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Abstract

Bacterial pathogens cause a wide spectrum of diseases in human and other animals. Some virulence factors, wh
ferred to as effectors, are directly translocated into the host cell via an injection apparatus, i.e., the type-III secretion
Most effectors mimic host molecules, and translocated effectors are thereby able to perturb or modulate host cell s
cytoskeletal rearrangement, vesicular traffic, and autophagy, thus eliciting disease. Effectors are roughly classified am
toxins, but in most cases, their functions are exerted focally when they are translocated into the host cell.To cite this article:
A. Abe et al., C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les effecteurs de type III : facteurs de virulence bactérienne sophistiqués.Les pathogènes bactériens sont la ca
d’un large spectre de maladies chez l’homme et les animaux. Quelques facteurs de virulence, qu’on appelle effect
directement transmis dans la cellule hôte par un système d’injection, à savoir celui de la sécrétion de type III. La plu
effecteurs miment les molécules hôtes, et les effecteurs transmis sont donc capables de perturber ou de moduler le
des cellules hôtes, le réarrangement du cytosquelette, la circulation vésiculaire et l’autophagie, provoquant ainsi la
Les effecteurs sont sommairement classés parmi les exotoxines mais, dans la plupart des cas, leurs rôles s’exercent
convergente quand ils sont transmis à la cellule hôte.Pour citer cet article : A. Abe et al., C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords:Type-III secretion system; Effector; Rho family; Actin; Microtubule; Vesicular traffic; Autophagy

Mots-clés :Systèmes de sécrétion de type III ; Effecteur ; Famille rhô ; Actine ; Microtubule ; Circulation vesiculaire ; Autophagie

* Corresponding author.
E-mail address:abe@lisci.kitasato-u.ac.jp(A. Abe).
1631-0691/$ – see front matter 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crvi.2005.02.008

http://france.elsevier.com/direct/CRASS3/
mailto:abe@lisci.kitasato-u.ac.jp


414 A. Abe et al. / C. R. Biologies 328 (2005) 413–428

me
ems
ria

s in
lo-
by
al-

is-
s ha
ient
m-

-

ns

bi-
lis
in

tic
od,
ired
hat
c-
c-
t
bi-
on
rm

ally

us
ur-
r-
ding
log-
SSs
hat
tic
he
l vir-

to
ion
nts
not
is

ac-

ef-
s
ell,
ri-

en-

for-

es
or
a-

py
the

e of
sal
ally

ith

dy,
ac-
ery
es
by
ing
SS-
com-
ody,
rm a
l
gs
1. Introduction

Recent progress in the field of microbial geno
research has revealed that type-III secretion syst
(TTSSs) are found in many Gram-negative bacte
in vertebrate and invertebrate animals, as well a
plants[1]. TTSSs function as systems for the trans
cation of bacterial proteins into host cells, where
the physiological functions of host cells are then
tered by translocated bacterial proteins[1]. TTSSs are
known to play an important role in establishing d
ease processes, since the virulence of pathogen
been shown to be greatly reduced in TTSS-defic
strains. TTSSs are highly conserved in many ma
malian pathogens such asBordetella bronchiseptica,
enteropathogenicEscherichia coli(EPEC), enterohe
morrhagicE. coli (EHEC) O157:H7,Salmonellaen-
terica serovar Typhimurium (S. typhimurium), Shigella
flexneri, Pseudomonas aeruginosa, Chlamydia tra-
chomatis, Yersinia spp., and some plant pathoge
such as Erwinia amylovora, P. syringae, Ralsto-
nia solanacearum, andXanthomonas campestris[1].
Unexpectedly, TTSSs have also been found in sym
otic bacteria, e.g.,Photorhabdus luminescens, Soda
glossinidius, plant symbiotic rhizobia, and certa
‘non-pathogenic’ bacteria such asP. fluorescens[2].
Although the precise function of TTSSs in symbio
and non-pathogenic bacteria is not well understo
it has been suggested that TTSSs may be requ
for adaptation to a host. It is generally accepted t
TTSSs carry out one or both of the following fun
tions: (i) they deliver virulence factors in order to o
cupy host functions and/or (ii ) they deliver to the hos
cell certain modulators in order to establish sym
otic environments without inducing host perturbati
and/or death. Molecules delivered by TTSSs perfo
a number of physiological functions, and are gener
referred to as ‘effectors’.

To date, effectors have been identified in vario
types of bacteria with TTSSs. The host cell pert
bation resulting from interactions involving effecto
host factors has provided an increased understan
of various disease processes. However, the patho
ical features triggered by bacteria possessing TT
have remained difficult to elucidate, due to the fact t
pathogens exploit multiple effectors, i.e., synergis
effects induced by multiple effectors contribute to t
disease process. Furthermore, the spatiotempora
s

ulence properties of effectors in host cells remain
be considered in further detail. Comparative infect
studies using wild-type strains and effector muta
will be necessary in order to determine whether or
an effector identified by in vitro experimental study
indeed a bona fide virulence factor.

2. Supermolecular structure of the TTSS

The TTSSs of pathogenic and non-pathogenic b
teria generally share the following features: (i) TTSSs
function as an injection machinery that translocates
fectors into a host cell; (ii ) the expression of TTSS
is induced when bacteria attach closely to a host c
or when bacteria are grown in vitro under approp
ate conditions, i.e., those that mimic the environm
tal conditions of the host; (iii ) TTSSs build pores on
the host membrane via the translocation of a pore
mation complex into the host membrane.Salmonella,
Yersinia, and EHEC are known to possess two typ
of TTSS, and the timing and localization of effect
delivery are precisely regulated by two different m
chineries in these pathogens.

Analysis using transmission electron microsco
has revealed the supermolecular structures of
TTSSs in human pathogens such asSalmonella[3],
Shigella [4,5], and EPEC[6] (Fig. 1A). Such stud-
ies have shown that the supermolecular structur
TTSSs is quite similar to that of flagellar hook-ba
body complexes, and the TTSS structure is gener
referred to as a ‘needle complex’[3] (Fig. 1B). The
needle complex is composed of two distinct parts, w
(i) a hollow extracellular ‘needle’ structure, and (ii ) a
cylindrical basal body similar to a flagellar basal bo
which builds a channel extending beyond the two b
terial inner and outer membranes. Effector deliv
into the host cell from the bacterial cytosol requir
a certain amount of energy, which is generated
ATPase; furthermore, mutation in the gene encod
ATPase has been shown to fail to secrete all TT
dependent secreted proteins. ATPase and other
ponents are located directly beneath the basal b
and these components have been observed to fo
‘bulb’ structure inShigella[5]. Moreover, functiona
similarities between such bulbs and flagellar C-rin
have been reported.
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Fig. 1. The supermolecular structures of the TTSSs of EPEC andShigella. (A) Electron micrographs of negatively stained needle comple
from EPEC andShigella[6]. B and N indicate the basal body and needle structure, respectively. Black arrowheads indicate immatur
complexes without the sheath-like structure. (B) Putative models of the EPEC[6] andShigella[4] needle complexes are shown, and the origi
figures are modified and illustrated here. Grey areas indicate basal bodies. Size is represented in nanometers. (C) Direct interaction of the EPEC
needle complex with EspA. EspA was detected by immuno-gold-labeled anti-EspA antibodies. The sheath-like structure, but not t
complex, was covered with 6-nm gold particles. Electron micrographs ofFig. 1A and C were taken from [Proc. Natl Acad. Sci. USA 25 (200
11638]. (Bars= 100 nm.)
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3. Control of needle length

Needle complexes are highly conserved among
pathogens listed above, with the exception of the
quisition of sheath-like structures in both EPEC[6]
(Fig. 1A) and EHEC O157:H7 (Sekiya and Abe, u
published data). Such a sheath-like structures is
cated at the tip of the EscF needle; this struct
is expandable and exhibits variable length, rang
between 30∼700 nm (average length: 93 nm)[6].
Electron micrograph study using anti-EspA antibo
has shown that the sheath structure is compose
EspA, which is secreted via the EPEC/EHEC TT
(Fig. 1C). The length of the sheath appears to
regulated by the amount of EspA, and sheath len
has been shown to increase markedly in associa
with the overexpression of EspA in EPEC[6]. In con-
trast, no such sheath-like structures are found in ei
Salmonella(SPI-1) [3] or Shigella [4] needle com-
plexes, and in these bacteria, needle length app
to be fixed in the wild-type strains of both types
bacteria under in vitro culture conditions, i.e., 80
45 nm. In the case ofShigella, the needle portion is
composed of MxiH. When the needle complex w
prepared fromShigellathat overexpresses MxiH, ne
dle elongation from 200 to 1000 nm was observed[4].
Moreover, similar results have been obtained using
Spa32 defective mutant strain ofShigella[7]. Spa32 is
known to be secreted into the culture supernatant
the ShigellaTTSS [7], and its homologue, InvJ, ha
also been identified inSalmonella; in addition, nee-
dle elongation has been observed in an InvJ-defic
strain[8]. Although the mechanisms affecting need
length remain unclear, Journet et al. have propo
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Fig. 2. Assembly and regulation of the TTSS. A model of the reg
tion of needle length is shown[9], and the original figure is modifie
and illustrated here. The type-III secretion system is compose
a needle structure and a cylindrical basal body. YscP inYersinia
acts as a molecular ruler during the stepwise assembly of the n
structure of TTSS. The N- and C-terminal domains of YscP pro
may function as anchors for the TTSS. When the needle reach
mature length, YscP is fully stretched, and the secretion appa
responds to a signal from the YscP internal anchor, resulting in
termination of the export of needle components. OM, outer m
brane; PP, bacterial periplasm; IM, inner membrane.

the fascinating hypothesis[9] that the needle lengt
in Yersiniadepends on the molecular size of the Ys
protein, and the authors proposed that YscP regul
needle length by acting as a ‘molecular ruler’ duri
the stepwise assembly of the needle structure of
TTSS (Fig. 2). Deletions affecting both the N- an
C-termini of YscP were shown to result in a loss
length control, suggesting that the two ends of
YscP protein may function as anchors for the TTS
One end of YscP apparently binds to the basal bo
whereas the other end binds to the growing tip of
needle. When the needle reaches its mature len
YscP is fully stretched, and the secretion apparatus
sponds to a signal from the YscP internal anchor, t
resulting in a termination of the export of needle co
ponents; this signal might also trigger the secretion
both translocators and effectors. Interestingly, a s
linear relationship has been observed between ne
length and the number of amino acids in YscP, w
1.9 Å per amino acid residue of YscP[9]. Although
the YscP protein shares no substantial sequence
tity with either Spa32 or InvJ, their encoding gen
are located in similar positions in the respective TT
gene clusters; moreover, YscP is a secreted protei
are both Spa32 and InvJ.

4. Delivery of translocators into the host
membrane

There are two types of secreted proteins, effec
and pore-forming factors, both of which are deliver
into the host cell via TTSSs (Fig. 3). The delivery of
the pore-forming factors into the host membrane
a prerequisite for the translocation of effectors in
the host cell. The pore-forming factor, which is r
ferred to as a ‘translocator’, is delivered and trans
cated into the host membrane, and then builds a p
ical pore on the host membrane. The bacterial ef
tors are then able to translocate into host cells
the TTSS and the translocator-mediated pore. TT
deficient strains result in the abolishment of effec
and translocator secretion. However, mutant strain
translocator proteins have been shown to retain
ability to secrete both effectors and other translo
tors into the bacterial culture supernatant, althou
such mutations have not demonstrated the ability
translocate effectors into host cells. BopB–BopD
Bordetella, SipB–SipC inSalmonella, IpaB–IpaC in
Shigella, EspB–EspD in EPEC/EHEC, and YopB
YopD, LcrV in Yersiniaare involved in the transloca
tor complex in these strains. Approximately 40%
quence similarity between SipB/IpaB/EspD/YopB a
most of the translocator proteins containing one or
putative trans-membrane domains; these compon
appear to build a continuous channel that conn
with the TTSS, since EspA protein for the shea
like structure is associated with EspB protein for
translocator, as determined by binding assay[10]. The
ability to form pores on the host membrane can
evaluated based on hemolytic activity. When red blo
cells (RBCs) are infected with bacteria possess
a TTSS, hemolysis is induced by the transloca
mediated membrane pore on RBCs[6,11–13]. This
hemolytic activity is often used in the process of ch
acterization in order to determine whether or no
newly identified secreted protein is a translocator.
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lls by using
re-forming
complex.
Fig. 3. Effector translocation into host cells via a TTSS. Pathogenic bacteria build physical bridges between themselves and host ce
a TTSS. First, the type-III secretion machinery is expressed in response to environmental stimuli. Second, translocators such as po
factors are translocated into the host cell; these factors then localize on the host cell membrane, resulting in the formation of a pore
Finally, effectors are able to translocate into the host cell via the bacterial-mediated bridge and pore.
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5. Secretion signal of effectors and TTSS-specific
chaperones

Proteins that are regulated by a type-II secret
system are secreted through the bacterial inner
outer membranes to the extracellular space by
lowing mechanism. (i) The secreted protein contain
an N-terminal signal sequence that is recognized
the Sec system localized in the bacterial inner me
brane and is cleaved during translocation into
periplasm from the bacterial cytosol. The signal
quence consists of∼30 hydrophobic residues and c
be predicted by computer analysis due to its hig
conserved region. (ii ) The mature (shortened) prote
translocated into the periplasm is secreted into the
terial culture via the outer membrane channel of
type-II secretion system[14]. A twin arginine translo-
cation (Tat) system is also involved in the translocat
of bacterial proteins into the periplasm[15,16]. Thus,
Tat as well as Sec is now known to be coupled with
type-II secretion system.
Secretion signals of type-III effectors are though
be contained in (i) the 5′-region of the mRNA[17,18],
(ii ) the N-terminus of the secreted protein[19,20],
and/or (iii ) they may possess the ability to carry o
chaperone binding to the secreted protein prior to
cretion[19,21]. Deletion analysis has revealed that t
∼15 residues of N-termini ofYersiniaYops (YopE,
YopN, and YopQ) are required for secretion into
bacterial culture supernatant. However, the lack o
consensus sequence among effectors in this re
remains unexplained. Frame-shift mutations that
ter the amino acid sequence of the∼15 residues o
N-termini Yop (YopE, YopN, and YopQ) have not be
shown to affect secretion, a finding that has led to
mRNA signal hypothesis[17,22]. However, this hy-
pothesis remains controversial, as common feat
among the N-terminus of the YopE effector have be
reported. The replacement from 2 to 8 amino a
residues in the YopE N-terminus with all possib
permutations of synthetic serine/isoleucine sequen
(resulting in 128 mutants) demonstrated that an
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phipathic N-terminal sequence, including four or fi
serine residues, had a particular secretion phenot
In contrast, YopE secretion was either greatly redu
or completely abolished with the replacement of 2
8 N-terminal residues with a hydrophobic or a h
drophilic amino acid sequence[20]. Although the pre-
cise secretion signal for TTSSs remains unknown
does appear to exert a universal function; for exam
the translocated intimin receptor (Tir), an EPEC eff
tor, was shown to be secreted inShigellaby use of its
TTSS [23]. Although the secretion signal is thoug
to be limited to the 10∼15 N-terminal residues, th
translocation signal, which is required for the trans
cation of an effector into a host cell, is located in t
50–75 N-terminal residues[24,25]. Unlike type-II se-
creted proteins, neither the secretion nor the tran
cation signal sequences of TTSSs are cleaved u
secretion.

Molecular chaperones interact transiently with o
or more partners to prevent degradation and/or in
rect molecular interactions in bacterial cytosol. Mo
chaperones for the type-III effectors have only one
two cognate effector(s), and such chaperones are
secreted and released upon secretion from those
nate effectors. The TTSS chaperones possess ce
conserved features in common with small (∼15 kDa),
acidic proteins (pI< 5), and they are thought to hav
an amphiphilicα helix in the C-terminus. To date, th
TTSS chaperones have be divided into two clas
as follows: (i) class-I chaperones interact with o
(class IA; e.g., the SycE chaperone interacts w
YopE in Yernsinia) or several (class IB; e.g., Spa1
interacts with IpaA, IpgB1, OspC3, and OspB
Shigella) effectors; and (ii ) class-II chaperones inte
act with translocators (e.g., SycD (LcrH) interacts w
both YopB and YopD translocators inYersinia).

Class IA chaperones bind to effectors by rec
nizing the chaperone binding domain that is loca
among the 50–150 N-terminus residues of effect
Crystallographic structure analyses of SicP and S
in Salmonella, SycE inYersinia, and CesT (which ha
also been categorized under class IB due to its
teraction with Map effector as well as Tir[26]) in
EPEC have confirmed that the class IA chapero
function as dimers[27–30]. Interestingly, YopE, SigD
and Tir exhibit similar enzymatic or physical prope
ties in the presence or absence of their cognate c
erones. The complex of the YopE effector with
.

t
-
n

cognate SycE chaperone has been found to be ca
ically active, and the Rho GAP activity of SycE–Yop
is similar to that of uncomplexed YopE[21]. Similar
property have also been obtained with EPEC CesT
andSalmonellaSigE–SigD TTSS chaperone–effect
complexes[31]. Such findings suggest that the bin
ing of chaperones to a certain region of their cogn
effectors may not affect the global anti-folding a
tivity on the entire effector. Recent crystallograph
studies of two effectors,SalmonellaSptP andYersinia
YopE, in complex with their respective chaperon
have revealed that these effectors are quite simila
each other, although the overall sequence simila
among the chaperone binding domains is poorly c
served[21]. Such findings have provided evidence
the generality of TTSS targeting by chaperones; mo
over, such results have indicated that the targeting
nal is encoded in the three-dimensional structure of
chaperone–effector complex.

6. Regulation and switching of
effector/translocator secretion

In EPEC, the expression of both flagella and TT
structures is precisely regulated by environmen
signals. We have revealed that when the envir
mental stimulus is shifted to an in vivo condition
medium such as Dulbecco’s modified Eagle’s medi
(DMEM) from a rich in vitro medium such as LB
medium, the supermolecular structures on the ba
rial cell surface of EPEC change drastically[6]. These
observations indicate that EPEC undergoes two dif
ent phases: (i) a planktonic phase, in which flagel
are used to aid in bacterial movement; and (ii ) a vir-
ulent phase, in which the production of flagella
repressed, and a TTSS is produced instead, to
used for the translocation of the effector into a h
cell. Thus, EPEC is able to assess environmental
ditions; host-body temperature is possibly one ty
of signaling in this regard. Indeed, the secretion
translocators is finely tuned to the host-body temp
ature, and the maximal secretion of translocators
human EPEC has been shown to occur when the
perature of the culture media was adjusted to simu
human body temperature (∼37◦C) [32]. It is note-
worthy that the maximal expression of translocat
of rabbit EPEC (REPEC) occurred when the REP
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culture conditions were adjusted to rabbit body te
perature (∼40◦C). Thus, pathogens can respond
host-body temperature in order to exert full virulen
and this may provide an explanation for host tropism

A recent study revealed that switching betwe
effector/translocator secretion is regulated by cer
bacterial factors. Mutations of both SepL and Ro
in EPEC have been shown to inhibit the secret
of detectable translocators such as EspA, EspD,
EspB, even though the translocators were produ
in the bacterial cytosol, as is the case in wild-ty
EPEC[33]. In contrast, both SepL and Rorf6 defe
tive mutants exhibited a markedly enhanced secre
of the Tir effector. These results suggest that Se
and Rorf6 may act as ‘molecular switches’ that co
trol the secretion of both translocators and effecto
in response to the environmental conditions. Whe
physical bacterial bridge (TTSSs and pore format
on the host membrane) is constructed between ba
ria and host cells, the secretion of translocators m
be down-regulated by these molecular switches,
instead, effector secretion may increase due to this
naling process.

The expression of effectors is not exclusively reg
lated by pathogen-specific regulators. The EPEC
EHEC TTSSs are regulated by integrative host fac
(IHF) [34], nucleoid-associated protein, Fis[35], and
the quorum sensing system (QSS)[36,37]. The QSS
is a bacterial communication system that utilizes
creted chemical signaling molecules that are refe
to as autoinducers (AIs)[38]. The QSS collectively
governs a population of bacteria in order to cont
gene expression; bacterial dynamics are thus sh
into a mode of synchronized behavior as a bacte
community, starting from the planktonic phase. By
ing the QSS, bacteria can assess population densi
detecting a particular AI, the concentration of whi
is correlated with bacterial density. This ‘cross-ta
in turn permits the bacterial group to control the e
pression of specific genes only at particular popu
tion densities. An AI is produced in many species
bacteria, and AIs are able to activate the expres
of a subset of genes when the microbial populat
reaches a crucial level. The QSS regulates the exp
sion of the EPEC TTSS, as well as the express
of the flagella[37]. Normally, EHEC infects human
at very low infection doses (10–100 organisms).
though it is difficult to use own AIs such low densi
-

of EHEC, a hypothetical model has been proposed
which EHEC detects AI signals produced by the
testinal bacterial flora such as commensalE. coli and
other enterobacteria[36]. In response to an AI sig
nal, the expression of major virulence factors, inclu
ing type-III effectors and Shiga toxin, is induced[39];
such synergistic effects of virulence factors induc
by the QSS are required in order to exert full virulen
with such a small number of EHEC cells. Furthermo
mammalian hormones, such as adrenaline and n
drenaline, appear to function as AI molecules, res
ing in activation of the EHEC QSS[36]. Thus, EHEC
can assess the in vivo environmental condition by
QSS in response to the eukaryotic hormone.

7. Contribution of type-III effectors to bacterial
pathogenesis

To date, various effectors have been discove
among numerous pathogenic bacteria (seeTable 1).
Some bacteria have been found to exploit and/or
ter host factors and cytoskeletal components in
der to establish proliferation, invasion, modulation
vesicular traffic, and escape from autophagy (Fig. 4).
Salmonellahas the ability to invade intestinal epith
lial cells that do not engulf bacteria in a normal ma
ner. Salmonella-induced macropinocytosis in epith
lial cells is dependent on the TTSS.S. typhimurium
possesses two TTSSs, each of which is used at a d
ent stage of infection. One of these TTSSs is enco
in Salmonellapathogenicity island 1 (SPI-1), and
governs the first event of contact betweenSalmonella
and an epithelial cell, leading to bacterial internali
tion. The other type of TTSS, encoded inSalmonella
pathogenicity island 2 (SPI-2), is required to elicit sy
temic infection.Salmonellacan internalize into non
phagocytic epithelial cells by temporal regulation
the Rho family GTPases and these events are gove
by a subset of SPI-1 effectors.

The Rho family of guanine nucleotide binding pr
teins consists of the RhoA, Rac1, and Cdc42 subf
ilies [40]. The Rho family proteins alternate betwe
a GDP-bound (inactive) state and a GTP-bound
tive) state. In the active (GTP) state, these GTPa
relay signals from growth factors, cytokines, and
hesion molecules in order to control the host signa
involved in cell growth, morphogenesis, cell motilit
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Table 1
Effectors delivered via TTSSs

Bacterium Effector Natural ligand *a Activity and function Reference

Salmonella SopE, SopE2 Rac1, Cdc42 GEF for Rac1 and/or Cdc42. Induc-
tion of membrane ruffling.

[41,43]

SptP Rac1, Cdc42 RhoGAP for Rac1 and Cdc42. Host
cell recovery.

[42]

SopB/SigD*b Phosphatidylinositol
phosphate

Inositol phosphatase activity. In-
duction of membrane ruffling and
macropinocytosis. Modulation of
vacuole traffic. Anti-apoptotic ac-
tivity.

[47,48,62]

SipA Actin Inhibition of depolymerization of
actin filaments. Induction of mem-
brane ruffling.

[63]

SipB Caspase-1 (ICE) Autophagy-mediated programmed
cell death in macrophages. Pore-
forming factor.

[64–66]

SipC Actin Actin bundling activity at the N-ter-
minus. Actin nucleation activity at
the C-terminus. Induction of mem-
brane ruffling. Pore-forming factor.

[67]

SpiC TassC (NIPSNAP
homologue)

SPI-2 effector. Inhibition of phago-
some–lysosome fusion.

[68,69]

SifA ? SPI-2 effector. Survival and replica-
tion of Salmonellain macrophages.

[70–72]

Shigella VirA Tubulin Promotion of Rac1 activity by mi-
crotubule destabilization. Induction
of membrane ruffling.

[58]

IcsB VirG (bacteria) Escape from autophagy. [49]

IpaA Vinculin Induction of F-actin depolymeriza-
tion. Induction of membrane ruf-
fling.

[73]

IpaB Caspase-1 (ICE),
CD44, IpaBCD
complex binds to
α5β1-integrin

Macrophage death by induction of
apoptosis. Induction of actin poly-
merization. Pore-forming factor.

[74–78]

IpaC ? Promotion of Rac1 and Cdc42 ac-
tivities. Induction of membrane ruf-
fling. Pore-forming factor.

[74,78,79]

IpgD PI-4,5-P2 Inositol 4-phosphatase activity. In-
duction of membrane ruffling.

[80]

enteropathogenicE. coli
(EPEC)
enterohemorrhagic
E. coli (EHEC)

Tir Nck (for EPEC) Receptor for bacterial outer mem-
brane protein, intimin. Activation of
actin nucleation beneath the adher-
ent bacteria.

[81]

(continued on next page)
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Table 1 (Continued)

Bacterium Effector Natural ligand *a Activity and function Reference

EspG, Orf3*c Tubulin Promotion of RhoA activity by dis-
ruption of microtubule network.

[50]

EspF Cytokeratin 18 Induction of disruption of interme-
diate filaments. Tight junction dis-
ruption.

[82]

EspFU (TccP)
(for EHEC)

N-WASP Adapter protein between Tir and N-
WASP. Nck-independent actin as-
sembly.

[83,84]

Map ? Tight junction disruption. [85]

Cif ? Inhibition of cell cycle G2/M transi-
tion. Formation of actin stress fibers

[86]

Yersinia YopE RhoA, Rac1, Cdc42 RhoGAP for multiple Rho GT-
Pases. Disruption of actin filaments
and inhibition of bacterial uptake
into host cells.

[87]

YopH p130Cas, FAK Protein tyrosine phosphatase. Inhi-
bition of bacterial uptake into host
cells.

[88]

YopO/YpkA*d RhoA, Actin Serine/threonine kinase. Down-
regulation of RhoA activity.

[89]

YopP/YopJ*e ? Cysteine protease. Inhibition of
MAPK and NF-κB.

[90]

YopT RhoA, Rac1, Cdc42 Cysteine protease that cleaves
RhoA GTPases. Disruption of actin
cytoskeletons.

[91]

Pseudomonas
aeruginosa

ExoS, ExoT*f RhoA, Rac1, Cdc42 RhoGAP domain at the N-ter-
minus, resulting in disruption
of the actin cytoskeleton. ADP-
ribosyltransferase domain at the
C-terminus. ExoS induces apopto-
sis.

[92,93]

ExoU ? Phospholipase. Induction of lung
injury.

[94]

ExoY ATP Adenylate cyclase. Induction of cy-
totoxicity.

[95]

Chlamydia Tarp ? Recruitment of actin to the site of
attachment. Formation of pedestal-
like structure.

[96]

*a : Host factors are described;
*b : SopB and SigD are found inS. dublinandS. typhimurium, respectively, and the functions of both effectors are identical;
*c : EPEC possesses both EspG and Orf3, which share functional similarities, and EHEC possesses only EspG;
*d : YopO is found inY. enterocolitica, YpkA is found in bothY. pseudotuberculosisandY. pestis, and the functions of both effectors a
identical;
*e : YopP is found inY. enterocolitica, YopJ is found in bothY. pestisandY. pseudotuberculosis, and the functions of both effectors are identic
*f : although ExoS and ExoT are functionally similar effectors, their precise functions differ to some extent[93].
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cytokinesis, and the trafficking and organization of c
cytoskeleton components. The Rho family proteins
exquisitely regulated by three different regulatory p
teins: (i) guanine nucleotide exchange factors (GEF
(ii ) GTPase activating proteins (GAPs); and (iii ) gua-
nine nucleotide dissociation inhibitors (GDIs). GE
catalyze the exchange of GDP for the GTP-bou
form by promoting the release of GDP. GAPs p
mote the intrinsic GTP hydrolyzing activity of Rh
proteins, resulting in an enhancement of their conv
sion to the GDP-bound (inactive) form. GDIs prefe
entially associate with the GDP-bound form and th
prevent the spontaneous and GEF-catalyzed relea
nucleotides, thereby maintaining the Rho family p
teins in the inactive state. The active forms of a
of the three subfamilies of RhoA, Rac1, and Cdc
will induce actin cytoskeletal rearrangement, inclu
ing the formation of (i) actin stress fibers and foc
f

adhesions (RhoA), (ii ) membrane ruffles and lame
lipodia (Rac1), and (iii ) spikes and filopodia (Cdc42)

7.1. Unwelcome guests: bacterial internalization

The two knownSalmonellaeffectors, SopE[41]
and SptP[42], possess the ability to modulate the c
toskeletal organization of the host cell by exploiti
regulators of the Rho family proteins (Fig. 4). Contact
betweenSalmonellaand a host epithelial cell induce
the upregulation of Cdc42 and Rac1 by two high
related bacterial GEFs, SopE (for both Cdc42 a
Rac1) and SopE2 (for Cdc42), resulting in bacte
uptake into the host cell as a consequence of actin
toskeletal rearrangements and profuse membrane
fling [41,43]. Membrane ruffling is required for th
invasion ofSalmonellainto the non-phagocytic epithe
lial cell, a step known as bacterial-mediated endocy
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sis (BME). After bacterial internalization into the e
ithelial cell is complete,Salmonellatriggers a reversa
of the cellular morphological changes induced by
SopE and SopE2 effectors, and the host cells rec
their normal cellular morphology. In other word
Salmonellapossesses the ability to restore normal c
lular morphology and architecture by the translocat
of an additional effector, SptP[42], which antagonizes
the activities of SopE and SopE2. When cells are
fected with wild-typeSalmonella, profuse membran
ruffling is induced within 10–30 min. Interestingl
such morphological changes are only temporary,
the host cell appears to once again exhibit the n
mal actin cytoskeletal structure 2–3 h after infectio
although a large number of bacteria remains in
host cell. In contrast, cells infected with an SptP m
tant strain do not recover normal morphology, ev
3 h after infection. Analysis of SptP has revealed t
this molecule acts as a bacterial GAP that inactiva
Cdc42 and Rac1 by promoting the hydrolysis of G
to GDP. Indeed, SptP shows sequence similarity w
the consensus sequence of the Rho family GAP,
mutation in a critical arginine residue in this motif r
sults in the loss ofin vitro SptP GAP activity[42].
Thus, SptP exhibits the ability to reverse the effects
both SopE and SopE2 effectors.

Temporal regulation and/or the sequential deliv
of a reversal function of effector may be required
establish the internalization ofSalmonella, but the ex-
act mechanism of this process has long remained
clear. However, Kubori and Galan have shed light
this issue[44]. In their study, comparable levels
translocated SopE and SptP were observed shortl
ter infection. Although the levels of the bacterial GE
SopE, were markedly reduced with the passage of t
and the SopE levels were found to be below the le
of detection∼30 min following infection, the leve
of SptP decreased very slowly after infection. T
difference in SopE and SptP levels is now known
be due to differences in the respective degrada
patterns, achieved by a proteasome-dependent p
way. These findings are supported by the follow
results: (i) proteasome inhibitors inhibit SopE degr
dation, resulting in sustained levels of this effect
(ii ) ubiquitination of translocated SopE is immediate
detected after infection; and (iii ) although SptP is als
degraded by proteasome, the kinetics of this proc
are much slower than those of the process involv
-

SopE. These results therefore indicate that differen
in the stability of these two effectors that perform o
posed functions are responsible for the regulation
the Salmonella-programmed internalization into ho
cells.

7.2. Molecular mimicry: hiding and perturbation of
host organs

In mammalian cells, phagocytosis is essential
homeostasis, including such functions as tissue
modeling/clearance and the host defense agains
vasive bacteria and viruses. Phagocytosis consis
several continuous steps, namely, (i) an initial step of
binding to and recognition of a particle (pathogen)
numerous mammalian cell surface receptors; (ii ) the
induction of phagocytic receptors, which triggers t
subsequent host signal-transduction events by the
mation of an actin-rich membrane protrusion arou
the pathogen; (iii ) the enclosure of the pathogen
a consequence of membrane fusion, which res
in phagosome formation, and which in turn is t
prerequisite for the maturation of a phagolysoso
Pathogens inside the phagolysosome are killed by
acidity and hydrolysis, and as a result of attacks by
following agents: radicals, lysozyme, and defensin.
a result of phagocytosis, pathogens are degraded
the resulting pathogen-derived molecules are tran
cated as antigens to the host cell surface for ant
presentation. In addition to phagocytosis, autophag
involved in the elimination of bacteria such as group
Streptococcus(GAS) [45] andMycobacterium tuber
culosis [46]. Autophagy involves the formation o
double-membrane structures referred to as autoph
vacuoles, and their contents are eventually degrade
lysosomes. Both phagocytosis and autophagy are
volved in the elimination of pathogens. However, c
tain intracellular pathogens inhibit phagosome form
tion and/or are able to escape from autophagy. T
pathogens can modify their environmental conditio
by calling upon a number of different strategies of
cape from the innate host defense system, and t
pathogens are thus able to exploit certain type-III
fectors using the mechanisms outlined below.

By modulation of the Rho family proteins,Salmo-
nella can gain entry into epithelial cells. After inte
nalization, this pathogen is able to replicate and esc
from the host defense system. Interestingly, the in
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cellular replication ofSalmonellaat a certain niche
is regulated by an SPI1 effector, SopB[47]. SopB
is a phosphoinositide phosphatase and contrib
to maintaining high levels of phosphatidylinositol-
phosphate in the membranes ofSalmonella-containing
vacuoles (SCVs). However, a SopB mutant strain
known to be unable to elicit the maturation of SCV
resulting in the failure ofSalmonellato replicate in ep-
ithelial cells[47]. Furthermore, SopB is also require
for the activation of the serine-threonine kinase A
also known as protein kinase B (PKB)[48]. Akt is a
regulator of apoptosis in normal intestinal epithe
cells. SopB has been shown to possess anti-apop
activity by the sustained activation of Akt and inh
bition of caspase-3 cleavage[48]. In contrast, it is
known that both SipB and SpvB have pro-apopto
activities. Thus,Salmonellacan selectively and tem
porally regulate macrophage or epithelial cell eve
by the modulation of programmed cell death. In ge
eral, SopB is known to be involved in the maintenan
of SCVs and anti-apoptotic activity.

Like Salmonella, Shigella is an invasive bacteri
that multiplies in host cells.Shigellahas the ability
to escape from the autophagic response by explo
a type-III effector, IcsB[49]. An IcsB mutant strain
has been shown to be trapped by autophagy du
the process of multiplication in a host.ShigellaVirG,
which is required for the intracellular actin-bas
motility of this organism, was found to be a targ
for the autophagy protein, Atg5. IcsB competitive
inhibits the association of Atg5 to VirG, thus co
tributing to avoidance of the host autophagy respon

7.3. Molecular mimicry: exploitation of host factor

EPEC regulates host MT networks by using c
tain effectors[50]. EPEC remains a major cause
infantile diarrhea worldwide, primarily in the develo
ing world. Related pathogens are known to cause
ease by similar mechanisms, include EHEC, REP
and Citrobacter rodentium. These pathogens induc
a histopathological lesion, referred to as an atta
ing/effacing (A/E) lesion, which is defined by the in
mate attachment of a bacterium to an intestinal epi
lial cell and the subsequent effacement of the host
microvilli [51]. These processes are directly involv
in the development of diarrhea[52]. Factors respon
sible for A/E lesion formation are encoded by the
cus of enterocyte effacement (LEE), which include
TTSS, intimin, effectors including Tir, and transloc
tors. A/E lesion formation is induced by interactio
between the bacterial membrane protein, intimin,
Tir, which is translocated onto the host cell membra
via the TTSS[53]. The Tir–intimin interaction triggers
the accumulation of actin cytoskeletal components
neath the adherent bacteria, and this phenotype is
affected by the addition of the RhoA-inhibitor. Tir
known to possess the ability to recruit the host fact
N-WASP and the Arp2/3 complex via use of the h
adapter protein, Nck, which results in the accumu
tion of actin[54,55].

Like EPEC, most pathogenic bacteria elicit the
arrangement of actin cytoskeletal components in o
to enable internalization into epithelial cells. In a
dition to actin reorganization, the microtubule (M
structure is also exploited by the entry or attachm
of certain pathogenic bacteria into host cells. Inde
the invasion of epithelial cells byCampylobacter, Lis-
teria, andNeisseriais inhibited in the presence of a
MT-destabilizing agent such as nocodazole[56]. MTs
are composed of tubulin molecules, and MT netwo
are a major cytoskeletal component in most euka
otic cells and they are responsible for the regulation
mitosis, organelle movement, and actin dynamics.

Recently, we revealed that the EPEC EspG/Orf3
fectors elicit the disruption of MT networks benea
the adherent bacteria by the direct association of E
and Orf3 with tubulins[50]. Although it remains un-
clear why EPEC possesses two functionally ident
effectors, the gene encoding EspG is located in
LEE, but the gene encoding Orf3 lies outside of
LEE. It is of note that both effectors are also requi
for the induction of actin stress fiber formation in a T
intimin interaction-independent manner. A guan
nucleotide exchange factor, GEF-H1, is known to
involved in EspG/Orf3-mediated signaling. GEF-H
specifically promotes RhoA activation and is localiz
in MTs in its inactive form, but switches to active for
when it is released from MTs. Indeed, both EspG/O
effectors possess the ability to release GEF-H1 fr
the MT network to the cytosol as a result of MT des
bilization[50]. These findings indicate that EPEC re
ulates the cross-talk between the formation of a
stress fibers and the MT network. A recent study
shown that GEF-H1 is associated with tight junctio
and regulates size-selective paracellular permeab
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by the activation of the RhoA-ROCK signaling pat
way [57]. Indeed, EspG- and Orf3-expressing MDC
cells have been shown to exhibit normal overall m
phology and maintain fully assembled tight junction
However, the paracellular permeability to 4-kDa de
tran, but not that to 500-kDa dextran, was greatly
creased (Matsuzawa, unpublished data). Thus, E
has the ability to regulate size-selective permeab
via EspG/Orf3 effectors. A recent study demonstra
that EspG is required forCitrobacter rodentium, which
does not possess Orf3, to achieve full virulence
vivo [33].

Although EspG and Orf3 in EPEC, as well as Vir
in Shigella, can exert effects on microtubule network
EspG/Orf3 induces the formation of actin stress fibe
and VirA induces membrane ruffling. The VirA effe
tor induces MT instability, leading to Rac1 activatio
which in turn results in the induction of membra
ruffling and the subsequent promotion of bacterial
try into the host cell[58]. VirA binds α,β-tubulin
dimers, but not MTs, suggesting that VirA specifica
associates with tubulin heterodimers. The VirA d
main that binds to tubulin heterodimers shares am
acid identity (∼21%) with a certain region of th
EspG/Orf3 effector. The different mechanisms und
lying the cytoskeletal rearrangement of host cells
duced by these factors remain to be elucidated. B
the EspG and Orf3 effectors are involved in an
crease in paracellular permeability by the perturba
of MT networks. A/E lesion formation due to Ti
intimin interactions[53], as well as the disruption o
tight junctions by EspF[59,60], both exert effects on
the overall morphology and physiology of host ce
The synergistic effects caused by multiple effectors
expected to contribute to triggering EPEC-media
diarrhea.

8. Concluding remarks

Type-III effectors are known to be involved in di
ease processes. As a common effector delivery sys
the TTSS is a good candidate that could serve a
target of anti-microbial agents. To date, several co
pounds have been reported as inhibitors of theYersinia
TTSS [61]. TTSS inhibitors are expected to spec
cally inhibit the delivery of type-III effectors into th
host cell and yet they do not kill the normal intes
nal bacterial flora, resulting in elimination of bacter
,

resistance to antibiotics. Although antibiotic-resist
bacteria are an emerging public-health threat, no d
have been made available to date that eradicate
pathogenic bacteria, leaving the non-pathogenic ba
ria intact. Thus, it is likely that TTSS inhibitors cou
contribute to the development of such a pathog
specific drug.

Furthermore, an effector-deficient, non-pathoge
strain that still possesses a functioning TTSS mi
be applicable as a vaccine delivery system. The
nals required for both secretion and translocation h
been well characterized among the type-III effecto
and it has been demonstrated that the chimera
tween an effector and a foreign protein is effectiv
translocated into host cells via the TTSS under the
propriate conditions. Thus, investigations of bacte
type-III effectors contribute to gaining a better und
standing of bacterial virulence; future studies in t
area will provide new approaches to the developm
of therapeutic drugs and vaccine delivery systems.

References

[1] C.J. Hueck, Type III protein secretion systems in bacte
pathogens of animals and plants, Microbiol. Mol. Biol. Rev.
(1998) 379–433.

[2] A.P. Tampakaki, V.E. Fadouloglou, A.D. Gazi, N.J. Panop
los, M. Kokkinidis, Conserved features of type III secretio
Cell. Microbiol. 6 (2004) 805–816.

[3] T. Kubori, Y. Matsushima, D. Nakamura, J. Uralil, M. Lar
Tejero, A. Sukhan, J.E. Galan, S.I. Aizawa, Supramolec
structure of theSalmonella typhimuriumtype III protein se-
cretion system, Science 280 (1998) 602–605.

[4] K. Tamano, S. Aizawa, E. Katayama, T. Nonaka, S. Imaj
Ohmi, A. Kuwae, S. Nagai, C. Sasakawa, Supramolec
structure of theShigellatype III secretion machinery: the nee
dle part is changeable in length and essential for deliver
effectors, EMBO J. 19 (2000) 3876–3887.

[5] A. Blocker, N. Jouihri, E. Larquet, P. Gounon, F. Ebel, C. P
sot, P. Sansonetti, A. Allaoui, Structure and composition of
Shigella flexneri‘needle complex’, a part of its type III secre
ton, Mol. Microbiol. 39 (2001) 652–663.

[6] K. Sekiya, M. Ohishi, T. Ogino, K. Tamano, C. Sasakaw
A. Abe, Supermolecular structure of the enteropathogenicEs-
cherichia coli type III secretion system and its direct intera
tion with the EspA-sheath-like structure, Proc. Natl Acad. S
USA 98 (2001) 11638–11643.

[7] K. Tamano, E. Katayama, T. Toyotome, C. Sasakawa,Shigella
Spa32 is an essential secretory protein for functional type
secretion machinery and uniformity of its needle length, J. B
teriol. 184 (2002) 1244–1252.

[8] T. Kubori, A. Sukhan, S.I. Aizawa, J.E. Galan, Molecu
characterization and assembly of the needle complex of



426 A. Abe et al. / C. R. Biologies 328 (2005) 413–428

,

dle
ular

al-
III

o-

ore

ot

osq-

f-
and

vity,

pA
lls,

ram-

.
a-

O

ine

pe

se-

ot

c-
sis

ro-

se-
rial

ns,

A.
er,

of

on
is

erial
96)

ifi-
ion
the
92

n-
enic
th

01)

ded
se-

.
tal

h,
one

k,
es,
ar-
and

of

is
97)

e,
al-
ay,
of a
4)

y in
s of

le
vir-

per,
roc.

of
-

u.
Salmonella typhimuriumtype III protein secretion system
Proc. Natl Acad. Sci. USA 97 (2000) 10225–10230.

[9] L. Journet, C. Agrain, P. Broz, G.R. Cornelis, The nee
length of bacterial injectisomes is determined by a molec
ruler, Science 302 (2003) 1757–1760.

[10] E.L. Hartland, S.J. Daniell, R.M. Delahay, B.C. Neves, T. W
lis, R.K. Shaw, C. Hale, S. Knutton, G. Frankel, The type
protein translocation system of enteropathogenicEscherichia
coli involves EspA–EspB protein interactions, Mol. Micr
biol. 35 (2000) 1483–1492.

[11] C. Neyt, G.R. Cornelis, Insertion of a Yop translocation p
into the macrophage plasma membrane byYersinia enteroco-
litica: requirement for translocators YopB and YopD, but n
LcrG, Mol. Microbiol. 33 (1999) 971–981.

[12] S. Hakansson, K. Schesser, C. Persson, E.E. Galyov, R. R
vist, F. Homble, H. Wolf-Watz, The YopB protein ofYersinia
pseudotuberculosisis essential for the translocation of Yop e
fector proteins across the target cell plasma membrane
displays a contact-dependent membrane disrupting acti
EMBO J. 15 (1996) 5812–5823.

[13] R.K. Shaw, S. Daniell, F. Ebel, G. Frankel, S. Knutton, Es
filament-mediated protein translocation into red blood ce
Cell. Microbiol. 3 (2001) 213–222.

[14] A.P. Pugsley, The complete general secretory pathway in g
negative bacteria, Microbiol. Rev. 57 (1993) 50–108.

[15] R. Voulhoux, G. Ball, B. Ize, M.L. Vasil, A. Lazdunski, L.F
Wu, A. Filloux, Involvement of the twin-arginine transloc
tion system in protein secretion via the type II pathway, EMB
J. 20 (2001) 6735–6741.

[16] T. Bruser, C. Sanders, An alternative model of the twin argin
translocation system, Microbiol. Res. 158 (2003) 7–17.

[17] D.M. Anderson, O. Schneewind, A mRNA signal for the ty
III secretion of Yop proteins byYersinia enterocolitica, Sci-
ence 278 (1997) 1140–1143.

[18] D.M. Anderson, O. Schneewind,Yersinia enterocoliticatype
III secretion: an mRNA signal that couples translation and
cretion of YopQ, Mol. Microbiol. 31 (1999) 1139–1148.

[19] S.A. Lloyd, M. Norman, R. Rosqvist, H. Wolf-Watz,Yersinia
YopE is targeted for type III secretion by N-terminal, n
mRNA, signals, Mol. Microbiol. 39 (2001) 520–531.

[20] S.A. Lloyd, M. Sjostrom, S. Andersson, H. Wolf-Watz, Mole
ular characterization of type III secretion signals via analy
of synthetic N-terminal amino acid sequences, Mol. Mic
biol. 43 (2002) 51–59.

[21] S.C. Birtalan, R.M. Phillips, P. Ghosh, Three-dimensional
cretion signals in chaperone-effector complexes of bacte
pathogens, Mol. Cell. 9 (2002) 971–980.

[22] K.S. Ramamurthi, O. Schneewind,Yersinia yopQmRNA en-
codes a bipartite type III secretion signal in the first 15 codo
Mol. Microbiol. 50 (2003) 1189–1198.

[23] S.J. Elliott, S.W. Hutcheson, M.S. Dubois, J.L. Mellies, L.
Wainwright, M. Batchelor, G. Frankel, S. Knutton, J.B. Kap
Identification of CesT, a chaperone for the type III secretion
Tir in enteropathogenicEscherichia coli, Mol. Microbiol. 33
(1999) 1176–1189.

[24] K. Schesser, E. Frithz-Lindsten, H. Wolf-Watz, Delineati
and mutational analysis of theYersinia pseudotuberculos
YopE domains which mediate translocation across bact
and eukaryotic cellular membranes, J. Bacteriol. 178 (19
7227–7233.

[25] M.P. Sory, A. Boland, I. Lambermont, G.R. Cornelis, Ident
cation of the YopE and YopH domains required for secret
and internalization into the cytosol of macrophages, using
cyaA gene fusion approach, Proc. Natl Acad. Sci. USA
(1995) 11998–12002.

[26] E.A. Creasey, R.M. Delahay, A.A. Bishop, R.K. Shaw, B. Ke
ny, S. Knutton, G. Frankel, CesT is a bivalent enteropathog
Escherichia colichaperone required for translocation of bo
Tir and Map, Mol. Microbiol. 47 (2003) 209–221.

[27] S. Birtalan, P. Ghosh, Structure of theYersinia type III se-
cretory system chaperone SycE, Nat. Struct. Biol. 8 (20
974–978.

[28] C.E. Stebbins, J.E. Galan, Maintenance of an unfol
polypeptide by a cognate chaperone in bacterial type III
cretion, Nature 414 (2001) 77–81.

[29] Y. Luo, E.A. Frey, R.A. Pfuetzner, A.L. Creagh, D.G
Knoechel, C.A. Haynes, B.B. Finlay, N.C. Strynadka, Crys
structure of enteropathogenicEscherichia coliintimin-receptor
complex, Nature 405 (2000) 1073–1077.

[30] A.G. Evdokimov, J.E. Tropea, K.M. Routzahn, D.S. Waug
Three-dimensional structure of the type III secretion chaper
SycE fromYersinia pestis, Acta Crystallogr. D Biol. Crystal-
logr. 58 (2002) 398–406.

[31] Y. Luo, M.G. Bertero, E.A. Frey, R.A. Pfuetzner, M.R. Wen
L. Creagh, S.L. Marcus, D. Lim, F. Sicheri, C. Kay, C. Hayn
B.B. Finlay, N.C. Strynadka, Structural and biochemical ch
acterization of the type III secretion chaperones CesT
SigE, Nat. Struct. Biol. 8 (2001) 1031–1036.

[32] A. Abe, B. Kenny, M. Stein, B.B. Finlay, Characterization
two virulence proteins secreted by rabbit enteropathogenicEs-
cherichia coli, EspA and EspB, whose maximal expression
sensitive to host-body temperature, Infect. Immun. 65 (19
3547–3555.

[33] W. Deng, J.L. Puente, S. Gruenheid, Y. Li, B.A. Vallanc
A. Vazquez, J. Barba, J.A. Ibarra, P. O’Donnell, P. Met
nikov, K. Ashman, S. Lee, D. Goode, T. Pawson, B.B. Finl
Dissecting virulence: systematic and functional analyses
pathogenicity island, Proc. Natl Acad. Sci. USA 101 (200
3597–3602.

[34] D. Friedberg, T. Umanski, Y. Fang, I. Rosenshine, Hierarch
the expression of the locus of enterocyte effacement gene
enteropathogenicEscherichia coli, Mol. Microbiol. 34 (1999)
941–952.

[35] M.D. Goldberg, M. Johnson, J.C. Hinton, P.H. Williams, Ro
of the nucleoid-associated protein Fis in the regulation of
ulence properties of enteropathogenicEscherichia coli, Mol.
Microbiol. 41 (2001) 549–559.

[36] V. Sperandio, A.G. Torres, B. Jarvis, J.P. Nataro, J.B. Ka
Bacteria-host communication: the language of hormones, P
Natl Acad. Sci. USA 100 (2003) 8951–8956.

[37] J.A. Giron, A.G. Torres, E. Freer, J.B. Kaper, The flagella
enteropathogenicEscherichia colimediate adherence to ep
ithelial cells, Mol. Microbiol. 44 (2002) 361–379.

[38] M.B. Miller, B.L. Bassler, Quorum sensing in bacteria, Ann
Rev. Microbiol. 55 (2001) 165–199.



A. Abe et al. / C. R. Biologies 328 (2005) 413–428 427

um
agic
–

y,

.E.
es
host

d
ion,

.

ost

tein

a-
su-
inst
–

.I.
in-

ide

p-
05)

a,

be,
-
3

.
u-

n-
,
98)

ey,
-
91

op,

lls,

.B.

als,

am-
11

ert,
er,
tide
llular

ki,
st
nd
3–

P.
spF

29.
n-
e

e of
.

re-

p,
n
m-

a-

,

Natl

on
l
–

au-

ng

P

lter
[39] V. Sperandio, A.G. Torres, J.A. Giron, J.B. Kaper, Quor
sensing is a global regulatory mechanism in enterohemorrh
Escherichia coliO157:H7, J. Bacteriol. 183 (2001) 5187
5197.

[40] S. Etienne-Manneville, A. Hall, Rho GTPases in cell biolog
Nature 420 (2002) 629–635.

[41] W.D. Hardt, L.M. Chen, K.E. Schuebel, X.R. Bustelo, J
Galan,S. typhimuriumencodes an activator of Rho GTPas
that induces membrane ruffling and nuclear responses in
cells, Cell 93 (1998) 815–826.

[42] Y. Fu, J.E. Galan, ASalmonellaprotein antagonizes Rac-1 an
Cdc42 to mediate host-cell recovery after bacterial invas
Nature 401 (1999) 293–297.

[43] A. Friebel, H. Ilchmann, M. Aepfelbacher, K. Ehrbar, W
Machleidt, W.D. Hardt, SopE and SopE2 fromSalmonella ty-
phimuriumactivate different sets of RhoGTPases of the h
cell, J. Biol. Chem. 276 (2001) 34035–34040.

[44] T. Kubori, J.E. Galan, Temporal regulation ofSalmonella
virulence effector function by proteasome-dependent pro
degradation, Cell 115 (2003) 333–342.

[45] I. Nakagawa, A. Amano, N. Mizushima, A. Yamamoto, H. Y
maguchi, T. Kamimoto, A. Nara, J. Funao, M. Nakata, K. T
da, S. Hamada, T. Yoshimori, Autophagy defends cells aga
invading group AStreptococcus, Science 306 (2004) 1037
1040.

[46] M.G. Gutierrez, S.S. Master, S.B. Singh, G.A. Taylor, M
Colombo, V. Deretic, Autophagy is a defense mechanism
hibiting BCG andMycobacterium tuberculosissurvival in in-
fected macrophages, Cell 119 (2004) 753–766.

[47] L.D. Hernandez, K. Hueffer, M.R. Wenk, J.E. Galan,Salmo-
nella modulates vesicular traffic by altering phosphoinosit
metabolism, Science 304 (2004) 1805–1807.

[48] L.A. Knodler, B.B. Finlay, O. Steele-Mortimer, TheSalmo-
nellaeffector protein SopB protects epithelial cells from apo
tosis by sustained activation of Akt, J. Biol. Chem. 280 (20
9058–9064.

[49] M. Ogawa, T. Yoshimori, T. Suzuki, H. Sagara, N. Mizushim
C. Sasakawa, Escape of intracellularShigellafrom autophagy,
Science 307 (2005) 727–731.

[50] T. Matsuzawa, A. Kuwae, S. Yoshida, C. Sasakawa, A. A
EnteropathogenicEscherichia coliactivates the RhoA signal
ing pathway via the stimulation of GEF-H1, EMBO J. 2
(2004) 3570–3582.

[51] H.W. Moon, S.C. Whipp, R.A. Argenzio, M.M. Levine, R.A
Giannella, Attaching and effacing activities of rabbit and h
man enteropathogenicEscherichia coliin pig and rabbit in-
testines, Infect. Immun. 41 (1983) 1340–1351.

[52] A. Abe, U. Heczko, R.G. Hegele, B. Brett Finlay, Two e
teropathogenicEscherichia coli type III secreted proteins
EspA and EspB, are virulence factors, J. Exp. Med. 188 (19
1907–1916.

[53] B. Kenny, R. Devinney, M. Stein, D.J. Reinscheid, E.A. Fr
B.B. Finlay, EnteropathogenicE. coli (EPEC) transfers its re
ceptor for intimate adherence into mammalian cells, Cell
(1997) 511–520.

[54] S. Gruenheid, R. DeVinney, F. Bladt, D. Goosney, S. Gelk
G.D. Gish, T. Pawson, B.B. Finlay, EnteropathogenicE. coli
Tir binds Nck to initiate actin pedestal formation in host ce
Nat. Cell Biol. 3 (2001) 856–859.

[55] D. Kalman, O.D. Weiner, D.L. Goosney, J.W. Sedat, B
Finlay, A. Abo, J.M. Bishop, EnteropathogenicE. coli acts
through WASP and Arp2/3 complex to form actin pedest
Nat. Cell Biol. 1 (1999) 389–391.

[56] S. Yoshida, C. Sasakawa, Exploiting host microtubule dyn
ics: a new aspect of bacterial invasion, Trends Microbiol.
(2003) 139–143.

[57] G. Benais-Pont, A. Punn, C. Flores-Maldonado, J. Eck
G. Raposo, T.P. Fleming, M. Cereijido, M.S. Balda, K. Matt
Identification of a tight junction-associated guanine nucleo
exchange factor that activates Rho and regulates parace
permeability, J. Cell. Biol. 160 (2003) 729–740.

[58] S. Yoshida, E. Katayama, A. Kuwae, H. Mimuro, T. Suzu
C. Sasakawa,Shigelladeliver an effector protein to trigger ho
microtubule destabilization, which promotes Rac1 activity a
efficient bacterial internalization, EMBO J. 21 (2002) 292
2935.

[59] B.P. McNamara, A. Koutsouris, C.B. O’Connell, J.
Nougayrede, M.S. Donnenberg, G. Hecht, Translocated E
protein from enteropathogenicEscherichia colidisrupts host
intestinal barrier function, J. Clin. Invest. 107 (2001) 621–6

[60] M.M. Muza-Moons, E.E. Schneeberger, G.A. Hecht, E
teropathogenicEscherichia coliinfection leads to appearanc
of aberrant tight junctions strands in the lateral membran
intestinal epithelial cells, Cell. Microbiol. 6 (2004) 783–793

[61] A.M. Kauppi, R. Nordfelth, H. Uvell, H. Wolf-Watz, M. Elof-
sson, Targeting bacterial virulence: inhibitors of type III sec
tion in Yersinia, Chem. Biol. 10 (2003) 241–249.

[62] M.R. Terebiznik, O.V. Vieira, S.L. Marcus, A. Slade, C.M. Yi
W.S. Trimble, T. Meyer, B.B. Finlay, S. Grinstein, Eliminatio
of host cell PtdIns(4,5)P(2) by bacterial SigD promotes me
brane fission during invasion bySalmonella, Nat. Cell Biol. 4
(2002) 766–773.

[63] D. Zhou, M.S. Mooseker, J.E. Galan, Role of theS. ty-
phimuriumactin-binding protein SipA in bacterial internaliz
tion, Science 283 (1999) 2092–2095.

[64] D. Hersh, D.M. Monack, M.R. Smith, N. Ghori, S. Falkow
A. Zychlinsky, The Salmonella invasin SipB induces
macrophage apoptosis by binding to caspase-1, Proc.
Acad. Sci. USA 96 (1999) 2396–2401.

[65] R.D. Hayward, E.J. McGhie, V. Koronakis, Membrane fusi
activity of purified SipB, aSalmonellasurface protein essentia
for mammalian cell invasion, Mol. Microbiol. 37 (2000) 727
739.

[66] L.D. Hernandez, M. Pypaert, R.A. Flavell, J.E. Galan, ASal-
monellaprotein causes macrophage cell death by inducing
tophagy, J. Cell Biol. 163 (2003) 1123–1131.

[67] R.D. Hayward, V. Koronakis, Direct nucleation and bundli
of actin by the SipC protein of invasiveSalmonella,
EMBO J. 18 (1999) 4926–4934.

[68] A.H. Lee, M.P. Zareei, S. Daefler, Identification of a NIPSNA
homologue as host cell target forSalmonellavirulence protein
SpiC, Cell. Microbiol. 4 (2002) 739–750.

[69] Y. Shotland, H. Kramer, E.A. Groisman, TheSalmonellaSpiC
protein targets the mammalian Hook3 protein function to a
cellular trafficking, Mol. Microbiol. 49 (2003) 1565–1576.



428 A. Abe et al. / C. R. Biologies 328 (2005) 413–428

ert,
W.
r
5–

us,

3

es-

og-

P.J.

9)

lular
aC

-
ctly

n,

lial

eins
e
91–

x,
of

es,

aC
ng
–

its,
astre

21

.J.
Tir
em-

.
tho-
is-

slo-
nd
04)

ul-
ton,

in-

rd,
ir
nic

i-

f-
s-

le

-
–

he
-
tion

. 16

m,

or,

.
on

a
en-

tein
ton

in-

iol.

ya,
i,
of

i,
the
.

R.
dial
the
atl
[70] C.R. Beuzon, S. Meresse, K.E. Unsworth, J. Ruiz-Alb
S. Garvis, S.R. Waterman, T.A. Ryder, E. Boucrot, D.
Holden,Salmonellamaintains the integrity of its intracellula
vacuole through the action of SifA, EMBO J. 19 (2000) 323
3249.

[71] J.H. Brumell, C.M. Rosenberger, G.T. Gotto, S.L. Marc
B.B. Finlay, SifA permits survival and replication ofSalmo-
nella typhimuriumin murine macrophages, Cell. Microbiol.
(2001) 75–84.

[72] E. Boucrot, C.R. Beuzon, D.W. Holden, J.P. Gorvel, S. Mer
se, Salmonella typhimuriumSifA effector protein requires
its membrane-anchoring C-terminal hexapeptide for its biol
ical function, J. Biol. Chem. 278 (2003) 14196–14202.

[73] R. Bourdet-Sicard, M. Rudiger, B.M. Jockusch, P. Gounon,
Sansonetti, G.T. Nhieu, Binding of theShigellaprotein IpaA to
vinculin induces F-actin depolymerization, EMBO J. 18 (199
5853–5862.

[74] R. Menard, P. Sansonetti, C. Parsot, T. Vasselon, Extracel
association and cytoplasmic partitioning of the IpaB and Ip
invasins ofS. flexneri, Cell 79 (1994) 515–525.

[75] Y. Chen, M.R. Smith, K. Thirumalai, A. Zychlinsky, A bacte
rial invasin induces macrophage apoptosis by binding dire
to ICE, EMBO J. 15 (1996) 3853–3860.

[76] A. Skoudy, J. Mounier, A. Aruffo, H. Ohayon, P. Gouno
P. Sansonetti, G. Tran Van Nhieu, CD44 binds to theShigella
IpaB protein and participates in bacterial invasion of epithe
cells, Cell. Microbiol. 2 (2000) 19–33.

[77] M. Watarai, S. Funato, C. Sasakawa, Interaction of Ipa prot
of Shigella flexneriwith α5β1 integrin promotes entry of th
bacteria into mammalian cells, J. Exp. Med. 183 (1996) 9
999.

[78] A. Blocker, P. Gounon, E. Larquet, K. Niebuhr, V. Cabiau
C. Parsot, P. Sansonetti, The tripartite type III secreton
Shigella flexneriinserts IpaB and IpaC into host membran
J. Cell Biol. 147 (1999) 683–693.

[79] G. Tran Van Nhieu, E. Caron, A. Hall, P.J. Sansonetti, Ip
induces actin polymerization and filopodia formation duri
Shigellaentry into epithelial cells, EMBO J. 18 (1999) 3249
3262.

[80] K. Niebuhr, S. Giuriato, T. Pedron, D.J. Philpott, F. Ga
J. Sable, M.P. Sheetz, C. Parsot, P.J. Sansonetti, B. Payr
Conversion of PtdIns(4,5)P(2) into PtdIns(5)P by theS. flexneri
effector IpgD reorganizes host cell morphology, EMBO J.
(2002) 5069–5078.

[81] K.G. Campellone, S. Rankin, T. Pawson, M.W. Kirschner, D
Tipper, J.M. Leong, Clustering of Nck by a 12-residue
phosphopeptide is sufficient to trigger localized actin ass
bly, J. Cell Biol. 164 (2004) 407–416.

[82] V.K. Viswanathan, S. Lukic, A. Koutsouris, R. Miao, M.M
Muza, G. Hecht, Cytokeratin 18 interacts with the enteropa
genicEscherichia colisecreted protein F (EspF) and is red
tributed after infection, Cell. Microbiol. 6 (2004) 987–997.

[83] K.G. Campellone, D. Robbins, J.M. Leong, EspFU is a tran
cated EHEC effector that interacts with Tir and N-WASP a
promotes Nck-independent actin assembly, Dev. Cell. 7 (20
217–228.
,

[84] J. Garmendia, A.D. Phillips, M.F. Carlier, Y. Chong, S. Sch
ler, O. Marches, S. Dahan, E. Oswald, R.K. Shaw, S. Knut

G. Frankel, TccP is an enterohaemorrhagicEscherichia coli
O157:H7 type III effector protein that couples Tir to the act
cytoskeleton, Cell. Microbiol. 6 (2004) 1167–1183.

[85] M.A. Jepson, S. Pellegrin, L. Peto, D.N. Banbury, A.D. Lea
H. Mellor, B. Kenny, Synergistic roles for the Map and T
effector molecules in mediating uptake of enteropathoge
Escherichia coli(EPEC) into non-phagocytic cells, Cell. M
crobiol. 5 (2003) 773–783.

[86] O. Marches, T.N. Ledger, M. Boury, M. Ohara, X. Tu, F. Go
faux, J. Mainil, I. Rosenshine, M. Sugai, J. De Rycke, E. O
wald, Enteropathogenic and enterohaemorrhagicEscherichia
coli deliver a novel effector called Cif, which blocks cell cyc
G2/M transition, Mol. Microbiol. 50 (2003) 1553–1567.

[87] D.S. Black, J.B. Bliska, The RhoGAP activity of theYersinia
pseudotuberculosiscytotoxin YopE is required for antiphago
cytic function and virulence, Mol. Microbiol. 37 (2000) 515
527.

[88] C. Persson, N. Carballeira, H. Wolf-Watz, M. Fallman, T
PTPase YopH inhibits uptake ofYersinia, tyrosine phosphory
lation of p130Cas and FAK, and the associated accumula
of these proteins in peripheral focal adhesions, EMBO J
(1997) 2307–2318.

[89] J.M. Dukuzumuremyi, R. Rosqvist, B. Hallberg, B. Akerstro
H. Wolf-Watz, K. Schesser, TheYersinia protein kinase A
is a host factor inducible RhoA/Rac-binding virulence fact
J. Biol. Chem. 275 (2000) 35281–35290.

[90] K. Orth, Z. Xu, M.B. Mudgett, Z.Q. Bao, L.E. Palmer, J.B
Bliska, W.F. Mangel, B. Staskawicz, J.E. Dixon, Disrupti
of signaling byYersiniaeffector YopJ, a ubiquitin-like protein
protease, Science 290 (2000) 1594–1597.

[91] F. Shao, P.M. Merritt, Z. Bao, R.W. Innes, J.E. Dixon, AYer-
sinia effector and aPseudomonasavirulence protein define
family of cysteine proteases functioning in bacterial pathog
esis, Cell 109 (2002) 575–588.

[92] J. Sun, J.T. Barbieri, ExoS Rho GTPase-activating pro
activity stimulates reorganization of the actin cytoskele
through Rho GTPase guanine nucleotide disassociation
hibitor, J. Biol. Chem. 279 (2004) 42936–42944.

[93] J. Sun, J.T. Barbieri,Pseudomonas aeruginosaExoT ADP-
ribosylates CT10 regulator of kinase (Crk) proteins, J. B
Chem. 278 (2003) 32794–32800.

[94] H. Sato, D.W. Frank, C.J. Hillard, J.B. Feix, R.R. Pankhani
K. Moriyama, V. Finck-Barbancon, A. Buchaklian, M. Le
R.M. Long, J. Wiener-Kronish, T. Sawa, The mechanism
action of thePseudomonas aeruginosa-encoded type III cyto-
toxin, ExoU, EMBO J. 22 (2003) 2959–2969.

[95] T.L. Yahr, A.J. Vallis, M.K. Hancock, J.T. Barbier
D.W. Frank, ExoY, an adenylate cyclase secreted by
Pseudomonas aeruginosatype III system, Proc. Natl Acad
Sci. USA 95 (1998) 13899–13904.

[96] D.R. Clifton, K.A. Fields, S.S. Grieshaber, C.A. Dooley, E.
Fischer, D.J. Mead, R.A. Carabeo, T. Hackstadt, A chlamy
type III translocated protein is tyrosine-phosphorylated at
site of entry and associated with recruitment of actin, Proc. N
Acad. Sci. USA 101 (2004) 10166–10171.


	Type-III effectors: Sophisticated bacterial virulence factors
	Introduction
	Supermolecular structure of the TTSS
	Control of needle length
	Delivery of translocators into the host membrane
	Secretion signal of effectors and TTSS-specific chaperones
	Regulation and switching of effector/translocator secretion
	Contribution of type-III effectors to bacterial pathogenesis
	Unwelcome guests: bacterial internalization
	Molecular mimicry: hiding and perturbation of host organs
	Molecular mimicry: exploitation of host factor

	Concluding remarks
	References


