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Abgract: Salnorella enterica serovar Typhimunumencodes two type  protein secretion/ translocation systems within the pathogenicity
island 1 (SPI-1) and island 2 ( SPI-2) . These tramslocation systenrs inject a parel of bacterial effector proteins into host cells to
pronote bacteria entry into the host cells via the “ trigger” nmechanism The trarslocated effectors exploit the host actin cytoskeleton
leading to mecropinocytosis and bacteria entry.  In this review, we present a working nodel based on recent advances in understanding
contributions from individua Salnorella effectors. First, ectivation of the type  secretion system and the delivery of bacterial effector
proteins (). Injection of the exchange factor SopE and the incsitol polyphosphatase SopB results in the activation of CDCA2 and Recl
(), leading © the recruitment of ruffling-associated nolecules SipA and SipC function to lower the critical concentration of actin,

stimulating the bundling activity of plastin and stabilizing fibrous actin ( F-actin) , and nucleating the actin assenbly () . SopB
pronotes menbrane fission process by decreasing the loca concentration of PIP2 at the base of the menbrare ruffles and by recruiting
VAMPS8 (). The conbined activities of these effectors result in a localized and pronounced outward extension of the memrbrane
ruffles, resulting in the enguifiment of Salnorella in an enclosed menbrare compartrent Salmorella delivers another effector protein,

FtP, which rewverses the activation of these small G proteins by stimulating their intrinsic GTPase activity and therefore facilitating cell

recovery ().
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Introduction familiar, mechanism sends bacterial proteins directly
inside the host cells © nodulae the signaling
conporents and cytoskeletal mechirery” . The
receptor-mediated mechanism involves the engagenrent
of a bacterial ligand with a host cell receptor, leading to
the gradual nowenent of the plasma menbrane
alongside the surface of the invading bacteria which
eventually wragps the bacteria inside the host cell
menbrare. This entry process is also conmmonly
refered as the “ zipper” nechanism The other
mechanism s often tenred “ trigger” nechanism, which
induces dramatic actin cytoskeleton rearrangements and
menbrane ruffling leading t macropinocytosis and
bacteia entry. There are some similarites and
differences between these two entry mechanisns.
Multiple bacterial proteins are often inwlhed in the
“tmgger” nechanism, while ore bactenal factor is
usually required and sufficient for inducing bacteria
entry by the “ zipper” mechanism Salmonella and
Shigella represent the “ trigger” mechanism, and
Listeria and Yersinia represent the “ zipper” mechanism
: , E-mail: zhoud@ purdue. edu (Fg 1). Here, we examine how Salnorella induces
Corresponding author: ZHOU Dao-Guo, E-mail: zhoud@ purdue. edu its onwn Lptake into the intestinal epithelial cells.

Microorganisms are ubiquitous and essential for
humen health ™ . Large nunbers of numerous species
of bacteria live in our intestine. The intestinal epithelia
*erve a an effective barrier to prevent live intestinal
microorganisms from entering into deeper tissues while
permitting the intake of nutrients into the bloodstream
Although the intestinal epithelia prevent the uptake of
large particles, such as bacteria, pinocytosis and
receptor-mediated endocytosis  fecilitate  nutrients
intake. Pathogenic bacteria can invade host cells by
passively entering professional phagocytes.
Altematiely they actively induce host cell cytoskeleton
rearangements t induce uptake in non-phagocytic
cells, such as the intestinal epithelium

Most people are familiar with the receptor-
nmediated bectena entry, which uses bacterial surface
conporents to bind host cell surfece receptors to trigger
the signal transduction palhv\ays[g’” . The other, less
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1 Salnondlogs

Slnonella enterica ( S enterica) serovar spp.
are a group of Gram-negative bacteria that are usually
notile and are pathogenic for humans and other warm-
blooded animals”” . Salmonella strains case food
poisoning, gastrointestinal inflammation, typhoid fever,
and septicemia in humars. Salnorellosis is a health
concem not only for humans but also for the poultry
industry. The nost common source of human infection
Is through ingestion of contaminated food "' . The
virulence determinants needed for S enterica serovar
Typhimurium are similar to those of many other
intestinal pathogens. Hirst, it needs to successfully
survive the hostile acidic environnent in the stomech
before meking its way t colonize the small intestire.
In the intestine, the bacteria must breach the bamer of
intestinal epithelial cells, and the bacteria have to
survive inside the host cells. Pathogenic Salnorella
sop. evolved conplex systens that enable the organism
t respond and survive the low pH ™ in the stomech
ad © reach microfold ( M) cells and enterocytes in
the small intestine' S enterica serovar
Typhimurium has the ability to enter non-phagocytic
eukaryatic cells and to exist as intracellular paresites
inside enclosed vacuoles 7 . The intracellular
environment provides a unigue niche for the bacteria to
multiply and evade host immune responses. In
addition, S enterica serovar Typhimurium is capable of
surviving and replicating within  mecrophages ™’
Recently, Salnorella has been shown to be able to
disserrinate t extra-intestina sites via CDI8 -
expressing phagocytes S enterica serovar
Typhimurium can enter cultured epithelial cells and
macrophages, and this in vitro system has been found
extremely uwseful in  elwidaing the nolecular
mechanism of interaction between Salnmorella and host
cells ** . In addition, in vito cultured polarized
epithelial cells have provided perhgps nore appropriate
experimental conditions that reserble the intestinal

[ 23-26]

polarized enterocytes

2 Pathogenicity islands and type  protein
aretion systens

Several studies have led to the identification of
genes that are required for Salnorella pathogeresis, in
particular for Salmorella invasion into non-phegocytic
cells “*°" . Meny of these virulence genes and
operons are located in large geretic elenents of the
Slnonella chromosome. Since these large  elements
are absent from the chronpsone of closely related
Excherichia oli, they are temed as pathogenicity
Islands. Virdlence plasmids also contribue t©
Salnonella’ s virulence'**** At least five
pathogenicity islands have been identified ™ " that
contribute © wvirulence at definred stages of the
Salnonella infection process. Salnonella pathogenicity
island 1 ( SPI1) is located at centisone 63 on the
Slnonella chromosone and is 43 kb in length. SPI1 is
required for Salnonella entry ino M cells * and
epithelial cells ™ of the intestine. This is consistent
with the fact that SPI1 mutants are defective in
virulence when administered oraly but not if given
systermicaly'”” . Mutents that are defective in entry
into epithelial cells were found t be avrulent iIn
studies wsing the nouse typhoid nodel™ and in
calves ~ . SPR, SPI3 and SPI4 are situated at
centisomes 31, 82, and 92 of the Salnorella
chronosome.  Geres in these three islands are essential
for Salmonella surnvival and growth in the host
SFI5 wes orginally found ® be involved in
inflammation and fluid secretion in the intes-
tine % 1t wes recently shown that at least one
gere in this island ( sopB) is alo inwlwed in the
Salnonella invasion process[ B

SFI1 and SPI2 encode gpecidlized protein
secretion and translocation systens termed as type
secretion systens. The other three islands encode no
such secretion systens, but rather, gopear to encode
screted proteins that feed through the type
secretion systens. Genes in SPI1 can be divided into
three groups: (1) Ore includes genes that encode the
actual secretion/translocation apparatus; (i) A
second group encodes proteins that are secreted and/or
trarnslocated into host cells; (i) A third group is
inolved in gene regulation Recently, the SPI1
scretion goparatuls wes shown by  electron
m'croscopy”S] o appear O constitute a ‘ needle

conplex that is similar o the bacterial flagella system
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both biochemically and structurally. Purified needle
conplexes consist of at least three proteins encoded in
11 ( PogK, PrgH, ad InvG) . Mutations in prgK,
prgH, or invG have been shown o abolish the secretion
of apanel of S enterica serovar Typhimurium proteins
( SpA, SpB, SpC, et. ) The subsequent
trarnslocation of these bacterial proteins into eukaryotic
host cells is required for Salmonella invasion into non-
phagocytic epithelial cells. Secretion has been reported
0 require hostcell contact . These proteins are
screted under certain laboratory conditions In
sufficient amounts to facilitate their study in the
absence of host cells. These secreted proteins can be
visualizzd by SDSPAGE from supematants of S
enterica serovar Typhinurium cultures under such
inducing conditionrs. Anpng the secreted proteins in
the SPI1 secretion gpparatus, SIpA, SipC, SopE,
SopE2, and SopB (also known as SigD)  were found to
be responsible for pronoting becterial entry by
nodulating the host actin cytoskeleton " . SPI2
effectors are resporsible for subsequent Salnorella
survival inside the host cells by nodulating bacterial
trafficking . In addition, SPI1 effectors SipA,
SopA, SopB, SopD, SopE, and SopE2 are largely
responsible for inducing inflammation and diarthea in
animal models'™*” through yet undefined mechanisns.

3 Actin cytoskdeton rearrangements and
SAnorella entry into host cdls

To understand the nolecular nechanisms of how
Slnonella  effectors  nmodulate  the  host  actin
cytoskeleton, it is necessary t briefly discuss the
conporents of the actin cytoskeleton and how their
fuctions are affected by various regulators in
manmalian cells. Three types of cytoskeleton
comporents exist  provide both mowvenent and
stability in the mammalian cell:  microfilaments,
microtubules and intermediate filaments. Each of these
cytoskeleton structures is dynamic in nature and
conposed of polymers of subunits. Microfilaments are
asenbled from noromers consisting of  actin,
microtubules from tubulin, and intenmediate filaments
from intermrediate-filament proteins. In non-phagocytic
epithelial cells, microfilanents project into the villi,
giving shepe to the cell surface. Microtubules grow out

of the centrosome to the cell periphery. Interrediate
filaments conrect adjacent cells through desmosomes.
Microfilarents are the most elastic anong the three
types of cytoskeleton conponents.

The actin cytoskeleton plays vital roles in many
cellular processes, including cell nowvenent and
endocytosis Based on their architectural
differences, there are three mgor classes of actin
cytoskeleton structures in cells:  stress fibers,
lamellipodia and filopodia ™ . Stress fibers, which are
primarily bundles of actin, are distributed at the bases
of cultured cells. Lamellipodia and filopodia are both
celluar actin extersions involved in cellular
nmoverrent.  Lamellipodia differ from filopodia in that
they are defined by a more sheet-like actin meshwork
rather than the microspike-like actin bundles fourd in
filopodia. Actin cytoskeleton is highly dynamic and
tightly regulated. Actin can exist in a nononenc
globular form termed as globular actin( G-actin) , or in
highly ordered multiners termed as filanentous actin or
fibrous actin( F-actin). The rate-limiting step in actin
asenbly is the initial formation of stable diners,
timers and tetraners from which actin elongation
occurs, a process often tenmed actin nucleation. Actin
nucleation is fecilitated by a nunber of actin-binding
proteins and signal transduction nolecules such as
CDC42, NWASP, and the Amp2/3 compleX ™ . In
addition, intracellular levels of G-actin and F-actin are
maintained at a dynamic steady state by a number of
actinbinding proteins. The concentration of free G-
actin in the cell is kept below the lewel ( critical
corcentration ) that is required for actin
polymerization. Although net levels of G-actin and F-
actin are kept constant, actin nolecules are constantly
exchanging between these two staes. F-actin
depolymenizes from ore end and polymerizes at the
other end while the net length is kept constant, a
process caled treadmilling This dynamic nature
ensures that the cell can respond to environmental cues
in a timely fashion while maintaining the integrity of
the actin cytoskeleton architecture. Many actin-binding
proteins have been identified that play different and yet
coordinated roles in regulating the actin cytoskeleton.
These proteins include: G-actin binding/ sequestering
proteins, such as profilin ' ; Factin capping proteirs,
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such as gelsolinm] ; Factin severing proteins, such as
ADF/cofilin '; and Factin bundling proteins, such
as plastin ( fimbrin) '™’ . Actin-binding proteins are
often found t be multifunctional, especially when
assayed under different experimental conditions in
utro. Their precise in vivo function is likely to depend
on both their concentration and their spatial
localization.

Actin dynamics are regulated by a numer of
fectors including pH, ionic strength, phosphoinositides,
Rho family GTPases CDCA2 and Rac, and a nunber of
actinassociated proteins. The small-nolecular-weight
Rho family GTPases hawve a critical role in the dynamic
requlation of the actin cytoskeleton. These GTPases
function as nmolecular switches by binding to GDP in
the basal or ron-activated stae and GTP in the
activated state. The binding of GTP results in a
structure conformational change allowing the protein
bind to downstream effectors. As their nanmes suggest,
al hawe an intrinsic GTPase activity. The hydrolysis of
GITP results in converting the protein to the basal, GDP-
bound state, shifting it from active to non-active stae.
Likewise, GDP can be exchanged by GTP ad result in
the activation of these GTPases. As the intninsic rate of
hydrolysis and nucleotide exchange is slow, the
hydrolysis of GTP to GDP is greatly stimulated by
GTPase activating proteins ( GAPs) , ad the exchange
Is facilitated by guanine nucleotide exchange factors
(GEFs). All knonn GEFs specific for the Rho family
GIPases possess the Dbl honology domain ( DH) .
This domain binds the sMtch  and  regions which
are resporsible for the conformational change between
inective and active states of the Rho GTPeses.

There are three ngjor families of actin-nucleating
proteins: the Amp2/3 complex, formins, and Spire.
Biochemical, nolecular modeling, and structure studies
have determined that the Arp2/3 conplex pronotes
actin nucleation by forming a diner between the actin-
related proteins Amp2 ad Amp3 t bind the slow
growing “ pointed” end of an actin filamert ™. It is
proposed that the formin famly nucleates actin by
forming honodimers with a flexible linker o “ stair-
step” at the “ barbed” ends of actin filaments, most
likely with the help of profilin in vivo ' . Mbre
recently, Spire has been found o nucleate actin through

its four tandem WH2 donains o form a “ single-
stranded” actin polyner that initiates actin filamrent
formation "

The halmark of Salnorella entry into host cells is
the profuse actin cytoskeletal rearrangenent at the site
of Salmonella contact with  intestinal  epithelial
cells 85’86]( Hg 2). These messive actin cytoskeleton
rearrangements and subsequent entry of Salmonella are
conpletely abolished when actin polynerization is
inhibited by cytochalasin® . Effectors of the type
secretion/trarslocation systens of SPI1 have been
found to be required for inducing such actin
cytoskeleton rearrangemenls[ ! Slnonella  strains
have ewlved t© intercept and redirect the host actin
dynamics t© reorganize the actin cytoskeleton
machinery for their own uptake. At the same tinre, the
conplex regulation also demands that any intervention
by the bacteria must be precisely controlled to ensure
the coexisternce and viability of both the bacteria and
the host cells. Increasing evidence suggests that
multiple bacterial and host factors are involved in this
process. In fact, it has been a hallmark of Salnorella
effectors that mutations of individual effectors often
result in only a minor defect in Salmonella virulence,
suggesting that owverlgpping functions contribute
Salmonella pathogenesis' ™™ * '

It has been shown that cell surface membrare can
be increased by fusing with vesicles recruited from
endoplasmic reticulum ( ER), endosomes and even
lysosomes'” " . Both endocytosis and exocytosis
proceses inwhwe  regulated wesicle  trafficking
controlled by a number of cellular factors including the
Rab GTPass, and the woluble N-ethylmaleimide-
sersitive factor attachment protein receptor ( SNARE)
proteins.  SNARE proteins present on \esicle ad target
menbranes form conplexes that are partially
responsible for the specificity of wvesicle targeting and to
promote fusion of lipid bilayers. The vesicle-associated
menbrare protein ( VAMP) and the syntaxin families
are two major classes of SNARE proteins. VAMP8 was
recently shown to play a mgjor role in the exocytosis of
zynogen granules by forming a complex with syntaxin 4
and SNAP23™ . Exocytic vesicles have been thought
o orignate from the trans-Golgi network ( TGN) ;
however, recent evidence suggested that they may come
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fiom both the endosomes ' and lysosomes
Ca '-dependent exocytosis of lysosomes  requires
synaptotagmin VII, a member of a protein family that
fuctions as Ca = sensors, by forming a conplex with
VAMP?7, syntaxin 4, and SNAR23'™ . SyvIl/
VAMP7-mediated  lysosome  exocytosis  plays  an
inportant role in nenbrare repairs[ggl, in neurite
ougronth' °”, in  host deferse t©  bacterial
infections ', and during Trypanosoma cruzi invasion
into mammelian cells . It is evident that formation
of the menbrane ruffles at the site of Salmorella entry
requires addition of intracellular nembranes.
Coppolino et al. reported that expression of a
dominant-regative  N-ethylmaleimide-sersitive  fusion
protein ( NSF) did not affect Salmonella invasion into
epithelial cells, while it impaired the maturation of
Salnonella-centaining vaculoes ( SCVs) e They
also found that VAMP3, a v-SNARE in the recycling
endocytic pathway that plays a role during phagocytosis
by focally depositing VAMP3-containing \esicles at the
site of phagosorre formation, did not inhibit bacterial
invasion. Thus, the intracellular compartents and the
repertire of SNARE proteins that may be inwlved In
Slmonella-induced  nenmbrane  ruffles  remain

unknown

4 Snorella actin-binding effectors nodu-
late host actin dynamics directly

Meny pathogens evolved strategies t modulate the
atin dynamics of the host cell cytoskeleton
Slnonella encodes actin-binding proteins, SpA and
SpC, two type translocated effector proteins, to
nodulate actin dynamics directly " *” . Based on
In vitro biochemical amalyses, SipA is cgpable of
decreasing the critical corcentration for ectin
polymerization, inhibiting depolymerization of actin
filaments and increasing the bundling activity of T-
plastin. These characteristics have led t the
hypothesis that SipA affects actin dynammics in cells by
Initiating actin polymerization at the site of Salnorella
entry by lowering the critical concentration of actin
needed for polymerization. Furthemore, SpA may
increase the stability of actin bundles that drive and
support the gronth of membrane ruffles and filopodia
that ultimately engulf and intemalize the bacteria by

[89, 106]

nodulating the actinbundling activity of plastin
Studies wsing cryo-electron microscopy and three-
dinensional imege reconstruction have revealed that the
actinbinding domain of SpA interacts with actin
filaments by contacting subdomain 4 of ore actin
subunit and subdonain 1 of the other actin subunit on
the opposite long-pitch helical strand ™" . The binding
pattem of SpA to atin filaments share striking
similarity  that of nebulin t muscle actin' ™" . This
suggests that SipA interacts with actin filarents by
mimicking the host actin-binding protein nebulin.

SpC possesses multiple functions: translocation of
effectors, actin-nucleation and F-actin bmdlirlg[49'1°8]
It has been technically difficult to assess the roles of
individual function during Salnorella infection because
of these multiple fuctional activiies. Ore waey t©
address it is to maeke a nmutant that loses one activity
while maintaining the other activities at the wild type
level. The actin-nucleation activity was successfully
sparated from the effector translocation activity by
Chang et al'”” , which allowned the establishment that
the nucleation-deficient mutant ( sipC # 1) had
significanly reduced ability to induce atin
cytoskeleton rearrangements, resulting in lower bacterial
invasion

It wes reported that the reconmbinant SIPCissos
proein that had the actin-nucleation activity was
nononenc in solution as examined by size-exclusion
chromatography coupled with multiangle laser light
sattering ( SECLS) assays and ardytica
ultracentrifugation*” . Previous studies have suggested
that either multimer formmation or tandem actin-binding
domains on a single protein are essential for the actin-
nucleation activity ™" . One possibility is that
SpCissae €Xerts its actin-nucleation activity through
weak or tramsient nultimerization Alematiely, the
presence of nornonmeric actin may pronote SipC
multimenzation. As the nultineric form of SPCigs oo
protein is likely o be weak or trasient, EDC, a
commonly used zero-length cross-linking agent, was
ued t cegpture tramsient SpC multners. When
incubated with EDC, wild type SipCissss protein
formed diners and © a leser extent nultimeric
goecies, whereas the  actin-nucleation-deficient

SPCiooa00 #1 mutant . showed drametically reduced
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level of dimers and no detectable multimeric species.
These data suggest that dimer and nmultiner formation
may contribute t the actin-nucleation activity of
SpCisa00 . Furthemore, a series of mixing Cross-
linking experinents indicated that the N-terminus, the
middle, and the C-terminus of SipCies.400 are al in close
proximity, suggesting that the SipCiss<oe protein foms a
parallel dimer along the entire nolecule leading to
close contact at both the N-terminus and the C-
terminus of Singg.4og[1°5] . This notion is corsistent
with an earlier observation that SipCissas IS likely
folded in an extended conformation . The inportance
of the actin-nuwcleation activity wes further
demorstrated using the streptomycin-treated nouse
infection model . Mice infected with wild type had
small cecurs and swere cecum inflammatory lesions
including luminal debns, epithelial desgquamation,
epithelial proliferation, neutrophilic infiltration in the
mucosal crypts and lamina propria, submucosal edenms,
and neutrophilic and nmononuclear infiltration in the
subnucosa and occasionally, serosa  In contrast, mice
inoculated with Mit#1 or the irvG mutant had minimal
or very small numbers of neutrophils in the mucosal
lamina propria ad submucosa and no or minimal
edema in the submucosa.

5 Snordla exploit host cdl sigmaling
pathways to regulate actin dyrnamics

It is evident that Salmonella entry into epitrelia
cells results from a series of highly coordinated cellular
responses that are directed t the host ectin
cytoskeleton both directly by actin-binding proteins and
indirectly by exploiting host cell signaling pattmays.
Type  effectors SopE and SopE activate CDC42 and
Racl signal transduction pathways by binding to
CDC42 and Rac directly and act as potent exchange
fectors for these small G proteins’”™ ' to promote
actin cytoskeleton rearrangenents. The activation of
CDC42 ad Rac triggers a series of signal transduction
events that lead t actin cytoskeleton rearrangements
axd the production of pro-inflammatory cytokines.
Biochemical, cellular and structural studies of SopE
have unraveled the nolecular mechanism of CDCA2
activation by SopE. SopE achieves this by binding to
the switch  and region of CDC42, the sare site

[114]

where the eukaryotic GEFs interact with CDC42 .
Eukaryotic GEFs exert their GEF catalytic ectivity
through a well-conserved DH domain. Renmarkably, the
catalytic domain of SopE folds into a conpletely
different structure than the DH domain of all known
eukaryotic GEFs " .

Cells infected with S enterica serovar
Typhimurium quickly recover from the dramatic actin
cytoskeleton rearrangements and regain their normel
cellular architecture' "~ . Thus, Salmorella hes evolved
the ability t induce both actin cytoskeleton
reorganization and to modulate host cellular signal
transduction pathmays o help the recovery of the actin
cytoskeleton. SptP wes found o be partly responsible
for this recovery by acting as a GTPase-activating
protein ( GAP) for CDC42 and Ra'”’ . Stuctural
analysis indicated that the GAP domain of SotP makes
extensive contact with the switch and switch
region Rac1' ™. Residues from SptP directly contact
key elements in Recl associated with the GTP
hydrolysis reaction facilitating the hydrolysis of GTP to
GDP and thus inactivating Rac1' ™' . SptP may exert
is GAP activity toward CDC42 through a similar
mechanism Similar © the structural analysis of SopE,
FtP gopears to hawe evolved convergently from the
coevolutionary <selective pressures of the host—
pathogen interaction.

Interestingly a sopE null mutant has only a mild
defect in entry into epithelial cells, while a double
opEsopB null mutant is severely defective in entry ™.
SopB, an inositol  polyphosphatase, wes originally
reported o havwe overlapping functions with SopE by
nobilizing cellular inositol polyphosphate  fluxes'™”
and controlling levels of phosphatidylinositol-4, 5-
bisphosphate at the base of Salnorella-induced actin
rearrangements[ " 1o facilitate ruffle formation. Studies
have suggested that SopB-dependent
phosphoinositides, but not incsitol polyphosphates, are
responsible for the actin cytoskeleton rearrangements
ad bectenial invasion. Pins (4, 5) P level wes
locally increased in Salnonella  induced  ruffles
acconpanied by a SopB-dependent Ptdins( 4, 5) P:
decreae in the invaginating regions for efficient
nenbrare fission and the formation of SCVs ~'. SopB
can also increae the level of PWins( 3, 4) P. and
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activates protein kinase B ( Akt/PKB) . More
recently, SopB-dependent accumulation of Ptdins( 3) P
wes found in the nenbrare ruffles and nascent
scvs L Tre persistence of Ptdins( 3) P on SCVs has
been proposed to provide a niche for intracellular
Slnonella  replication. Furtremore,  exogenously
expressed SopB localizes to endosomes containing
Ptdins (3) P and inhibits vesicle trafficking from
endosomes o lysosomes . RhoG was suggested
participate in SopB-induced actin cytoskeleton
rearrangerrents“zo]

More recently, it has been reported that SopB-
gererated Ptdins( 3) P binds VAMP8/endobrevin to
promote efficient bacterial pfagocytosis[ L VAMPS s
recruited to Salnorella-induced nmecropinosomes in a
nocodazole-dependent, but Brefeldin  A-independent,
manner. VAMPS directly binds to and colocalizes with
Ptdins( 3) P. The inositol phosphatase activity of SopB
Is required for Ptdins( 3) P and VAMP8 accumulation,
while wortmannin, a specific phosphatidylinositol 3
kinase inhibitor, has no effect Knockdown of
endogenous VAMP8 by small interfering RNA or
expression of a truncated VAMPS ( 1-79aa) reduces
the invasion level of wild type Salnonella to that of the
phosphatase-deficient SopB ( C460S) mutant  This
study suggests that Salnorella exploits host SNARE
proteins and \esicle trafficking to pronote bacterial
enry’ ”" . Interestingly, it also suggested that the
phosphatase activity of SopB recuits Rab5 which in tum
asociates with Vps34, a PI3-kinase that is responsible
for PI( 3) P formation on scvs L Itis proposed that
SopB nediates Pl ( 3) P production on the SCVs
indirectly through recruitment of Rab5 and its effector
Vps34. Thus, the precise nmechanism of how SopB
promotes bacteria entry renains controversial.

A model for Salmorella invasion has energed
based on recent advances in  understanding
contributions from individual Salnorella effectors
(FAg 3) . Contact with host cells activates the
Invasion-associated type secretion system, resulting
in the delivery of a parel of effector proteins (e. g,
SpA, SpC, SopE, SopB, and SptP) . Introduction of
the exchange factor SopE and possibly the inositol
polyphosphatase SopB  results in the activation of
CDC42, Racl, and RhoG, the stinulation of

downstream signaling pathways, including the Ar2/3
complex, and the recruitment of plastin and other
ruffling-associated nolecules initiating the actin
cytoskeleton reorganization. The bacterial effector
protein SipA and SipC helps this process by lowering
the cntical concentration of actin, stimulating the
bundling activity of plastin and stabilizing F-actin, and
nucleating the actin assenbly. SopB helps the ruffling
process by gererating Ptwins( 3) P o recruit VAMPS-
containing vesicles. In addition, imnediately folloming
the translocation of SPI-1 type effectors, Slingshot-
mediated dephosphorylation leads to the brief activation
of actin-depolymerazing factor ( ADF) /cofilin.  This
results increased treadmilling of actin filaments at the
site of bacterial entry leading to outward protrusion of
nmenbrare ruffles. ADF/cdfilin activities are down-
requlated through LIM kinase t increase the stability of
Factin filaments to facilitate the final engulfiment of
bacteria. The combired activities of these effectors
result in a localized and pronounced outward extension
of the menbrane ruffles, resulting in the engulfment of
Slnonella in an enclosed membrare compartment
Subsequent to the stimulation of CDCA2 and Racl,
Salnonella also delivers another effector protein, JotP,
which reverses the activation of these snmall G proteins
by stinulating their intrinsic GTPase activity and
therefore facilitating cell membrane recovery.

6 Concluson

Although Salnorella and Listenia utilizz \ery
different nmolecular nmechaniss t© gain entry into host
cells, trey both enploy the sare fundamental strategy:
functional mimicry of key host cellular factors. It is
striking that primary amino acid sequences or three-
dinensional structures are  effective predictors  of
functional mimicry. These nowvel functional mimicry
fectors have nost likely evolved through the long and
inimate interactions between bacteria and their host
cells. One of the most obvious advantages of functional
mimicry is to alow the host cell to regain noml
functions after becterial entry through existing cellular
requlatory pathways.

Recent advances in understanding bacteria entry
have led to the identification of host cell receptors and
bactenal effector targets. This provides a nolecular
uderstanding of the entry determinants from the
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perspective of both the bacteria and the host
However, we still lack a conprehensive understanding
of the entire entry process. For example, while more is
known about how actin polymenization is initiated in
Salnonella-induced ruffles, little i1s known about how
the depolymerization is iniiated when the actin
cytoskeleton rearrangements recover. In addition, a
number of Salnorella proteins are translocated into
host cells and are responsible for bacteria survival and
maintenance of the SCVs inside host cells through
mechanisms that are not presently understood. We also
lack any knowledge of how the activities of different
effectors ( sone of which are antagonistic to each
other) are coordinated inside the cells. Furthenmore,
while significant progress has been mede toward
understanding how Salmonella induces its own uptake
into host cells, the fate of the trarslocated bacterid
proteins and how host cells cope with the infusion of a
large number of “ foreign” proteins, many of which are
cytotoxic t host cells, is unknown. A nore
conprehersive nodel for understanding Salnorella
pathogenesis requires further investigation.
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Listeria Salmonella

Zipper Trigger

The “ zipper” mechanism involves the engagement of a bacterial ligand
with a host cell receptor leading to the gradual movement of the plasma
membrane alongside the surface of the invading bacteria and ewentually
wraps the bacteria inside the host cell membrane. The *“ trigger”
mechanism induces dramatic actin cytoskeleton rearrangements and

membrane ruffling leading to macropinocytosis and bacteria entry.
Figl The“ dppe” and “trigger’ bacterial entry
medhanisns
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Actin was visualized by staining with Texas Red-labeled phalloidin
(red), bacteria were stained with rabbit polyclonal anti-Salmorella
antiserum ( green) . A, B: Images represent black white projections of z-
section slices obtained on a Zeiss AxioVert 200M deconvolution
microscope. C: Represents a single section slice from the top and two sides
illustrating the profuse actin cytoskeleton rearrangements and the relative

position of Salmorella.

Fig2. Salnmorellainduced adtin oytoskdeton
rearrangenrents in Caa-2 intestinal epithdial cdls

Activation of the type

secretion systtm and the
II delivery of bacterial effector
proteins (  , ). Injection

of the exchange factor SopE

and the inositol

'1., o,) polyphosphatase SopB results

in the activation of CDC42
and Racl ( ), leading to
the recruitment of ruffling-
associated molecules  SipA
and SipC function to lower the
critical concentration of actin,
bundling

activity of plastin  and

stimulating  the

P

stabilizing F-actin, and

TR YRR YRS

{
{
AE

nucleating the actin assembly
( ) . SopB promotes
membrane fission process by
decreasing the local
concentration of PIP2 at the
base of the membrane ruffles
and by recruiting VAMP8
( ) . The combined
activities of these effectors
result in a localized and
pronounced outward extension
of the membrane ruffles,
resulting in the engulfment of

Salmonella in an enclosed membrane compartment Salmonella delivers another effector protein, SptP, which reverses the activation of these smal G

proteins by stimulating their intrinsic GTPase ectivity and therefore facilitating cell recovery ().
Fig3 Madel for S. typhimurium interaction with host cdls
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