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Abstract

Bacterial pathogens cause a wide spectrum of diseases in human and other animals. Some virulence factors, which are re
ferred to as effectors, are directly translocated into the host cell via an injection apparatus, i.e., the type-Ill secretion system.
Most effectors mimic host molecules, and translocated effectors are thereby able to perturb or modulate host cell signaling,
cytoskeletal rearrangement, vesicular traffic, and autophagy, thus eliciting disease. Effectors are roughly classified among exo-
toxins, but in most cases, their functions are exerted focally when they are translocated into the hstitelthis article:

A. Abeet al., C. R. Biologies 328 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les effecteurs de type lll : facteurs de virulence bactérienne sophistiquéd.es pathogénes bactériens sont la cause
d’'un large spectre de maladies chez 'homme et les animaux. Quelques facteurs de virulence, qu’on appelle effecteurs, sont
directement transmis dans la cellule hote par un systéme d’injection, a savoir celui de la sécrétion de type lll. La plupart des
effecteurs miment les molécules hétes, et les effecteurs transmis sont donc capables de perturber ou de moduler le marquag
des cellules hétes, le réarrangement du cytosquelette, la circulation vésiculaire et I'autophagie, provoquant ainsi la maladie.
Les effecteurs sont sommairement classés parmi les exotoxines mais, dans la plupart des cas, leurs réles s’exercent de maniée
convergente quand ils sont transmis & la cellule Heder citer cet article: A. Abeet al., C. R. Biologies 328 (2005).
0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Recent progress in the field of microbial genome

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

ulence properties of effectors in host cells remain to
be considered in further detail. Comparative infection
studies using wild-type strains and effector mutants

research has revealed that type-lll secretion systemswill be necessary in order to determine whether or not

(TTSSs) are found in many Gram-negative bacteria
in vertebrate and invertebrate animals, as well as in
plants[1]. TTSSs function as systems for the translo-
cation of bacterial proteins into host cells, whereby
the physiological functions of host cells are then al-
tered by translocated bacterial protejiis TTSSs are
known to play an important role in establishing dis-

ease processes, since the virulence of pathogens ha

been shown to be greatly reduced in TTSS-deficient
strains. TTSSs are highly conserved in many mam-
malian pathogens such &ordetella bronchiseptica
enteropathogeniEscherichia coliEPEC), enterohe-
morrhagicE. coli (EHEC) O157:H7 Salmonellaen-
terica serovar Typhimuriung( typhimuriu Shigella
flexnerj Pseudomonas aerugings&hlamydia tra-
chomatis Yersinia spp., and some plant pathogens
such asErwinia amylovora P. syringae Ralsto-
nia solanacearumand Xanthomonas campesttji§].
Unexpectedly, TTSSs have also been found in symbi-
otic bacteria, e.gRPhotorhabdus luminescens, Sodalis
glossinidius plant symbiotic rhizobia, and certain
‘non-pathogenic’ bacteria such &s fluoresceng?].
Although the precise function of TTSSs in symbiotic
and non-pathogenic bacteria is not well understood,

an effector identified by in vitro experimental study is
indeed a bona fide virulence factor.

2. Supermolecular structure of the TTSS

s The TTSSs of pathogenic and non-pathogenic bac-
teria generally share the following feature$:TTSSs
function as an injection machinery that translocates ef-
fectors into a host cell;ii) the expression of TTSSs
is induced when bacteria attach closely to a host cell,
or when bacteria are grown in vitro under appropri-
ate conditions, i.e., those that mimic the environmen-
tal conditions of the host;ii{) TTSSs build pores on
the host membrane via the translocation of a pore for-
mation complex into the host membrargalmonella
Yersinig and EHEC are known to possess two types
of TTSS, and the timing and localization of effector
delivery are precisely regulated by two different ma-
chineries in these pathogens.

Analysis using transmission electron microscopy
has revealed the supermolecular structures of the
TTSSs in human pathogens such&amonella[3],

it has been suggested that TTSSs may be requiredShigella[4,5], and EPEC[6] (Fig. 1A). Such stud-

for adaptation to a host. It is generally accepted that
TTSSs carry out one or both of the following func-
tions: () they deliver virulence factors in order to oc-
cupy host functions and/oii) they deliver to the host
cell certain modulators in order to establish symbi-
otic environments without inducing host perturbation
and/or death. Molecules delivered by TTSSs perform
a number of physiological functions, and are generally
referred to as ‘effectors’.

To date, effectors have been identified in various
types of bacteria with TTSSs. The host cell pertur-
bation resulting from interactions involving effector-

ies have shown that the supermolecular structure of
TTSSs is quite similar to that of flagellar hook-basal
body complexes, and the TTSS structure is generally
referred to as a ‘needle complepd] (Fig. 1B). The
needle complex is composed of two distinct parts, with
(i) a hollow extracellular ‘needle’ structure, arid) @
cylindrical basal body similar to a flagellar basal body,
which builds a channel extending beyond the two bac-
terial inner and outer membranes. Effector delivery
into the host cell from the bacterial cytosol requires
a certain amount of energy, which is generated by
ATPase; furthermore, mutation in the gene encoding

host factors has provided an increased understandingATPase has been shown to fail to secrete all TTSS-
of various disease processes. However, the patholog-dependent secreted proteins. ATPase and other com-
ical features triggered by bacteria possessing TTSSsponents are located directly beneath the basal body,
have remained difficult to elucidate, due to the fact that and these components have been observed to form a
pathogens exploit multiple effectors, i.e., synergistic ‘bulb’ structure inShigella[5]. Moreover, functional
effects induced by multiple effectors contribute to the similarities between such bulbs and flagellar C-rings
disease process. Furthermore, the spatiotemporal vir-have been reported.
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Fig. 1. The supermolecular structures of the TTSSs of EPECShigklla (A) Electron micrographs of negatively stained needle complexes

from EPEC andhigella[6]. B and N indicate the basal body and needle structure, respectively. Black arrowheads indicate immature needle
complexes without the sheath-like structui) Putative models of the EPH6] andShigellal4] needle complexes are shown, and the original
figures are modified and illustrated here. Grey areas indicate basal bodies. Size is represented in naf@yrbetecsirfteraction of the EPEC

needle complex with EspA. EspA was detected by immuno-gold-labeled anti-EspA antibodies. The sheath-like structure, but not the needle
complex, was covered with 6-nm gold particles. Electron micrograpkgoflA and C were taken from [Proc. Natl Acad. Sci. USA 25 (2001)
11638]. (Bars= 100 nm.)

3. Control of needle length trast, no such sheath-like structures are found in either
Salmonella(SPI-1) [3] or Shigella[4] needle com-

Needle complexes are highly conserved among the Plexes, and in these bacteria, needle length appears
pathogens listed above, with the exception of the ac- t0 be fixed in the wild-type strains of both types of
quisition of sheath-like structures in both EPH&} bacteria under in vitro culture conditions, i.e., 80 or
(Fig. 1A) and EHEC 0157:H7 (Sekiya and Abe, un- 45 nm. In the case dBhigellg the needle portion is
published data). Such a sheath-like structures is lo- composed of MxiH. When the needle complex was
cated at the tip of the EscF needle; this structure prepared fronBhigellathat overexpresses MxiH, nee-
is expandable and exhibits variable length, ranging dle elongation from 200 to 1000 nm was obserf4id
between 36-700 nm (average length: 93 nnij]. Moreover, similar results have been obtained using the
Electron micrograph study using anti-EspA antibody Spa32 defective mutant strain®higella[7]. Spa32 is
has shown that the sheath structure is composed ofknown to be secreted into the culture supernatant via
EspA, which is secreted via the EPEC/EHEC TTSS the ShigellaTTSS[7], and its homologue, InvJ, has
(Fig. 1C). The length of the sheath appears to be also been identified irBalmonella in addition, nee-
regulated by the amount of EspA, and sheath length dle elongation has been observed in an InvJ-deficient
has been shown to increase markedly in associationstrain[8]. Although the mechanisms affecting needle
with the overexpression of EspA in EPHE]. In con- length remain unclear, Journet et al. have proposed
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8- Adtive TTSS 1.9 A per amino acid residue of YsdB]. Although

[ the YscP protein shares no substantial sequence iden-
2 et TTee %P tity with either Spa32 or InvJ, their encoding genes
are located in similar positions in the respective TTSS
gene clusters; moreover, YscP is a secreted protein, as
are both Spa32 and InvJ.

1. Needle elongation

Molecular ruler
(YscP)

4. Delivery of translocators into the host

Needle membrane
structure

There are two types of secreted proteins, effectors

H 3)8 s and pore-forming factors, both of which are delivered

Basal body = R E | into the host cell via TTSSS{g. 3. The delivery of
L Use E E/ ﬂ the pore-forming factors into the host membrane is
° a prerequisite for the translocation of effectors into

Needle component Pore-forming factars,

Effectors the host cell. The pore-forming factor, which is re-

ferred to as a ‘translocator’, is delivered and translo-
Eig. 2. Assembly and_regulation ofthe TTSS. Amodel lofthe r_egula— cated into the host membrane, and then builds a phys-
tion c_)f needle length is show8], and the qngmal f|gur_e is modified ical pore on the host membrane. The bacterial effec-
and illustrated here. The type-lll secretion system is composed of . .
a needle structure and a cylindrical basal body. YscRersinia tors are then able to translocate into host cells via
acts as a molecular ruler during the stepwise assembly of the needlethe TTSS and the translocator-mediated pore. TTSS-
structure of TTSS. The N- and C-terminal domains of YscP protein deficient strains result in the abolishment of effector
may function as anchors for the TTSS. When the needle reaches its 3nd translocator secretion. However, mutant strains of
mature length, \_(scP is fully stretchgd, and the secretion gpp_aratus translocator proteins have been shown to retain the
responds to a signal from the YscP internal anchor, resulting in the -
termination of the export of needle components. OM, outer mem- ability to secrete both effectors and other transloca-
brane; PP, bacterial periplasm; IM, inner membrane. tors into the bacterial culture supernatant, although

such mutations have not demonstrated the ability to

translocate effectors into host cells. BopB—BopD in
the fascinating hypothesi8] that the needle length  Bordetellg SipB—SipC inSalmonella IpaB-IpaC in
in Yersiniadepends on the molecular size of the YScP shigella EspB—EspD in EPEC/EHEC, and YopB-
protein, and the authors proposed that YscP regulatesyopD, LcrV in Yersiniaare involved in the transloca-
needle length by acting as a ‘molecular ruler’ during tor complex in these strains. Approximately 40% se-
the stepwise assembly of the needle structure of the quence similarity between SipB/IpaB/EspD/YopB and
TTSS Fig. 2. Deletions affecting both the N- and  most of the translocator proteins containing one or two
C-termini of YscP were shown to result in a loss of putative trans-membrane domains; these components
length control, suggesting that the two ends of the appear to build a continuous channel that connects
YscP protein may function as anchors for the TTSS. with the TTSS, since EspA protein for the sheath-
One end of YscP apparently binds to the basal body, like structure is associated with EspB protein for the
whereas the other end binds to the growing tip of the translocator, as determined by binding agd#®}. The
needle. When the needle reaches its mature length,ability to form pores on the host membrane can be
YscP is fully stretched, and the secretion apparatus re-evaluated based on hemolytic activity. When red blood
sponds to a signal from the YscP internal anchor, thus cells (RBCs) are infected with bacteria possessing
resulting in a termination of the export of needle com- a TTSS, hemolysis is induced by the translocator-
ponents; this signal might also trigger the secretion of mediated membrane pore on RB{11-13] This
both translocators and effectors. Interestingly, a strict hemolytic activity is often used in the process of char-
linear relationship has been observed between needleacterization in order to determine whether or not a
length and the number of amino acids in YscP, with newly identified secreted protein is a translocator.
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1. Expression of the TTSS
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Fig. 3. Effector translocation into host cells via a TTSS. Pathogenic bacteria build physical bridges between themselves and host cells by using
a TTSS. First, the type-lll secretion machinery is expressed in response to environmental stimuli. Second, translocators such as pore-forming
factors are translocated into the host cell; these factors then localize on the host cell membrane, resulting in the formation of a pore complex.
Finally, effectors are able to translocate into the host cell via the bacterial-mediated bridge and pore.

5. Secretion signal of effectors and TTSS-specific Secretion signals of type-Ill effectors are thought to
chaperones be contained inif the 5-region of the mMRNA17,18],
(i) the N-terminus of the secreted protdit®,20],

Proteins that are regulated by a type-Il secretion and/or (i) they may possess the ability to carry out
system are secreted through the bacterial inner andchaperone binding to the secreted protein prior to se-
outer membranes to the extracellular space by fol- cretion[19,21] Deletion analysis has revealed that the
lowing mechanism.i} The secreted protein contains ~15 residues of N-termini o¥ersinia Yops (YopE,
an N-terminal signal sequence that is recognized by YOpPN, and YopQ) are required for secretion into a
the Sec system localized in the bacterial inner mem- bacterial culture supernatant. However, the lack of a
brane and is cleaved during translocation into the consensus sequence among effectors in this region
periplasm from the bacterial cytosol. The signal se- remains unexplained. Frame-shift mutations that al-
quence consists of30 hydrophobic residues and can ter the amino acid sequence of thel5 residues of
be predicted by computer analysis due to its highly N-termini Yop (YopE, YopN, and YopQ) have not been
conserved regioniij The mature (shortened) protein  shown to affect secretion, a finding that has led to the
translocated into the periplasm is secreted into the bac-mMRNA signal hypothesi§l7,22] However, this hy-
terial culture via the outer membrane channel of the pothesis remains controversial, as common features
type-Il secretion systeifi4]. A twin arginine translo- among the N-terminus of the YopE effector have been
cation (Tat) system is also involved in the translocation reported. The replacement from 2 to 8 amino acid
of bacterial proteins into the periplagib,16] Thus, residues in the YopE N-terminus with all possible
Tat as well as Sec is now known to be coupled with the permutations of synthetic serine/isoleucine sequences
type-1l secretion system. (resulting in 128 mutants) demonstrated that an am-
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phipathic N-terminal sequence, including four or five
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cognate SycE chaperone has been found to be catalyt-

serine residues, had a particular secretion phenotype.ically active, and the Rho GAP activity of SycE—YopE

In contrast, YopE secretion was either greatly reduced
or completely abolished with the replacement of 2 to
8 N-terminal residues with a hydrophobic or a hy-
drophilic amino acid sequen¢20]. Although the pre-
cise secretion signal for TTSSs remains unknown, it
does appear to exert a universal function; for example,
the translocated intimin receptor (Tir), an EPEC effec-
tor, was shown to be secretedS$higellaby use of its
TTSS[23]. Although the secretion signal is thought
to be limited to the 1815 N-terminal residues, the
translocation signal, which is required for the translo-
cation of an effector into a host cell, is located in the
50-75 N-terminal residug@4,25]. Unlike type-Il se-

creted proteins, neither the secretion nor the translo-

is similar to that of uncomplexed YopR1]. Similar
property have also been obtained with EPEC CesT-Tir
andSalmonellaSigE-SigD TTSS chaperone—effector
complexeq31]. Such findings suggest that the bind-
ing of chaperones to a certain region of their cognate
effectors may not affect the global anti-folding ac-
tivity on the entire effector. Recent crystallographic
studies of two effectorssalmonelleSptP andrersinia
YopE, in complex with their respective chaperones,
have revealed that these effectors are quite similar to
each other, although the overall sequence similarity
among the chaperone binding domains is poorly con-
served21]. Such findings have provided evidence for
the generality of TTSS targeting by chaperones; more-

cation signal sequences of TTSSs are cleaved uponover, such results have indicated that the targeting sig-

secretion.

Molecular chaperones interact transiently with one
or more partners to prevent degradation and/or incor-
rect molecular interactions in bacterial cytosol. Most
chaperones for the type-lll effectors have only one or

nal is encoded in the three-dimensional structure of the
chaperone—effector complex.

6. Regulation and switching of

two cognate effector(s), and such chaperones are noteffector/translocator secretion
secreted and released upon secretion from those cog-

nate effectors. The TTSS chaperones possess certain

conserved features in common with smali kDa),
acidic proteins (pk 5), and they are thought to have
an amphiphilicx helix in the C-terminus. To date, the

In EPEC, the expression of both flagella and TTSS
structures is precisely regulated by environmental
signals. We have revealed that when the environ-
mental stimulus is shifted to an in vivo conditional

TTSS chaperones have be divided into two classes medium such as Dulbecco’s modified Eagle’s medium

as follows: {) class-I chaperones interact with one
(class IA; e.g., the SycE chaperone interacts with
YopE in Yernsinig or several (class IB; e.g., Spal5
interacts with IpaA, IpgBl, OspC3, and OspB in
Shigellg effectors; andi{) class-Il chaperones inter-
act with translocators (e.g., SycD (LcrH) interacts with
both YopB and YopD translocators ifersinig.

Class IA chaperones bind to effectors by recog-
nizing the chaperone binding domain that is located
among the 50-150 N-terminus residues of effectors.
Crystallographic structure analyses of SicP and SigE
in SalmonellaSycE inYersinig and CesT (which has
also been categorized under class IB due to its in-
teraction with Map effector as well as Tj26]) in

(DMEM) from a rich in vitro medium such as LB
medium, the supermolecular structures on the bacte-
rial cell surface of EPEC change drasticdB}. These
observations indicate that EPEC undergoes two differ-
ent phases:i) a planktonic phase, in which flagella
are used to aid in bacterial movement; aiyl 4 vir-
ulent phase, in which the production of flagella is
repressed, and a TTSS is produced instead, to be
used for the translocation of the effector into a host
cell. Thus, EPEC is able to assess environmental con-
ditions; host-body temperature is possibly one type
of signaling in this regard. Indeed, the secretion of
translocators is finely tuned to the host-body temper-
ature, and the maximal secretion of translocators of

EPEC have confirmed that the class IA chaperones human EPEC has been shown to occur when the tem-

function as dimerf27-30] Interestingly, YopE, SigD,
and Tir exhibit similar enzymatic or physical proper-

perature of the culture media was adjusted to simulate
human body temperature~87°C) [32]. It is note-

ties in the presence or absence of their cognate chap-worthy that the maximal expression of translocators

erones. The complex of the YopE effector with its

of rabbit EPEC (REPEC) occurred when the REPEC
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culture conditions were adjusted to rabbit body tem- of EHEC, a hypothetical model has been proposed, in
perature £40°C). Thus, pathogens can respond to which EHEC detects Al signals produced by the in-
host-body temperature in order to exert full virulence, testinal bacterial flora such as commersatoli and
and this may provide an explanation for host tropisms. other enterobacterig86]. In response to an Al sig-

A recent study revealed that switching between nal, the expression of major virulence factors, includ-
effector/translocator secretion is regulated by certain ing type-Ill effectors and Shiga toxin, is inducg&9];
bacterial factors. Mutations of both SepL and Rorf6 such synergistic effects of virulence factors induced
in EPEC have been shown to inhibit the secretion by the QSS are required in order to exert full virulence
of detectable translocators such as EspA, EspD, andwith such a small number of EHEC cells. Furthermore,
EspB, even though the translocators were produced mammalian hormones, such as adrenaline and nora-
in the bacterial cytosol, as is the case in wild-type drenaline, appear to function as Al molecules, result-
EPEC][33]. In contrast, both SepL and Rorf6é defec- ing in activation of the EHEC QS[86]. Thus, EHEC
tive mutants exhibited a markedly enhanced secretion can assess the in vivo environmental condition by the
of the Tir effector. These results suggest that SepL QSS in response to the eukaryotic hormone.
and Rorf6é may act as ‘molecular switches’ that con-
trol the secretion of both translocators and effectors,
in response to the environmental conditions. When a 7. Contribution of type-Ill effectors to bacterial
physical bacterial bridge (TTSSs and pore formation pathogenesis
on the host membrane) is constructed between bacte-
ria and host cells, the secretion of translocators may To date, various effectors have been discovered
be down-regulated by these molecular switches, and among numerous pathogenic bacteria (3able 1.
instead, effector secretion may increase due to this sig- Some bacteria have been found to exploit and/or al-
naling process. ter host factors and cytoskeletal components in or-

The expression of effectors is not exclusively regu- der to establish proliferation, invasion, modulation of
lated by pathogen-specific regulators. The EPEC and vesicular traffic, and escape from autophaBgig( 4).
EHEC TTSSs are regulated by integrative host factor Salmonellahas the ability to invade intestinal epithe-
(IHF) [34], nucleoid-associated protein, F&5], and lial cells that do not engulf bacteria in a normal man-
the quorum sensing system (Q93%,37] The QSS ner. Salmonellainduced macropinocytosis in epithe-
is a bacterial communication system that utilizes se- lial cells is dependent on the TTSS. typhimurium
creted chemical signaling molecules that are referred possesses two TTSSs, each of which is used at a differ-
to as autoinducers (AIgB8]. The QSS collectively  ent stage of infection. One of these TTSSs is encoded
governs a population of bacteria in order to control in Salmonellapathogenicity island 1 (SPI-1), and it
gene expression; bacterial dynamics are thus shifted governs the first event of contact betwegaimonella
into a mode of synchronized behavior as a bacterial and an epithelial cell, leading to bacterial internaliza-
community, starting from the planktonic phase. By us- tion. The other type of TTSS, encodedSalmonella
ing the QSS, bacteria can assess population density bypathogenicity island 2 (SPI-2), is required to elicit sys-
detecting a particular Al, the concentration of which temic infection.Salmonellacan internalize into non-
is correlated with bacterial density. This ‘cross-talk’ phagocytic epithelial cells by temporal regulation of
in turn permits the bacterial group to control the ex- the Rho family GTPases and these events are governed
pression of specific genes only at particular popula- by a subset of SPI-1 effectors.
tion densities. An Al is produced in many species of The Rho family of guanine nucleotide binding pro-
bacteria, and Als are able to activate the expression teins consists of the RhoA, Racl, and Cdc42 subfam-
of a subset of genes when the microbial population ilies [40]. The Rho family proteins alternate between
reaches a crucial level. The QSS regulates the expres-a GDP-bound (inactive) state and a GTP-bound (ac-
sion of the EPEC TTSS, as well as the expression tive) state. In the active (GTP) state, these GTPases
of the flagella[37]. Normally, EHEC infects humans relay signals from growth factors, cytokines, and ad-
at very low infection doses (10-100 organisms). Al- hesion molecules in order to control the host signaling
though it is difficult to use own Als such low density involved in cell growth, morphogenesis, cell motility,
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Table 1
Effectors delivered via TTSSs
Bacterium Effector Natural ligand *a Activity and function Reference
Salmonella SopE, SopE2 Racl, Cdc42 GEF for Racl and/or Cdc42. Induc- [41,43]
tion of membrane ruffling.
SptP Racl, Cdc42 RhoGAP for Racl and Cdc42. Host  [42]
cell recovery.
SopB/SigDP Phosphatidylinositol Inositol phosphatase activity. In- [47,48,62]
phosphate duction of membrane ruffling and
macropinocytosis. Modulation of
vacuole traffic. Anti-apoptotic ac-
tivity.
SipA Actin Inhibition of depolymerization of [63]
actin filaments. Induction of mem-
brane ruffling.
SipB Caspase-1 (ICE) Autophagy-mediated programmed [64—66]
cell death in macrophages. Pore-
forming factor.
SipC Actin Actin bundling activity at the N-ter- [67]
minus. Actin nucleation activity at
the C-terminus. Induction of mem-
brane ruffling. Pore-forming factor.
SpiC TassC (NIPSNAP SPI-2 effector. Inhibition of phago- [68,69]
homologue) some-lysosome fusion.
SifA ? SPI-2 effector. Survival and replica- [70-72]
tion of Salmonellan macrophages.
Shigella VirA Tubulin Promotion of Racl activity by mi- [58]
crotubule destabilization. Induction
of membrane ruffling.
IcsB VirG (bacteria) Escape from autophagy. [49]
IpaA Vinculin Induction of F-actin depolymeriza- [73]
tion. Induction of membrane ruf-
fling.
IpaB Caspase-1 (ICE), Macrophage death by induction of [74-78]
CD44, IpaBCD apoptosis. Induction of actin poly-
complex binds to merization. Pore-forming factor.
as1-integrin
IpaC ? Promotion of Racl and Cdc42 ac- [74,78,79]
tivities. Induction of membrane ruf-
fling. Pore-forming factor.
IpgD PI-4,5-B Inositol 4-phosphatase activity. In- [80]
duction of membrane ruffling.
enteropathogenie. coli Tir Nck (for EPEC) Receptor for bacterial outer mem-  [81]

(EPEC)
enterohemorrhagic
E. coli (EHEC)

brane protein, intimin. Activation of
actin nucleation beneath the adher-
ent bacteria.

(continued on next paye
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Table 1 Continued
Bacterium Effector Natural ligand "2 Activity and function Reference
EspG, orf&¢ Tubulin Promotion of RhoA activity by dis- [50]
ruption of microtubule network.
EspF Cytokeratin 18 Induction of disruption of interme-  [82]
diate filaments. Tight junction dis-
ruption.
Esphky (TccP) N-WASP Adapter protein between Tir and N- [83,84]
(for EHEC) WASP. Nck-independent actin as-
sembly.
Map ? Tight junction disruption. [85]
Cif ? Inhibition of cell cycle G2/M transi- [86]
tion. Formation of actin stress fibers
Yersinia YopE RhoA, Racl, Cdc42 RhoGAP for multiple Rho GT- [87]
Pases. Disruption of actin filaments
and inhibition of bacterial uptake
into host cells.
YopH pl30Cas, FAK Protein tyrosine phosphatase. Inhi- [88]
bition of bacterial uptake into host
cells.
YopO/kaA’kd RhoA, Actin Serine/threonine kinase. Down- [89]
regulation of RhoA activity.
YopP/YopJe ? Cysteine protease. Inhibition of [90]
MAPK and NF«B.
YopT RhoA, Racl, Cdc42 Cysteine protease that cleaves [91]
RhoA GTPases. Disruption of actin
cytoskeletons.
Pseudomonas ExoS, ExoT RhoA, Racl, Cdc42 RhoGAP domain at the N-ter- [92,93]
aeruginosa minus, resulting in disruption
of the actin cytoskeleton. ADP-
ribosyltransferase domain at the
C-terminus. ExoS induces apopto-
sis.
ExoU ? Phospholipase. Induction of lung [94]
injury.
ExoY ATP Adenylate cyclase. Induction of cy- [95]
totoxicity.
Chlamydia Tarp ? Recruitment of actin to the site of [96]

attachment. Formation of pedestal-
like structure.

*a.: Host factors are described;

: SopB and SigD are found i&. dublinandS. typhimuriumrespectively, and the functions of both effectors are identical;

*C. EPEC possesses both EspG and Orf3, which share functional similarities, and EHEC possesses only EspG;

identical;

e, YopP is found inY. enterocoliticaYopJ is found in bottY. pestiandY. pseudotuberculosiand the functions of both effectors are identical;

hE although ExoS and ExoT are functionally similar effectors, their precise functions differ to some[88fent

: YopO is found inY. enterocolitica YpkA is found in bothY. pseudotuberculosisnd Y. pestis and the functions of both effectors are
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Fig. 4. Perturbation of host homeostasis by effector translocation. Effectors that are translocated into host cells exert various physiological
effects on host cell signaling, including the perturbation of members of the Rho protein family, the reorganization and/or disruption of the host
cytoskeleton, the modulation of vesicular traffic and/or autophagy, and the induction of programmed cell death and/or anti apoptotic activity.

cytokinesis, and the trafficking and organization of cell adhesions (RhoA),iij membrane ruffles and lamel-
cytoskeleton components. The Rho family proteins are lipodia (Racl), andiif) spikes and filopodia (Cdc42).
exquisitely regulated by three different regulatory pro-

teins: {) guanine nucleotide exchange factors (GEFs); 7.1. Unwelcome guests: bacterial internalization

(i) GTPase activating proteins (GAPS); aifid) (Qua-

nine nucleotide dissociation inhibitors (GDIs). GEFs The two knownSalmonellaeffectors, SopH41]
catalyze the exchange of GDP for the GTP-bound 4ng SptH42], possess the ability to modulate the cy-
form by promoting the release of GDP. GAPs pro- toskeletal organization of the host cell by exploiting
mote the intrinsic GTP hydrolyzing activity of Rho  regulators of the Rho family protein5ig. 4). Contact
proteins, resulting in an enhancement of their conver- petweenSalmonellaand a host epithelial cell induces
sion to the GDP-bound (inaCtive) form. GDIs prefer- the upregu|ation of Cdc42 and Racl by two h|gh|y
entially associate with the GDP-bound form and they related bacterial GEFs, SopE (for both Cdc42 and
prevent the spontaneous and GEF-catalyzed release oRac1) and SopE2 (for Cdc42), resulting in bacterial
nucleotides, thereby maintaining the Rho family pro- uptake into the host cell as a consequence of actin cy-
teins in the inactive state. The active forms of any toskeletal rearrangements and profuse membrane ruf-
of the three subfamilies of RhoA, Racl, and Cdc42 fling [41,43] Membrane ruffling is required for the
will induce actin cytoskeletal rearrangement, includ- invasion ofSalmonellanto the non-phagocytic epithe-
ing the formation of i) actin stress fibers and focal lial cell, a step known as bacterial-mediated endocyto-



A. Abe etal./ C. R. Biologies 328 (2005) 413-428 423

sis (BME). After bacterial internalization into the ep- SopE. These results therefore indicate that differences
ithelial cell is completeSalmonelldriggers areversal  in the stability of these two effectors that perform op-
of the cellular morphological changes induced by the posed functions are responsible for the regulation of
SopE and SopE?2 effectors, and the host cells recoverthe Salmonellaprogrammed internalization into host
their normal cellular morphology. In other words, cells.

Salmonellgpossesses the ability to restore normal cel-

lular morphology and architecture by the translocation 7.2. Molecular mimicry: hiding and perturbation of

of an additional effector, Spta2], which antagonizes  host organs

the activities of SopE and SopE2. When cells are in-

fected with wild-typeSalmonella profuse membrane In mammalian cells, phagocytosis is essential for
ruffling is induced within 10-30 min. Interestingly, homeostasis, including such functions as tissue re-
such morphological changes are only temporary, and modeling/clearance and the host defense against in-
the host cell appears to once again exhibit the nor- vasive bacteria and viruses. Phagocytosis consists of
mal actin cytoskeletal structure 2—3 h after infection, several continuous steps, namely,gn initial step of
although a large number of bacteria remains in the binding to and recognition of a particle (pathogen) by
host cell. In contrast, cells infected with an SptP mu- numerous mammalian cell surface receptoii3;the

tant strain do not recover normal morphology, even induction of phagocytic receptors, which triggers the
3 h after infection. Analysis of SptP has revealed that subsequent host signal-transduction events by the for-
this molecule acts as a bacterial GAP that inactivates mation of an actin-rich membrane protrusion around
Cdc42 and Racl by promoting the hydrolysis of GTP the pathogen;iif) the enclosure of the pathogen as
to GDP. Indeed, SptP shows sequence similarity with a consequence of membrane fusion, which results
the consensus sequence of the Rho family GAP, andin phagosome formation, and which in turn is the
mutation in a critical arginine residue in this motif re- prerequisite for the maturation of a phagolysosome.

sults in the loss ofn vitro SptP GAP activity[42]. Pathogens inside the phagolysosome are killed by low
Thus, SptP exhibits the ability to reverse the effects of acidity and hydrolysis, and as a result of attacks by the
both SopE and SopE?2 effectors. following agents: radicals, lysozyme, and defensin. As

Temporal regulation and/or the sequential delivery a result of phagocytosis, pathogens are degraded, and
of a reversal function of effector may be required to the resulting pathogen-derived molecules are translo-
establish the internalization &almonellabut the ex- cated as antigens to the host cell surface for antigen
act mechanism of this process has long remained un-presentation. In addition to phagocytosis, autophagy is
clear. However, Kubori and Galan have shed light on involved in the elimination of bacteria such as group A
this issuef[44]. In their study, comparable levels of Streptococcu$GAS) [45] and Mycobacterium tuber-
translocated SopE and SptP were observed shortly af-culosis [46]. Autophagy involves the formation of
ter infection. Although the levels of the bacterial GEF, double-membrane structures referred to as autophagic
SopE, were markedly reduced with the passage of time vacuoles, and their contents are eventually degraded in
and the SopE levels were found to be below the level lysosomes. Both phagocytosis and autophagy are in-
of detection~30 min following infection, the level  volved in the elimination of pathogens. However, cer-
of SptP decreased very slowly after infection. This tain intracellular pathogens inhibit phagosome forma-
difference in SopE and SptP levels is now known to tion and/or are able to escape from autophagy. Thus,
be due to differences in the respective degradation pathogens can modify their environmental conditions
patterns, achieved by a proteasome-dependent pathby calling upon a number of different strategies of es-
way. These findings are supported by the following cape from the innate host defense system, and these
results: {) proteasome inhibitors inhibit SOpE degra- pathogens are thus able to exploit certain type-Ill ef-
dation, resulting in sustained levels of this effector; fectors using the mechanisms outlined below.

(i) ubiquitination of translocated SopE is immediately By modulation of the Rho family protein§almo-
detected after infection; andi{ although SptP is also  nella can gain entry into epithelial cells. After inter-
degraded by proteasome, the kinetics of this processnalization, this pathogen is able to replicate and escape
are much slower than those of the process involving from the host defense system. Interestingly, the intra-
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cellular replication ofSalmonellaat a certain niche
is regulated by an SPI1 effector, SogB7]. SopB

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

cus of enterocyte effacement (LEE), which includes a
TTSS, intimin, effectors including Tir, and transloca-

is a phosphoinositide phosphatase and contributestors. A/E lesion formation is induced by interactions

to maintaining high levels of phosphatidylinositol-3-
phosphate in the membranesS#imonellacontaining
vacuoles (SCVs). However, a SopB mutant strain is
known to be unable to elicit the maturation of SCVs,
resulting in the failure oSalmonelldo replicate in ep-
ithelial cells[47]. Furthermore, SopB is also required
for the activation of the serine-threonine kinase Akt,
also known as protein kinase B (PKB)8]. Akt is a
regulator of apoptosis in normal intestinal epithelial

between the bacterial membrane protein, intimin, and
Tir, which is translocated onto the host cell membrane
via the TTSY53]. The Tir—intimin interaction triggers
the accumulation of actin cytoskeletal components be-
neath the adherent bacteria, and this phenotype is not
affected by the addition of the RhoA-inhibitor. Tir is
known to possess the ability to recruit the host factors
N-WASP and the Arp2/3 complex via use of the host
adapter protein, Nck, which results in the accumula-

cells. SopB has been shown to possess anti-apoptotiction of actin[54,55]

activity by the sustained activation of Akt and inhi-
bition of caspase-3 cleavadd8]. In contrast, it is
known that both SipB and SpvB have pro-apoptotic
activities. Thus Salmonellacan selectively and tem-
porally regulate macrophage or epithelial cell events
by the modulation of programmed cell death. In gen-
eral, SopB is known to be involved in the maintenance
of SCVs and anti-apoptotic activity.

Like Salmonella Shigellais an invasive bacteria
that multiplies in host cellsShigellahas the ability
to escape from the autophagic response by exploiting
a type-lll effector, lcsB[49]. An IcsB mutant strain

Like EPEC, most pathogenic bacteria elicit the re-
arrangement of actin cytoskeletal components in order
to enable internalization into epithelial cells. In ad-
dition to actin reorganization, the microtubule (MT)
structure is also exploited by the entry or attachment
of certain pathogenic bacteria into host cells. Indeed,
the invasion of epithelial cells b§ampylobacterLis-
teria, andNeisseriais inhibited in the presence of an
MT-destabilizing agent such as nocodaz&é]. MTs
are composed of tubulin molecules, and MT networks
are a major cytoskeletal component in most eukary-
otic cells and they are responsible for the regulation of

has been shown to be trapped by autophagy during mitosis, organelle movement, and actin dynamics.

the process of multiplication in a ho8higellaVirG,
which is required for the intracellular actin-based
motility of this organism, was found to be a target
for the autophagy protein, Atg5. IcsB competitively
inhibits the association of Atg5 to VirG, thus con-
tributing to avoidance of the host autophagy response.

7.3. Molecular mimicry: exploitation of host factor

EPEC regulates host MT networks by using cer-
tain effectors[50]. EPEC remains a major cause of
infantile diarrhea worldwide, primarily in the develop-
ing world. Related pathogens are known to cause dis-
ease by similar mechanisms, include EHEC, REPEC,

Recently, we revealed that the EPEC EspG/Orf3 ef-
fectors elicit the disruption of MT networks beneath
the adherent bacteria by the direct association of EspG
and Orf3 with tubuling50]. Although it remains un-
clear why EPEC possesses two functionally identical
effectors, the gene encoding EspG is located in the
LEE, but the gene encoding Orf3 lies outside of the
LEE. It is of note that both effectors are also required
for the induction of actin stress fiber formation in a Tir-
intimin interaction-independent manner. A guanine
nucleotide exchange factor, GEF-H1, is known to be
involved in EspG/Orf3-mediated signaling. GEF-H1
specifically promotes RhoA activation and is localized
in MTs in its inactive form, but switches to active form

and Citrobacter rodentium These pathogens induce whenitisreleased from MTs. Indeed, both EspG/Orf3
a histopathological lesion, referred to as an attach- effectors possess the ability to release GEF-H1 from
ing/effacing (A/E) lesion, which is defined by the inti- the MT network to the cytosol as a result of MT desta-
mate attachment of a bacterium to an intestinal epithe- bilization[50]. These findings indicate that EPEC reg-
lial cell and the subsequent effacement of the host cell ulates the cross-talk between the formation of actin
microvilli [51]. These processes are directly involved stress fibers and the MT network. A recent study has
in the development of diarrhda2]. Factors respon-  shown that GEF-H1 is associated with tight junctions
sible for A/E lesion formation are encoded by the lo- and regulates size-selective paracellular permeability
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by the activation of the RhoA-ROCK signaling path-
way [57]. Indeed, EspG- and Orf3-expressing MDCK
cells have been shown to exhibit normal overall mor-
phology and maintain fully assembled tight junctions.
However, the paracellular permeability to 4-kDa dex-
tran, but not that to 500-kDa dextran, was greatly in-
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resistance to antibiotics. Although antibiotic-resistant
bacteria are an emerging public-health threat, no drugs
have been made available to date that eradicate only
pathogenic bacteria, leaving the non-pathogenic bacte-
ria intact. Thus, it is likely that TTSS inhibitors could
contribute to the development of such a pathogen-

creased (Matsuzawa, unpublished data). Thus, EPECspecific drug.

has the ability to regulate size-selective permeability

Furthermore, an effector-deficient, non-pathogenic

via EspG/Orf3 effectors. A recent study demonstrated strain that still possesses a functioning TTSS might

that EspG is required fZitrobacter rodentiumwhich
does not possess Orf3, to achieve full virulence in
vivo [33].

Although EspG and Orf3 in EPEC, as well as VirA
in Shigella can exert effects on microtubule networks,

EspG/Orf3 induces the formation of actin stress fibers,

and VirA induces membrane ruffling. The VirA effec-
tor induces MT instability, leading to Rac1l activation,
which in turn results in the induction of membrane

ruffling and the subsequent promotion of bacterial en-

try into the host cell[58]. VirA binds «, 3-tubulin
dimers, but not MTs, suggesting that VirA specifically
associates with tubulin heterodimers. The VirA do-

main that binds to tubulin heterodimers shares amino

acid identity ¢21%) with a certain region of the

EspG/Orf3 effector. The different mechanisms under-

lying the cytoskeletal rearrangement of host cells in-

be applicable as a vaccine delivery system. The sig-
nals required for both secretion and translocation have
been well characterized among the type-Ill effectors,
and it has been demonstrated that the chimera be-
tween an effector and a foreign protein is effectively
translocated into host cells via the TTSS under the ap-
propriate conditions. Thus, investigations of bacterial
type-Ill effectors contribute to gaining a better under-
standing of bacterial virulence; future studies in this
area will provide new approaches to the development
of therapeutic drugs and vaccine delivery systems.
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