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Preface

Pathogenic bacteria for humans and animals have developed sophisticated
weapons, termed virulence factors, to ensure their replication and persistence
within their hosts. The first role of these virulence factors is to loosen the
host defenses against microorganisms represented by innate and adaptative
immunities. Small GTPases of the Rho subfamily have been shown to play
important functions in these systems. The chapter by B.B. Finlay is thus
devoted to the presentation of the Rho GTPases and their effectors in the
general strategies of bacterial virulence factors.

Infectious bacteria must first dock on the surface of epithelial cells to
colonize their host. Many interactions with molecules involved in epithelial
cell-cell interactions or cell substrate recognition with GTPases of the Rho
subfamily have been shown to be pivotal for processes such as formation of
focal adhesion points and tight and adherens junctions dynamics. Bacterial
virulence factors have often hijacked or domesticated the regulatory roles of
Rho GTPases to facilitate their binding to the epithelial cell. The chapter by
G. Duménil and X. Nassif focuses on how bacteria modulate their adherence
on the cell surface via Rho GTPases.

One example of how bacterial virulence factors allow microorganisms to
escape host defenses is the triggering of microbe engulfment by epithelial
cells using Rho GTPases directly. The chapter by M. Schlumberger and W.-D.
Hardt is dedicated to the pathogenic bacteria Salmonella, the paradigm of
that mechanism.

It is clear now that Rho GTPases are important elements for innate and
adaptative immunities. For instance, Rho GTPases are required for the con-
stitution of the immunological synapse. The chapter by M. Deckert et al.
therefore deals with activities of Rho GTPases during T cell receptor stimula-
tion. Another important role of Rho GTPases in host defense against infectious
microbes is their main function during engulfment of bacteria by polymor-
phonuclear leukocytes. This is discussed in the chapter by B.A. Diebold and
G. Bokoch.

Bacterial toxins have been shown to be the first microbial virulence fac-
tors to interfere with Rho GTPases. Toxins either activate or deactivate Rho
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GTPases. Furthermore, virulence factors that are not bona fide toxins but
are introduced by direct injection through bacterial needles manipulate Rho
GTPases almost similarly. The knowledge of the mode of action of toxins
and toxinlike factors that affect Rho GTPases not only has been essential to
understanding the pathogenicity of the producing microbes but the use of
these toxins and toxinlike factors as biological probes has led to major break-
throughs in cell biology. The chapter by K. Aktories and I. Just describes the
bacterial toxins inhibiting the Rho GTPases. Toxinlike bacterial virulence fac-
tors affecting Rho GTPases are described in the chapter by J.T. Baldwin and
M.R. Barbieri. The chapter by M. Aepfelbacher et al. is devoted to a virulence
factor of the bacterium Yersinia that inhibits Rho GTPases, because discovery
of the mode of action of this protein (YopT) has shown similarities between
pathogenic mechanisms in bacteria and the plant defense systems. The chap-
ter by P. Munro and E. Lemichez covers toxins known to activate Rho GTPases
such as the cytotoxic necrotizing factor of uropathogenic Escherichia coli and
their implication in bacterial strategies to colonize the host.

We hope that this volume will provide a synthesis on how the various host
cellular Rho GTPases activities are manipulated by bacteria to fulfill their
virulence and that it will be useful for the scientific community working on
cellular microbiology.

P. Boquet, E. Lemichez



List of Contents

Bacterial Virulence Strategies That Utilize Rho GTPases
B.B.Finlay ....... ... i

Extracellular Bacterial Pathogens and Small GTPases
of the Rho Family: An Unexpected Combination

G. Duménil and X. Nassif . . ..o oo v it

Triggered Phagocytosis by Salmonella: Bacterial Molecular Mimicry
of RhoGTPase Activation/Deactivation

M. C. Schlumbergerand W-D. Hardt . . .. ... ... ... . ... ... ...

Regulation of Phagocytosis by Rho GTPases
F Niedergang and P. Chavrier ............ ... iiiiiuen...

The Immunological Synapse and Rho GTPases
M. Deckert, C. Moon, and S. Le Bras . .. ... ... uuuneunennn

Rho GTPases and the Control of the Oxidative Burst
in Polymorphonuclear Leukocytes

B. A. Diebold and G. M. Bokoch . ........ .. .00 uuiunnn.

Clostridial Rho-Inhibiting Protein Toxins
K. Aktories and I JUSE . . . o oo i e e e e e

The Type III Cytotoxins of Yersinia and Pseudomonas aeruginosa
That Modulate the Actin Cytoskeleton

M. R.Baldwinand J. T. Barbieri . . ... ... ... iueinennenn.



VIII List of Contents

Modulation of Rho GTPases and the Actin Cytoskeleton
by YopT of Yersinia
M. Aepfelbacher, R. Zumbihl, and J. Heesemann . . . .............. 167

Bacterial Toxins Activating Rho GTPases
P Munro and E. Lemichez . ............. o iiiiiiiiieeen... 177

SubjectIndex. ........ ... 191



List of Contributors

(Their addresses can be found at the beginning of their respective chapters.)

Aepfelbacher, M. 167 Heesemann, ]. 167
Aktories, K. 113 Just,I. 113

Baldwin, M. R. 147 Le Bras, S. 61
Barbieri, J. T. 147 Lemichez, E. 177
Bokoch, G. M. 91 Moon, C. 61
Chavrier, P. 43 Munro, P. 177
Deckert, M. 61 Nassif, X. 11
Diebold, B. A. 91 Niedergang, F 43
Duménil, G. 11 Schlumberger, M. 29
Finlay, B.B. 1 Zumbihl, R. 167

Hardt, W.-D. 29



CTMI (2005) 291:1-10
(© Springer-Verlag 2005

Bacterial Virulence Strategies That Utilize Rho GTPases

B. B. Finlay

Biotechnology Laboratory, University of British Columbia,
Vancouver British Columbia, V6T 1Z3, Canada
bfinlay@interchange.ubc.ca.

1 Introduction . ............ i 1
2 SMallGTPAses . . . ... oottt e 2
3 Small GTPases and Bacterial Virulence Strategies . ................ 5
4 LookingAhead ........... . ... . . i 8
References . . . ..ottt ittt e e e 9

Abstract The ability to modify central host cellular functions is a major advantage to
many bacterial pathogens that use such strategies as part of their virulence mecha-
nisms. Small GTPases, including Rho GTPases, make particularly attractive targets
for pathogens because of their central roles in modulating cellular functions such as
cytoskeletal control. Such modifications of these GTPases can include direct chemi-
cal modification of the GTPase or interfacing with some of the regulatory elements
associated with GTPase control. Pathogens use these alterations in GTPase functions
for a variety of functions, including killing the host cell, mediating bacterial uptake
into the host cell (invasion), reprogramming actin to form a lesion in host cells un-
derlying adherent bacteria, to mediate intracellular survival by affecting intracellular
trafficking, or to provide polymerized actin mechanisms to propel microbes around
inside host cells and into adjacent cells. Collectively, these examples represent many
key microbial virulence mechanisms that have led to a much deeper understanding of
both microbial pathogens and GTPase functions.

1
Introduction

There are approximately 100 pathogenic microbes that cause significant dis-
ease in humans, accounting for one-third of all deaths on the planet, in addi-
tion to many other pathogens that infect other mammals, animals, and plants.
These pathogenic microbes possess many sophisticated virulence strategies
that are designed to overcome generally effective host defense mechanisms
that defend against the continual exposure to microbes [7]. Generally, these
virulence mechanisms target one or more normal host cellular processes, and
it is the collective action of these mechanisms that ultimately ends in disease.
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The choice of host processes to target are numerous: signaling mechanisms,
cell division, host immune response, phagocytosis, epithelial barrier integrity,
chemotaxis, phagosome-lysosome fusion, etc.. Most virulence factors target
a specific host molecule to mediate these effects. This entails direct contact of
the bacterial virulence factor with the appropriate host molecule, which may
be on the host cell surface or, in many cases, inside the host cell. Thus bacterial
pathogens have developed various strategies to deliver their virulence factors,
from binding to the cellular surface, being taken up by normal endocytic
routes, and then escaping the membrane bound inclusion (many toxins use
this route) to being injected directly into the host cell with specialized type III
and type IV secretion systems [11, 14] and then targeting to the appropriate
intracellular location. Recent knowledge in cell biology has advanced very
rapidly, and much of this progress is due to the use of virulence factors as
tools to study normal cellular processes. Indeed, the function of such key
cytoskeletal regulators such as Rho, N-WASP, and Arp2/3 were discovered by
using bacterial factors that modulate them.

An ideal virulence factor target should be one that controls one or more
important cellular processes, and whose manipulation will provide the in-
vading pathogen with a subsequent advantage for surviving and multiplying
within the infected host. Thus the more “ideal” the host target, the more
examples there are of virulence factors that aim to alter and/or disrupt such
a target. One of the most extensively targeted cellular processes is the abil-
ity to alter cytoskeletal rearrangements, especially the subset of actin-based
processes (as opposed to microtubules or intermediate filaments). The actin-
based cytoskeleton has many important roles in eukaryotic cells, including
cell motility, phagocytosis, and cell division, and is an essential process to eu-
karyotic cells. Not surprisingly, many bacterial pathogens go after the “master
controls” of the cytoskeleton, the small GTP-binding proteins belonging to
the Rho family of GTPases, and have devised many clever ways to activate,
inactivate, modulate, and generally manipulate these important cellular reg-
ulators, ultimately using these mechanisms as part of their overall virulence
strategy.

2
Small GTPases

Although ATP serves as the main energy source within cells, many proteins
(called G proteins) can bind and cleave GTP to regulate cellular processes
and mechanisms. Generally, G proteins are divided into two groups, with
a major family being the small G proteins or small GTPases (20-40 kDa).
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Table 1 Small GTPase families and functions

Small GTPase family General functions

Ras Regulator of gene expression, cell division and
transformation, MAP kinase cascade, cell pro-
liferation and differentiation, apoptosis

Rho (includes Rac and Cdc42) Modulators of actin cytoskeleton, activation
of NADPH oxidase, stress fibers (Rho), lamel-
lipodia and membrane ruffles (Rac), filopodia

(Cdc42)

Rab Intracellular vesicle targeting, docking, and
fusion

Sar1/Arf Vesiclemembrane recruitment, including COPII
(Sar1) and COPI, AP-1, and AP-3 (Arf)

Ran Nucleocytoplasmic transport and microtubule

organization

This family consists of over 100 members, being found in eukaryotes ranging
from yeast to human. These break down into a further five subgroups or
families: Ras, Rho, Rab, Sar1/Arf, and Ran [16]. Each family has generalized
functions that are essential for normal cellular functions, including signaling,
cytoskeletal rearrangements, vesicle targeting, nucleocytoplasmic transport,
and microtubule organization (Table 1). (For a very comprehensive review on
small GTPases and their functions, see [16].) Currently, four of these families
(Ras, Rho, Rab, and Sarl/Arf) are targeted by microbial virulence factors,
and, although not documented yet, the Ran family makes an attractive target
to disrupt either nuclear transport or microtubule function by microbial
pathogens.

All the small GTPases share a common mechanism by which they func-
tion, based on the ability to bind and cleave GTP (Fig. 1) [16]. In addition,
this mechanism uses several other regulatory proteins, which results in a very
finely controlled molecular switch that is used to modulate cell functions.
A small GTPase is in the inactive form when it binds GDP. An upstream ac-
tivation signal stimulates the dissociation of GDP followed by the binding of
GTP, which leads to a conformational change enabling the activated GTPase
to then bind to and activate downstream effectors (Fig. 1). The intrinsic GTP-
ase activity of the small GTPase then cleaves GTP into GDP, which releases
the bound effector, returning the GTPase back to its inactive form. Regula-
tor proteins called GEFs (the guanine nucleotide exchange factors) assist the
rate-limiting step of the GDP/GTP exchange by facilitating release of bound
GDP followed by subsequent GTP binding, which displaces GEF. Thus GEFs
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Fig. 1 Generalized mechanism of small GTPase regulation and activity. See text for
details

“activate” small GTPases. Another regulator, called GAP (GTPase activating
protein) stimulates the GTPase activity further (Fig. 1). Members of the Rab
and Rac/Rho/Cdc42 family use an additional regulator called GDI (GDP dis-
sociation inhibitor), which inhibits the dissociation of GDP from the small G
protein, keeping the G protein in its (inactive) GDP-bound state. In addition
to regulatory molecules that modulate activity, small GTPases are also cova-
lently modified by lipids at their COOH termini, including farnesylation, ger-
anylgeranylation, and prenylation (see [16] for details). Inhibitors that block
these lipid modifications block G protein migration to the membrane, which
inhibits activity. Collectively, all these regulators and modifications tightly
control the activity of small G proteins, allowing the cell to rapidly turn on
and off these key elements of cellular function. Not surprisingly, many micro-
bial pathogens have also realized the power of manipulating small GTPases
and their regulatory elements and target many G proteins, GAPs, GEFs, and
GDIs.

The Rho family of small G proteins contains several family members,
including several Rac and Rho members, plus Cdc42. These GTPases are gen-
erally thought to control actin cytoskeleton-based functions [10]. There are
also numerous effectors upstream that trigger their activity (see [16] for de-
tails). In general, Rho family members control stress fibers in cells, which are
long, extended bundles of actin that are easily visible along the basolateral
plane of cultured mammalian cells. Rac family members regulate membrane
ruffles and lamellipodia that occur at active areas of mammalian cell surfaces.
Cdc42 binds N-WASP, which then activates the actin polymerization machin-
ery Arp2/3, which mediates filopodia (fingers at the cell surface) formation,
as well as other actin-based functions.
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3
Small GTPases and Bacterial Virulence Strategies

As discussed above and seen throughout this volume, small Rho GTPases are
utilized extensively by bacterial pathogens to usurp normal cellular processes
as part of virulence. This is presumably because of their central role in cellular
functions and their many diverse downstream effects. These virulence factors
generally fall into two categories: toxins that bind to cellular surfaces and can
be internalized into host cells and effector proteins that are injected via type
IIT and type IV secretion systems directly into host cells , where they can
then target appropriate G proteins. In general, the toxins kill the host cells
(thus their name), whereas effectors modulate cellular effects that benefit the
pathogen, such as mediating bacterial uptake into host cells (invasion). Each
of these processes is discussed in extensive detail throughout the remainder
of this volume, and thus the details of each of the processes will not be
reiterated here. Instead, a more general overview of the processes as they
relate to bacterial virulence is presented in the context of bacterial virulence
strategies.

Perhaps the most daunting obstacle a pathogen faces when encountering
a potential host is the epithelial barrier. At some points on the body such as
skin, this barrier is so impermeable the only way through it is via a break
(cut) or at the base of hair follicle sites. However, at other sites in the body
such as most mucosal surfaces, the barrier must be more permeable, as the
body needs to shunt nutrients and cells such as phagocytes back and forth.
The tight seal between epithelial cells (tight junctions or zona occludens) is
supported by a band of actin running around the peripheral apical surface of
each cell. Because it is made of actin, small Rho GTPases play a key role in
maintaining its integrity (and thus cell polarity). Not surprisingly, bacterial
pathogens have developed various ways to disrupt this barrier to gain access to
deeper tissue or cause diarrhea. Thus Rho GTPases make attractive targets for
pathogens that require the breakdown of epithelial barriers. Such breakdown
may inhibit the normal immune sampling mechanisms by disrupting the
normal cytology, disrupting chemotactic recruitment of macrophages and
neutrophils, disrupting normal nutrient uptake, and altering luminal fluid
production. It is thought that triggering diarrhea enhances the removal of
normal flora that normally compete with an incoming pathogen for limited
nutrient supplies. Additionally, enhanced fluid secretion increases the spread
of a diarrheagenic pathogen in the environment, allowing it to colonize many
new individuals.

Mucosal surfaces are usually the first host surface pathogens contact. The
ability of pathogens to successfully adhere to cellular surfaces is a key virulence
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attribute [12]. Adherence is usually mediated by various bacterial adhesins
such as fimbriae, pili, and afimbrial adhesins. Epithelial cells of the intesti-
nal surface (and most other epithelial surfaces) form extensive networks of
actin-based microvilli. Although this increases the cellular surface area, which
enhances nutrient uptake, it is unclear whether this is a benefit or detriment to
bacterial adherence. Nonetheless, some bacterial pathogens trigger microvil-
lus disruption and surface rearrangements, including Salmonella species and
the attaching and effacing pathogens such as pathogenic E. coli [6]. Because
actin is the key regulator of microvilli, it is not surprising that these pathogens
target small Rho GTPases [8] to disrupt microvilli. In addition, Salmonella
is able to insert a phosphatidyl inositate phosphate phosphatase (SigD) into
the host cell, which “loosens” the cellular surface (presumably by altering
the underlying cytoskeletal architecture), enhancing bacterial invasion [17].
Given their key role in cellular signaling, the ability to modulate a host cel-
lular surface could be of significant benefit to a pathogen intent on adhering
to an epithelial surface. This could include up- or downregulating one or
more host cell proteins with which the pathogen might interact (see chapter
by Duménil and Nassif, this volume). It could also include altering cellular
surface function that may impact on the host’s response to a pathogen (such
as affecting Toll-like receptor signaling normally used to detect pathogens).
Finally, it could also include altering the underlying cytoskeletal architec-
ture. For example, Rho GTPases modulate the ezrin/radixin/moesin proteins
in leukocytes, which affects integrin, ICAM, L-selectin, and other surface
markers, which ultimately affects leukocyte migration, T-cell interaction with
antigen-presenting cells, apoptosis, and phagocytosis [13].

Perhaps one of the most remarkable attributes of pathogens that activate
small G proteins is that they often also encode the machinery to turn the
G proteins off once the process is complete. This has been worked out very
well for Salmonella species (see chapter by Schlumberger and Hardt, this
volume, and [8]). This pathogen uses a type III secretion system to inject at
least three bacterial effectors [SopE (a GEF), SopE2 (also a GEF), and SigD],
which activate Cdc42 and Rac to facilitate actin-based bacterial uptake and
invasion. However, it uses the same secretion system to also insert SptP, a GAP
that inactivates Cdc42 and Rac activity and returns the actin cytoskeleton to
a near-normal state after bacterial invasion, while the bacteria remain inside
a vacuole in the host cell.

The ability to enter into a host cell provides a unique opportunity for
a pathogen. It allows it to enter a noncompetitive environment free from nor-
mal flora. (In the large bowel, there is such competition for nutrients that E.
coli’s division time is about 24 h, compared to 20 min in rich broth, and it is
in stationary phase in the gut). In addition, once inside a host cell, a pathogen
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is privy to a rich nutrient and moisture source, free from circulating antibod-
ies and patrolling macrophages and neutrophils. Many bacterial pathogens
invade host cells, and nearly all do this by exploiting members of the Rho
GTPase family [5]. Most, such as Shigella and Salmonella, do this by injecting
effectors that modulate Rac and Cdc42 activity. Examples of pathogens that
use Rho family-mediated invasion include Bartonella, Brucella, Chlamydia,
Listeria, and Pseudomonas. Indeed, it is felt that nearly all invasive pathogens
use such a strategy for invasion, except perhaps for Rickettsia, which seems
to use a phospholipase activity to break into a cell.

Once inside a cell, some pathogens digest the vacuole surrounding them
and escape into the cytoplasm, where they then polymerize cytosolic actin
[4]. This polymerization event propels them around inside the host cell and
enables them to spread into adjacent host cells without becoming extracellu-
lar. Shigella, Listeria, and some Rickettsia use such a mechanism as part of
their virulence [4]. However, instead of activating small Rho GTPases, these
pathogens actually mimic downstream components to achieve this actin rear-
rangement. The Shigella protein IcsA recruits and activates N-WASP, leading
to Arp2/3 complex recruitment and actin polymerization. This thus replaces
the function of Cdc42. The Listeria protein ActA activates Arp2/3 directly,
thereby directly mimicking N-WASP’s activity.

Another family of pathogens, including enteropathogenic E. coli (EPEC)
and enterohemorrhagic E. coli (EHEC), uses a type III system to insert
effectors and their own receptors into epithelial surfaces. This results in
a spectacular rearrangement of cellular actin and pedestal formation beneath
the pathogen. Although Rho G proteins do not seem to be involved in this
process [2], EPEC inserts its own protein (Tir) into host membranes, where
it is tyrosine phosphorylated and binds the adaptor protein Nck, which then
activates N-WASP and Arp2/3 complex recruitment [9]. The above examples
indicate that modification or activation of Rho G proteins is not necessary,
but instead mimics can be deployed to modulate actin dynamics.

For pathogens that invade and remain within a vacuole, it is critical to
avoid lysosomal fusion (and subsequent bacterial death). Again, Rho GTPases
(as well as Rabs) are involved in this process and other intracellular killing
mechanisms, and inactivation of these may enhance intracellular survival
(see chapter by Diebold and Bokoch, this volume). For example, Legionella
pneumophila uses a type IV secretion system to insert an effector (RalF) into
host cells that functions as a GEF to activate the small GTPase ARF, which
modulates lysosomal fusion of the vacuoles containing bacteria [15].

Professional phagocytic cells are designed to use actin-mediated events to
internalize pathogens and then destroy them in phagolysosomes. However,
several pathogens including Yersinia, Pseudomonas,and EPEC have developed
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strategies to avoid phagocytosis by blocking this process [3]. Given the central
role of actin in phagocytosis, it is no surprise that these mechanisms involve
pathways to disrupt normal actin-mediated processes (see chapter by Deckert
et al., this volume).

Many bacterial toxins and effectors either activate or deactivate Rho GTP-
ases for a variety of functions [1]. Often this activity is mediated by enzymatic
modification of the G protein. The variety of effects modulated by these
bacterial toxins is impressive and serves as a major arsenal for pathogenic
microbes. Often killing the host cell is one outcome, but many more subtle
effects have been noted, which are a significant focus of this volume. In
addition, these effectors and toxins have become valuable tools to dissect
normal cellular functions and are used extensively by cell biologists without
realizing their natural role in biology.

4
Looking Ahead

Although many examples of virulence strategies that involve Rho GTPases
have been documented, there are many, many more undiscovered ones. In
fact, it is probable that for every normal and important cellular process, there
is probably a pathogen that has designed a mechanism to exploit it. There
is currently an explosion in identifying type III and type IV effectors that
are inserted into host cells yet currently lack an identified host target. It is
probable that, in addition to the Rho family, there are many intracellular
pathogens that alter members of the Rab and Arf family to survive inside host
cells; this is a field in its infancy. The extensive signaling mediated by the Ras
family makes these ideal targets for virulence factors to reprogram cells. It is
also likely that factors that alter Ran function and reprogram the nucleus will
be identified.

It is apparent that there are several examples of bacterial virulence factors
that specifically target members of the Rho GTPase family and their regu-
lators. What is remarkable is the diverse effects such mechanisms have on
virulence strategies, ranging from killing the host cell to mediating invasion
and intracellular invasion. Because of the genetic plasticity and promiscu-
ity of bacterial genetics, once a pathogen has found a successful virulence
mechanism, this is rapidly passed on by plasmids, phage, and conjugation to
other pathogens. This results in new combinations of virulence factors, which
subsequently translate into new pathogens and emerging infectious diseases.
Given the extent of bacterial modulators of Rho GTPases, there is no doubt
that many more such effectors will be discovered. Also, because these GTPases
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all use similar mechanisms for activation and regulation (Fig. 1), it is not hard
to imagine how a pathogen might alter a virulence factor to work in a similar
way on a different GTPase.

The ability to cause disease is a compilation of mechanisms that collec-
tively reprogram and override the host, resulting in pathogen proliferation
and spread. Because Rho GTPases play such a central role in normal cellular
function, they are used by many successful bacterial pathogens as targets of
effectors. As our knowledge increases about these mechanisms, so does our
understanding of bacterial virulence. An added benefit is that these toxins
and effectors also serve as excellent tools to understand basic cellular pro-
cesses. This volume is a testimony to this rapidly expanding and important
knowledge.
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Abstract Even in the case of extracellular bacterial pathogens, it is becoming increas-
ingly clear that successful colonization does not limit itself to passive attachment on
the surface of human cells; a dialogue takes place between bacteria and infected cells.
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These pathogens modulate cellular functions to their advantage, leading to survival
and proliferation at the cell surface. Furthermore, there is increasing evidence that
a variety of extracellular pathogens activate small GTPases of the Rho family dur-
ing adhesion, placing these regulators at the center of the interaction between these
bacteria and their infected host.

1
Introduction

Small GTPases of the Rho family are central regulators of actin cytoskeleton
dynamics. Their levels of activation coordinate actin cytoskeleton organiza-
tion, leading to the formation of distinct actin-based structures that guide
changes in cellular morphology (Etienne-Manneville and Hall 2002). As such,
they are in the center of numerous cellular functions such as cellular motility
(Raftopoulou and Hall 2004), phagocytosis (Chimini and Chavrier 2000), cell
polarity (Van Aelst and Symons 2002), or intracellular trafficking (Symons
and Rusk 2003). Bacterial pathogens often target small GTPases of the Rho
family to divert cellular functions to their advantage (see other chapters in
this volume). For pathogens with an intracellular lifestyle, such as Salmonella
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Anti-phagocytic

{} activity
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Fig. 1 Rho family GTPase activation by extracellular bacteria and possible conse-
quences
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typhimurium, Shigella flexneri, or Listeria monocytogenes, the activation of
small GTPases is a prerequisite to bacterial internalization, a process that
allows optimal growth conditions and protects bacteria from the immune
system. For extracellular bacteria, however, even though there is increas-
ing evidence that small GTPases are activated during infection, the signif-
icance of small GTPase activation remains unclear. The goal of this review
is to describe what is known of the mechanisms of activation of Rho family
proteins by extracellular bacteria and to discuss the biological significance
of this activation. Pathogens such as Neisseria meningitidis, Pseudomonas
aeruginosa, uropathogenic E. coli (UPEC), enteropathogenic E. coli (EPEC),
and Helicobacter pylori were chosen as paradigms of extracellular bacterial
pathogens. Different aspects of the interaction between these bacteria and
host cells will be discussed: adhesion in the literal sense of bacteria sticking to
cells, bacteria-induced epithelium damage, low-level host cell invasion, and
resistance to phagocytosis (see Fig. 1).

2
Extracellular Pathogens Are Potent Activators of Small GTPases
of the Rho Family

The activation of small GTPases during the interaction of extracellular
pathogens with host cells has, in some cases, been directly demonstrated
with the binding specificity of CRIB (Cdc42/Rac interactive binding)
domains toward the GTP-bound form of Rho family proteins (Ren et al.
1999). Alternatively, indirect evidence through the use of inhibitors of small
GTPases such as dominant negative forms or chemical inhibitors indicates
that they are involved in a given process of infection.

2.1
P. aeruginosa Activates Rho or Cdc42 Depending on the State of Differentiation
of Epithelial Cells

The normal nonspecific defenses of the human body are sufficient to prevent
P aeruginosa from causing infections, but serious breaches of these defenses
(burns, immunosuppressive therapy, or wounds) can allow P. aeruginosa to
invade the body and cause fatal systemic disease. The expression of a type IV
pilus at the surface of the bacteria allows P. aeruginosa to adhere to epithelial
cells at the port of entry. A type III secretion system then allows direct delivery
of effector proteins into the host cell, thus causing further damage. In vitro,
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P aeruginosa infection of partially differentiated MDCK cells increases the
level of GTP-bound (activated) RhoA with a peak at 60 min (Kazmierczak et
al. 2004). On the other hand, the same P. aeruginosa strain activates Cdc42
but not Rho when MDCK cells are differentiated, with an activation peak at
20 min. The molecular basis for this difference is not clear but has interesting
implications as P. aeruginosa specifically targets damaged (undifferentiated)
epithelia.

2.2
H. pylori, Type IV Secretion-Dependent Activation of Rac and Cdc42

H. pylori is associated with chronic superficial gastritis (stomach inflamma-
tion) and plays a role in the pathogenesis of peptic ulcer disease. Increasing
evidence also indicates that H. pylori infection is important in promoting gas-
tric carcinoma and lymphoma. Most of the time, however, chronic infection
is asymptomatic. Despite gastric acidity, H. pylori proliferates in the mucus
layer and a small proportion of cells (10%) adheres to the gastric epithe-
lium. The microorganism does not appear to invade tissue. Production of
both a vacuolating cytotoxin (VacA) and the cag-encoded type IV secretion
system is associated with injury to the gastric epithelium. In vitro, H. pylori
infection activates Racl and Cdc42 1 h after infection (Churin et al. 2001). The
cag-encoded secretion system is necessary for this process, suggesting that
bacterial effectors secreted by the cag secretion system are responsible for the
activation. CagA is the only known substrate of this secretion system, but this
protein is not involved in this process, because a cagA mutant triggers the
activation of small GTPases. Other secreted factors are therefore involved in
activating the small GTPases on H.pylori infection. Alternatively, it has been
proposed that the secretion system itself could be responsible for activation of
the Rho GTPases by interacting with a surface receptor (Naumann et al. 1999).

23
N. meningitidis-Induced Cytoskeletal Rearrangements
Are Cdc42- and Rho Dependent

N. meningitidis is responsible for septicemia and/or meningitis. Infection oc-
curs after aspiration of infective particles and colonization of the nasophar-
ynx. Disease is a consequence of bloodstream invasion and the crossing of
the blood-brain barrier. Bacterial adhesion is thought to be the initial step
leading to internalization and transcytosis of the bacteria through the en-
dothelial cells of the brain (Nassif et al. 2002). N. meningitidis express type
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IV pili at their surface that allow efficient bacterial adhesion and the forma-
tion of microcolonies on the surface of host cells. Depending on the isolate,
N. meningitidis also express different adhesins of the Opa or Opc family. In
vitro, N. meningitidis trigger a potent cytoskeletal reorganization under the
microcolonies and exhibit a low level of invasion. Bacterial invasion and the
formation of the cytoskeleton modifications can be inhibited by expressing
dominant negative forms of Rho and Cdc42 but not Rac (Eugene et al. 2002).

24
Enteropathogenic E. coli and Enterohemorrhagic E. coli Induce Pedestal
Formation Independently of Rho Family GTPases

Diarrhea caused by the enteroinvasive, cytotoxic, and enteropathogenic
(EPEC) strains of E. coli ranges from very mild to severe. EPEC also
possess a type IV pilus (termed bundle-forming pilus, or BFP). BFP are
responsible for the initial attachment of EPEC to intestinal target cells.
Attachment is followed by the destruction of microvilli, a process known
as attaching and effacing (A/E). This initial phase of attachment is followed
by the formation of pedestals supporting individual bacteria. In the case
of EPEC and enterohemorrhagic E. coli (EHEC), pedestal formation is
independent of small GTPases but relies nevertheless on the induction of
actin reorganization pathways involving N-WASP and Arp2/3. In contrast,
Cdc42 inhibition enhances pedestal formation (Ben-Ami et al. 1998; Kenny et
al. 2002). EPEC were also shown to transiently induce other types of cellular
projections that are linked to the invasive property of the bacteria (Kenny et
al. 2002). Both invasion and cellular projections can be inhibited by dominant
negative Cdc42, pointing to a role of this small GTPase in this process.

2.5
UPEC Activates Rho, Rac, and Cdc42

Uropathogenic E. coli is the primary cause of urinary tract infections. Infec-
tions caused by UPEC are usually self-limiting and rarely spread beyond the
urinary tract but are often recurrent. The most important virulence factor for
these bacteria is the enhanced ability to adhere to uroepithelial cells (Sauer et
al. 2000). This attachment is mediated by a type I pilus on the surface of E. coli;
the specific pilus adhesins located at the pilus tip mediate interaction with cel-
lular oligosaccharides. A small proportion of adhering UPEC are internalized
into epithelial cells of the urinary tract (Martinez et al. 2000). This invasion
process is dependent on Rho, Rac, and Cdc42 (Martinez and Hultgren 2002).
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3
Small GTPase Activation and Bacterial Adhesion in the Literal Sense

EPEC or EHEC reorganize the underlying cytoskeleton to generate a short and
wide cellular projection that is intimately associated with bacteria (Campel-
lone and Leong 2003). The biological significance of pedestal formation re-
mains unclear, although it has been suggested that these pedestals could
mediate “firm adhesion” (Vallance and Finlay 2000). The anchoring of the
bacteria to the host cytoskeleton could strengthen the adhesion; however,
this remains to be demonstrated. In N-WASP-deficient cells, for example,
pedestals do not form but EPEC readily bind to cells (Lommel et al. 2001).
During meningococcal interaction with host cells, inhibition of small GT-
Pase of the Rho family by ToxB did not lead to any quantifiable change in
pili-dependent bacterial adhesion (Eugene et al. 2002; Kallstrom et al. 2000).
Compactin, a general small GTPase inhibitor, inhibited UPEC invasion but
did not affect UPEC adhesion capacity (Ben-Ami et al. 1998). In summary,
there is no clear evidence for a role of the actin cytoskeleton in modifying
the number of bacteria adhering to host cells. It is possible, however, that
conditions used in the laboratory are not stringent enough to test the role
of the cytoskeleton in the adhesion process. Under physical stress such as
hydrodynamic fluxes found in vivo, cytoskeleton reorganization could play
a key role in strengthening the interaction (Thomas et al. 2002).

4
Small GTPase Activation and Epithelium Destruction

It is not clear how tissue damage affects the infection process, but it could be
important for evasion of the immune system or access to deeper tissues or
for favoring bacterial dissemination to another host. In any case, it is thought
to be involved in H. pylori-triggered pathological symptoms associated with
epithelium destruction such as peptic ulcer and could be involved in cancer
development, as the morphological changes induced by H.pylori resemble the
process of oncogenic transformation.

4.1
H. pylori Infection, Inflammation, and Epithelial Cell Scattering

An important part of tissue damage triggered by H. pylori is thought to occur
as an indirect consequence of the inflammation induced by the bacteria. In
addition, H. pylori plays a more direct role in this process by triggering the
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dissociation, migration, and remodeling of epithelial monolayers, A process
reminiscent of the effects induced by the hepatocyte growth factor (HGF)
(Churin et al. 2001; Segal et al. 1999).

411
H. pylori-Triggered Signaling Leading to Gene Transcription Regulation
and Inflammation

An important aspect of small GTPase biology is the initiation of signaling
cascades leading to gene regulation. The activation of the GTPases of the Rho
family leads to the activation of NF-«xB and AP-1 transcription factors, which
are central to the transcriptional regulation of numerous genes including
those involved in the control of inflammation. This pathway is believed to
play an important role in the inflammation induced by H. pylori adhesion to
epithelial cells.

The immune response to H. pylori infection is initiated by a number of in-
flammatory mediators including cytokines and chemokines produced from
the gastric epithelium. In vivo and in vitro studies have shown that H. py-
lori induces the production of chemokines, IL-8, RANTES, GRO-a, MIP1-a,
ENA-78,and MCP-1 and cytokines IL-1,1L-6, and TNFa (Bodger and Crabtree
1998). Inflammatory mediators produced by polymorphonuclear leukocytes
and mononuclear phagocytes recruited to the site of infection could directly
damage the surface epithelial layer, leading to loss of microvilli, irregularity
of the brush border, and vacuolation. Consistently, the inflammation process
requires de novo synthesis of chemokines and proinflammatory cytokines.
H. pylori infection leads to activation of the transcription factors AP-1 and
NF-«B after 90 min of infection (Naumann et al. 1999). The cag pathogenic-
ity island was shown to be an important factor triggering this activation
(Glocker et al. 1998). The H. pylori-triggered signaling pathway leading to
AP-1 and NF-xB activation is composed of JNK, MKK4, PAK, and Rho GT-
Pases (Naumann et al. 1999). Expression of dominant negative forms of Cdc42
and Rac leads to a sharp decrease in AP-1-dependent gene activation after
infection.

Global approaches using DNA microarray technology revealed that
the transcription of numerous genes is modulated by H. pylori infection
(Guillemin et al. 2002). Among the genes upregulated by H. pylori is the
matrix metalloprotease MMP-7 (matrilysin) (Wroblewski et al. 2003). Levels
of MMP-7 are high in biopsies from patients infected with H. pylori. MMP-7
is commonly upregulated in gastric cancer, thus suggesting that H. pylori-
induced levels of MMP-7 could be an important factor in bacteria-induced
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neoplasia (Crawford et al. 2002; McDonnell et al. 1991). Consistent with this,
antisense to MMP-7 inhibited bacteria-induced cell spreading. Induction of
MMP-7 does not seem to be through a paracrine effect but rather a direct
effect, and dominant negative forms of Rac and Rho inhibited H. pylori
induction of the MMP-7 gene at the transcriptional level (Wroblewski et al.
2003).

4.1.2
H. pylori and the Induction of Epithelial Cell Scattering

After H. pylori infection, epithelial cells spread and detach 1 h after infec-
tion, acquiring a typical cellular morphology known as the hummingbird.
The mechanism by which H. pylori trigger epithelial cells scattering has re-
cently been the focus of several studies. An important observation is that H.
pylori-dependent scattering is not dependent on de novo protein synthesis
(cycloheximide resistant) whereas HGF-triggered scattering requires protein
synthesis (cycloheximide sensitive) (Selbach et al. 2003). In contrast to HGE,
H. pylori could therefore exert its effect by directly targeting regulators of the
cytoskeleton such as Rho family GTPases. Consistent with this, mutants in the
cag secretion system fail to induce cell motility correlating with the absence
of small GTPase activation, but a direct link between both processes remains
elusive. It is clear, however, that H. pylori-induced small GTPase activation
is not sufficient to trigger cell motility. cagA mutants still activate GTPases
but fail to trigger efficient motility (Churin et al. 2003), thus suggesting that
CagA is an important player in this process. CagA seems to interfere with
cellular signaling at several levels that could account for its role in cell motil-
ity. CagA was found to bind to and activate the c-met/HGF receptor (Churin
et al. 2003) and could stimulate cellular motility through the modulation of
HGF receptor activity. CagA function inside cells is also tightly linked to the
function Src tyrosine kinase; CagA is phosphorylated by this kinase and, once
phosphorylated, inhibits Src tyrosine kinase activity, leading to decreased
phosphorylation of cortactin (Selbach et al. 2003). CagA was also shown to
interact with the tyrosine kinase CSK (Tsutsumi et al. 2003). Alteration of
tyrosine kinase-dependent signaling pathways could thus be another mode
of action of CagA. In summary, it can be hypothesized that CagA acts in
conjunction with other secreted factors that stimulate the small GTPases of
the Rho family to induce cell scattering.
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4.2
P. aeruginosa Inhibition of Wound Healing

Epithelium injury and the undifferentiated state of injured epithelial cells
favor P. aeruginosa adhesion and invasion (Fleiszig et al. 1997). In turn, the
consequence of this adhesion process is the inhibition by P. aeruginosa of
epithelial wound repair. This inhibition is primarily localized at the edge of
the wound and is linked to the collapse of actin cytoskeleton, i.e., cell rounding
and cell detachment. The P. aeruginosa effector for this process is ExoT, which
is secreted by the type III secretion system. ExoT is highly homologous to
ExoS, the other effector of the Paeruginosa type III secretion system (74%
identity at the amino acid level). Both are bifunctional proteins (Yahr et al.
1996); one domain has an ADP-ribosylation activity, and the other stimulates
GTPase activity of Rho GTPases (GAP activity). ExoT-dependent inhibition
of wound repair is mediated through the GAP activity of this bacterial protein,
as mutations in ExoT that alter the conserved arginine (R149) within the GAP
domain abolish the ability of P. aeruginosa to inhibit wound closure (Geiser
et al. 2001).

4.3
EPEC, Malabsorption, and Diarrhea

The lesion caused by EPEC consists mainly of destruction of microvilli during
the attaching and effacinglesion. Loss of microvillileads to malabsorption and
osmotic diarrhea. This process results from the secretion of protein effectors
through the type III secretion system that target the actin cytoskeleton but
not Rho family GTPases.

5
Inhibition of Phagocytosis

To persist, extracellular bacterial pathogens have to circumvent phagocytosis
by polymorphonuclear leukocytes and macrophages. Phagocytosis involves
the formation of cellular projections that engulf the bacteria, and this step
requires activation of Rho family members (Chimini and Chavrier 2000).
Depending on whether the exogenous particles to be phagocytosed are op-
sonized by complement or by antibodies, different signaling pathways are
triggered. Complement-dependent phagocytosis requires the small GTPase
Rho, whereas Fc receptor mediated phagocytosis is mediated by Cdc42 and
Rac in addition to tyrosine kinases (Caron and Hall 1998). Bacteria with
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antiphagocytic activity once again target small GTPases of the Rho family
(Ernst 2000). The antiphagocytic effect of Yersinia spp. is well characterized
and is the object of a chapter in this volume and will not be developed here.
Other extracellular bacteria have antiphagocytic activity; among them are P.
aeruginosa and H. pylori.

5.1
P. aeruginosa ExoS and ExoT as Inhibitors of Phagocytosis

As for Yersinia spp., P. aeruginosa inhibits phagocytosis through the secretion
of protein effectors (ExoS and ExoT in the case of P. aeruginosa) into epithelial
cellsand macrophages by the type Il secretion system. Both ADP-ribosylating
and GAP activities of ExoS and ExoT can account for antiphagocytic prop-
erties. The GAP activity of ExoS and ExoT is effective on Rho GTPase family
members and can by itself inhibit phagocytosis (Kazmierczak and Engel 2002;
Krall et al. 2000). In addition, ExoS ADP-ribosylates numerous proteins in-
cluding members of the ras, rab, and ral families of GTPases, which accounts
for its cytotoxic activity as well as antiphagocytic activity (Barbieri et al.
2001; Ganesan et al. 1998). ExoT ADP-ribosylating activity exhibits a different
specificity and targets Crk family members (Sun and Barbieri 2003). Crk pro-
teins are adaptors containing SH2 and SH3 domains involved in the signaling
regulating several cellular processes including phagocytosis (Matsuda et al.
1992).

5.2
H. pylori, Partial Inhibition of Phagocytosis and Intracellular Survival

An increased number of T lymphocytes, macrophages, and polymorphonu-
clear leukocytes are evident in histological sections of gastric mucosa from
patients with H. pylori infections (Kazi et al. 1989). Despite the presence of
these phagocytes, H. pylori can persist several decades, suggesting the ex-
istence of a resistance mechanism to phagocytosis. H.pylori is capable of
inhibiting its internalization into the host cells (Ramarao et al. 2000). This
requires the presence of the type IV secretion system. The effector responsible
for this effect is not known, as cagA mutants maintain the ability to inhibit
phagocytosis. In addition to their antiphagocytic activity, internalized H. py-
lori are able to survive and persist inside peritoneal macrophages (Allen et al.
2000). The cag secretion system is also necessary for intracellular survival, as
type II strains (which do not carry the cag pathogenicity island) are killed by
macrophages. In this case also, the type IV secretion system effector and its
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cellular target are not known. Interestingly, as mentioned above, it has been
shown that H. pylori activates Cdc42 and Rac, suggesting that these two small
GTPases are not the target of the antiphagocytic effect of H. pylori.

6
Bacterial Invasion as a Persistence Mechanism

Although UPEC, EPEC, and N. meningitidis are described as bacteria with
predominantly extracellular multiplication, a relatively small proportion of
bacteria can be found in intracellular locations both in vivo and in vitro. The
significance of these observations generally remains unclear except in the case
of UPEC, where elegant studies in a mouse bladder infection model demon-
strated that intracellular bacteria are key for persistence and reinfection.

6.1
UPEC Persistence in a Mouse Cystitis Model

In vitro experiments first suggested that UPEC may be intracellular, and
gentamicin invasion assays revealed that about 3% of cell-associated UPEC
are intracellular after 1 h of infection (Martinez et al. 2000). Invasion re-
quires the expression of the type I pilus and, more specifically, the FimH
adhesin at the tip of the pilus. Furthermore, this protein coated on beads
is sufficient for efficient internalization (50% internalized beads). Internal-
ization is inhibited by compactin, a general inhibitor of Rho GTPases. Rho,
Rac, and Cdc42 are all necessary for bacterial internalization, as C3 toxin,
N17Cdc42 and N17Racl each decrease internalization three- to fourfold (Mar-
tinez and Hultgren 2002). Similar results were observed with FimH-coated
beads. With the use of constitutively active small GTPases, it has also been
demonstrated that tyrosine kinases and PI3-kinases are likely to act upstream
of Rac and downstream of Cdc42 in the pathway leading to internalization of
UPEC.

The low level of internalization of the bacteria in cell culture models raises
the issue of the relevance of this phenomenon. This issue has been addressed
with a mouse cystitis model (Mulvey et al. 1998, 2001). The luminal surface
of the bladder is lined by a layer of superficial umbrella cells that deposit on
their apical surface a quasi-crystalline array of hexagonal complexes made
of four integral membrane glycoproteins called uroplakins. Type I pili were
shown to be necessary for bladder colonization as they can bind to uroplakins
on the surface of the umbrella cells. Interestingly, bacteria are often found in
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membrane ruffles, suggesting that bacteria stimulate membrane dynamics in
these conditions.

A kinetic study revealed that total bacterial counts in the bladder rapidly
decreased after inoculation by transurethral catheterization, presumably due
to exfoliation of the epithelium. Furthermore, cellular exfoliation is depen-
dent on an apoptotic process. The proportion of intracellular bacteria was
determined with a gentamicin assay on whole bladders dissected from the
infected animals. Two hours after inoculation, the proportion of intracellular
bacteria is low (0.2%) but after 12 h, most remaining bacteria are intracellular
and nearly all of them are intracellular at 48 h. These studies clearly demon-
strate that the low amount of internalization leads to persistent infection and
are consistent with the recurrent characteristic of cystitis. It is interesting that
intracellular bacteria are not cleared by exfoliation, suggesting that this pro-
cess is solely induced by extracellular bacteria and that, once inside, UPEC are
not sensed by the cells, thus revealing an unexpected advantage to bacterial
internalization.

6.2
N. meningitidis, Persistence in the Nasopharynx

In the case of Neisseria meningitidis, bacterial adhesion is mediated by type IV
pili expressed at the surface of the bacteria. CD46 (membrane cofactor protein)
is proposed as the cellular receptor for bacterial pili (Kallstrom et al. 1997).
Adhesion leads to powerful actin cytoskeleton reorganization under the bac-
terial colony (Merz et al. 1999). In addition to actin itself, cytoskeletal proteins
such as ezrin or cortactin are recruited at the site of colony attachment. Sev-
eral transmembrane receptors are clustered under the colony, including CD44,
ICAM-I, or ErbB2 (Eugene et al. 2002; Hoffmann et al. 2001). It is thought
that the intense actin cytoskeleton reorganization guides the cellular projec-
tions observed by electron microscopy under and around bacterial colonies.
It is noteworthy that these cellular projections have been observed in organ
cultures on binding to epithelial cells and on endothelial cells in histopatho-
logical studies (Nassif et al. 2002; Stephens et al. 1983). It has been proposed
that these projections are a step toward the observed low-efficiency bacterial
internalization (0.1% of adherent bacteria) (Eugene et al. 2002). Inhibition of
Rho or Cdc42 leads to a decrease in the ability of the bacteria to reorganize
the actin cytoskeleton under the colony, thus correlating with lower numbers
of intracellular bacteria (Eugene et al. 2002). Surprisingly, dominant negative
forms of Rac failed to affect either actin reorganization or internalization,
suggesting that Rho and Cdc42 are the main regulators of this process.
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N. meningitidis is strictly a human pathogen, and the absence of good ani-
mal models has considerably impeded our understanding of the pathogenesis
process caused by this bacteria. A few studies have used organ culture models
with biopsy samples (Rayner et al. 1995) but most are based on interaction
between bacteria and cells in culture. An interesting study used clinical sam-
ples obtained from tonsillectomies (Sim et al. 2000). Samples were processed
for immunohistochemistry and labeled with antibodies directed against neis-
serial epitopes. The main conclusion of the study was that asymptomatic car-
riage might be largely underestimated by studies using only nasopharyngeal
swabbing. Immunohistochemistry detected N. meningitidis in nearly half of
the samples, whereas nasopharyngeal swabbing only in 10% of patients. The
authors made an interesting observation that in some cases (4/32) bacteria
could be detected within or beneath the epithelium surface. This conclusion
was based on colabeling with cytokeratin and confocal observation. These
observations suggest that, as in the case of UPEC, N. meningitidis could use
an intracellular niche to maintain persistent colonization of the epithelium.
The low level of internalization observed in vitro could thus have high signif-
icance in vivo. In rare instances, this survival strategy could be harmful to the
survival of the bacterium through the development of invasive disease and
death of the host.

6.3
EPEC, Filopodia Formation, and Invasion

Several publications reported in vitro and sometimes in vivo internalization
of EPEC or EHEC strains (Donnenberg et al. 1989; Donnenberg and Kaper
1992). Conditions can be found in which reproducible invasion of about 10% of
adhering bacteria occurs after 60-min infection (Jepson et al. 2003). Although
the clinical significance of this process is not clear, most isolates present this
property (Donnenberg et al. 1989) and several studies have attempted to iden-
tify the mechanisms involved in this process. It was first noticed that pedestals
are only one of the cellular structures induced by EPEC. In particular, several
studies point to the existence of short-lived filopodia at the site of attachment
of EPEC colonies (Kenny et al. 2002; Phillips et al. 2000). Filopodia are formed
5 min after attachment and disappear 15-20 min before pedestal formation
(Kenny et al. 2002). These filopodia are proposed to play an important role in
EPEC invasion.

On pilus-mediated adhesion, EPEC secrete various proteins including the
proteins Tir and MAP (mitochondrion-associated protein) through a type III
secretion system. The MAP protein seems to be a central player in EPEC-
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induced filopodia formation (Kenny et al. 2002; Kenny and Jepson 2000). The
MAP protein is also involved in EPEC internalization, as MAP mutants are less
invasive and MAP overexpression leads to a hyperinvasive phenotype. Tir, on
the other hand, inserts into host cells and serves as a receptor for the intimin
protein at the surface of the bacteria (Kenny et al. 1997), and this interaction
triggers pedestal formation (Rosenshine et al. 1996). Tir/intimin interaction
is also necessary for internalization, although it is not necessary for filopodia
formation (Jepson et al. 2003). Tir is thus involved in both pedestal forma-
tion and invasion. Interestingly, the two properties of Tir can be dissociated:
A Y474S mutant does not form pedestals but still induces filopodia, and an
R521A mutation does not form filopodia but still forms pedestals, suggesting
that two different signaling pathways are involved (Kenny et al. 2002). On the
cellular side, Cdc42 but not Rac is necessary for EPEC internalization.

7
Conclusion

At first glance, it is not obvious how bacteria adhering to an epithelium should
benefit from modulation of the host cell cytoskeleton, and there is no evidence
that small GTPases of the Rho family influence bacterial adhesion in the lit-
eral sense. However, if one considers adhesion in a broader sense, including
survival and proliferation at the surface of an epithelium, the role of small
GTPases of the Rho family becomes apparent. Bacteria such as P. aeruginosa
and H. pylori trigger tissue damage on tissue colonization, suggesting that
tissue disorganization might favor their ability to colonize or to disseminate
to another host. It appears also that there is a delicate balance between in-
vasion and antiphagocytic activity. Certain bacteria such as N. meningitis or
UPEC express factors that favor a low level of invasion that could influence
long-term persistence. In contrast, other bacteria inhibit phagocytosis prob-
ably as a mechanism of evasion from phagocytic cells. These properties are
not mutually exclusive, and it is noteworthy that Yersinia spp. express both an
invasin protein that triggers efficient internalization in nonphagocytic cells
and a type III secretion system that allows antiphagocytic activity (Cornelis
2002; Isberg et al. 2000). These studies show that the border between intra-
cellular and extracellular pathogens is somewhat artificial and even though
some bacteria are predominantly located extracellularly, intracellular steps
are key in bacterial survival and pathogenesis. Even if multiplication is ex-
tracellular, an intense dialogue takes place between these bacteria and host
cells and adhering bacteria modulate various cellular responses controlled by
small GTPases of the Rho family.
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Abstract Salmonella Typhimurium uses the type III secretion system encoded in the
Salmonella pathogenicity island I (SPI-1 TTSS) to inject toxins (effector proteins)
into host cells. Here, we focus on the functional mechanism of three of these toxins:
SopE, SopE2, and SptP. All three effector proteins change the GTP/GDP loading state of
RhoGTPases by transient interactions. SopE and SopE2 mimic eukaryotic G-nucleotide
exchange factors and thereby activate RhoGTPase signaling pathways in infected host
cells. In contrast, a domain of SptP inactivates RhoGTPases by mimicking the activity of
eukaryotic GTPase-activating proteins. The Salmonella-host cell interaction provides
an excellent example for the use of molecular mimicry by bacterial pathogens.

1
Host Cell Invasion via the Trigger Mechanism: The Salmonella Paradigm

Salmonella spp. are gram-negative rods that cause foodborne infections,
worldwide. After ingestion of contaminated food, the bacteria reach the gut,
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where they trigger diarrhea and invade the intestinal mucosa. The latter pro-
cess can be simulated in tissue culture: Five to fifteen minutes after addition
of Salmonella enterica subspecies 1 serovar Typhimurium (S. Typhimurium)
to fibroblasts (and many other nonphagocytic cell lines) the bacteria induce
profound cytoskeletal rearrangements in the infected mammalian cell. These
actin-rich membrane ruffles engulf the bacteria and lead to Salmonella inva-
sion into the host cell. Soon after the discovery of this phenomenon it was
shown that S. Typhimurium uses a specific microinjection organelle called
the SPI-1 type III secretion system (SPI-1 TTSS) to induce these responses
(Fig. 1) [14]. This has set the stage for the molecular analysis of Salmonella
host cell invasion, which has led to a series of breakthrough discoveries in the
past decade.
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Fig.1 Triggering of host cell invasion by the S. Typhimurium SPI-1 TTSS
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Two strategies have been of key importance:

a. The analysis of the signaling pathways that are involved in Salmonella host
cell invasion. In a breakthrough study it was found that the RhoGTPases
Cdc42 and Racl are key players in this process [6].

b. Analysis of the toxins (termed “effector proteins”) that are transported via
the SPI-1 TTSS. In the past 7 years, 12 effector proteins have been identified
that travel via the SPI-1 TTSS [13]. Construction of Salmonella mutants
that lack one or more components of the effector protein cocktail has iden-
tified 4 SPI-1 effectors as key players in the triggering of host cell invasion:
SipA, SopB, SopE
indexEffector protein!SopE, SopE2. A sipAsopBEE2 S. Typhimurium mu-
tant is practically noninvasive [9, 27, 42]. A fifth effector protein, SptP, has
been found to reverse actin cytoskeletal rearrangements once the bacteria
have arrived inside the host cell [11, 12]. Other effector proteins might also
be involved in manipulation of the host cell actin cytoskeleton (i.e., SipC
[19]). However, their exact role is still a matter of dispute.

In recent years biochemical studies, structural analyses, transfection, and
microinjection assays have provided rich insights into the molecular basis of
SipA, SopB, SopE2, and SopE function.

SipA regulates actin cytoskeletal dynamics at the level of the actin fila-
ment by two types of mechanism: It binds to and stabilizes actin filaments in
a nebulin-like fashion [15, 20, 21, 24, 26, 28, 43, 44]. Furthermore, Salmonella
spp. interfere with ADF/cofilin and gelsolin function, two key F-actin desta-
bilizing proteins, either directly via SipA or indirectly by triggering Cdc42-
dependent signaling cascades [8, 25].

SopB is a phosphatidylinositol phosphatase [32]. Currently, two differ-
ent mechanisms are discussed to explain how SopB triggers host cell inva-
sion: SopB might reduce PtdIns(4,5)P; levels in the ruffling membrane and
thereby promote the rapid formation of Salmonella-containing phagosomes
[40]. Other work indicates that SopB can also enhance actin cytoskeleton re-
arrangements and bacterial entry by triggering a signaling pathway involving
Cdc42 [42]. Further work is required to determine exactly how manipulation
of phospholipid levels activates RhoGTPases during Salmonella host cell in-
vasion. For more detailed information, the reader is referred to two excellent
recent reviews [2, 3].

SopE and SopE2 are G-nucleotide exchange factors (GEF) for host cell
RhoGTPases and trigger host cell invasion by direct activation of Cdc42 and
Racl [17, 37]. SptP, on the other hand, inactivates RhoGTPase signaling. It is
a bifunctional enzyme with a tyrosine phosphatase- and a GTPase activation



32 M. C. Schlumberger - W.-D. Hardt

(GAP) domain [11, 12, 22]. The GEF and GAP domains of SopE, SopE2, and
SptP are excellent examples for “molecular mimicry”—bacterial virulence
factors imitating enzymes of the host cell. They will be discussed in detail in
this review.

2
The SopE Protein Family

SopE was discovered as a protein secreted by S. Dublin and S. Typhimurium
via the SPI-1 TTSS [18, 41]. Later, it was found that Salmonella spp. often
encode two SopE-like proteins: SopE and SopE2 [1, 37]. Interestingly, sopE2
genes are present in all and sopE only in some Salmonella spp. [27, 37]. In
the sopE* strains, SopE is encoded in prophages or horizontally acquired
“pathogenicity islets.” Both SopE and SopE2 are 240 aa in size, are about 70%
identical, and are transported via the SPI-1 TTSS. Because SopE has been
studied in much more detail than SopE2, this review will focus mostly on
SopE. SopE is present in the S. Typhimurium strain SL1344 [39], which is
widely used to study Salmonella pathogenesis.

The protein sequence did not yield much information about the possible
function of SopE proteins: It did not show any sequence similarity to any other
known eukaryotic or prokaryotic proteins. Recently, however, a third distantly
related member (BopE) of the SopE protein family has been discovered in
Burkholderia spp. [38]. First hints about the involvement of SopE proteins
in host cell manipulation originated from mutation analyses. SopE mutants
were slightly but significantly less invasive for tissue culture cells than the
wild-type strains [18, 41]. Later it became clear that SopE, SopE2, SopB, and
SipA all participate in the triggering of host cell invasion. In the background
of sopE2sopBsipA strains, disruption of sopE has a very pronounced invasion
phenotype [9, 16, 27, 42].

3
Molecular Function of SopE

First insights into the molecular function of SopE were obtained in a screen for
SopE interacting proteins in a HeLa cDNA library [17]. This screen identified
Racl and Cdc42 as SopE interaction partners. In vitro assays demonstrated
that SopE mimicks the activity of G-nucleotide exchange factors of eukaryotic
cells: It efficiently binds to “inactive” GDP*RhoGTPase complexes, thereby
displacing the bound G-nucleotide. This step of the catalytic cycle has been
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Table1 Kinetic parameters of SopE-mediated G-nucleotide exchange on recombinant,
non-farnesylated Cdc42

Michaelis—Menten kinetics*

Keat 157

Km 2-4uM

keat/Km 2-6 x 10° M7's7!
Single turnover kinetics (surplus enzyme)

Kreact >13 57!

K pre-steady state >10 pM
Kreact/Kpm pre-steady state 7 x 10° M~ 171
Surface plasmon resonance

kass (no GDP) 6x 10°M 1571
kot (N0 GDP) 1.4 x 1074571
Kp=kKqf/kass (N0 GDP) ~1-10 nM
koff (1 mM GDP) 0.657!

Determined at 25 °C [33, 34].
*uncatalyzed GDP-release reaction: kcat = 5 x 10° s71 [34]

studied in detail by surface plasmon resonance analyses (Table 1) [10, 33]). In
the presence of free GDP or GTP, the SopE*RhoGTPase complex is unstable
and the SopE is quickly displaced by free GDP or GTP (Table 1). Thus the
overall reaction cycle results in a drastically increased G-nucleotide exchange
rate on the RhoGTPase. In a mammalian cell, the GDP-to-GTP ratio is gen-
erally in the range of 1:10. Kinetic analyses revealed that SopE accelerates
the net conversion of “inactive” GDP*RhoGTPase complexes into the “active”
GTP*RhoGTPase conformation by about 10°-fold (Table 1). Interestingly, the
catalytic rate (k) of SopE is about 10- to 100-fold higher than that of the
catalytic domains of eukaryotic GEFs. One might speculate that this is of
importance in the early phase of the bacteria-host cell interaction when only
little effector protein has been transported into the host cell. A high catalytic
rate (more specifically a high catalytic efficiency (kc/Km) would ensure ac-
tivation of a significant fraction of the host cellular RhoGTPase pool shortly
after host cell contact.

4
Structure of the SopE*Cdc42 Complex: Molecular Mimicry

The nucleotide-free complex between the catalytic domain of SopE (aa 78—
240) and a truncated version of Cdc42 (aa 1-178) lacking the C-terminal
prenylation site has been crystallized, and the structure of this complex was
determined at 2.3-A resolution [4].
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Table2 Characteristics of site-specific SopE mutants (reprinted with permission from

(34])

SopEvariant  Ruffling* Ruffling Ruffling Number Catalytic
++ + - of cells performance
(%) (%) (%) analyzed (% of wt)?
No SopE 0 3 97 47
wt 81 16 2 443 100
Q109N 14 75 1 352 0.6
Q109A 1 39 60 296 0.1
D124E 10 87 3 270 0.2
D124A 2 82 15 241 0.2
K198A 91 9 0 395 60
K198R 92 7 1 318 89
K198E 75 25 0 226 2.8
D103E 92 7 1 291 42
D103A 86 13 1 280 21
delG168 0 24 76 153 0.1
G168A 0 16 84 215 0.02
G168V 0 12 88 237 0.004

3Single-turnover catalytic efficiencies expressed in % of the efficiencies for SopE” wt or for GST-SopE’
wt
*Ability of SopE variants to indice cytoskeletal rearrangements in cultured cells

SopE-GEF

Fig.2 Structure of the SopE Cdc42 complex: molecular mimicry of eukaryotic GEFs.
The catalytic GAGA-loop of SopE is shown in red
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The catalytic domain of SopE is almost entirely a-helical. It forms two three-
helix bundles that are arranged in a V-like fashion. A small loop ('** GAGA'®?)
is located at the junction between these two domains. This '*GAGA!® loop
represents a large part of the interaction surface with Cdc42, and mutagenesis
studies demonstrated that the '®*GAGA'® loop is of great importance for
SopE function (Fig. 2; Table 2). The '®*GAGA'® loop inserts between and
displaces the switch 1 and switch 2 regions of Cdc42. Switch 1 and switch 2
are essential components of the G-nucleotide binding pocket of Cdc42. Thus
SopE enhances G-nucleotide release by distorting the switch 1 and switch 2
regions of Cdc42.

The structures of several complexes between RhoGTPases and eukaryotic
GEFs (Tiaml, Dbs, intersectin) are also available. These eukaryotic GEFs
have structures entirely different from SopE. However, they bind to the same
site of their cognate RhoGTPase (switches 1 and 2) and, most importantly,
they distort switch 1 and switch 2 into virtually the same conformation as
observed in the SopE*Cdc42 complex (Fig. 2). Thus SopE accurately mimics
the catalytic strategy of eukaryotic G-nucleotide exchange factors to activate
RhoGTPase signaling.

5
G-Nucleotide Exchange Catalyzed by SopE Versus EDTA

Itis quite interesting to observe that SopE7s_,49-catalyzed G-nucleotide release
can proceed at higher rates (kc) than G-nucleotide release in the presence
of EDTA [4, 33, 37]. The latter reaction is commonly used for loading G-
binding proteins with new nucleotides or as a control for G-nucleotide release
experiments.

The different G-release rates obtained with a Mg?* chelator (EDTA) and
SopE can be rationalized if one considers the underlying catalytic mecha-
nisms. These are quite different, even though the net result (dissociation of
a G-nucleotide that was formerly bound to the G protein) is the same.

In general, RhoGTPases bind the G-nucleotide with three regions of the
protein (switch I, switch II, P-loop). In addition, the RhoGTPases bind a mag-
nesium ion, which stabilizes the phosphate of the G-nucleotide. This Mg**
interaction is required for high-affinity G-nucleotide binding. EDTA disrupts
this stabilizing interaction by removing the magnesium ion. SopE uses an en-
tirely different mechanism: SopE (very much like eukaryotic GEFs for RhoGT-
Pases) does not bind directly to either the G-nucleotide or the magnesium
ion. Instead, it binds to and distorts the switch I and II regions of the Rho-
GTPase into a conformation that disrupts the binding of switch I and II to
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the G-nucleotide and also the Mg?" binding site of the RhoGTPase. SopE
binds very fast and very efficiently to the RhoGTPase, and this explains why
G-nucleotide exchange at high SopE concentrations (kc,:) is much faster than
the rates observed in the presence of EDTA.

6
Signaling of SopE Proteins Inside the Host Cell

Transfection of SopE expression vectors or microinjection of SopE protein
into fibroblasts leads to profound cytoskeletal rearrangements and cellular
uptake of noninvasive bacteria [17]. Furthermore, cotransfection experiments
showed that SopE expression leads to activation of the Jun-kinase pathway [5,
17]. Both responses are suppressed by dominant negative versions of Cdc42
and Racl. This demonstrated that SopE is sufficient to activate Cdc42 and Racl
inside eukaryotic cells. Later, pull-down assays with CRIB-domain constructs
have verified that Cdc42 and Racl are also activated by SopE during the course
of a bacterial infection [10].

Many Salmonella spp. including the strain S. Typhimurium SL1344 harbor
sopE and sopE2. It was found that SopE and SopE2 can mediate efficient host
cell invasion and that both are efficient GEFs for Cdc42 [37]. SopE is also an
efficient GEF for Racl, whereas SopE2 is not [10]. This was also confirmed in
COS-7 tissue culture infection experiments. These observations suggest that
subtle differences in substrate specificity might allow certain Salmonella spp.
expressing both SopE and SopE2 in parallel to optimize their interaction with
host cells.

At present it is unclear which other host cell GTPases (besides Racl and
Cdc42) might also be manipulated by SopE or SopE2 in vivo. Only few RhoGT-
Pases have been tested as SopE substrates in vitro [17]. One group reported
that SopE proteins might also activate RabGTPases involved in vesicular traf-
ficking [29]. Furthermore, the requirement of Cdc42 and/or Racl activation
by S. Typhimurium might vary significantly between different cell types and
even between the two surfaces of the same polarized cell line [7, 8].

7
Identification and Domain Structure of SptP

SptP was discovered during sequence analysis of the S. Typhimurium locus
encoding the SPI-1 TTSS [22]. The 60-kDa SptP protein has three domains:
an N-terminal secretion domain that is required for binding to a specific
transport chaperone (SicP [35]) and transport via the SPI-1 TTSS, a central
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domain that is a GAP for host cell RhoGTPases (aa 174-290; discussed below),
and a C-terminal tyrosine phosphatase domain (aa 340-543). The tyrosine
phosphatase domain of SptP is similar to tyrosine phosphatase domains from
other bacterial type III effector proteins (i.e., YopH from Yersinia spp.) and
includes a conserved PTPase signature sequence (LIVMF)-H-C-X(2)-G-X(3)-
(STC)-(STAG)-X-(LIVMFY). Disruption of the conserved Cys479 abolishes
the tyrosine phosphatase activity of SptP [22]. The tyrosine phosphatase
domain of SptP has a canonical phosphatase fold [35]. Interestingly, tyrosine
phosphatases are absent from most bacteria. Therefore, the few bacterial
tyrosine phosphatases that exist are thought to originate from some event of
horizontal gene transfer from a eukaryote. In the host cell, SptP can modulate
MAP kinase signaling and modulate the structure of the actin cytoskeleton
[12, 30]. So far, no direct effect of the tyrosine phosphatase domain of SptP
on RhoGTPases has been observed. Therefore, we will focus our discussion
of SptP on the GAP domain.

8
The GAP Domain of SptP

The GAP Domain of SptP is similar to the type III effector proteins ExoS from
Pseudomonas spp. and YopE from Yersinia spp. [22]. Most importantly, these
proteins share a conserved arginine residue. An arginine residue has been
known to act as the catalytic center of eukaryotic GAP proteins (see below).

In vitro the GAP domain of SptP is a potent activator of the GTPase activity
of RhoGTPases, namely Racl and Cdc42, and preferentially binds to their
GTP-bound forms [11]. Exchange of the conserved arginine residue of SptP
(R209A) resulted in loss of GAP activity [11]. Several lines of evidence con-
firmed that the GAP domain of SptP is a key modulator of host cell responses:
Microinjection of SptP resulted in disruption of cytoskeletal structures and
reversal of F-actin rearrangements induced by other Salmonella effector pro-
teins (namely SopE and SopE2); It could reverse the activation of JNK signaling
that is induced during the Salmonella host cell interaction [11].

9
Structure of the SptP-GAP*Rac1 Complex

The structure of a fragment of SptP containing the GAP and tyrosine phos-
phatase domains (aa 161-543) has been determined (Fig. 3) [36]. The GAP-
domain forms a four-helix bundle with supercoiled helices, and its fold is quite
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Fig. 3 Structure of the SptP(GAP)-Racl complex: molecular mimicry of eukaryotic
GAPs. The arginine finger of SptP(GAP) is shown in red

different from that of eukaryotic GAPs. The structure of the SptP-GAP*Racl
transition-state complex with GDP and aluminum fluoride has also been
solved [36]. In this complex, the AlF; occupies the site of the y-phosphate of
GTP. The SptP-GAP helices H1 and H4 as well as one bulged-out portion of
the GAP domain make the contacts with the RhoGTPase. They contact key
elements in the Racl nucleotide binding pocket (GIné61 of switch II, aluminum
fluoride in the nucleotide binding pocket, GDP). The switch I region of Racl,
which is in intimate contact with SptP-GADP, is forced into a highly ordered
conformation similar to that found in complexes between eukaryotic GAPs
and their cognate RhoGTPases.

The catalytically important arginine residue R209 at the end of helix H4
extends deeply into the “active site cavity” of Racl. The structure implies
that its guanidinium group forms strong hydrogen bonds with the terminal
GTP phosphates, “complements” the otherwise suboptimal GTPase center of
RhoGTPases, and thereby drastically accelerates hydrolysis of the y-phosphate
of GTP. The same mechanism has been observed in eukaryotic GAPs, i.e., the
complex between Cdc42 and Cdc42GAP [31]. The term “arginine finger” has
been coined for the common arginine residue at the catalytic center of GAPs.



Triggered Phagocytosis by Salmonella 39

In conclusion, the SptP-GAP has a distinct three-dimensional fold but a ba-
sic catalytic mechanism very similar to eukaryotic GAPs. In other words, the
SptP-GAP domain has emerged by convergent evolution to mimic eukaryotic
GAPs.

10
SopE Yin-SptP Yang

It has been quite puzzling to find two groups of effector proteins with seem-
ingly opposite functions that are both transported in parallel via the same
TTSS. Indeed, cotransfection of SopE and SptP expression vectors or microin-
jection of a mixture of both effector proteins into cultured cells alleviated the
dramatic effects on the actin cytoskeleton and JNK signaling that are nor-
mally triggered by SopE [11]. Now it turns out that SopE and SptP might act
in a sequential manner during Salmonella-host cell interaction. Both effector
proteins are transported into the host cells early on. In the initial phase of the
interaction, the activity of SopE seems to override the effect of SptP. The bac-
teria induce RhoGTPase activation, JNK activation, and dramatic cytoskeletal
rearrangements that lead to entry of the bacteria into the host cells. Later, JNK
activity comes back down and the cytoskeleton returns to normal. The latter
phase is dominated by SptP. In alandmark study, it was demonstrated that this
can be explained by distinct rates of degradation: SopE is degraded rapidly
(within less than 1 h) in the host cell cytosol, whereas SptP is degraded slowly
(t12 >>1 h) [23]. Therefore, S. Typhimurium exploits a “clock mechanism”
(i.e., ubiquitin-dependent degradation) of the host cell to coordinate the func-
tion of its effector proteins. The host proteasome determines the balance of
the Salmonella yin and yang.

References

1. Bakshi, C.S., V. P. Singh, M. W. Wood, P. W. Jones, T. S. Wallis, and E. E. Galyov. 2000.
Identification of SopE2, a Salmonella secreted protein which is highly homologous
to SopE and involved in bacterial invasion of epithelial cells. ] Bacteriol 182:2341-4.

2. Brumell, J. H, and S. Grinstein. 2003. Role of lipid-mediated signal transduction
in bacterial internalization. Cell Microbiol 5:287-97.

3. Brumell,]. H.,andS. Grinstein. 2004. Salmonellaredirects phagosomal maturation.
Curr Opin Microbiol 7:78-84.

4. Buchwald, G., A. Friebel, J. E. Galan, W. D. Hardt, A. Wittinghofer, and K. Scheffzek.
2002. Structural basis for the reversible activation of a Rho protein by the bacterial
toxin SopE. EMBO ] 21:3286-95.



40

8a.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

M. C. Schlumberger - W.-D. Hardt

Chen, L. M,, S. Bagrodia, R. A. Cerione, and J. E. Galan. 1999. Requirement of p21-
activated kinase (PAK) for Salmonella Typhimurium-induced nuclear responses.
J Exp Med 189:1479-88.

Chen, L. M., S. Hobbie, and J. E. Galan. 1996. Requirement of CDC42 for Salmonella-
induced cytoskeletal and nuclear responses. Science 274:2115-8.

Criss, A. K., D. M. Ahlgren, T. S. Jou, B. A. McCormick, and J. E. Casanova. 2001.
The GTPase Racl selectively regulates Salmonella invasion at the apical plasma
membrane of polarized epithelial cells. J Cell Sci 114:1331-41.

Criss, A. K., and J. E. Casanova. 2003. Coordinate regulation of Salmonella enterica
serovar Typhimurium invasion of epithelial cells by the Arp2/3 complex and Rho
GTPases. Infect Immun 71:2885-91.

Dai, Sarmiere et al. 2004. Efficient Salmonella entry requires activity cycles of host
ADF and cofilin. Cell Microbiol 6: 459-71.

Ehrbar, K., A. Friebel, S. I. Miller, and W. D. Hardt. 2003. Role of the Salmonella
pathogenicityisland 1 (SPI-1) protein InvB in type III secretion of SopE and SopE2,
two Salmonella effector proteins encoded outside of SPI-1. ] Bacteriol 185:6950-67.
Friebel, A., H. Ilchmann, M. Aelpfelbacher, K. Ehrbar, W. Machleidt, and W. D.
Hardt. 2001. SopE and SopE2 from Salmonella Typhimurium activate different
sets of RhoGTPases of the host cell. ] Biol Chem 276:34035-34040.

Fu, Y., and J. E. Galan. 1999. A Salmonella protein antagonizes Rac-1 and Cdc42 to
mediate host-cell recovery after bacterial invasion. Nature 401:293-7.

Fu, Y., and J. E. Galan. 1998. The Salmonella typhimurium tyrosine phosphatase
SptP is translocated into host cells and disrupts the actin cytoskeleton. Mol Mi-
crobiol 27:359-68.

Galan, J. E. 2001. Salmonella interactions with host cells: type III secretion at work.
Annu Rev Cell Dev Biol 17:53-86.

Galan, J. E,, and R. Curtiss, 3rd. 1989. Cloning and molecular characterization of
genes whose products allow Salmonella typhimurium to penetrate tissue culture
cells. Proc Natl Acad Sci USA 86:6383-7.

Galkin, V. E., A. Orlova, M. S. VanLoock, D. Zhou, J. E. Galan, and E. H. Egelman.
2002. The bacterial protein SipA polymerizes G-actin and mimics muscle nebulin.
Nat Struct Biol 9:518-21.

Hapfelmeier, S., K. Ehrbar, B. Stecher, M. Barthel, M. Kremer, and W. D. Hardt.
2004. Role of the salmonella pathogenicity island 1 effector proteins SipA, SopB,
SopE, and SopE2 in Salmonella enterica subspecies 1 serovar Typhimurium colitis
in streptomycin-pretreated mice. Infect Immun 72:795-809.

Hardt, W. D., L. M. Chen, K. E. Schuebel, X. R. Bustelo, and J. E. Galan. 1998. S.
typhimurium encodes an activator of Rho GTPases that induces membrane ruffling
and nuclear responses in host cells. Cell 93:815-26.

Hardt, W. D., H. Urlaub, and J. E. Galan. 1998. A substrate of the centisome 63 type
III protein secretion system of Salmonella typhimurium is encoded by a cryptic
bacteriophage. Proc Natl Acad Sci USA 95:2574-9.

Hayward, R. D., and V. Koronakis. 1999. Direct nucleation and bundling of actin
by the SipC protein of invasive Salmonella. EMBO ] 18:4926-34.

Higashide, W., S. Dai, V. P. Hombs, and D. Zhou. 2002. Involvement of SipA in
modulating actin dynamics during Salmonella invasion into cultured epithelial
cells. Cell Microbiol 4:357-65.

Jepson, M. A., B. Kenny, and A. D. Leard. 2001. Role of sipA in the early stages of
Salmonella Typhimurium entry into epithelial cells. Cell Microbiol 3:417-26.



Triggered Phagocytosis by Salmonella 41

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kaniga, K., J. Uralil, J. B. Bliska, and J. E. Galan. 1996. A secreted protein tyrosine
phosphatase with modular effector domains in the bacterial pathogen Salmonella
typhimurium. Mol Microbiol 21:633-41.

Kubori, T., and J. E. Galan. 2003. Temporal regulation of salmonella virulence
effector function by proteasome-dependent protein degradation. Cell 115:333-42.
Lilic, M., V. E. Galkin, A. Orlova, M. S. VanLoock, E. H. Egelman, and C. E. Stebbins.
2003. Salmonella SipA polymerizes actin by stapling filaments with nonglobular
protein arms. Science 301:1918-21.

McGhie, E. J., R. D. Hayward, and V. Koronakis. 2004. Control of actin turnover by
a salmonella invasion protein. Mol Cell 13:497-510.

McGhie, E. J., R. D. Hayward, and V. Koronakis. 2001. Cooperation between actin-
binding proteins of invasive Salmonella: SipA potentiates SipC nucleation and
bundling of actin. EMBO ] 20:2131-9.

Mirold, S., K. Ehrbar, A. Weissmiiller, R. Prager, H. Tschépe, H. Riissmann, and
W. D. Hardt. 2001. Salmonella host cell invasion emerged by acquisition of a mosaic
of separate genetic elements, including Salmonella pathogenicity island 1 (SPI1),
SPIS5, and sopE2. ] Bacteriol 183:2348-2358.

Mitra, K., D. Zhou, and J. E. Galan. 2000. Biophysical characterization of SipA, an
actin-binding protein from Salmonella enterica. FEBS Lett 482:81-4.

Mukherjee, K., S. Parashuraman, M. Raje, and A. Mukhopadhyay. 2001. SopE acts
as an Rab5-specific nucleotide exchange factor and recruits non-prenylated Rab5
on Salmonella-containing phagosomes to promote fusion with early endosomes.
] Biol Chem 276:23607-15.

Murli, S., R. O. Watson, and J. E. Galan. 2001. Role of tyrosine kinases and the
tyrosine phosphatase SptP in the interaction of Salmonella with host cells. Cell
Microbiol 3:795-810.

Nassar, N., G.R. Hoffman, D. Manor, J. C. Clardy, and R. A. Cerione. 1998. Structures
of Cdc42 bound to the active and catalytically compromised forms of Cdc42GAP.
Nat Struct Biol 5:1047-52.

Norris, E A., M. P. Wilson, T. S. Wallis, E. E. Galyov, and P. W. Majerus. 1998. SopB,
a protein required for virulence of Salmonella dublin, is an inositol phosphate
phosphatase. Proc Natl Acad Sci USA 95:14057-9.

Rudolph, M. G., C. Weise, S. Mirold, B. Hillenbrand, B. Bader, A. Wittinghofer, and
W. D. Hardt. 1999. Biochemical analysis of SopE from Salmonella typhimurium,
a highly efficient guanosine nucleotide exchange factor for RhoGTPases. ] Biol
Chem 274:30501-9.

Schlumberger, M. C., A. Friebel, G. Buchwald, K. Scheffzek, A. Wittinghofer,and W.
D. Hardt. 2003. Amino acids of the bacterial toxin SopE involved in G-nucleotide
exchange on Cdc42. ] Biol Chem.

Stebbins, C. E., and J. E. Galan. 2001. Maintenance of an unfolded polypeptide by
a cognate chaperone in bacterial type III secretion. Nature 414:77-81.

Stebbins, C. E., and J. E. Galan. 2000. Modulation of host signaling by a bacterial
mimic: structure of the Salmonella effector SptP bound to Racl. Mol Cell 6:1449-
60.

Stender, S., A. Friebel, S. Linder, M. Rohde, S. Mirold, and W. D. Hardt. 2000. Iden-
tification of SopE2 from Salmonella typhimurium, a conserved guanine nucleotide
exchange factor for Cdc42 of the host cell. Mol Microbiol 36:1206-21.

Stevens, M. P, A. Friebel, L. A. Taylor, M. W. Wood, P. J. Brown, W. D. Hardt, and
E. E. Galyov. 2003. A Burkholderia pseudomallei type III secreted protein, BopE,
facilitates bacterial invasion of epithelial cells and exhibits guanine nucleotide
exchange factor activity. ] Bacteriol 185:4992-6.



42

39.

40.

41.

42.

43.

44,

M. C. Schlumberger - W.-D. Hardt

Stocker, B. A., S. K. Hoiseth, and B. P. Smith. 1983. Aromatic-dependent Salmonella
spp. as live vaccine in mice and calves. Dev Biol Stand 53:47-54.

Terebiznik, M. R., O. V. Vieira, S. L. Marcus, A. Slade, C. M. Yip, W. S. Trim-
ble, T. Meyer, B. B. Finlay, and S. Grinstein. 2002. Elimination of host cell Pt-
dIns(4,5)P(2) by bacterial SigD promotes membrane fission during invasion by
Salmonella. Nat Cell Biol 4:766-73.

Wood, M. W, R. Rosqvist, P. B. Mullan, M. H. Edwards, and E. E. Galyov. 1996. SopE,
a secreted protein of Salmonella dublin, is translocated into the target eukaryotic
cell via a sip-dependent mechanism and promotes bacterial entry. Mol Microbiol
22:327-38.

Zhou, D., L. M. Chen, L. Hernandez, S. B. Shears, and J. E. Galan. 2001. A Salmonella
inositol polyphosphatase acts in conjunction with other bacterial effectors to
promote host cell actin cytoskeleton rearrangements and bacterial internalization.
Mol Microbiol 39:248-260.

Zhou, D., M. S. Mooseker, and J. E. Galan. 1999. An invasion-associated Salmonella
protein modulates the actin-bundling activity of plastin. Proc Natl Acad Sci USA
96:10176-81.

Zhou, D., M. S. Mooseker, and J. E. Galan. 1999. Role of the S. typhimurium actin-
binding protein SipA in bacterial internalization. Science 283:2092-5.



CTMI (2005) 291:43-60
(© Springer-Verlag 2005

Regulation of Phagocytosis by Rho GTPases

F. Niedergang* - P. Chavrier (£)

Membrane and Cytoskeleton Dynamics Group, Institut Curie, CNRS UMR144,
75248 Paris, France
Philippe.Chavrier@curie.fr

*Present Address: Department of Cell biology, Institut Cochin, CNRS UMR8104,
INSERM U567, 75014 Paris, France

1 Introduction . ...... ... ... . ... .. 44
2 Control of FcyR-Mediated Phagocytosis by Rac1/Cdc42

inMacrophages . ...... ... ... . e 45
2.1  Mechanism of Rac/Cdc42 Activation

During FcR-Mediated Phagocytosis ... ......oovvviiniinn... 47
2.2 Regulation of Actin Dynamics Downstream of Rac/Cdc42

During FcR-Mediated Phagocytosis ... ..., 48
2.3 Regulation of Phagosomal Contractility ........................ 50
3 Phagocytosis Mediated by Other Receptors. ... .................. 50
3.1  Complement Receptor-Mediated Phagocytosis ................... 50
3.2 Phagocytosisof Zymosan . ........... ... 52
3.3 Uptake of Apoptotic Targets. . . . oo vt viii it nii e 52
4 Conclusion . ........ ... ... 54
References . ... ... ... ... i 55

Abstract Phagocytosis is the mechanism of internalization used by specialized cells
such as macrophages, dendritic cells, and neutrophils to internalize, degrade, and
eventually present peptides derived from particulate antigens. The phagocytic process
comprises several sequential and complex events initiated by the recognition of ligands
on the surface of the particles by specific receptors on the surface of the phagocytic
cells. Receptor clustering at the attachment site generates a phagocytic signal that in
turn leads to local polymerization of actin filaments and to particle internalization.
Depending on the particles and receptors involved, it appears that the structures and
mechanisms associated with particle ingestion are diverse. However, work during the
past few years has highlighted the importance of small GTP-binding proteins of the
Rho family in various types of phagocytosis. As reviewed here, Rho family GTPases,
their activators, and their downstream effectors control the local reorganization of the
actin cytoskeleton beneath bound particles.
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Abbreviations

Arp2/3  Actin-related protein 2/3

CR Complement receptor

DH Dbl-homology

FcyR Fcy receptor

GAP GTPase-activating protein

GEF Guanine nucleotide exchange factor
GDP Guanosine 5'-diphosphate

GTP Guanosine 5 -triphosphate

ITAM  Immuno-receptor tyrosine-based activation motif
PAK1 p21-Activated kinase 1

PI3K Phosphatidylinositol 3’-kinase

PIP, Phosphatidylinositol 4,5-bisphosphate
PIP; Phosphatidylinositol 3,4,5-trisphosphate
SH2 Src homology 2

ROK Rho-kinase

VASP  Vasodilator-stimulated phosphoprotein
WASP  Wiskott-Aldrich syndrome protein

1
Introduction

Phagocytosis is a universal cell function, which couples the recognition and
binding of a particle (over 0.5 um in diameter), generally in a receptor-
dependent manner, to its internalization and degradation [3, 92]. Single-cell
eukaryotes such as the mold Dictyostelium discoideum and amoebae use
phagocytosis for feeding. In higher organisms, phagocytosis is fundamental
for host defense against invading pathogens and contributes to the immune
and inflammatory responses [2, 37]. Phagocytosis is also important during
development for normal turnover and remodeling of tissues and disposal
of dead cells [77]. In mammals, phagocytosis is the hallmark of specialized
cells including macrophages, dendritic cells, and polymorphonuclear neu-
trophils. These cells are collectively referred to as professional phagocytes
[73]. In certain circumstances, other cell types, such as thyroid and bladder
epithelial cells or mesangial cells in the kidney, are able to perform phago-
cytosis. Receptors on the surface of the phagocytes can be classified into two
main classes: receptors for opsonins such as IgG antibodies and the com-
plement fragment C3bi that engage FcyRs and complement receptors (CR),
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respectively, and nonopsonic receptors. The latter can be subdivided into
two groups, the Toll-like receptors (TLRs) and the non-Toll-like receptors,
including scavenger receptors, C-type lectins, and C-type lectin-like recep-
tors, which recognize components on the particle surface such as mannose or
fucose residues, phosphatidylserine, and lipopolysaccharides [3, 89].

Actin polymerization beneath the site of attachment of the particle is
the driving force behind ingestion and proceeds from signal transduction
downstream of the phagocytic receptors (for review, see [23, 35, 64]). Even
though the precise signaling cascades linking activated receptors to actin
polymerization are not fully understood as yet, it has become clear that Rho
GTPases control the cytoskeletal rearrangements during uptake of opsonized
particles and apoptotic bodies by professional mammalian phagocytes [18,27,
55, 61]. Like all members of the Ras superfamily, Rho proteins cycle between
an inactive conformation when bound to guanosine 5'-diphosphate (GDP),
and an active, guanosine 5 -triphosphate (GTP)-bound state. Cycling between
these two states is regulated by guanine nucleotide exchange factors (GEFs),
which promote GDP dissociation and GTP binding, and GTPase activating
proteins (GAPs), which stimulate the low intrinsic GTPase activity of Rho
proteins [90]. In the GTP-bound state, Rho proteins interact with downstream
effectors to control actin filament assembly and organization into complex
structures involved in cell shape, motility, and polarity [34]. In particular, at
theleading edge of motile cells, Cdc42 and Racl regulate actin polymerization
to form filopodia andlamellipodia, respectively, whereas in the cellbody RhoA
induces assembly of focal adhesions and contractile actin-myosin stress fibers.
In this chapter, we will focus on recent advances made in the understanding
of the regulation of actin dynamics during phagocytosis by Rho GTPases.
Phagocytosis mediated by receptors for opsonins, and especially FcRs, has
been the subject of most studies. We will first describe the molecular networks
involving Rho GTPases in FcyR-mediated phagocytosis and then focus on the
other phagocytic pathways.

2
Control of FcyR-Mediated Phagocytosis by Rac1/Cdc42 in Macrophages

FcyRI and FcyRIIIa are associated with low-molecular-weight y-subunit ho-
modimers, which contain an immunoreceptor tyrosine-based activation mo-
tif (ITAM) in their cytoplasmic region (Fig. 1) [75]. On receptor clustering by
IgG-opsonized particles, the tyrosines in the ITAM are phosphorylated by Src
family kinases and serve as docking sites for Src homology 2 (SH2) domain-
containing cytosolic proteins. Among these, the tyrosine kinase Syk and the



46 F. Niedergang - P. Chavrier

PI3K s

Vav \

Réc1 Felic/CIP4b

PAKM \Wave WAé{
MLC — l 1 \. I

LIMK PIP2 Arp2/3 complex

cofilin  gelsolin

| contractility | | actin turnover | | de novo actin assembly|

Fig. 1 Signaling in FcR-mediated phagocytosis. Racl and Cdc42 are the Rho GT-
Pases controlling this pathway. IgG-coated particles bind to FcR and induce their
aggregation, which activates Src family tyrosine kinases that, in turn, phosphory-
late and activate the Syk kinase. Cdc42, activated by an unidentified GEF, recruits
WASP, which stimulates actin nucleation by the Arp2/3 complex. Felic/CIP4b is an-
other Cdc42-effector that may contribute to activate WASP. Racl is activated by Vav,
which GEF activity is modulated by tyrosine phosphorylation and PI3K products
(PIP3). Downstream of Racl, the Wawe/Scar complex may contribute to stimulate
actin nucleation. Racl-dependent activation of PIP5 K leads to the accumulation of
PIP, that contributes to actin reorganization. PAK, another Racl effector activated
during FcR-mediated phagocytosis, may play a role in actin turnover by activating
the LIMK, which in turn phosphorylates and inhibits cofilin. PAK also phosphorylates
myosin chains and therefore controls phagosomal contractility

p85 subunit of type I phosphatidylinositol 3'-kinase (PI3K) are essential for
phagocytosis as they trigger the tyrosine phosphorylation of multiple proteins
(Syk) and the local accumulation of phosphatidylinositol 3,4,5-trisphosphate
(PIPs) (PI3K) (for review see [14, 23, 35, 64]). Actin assembly at the site of
particle attachment is induced within seconds on FcR ligation, giving rise to
a ringlike structure, the actin cup, which surrounds the particle and rapidly
disassembles as the particle becomes enclosed in the phagosome [36, 42].
Experiments using bacterial inhibitory toxins (see chapter by Baldwin and
Barbieri, this volume) or expression of dominant inhibitory mutant forms
to impair the activity of Rho GTPases demonstrated that actin organization
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in the phagocytic cup is controlled by Cdc42 and Rac, whereas RhoA is not
involved [18,27,61]. Racl and Cdc42 are recruited to the site of particle attach-
ment and accumulate transiently as GTP-loaded forms [18, 66, 70]. Dynamic
studies by fluorescence resonance energy transfer (FRET) revealed different
patterns of activation for Rac and Cdc42. GTP-Cdc42 was found at the tip
of the advancing pseudopod, where it colocalized with polymerizing actin,
whereas Racl activation was biphasic. GTP-Racl was induced at a low level
early after particle binding and peaked at the time of pseudopod fusion [46].
Rac2, a close homolog of Racl expressed exclusively in hematopoietic cells,
was also activated at the time of pseudopod fusion. The primary function
of Rac2 on the phagosomal membrane seems to be regulation of superoxide
production by the NADPH oxidase complex ([46]; see chapter by Bokoch, this
volume). These data together with earlier findings [20, 61], suggested that
Cdc42 and Racl regulate distinct processes during phagocytosis, with Cdc42
controlling pseudopod extension and Racl potentially regulating phagosome
closure.

2.1
Mechanism of Rac/Cdc42 Activation During FcR-Mediated Phagocytosis

The cascade of events leading to Rac/Cdc42 activation downstream of FcRs
is not fully understood. Nucleotide exchange on Rho GTPases is catalyzed
by GEFs belonging to a family comprising at least 50 members in humans,
which contain a Dbl-homology (DH) catalytic domain flanked by a pleck-
strin homology (PH) domain [53]. The Vav family of Rho GEFs comprises
three members (Vavl, -2, -3), which share conserved DH-PH and carboxy-
terminal SH2-SH3-SH2 modules but have distinct tissue expression patterns
(for review, see [15]). Inhibition of Vav activity prevents both Racl activation
and FcyR-mediated phagocytosis in macrophages [70]. Nucleotide exchange
activity of Vav proteins is modulated by tyrosine phosphorylation, and Syk-
mediated phosphorylation of Vav on FcyR ligation is probably instrumental
for Rac activation during phagocytosis [15]. The accumulation of PIP; in the
phagocytic cup may also contribute to Vav activation, as phosphatidylinositol
lipids are known to influence the enzymatic activity of Vav proteins through
binding to their PH domain [41, 60]. Interestingly, inhibition of PI3K by wort-
mannin (wtn), although it abolishes phagocytosis, does not impair initial
actin assembly beneath the particle, suggesting that the main function of
a cascade linking PI3K, Vav, and Racl may be to control pseudopod extension
and fusion [7, 28]. So far, the GEF(s) responsible for Cdc42 activation during
FcR-mediated phagocytosis remains unidentified.
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2.2
Regulation of Actin Dynamics Downstream of Rac/Cdc42
During FcR-Mediated Phagocytosis

In their GTP-bound active conformation, Racl and Cdc42 interact with down-
stream effectors that promote actin filament assembly and shape the filaments
to form a phagocytic cup. One key effector is the Wiskott-Aldrich syndrome
(WAS) protein (WASP), a protein expressed by hematopoietic cells that is re-
cruited to the phagocytic cup [19, 25]. The lack of functional WASP protein in
macrophages from WAS patients results in a deficient uptake of IgG-opsonized
particles, indicating its central role during FcR-mediated phagocytosis (for
review see [85]). Work from many laboratories has shown that WASP exists
in an autoinhibited conformation that can be relieved through direct in-
teraction with GTP-Cdc42 and phosphatidylinositol 4,5-bisphosphate (PIP;)
acting synergistically. Therefore, together with local Cdc42 activation, the
transient accumulation of PIP, in the nascent phagocytic cup could be part
of an activation signal for WASP ([11]; also see below). Another potential
activator of WASP that is recruited to the phagocytic cup is a protein called
Felic/CIP4b [31]. Felic/CIP4b, a partner for both GTP-bound Cdc42 and WASP
[9, 86], shares extensive similarities with a protein called Toca-1 recently
shown to contribute to Cdc42-dependent activation of WASP [44]. In turn,
WASP stimulates the actin-nucleating activity of the Arp2/3 complex [72]. The
Arp2/3 complex, which contains two actin-related proteins, is a major regula-
tor of actin assembly that stimulates de novo actin polymerization by filament
branching on existing filaments [72]. Therefore, WASP-mediated activation
of the Arp2/3 complex in the phagocytic cup probably accounts for filament
assembly that drives pseudopod extension downstream of Cdc42 [63]. In ad-
dition, the nucleating activity of the Arp/3 complex can be stimulated by
the WAVE/Scar proteins, which are part of a multiprotein complex acting
downstream of Racl [32, 65]. The finding that components of the WAVE-
Scar complex are required for phagocytosis in Drosophila cells suggests that
GTP-Racl may provide additional signals to Arp2/3 complex activation in the
phagocytic cup during FcR-mediated phagocytosis [71, 74].

Additional activities are likely to participate in remodeling of the actin
cup. A complex consisting of WASP, the adaptor proteins Fyb/SLAP, Nck,
and SLP-76, and the cytoskeletal Ena/vasodilator-stimulated phosphoprotein
(VASP) assembles in response to FcyR clustering and localizes to the cup
[25]. VASP may also form a cooperative complex with WASP at the plasma
membrane [19]. Ena/VASP proteins were shown to reduce the density of
Arp2/3-dependent actin filament branches by increasing the rate of dissoci-
ation of filaments from the branches [79]. They were also reported to asso-
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ciate with fast-growing barbed ends of actin filaments, thereby antagonizing
binding of capping proteins [50]. All together, these findings suggest an im-
portant contribution of Ena/VASP to the dynamics of actin filaments within
the cup.

The number and availability of barbed ends are affected by proteins that
sever the filaments and others that cap them. Gelsolin severs or caps actin
filaments depending on Ca’** and PIP, levels, thus providing a controlled
way of generating free barbed ends (for review, see [78]). Neutrophils from
gelsolin-deficient mice show defects in FcR-mediated phagocytosis that is
impaired in both particle attachment and ingestion, demonstrating a role for
gelsolin at an early step during phagocytosis [81]. Gelsolin is downstream
of Racl, as GTP-bound Racl stimulates actin-gelsolin dissociation [8, 10].
Uncapping of actin filaments may be promoted by Rac-dependent activation
of phosphatidylinositol-4-phosphate 5-kinase (PIP5K) and PIP, production,
as PIP, triggers the dissociation of the actin-gelsolin complex [87, 93]. PIP,
accumulates in the phagocytic cup within regions of F-actin enrichment [11],
and one isoform of PIP5K (PIP5KIa) is recruited at the cup, where its activity
is required for actin reorganization and particle uptake [24]. Besides Rho
GTPases, ADP-ribosylation factor 6 (ARF6), which belongs to the ARF family
of small GTP-binding proteins (for review, see [22]), is also known to regulate
the activity of PIP5K [45]. ARF6 is activated on FcR clustering with kinetics
similar to that of Rac1/Cdc42 and is required for the ingestion of IgG-coated
particles [66, 96]. Therefore, multiple pathways may converge to ensure that
de novo synthesis of PIP, occurs at the nascent cup.

Last but not least, cofilin has been shown to play a role in phagocytosis
of serum-opsonized zymosan (presumably involving several types of phago-
cytic receptors) in monocytic and macrophage cell lines [1]. Cofilin severs
and depolymerizes F-actin filaments, thereby providing G-actin subunits to
support the rapid-turnover barbed-end growth of filaments driving the ex-
tension of the plasma membrane (for review, see [16, 69]). Translocation of
cofilin to the phagocytic cup occurs in activated neutrophils and macrophages
and is associated with a cycle of phosphorylation/dephosphorylation [1, 43].
Cofilin activity is blocked by phosphorylation of a serine residue at posi-
tion 3, and kinase cascades linking Cdc42 and Racl (and RhoA, see below)
to cofilin have been described. The Ser/Thr p21-activated kinase 1 (PAK1),
which is a downstream effector of Racl and Cdc42 that accumulates on phago-
somal membrane [29], stimulates LIM kinase (LIMK) by phosphorylation on
residue 508 [33]. In turn, activated LIMK directly phosphorylates cofilin at
position 3, thereby blocking its activity [95]. Therefore, the PAK/LIMK/cofilin
pathway could mediate Rac/Cdc42 control of actin filament turnover during
phagocytosis of opsonized particles [62].
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23
Regulation of Phagosomal Contractility

Contractile activities are necessary for phagocytosis, and they most likely
involve interaction between actin filaments and molecular motors of the
myosin superfamily [21]. When adjacent macrophages attempting to ingest
a single erythrocyte were examined, dumbbell-shaped erythrocytes were
observed with their two bulbous ends still connected by a thin membrane stalk
[84]. In the presence of Wtn/LY294002 or butanedione monoxime (BDM, an
inhibitor of myosins), constricted erythrocytes were absent, arguing for a role
for PI3K and myosins in the generation of contractility [84]. Several myosin
motors (L, II, V, IX, and X), which are recruited to the phagosome at different
stages of its formation, could conceivably control the generation of force
during phagocytosis [6, 30, 68, 84]. Indeed, myosin X that is recruited to the
phagocytic cup through binding of PI3K products by its PH domains has been
identified as a key downstream effector of PI3K required for optimal extension
of pseudopods during FcR phagocytosis [26]. Several laboratories have also
shown that myosin II is required for FcR-mediated phagocytosis [6, 59, 68].
Interestingly, Rac/Cdc42 could potentially regulate myosin II contractility
through alteration of the phosphorylation status of myosin light and heavy
chains, possibly mediated by PAK [29, 80, 91].

3
Phagocytosis Mediated by Other Receptors

3.1
Complement Receptor-Mediated Phagocytosis

Complement activation via the alternative pathway leads to the deposition
of complement fragment C3bi on the surface of the particle that is recog-
nized by the phagocytic C3bi receptor (CR3), corresponding to the integrin
ampPs (also called CD11b/CD18 or Mac-1) (Fig. 2) [3]. In contrast to FcRs
that are constitutively active for phagocytosis, activation of CR3 requires
extrastimuli such as chemokines, TNF-a, or adhesion to fibronectin-coated
surfaces or can be experimentally induced by phorbol esters. Recently, FcR
ligation has also been shown to promote clustering of CR3 into high-avidity
complexes capable of binding C3bi-coated targets, revealing possible cross
talk between phagocytic receptors [47]. Activation of CR3 is therefore based
on an inside-out signaling that appears to be controlled by the small GTP-
binding protein Rap1 (for review see [17]). Only limited pointlike attachment
sites are established between C3bi-coated particles and the phagocyte sur-



Regulation of Phagocytosis by Rho GTPases 51

l Rap1
Cﬂa/im B2 -

RhoA
|
ROK
l
myolsin Il

Arp2/3 1complex

| de novo actin assembly|

Fig.2 Signalingin CR-mediated phagocytosis. Phagocytosis is triggered by interaction
between C3bi-coated particles and the CR3/aMp2 receptor. This integrin receptor has
to be activated by an “inside-out” signal implicating the GTP-binding protein Rapl in
order to acquire an active conformation. RhoA activated downstream of CR3/aMf32
in turn recruits the Rho kinase and its target myosin-II that have been involved in the
accumulation of the Arp2/3 complex and actin nucleation

face, and importantly, during ingestion, the particle sinks directly into the
cytoplasm of the phagocyte without the extension of membrane pseudopods
that are typical of FcR-mediated phagocytosis [48]. By immunofluorescence,
these contact sites appear as foci enriched in F-actin and various cytoskeletal
proteins including paxillin, vinculin, a-actinin, and Arp2/3 complex [5, 63].

The function of Rho GTP-binding proteins in CR3-mediated phagocytosis
has been examined by Caron and colleagues, who reported that inhibition
of RhoA by C. botulinum C3 exotoxin blocks CR3-mediated uptake and in-
terferes with Arp2/3 accumulation at the contact site [18, 63]. In contrast,
inhibition of Cdc42 or Racl does not affect CR3-mediated phagocytosis, pro-
viding a molecular basis for the distinct morphological features of FcR- and
CR3-mediated phagocytosis [18]. The RhoA effector Rho-kinase (ROK) and
its target myosin II have been implicated in the accumulation of Arp2/3 com-
plex and F-actin assembly during CR3-mediated phagocytosis; however, their
precise mechanism of action remains unknown [68]. ROK, which directly
phosphorylates LIMK [67, 83], can also regulate cofilin phosphorylation with
biological consequences during Rho-mediated neurite retraction [58]. Simi-
larly, the ROK/LIMK pathway could mediate RhoA control of actin filament
turnover during phagocytosis downstream of CR3.
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3.2
Phagocytosis of Zymosan

Zymosan is a cell wall preparation of heat-treated Saccharomyces cerevisiae
that has been widely used as a model particle for phagocytosis. The prepara-
tion is mainly composed of -glucans, mannans, mannoproteins, and chitins.
It interacts with several receptors on the phagocytes’ surface, including CR3,
the mannose receptors that bind to mannan residues, and the recently de-
scribed Dectin-1, which recognizes B-glucans. Phagocytosis of unopsonized
zymosan is therefore a complex event that may engage several receptors, and
the signaling cascades triggered are likely to be multiple as well. Dectin-1is an
ITAM-containing receptor likely to trigger tyrosine kinases and downstream
signals similar to FcRs. It also cooperates with TLR2 receptors that connect
to the NF-xB activation cascade [52]. Small GTP-binding proteins have not
been involved in these pathways so far. Interestingly, Rac and Cdc42 appear
to be important for the uptake of nonopsonized zymosan via CR3 receptors,
whereas serum-opsonized zymosan, which binds to CR3 as well, leads to
a pathway depending on Rho as described for other complement-opsonized
targets [51]. Therefore, depending on the target, the CR3 receptor may be
engaged via distinct epitopes and trigger different signaling cascades relying
on different Rho GTPases.

3.3
Uptake of Apoptotic Targets

Cells undergoing the process of apoptosis are taken up by professional phago-
cytes as well as by nonprofessional neighboring cells, and in this case engulf-
ment is usually not followed by activation of proinflammatory responses but is
rather a “silent” event. As for other types of phagocytosis, entry relies on actin
polymerization. The receptors involved in uptake of apoptotic targets are nu-
merous, including the af5- and o, f5-integrin receptors, a phosphatidylser-
ine receptor, and scavenger receptors such as CD36 and CDé68 (Fig. 3) (for
review, see [38]). Studies in C. elegans have unraveled two pathways impor-
tant for engulfment of apoptotic cells, implicating ced-2, ced-5, and ced-10
on one hand and ced-1, ced6, and ced-7 on the other hand. Recent work in
mammalian cells revealed that the signaling cascades existing in the worm
are evolutionarily conserved. Interestingly, the ortholog of CED10 is Racl,
and DOCK180/CEDS5 is an unconventional GEF for Racl. DOCK180/CED5
does not contain a DH domain and bears instead, as a domain responsible
for the exchange activity, a domain called Docker. The adaptor CrkII/CED?2 is
believed to recruit DOCK180/CED5 and ELMO/CEDI12 in a ternary complex
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Fig.3 Signaling during engulfment of apoptotic cells. Internalization of apoptotic cells
is induced by the recognition of many receptors. Studies in mammals and C. elegans
have demonstrated the pathways triggered by the ayf33, ay 35 integrins and the CEDI,
CED7 receptors. Interaction of apoptotic targets with the ayf3 and a,fs integrins
stimulate tyrosine kinases. The adaptor CrkII/CED2 recruits a complex composed
of DOCK180/CED5 and ELMO/CED12 that is an exchange factor for Rac1/CEDI0.
The Arp2/3 complex is stimulated and participates in actin polymerization. Basal
engulfment activity is inhibited by RhoA and its effector ROK, by a mechanism that is
so far not described, and inhibition by RhoA can be counterbalanced by the stimulation
of the CrkII/CED2, DOCK180/CED5, ELMO/CED12 complex

that is able to exchange GTP on Racl/CEDI10 [4, 13, 39, 76]. ELMO/CED12
indeed contains a PH domain that may contribute to the subcellular local-
ization of the complex and the control of GEF activity [57]. Therefore, the
DOCK180/CED5-ELMO/CED12 complex may be considered as the equiva-
lent of a Dbl-family GEF, containing both a DH and a PH domain in the
same molecule [12]. Overexpression of DOCK180/CED5 and ELMO/CED12
increased the efficiency of phagocytosis of beads or apoptotic cells. Because
there are five mammalian DOCK180 family members and three ELMO iso-
forms, there may be finely tuned interplays between all these molecules,
depending on the context and the cell function. In addition, another Rho GT-
Pase, RhoG, binds to the N-terminal part of ELMO?2 in its GTP-bound form
[49]. RhoG is known to play a role in neurite outgrowth and cell spreading, by
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activating Rac on NGF or integrin stimulation, respectively, and this interac-
tion places the DOCK180/CED5-ELMO/CED12 complex as a target of RhoG
that activates Racl in these signaling pathways [49]. Whether RhoG also plays
a role in integrin-mediated uptake of phagocytic cells is not yet known.

Beside the positive regulation of engulfment by Racl, a negative regulation
of this pathway by Rho has been recently described in mammalian cells
[55, 88]. Initial observations indicated that RhoA was downregulated during
engulfment and that inhibition of RhoA by C3 toxin enhanced phagocytosis of
apoptotic targets or carboxylate beads. In addition, expression of active RhoA
or Rho-GEFs reduced phagocytosis efficiency. Therefore, it appears that Rho
negatively regulates the basal engulfment activity and that this inhibition
can be counterbalanced by activation of the CrkII/CED2, DOCK180/CED5,
ELMO/CED12, and Racl/CED10 pathway. One of the RhoA effectors, the
ROK, may be preferentially implicated in this negative regulation [88].

Activation of Rac1/CED10 on binding of an apoptotic target then connects
the signaling cascade with the Arp2/3 complex and actin polymerization.
WASP is also implicated in uptake of apoptotic targets, because it is recruited
in phagocytic cups and because engulfment is delayed in macrophages derived
from WASP-deficient mice [54].

The cedl, ced6, and ced7 products have also mammalian equivalents.
CED1/LRP (low-density lipoprotein receptor-related protein) is related to the
mammalian SREC (scavenger receptor for endothelial cells), whereas CED7
and its mammalian counterpart ABC1 are ATP-binding cassette (ABC) trans-
porters. They are both involved in surface recognition of apoptotic targets
[40, 94, 97]. CED6 is a downstream effector, because its overexpression by-
passes the requirement for ced-1 and ced-7 and because it partially rescues
ced-10/Racl mutants [56]. The mammalian counterpart of CED6 is a pro-
tein called GULP for enGULfment adaPter Protein [82]. It acts as an adaptor
protein and binds to the cytoplasmic tail of CED1/LRP [82]. Downstream
effectors are still to be identified as well as the potential links between the
ced-2, ced-5, ced-10 and the ced-1, ced6, ced-7 pathways.

4
Conclusion

Although entry into cells via phagocytosis can take many forms, in most
cases, regulation of actin dynamics is under the control of Rho family GT-
Pases. Interestingly, in C. elegans as well as in mammalian cells, the molecular
mechanisms underlying the internalization of large particles are often sim-
ilar to the mechanisms controlling cell migration. With the development of



Regulation of Phagocytosis by Rho GTPases 55

large-scale screens for effectors of the Rho GTPases, there has been much
progress recently in our understanding of the networks downstream of the
Rho proteins. However, many “black boxes” remain upstream in the signaling
cascades and in the way signals are integrated from the many receptors that
can be stimulated on the surface of a phagocytic cell. Microbial pathogens that
mimic or exploit many of the signaling pathways induced by the stimulation
of phagocytic receptors may help us unravel some of the remaining questions.
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Abstract Rho GTPases are molecular switches controlling a broad range of cellular
processes including lymphocyte activation. Not surprisingly, Rho GTPases are now
recognized as pivotal regulators of antigen-specific T cell activation by APCs and
immunological synapse formation. This review summarizes recent advances in our
understanding of how Rho GTPase-dependent pathways control T lymphocyte motil-
ity, polarization and activation.
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NK Natural killer

MTOC Microtubule organizing center

SMAC  Supramolecular activation cluster
PTK Protein tyrosine kinase

GEF Guanosine nucleotide exchange factor
ERM Ezrin radixin moesin proteins

1
Introduction

A major task of lymphocytes is to circulate continuously throughout the body,
where they scan the surface of antigen-presenting cells (APC) for the pres-
ence of pathogen-derived peptide antigens bound to major histocompatibility
complex (MHC) molecules. Whereas CD8" cytotoxic T cells kill cells that are
replicating intracellular pathogens through secretion of lytic enzymes, acti-
vated CD4" T cells help mount an efficient immune response by secreting
immunomodulatory cytokines. This recognition depends on the ability of
the T cell antigen receptor (TCR) to specifically bind to the peptide-MHC
complex, and just a few copies of an antigenic peptide displayed on the MHC
surface molecules of the APC can trigger a robust T cell activation, a pivotal
event in adaptative immunity. To succeed in this task, T lymphocytes engage
a series of extremely dynamic and narrow contacts with APCs that take place
in a submicrometer-scale gap between the two cells.

This interaction zone, recently referred to as the immunological synapse
(IS), is exquisitely organized in time and space and characterized by polar-
ization of T cells toward the APC, movements of T cell membrane receptors
binding to their ligands expressed at the APC membrane, and recruitment and
activation of signaling proteins. The organization of the IS, which depends on
the nature of the T cell-APC pair, is largely regulated by the reorganization of
T cell actin and tubulin cytoskeleton. Although first noted more than 20 years
ago, the implication of cytoskeletal structures during lymphocyte activation
has only received recent experimental and molecular support. Rho GTPases
are molecular switches controlling a broad range of cellular processes (for
reviews see Etienne-Manneville and Hall 2002 and accompanying reviews),
including lymphocyte activation (Altman and Deckert 1999; Cantrell 2003).
Not surprisingly, Rho GTPases are now recognized as pivotal regulators of
antigen-specific T cell activation by APCs and IS formation. This review sum-
marizes recent advances in our understanding of how Rho GTPase-dependent
pathways control T lymphocyte motility, activation, and effector functions.
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2
Immunological Synapses: More than One Face

T cell activation requires recognition by the TCR of MHC-peptide complexes
present at the surface of APCs. This interaction induces different functional
programs depending on the nature and the maturation stage of the T lym-
phocyte. In thymocytes, binding of MHC-peptide to TCR will either induce
positive selection, resulting in maturation of T cells capable of recogniz-
ing foreign peptides in the context of MHCs, or negative selection, resulting
in apoptosis of autoreactive thymocytes. In CD8* cytotoxic T lymphocytes
(CTL), recognition of the MHC-peptide complexes on the target cell induces
killing of the target. In CD4* helper T lymphocytes, binding of the TCR to
specific MHC-peptide complexes at the surface of B lymphocytes induces se-
cretion by T cells of cytokines that allow the interacting B cells to differentiate
in antibodies producing cells. Finally, TCR recognition of MHC-peptide com-
plexes present on dendritic cells (DCs) allows naive T cells that have never
encountered the antigen for which they are specific to differentiate, secrete
cytokines, and proliferate. The term immunological synapse was proposed
more than 20 years ago to describe the interaction observed between T cells
and APCs, which is characterized by a stable, narrow contact zone between
the two cells. Subsequent multidimensional fluorescence analysis of the cell-
cell interface revealed that T cell recognition of MHC-peptide complexes at
the surface of targets or B cells was accompanied by a dynamic spatial or-
ganization of membrane receptors, cytoskeleton, and intracellular signaling
complexes on the T cell side (Kupfer and Kupfer 2003; Kupfer and Singer
1989). The IS prototype was first described by Kupfer and colleagues as the
organized structure formed between T cell clones and antigen-bearing B lym-
phoma cells, the so-called bull’s-eye pattern (Monks et al. 1998). After 15 min
of contact, T cell membrane receptors and signaling molecules redistribute
into concentric supramolecular activation clusters (SMACs) at the T cell-
APC interface. During the maturation process of the IS and the formation
of the bull’s-eye pattern, a central SMAC (c-SMAC) is formed where TCRs
accumulate and from where integrins such as LFA-1 and their ligands are
gradually excluded to form a peripheral SMAC (p-SMAC) (Monks et al. 1998)
(Fig. 1). High-speed microscopy studies with fluorescent chimera of TCRg
chain further demonstrated that the IS is highly dynamic (Krummel et al.
2000).

Other membrane molecules such as the large adhesion receptor CD43
(Allenspach et al. 2001; Delon et al. 2001) and the transmembrane tyrosine
phosphatase CD45 (Johnson et al. 2000) were found to be excluded from
the contact zone. These observations were confirmed in other studies using
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Fig. 1A, B. Immunological synapses. A Different types of Immunological synapses.
Interaction between thymocytes and thymic stromal cell (TSC) (a); naive CD4* T cell
and dendritic cell (DC) (b); effector CD4" T cell and B cell (¢); effector CD4" T cell and
macrophage (d); naive CD8" T cell and DC (e); effector CD8" cytotoxic T cell (CTL)
and target cell (f). B Typical concentric organization of a mature synapse in a CD4*
T cell interacting with an agonist-loaded B cell (“bull’s-eye” pattern), including the
c-SMAG, the p-SMAC, and a more distal region of exclusion, as well as the localization
of the major cell surface receptors (left) and signaling molecules (right)
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artificial planar bilayers containing fluorescent peptide-MHC molecules and
ICAM-1 (Grakoui et al. 1999) and Jurkat leukemic T cells interacting with a B
lymphoma pulsed with a superantigen (Blanchard et al. 2002a). Patterning
of membrane receptors is also accompanied by a redistribution of signaling
molecules. Indeed, Lck, ZAP-70 (Lee et al. 2002), PKCO (Blanchard et al.
2002a; Monks et al. 1997), and LAT (Blanchard et al. 2002a; Monks et al. 1997)
localize at the center of the T cell-APC interface after TCR activation, whereas
the actin linker talin (Monks et al. 1998) and the ERM family protein moesin
(Delon et al. 2001) are found in the peripheral zone.

Since then, several IS showing highly different organization patterns have
been recognized according to the T-APC pair of cells involved (reviewed in
Trautmann and Valitutti 2003). This includes the interaction between CD4*
helper T cells and B lymphocytes, CD8* cytotoxic T cells and target cells,
T cells and DCs, and between thymocytes and thymic stromal cells (Fig. 1). IS
between natural killer (NK) cells and their targets have also been described
(Davis 2002). Of note, the concentric pattern is not consistently observed,
for example, when peptides are presented to naive T cells by DCs (Revy
et al. 2001), during lymphocyte crawling on the surface of a DC (Friedl and
Brocker 2002) or during thymic selection of immature CD4* CD8" thymocytes
(Hailman et al. 2002), suggesting that the formation of a bull’s-eye pattern
is not absolutely required for T cell response. However, recent studies using
biphotonic confocal microscopy further indicated that effective IS are also
produced in intact lymphoid organs when T cells encounter DCs in lymph
nodes (Cahalan et al. 2002) or when thymocytes interact with thymic stromal
cells (Bousso et al. 2002). Thus more than one pattern has been observed,
and the term IS can cover distinct cell-cell conjugates and systems. This
term is now largely accepted by investigators for any stable and flattened
interface between a lymphocyte or NK cell and a recognized cell, associated
with receptors and cytoskeletal reorganization (Huppa and Davis 2003). As
stated above, a common feature of the multiple described IS is a high degree of
temporal and spatial molecular organization, with discrete patterns of surface
and intracellular signaling molecules at the interface. Although patterning of
the molecules at the cell-cell interface may occur spontaneously, as proposed
by mathematical modeling taking into account membrane fluidity, protein
size, and receptor—ligand affinity (Huppa and Davis 2003; Shaw and Dustin
1997), several studies have unraveled the critical role of active processes
such as Rho GTPase-dependent cytoskeletal movement in driving receptor
clustering and synapse formation (Acuto and Cantrell 2000; Valitutti et al.
1995; Wulfing and Davis 1998).
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3
Rho GTPases in Lymphocyte Circulation and Motility

T cells are mobile cells trafficking throughout the body to scan for exoge-
nous antigens. During the development of immune responses and before
interacting with APCs, activated T cells respond to chemokine signals that
attract them from the blood into target inflamed tissue in a process called
extravasation (reviewed in Barreiro et al. 2004). This process is also impor-
tant during the constant recirculation of unchallenged T cells throughout the
lymphoid organs (Campbell et al. 1998, 2003). Extravasation involves tether-
ing and rolling of lymphocytes on the blood vessel wall, firm adhesion, and
diapedesis through the endothelial barrier. Activated endothelium exhibits
several adhesion molecules, which orchestrate the different steps of lym-
phocyte migration, including chemokines, selectins, and integrins ligands
such as VCAMI and ICAMI, which respectively bind ;- and f,-integrins
found on the surface of circulating lymphocytes (Ardouin et al. 2003; Friedl
and Brocker 2002). Lymphocyte tethering to endothelial cells is mediated by
the interaction of selectins expressed by most leukocytes with their coun-
terreceptors. A critical step in the control of lymphocyte rolling is provided
by the interaction between L-selectin and sialylated molecules expressed on
endothelial cells. Although no clear role of Rho GTPases during this pro-
cess has been described so far, their implication is likely because L-selectin
cytoplasmic tail interacts with moesin (Ivetic et al. 2002), a member of the
ERM family of membrane-actin cytoskeleton linkers that participate in the
actin-dependent formation of microvilli (or filopodia), required for rolling
and tethering (McEver 2002; Yonemura and Tsukita 1999). Moreover, in lym-
phoblasts, P-selectin glycoprotein ligand 1 (PSGL-1), the best-characterized
selectin ligand, also interacts with moesin, which recruits the protein tyro-
sine kinase (PTK) Syk (Urzainqui et al. 2002), a well-characterized upstream
activator of cytoskeletal remodeling in lymphocytes (Altman and Deckert
1999; Dustin and Chan 2000). These findings suggest that both selectins and
selectin ligands can signal to actin cytoskeleton-dependent structures during
the early steps of lymphocyte tethering and rolling. Whether Rho GTPases
directly participate in these processes remains, however, to be elucidated. Af-
ter rolling and before extravasation, lymphocytes firmly arrest on the surface
of the inflamed endothelium. This process is mediated through the binding
of endothelial VCAM-1 to ayf3; (VLA-4) and ICAM-1 to the B,-integrin LFA1,
found on the surface of circulating lymphocytes. Actin cytoskeleton reorga-
nization affects integrin functions and cell adhesiveness through a distinct
array of membrane-actin cytoskeleton linkers (Brakebusch and Fassler 2003;
Hogg et al. 2003). Interestingly, actin cytoskeleton also actively participates
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in VCAM-1 and ICAM-1 clustering on endothelial cells through dynamic
interaction with moesin (Barreiro et al. 2002). Conversely, increased actin
polymerization and interaction with integrin tails can also affect integrin
clustering and adhesive properties, characterizing a process referred to as
“inside-out signaling.” In this regard, TCR engagement increases integrin ac-
tivity through several regulators of actin cytoskeleton, including PTKs of the
Syk family and VAV guanine nucleotide exchange factors (GEFs) (Maneiro
2000). Another important regulator of this TCR-to-integrin signaling appears
to be the adaptor protein ADAP (adhesion- and degranulation-promoting
adaptor protein, also named SLAP-130 or Fyb) (Krause et al. 2000). ADAP~/~
mice display defective T cell activation and proliferation, which result from
impaired TCR-induced integrin-mediated adhesion (Griffiths et al. 2001; Pe-
terson et al. 2001) (see below).

Lymphocyte adhesiveness directly influences the random motility of lym-
phocytes on the substratum, a process called haptotaxis. Smith et al. found that
LFA-1-induced T cell random migration on ICAM-1 involves a coordinated
regulation of MLCK-mediated attachment and ROCK-dependent detachment
that requires a spatial segregation of kinases activity. MLCK and its activa-
tor calmodulin operated at the F-actin-enriched T cell leading edge, whereas
ROCK and RhoA controlled the detachment of the T cell trailing edge (Smith
et al. 2003). Racl may also be involved in T cell morphology and motility,
because the engagement of the integrin LFA-1 in T cells has been shown
to induce a transient activation of Racl through Vavl and PI3K/Akt, which
modulates T cell elongation on ICAM-1 (Sanchez-Martin et al. 2004).

The next step of transmigration is not well understood except that it
clearly involves LFA-1/ICAM-1 interaction and contacts between lympho-
cyte integrins and junctional adhesion molecules (JAMs), which normally
act as a molecular glue to maintain the integrity of the endothelial bar-
rier (reviewed in Luscinskas et al., 2002). However, migrating lymphocytes
crawl across the endothelial cell-cell junction in a process involving GTPase-
dependent cytoskeletal reorganization on both cell sides and massive cell
shape modifications (del Pozo et al. 1999; Vicente-Manzanares et al. 2002).
Thus the sequential activation of spatially organized Rho GTPase signaling
pathways allows the integration of the molecular cues issued from chemotac-
tic and adhesive receptors involved in lymphocyte motility, polarization, and
migration.
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4
Rho GTPases in Lymphocyte Polarization Toward the APC

After extravasation, lymphocytes must move toward APCs localized within
the target tissues. Note that target tissues can be different depending on
the T cell type. For example, whereas naive T cells will enter lymphoid
organs where antigens are presented by DCs, memory T cells will migrate
into inflammatory peripheral tissues to be activated by antigens displayed
by macrophages. The directional movement of lymphocytes results from
a combination of substratum-dependent motility (see above section) and
directed migration regulated by extracellular signals such as chemotactic
gradients. The best-characterized chemotactic receptors on lymphocytes
are the chemokine receptors, a subset of the G protein-coupled receptor
(GPCR) family. Chemokines are small proteins that can either be soluble or
immobilized on extracellular matrix or cells. In addition to governing cell
migration, chemokines regulate actin polymerization and morphological
changes, adhesion through modulation of integrin functions, gene tran-
scription, and survival (Moser and Loetscher 2001). Under a chemotactic
gradient, the motile lymphocyte becomes highly polarized and displays
a characteristic morphology, with the nucleus pushed into the leading edge
and the cytoplasm concentrated in the rear extension of the cell called the
uropod (McFarland 1969). This cellular polarization is also accompanied by
an asymmetric distribution of receptors and signaling molecules. Integrins
(Sanchez-Madrid and del Pozo 1999), TCRs coreceptors (Krummel et al.
2000), and large molecules such as CD43, CD44, and ICAMs are found in the
uropod (del Pozo et al. 1995 ), together with cytoplasmic organelles including
endoplasmic reticulum and Golgi apparatus, microtubule organizing center
(MTOC), and secretory vesicles (Kupfer et al. 1987; Vicente-Manzanares and
Sanchez-Madrid 2004). On the contrary, chemotactic receptors are found
in the leading edge, where they are thought to promote the formation of
filopodia extensions involved in T cell orientation (Nieto et al. 1997). Initial
studies with dominant interfering Cdc42 mutants expressed in T cells showed
that Cdc42 regulates T cell polarization toward the APC (Stowers et al. 1995),
suggesting that this process is controlled by chemotactic receptors localized
at the T cell leading edge. In experiments using T cells from WASP-deficient
patients and inhibitory CRIB fusion proteins, the interaction between Cdc42
and WASP has been further implicated during T cell chemotaxis induced by
the chemokine SDF-1/CXCL12, a ligand for the CXCR4 chemokine receptor
(Haddad et al. 2001). Interestingly, we and others have shown that the cyto-
plasmic PTK ZAP-70, a known activator of Rac and Cdc42 GTPases in T cells,
was required for SDF-1/CXCL12-induced T cell chemotaxis and migration



The Immunological Synapse and Rho GTPases 69

(Ottoson et al. 2001; Ticchioni et al. 2002). It remains to be determined, how-
ever, how APCs control these directed movements and also the nature of the
T cell specific GEFs and Rho GTPases effectors involved during this process.

Within the first minute of contact with an APC, T cells adhere transiently
to the APC and scan it for the presence of the appropriate MHC-peptide
complexes. The first adhesion step involves interaction between the integrin
LFA-1 and their ligands ICAM-1 and ICAM-3 (Montoya et al. 2002) and
can occur in the absence of antigen as shown for naive T cell-DC synapse
(Delon et al. 1998; Revy et al. 2001). Initial scanning involves morphological
changes and is accompanied by a low level of calcium pulses (Donnadieu et
al. 1994) that may favor long-term survival of the naive T cell (Revy et al.
2001) and may facilitate antigen recognition. When found, the specific MHC-
peptide combination triggers TCR-mediated signaling, which first promotes
stable T cell-APC interactions. This event, called the “stop signal” (Dustin et
al. 1997), must compete with chemokine signals to prevent the T cell from
further chemotaxis (Bromley et al. 2000). The stop signal relies on rapid
(within seconds) biochemical signals triggered by TCR (Beeson et al. 1996)
and is characterized by the release of intracellular calcium whose magnitude
is influenced by the peptide identity (Bachmann et al. 1997; Wulfing et al.
1997). It is not known, however, whether Rho GTPases are involved during
this process.

5
TCR Signaling at the T Cell-APC Interface: Shaping up the IS

The morphological changes occurring during lymphocyte polarization and
activation were first described than 20 years ago (Haston et al. 1982), and the
first molecular indication that Rho GTPases could regulate T cell activation
was provided by Lang et al. (Lang et al. 1992). More recent work with in-
hibitors of actin polymerization and myosin motors has further shown that
the remodeling of actin cytoskeleton induced by TCR engagement is neces-
sary to receptor patterning and IS formation (Wulfing and Davis 1998). Strong
evidence that Rho GTPases are involved in T cell activation later came from
genetic studies. In mice lacking Rac2, a hematopoietic specific isoform of Rac
proteins, actin reorganization in T cells is impaired (Yu et al. 2001).

Studies using transgenic animals have shown critical roles for Racl (Gomez
et al. 2000, 2001) and Cdc42 (Na et al. 1999) in T cell development and activa-
tion. Furthermore, transgenic expression in lymphocytes of the bacterial C3
toxin that ADP-ribosylates and inactivates RhoA revealed the major function
of RhoA in thymic development and mature T cell activation (Corre et al.
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2001; reviewed in Cantrell 2003). However, the most compelling evidence for
the implication of Rho GTPases during T cell activation and IS formation
was provided by studies on regulators and effectors of Rho GTPase pathways.
TCR engagement at the T cell-APC interface activates the Src family kinases
Lck or Fyn, which phosphorylate tyrosine residues in the immunorecep-
tor tyrosine-based activation motifs (ITAMs) of the cytoplasmic tails of the
CD3-TCR complex. Phosphorylated ITAMs then bind the Syk family kinase

APC cSMAC

ICAM1 Peptide - MHC
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cD43 PSMAC
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LAT] Talin,
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Microfilaments
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Fig.2 Model of Rho GTPase-dependent cytoskeleton reorganization at the Immuno-
logical synapse. TCR engagement by peptide-MHC complexes on APC initiates a sig-
naling cascade involving the activation of protein tyrosine kinases such as Fyn and
ZAP-70, the recruitment of adaptor proteins such as LAT, SLP-76, Nck, and ADAP,
and the activation of actin polymerization-regulatory proteins such as the guanine
nucleotide exchange factor Vavl, the Rho GTPases Cdc42 and Racl, WASP, and Arp2/3
complex. The resulting localized actin polymerization regulates the formation of
supramolecular activation clusters (SMACs) and the reorientation of the microtubule
organizing center (MTOC) and the Golgi apparatus beneath the T cell-APC contact
zone. Actin microfilament remodeling is also regulated through LFA1 interaction with
the cytolinker talin and through CD43 interaction with ezrin-radixin-moesin (ERM)
proteins found outside the SMACs

Microtubules
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ZAP-70 through its tandem SH2 domains (Chan et al. 1994). Recruitment of
ZAP-70 leads to its phosphorylation and enzymatic activation, allowing the
phosphorylation of enzymes and adaptor proteins, thereby activating several
signaling pathways, including phospholipase C-y (PLC-y), small GTPases of
Ras and Rho families, lipid kinases, and serine/threonine kinases such as
PKCs and MAPKs (Altman and Deckert 1999; Samelson 2002). Among the
downstream effectors of TCR signaling, the adaptor proteins LAT and SLP-76
(Jackman et al. 1995; Tomlinson et al. 2000; Zhang et al, 1998), and the VAV
family of Rac/Cdc42 GEFs (Collins et al. 1997; Deckert et al. 1996; Turner and
Billadeau 2002) are undoubtedly central masters of lymphocyte signaling and
cytoskeleton remodeling (Fig. 2).

The Vav family is composed of three conserved genes, Vavl, Vav2, and
Vav3. Whereas Vavl expression is restricted to hematopoietic cells, Vav2
and Vav3 display a much broader tissue expression (Turner and Billadeau
2002). Vav GEFs are highly homologous proteins composed of a catalytic Dbl-
homology (DH) domain—the hallmark of all known Rho-GEFs—and other
structural domains involved in protein-protein or protein-lipid interaction
and signal transduction. Vav proteins represent important integrators of Rho
GTPase signaling pathways downstream of PTK-coupled receptors including
immunoreceptors (TCR, BCR, and FcR) and integrins. The catalytic activity
of Vav GEFs is activated by tyrosine phosphorylation (Crespo et al. 1997),
and Vavl SH2 domain has been shown to bind several PTKs including Syk
family kinases (Collins et al. 1997; Deckert et al. 1996). Furthermore, the
accessibility of Vavl DH domain for Rho substrates is regulated by a confor-
mational change of its amino-terminal autoinhibitory domain involving the
phosphorylation of a conserved tyrosine residue found in its acidic domain
(Aghazadeh et al. 2000). The exact catalytic specificity of Vav GEFs in vivo
remains unknown. However, their functional importance for lymphocyte de-
velopment and effector functions has been demonstrated by genetic (Doody
et al. 2001; Fujikawa et al. 2003; Tedford et al. 2001) and biochemical (Charvet
et al. 2002; Doody et al. 2000; Tartare-Deckert et al. 2001; Zakaria et al. 2004)
studies. Furthermore, studies using Vavl-deficient mice showed activation
defectsin T cells that resulted from impaired actin polymerization (Fischer et
al. 1998; Holsinger et al. 1998) and PLC-y1 regulation (Reynolds et al. 2002). In
addition, Vavl appears to be important during actin cytoskeleton-dependent
integrin activation (Ardouin et al. 2003; Krawczyk et al. 2002). In studies
by Ardouin et al., Vavl-deficient thymocytes showed a decreased ability to
form conjugates with APCs, resulting from impaired TCR-induced activation
of the integrin LFA-1. However, the characteristic IS patterning of proteins
was apparently normal, whereas MTOC relocalization was defective in the
absence of Vavl (Ardouin et al. 2003). This phenotype is reminiscent of that
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found with ZAP-70 deficient T cells (Blanchard et al. 2002a), suggesting that
Vavl and its upstream activator ZAP-70 transduce signals to only a subset
of cytoskeleton-dependent events at the IS. Another possible link between
actin cytoskeleton and the establishment of the IS comes from the observa-
tion that actin cytoskeleton regulators modulate the clustering of lipid rafts,
important specialized membrane microdomains involved in IS assembly and
T cell signaling (Bi and Altman 2001). This event was positively controlled by
a Vavl/Racl-dependent pathway (Villalba et al. 2001), and negatively regu-
lated through ERM protein interaction with the complex of adaptor proteins
EBP50 and CBP (Itoh et al. 2002). How these molecular events affect T cell
activation and function are, however, unclear.

Effectors of Rho proteins also participate to T cell activation by APC.
For example, the ZAP-70 substrate and adaptor protein SLP-76 forms with
Nck and Vavl a trimolecular complex that regulates actin polymerization
through the activation of Rac and its effectors PAK1 (Bubeck Wardenburg et
al. 1998) and WASP (Zeng et al. 2003). In addition, WASP localizes at the T
cell-APC interface, where it activates the actin-related protein 2/3 (Arp2/3)
complex involved in localized actin polymerization (Krause et al. 2000).
Other molecules involved in TCR-stimulated actin polymerization are also
found at the T cell-APC interface, including the adaptor proteins ADAP and
EVL, a protein of the Ena/VASP family (Krause et al. 2000; Peterson 2003). The
observation that WAS?~~ (Snapper et al. 1998), WIP~~ (Anton et al. 2002),
vavl™~ (Ardouin et al. 2003; Fischer et al. 1998; Holsinger et al. 1998), and
ADAP™~ (Griffiths et al. 2001; Peterson et al. 2001) T cells are hyporesponsive
to TCR stimulation supports the notion that actin cytoskeleton remodeling
modulates receptor distribution and activity at the T cell-APC interface. In
further support of this idea, Faure et al. showed that a rapid inactivation
of ERM proteins through a Vavl/Racl-dependent pathway triggered by
TCR engagement uncouples the cortical actin cytoskeleton from the plasma
membrane, thus increasing cellular plasticity and leading to more efficient IS
formation (Faure et al. 2004) (Fig. 2).

Besides receptor clustering, T cell-APC interaction also results in intra-
cellular segregation of T cell signaling molecules such as PKCO (Monks et al.
1998). Unlike other PKCs, only PKCO translocates to the detergent-insoluble
cellular fraction, which mostly represents the actin cytoskeleton (Villalba
et al. 2000). An intriguing connection between PKCO and the cytoskeleton
exists, as PKC@ localization appears to be regulated by PI3K and Vavl ac-
tivities (Villalba et al. 2002). However, although dominant-negative PKCO
blocks Vavl-dependent signals, such as activation of JNK, IL-2 promoter, and
NFAT reporter genes, it shows no effect on actin polymerization induced by
Vavl (Villalba et al., 2000), placing PKCO downstream of Vavl-dependent
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growth signals but not downstream of the Vavl-dependent pathway leading
to actin polymerization. A possible scenario is that TCR engagement stim-
ulates Vavl-dependent actin remodeling responsible for TCR clustering and
PKC6 translocation to the c-SMAC, probably through its interaction with the
PDZ domain-containing protein CARD11/CARMAL recently found localized
within the IS (Gaide et al. 2002; Pomerantz et al. 2002; Wang et al. 2004).

Nevertheless, the above studies suggest that cortical actin cytoskeleton
plays an active role in receptor patterning through specialized membrane
domains, adaptor proteins, and activators of Rho GTPase signaling. Although
recent studies have shown that TCR engagement leads to IS recruitment of
SLAT/IBP, a novel Rac1/Cdc42 GEF involved in Th2 differentiation (Gupta et
al. 2003; Tanaka et al. 2003), it remains, however, to determine whether other
T cell specific GEFs also participate in IS formation and T cell activation.

6
Microtubules, Rho GTPases and the Inmunological Synapse

Microtubule dynamics also participates in IS formation although the under-
lying mechanisms are less well characterized. Nevertheless, Rho GTPase sig-
naling pathways appear to play a key role, as shown by blocking experiments
using mutant Rho GTPases. The transfection of a dominant-negative form of
Cdc42 into a T cell hybridoma blocked MTOC relocalization to the T cell-
APC contact site (Stowers et al. 1995) (Fig. 2). More recent studies using video
imaging showed that during target cell killing by CTL, the MTOC is drawn
vectorially to the contact site by a microtubule sliding mechanism, and that
microtubules anchor to the pSMAC defined by the dense clustering of LFA-1
(Kuhn and Poenie 2002). This process may favor redistribution of secretory
compartments along microtubules, thus allowing directional killing (below).

The molecular mechanisms controlling the polarized redistribution of mi-
crotubules during IS formation are not completely understood. However, sev-
eral clues have emerged. MTOC polarization during T cell-APC interaction is
regulated by an ITAM-dependent process that requires the phosphorylation
of at least one ITAM by the Src kinase Lck (Lowin-Kropf et al. 1998), the
activity of ZAP-70 (Blanchard et al. 2002a; Kuhne et al. 2003) and Vav1 (Ar-
douin et al. 2003) (our unpublished results), and the expression of the adaptor
proteins LAT and SLP-76 (Kuhne et al. 2003). Interestingly, impaired MTOC
polarization in ZAP-70-deficient T cells did not affect central clustering of
CD3 and CD2 as well as exclusion of CD45 and CD43 but did alter the re-
cruitment of LAT and PKC6 to the cSMAC. Previous studies have shown that
TCR stimulation induces the phosphorylation of tubulin in T lymphocytes
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(Ley et al. 1994) and its association with Fyn, ZAP-70, and the Rac GEF Vav
(Huby et al. 1995; Marie-Cardine et al. 1995). Microtubules are also required
for activation of other Rho GEFs in nonlymphoid cells, suggesting the exis-
tence of cross talk between actin and tubulin networks. One notion emerging
from these observations is that microtubules may act as a reservoir for actin
and tubulin cytoskeleton regulatory proteins. On antigenic stimulation, these
signaling components may be transported to the IS by the mean of motor
proteins and/or organelles.

Conversely, forced deacetylation of microtubules induced by the histone
deacetylase HDAC6 at the T cell-APC interface impairs antigen-specific
MTOC polarization, receptor patterning, and IL-2 production through
dynamic instability of microtubules (Serrador et al. 2004). Interestingly,
integrin activation promotes microtubule stabilization at the leading edge of
migrating fibroblasts through a pathway that involves the PTK FAK, Rho,
and the Rho effector mDia (Palazzo et al. 2004). It would be interesting to
determine whether a similar process also occurs during antigen-specific TCR
and/or LFA-1 engagement and how this could connect to HDAC activation at
the T cell-APC interface.

7
Rho GTPases and Synaptic Functions

Although immune synapses would certainly facilitate cell-cell communica-
tions, the exact purpose of assembling synapses is still subject to debate
(Huppa and Davis 2003; Trautmann and Valitutti 2003). The observation that
receptor patterning at the T cell-APC interface was also accompanied by the
relocalization of critical signaling molecules such as Lck and PKCO (Monks et
al. 1998) initially suggested that IS formation modulates early TCR signaling.
However, this hypothesis was recently ruled out by the observation that TCR-
mediated tyrosine phosphorylation events occur before the formation of the
IS (Lee et al. 2002). Other nonexclusive functions have been proposed, includ-
ing sustained T cell activation, polarized delivery of molecules, and protein
recycling/degradation. The implication of actin and tubulin cytoskeleton in
these events is detailed in the chapter by Diebold and Bokoch, this volume.

7.1
Sustained T Cell Activation

The first evidence of the role of actin cytoskeleton during sustained T cell
activation was provided by studies from Valitutti et al., who showed that
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disrupting actin reorganization impairs sustained signaling from TCR and T
cell activation (Valitutti et al. 1995). Since then, other studies have suggested
that IS formation may affect sustained T cell activation, in part through the
regulation of late signaling events such as serine/threonine kinase activation
(Matthews et al. 2000; Monks et al. 1997). The T cell-specific PKC isoform
PKC6 (Baier et al. 1993) was one of the first identified proteins recruited to
the T cell-APC interface (Monks et al. 1997).

Relocalization of PKCO at the IS correlated with along-lasting catalytic acti-
vation (more than 2 h). Importantly, several modes of partial T cell activation
unable to cause PKCO translocation also failed to cause T-cell proliferation
(Monks et al. 1997), suggesting that long-lasting phosphorylation events play
an important role in propagating activation signals required for T cell activa-
tion.

Another event that may modulate late T cell activation and survival is
the activation of PI3-kinases (PI3Ks), a family of enzymes producing 3'-
phosphoinositides that promote the activation of PH domain-containing pro-
teins such as Akt/PKB (Cantrell 2002). Studies using a GFP-Akt PH domain
fusion protein as a marker of PI3K activity showed that the metabolism of
3’-phosphoinositides occurred at the T cell membrane, inside and outside
the T cell-APC interface (Costello et al. 2002; Harriague and Bismuth 2002).
Remarkably, a sustained PI3K activation was necessary to T cell prolifera-
tion induced by antigenic stimulation (Costello et al. 2002), consistent with
previous observations that naive T cells become committed to proliferation
after 20 h of TCR stimulation (Iezzi et al. 1998) and that continuous TCR-
dependent PI3K activation was required for full effector potential (Huppa et
al. 2003). The connection between Rho GTPases and PI3K pathways is far
from being understood. However, PI3K is considered in some studies as a Rac
effector, and recently the activation of the PI3K/Akt pathway in immature
mouse thymocytes has been shown to require the expression of the Rac GEF
Vavl (Reynolds et al. 2002). Interestingly, using peripheral resting T cells
from Vavl-deficient mice, we have shown that Vavl activity is required for
TCR-dependent Akt activation and cell cycle entry (our unpublished data).
Considering the critical role played by Rho GTPases in cell proliferation and
survival (Coleman et al. 2004; Sahai and Marshall 2002), one function of actin
dynamics may be to trigger the selective and long-lasting recruitment at the
IS of enzymes required for late T cell activation events.
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7.2
Polarized Delivery of Molecules

One key role of synapses is certainly the polarized secretion by T cells of
cytokine toward the APC or cytolytic proteins toward the target cells. This
directional delivery of molecules may ensure that the secreted proteins stay
confined within the narrow space between the two interacting cells, therefore
avoiding dilution and bystander effects. This process has been described in
the directed secretion of cytokines at the contacting helper T cell/B cell mem-
branes (Kupfer et al. 1991). However, one of the best characterized examples
of polarized secretion is the killing process by CD8* T lymphocytes (CTLs).
Cells infected by viruses are specifically killed by CTLs through the delivery
of lytic granules within the extracellular contact zone between the two cells
(Peters et al. 1991). Early evidence supporting a role for the actin cytoskeleton
during the killing process was provided by the observation that cytoskeletal
proteins such as talin localized at cell-cell contact zone (Kupfer and Singer
1989) and that introduction of recombinant Clostridium botulinum C3 toxin
into CTLs inhibited their cytolytic function (Lang et al. 1992). More recent
studies showed that, similar to helper CD4* lymphocytes, CTLs form IS with
the target cell, and SMACs assembled when TCR molecules of CTLs are en-
gaged by APCs exhibit organization similar to that observed with helper CD4*
T cells (see previous sections and Potter et al. 2001; Stinchcombe et al. 2001b).
However, this IS also exhibits a specific feature represented by a secretory
domain formed at the interface between the cytotoxic cell and the target cell
through which CTLs deliver vesicles containing lytic proteins such as perforin
and granzymes that induce target cell apoptosis (Clark and Griffiths 2003; Pe-
ters et al. 1991). On CTL activation, uncharacterized signals emanating from
the IS instruct the MTOC and Golgi complex to polarize toward the IS, al-
lowing docking and fusion of the secretory lysosome to the secretory domain
(Stinchcombe et al. 2001b). Thus deciphering the mechanisms regulating the
assembly of the CTL IS will certainly help to understand the mechanisms of
polarized secretion of lytic granules. Studies of rare human diseases led to
the identification of some components of the lytic granule exocytic pathway
(Clark and Griffiths 2003). For example, adaptor protein 3 (AP-3) deficiency in
Hermansky-Pudlak syndrome (HPS) results in impaired lysosomal sorting,
deficient movement of the lytic granules along microtubules, and docking
within the secretory domain of the IS (Clark et al. 2003). The deficiency of the
small GTPase Rab27a in CTLs from patients with Griscelli syndrome leads to
reduced cytotoxicity and cytolytic granule exocytosis and immunodeficiency
(Menasche et al. 2000). With mice models of Griscelli syndrome, it was further
shown that Rab27a is required for the membrane docking of the secretory
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lysosome at the IS (Stinchcombe et al. 2001a). Whether similar mechanisms
regulate the directed secretion of cytokines toward the helper T cell-APC
interface is currently unknown.

The synapse assembly may also contribute to the arrival of intracellular
pools of molecules regulating T cell activation. Antigenic activation of T cells
is dramatically enhanced by the interaction of the cSMAC-localized costimu-
latory receptor CD28 with its ligands on the APC surface (Acuto and Michel
2003). Interestingly, CTLA-4, a transmembrane receptor retained in intracel-
lular compartments in resting T cells, was shown to accumulate at the IS on
TCR triggering (Egen and Allison 2002). CTLA-4 negatively regulate T cell
activation by competing with CD28 for binding to its ligands (van der Merwe
et al. 1997). The polarized delivery of CTLA-4 in areas where CD28 interacts
with its ligands will inhibit CD28 costimulatory effects, therefore reducing T
cell activation. TCR ligation induces the formation of dynamically regulated
signaling complexes (Bunnell et al. 2002). Thus IS assembly could also be
accompanied by the directional delivery of intracellular pools of signaling
molecules including the adaptor protein LAT (Montoya et al. 2002) and the
TCR complex itself (Das et al. 2004). The later event is regulated by SNAREs
(Das et al. 2004), proteins specialized in vesicle docking and fusion during
exocytosis (Bonifacino and Glick 2004), and its pharmacological inhibition
limits TCR accumulation at the IS (Das et al. 2004). Thus the polarized deliv-
ery of proteins at the T cell-APC interface may allow the fine-tuning of T cell
activation by regulating the composition of signaling complexes at the IS.

7.3
Protein Recycling and Degradation

Another possible role for the IS is to support protein recycling and/or degra-
dation. This idea stems from the initial observation that, during T cell-APC
interaction, several organelles are polarized toward the contact site (Kupfer
and Dennert 1984; Kupfer et al. 1994; Peters et al. 1991). Importantly, whereas
in resting cells TCRs are continuously internalized and recycled back to the
cell surface (Alcover and Alarcon 2000; Liu et al. 2000), TCR ligation triggers
an important downmodulation of the TCRs, involving reduced recycling and
degradation by lysosomes and proteasomes (Liu et al. 2000). Together with
the observation that TCR accumulation at the IS precedes its downmodula-
tion (Lee et al. 2002), these data indicate that synapse formation regulates
TCR recycling and degradation. Accordingly, T cell endosomes were found
to be targeted to the IS on antigen-dependent T-APC interaction (Das et al.
2004; Le Bras et al. 2004), and disruption of tubulin cytoskeleton by colchicine
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blocks the polarization of recycling endosomes (Das et al. 2004) (see above ).
Further supporting the role of the cytoskeleton during receptor recycling at
the IS, we have recently shown that the cytoplasmic adaptor HIP-55, a mem-
ber of the drebrin/Abp1 family of actin-binding proteins (Lappalainen et al.
1998), localizes to the F-actin enriched T cell-APC contact site in an antigen-
dependent manner (Le Bras et al. 2004). HIP-55 (also known as SH3P7) regu-
lates distal signaling events in part through a specific downregulation of TCR
expression. It is worth noting that HIP-55 was found in T cell early endo-
cytic compartments translocating to the IS on TCR engagement (Le Bras et
al. 2004), suggesting that HIP-55 may connect actin cytoskeleton and TCRs
to endocytic processes. Interestingly, interfering with the expression of other
components of T cell signaling has recently provided evidence of a connection
between TCR trafficking/degradation and responsiveness to antigenic stim-
ulation. For example, overexpression of Src-like adaptor protein-2 (SLAP-2)
in Jurkat cells reduced TCR expression and NFAT activation (Loreto et al.
2002). Reduced trafficking of activated TCR in lymphocytes from c-Cbl x
Cbl-b double-knockout mice has also been implicated in T cell hyperrespon-
siveness to TCR stimulation (Naramura et al. 2002). Members of the Cbl
family of ubiquitin ligases ubiquitinate ZAP-70 and CD3 subunits, target-
ing the TCR complex for internalization and degradation (Rao et al. 2002).
Genetic inactivation of the adaptor CD2AP, a member of the CIN85/CMS
family of Cbl-interacting adaptors (Dikic and Giordano 2003), impairs TCR
degradation after antigenic stimulation, leading to IL-2 hyperproduction and
increased proliferation (Lee et al. 2003). It is worth noting here that the forma-
tion of a mature synapse was impaired in CD2AP~'~ T cells, further indicating
that IS is not required for T cell activation, but rather required for T cell
desensitization. The fact that CIN85/CMS and drebrin/Abp1 families interact
with actin cytoskeleton (Dikic and Giordano 2003; Lappalainen et al. 1998)
indicates that a major function of Rho GTPase-dependent actin remodeling
may be the regulation of protein recycling and degradation at the T cell-APC
interface.

7.4
Transfer of Material Between the Two Cells

Another function of the IS may be the transfer of material between the two
cells. For example, during the IS formation between CTLs and target cells,
CTLs progressively integrate membrane markers from their targets (Huang et
al. 1999; Stinchcombe et al. 2001). As a result, the CTL is transformed into a tar-
get itself, leading to a possible killing by neighboring fraticide T cells (Huang
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etal. 1999), thus turning down the cytotoxic response. Exchange of molecules
between interacting cells has been shown in other models such as NK (Carlin
etal. 2001), B (Batista et al. 2001), and helper T cells (Hwang et al. 2000). The
mechanisms underlying this phenomenon are unclear. They could involve re-
ceptor endocytosis (Huang et al. 1999), exosomes (Blanchard et al. 2002b), or
the formation of membrane bridges (Stinchcombe et al. 2001b). Although it is
currently unknown whether Rho GTPases participate to intercellular trans-
fer of material, their implication appears likely because actin cytoskeleton
regulates a broad range of membrane-related processes including membrane
protrusions, endocytosis, and lipid microdomain organization.

8
What About the APC?

One aspect of immunological synapse formation that is often overlooked is
the role of the APC. The use of particular experimental systems such as planar
lipid bilayers as surrogate APC is in large part responsible for this (Grakoui
et al. 1999). Moreover, Wiilfing et al. reported that cytochalasin D treatment
of the B lymphoma cell line used as APC did not affect the formation of the
synaptic pattern whereas treatment of the T-cell blocked recognition (Wulf-
ing and Davis 1998). These observations initially favored a “passive model”
describing the role played by the APC during T cell activation. However,
recent studies indicate that APCs may actively contribute to IS formation.
Al-Alwan et al. showed that DCs, which have an unique ability to activate
naive T cells, polarize filamentous actin and fascin, an actin-bundling pro-
tein, during clustering with T cells. This process was critical to both clustering
and activation of resting T cells (Al-Alwan et al. 2001). Using a TCR trans-
genic system, the same group further demonstrated that reorganization of
the DC actin cytoskeleton was highly dependent of the presence of specific
MHC-peptide complexes (Al-Alwan et al. 2003). In this study, DC cytoskeletal
rearrangement was induced by directional ligation of MHC class II molecules,
suggesting that motor or cytoskeletal proteins may drive this process. In ad-
dition, a recent study has shown that clustering of MHC class II molecules on
B cells resulted in the cocapping of GEM domains and filamentous actin at
the site of T cell-B cell conjugation, and these events were blocked by treating
B cells with latrunculin B, a drug disrupting actin cytoskeleton (Gordy et al.
2004). It should be kept in mind that APCs express the counterreceptors of
the T cell costimulatory molecules segregating during IS formation. Thus one
can ask whether the above processes reflect a decreased adhesiveness often
observed in the absence of cytoskeletal dynamics or a direct inhibition of
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APC cytoskeletal proteins directing receptor movement. Nevertheless, these
observations challenge the “passive model” during which the APC cytoskele-
ton does not play any role in the IS formation. Finally, actin cytoskeleton and
Rho GTPases may regulate the molecular pathways involved in Ag uptake
and processing by the APC, therefore modulating its capacity to stimulate
T cells. Indeed, the activity of Cdc42 has been shown to play a critical role
during Ag processing and DC maturation (Garrett et al. 2000; Mellman and
Steinman 2001), and DCs from patients affected by chronic myeloid leukemia
(CML) display altered actin reorganization associated with reduced antigen
processing (Dong et al. 2003). Future studies will help in identifying the exact
cytoskeletal mechanisms involved in Ag presentation by both professional
and nonprofessional APCs.

9
Concluding Remarks

The redistribution of receptors and signaling molecules into organized pat-
terns found at cell-cell junctions appears to be a common feature of lympho-
cyte activation. Although some of the mechanisms underlying this process
have been unraveled, key questions are still pending. In particular, how are
these specific patterns of molecules built up, and what are the cellular or-
ganelles and molecular motors directing these movements? Most importantly,
what are immunological synapses established for? A particular effort should
be devoted to identifying the specialized proteins—such as Rab proteins—
implicated in protein and membrane transport. Rho GTPases are generally
recognized as crucial regulators of the actin cytoskeleton. However, their abil-
ity to modulate cell polarity and motility, microtubule dynamics, vesicular
trafficking, and gene transcription most likely implicates them in the ma-
jor, if not all, processes governing lymphocyte biology. Future studies using
imaging technologies in living cells and genetic models should certainly help
in deciphering the functions of Rho GTPases during the establishment of
immunological synapses and immune responses.

Acknowledgements This work is supported by grants from INSERM, Association
pour la Recherche sur le Cancer (ARC), and Ministere délégué a la recherche
et aux nouvelles technologies.



The Immunological Synapse and Rho GTPases 81

References

Acuto, O., and D. Cantrell. 2000. T cell activation and the cytoskeleton. Annu Rev
Immunol 18:165-84.

Acuto, O., and E. Michel. 2003. CD28-mediated co-stimulation: a quantitative support
for TCR signalling. Nat Rev Immunol 3:939-51.

Aghazadeh, B., W.E. Lowry, X.Y. Huang, and M.K. Rosen. 2000. Structural basis for
relief of autoinhibition of the Dbl homology domain of proto-oncogene Vav by
tyrosine phosphorylation. Cell 102:625-33.

Al-Alwan, M.M., R.S. Liwski, S.M. Haeryfar, W.H. Baldridge, D.W. Hoskin, G. Rowden,
and K.A. West. 2003. Cutting edge: dendritic cell actin cytoskeletal polarization
during immunological synapse formation is highly antigen-dependent. ] Immunol
171:4479-83.

Al-Alwan, M.M., G. Rowden, T.D. Lee, and K.A. West. 2001. The dendritic cell cy-
toskeleton is critical for the formation of the immunological synapse. ] Immunol
166:1452-6.

Alcover, A., and B. Alarcon. 2000. Internalization and intracellular fate of TCR-CD3
complexes. Crit Rev Immunol 20:325-46.

Allenspach, E.J., P. Cullinan, J. Tong, Q. Tang, A.G. Tesciuba, J.L. Cannon, S.M. Taka-
hashi, R. Morgan, J.K. Burkhardt, and A.I. Sperling. 2001. ERM-dependent move-
ment of CD43 defines a novel protein complex distal to the immunological synapse.
Immunity 15:739-50.

Altman, A., and M. Deckert. 1999. The function of small GTPases in signaling by
immune recognition and other leukocyte receptors. Adv Immunol 72:1-101.

Anton, .M., M.A. de la Fuente, T.N. Sims, S. Freeman, N. Ramesh, J.H. Hartwig, M.L.
Dustin, and R.S. Geha. 2002. WIP deficiency reveals a differential role for WIP and
the actin cytoskeleton in T and B cell activation. Immunity 16:193-204.

Ardouin, L., M. Bracke, A. Mathiot, S.N. Pagakis, T. Norton, N. Hogg, and V.L. Ty-
bulewicz. 2003. Vavl transduces TCR signals required for LFA-1 function and cell
polarization at the immunological synapse. Eur J Immunol 33:790-7.

Bachmann, M.E, S. Mariathasan, D. Bouchard, D.E. Speiser, and P.S. Ohashi. 1997.
Four types of Ca®" signals in naive CD8* cytotoxic T cells after stimulation with
T cell agonists, partial agonists and antagonists. Eur | Immunol 27:3414-9.

Baier, G., D. Telford, L. Giampa, K.M. Coggeshall, G. Baier-Bitterlich, N. Isakov, and
A. Altman. 1993. Molecular cloning and characterization of PKC 6, a novel member
of the protein kinase C (PKC) gene family expressed predominantly in hematopoi-
etic cells. J Biol Chem 268:4997-5004.

Barreiro, O., M. Vicente-Manzanares, A. Urzainqui, M. Yanez-Mo, and E Sanchez-
Madrid. 2004. Interactive protrusive structures during leukocyte adhesion and
transendothelial migration. Front Biosci 9:1849-63.

Barreiro, O., M. Yanez-Mo, .M. Serrador, M.C. Montoya, M. Vicente-Manzanares,
R. Tejedor, H. Furthmayr, and F. Sanchez-Madrid. 2002. Dynamic interaction
of VCAM-1 and ICAM-1 with moesin and ezrin in a novel endothelial docking
structure for adherent leukocytes. J Cell Biol 157:1233-45.

Batista, E.D., D. Iber, and M.S. Neuberger. 2001. B cells acquire antigen from target
cells after synapse formation. Nature 411:489-94.

Beeson, C., J. Rabinowitz, K. Tate, I. Gutgemann, Y.H. Chien, P.P. Jones, M.M. Davis,
and H.M. McConnell. 1996. Early biochemical signals arise from low affinity TCR-
ligand reactions at the cell-cell interface. ] Exp Med 184:777-82.



82 M. Deckert et al.

Bi, K., and A. Altman. 2001. Membrane lipid microdomains and the role of PKCO in T
cell activation. Semin Immunol 13:139-46.

Blanchard, N., V. Di Bartolo, and C. Hivroz. 2002a. In the immune synapse, ZAP-70
controls T cell polarization and recruitment of signaling proteins but not formation
of the synaptic pattern. Immunity 17:389-99.

Blanchard, N., D. Lankar, F. Faure, A. Regnault, C. Dumont, G. Raposo, and C. Hivroz.
2002b. TCR activation of human T cells induces the production of exosomes
bearing the TCR/CD3/¢ complex. | Immunol 168:3235-41.

Bonifacino, J.S., and B.S. Glick. 2004. The mechanisms of vesicle budding and fusion.
Cell 116:153-66.

Bousso, P,, N.R. Bhakta, R.S. Lewis, and E. Robey. 2002. Dynamics of thymocyte-
stromal cell interactions visualized by two-photon microscopy. Science 296:1876-
80.

Brakebusch, C., and R. Fassler. 2003. The integrin-actin connection, an eternal love
affair. EMBO J 22:2324-33.

Bromley, S.K., D.A. Peterson, M.D. Gunn, and M.L. Dustin. 2000. Cutting edge: hi-
erarchy of chemokine receptor and TCR signals regulating T cell migration and
proliferation. J Immunol 165:15-9.

Bubeck Wardenburg, J., R. Pappu, J.Y. Bu, B. Mayer, J. Chernoff, D. Straus, and
A.C. Chan. 1998. Regulation of PAK activation and the T cell cytoskeleton by
the linker protein SLP-76. Immunity 9:607-16.

Bunnell, S.C., D.I. Hong, J.R. Kardon, T. Yamazaki, C.J. McGlade, V.A. Barr, and
L.E. Samelson. 2002. T cell receptor ligation induces the formation of dynami-
cally regulated signaling assemblies. J Cell Biol 158:1263-75.

Cahalan, M.D., I. Parker, S.H. Wei, and M.]. Miller. 2002. Two-photon tissue imaging:
seeing the immune system in a fresh light. Nat Rev Immunol 2:872-80.

Campbell, D.]., G.E Debes, B. Johnston, E. Wilson, and E.C. Butcher. 2003. Targeting T
cell responses by selective chemokine receptor expression. Semin Immunol 15:277-
86.

Campbell, J.J., J. Hedrick, A. Zlotnik, M.A. Siani, D.A. Thompson, and E.C. Butcher.
1998. Chemokines and the arrest of lymphocytes rolling under flow conditions.
Science 279:381-4.

Cantrell, D. 2002. Protein kinase B (Akt) regulation and function in T lymphocytes.
Semin Immunol 14:19-26.

Cantrell, D.A. 2003. GTPases and T cell activation. Immunol Rev 192:122-30.

Carlin, L.M., K. Eleme, EE. McCann, and D.M. Davis. 2001. Intercellular transfer and
supramolecular organization of human leukocyte antigen C at inhibitory natural
killer cell immune synapses. ] Exp Med 194:1507-17.

Chan, A.C., D.M. Desai, and A. Weiss. 1994. The role of protein tyrosine kinases and
protein tyrosine phosphatases in T cell antigen receptor signal transduction. Annu
Rev Immunol 12:555-92.

Charvet, C., P. Auberger, S. Tartare-Deckert, A. Bernard, and M. Deckert. 2002. Vavl
couples T cell receptor to serum response factor-dependent transcription via
a MEK-dependent pathway. J Biol Chem 21:21.

Clark, R., and G.M. Griffiths. 2003. Lytic granules, secretory lysosomes and disease.
Curr Opin Immunol 15:516-21.

Clark, R.H., J.C. Stinchcombe, A. Day, E. Blott, S. Booth, G. Bossi, T. Hamblin,
E.G. Davies, and G.M. Griffiths. 2003. Adaptor protein 3-dependent microtubule-
mediated movement of lytic granules to the immunological synapse. Nat Immunol
4:1111-20.



The Immunological Synapse and Rho GTPases 83

Coleman, M.L., C.]. Marshall, and M.F. Olson. 2004. RAS and RHO GTPases in G;-phase
cell-cycle regulation. Nat Rev Mol Cell Biol 5:355-66.

Collins, T.L., M. Deckert, and A. Altman. 1997. Views on Vav. Immunol Today 18:221-5.

Corre, 1., M. Gomez, S. Vielkind, and D.A. Cantrell. 2001. Analysis of thymocyte
development reveals that the GTPase RhoA is a positive regulator of T cell receptor
responses in vivo. ] Exp Med 194:903-14.

Costello, P.S., M. Gallagher, and D.A. Cantrell. 2002. Sustained and dynamic inositol
lipid metabolism inside and outside the immunological synapse. Nat Immunol
3:1082-9.

Crespo, P., K.E. Schuebel, A.A. Ostrom, ].S. Gutkind, and X.R. Bustelo. 1997.
Phosphotyrosine-dependent activation of Rac-1 GDP/GTP exchange by the vav
proto-oncogene product. Nature 385:169-172.

Das, V., B. Nal, A. Dujeancourt, M.I. Thoulouze, T. Galli, P. Roux, A. Dautry-Varsat,
and A. Alcover. 2004. Activation-induced polarized recycling targets T cell anti-
gen receptors to the immunological synapse; involvement of SNARE complexes.
Immunity 20:577-88.

Davis, D.M. 2002. Assembly of the immunological synapse for T cells and NK cells.
Trends Immunol 23:356-63.

Deckert, M., S. Tartare-Deckert, C. Couture, T. Mustelin, and A. Altman. 1996. Func-
tional and physical interactions of Syk family kinases with the Vav proto-oncogene
product. Immunity 5:591-604.

del Pozo, M. A., P. Sanchez-Mateos, M. Nieto, and F. Sanchez-Madrid. 1995. Chemokines
regulate cellular polarization and adhesion receptor redistribution during lympho-
cyte interaction with endothelium and extracellular matrix. Involvement of cAMP
signaling pathway. J Cell Biol 131:495-508.

del Pozo, M.A., M. Vicente-Manzanares, R. Tejedor, J.M. Serrador, and F. Sanchez-
Madrid. 1999. Rho GTPases control migration and polarization of adhesion
molecules and cytoskeletal ERM components in T lymphocytes. Eur J Immunol
29:3609-20.

Delon, J., N. Bercovici, G. Raposo, R. Liblau, and A. Trautmann. 1998. Antigen-
dependent and -independent Ca’* responses triggered in T cells by dendritic
cells compared with B cells. ] Exp Med 188:1473-84.

Delon, J., K. Kaibuchi, and R.N. Germain. 2001. Exclusion of CD43 from the im-
munological synapse is mediated by phosphorylation-regulated relocation of the
cytoskeletal adaptor moesin. Immunity 15:691-701.

Dikic, I, and S. Giordano. 2003. Negative receptor signalling. Curr Opin Cell Biol
15:128-35.

Dong, R., K. Cwynarski, A. Entwistle, F. Marelli-Berg, F. Dazzi, E. Simpson, ].M.
Goldman, J.V. Melo, R.I. Lechler, L. Bellantuono, A. Ridley, and G. Lombardi. 2003.
Dendritic cells from CML patients have altered actin organization, reduced antigen
processing, and impaired migration. Blood 101:3560-7.

Donnadieu, E., G. Bismuth, and A. Trautmann. 1994. Antigen recognition by helper T
cells elicits a sequence of distinct changes of their shape and intracellular calcium.
Curr Biol 4:584-95.

Doody, G.M.,, S.E. Bell, E. Vigorito, E. Clayton, S. McAdam, R. Tooze, C. Fernandez,
L]. Lee, and M. Turner. 2001. Signal transduction through Vav-2 participates in
humoral immune responses and B cell maturation. Nat Immmunol 2:542-7.

Doody, G.M., D.D. Billadeau, E. Clayton, A. Hutchings, R. Berland, S. McAdam, PJ.
Leibson, and M. Turner. 2000. Vav-2 controls NFAT-dependent transcription in B-
but not T-lymphocytes. EMBO J. 19:6173-84.



84 M. Deckert et al.

Dustin, M.L., S.K. Bromley, Z. Kan, D.A. Peterson, and E.R. Unanue. 1997. Antigen
receptor engagement delivers a stop signal to migrating T lymphocytes. Proc Natl
Acad Sci USA 94:3909-13.

Dustin, M.L., and A.C. Chan. 2000. Signaling takes shape in the immune system. Cell
103:283-94.

Egen,].G.,and].P. Allison. 2002. Cytotoxic T lymphocyte antigen-4 accumulation in the
immunological synapse is regulated by TCR signal strength. Immunity 16:23-35.

Etienne-Manneville, S., and A. Hall. 2002. Rho GTPases in cell biology. Nature 420:629—
35.

Faure, S., L.I. Salazar-Fontana, M. Semichon, V.L. Tybulewicz, G. Bismuth, A. Traut-
mann, R.N. Germain, and ]. Delon. 2004. ERM proteins regulate cytoskeleton
relaxation promoting T cell-APC conjugation. Nat Immunol 5:272-9.

Fischer, K.D., Y.Y. Kong, H. Nishina, K. Tedford, L.E. Marengere, I. KozieradzKki,
T. Sasaki, M. Starr, G. Chan, S. Gardener, M.P. Nghiem, D. Bouchard, M. Bar-
bacid, A. Bernstein, and J.M. Penninger. 1998. Vav is a regulator of cytoskeletal
reorganization mediated by the T- cell receptor. Curr Biol 8:554-62.

Friedl, P.,, and E.B. Brocker. 2002. TCR triggering on the move: diversity of T-cell
interactions with antigen presenting cells. Immunol Rev 186:83-9.

Fujikawa, K., A.V. Miletic, EW. Alt, R. Faccio, T. Brown, J. Hoog, J. Fredericks, S. Nishi,
S. Mildiner, S.L. Moores, J. Brugge, ES. Rosen, and W. Swat. 2003. Vav1/2/3-null
mice define an essential role for Vav family proteins in lymphocyte development
and activation but a differential requirement in MAPK signaling in T and B cells.
J Exp Med 198:1595-608.

Gaide, O., B. Favier, D.F. Legler, D. Bonnet, B. Brissoni, S. Valitutti, C. Bron, J. Tschopp,
and M. Thome. 2002. CARMAL is a critical lipid raft-associated regulator of TCR-
induced NF-«B activation. Nat Immunol 3:836-43.

Garrett, W.S., L.M. Chen, R. Kroschewski, M. Ebersold, S. Turley, S. Trombetta,
J.E. Galan, and I. Mellman. 2000. Developmental control of endocytosis in dendritic
cells by Cdc42. Cell 102:325-34.

Gomez, M., D. Kioussis, and D.A. Cantrell. 2001. The GTPase Rac-1 controls cell fate in
the thymus by diverting thymocytes from positive to negative selection. Immunity
15:703-13.

Gomez, M., V. Tybulewicz, and D.A. Cantrell. 2000. Control of pre-T cell proliferation
and differentiation by the GTPase Rac-I. Nat Immunol 1:348-52.

Gordy, C., S. Mishra, and W. Rodgers. 2004. Visualization of antigen presentation
by actin-mediated targeting of glycolipid-enriched membrane domains to the
immune synapse of B cell APCs. ] Immunol 172:2030-8.

Grakoui, A., S.K. Bromley, C. Sumen, M.M. Davis, A.S. Shaw, PM. Allen, and
M.L. Dustin. 1999. The immunological synapse: a molecular machine controlling
T cell activation. Science 285:221-7.

Griffiths, E.K., C. Krawczyk, Y.Y. Kong, M. Raab, S.J. Hyduk, D. Bouchard, V.S. Chan,
I. Kozieradzki, A.]. Oliveira-Dos-Santos, A. Wakeham, P.S. Ohashi, M.I. Cybulsky,
C.E. Rudd, and J.M. Penninger. 2001. Positive regulation of T cell activation and
integrin adhesion by the adapter Fyb/Slap. Science 293:2260-3.

Gupta, S., J.C. Fanzo, C. Hu, D. Cox, S.Y. Jang, A.E. Lee, S. Greenberg, and A.B. Pernis.
2003. T cell receptor engagement leads to the recruitment of IBP, a novel guanine
nucleotide exchange factor, to the immunological synapse. ] Biol Chem 278:43541-
9.

Haddad, E., J.L. Zugaza, E. Louache, N. Debili, C. Crouin, K. Schwarz, A. Fischer,
W. Vainchenker, and J. Bertoglio. 2001. The interaction between Cdc42 and WASP
is required for SDF-1-induced T lymphocyte chemotaxis. Blood 97:33-8.



The Immunological Synapse and Rho GTPases 85

Hailman, E., W.R. Burack, A.S. Shaw, M.L. Dustin, and P.M. Allen. 2002. Immature
CD4"CD8* thymocytes form a multifocal immunological synapse with sustained
tyrosine phosphorylation. Immunity 16:839-48.

Harriague, J., and G. Bismuth. 2002. Imaging antigen-induced PI3K activation in T
cells. Nat Immunol 3:1090-6.

Haston, W.S., J.M. Shields, and P.C. Wilkinson. 1982. Lymphocyte locomotion and
attachment on two-dimensional surfaces and in three-dimensional matrices. J Cell
Biol 92:747-52.

Hogg, N., M. Laschinger, K. Giles, and A. McDowall. 2003. T-cell integrins: more than
just sticking points. J Cell Sci 116:4695-705.

Holsinger, L.J., I.A. Graef, W. Swat, T. Chi, D.M. Bautista, L. Davidson, R.S. Lewis,
EW. Alt, and G.R. Crabtree. 1998. Defects in actin-cap formation in Vav-deficient
mice implicate an actin requirement for lymphocyte signal transduction. Curr Biol
8:563-72.

Huang, J.E, Y. Yang, H. Sepulveda, W. Shi, I. Hwang, P.A. Peterson, M.R. Jackson,
J. Sprent, and Z. Cai. 1999. TCR-mediated internalization of peptide-MHC com-
plexes acquired by T cells. Science 286:952-4.

Huby, R.D., G.W. Carlile, and S.C. Ley. 1995. Interactions between the protein-tyrosine
kinase ZAP-70, the proto-oncoprotein Vav, and tubulin in Jurkat T cells. J Biol
Chem 270:30241-4.

Huppa, J.B., and M.M. Davis. 2003. T-cell-antigen recognition and the immunological
synapse. Nat Rev Immunol 3:973-83.

Huppa, J.B., M. Gleimer, C. Sumen, and M.M. Davis. 2003. Continuous T cell recep-
tor signaling required for synapse maintenance and full effector potential. Nat
Immunol 4:749-55.

Hwang, I, ].F. Huang, H. Kishimoto, A. Brunmark, P.A. Peterson, M.R. Jackson,
C.D. Surh, Z. Cai, and J. Sprent. 2000. T cells can use either T cell receptor or
CD28 receptors to absorb and internalize cell surface molecules derived from
antigen-presenting cells. ] Exp Med 191:1137-48.

Tezzi, G., K. Karjalainen, and A. Lanzavecchia. 1998. The duration of antigenic stimu-
lation determines the fate of naive and effector T cells. Immunity 8:89-95.

Itoh, K., M. Sakakibara, S. Yamasaki, A. Takeuchi, H. Arase, M. Miyazaki, N. Nakajima,
M. Okada, and T. Saito. 2002. Cutting edge: negative regulation of immune synapse
formation by anchoring lipid raft to cytoskeleton through Cbp-EBP50-ERM as-
sembly. ] Immunol 168:541-4.

Ivetic, A., ]. Deka, A. Ridley, and A. Ager. 2002. The cytoplasmic tail of L-selectin
interacts with members of the ezrin-radixin-moesin (ERM) family of proteins: cell
activation-dependent binding of moesin but not ezrin. J Biol Chem 277:2321-9.

Jackman, J.K., D.G. Motto, Q. Sun, M. Tanemoto, C.W. Turck, G.A. Peltz, G.A. Ko-
retzky, and P.R. Findell. 1995. Molecular cloning of SLP-76, a 76-kDa tyrosine
phosphoprotein associated with Grb2 in T cells. ] Biol Chem 270:7029-7033.

Johnson, K.G., S.K. Bromley, M.L. Dustin, and M.L. Thomas. 2000. A supramolecular
basis for CD45 tyrosine phosphatase regulation in sustained T cell activation. Proc
Natl Acad Sci USA 97:10138-43.

Krause, M., A.S. Sechi, M. Konradt, D. Monner, EB. Gertler, and J. Wehland. 2000.
Fyn-binding protein (Fyb)/SLP-76-associated protein (SLAP), Ena/vasodilator-
stimulated phosphoprotein (VASP) proteins and the Arp2/3 complex link T cell
receptor (TCR) signaling to the actin cytoskeleton. J Cell Biol 149:181-94.

Krawczyk, C., A. Oliveira-dos-Santos, T. Sasaki, E. Griffiths, P.S. Ohashi, S. Snapper,
E Alt, and J.M. Penninger. 2002. Vav1 controls integrin clustering and MHC/pep-
tide-specific cell adhesion to antigen-presenting cells. Immunity 16:331-43.



86 M. Deckert et al.

Krummel, M.E, M.D. Sjaastad, C. Wulfing, and M.M. Davis. 2000. Differential cluster-
ing of CD4 and CD3(¢during T cell recognition. Science 289:1349-52.

Kuhn, J.R.,and M. Poenie. 2002. Dynamic polarization of the microtubule cytoskeleton
during CTL-mediated killing. Immunity 16:111-21.

Kuhne, M.R,, J. Lin, D. Yablonski, M.N. Mollenauer, L.I. Ehrlich, J. Huppa, M.M. Davis,
and A. Weiss. 2003. Linker for activation of T cells, {-associated protein-70, and
Src homology 2 domain-containing leukocyte protein-76 are required for TCR-
induced microtubule-organizing center polarization. ] Immunol 171:860-6.

Kupfer, A., and G. Dennert. 1984. Reorientation of the microtubule-organizing center
and the Golgi apparatus in cloned cytotoxic lymphocytes triggered by binding to
lysable target cells. ] Immunol 133:2762-6.

Kupfer, A., and H. Kupfer. 2003. Imaging immune cell interactions and functions:
SMACs and the Immunological Synapse. Semin Immunol 15:295-300.

Kupfer, A., TR. Mosmann, and H. Kupfer. 1991. Polarized expression of cytokines
in cell conjugates of helper T cells and splenic B cells. Proc Natl Acad Sci USA
88:775-9.

Kupfer, A., and S.J. Singer. 1989. Cell biology of cytotoxic and helper T cell functions:
immunofluorescence microscopic studies of single cells and cell couples. Annu
Rev Immunol 7:309-37.

Kupfer, A., S.L. Swain, and S.J. Singer. 1987. The specific direct interaction of helper T
cells and antigen-presenting B cells. II. Reorientation of the microtubule organizing
center and reorganization of the membrane-associated cytoskeleton inside the
bound helper T cells. ] Exp Med 165:1565-80.

Kupfer, H., C.R. Monks, and A. Kupfer. 1994. Small splenic B cells that bind to antigen-
specific T helper (Th) cells and face the site of cytokine production in the Th cells
selectively proliferate: immunofluorescence microscopic studies of Th-B antigen-
presenting cell interactions. ] Exp Med 179:1507-15.

Lang, P, L. Guizani, I. Vitte-Mony, R. Stancou, O. Dorseuil, G. Gacon, and J. Bertoglio.
1992. ADP ribosylation of the ras-related, GTP-binding protein RhoA inhibits
lymphocyte-mediated cytotoxicity. J Biol Chem 267:11677-80.

Lappalainen, P., M.M. Kessels, M.J. Cope, and D.G. Drubin. 1998. The ADF homology
(ADF-H) domain: a highly exploited actin-binding module. Mol Biol Cell 9:1951-9.

Le Bras, S., I. Foucault, A. Foussat, C. Brignone, O. Acuto, and M. Deckert. 2004.
Recruitment of the actin binding protein HIP-55 to the immunological synapse
regulates T cell receptor signaling and endocytosis. J Biol Chem 279:15550-60.

Lee, K.H., A.R. Dinner, C. Tu, G. Campi, S. Raychaudhuri, R. Varma, T.N. Sims, W.R.
Burack, H. Wu, J. Wang, O. Kanagawa, M. Markiewicz, PM. Allen, M.L. Dustin,
A K. Chakraborty, and A.S. Shaw. 2003. The immunological synapse balances T
cell receptor signaling and degradation. Science

Lee, K.H., A.D. Holdorf, M.L. Dustin, A.C. Chan, PM. Allen, and A.S. Shaw. 2002. T cell
receptor signaling precedes immunological synapse formation. Science 295:1539-
42.

Ley, S.C., W. Verbi, D.J. Pappin, B. Druker, A.A. Davies, and M.]. Crumpton. 1994.
Tyrosine phosphorylation of atubulin in human T lymphocytes. Eur | Immunol
24:99-106.

Liu, H., M. Rhodes, D.L. Wiest, and D.A. Vignali. 2000. On the dynamics of TCR:CD3
complex cell surface expression and downmodulation. Immunity 13:665-75.

Loreto, M.P,, D.M. Berry, and C.J. McGlade. 2002. Functional cooperation between
c-Cbl and Src-like adaptor protein 2 in the negative regulation of T-cell receptor
signaling. Mol Cell Biol 22:4241-55.



The Immunological Synapse and Rho GTPases 87

Lowin-Kropf, B., V.S. Shapiro, and A. Weiss. 1998. Cytoskeletal polarization of T cells
is regulated by an immunoreceptor tyrosine-based activation motif-dependent
mechanism. J Cell Biol 140:861-71.

Luscinskas, EW., S. Ma, A. Nusrat, C.A. Parkos, and S.K. Shaw. 2002. The role of en-
dothelial cell lateral junctions during leukocyte trafficking. Immunol Rev 186:57-
67.

Marie-Cardine, A., H. Kirchgessner, C. Eckerskorn, S.C. Meuer, and B. Schraven. 1995.
Human T lymphocyte activation induces tyrosine phosphorylation of a-tubulin
and its association with the SH2 domain of the p59fyn protein tyrosine kinase.
Eur ] Immunol 25:3290-7.

Matthews, S.A., E. Rozengurt, and D. Cantrell. 2000. Protein kinase D. A selective target
for antigen receptors and a downstream target for protein kinase C in lymphocytes.
J Exp Med 191:2075-82.

McEver, R.P. 2002. Selectins: lectins that initiate cell adhesion under flow. Curr Opin
Cell Biol 14:581-6.

McFarland, W. 1969. Microspikes on the lymphocyte uropod. Science 163:818-20.

Mellman, I., and R.M. Steinman. 2001. Dendritic cells: specialized and regulated anti-
gen processing machines. Cell. 106:255-8.

Menasche, G., E. Pastural, J. Feldmann, S. Certain, E Ersoy, S. Dupuis, N. Wulffraat,
D. Bianchi, A. Fischer, F. Le Deist, and G. de Saint Basile. 2000. Mutations in
RAB27A cause Griscelli syndrome associated with haemophagocytic syndrome.
Nat Genet 25:173-6.

Monks, C.R., B.A. Freiberg, H. Kupfer, N. Sciaky, and A. Kupfer. 1998. Three-
dimensional segregation of supramolecular activation clusters in T cells. Nature
395:82-6.

Monks, C.R., H. Kupfer, I. Tamir, A. Barlow, and A. Kupfer. 1997. Selective modulation
of protein kinase CO during T-cell activation. Nature 385:83-6.

Montoya, M.C., D. Sancho, G. Bonello, Y. Collette, C. Langlet, H.T. He, P. Aparicio,
A. Alcover, D. Olive, and F. Sanchez-Madrid. 2002. Role of ICAM-3 in the initial
interaction of T lymphocytes and APCs. Nat Immunol 3:159-68.

Moser, B., and P. Loetscher. 2001. Lymphocyte traffic control by chemokines. Nat
Immunol 2:123-8.

Na, S., B. Li, I.S. Grewal, H. Enslen, R.J. Davis, J.H. Hanke, and R.A. Flavell. 1999.
Expression of activated CDC42 induces T cell apoptosis in thymus and peripheral
lymph organs via different pathways. Oncogene 18:7966-74.

Naramura, M., LK. Jang, H. Kole, F. Huang, D. Haines, and H. Gu. 2002. c-Cbl and
Cbl-b regulate T cell responsiveness by promoting ligand-induced TCR down-
modulation. Nat Immunol 3:1192-9.

Nieto, M., J.M. Frade, D. Sancho, M. Mellado, A.C. Martinez, and F. Sanchez-Madrid.
1997. Polarization of chemokine receptors to the leading edge during lymphocyte
chemotaxis. ] Exp Med 186:153-8.

Ottoson, N.C., J.T. Pribila, A.S. Chan, and Y. Shimizu. 2001. Cutting edge: T cell
migration regulated by CXCR4 chemokine receptor signaling to ZAP-70 tyrosine
kinase. ] Immunol 167:1857-61.

Palazzo, A.E.,, C.H. Eng, D.D. Schlaepfer, E.E. Marcantonio, and G.G. Gundersen. 2004.
Localized stabilization of microtubules by integrin- and FAK-facilitated Rho sig-
naling. Science 303:836-9.

Peters, P.J., J. Borst, V. Oorschot, M. Fukuda, O. Krahenbuhl, J. Tschopp, J.W. Slot,
and H.J. Geuze. 1991. Cytotoxic T lymphocyte granules are secretory lysosomes,
containing both perforin and granzymes. ] Exp Med 173:1099-109.



88 M. Deckert et al.

Peterson, E.J. 2003. The TCR ADAPts to integrin-mediated cell adhesion. Immunol Rev
192:113-21.

Peterson, E.J., M.L. Woods, S.A. Dmowski, G. Derimanov, M.S. Jordan, J.N. Wu,
P.S. Myung, Q.H. Liu, J.T. Pribila, B.D. Freedman, Y. Shimizu, and G.A. Koret-
zky. 2001. Coupling of the TCR to integrin activation by Slap-130/Fyb. Science
293:2263-5.

Pomerantz, J.L., E.M. Denny, and D. Baltimore. 2002. CARD11 mediates factor-specific
activation of NF«B by the T cell receptor complex. EMBO ]. 21:5184-94.

Potter, T.A., K. Grebe, B. Freiberg, and A. Kupfer. 2001. Formation of supramolecular
activation clusters on fresh ex vivo CD8" T cells after engagement of the T cell
antigen receptor and CD8 by antigen presenting cells. Proc Natl Acad Sci USA.
98:12624-9.

Rao, N., I. Dodge, and H. Band. 2002. The Cbl family of ubiquitin ligases: critical
negative regulators of tyrosine kinase signaling in the immune system. J Leukoc
Biol 71:753-63.

Revy, P, M. Sospedra, B. Barbour, and A. Trautmann. 2001. Functional antigen-
independent synapses formed between T cells and dendritic cells. Nat Immunol
2:925-31.

Reynolds, L.E, L.A. Smyth, T. Norton, N. Freshney, J. Downward, D. Kioussis, and
V.L. Tybulewicz. 2002. Vavl transduces T cell receptor signals to the activation of
phospholipase C-y1 via phosphoinositide 3-kinase-dependent and -independent
pathways. ] Exp Med 195:1103-14.

Sahai, E., and C.J. Marshall. 2002. Rho-GTPases and cancer. Nature Rev 2:133-139.

Samelson, L.E. 2002. Signal transduction mediated by the T cell antigen receptor: the
role of adapter proteins. Annu Rev Immunol 20:371-94.

Sanchez-Madrid, F.,, and M.A. del Pozo. 1999. Leukocyte polarization in cell migration
and immune interactions. EMBO J. 18:501-11.

Sanchez-Martin, L., N. Sanchez-Sanchez, M.D. Gutierrez-Lopez, A.I. Rojo, M. Vicente-
Manzanares, M.]. Perez-Alvarez, P. Sanchez-Mateos, X.R. Bustelo, A. Cuadrado,
F. Sanchez-Madrid, J.L. Rodriguez-Fernandez, and C. Cabanas. 2004. Signaling
through the leukocyte integrin LFA-1 in T cells induces a transient activation of
Rac-1 that is regulated by Vav and PI3K/Akt-1. ] Biol Chem 279:16194-205.

Serrador, J.M., J.R. Cabrero, D. Sancho, M. Mittelbrunn, A. Urzainqui, and E Sanchez-
Madrid. 2004. HDAC6 deacetylase activity links the tubulin cytoskeleton with
immune synapse organization. Immunity 20:417-28.

Shaw, A.S., and M.L. Dustin. 1997. Making the T cell receptor go the distance: a topo-
logical view of T cell activation. Immunity 6:361-9.

Smith, A., M. Bracke, B. Leitinger, J.C. Porter, and N. Hogg. 2003. LFA-1-induced T
cell migration on ICAM-1 involves regulation of MLCK-mediated attachment and
ROCK-dependent detachment. J Cell Sci 116:3123-33.

Snapper, S.B., E.S. Rosen, E. Mizoguchi, P. Cohen, W. Khan, C.H. Liu, T.L. Hagemann,
S.P. Kwan, R. Ferrini, L. Davidson, A.K. Bhan, and EW. Alt. 1998. Wiskott-Aldrich
syndrome protein-deficient mice reveal a role for WASP in T but not B cell activa-
tion. Immunity 9:81-91.

Stinchcombe, J.C., D.C. Barral, E.H. Mules, S. Booth, A.N. Hume, L.M. Machesky,
M.C. Seabra, and G.M. Griffiths. 2001a. Rab27a is required for regulated secretion
in cytotoxic T lymphocytes. J Cell Biol 152:825-34.

Stinchcombe, J.C., G. Bossi, S. Booth, and G.M. Griffiths. 2001b. The immunological
synapse of CTL contains a secretory domain and membrane bridges. Immunity
15:751-61.



The Immunological Synapse and Rho GTPases 89

Stowers, L., D. Yelon, L.J. Berg, and J. Chant. 1995. Regulation of the polarization of
T cells toward antigen-presenting cells by Ras-related GTPase CDC42. Proc Natl
Acad Sci USA 92:5027-31.

Tanaka, Y., K. Bi, R. Kitamura, S. Hong, Y. Altman, A. Matsumoto, H. Tabata, S. Lebe-
deva, P.J. Bushway, and A. Altman. 2003. SWAP-70-like adapter of T cells, an adapter
protein that regulates early TCR initiated signaling in Th2 lineage cells. Immunity
18:403-14.

Tartare-Deckert, S., M.N. Monthouel, C. Charvet, I. Foucault, E. Van Obberghen,
A. Bernard, A. Altman, and M. Deckert. 2001. Vav2 activates c-fos serum re-
sponse element and CD69 expression, but negatively regulates NF-AT and IL-2
gene activation in T lymphocyte. J Biol Chem 21:21.

Tedford, K., L. Nitschke, I. Girkontaite, A. Charlesworth, G. Chan, V. Sakk, M. Bar-
bacid, and K.D. Fischer. 2001. Compensation between Vav-1 and Vav-2 in B cell
development and antigen receptor signaling. Nat Immunol 2:548-55.

Ticchioni, M., C. Charvet, N. Noraz, L. Lamy, M. Steinberg, A. Bernard, and M. Deck-
ert. 2002. Signaling through ZAP-70 is required for CXCL12-mediated T-cell
transendothelial migration. Blood 99:3111-8.

Tomlinson, M.G., J. Lin, and A. Weiss. 2000. Lymphocytes with a complex: adapter
proteins in antigen receptor signaling. Immunol Today 21:584-91.

Trautmann, A., and S. Valitutti. 2003. The diversity of immunological synapses. Curr
Opin Immunol 15:249-54.

Turner, M., and D.D. Billadeau. 2002. VAV proteins as signal integrators for multi-
subunit immune-recognition receptors. Nat Rev Immunol 2:476-86.

Urzainqui, A., J.M. Serrador, F. Viedma, M. Yanez-Mo, A. Rodriguez, A.L. Corbi,
J.L. Alonso-Lebrero, A. Luque, M. Deckert, J. Vazquez, and F. Sanchez-Madrid.
2002. ITAM-based interaction of ERM proteins with Syk mediates signaling by the
leukocyte adhesion receptor PSGL-1. Immunity 17:401-12.

Valitutti, S., M. Dessing, K. Aktories, H. Gallati, and A. Lanzavecchia. 1995. Sustained
signaling leading to T cell activation results from prolonged T cell receptor occu-
pancy. Role of T cell actin cytoskeleton. ] Exp Med 181:577-84.

van der Merwe, P.A,, D.L. Bodian, S. Daenke, P. Linsley, and S.]. Davis. 1997. CD80
(B7-1) binds both CD28 and CTLA-4 with a low affinity and very fast kinetics.
J Exp Med 185:393-403.

Vicente-Manzanares, M., J.R. Cabrero, M. Rey, M. Perez-Martinez, A. Ursa, K. Itoh,
and E. Sanchez-Madrid. 2002. A role for the Rho-p160 Rho coiled-coil kinase axis
in the chemokine stromal cell-derived factor-1a-induced lymphocyte actomyosin
and microtubular organization and chemotaxis. ] Immunol 168:400-10.

Vicente-Manzanares, M., and F. Sanchez-Madrid. 2004. Role of the cytoskeleton during
leukocyte responses. Nat Rev Immunol 4:110-22.

Villalba, M., K. Bi, J. Hu, Y. Altman, P. Bushway, E. Reits, J. Neefjes, G. Baier, R.T. Abra-
ham, and A. Altman. 2002. Translocation of PKCO in T cells is mediated by a non-
conventional, PI3-K- and Vav dependent pathway, but does not absolutely require
phospholipase C. J Cell Biol 157:253-63.

Villalba, M., K. Bi, F. Rodriguez, Y. Tanaka, S. Schoenberger, and A. Altman. 2001.
Vavl/Rac-dependent actin cytoskeleton reorganization is required for lipid raft
clustering in T cells. J Cell Biol 155:331-8.

Villalba, M., N. Coudronniere, M. Deckert, E. Teixeiro, P. Mas, and A. Altman. 2000.
A novel functional interaction between Vav and PKCG is required for TCR-induced
T cell activation. Immunity 12:151-60.



90 M. Deckert et al.

Wang, D., R. Matsumoto, Y. You, T. Che, X.Y. Lin, S.L. Gaffen, and X. Lin. 2004.
CD3/CD28 costimulation-induced NF-«B activation is mediated by recruitment of
protein kinase C-6, Bcl10, and IxB kinase fto the immunological synapse through
CARMAL. Mol Cell Biol 24:164-71.

Waulfing, C., and M.M. Davis. 1998. A receptor/cytoskeletal movement triggered by
costimulation during T cell activation. Science 282:2266-9.

Wulfing, C., ]J.D. Rabinowitz, C. Beeson, M.D. Sjaastad, H.M. McConnell, and
M.M. Davis. 1997. Kinetics and extent of T cell activation as measured with the
calcium signal. ] Exp Med 185:1815-25.

Yonemura, S., and S. Tsukita. 1999. Direct involvement of ezrin/radixin/moesin (ERM)-
binding membrane proteins in the organization of microvilli in collaboration with
activated ERM proteins. J Cell Biol 145:1497-509.

Yu, H., D. Leitenberg, B. Li, and R.A. Flavell. 2001. Deficiency of small GTPase Rac2
affects T cell activation. ] Exp Med 194:915-26.

Zakaria, S., T.S. Gomez, D.N. Savoy, S. McAdam, M. Turner, R.T. Abraham, and D.D. Bil-
ladeau. 2004. Differential regulation of TCR-mediated gene transcription by Vav
family members. ] Exp Med 199:429-34.

Zeng, R., ].L. Cannon, R.T. Abraham, M. Way, D.D. Billadeau, J. Bubeck-Wardenberg,
and J.K. Burkhardt. 2003. SLP-76 coordinates Nck-dependent Wiskott-Aldrich
syndrome protein recruitment with Vav-1/Cdc42-dependent Wiskott-Aldrich syn-
drome protein activation at the T cell-APC contact site. J Immunol 171:1360-8.

Zhang, W., ]. Sloan-Lancaster, J. Kitchen, R.P. Trible, and L.E. Samelson. 1998. LAT: the
ZAP-70 tyrosine kinase substrate that links T cell receptor to cellular activation.
Cell 92:83-92.



CTMI (2005) 291:91-111
(© Springer-Verlag 2005

Rho GTPases and the Control of the Oxidative Burst
in Polymorphonuclear Leukocytes

B. A. Diebold - G. M. Bokoch ()

Departments of Immunology and Cell Biology, The Scripps Research Institute,
IMM-14, 10550 N. Torrey Pines Road, La Jolla CA, 92037, USA

bokoch@scripps.edu
1 Introduction .. ....... ...ttt 92
2 Components of the NADPH Oxidase .......................... 94
3 Regulation of NADPH Oxidase by RacGTPase ................... 96
4 The Pivotal Role of Rac2 in Adhesion-Mediated Suppression

of ROSinNeutrophils . . .. ....... ... ... .. ... . o 97
5 Inhibitory Regulation of ROS Productionby Cdc42 . . . ............. 99
6 Timing Is Everything: Temporal Regulation of Rho GTPases

During Phagocytosis and ROS Production . ..................... 101
7 Reactive Oxygen Species and Proteases: The Warheads ............. 102
8 Phagocytosis: TheLesser Evil ........................ .. ..... 104
References . . . ... v vt e 107

Abstract Stimulation of quiescent leukocytes activates the NADPH oxidase,
a membrane-associated enzyme system that generates superoxide and other reactive
oxygen species (ROS) that are used to kill bacteria within the phagosome. This
chapter describes this multicomponent NADPH oxidase system, one of the first
cellular systems shown to be directly regulated by Rac GTPases. We present current
models of NADPH oxidase regulation by Rac2 and describe how Rac2 activation
controls the timing of ROS production in adherent neutrophils. The antagonistic role
that Cdc42 plays as a competitor of Rac2 for binding to the cytochrome component
of the NADPH oxidase is discussed as a possible mechanism for tonic regulation of
ROS production during the formation of the phagosome. Finally, we briefly depict
mechanisms by which invasive bacteria can alter (inhibit) NADPH oxidase function,
focusing on the effects of invasive bacteria on components and assembly of the
NADPH oxidase.
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Actin-related protein

Cyanin fluorescent protein

Chronic granulomatous disease

Cdc42 and Rac interactive binding domain
Cytochrome bssg

Formyl-methionyl leucyl phenylalanine
Fluorescence resonance energy transfer
GTPase activating protein

GDP dissociation inhibitor

Guanine nucleotide exchange factor
Glutathione S-transferase

Hydrogen peroxide

Hypochlorous acid

Interferon gamma

Methylanthraniloyl

Superoxide anion

Hydroxyl radical

p21-Activated kinase

p21-Binding domain of Pak

Phagocyte oxidase

Phorbol myristate acetate
Polymorphonuclear granulocytes
Phosphatidylinositol-3-phosphate
Reactive oxygen species

src Homology 3

Salmonella pathogenicity island
Tetratricopeptide

Type III secretion system
Wiskott-Aldrich syndrome protein
Yellow fluorescent protein

Invasive bacteria are not the passive victims of phagocytosis and the phago-
cyte killing machinery depicted in the past. They are, on the contrary, quite
robust in defending themselves against the host’s immune system, and they
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have developed elegant defense strategies to promote their survival (reviewed
in Cornelis 2002; Cosart and Sansonetti 2004; Sibley 2004). As discussed in
detail in other chapters in this volume, some bacteria have developed inge-
nious mechanisms to avert phagocytosis, whereas other bacteria promote
their own uptake into the phagosome, where the bacteria can elude extracel-
lular immunological surveillance. Whether the bacteria are localized inside
or outside of the host cell, they produce an arsenal of virulence factors that
affect cell function and enable bacterial survival. One mechanism by which
bacteria subvert host cell function is by regulating Rho GTPases. This is an
excellent defense strategy because Rho GTPases are critical to a broad range
of signaling pathways controlling immune cell function (reviewed in Bishop
and Hall 2000; Burridge and Wennerberg 2004; Dharmawardhane and Bokoch
1997; Matozaki et al. 2000). The weaponry used against the Rho GTPases (re-
viewed in Barbieri et al. 2002; Bliska 2000; Cornelis 2002; Stebins and Galan
2001) includes proteins that function as GTPase-activating proteins (GAPs),
which inactivate Rho GTPases by stimulating GTP hydrolysis (i.e., Yersinia,
Yop E), or as guanine nucleotide exchange factors (GEFs), which catalyze GTP-
for-GDP exchange to directly activate Rho GTPases (i.e., Salmonella, SopE).
Other bacterial proteins are tyrosine phosphatases that inactivate endogenous
GEFs, thus preventing Rho GTPase activation (i.e., Salmonella, SptP; Yersinia,
YopH). In addition, some virulence factors are proteases that directly degrade
Rho GTPases (i.e., Yersinia, YopT), whereas others are toxins that can modify
and inhibit Rho GTPases by ADP-ribosylation (Clostridium botulinum C3 ex-
otransferase) or glucosylation (Clostridium difficile toxins A and B). Indeed,
there exist other bacterial proteins that interact with Rho GTPases, but their
exact regulatory actions have yet to be discovered (i.e., Yersinia YopO).

The purpose of this chapter is to provide a description of one of the best-
understood immunological responses whose function is pivotally dependent
on Rho GTPase activity, namely, the oxidative burst of phagocytic polymor-
phonuclear leukocytes (PMN) (reviewed in Babior 1999; Babior et al. 2002;
Bokoch and Knaus 2003). After PMN have engulfed microorganisms, they gen-
erate toxic reactive oxygen species (ROS) within the lumen of the phagosome.
These include superoxide anion (O, ), and other oxidants derived from it, par-
ticularly hydrogen peroxide (H,0,), hydroxyl radical (OHe) and hypochlor-
ous acid (HOCI). Superoxide anion is produced by the action of the NADPH
oxidase, which catalyzes the one electron-reduction of O, to O~ using NADPH
as substrate. Thus the respiratory or oxidative burst is due to the sudden in-
crease in O, consumption when PMN produce O,~ via the NADPH oxidase.

The NADPH oxidase is dormant in quiescent cells but becomes rapidly
activated by a variety of stimuli associated with leukocyte chemotaxis and
phagocytosis. These include a number of biologically active lipids, soluble
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chemoattractant peptides (e.g., complement component C5a and formyl pep-
tides produced as byproducts of bacterial protein secretion), and opsonized
particulate stimuli, all of which bind to specific cell surface receptors present
on neutrophils, macrophages, and eosinophils. NADPH oxidase was one of
the first cellular systems shown to be directly regulated by a member of the Ras
superfamily of GTP-binding proteins: Racl or Rac2 (Abo et al. 1991; Knaus
et al. 1991). The availability of cell-free assays for reconstitution studies and
knowledge of the protein components of this system have led to much insight
into the mechanisms through which Rac regulates NADPH oxidase activity.
This chapter will describe our current model of this regulatory mechanism.
We will discuss the signaling pathways leading to Rac2 activation in adherent
neutrophils and describe a mechanism for functionally antagonistic cross talk
between Rac and Cdc42 GTPases in regulation of ROS production. Finally, we
will briefly consider current knowledge of how bacterial pathogens can affect
this system.

2
Components of the NADPH Oxidase

The NADPH oxidase is a multiprotein system that is composed of both
membrane-bound and cytosolic components (Fig. 1). The electron transfer re-
actions catalyzed by the NADPH oxidase require the action of the membrane-
bound cytochrome bssg (cytb). Cytb is a flavohemeprotein that is composed
of two transmembrane subunits, gp917°* and p22°°* (phagocytic oxidase). In
addition to the two cytb heme groups, there are binding sites for NADPH and
FAD on the gp917h%* C terminus. Although cyt b possesses the components to
catalyze the electron transfer process, it cannot perform this function without
interacting with the cytosolic oxidase components. Malfunction mutations in
cyt b subunits or the cytosolic regulatory components, or their complete
absence, results in the inherited disorder known as chronic granulomatous
disease (CGD) (Heyworth et al. 2003). PMN of CGD patients are unable to
mount an oxidative burst in response to infections, with an often lethal result.

p47¢"°* is one of the NADPH oxidase regulatory components, found in
a preformed cytosolic complex with p67°"°* and p40?"°* in resting leukocytes.
In the absence of stimulation, p47Ph"" is maintained in an inactive conforma-
tion by an intramolecular interaction between tandem SH3 domains, which
form a “super”-SH3 domain, and a nonconventional C-terminal polyproline
domain (Groemping et al. 2003). When PMN are activated, p47”"** is phos-
phorylated on multiple serine residues at the border of the intramolecular
binding surface. The phosphorylation of p47°*°* destabilizes the autoinhib-
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Fig.1 Regulation of the phatocytic NADPH oxidase by Rac. Phosphorylation of p47°"°*
in the cytosol leads to translocation of the p47P**-p67Pho%_p40Pho* complex to the
phagosomal membrane, where p47P"°* binds to p22P"°* (the smaller subunit of flavo-
cytochrome bssg) and acts as an adaptor for p67°°%, which binds to gp917%°* (the larger
subunit of flavocytochrome bssg). gp91°"°* contains the binding sites for NADPH
and FAD. In addition to these events, Rac is released from GDI and is converted
to its GTP-bound form. Rac-GTP translocates to the membrane simultaneously, but
independently from the translocation of the p47°°*-p67P"%*_p40Phox complex. At the
membrane Rac interacts with phospholipids via its prenylated C-terminus and with
cyt b via its insert domain. In Step 1 of electron transfer, Rac and p67°"°* do not
interact, but their independent interactions with cytochrome bssg allow electrons to
flow from NADPH to FAD. In Step 2 of electron transfer, the Switch 1 domain of Rac
engages the TPR domain of p6727°%, and this allows electrons to continue to flow from
FAD to oxygen. The electrons from NADPH are used in the single electron reduction
of oxygen, resulting in the production of superoxide anion (0,")

ited conformation, enabling p47?"°* to bind via the super-SH3 domain with
enhanced affinity to a proline-rich motif on p22°"°* (Groemping et al. 2003;
Yuzawa et al. 2004). A PX ("phox") domain is also exposed, which mediates
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interactions with membrane-localized phosphoinositides, thereby promot-
ing membrane translocation of p47?"°* and the associated p67°"%* (reviewed
in Wientjes and Segal 2003). Thus, through this unique mechanism, p47¢1°*
serves as both a regulatory response element for oxidase assembly induced
by extracellular activators and an adapter to facilitate binding of p67°"** with
cyt b. The latter role has been confirmed in cell-free NADPH oxidase assays,
where the presence of p47?"°* is unnecessary when higher concentrations of
p67P"%* and Rac are used (Freeman and Lambeth 1996; Koshin et al. 1996).
p67Pho% is an essential cytosolic regulatory component of the NADPH ox-
idase. The middle of the p677"* molecule contains a region that has been
identified as an “activation domain,” because mutation within this region
leads to a loss of oxidase function in vitro (Han et al. 1999). The activation
domain of p67°1° has been shown to regulate electron transfer from NADPH
to FAD (Nisimoto et al. 1999). The N-terminus of p67°"° contains four tetra-
tricopeptide (TPR) motifs that have been shown by X-ray crystallography to
interact with the Switch 1 region of activated Rac (Lapouge et al. 2000). In the
unstimulated PMN, p672"°* is bound to p47°°* (see above) and p40°"°* via its
two SH3 domains located in its C-terminus (Lapouge 2002). p40°"** binds to
phosphatidylinositol-3-phosphate and translocates with p47P"°* and p67¢°*
to the membrane (Ellson et al. 2001; Kanai et al 2001), but the significance of
this finding is still unclear because p40?"°* is not essential in cell-free assays.

3
Regulation of NADPH Oxidase by Rac GTPase

Stimulation of phagocytic PMN and the resulting phosphorylation of
p47P"°* trigger the translocation of the p47°"*-p67Ph9%_p40Phox complex from
the cytosol to the plasma membrane, where p47°"°* and p67°°% interact with
cyt b. Cellular activation also induces Rac to separate from inert cytosolic
complexes with GDP dissociation inhibitor (GDI), perhaps due to the
phosphorylation of GDI by p21-activated kinase 1(Pak 1) (DerMardirossian
et al. 2004) and the action of lipid mediators (Chuang et al. 1993). Specific
GEFs (as yet unidentified) then catalyze the exchange of GDP for GTP on Rac.
Rac translocates to the membrane simultaneously with, but independently of,
the translocation of the 47°M%%-p67P"°*_p40P"ox complex (Bokoch et al. 1994;
Dorseuil et al. 1995; Heyworth et al. 1994; Quinn et al. 1993). The absolute
requirement for Rac for NADPH oxidase activity (reviewed in Dinauer 2003)
has been confirmed by the generation of Rac2-null mice (Roberts et al. 1999),
through the use of Rac antisense oligonucleotides (Dorseuil et al. 1992), and
by analysis of mice in which Bcr (a GTPase activating protein for Rac) has
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been knocked out (Voncken et al. 1995). Interestingly, whereas Rac2 is the
major oxidase regulatory isoform in human neutrophils, Racl appears to
play this role in human monocytes (Zhao et al. 2003).

Rac regulates phagocyte ROS production by a two-step mechanism in
which Rac first directly interacts with cyt b independently of p677"°* but
acts in coordination with p67¢"°* to allow electrons to flow from NADPH to
FAD (Step 1) (Diebold and Bokoch 2001; Bokoch and Diebold 2002). Then,
Rac must interact directly with p67°"°* in a second step to allow electrons to
flow from FAD to oxygen (Step 2) to form O,. This model is based on results
obtained with a Rac2 Switch 1 mutant (Rac2 D38A) that could not bind p67£/°*
and a p67P"°* construct lacking the ability to bind Rac. Using separate cell-
free assays to measure electron flow either from NADPH to FAD (Step 1) or
from NADPH to oxygen (Step 2), we showed that the noninteracting Rac2 and
p67P"* constructs allowed electron flow from NADPH to FAD (Step 1), but
not from FAD to oxygen, to take place. This suggested that although both Rac
and p67 were required for the Step 1 reaction, they did not have to interact
with each other in this step. Their interaction, however, was required for the
Step 2 reaction.

Using a fluorescent, nonhydrolyzable analog of GTP, 1'(3')-O-(N-methyl-
anthraniloyl)-GppNHp (mant-GppNHp), bound to Rac2, we demonstrated
that Rac2 interacts with cyt b via the GTPase insert region (aa 124-136).
Binding was observed when mant-GTP-Rac2ZWT was added to cyt b, but
not when Rac2 A124-135 was used in place of Rac2 WT. Consistent with
cyt b binding, this mutant did not support electron transfer in Step 1 (or
Step 2). These data did not support prior dogma that Rac interacts solely
with p67¢7°% and serves as a docking protein to orient p67°"°%, the only
regulator of electron flow between NADPH and FAD, in relation to its target,
cyt b. These results established that Rac also contributes to the regulation
of oxidase electron transfer and provide a reasonable explanation for prior
observations that Rac GTPase is indispensable for NADPH oxidase function.

4
The Pivotal Role of Rac2 in Adhesion-Mediated Suppression
of ROS in Neutrophils

In addition to being a regulatory component of electron flow of the NADPH
oxidase, Rac2 serves as a common point of convergence for integrin and
chemoattractant receptor cross talk in neutrophils (Zhao et al. 2003). Neu-
trophils that were adherent to fibronectin- or fibrinogen-coated tissue culture
plates were observed to have an oxidative burst that was delayed by 30-90 min
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after stimulation with formyl-methionyl leucyl phenylalanine (fMLF) peptide
or C5a. The delay has been shown to be a result of 31 (fibronectin)- or 52
(fibrinogen)-integrin engagement. The prolonged lag period in the oxidative
response in neutrophils adherent to surfaces coated with extracellular matrix
proteins is presumed to correspond to the in situ situation in which the cells
are migrating through the tissue to inflammatory sites. After the cells reach
these sites, the neutrophils then respond and generate microbicidal ROS.

Using the glutathione S-transferase-p21-binding domain of Pakl (GST-
PBD) fusion protein to pull down active Rac2 (Benard et al. 1999) from lysates
of neutrophils stimulated with fMLF or C5a, we observed that Rac2 activation
was also delayed by 30-90 min in adherent neutrophils, but not in suspended
cells (Zhao et al. 2003). Studies on NADPH oxidase assembly showed that
adhesion signals also resulted in delayed Rac2 translocation to the plasma
membrane, but the translocation of the other cytosolic oxidase components,
p47P"°* and p67Ph°%, occurred normally. These data suggested that integrin
signaling regulates NADPH oxidase function by specifically controlling the
activation and translocation of Rac2. This hypothesis was verified by demon-
strating that the suppressive effects of adhesion on the oxidative burst could
be reversed by introduction of recombinant, constitutively active Rac2 G12V
into the adherent neutrophils.

The defect in Rac2 activation was localized to a membrane component by
conducting cell-free NADPH oxidase assays in which membranes prepared
from adherent or suspended neutrophils were reconstituted with cytosol from
either adherent or suspended neutrophils in mix-match studies. Membranes
from adherent neutrophils could not produce ROS, implicating a membrane
component in the integrin-dependent defect. It appeared likely that a Rac
GEEF rather than an overactive GAP was responsible for the inactive state of
Rac2 in adherent neutrophils, and, indeed, it was observed that activation of
the membrane-associated Rac GEF Vavl was inhibited in adherent cells. Vavl
phosphorylation on the critical Tyr 174 site was observed only when Rac2 acti-
vation and ROS formation was evident. Examination of Syk activation, which
lies upstream of Vav1 and phosphorylates Vavl on Tyr 174 (Aghazadeh et al.
2000; Moores et al 2000), revealed that Syk activation was normal and imme-
diate on adherent neutrophil stimulation. The general tyrosine phosphatase
inhibitor sodium orthovanadate reversed the effects of adhesion on the kinet-
ics of the respiratory burst, Rac activation, and Vavl activation, correlating
with an increase in tyrosine phosphorylated proteins in adherent neutrophils,
making the activation of one or more tyrosine phosphatases a likely signal for
adhesion-mediated suppression of NADPH oxidase activation (Fig. 2). One
scenario by which invasive bacteria could alter oxidant production would be
to fool the neutrophils into an “adherent mode” in which a bacterially derived
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Fig.2 Adhesion-mediated suppression of reactive oxygen species. Integrin activation
by adherence of PMN to fibronectin or fibrinogen attenuates ROS production by the
NADPH oxidase because of a delay in Vav1 activation and a consequent delay in Rac2
activation

protein phosphatase would prevent Vavl and Rac2 activation, thus prevent-
ing ROS production. Indeed, many bacterial pathogens bind to cell adhesion
molecules of host cells and alter signaling pathways to allow their survival
(reviewed in Boyle and Finlay 2003).

5
Inhibitory Regulation of ROS Production by Cdc42

We recently reported that Cdc42 antagonizes Rac in the regulation of oxidant
production by neutrophils (Diebold et al. 2004). Cdc42, unlike Rac, cannot
support NADPH oxidase activity in the cell-free assay system because of two
residues within the Switch I region required for p67°"°* binding (Lapouge
et al. 2000) that differ between Rac and Cdc42. Mutation of these residues
in Cdc42 to the corresponding residues of Rac enabled Cdc42 (K274, S30G)
to now support O,~ production to the same extent as Rac WT (Kwong et al.
1994). This indicated that the Cdc42 insert domain was indeed functional
and suggested the possibility that Cdc42 might compete with Rac for binding
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cyt b under normal circumstances. We observed that GST-Cdc42, as well as
GST-Racl and Rac2, could specifically bind cyt b in in vitro pull down assays
(Diebold et al. 2004). This interaction was only partially GTP dependent but
was dependent on the GTPase insert domain.

In NADPH oxidase cell-free assays, Cdc42 WT, but not Cdc42 A124-135, in-
hibited Rac2(or Racl)-induced superoxide production (Diebold et al. 2004).
The inhibitory effect of Cdc42 WT was decreased when the concentration
of Rac2 was increased in the assay, suggesting that Cdc42 competes with
Rac2 for binding to cyt b via the insert domain. This hypothesis was con-
firmed in a direct competition binding assay in which decreasing amounts

0,-

WASP
CRIB

Fig.3 Cdc42 inhibits Rac-induced ROS production by the phagocytic NADPH oxidase.
Racbinds to cyt b via its insert domain. Cdc42 competes with Rac for cyt b bindingand
inhibits superoxide production in in vitro cell-free assays. These effects of Cdc42 are
dependent onits insert domain. In vivo, overexpression of Cdc42, but not Cdc42Ainsert
domain, inhibited Rac1Q61L-induced ROS production in a genetically engineered Cos
cellline expressing NADPH oxidase components. In human neutrophils, sequestration
of endogenous Cdc42, but not of Rac, by the expression of Wiskott-Aldrich syndrome
protein (WASp) CRIB domain increased ROS production (see text for details)
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of cyt b were bound by GST-Rac2 when increasing amounts of Cdc42 were
present. In vivo experiments showed that Cdc42 could inhibit Racl-induced
ROS production in a genetically engineered Cos cell line that stably expresses
a functional NADPH oxidase (Price et al. 2002). Using human neutrophils, we
also showed that sequestration of endogenous Cdc42 by introduction of the
Cdc42/Rac-interactive binding domain (CRIB) of Wiskott-Aldrich syndrome
protein (WASp) into the cells increased O, formation two- to threefold on
stimulation with fMLE, providing further evidence that Cdc42 plays an antag-
onistic role in regulating Rac-induced ROS production (Fig. 3).

6
Timing Is Everything: Temporal Regulation of Rho GTPases
During Phagocytosis and ROS Production

Cdc42 is activated nearly simultaneously with Rac2 in chemoattractant-
stimulated human neutrophils (Benard et al 1999). Activation of Cdc42 is
required for the cell polarization necessary for leukocyte chemotaxis, as well
as for assembly of the motile actin machinery via the WASp-Arp2/3 complex
(Li et al. 2003; Srinivasan et al. 2003). Cdc42 may thus serve as a tonic regula-
tor to dampen the amount of ROS generated during leukocyte transmigration
through tissues. Activation of Cdc42 might also inhibit full oxidant produc-
tion until phagocytic cup formation and bacterial uptake are completed. This
would coordinate ROS formation with the bacterial uptake process for the
most efficient killing. A recent study on the timing of Rho GTPase activation
during phagocytosis was conducted with FRET analysis (Hoppe and Swan-
son 2004). In RAW264.7 macrophages undergoing phagocytosis of opsonized
erythrocytes, the YFP-Cdc42/CFP-PBD FRET signal reported activation of
Cdc42 at the site of particle attachment, immediately after contact with the
macrophage. Cdc42 was active only at the advancing edge of the pseudopod
and remained active during the pseudopod extension phase of phagosome
formation. Before phagosome closure, the activity of Cdc42 decreased. In
contrast, YFP-Racl and CFP-PBD interaction was evident shortly after par-
ticle contact and was seen throughout the extending pseudopod. During the
closure phase, active Racl was observed at the base of the phagosome. The
activation pattern of Rac2 differed substantially. Rac 2 was only slightly ac-
tive in the vicinity of the particle and displayed only minor activation during
pseudopod extension. There was, however, a pronounced transient increase
in Rac2 activity distributed over the base of the phagosome during closure.
The presence of active Cdc42 and the absence of active Rac2 during the early
phases of phagocytosis are consistent with the concept that Cdc42 may in-
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deed play an antagonistic role with respect to NADPH oxidase activation by
Rac2 during formation of the phagocytic cup. We note the possibility that by
activating Cdc42, pathogenic bacteria could reduce the level of ROS in their
phagosomal environment.

7
Reactive Oxygen Species and Proteases: The Warheads

Superoxide anion (O,) and the ROS that are generated from it are toxic to
engulfed pathogens (Roos et al. 2003). O, is unstable and dismutates spon-
taneously in acidic environments to hydrogen peroxide (H,0;) and oxygen:

20;'}' 2H+—>H202+02

The microbicidal potency of the H,0, within the phagosome is greatly in-
creased by the enzyme myeloperoxidase, which is supplied to the phagosome
by the fusion of azurophilic granules. This enzyme catalyzes the oxidation of
halide ions by H,0, to form hypohalite ions, one of the principal classes of
microbicidal agents produced within the phagosome. The reaction of H,0,
and chloride ion produces hypochlorite ion ("OCl), which is protonated to
hypochlorous acid (HOCI) at acidic pH:

H* + H,0, + CI” — HOCI + H,0

HOCI acts as a microbicidal agent by reacting with amines of microbes to
produce chloramines:

HOCl + R —NH2 — R — NHCI + H,0

Another potent bactericidal compound, hydroxyl radical (OHe), is formed
by the reaction of H,0, and O,, which requires a trace metal such as iron as
catalyst (Fenton reaction):

Fe’* + 0, — Fe** + 0,
Fe?* + H,0, — Fe’* + OH™ + OH.
0; +H,0, — 0, + OH™ + OH-

Hydrogen peroxide can also be produced by the antibody-catalyzed reac-
tion of singlet molecular oxygen (10,*) and water (Wentworth et al. 2002).
This reaction also produces a molecular species with a chemical structure
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similar to that of ozone. This species was also generated during the oxidative
burst of activated human neutrophils suggesting that alternative pathways
may exist for biological killing of bacteria.

In addition to ROS, the eradication of some bacteria also requires pro-
teolytic enzymes. Neutrophil elastase, for example, has been shown to be
required for efficient killing of some gram-negative bacteria (Belaaouaj et al.
1998). Both elastase and cathepsin G are required for protection against infec-
tion by Aspergillus fumigatus (Tkalcevic et al. 2000). In a recent study (Reeves
etal. 2002), mice deficient in cathepsin G were able to resist Candida albicans,
but not Staphylococcus aureus, indicating that cathepsin G is required for im-
munity against S. aureus. Mice that were deficient in elastase, on the contrary,
were able to defend themselves against S. aureus, but not against C. albicans.
In vitro experiments using neutrophils purified from these mice revealed that
phagocytosis, degranulation, oxidase activity, and myeloperoxidase activity
were normal, thus supporting a primary role for proteases in bacterial killing.
Indeed, treatment of normal human neutrophils with a cocktail of protease
inhibitors disenabled the ability of these neutrophils to kill S. aureus.

On the basis of these observations these investigators examined the mech-
anism by which protease activation occurs within the phagosome (Reeves et
al. 2002; Ahluwahlia et al. 2004). The prevailing dogma has been that the neg-
ative charges that accumulate in the phagosome because of the electrogenic
generation of O, are balanced by the positive charges of protons that enter
the phagosome through fusion with acid granules and via activation of pro-
ton pumps (DeCoursey 2003; Henderson 1988; Touret and Grinstein 2002).
Ahluwahlia and associates observed, however, that the pH within the phago-
some increased during NADPH oxidase activity. The authors state that if all
of the charge compensation were dependent on protons, then the pH would
not rise from 6 to 8, as observed. (The elevated pH is kept within a physiolog-
ical range by the acid granules, which provide a buffering effect according to
these authors.) They suggest in their recent reports that the electron charge
is fully compensated for by a large influx of potassium ions into the phago-
some. This K* influx causes the vacuole to become hypertonic, leading to the
release of proteases attached to the strongly anionic, sulfated proteoglycan
granule matrix, where they are normally restrained in the unstimulated cell.
The elevated pH resulting from K* influx supports the activation of proteases
that would normally be inactive at lower pH values. Surprisingly, these au-
thors claim that H,O, had no microbicidal activity. even in the presence of
CI" and myeloperoxidase, suggesting that HOCl is not an effective antimicro-
bial agent. Although this hypothesis provides a novel paradigm for bacterial
killing, it remains highly controversial whether a K* influx of the magnitude
proposed by these authors can be physiologically tolerated by neutrophils.
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Furthermore, the concept that charge compensation via H* translocation,
a well-established observation, plays only a minor role in the equilibrium of
the phagosome is questionable (see DeCoursey 2004; Harrison et al. 2002;
Roos and Winterbourn 2002 for rebuttals of this model).

8
Phagocytosis: The Lesser Evil

In light of the ROS generated and the proteases that are active in the phago-
some, phagocytosis would certainly seem to be a death sentence for many
bacteria. Yet a number of bacteria manage to escape death by converting the
phagosome from a death chamber into a refuge. These bacteria carry out
covert operations that we are only beginning to understand that allow their
survival within the phagosome (Allen 2003; Cosart and Samsonetti 2004;
Rosen 2004). These include preventing fusion of the phagosome with endo-
somes and lysosomes, thereby cutting off supplies of bactericidal proteases
and microbicidal enzymes that reside in these compartments. Some bacteria
opt to retreat out of the phagosome and set up camp in the cytosol rather than
combat ROS or reroute trafficking of granules and lysosomes. Other bacte-
ria can modulate neutrophil apoptotic responses (reviewed in DeLeo 2004).
Apoptotic PMN do not respond to chemoattractants, phagocytose, or undergo
a respiratory burst. Thus, by causing PMN to become apoptotic prematurely,
bacteria such as Escherichia coli and Candida albicans can escape destruction
by PMN. By delaying apoptosis, bacteria such as Leishmania major (Laskay et
al. 2003) ensure that their neutrophil host will be engulfed by macrophages,
their final host. Clearance of apoptotic PMN by macrophages is considered
a normal housekeeping duty of macrophages and therefore does not elicit an
antimicrobial response.

An obvious tactic that bacteria use to survive within the phagosome is
to halt ROS production by the NADPH oxidase, which we will focus on in
this final section (Fig. 4). As in chess, there are many strategies that lead to
a checkmate, and it is always wise to have more than one strategy in play. As
mentioned in the introduction of this chapter, altering the activation state of
Rac (or Cdc 42 as discussed above) by bacterially produced upstream signal-
ing proteins (GAPs, GEFs, protein phosphatases) or toxins would certainly
affect ROS production along with other functions of the host cell. Not much
is known about how other components of the NADPH oxidase might be reg-
ulated by pathogenic bacteria, but recent studies on the obligate intracellular
PMN pathogen Anaplasma phagocytophilum provide an example that estab-
lishes that regulation of other components does occur. A. phagocytophilum is
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Fig.4 Disarmament of the NADPH oxidase. There are several mechanisms by which
bacteria can survive after they are engulfed by a phagocytic granulocyte. By prevent-
ing lysosomal and granular fusion with the phagosome, bacteria can cut off supplies
of myeloperoxidase (MPO), proteases, gp917"°%, and p22¢"°*, By inhibiting the expres-
sion or translocation of oxidase components, bacteria can also compromise NADPH
oxidase assembly. Because activation of Rac is essential for functional NADPH oxi-
dase activity, production of GAPs, Rac GTPase-targeting toxins, or phosphatases that
inhibit RacGEFs will decrease ROS production. Other possible mechanisms might
include activation of Cdc42, which antagonizes Rac-induced NADPH oxidase activa-
tion, or integrin activation that would cause a delayed oxidative burst because of Rac
inactivation (see text for details)

the agent that causes human granulocytic ehrlichiosis (HGE), a disease that
is transmitted from ticks to humans. Phagocytosis of A. phagocytophilum by
neutrophils does not induce an oxidative burst, and within 30 min of up-
take it prevents NADPH oxidase activation by a number of stimuli in vitro,
including fMLF and PMA (Mott et al. 2002). A recent study observed that
p22P"°* protein levels, but not levels of gp91P#ox, pa7Phox, paorhox, or p67Phox,
decreased within 30 min after exposure of human PMN to A. phagocytophilum
(Mott et al. 2002). In granulocyte-differentiated HL-60 cells, this group also
observed decreased p22#1°~ levels, but only at 7 days post infection. Because
translocation of p47°"°*, which docks on p22#1°%, was not prevented by A.
phagocytophilum infection, the authors of this study could not rule out the
possibility that p22?"°* was modified or degraded, with loss of the C-terminal
region recognized by their antibody. In another study on A. phagocytophilum
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(Carlyon et al. 2002), total RNA from differentiated HL-60 cells was isolated
from uninfected and infected cells to generate cDNA probes that were used
in a leukocyte gene array analysis. Rac 2 was among the genes that were
downregulated on infection. Examination of Rac2 mRNA levels by quantita-
tive RT-PCR revealed that Rac2 gene expression was decreased sevenfold in
differentiated HL-60 cells 48 h post infection (hpi) and by 50-fold in PMN
24 hpi. Western immunoblot analysis of infected and noninfected differen-
tiated HL-60 cells showed that infection by A. phagocytophila also reduced
Rac2 proteins levels 48 hpi. Using similar methods, these authors had shown
previously that gp91P"°* gene expression and protein levels were decreased
in infected differentiated HL-60 cells (Banerjee et al. 2000). In the most re-
cent study, the authors showed that transfection of a plasmid bearing both
gp917h°* and Racl into infected differentiated HL-60 cells restores NADPH
oxidase activity and bacterial killing.

Another bacterial species, Salmonella typhimurium, inhibits ROS produc-
tion by NADPH oxidase by preventing assembly of the NADPH oxidase com-
plex. It has been observed that S. typhimurium mutants that have defects in
Salmonella pathogenicity island-2 (SPI-2)-encoded components of the type
III secretion system (TTSS) are less virulent in wild-type mice, but not in mice
thatlack functional NADPH oxidase activity (Vazquez-Torres et al. 2000) This
suggests that inhibition of the NADPH oxidase by S. typhimurium is SPI de-
pendent. In another study (Gallois et al. 2001), phagosomes were isolated
from human monocyte-derived macrophages exposed to S. typhimurium. In-
tracellular ROS production was observed in only 13%-25% of phagosomes
containing wild-type (WT) S. typhimurium, whereas 75%-85% of phago-
somes containing the SPI-2 mutants sseD (secretion system potential effec-
tor) and ssaT (secretion system apparatus) were observed to produce ROS.
Immunochemical staining of these macrophages revealed that although 70%-
80% of sseD- and ssaT-mutant S. typhimurium-containing phagosomes were
enriched for cyt b after 1 min of phagocytosis, only 40% of the WT S. ty-
phimurium-containing phagosomes were positive for cyt b. By 20 min, only
25% of the WT-containing phagosomes were cyt b-positive, in contrast to
80% for the mutant-containing phagosomes. Moreover, p47°"%* and p67£hox
localized with cytb in the mutant S. typhimurium-containing phagosomes but
were not detected in the phagosomal membranes of cyt b-negative phago-
somes containing WT S. typhimurium.

Listeria monocytogenes is an intracellular facultative bacterium that
serves as an example of a bacterium that escapes the phagosome and thrives
in the cytoplasm of nonstimulated macrophages (reviewed in Vazquez-
Boland et al 2001). L. monocytogenes secretes two proteins, listeriolysin
and phosphatidylinositol-phospholipase C, which lyse the phagosomal
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membrane and allow L. monocytogenes to escape into the cytosol. L.
monocytogenes infection does not activate ROS production in macrophages.
While in the phagosome, it inactivates Rab5a, a regulator of endosomal
trafficking (Prada-Delgado 2001). This in turn prevents lysosomal fusion
and prevents lysosomal proteases LAMP-1 and cathepsin D from entering
the phagosome. It was shown, however, that clearance of L. monocytogenes
is enhanced by interferon-gamma (IFN-y) stimulation of macrophages. ROS
generated by NADPH oxidase and reactive nitrogen intermediates produced
by nitric oxide synthase are important mediators of L. monocytogenes killing
(Myers et al 2003). IFN-y actually enhances NADPH oxidase activity though
the Rab5-induced remodeling of the phagosomal membrane, facilitating the
association of Rac2 with L. monocytogenes-containing phagosomes, thereby
increasing ROS formation via NADPH oxidase (Prado-Delgado 2001).
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Abstract Rho proteins are master regulators of a large array of cellular functions,
including control of cell morphology, cell migration and polarity, transcriptional acti-
vation, and cell cycle progression. They are the eukaryotic targets of various bacterial
protein toxins and effectors, which activate or inactivate the GTPases. Here Rho-
inactivating toxins and effectors are reviewed, including the families of large clostridial
cytotoxins and C3-like transferases, which inactivate Rho GTPases by glucosylation
and ADP-ribosylation, respectively.
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1
Rho Proteins as Targets of Toxins

Rho GTPases (Ras GTPases for some toxins) are the predominant cellular
targets of clostridial glucosylating toxins and C3-like ADP-ribosylating ex-
oenzymes. These GTPases act as molecular switches in various signaling
pathways (Bishop and Hall 2000; Etienne-Manneville and Hall 2002; Takai et
al. 2001; Wennerberg and Der 2004). The switch proteins are regulated by
a GTPase cycle, which is described in great detail elsewhere in this volume.
Rho proteins are inactive in the GDP-bound form and localized in the cytosol.
In the active, signaling GTP-bound form, the isoprenylated proteins are at the
plasma membranes. In the cytosol, the Rho proteins are complexed with
the guanine nucleotide dissociation inhibitor (GDI), which keeps them in
the cytosol and prevents nucleotide exchange. Membrane receptor-mediated
activation triggers translocation and dissociation of the Rho-GDI complex.
The nucleotide exchange of GDP to GTP is catalyzed by guanine exchange
factors (>60 GEFs), resulting in the active GTP-bound form of the GTPases.

Fig. 1A-C. Molecular mode of action of toxin A/B. A The Rho-GTPases are molecu-
lar switches that are regulated by guanine nucleotide binding. Nonsignaling, inactive
Rho is complexed with the guanine nucleotide dissociation inhibitor GDI residing
in the cytosol. Signal input induces an activation cascade resulting in translocation
to the plasma membranes and nucleotide exchange catalyzed by guanine nucleotide
exchange factor (GEF). GTP binding causes a conformational change of especially the
effector region, allowing Rho to interact with effector proteins. The effector proteins
comprise Thr/Ser-kinases, lipid kinases, lipases, or scaffold proteins that execute and
amplify Rho signals. Rho signaling is terminated by an additional regulatory protein
called GTPase-activating protein (GAP) that increases GTP hydrolysis, resulting in
inactive GDP-bound Rho, which is delivered to the cytosol again. Activation and in-
activation of Rho-GTPases are governed by GTPase- and cytosol-membrane cycling.
B Toxin-catalyzed monoglucosylation alters the properties of Rho-GTPases. Glucosy-
lation leads to an entrapment of Rho-GTPases at membranous binding sites (p70) and
prevents activation by GEF (1). The glucose moiety stabilizes the effector region so that
Rho-GTPases are incapable of interacting with their effector proteins, thereby com-
pletely blocking downstream signaling (2). Glucosylated Rho-GTPases are insensitive
toward GAP (3). Furthermore, glucosylation inhibits binding to GDI, thereby prevent-
ing extraction of Rho from the membranes (4). Entrapment at restricted membranous
binding sites and interruption of cytosol-membrane cycling is the basis of the complete
inhibition of all Rho-dependent signal pathways. C C3-catalyzed ADP-ribosylation of
RhoA does not block nucleotide binding/exchange and does not prevent effector cou-
pling. However, binding to GDI is increased so that ADP-ribosylated Rho is entrapped
in the cytosolic GDI complex (2). Release of RhoA seems to be impossible, resulting
in an interruption of the cytosol-membrane cycling of Rho. Furthermore, activation
by GEF is inhibited (1)
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GTP binding results in a conformational change of switch 1, which allows
binding to and activation of downstream effectors. Proteins of the family of
GTPase-activating proteins (>60 GAPs) cause accelerated hydrolysis of GTP
to GDP and switch off the active state of small GTPases (see Fig. 1A).

The family of Rho GTPases comprise Rho (A, B, C, D,G), Rac (1, 1b, 2, 3),
Cdc42, Wnt-1, Chp, G25 K, Rnd (1,2,3), TTF/RhoH, Rif, and TC10 (for review
see Mackay and Hall 1998; Ridley 2000; Van Aelst and D’Souza-Schorey 1997).
Best studied are the RhoA, Rac, and Cdc42 subtypes. Whereas RhoA induces
formation of actin stress fibers and focal adhesions (Etienne-Manneville and
Hall 2002), Rac leads to formation of lamellipodia and membrane ruffles
(Ridley et al. 1992) and Cdc42 induces formation of microspikes/filopodia
(Kozma et al. 1995). Thus Rho GTPases are essential for cell migration, control
of morphogenesis, and cell polarity. Multiple additional regulatory functions
of Rho GTPase have been shown, including cell cycle control, activation of
transcription, apoptosis, and transformation (for review see Bishop and Hall
2000; Etienne-Manneville and Hall 2002; Takai et al. 2001; Wennerberg and
Der 2004)).

Rho GTPases are the targets of various bacterial protein toxins, which cause
either activation or inactivation of the target GTPase. Activation of Rho GT-
Pases is achieved by deamidation mediated by cytotoxic necrotizing factors
CNF1, CNEF2, and CNFY produced by Escherichia coli and Yersinia pseudotu-
berculosis, respectively (Flatau et al. 1997; Hoffmann et al. 2004; Schmidt et
al. 1997). The related transglutamination caused by the dermonecrotic toxin
from Bordetella species also activates Rho GTPases (Masuda et al. 2000). Rho
GTPases are inhibited by glucosylation and ADP-ribosylation catalyzed by
the family of clostridial glucosylating toxins and C3-like exoenzymes, respec-
tively. Inhibition of Rho GTPases is also caused by bacterial effectors translo-
cated into the target cells by the type III secretion system. These include the
Yersinia protease YopT (Juris et al. 2002; Shao et al. 2002), which cleaves the
very C-terminal part of Rho, and various bacterial GAPs (YopE from Yersinia,
ExoS from Pseudomonas aeruginosa, and SptP from Salmonella), which de-
crease the level of active GTP-bound forms of Rho GTPases by mimicking the
turn-off function of eukaryotic GTPase-activating proteins (GAPs) (Barbieri
et al. 2002; Fu and Galdn 1999; Goehring et al. 1999; von Pawel-Rammingen et
al. 2000). Here we describe the structure-function analysis, biological effects,
and functional consequences of glucosylation and ADP-ribosylation catalyzed
by clostridial bacterial protein toxins.
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2
Clostridial Glucosylating Toxins

Members of the family of large clostridial cytotoxins are toxin A and B from
Clostridium difficile, the hemorrhagic and lethal toxin from Clostridium sor-
dellii, and the a-toxin from Clostridium novyi. These toxins share sequence
identities ranging from 36% to 90% and have molecular masses between 250
and 308 kDa (Busch and Aktories 2000; Von Eichel-Streiber et al. 1996). Re-
cently, several toxin isoforms have been described that considerably extend
this toxin family (Table 1).

Table 1 Protein substrates and cosubstrates of the clostridial glucosylating toxins

Toxin Molecular Sugar Transferred  Protein
mass donor moiety substrates

C. difficile toxin A-10463 308 kDa UDP-glucose  Glucose Rho, Rac, Cdc42,
RhoG, TC10 (Rap)

C. difficile toxin B-10463 270 kDa UDP-glucose  Glucose Rho, Rac, Cdc42,
RhoG, TC10

C. difficile toxin B-1470 269 kDa UDP-glucose  Glucose Rac, R-Ras, Ral, Rap

C. difficile toxin B-8864 269 kDa UDP-glucose  Glucose Rac, (Cdc42),
R-Ras, Ral, Rap

C. difficile toxin B-C34 269 kDa UDP-glucose  Glucose Rho, Rac (Cdc42),
R-Ras, Ral, Rap

C. sordellii lethal toxin-6018 271 kDa UDP-glucose  Glucose Rac, (Cdc42), Ha-Ras,
R-Ras, Ral, Rap

C. sordellii ~300 kDa UDP-glucose  Glucose Rho, Rac, Cdc42

hemorrhagic toxin-9048

C. novyi a-toxin-19402 250 kDa UDP-N-acetyl- N-acetyl- Rho, Rac, Cdc42

glucosamine  glucosamine
(UDP-glucose)  (Glucose)

Poor substrates and/or substrates only detected in vitro are set in parentheses.
Numbers behind toxin name indicate isoform the producing strain.
The accession numbers are available at http://afmb.cnrs-mrs.fr/CAZY/GT_44.html.

2.1
Clostridium difficile Toxins A and B

Clostridium difficile toxins A and B are the major causative factors of the
antibiotic-associated diarrhea and pseudomembranous colitis that result
when normal intestinal flora is altered during therapy with broad-spectrum
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antibiotics. Infection with and subsequent overgrowth with Clostridium dif-
ficile with subsequent toxin production lead to inflammation and damage of
the colonic mucosa (Bartlett 2002; Kelly and Lamont 1998). Major progress
in this field was possible when Clostridium difficile was recognized as the
causative agent of pseudomembranous colitis and not, as earlier suggested,
Staphylococcus aureus or viruses (Bartlett et al. 1978; Larson et al. 1978; Larson
and Proce 1977). Very important was also the observation that Clostridium
sordellii antitoxin neutralized the cytotoxic activity of a toxin isolated from
patients with colitis (Rifkin et al. 1977). Subsequently, it was found that at least
two toxins are produced by Clostridium difficile (Taylor et al. 1981). In the
1990s, major milestones in toxin research were the cloning and sequencing of
the toxin coding genes (Barroso et al. 1990; Dove et al. 1990; Sauerborn and
Von Eichel-Streiber 1990; Von Eichel-Streiber et al. 1992).

In addition to their in vivo effects to cause diarrhea and colitis, both toxins
are cytotoxic at cultivated cells. Toxin B was found to be 100- to 1,000-fold
more toxic than toxin A in almost all cultured cells; therefore it was designated
“cytotoxin.” In many animal models, however, enterotoxicity was only associ-
ated with toxin A, which was therefore named enterotoxin (Lyerly et al. 1988;
Wilkins 1987). Now itis accepted that toxin A-negative/toxin B-positive strains
can also induce pseudomembranous colitis. Moreover, recently enterotoxic
properties were reported for toxin B as well (Riegler et al. 1995; Savidge et al.
2003). The human colonocytes are sensitive to both toxins A and B, whereas
the animal gut epithelium is almost resistant to toxin B. This discrepancy
explains why toxin A was thought of for a long time as the true enterotoxin.
Perhaps the most important progress in the understanding of the role of the
toxins in disease was made by the findings that Clostridium difficile toxins
A and B are glucosyltransferases, which transfer the glucose moiety from
UDP-glucose to members of the Rho family of small GTPases (Just et al.
1995b, 1995¢). These findings established a novel family of bacterial protein
toxins, which were initially termed “large clostridial cytotoxins,” because of
their high molecular mass and their cytotoxic activity toward cell lines. Ac-
tually, we would suggest a novel name, clostridial glucosylating toxin (CGT),
because we think this is a more appropriate characterization of the toxins.

2.2
Structure and Activity of Clostridial Glucosylating Toxins

With molecular masses of 250 to 308 kDa, the clostridial glucosylating toxins
are some of the largest bacterial protein toxins. The single-chain toxins appear
to be typical AB toxins with an enzyme domain and a binding/translocation
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Fig. 2 Structure of the clostridial glucosylating toxins illustrated for toxin B. Toxin
B includes three functional domains. I: The receptor-binding domain is composed
of repetitive oligopeptide elements commonly accepted as the motif for binding to
carbohydrate structures of the receptor. II: A hydrophobic region in the middle part
of the molecule is supposed to form a transmembrane domain, allowing the catalytic
domain to translocate into the cytoplasm. III: The catalytic domain residing in the N-
terminal part possesses monoglucosyltransferase activity to modify the Rho-GTPases.
The first 546 residues of the N-terminus are the minimum size. The tryptophan-102
(W) and the DXD motif (residues 286-288) are involved in UDP-glucose cosubstrate
binding through Mn?* or Mg2*. The C-terminal part (residues 408-468) of the catalytic
domain covers the protein substrate recognition site. The insert gives the relation of
the molecular size of clostridial glucosylating toxins and C3

UDP-glucose

domain. It is now generally accepted that the catalytic domain and the receptor
binding domain are located at the N-terminus and C-terminus, respectively.
Based only on secondary structure prediction, the hydrophobic region in the
middle part of the toxin molecule is proposed to be involved in translocation
of the proteins across cellular membranes. All members of the family share
the same three-domain structure (Fig. 2).

23
The N-Terminal Glucosyltransferase Domain

It has been convincingly shown that the glucosyltransferase activity of the
toxins is N-terminally located (Busch et al. 2000b; Hofmann et al. 1997). For
example, microinjection of recombinant C-terminal deletions, constructed
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from various members of this toxin family, caused typical morphological and
cytoskeletal changes in eukaryotic target cells identical with those observed
with holotoxins. In vitro glucosyltransferase activities of the C-terminally
deleted toxins were very similar to native toxins. It was shown for Clostridium
difficile toxin B and also for Clostridium sordellii lethal toxin that amino acids
1-546 were sufficient for full enzyme activity. By contrast, toxin truncations
of the first 516 amino acids were enzymatically inactive (Hofmann et al. 1997).

Clostridium difficile toxins A and B and the variant toxin B as well as lethal
and hemorrhagic toxins from Clostridium sordellii recruit the nucleotide
sugar UDP-glucose as cosubstrate; the glucose moiety is transferred to the
protein substrate (Table 1). Clostridium novyi a-toxin is an exception, be-
cause it uses UDP-GIcNAc as a cosubstrate. N-acetylglucosaminylation of
small target GTPases, in fact, occurs in intact cells, as it was detected by
specific ['*C]galactosylation of the cellular GTPase, which depends on the N-
acetylglucosamine moiety attached (Selzer et al. 1996). a-Toxin also utilizes
UDP-glucose, but the Ky, is about 340 pM compared to 17 pM for UDP-
glucNAc (Busch et al. 2000b). The Ky, of the large glucosylating toxins for
nucleotide sugars is in the range of 10-20 pM.

The clostridial glucosylating toxins differ in their substrate specificity (Ta-
ble 1). Toxins A and B, the Clostridium sordellii hemorrhagic toxin, and the
a-toxin from Clostridium novyi selectively glucosylate Rho subfamily GTPases
but not GTPases from other subfamilies. However, Clostridium sordellii lethal
toxin possesses a different substrate specificity: It modifies only Rac but not
Rho and, in addition, H-Ras, Rap, Ral, and R-Ras (Genth et al. 1996; Hofmann
etal. 1996; Just et al. 1996; Popoff et al. 1996). This special substrate specificity
is not restricted to lethal toxin. Variant forms of toxin B from Clostridium
difficile (e.g., toxin B-1470) resemble lethal toxin.

Structure-function analysis of the active fragments of Clostridium difficile
toxin B, Clostridium sordellii lethal toxin, and Clostridium novyi a-toxin sug-
gested that the protein substrate recognition site is located in the C-terminal
region of the catalytic domain (Hofmann et al 1998). By constructing chimeras
of toxins with different substrate specificities, regions in the catalytic domain
were identified that are responsible for substrate recognition. These studies
indicate that the protein substrate recognition by Clostridium sordellii lethal
toxin occurs between amino acids 365 and 516 (Hofmann et al. 1998). More-
over, the recognition site is modularly organized so that in lethal toxin Rho is
recognized by a different site than Ras. The region, which is involved in binding
of activated sugar nucleotides, is less defined. Chimeras of Clostridium sordel-
lii lethal toxin and Clostridium novyi a-toxin, which uses UDP-glucose and
UDP-N-acetylglucosamine, respectively, indicate that the nucleotide-sugar
interaction is between amino acids 133 and 517 of a-toxin (Busch et al. 2000b).
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Recently, amino acid residues conserved among the family of clostridial
glucosylating toxins were shown to be essential for enzyme activity. Of spe-
cial importance is the DXD motif, which resides almost in the middle of
the catalytic domain (Fig. 2). Exchange of one of the aspartates to alanine
or asparagine inhibits glucosyltransferase activity (Busch et al. 1998). Many
different families of glycosyltransferases possess this highly conserved DXD
motif (Breton and Imberty 1999; Wiggins and Munro 1998). Although its
exact role in the catalytic reaction is not well defined, it appears that in
the clostridial glucosylating toxins the DXD motif is involved in nucleotide-
sugar binding via manganese ions (Busch et al. 2000a). This notion is sup-
ported by crystallographic data obtained from two glycosyltransferases, 3-
1,3-glucuronyltransferase and a-1,4-N-acetyl-hexosaminyltransferase, which
show that the DXD motif is involved in the coordination of Mn?*, through
which the nucleotide sugar interacts with the enzyme (Negishi et al. 2003).

In the glucosylating toxins, the DXD motif is positioned in a region of
high sequence homology (Busch et al. 1998). Many different prokaryotic and
eukaryotic glycosyltransferases share this “extended” DXD motif (Keusch et
al. 2000). Glycosyltransferases sharing the extended DXD motif catalyze the
transfer of sugar under retention of the a-configuration. This is also true for
the clostridial glucosylating toxins (e.g., Clostridium sordellii lethal toxin), as
shown by crystal structure analysis of the glucosylated Ras and NMR spec-
troscopy (Geyer et al. 2003; Vetter et al. 2000). Recently, the family of clostridial
glucosylating toxins has been compiled as an autonomous subfamily desig-
nated “glycosyltransferase family 44” (GT44) by Henrissat et al. (available on
the Internet at http://afmb.cnrs-mrs.fr/CAZY/GT_44.html).

In addition to transferase activity the toxins exhibit glycohydrolase activity,
i.e., hydrolytic cleavage of nucleotide sugar in the absence of the protein sub-
strates. Glycohydrolase activity is much slower than transferase activity, and
the biological relevance is not clear. Nevertheless, glycohydrolase activity is an
excellent model to study the dependence of the enzyme on divalent cations, be-
cause all interferences with the cation binding substrate GTPases are absent. In
addition to divalent cations such as Mn** or Mg**, the monovalent K* but not
Na® is essential for enzyme activity (Ciesla and Bobak 1998; Just et al. 1996).

24
Binding and Translocation Domains

The putative receptor-binding domain, which is located at the C-terminus,
is characterized by small repetitive sequence motifs, also called CROPS,
clostridial repetitive oligopeptides (Fig. 2). They consist of 20 to 50 amino
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acids and are repeated 14-30 times (Dove et al. 1990; Von Eichel-Streiber et
al. 1992, 1996). Recombinant fragments of Clostridium difficile toxins, cov-
ering the putative binding domains, and an antibody directed against the
C-terminus of Clostridium difficile toxin A inhibit intoxication by the holo-
toxins (Frey and Wilkins 1992; Sauerborn et al. 1997). However, deletion of
the C-terminal repetitive domain of toxin B decreases the cytotoxicity only
by a factor of 10; this finding is not in line with the hypothesis that only the
CROPS define the binding site of the toxins (Barroso et al. 1994). Moreover, it
was shown recently that the whole repetitive region of toxin A is needed for
binding and endocytosis (Frisch et al. 2003).

2.5
Toxin Receptors

The precise nature of the membrane receptors for clostridial glucosylating
toxins is not known. In many receptor-binding studies toxin A was used.
From these studies and from the proposed properties of CROPs, it was sug-
gested that toxin A binds like a lectin to Gala-1-3GalB1-4GIcN structures
(Krivan et al. 1986; Tucker and Wilkins 1991). A 160-kDa galactose- and
N-acetylglucosamine-containing glycoprotein was purified from brush bor-
der cells of small intestine of infant hamsters, which was suggested to be
a toxin receptor (Rolfe and Song 1993). Furthermore, binding of toxin A is
inhibited by lectins specific for Gal and GIcNAc, by immunoglobulin and
nonimmunoglobulin components of human milk (Rolfe and Song 1995). It
was reported that toxin A binds to the membranous sucrose-isomaltase gly-
coprotein on rabbit cells (Pothoulakis et al. 1996). This receptor is absent in
many toxin A-sensitive cell lines. A human glycosphingolipid was reported
to bind to toxin A (Teneberg et al. 1996). It is now generally accepted that
a carbohydrate structure (containing at least Galf1-4GIcN) is the essential
element for binding of toxin A to its cell receptor; whether this carbohydrate
is linked to proteins or lipids is unknown. So far there are no data on the
receptors for the other glucosylating toxins.

2.6
Toxin Processing and Uptake

Subsequent to receptor binding, the toxins are endocytosed (Florin and The-
lestam 1983; Henriques et al. 1987). It appears that the clostridial glucosylating
toxins or their enzyme domains enter the cytosol from early endosomes (see
below). Accordingly, it was shown that all drugs inhibiting acidification of
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endosomes, such as bafilomycin A1, block toxin entry and cytopathic effects
of toxin B. Interestingly, the inhibitory effect of bafilomycin Al can be by-
passed by acidification of the culture medium (pH 5.2). This allows toxin
translocation directly across the cell membrane into the cytosol (Barth et al.
2001; Qa’dan et al. 2000).

Recently, it was reported that toxin B is processed during its uptake (Pfeifer
et al. 2003). After treatment of Vero cells with toxin B holotoxin, only an enzy-
matically active fragment but not the holotoxin B is detectable in the cytosol by
immunoblot analysis, fluorescence microscopy, and mass spectrometry. Flu-
orescence microscopy data rather suggested that the translocation/binding
domain remains in the endosomes (Pfeifer et al. 2003). At which step of the
uptake process proteolytic cleavage of toxin B takes place is unclear. Prote-
olytic processing may occur at the cell surface, in endosomes, or even after
translocation of the catalytic domain across the endosomal membrane by
a cytosolic protease.

The central region of all clostridial glucosylating toxins carries a hydropho-
bic region (amino acid residues 1,000-1,100 in the toxins), which may be in-
volved in translocation. Deduced from the uptake mechanism of other toxins,
the acidic pH in endosomes is thought to trigger conformational changes in
the hydrophobic stretch, thereby allowing membrane insertions and, eventu-
ally, translocation of the enzyme domain into the cytosol. This notion is sup-
ported by the finding that a decrease in pH increases hydrophobicity of toxin
B, a conformational prerequisite for membrane insertion (Qa'dan et al. 2000).

Clostridium difficile toxin B and the binding and translocation domains
(amino acids 547-2366) devoid of the catalytic part form pores in membranes
of Chinese hamster ovary cells to pass small ions (Barth et al. 2001). As
expected, the mere catalytic domain is not able to form pores. Furthermore,
toxin B is also able to form pH-dependent channels in artificial bilayers.
However, one should keep in mind that the role of the pore formation in
translocation of the toxin is far from being clear. It is only speculation that
the enzyme domain of the toxins is transported through this pore.

Clostridium sordellii lethal toxin, which consists of 2,364 amino acid
residues with a mass of 270 kDa (Green et al. 1995), shares many biological
properties with toxin A and B (Bette et al. 1991; Martinez and Wilkins 1988,
1992). The toxin is much less cytotoxic than toxin B and rather comparable to
toxin A. However, it is 10 times more lethal than toxins A and B in mice after
intraperitoneal injection. It shares glucosyltransferase activity with toxins
A and B. One major difference between Clostridium difficile toxins A and B
and lethal toxin is substrate specificity. It glucosylates Rac but not RhoA and,
in addition, Ras subfamily GTPases. Clostridium sordellii hemorrhagic toxin
(300 kDa) is very similar to toxin A, and it shares the enzyme properties of
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toxin A (Genth et al. 1996). Like toxin A it is able to elicit fluid response in
ligated-loop assays (Martinez and Wilkins 1988, 1992). Clostridium novyi has
been cloned and sequenced by the group of von Eichel-Streiber (Hofmann et
al. 1995). It has a mass of about 250 kDa and consists of 2,178 amino acid
residues. The a-toxin has biological properties very similar to those of toxins
A and B (Ball et al. 1993; Bette et al. 1989, 1991; Oksche et al. 1992). The
cytotoxic activity is similar to that of toxin B.

Recently, many forms of variant toxin B have been identified, which are
functional chimeras of toxin B (reference strain VPI 10463) and lethal toxin,
e.g., Clostridium difficile toxin B from strain 1470 and strain 8864. Their
substrate specificities resemble that of lethal toxin (Chaves-Olarte et al. 1999;
Rupnik et al. 1997, 1998; Soehn et al. 1998). Clostridium difficile strain C34
produces a toxin B variant modifying Rho, Rac, and Cdc42 as well as R-Ras,
Ral, and Rap (Mehlig et al. 2001).

2.7
Glucosylation of Low-Molecular-Mass GTPases
by Clostridial Glucosylating Toxins

All clostridial glucosylating toxins modify Rho A, B, and C at threonine-37
and Rac, Cdc42, or Ras at the corresponding position threonine-35 (Just et
al. 1995b, 1995c¢, 1996) (Fig. 3). This amino acid residue, which is located in
the switch-I region of the GTPases, is highly conserved among all small GTP-
binding proteins. Rho is preferentially modified in its inactive, GDP-bound
state, in which threonine-37 is directed toward the solvent. In the GTP-bound
state, threonine-37 participates in Mg?* and nucleotide binding (Thara et al.
1998) and appears to be less accessible for glucosylating clostridial toxins
(Just et al. 1995b).

The biochemical and functional consequences of toxin-catalyzed glucosy-
lation of Rho/Ras proteins have been studied in great detail. Inhibition of
effector coupling and subsequent blocking of signal transduction pathways
is suggested to be the most important consequence of glycosylation (Her-
rmann et al. 1998; Sehr et al. 1998). Glucosylation of Rho proteins also blocks
nucleotide exchange by GEFs and inhibits the intrinsic and GAP-stimulated
GTPase activity (Sehr et al. 1998). It was further reported that glucosylated
Rho is no longer able to interact with GDI and, therefore, is found at the
plasma membrane, where it interacts with an 70-kDa protein of unknown
nature (Genth et al. 1999). The glucosylated GTPase is entrapped at the mem-
branes, however, without signaling because effector coupling is completely
blocked. Every Rho-dependent pathway is inhibited. (Fig. 1B)
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Fig. 3 Toxin-catalyzed Rho modifications. The acceptor amino acids for ADP-
ribosylation and glucosylation reside in the effector region (switch 1). C3 forms
a ternary complex with NAD* and RhoA and transfers the ADP-ribose moiety to the
side chain of Asn-41; nicotinamide is released. ADP-ribose is N-glycosidically linked.
Toxin B transfers a glucose moiety from UDP-glucose to the side chain of threonine-37,
where the glucose is O-glycosidically linked; UDP is released. The proximity of Asn-41
and Thr-37 explains why one modification prevents the other

Functional consequences of Clostridium sordelliilethal toxin-mediated Ras
glucosylation at threonine-35 are very similar to those of RhoA at threonine-
37. Whereas nucleotide binding is not affected, the intrinsic GTPase activity
is markedly decreased and the GAP-stimulated GTPase activity is completely
blocked. Like glucosylated Rho proteins, the GEF-catalyzed GDP exchange to
GTP is also reduced. Again, the most important consequence of Ras gluco-
sylation appears to be inhibition of Ras coupling to downstream effectors.
It was shown that the interaction of glucosylated Ras with the Ras-binding
domain (RBD) of the Raf kinase is completely blocked. Kinetic studies ex-
hibited a Ky value for the interaction of Ras-GTP with RafRBD of 15 nM,
whereas glucosylation of Ras increased the K4 to >1 mM (Herrmann et al.
1998). These data were supported by crystal structure analysis of glucosylated
and nonmodified Ras showing that glucosylation of the GTPases most likely
blocks effector interaction. Moreover, the crystallographic data suggest that
the glucose moiety hinders formation of the active GTP-bound conformation
of the effector region, although mere binding of GTP is still possible (Vetter et
al. 2000). Notably, threonine-35 of Ras, which is glucosylated by lethal toxin,
is not directly involved in effector binding. As mentioned above, in the active



126 K. Aktories - I. Just

form of Ras, the hydroxyl side chain of threonine-35 is directed into the core of
the molecule and is involved in Mg?* binding. Therefore, it was proposed that
Ras glucosylation is solely possible in the GDP-bound form and Ras bound to
GTP[S] is not substrate for lethal toxin (Herrmann et al. 1998). However, NMR
analysis of soluble Ras bound to the GTP analog GppNHp suggested that the
effector loop exists in two distinct conformational states that cycle rapidly
(Geyer et al. 1996). Only in one of these conformational states is threonine-35
involved in Mg2+ binding; in the other state, however, it is probably accessible
for glucosylation. After glucosylation the effector loop is stabilized in the in-
active state. Altogether, NMR data suggest that glucosylation of GTP-bound
Ras is possible (Geyer et al. 2003). NMR and crystal structure analysis support
the view that glucose is bound in the a-anomeric form to the hydroxyl group
of the threonine-35 side chain (Geyer et al. 2003; Vetter et al. 2000).

238
Effects of Glucosylating Toxins on Cells

Toxin-induced glucosylation of Rho/Ras proteins causes dramatic morpho-
logical changes in eukaryotic cells. A dramatic redistribution of the actin
cytoskeleton takes place: Cells shrink and round up, an event that is initially
accompanied by formation of neurite like retraction fibers. Finally, these fibers
disappear and cells detach from the matrix (Fiorentini et al. 1989; Malorni et
al. 1990; Ottlinger and Lin 1988; Thelestam and Chaves-Olarte 2000). Numer-
ous cellular responses subsequent to inactivation of Rho and Ras proteins by
glucosylation have been described; most of them are plausibly explained by
inhibition of the multiple functions of the small GTPases modified. Reports
include inhibition of phospholipase D activity (Schmidt et al. 1996), secretion
(Prepens et al. 1996), phagocytosis (Caron and Hall 1998), calcium mobiliza-
tion (Djouder et al. 2000), muscarinic receptor signaling to focal adhesion
kinase (Linseman et al. 2000), as well as deregulation of neurotransmitter
exocytosis (Doussau et al. 2000), apoptosis (Subauste et al. 2000), chemoat-
tractant receptor signaling (Servant et al. 2000), and neuronal axon formation
(Bradke and Dotto 1999).

29
Pathophysiological Role of Clostridium difficile Toxins

Although our knowledge about the structure and functions of glucosylat-
ing toxins from Clostridium difficile has increased enormously, the precise



Clostridial Rho-Inhibiting Protein Toxins 127

pathogenetic pathways that finally result in toxin-induced diarrhea and pseu-
domembranous colitis are still not clear. Toxin-induced fluid response and
diarrhea may be explained by tissue damage and inhibition of the barrier func-
tion of the enterocytes. Many studies have reported that the toxins have major
effects on tight junctions. They decrease transepithelial resistance, increase
paracellular bacterial migration, and change the morphological features of
tight junctions and associated proteins (Feltis et al. 2000; Gerhard et al. 1998;
Hecht et al. 1988, 1992; Liu et al. 2003; Moore et al. 1990; Nusrat et al., 2001;
Riegler et al. 1995). For example, F-actin restructuring induced by the toxins
is accompanied by dissociation of occludin, ZO-1, and ZO-2 from lateral tight
junction without affecting adherence junctions. These data are in line with
the view that Rho GTPases play a pivotal role in tight junction regulation (Jou
et al. 1998; Nusrat et al. 1995).

In addition to altered barrier function of enterocytes, toxins A and B in-
duce a pathological feature in the gut that may be summarized as a major
inflammatory response. The toxins induce massive neutrophil infiltration
and the production and release of various inflammatory mediators, including
prostaglandins, and leukotrienes (Mahida et al. 1996; Pothoulakis et al. 1988),
I1-8 (He et al. 2002; Jefferson et al. 1999; Mahida et al. 1996; Savidge et al.
2003; Warny et al. 2000), and TNF-a (Ishida et al. 2004). Toxin A reportedly
activates nuclear factor NF-xB. In rat intestine macrophages are activated
to release MIP-2 (Pothoulakis and Lamont 2001). Furthermore, the toxins
may activate intestinal nerves to release neuropeptides substance P and cal-
citonin gene-related peptide (CGRP) (Pothoulakis et al. 1994), which have
proinflammatory properties. A specific role is assigned to mast cells, which
appear to be degranulated early after toxin A exposure (Wershil et al. 1998).
Although Rho GTPases are crucially involved in regulation of immune actions
and transcriptional activation of immune cells, it was suggested that some of
these responses are independent of Rho GTPases. It was reported that toxin
A causes ZO-1 translocation and increases paracellular flux via protein kinase
C signal pathways in a process that occurs earlier than glucosylation of Rho
proteins by the toxin (Chen et al. 2002). In addition, mitochondrial damage
and p38 mitogen activation were reported to be independent of Rho.

3
C3-Like ADP-Ribosyltransferases

Clostridium botulinum C3 ADP-ribosyltransferase was discovered in the 1980s
during the course of screening for higher producer strains of the actin-ADP-
ribosylating C2 toxin (Aktories et al. 1987). C3 is a monomeric 24-kDa single-
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chain peptide that has an enzyme domain but apparently no binding and
translocation domain. Thus the transferase is designated as an exoenzyme
but not as a toxin. Later, related C3 exoenzymes were found to be produced
by Clostridium limosum (C3lim), Bacillus cereus (C3cer), and Staphylococcus
aureus (C3staul, 2, 3, also called EDINs), which share 30% to 60% identity
at the amino acid level and thus have been joined together as the “family
of C3-like exoenzymes” (Inoue et al. 1991; Just et al. 1992, 1995a; Rubin et
al. 1988; Sugai et al. 1990; Wilde et al. 2001b; Yamaguchi et al. 2001). C3
exoenzymes are secreted by the producing microbes, and thus all of them
contain a signal sequence. They catalyze the transfer of an ADP-ribose moiety
from the cosubstrate NAD* to the RhoA/B/C-GTPases and covalently link it
N-glycosidically (Fig. 3).

3.1
Structure—Function Analysis of C3 Exoenzymes

The crystal structure of C3 exoenzyme from Clostridium botulinum (C3bot1)
(Han et al. 2001; Ménétrey et al. 2002) and from the related C3stau (Evans
et al. 2003) has been solved. C3 exoenzymes share the typical folding of
ADP-ribosyltransferases. The core of the enzymes consists of a five-stranded
mixed f-sheet, which is positioned against a three-stranded antiparallel -
sheet (Fig. 4). Four a-helices flank the three-stranded S-sheet. An additional
a-helix flanks the five-stranded f-sheet. The catalytic pocket, including the
NAD-binding site, is formed by the 3-sheet core and one a-helix (a3).

C3 exoenzymes share a number of conserved amino acids in the ac-
tive site between themselves and also with other ADP-ribosyltransferases,
especially those from the group of actin-ADP-ribosylating toxins. Glu-214
in C3botl (numbering with signal sequence) is the catalytic glutamic acid
residue, which is conserved not only in all C3 exoenzymes but also in all ADP-
ribosyltransferases studied so far. Changes of this catalytic Glu to Asp or Glnin
C3lim or to any amino acid in C3bot strongly reduces ADP-ribosyltransferase
activity and leads to a decrease in the affinity of the cosubstrate NAD* (Boh-
mer et al. 1996; Saito et al. 1995).

All C3-like exoenzymes ADP-ribosylate Rho GTPases (e.g., RhoA, B,and C)
at Asn-41 (Sekine et al. 1989). The side chain of Asn-41 is solvent exposed and
thus accessible, as can be deduced from the RhoA crystal structure (Thara et al.
1998; Wei et al. 1997). Because the accessibility is not changed by nucleotide
binding, Rho-GTP as well as Rho-GDP are substrates for C3 (Inoue et al.
1991; Just et al. 1992, 1995a; Sugai et al. 1990; Wilde et al. 2001b; Yamaguchi
et al. 2001). It was suggested that a motif in C3bot termed “ARTT” (ADP-
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Fig.4A, B. Structure of C3bot. A The ADP-ribosylation toxin-turn-turn (ARTT) motifis
shown with the “catalytic glutamate” (GIu 214 for C3bot) and phenylalanine at position
209, which might be involved in protein substrate binding. Data by Swiss-Pdb Viewer
3.7 (Database code 1G24). B Scheme of the folding of C3bot (see text)

ribosylating-toxin-Turn-Turn motif) is crucial for the recognition of the RhoA
(Han et al. 2001) (Fig. 4). The ARTT motif consists of two stretches covering
residues Ser-207 to Ala-210 (Turn 1) and Gly-211 to Glu-214 (Turn 2) of C3bot.
Both “turns” are located close to the N1 and the C1’ atoms of NAD, which form
the N-glycosidic bond. The second “turn” of the ARTT-motif, which contains
the solvent-exposed Gln-212, is suggested to interact with the carbonyl and
amide groups of Asn-41 of RhoA. The first ARTT motif with residue Phe-209
of C3bot (Phe in C3lim) is believed to function in the recognition of RhoA
by interacting with the hydrophobic, solvent-exposed patches around Rho
Asn4l.

3.2
Functional Consequences of ADP-Ribosylation of Rho Proteins
by C3 ADP-Ribosyltransferases

C3-like exoenzymes ADP-ribosylate RhoA, B, and C at Asn-41 (Aktories et al.
1989; Braun et al. 1989; Chardin et al. 1989; Sekine et al. 1989). Although most
other members of the Rho GTPase family contain an asparagine at the same
position, they are poor or no in vitro substrates (e.g., Rac) (Just et al. 1992).
The acceptor residue Asn-41 islocated in the switch-1 region (residues 28-41)
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of the GTPase (Thara et al. 1998; Wei et al. 1997). This region undergoes major
conformational changes depending on the nucleotide binding state. Asn-41
is in the vicinity of Thr-37, which is glucosylated by Clostridium difficile
toxins A and B, and glucosylation inhibits C3-catalyzed ADP-ribosylation.
Conversely, ADP-ribosylation at Asn-41 blocks subsequent glucosylation at
Thr-37 (Fig. 1).

ADP-ribosylation of RhoA renders the GTPase biologically inactive. C3
exoenzymes cause a dramatic redistribution of the actin cytoskeleton charac-
teristic for the inactivation of RhoA (Chardin et al. 1989; Paterson et al. 1990;
Wiegers et al. 1991). ADP-ribosylation has only minimal effects on nucleotide
binding and GTP-hydrolyzing activity of Rho (Paterson et al. 1990). However,
ADP-ribosylated RhoA is still able to interact with various effector proteins
such as protein kinase N, Rho kinase, and phospholipase D (Genth et al.
2003a, 2003b; Sehr et al. 1998). This property is in clear contrast to Rho glu-
cosylated at Thr-37 by Clostridium difficile toxin B. Because binding of Rho to
effector kinases is thought to be sufficient for activation of the kinase activity,
blockade of the Rho-effector interaction is not the mechanism underlying
inactivation of Rho signaling by ADP-ribosylation. ADP-ribosylation of Rho
may even increase the affinity toward its effector (e.g., phosphatidylinositol-
4-phosphate-5-kinase) (Ren et al. 1996), possibly sequestering the effector.
ADP-ribosylation also inhibits the activation of RhoA by GEF (e.g., Lbc)
(Sehr et al. 1998). Moreover, ADP-ribosylated RhoA accumulates in the cyto-
plasm and is entrapped in the GDI complex, and the release from GDI appears
to be blocked (Fujihara et al. 1997; Genth et al. 2003a). Because Rho requires
a translocation from the cytoplasm to the membranes to become activated,
translocation and activation of Rho will not occur after ADP-ribosylation.
Despite the property of ADP-ribosylated RhoA to bind to effector proteins
in a recombinant system, in the cellular context ADP-ribosylation stabilizes
the inactive state of Rho, thereby preventing activation (Fujihara et al. 1997;
Genth et al. 2003a).

In addition to the direct interference with GTPase and cytosol membrane
cycling, ADP-ribosylation seems to make RhoA sensitive to proteolytic degra-
dation. It is conceivable that through decrease in cellular Rho concentration
the cross talk between Rho, Rac, and Cdc42 is disturbed, resulting in addi-
tional cellular effects (Barth et al. 1999; Malcolm et al. 1996; Meacci et al.
1999).



Clostridial Rho-Inhibiting Protein Toxins 131

3.3
Additional Targets of C3 Exoenzymes

RhoA, B, and C are the canonical intracellular target proteins of the C3-like
exoenzymes. However, the C3 isoforms from S. aureus (designated C3stau) are
able to additionally ADP-ribosylate Rnd/RhoE proteins (Wilde et al. 2001b).
The acceptor amino acid is Asn-44 in RhoE/Rnd3, which is equivalent to Asn-
41 in RhoA. Rnd GTPases belong also to the Rho GTPase family, but they
exhibit a special property: They do not possess GTP-hydrolyzing activity, and
they are therefore permanently active. Rnd3 GTPase is a functional antagonist
of RhoA leading to reorganization of the actin cytoskeleton (Wennerberg and
Der 2004).

The C3 isoforms of clostridial and bacillus origin interact with an additional
target protein, however, without modification. This target protein is the Ral
GTPase, which belongs to the Ras GTPase family. Ral is in fact not ADP-
ribosylated, but it is bound with high affinity to C3. This strong binding
inhibits Ral signaling activity, for example, to regulate PLD, and conversely,
transferase activity of C3 is blocked (Wilde et al. 2002). Thus it is conceivable
that C3 exhibits effects other than inactivation of RhoA, especially in those
cells expressing a lot of Ral, such as neuronal cells.

3.4
Cellular Effects of C3-Like ADP-Ribosyltransferases

Many studies on Rho functions were performed with C3 transferases. Only
some examples of studies are reviewed here, which show the successful appli-
cation of C3 exoenzymes as pharmacological and cell biological tools.

In Vero cells, C3bot (5 pg/ml, 12-24 h) induces morphological changes
characterized by rounding up of the cells with concomitant destruction of
stress fibers (Chardin et al. 1989). Similar findings were obtained with many
cell types and with different types of C3 exoenzymes (Barth et al. 1998; Pa-
terson et al. 1990; Ridley and Hall 1992, 1994; Wilde et al. 2001b). A common
observation is that after C3 treatment cell-cell contact remains via small ex-
tensions, whereas treatment with the actin-ADP-ribosylating C2 toxin causes
complete loss of cell contacts (Wiegers et al. 1991). Whereas cortical actin ap-
pears to be more resistant toward C3 treatment, loss of stress fibers caused by
inactivation of RhoA is typical. Usually cells are still viable after C3 treatment.
Exchange of the medium to remove C3 reverses cell rounding after a few hours
or days, probably because of neosynthesis of Rho (Barth et al. 1999). After mi-
croinjection the effects are more rapidly observed and occur within 10-15 min
(Paterson et al. 1990). The pioneering studies on Rho GTPases performed in
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the laboratory of Alan Hall must be mentioned here. In many of these studies
C3 was crucial for identification of the role of Rho proteins in organization
of the actin cytoskeleton on extracellular stimuli (Hall 1994; Mackay et al.
1997; Ridley and Hall 1992). Accordingly, processes that are suggested to be
mediated by Rac or Cdc42 are not affected by C3, underlining the substrate
specificity of the transferases (Kozma et al. 1995; Nobes and Hall 1995; Ridley
etal. 1992). C3 was successfully applied in studies on the role of Rho GTPases
in neurite outgrowth (Jalink et al. 1994; Mackay et al. 1995; Tigyi et al. 1996;
Wabhl et al. 2000) and in studies on the role of Rho in endocytosis (Lamaze et
al. 1996) and phagocytosis (Caron and Hall 1998; Lamaze et al. 1996; Schmalz-
ing et al. 1995; Vogler et al. 1999). Using C3, the involvement of Rho proteins
in the regulation of the phosphatidylinositol-4-phosphate-5 kinase (PI-4P-5-
kinase) and phospholipase D was studied (Balboa and Insel 1995; Kuribara et
al. 1995; Meacci et al. 1999; Schmidt et al. 1996, 1999; Weernick et al. 2000). C3
was applied to investigate the role of Rho in signaling to the nucleus and in
regulation of gene transcription (Alberts et al. 1998; Hill et al. 1995). Moreover,
C3bot was successfully employed in delineation of the role of Rho in signal
transduction from heptahelical receptors to the nucleus via heterotrimeric G
proteins (Fromm et al. 1997; Mao et al. 1998a, 1998b; Sah et al. 1996).

3.5
(3 Exoenzymes Are Pharmacological Tools

C3 is frequently applied as a pharmacological tool to inactivate RhoA, B, and
C,in order to study the functional roles of Rho in signaling processes. Because
C3 transferases only consist of the catalytic domain without a cell binding and
transport domain, cells are poorly accessible for C3. Studies with intact cells
require high concentrations (e.g., 5-50 ug/ml) and long incubation times (up
to 24-48 h) (Amano et al. 1996; Morii and Narumiya 1995; Verschueren et al.
1997; Wiegers et al. 1991). Often the toxin is microinjected (Chong et al. 1994;
Olson et al. 1998; Paterson et al. 1990; Ridley and Hall 1992, 1994; Watanabe
et al. 1997). Other methods to introduce the toxin into cultured cells include
permeabilization of cells by digitonin (Mackay et al. 1997), streptolysin O
(Fensome et al. 1998), electropermeabilization (Koch et al. 1994; Stasia et al.
1991) or by scrape loading (Barry et al. 1997). The C3 gene was introduced into
eukaryotic cells by transient and stable transfection with plasmids or by viral
infection, and even transgenic mice have been developed with thymocyte- or
lens-specific expression of the C3 exoenzyme (Caron and Hall 1998; Fujisawa
et al. 1998; Genot et al. 1996; Henning et al. 1997; Hill et al. 1995; Maddala et
al. 2004; Meacci et al. 1999).
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To improve cell accessibility, chimeras were constructed, consisting of C3
ADP-ribosyltransferases and the cell binding/translocation domain of “com-
plete” AB toxins. In one approach, C3bot was fused to the binding and translo-
cation subunit of diphtheria toxin (Aullo et al. 1993). Recently, the Clostridium
botulinum C2 toxin was used to construct a chimeric fusion toxin (Barth et
al. 1998, 2002; Meyer et al. 2000). The chimeric C3 toxins allow application at
low concentration because a specific uptake process is used. Furthermore, the
incubation time can reasonably be reduced to hours compared to days when
wild-type C3 is applied.

3.6
The Role of C3 as a Virulence Factor

A pathophysiological action of C3-like ADP-ribosyltransferases on the im-
mune system of the target organism is obvious. This view is supported by
many reports, showing that C3 affects immune cell functions (Lang et al.
1992; Laudanna et al. 1996, 1997; Moss et al. 1997; Nemoto et al. 1996; Stam
et al. 1998). Rho GTPases regulate processes important for host immune re-
sponses (Henning and Cantrell 1998; Laudanna et al. 1996; Reif and Cantrell
1998; Wojciak-Stothard et al. 1998) and participate in the barrier functions of
epithelial cells (Nusrat et al. 1995; Vouret-Craviari et al. 1998) and in wound
healing (Santos et al. 1997). How C3-like transferases reach their intracellular
target proteins is still an open question. It has been suggested for C3stau-
producing S. aureus that they are able to invade cells to survive intracellularly
with a technique that allows them to escape the phagosomes (Wilde et al.
2001a). Release of the transferase would then occur at the place where Rho
GTPases are located, without further need for membrane crossing. On the
other hand, it was proposed that membrane-damaging bacterial toxins facili-
tate the cellular entry of other bacterial enzymes and effectors (Madden et al.
2001). If this is also true for Clostridia, it is feasible that C3 enters cells through
the help of hemolysins or other pore-forming toxins, which are produced by
many Clostridia, including those producing C3.

3.7
Nonenzymatic Effects of (3

The effect of C3bot on neurite outgrowth has been explained by its Rho
inactivating property. However, it was reported recently that the effect of
C3bot to induce axonal growth was independent of its inherent transferase
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activity (Ahnert-Hilger et al. 2004). Enzymatically deficient C3bot showed
neurotrophic effects. This property is unique for C3bot and is not shared
by the other members of the C3-like family from C. limosum and S. aureus
(Ahnert-Hilger et al. 2004).

4
Conclusions

Discovery of and research on clostridial Rho-inactivating protein toxins have
had a significant impact on the understanding of the biology of Rho GTPases.
In this respect, all the studies mentioned above reflect the enormous advances
that have been made during recent years in the novel field of “cellular micro-
biology” Nevertheless, many important questions remain: For example, the
structure-function relationships of the clostridial glucosylating toxins are far
from being understood. So far we do not have any crystal structure of the
toxins, and, most likely, we will have to wait even longer for the structure of
the toxins together with their substrates. Further progress in the field will cer-
tainly also boost the understanding of the role of GTPases in diseases induced
by the toxin-producing pathogens.
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Abstract Initial studies of how bacterial toxins modulate the actin cytoskeleton have
focused primarily on the mode of action of these toxins. More recently, studies have
addressed the molecular interactions of these toxins with host cell signaling path-
ways and how toxins modulate cellular physiology. Although each individual toxin
has a unique mode of action, general themes have started to emerge between bacte-
rial pathogens. During the course of an infection, many pathogenic bacteria produce
toxins that target the actin cytoskeleton and its regulatory proteins. Toxins can either
act as positive regulators promoting the assembly of filamentous actin structures or,
alternatively, as negative regulators promoting actin filament disassembly. Modula-
tion of the actin cytoskeleton facilitates various infectious processes critical for the
success of the pathogen. Intracellular bacteria such as Salmonella typhimurium utilize
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toxins to promote both assembly and disassembly of the actin cytoskeleton during the
infection process. Temporal regulation of toxin activities results in internalization of
the bacterium by epithelial cells into specialized vacuoles permissive for growth. In
contrast, Yersinia utilizes actin modulating toxins to block internalization by profes-
sional antigen-presenting cells such as macrophages and dendritic cells. Modulation
of the immune response through the production of actin-regulating toxins appears to
be a common approach adopted by several extracellular pathogens. Thus the reper-
toire of actin-modifying toxins produced by various species is specifically tailored to
facilitate the lifestyle of the pathogen. The presence of multiple toxins that modulate
the activation state of actin shows the importance of interfering with the cytoskeleton
to neutralize the host’s innate immune system for the survival and growth of Yersinia
and P. aeruginosa.

1
Introduction

Bacterial pathogens often utilize toxins to modulate the host response to
infection. Yersinia and Pseudomonas aeruginosa are extracellular pathogens
that produce type III cytotoxins, where the cytotoxin is delivered directly
into host cells by a contact-mediated apparatus that is a component of the
bacterium. Several Yersinia and P. aeruginosa type III cytotoxins reorganize
thehost’s actin cytoskeleton, disrupting the host innate immune response. The
type III cytotoxins differ from “classic” bacterial exotoxins that are organized
into three domains; a catalytic A domain that contains the enzymatic action of
the toxin and a B domain that comprises two functions, a binding domain that
binds to receptors on the surface of sensitive cells to mediate the specificity of
intoxication and a translocation domain that delivers the A domain across the
host cell membrane. This chapter provides an overview of the Yersinia and
P. aeruginosa type III cytotoxins that modulate the host actin cytoskeleton.

2
Molecular Pathogenesis of P. aeruginosa and Yersinia

P. aeruginosa is a ubiquitous, opportunistic pathogen of compromised pa-
tients, including individuals with severe burn wounds, eye complications,
neutropenia, and cystic fibrosis. P. aeruginosa pathogenesis is facilitated by
its resistance to antibiotics [14, 39]. The genome sequence of strain PAO1 [65]
has facilitated studies on virulence determinants, which are either on the cell
surface or secreted. Cell surface components allow P. aeruginosa to colonize
the site of infection, subvert the immune system, and replicate within the
host. These factors include endotoxin [25], fimbriae [58], flagella [12, 63],
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and alginate [18, 52, 69], a polysaccharide capsule that is evident in lung iso-
lates. P. aeruginosa secretes several virulence factors, including proteases [38,
51], phospholipases [70], and siderophores [40, 71]. P. aeruginosa produces
one ADP-ribosylating exotoxin, exotoxin A [27]. Exotoxin A is a single-chain
protein with defined AB structure-function properties. The amino terminus
encodes the receptor binding and translocation domains (B), whereas the car-
boxyl terminus comprises the ADP ribosyltransferase domain (A). Exotoxin
A binds to the LDL-like receptor, enters cells via receptor-mediated endocy-
tosis [15], and is retrograde transported to the endoplasmic reticulum, where
the A domain is translocated into the cytosol. Exotoxin A ADP-ribosylates
eukaryotic elongation factor-2, which inhibits protein synthesis and causes
cell death [27]. Type III cytotoxins of P. aeruginosa [75] are a new class of
virulence factors that contribute to the subversion of the innate immune re-
sponse. P. aeruginosa type III secreted cytotoxins include ExoU, ExoY, ExoS,
and ExoT. ExoU, a potent cytotoxin that possesses phospholipase activity
[13], and ExoY, an adenylate cyclase, are activated by mammalian proteins
[76]. ExoS and ExoT are bifunctional cytotoxins that reorganize the actin
cytoskeleton via a RhoGAP activity and ADP-ribosylate host proteins; they
will be discussed in this review along with ExoY. Yesinia pestis is the etiologic
agent of plague and a category A agent. Y. pestis shares numerous features with
Y. enterocolitica and Y. pseudotuberculosis, including a tropism for lymphoid
tissues and the ability to resist the host innate immune system. Modulation
of the host innate immune system is due to the presence of a large virulence
plasmid, which encodes a type Il secretion apparatus and type-III cytotoxins
(termed Yops; Yersinia outer membrane proteins). The Yops were initially de-
scribed [41] as plasmid-encoded proteins secreted by Yersinia on incubation
at 37°C in the absence of Ca**. The function of effector proteins (now termed
type III cytotoxins) were identified on directed introduction into mammalian
cells either by microinjection [49] or by the bacterial type III secretion system
[50, 62]. Type III delivered cytotoxins are now recognized as a common vir-
ulence mechanism for Gram-negative bacterial pathogens to subvert cells of
the innate immune system [26]. The Yersinia type III cytotoxins YopH, YopT,
and YopE directly modulate the host actin cytoskeleton and will be discussed
in this review.

3
Secretion of Type Il Cytotoxins

The type-III secretion systems of Yersinia and P. aeruginosa are similar and
comprise two components, which are required for secretion of type III cyto-
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toxins out of the bacterium and for translocation across the plasma membrane
into the mammalian cell. The Yersinia type III apparatus is composed of 30
ysc (Yersinia secretion) genes and is a product of gene duplication of the
flagellum operon. The functions of individual components of the type III
apparatus are known. YscC is essential for the secretion of Yops across the
outer membrane of Yersinia and is a member of the family of outer membrane
“secretin” proteins that function in macromolecular transport. YscC forms
an oligomeric complex in the outer membrane of Yersinia with an apparent
internal pore [32]. Secretion of type III cytotoxins also requires YscN, which
possesses an ATP-binding motif [73]. Mutations within this ATP binding mo-
tif interfere with Yop secretion, implicating a need for energy in the secretion
process.

4
Translocation of Type Ill Cytotoxins into Mammalian Cells:
LcrV, YopB, and YopD

LcrV regulates type III secretion as a low-calcium response that control reg-
ulation of Yop expression [6]. Straley and coworkers showed that LcrV was
necessary for full induction of the low-calcium response [61]. LcrV is in-
volved in the release of YopB and YopD from the bacterial cytoplasm and may
stimulate secretion through direct protein-protein interactions [53]. Straley
and coworkers implicated a ysc-independent translocation of LcrV into mam-
malian cells, LcrV was localized to the bacterial cytoplasm, with some present
in the extracellular medium [10, 36].

Yersinia utilize YopB and YopD to deliver type III cytotoxins into mam-
malian cells. Early indications for a role of YopB in type III translocation
included the observation that nonpolar mutations within YopB did not inter-
fere with Yersinia secretion of type III cytotoxins into the culture medium
but prevented their intracellular delivery into the eukaryotic cell [24]. Initial
recognition of the pore-forming properties of YopB/YopD were made by Neyt
and Cornelis [42], who subsequently showed that YopB/YopD were required
for type IlI-mediated pore formation in macrophages [42]. The pore gen-
erated by YopB/YopD allows diffusion of low-molecular-weight agents (443
and 623 Da, but not 1,490 Da), indicating that protein translocation through
the pore would require at least partial protein unfolding. PcrV, PopB, and
PopD are the Pseudomonas homologs of the Yersinia proteins LcrV, YopB,
and YopD, respectively, and possess similar functional properties [16, 55].
Continued studies should provide a detailed understanding of the molecular
regulation of type III secretion and translocation.
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5
The Rho GTPase Cycle and the Organization of the Actin Cytoskeleton

Activation or inhibition of the actin cytoskeleton by bacterial toxins provides
the pathogen with unique advantages within the host. Cytoskeleton modifi-
cation allows the pathogen to resist phagocytosis by professional phagocytes
or to invade specialized cells, such as epithelial and endothelial cells. Bacterial
toxins target actin and the monomeric GTP-binding Rho proteins that mod-
ulate the state of the actin cytoskeleton. The state of actin fluctuates between
soluble monomeric actin (G-actin) and polymerized actin (F-actin), espe-
cially during phagocytosis [8]. F-actin is polymerized in a polar process that
involves slow actin growth at one terminiand fast actin growth at the other ter-
mini. Actin-binding proteins can cap, bundle, and sever F-actin, which defines
polymerization status. Arp2/3 is an actin-binding protein that forms a protein
complex to recruit profilin-actin-ATP to the F-actin terminus. Profilin is an
exchange factor that binds actin-ADP and stimulates nucleotide exchange to
generate G-actin-ATP [54]. G-actin- ATP has a decreased critical concentra-
tion for association to F-actin and binds the fast growing end of actin fila-
ments. Barbed-end capping proteins can also bind actin filaments to inhibit
actin polymerization. Within the actin filament F-actin-ATP is hydrolyzed
to F-actin-ADP. F-actin-ADP is then released as an actin monomer from the
slow-growing end of the actin filament. During actin depolymerization, cofilin
stimulates the hydrolysis of actin-GTP to actin-GDP and can sever capped
actin filaments, which expose the actin-ADP to stimulate filament depolymer-
ization [77]. Actin nucleation and formation of stress fibers, filopodia, and
lamellipodia are regulated by the Rho GTPases [47] Rho, Rac, and Cdc42. The
Rho GTPases act as molecular switches to control signal transduction path-
ways by cycling between a GDP-bound, inactive form and a GTP-bound, active
form. In their GTP-bound state, they interact with downstream host proteins
to elicit a variety of intracellular responses, the best-characterized function of
which is the regulation of actin dynamics. In Swiss 3T3 cells constitutively ac-
tive (RhoA Glyl4Val and Gln63Glu) and dominant negative, interfering forms
(RhoA Thr19Asn) showed that Rho regulates the assembly of contractile,
actin:myosin stress fibers, whereas Rac and Cdc42 regulate the polymeriza-
tion of actin to form peripheral lamellipodia to modulate membrane ruffling
and cellular locomotion and Cdc42 regulates filopodia to define the polarity of
cellular motility [43]. The interaction of Rho GTPases with the plasma mem-
brane is mediated by posttranslational lipid modification of the proteins. Rho
GTPases undergo geranylgeranylation catalyzed by geranylgeranyl transferase
type I (GGTase-I) at the Cys residue of the C-terminal CAAX motif. Recog-
nition of the CAAX motif is determined by the last amino acid in the CAAX
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sequence, with leucine forming the substrate for GGTase-I. The Rho GTPase
cycle is tightly regulated by three groups of proteins. Inactive Rho-GDP is se-
questered and solubilized in the cytoplasm through complex formation with
guanine nucleotide dissociation inhibitors (GDIs) [47]. ERM proteins and
lipids stimulate GDI release from Rho, which unmasks the lipophilic isoprenyl
group, facilitating the transfer of the Rho GTPase to the cell membrane. Re-
lease of GDI allows Rho to associate with guanine nucleotide exchange factors
(GEFs), which stimulate conversion of Rho-GDP to Rho-GTP. The membrane-
bound Rho-GTP associates with effector proteins to stimulate actin cytoskele-
ton reorganization. Direct downstream effectors of Rho GTPases include pro-
tein kinases and lipid kinases, such as Rho kinase and PIP kinase for Rho and
PAK for Rac and Cdc42. Inactivation of Rho-GTP to Rho- GDP is stimulated
by Rho specific GTPase-activating proteins (GAPs), which negatively regulate
the switch by enhancing its intrinsic GTPase activity. Rho-GDP is extracted
from the cell membrane by GDI to complete the cycle. Although the pro-
teins involved in Rho GTPase cycling are known, the downstream events that
stimulate actin cytoskeleton reorganization are not completely understood.

6
P. aeruginosa Type lll Cytotoxins That Modulate the Actin Cytoskeleton:
Rho GAP Domains of ExoS and ExoT

Exoenzyme S is a bifunctional type III cytotoxin that possesses two indepen-
dentactivities (Fig. 1). The N terminus comprises a Rho GAP activity, whereas
the C terminus comprises an ADP-ribosyltransferase activity. Iglewski and
coworkers discovered ExoS as a second ADP-ribosylating protein that was
produced by P. aeruginosa [28]. ExoS ADP-ribosylated Ras and several re-
lated GTPases [9], with subsequent studies showing that ADP-ribosylation of
Ras at Arg41 disrupted Ras interactions with its GEF [19]. The FAS-dependent
ADP-ribosyltransferase domain was localized to the C terminus of ExoS [31].
Early studies by Fritz-Lindsten et al. suggested the presence of a second ac-
tivity within ExoS, because an ADP-ribosyltransferase defective form of ExoS
retained the ability to affect the mammalian cell cytoskeleton. Subsequent
studies showed that the N terminus of ExoS possessed a domain that stimu-
lated actin reorganization [45] as a Rho GAP activity [23]. ExoS Rho GAP was
active on the three major classes of Rho GTPases (Rho, Rac, and Cdc42) in
both in vitro assays and cultured cells [34]. Wurtele et al. [74] solved the crystal
structure of the ExoS Rho GAP domain complexed to Racl (Fig. 1). The Rho
GAP domain was composed of 130 amino acids and was organized in an a-
helical conformation. The ExoS Rho GAP domain had no obvious structural
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Fig. 1 Structural arrangement of the Pseudomonas aeruginosa effector ExoS. The
Pseudomonas virulence factor ExoS is a bifunctional protein containing two unique
enzyme activities. The N terminus contains domains involved in chaperone binding
(Chap, residues 15-51) and membrane localization (MLD, residues 51-77). The cen-
tral domain contains Rho GAP activity (residues 96-233) catalyzing conversion of the
active GTP-bound form of RhoA to the inactive GDP-bound form. The position of
the catalytic arginine 146 residue is highlighted in bold. The C-terminal ADP ribosyl-
transferase domain (ADP-R, residues 234-453) catalyzes the transfer of ADP-ribose
from NAD to several protein substrates. The catalytic glutamate residues E381 and
E383 are highlighted in bold. The crystal structures of the ExoS Rho GAP (middle left
panel, shown in blue) and the mammalian Cdc42 GAP domain (lower panel, shown in
blue) exhibit different folds to each other, which suggests that they are the products of
convergent evolution. The ExoS catalytic Argl46 residue is contained on an a-helix,
rather than a flexible loop as is the case for the mammalian Cdc42 GAP. A model
of the ExoS ADP ribosyltransferase domain (middle right panel, shown in red) was
constructed with Swiss PDB viewer by alignment of the primary sequences with the
known structures of C3, VIP2, and iota toxins (ExoS Rho GAP from PDB: 1HE1, Cdc42
GAP domain from PDB: 1GRN)
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homology, and thus no recognizable evolutionary relationship, with mam-
malian RhoGAPs. Although not sharing obvious homology to mammalian
Rho GAPs, ExoS RhoGAP shares structural homology to the bacterial GAPs
YopE and SptP [11, 64]. The three bacterial GAPs utilize an arginine finger to
stabilize the transition state of the GTPase reaction. ExoS possesses a short
hydrophobic region (residues 51-77, termed membrane localization domain,
MLD) that targets the toxin to intracellular membranes in mammalian cells
[44]. YopE was recently observed [35] to contain a short hydrophobic region
(residues 54-75) that was necessary and sufficient for intracellular localization
in mammalian cells. The YopE localization domain complemented the ExoS
MLD for intracellular targeting in mammalian cells, suggesting conservation
in function [33, 35]. ExoT of P. aeruginosa possesses 76% homology with
ExoS, and, like ExoS, the N terminus of ExoT is a Rho GAP for RhoA, Racl,
and Cdc42 [20, 33] (Fig. 2). The Rho GAP domain of ExoT stimulates the
reorganization of the actin cytoskeleton in cultured cells, inhibits internal-
ization of P. aeruginosa by epithelial cells and macrophages [21], and inhibits
epithelial wound repair [22]. This inhibition occurs primarily at the edge of
the wound and results from actin cytoskeleton collapse and cell rounding
and detachment. ExoT may allow P. aeruginosa to overwhelm the host innate
defenses, such as an intact epithelial barrier, and evade phagocytosis.

7
ExoY Adenylate Cyclase

ExoY was discovered as a fourth type III cytotoxin of P. aeruginosa [76].
ExoY has homology to the active site regions of adenylate cyclase toxin of B.
pertussis and edema factor of B. anthracis, including the ATP-binding motif.
The specific activity of ExoY for the formation of cAMP is similar to the basal
activity of adenylate cyclase toxin. Although both ExoY and adenylate cyclase
toxin are stimulated by mammalian proteins, the activator of ExoY is not
calmodulin, which activates adenylate cyclase toxin.

8
ExoT ADP-Ribosylates Crk Proteins:
A Novel Mechanism of Antiphagocytosis

ExoT is a 457-amino acid bifunctional type III secreted cytotoxin of P. aerug-
inosa that contains an N-terminal Rho GAP domain and a C-terminal ADP-
ribosylation domain (Fig. 2). Although the Rho GAP activity of ExoT re-
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Fig. 2 Structural arrangement of the Pseudomonas aeruginosa effector ExoT. The
Pseudomonas virulence factor ExoT is a bifunctional protein containing two unique
enzyme activities. The N terminus contains domains involved in chaperone binding
(Chap, residues 15-51) and membrane localization (MLD, residues 51-72). The central
domain contains Rho GAP activity (residues 78-235) catalyzing conversion of the
active GTP-bound form of RhoA to the inactive GDP-bound form (lower left panel). The
Rho GAP domain is composed almost entirely of a-helices; the position of the catalytic
arginine 149 residue is highlighted in bold. The C-terminal ADP ribosyltransferase
domain (ADP-R, residues 236-457) catalyzes the transfer of ADP-ribose from NAD
to the mammalian Crk proteins. The catalytic glutamate residues E383 and E385 are
highlighted in bold. Model of the ExoT Rho GAP domain structure (lower left panel,
shown in blue) was constructed with Swiss PDB viewer by alignment with the ExoS
crystal structure. Model of the ExoT ADP ribosyltransferase domain (lower right panel,
shown in red) was constructed with Swiss PDB viewer by alignment of the primary
sequences with the known structures of C3, VIP2 and iota toxins

organizes the actin cytoskeleton by inactivating Cdc42, Racl, and RhoA
[30, 33], the significance of the capacity of ExoT to function as a ADP-
ribosyltransferase has only recently been recognized. Early studies observed
that relative to ExoS, ExoT possessed only limited ADP-ribosyltransferase
activity for Ras and SBTI, although ExoS and ExoT shared 76% amino
acid identity. Therefore, ExoT was proposed to represent a defective ADP-
ribosyltransferase, possibly through gene duplication. Subsequent studies
showed that a Rho GAP defective ExoT retained some capacity to reor-
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ganize the actin cytoskeleton and contained antiphagocytic activity [21].
Furthermore, ExoT elicited a cell rounding independent of Rho GAP ac-
tivity and without ADP-ribosylating Ras [68]. This suggested that ExoT
ADP-ribosyltransferase activity is active and that ExoT might target host
proteins that were distinct from ExoS. Most recently, ExoT was shown to
ADP-ribosylate Crk-I and Crk-II both in vitro and in vivo. The rate of ADP-
ribosylation of Crk by ExoT is comparable to that of ExoS for SBTI. Therefore,
the discovery of ExoT ADP-ribosylation of Crk proteins links the antiphago-
cytic activity of ExoT to a novel mechanism that is distinct from transient
modulation of Rho GTPases by Rho GAP activity. This leads to a hypothesis
in which the ADP-ribosylation of Crk proteins by ExoT blocks interactions
with either up- or downstream binding partners, thereby blocking Rap1- and
Racl-mediated focal adhesion and phagocytosis signaling.

9
Yersinia Type 11l Cytotoxins That Modulate the Actin Cytoskeleton: YopE

The initial finding that YopE contributes to the pathogenesis of Yersinia was
made by Straley and coworkers [66]. Subsequently, Wolf-Watz and cowork-
ers showed that YopE mediated a cytotoxic response on HeLa cells and
macrophages.

Binding of Yersinia to the host cell surface was required for this intoxication,
and YopE appeared to be involved in the inhibition of innate host defenses
that lead to an inhibition of phagocytosis [48]. This cytotoxic response was
subsequently defined as the reorganization of the actin cytoskeleton and
not a direct cytotoxic effect on the cell. Subsequent studies showed that
isolated YopE disrupted microfilaments on microinjection, which was an early
indication that YopE is directly involved in actin reorganization [49]. These
investigators subsequently showed that direct contact between Yersinia and
the cultured cell induces expression and, subsequently polarized transfer of
YopE. In this process, the bacteria remained on the surface of the cultured
cell and YopE was transferred across the host cell plasma membrane and
could be recovered within the host cell cytosol. This indicated the intricate
interactions between the host cell and the type III secretion apparatus [50].
YerA, a chaperone-like protein, was reported to interact specifically with
YopE in the bacterium’s cytoplasm and contribute to YopE secretion but was
dispensable for YopE translocation into cultured cells. This indicated that
YerA stabilizes YopE in the bacterium’s cytoplasm to maintain YopE in an
optimal secretion-competent conformation but that YopE is also capable of
chaperone-independent secretion [17].
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Fig. 3 Structural arrangement of the Yersinia effector YopE. The Yersinia virulence
factor YopE is composed of a series of discreet modules: an N-terminal chaperone
binding (Chap, residues 15-50) and membrane localization domain (MLD, residues
54-75), and a C-terminal Rho GAP domain (residues 90-215). The catalytic arginine
144 residue is highlighted in bold. The Rho GAP domain catalyzes the conversion of
the active GTP-bound form of Rho, Rac, and Cdc42 to the inactive GDP-bound form.
The crystal structure of the GAP domain (lower panel, shown in blue) shows that the
protein is composed almost entirely of a-helices. The position of the catalytic arginine
144 is highlighted (YopE from PDB: 1HY5)

YopE is a 219-amino acid protein produced by Y. pestis, Y. pseudotuber-
culosis, and Y. enterocolitica with essentially identical primary amino acid
sequences (Fig. 3). Thus data from YopE isolated from each strain can be
combined to provide a detailed description of the structure-function proper-
ties of this toxin. Fusion of the Bordetella pertussis adenylate cyclase to YopE
forms an elegant reporter system to monitor the translocation of YopE into
mammalian cells [62]. Using this system, mapping studies demonstrated that
the N terminus of YopE was required for both secretion out of Yersinia and
translocation into the host mammalian cell [56]. The 11 N-terminal residues
of YopE were sufficient to secrete the reporter protein out of the bacterium.
Although the 49 N-terminal residues were required for translocation into
cultured cells, the N-terminal 75 residues included a domain that allowed
the release of YopE from the bacterial membrane. These data were an early
indication that secretion from the bacterium and translocation into the host
mammalian cells are performed by distinct regions within the N terminus
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of the Yop proteins. Defining the catalytic action of YopE paralleled studies
on the Pseudomonas ExoS and Salmonella SptP type III cytotoxins. YopE was
determined to be a Rho GAP for Rho, Rac, and Cdc42 in vitro, which ex-
plained the ability of YopE to stimulate actin reorganization in vivo [5]. Rho
GAPs enhance the intrinsic GTPase activity of the RhoGTPases by stabiliz-
ing a transition state in which the catalytic glutamine residue of the GTPase
is correctly aligned to orient the hydrolytic H,O molecule that extracts the
y-phosphate from GTP, yielding GDP. Like the mammalian Rho GAPs, YopE
utilizes an arginine (Argl44) residue to stimulate the hydrolytic activity of
the RhoGTPases [5, 7, 72]. The crystal structure of the YopE GAP domain
(residues 90-219) displays little homology to its mammalian counterparts
apart from the fact that it is composed almost entirely of a-helices. Moreover,
the YopE catalytic Argl44 residue is contained on an a-helix, rather than
a flexible loop as is the case for all known mammalian GAPs. The physical
organization of the YopE Rho GAP domain is essentially identical to that of
the ExoS and SptP Rho GAP domains.

10
YopT Is a Cysteine Protease
That Cleaves C-Terminal Isoprenoid Group of RhoA

YopT is a 322-amino acid type III cytotoxin of Yersinia that was initially shown
to disrupt the actin cytoskeleton and cause cell rounding [29] (Fig. 4). Unlike
YopE, secretion and translocation of YopT absolutely require the presence of
its cognate chaperone, SycT. Disruption of the actin cytoskeleton by YopT con-
tributes to the resistance of Yersinia to phagocytosis, because YopT-deficient
strains were phagocytosed significantly more efficiently by J774 cells and by
human polymorphonuclear leukocytes [1]. The covalent modification of host
proteins by bacterial toxins may induce a change in the electrophoretic mo-
bility of the modified host proteins. Similarly, type III delivery of YopT into
COS-7 cells resulted in the appearance of a faster-migrating form of RhoA
on SDS-PAGE gels and induced an acidic shift in RhoA by isoelectric fo-
cusing. Modification of RhoA by YopT facilitated the redistribution of RhoA
from the membrane to the cytosol [3]. The altered electrophoretic property
of RhoA was an early indication that YopT mediates changes to the actin
cytoskeleton through direct covalent modification of the RhoGTPases. Re-
combinant YopT caused rounding of embryonic bovine lung (EBL) cells and
rapid redistribution of the actin cytoskeleton after microinjection. Moreover,
incubation of recombinant YopT with EBL cell membranes or recombinant
isoprenylated RhoA bound to artificial PE or PE/PIP, vesicles caused release
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Fig. 4 Structural arrangement of the Yersinia effector YopT and the Pseudomonas
syringae effector AvrPphB. The Yersinia virulence factor YopT is composed of a series
of discreet modules: an N-terminal chaperone binding domain (Chap, residues 1-124)
and a C-terminal cysteine protease domain (residues 125-322). The positions of the
catalytic triad are highlighted in bold. YopT inactivates RhoA through cleavage of the
C-terminal CAAX motif, releasing the protein from the membrane. The Pseudomonas
virulence factor AvrPhpB is a cysteine protease that cleaves the plant kinase PBS1. Avr-
PhpB belongs to a family of 19 cysteine proteases including YopT. The crystal structure
of AvrPhpB (lower left panel, shown in blue) is composed of central antiparallel -
sheets, with a-helices packing both sides of the -sheet to form a two-lobe structure.
The core of this structure resembles the papainlike cysteine proteases and includes
the AvrPphB active site catalytic triad of Cys-98, His-212, and Asp-227 (AvrPphB from
PDB: 1UKF)

of the RhoA protein [3]. Dixon and coworkers subsequently demonstrated
that YopT cleaves near the carboxyl termini of Rho family GTPases, resulting
in the loss of the prenylated cysteine residue from the GTPase [59]. In vitro
assays found that YopT cleaves N-terminal to the prenylated cysteine in RhoA,
Racl, and Cdc42 and that the cleavage product of the GTPases is geranylger-
anyl cysteine methyl ester. Cleavage of the RhoGTPases was not dependent
on the nucleotide state of the GTPase. However, efficient cleavage was de-
pendent on the presence of the lipid modification and required the polybasic
region of RhoA for correct recognition [60]. Resent studies by Heesemann and
coworkers showed that type III delivered YopT localized to the membranes of
mammalian cells and resulted in the release of RhoA, but not Racl or Cdc42,
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from the cell membrane. Moreover, YopT caused the selective disassociation
of RhoA from Rho GDI and the accumulation of RhoA in the cytosol. Type III
delivery of YopT into macrophages resulted in disruption of actin structures
required for the efficient uptake of Yersinia [2].

Alignment studies of the primary sequence showed that YopT was related
to a family of proteins involved in bacterial pathogenesis, including an avir-
ulence (Avr) protein known as AvrPphB, produced by the plant pathogen P.
syringae. Type III-delivered AvrPphB is also a cysteine protease that cleaves
the host protein kinase PBSI, resulting in cell death [59]. Cleavage of RhoA
by YopT and PBS1 by AvrPphB is dependent on the invariant C/H/D residues
conserved in the entire YopT family. Xu and coworkers determined the crystal
structure of AvrPphB, the YopT homolog [78]. The structure is composed
of a central antiparallel B-sheet, with a-helices packing on both sides of the
sheet to form a two-lobe structure (Fig. 4). The core of this structure re-
sembles the papainlike cysteine proteases and includes the AvrPphB active
site catalytic triad of Cys-98, His-212, and Asp-227. Cornelis and coworkers
[57] recently reported that YopE, and to a lesser extent YopT, interferes with
the caspase-1 mediated maturation of pro-interleukin-18. YopE and YopT
prevented the autoproteolytic activation of caspase-1 through modulation of
Racl. Racl contributed to autoactivation of caspase-1 through activation of
the downstream protein LIM kinase-1. LIM kinase-1 is a serine/threonine
kinase that phosphorylates the actin regulator cofilin, a major regulator of
actin dynamics [77]. Dominant negative forms of Racl and LIM kinase-1
inhibit caspase-1 activation in response to both YopE and YopT. These results
suggest a new function of Rho GTPases in the regulation of innate immunity
and suggest that the Yersinia type III cytotoxins, YopE and YopT—perhaps in
concert—modulate immune escape by Yersinia.

11

YopH Inhibits Phagocytosis

Through Dephosphorylating Focal Adhesion Proteins
in Crk-Mediated Signal Pathways

YopH is a 468-amino acid type III cytotoxin produced by Yersinia that pos-
sesses tyrosine phosphatase activity (Fig. 5). It was the first effector shown
to possess antiphagocytic effects for Yersinia. Contact between the Yersinia
outer membrane protein invasin and mammalian integrin receptors stimu-
lates rapid tyrosine phosphorylation of several host proteins. Phosphorylation
of key cytosolic kinases, such as Src kinase and FAK, promotes the assembly
of multimeric focal adhesion complexes containing adaptor molecules such



The Type III Cytotoxins of Yersinia and Pseudomonas aeruginosa 161

FAK-P, ———~ FAK+P,

115 70 468

#  Chap Phosphatase

Catalytic |
site
Secondary

L binding site
= '

\%""12)

Fig. 5 Structural arrangement of the Yersinia effector YopH. The Yersinia virulence
factor YopH is composed of a series of discreet modules: an N-terminal chaper-
one binding domain (Chap, residues 15-70) and a C-terminal protein phosphatase
domain (residues 71-468). YopH disrupts focal adhesion complexes through dephos-
phorylation of several proteins including focal adhesion kinase (FAK). The crystal
structure of the YopH phosphatase domain (lower panel, shown in blue) in complex
with an inhibitor (green) is shown. The structure identified a primary catalytic site
and a secondary, catalytically inactive binding site (YopH from PDB: 1YTS)

as the CT10 regulator of kinase (Crk) proteins. Crk proteins can subsequently
recruit the GEF of Rap-1 (CRK SH3 domain-binding guanine nucleotide-
releasing factor, C3G) and the GEF of Rac-1 (180-kDa protein downstream of
CRK, DOCK180), which activate focal adhesion complexes and phagocytosis,
respectively.

Type I1I-delivered YopH dephosphorylates p130Cas, paxillin, and FAK to
inhibit phagocytosis through blockage of the interaction of focal adhesion
proteins with Crk proteins. Phan et al. [46] determined the crystal structure
of the YopH phosphatase domain complexed with a nonhydrolyzable substrate
(Fig. 5). Although ligand binding in the active site occurred by a mechanism
similar to the structurally related human phosphatases, YopH also possessed
a second peptide-binding site of unknown function. In an independent study,
Sun et al. [67] reported the structure of YopH, defining residues involved in
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substrate interaction and a unique H-bonding network that may contribute
to the design of specific YopH inhibitors. Biological studies by Logsdon and
Mecsas [37] utilized isogenic strains of Yersinia to measure the role of the
Yops in colonization and persistence in a mouse model of infection and
observed that a yopH-mutant strain failed to colonize the mesenteric lymph
nodes. This study also reported that although single yop-mutant strains did
not affect colonization or persistence, a strain that was mutated for both
yopH and yopE failed to colonize intestinal tissues. Thus YopH and YopE
may have redundant functions. Recently, Alonso et al. [4] showed that in
human T lymphocytes YopH caused a reduction in intracellular tyrosine
phosphorylation and inhibited T cell activation. Affinity probes suggested
that the Lck tyrosine kinase, the primary signal transducer for the T cell
antigen receptor, was dephosphorylated by YopH. Inhibition of Lck by YopH
will block early steps in T cell antigen receptor signaling and can inhibit
development of a protective immune response.

These findings suggest that the effects of the Yops on host cell physiology
extend beyond the primary target of the actin cytoskeleton, and that Yops
can work alone or in concert with one another to modulate host physiology.
Our understanding of how the Yops contribute to bacterial pathogenesis will
parallel advances in the resolution of the hierarchy of the signal transduc-
tion cascades, as it appears that Rho GTPases regulate pathways beyond the
structural considerations of the actin cytoskeleton.
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Abstract Pathogenic Yersinia species evade the innate cellular immune response by in-
jecting antihost effector proteins (Yersinia outer proteins, Yops) into host cells through
a type III secretion (TTS) apparatus. One of the six effector Yops, YopT, inactivates
the small GTPase RhoA by removing the geranylgeranylated C-terminal cysteine. This
cleavage results in release of RhoA from the cell membrane and subsequently in block-
age of stress fiber formation. Thus YopT impairs cellular functions associated with
cytoskeleton rearrangements.

1
Introduction

The physiological bacterial flora and the closely related pathogens of a host or-
ganism share common aims: survival, persistence and replication in the host,
and transmission to new hosts. However, the pathogens are more reckless;
they break through the physical barriers of the host and occupy niches that are
too hostile for nonpathogenic bacteria (Heesemann 2002). Although the host
senses pathogenic as well as nonpathogenic invaders, it is the pathogen that
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resists or evades the innate immune defense. Obviously, pathogenic microor-
ganisms have developed highly sophisticated strategies to protect themselves
against humoral antimicrobial factors of the host and to take over the con-
trol of cellular host defense (reviewed by Knodler et al. 2001). To accomplish
this, pathogenic microorganisms have acquired sets of large gene blocks
(pathogenicity islands and virulence plasmids) by horizontal transfer from
distinct unrelated microorganisms, which provide them with divers antihost
weapons (Hacker and Kaper 2000). This is also true for the three pathogenic
species of the genus Yersinia: the bubonic plague bacillus Y. pestis, and the
enteropathogenic Y. pseudotuberculosis and Y. enterocolitica. These patho-
genes have acquired closely related 70-kb virulence plasmids (called pYV),
which provides them with the capability to invade, survive, and replicate
extracellularly in host tissue (in particular lymphatic tissue). The virulence
plasmid pYV encodes for structural proteins that form a protein microinjec-
tion apparatus, the so-called type III secretion (TTS) machine of Yersinia (for
review see Cornelis 2001). Moreover, pYV carries genes for about 14 known
TTS substrates (secreted proteins), of which 7 represent antihost effector
proteins (the V-antigen LcrV and the Yersinia outer proteins YopE, YopH,
YopM, YopO/YpkA, YopP/Yop], and YopT), whereas the remaining secreted
proteins are involved in regulation, protein secretion, and translocation of
Yops across the cytoplasmic membrane of host cells. Microinjection of Yops
is triggered by intimate contact of Yersiniae to host cells (Fig. 1, Rosqvist
et al. 1994). As Yops are stored in the cytosol of the pathogen as secretion-
competent Yop-chaperone complexes (specific Yop chaperone, Syc), the initial
translocation of Yops into host cells might be a burstlike microinjection. This
appears to be reasonable when phagocytic processes and the oxidative burst of
professional phagocytes must be inhibited rapidly. Moreover, the six translo-
cated Yops target different signaling and antimicrobial activation pathways
accumulating in a synergistic antihost effect (reviewed by Aepfelbacher and
Heesemann 2002; Bliska 2000; Cornelis 2002; Cornelis and Wolf-Watz 1997;
Juris and Dixon 2002). YopH acts as protein tyrosine phosphatase for focal
adhesion kinase (FAK) and p130“®, the Src kinase family member Lck-1 and
several regulator proteins of the focal adhesion complexes and T-/B-cell re-
ceptor signaling complexes (Alonso et al. 2004; Yao et al. 1999). YopP/Yop]
inhibits the activation of mitogen- and stress-activated kinases such as ERK
1/2, JNK, and p38 and the nuclear transcription factor NF-xB. The detailed
function of YopM remains elusive. YopE, YopT, and YopO/YpKkA target small
GTPases of Rho family members (RhoA and Rac). YopE’s amino acid se-
quence revealed a GTPase-activating motif, which explains how YopE may
shut off Rac activity. YopO (Y. enterocolitca) and YpkA (YopO homolog in
Y. pseudotuberculosis), respectively, is a serine/threonine kinase that is ac-
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Fig. 1 Schematic drawing of contact-induced Yop secretion/translocation by the
Yersinia type III-secretion machine. Yops are stabilized by bound chaperones (Syc)
in the cytosol. Yersinia-host cell contact is mediated by the adhesin YadA (a lollipop-
shaped proteinaceous projection anchored in the outer membrane and covering en-
tirely the surface of the microbe). TTS, type III secretion system; MKK, MAP kinase
kinase; IKK, inhibitory xB kinase f; LcrV, V-antigen; for further information, see text

tivated by monomeric actin and phosphorylates itself and artificial basic
substrates. No physiological substrates of YopO have been identified yet. How-
ever, YopO/YpkA interacts with RhoA and Rac independent of their GDP/GTP
binding state.

This paper will deal with the recent advances of the cell biological effects,
biochemical function, and structural features of YopT. Originally, YopT was
identified as the second Yop besides YopE that disrupts the actin cytoskeleton,
suggesting redundancy of Yop effectors. This suggestion was supported by the
fact that more than 50% of Y. pseudotuberculosis strains do not carry a func-
tional yopT gene and that deletion of the yopT gene of Y. enterocolitica does
not result in virulence attenuation (Iriarte and Cornelis 1998; Triilzsch et al.
2004). However, it was shown later that YopE and YopT inactivate RhoGTPases
by different mechanisms. In contrast to YopE, which acts a GTPase activating
protein for Rho GTPases, the latter are irreversibly inactivated by YopT, which
proteolytically removes the isoprenylated C-terminal cysteine residue.
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2
YopT: A Cysteine Protease Removing the Isoprenoid Group
of Rho GTPases

Yersiniae inject only minute amounts of Yops into target cells, and intracel-
lular Yop activity is temporally and spatially controlled. Therefore, cellular
infection models provide specific informations as to the physiological sub-
strates and biochemical functions of Yops. In fact, destruction of actin stress
fibers in Y. enterocolitica-infected cells was the first activity pointing to the
function of YopT (Iriarte and Cornelis 1998). The basis for this YopT effect
was subsequently shown to be modification and inactivation of the Rho GT-
Pase RhoA (Zumbihl et al. 1999). Thereafter the biochemical activity of YopT
as protease removing the C-terminal isoprenoid group of RhoGTPases was
discovered (Shao et al. 2002, 2003).

YopT is a 35-kDa protein (322 amino acids) that belongs to the CA
clan of cysteine proteases. It is expressed by Y. enterocolitica, Y. pestis,
and only some Y. pseudotuberculosis strains (Iriarte and Cornelis 1998;
Shao et al. 2002; Zumbihl et al. 1999). In addition to three Yersinia yopT
sequences, 16 homologous open reading frames derived from animal
pathogens such as Haemophilus ducreyi, E. coli O157:H7, or Pasteurella
multocida, plant pathogens such as Pseudomonas syringae pv. phaseolicola,
and entomopathogenic Photorhabdus luminescens have been extracted
from databases. In contrast to the Photorhabdus luminescens gene, which
is predicted to encode a protein highly similar to YopT (Brugirard-Ricaud
et al. 2004), the other sequences are highly diverse. The common feature of
all YopT family members is the presence of conserved C/H/D amino acid
residues that appear to be essential for protein activity. The cDNA-inferred
YopT family proteins can be divided into two groups. The first group that
includes YopT contains proteins of 30-40 kDa; the second group contains
proteins of >300 kDa that harbor additional functional domains (Shao et al.
2002).

Cellular overexpression and in vitro studies showed that YopT proteolyt-
ically removes the geranylgeranyl isoprenoid moiety of RhoA, Racl, and
Cdc42, and this activity is dependent on the invariant C/H/D residues C139,
H258, and D274. YopT cleaves just before the C-terminal cysteine to which
the geranylgeranyl group is attached via a thioether bond (Shao et al. 2002,
2003). Catalytically inactive YopTC139S can still bind to RhoA and thus can
be used for pull-down experiments (Aepfelbacher et al. 2003; Shao et al. 2002;
Sorgetal. 2001). Although YopT requires an isoprenoid group for binding and
activity, it does not distinguish between geranylgeranylated or farnesylated
RhoA. It also seems to work equally well on GDP- and GTP-bound RhoA.



Modulation of Rho GTPases and the Actin Cytoskeleton by YopT of Yersinia 171

In the test tube and in cells overexpressing the reaction components YopT
works best on RhoA, is less active on Rac and CDC42, and does not cleave
H-Ras. When the five basic amino acid residues (3 x lysine and 2 x arginine)
at the C-terminus of RhoA were mutated to glutamine residues, the resulting
RhoA mutant became insensitive to YopT cleavage. Furthermore, an intracel-
lularly expressed GFP fusion construct containing the last 13 amino acids of
RhoA (including the 5 basic residues) but not a construct containing the last 4
amino acids of RhoA was cleaved by YopT, although both GFP constructs be-
came isoprenylated (Shao et al. 2002, 2003b). Together these data suggest that
YopT recognizes an isoprenoid group in combination with a stretch of basic
amino acid at the C-terminus of Rho GTPases. The structural requirements
of YopT for binding and cleavage of RhoA were also tested. Whereas deletion
of 8 amino acids from the C-terminus abrogated YopT activity, deletion of 74
amino acids from the N-terminus had no effect. When more than 100 amino
acids were deleted from the N-terminus of YopT, its activity was abolished. In
comparison, binding to RhoA was not greatly affected by deleting 14 amino
acids from the C-terminus, whereas the N-terminal 74-amino acid deletion
mutant displayed considerably reduced RhoA binding. These findings suggest
that catalytic activity is mainly located at the C-terminus, whereas substrate
binding also involves the very N-terminus of YopT (Sorg et al. 2003).

3
Cellular Effects of Translocated YopT

RhoA modification by removal of the isoprenoid group has a variety of conse-
quences in Yersinia-infected cells (Fig. 2). RhoA is released from the plasma
membrane and from its cytoplasmic binding partner guanine nucleotide
dissociation inhibitor-1 (GDI-1) and accumulates as a monomeric protein
in the cytoplasm. Notably, neither Racl nor Cdc42 is removed from cell
membranes or GDI-1, suggesting that YopT does not work on these proteins
in infected cells (Aepfelbacher et al. 2003; Zumbihl et al. 1999). As part of
a systematic approach, the role of YopT in preventing opsonized and un-
opsonized phagocytosis of Yersinia enterocolitica by human neutrophils and
mouse macrophages was also investigated . Mutant bacteria lacking YopT were
phagocytosed significantly more than wild-type bacteria under both opsoniz-
ing and nonopsonizing conditions. Yersinia mutants translocating only YopT
were not resistant to phagocytosis by neutrophils or macrophages (Grosdent
et al. 2002). However, in primary macrophages YopT-overexpressing mutants
disrupted actin-rich phagocytic cups induced by Yersinia invasin as well as
podosomal adhesion structures required for chemotaxis (Aepfelbacher et al.
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Fig. 2 Effect of YopT on actin stress fibers. Endothelial cells (HUVEC) were infected
with a control strain [WAC(pYLCR)], lacking yopT gene or a strain injecting YopT
[WAC(pYLCR+T)]. Cells were then stimulated with thrombin to form actin stress
fibers. Filamentous actin was stained with rhodamine phalloidin and bacteria with
an anti-Yersinia antibody followed by a secondary FITC-conjugated antibody. Stress
fibers were readily formed in cells infected with the control strain, whereas their
formation was blocked in cells infected with the YopT-expressing strain. (For details
see Aepfelbacher et al. 2003)

2003). Hence, YopT alone and in combination with partner Yops can disrupt
immune cell function, thereby promoting Yersinia infection. At least in some
cell types RhoA seems to be the major target of YopT, whereas Rac and CDC42
are not affected. However, at present it cannot be excluded that YopT has ad-
ditional substrates that may be within the large RhoGTPase family or even
unrelated to it.

In infected cells, YopT is located at membranes whereas the majority of
its major target RhoA is complexed to GDI in the cytosol. Furthermore in
vitro YopT can modify RhoA complexed to GDI-1 only when additional fac-
tors such as the membrane lipid phosphatidylinositol bisphosphate (PIP;)
are present or RhoA is artificially loaded with GTP-yS (Aepfelbacher et al.
2003). Thus YopT likely requires additional signaling molecules (such as PIP,
production and GEFs) to modify RhoA in cells. Taking all these data together,
a model of YopT function within Yersinia-infected cells is proposed that in-
cludes temporal and spatial considerations: YopT translocated into target cells
by the Yersinia TTS binds to the plasma membrane, where it associates with
RhoA and cleaves off its isoprenoid membrane anchor. The truncated RhoA is
trapped in the cytosol. By a mechanism likely involving membrane lipids and
exchange factors RhoA is released from GDI and then translocates directly to
YopT or to membranes where it is cleaved by YopT. This cycle proceeds until
all of the RhoA is modified (Fig. 3).
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Fig.3 YopT function inside cells. The effects of YopT in cells infected with Yersiniae is
depicted taking into account temporal and spatial considerations. Left: On injection
by the Yersinia TTS YopT locates to the plasma membrane, where it binds RhoA
via its isoprenoid membrane anchor. Through proteolytic removal of the isoprenoid
group RhoA is released into the cytosol. Right: Through action of PIP, and/or guanine
nucleotide exchange factors (GEF’s) RhoA is released from its cytosolic complex with
GDI and then cleaved by YopT. (For details see text Aepfelbacher et al. 2003)

4
AvrPpkB, the Phytopathogen Homolog of YopT

A different mode of action has been revealed for the YopT-like AvrPphB pro-
tein from the plant pathogen Pseudomonas syringae. AvrPphB belongs to the
group of avirulence proteins that induce a hypersensitivity reaction (HR) at
the infection site in resistant plants. HR culminates in localized programmed
cell death, thus limiting further pathogen growth and spread. Plant R-genes
are known to mediate the HR by sensing the avirulence proteins, which appear
to be translocated by the bacterial TTSS. AvrPphB has a proteolytic activity
that is required for both autoproteolysis and cleavage of PBS1, a plant protein
kinase. Autoproteolysis of the 35-kDa AvrPphB protein between lysine-62
and glycine-63 uncovers a myristoylation motif in an active 28-kDa AvrPphB
fragment (Shao et al. 2003). Cleavage of PBS1, on the other hand, is a prereq-
uisite for detection of the AvrPphB protein by the product of the plant R-gene
RPS5. Thus the AvrPphB protein is recognized in plants as a consequence of
its virulence activity, i.e., proteolytic cleavage of its substrate PBS1.
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5
Conclusions

Within the last couple of years much has been learned about the biochemistry
and cell biology of YopT and its homolog AvrphB. An exact structural un-
derstanding of how YopT cleaves Rho GTPases will require crystallographic
data. The crystal structure of the remote YopT homolog AvrPphB has been
solved and reveals similarities with papainlike cysteine proteases. A model for
the substrate binding mechanism of AvrPphB was suggested. Consistent with
the differing substrate specificities of YopT and AvrPphB, the residues corre-
sponding to the substrate binding sites are highly divergent among the YopT
family proteins (Zhu et al. 2004), indicating a modular structure typical for
pathogenicity factors that have a long history of host-pathogen coevolution.

Unraveling the molecular mechanism of Yop effector function may be help-
ful to elucidate not only the pathomechanism of Yersinia infection but also
the infection strategy of phyto- and entomopathogens. Finally, Yersinia Yops,
in particular those modulating Rho family members, may provide cell biol-
ogists with new tools to study the dynamics of cytoskeleton rearrangements
and signal transduction processes.
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Abstract The CNF1 toxin is produced by some uropathogenic (UPECs) and meningitis-
causing Escherichia coli strains. It belongs to a large family of bacterial virulence fac-
tors and toxins modifying cellular regulators of the actin cytoskeleton, namely the
Rho GTPases. CNF1 autonomously enters the host cell cytosol, where it catalyzes the
constitutive activation of Rho GTPases by deamidation. This activation is, however,
attenuated because of activated Rho protein ubiquitin-mediated proteasomal degra-
dation. Both Rho protein activation and deactivation confer phagocytic properties on
epithelial and endothelial cells, as well as epithelial cell motility and cell-cell junction
dynamics. Transcriptome analysis using DNA microarray revealed that endothelial
cells respond to high doses of CNF1 by launching a genetic program of host alarm.
This host cell reaction to CNF1 intoxication also indicates that degradation of ac-
tivated Rho proteins by the proteasome may lead to a lowering of the threshold of
the intoxicated cell inflammatory response. These results are consistent with growing
evidence that Rho proteins control the cell inflammatory responses. It is tempting to
assume that Rho deregulation may participate in various immunological disorders
also involved in cancer.
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1
Introduction

A fact that has remained a central question for laboratories working on bacte-
rial virulence factors modifying Rho proteins is that, in addition to virulence
factors inhibiting Rho proteins, some pathogenic bacteria have evolved vir-
ulence factors producing Rho protein activation. What is the rationale for
such opposite “strategies” of bacterial virulence? This may represent dif-
ferent requirements for various species of pathogenic bacteria. This idea is
illustrated by the findings that Rho protein-inactivating toxins are most fre-
quently encountered in gram-positive bacteria. Nevertheless, this observation
does not apply to the observation that Rho protein-activating and -inhibiting
virulence factors can both be found in some pathogenic bacteria such as
Salmonellas.

Rho proteins are key regulators of cellular dynamics and homeostasis, as
well as mediators of the cell response to pathogen attack. Given that these
aspects on Rho regulation and function are described in other chapters, we
will focus this review on recent progress made on CNF1 activity, notably on
findings highlighting the hypothesis that pathogenic bacteria, in a “search for
optimization” of their interaction with their host, have most likely evolved
different mechanisms for moderating their action on host cells, for instance,
to prevent them from a massive activation of Rho proteins.

2
The Family of Toxins Activating Rho Proteins

To date, bacterial toxins activating Rho proteins have been isolated exclu-
sively in gram-negative pathogenic bacteria. Cytotoxic necrotizing factors
(CNFs) are protein toxins produced by human and animal pathogenic bac-
teria. CNFI, the first member of the CNFs family described [1], is a chro-
mosomally encoded protein of 1,014 amino acids with a predicted molecular
mass of 113.7 kDa. It is found in 30% of uropathogenic E. coli isolates [2].
CNE2, isolated from calf and piglet pathogenic E. coli, is a plasmid-encoded
110-kDa protein sharing about 90% identity with CNF1 [3]. More recently,
Lockman and coworkers have described a CNF-related toxin in Yersinia pseu-
dotuberculosis, namely CNFy, which bears 65.1% sequence identity with CNF1
[4]. Finally, a more distant CNF toxin, the dermonecrotic toxin (DNT), has
been found in Bordetella pertussis, B. parapertussis, and B. bronchiseptica [5].
DNT is a 160-kDa protein that share sequence homologies with the catalytic
domains of CNF1 and CNF2 [5].
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The cnfl structural gene is located within the pathogenicity island (PAI)
PAI-II of the J96 UPEC strain, where it lies between the hly and prs operons
[6]. Unlike cnfy and cnfl, which are chromosomally encoded, cnf2 is located
on a plasmid [4, 7]. The genetic link between genes encoding CNF1 and a-
haemolysin toxins reflects a coregulation in their transcription [8]. In the E.
coli J96 strain, transcription of cnfl is initiated from the hly promoter and
requires the RfaH antiterminator factor activity [8]. RfaH binds to a specific
nucleotide sequence found in the hly promoter (ops/JUMP start), where it
interacts with the RNA polymerase and confers to the enzyme an antitermi-
nator activity [9]. It is established that the hlyCABD operon is transcribed in
a single mRNA under the positive control of RfaH [10, 11]. cnfI transcription
thus results from the formation of a polycistronic hlyCABDcnfl mRNA [8].

3
How Can CNF1 and DNT Toxins Enter the Cytosol of the Host Cell?

CNF1 is a classic tripartite protein toxin [12]. The amino-terminal third of
the toxin contains the cell receptor-binding domain [12]. This allows a tight
binding of the toxin to its cognate cell surface receptor, with a K4 as low as 2 X
107! M on Hep-2 cells [13]. CNF1 binds the laminin receptor precursor [14].
Binding of the toxin to its cell surface receptor allows its internalization into
endocytic vesicles at alow rate and by a nonclathrin endocytosis (independent
of Epsl5, dynamin, or intersectin-Src homology 3) [13]. CNF1 belongs to
a group of bacterial toxins that take advantage of the acidic conditions found
in the lumen of endosomes to inject their catalytic domain inside host cell
cytosol [13, 15, 16]. By analogy to Diphtheria toxin, it is assumed that, on
exposure to acidic conditions, the two hydrophobic helices located in the
medium part of the toxin are protonated and inserted into the endosome
lipid bilayer, thereby driving the transfer of the catalytic domain to the cytosol
[13, 15]. On reaching the cell cytosol, the carboxy-terminal domain of CNF1
catalyzes the posttranslational modification of Rho proteins [17, 18]. Unlike
other known bacterial toxins, DNT intoxicates cells by an original mechanism,
independent of endosome acidification (bafilomycin insensitive) and of its
transfer to the endoplasmic reticulum (brefeldin insensitive) [16, 19]. The
binding domain of DNT to its cell surface receptor is encompassed within its 54
N-terminal residues [20]. DNT enters endocytic compartments by a dynamin-
dependent endocytosis, where the N1-53 domain is likely cleaved by furin.
It is thought that furin cleavage of the amino-terminal 53 residues might
unmask hydrophobic helices of the toxin and thus initiates the translocation
of the catalytic domain into the cytosol.
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4
CNF1 Biochemical Activity: A Permanent Activation of the Rho Proteins

After the discovery that both CNF1 and DNT induced a mobility shift of RhoA
on SDS-PAGE, it was hypothesized that these toxins might catalyze a direct
posttransductional modification of the GTPase [21, 22]. Soon after, it was dis-
covered through different approaches that CNF1 catalyzed the deamidation of
RhoA glutamine 63 into a glutamicacid [17, 18], whereas DNT toxin produced
preferentially the transglutamination of RhoA [23]. These biochemical reac-
tions are similar, except that deamidation uses H,O as acceptor molecules
whereas transglutamination uses amine molecules. The specificity of Rho
recognition/modification by CNF1 is conferred by RhoA residues R68 and
L72, only found at this position in members of the Rho subfamily such as Rho,
Rac, and Cdc42 [24]. Consistent with this, Rac and Cdc42 are deamidated by
CNF1 in vivo [24, 25]. The three-dimensional structure of the CNF1 catalytic
domain revealed that the catalytic triad of CNF1 is buried in a pocket, which
most likely confers specificity of Rho accessibility [26]. The glutamine-63 of
RhoA modified by CNF1 is a critical amino acid conserved in all known pro-
teins of the Ras superfamily [27]. Glutamine residue 61 of RhoA had long been
identified as a hot spot of oncogenic mutation in H-Ras, its mutation being
responsible for impairing H-Ras GTPase activity [28]. Similarly, the CNF1-
catalyzed deamidation of RhoA glutamine 63 was indeed found to block its
GTPase activity, thus conferring permanent Rho activation [17, 18].

5
CNF1-Induced Ubiquitin-Mediated Proteasomal Degradation
of Rho Proteins

Studying the extent of Rho protein activation in a model of bladder epithelial
cells, to determine the specificity of Rho activation by CNF1, it was observed
that cell intoxication resulted in a transient (instead of permanent) activation
of Rho proteins [29]. A maximal activation was measured for Rac and Cdc42
isoforms [29]. The transient activation of Rac was directly correlated to the
proteasomal degradation of its permanent activated form catalyzed by CNF1
[29, 30] (Fig. 1). Before degradation by the proteasome, cellular proteins are
epitope-tagged by conjugation of a polyubiquitin string [31]. Proteasomal
degradation of endogenous Rac was found to follow the classic formation of
a K48-polyubiquitination chain [29]. Rac sensitivity to ubiquitin-mediated
proteasomal degradation appeared to be a direct consequence of the strength
of its activation [29]. In addition, it was shown that Rac activation by the GEF
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Fig. 1A, B. Structural organization and cell intoxication properties of CNF1. A CNF1
is structured in three functional domains. The amino-terminal part of CNFI con-
tains the receptor binding domain (RBD). The medium part of the toxin contains
the translocation domain (TD). By analogy to Diphtheria toxin, it is thought that
the two hydrophobic helices of this domain have the property of inserting into the
lipid bilayer at acidic pH to initiate the transfer of the catalytic carboxy-terminal
domain (CD) into the cytosol. B Representation of cell intoxication by CNF1. On
binding to its cell surface receptor, CNF1 enters into endocytic vesicles. En route to
lysosome, CNF1 on reaching a late acidic compartment transfers its catalytic domain
into the cell cytosol. Once in the cytosol, the catalytic domain of CNF1 catalyzes the
deamidation of the glutamine 63 of RhoA, and its equivalent 61 in Rac or Cdc42, into
aglutamic acid. Deamidation of Rho proteins impairs their GTPase activity, conferring
them dominant-positive mutant properties. Meanwhile, the activation of Rho proteins
sensitizes them to ubiquitin-mediated proteasomal degradation. Together, both Rho
protein activation (deamidation) and inactivation (degradation) result in moderating
their activation

/

domain of Dbl also resulted in a significant increase of Rac ubiquitination
sensitivity [29]. These results suggested that ubiquitination of Rho proteins
might correspond to a yet unraveled regulation of these proteins, which CNF1
may have hijacked. This idea is now sustained by two findings. It was first
shown that ubiquitin-mediated proteasomal degradation of RhoB is blocked
by TGF-f, resulting in RhoB stabilization [32]. More recently, it was shown
that Smad ubiquitination-related factor 1 (Smurfl) bears an ubiquitin ligase
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activity on RhoA [33]. On the basis of their findings, Wrana and collaborators
have hypothesized that Rho ubiquitination might occur during mislocalized
activation of RhoA, especially in membrane ruffles where activated RhoA
might have antagonized the activity of Rac [33]. Both studies point to a re-
lationship between Rho ubiquitination and TGF-f signaling, which will have
to be further clarified.

More complexity arose from recent findings showing, for instance, that
DNT activates but does not produce Rac proteasomal degradation in HeLa
cells [34] and that CNFy specifically activates RhoA because of the absence
of proteasomal degradation of Rho [35]. These reports, together with other
findings showing that Rac is activated without being degraded in HEp-2 cells,
raise open questions [29]. For instance, these differences might be attributed
to cell type specificity. One possibility could be that CNF1 specifically triggers
Rho, Rac, and Cdc42 ubiquitin-mediated degradation in epithelial bladder
and endothelial cells [29, 36]. These observations may then account for the
findings that CNF1 is preferentially encountered in E. coli strains responsible
for urinary or meningitis infections. Another nonexclusive possibility could
be that some cancer cell lines may have a lower ubiquitination activity for
one or more Rho protein isoforms. This would raise important questions
concerning a possible relationship between ubiquitination of Rho proteins
and cancer.

6
Relationship Between Rho Ubiquitin-Mediated Proteasomal
Degradation and Host Cells

Rho proteins turned to be a major subject of research since their first de-
scription as master transducers of actin cytoskeleton regulation by growth
factors [37-40]. On GTP binding, Rho protein members associate with and ac-
tivate specific effectors [37]. These interaction specificities allow, for instance,
Cdc42 and Rac to regulate actin filament assembly producing membrane
filopodia or ruffles, respectively [37]. In contrast, Rho controls actin bundling
and contraction through regulation of myosin [37]. Through their regulatory
properties of actin filament polymerization, organization, and contractility,
Rho proteins control a large array of cell processes requiring cell shaping and
membrane dynamics [41]. For instance, Rho proteins control the cohesion
of cells either between each other or at the contact with the cellular matrix.
This aspect is of importance for pathogenic bacteria, whose penetration into
host cells is frequently limited because of basolateral localization of their cell
internalization receptors [42]. Rho proteins also participate in the control
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of cell cycle progression and apoptosis [43]. This last aspect is also closely
related to pathogen requirements. For instance, it is thought that apoptosis
inhibition of target cells may favor bacterial persistence at the epithelium sur-
face and favor bacterial replication and spreading inside host cells [44]. Rho
proteins also regulate cell motility and differentiation. These aspects are of
particular interest in relation to cellular effectors of the immune response. For
instance, macrophage chemotaxis up to the site of bacterial infection is under
the control of the actin cytoskeleton machinery, as is bacteria phagocytosis
by macrophages [45].

7
CNF1-Triggered Epithelium Invasion

Gram-negative bacteria have thus developed different strategies to penetrate
inside cells [42], all of them having in common the use of a family of cellular
regulators expressed in all cells, namely, the Rho GTPases. CNF1 produces
a counter-intuitive mechanism consisting of Rho protein activation responsi-
ble for sensitizing them to ubiquitin-mediated proteasomal degradation [29]
(Fig. 2). These observations raise the question of the importance of both Rho
protein activation and degradation in bacterial virulence. It has been shown
that activation of Rho proteins is necessary to induce CNF1-triggered phago-
cytosis by epithelial cells [29, 46]. Interestingly, the reaching of a low level of
Rho protein activation because of equilibrium between activation and degra-
dation was shown to confer higher invasive properties to pathogenic bacteria
(Fig. 2). Similar requirements were also found to confer cell-cell junction
dismantling and epithelial cell motility inside monolayers [29]. Urinary tract
infections (UTIs) have long been considered as acute and often self-limiting
infections caused by noninvasive E. coli. Nevertheless, growing evidence sug-
gests that UPECs are individuals capable of colonizing the bladder mucosa.
Colonization most likely requires the coordinated action of different virulence
factors. At first bacteria attach to bladder epithelial cells through adhesins,
preventing then from miction clearing. Persistence of bacteria probably also
requires escape from host defenses, comprising innate effectors such as the
membrane attack complex of the complement system and immune cell effec-
tors. New evidence suggests that protection of UPECs against host defenses
may be achieved by host cell invasion [47]. Taken collectively, these results
suggest that CNF1 bears the characteristics of a bona fide invasive factor
of intracellular facultative pathogenic bacteria [42]. Intracellular invasion of
epithelial cells may not only protect UPECs against host defenses but also
may allow bacteria to replicate and/or persist into host cells [44, 48]. Further
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Fig. 2 Host cell response to CNF1-induced Rho activation/degradation. CNF1 pro-
duces a counterintuitive mechanism consisting of permanent Rho protein activation
followed by Rho sensitization to ubiquitin-mediated proteasomal degradation. This
dual mechanism of action confers on host cells efficient bacterial internalization prop-
erties, cell-cell junction dynamics, and associated motility inside monolayers. CNF1
activity is thus thought to confer uropathogenic E. coli epithelium invasive properties.
Cell intoxication by high doses of CNFI1 also results in the launching of a cellular
program of host alarm and defense. That the level of cytokine production is a direct
consequence of the level of Rac/Cdc42 activation suggests that Rho ubiquitin-mediated
proteasomal degradation moderates the threshold of host alarm triggered by CNF1

studies will have to clarify whether CNF1 is a major determinant of recurrent
cystitis, which infection might then be due to formation of a UPEC reservoir
during infection.

8
CNF1-Triggered Gene Response

Studying the transcriptome response of endothelial cells to intoxication by
CNF1 revealed that intoxication interferes with classic signaling pathways
leading to gene regulation [36]. Consequently, high levels of cell intoxication
by CNF1 trigger a gene response consisting of a selective activation of about
0.19% of the 33,000 genes probed on DNA arrays. The 10 most CNF1-activated
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Fig.3 Transcriptome of the response of endothelial cells to CNF1 intoxication. Human
umbilical vein endothelial cell (HUVEC) intoxication by CNF1 results in the activation
of p38 and c-Jun kinases, stress-activated protein kinase (SAPK), as well as NF-«B.
Activation of these signaling pathways results in host cells launching a genetic program
aimed at leukocyte recruitment and activation. The 10 most CNF1-activated genes are
depicted. Induction of inflammatory mediators for leukocyte attraction and activation:
MIP-3a, CSF-2, Groy, MCP-1, IL-8, Grof8 could be correlated to the production of the
leukocyte cell-binding receptors E-selectin (SELE) and ICAM-1. Cell response to CNF1
also included TRAF1 (TNF-receptor associated protein-1) and cIAP2 (mammalian
inhibitor of apoptosis protein-1 homolog C), two modulators of the TNF-a receptor
signaling

genes formed a coherent family of inflammatory mediators, aimed at leuko-
cyte recruitment and activation (Fig. 3). These results are in agreement with
a possible effect of CNF1 in the development of UPEC infection, which results
in an acute inflammatory disease. The cellular response to CNF1 intoxication
includes a large panel of inflammatory effectors responsible for leukocyte
recruitment, cell binding, and activation. Induction by CNF1 of membrane
metalloproteases and syndecan family products may contribute to the re-
cruitment of leukocytes to the site of infection. Other identified inflammatory
regulators such as PLAU-urokinase (for lumen artery restriction), as well as
prostaglandin G/H synthesis enzymes, may complete the task of leukocyte
recruitment and activation to the site of bacterial infection. Production of
GRO-family and MIP-3a chemokines may participate in recruiting lympho-
cytes and antigen-presenting dendritic cells, respectively. CNF1-intoxicated
cells also produce innate defense effectors, comprising complement factor-3
for pathogen phagocytosis and factor-9 (a component of the cytolytic mem-
brane attack complex), as well as GliPR, a plant pathogen-related-1 protein
homolog. Finally, the transcriptome of CNF1-intoxicated HUVECs appears
to share many similarities with known TNFa-regulated genes, among them
TRAF]I, cIAP2, and A20. Interestingly, IL8, MCP-1, and MIP-3a production
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levels were found to be a function of the levels of expression of activated-Cdc42
or Rac. These results also strongly point to CNF1 toxin being an important
tool to carry out studies on genes regulated by Rho proteins. Considering
that Rac/Cdc42 activation leads to inflammatory mediator production, it is
also likely that bacteria have evolved virulence systems aiming at producing
a moderate activation of Rho proteins to delay and/or depress the cellular
alarm program of the host, while invading cells (Fig. 2).

The moderate activation of Rho proteins may be beneficial during early
stages of the bacterial infection, prior substantive bacterial growth, and a re-
sulting acute inflammatory reaction due to, for instance, pathogen-associated
molecular pattern recognition (PAMP) by Toll-like receptors (TLRs) [49]. In
that respect, the mechanism of action of CNF1 consisting in Rho protein
activation (deamidation) and deactivation (ubiquitin-mediated proteasomal
degradation) may be sharply adapted to produce a moderate activation of
Rho proteins. This idea is illustrated by the findings that TLRs can activate
Rac and Cdc42, this last GTPase being required for TLR signal transduction
[50]. Together these observations raise the question of why bacterial virulence
factors activate a transduction pathway of host alarm and defense.

A similar question also arose from the findings that commensal bacteria
are recognized by TLRs and that this recognition triggers a production of IL6,
TNE, and KC-1 required for gut protection [51]. In fact, this work revealed
that TLRs control intestinal epithelial homeostasis and protection against in-
jury. It also provides a rational explanation for the findings that prokaryotes
have evolved virulence factors to inhibit the SCFF"*P ubiquitination of Ix-
Ba, a signal required for proper TLR signal transduction [52]. Similarly, it
is striking to observe that the CNF1-activated genes in HUVECs are similar
to those triggered on HUVEC binding to fibronectin, a matrix protein that
results in Rac activation [53, 54]. In this latter condition it is assumed that
HUVECs associate to fibronectin on wounding and that this cellular response
corresponds to the inflammatory reaction needed for tissue repair. All of
these studies reinforce the idea that cells respond similarly to different envi-
ronmental injuries, among them pathogen attack. These findings thus raise
important questions of the nature of the inflammatory responses triggered
by Rho protein activation. The fact that Rho proteins appeared to be key
regulators of the cell immune responses raises important questions on their
participation in various inflammatory disorders comprising immune escape
of cancer cells [55].
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