Model showing the anti-inflammatory and proapoptotic
role of YopP/]. YopP/] downregulates of the inflammatory response by binding to and
preventing the activation of members of the MAP kinase kinase (MKK) family and of
IKKB. By blocking both these pathways, YopP/] efficiently shuts down multiple kinase
cascades and the cytokine induction required by the host cell to respond to a bacterial
infection. YopP/] is also responsible for the induction of apoptosis of macrophages, which
probably involves both the downregulation of survival genes and the activation of the
apoptotic cascade upstream of Bid, presumably by interfering with a signaling pathway
triggered from the TLRs. The cysteine protease activity of YopP/J is necessary for both the
downregulation of the inflammatory response and the induction of apoptosis of
macrophages. However, exactly how the YopP-de-sumoylating (de-ubiquitinylating?)
activity is interrelated with the inhibition of the MKKs and IKKS and the induction of
apoptotic pathways awaits further research. See color section.
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GDP and thereby allow binding of GTP. This results in the activation of the
Rho proteins at the cell membrane and binding to their downstream target.
Inactivation of Rho GTPases is regulated by guanine nucleotide dissociation
inhibitors (GDIs) and GTPase-activating proteins (GAPs).

The former produce an inactive complex with the Rho proteins in the
cytosol by masking the prenyl group, and the latter induce the hydrol-
ysis of the bound GTP to GDP, thereby returning the Rho proteins to
their inactive form. During phagocytosis the reorganization of the actin cy-
toskeleton is orchestrated by these Rho family GTPases: Rho controls stress
fiber formation and actin-myosin-based contractility; Cdc42 drives the for-
mation of actin-rich filopodia; and Rac promotes the formation of lamel-
lipodia and membrane ruffles (Hall, 1998). Therefore, they represent ideal
targets for bacterial virulence factors, as their inactivation would block phago-
cytosis and allow the extracellular survival of bacterial. The C-terminal effec-
tor domain of YopE mimics the activity of eukaryotic GAP, which results
in a transient downregulation of the Rho GTPases, and in this way leads to
the disruption of the actin cytoskeleton and consequently the inhibition of
phagocytosis (Black and Bliska, 2000; Von Pawel-Rammingen et al., 2000).

However, although it was shown in vitro that YopE has GAP activity
toward Rho, Rac, and Cdc42, whether these three Rho proteins are all inacti-
vated in every cell type, or whether there might be other Rho family members
that could be in vivo substrates, awaits further analysis. One clue for the speci-
ficity of YopE came from a study on human umbilical vein endothelial cells,
where it was shown that YopE acted selectively on the Rac-mediated pathways
but had no effect on Cdc42- or Rho-dependent signaling (Andor et al., 2001).
It should be noted that YopE shares a high degree of structural similarity
with the GAP domains of Exoenzyme S (ExoS) of Pseudomonas aeruginosa
and SptP from S. typhimurium, but it has no obvious structural similarity
with known mammalian functional GAP homologs (Evdokimov et al., 2002),
suggesting that they could have evolved separately.

As mentioned before, the Yersinia type I1I weapon includes a pore, nec-
essary to translocate the effectors into the host (Cornelis et al., 1998; Cornelis,
2002). In a current model the translocation pore is filled by the Yop effectors
themselves (Hakansson et al., 1996b). However, recently it has been pro-
posed that apart from its antiphagocytic role, injected YopE would also play
a role in minimizing plasma membrane damage caused by pore formation
(Viboud and Bliska, 2001). The GAP function of YopE was demonstrated to
be necessary in preventing pore formation, suggesting that pore formation
itself needs the activation of Rho GTPases.



YopT

The most recently identified effector modulating the Rho family of
GTPases is YopT (Figs. 3.3 and 3.4A). Infection of mammalian cells with
a Y. enterocolitica strain only expressing the YopT effector leads to rounding
up of the cell and disruption of the cytoskeleton, which contributes to the
antiphagocytic activity of YopT (Iriarte and Cornelis, 1998; Grosdent et al.,
2002). Translocation of YopT into host cells leads to a modification of RhoA,
resulting in an acidic shift in its pI and redistribution of membrane-bound
RhoA toward the cytosol (Zumbihl et al., 1999). In addition, incubation of
purified cell membranes or artificial lipid vesicles containing RhoA with
purified YopT leads to the release of RhoA to the supernatant (Sorg et al.,
2001). The mechanism of action of YopT was recently unraveled by Shao and
coworkers, who demonstrated that Yersinia YopT, as well as its homologue
AvrPphB from P. aeruginosa, belong to a family of cysteine proteases (Shao
et al., 2002). YopT recognizes the posttranslational modified Rho GTPases
(Rho, Rac, and Cdc42) and proteolytically cleaves them near the C-terminus,
which leads to their release from the cell membrane. This cleavage removes
the prenyl group of the Rho GTPases and results in an irreversible inactiva-
tion of the targeted Rho GTPases, whereas the action of YopE (GAP) can be
reverted by the GEFs within the cell.

YopO/YpkA

The YopO/YpKA effector is an autophosphorylating serine/threonine
protein kinase that modulates the cytoskeleton dynamics (Figs. 3.3 and 3.4A)
and also contributes to resistance to phagocytosis (Galyov etal., 1993; Hakans-
son et al., 1996a; Grosdent et al., 2002). YopO/YpKA is produced as an in-
active kinase, which becomes activated after translocation into the host cell
upon binding to actin (Dukuzumuremyi et al., 2000; Juris et al., 2000). The
N-terminal part of YopO/YpkA contains the kinase domain, whereas the C-
terminal part of the kinase binds to actin. The C-terminal part also contains
sequences that bear similarity to several eukaryotic RhoA-binding kinases,
and it binds to RhoA and Rac but not to Cdc42 (Barz et al., 2000; Dukuzu-
muremyi et al., 2000). The kinase domain is required to localize YopO/YpkA
to the plasma membrane, whereas the C-terminal part is responsible for its
effect on the actin cytoskeleton in Yersinia-infected cells (Dukuzumuremyi
et al., 2000; Juris et al., 2000). However, although YopO/YpkA has a clear
effect on the actin cytoskeleton, its real cellular target is unknown and awaits
further investigation.

®

dOX OL ION ¥0O dOX OL :ISOH HHL SIdVDSH VINIS¥TXA MOH



®

GEERTRUI DENECKER AND GUY CORNELIS

YopH

The fourth antiphagocytic Yop is the multifunctional YopH. The 51-kDa
YopH effector protein is composed of two functional domains: the C-terminal
part (residues 206-468) has a structure similar to the one of mammalian
phosphotyrosine phosphatases (PTPases; see Guan and Dixon, 1990), and the
N-terminal part (residues 1-130) is the binding site of YopH to its substrate
(Fig. 3.3; also see Black et al., 1998). Part of this latter domain (residues 20-69)
isalso the binding domain for its chaperone SycH, necessary for translocation
into the eukaryotic cell (Wattiau et al., 1996). Upon interaction of the Yersinia
surface protein Inv with 81-integrin on the cell surface of epithelial cells, there
is a rapid tyrosine phosphorylation of proteins of focal adhesion complexes
(Persson et al., 1997).

Translocation of YopH into epithelial cells leads to the dephosphory-
lation of proteins from these focal adhesion complexes, such as the dock-
ing proteins p130Cas and paxillin and the FAK (Black and Bliska, 1997;
Persson etal., 1997). Similarly, in macrophages, contact also induces tyrosine
phosphorylation of proteins of adhesion complexes (Andersson et al., 1996).
Targeting of YopH into macrophages also leads to a rapid dephosphorylation
of p130Cas and paxillin (Hamid et al., 1999). In addition, in macrophages
YopH will also lead to dephosphorylation of the Fyn-binding protein (FBP)
and the scaffolding protein SKAP-HOM, which have been shown to be part of
anovel adhesion-regulated signaling complex (Hamid et al., 1999; Black etal.,
2000). Dephosphorylation of these proteins contributes to the antiphagocytic
activity of YopH (Fig. 3.4B).

Besides its role as an antiphagocytic factor, YopH has also been shown
to interfere in other signaling pathways of the immune defense system, such
as downregulating the Fc-mediated oxidative burst in macrophages and neu-
trophils (Bliska and Black, 1995; Ruckdeschel et al., 1996) and blocking cal-
cium signaling in neutrophils (Andersson et al., 1999). Finally, during infec-
tion of macrophages with Y. enterocolitica, the PI3K/Akt pathway is rapidly
activated and then inactivated in a YopH-dependent way, which possibly con-
tributes to an anti-inflammatory role of YopH (Fig. 3.4B; also see following
subsection; also Sauvonnet et al., 2002a).

Inhibition of the inflammatory response and
induction of apoptosis

When a pathogen interacts with a mammalian cell, multiple receptors
will simultaneously recognize these pathogens both through direct binding
and by binding to opsonins on the microbe surface (