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INTRODUCTION This review comprehensively describes the type III protein

“Things derive their being and nature by mutual de-
pendence and are nothing in themselves.”
Nagarjuna, 2nd century Buddhist philosopher

“Such is the power, sometimes called malignant,
sometimes benign, that Anastasia, the treacherous
city, possesses; if for 8 hours a day you work as a
cutter of agate, onyx, chrysoprase, your labour which
gives form to desire takes from desire its form, and
you believe you are enjoying Anastasia wholly when
you are only its slave.”

Italo Calvino, Invisible Cities

The elucidation of the molecules and mechanisms underly-
ing bacterial pathogenesis in humans, animals, and plants is a
major focus of microbiological research which yields practical
applications ranging from refined diagnostics to new antibiot-
ics and improved vaccines. In addition to the pursuit of these
practical purposes, recent research on bacterial pathogenesis
has allowed insight into the complex beauty of highly adapted
interactions between pathogens and their hosts at the cellular
and molecular levels. The relative ease of genetic and bio-
chemical analyses of bacteria and widely used tissue culture
models of bacterial infection have dramatically increased our
knowledge about the molecular components involved in patho-
gen-host cell interactions, leading to the emergence of cellular
microbiology as a new area of microbiological investigation.
Importantly, the availability of suitable animal and plant mod-
els has allowed the assessment of the contribution of bacterial
pathogenicity factors analyzed in vitro to the ultimate outcome
of disease.

Genetic analyses of bacterial virulence factors has shown
that pathogens are distinguished from their nonpathogenic
relatives by the presence of specific pathogenicity genes, often
organized in so-called pathogenicity islands, clusters of genes
which apparently have been acquired during evolution via hor-
izontal genetic transfer. Thus, distantly related pathogens have
turned out to harbor closely related virulence genes. This point
has become particularly apparent for a set of approximately 20
genes which together encode a pathogenicity mechanism
termed type III secretion. Type III secretion enables gram-
negative bacteria to secrete and inject pathogenicity proteins
into the cytosol of eukaryotic host cells. Fascinatingly, while
the type III secretion apparatus is conserved in pathogens as
distantly related as Yersinia and Erwinia, the secreted proteins
differ entirely, illustrating how one bacterial pathogenicity
mechanism can give rise to a multitude of diseases that range
from bubonic plague in humans to fire blight in fruit trees.

Secretion of bacterial pathogenicity proteins by the type III
pathway and their injection into the cytosol of animal or plant
cells initiates a sophisticated “biochemical cross-talk” (defined
by J. E. Galadn) between pathogen and host. The injected
proteins often resemble eukaryotic factors with signal trans-
duction functions and are capable of interfering with eukary-
otic signalling pathways. Redirection of cellular signal trans-
duction may result in disarmament of host immune responses
or in cytoskeletal reorganization, establishing subcellular
niches for bacterial colonization and facilitating a highly
adapted pathogenic strategy of “stealth and interdiction” (de-
fined by J. B. Bliska) of host defense communication lines.

secretion systems known to date, which are present in the
animal pathogens Yersinia spp., Shigella flexneri, Salmonella
typhimurium, enteropathogenic Escherichia coli (EPEC),
Pseudomonas aeruginosa, and Chlamydia spp. and in the plant
pathogens Pseudomonas syringae, Erwinia spp., Ralstonia (for-
merly Pseudomonas) solanacearum, Xanthomonas campestris,
and Rhizobium spp. For a shorter and more concise overview
of type III secretion, refer to the recent review by C. A. Lee
(264).

Pathways of Protein Secretion in
Gram-Negative Bacteria

Interaction of bacterial pathogens with host cells is particu-
larly characterized by factors that are located on the bacterial
surface or are secreted into the extracellular space. Although
the secreted bacterial proteins are numerous and diverse and
exhibit a wide variety of functions that include proteolysis,
haemolysis, cytotoxicity, and protein phosphorylation and de-
phosphorylation, only a few pathways exist by which these
proteins are transported from the bacterial cytoplasm to the
extracellular space. Thus, four pathways of protein secretion
(types I to IV) have been described in gram-negative bacteria
(114, 122, 391, 447). A fifth system for macromolecular secre-
tion is involved in conjugal transfer of plasmids, T-DNA trans-
fer by Agrobacterim tumefaciens, and secretion of Bordetella
pertussis toxin. The last system, which could be named type V
secretion, is the least well characterized and comprises only
three members so far (481).

In this context, the term “secretion” is used to describe the
active transport of proteins from the cytoplasm across the
inner and outer membranes into the bacterial supernatant or
onto the surface of the bacterial cell. Secretion is distinguished
from export, which refers to the transport of proteins from the
cytoplasm into the periplasmic space (362, 391).

Type II and type IV sec-dependent secretion pathways. Type
II and IV protein secretion pathways involve a separate step of
transport across the inner membrane prior to transport across
the cell envelope. While these pathways differ in the way in
which the proteins are transported across the outer membrane,
export to the periplasm occurs via the sec system in both cases.
(Secretion of pertussis toxin by B. pertussis, which may be
categorized as type V secretion [see above], also involves the
sec pathway.) A signature of sec-dependent protein export is
the presence of a short (about 30 amino acids [aa]), mainly
hydrophobic amino-terminal signal sequence in the exported
protein. The signal sequence aids protein export and is cleaved
off by a periplasmic signal peptidase when the exported protein
reaches the periplasm. In E. coli, the sec pathway comprises a
number of inner membrane proteins (SecD to SecF, SecY), a
cytoplasmic membrane-associated ATPase (SecA) that pro-
vides the energy for export, a chaperone (SecB) that binds to
presecretory target proteins, and the periplasmic signal pepti-
dase (see Fig. 1). A number of accessory proteins are also
required for normal function (323, 362).

In type II secretion, transport across the outer membrane
requires an additional set of inner and outer membrane pro-
teins. In the case of pullulanase secretion by Klebsiella oxytoca,
the best-studied example of type II secretion, 14 additional
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secretion factors, which are encoded by a continuous gene
cluster, are necessary and sufficient for secretion. At least
seven of these proteins are located in the cytoplasmic mem-
brane, while PulS and PulD are outer membrane proteins
(362). Other examples of type II secretion (reviewed in refer-
ence 203) include the out pathway of Erwinia spp. for the
secretion of pectic enzymes and cellulases, the xcp-encoded
secretion of elastase, exotoxin A, phospholipase C, and other
proteins by Pseudomonas aeruginosa, amylase and protease
secretion by Aeromonas hydrophila exe, and secretion of poly-
galacturonase and other proteins by Xanthomonas campestris
xps. Thus, type II secretion is the primary pathway for the
secretion of extracellular degradative enzymes by gram-nega-
tive bacteria. Furthermore, parts of the type II secretion path-
way have homologs in other transport systems, for example in
the secretion and assembly of N-methyl-Phe (type 4) pili of P.
aeruginosa and other bacteria and in DNA transfer systems of
Haemophilus influenzae and Bacillus subtilis (203). Most nota-
bly, however, the outer membrane component of the pullula-
nase secretion system, PulD, is conserved in a variety of gram-
negative protein transport systems (see below).

The type IV secretion pathway (reviewed in reference 122)
comprises a group of so-called autotransporters, including
gonococcal immunoglobulin A and other proteases, the vacu-
olating cytotoxin of Helicobacter pylori, a family of outer mem-
brane proteins in B. pertussis, and the secreted proteins SepA
and EspC from S. flexneri and EPEC, respectively. As in type 11
secretion, these proteins are exported from the cytoplasm via
the sec pathway, involving the cleavage of an amino-terminal
signal peptide. However, the information required for trans-
port across the outer membrane resides entirely within the
secreted protein. Apparently, these autotransporters form a
pore in the outer membrane through which they pass, and
autoproteolytic cleavage releases the proteins into the super-
natant.

Type I sec-independent pathway. In contrast to the type II
and IV secretion pathways, type I and type III secretion are
independent of the sec system and thus do not involve amino-
terminal processing of the secreted proteins. Furthermore,
protein secretion via the latter pathways occurs in a continuous
process without the distinct presence of periplasmic interme-
diates.

Type 1 secretion (reviewed in references 114 and 459) is
exemplified by the E. coli alpha-hemolysin secretion system.
Other members of this group are the adenylate cyclase secre-
tion system of B. pertussis, leukotoxin secretion by Pasteurella
haemolytica, and the protease secretion systems from P. aerugi-
nosa and Erwinia chrysanthemi. Type 1 secretion requires three
secretory proteins: an inner membrane transport ATPase
(termed ABC protein for ATP-binding cassette), which pro-
vides the energy for protein secretion; an outer membrane
protein, which is exported via the sec pathway; and a mem-
brane fusion protein, which is anchored in the inner membrane
and spans the periplasmic space (see Fig. 1). The genes en-
coding the secretion apparatus and the secreted protein are
usually clustered.

The proteins which are secreted via the type I pathway are
not subject to proteolytic cleavage, and the secretion signal is
located within the carboxy-terminal 60 aa of the secreted pro-
tein. The secretion signal appears to be specific for subfamilies
of the secretion system; i.e., the proteases are only poorly
secreted via the hemolysin system and vice versa. The nature of
the protease family secretion signal may be mainly conforma-
tional (459), while for E. coli alpha-hemolysin several dis-
persed key residues which are essential irrespective of a spe-
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cific secondary structure and could facilitate recognition by the
secretion apparatus have been identified (77).

Type III sec-independent pathway. Like the type I secretion
pathway, type III secretion is independent of the sec system.
(Assembly of the type III secretion apparatus, however, prob-
ably requires the sec pathway, since several components of the
type III secretion apparatus carry sec-characteristic amino-ter-
minal signal sequences.) The type III secretion apparatus is
composed of approximately 20 proteins, most of which are
located in the inner membrane, and type I1I secretion requires
a cytoplasmic, probably membrane-associated ATPase. Inter-
estingly, most of the inner membrane proteins are homologous
to components of the flagellar biosynthesis apparatus of both
gram-negative and gram-positive bacteria, while an outer
membrane protein of the type III secretion apparatus is ho-
mologous to PulD, the outer membrane secretin of the type II
secretion pathway. Although type III secretion does not in-
clude distinct periplasmic intermediates of the secreted pro-
teins, transport through the inner membrane is genetically
separable from secretion through the outer membrane, since a
mutant of the outer membrane PulD homolog of P. syringae
was shown to accumulate considerable amounts of a secreted
protein in the periplasm (72). As in type I and type II secretion,
the genes encoding the type III secretion apparatus are clus-
tered.

As in type I secretion, the proteins secreted via the type 111
pathway are not subjected to amino-terminal processing during
secretion. The signal for secretion has long been thought to
reside within the amino-terminal 15 to 20 aa of the secreted
proteins, since this region is necessary for secretion and suffices
to direct the secretion of hybrid fusion proteins. However, the
amino-terminal sequences of proteins secreted via the type III
pathway do not share any recognizable structural similarities
that could function as a common secretion signal, and exhaus-
tive mutational analysis of some secreted proteins has revealed
a high degree of tolerance for sequence changes within the
amino terminus without loss of secretion. Therefore, it has
recently been proposed that the secretion signal resides in the
5’ region of the mRNA which encodes the secreted proteins
(19). Interestingly, the secreted proteins require small cyto-
plasmic proteins with chaperone functions to protect the se-
creted factors from premature interaction with other compo-
nents of the secretion system. In contrast to type I secretion,
which is a true secretory system in that the secreted enzymes
are active in the extracellular space, type III secretion systems
appear to be dedicated machineries for the translocation of
pathogenicity proteins into the cytosol of eukaryotic cells. Ac-
cordingly, protein secretion—at least in some cases—is regu-
lated by contact with the surface of a target cell. In accordance
with the homology of the type III secretion apparatus to flagel-
lar biosynthesis factors, some type III secretion systems assem-
ble supermolecular structures on the bacterial surface, which
could be involved in protein translocation into eukaryotic cells
(158, 374). Figure 1 gives an overview of types I, II, and III
secretion.

CELLULAR AND MOLECULAR IMPACT OF TYPE III
SECRETION IN BACTERIAL PATHOGENESIS

A variety of diverse gram-negative pathogens use type III
secretion as a conserved and at the same time highly adapted
virulence mechanism (Fig. 2). Although these pathogens use
additional virulence factors (not discussed here), type III se-
cretion is an essential basic virulence determinant. While the
mechanism of protein secretion is conserved, the secreted pro-
teins themselves are highly divergent, and the variety of dis-
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FIG. 1. Schematic overview of the type I, II, and III secretion systems as exemplified by alpha-hemolysin secretion by E. coli (type I), pullulanase secretion by
Klebsiella oxytoca (type II), and Yop secretion by Yersinia (type IIT). OM, outer membrane; PP, periplasm; IM, inner membrane; CP, cytoplasm. ATP hydrolysis by HlyB,
SecA, and YscN is indicated. The localization of the secretion signals is shown in the secreted proteins (shaded). N, amino terminus; C, carboxy terminus. For type
III secretion, the secretion signal may reside in the 5'-region of the mRNA encoding the secreted protein. Type II and type I1I secretion involve cytoplasmic chaperones
(SecB and Syc, respectively) which bind to presecretory proteins. In type II secretion, the amino-terminal signal sequence is cleaved off by a periplasmic peptidase
(LspA) after export of the protein via the sec pathway. Type II and type III secretion share a homologous multimeric outer membrane component (PulD, YscC), while
the accessory proteins PulS and VirG, which facilitate outer membrane insertion of PulD and YscC, respectively, differ in the two systems. See the text for further

details.

eases caused by these pathogens in different hosts is reflected
by the multitude of type III secreted proteins. Many of the
secreted proteins interact directly with host cell components to
alter host cell signal transduction, and most of the secreted
proteins act inside the eukaryotic cytosol into which they are
translocated by the type III secretion mechanism. This section
gives a short overview of the pathogenesis of bacteria which
require type III secretion systems for virulence. The emphasis
is put on the pathogenicity properties which are directly attrib-
utable to or correlated with type III secretion at the cellular
and molecular levels.

Yersinia Species

Three Yersinia species are pathogenic for humans and ro-
dents. Y. pestis, the causative agent of bubonic plague, enters
the host through flea bites or by inhalation, and invades and
multiplies in regional lymph nodes corresponding to the infec-
tion point. Subsequent dissemination via the lymphatic system
and bacteremia with necrotic and hemorrhagic lesions in many
organs lead to death of the human or rodent host within 2 to
3 days after infection. Similar pathological symptoms are
caused in rodents by Y. enterocolitica and Y. pseudotuberculosis.
In humans, Y. enterocolitica causes a broad range of gastroin-
testinal syndromes, while Y. pseudotuberculosis, which is the
least pathogenic of the three species for humans, may (rarely)
cause a self-limiting gastroenteritis (86). Both Y. enterocolitica
and Y. pseudotuberculosis usually enter their hosts via the oral
route of infection and cross the intestinal barrier through spe-
cialized epithelial cells called M cells (179). M cells are asso-
ciated with the follicle-associated epithelium overlying lym-
phoid follicles throughout the intestine and are especially
concentrated in aggregates of lymphoid follicles called Peyer’s
patches (411). Like Y. pestis, Y. enterocolitica and Y. pseudotu-
berculosis exhibit a marked tropism for lymphatic tissue and
persist and multiply in Peyer’s patches, leading to high bacte-

rial titers in these organs 12 to 24 h after infection. Subse-
quently, the bacteria colonize liver and spleen, and bacterial
multiplication in these organs leads to death of the animal 3 to
4 days after infection (206, 429).

All three pathogenic Yersinia spp. exhibit a characteristic
ability to resist the host primary immune defense, most notably
by inhibiting their own uptake by professional phagocytes (66).
Consequently, these pathogens are found mainly in extracel-
lular locations during infection (179, 180, 412). The antiphago-
cytic effect is mediated by the Yersinia type 111 secretion system
and specifically requires a protein with tyrosine phosphatase
activity (169) called YopH (20, 112, 379). After contact of the
bacteria with a macrophage, YopH is injected into the cytosol
of the target cell (Fig. 2), where it catalyzes a rapid and specific
dephosphorylation of several macrophage proteins, whose
transient tyrosine phosphorylation appears to be required for
normal phagocytosis (20). While earlier studies had observed
YopH-dependent overall dephosphorylation of phosphoty-
rosine proteins in macrophages (50, 51), a more recent analysis
identified the cytoskeleton-associated protein paxillin, which is
involved in Fc receptor-mediated phagocytosis (165), as a tar-
get for YopH in macrophages. In addition to the antiphago-
cytic effect, Y. pseudotuberculosis resists killing by macrophages
by an efficient inhibition of the Fc receptor-mediated oxidative
burst, a phenotype which also requires the phosphatase activity
of YopH (49). In HeLa cells, YopH was demonstrated to
specifically dephosphorylate focal adhesion kinase and the fo-
cal adhesion-associated protein p120°“*, and dephosphoryla-
tion of these proteins appears to inhibit bacterial uptake by
HelLa cells via inhibition of peripheral focal complex formation
(48, 344).

In addition to inhibition of phagocytosis, Yersinia spp. are
cytotoxic for cultured epithelial cells (Fig. 2) (355), and cyto-
toxicity also may contribute to the inactivation of macrophages
(381). Cytotoxicity is specifically mediated by YopE, another
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protein secreted by the type III secretion pathway, which, like
YopH, is injected into the eukaryotic cytosol (380, 381). YopE
does not affect the integrity of the target cell membrane but,
rather, causes a collapse of the cytoskeleton via disruption of
actin microfilaments (380). The mechanism of actin disruption
is probably indirect, since isolated Yops do not affect actin
microfilament polymerization or stability in vitro (380).

Mutants with mutations in yopE and yopH of Y. pseudotu-
berculosis do not reach the same titers in mouse Peyer’s
patches as the wild type does, and they are cleared from these
organs 4 days after oral infection (206). Therefore, both mu-
tants are avirulent when administered orally (59, 130, 131).
However, while a yopH mutant is highly attenuated even after
intraperitoneal or intravenous (i.v.) infection (59, 381), a yopE
mutant exhibits only a partial virulence defect when injected
i.v. (381). Thus, YopE appears to function primarily at an early
step in Yersinia pathogenesis whereas YopH is required
throughout the infectious process.

In addition to YopE and YopH, Yersinia species secrete and
translocate other virulence determinants into the cytosol of
target cells by the type III secretion mechanism. A protein with
serine/threonine kinase activity (YpkA) is required for later
stages of infection (149). A ypkA mutant colonizes Peyer’s
patches similarly to the wild-type strain but is unable to colo-
nize the spleen (150). Similarly, YopM, a translocated protein
with thrombin binding activity (56, 268, 368), is required for
later stages of mouse infection.

Taken together, the type III secretion mechanism enables
Yersinia spp. to inject a number of essential virulence determi-
nants into the cytosol of host target cells. The injected proteins
appear to interfere with host cell signal transduction pathways
and other cellular processes, allowing Yersinia spp. to obstruct
the primary immune response and to establish a systemic in-
fection.

Interestingly, suppression of several proinflammatory cyto-
kines in various cell types appears to be another Yersinia vir-
ulence mechanism which has been associated with type III
secretion and Yop translocation (44, 325, 407). Suppression of
cytokines may account for the fact that infections with patho-
genic Yersinia spp. proceed without eliciting a strong inflam-
matory immune response (324, 325, 412). Recently, the inhi-
bition of an inflammatory host response was tentatively
attributed to a low and regulated level of translocation of Yop
proteins into target cells (205). A mutant with a mutation in a
gene encoding the type III secreted protein YopK (206) was
found to translocate significantly larger amounts of Yop pro-
teins. Unexpectedly, the mutant was nevertheless impaired in
later stages of mouse infection (206). The virulence defect of
this mutant was interpreted to mean that this strain may elicit
a stronger and eventually assertive host immune response due
to an elevated level of Yop translocation (205).
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Shigella flexneri

In contrast to pathogenic Yersinia spp., which are found
mostly extracellularly during infection of mammalian hosts,
Shigella spp. occupy predominantly intracellular locations. Al-
though the pathogenic strategies of yersiniae and shigellae and
the diseases caused by these organisms differ entirely, both
pathogens use type III secretion systems as a key virulence
mechanism.

Shigella spp. cause diarrheal disease with a wide range of
clinical symptoms, the most severe form being bacillary dysen-
tery, a bloody diarrhea originating from the colon. Shigellosis
is endemic in developing countries, but outbreaks also occur in
industrialized nations, especially under conditions of poor hy-
giene. Children under 5 years of age are the most susceptible
victims, with over half a million deaths occurring annually
worldwide (275, 292, 508).

Bacterial invasion of the colonic mucosa (258, 435) consti-
tutes an essential step in the pathogenesis of shigellosis. The
following model of the cellular basis of shigellosis has been
derived from the integration of a variety of in vivo and in vitro
observations (147). Similarly to other enteropathogens, shigel-
lae gain initial access to the intestinal epithelium by invading M
cells (342, 393, 460). After transcytosis through M cells, the
bacteria encounter resident macrophages of the lymphoid tis-
sue underlying the follicle-associated epithelium and resist kill-
ing by macrophages by the induction of cell apotosis (Fig. 2)
(509, 510). Apoptosis of macrophages in turn leads to the
release of significant quantities of interleukin-1 (506), which
results in recruitment of polymorphonuclear leukocytes
(PMNs) and massive infiltration of the infected tissue with
these cells. S. flexneri is unable to invade a polarized epithelial
cell monolayer from the apical pole, but transmigration of
PMNs across the epithelium destabilizes the integrity of the
intestinal barrier and allows S. flexneri to reach the basolateral
epithelial cell pole, which is readily invaded by the bacteria
(341, 342). Further bacterial invasion and lateral spreading of
the bacteria within the epithelium result in the tissue destruc-
tion typically associated with Shigella infection (338). The abil-
ity of PMNs to kill S. flexneri suggests that these cells may not
only contribute initially to the severe tissue damage character-
istic of shigellosis but also ultimately participate in clearance
and resolution of infection (284).

In in vitro tissue culture infection experiments, S. flexneri
provokes its own uptake into nonpolarized epithelial cells by
the induction of cytoskeletal rearrangements, resulting in the
formation of localized membrane protrusions at the site of
bacterial contact with the cell (Fig. 2). These so-called mem-
brane ruffles coalesce around the entering bacterium, leading
to its phagocytosis in a membrane-bound vacuole (2). In vivo
invasiveness, as well as the induction of membrane ruffles on
cultured epithelial cells, depends on the Shigella type III se-

FIG. 2. Selected phenotypic effects of type III secretion pathogenicity mechanisms on host cells and host tissue. (Top left) Panel B shows how Y. pseudotuberculosis
injects (translocates) YopH (immunostained, light) into the cytosol of HeLa cells. Translocation of YopH into macrophages results in inhibition of phagocytosis. Panel
A shows a type III secretion mutant: YopH is detected only in association with the bacteria. Reprinted with permission from reference 345. (Top right) Panel B shows
the cytotoxic effect of Y. pseudotuberculosis on cultured HeLa cells. Translocation of YopE leads to a collapse of the cytoskeleton. Panel A shows uninfected HeLa cells.
Reprinted with permission from reference 383. (Middle left) Invasion of a polarized HEp-2 epithelial cell via the induction of membrane ruffling by S. typhimurium.
This figure has previously appeared on the cover of Mol. Microbiol. 1995, vol. 18 no. 3. Reprinted with permission. (Middle right) Pseudopod (pedestal) formation
induced by EPEC on HeLa epithelial cells. Reprinted with permission from reference 378. (Bottom left) Induction of apoptosis in macrophages infected with S. flexneri.
Panel A shows an uninfected macrophage. Panel B shows an apoptotic macrophage infected with wild-type S. flexneri. Panel C shows a macrophage infected with a S.
flexneri type TII secretion mutant. Reprinted with permission from reference 509. (Bottom right) Induction of localized tissue necrosis (HR) in a tobacco leaf at sites
of infiltration with Erwinia spp. (area 1), buffer alone (area 4), type III secretion mutants (areas 2 and 5), and complemented mutants (areas 3 and 6). Reprinted with

permission from reference 34.
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cretion system and has been extensively characterized at the
biochemical level.

Four proteins which are secreted via the type III pathway,
IpaA, IpaB, IpaC, and IpaD, are specifically involved in bac-
terial invasiveness (200, 304, 442), and two of them, IpaB and
IpaC, are sufficient to induce membrane ruffling on epithelial
cells when immobilized on the surface of latex beads (301). A
potential receptor for IpaB and IpaC on target cells is the cell
adhesion molecule asB, integrin (433). IpaB, IpaC, and IpaD
specifically bind to asB, integrin and colocalize with the inte-
grin in Chinese hamster ovary (CHO) cell infection (462).
Overexpression of asB; integrin in CHO cells led to enhanced
S. flexneri invasiveness, and titration of Ipa proteins by extra-
cellular addition of asB, integrin decreased invasion in a con-
centration-dependent manner (462). Ligand-induced stimula-
tion and clustering of integrins is known to cause protein
tyrosine phosphorylation of a number of cytoskeletal proteins
(78, 220), and protein tyrosine phosphorylation is required for
efficient uptake of S. flexneri into CHO cells (462). Therefore,
binding of the Ipa proteins to as3; integrin may be the primary
signal which leads to the induction of membrane ruffles and
ultimately results in bacterial internalization.

Induction of membrane ruffling by S. flexneri involves the
localized accumulation of a variety of cytoskeletal and signal
transduction molecules at the site of bacterial attachment. Shi-
gella attachment induces the accumulation of actin and several
actin-binding proteins (myosin, plastin [2], and cortactin [93]).
Furthermore, the focal adhesion plaque-associated proteins
paxillin, a-actinin (300), vinculin (442), talin, and 53, integrin
(462) accumulate at the site of bacterial entry. Recently, it was
shown that overexpression of vinculin, a protein which is sup-
posed to link the cytoskeleton to the cell membrane, results in
increased uptake of S. flexneri by ASML cells and that this
effect depends on IpaA (442). Wild-type bacteria were seen to
closely associate with a coat of cytoskeletal proteins (F-actin,
vinculin, and a-actinin) during the entry process, and although
recruitment of these proteins to the entry structure is indepen-
dent of IpaA, tight association of the proteins with the bacteria
was abolished in an ipaA4 mutant. Accordingly, the ipa4 mutant
is only partially deficient in invasion, while IpaB to IpaD mu-
tants, which do not induce actin polymerization, are noninva-
sive. IpaA specifically binds to vinculin and thus appears to
modulate bacterial invasion by “optimizing” the impact of in-
vasive S. flexneri on host cell cytoskeletal rearrangements
(442).

Entry of S. flexneri also leads to differential recruitment of
the protein tyrosine kinase pp60°~“ (93) and the GTP-binding
protein tho (3) to the entry structure. The focal adhesion
kinase pp12574¥, paxillin (462), and cortactin (93) have been
identified as targets for protein tyrosine phosphorylation (93,
300). rho is a central signal transducer in Shigella invasiveness,
since inhibition of rho activity results in complete loss of Shi-
gella-induced cytoskeletal rearrangements and of Shigella inva-
siveness (3, 301, 463). Consistent with the involvement of rho
in Shigella invasion, rho-dependent activation of protein kinase
C was observed upon Shigella invasion, and inhibition of pro-
tein kinase C with various inhibitors greatly reduced Shigella
invasiveness (463).

Shortly after internalization, the bacteria lyse the phagocytic
membrane and gain access to the cytoplasm (398). In macro-
phages, S. flexneri induces apoptosis after escape from the
phagosome (437, 509). Like invasion of epithelial cells, the
ability to lyse the endocytic vacuole and to induce apoptosis in
macrophages depends on the S. flexneri type III secretion sys-
tem. While vacuolar lysis appears to require all three type 111
secreted Ipa proteins (200, 304), induction of apoptosis relies
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specifically on IpaB (507), which triggers the apoptotic path-
way by direct binding to interleukin-1B-converting enzyme
(ICE) or a homologous protease (75). The relevance of ICE
activation for S. flexneri-induced apoptosis was elegantly shown
by reversible inhibition of ICE, which resulted in reversible
inhibition of S. flexneri cytotoxicity for macrophages (75). In
addition to the induction of apoptosis, binding of IpaB to ICE
leads to increased production of mature interleukin-13 by ac-
tivated ICE (75), which, in vivo, results in attraction of PMN to
the site of bacterial infection (see above).

Salmonella typhimurium

Salmonellae are the only species described so far to contain
two type III secretion systems, which are encoded by two dis-
tinct gene clusters termed SPI-1 and SPI-2 (for Salmonella
pathogenicity island). These two type III secretion systems
appear to play different roles during pathogenesis, with SPI-1
being required for initial penetration of the intestinal mucosa
and SPI-2 necessary for subsequent systemic stages of infec-
tion.

Salmonella spp. infect a variety of vertebrate hosts and cause
a broad spectrum of diseases (including gastroenteritis, bacte-
remia, and enteric fever) which originate from enteric infec-
tion. S. typhi causes systemic typhoid fever in humans and
constitutes a major health problem in underdeveloped regions
of the world, with an estimated 16 to 17 million cases and 0.6
million deaths annually (335), while S. typhimurium and S.
enteritidis are increasing causes of food poisoning in industri-
alized countries (309). Several Salmonella spp. are specifically
adapted to a particular host (including S. #yphi [humans], S.
pullorum [poultry], S. dublin [cattle], and S. arizonae [reptiles]),
while others (S. typhimurium, S. enteritidis, and S. choleraesius)
exhibit a broader host spectrum but may cause different dis-
eases in different hosts. For example, S. typhimurium causes
systemic and lethal infection in susceptible mice at very low
doses of infection, while in humans even high doses of this
organism only cause a self-limiting gastroenteritis (309).

In systemic infections in mice, Salmonella penetrates the
mucosa of the small intestine by preferentially adhering to and
invading M cells of the Peyer’s patches (79). The bacteria
eventually destroy the invaded M cells and the adjacent epi-
thelium (92, 228, 249), thus gaining access to the underlying
lymphoid tissue. M-cell invasion is an active event, since the
bacteria induce ruffles of the apical cell membrane, which
eventually engulf the entering organism (434). Salmonella-in-
duced M-cell membrane ruffles are similar to the localized
membrane ruffling observed on cultured epithelial cells after
contact with the bacteria (Fig. 2), and, as with epithelial cell
invasion by Shigella (see above), the Salmonella-induced ruffles
involve rearrangements of the actin cytoskeleton (124, 134).
Despite the morphological similarity of membrane ruffles in-
duced by Shigella and Salmonella spp., invasion of epithelial
cells by S. typhimurium appears to differ from that by S. flexneri.
For example, while Shigella flexneri invasion is inhibited by
various protein kinase C inhibitors, S. fyphimurium invasion is
not (463). Therefore, Salmonella invasion appears to be inde-
pendent of the rho-controlled signal transduction pathway. In
contrast, S. typhimurium requires CDC42 for invasion (73).
Furthermore, S. typhimurium does not induce phosphorylation
of the focal adhesion kinase p125¥4¥ or of paxillin (463). A
further difference, which may be significant to in vivo invasive-
ness, is the fact that in contrast to Shigella flexneri, S. typhi-
murium efficiently invades polarized epithelial cells via the
apical cell pole (156).

Induction of membrane ruffles and invasion of M cells and
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cultured epithelial cells require the type III secretion system
encoded by SPI-1 (228, 340), and in parallel to the similar
invasive capacities of S. typhimurium and Shigella flexneri, the
S. typhimurium type III secreted invasion proteins (called Sip
or Ssp) are homologous to the Ipa invasins from Shigella flex-
neri (216, 233, 234). However, S. typhimurium SPI-1 mutants
are only slightly attenuated for mouse virulence after oral
infection and show no defect in virulence when injected by the
intraperitoneal route (143, 227, 340). Thus, it seems possible
that invasion-negative mutants are still taken up—at least to
some degree—by the naturally phagocytic M cells and that this
uptake is sufficient to cause systemic disease. The role of the
SPI-1-encoded type III secretion systems in mouse typhoid is
therefore restricted to the early stages of infection. Interest-
ingly, tissue tropism of S. typhimurium toward M cells appears
to be mediated by species-specific fimbriae (Ipf) (36). Like
SPI-1 mutants, mutants with mutations in /pf show only a slight
virulence defect when administered by the oral infection route,
which may be due to SPI-1-mediated invasion of the intestinal
epithelium at sites other than M cells. However, combination
of Ipf and SPI-1 mutations significantly increased the 50%
lethal dose for mice (37). Thus, SPI-1 and Ipf appear to func-
tion synergistically in invasion of the intestinal barrier.

In the lymphoid tissue underneath invaded M cells, salmo-
nellae are phagocytosed by residential macrophages. In con-
trast to Shigella flexneri, salmonellae do not escape from the
phagocytic vacuole. Instead, they survive and replicate inside
the vacuole and probably use macrophages as vehicles to dis-
seminate via the host lymphoid system. The bacteria accumu-
late and massively replicate in the liver, spleen, and bone
marrow, organs which are rich in phagocytic cells, leading to
organ failure, bacterial sepsis, and death 4 to 6 days after
infection. The ability to survive and replicate in professional
phagocytes is therefore thought to be an essential virulence
determinant of salmonellae that cause systemic infection (16,
119, 273, 311, 331, 406, 453).

Besides its requirement for epithelial cell invasion, the SPI-
1-encoded type III secretion system recently has been shown to
affect the interaction of Salmonella spp. with cultured murine
macrophages (74). However, SPI-1 does not affect the ability to
persist and replicate in macrophages but, rather, mediates a
cytotoxic effect. Similar to induction of apoptosis by Shigella
flexneri, SPI-1 encoded effector proteins induce apoptosis in
cultured macrophages (74, 315). However, since SPI-1 mutants
are only slightly attenuated for mouse virulence when admin-
istered orally (see above), the cytotoxic effect appears to play
only a minor role in early stages of infection.

It is interesting that both shigellae and salmonellae use ho-
mologous secreted proteins (Ipa and Sip/Ssp, respectively) for
similar phenotypes: invasion of epithelial cells and induction of
apoptosis in macrophages. The SipB protein from S. typhi,
which is highly similar to the respective S. typhimurium protein,
even transcomplemented a Shigella flexneri ipaB mutant for
invasiveness (197). However, transcomplementation was only
partial, indicating that IpaB and SipB are not fully inter-
changeable. Surprisingly, although Sip/SspB does not allow
salmonellae to escape from the phagocytic vacuole, SipB from
S. typhi restored the ability of a Shigella flexneri ipaB mutant to
lyse the vacuole. Furthermore, Shigella flexneri appears to re-
quire vacuolar lysis to be able to induce apoptosis via IpaB,
while Salmonella spp., although similarly inducing apoptosis,
do not exhibit the same requirement (74). These differences
may be due to the fact that Sip/Ssp proteins are translocated
across the cell membrane into the eukaryotic cytosol via the
type III secretion mechanism (83), while membrane transloca-
tion of Ipa proteins has not been reported.

TYPE III PROTEIN SECRETION 387

The SPI-1-encoded type III secretion system appears to play
a major role in nontyphoidal Salmonella infections of the in-
testinal epithelium. A characteristic feature of Salmonella-in-
duced enteritis is an intense intestinal secretory and inflamma-
tory response including the induction of PMN transmigration
through the intestinal epithelium (295). Transepithelial signal-
ling requires the SPI-1-encoded type III secretion system and
has been particularly associated with the type III secreted
protein SopB of S. dublin (151).

The second Salmonella type 111 secretion system, encoded by
SPI-2, has been identified by virtue of its large impact on S.
typhimurium mouse virulence (195, 410). However, mutants of
SPI-2 have no (196) or only a slight (333) effect on bacterial
survival and replication in cultured macrophages and are in-
vasive for epithelial cells like the wild-type strain (196). There-
fore, although the SPI-2-encoded type III secretion system in
Salmonella spp. most significantly affects virulence, its cellular
and molecular impact on pathogenesis remains elusive.

Enteropathogenic Escherichia coli

EPEC strains form one of several categories of diarrhea-
genic E. coli strains, which are distinguished from other E. coli
strains by their ability to inflict characteristic lesions in small
intestine enterocytes, with gross cytoskeletal damage and loss
of brush border microvilli (423). In addition, EPEC strains are
characterized by their clustered pattern of adherence to epi-
thelial cells, which results in the formation of microcolonies on
the cell surface (403), and by their inability to produce Shiga
toxin. EPEC strains are a leading cause of diarrhea in infants
in the developing world (101, 270).

After the initial adherence to epithelia, EPEC strains attach
intimately to the epithelial cell surface, leading to the efface-
ment of microvilli beneath the bacteria. The resulting charac-
teristic histopathologic finding is known as attaching and ef-
facing (A/E) lesions (316). At the zone of contact between
bacteria and the epithelial cell surface, cup-like pseudopod
structures appear, which form progressively elongating pedes-
tals carrying individual bacteria on their tops (Fig. 2) (378).
The pedestal surface conforms to the curvature of the bacte-
rium and maintains a distance of less than 10 nm across much
of the bacterial surface (316). Pedestals consist of a densely
packed microfilamentous structure (297) and contain cytoskel-
etal proteins including actin (248), a-actinin (123), and myosin
light chain (285), in addition to talin and ezrin (123), proteins
that link actin filaments to the membrane (65, 367).

Intimate attachment, effacing of microvilli, and formation of
pedestals require a bacterial adhesin (called intimin) and
EPEC type III secretion. Although intimin is not secreted by
the type III secretion pathway, the encoding gene (eaeA) is
located within the gene cluster that encodes the EPEC type I11
secretion system (100, 224, 225), and intimin functions syner-
gistically with type III secretion in pedestal and A/E lesion
formation. Intimin specifically binds to a 90-kDa protein (orig-
inally named Hp90) which is located in the eukaryotic mem-
brane in direct proximity to the attached bacteria. It was re-
cently discovered that this protein is of bacterial origin and is
secreted by the type III secretion mechanism (239). The 549-aa
protein, which was named Tir (translocated intimin receptor),
is inserted into the eukaryotic membrane. Two other type III
secreted proteins, EspA and EspB, which also may be trans-
located into the eukaryotic cytosol (104, 240, 242), are required
for membrane insertion of Tir (239). Intimin was shown to
directly bind Tir, demonstrating that EPEC strains transfer
their own receptor for intimate attachment into eukaryotic
cells.
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Concomitant with pedestal formation, adherent EPEC
strains induce tyrosine phosphorylation of several proteins in
the eukaryotic cell, including Hp90/Tir (376, 378) and phos-
pholipase C-yl (241). While Tir phosphorylation has been
thought to facilitate intimin binding (378), activation of phos-
pholipase C-y1 induces inositol triphosphate and Ca*" fluxes
(30, 133), which might be involved in the cytoskeletal rear-
rangements involved in pedestal formation. EPEC-induced ty-
rosine phosphorylation and host cell signalling also depend on
the type III secretion of EspA, EspB, and EspC (132, 223, 240,
242, 259, 376). (It should be noted, however, that the signal
transduction events leading to A/E lesion formation may be
more complicated than implied by this attractive model, since
actin accumulation beneath adherent EPEC cells was observed
even in the absence of detectable tyrosine phosphorylation due
to inhibition of protein tyrosine kinases with genistein [364].
Furthermore, a mutant impaired in Esp secretion in vitro and
in the induction of tyrosine phosphorylation of Hp90 was still
capable of causing A/E lesions like the wild type [364].)

Pseudomonas aeruginosa

P. aeruginosa is an opportunistic pathogen capable of infect-
ing immunocompromised individuals, including patients with
extensive burns or wounds, cystic fibrosis, and leukemia (53).
Recently, secretion of exoenzyme S (ExoS) and the related
ExoT (80), two of several virulence determinants of P. aerugi-
nosa (328), has been found to occur via a type III secretion
pathway (135, 491). ExoS and ExoT are proteins with ADP-
ribosyltransferase activity (221), whose preferred eukaryotic
target proteins include members of the H-Ras and K-Ras fam-
ily of GTP-binding proteins and vimentin, an intermediate
filament protein (80). The enzymatic activity of ExoS is abso-
lutely dependent on a eukaryotic cofactor protein, FAS (81),
which is a member of a large family of regulatory proteins that
play key roles in cell growth and differentiation (142). Al-
though the function of ADP-ribosylation in P. aeruginosa
pathogenesis is unclear, the production of ExoS is associated
with epithelial cell damage and dissemination of P. aeruginosa
within infected hosts (23, 231, 327). It is interesting that ExoS
is partially similar to YopE from Yersinia spp. (see “The cyto-
toxin YopE” below) and that the type III secretion systems of
the two pathogens are highly similar (see “Type III secretion
system genes in Yersinia species” and “P. aeruginosa type III
secretion system genes” below) (135). Indeed, ExoS can be
secreted and translocated into mammalian cells via the Yersinia
type III secretion pathway and induces host cell cytoskeletal
damage similar to that induced by YopE (140). Several other
proteins which are secreted by P. aeruginosa and which are
highly similar to secreted Yersinia proteins that function in the
regulation of secretion and translocation have been identified.

Chlamydia Species

Type III secretion genes have been recently identified in
Chlamydia psittaci and other chlamydiae (211). Although these
genes have not been shown to be functional, type III secretion
could play a major role in host cell interactions of these highly
host-adapted bacteria (171). Chlamydiae are a worldwide ma-
jor cause of sexually transmitted diseases and infectious blind-
ness, and they cause respiratory tract infections and are asso-
ciated with atherosclerosis; their basic pathogenicity
mechanisms remain elusive (171). These obligate intracellular
bacteria exhibit a biphasic developmental cycle with a dormant
extracellular form and a replicating intracellular form (319).
Intracellular bacteria reside within a large vacuole, which, soon
after infection, redistributes from the cellular to the nuclear
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periphery by an F-actin-dependent mechanism (281). The
chlamydial inclusion expands by acquiring host membrane
components and includes chlamydial proteins. Among the lat-
ter, IncA is translocated to the outer surface of the Chlamydia-
containing vacuole and may be phosphorylated by a host en-
zyme (371, 372). IncA does not contain a sec signal sequence,
and it has been speculated that this protein may be translo-
cated via the type III secretion pathway (211). Whether type
III secretion is involved in tyrosine phosphorylation of host cell
proteins observed early after infection (45) remains to be elu-
cidated.

Plant-Pathogenic Bacteria

One of the exciting surprises that came with the discovery of
type III secretion systems was the finding that a variety of
gram-negative phytopathogenic bacteria use type III secretion
for pathogenesis, just like the unrelated animal pathogens do.
Type III secretion systems are conserved in the four major
genera of plant-pathogenic bacteria, Erwinia, Pseudomonas,
Ralstonia, and Xanthomonas (60, 85), and are required for the
common ability of these pathogens to cause disease in suscep-
tible host plants. The plant diseases caused by these pathogens
range from fire blight of rosaceous plants and soft rot caused
by various Erwinia spp., bacterial spot disease of pepper and
tomato (Xanthomonas campestris), and bacterial speck (P. sy-
ringae), to bacterial wilt of solanaceous plants (Ralstonia so-
lanacearum). Interestingly, genes encoding a putative type III
secretion system have also been found in Rhizobium spp. (139,
189), where they are involved in cultivar-specific nodulation of
leguminous plants (299).

Type III secretion is also essential for the induction of a
defense reaction called the hypersensitive response (HR) in
resistant plants that are not normally hosts for the particular
pathogen. The HR is characterized by localized tissue necrosis
and the production of phenolics and antimicrobial agents at
the site of bacterial contact (245, 277), which prevent further
spread of the infecting bacteria in the plant. The HR is an
active response to bacterial infection and requires plant de
novo gene expression and protein synthesis, a calcium flux
across membranes, and ATPase activity (188). Although the
HR is microscopically small under natural conditions, it is
macroscopically visible and readily assessed in the laboratory
when plant tissue is infiltrated with large numbers of phyto-
pathogenic bacteria (Fig. 2). The bacterial genes required for
pathogenicity in susceptible plants and for the elicitation of an
HR in resistant plants have operationally been defined as hrp
(for hypersensitive response and pathogenicity) (276), and this
name is still maintained as a global label of the plant-patho-
genic type III secretion systems. In some plant pathogens,
proteinaceous elicitors of plant disease and/or HR have been
identified and were shown to be secreted via the type III
secretion pathway (26, 34, 188, 472). For example, the struc-
turally similar type III secreted proteins from E. amylovora and
P. syringae elicit an HR in nonhost plants when infiltrated into
plant tissue in a purified form, and mutants with mutations in
the encoding genes are avirulent on host plants (188, 472).

Whether bacterial infection leads to plant disease or to an
HR resistance phenotype is determined largely by the presence
of a matching pair of a dominant resistance gene (R) in the
host and a so-called avirulence gene (avr) in the pathogen (424,
455). Disruption of an avr gene usually allows the pathogen to
provoke disease in previously resistant plants, while introduc-
tion of an R gene into a susceptible plant confers resistance to
the pathogen carrying the matching avr locus. The requirement
for a matching R-avr gene pair for HR induction has led to the
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postulation of the gene-for-gene hypothesis (127). In the gene-
for-gene concept, the plant R gene is thought to encode a
receptor for the pathogen Avr protein, and interaction be-
tween these two proteins may trigger a signalling cascade
which ultimately results in elicitation of an HR (29, 260, 424).
Interestingly, like the elicitors of plant disease, the action of
several bacterial avirulence proteins is phenotypically depen-
dent on functional type III secretion (162, 247, 348, 363).
However, secretion of an avirulence protein has not been di-
rectly observed. Nevertheless, several avr-encoded proteins
have been shown to elicit an HR in an R-gene-dependent
manner when expressed inside host cells (162, 267, 446). It is
thus likely that the Avr proteins are injected into the target cell
via the type III secretion mechanism (29) like the virulence
factors injected by Yersinia spp. and other animal pathogens.
R genes from several plant species and numerous bacterial
avirulence genes have been cloned (29, 455). As a common
structural motif, most R-gene-encoded proteins carry leucine-
rich repeats which could mediate interactions with other pro-
teins and therefore could function in signal recognition and
transduction (336). In the case of the tomato R gene Pro, the
encoded protein is a serine/threonine kinase. Pto confers re-
sistance to bacterial speck disease caused by P. syringae pv.
tomato expressing the corresponding AvrPto protein (287).
(On the basis of host range, plant-pathogenic bacterial species
are subdivided into pathovars [pv.]. Thus, P. syringae pv. to-
mato causes disease on susceptible tomato plants, while P.
syringae pv. phaseolicola causes disease in beans.) Direct in-
teraction between AvrPto and Pto has recently been demon-
strated, providing a physical explanation for the gene-for-gene
hypothesis and for the specificity of plant-pathogen interac-
tions (408, 436). Pto interacts with and phosphorylates another
serine/threonine kinase (Ptil), which also functions in HR
induction (504). Thus, after AvrPto is translocated by the type
III secretion mechanism into the plant cell cytosol, binding of
AvrPto to Pto might stimulate Pto kinase activity to trigger a
phosphorylation cascade involved in activating the HR.

SECRETED PROTEINS

This section describes structural and functional aspects of
the virulence proteins which are secreted—and in many cases
injected (translocated) into the eukaryotic cytosol—via the
type III secretion pathway. These proteins greatly vary in size,
structure, and function and account for the species-specific
pathogenicity phenotypes associated with type III secretion.
Interestingly, several of the secreted proteins are similar to
eukaryotic proteins, implying that the pathogens may have
acquired the respective genes from their eukaryotic hosts dur-
ing evolution. A number of secreted proteins do not exhibit
direct antihost functions but, rather, are accessory in that they
function in secretion and translocation of the actual virulence
factors. (These accessory proteins are discussed in detail under
“Translocation of proteins into the eukaryotic cytosol” and
“Regulation of type III secretion by contact with eukaryotic
cells” below). In several cases, the genes encoding secreted
proteins are located outside the gene clusters which encode the
type III secretion apparatus, but usually the former genes are
transcriptionally coregulated with the latter ones. Several se-
creted proteins have homologs in different type III secretion
systems. Thus, while the Salmonella invasion proteins are ho-
mologous to S. flexneri invasins, another secreted Salmonella
protein contains two domains which each are similar to a
different Yersinia antihost factor, respectively. Some secreted
factors are even shared by Salmonella, Yersinia, and the plant
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pathogen X. campestris pv. vesicatoria. The secreted proteins
are summarized in Table 1.

Virulence Proteins Secreted by Pathogenic
Yersinia Species

The designation of the secreted virulence factors of Yersinia
spp. as Yersinia outer proteins (Yops) originates from the fact
that these proteins were first detected in outer membrane
preparations of Y. enterocolitica (355) and Y. pseudotuberculosis
(428). However, it was later observed that the Yops are se-
creted into the supernatant of Y. enterocolitica and Y. pseudo-
tuberculosis (190, 191) and that their appearance in the super-
natant does not result from cell lysis or from membrane
vesiculation (191). Yops exhibit low solubility due to their
generally hydrophobic character and tend to form amazingly
abundant macromolecular filamentous aggregates in the su-
pernatant of an induced culture (308), a phenomenon which
has also been observed for proteins secreted by S. flexneri (337)
and S. typhimurium (216, 485). Therefore, the localization of
Yops in the outer membrane is probably an artifact of copu-
rification of insoluble Yop aggregates with outer membrane
fractions (308).

Interestingly and in contrast to Y. enterocolitica and Y.
pseudotuberculosis, the Yops expressed by Y. pestis (392, 428,
484) are rapidly degraded by the surface protease Pla (392,
417), which is encoded by a Y. pestis-specific 9.5-kb plasmid
(416). This plasmid and specifically the Pla protease are re-
quired for the pathogenesis of plague (418). However, al-
though most Y. pestis Yops are subjected to degradation by Pla,
undegraded YopM and YopN are secreted into the bacterial
growth medium (368, 427).

The Yops—like the Yersinia type III secretion system—are
encoded on a 70-kb virulence plasmid present in all three
pathogenic Yersinia spp. (see “Type III secretion system genes
in Yersinia species” below). The yop genes are often organized
in monocistronic operons, and their expression is induced after
a temperature shift from 25 to 37°C, but yop expression at 37°C
remains repressed when the bacterial culture medium contains
millimolar concentrations of Ca>* (355). The Yops encoded by
the plasmids from Y. pestis and Y. pseudotuberculosis are almost
identical in sizes and isoelectric points, whereas several of the
Y. enterocolitica Yops exhibit some size differences (57, 90).
Nevertheless, the Yops of all three Yersinia spp. are immuno-
logically related (57, 58, 191, 294, 415).

A total of 13 Yops and other proteins secreted by the Yer-
sinia type 111 secretion system have been characterized to date.
They can be roughly grouped into (i) proteins with direct
antihost functions, the majority of which are translocated into
eukaryotic cells (YopE, YopH, YopM, YpkA); (ii) transloca-
tory proteins involved in the translocation process (YopB,
YopD, YopK, and perhaps YopR); and (iii) regulatory pro-
teins, which mediate the cell contact-dependent induction of
yop gene expression and Yop secretion (YopN, LcrG, LerV,
and LcrQ).

The cytotoxin YopE. Pathogenic Yersinia spp. exhibit a
strong cytotoxic effect when adhering to the surface of eukary-
otic cells, but cytotoxicity is not observed prior to adherence or
when bacterial supernatant containing secreted Yops is added
to epithelial cells (380, 381). Since cytotoxicity depends on the
presence of YopE, Rosqvist et al. analyzed the localization of
this protein before and after cell contact. They found that
before cell contact, no YopE was secreted into the supernatant
(due to a high concentration of Ca®* in the tissue culture
medium, which inhibits Yop expression and secretion in vitro
[see “Negative control by Ca®" via feedback regulation” be-
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TABLE 1. Proteins which are secreted via the type III secretion pathway
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Secreted protein®

Biochemical activity; interaction

Organism (reference) with host or other proteins Effect on host cell; function Remarks
Yersinia spp. YopE, 219 (131) Cytotoxic, F-actin Translocated
disruption
YopH, 468 (59, 305) PTPase dephosphorylates Inhibition of phagocytosis Translocated
paxillin, FAK, p130°
YpkA, 732 (149) Protein serine/threonine kinase Translocated
YopM, 367 (56, 269) Binds to thrombin Translocated

P. aeruginosa

S. flexneri

S. typhimurium SPI-1

EPEC

P. syringae

E. amylovora

R. solanacearum

YopJ/P, 264/288 (150, 313)

YopR, 165 (14, 307)

YopB, 401 (173)

YopD, 306 (173)

YopK, 182 (206)

YopN, 293 (129, 454)

LerV, 326 (41, 343, 359)

LerG, 95 (41, 359)

LcrQ/YsecM1/YseM2, 115
(307, 370, 422)

ExoS, 453 (253)

ExoT, 457

ExoU, 687 (120)

PerV, 294 (493)

PopB, 392 (493)

PopD, 295 (493)

PopN, 288 (493)

IpaB, 580 (450)

IpaC, 382 (450)
IpaD, 332 (450)

IpaA, 633 (451)
VirA, 400 (443)

AvrA, 302 (183)
Sip/SspB, 593 (234)

Sip/SspC, 409 (216, 234)
Sip/SspD, 338 (216, 233)
Sip/SspA, 684 (233)
SopB, 561 (151)

SopE, 240 (485)

SptP, 544 (235)

EspA, 198 (242)

EspB, 321 (104)

EspC, 381 (259)
Tir, 549 (239)

AvrPto?, 164 (390)
HrpA, 113 (357)
HrpZ, 341 (188)
HrpN, 385 (472)

PopAl, 344 (26)

Pore-forming translocase

ADP-ribosyltransferase

ADP-ribosyltransferase

Binds to s, integrin and to
ICE protease

Binds to asf, integrin
Binds to asfB, integrin

Binds to vinculin

PTPase

Binds to EPEC intimin

Binds to Pto kinase

Induction of apoptosis in
macrophages

Suppression of immune
response

Cytotoxic, F-actin
disruption

Cytotoxic

Induction of membrane
ruffling, phagosomal
lysis, induction of
apoptosis

Induction of membrane
ruffling, phagosomal lysis

Cell invasion, phagosomal
lysis

Modulation of cell invasion

Intercellular spread

Cell invasion, induction of
apoptosis

Cell invasion, induction of
apoptosis

Cell invasion, induction of
apoptosis

A/E lesion formation
AJE lesion formation
AJE lesion formation
Receptor for EPEC
attachment

Elicitation of HR

Elicitation of HR

Elicitation of HR

Elicitation of HR

Similar to plant pathogen
AvrX and AvrA from S.
typhimurium

Translocation
Translocation
Modulation of
translocation efficiency
Putative surface sensor,
regulation of secretion
Also regulatory function

Regulation of secretion

Involved in feedback
transcriptional
regulation

Translocation (?)
Translocation (?)
Regulation of secretion (?)

Additional function in
regulation of secretion

Regulation of secretion

Translocation
Translocation

Translocation, regulation
of secretion (?)

Involved in intestinal
transepithelial signalling,
translocated

Translocated

Inserted in eukaryotic cell
membrane, modified by
tyrosine phosphorylation

Host range determination,
translocated (?)

Structural component of
Hrp pilus

“ The size of the protein in amino acids is shown after the protein name. See text for further details and references.
» Many more Avr proteins from various plant pathogens (recently summarized in reference 455) have been cloned and might be secreted and translocated via type

III secretion pathways.
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100 aa

FIG. 3. Homologies between the protein tyrosine phosphatase SptP of S.
typhimurium, the cytotoxin YopE and the tyrosine phosphatase YopH from
Yersinia spp., and the P. aeruginosa ExoS ADP-ribosyltransferase. Identically
shaded boxes indicate regions of sequence similarities. The catalytic cysteine
residue in the carboxy-terminal parts of SptP and YopH are shown. The pre-
dicted catalytic domain of ExoS is located in the carboxy-terminal quarter of the
protein (stippled) (253).

low]), while after bacterial cell contact, YopE was expressed
and all detectable YopE was present in the cytosol of the target
cell (383). Similarly, it was demonstrated by the use of a YopE
hybrid protein fused to the calmodulin-dependent adenylate
cyclase CyaA from B. pertussis that YopE is translocated by
adherent Y. enterocolitica into the cytosol of cultured epithelial
cells (421) as well as into cultured murine macrophages (420).
In this elegant approach, the fusion protein, which contained
the amino-terminal 130 aa of YopE fused to the adenylate
cyclase domain of CyaA (YopE,;,-Cya), catalyzes the forma-
tion of cyclic AMP from ATP in a calmodulin-dependent man-
ner (420). Since calmodulin is present in the cytosol of eukary-
otic cells but absent from bacterial cells and from the tissue
culture supernatant, the observed dramatic accumulation of
cyclic AMP in this assay system is indicative of transport of
YopE-CyaA out of the bacterial cell and translocation of the
fusion protein into the eukaryotic cytosol (421). Interestingly,
translocalized YopE protein is not evenly distributed inside the
target cell but is enriched in the perinuclear region (345, 383).

YopE is a 219-aa protein, which is highly similar in all three
pathogenic Yersinia spp. (130, 131). As mentioned above,
YopE functions early in Yersinia infection. While the secretion
and translocation domains of YopE are amino-terminally lo-
cated (see the sections on the secretion signal and the trans-
location domains of YopE and YopH, below), the domain
responsible for the cytotoxic effect is probably situated in the
carboxy-terminal one-third, since a truncated YopE lacking
this part did not exhibit cytotoxicity although it was still nor-
mally secreted into the supernatant (381). YopE is similar to
the amino-terminal half of exotoxin S of Pseudomonas aerugi-
nosa (80) and to the amino-terminal half of SptP from S.
typhimurium (235) (Fig. 3).

The protein tyrosine phosphatase YopH. A computer simi-
larity search by Guan and Dixon (169) identified the 468-aa
YopH (59, 305) to be homologous in its carboxy-terminal half
to eukaryotic protein tyrosine phosphatases; accordingly,
YopH was shown to be a specific (169) and by far the most
active tyrosine phosphatase known (501). The catalytic domain
is especially conserved, and exchange of the catalytic residue
Cys,gs to Ala (C403A) completely abolishes phosphatase ac-
tivity (169). YopH confers upon Y. pseudotuberculosis the abil-
ity to resist phagocytosis by cultured macrophages (20, 112,
379) in vitro, and the antiphagocytic effect is dependent on its
protein tyrosine phosphatase (PTPase) activity (20). Further-
more, the YopH 4034 mutant is avirulent in mice (51), dem-
onstrating the importance of YopH PTPase activity for Yer-
sinia pathogenesis. Like yopE, yopH is transcribed as a
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monocistronic operon and is regulated at the transcriptional
level by temperature and Ca** (59, 305). The yopH genes are
highly conserved between Y. enterocolitica and Y. pseudotuber-
culosis. However, the sequence similarity stops abruptly 240 bp
upstream and 175 bp downstream of the gene, showing that the
homology between the virulence plasmids of the two species is
confined to blocks of conserved DNA sequences (305). In
addition to its homology to eukaryotic PTPases, YopH has a
bacterial homolog in the carboxy-terminal half of the S. typhi-
murium type III secreted SptP, which also exhibits strong
PTPase activity (235) (see below) (Fig. 3).

Like YopE, YopH is translocated into the eukaryotic cytosol
after contact of Y. pseudotuberculosis with cultured cells (Fig.
2) (174, 345, 420). After cell contact, the phosphotyrosine
phosphatase activity of YopH is present exclusively in the
eukaryotic cytosol (345), where YopH is evenly distributed
throughout the target cell (345). YopH translocation by Y.
enterocolitica into cultured murine macrophages was also dem-
onstrated by the Yop-Cya fusion approach (420) (see above).

The protein kinase YpKA. Since Yersinia species secrete a
protein phosphatase, Galyov et al. reasoned that there may
also be a protein kinase in the supernatant of a Y. pseudotu-
berculosis culture. Indeed, the authors detected kinase activity
and cloned the gene by sequence analysis of a small and (as of
then) uncharacterized region of the Y. pseudotuberculosis vir-
ulence plasmid (149). YpkA is an autophosphorylating protein
kinase with homology to eukaryotic protein kinases (149). The
amino-terminal putative catalytic domain of YpkA contains
structural motifs, called subdomains I to XI, which are com-
mon to all eukaryotic protein kinases, and the consensus se-
quence Asp-Ile-Lys-Pro-Gly-Asn in subdomain VI indicates
that YpkA exhibits specificity for phosphorylation of serine
and/or threonine (178). The 732-aa YpKA is transcribed as an
operon together with the downstream YopJ protein. The
operon is transcriptionally regulated analogously to the other
Yops, but the level of expression is lower than that observed
for YopH and YopE (150). Because YpkA is only weakly
expressed and because the strong cytotoxic effects of YopE and
YopH mask the effects of YpkA on HelLa cells, a yopE yopH
mutant which overexpressed YpkA was used to demonstrate
YpkA translocation (174). Interestingly, translocated YpkA
was found to be associated with the inner surface of the plasma
membrane of the target cell (174).

YopJ/P is required for apoptosis induction and is homolo-
gous to Salmonella and Xanthomonas proteins. The 264-aa
YopJ is transcribed as an operon together with YpkA in Y.
pseudotuberculosis (150). (Yop] is called YopP in Y. enteroco-
litica [313].) Although the protein has characteristics of other
Yops (150), YopJ/P is not required for virulence in mice (150,
431). Recently, YopJ/P was shown to be responsible for the
induction of apoptosis in cultured murine macrophages (313).
Interestingly, YopJ/P shows similarity to the plant avirulence
factor AvrRxv from X. campestris (479) and to the avrA-en-
coded protein from S. typhimurium (183).

The thrombin binding factor YopM. In addition to YopH
and YpkA, YopM is the third secreted Yersinia virulence factor
that is similar to eukaryotic proteins. The protein is homolo-
gous to the thrombin binding domain of the « chain of human
platelet surface glycoprotein Ib (GPIba) and also to a portion
of von Willebrand factor (269). GPIba is involved in cross-
linking platelets by binding thrombin and von Willebrand fac-
tor, causing platelets to aggregate and initiate blood clotting at
sites of blood vessel injuries. In addition, thrombin activates
platelets, causing them to release a variety of inflammatory
mediators (474). Purified YopM was shown to bind thrombin
and to inhibit platelet aggregation in vitro (368). Although Y.
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pestis and Y. enterocolitica yopM mutants were strongly atten-
uated after i.v. infection of mice (269, 321), the significance of
thrombin binding for Y. pestis pathogenesis is not clear. It is
conceivable that YopM might compete with platelets for
thrombin binding in vivo and that the resulting prevention of
blood clot formation could contribute to the dissemination of
the bacteria throughout the body. In addition, YopM could
inhibit platelet activation in vivo and thereby might mute the
local inflammatory response to the bacteria (368). More re-
cently, it was demonstrated that YopM is also translocated into
the cytosol of macrophages (56). To date, the 367-aa protein
has been characterized in Y. pestis (269) and in Y. enterocolitica
(56). Interestingly, YopM shares a region of 180 aa with IpaH
from S. flexneri (187), a protein with unknown function which
is encoded in multiple copies on the Shigella virulence plas-
mid, and with a protein of S. typhimurium, which is regulated
by the global Salmonella virulence gene regulator PhoP
(308a). Furthermore, a homolog of YopM was recently
identified by sequence analysis of the Rhizobium spp. sym
plasmid (139).

The V antigen LerV. LerV, which appears to function in the
regulation of secretion (see the section on regulation of type
IIT secretion in Yersinia species, below), nevertheless has a
direct antihost function. LerV (virulence-associated or V anti-
gen) is the oldest known secreted Yersinia virulence protein. Its
association with the Y. pestis virulence phenotype was first
described by Burrows and Bacon in 1956 (66). Although it has
been difficult to assess the direct contribution of LerV to vir-
ulence because of a global regulatory impact of various LerV
mutants (41, 358), a mutant with an internal deletion of LcrV
(with residues 108 to 125 deleted), which is impaired in secre-
tion of the protein but otherwise exhibits wild-type regulation,
is avirulent in mice (414), suggesting that LcrV exerts an es-
sential direct antihost function after being secreted. Interest-
ingly and in contrast to other Yops, an amino-terminally de-
leted LerV is partially secreted, indicating that an LerV
secretion signal is internally located or that LcrV secretion
might functionally differ from the secretion of other Yops
(414). A purified protein A-LcrV hybrid suppresses the pro-
duction of inflammatory cytokines by infected cells (324, 325),
and LerV is protective for mice in active and passive immuni-
zations against Y. pestis (262, 263, 317, 318).

Proteins Secreted by the Pseudomonas aeruginosa
Type III Pathway

As mentioned above, P. aeruginosa secretes several proteins
with high similarity to Yersinia type III secreted factors (135).
The two related ADP-ribosyltransferases ExoS (453 aa) and
ExoT (457 aa), which have 75% aa sequence identity, both
carry an amino-terminal half similar to YopE, while the cata-
Iytic domain of the proteins resides in the carboxy terminus
(135). Another secreted factor which is associated with epithe-
lial cell damage is the 687-aa ExoU (120). ExoU is coregulated
with other type III secreted proteins and is highly similar in its
first 6 aa to ExoS and ExoT, suggesting that ExoU might also
be secreted via the type III secretion pathway. Furthermore,
proteins which show 40 to 60% sequence identity to Yersinia
LerV (PerV, 294 aa), YopB (PopB, 392 aa), YopD (PopD, 295
aa), and YopN (PopN, 288 aa) are secreted by P. aeruginosa
(493) and may be involved in protein translocation by P. aerugi-
nosa as their homologs are in Yersinia spp.
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Proteins Secreted by the S. flexneri
Type III Pathway

IpaB, IpaC, IpaD, and IpaA. As in Yersinia spp., the Shigella
type III secretion system is encoded on a large virulence plas-
mid (see the section on the S. flexneri invasion gene cluster,
below). The comparison of protein profiles from virulence
plasmid-bearing minicells of Shigella spp. and enteroinvasive
E. coli (EIEC) strains, which also carry the respective plasmid,
led to the identification of a number of plasmid-encoded pro-
teins common to both enteropathogens (176, 177). Expression
of these proteins correlated with the ability of Shigella minicells
to invade cultured HeLa cells (177), and, like the expression of
the invasive phenotype, the synthesis of the plasmid-encoded
proteins occurred only at 37°C, not at 30°C (176). Four of these
proteins are the predominant Shigella antigens recognized by
sera from human shigellosis patients and from monkeys in-
fected with S. flexneri (67, 176, 330). The proteins were named
IpaA to IpaD for invasion plasmid antigens (67), and the
encoding genes were isolated by direct expression cloning (67,
236, 290) and transposon mutagenesis of the virulence plasmid
(33, 402). A 31-kb region comprising the S. flexneri type III
secretion system was identified in these analyses.

IpaB (580 aa), IpaC (382 aa), IpaD (332 aa) (399, 450, 494),
and IpaA (633 aa) (451) are encoded in the ipgC-ipaBCDA
operon located at the left end of the 31-kb invasion gene
cluster (see Fig. 9). While mutations in ipaB, ipaC, and ipaD
completely abolish the ability of Shigella spp. to enter epithelial
cells (200, 304), several investigators have observed no pheno-
type for ipaA (33, 304, 400). However, an ipa4 mutant was
recently shown to exhibit a slight (10-fold) invasion defect
(442), which appears to result from a reduced reorganization
of cytoskeletal proteins by the ipa4 mutant (see the section on
Shigella flexneri, above). As mentioned above, the role of IpaB
to IpaD is not confined to invasion, but these proteins are also
required for lysis of the phagocytic membrane (200, 304, 507),
and IpaB induces apoptosis in infected macrophages (75, 507).

After secretion into the external medium, IpaB and IpaC
form a soluble complex, as shown by coimmunoprecipitation of
the two proteins with antibodies against either one of them
(303). In addition, this complex contains a protein of 72 kDa
which was absent from the IpaB-IpaC complex isolated from
the supernatant of an ipa4 mutant and therefore probably is
IpaA (303). IpaD is not stably associated with the IpaB-IpaC-
IpaA complex (301, 302). Ménard et al. demonstrated that
latex beads coated with the Ipa complex via antibodies to IpaC
induce membrane ruffling and actin rearrangement in HeLa
epithelial cells and that the coated beads are phagocytosed by
these cells (301). Beads coated with IpaB-IpaC but lacking
either IpaA or IpaD had the same effects on HeLa cells (301).
It was further shown that affinity-purified IpaC (tagged with six
amino-terminal His residues) specifically binds to Henle 407
cells in a concentration-dependent manner and that preincu-
bation of Henle 407 cells with purified IpaC increases the
invasion rate of S. flexneri and even promotes the uptake of a
noninvasive derivative while purified IpaD does not exhibit
either of these effects (286). Taken together, these results
indicate that IpaB and IpaC are sufficient to induce the cellular
responses leading to the uptake of Shigella into nonphagocytic
cells. Together with IpaB, IpaD plays a regulatory role in
protein secretion, which is discussed under “Cell contact-in-
duced Ipa secretion: a one-step process modulated by IpaB
and IpaD” below.

VirA. In addition to the four Ipa proteins, at least six other
polypeptides have been detected in concentrated supernatants
of in vitro-grown S. flexneri (11) and about 15 proteins were
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detected in the supernatant of a mutant which exhibited en-
hanced type III secretion (337). None of the characterized
secreted proteins carries an amino-terminal signal sequence,
and all are secreted without amino-terminal processing. One of
the additional secreted proteins, VirA, has been identified and
characterized.

The virA locus was identified in a screen for transposon
mutants of S. flexneri defective in invasion and intercellular
spread (402, 443). The levels of IpaB through IpaD, whether
intracellular, present on the bacterial surface, or secreted, were
not affected by the vir4 mutation (443), indicating that the role
of VirA in invasion and intercellular spread is independent of
the Ipa invasins. The vir4 gene is located on the Shigella vir-
ulence plasmid ca. 24 kb away from the invasion gene cluster
and encodes a hydrophilic protein of 400 aa which does not
contain an amino-terminal signal sequence. The VirA protein
was detected in the soluble cytoplasmic fraction as well as in
the supernatant fraction of in vitro-grown S. flexneri, and its
secretion is dependent on the type III secretion pathway. Like
other genes of the type III secretion system, transcription of
virA is under the positive, temperature-regulated control of the
VirF-VirB system (see “Temperature regulation mediated by
VirF-VirB” below). Interestingly, transcription of vir4 was re-
ported to be greatly induced after S. flexneri had escaped from
the phagocytic vacuole, suggesting that the primary role of
VirA may be in intercellular spread rather than in invasion
(443).

Proteins Secreted by S. typhimurium

S. typhimurium secretes at least 25 polypeptides larger than
14 kDa into the supernatant of an in vitro-grown culture in
Luria-Bertani medium (339), and several of these proteins are
absent from the supernatants of type III secretion mutants
located in SPI-1 (216). Thirteen of the secreted proteins have
been identified so far, and most or all of them require the type
III secretion apparatus encoded in SPI-1 for their secretion. As
yet, nothing is known about the proteins secreted by the SPI-
2-encoded secretion apparatus. Some mutants with mutations
in SPI-2, however, show a defect in protein secretion similar to
that in SPI-1 mutants (196). These SPI-2 mutants are also
partially impaired in epithelial cell invasion and macrophage
cytotoxicity, two virulence phenotypes that are associated with
proteins secreted by SPI-1. It is unclear how certain mutations
in SPI-2 can affect SPI-1-dependent secretion.

Homology between the IpaA to IpaD and Sip/SspA to SspD
proteins of S. typhimurium. The most prominent proteins se-
creted by S. typhimurium are homologous to Shigella flexneri
IpaA through IpaD proteins and accordingly have been named
Salmonella invasion proteins SipA through SipD (233, 234) or,
alternatively, Salmonella secreted proteins SspA through SspD
(216). As in S. flexneri, the sip/ssp genes are clustered (see Fig.
9), and Sip/SspB (593 aa), Sip/SspC (409 aa), and Sip/SspD
(338 aa) are required for bacterial invasiveness, while no phe-
notype has been found for a mutant with a mutation in sip/sspA
encoding a protein of 684 aa (216, 233, 234). As in Shigella
flexneri, secretion of the Sip/Ssp proteins depends on a func-
tional type I1I secretion apparatus (encoded by SPI-1), and the
proteins are secreted without amino-terminal processing. Also
similarly to S. flexneri, it was observed that Sip/SspB is overse-
creted in mutants that lack Sip/SspD (216, 233), suggesting that
these proteins may have similar secretion-modulatory func-
tions to those in S. flexneri (see “Regulation of type III secre-
tion in S. flexneri” and “Hierarchical type III secretion in S.
typhimurium” below).

The sequence similarities between IpaB, IpaC, and IpaD
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and the respective Sip/Ssp proteins range from 28% (B pro-
teins), 32% (C proteins) to 40% (D proteins). Interestingly, the
proteins are dissimilar at their amino-terminal regions of 80 to
130 aa while the similarity between IpaB and Sip/SspB in-
creases to 65% in the central domain of the proteins (aa 300 to
450 of Sip/SspB). This central region of SipB also exhibits 28%
identity to the respective region in the Yersinia YopB protein.
YopB has a membrane-disrupting activity and is involved in
protein translocation by Yersinia spp., and both IpaB and Sip/
SspB are implicated in similar phenotypes (see “Translocation
of proteins into the eukaryotic cytosol” below). Therefore, the
sequence similarities between these proteins may be of func-
tional significance.

After contact of S. typhimurium with epithelial cells, Sip/
SspB and Sip/SspC are translocated across the eukaryotic
membrane into the cytosol of the target cell via the type III
secretion pathway (83). Translocation was also observed in the
presence of the invasion inhibitor cytochalasin D, which blocks
actin polymerization (126) and phagocytosis of bacteria (121),
showing that the Sip/Ssp proteins are internalized independent
of bacterial invasion. Interestingly, mutants with individual
mutations in the sipB, sipC, and sipD genes prevented translo-
cation of SipB and SipC, suggesting that all three proteins
function together as protein translocases (83). In contrast, sip4
did not affect translocation, which corresponds to its lack of
impact on invasion. Also, the sptP-encoded secreted protein
tyrosine phosphatase did not affect translocation or invasion
(see below).

In addition to their role in invasion of epithelial cells, secre-
tion of the Sip/SspB to Sip/SspD proteins is required for the
induction of apoptosis in cultured macrophages, while Sip/
SspA has no influence on host cell killing (74, 315).

SptP, a tyrosine phosphatase with homology to Yersinia
YopE and YopH. One of the structurally most fascinating se-
creted proteins discovered so far is the Salmonella SptP. The
544-aa protein, encoded downstream of the sip/ssp locus, shows
homology in its amino-terminal part to YopE and ExoS from
P. aeruginosa, while the carboxy-terminus of SptP corresponds
to the carboxy-terminal part of YopH (Fig. 3) (235). Like
YopH, SptP is a highly active PTPase, which shares a con-
served catalytic domain with eukaryotic PTPases, and replace-
ment of the catalytic residue Cys479 with Ser results in an
inactive protein. However, despite the similarities to major
virulence determinants of Yersinia and P. aeruginosa, SptP is
not required for invasion of epithelial cells, nor does it influ-
ence phagocytosis by macrophages, and an sptP mutant is as
virulent for mice as is the wild-type strain. Nevertheless, the
mutant was somewhat less efficient in colonizing the spleens of
mice which were coinfected with the wild-type strain (235).

AvrA is homologous to Yersinia and plant pathogen type I11
secreted proteins. The 302-aa AvrA protein is secreted without
amino-terminal processing via the SPI-1-encoded type III se-
cretion pathway. The protein is encoded downstream from
orgA within SPI-1 (183). Although an avr4 mutant did not
exhibit any defect in epithelial cell invasion, macrophage cyto-
toxicity, or mouse virulence, the protein is interesting in that it
has significant sequence similarity to an avirulence protein
from the plant pathogen X. campestris pv. vesicatoria (479) and
to YoplJ/P from Yersinia spp. (see above).

SopB and SopE proteins. In addition to the proteins men-
tioned above, Salmonella dublin was found to secrete at least
five other proteins which were labeled Salmonella outer pro-
teins SopA through SopE (485). The proteins were found in
massive amounts as mostly insoluble aggregates in the super-
natant of a S. dublin strain which was inactivated for expression
of the Sip/Ssp proteins and flagellin (encoded by fliM). Inter-



394 HUECK

estingly, the inactivation of Sip/Ssp and flagellin led not only to
highly increased secretion of Sop proteins but also to an about
fivefold increase in the expression of at least one Sop, SopE
(485). The reason for increased Sop expression and secretion
in the sip/ssp fliM mutant is unclear but may indicate an inter-
esting feedback regulatory mechanism.

SopB (561 amino acids) is highly similar to an S. flexneri
protein, IpgD, of unknown function, which is encoded within
the S. flexneri type III secretion gene cluster. SopB is not
required for bacterial invasiveness, but the mutant shows a
significant defect in induction of an intestinal inflammatory
response (151). SopE is a 240-aa protein which also has no or
only a minor impact on bacterial invasiveness (485). Both SopB
and SopE are secreted without amino-terminal processing, and
both proteins appear to be translocated into the cytosol of
HeLa cells. In agreement with the results of Collazo et al.
described above, translocation of SopB and SopE was found to
require the Sip/SspB protein (151, 485).

Secreted Proteins of Enteropathogenic E. coli

A total of 5 (240) to 11 (223) polypeptides, ranging in size
from 110 to 19 kDa, are present in the supernatant of EPEC
E2348/69 grown in tissue culture medium. At least seven of
these proteins were recognized by a rabbit antiserum raised
against the bulk of secreted EPEC proteins (223). Further-
more, the EPEC secreted proteins were shown to be highly
immunogenic in humans (223). With the exception of the 110-
kDa EspC protein, which is a type IV secretion pathway auto-
transporter (see “Introduction”), none of the antigenic pro-
teins were detected in the supernatant of a type III secretion
mutant (223).

Tir, a translocated bacterial receptor for intimin. A protein
which migrates at approximately 72 kDa is secreted under
culture conditions which especially induce EPEC type III se-
cretion (238, 239). Tir is encoded by the EPEC type III secre-
tion gene cluster and was shown to be identical to a previously
observed protein which is tyrosine phosphorylated upon EPEC
attachment (239). Tir contains two potential transmembrane
domains and was localized in the eukaryotic cell membrane,
where it functions as a receptor for the bacterial attachment
factor intimin (see “Enteropathogenic Escherichia coli”
above). After transfer into the eukaryotic membrane, Tir is
phosphorylated on C-terminally located tyrosine residues, and
this phosphorylation may be involved in the second function of
Tir, namely, as an actin nucleator and in transmission of signals
to the eukaryotic cell (238, 239, 376).

EspA, EspB, and EspD. Kenny and Finlay determined the
amino-terminal sequences of five of the EPEC secreted pro-
teins (240). Of the proteins whose secretion depends on the
type III secretion pathway, one was identified as the previously
described 37-kDa EspB (99, 104, 240). The encoding gene is
located at the “right” end of the EPEC type III secretion gene
cluster (see Fig. 9). The protein is required for host cell sig-
nalling (132), i.e., tyrosine phosphorylation of Tir and accumu-
lation of tyrosine phosphorylated proteins and actin filaments
beneath adherent bacteria (see “Enteropathogenic Escherichia
coli” above). The 321-aa EspB shows a 20-aa stretch near its
amino terminus which contains 18 serine or threonine residues.
In addition, the central part of the protein contains a highly
conserved pyridoxal-phosphate binding site which is found in
several aminotransferases involved in biosynthetic pathways
(104). The significance of these observations, however, remains
to be determined. Like all other proteins that exit the bacterial
cell via the type III pathway, EspB is secreted without amino-
terminal processing.
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Like EspB, both EspA (198 aa) (240, 242) and EspD (381
aa) (259) require the type III pathway for their secretion. The
genes encoding EspA and EspD are located immediately up-
stream of espB. Secretion of all three proteins is required for
intimate attachment and host cell signalling, and at least EspA
and EspB are required to insert Tir in the eukaryotic mem-
brane (239). The EPEC secreted proteins were found to asso-
ciate tightly with host cells, and EspB became resistant to
digestion by proteinase K, suggesting that this protein may be
translocated into the host cell cytoplasm (242).

Another protein (39 kDa) whose secretion depends on the
type III pathway has a similar amino terminus to the amino
terminus of E. coli glyceraldehyde-3-phosphate dehydrogenase
(14 of 16 residues identical). The significance of the secretion
of this protein is unknown.

Plant-Pathogenic Bacterial Proteins Secreted
by the Type III Pathway

Secretion of proteins by the type III secretion pathway is
required for the pathogenicity of various gram-negative plant
pathogens and for the determination of the bacterial host
range (see “Plant-pathogenic bacteria” above). Several se-
creted proteins which cause disease on susceptible plants and
induce an HR defense reaction in resistant plants have been
identified. These proteins have been named harpins, a name
derived from the Arp gene designation for the plant pathogen
type III secretion pathway. Other proteins, termed avirulence
proteins (Avr), determine bacterial host range according to the
gene-for-gene concept. Avr proteins act inside the host cell and
therefore are likely to be translocated into the target cell, but
their secretion and translocation has not directly been demon-
strated. Furthermore, several proteins have been observed to
be secreted by the type III pathway into the supernatant of an
in vitro-grown culture of Pseudomonas syringae (499).

Erwinia harpins. Harping,, from Erwinia amylovora, was the
first harpin discovered. The small (385-aa), heat-stable, gly-
cine-rich, hydrophilic protein was shown to elicit an HR in
tobacco leaves when purified from either E. amylovora or Esch-
erichia coli expressing the hrp gene cluster (472). The protein
was found in association with the bacterial membrane fraction
and is secreted without amino-terminal processing. The encod-
ing gene, named ArpN, is located at the left side of the Arp
cluster (see Fig. 9). Demonstrating the requirement for
harping, in E. amylovora pathogenicity, an ArpN mutant does
not elicit an HR in tobacco and does not cause fire blight in
rosaceous plants (472).

In contrast to the E. amylovora hrpN mutant, a mutant with
a mutation in the corresponding E. chrysanthemi hrpN gene is
not completely impaired in its ability to cause disease but
exhibits a reduced frequency of infection in witloof chicory
leaves (34). Nevertheless, the mutant is impaired in its ability
to elicit an HR in various nonhost plants. Like harping,, the
340-aa harping,, is glycine rich, and the two proteins are highly
similar in their carboxy-terminal one-third (34).

Harpins from P. syringae pathovars. Harpinp from P. sy-
ringae pv. syringae (named HrpZp,,) is even less exclusively
required for pathogenicity and HR elicitation than is harping,
in E. chrysanthemi. Thus, although the purified protein elicits
an HR in nonhost plants (7, 188), a mutant with a deletion of
the encoding gene in P. syringae pv. syringae still induces an
HR, albeit at reduced levels compared to the wild type. How-
ever, when the same mutation was introduced into the Arp gene
cluster expressed in E. coli, the resultant strain no longer in-
duced an HR. Thus, HrpZ,, contributes significantly to but is
not essential for P. syringae pv. syringae virulence, and P. sy-
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ringae pv. syringae must contain more HR elicitors (7). As with
the respective Erwinia genes, hrpZ is located at one side of the
hrp gene cluster in P. syringae pv. syringae (see Fig. 9). Inter-
estingly, a mutant with a mutation in ~rmA, a gene located
downstream of the other end of the P. syringae pv. syringae hrp
gene cluster, does not induce an HR in tobacco leaves, al-
though the mutant secretes normal amounts of HrpZ (7). In
the wild-type strain, more than half of the total amount of
HrpZ,, is found in the supernatant of an overnight culture,
and secretion is dependent on the type III pathway (188).

HrpZ,,, (341 aa) is a glycine-rich (13.5% Gly), mildly ther-
mostable, hydrophilic protein (188) that exhibits interesting
structural features. It contains three direct repeats of 7, 5, and
4 identical amino acids and five additional repeats of 24 similar
amino acids. Throughout the protein, 14 relatively evenly
spaced short hydrophobic regions and 9 probable a-helices are
found (7). These repeated structural motifs appear to confer
functional redundancy, since various purified amino- and car-
boxy-terminal parts of the protein are sufficient to elicit an HR
(7, 188).

hrpZ genes have also been identified in P. syringae pv. gly-
cinea and tomato (357). The HrpZy,, and HrpZ, proteins
have 79% identity, while HrpZp, is 63% identical to HrpZp..
Interestingly, the gene encoding HrpZ, , may have undergone
horizontal gene transfer and interspecies recombination be-
tween P. syringae pv. tomato and Ralstonia solanacearum, since
HrpZ,,, exhibits a 24-aa glycine-rich insertion which is almost
identical to an internal part from the otherwise unrelated
PopAl, the “harpin” from R. solanacearum (see below) (357).
Although P. syringae pv. syringae, glycinea, and tomato have
narrow host ranges, purified HrpZ proteins of these pathovars
cause an HR in tomato leaves but show no effect when infil-
trated in leaves of other host and nonhost plants. Thus, the
HrpZ proteins do not directly appear to determine the host
range of these P. syringae pathovars (357).

AvrPto from P. syringae pv. tomato binds to tomato Pto
kinase. As described in the section on plant-pathogenic bacte-
ria (above), the avirulence factor AvrPto from P. syringae pv.
tomato elicits an HR in tomato plants by direct binding to the
cytoplasmic Pto kinase (408, 436). AvrPto is a small (164-aa),
mostly hydrophilic protein. Although secretion of the protein
has not been demonstrated in vitro, AvrPto depends function-
ally on an intact type III secretion apparatus (390).

PopAl from R. solanacearum. PopAl (for Pseudomonas out
protein), whose secretion by R. solanacearum (formerly
Pseudomonas solanacearum) depends on a functional type III
pathway (26), exhibits structural features similar to the harpins
discussed above: the protein is relatively small (344 aa), glycine
rich, and heat stable, and, like HrpZ from P. syringae, it does
not contain any tyrosine residues, a feature which was specu-
lated to allow these proteins to escape H,O,-mediated cross-
linking of tyrosine residues in plant cell walls during the de-
fense reaction (64, 188). Purified PopAl exhibits HR-inducing
activity on plants (tobacco and some petunia lines) which nat-
urally develop an HR resistance reaction in response to infec-
tion with R. solanacearum. However, PopA1 has no activity on
tomato, the natural host plant of R. solanacearum (26). There-
fore, the protein appears to act like an avirulence protein
rather than a direct inducer of plant disease (for a definition of
avirulence factors, see “Plant-pathogenic bacteria” above).
However, in contrast to classical avirulence genes, popA mu-
tants retain their ability to elicit an HR in tobacco and other
nonhost plants and also still cause disease in tomato (26).

After secretion, the PopAl protein is successively processed
at the amino terminus (a deletion of 9 aa results in PopA2; a
shortening by 93 aa results in PopA3). The reason for this
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processing is not apparent, especially since PopA3 exhibits the
same biological activity as PopAl. The popA gene is located
approximately 3 kb to the left end of the Arp gene cluster in R.
solanacearum (see Fig. 9) (26). Expression of the gene is de-
pendent on the transcriptional activator hArpB (26) (see “Tran-
scriptional regulation in R. solanacearum and X. campestris”
below), and therefore popA is coregulated with other genes of
the type III secretion system and belongs to the Arp regulon
(155).

TRANSLOCATION OF PROTEINS INTO THE
EUKARYOTIC CYTOSOL

Translocation of bacterial virulence proteins into eukaryotic
target cells appears to be a common feature of most if not all
type III secretion systems (83, 383, 408, 436, 485). The term
“translocation” is used to describe the transport of proteins
from the bacterial cell through the eukaryotic plasma mem-
brane into the cytosol of the target cell, while “secretion”
refers to the transport of proteins from the bacterial cytoplasm
to the extracellular space. Although translocation requires the
ability to secrete proteins, secretion and translocation are func-
tionally separate events, and the information required for
translocation differs from that required for secretion. Thus, the
secreted proteins contain dedicated and distinct secretion and
translocation domains, and translocation involves additional
accessory proteins, which are themselves secreted via the type
IIT secretion pathway. Translocation occurs only at sites of
close contact between the pathogen and the target cell. Protein
secretion in vitro may thus represent only an experimental
artifact which occurs under laboratory conditions that mimic
the regulatory conditions encountered by the bacteria after
contact with the surface of a target cell.

Translocation of Yop Proteins by Yersinia Species

The mechanism of Yop translocation by pathogenic Yersinia
spp. has been analyzed in some detail and involves (i) the type
III secretion apparatus (see the section on the proteins that
constitute the type III secretion apparatus, below), (ii) the
translocated antihost proteins (see “Virulence proteins se-
creted by pathogenic Yersinia species” above), (iii) a surface-
exposed control protein that functions in concert with a num-
ber of secretion regulatory factors (see “Regulation of type III
secretion in Yersinia species” below), and (iv) a set of dedicated
translocator proteins, which are discussed here.

General characteristics of translocation of Yersinia Yop pro-
teins. Translocation of Yop proteins is an active process which
requires live bacteria (380), protein synthesis (345, 384) and
the adherence of bacteria to the target cell (345, 381, 383, 421).
In fact, it was already observed by Portnoy et al. in one of the
earliest studies on Y. enterocolitica cytotoxicity that close con-
tact of the bacteria with tissue culture cells was required for the
bacteria to exert a cytotoxic effect (355). No cytotoxic activity is
observed when secreted and concentrated Yop proteins or
cell-free lysates of whole cells are added to epithelial cells (355,
380), nor do nonadherent mutants (yadA [192]) exhibit cyto-
toxicity, i.e., Yop translocation (141, 380, 421). Furthermore,
cytochalasin D does not influence Yop translocation (174, 420,
421), demonstrating that neither bacterial internalization nor
movement of the cytoskeleton is involved in Yop translocation.

With respect to the kinetics of Yop translocation, several
conflicting observations have been made. Translocation of
YopH and YpkA into cultured HeLa cells was analyzed by the
addition of gentamicin, which effectively inactivates extracel-
lular bacteria (449), at various time points after infection of
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cells with Y. pseudotuberculosis (174, 345). Translocation of
YpkA was blocked only when gentamicin was added prior to 30
min postinfection (174), while addition of the drug 1 h after
infection still inhibited YopH translocation (345), suggesting
that the translocation process requires 30 min or longer. How-
ever, these experiments used immunofluorescence to detect
the translocated protein. When analyzing the pattern of pro-
tein tyrosine phosphorylation induced in cultured macro-
phages after contact with Y. pseudotuberculosis, Andersson et
al. observed a YopH-dependent dephosphorylation of several
proteins within 1 min after bacterial cell contact (20), implying
very rapid translocation of enzymatically active amounts of
YopH. In this respect, it is of further interest that the proteins
secreted by EPEC also exhibit an immediate effect on host
cells. Thus, killing of extracellularly adherent EPEC as early as
5 to 10 min after the initial contact with epithelial cells still
allowed the bacteria to trigger the full program of A/E lesion
formation (see “Enteropathogenic Escherichia coli” and “Se-
creted proteins of enteropathogenic E. coli” above) (377),
again indicating rapid protein translocation.

Translocation of the Yops is polarized; i.e., it occurs only at
the zone of contact between a bacterium and the target cell
surface, while no Yops are released into the surrounding me-
dium (383). The molecular basis of this phenomenon, which
involves the surface control protein YopN, is discussed in the
section on regulation of type III secretion in Yersinia species
(below).

The protein translocases YopB and YopD. Translocation of
YopE, YopH, YopM, and YpkA across the eukaryotic plasma
membrane requires YopB and YopD as protein translocases
(56, 174, 175, 345, 383, 420, 421) and involves YopK as a
modulatory factor (205). The Yops which enable and modulate
translocation are not subject to translocation themselves, but,
rather, remain located at the bacterial surface during the trans-
location step (205). Nevertheless, YopB, YopD, and YopK are
transported to the bacterial surface via the type III secretion
pathway and thus require the secretion apparatus for function-
ality.

YopB and/or YopD mutants are avirulent (175, 186) and are
specifically affected in the translocation step, while secretion of
other Yops is not affected in these mutants (41, 174, 175, 321,
380, 421, 466). Accordingly, after cell contact of a yopBD mu-
tant, Yops accumulate at the zone of contact between the
pathogen and the target cell (345, 383). To function in trans-
location, YopB and YopD have to be supplied by the same
bacterial cell which translocalizes a Yop, since a mutant lack-
ing YopB and YopD could not be transcomplemented for
translocation by coinfection with a strain providing YopB and
YopD but lacking the translocated Yop (420). Taken together,
these data suggest that YopBD-mediated translocation imme-
diately follows secretion and occurs at contact points between
bacteria and eukaryotic cells (383, 420).

YopB and YopD are encoded in the lerGVH-yopBD operon,
shown at the left side of the type III secretion gene cluster in
Fig. 9. Transcription of the operon is induced by temperature
and repressed in the presence of Ca®* (41, 359). Both YopB
and YopD are potential transmembrane proteins and thus
differ from the predicted globular pattern of other Yops (173).
The 401-aa YopB contains two hydrophobic regions of 44 and
35 aa, separated by 15 aa, in the central part of the protein
(173), a structural motif reminiscent of pore-forming toxins of
the RTX family (475). YopD (306 aa) has one central hydro-
phobic region of 31 aa and a carboxy-terminal 14-aa amphi-
pathic helix (173). Because of their putative transmembrane
structure, YopD and YopB possibly form pores in the eukary-
otic cell membrane through which other Yops are translocated
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FIG. 4. Similarity of hydrophobic regions (shaded boxes) in the putative
membrane translocator proteins YopB and IpaB (173).

into the cytosol of the target cell. Indeed, it was shown that a
multiple yop mutant strain of Y. pseudotuberculosis, which ex-
pressed YopB, induced a pore with an apparent size of 1.2 to
3.5 nm in sheep erythrocytes after contact of the bacteria with
the target cell and that purified YopB disrupted membranes in
vitro (175). Whether YopB and YopD directly interact with
translocated Yops during the translocation step remains to be
determined. However, it is interesting that a strain which ex-
pressed YopE in addition to YopB exhibited reduced lytic
activity, implying that during translocation the occupancy of
the YopB-induced pore by translocated Yops may maintain
membrane integrity (175).

YopB is 24% identical (47% similar) (173) to IpaB from S.
flexneri and to Sip/SspB from Salmonella spp., which also con-
tain two central hydrophobic regions (Fig. 4). The similarities
between YopB, IpaB, and Sip/SspB may be of significant func-
tional importance, since (i) like YopB in Yersinia spp., IpaB is
required for the contact-hemolytic activity of S. flexneri (200);
(ii) S. typhimurium translocates proteins into eukaryotic cells, a
process which—together with Sip/SspC and Sip/SscD—re-
quires Sip/SspB (83, 485); and (iii) Yersinia YopE can be trans-
located into epithelial cells by S. typhimurium expressing the
Yersinia yopE gene (382). Thus, like YopB, the homologous
proteins probably act as membrane translocators. Whether P.
syringae, which also probably translocates proteins via the type
III secretion pathway (408, 436), and other organisms contain
similar translocator proteins remains to be determined.

Modulatory role of YopK in translocation. Like YopB and
YopD, YopK (206) is not translocated into eukaryotic cells
but, rather, appears to be located in the vicinity of cell-associ-
ated bacteria during the infection process (205). An avirulent
(206, 321, 429) yopK mutant (see “Yersinia species” above)
exhibits several interesting phenotypes which, together, led
Holmstrom et al. to suggest that YopK controls the amount of
Yop translocation by negatively influencing the size of the
YopB-induced pore in the target cell membrane: a yopK mu-
tant exhibits increased YopB-dependent cell lytic activity, an
elevated level of Yop translocation, and, consequently, a stron-
ger cytotoxic effect (205). In contrast, a strain which overex-
presses YopK is impaired in Yop translocation and exhibits a
much reduced lytic activity, with the apparent size of the
YopB-induced pore being smaller than 1.2 nm (205). Like the
other Yops, YopK is secreted by the type III secretion pathway
and the gene is regulated by temperature and Ca** (206).
YopK is expressed at levels considerably lower than the other
Yops (206), a phenomenon which may be associated with its
regulatory role in translocation.

The secretion signal may reside in the mRNA. In addition to
the type III secretion apparatus and the translocator proteins
discussed above, information which is located within the indi-
vidual anti-host Yop factors is required for their secretion and
translocation. As in other type III secretion systems, the amino
terminus of the secreted Yops is required for secretion (306).
For both YopH and YopE, deletion analysis and reporter
protein fusions have been used to determine the minimal re-
gions of the genes and proteins required for their secretion and
translocation. Two detailed analyses both employed Yop,,-Cya
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fusions with various numbers () of amino-terminal amino
acids of either YopE (404, 420) or of YopH (420) fused to the
catalytic domain of B. pertussis adenylate cyclase (see “Viru-
lence proteins secreted by pathogenic Yersinia species” above).
Sory et al. found that a YopE,s-Cya fusion and a YopH,,-Cya
fusion were still effectively secreted by Y. enterocolitica into the
supernatant (420), and replacement of the first 6 aa of YopH
with the amino-terminal 12 aa of B-galactosidase resulted in a
nonsecreted hybrid protein (306). Schesser et al. showed that
11 amino-terminal amino acids of YopE fused to Cya were
sufficient to expose the fusion protein on the surface of Y.
pseudotuberculosis (404). Site-directed replacement of any of
the first 7 aa of YopE,;-Cya with glycine led to a significant
decrease in the ability to export the fusion protein, while indi-
vidual replacement of aa 8 to 10 with glycine had no drastic
effect (404). In the case of YopN, the first 15 aa were sufficient
for secretion (19). Thus, it has long been thought that the
secretion signal resides in the very amino terminus of the
secreted Yops.

A new perspective on the problem has recently been intro-
duced by Anderson and Schneewind, who suggested that the
secretion signal may reside in the mRNA encoding a type III
secreted protein (19). The authors introduced nucleotide in-
sertions and deletions in the second codon of both YopE and
YopN, respectively, which shifted the original reading frame to
the two other frames, and scored the secretion of the respec-
tive reporter fusions to neomycin phosphotransferase (Npt).
Except for a shift in YopE to the third reading frame, which
generated a very hydrophobic amino-terminal peptide, all the
mutations allowed secretion of the respective constructs. The
authors also individually substituted aa 2 to 15 of both YopE
and YopN with alanine and found that exchange of serine 4 to
alanine in YopE abolished secretion and translation of the
protein. Selection for spontaneous suppressor mutants of
YopE,s A-Npt identified several intragenic suppressors, which
all contained a CCC to CCA transversion in codon 12. This
suppressor mutation restored the translation and secretion of
the fusion protein without altering the amino acid sequence.
Since the amino termini of the proteins appear very tolerant to
mutational changes without loss of function and since the iso-
lated suppressor at codon 12 in YopE does not affect the
peptide sequence, the authors concluded that the signal rec-
ognized by the secretion apparatus is mRNA rather than the
peptide sequence. Furthermore, since secretion-deficient mu-
tants were also impaired in translation, the authors suggested
that secretion and translation may be coupled. Indeed, the 5’
ends of the YopE and YopN mRNAs both are predicted to
form stem-loop structures which bury the AUG translational
start codon in a base pair duplex while positioning codons 2
and 4 within a loop. Mutations that abolish translation either
are located within the predicted loops or affect its adjacent
base pairs and could affect recognition of the structure by an
RNA-binding protein. Since secretion appears to be cotrans-
lational, the authors further suggested that the mRNA as-
sumes a translatable conformation only after contact with the
secretion apparatus.

Translocation domains of YopE and YopH. In contrast to
the short regions required for secretion, at least 50 amino-
terminal amino acids of YopE and approximately 70 aa of
YopH are required for these proteins to be translocated into
eukaryotic cells (404, 420). Thus, a YopH,;-Cya fusion is ef-
fectively translocated into macrophages while a YopHs,-Cya
fusion is too short for translocation (420). In agreement with
these results, Persson et al. observed that a YopH 4o 454 de-
letion, which exhibits wild-type PTPase activity and is secreted
like wild-type YopH, was no longer translocated (345). In a
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FIG. 5. Translocation domains (shaded boxes) of YopE and YopH as deter-
mined by reporter gene fusions. The approximate boundaries of the domains are
shown in amino acids. Secretion requires the 5’ region of yop genes (codons 1 to
15). The secretion signal may reside in the mRNA (see the text for details).

similar approach, it was demonstrated that a fusion protein
consisting of the amino-terminal 40 aa of YopM fused to CyaA
is secreted but not translocated whereas a YopM, ,-Cya fusion
is both secreted and translocated (56). YopE, YopH, and
YopM are, thus, modular proteins consisting of a translocation
domain and an effector domain (Fig. 5). In this respect, it is
interesting that the flagellar hook protein FIgE from Cau-
lobacter crescentus, which is exported without being processed
via the type III secretion-related flagellum-specific transport
pathway (see “Proteins that constitute the type III secretion
apparatus” below), also carries an amino-terminal secretion
signal, albeit not located at the very amino terminus but,
rather, comprising aa 38 to 58 (250). Figure 6 summarizes the
mechanism and factors involved in Yop translocation.

Protein Translocation by Other Type II1
Secretion Systems

As mentioned above and in the section on proteins secreted
by S. typhimurium (above), translocation has also been dem-
onstrated for proteins secreted by the S. typhimurium SPI-1-
encoded type III secretion system (83, 485) and probably oc-
curs in other systems as well (408, 436). No detailed analysis of
the minimal secretion and translocation signals has been con-
ducted for other type III secretion systems, so far. However, in
the cases analyzed, the secretion signal was localized to the
very amino terminus of the secreted proteins (306, 308, 491).
The Y. pseudotuberculosis YopE protein can be secreted and
translocated by S. typhimurium, while Y. pseudotuberculosis and
S. typhi can secrete the Shigella flexneri IpaB protein (197, 382)
and ExoS from P. aeruginosa is secreted and translocated by Y.
pseudotuberculosis (140), indicating a conserved secretion
mechanism. Since these proteins do not exhibit any recogniz-
able structural or physicochemical similarities, the secretion
signal may indeed by RNA.

Hrp Pilus and Type III Secretion-Related Surface
Structures of S. typhimurium

Does translocation of type III secreted proteins into eukary-
otic cells, at least in some systems, involve the assembly of a
supermolecular surface structure functioning as a pipeline for
protein translocation? At least for P. syringae, the answer to
this question is probably yes, since P. syringae pv. tomato pro-
duces a pilus-like surface structure which is induced when
bacteria are grown on solid, type III secretion gene-inducing
medium at a temperature below 25°C (374). The filamentous
surface appendages are 6 to 8 nm in diameter and were ob-
served on strains deficient in type IV pilus production but were
absent from type III secretion mutant strains (374). Two of the
proteins which are found in the supernatant of an in vitro-
grown P. syringae culture (499) were shown to be present in a
purified pilus fraction; one of these was identified as HrpA, an
11-kDa hydrophilic protein, which is encoded at the right end
of the hrp gene cluster in P. syringae (see Fig. 9). HrpA is
secreted without amino-terminal processing and is required for
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FIG. 6. (A) Secretion and translocation of a Yop from Yersinia spp. into the cytosol of a macrophage (M®). (B) Deletion of the translocation domain (ca. aa 15
to 50) results in loss of translocation. (C) YopB and YopD are required for translocation but not for secretion. (D) A YopK mutant exhibits enhanced translocation.

See the text for details.

bacterial pathogenicity and for two avr genes to trigger geno-
type-specific HR in resistant plants (374). Thus, it is possible
that P. syringae employs this type I1I secretion-dependent pilus
structure to translocate proteins into the target cell. A gene
encoding a protein homologous to HrpA is also present in the
Erwinia amylovora type III secretion system (244), implying
that this pathogen also expresses a pilus structure.

Another novel macromolecular surface structure related to
type III secretion was observed on S. typhimurium in epithelial
cell infection experiments (158). Shortly after S. typhimurium
contacted the surface of polarized cells, the bacteria were seen
to express pilus-like surface appendages which covered the
entire bacterial cell. These relatively short, fat appendages
were approximately 60 nm in diameter and 0.1 to 0.3 mm long
and were not seen on in vitro-grown bacteria. Interestingly, the
appendages were not seen on bacteria which actually invaded
the cell through a membrane ruffle, suggesting that append-
ages are only transiently expressed. Although the transient
expression of surface appendages depends on functional type
IIT secretion (158), further analyses have not been able to
demonstrate the direct relation between appendage formation
and expression of the SPI-1-encoded type III secretion system
(M. A. Jepson, personal communication).

In general, it seems possible that proteins secreted by the
type III secretion pathway assemble into specific, pathogene-
sis-associated macromolecular structures, since macromolecu-
lar aggregation has been observed for several of these proteins
(216, 308, 337, 485), and many proteins secreted via the type
III pathway are predicted to form coiled-coil structures which
could be involved in the respective protein-protein interactions
(84, 334).

TYPE III SECRETORY CHAPERONES
(BODYGUARDS)

Many of the type III secreted proteins in different species
require small, usually acidic, cytoplasmic accessory proteins,
which bind specifically to individual secreted proteins, for their
secretion and presecretory stabilization. Although the type III

secretory chaperones do not target the secreted proteins to the
secretion apparatus (141, 483), they appear to prevent prema-
ture interactions of different secreted proteins with each other
and/or with parts of the secretion and translocation machinery
(303, 483). According to this preventive and protective func-
tion, the type III secretion system chaperones have also been
named bodyguards (483). However, a specific secretory role for
these chaperones has recently been observed in some mutants
(76).

Yop-Specific Chaperones and Their
Role in Yop Secretion

SycE/YerA and SycH. YopE and YopH each require an
additional factor to be efficiently secreted. For YopE, this
factor is named YerA (Yop regulator A) in Y. pseudotubercu-
losis (131) and SycE (specific YopE chaperone) in Y. entero-
colitica (467). sycE/yerA (131, 467) and sycH mutants (345, 466)
exhibit strongly reduced secretion of YopE or YopH, respec-
tively, whereas secretion of other Yops is not affected in these
mutants. The defect in YopE secretion is not due to reduced
yopE transcription, which is not affected by SycE/YerA (467).
The defect in YopE secretion in sycE/yerA mutants may be
partially due to reduced YopE translation, since YopE does
not accumulate in the cytoplasm (467) and the half-life of
YopE is reduced in the sycE/yerA strain (141). However, for
YopH, SycH clearly affects secretion, since YopH accumulates
in the cytoplasm of the sycH mutant (466). Since radiolabelled
SycE or SycH specifically binds to nitrocellulose-blotted YopE
or YopH, respectively (467), Wattiau and Cornelis suggested
that SycE and SycH might act as Yop-specific chaperones
which are involved in posttranscriptional stabilization of the
Yop proteins prior to secretion (467). The interaction of YopE
with its chaperone was shown to also occur in vivo by copuri-
fication of YopE with a biologically active YerA-GST fusion
protein (141).

It is important to note that although secretion of YopE is
strongly reduced in the sycE/yerA mutant (131, 467), the yer4
strain of Y. pseudotuberculosis still translocated 2 to 3% of the
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FIG. 7. Schematic representation of the function of the Yop-specific chaperones in secretion. (A) The Yop-specific chaperone binds to the translocation domain
of its cognate Yop protein. (B) In the absence of the respective chaperone, secretion of the Yop is impaired. (C) Deletion of the translocation domain abolishes the
requirement for the chaperone for secretion. (D) In the absence of the chaperone and YopB/D, secretion is (partially) restored, indicating that the chaperone functions
to protect premature interaction of the secreted Yop with YopB/D. See the text for further details.

wild-type level of YopE. Furthermore, in contrast to type III
secretion mutants, the yer4 mutant exhibited an albeit delayed
cytotoxic effect (141). Therefore, SycE/YerA does not appear
to be absolutely necessary for the secretion and translocation
process but, rather, seems to function in presecretory stabili-
zation of YopE.

Both SycE and SycH are similar in that they are small (14.7
and 15.7 kDa, respectively), acidic (pI 4.4 and 4.9, respectively)
and cytoplasmic (141, 467). In addition, SycE was shown to
form homodimers (467), and it is not secreted or translocated
into the target cell cytoplasm (141). Despite the lack of overall
sequence homology between SycE and SycH, these proteins
exhibit similar predicted physicochemical properties and sec-
ondary structures. In particular, the hydrophobic moment
plots, which are almost identical for these proteins, show two
major hydrophobic peaks at the carboxy termini of SycE and
SycH (466). The amino acid sequence of the last peak in both
proteins contains a conserved motif, Leu-Xaa,-Asn-Xaa,-Leu-
Xaab6-Leu-Xaas-Leu, which resembles a leucine zipper and,
according to a secondary-structure prediction, might be ar-
ranged as an a-helix (466).

SycE/YerA is encoded immediately upstream of yopE and is
transcribed in the opposite orientation to yopE in all three
pathogenic Yersinia spp. (131), while sycH is located down-
stream from yopH in Y. enterocolitica and is transcribed in the
opposite direction to yopH (466). (In Y. pseudotuberculosis,
however, sycH is not located near yopH [345].) Transcription of
the sycE gene is induced by temperature in dependency of VirF
(see “Transcriptional regulation of Yop expression” below)
and is partially repressed in the presence of Ca®" in Y. entero-
colitica (467), while no Ca*" repression of YerA expression
was observed in Y. pseudotuberculosis (141).

SycE and SycH bind to the translocation domains of their
cognate Yop. Woestyn et al. mapped the domains of YopE and
YopH which are required for binding of their respective chap-
erones (483). By copurification of SycE with various YopE,,-
Cya fusions (n indicates the number of amino-terminal YopE
residues present in the fusion), these authors determined that
the first 50 aa of YopE (YopEs,-Cya fusion) are indispensable
for SycE binding (483). In a similar approach, Schesser et al.
found that a YopE,,-Cya fusion was already impaired in YerA
binding (404). Therefore, the boundary of the SycE/YerA
binding domain in YopE is at residue 50. Deletion of aa 2 to 14
from native YopE (yielding YopE,,_,4), however, had no ef-

fect on SycE binding, but deletion of aa 36 to 46 completely
abolished binding of the chaperone. For YopH, it was shown
that a YopHg,-PhoA fusion bound SycH (466), and the SycH-
binding domain of YopH was determined to lie within aa 20 to
69, while aa 2 to 19 is not required for SycH binding (483).

Surprisingly, a YopE,,-Cya fusion and YopH,,y 0, both
impaired in binding their cognate chaperone, were effectively
secreted into the supernatants of sycE and sycH mutants, re-
spectively. In contrast, fusions of YopE (YopE,;,-Cya) and
YopH (YopH YopHgy-PhoA) capable of binding their chap-
erone both required the respective chaperone for effective
secretion (483). (Comparable results were obtained for the
YopE-YerA interaction in Y. pseudotuberculosis [404] and for
secretion of YopE by Y. enterocolitica [76].) These results dem-
onstrate that the chaperone binding domains in YopE and
YopH differ from the domains required for secretion of these
Yops. In fact, the chaperone binding domains are located
immediately C-terminal of the secretion domains and coincide
with the domains required for YopE and YopH translocation
(Fig. 5 and 7). Since the translocation domain may facilitate
interaction of the Yop with other proteins during the secretion
and translocation process, the chaperones (or bodyguards)
may prevent this interaction prior to secretion and thus appear
to function as anti-association factors (483). Deletion of the
translocation domain would abolish that interaction and thus
abolish the requirement for the chaperone to protect the trans-
location domain. Since YopB and YopD are required for the
translocation process and may interact with the Yops during
translocation (see “The protein translocases YopB and YopD”
above), Woestyn et al. tested whether a yopBD sycH double
mutant behaved differently from a sycH mutant with respect to
the secretion of native YopH. In accordance with their as-
sumptions, YopH was secreted in larger amounts by the double
mutant than by the sycH mutant but not as efficiently as by a
yopBD strain (483). These results indicate that SycH, and prob-
ably SycE in the case of YopE, may protect the translocation
domain of YopH from premature interaction with YopB and
YopD (and/or other proteins) in order to allow functional
YopH secretion (Fig. 7).

The secretion of YopE and YopH derivatives which are
impaired in binding their partner chaperone also demonstrates
that the chaperones do not facilitate the recognition of differ-
ent Yops by the secretion apparatus. Rather, Yop secretion
functions independently of the chaperones. This notion is ad-
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ditionally supported by the fact that after contact with a target
cell, ayopD yerA double mutant accumulated YopE in discrete
spots at the zone of interaction between the bacteria and eu-
karyotic cell surface in the same way as a yopD mutant did
(141, 383). Therefore, targeting of YopE to the putative secre-
tion and translocation loci does not require the chaperone.

LerH/SyceD. A third putative Yop chaperone was found to be
encoded by IcrH (466), which previously had been shown to
play an important regulatory role in the low-calcium-response
(see “Regulation of type III secretion in Yersinia species” be-
low). Like SycE and SycH, LcrH, which is encoded in proximity
to YopBD in the lerGVH-yopBD operon, is a small (19-kDa)
cytoplasmic protein with a predicted pI of 4.5 (359). An lerH
mutant specifically lacks YopB and YopD in the supernatant,
and YopD could not be detected intracellularly in the mutant
(466). Coimmunoprecipitation of YopD and LcrH demon-
strated the capability of the proteins to bind to each other.
Therefore, LerH is considered to be the YopD- and possibly
YopB-specific chaperone and was renamed SycD (466). How-
ever, in contrast to mutations in either sycE/yerA or sycH,
which affect the secretion only of their cognate Yop, an lcrH/
sycD mutation has a global regulatory effect on yop expression.
Despite its overall similarities to SycE and SycH, SycD does
not contain the leucine zipper-similar sequence motif in its
carboxy terminus. Nevertheless, the C terminus of SycD dis-
plays a high hydrophobic moment (466).

IpgC from S. flexneri Inhibits the Cytoplasmic Interaction
of the Secreted Ipa Proteins

In S. flexneri, the invasion plasmid gene ipgC, located up-
stream of ipaB (see Fig. 9), encodes a small (17-kDa) cytoplas-
mic protein which is required for S. flexneri invasiveness and
functions as a chaperone for the virulence factors IpaB and
IpaC (303). Ménard et al. showed that IpgC independently
binds to either of the two Ipa proteins in the bacterial cyto-
plasm (303). In the absence of the chaperone, the two Ipa
proteins interact with each other in the cytoplasm as they do
after secretion into the supernatant (see “Proteins secreted by
the S. flexneri type III pathway” above), and the resulting
IpaBC complex is degraded in the cytoplasm. The main target
for proteolytic degradation appears to be IpaB, since IpaC is
relatively stable in the absence of both IpgC and IpaB, and
binding of the chaperone to IpaB is sufficient to prevent pro-
teolysis of IpaB. Interestingly, deletion of the two hydrophobic
domains in the carboxy-terminal region of IpaB, which are
homologous to similarly located domains in YopB and may be
involved in pore formation in eukaryotic cell membranes (Fig.
4), abolished the requirement for IpgC to stabilize IpaB. Taken
together, IpgC appears to act as an antiassociation factor
which prevents the deleterious formation of the IpaBC com-
plex before secretion (303). Interestingly, IpgC exhibits some
similarity (27% identity) to the YopBD chaperone LerH/SycH.

Homologs of Yop Chaperones in Other Bacteria

Homologs of the Yop chaperones have also been identified
in other bacteria (469). SycH is 27% identical to YeaE (225),
a putative chaperone encoded immediately upstream of the
EPEC eaeA gene, while SycE is 46% identical to the ORF1-
encoded protein (492), a putative chaperone for the P. aerugi-
nosa ExoS enzyme. Recently, a homolog of SycE termed Sccl
(146 aa, pI 5.2) has been detected in Chlamydia psittaci (211).
A third group of homologous chaperones includes SycD, IpgC
from Shigella flexneri (303, 450), SicA from Salmonella spp.
(197, 234, 322), and an uncharacterized open reading frame
ORFo163 from E. coli (GenBank accession no. 887802). Ex-
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cept for the Yop chaperones and IpgC, the other putative
chaperones have not been functionally analyzed so far.

REGULATION OF TYPE III SECRETION BY
CONTACT WITH EUKARYOTIC CELLS

According to the role of type III secretion systems in trans-
location of virulence proteins into eukaryotic cells, several type
III secretion systems are activated by contact of the bacteria
with the surface of eukaryotic target cells. Interestingly, how-
ever, the regulatory proteins required for cell contact-activated
protein secretion differ in Yersinia spp. and S. flexneri, the two
organisms for which this phenomenon has been unambigu-
ously demonstrated (302, 383). Furthermore, the respective
regulatory proteins are either not present or not conserved in
other bacterial type III secretion systems. Thus, some type III
secretion systems comprise accessory factors which are not
directly involved in the core secretion mechanism but function
in a sophisticated manner to regulate secretion.

An important difference between protein secretion by Yer-
sinia spp. and S. flexneri is that yersiniae secrete and translocate
proteins in a polarized manner (i.e., the secreted factors are
translocated into the cytosol of the target cells but are not
secreted into the tissue culture medium [345, 383, 421]),
whereas, in contrast, S. flexneri secretes Ipa proteins into the
surrounding medium after contact with a target cell (302). In
addition, Yersinia spp. and S. flexneri exhibit important differ-
ences in presecretory conditions. Thus, while S. flexneri stores
secreted proteins in the cytoplasm prior to contact with a target
cell (302), pathogenic Yersinia spp. even keep expression of the
secreted factors repressed until they encounter a target cell
(347). This section discusses the regulation of secretion in
Yersinia and Shigella spp., while transcriptional regulation of
type III secretion systems is discussed in a later section. This
section also discusses the few known mechanistic aspects of
type III secretion in other pathogens.

Regulation of Type III Secretion in Yersinia Species

As mentioned above, Yersinia spp. coregulate the expression
of type III secreted proteins with their secretion; i.e., expres-
sion is derepressed only when the secretion channels are
opened. (Basically, this regulation is achieved by secretion of a
factor which negatively regulates expression [see the section on
transcriptional regulation of type III secretion genes, below].)
The secretion channels are opened by contact of the bacteria
with a target cell. However, efficient secretion can also be
artificially induced in vitro by removal of Ca*" from the growth
medium, since Ca®" appears to be required to keep the secre-
tion channels shut in the absence of target cells. Indeed, reg-
ulation of secretion by Ca** had been discovered long before
the regulation by target cell contact, and artificial induction of
secretion in the absence of Ca®* has been extensively used to
analyze the Yersinia type III secretion mechanism and its com-
plex regulation. For reasons of clarity, I discuss almost all
factors involved in Ca** regulation under “Transcriptional
regulation of type III secretion systems” (below), while the
present section describes the only factor which has been shown
directly to regulate polarized Yop translocation in vivo.

The surface-exposed sensor protein YopN regulates polar-
ized Yop translocation. Rosqvist et al. used immunoblotting to
analyze the location of YopE after contact of Y. pseudotuber-
culosis with HeLa cells. They found that all detectable YopE
was present in the cytosol of the target cells, while no YopE
was detected in the tissue culture supernatant. However, when
a yopN mutant was used to infect HeLa cells, some YopE was
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detected in the cell fraction but most of it was released into the
supernatant (383). Similar results were obtained for the loca-
tion of YopH after target cell infection, which was analyzed by
measuring the enzymatic PTPase activity of the protein. While
wild-type bacteria translocated more than 99% of all detect-
able YopH into HeLa cells, a yopN mutant released approxi-
mately 50% of the protein into the surrounding medium (345).
(Note that in contrast to these results, Boland et al. observed
a significant release [about 50%] of various Yop protein-re-
porter fusions into the tissue culture supernatant of PUS5-1.8
macrophages [56]. The reason for this discrepancy is not clear.
One possible explanation is the use of reporter protein fusions
instead of the native Yop proteins.) Thus, the 293-aa YopN,
which is called LcrE in Y. pestis (129, 454), appears to control
in the polarized secretion and translocation of Yop proteins
into eukaryotic cells. Residual protein translocation in the ab-
sence of YopN demonstrates that YopN is not directly in-
volved in the translocation step.

YopN is exposed on the bacterial surface of in vitro-grown
bacteria (129), and under low-calcium conditions this protein is
secreted, together with the other Yop proteins, via the type I1I
secretion pathway (57, 129). In contrast to other Yops, how-
ever, YopN is not translocated into eukaryotic cells (56). Since
yopN/lcrE mutants secrete large quantities of Yops even under
high-Ca" conditions (129, 381), YopN is thought to function
as a regulatory plug that blocks Yersinia type III secretion
channels in the presence of Ca* or in the absence of eukary-
otic cells. Thus, YopN appears to be a surface-exposed sensor
protein which controls type III secretion in response to a signal
on eukaryotic cells, facilitating a localized opening of the se-
cretion channels at sites of cell contact, while secretion chan-
nels which do not directly contact the cell surface are kept shut.
In fact, the physiological signal repressing secretion at noncon-
tact zones may be extracellular Ca®*, which could be required
to maintain a certain active conformation of YopN (383). In-
teraction of YopN with an unknown component on the eu-
karyotic cell surface could either replace Ca®" or, more prob-
ably, change the conformation of YopN so that secretion is
allowed at the points of contact.

As mentioned above, other factors besides YopN are also
involved in the regulation of type III secretion in Yersinia spp.,
and some of these factors may interact with YopN and with the
core secretion apparatus to regulate secretion (see “Transcrip-
tional regulation of Yop expression” below).

Regulation of Type III Secretion in S. flexneri

The mechanism by which S. flexneri regulates type III secre-
tion after contact of the bacteria with eukaryotic cells differs
entirely from the mechanism functional in Yersinia spp. How-
ever, although S. flexneri uses different factors from Yersinia
spp. to regulate secretion, the S. flexneri regulatory proteins are
also secreted via the type III pathway. While in Yersinia spp.
the secreted Yop proteins are expressed only when secretion is
activated, S. flexneri accumulates Ipa proteins in the cytoplasm
and secretes these presynthesized proteins when the bacterium
contacts a eukaryotic cell. Ipa proteins are also partially se-
creted in the absence of cells, indicating that the type III
secretion channels are somewhat leaky or that in vitro culture
conditions can mimic conditions that induce Ipa secretion in
vivo. It is unclear whether secretion of Ipa proteins, i.e., their
transport from the cytoplasm into the external medium, hap-
pens in a single step or is a two-step process involving inter-
mediate deposition of the proteins on the bacterial surface
before their cell contact-induced release. The following section
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discusses the data supporting either of these two modes of Ipa
secretion.

Cell contact-induced Ipa secretion: a one-step process mod-
ulated by IpaB and IpaD. During in vitro growth of S. flexneri,
~90% of the IpaB to IpaD proteins accumulate in the bacte-
rial cytoplasm. Upon contact with HeLa epithelial cells, how-
ever, almost all of the cytoplasmically stored Ipa proteins are
secreted into the surrounding medium within the first 15 min
after cell contact (302). Cell contact-induced secretion is reg-
ulated by IpaB and IpaD. During in vitro growth, a small
portion of the total amount of these two proteins is associated
with the bacterial membranes, where they form a complex as a
transient intermediate in their own secretion. The localization
of the IpaBD complex in the inner or outer membrane was not
unambiguously resolved, but cofractionation of IpaB and IpaD
with the outer membrane protein OmpC in a sucrose gradient
flotation suggested that the IpaBD complex is located in the
outer membrane (302). The membrane-associated IpaBD
complex appears to constitute a plug of the secretion channels,
since ipaD or ipaB mutants constitutively secrete other Ipa
proteins and additional polypeptides in large amounts via the
type III pathway (302, 304, 337). In the presence of an inducing
signal, provided by contact of the Shigella cell with the surface
of an epithelial cell, the IpaBD complex presumably dissoci-
ates, releasing the block of the secretion channels and allowing
rapid secretion of Ipa proteins in high local concentrations into
the surrounding medium. The fact that IpaD is indispensable
for bacterial invasiveness (304), although it is not part of the
IpaBC complex that induces membrane ruffling (see the sec-
tion on proteins secreted by the S. flexneri type III pathway,
above), may be due to a need for high local concentrations of
IpaB and IpaC at the site of bacterial cell contact to induce
membrane ruffling. Such high concentrations may be achieved
only if bacterial cells are preloaded with a larger amount of Ipa
proteins at the moment of cell contact.

Cell contact-induced Ipa release: a two-step model for Ipa
secretion involving Spa32. The alternative model for Ipa se-
cretion is based on the observation of localization of IpaB,
IpaC, and IpaD on the bacterial surface prior to cell contact-
induced release into the medium (464). All three Ipa proteins
are detectable by whole-cell enzyme-linked immunosorbent
assay and immunofluorescence on the surface of in vitro-grown
S. flexneri, and the ratio of surface-exposed to cytoplasmic Ipa
was found to be 1:2 for each of these proteins (464). No
respective immunological signal can be obtained with type III
secretion mutants (401, 452, 464) (with the exception of spa32
[see below]), demonstrating that the Ipa proteins are trans-
ported to the bacterial surface via the type III secretion path-
way. Upon contact with monkey kidney epithelial cells (MK2
cells), 80 to 90% of the three surface-localized Ipa proteins are
released into the medium within 10 min (464, 465). However,
in contrast to Ménard et al. (see above), Watarai et al. found
that the amount of cytoplasmic Ipa proteins decreases slowly:
even after 30 min of cell contact, ~75% of the starting material
was still found in the cytoplasm (464).

The two-step model for Ipa secretion is supported by the
phenotype of a noninvasive mutant with a mutation in spa32,
which is part of the type III secretion gene cluster and encodes
an outer membrane protein. A nonpolar mutant with a muta-
tion in spa32 differs from other noninvasive type III secretion
mutants in that it is still able to expose IpaB, IpaC, and IpaD
on the bacterial surface but is impaired in the subsequent
release of these proteins. The invasiveness of the spa32 mutant
was restored by the addition of cell-free, Ipa-containing growth
medium in the infection assay, and this effect was blocked by
further adding specific IpaBCD antibodies. Addition of the
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Yersinia
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Shigella

FIG. 8. Schematic representation of regulation of type III secretion by contact with a eukaryotic cell (shown in the middle) in Yersinia and Shigella spp. For Yersinia
spp., prior to cell contact (upper left), the type III secretion channels (Ysc) are kept shut by YopN, and cytoplasmic accumulation of the negative regulatory factor LerQ
leads to transcriptional repression of yop genes (see the text). After cell contact, YopN is released, allowing rapid secretion of LerQ, which in turn relieves the block
from yop gene expression. Anti-host Yop proteins, protected by cognate chaperones (Syc), are translocated into the eukaryotic cell via the type III secretion machinery
and YopB/D. For Shigella spp. (only the model of regulation via IpaB/D is shown [see the text for further details]), before contact with a eukaryotic cell (lower right),
the S. flexneri type I1I secretion channels (Mxi and Spa) are kept shut by a complex of IpaB and IpaD. Ipa proteins accumulate in the cytoplasm and are protected from
interaction and proteolytic degradation by the chaperone IpgC (C in a triangle). IpaB and IpaC, however, are partially secreted and form a protein-protein complex
in the bacterial supernatant. After target cell contact, the IpaB/D block is released and high local concentrations of the IpaB/C complex induce membrane ruffling and

uptake of Shigella spp.

same Ipa-containing medium did not restore the invasiveness
of another type III secretion mutant (464). Taken together,
these data suggest that the Ipa invasins must be exposed on the
bacterial surface but that subsequent cell contact-induced re-
lease of the Ipas is also required to promote invasion.
Different secretion signals may account for differences in the
two models for Ipa secretion. The two models for Ipa secretion
are not mutually exclusive, although some data supporting one
model are hard to reconcile with the other. The most obvious
data difference between the two models is the amount and
speed of cell contact-induced Ipa secretion. Perhaps, and for
lack of a better explanation, the observed differences are due
to the different cell lines used in both studies. Ipa secretion is
also induced, albeit to different extents, by various other con-
ditions including extracellular matrix proteins such as fibronec-
tin, laminin, and collagen type IV (464), some unknown solu-
ble factor(s) present in fetal bovine serum (302), Congo Red
(337), and specific bile salts (352). Thus, secretion of cytoplas-
mic Ipa proteins may be induced by a signal present in different
concentrations under the different conditions tested, or, more
likely, by various signals to different extents, and the amount of
induced secretion may be modulated by a more or less strin-
gent release of the IpaB-IpaD membrane complex as proposed
by Ménard et al. (302). The other contradiction in the data
supporting either of the two models is the localization of Ipa
proteins, most notably of IpaC, in in vitro-growing bacteria,
either solely in the cytoplasm (302) or, at about 50% of their
total amount, on the bacterial surface (464). While IpaC can
clearly be detected on the surface by immunological tech-
niques (see above), a xylene extraction of whole cells and a
flotation sucrose gradient did not allow detection of IpaC in
any membrane-associated fraction (302). These differences
may be resolved if similar experimental conditions, especially
with respect to bacterial growth conditions, and more refined
techniques were applied to investigate this point. Nevertheless,

the two models agree that the actual release of the Ipa proteins
from the bacteria, either from the cytoplasm or from the sur-
face, is induced by contact with eukaryotic cells and is essential
for invasion.

It is interesting that Ipa secretion is not induced after con-
tact of S. flexneri with the apical pole of polarized Caco-2 cells,
an observation that correlates with the inability of S. flexneri to
invade polarized epithelial cells from the apical pole (see “Shi-
gella flexneri” above). However, when the tight junctions be-
tween polarized cells were permeabilized, allowing the bacteria
to reach the basolateral pole of the cells, Ipa secretion and cell
invasion were both strongly enhanced (464). Another point
worth mentioning is that cell contact-induced secretion of Ipa
proteins takes place preferentially at the site of septum forma-
tion of actively dividing bacterial cells (320). Figure 8 gives a
schematic overview of the regulation of secretion by contact
with a eukaryotic cell in Yersinia and Shigella spp.

Hierarchical Type III Secretion in S. typhimurium

Compared to type III secretion by Yersinia spp. and S. flex-
neri, little is known about the secretion mechanism in S. typhi-
murium. However, an interesting observation concerns the fact
that some S. typhimurium proteins that are secreted via the
type III secretion pathway are themselves required for the
secretion of others. Thus, InvJ/SpaN (336 aa) (84, 168) and
SpaO (303 aa) (168) are both secreted into the supernatant of
an in vitro-grown bacterial culture (84, 271) but are also re-
quired for secretion of the Sip/Ssp invasion proteins (see “Pro-
teins secreted by S. typhimurium” above) (82). In contrast,
a mutation in sipD does not affect the secretion of InvJ/SpaN
(82). Therefore, a hierarchy exists in the type III secretion
process where some secreted proteins are required for the
secretion of others. The genes encoding InvJ/SpaN and SpaO
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FIG. 9. Genetic organization of type III secretion systems and of flagellum biosynthesis genes from B. subtilis and E. coli. Homologies of encoded proteins are
indicated by color code (see the text and Fig. 10). The type III secretion systems of animal and plant pathogens are grouped according to genetic similarities. Solid
arrows indicate broadly conserved genes, while genes which are conserved only between subgroups are outlined by thicker, colored lines. A thin black outline indicates
that no homolog of the respective gene has been identified so far. The filling patterns indicate genes which encode transcription factors (see the text and Table 3). A
small s inside a gene symbol indicates secretion of the encoded protein, while the genes which encode chaperonic proteins are labeled ch. Transcriptional units are
indicated by arrows underneath the genes where known (see the text for references). For the plant type III secretion systems, the hrc and hrp gene designations are
sometimes replaced with ¢ and p, respectively. The genetic maps are drawn according to the references given together with the respective proteins in Fig. 10. See the

text for further details.

are both located within the type III secretion gene cluster, and
both proteins are required for bacterial invasion (82, 84). InvJ/
SpaN is slightly similar to Spa32 from Shigella flexneri, while
SpaO is homologous to the YscQ family of type III secretion
apparatus proteins (see the section on proteins that constitute
the type III secretion apparatus, below). In contrast to Spa32,
however, InvJ/SpaN is not required for the surface presenta-
tion of Sip/SspB (82). Thus, although the type III secretion
systems are rather similar between S. typhimurium and Shigella
flexneri, the details of the secretion mechanisms appear to
differ between these organisms.

GENETIC AND TRANSCRIPTIONAL ORGANIZATION
OF TYPE III SECRETION GENES

The genes encoding type III secretion systems—especially
those genes which encode the secretion apparatus—are clus-
tered. In some organisms, these gene clusters are located on
plasmids which are unique to the pathogen and are not found
in nonpathogenic relatives (Yersinia spp., S. flexneri, and R.
solanacearum). In other pathogens (S. typhimurium, EPEC, P.
aeruginosa, P. syringae, E. amylovora, R. fredii, and X. campes-
tris), the type III secretion gene clusters are located on the
chromosomes and often appear to have been acquired during

evolution, since related nonpathogenic bacteria lack these
pathogenicity islands but share corresponding adjacent se-
quences.

Figure 9 shows the genetic organization of the 12 known
type III secretion systems in 11 different pathogens as well as
the organization of genes encoding homologous proteins in the
flagellar biosynthesis systems of B. subtilis and S. typhimurium.
The color code represents homologies of the encoded proteins
(see below). For some of the type III secretion systems, the
available sequence information probably represents only parts
of the complete set of genes. This is particularly true for the
gene clusters from S. typhimurium SPI-2, EPEC, and P. aerugi-
nosa, which are known to extend beyond the region shown in
Fig. 9 (102, 193a, 491) but for which comprehensive sequence
information has not been published. A complete set of genes
required to encode a functional type III secretion system is
likely represented by the gene clusters from Yersinia spp. and
S. flexneri. The cloned type III secretion gene clusters from
EPEC (297) and P. syringae pv. syringae (214, 272) conferred
upon nonpathogenic hosts the ability to elicit the respective
type III secretion-related virulence phenotype, demonstrating
the “completeness” of the set of type III secretion genes within
the respective clusters.

Table 2 gives an overview of the genomic location of some
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type III secretion gene clusters and their relative G+C con-
tents as compared to the G+C content of the rest of the
respective genomes.

Type III Secretion System Genes in Yersinia Species

The type III secretion system of pathogenic Yersinia spp. is
encoded on large virulence plasmids, which are of similar sizes
(between 66 and 72 kb) in all three virulent species (39, 117,
153, 154, 160, 193, 356, 505). The virulence plasmids from Y.
pestis and Y. pseudotuberculosis are similarly structured (57,
356) and are functionally interchangeable (484), while the Y.
enterocolitica plasmid is structurally different (57, 356). How-
ever, a block of approximately 20 kb, which contains the genes
encoding the core type III secretion apparatus, is remarkably
conserved in all three species. Sequence analyses have revealed
different and overlapping parts of the DNA sequence of that
region in all three organisms. The genes of that region which
have been sequenced in more than one species encode proteins
with high degrees of similarity (15, 40, 41, 129, 172, 307, 370,
482). (When combined, the known sequences from the three
species include the entire 20 kb.) The 31 genes of this region
are organized in at least eight transcriptional units, comprising
lerGVH-yopBD (41, 173, 321), yopN (129, 498), lcrDR (31, 349),
yseN-U (40), virG (13), virF (89, 130, 497), yscA-L (172, 307),
and lcrQ (307, 370). (The gene corresponding to lcrQ in Y.
enterocolitica, yscM1, is part of the yscA-LMI operon [307,
422].) The genetic and operon structure of this region is shown
in Fig. 9.

The components of the type III secretion apparatus are
encoded by yscA to yscL and yscN to yscU (mnemonic for
Yersinia secretion), and lcrD (for low calcium response). In
addition, a number of proteins which regulate transcription
and secretion (virF, lcrR, lerGVH, yopN, and lcrQ) and the
translocator proteins YopB and YopD are encoded in the
20-kb virulence gene cluster. The direct anti-host Yop proteins
are encoded outside this region, and their genes are scattered
around the virulence plasmids and distributed differently on
the plasmids of the three pathogenic Yersinia species (15, 90,
345).

In Y. pseudotuberculosis, the 12 genes yscA to yscL are or-
ganized as an operon (14, 172, 370), while in Y. enterocolitica
the downstream gene yscMI also belongs to this transcription
unit (307, 422). A temperature-induced and Ca®*-regulated
promoter (see the section on transcriptional regulation of Yop
expression, below) is located upstream of yscA4 (172, 307),
while in Y. pestis, an additional internal Ca** regulated pro-
moter was detected within yscF (172). Of the 12 genes in the
yscA to yscL operon, 8 have unequivocally been shown to be
required for Yop secretion: yscD (307), yscE to yscG, and yscl
to yscK (14) in Y. enterocolitica and yscC, yscD, and yscG in Y.
pestis (351). yscH, surprisingly, turned out to encode a secreted
virulence factor, YopR (14). The gene downstream of yscL,
which is called lcrQ in Y. pseudotuberculosis and yscM1 in Y.
enterocolitica (422), encodes a key negative regulatory factor of
the Yersinia type III secretion system (see the section on tran-
scriptional regulation of Yop expression, below). In Y. pseudo-
tuberculosis, the gene is separated from yscL by 120 bp (222 bp
in Y. enterocolitica) and is probably transcribed as a monocis-
tronic operon in Y. pseudotuberculosis (370). Clearly, LerQ/
YscM1 is not a constituent of the general type III secretion
apparatus, since Yop secretion in the absence of Ca®* is not
affected by lerQ/yscM1 (14, 370).

A second large operon of type III secretion genes comprises
yseN to yscU (40, 118, 454). Two promoters have been identi-
fied upstream of yscN, one within the reading frame of the
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upstream gene lcrE, which is transcribed in the opposite direc-
tion of yscN to yscU (454). A potential transcriptional termi-
nator lies 360 bp downstream of yscU (13, 15). Mutations that
abolish Yop secretion have been described in yscR, yscS, and
yscT in Y. pseudotuberculosis (40), in yscN (482) and yscU (15)
in Y. enterocolitica, and in yscQ and yscR in Y. pestis (118).

The yopN, lcrD, and IcrR genes are probably cotranscribed,
since their reading frames overlap (31, 349). Further reading
frames in Y. enterocolitica are found downstream of yopN.
LerD is a conserved and essential component of the secretion
apparatus, while YopN and probably LcrR are secretion reg-
ulatory factors (see “Regulation of type III secretion in Yer-
sinia species” above). The five genes at the “left” end of the
Yersinia type 111 secretion gene cluster, lcrGVH-yopBD (Fig. 9)
are organized as an operon (41, 359). The proteins encoded by
lerGV function mainly in regulation of secretion in Yersinia
spp., while the secreted proteins YopB and YopD and their
putative chaperone LcrH play specific roles in protein trans-
location. The two genes which are located in between the yscN
toyscU and yscA yscL operons, virG (13), and virF (87), encode
an outer membrane secretion factor and an AraC-homologous
transcriptional activator, respectively.

P. aeruginosa Type III Secretion System Genes

The chromosomal type III secretion system in P. aeruginosa
has only recently been discovered by characterization of ExoS
secretion-deficient mutants (491). The part of the secretory
apparatus which has been identified so far is encoded by 12
genes, 11 of which are arranged colinear to the Yersinia yscB to
yscL genes (Fig. 9). Except for their homologs in Yersinia spp.,
the pscB-, pscE-, and pscGH-encoded proteins do not have
homologs in other type III secretion systems. In P. aeruginosa,
the exsD-pscB to pscL genes are transcribed as a single operon
(491). The exsD-encoded protein is unique to P. aeruginosa, but
the preceding operon (exsCBA [490]) encodes homologs of
Yersinia VirG (ExsB) and VirF (ExsA). Like the Yersinia VirF,
the ExsA protein is a positive regulatory factor of the exsD-
pscB to pscL operon (490), which belongs to the AraC family
of transcriptional regulators (136). Yahr et al. reported that
transposon insertions located immediately upstream of the
exsCBA operon also led to an ExoS secretion-deficient pheno-
type, and by homology to Yersinia spp., it is likely that this
region contains additional genes of the P. aeruginosa type 111
secretion system. (A number of P. aeruginosa type I1I secretion
genes homologous to respective Yersinia sp. genes have re-
cently been described [135] and are included in Fig. 9.)

S. flexneri Invasion Gene Cluster

As in Yersinia spp., the Shigella type III secretion system is
encoded in one continuous stretch of DNA and is located on a
large (220-kb) virulence plasmid (290, 400) which is present in
all invasive isolates of Shigella (396, 397) as well as in EIEC
(177, 184, 394). Transfer of the virulence plasmid from S.
flexneri to noninvasive E. coli K-12 conferred invasiveness upon
the latter strain (395), demonstrating that all essential invasion
determinants are encoded on the virulence plasmid.

The Shigella invasion gene cluster contains 32 genes com-
prising a total of 31 kb (338). The ipaBCDA genes (32, 450,
451, 494), located on one end of the invasion gene cluster
(shown on the left in Fig. 9), encode the secreted invasins
(IpaB, IpaC, and IpaD) (304) and IpaA (304, 399). The type
III secretion apparatus is encoded by the 20 muxi-spa genes
(mnemonic for membrane expression of Ipa and surface pre-
sentation of Ipa antigens) (8-12, 22, 24, 399, 401, 452), 13 of
which were shown to be required for Ipa secretion and inva-
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siveness, while no functional data are available for 6 genes,
mxiHI and mxiKLME (300). Of the mxi-spa genes analyzed,
only spal5 turned out to be dispensable for Ipa secretion and
Shigella invasiveness (401).

In addition to the secretion apparatus and the secreted in-
vasins, the invasion gene cluster contains a regulatory gene,
virB, located downstream of the ipa operon, which encodes an
activator of invasion gene transcription (4, 68, 461, 495). Fur-
thermore, the ipa and mxi-spa genes are linked by a block of
seven genes (icsB, ipgA to ipgF), only three of which (ipg4BC)
are required for invasion (399). ipgC encodes an Ipa-specific
chaperone (see “IpgC from S. flexneri inhibits the cytoplasmic
interaction of the secreted Ipa proteins” above) (303). icsB
does not affect bacterial invasiveness but is required for the
spread of intracellular S. flexneri to adjacent cells (9), while the
function of ipgD, which encodes a 60-kDa secreted protein,
and of ipgE and ipgF is not clear (8).

The invasion genes are organized in two blocks transcribed
in divergent directions (Fig. 9). The ipgDEF, mxi, and spa
genes are likely to be organized in two large operons compris-
ing (i) ipgDEF and mxiG to mxiA, and (ii) spa47 to spa40 (401,
452). A temperature-regulated promoter was identified 47 bp
upstream of spa47 within the spal5 coding sequence (401), and
spa9 to spa40 may also be transcribed by an internal promoter
(452). The transcriptional organization of the ipgDEF-mxi gene
cluster has not been analyzed in detail. However, it is likely
that these genes form an operon, since the promoter for a
mxiA-lacZ gene fusion lies further than 6 kb upstream of mxiA
(21, 22) and this temperature-regulated promoter is close to
the start of the ipgDEF-muxi cluster (401, 438).

The nine genes transcribed oppositely from the ipg-mxi-spa
cluster, icsB, ipgABC, ipaBCDA, and virB, are organized in at
least three transcriptional units comprising (i) icsB (9), (ii)
ipgBC and ipaBCDA (399), and (iii) virB (440). ipaD and ipaA
also appear to be cotranscribed from a weaker promoter lo-
cated within the 50-bp intergenic region between ipaB and
ipaD (399). Temperature-regulated promoters were identified
upstream of icsB (9) and ipgB (399, 438). virB is transcribed
from its own, temperature-regulated promoter (440) (see
“Transcriptional regulation of S. flexneri invasion genes” be-
low).

Invasion Genes of S. typhimurium Pathogenicity Island 1

Parts of the Salmonella type III secretion system encoded by
SPI-1 were independently identified by various investigators
via the isolation of noninvasive mutants (43, 125, 197, 426),
complementation of a noninvasive S. fyphimurium strain (143),
isolation of oxygen-regulated invasion genes (227), isolation of
oxygen-deregulated hyperinvasive mutants (266), isolation of
genes regulated by the global Salmonella virulence regulatory
system PhoPQ (38), subtractive isolation of Salmonella-specific
sequences (168), identification of secretion- and invasion-de-
ficient mutants (216), and interspecies complementation (110).
SPI-1 comprises more than 30 genes clustered in approxi-
mately 40 kb located between mutS and fhiA at centisome 63 in
the S. typhimurium chromosome (312). SPI-1 is a chromosomal
insert in S. typhimurium, since in the respective chromosomal
region in E. coli K-12, mutS and fhlA are located immediately
adjacent to each other (312). SPI-1 probably originates from a
heterologous source, since the G+C content of the gene clus-
ter is 42 to 47% (63), as opposed to an average of 52% for the
vast majority of the S. typhimurium chromosome. SPI-1 in S.
typhimurium does not carry repeated sequence elements at its
boundaries (312), which may explain its relative genetic stabil-
ity in many Salmonella species (63, 159). However, in S. chol-
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eraesuis, a sequence element highly similar to IS3 was identi-
fied downstream of the invH gene (17) located at the “left” end
of the gene cluster (Fig. 9). The invA gene of S. typhimurium
was shown by hybridization analyses to be present and highly
conserved in 91 strains of 37 different Salmonella serovars, and
invA mutants of S. typhi, S. enteritidis, S. gallinarum, and S.
dublin were noninvasive, suggesting that all invasive Salmonella
strains probably use the inv secretion system (145).

The type III secretory apparatus is encoded by the inv-spa
gene cluster and the prgHIJK-orgA genes, while the sip/
sspBCDA genes and sptP encode secreted targets of that ap-
paratus. The sic4 gene (called sipE in S. typhi [197]) probably
functions as a chaperone for the Sip/SspBCDA-secreted pro-
teins. (It was reported that the sptP gene is preceded in S. typhi
by a gene encoding another putative type III secretory chap-
erone, tentatively labelled sicB in Fig. 9 [352a].) Two regula-
tory proteins, InvF and HilA, are also encoded by SPI-1.
Additional secreted targets (485) as well as additional regula-
tory factors (38, 226) of the SPI-1-encoded type III secretion
system are located in unlinked chromosomal locations.

The transcriptional organization of the genes in SPI-1 has
only been partially determined. However, overlapping reading
frames, short intergenic sequences, and homologous genetic
arrangement of the S. flexneri type III secretion system genes
imply the following transcriptional structure. The invFGEAB-
ClJ-spaOPQRS genes may form one large operon (84, 108, 168,
232), while invH is transcribed in the opposite orientation (17).
The sicA-sip/sspBCDA genes (and probably the downstream
iacP) probably form another operon (197, 216, 233, 234). The
transcriptional organization of the genes located between iacP
and prgH, namely, sptP (235), iagB, hilA (27), and ORF1 (339),
has not been determined. The prgHIJK genes are organized as
an operon (339), and the downstream orgA4 is independently
transcribed (339). Several kilobases of uncharacterized DNA
are located downstream from orgA. It was recently reported
that this region encodes a secreted protein (AvrA) which re-
quires the SPI-1-encoded the type III pathway for secretion.
AvrA is 56% identical to YopJ from Y. pseudotuberculosis and
also exhibits homology to the avirulence protein AvrRxv from
X. campestris pv. vesicatoria (183).

The Second S. typhimurium Type III Secretion System,
Encoded by SPI-2

The second Salmonella type III secretion system was iden-
tified in S. typhimurium by application of a clever strategy
which allows the identification of virulence genes via negative
selection of individually tagged transposon mutants (195, 410).
The genes encoding this type III secretion system are clus-
tered, and the encoding region has been termed Salmonella
pathogenicity island 2 (SPI-2). Part of SPI-2 was independently
identified by subtractive isolation of Salmonella-specific DNA
sequences (333).

The SPI-2 gene cluster is located at centisome 30.7 in the S.
typhimurium chromosome and is inserted adjacent to the
tRNAV# gene. The G+C content of the island is about 42%
(194), and the region is present in all Salmonella species except
for the more distantly related S. bongori. Since S. bongori con-
tains SPI-1, however, it is suggested that SPI-2 was acquired via
horizontal gene transfer by a Salmonella strain already har-
bouring SPI-1 (35).

The genes for which sequence information has been pub-
lished are shown in Fig. 9 (196, 333). The relative location of
the spiAB genes, encoding proteins homologous to YscC and
YscD, respectively, and a gene encoding a protein with homol-
ogy to response regulators (SpiR) (333), is not clear.
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Locus of Enterocyte Effacement, Encoding the EPEC
Type III Secretion System

The EPEC type III secretion system is encoded by a 35.5-kb
continuous stretch of chromosomal DNA (102, 296) called
LEE (locus of enterocyte effacement). LEE is also present in
other, partially unrelated bacterial pathogens that cause an
A/E phenotype (Citrobacter rodentium, Hafnia alvei, enterohe-
morrhagic E. coli O157:H7, and rabbit EPEC) (296), suggest-
ing that this cluster of virulence genes has spread horizontally
during evolution. The notion of a heterologous origin of LEE
is supported by its G+C content of 38.4% (102), which is low
in comparison to the 50 to 51% of the E. coli chromosome. It
is possible that the LEE was acquired by transposition, since
one end of the locus (shown at the right side of Fig. 9) com-
prises ca. 450 bp with up to 89% sequence identity to parts of
transposase-encoding insertion elements from Shigella sonnei
(103). The respective region in the LEE, however, does not
constitute a complete IS element and is interrupted by multiple
stop codons in all reading frames. LEE was found to be in-
serted in the chromosome of EPEC E2348/69 16 bp down-
stream of the selenocystein tRNA locus (sel/C) relative to the
respective position at min 82 of the E. coli K-12 chromosome
(296). The LEE insertion point corresponds exactly to the
position where a virulence locus of ca. 70 kb (termed patho-
genicity island I [pai I]) is inserted in the chromosome in
uropathogenic E. coli (52, 246). Although pai I is structurally
and functionally unrelated to LEE (170), both pathogenicity
islands carry a similar (71% identity) 93-bp sequence at their
right junction to the adjacent DNA (296), which in the LEE is
located downstream of the DNA sequence homologous to IS
elements. However, in contrast to pai I, which carries a 16-bp
direct repeat sequence at both ends, LEE shows no repeat of
right-end sequences at its left end. Since additional small de-
letions relative to the corresponding E. coli K-12 sequence are
found adjacent to the left-end junction of LEE (296), it is
conceivable that a left-end repeat sequence was also deleted
from LEE. Taken together, these data indicate that LEE might
have been transposable but that due to the accumulation of
mutations, this feature was lost during evolution.

Although the entire LEE was reported to contain at least 41
open reading frames, 12 of which are homologous to compo-
nents of other type III secretion systems (102), detailed infor-
mation on the genetic structure and sequence is available only
for the right half of the locus (Fig. 9). This region contains five
genes, called sepA to sepD (mnemonic for secretion of E. coli
proteins) and ORFD2, encoding proteins which are homolo-
gous to type III secretion apparatus proteins (103, 223). This
part of the LEE also contains the genes encoding intimin
(eaeA) (see the section on enteropathogenic Escherichia coli,
above) (225, 296), the secreted receptor protein Tir (239), and
three secreted proteins (esp4 [mnemonic for EPEC secreted
protein] [242], espB [104], and espD [259]). I also include the
relative positions of some other genes reported to encode
homologs of type III secretory proteins (102) for which no
sequence information is available yet.

Another gene located at the right end of the LEE (ORFD4)
encodes a protein (103) which exhibits sequence similarity to
eukaryotic proteins including human and rat nuclear pore
complex protein nup153 (298, 432) and verprolin of Saccharo-
myces cerevisiae, which is involved in maintenance of the cy-
toskeleton (98). These proteins have common proline-rich re-
gions similar to src homology 3 (SH3) protein binding domains
(369), and two SH3 domain-homologous regions are present in
the protein deduced from the sequence of ORFD4 (103).
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Whether this gene plays a role in EPEC pathogenesis remains
to be determined.

Furthermore, three genes in the LEE were reported to en-
code proteins with structural similarities to secretory chaper-
ones from other type III secretion systems: sepU (102), located
immediately upstream of eaedA; ORFDI, downstream from
espB (103); and sepE, located downstream from sepC (102,
364).

Chlamydial Type III Secretion Genes

In Chlamydia psittaci, a few type III secretion genes have
been identified (211). A cluster of four genes encodes ho-
mologs of YscU (called Cdsl, for contact-dependent secre-
tion), LerD (Cds2), YopN (termed CopN), and the chaperone
SycE (termed Sccl) (211) (Fig. 9). The genes located immedi-
ately downstream of this gene cluster encode proteins which
are most probably unrelated to type III secretion. Further type
III secretion genes were found in the chlamydial genome se-
quencing project: homologs of YscC, YscN, and YscT (211).
Interestingly, the G+C content of the chlamydial type III se-
cretion genes is low (40%) and corresponds approximately to
the G+C content of the chlamydial genome (211).

hrp Gene Cluster of P. syringae

P. syringae pv. phaseolicola was the first plant pathogen in
which a Arp gene cluster was identified by complementation of
a nonpathogenic mutant (276). Later, this chromosomally lo-
cated (365) gene cluster was found to encode a type III secre-
tion system. The system comprises at least 28 genes in a con-
tinuous stretch of approximately 24 kb (72). Two secreted
factors (HrpA [499] and HrpZ [188]) are encoded at the
“right” end (Fig. 9). Regulatory proteins (HrpS and HrpR
[166, 487], which both belong to the NtrC family of two-com-
ponent system response regulators, and an alternative sigma
factor [HrpL] [487]) are encoded at the ends of the cluster,
respectively. The genes encoding the secretion apparatus
are organized in four transcription units (72) comprising
hipJcVpQcNpO (274), hrpPcQaBRSTU (274), hrpFGeCpTV
(212, 213), and hrpAZBcJpDE (213, 357).

E. amylovora

The Erwinia type I1I secretion system is encoded in approx-
imately 25 kb of chromosomal DNA which comprise at 22
genes organized in at least six transcriptional units (470) (Fig.
9). The type III secretion apparatus is encoded in three large
operons comprising hrpJ to hrcU (55), hipA to hipE, and hipF
to hrpV (244). In between the hrpA to hrpE and hrpJ to hrcU
operons are several genes, two of which encode transcription
factors of the hrp genes: the alternative sigma factor HrpL
(471) and the NtrC-like transcriptional regulator HrpS/WtsA
(138). A secreted protein, HrpN (harpin) (472), is encoded in
a different operon (244) at the left end of the gene cluster, as
shown in Fig. 9.

R. solanacearum

In R. solanacearum, the hrp gene cluster comprises approx-
imately 27 kb on a megaplasmid (25, 62). The 18 genes which
are required for secretion of the PopAl protein (26) and to
elicit the HR phenotype are organized in four transcription
units comprising hrpBA, hipK to hrpC, hrpNO to hpaP, and
hrpQ to hrpX (25) (Fig. 9). The hrpB gene encodes a global
transcriptional activator of the hrp genes which belongs to the
AraC family (155).
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X. campestris

The chromosomally located (61) X. campestris hrp gene clus-
ter contains 21 genes in 25 kb (60). Transcriptional units com-
prise hrpAl, hrpBI to hrpB8, hrpCI to hrpC3, and hrpD1 to
hrpD6 (60). (Furthermore, three genes located downstream
from hrpD6, called hrpE12 and hrpF, are involved in HR in-
duction but have not been further characterized [61].) As
shown in Fig. 9, the majority of the hrpA- to hrpD-encoded
proteins are homologous to secretion apparatus components.
However, seven genes (hrpB1, hrpB2, hrpB4, hrpB7, hrpC3,
hrpD4, and hrpD6) encode proteins which are conserved only
in the closely related type III secretion system of R. solanacea-
rum.

Rhizobium Species

Genes with homology to type III secretion systems have
been identified in R. fredii (189, 299) and on the large sym
plasmid of Rhizobium sp. strain NGR234 (139). Compared to
most other type III secretion system genes, the G+C content
of the type III system-encoding region is relatively high (56%)
and does not differ significantly from the G+C content of the
rest of the sym plasmid. Interestingly, proteins with homology
to YopM and to avirulence factors from P. syringae and X.
campestris, which could represent potential secreted proteins
of the Rhizobium type III secretion system, have also been
identified on the sym plasmid (139).

Gene and Protein Families

The genes encoding the secretion apparati can be grouped
into (i) genes that are found in virtually all type III secretion
systems, (ii) genes that are present only in pairs of closely
related type III secretion systems, and (iii) genes that are
unique to individual systems. The proteins encoded by the first
group are listed according to family membership in Fig. 10.
Since the Yersinia type III secretion system was the first to be
described and remains the best characterized, I name the pro-
tein families according to the designation of the Yersinia pro-
tein; e.g., the group of type III secretion proteins that are
homologous to LerD will be called the LerD family. Figure 10
also lists the lengths of the proteins in amino acids and respec-
tive references.

The main criterion used to group the proteins into families
was the similarity of their sequences. As a working basis, two
proteins were considered significantly similar if the probability
of nonidentity of their sequences is =107 (as determined by
the BLAST program from the National Center for Biotech-
nology Information server [18]). For an easy overview, the
subgroups of proteins that exhibit significant sequence similar-
ities are highlighted by different shadings in Fig. 10.

The sequence similarities between members of each protein
family show a considerable degree of variation, and the degree
of similarity variations differ between protein families. In gen-
eral, the better-conserved protein families (LerD, YscC, YscF,
Yscl, YscN, YscR, YscS, YscT, and YscU) show sequence
similarity variations between 30 and 70%, while the less well
conserved families (YopN, YscD, YscF, Yscl, YscK, YscL, and
YscQ) show values of below 20% to about 50%. In some cases,
the sequence similarities within one family are so low that they
may not be considered significant in a comparison that does
not take into account other considerations. Nevertheless, even
in the less well conserved protein families, the lengths of the
proteins are usually similar and the encoding genes are found
in similar genetic neighborhoods. Considering that type III
secretion genes most probably have been acquired as intact

TYPE III PROTEIN SECRETION 407

genetic blocks during evolution, one might speculate that some
of the proteins have been conserved while others underwent
considerable change, perhaps facilitating the adaptation to dif-
ferent hosts or the secretion of different virulence factors.
Thus, the relative location of a gene may have been conserved
between different type III secretion systems, while the encoded
proteins, although derived from a common ancestor, may have
changed to a degree that would not support the notion of
homology anymore if solely judged by sequence comparison.
This case is demonstrated by the genes and proteins that are
grouped together with Yscl to YscL in Fig. 9 and 10. While the
lengths of the proteins in a family are similar in most cases,
significant sequence similarities only exist between subgroups
of proteins within these families (Yersinia and P. aeruginosa, S.
flexneri and S. typhimurium SPI-1, E. amylovora and P. syrin-
gae). However, in contrast to the members of the Yscl, YscK,
and YscL families, all proteins in the YscJ family are signifi-
cantly similar to each other (BLAST probabilities for pairwise
sequence comparisons are below 1072%). In the YscL family,
SsaK from S. typhimurium SPI1-2, HrpE from E. amylovora and
P. syringae, and NolV from R. fredii are not homologous to the
rest of the family members, although the two HrpE proteins
are homologous to each other. Furthermore, the flagellar bio-
synthesis protein FliH from B. subtilis is homologous to YscL,
while no significant sequence similarity exists between the FliH
proteins from B. subtilis and S. typhimurium. Nevertheless, the
genes encoding these proteins are identically or similarly or-
ganized in different type III secretion systems and in the flagel-
lar gene clusters, and a common ancestry of the respective
proteins is likely.

A further and even more drastic example of sequence dis-
similarities but conserved genetic position are the genes and
proteins which are listed together with YscO and YscP in Fig.
10. The proteins in these two groups have various lengths and
sequences and differ even between closely related type III
secretion systems such as those of S. typhimurium SPI-1 and S.
flexneri or of E. amylovora and P. syringae. Nevertheless, the
respective genes are located within a genetic block (represent-
ed by yscN to yscU) that appears to have been largely preserved
during evolution in various type III secretion systems (Fig. 9),
and the proteins encoded by yscN and yscR to yscU are highly
conserved. Since it is rather unlikely that several different type
IIT secretion systems independently have incorporated two
genes between the yscN and yscQ homologs, the proteins in the
YscO and YscP groups can instead by considered as having
evolved from common ancestors. In addition to the YscO and
YscP families, the proteins of the YscQ family show a high
degree of sequence variation. However, sequence dissimilari-
ties are restricted to their amino-terminal halves of the pro-
teins, while the carboxy-terminal domains are conserved and
are also present in the flagellar biosynthesis proteins FliY of B.
subtilis and FliN of S. typhimurium (Fig. 11). In Salmonella
spp., the proteins that group with YscO (SpaM/InvI), YscP
(SpaN/Inv]), and YscQ (SpaO) are highly variable even within
the eight subspecies of S. enterica (84, 271). (In the eight
subspecies of S. enterica, SpaM/Invl and SpaN/Inv] vary by 18
and 34%, respectively, while other invasion proteins differ by
only 2 to 5%, a rate that corresponds to the changes in house-
keeping proteins. In addition, SpaN is even variable in length
[63]. An elevated level of sequence variation was also observed
for SpaO from the eight S. enterica subspecies [271]. This
variation is unlikely to be related to adaptations to specific
hosts, since the host-adapted Salmonella serovars S. typhi [hu-
man], S. choleraesuis [swine], S. dublin [cattle], and S. gallina-
rium [fowl] showed only very little sequence variation in these
proteins [63].) It is interesting that the SpaN/Inv] and SpaO
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FIG. 11. Schematic representation of homologous domains (shown by cor-
responding patterns; open areas have no similarity) in YscQ family and flagellar
proteins. The N termini of the proteins are at the left side.

proteins are secreted (84, 271) and that one of the correspond-
ing proteins (SpaN/32) from S. flexneri is exposed on the bac-
terial surface (464). Therefore, Li et al. have proposed a rela-
tionship between the evolutionary rate of change and the
subcellular localization of these type III secretion system pro-
teins (271). According to this hypothesis, proteins that are
exposed on the bacterial surface or secreted into the superna-
tant may be subjected to unusually high rates of change due to
selective pressures like the need for antigen variation or the
adaptation to different hosts. It is an interesting possibility that
most or all of the proteins which group with YscO, YscP, and
YscQ are secreted or surface exposed in the various pathogens.

A Unified Nomenclature

For historical reasons, the nomenclature of type III secre-
tion genes is not unified. In the prototypic type III secretion
system from Yersinia spp., most of the genes encoding the
secretion apparatus are named ysc, for Yersinia secretion. Ac-
cordingly, the respective genes which have recently been found
in P. aeruginosa were named psc (491). In S. flexneri, however,
the secretory genes are called mxi and spa (for membrane
expression of Ipa and surface presentation of Ipa, respective-
ly). In S. typhimurium, the genes in SPI-1 have been designated
inv according to their requirement for epithelial cell invasion
(143) and spa due to homology to S. flexneri genes (168).
Furthermore, some S. typhimurium SPI-1 genes are called prg,
because they were identified by virtue of their transcriptional
repression by the global virulence regulator PhoP (38), or org,
because they are regulated in response to oxygen tension (227).
Secretory genes in S. typhimurium SPI-2 have been termed ssa
(for secretion system apparatus) and given suffixes according to
homologies to Yersinia genes (410). In EPEC, the secretory
genes are named sep for secretion of E. coli proteins (223). A
more unified nomenclature has recently been introduced for
the type III secretion genes of plant pathogens, which have
been renamed according to their homologies to conserved
Yersinia spp. genes. Most of the plant pathogen secretory genes
had originally been designated Arp according to their require-
ment to elicit a hypersensitive plant response and pathogenic-
ity (276). However, the broadly conserved hrp genes were re-
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named hrc (hrp conserved) according to their homologies to
respective Yersinia genes (54). (In Fig. 9 the latest nomencla-
ture for the Arc genes is used, while in Fig. 10 the older Arp
names are also given.)

It is likely that the many current bacterial sequencing
projects and searches for bacterial virulence genes will lead to
the identification of several more type I1I secretion systems. To
facilitate future communication, I suggest renaming the known
proteins that constitute the type III secretion apparatus and
applying a unified nomenclature to all newly identified systems.
For reasons mentioned above, it appears reasonable to take
the nomenclature basis from the Yersinia system. However,
since the name ysc refers specifically to Yersinia, 1 suggest
calling type III secretion apparatus genes sct, for secretion and
cellular translocation, and using the suffixes from the Yersinia
system as shown in Fig. 10. It appears reasonable—and evolu-
tionarily justified—to label homologous proteins from different
species with the same name and add a suffix specifying the
species when necessary; e.g., YscN from Y. enterocolitica
should be renamed to SctNy,,. I further suggest renaming
LerD and its homologs to SctV and renaming YopN and its
homologs to SctW. The names of type III secretion system
proteins that do not have homologs in other systems, the
names of secreted virulence factors, and the names of chaper-
ones and regulators should not be changed. The unified no-
menclature is shown in Fig. 10.

(Editor’s Note: The gene names in this section are suggestions
and have not been reviewed by the Nomenclature Committee of
the ASM Publications Board.)

Comparison of the Genetic Organization of
Type III Secretion Genes

Several striking features of the genetic organization of dif-
ferent type III secretion systems are apparent (Fig. 9): (i) the
genes encoding these systems are clustered; (ii) the majority of
genes in each system encode proteins which have homologs in
other type III secretion systems, while each gene cluster also
contains genes which are unique to the respective system; (iii)
blocks of corresponding genes are conserved in genetic order
between different systems; and (iv) the overall genetic organi-
zation of type III secretion gene clusters is conserved within
various subgroups. In this section, these features and some of
their possible evolutionary implications are discussed.

Although the genes encoding type III secretion systems are
clustered, the genetic order within these clusters is partially
variable between individual systems. Interestingly, two blocks
of genes appear to be conserved in gene order in the majority
of type III secretion systems. One is exemplified by the Yersinia
yscN to yscU genes, with genes corresponding to yscN to yscU
present in S. typhimurium SPI-1 and SPI-2, S. flexneri, P. syrin-
gae, and E. amylovora. Furthermore, a similar gene cluster is
present in R. fredii, which contains only one gene located be-
tween those corresponding to yscN and yscQ instead of two. In
R. solanacearum and X. campestris, the order of genes corre-
sponding to yscN to yscU is partially conserved (Fig. 9). (Fur-
thermore, and in contrast to other systems, the genes encoding
homologs of LerD [HrpO in R. solanacearum and HrpC2 in X.
campestris] are located immediately downstream from the
YscU homologs in the respective organisms [Fig. 9].) Part of
the yscN to yscU homologous gene block is also present in
similar gene order in flagellar biosynthesis systems, as shown
for B. subtilis and S. typhimurium in Fig. 9.

A second block of genes which, although somewhat less well
conserved in gene order and protein sequences than the yscN
toyscU homologous genes, is exemplified by the Yersinia yscI to
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TABLE 2. Overview of localization, relative G+C contents, and lengths of pathogenicity islands which encode
type III secretion system gene clusters

Relative G+C content of

Medium relative G+C content

Organism Location type III gene cluster (%) of rest of genome (%) Length (kb) (reference)
(reference) (reference)

Yersinia spp. 70-kb plasmid 44 46-50 ca. 20
P. aeruginosa Chromosomal, 55 min (493) 67.5 (491) 69 (491) ?
S. typhimurium SPI-1 ~ Chromosomal centisome 63 42-47 (63) 52 (332) ca. 40 (312)
S. typhimurium SPI-2 ~ Chromosomal centisome 30.7 42-45 (194, 332) 52(332) ?
S. flexneri 220-kb plasmid 34 (332) 51(332) ca. 31
EPEC Chromosomal, centisome 82 38.4 (102) 51(332) 35.5
Chlamydia spp. ? 40 (211) 41-44% (211) ?
P. syringae Chromosomal (365) ca. 61¢ ? 22 (365)
E. amylovora Chromosomal ca. 58 ? ca. 25 (470)
R. solanacearum Megaplasmid 69.1¢ ? ca. 27 (448)
X. campestris Chromosomal 64.6" ? ca. 25 (61)
Rhizobium spp. sym plasmid (139) 56 (139) 58.5% for the sym plasmid (139) 17.7 (139)

“ Determined from published sequences.

yscL genes and can be found in the same order in P. aeruginosa
(pscI to pscL), P. syringae (hrpB to hipE), and E. amylovora
(hrpB to hrpE). In S. flexneri (mxill), S. typhimurium (prgl]), R.
solanacearum (hrpl and hrpF), and X. campestris (hrpB3 and
hrpB5), two of four of these genes are linked. Interestingly, one
of the proteins encoded in this genetic block (YscJ and its
homologs) is highly conserved in all type III secretion systems
and has a homolog (FIiF) in flagellar biosynthesis systems as
well. (For a detailed comparison and a description of the
known properties of these and other proteins, see “Proteins
that constitute the type III secretion apparatus” below.) In
contrast to the homologs of YscJ, the other genes in the cluster
corresponding to yscl to yscL encode proteins which are only
partially conserved between species.

A comparison of the overall genetic organization between
different type III secretion systems reveals several subgroups
which exhibit similarities in the order of larger genetic blocks.
These groups comprise (i) S. flexneri and S. typhimurium SPI-1,
(ii) Yersinia spp. and P. aeruginosa, (iii) E. amylovora and P.
syringae, and (iv) R. solanacearum and X. campestris. The type
IIT secretion systems of S. typhimurium SPI1-2, EPEC, Chia-
mydia spp. and R. fredii cannot be convincingly assigned to one
of the four groups, in part because of the lack of complete
sequence information. (The proteins encoded by S. typhi-
murium SPI-2 are generally more closely related to the respec-
tive Yersinia proteins than to those of S. typhimurium SPI-1 or
S. flexneri). Although blocks of genes are conserved within the
four subgroups, genetic rearrangements have occurred within
the various systems. This is particularly apparent for the two
highly similar type III secretion systems of Yersinia spp. and P.
aeruginosa, which appear to differ mostly by an inversion of the
genetic block pscN-popD. Also, S. flexneri and S. typhimurium
SPI-1 are very similar, with two major conserved genetic blocks
(mxiG to mxiK and mxiE to spa40 in S. flexneri and prgH to orgA
and invF to spaS in S. typhimurium), which are localized in the
opposite orientation relative to each other. The same is true
for the hrp genes in P. syringae and E. amylovora. In the type 111
secretion systems of R. solanacearum and X. campestris, the
genetic order is almost completely conserved, implying that
one of these pathogens may have acquired the secretion system
directly from the other during recent evolution. Supporting the
notion of a common ancestry of those type III secretion sys-
tems which exhibit conserved gene orders are the relatively
high similarities among various proteins of these systems.

The positions of two genes, exemplified by the Yersinia genes

lerD and yscC, do not appear to be particularly highly con-
served beyond closely related subgroups, but the genes are
nevertheless present in all type III secretion systems. The lerD
homologous genes generally group with the genes which have
homologs in flagellar biosynthesis genes, and the members of
the LerD family of proteins have a high degree of sequence
similarity in their amino-terminal half with the FIhA flagellar
proteins (see “Proteins that constitute the type III secretion
apparatus” below). (Interestingly, in the systems where ho-
mologs of YopN are present, the encoding genes are always
located adjacent to lerD family genes.) The members of the
YscC family have no sequence similarity to any flagellar pro-
tein. Rather, these outer membrane proteins are homologous
to a component of the type II secretion system and also have
homologs in other transport systems (see “Proteins that con-
stitute the type III secretion apparatus” below).

Evolutionary Implications

Type 111 secretion systems appear to have been acquired as
intact genetic blocks by horizontal gene transfer during evolu-
tion. However, although the genes encoding the secretion ap-
paratuses are clustered, the genes encoding the secreted pro-
teins and some transcriptional regulators are often located in
unlinked positions, indicating that these secreted targets and
regulators have evolved independently of the core secretion
apparatus and that these different components of type III se-
cretion systems have adapted to form functional units.

According to similarities of genetic organization, the type I1I
secretion systems can be divided into at least four groups (see
above). Within these groups, the order of large genetic blocks
is highly conserved and the respectively grouped proteins ex-
hibit higher degrees of similarity to each other than to other
homologous proteins. Thus, close evolutionary relations of the
type III secretion systems within these four groups are implied.
In most cases, the G+C contents of type III secretion genes
(Table 2) are in the 40 to 45% range and are lower than the
G+C contents of the surrounding genomes. Since the low-
G+C Chlamydia spp. carry a recently discovered type III se-
cretion system, it appears possible that chlamydiae are the
evolutionary ancestors of type III secretion. However, this no-
tion needs further clarification.

The majority of proteins which have been found in all type
III secretion systems have homologs in flagellar biosynthesis
proteins, specifically in proteins that are involved in the export
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TABLE 3. Transcriptional regulators of type III secretion systems

Two-component response

Alternative Histone-like

Organism AraC-like protein(s) regulators sigma factors proteins Other factors
Yersinia spp. VirF/LerF (87, 89, YmoA (91)
130, 497)
P. aeruginosa ExsA (136)
Shigella spp. MxiE (12), VirF (388) CpxR (326), OmpR (42) H-NS (210) VirB (68, 438,

S. typhimurium SPI-1 InvF (232)
S. typhimurium SPI-2
EPEC

E. amylovora

P. syringae pv. syringae
R. solanacearum

X. campestris

PerA/BfpT (161, 439)

HrpB (155)
HrpXv (476)

HrpS (138)
HrpR, HrpS (166, 167, 487)

HrpG (478)

461, 495)

HilA (27), SirA (226), PhoP
(38, 310)
SpiR (333, 410)

HrpL (471)
HrpL (487)

of flagellar structural components across the cytoplasmic mem-
brane (see “Proteins that constitute the type III secretion ap-
paratus” below). However, the pore-forming factors that are
involved in type III secretion through the outer membrane,
YscC and its homologs, are homologous to outer membrane
components of type II secretion and other transport pathways.
Thus, type III secretion systems apparently evolved from the
combination of two different transport pathways.

TRANSCRIPTIONAL REGULATION OF TYPE III
SECRETION SYSTEMS

Expression of type III secretion systems responds to envi-
ronmental conditions which usually correspond to the condi-
tions encountered by the bacteria during infection of a host. In
many cases, transcription of type III secretion genes is con-
trolled by multicomponent regulatory networks which inte-
grate a diverse set of environmental cues, probably to restrict
the energy-consuming expression of 20 or more proteins to the
place and time when they are needed. In addition, expression
of several type III secretion systems appears to be controlled
by unidentified host factors and is activated by contact of the
bacteria with eukaryotic tissue. The transcriptional control sys-
tems are diverse in various pathogens, although two-compo-
nent response regulators and AraC-like transcriptional activa-
tors are common themes. Furthermore, some systems involve
histone-like proteins which regulate gene expression in re-
sponse to temperature and osmolarity by controlling DNA
superhelicity. Other systems require alternative sigma factors.
In many cases, the genes encoding the transcription factors are
located in unlinked positions, sometimes even on different
genetic elements (plasmid versus chromosomal). The known
transcription factors involved in expression of type III secre-
tion systems are listed in Table 3.

Transcriptional Regulation of Yop Expression

Expression of the Yersinia type III secretion system, espe-
cially of the secreted Yop proteins, is transcriptionally acti-
vated by contact of the bacteria with the surface of a eukaryotic
cell (346) (see “Regulation of type III secretion in Yersinia
species” above). The discovery of this important fact was the
result of almost 40 years of investigation into a Yersinia-specific
in vitro phenomenon called the low-calcium response (LCR)
(160, 201, 255). The LCR is characterized by the fact that the
Yersinia type I1I secretion system is expressed only at 37°C in
the absence of millimolar concentrations of Ca**. At 26°C (or
at 37°C in the presence of Ca*"), Yop expression remains

repressed. Temperature activation of Yop expression and its
repression by Ca?" are two distinct regulatory events. Tem-
perature control directly acts on the transcriptional level of yop
expression (90, 261), while high [Ca®" ] inhibits the secretion of
Yop proteins via the type III secretion pathway (128). Never-
theless, Ca®* inhibition of Yop secretion leads to transcrip-
tional repression of yop genes (129, 130, 430) by a negative-
feedback mechanism.

Positive control by temperature. Positive control of expres-
sion of the Yersinia type I1I secretion system is regulated by an
increase in growth temperature from 26 to 37°C (88, 89, 261).
Transcription of yopH is induced 240-fold, while transcription
of the type III secretion apparatus genes yscA to yscL, yscN to
yscU, and lerGVH to yopBD is induced 9- to 18-fold (160, 261).
The induction of yopH transcription is detectable 30 min after
the temperature upshift, reaches a maximum after 2 h, and
dramatically decreases after 3 h (308). Similar kinetics of in-
duction were observed for yopE (130) and the yscA to yscL
operon (307).

Temperature control of yopH (261), yopE (204), lcrGVH to
yopBD (41, 359), and yscA to yscL (261, 307) requires the
transacting factor VirF in Y. enterocolitica, which is called LcrF
in the other two pathogenic Yersinia spp. (87, 89, 130, 497).
Genes which are coordinately regulated by VirF have been
grouped as the yop regulon (90). The 271-aa VirF protein
belongs to the AraC family of transcriptional regulators, which
are involved in the regulation of metabolic pathways but also of
virulence gene expression in various gram-negative pathogens
(148). The carboxy termini of these proteins comprise a helix-
turn-helix motif DNA binding domain. VirF forms dimers in
vitro (261) and binds to multiple sites in the promoter regions
of yopH (261), yopE, lcrGVH to yopBD, and yscA to yscL (468).
The binding sites typically consist of two 13-bp AT-rich direct
repeats, but they vary between genes, so that the consensus
derived from the comparison of 13 half-sites (TTTTaGYcTt
Tat; nucleotides with more than 60% conservation are capital-
ized, Y indicates C or T) is somewhat degenerate (468).

In Y. enterocolitica, transcription of the virF gene itself is
thermoregulated, with no mRNA detectable at 26°C (87). (In
contrast, the homologous lcrF gene is constitutively expressed
in Y. pestis [204].) Thermoregulation of virF in Y. enterocolitica
involves a negatively acting chromosomal factor, ymoA (Yer-
sinia modulator A) (91). A ymoA mutation leads to partial
derepression of virF transcription and hence of transcription of
yopH and yopE at 26°C (91). However, thermoregulation of yop
genes is not controlled only by the amount of VirF, since
overexpression of VirF was not sufficient to induce yop gene



412 HUECK

expression at 26°C in Y. enterocolitica (261). Furthermore, al-
though YmoA appears to function via VirF, yop genes are
expressed independently of VirF in the ymoA mutant. Thus,
VirF is required but not sufficient for thermal induction of
Yersinia type 111 secretion gene expression. YmoA resembles
the histone-like proteins HU and integration host factor (IHF)
of E. coli in that it is small (8 kDa) and rich in charged amino
acids (36%) (91). Because of its histone-like structure, YmoA
is likely to influence DNA conformation, and changes in DNA
superhelicity have been shown to coincide with Y. enterocolitica
virF transcription and Yop expression (373). Thus, thermoreg-
ulation of yop genes appears to be controlled independently of
VirF/LcrF, possibly by changes in DNA superhelicity in the yop
promoters, which are controlled at least in part by YmoA.

Negative control by Ca>* via feedback regulation. As men-
tioned above, Yop expression and secretion remain repressed
at 37°C when the growth medium contains millimolar concen-
trations of Ca®". Although it was originally assumed that Ca**
acts as a signal which controls a transcriptional regulator of yop
gene expression, it turned out that Ca*>* control is mediated by
a negative-feedback control mechanism which allows transcrip-
tion of yop genes only when type III secretion is functional and
induced. Because mutations of the Yop secretion apparatus
negatively affect yop transcription (15, 40), the negative-feed-
back mechanism has long been postulated (89), but a better
understanding of the molecular basis of this phenomenon,
which in Y. pseudotuberculosis involves the secretion of a neg-
atively acting factor, LcrQ (346), has only recently become
possible (Fig. 8). Interestingly, two LcrQ homologous proteins,
called YscM1 (307) and YscM2 (422), exist in Y. enterocolitica,
and both proteins function together to facilitate negative-feed-
back regulation (422).

LerQ of Y. pseudotuberculosis (370) is encoded downstream
of the yscA to yscL operon at the “rightmost” end of the type
III secretion system region (Fig. 9) and is transcribed as a
monocistronic unit (370). LerQ acts negatively on yop gene
expression, since a knockout mutation in Y. pseudotuberculosis
leads to constitutive expression of Yops at 37°C (370). In
contrast, a mutant with a nonpolar insertion mutation in yscM1
of Y. enterocolitica exhibited Ca®" dependency like the wild
type (14). However, when the gene encoding YscM2, a protein
with 57% identity to YscM1 and LcrQ, was mutated in addi-
tion to yscM1, the resultant strain exhibited the same deregu-
lated phenotype as the lcrQ mutant of Y. pseudotuberculosis
(422). Furthermore, overexpression of LcrQ, YscMI1, or
YscM2 resulted in repression of yop gene transcription (14,
370, 422). Thus, LcrQ, YscM1, and YscM2 act in a concentra-
tion-dependent manner, where higher intracellular concentra-
tions of the proteins lead to repression of yop transcription.

LecrQ, YscM1, and probably YscM2 are secreted via the type
IIT secretion pathway (346, 422). The 115-aa proteins show
similarity to the first 128 aa of YopH (370, 422), which is
located immediately downstream of lcrQ/yscM1 and has prob-
ably emerged from a gene duplication event during evolution.
Interestingly, the region of YopH homologous to LerQ/YscM1
and YscM2 contains both the YopH secretion and transloca-
tion domains (see “Translocation of Yop proteins by Yersinia
species” above). As for other Yops, secretion of LcrQ is tightly
regulated by Ca*>* (346). However, unlike transcriptional reg-
ulation of yop genes, transcription of lcrQ is only slightly re-
pressed under high-Ca®" conditions (346), indicating that a
pool of intracellular LcrQ is maintained under conditions
which repress secretion. When an lcrQ mutant was combined
with a mutant in the type III secretion apparatus, Petterson et
al. found that Yop expression was restored to low-calcium
levels, demonstrating that LcrQ acts negatively on yop tran-
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scription (346). Similar results were obtained for a Y. entero-
colitica yscM1 yscM2 double mutant (422). In the wild type, all
intracellular LcrQ is secreted rapidly (within 3 min) after re-
moval of Ca®*, and Yop expression increases 5 to 10 min after
Ca®* removal (346). Thus, conditions which inhibit type II1
secretion (high [Ca®"] or mutations in the secretion apparatus)
lead to intracellular accumulation of LerQ and to transcrip-
tional repression of yop genes, while under secretion-inducing
conditions, LcrQ is exported from the cytoplasm, relieving
transcriptional repression and allowing yop gene expression.
LcrQ does not contain any recognizable DNA binding motif
and therefore does not appear to be a transcriptional regulator
by itself. Instead, LcrQ may act via regulation of VirF (see
above) at a posttranscriptional level (347).

The model for yop gene regulation via secretion of a nega-
tively acting factor shows striking similarities to a regulatory
model of flagellum biosynthesis in S. typhimurium (217). In
flagellum biosynthesis, the intracellular negative regulator
FIgM inhibits the expression of late flagellum biosynthesis
genes by blocking the activity of a sigma factor required for
transcription of those genes. After the assembly of a functional
flagellar export structure is completed, FIgM is secreted
through this structure into the supernatant, allowing the ex-
pression of late genes. The similarities are even more astound-
ing since the flagellar export system is homologous to the type
III secretion system.

In the Y. pseudotuberculosis lcrQ mutant and in the Y. en-
terocolitica yscM1 yscM2 double mutant, Yop expression is
derepressed. However, both mutants also exhibit an unusual
Yop secretion phenotype, in that secretion of most of the Yops
is repressed when Ca** is present whereas LerV and YopD are
released into the supernatant in large amounts under these
conditions. (The yscM1 or yscM?2 single mutants do not secrete
any Yops in the presence of Ca?* [14, 422].) In the absence of
Ca’", however, the Yop secretion pattern of the lcrQ and the
yscM1 yscM2 double mutants is indistinguishable from the se-
cretion pattern of the wild type (370, 422). These data indicate
that the role of LcrQ and its homologs in Ca®* regulation is
not only on the level of yop transcription but also of Yop
secretion.

Yersinia low-calcium response. In addition to the in vitro
activation of expression and secretion of large quantities of
Yops, the absence Ca®* at 37°C results in cessation of bacterial
growth (201, 255). In medium containing millimolar concen-
trations of Ca®*, however, bacterial replication is not affected
and Yop expression and secretion remain repressed. (Yop
synthesis and secretion precede growth restriction [430], and
growth restriction appears to be a consequence of an ordered
shutdown of macromolecular synthesis [500]. It is conceivable
that growth restriction is an indirect consequence of the mas-
sive production [10 to 20% of total protein] of the Yops [90,
308]. However, specific mutations have been described which
do not require Ca** for growth at 37°C but still express and
secrete most of the Yops normally [see below]. Hence, a spe-
cific mechanism may link Yop secretion to growth control in
pathogenic Yersinia spp.) The LCR is specific to pathogenic
Yersinia spp. and does not occur in plasmid-cured strains (39,
117, 153, 154) or in avirulent strains with mutations in plasmid
encoded virulence genes (160, 354). Thus, LCR-coupled
growth restriction has allowed the identification of the Yersinia
type III secretion system and of regulatory proteins by the
isolation of a variety of LCR mutants (88, 89, 160, 354, 497,
498). The epistatic relationships between these mutants can be
used to infer functional relations between different secretory
and regulatory factors.

Two classes of LCR mutants have been obtained. The first
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class is LCR; i.e., the mutants are able to grow at 37°C in the
absence of Ca?*. These mutants either are impaired in the
transcriptional activation of yop and secretion apparatus genes
(90, 261) or constitutively repress yop expression. Due to the
negative-feedback mechanism which links yop expression to
functional type III secretion, mutations in genes encoding the
type III secretion apparatus exhibit a LCR™ phenotype (89).
The second class of mutations cause a LCR constitutive phe-
notype. These mutants exhibit growth restriction and express
Yops at 37°C, regardless of whether Ca®™" is present. However,
the LCR-constitutive mutants do not exhibit the LCR at 26°C.
While the wild-type LCR phenotype is referred to as Ca**
dependency (CD), the LCR™ mutants are called Ca®" inde-
pendent (CI) and LCR constitutive mutants are called Ca**
blind (CB) and temperature sensitive for growth (TS). All of
these mutations map to the 20-kb region which encodes the
Yersinia type I1I secretion system. While the secretion-regula-
tory protein YopN, which when mutated leads to a CB phe-
notype, has already been discussed (see “Regulation of type I11
secretion in Yersinia species”), other factors which affect Yop
secretion in response to Ca?" are discussed in the following
section. Interestingly, proteins which appear to affect the reg-
ulation of secretion are encoded by the lerGVH-yopBD operon,
which is located at one end of the Yersinia type III secretion
gene cluster and is absent from most other type III secretion
systems.

lerGVH-yopBD operon. (i) LerG. Similar to YopN/LcrE,
LerG also regulates Yop secretion; i.e., in a IcrG mutant Yop
secretion is derepressed even in the presence of Ca** (413).
Like YopN, the LcrG protein itself is secreted via the type I1I
pathway and, thus, requires an intact secretion apparatus to
exert its regulatory function (351). However, while YopN is
localized on the bacterial surface before its release into the
supernatant under low-[Ca?"] conditions, nonsecreted LcrG is
located in the cytoplasm (329). It is conceivable that under
high-[Ca®"] conditions YopN/LcrE and LerG synergistically
act as plugs, with YopN/LcrE blocking the distal part of the
secretion channels and LerG blocking the proximal part in the
cytoplasm (329). The YopN/LcrE-LerG block would be re-
moved in the absence of Ca** or in the presence of an appro-
priate in vivo signal. YopN/LcrE and LerG differ in their effect
on secretion of LerV, another regulatory factor. Thus, while
LerV is only partially secreted by the wild type and a lerG
mutant, it is released in larger amounts into the supernatant of
a yopN/lcrE mutant (414). LcrG was shown by chemical cross-
linking and copurification to form a stable heterodimeric com-
plex with LerV, and this complex could have a regulatory
function in Yop secretion (329) (see below).

(ii) LerV. The function of LerV, encoding the Yersinia V
antigen, has been difficult to assess and is still not fully under-
stood. Besides its apparent function as a direct antihost factor
(414) involved in immunosuppression in Yersinia infection
(324, 325) (see “The V antigen LcrV” above), LerV has a
complex regulatory function in Yop secretion. Most puzzlingly,
lerV mutants differ from mutations in other genes in the
lerHGYV to yopBD operon in that they are not deregulated for
Yop secretion but, rather, constitutively repress yop expression
at the transcriptional level (CI phenotype [see above]) (41, 358,
414). Yop secretion, however, is still functional in the mutant
and is subject to normal Ca®" regulation (414). YopN/LcrE,
LerG, and LerH/SyeD (see below) are epistatic to LerV in
regulation of Yop expression and secretion (41, 414). There-
fore, since YopN/LcrE, LerG, and LerH/SyeD negatively reg-
ulate Yop expression and secretion in the presence of Ca*™,
LerV might function as an inhibitor of a negative regulatory
factor of the LCR (414).
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LerV of Y. pestis was found by chemical cross-linking and
copurification to form a cytoplasmic complex with LerG (329).
Nilles et al. derived a model of regulation of Yop secretion in
which LerV, by binding to LerG, counteracts the negative ef-
fect of LerG on Yop secretion (329). If LerV inhibits LerG as
a secretory plug, an lcrl” mutant would be CI because of con-
stitutive blockage of the secretion channels. On the other hand,
LerV would not be required in an LerG ™ strain. Hence, a lerG
mutation is epistatic to lcrl” (329). This model is attractive in
that it provides a possible explanation for the observed phe-
notypes of various single and combined /cr mutations.

LerV is itself secreted by the type III secretion mechanism
(350, 351). Surprisingly, a deletion analysis of various regions
of the 326-aa protein demonstrated that deletion of an internal
fragment (aa 108 to 125) abolished secretion of the protein
while deletion of amino-terminal portions had no significant
effect on LerV secretion (414). This is a rather atypical for a
protein secreted by the type III secretion pathway, since in all
other cases analyzed, the secretion signal lies within the amino-
terminal portion of the proteins. While deletion of residues
108 to 125 from LerV abolished secretion of the protein, Ca**
regulation of yop expression was still intact in the deletion
mutant (414), demonstrating that LcrV does not have to be
secreted to exert its regulatory effect. Interestingly, only about
50% of total LerV was found to be secreted by the wild type
under low-Ca®?" conditions, whereas LcrV was almost com-
pletely released into the supernatant by a yopN/lcrE mutant,
regardless whether Ca®* was present (414). The A108-125
mutant of LerV, even when overproduced, was not secreted by
a yopN/lcrE mutant. According to the model in which YopN/
LcrE acts as a plug at the proximal part of a type III secretion
channel, LerV would first have to be transported through the
secretion channel before its YopN/LcrE-dependent release
into the supernatant can occur. The mutant LerV A108-125
appears to not be transported any more and thus becomes
independent of YopN/LcrE.

(iii) LerH/SyeD. While mutants with mutations in yopN and
lerG are deregulated for both Yop secretion and yop transcrip-
tion, an lcrH mutant is derepressed for yop transcription while
secretion is still repressed by Ca®™ (41, 360, 414). Nevertheless,
the lcrH mutant is phenotypically CB, and it has been argued
that LerH could be at the bottom of the Ca®*-dependent
regulatory loop, perhaps acting at or close to the transcrip-
tional repressor (41, 360). Indeed, an lcrH mutation is epistatic
to all other mutants of Ca®>* regulatory proteins, and overex-
pression of the negative regulatory factors YopN/LcrE (129),
LerG (413), and LerQ (370) caused no change of the CB/TS
phenotype of lcrH mutants. Although lcrH could encode the
yop repressor, the protein does not appear to be a direct DNA
binding protein. In contrast to the other proteins encoded in
the lerGVH-yopBD operon, LerH is not secreted (360).

Another role for LcrH emerged when Wattiau et al. discov-
ered the Yop-specific chaperones (466, 467). LcrH/SycD ap-
pears to act as a chaperone specific for YopB and YopD (see
“Yop-specific chaperones and their role in Yop secretion”
above). It is therefore not surprising that similar phenotypes to
that of the lerH mutant were observed for mutants with muta-
tions in yopB and yopD (41, 173). Thus, yopBD mutants show
deregulated yop transcription, but Yop secretion remains
tightly controlled by Ca®" (41). However, the CB/TS pheno-
type of yopBD mutations is less severe than for the lcrH mu-
tation (for yopBD mutants, a larger fraction of cells grow at
37°C than for lcrH, and the bacteria growing at 37°C are CI)
(41). Interestingly, when LerH was expressed in trans, it shifted
yopBD mutants from a phenotypic Ca** blindness (CB/TS) to
Ca®" independence (CI) while no phenotypic effect of LerH
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overexpression was observed in the wild-type strain (41). These
observations were interpreted in favor of a role for LcrH as a
factor acting in functional proximity to the transcriptional yop
repressor. To explain the fact that overproduction of LcrH
shifted various lerGVH-yopBD mutants from CB/TS to CI but
had no phenotypic effect on the wild-type strain, Bergman et
al. assumed that an unidentified product of the lcrGVH-yopBD
operon, which is present in the wild type but absent from the
mutants, acts negatively on LerH (41). LerH/SycD also influ-
ences the type III secretion mechanism. An lcrH mutant of Y.
pestis, which still responded to Ca®* regulation of Yop secre-
tion, nevertheless showed constitutive secretion of LerV (414).
Since the lcrH mutant analyzed was polar on yopBD, Skrzypek
and Straley were not able to determine whether LcrH, YopB,
or YopD was responsible for the abnormal pattern of LerV
secretion (414).

Taken together, the proteins encoded by yopN/lcrE and the
lerGVH-yopBD operon regulate type III secretion in a complex
way that appears to involve interactions of these proteins with
each other and with the type III secretion apparatus, while the
effect of these proteins on yop transcription probably is indirect
and mediated via type III secretion of LcrQ, a key element in
a negative regulatory feedback mechanism which links yop
expression to functional type III secretion. It is conceivable
that the YopN and the lcrGVH-yopBD-encoded proteins form
a complex that somehow may span and plug the secretion
channels. This could explain why the function of the secretion
regulatory proteins depends on a functional type III secretion
apparatus while mutations affecting individual regulatory fac-
tors lead to abnormal secretion of other regulatory proteins,
indicating disintegration of the regulatory complex.

Other factors affecting Yop secretion. (i) LerR. LerR (146
aa) is encoded upstream of the lerGVH-yopBD operon and is
probably transcribed together with lerD (31). An lerR insertion
mutant was found to be phenotypically CB/TS and showed
constitutive Yop expression (31). LerR may be required for
posttranscriptional regulation of LcrG expression, and the
CB/TS phenotype of IcrR may result from the absence of LerG
(see above). Transcription of /crR is induced by temperature,
but no Ca®* repression was observed (31).

(i) VirG and YscF. Another protein involved in regulation
of Yop secretion is VirG, which is encoded immediately up-
stream of the transcriptional activator VirF in the center of the
Yersinia type I1I secretion gene cluster (13). The 131-aa VirG
is a lipoprotein with a typical 15-aa signal sequence and is
probably located in the outer membrane (13). Like other mu-
tations affecting the type III secretion apparatus, a virG muta-
tion results in a CI phenotype. However, the mutant still se-
cretes Yops under low-Ca®™ conditions, albeit at a reduced
level. Specifically, secretion of YopB, YopD, and LecrV is
strongly diminished in the virG mutant. VirG was recently
reported to be required for the insertion of the type III secre-
tion apparatus secretin YscC (see “Proteins that constitute the
type III secretion apparatus” below) into the outer membrane.
From these and the above results, a tentative picture emerges
in which YopB, YopD, and LcrV may interact with VirG-
YscC. VirG is similar to ExsB from P. aeruginosa (136, 137).

A similar secretion phenotype to that observed for the virG
mutant is exhibited by a strain expressing a modified form of
the secretion apparatus protein YscF (14). This mutant, called
yscF,, 4, secretes all Yops like the wild-type except for YopB
and YopD (the secretion of LcrV was not analyzed in this
mutant.) The yscF,,,, mutant expresses an amino-terminally
modified YscF, in which the first 12 aa of the native protein is
replaced with 8 aa from a plasmid fusion (14). These results
could indicate that YscF, which probably is a cytoplasmic pro-
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tein (see “Proteins that constitute the type III secretion appa-
ratus” below), may be required for proper VirG function. Like
the virG mutant, the yscF,,,, mutant is phenotypically CI,
indicating that growth restriction is not necessarily a conse-
quence of global Yop expression and secretion and that growth
restriction in the absence of Ca*" is coupled to the ability to
secrete YopB, YopD, and probably LcrV.

(iii) YopR. When systematically mutagenizing the Y. entero-
colitica yscA to yscM operon which encodes part of the Yersinia
type III secretion system, Allaoui et al. found that mutations in
yscE to yscG and yscl to yscK led to generally impaired Yop
secretion. However, a yscH mutant secreted all Yops except for
an 18-kDa protein. This protein was demonstrated to be en-
coded by yscH and was shown by immunological analysis to be
YopR (14). A determination of the 50% lethal dose after
intraperitoneal injection in mice showed that the yscH mutant
was 10-fold less virulent than the wild type, demonstrating a
role for YopR in virulence (14). It is, however, not clear to date
whether YopR belongs to the group of translocated Yersinia
anti-host virulence factors or whether the protein has accessory
functions in regulation of Yop secretion and translocation.
However, the location yscH in an operon encoding part of the
secretion apparatus rather suggest an accessory function for
YopR.

Integrated model of regulation of yop gene transcription. yop
transcription is induced after target cell contact, and this fact
correlates with the reported complete secretion of LcrQ after
cell contact (346). Considering the role of LerQ and its two
homologs YscM1 and YscM2 as a negative regulatory factor in
yop transcription, the following model emerges from the sum-
mary of 40 years of investigation into the Yersinia low-calcium
response (Fig. 8). Thermal induction at 37°C leads to expres-
sion of the type III secretion system in pathogenic Yersinia
species at a level allowing the synthesis of a functional secre-
tion apparatus. The host’s body temperature thus provides a
global environmental signal priming secretion competence. At
this stage, the secretion channels remain shut and expression
of Yop proteins remains repressed. Opening of the secretion
channels is triggered by contact of the pathogen with the sur-
face of a host cell, removing the repression of yop gene expres-
sion by secretion of LcrQ/YscML1. In vitro, the conditions trig-
gering Yop secretion are mimicked by the removal of Ca**
ions from the growth medium. Ca®* thus functions as the
signal which keeps secretion channels shut and may do so
during the infectious process, since the extracellular Ca** con-
centration in body fluids is in the millimolar range.

Transcriptional Regulation in P. aeruginosa

As mentioned above, the P. aeruginosa type III secretion
system is highly similar to the Yersinia system. Accordingly, the
P. aeruginosa type III gene cluster contains a trans-regulatory
locus encoding an AraC-type regulator (ExsA) which exhibits
56% sequence identity to Yersinia VirF. ExsA activates P.
aeruginosa type III secretion gene transcription by specifically
binding to promoters upstream of pscN, the popN to pcrR
operon, the exsD to pscB to pscL operon, and the exsC to exsA
operon. In addition, ExsA activates transcription of genes en-
coding the secreted proteins ExoS, ExoT, and ExoU (135, 208).
As in Yersinia spp., expression of P. aeruginosa secreted pro-
teins is activated under low-Ca®" conditions (135). The ExsA
binding site has been determined for several promoters and
comprises the core consensus sequence TNAAAANA, located
51 or 52 bp upstream of the transcriptional start site (208).
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Transcriptional Regulation of S. flexneri
Invasion Genes

Shigella virulence is regulated by a number of environmental
conditions, most notably by growth temperature but also by
osmolarity and external pH. Bacteria are invasive only when
grown at 37°C, and the analysis of temperature-regulated gene
fusions has led to the identification of mutations in the S.
flexneri type III secretion system (209). Temperature regula-
tion, which leads to 50- to 100-fold changes in gene expression
(209), is subject to positive and negative control by a cascade of
transcriptional regulators encoded by the virulence plasmid as
well as the chromosome (291).

Temperature regulation mediated by VirF-VirB. Activation
of type III secretion gene transcription is dependent on the
virF-virB dual transcriptional control system (4). VirB coordi-
nately activates transcription of major promoters in the type I1I
secretion gene cluster in response to changes in growth tem-
perature (401, 438). The 36-kDa VirB of S. flexneri (also called
ipaR in S. flexneri [68] and in S. dysenteriae [495] or invE in S.
sonnei [461]), encoded downstream from the ipa operon and
transcribed from its own promoter (68, 440, 461, 495), is ho-
mologous to a family of DNA binding proteins involved in
plasmid partitioning such as ParB of phage P1 (1). Transcrip-
tion of virB in turn is controlled by VirF (388, 389, 402), a
member of the AraC family of transcriptional regulators (105,
148), which activates virB expression by specific binding to a
DNA region upstream of the virB promoter (440). Interest-
ingly, virF is located approximately 40 kb apart from the type
II secretion gene cluster on the virulence plasmid (388). Ex-
pression of VirB from an unregulated promoter overcame the
effect of a virF mutation and rendered bacteria invasive at 30°C
(438). However, VirF function is not sufficient to induce tem-
perature-dependent virB transcription, since overproduction of
VirF increased the level of virB transcript only at 37°C but had
no strong effect at 30°C (438). In addition, transcription of virF
is only slightly affected by growth temperature, indicating that
virB transcription is the major target for temperature regula-
tion of type III secretion genes (438).

It should be noted that VirF also activates expression of the
icsA gene (4), which is essential for intra- and intercellular
spread of S. flexneri after invasion of epithelial cells. However,
this activation is not mediated by VirB (4). Thus, VirF is the
major virulence gene activator in Shigella spp. identified so far.
The downstream regulator VirB activates a subset of these
genes required for bacterial internalization in response to
changes in growth temperature. Interestingly, the mxiE gene of
the S. flexneri type III secretion gene cluster (12) encodes
another AraC-like regulator, which is similar to a protein
(InvF) encoded in a similar position in S. typhimurium SPI-1
(see below). The function of MxIE in S. flexneri regulation is
unknown.

Temperature regulation of VirB expression by H-NS. The
mechanism of temperature regulation of virB transcription in-
volves the chromosomally encoded, histone-like protein H-NS,
which represses virB at 30°C (210, 293). The 16-kDa H-NS
protein specifically binds to the promoter region of virB im-
mediately downstream of the VirF binding site and is capable
of blocking VirF-activated transcription of virB in an in vitro
transcription assay (440). H-NS is involved in thermo- and
osmoregulation of a large number of genes in gram-negative
bacteria, and the mechanism of Ans regulation probably in-
volves control of DNA topology (106, 198, 199, 218). Thus,
H-NS mediated changes in DNA superhelicity in the virB pro-
moter region may represent the molecular mechanism of tem-
perature regulation of virB. Indeed, virB transcription can be
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activated by VirF only from negatively supercoiled, not from
relaxed, DNA (440), and the requirement of negatively super-
coiled DNA for virB transcription was elegantly demonstrated
by placing a T7 polymerase-dependent promoter immediately
upstream of the virB promoter region. Induction of transcrip-
tion from the T7 promoter led to the introduction of a local
negatively supercoiled domain in the virB promoter region,
which allowed virB activation by VirF and expression of bac-
terial invasiveness at 30°C (441).

Alterations in DNA superhelicity may also account for the
regulation of Shigella type III secretion gene transcription by
changes in osmolarity of the growth medium. High osmolarity
increases the expression of a mxiC-lacZ fusion three- to four-
fold (42, 353), while mxiC and icsB are transcriptionally re-
pressed in low-osmolarity medium, even at the inducing tem-
perature of 37°C (353). As with the repression of type III
secretion gene expression at low temperature, repression un-
der low-osmolarity conditions was relieved by inactivation of
the chromosomal ins gene (353).

Other regulatory factors. In addition to temperature and
osmolarity, Shigella virulence gene transcription and invasive-
ness are controlled by extracellular pH. A change in the pH of
the growth medium from 7.4 to 6.0 decreases invasiveness
approximately 10-fold, and this regulation appears to be me-
diated by a 10-fold decrease in virF transcription at the lower
pH (326). A mutant with deregulated virF transcription at low
pH affected the two-component regulatory locus ¢pxRA, and
the response regulator CpxR was reported to be essential for
virF expression (326). Another factor required for type III
secretion gene expression is the two component system OmpR-
EnvZ (42). Figure 12 shows an overview of the regulatory
factors affecting expression of type I1I secretion gene transcrip-
tion in Shigella spp.

Transcriptional Regulation of Type III Secretion
Genes in S. typhimurium

Type III secretion genes in the S. typhimurium SPI-1 gene
cluster are subject to coordinate regulation by a number of
environmental cues. Reporter gene fusions to seven genes in S.
typhimurium SPI-1, invF, sspC, sspA, hilA, prgH, prgK, and orgA
(Fig. 9), were shown to be regulated by the same environmen-
tal conditions (28). These genes are expressed at high levels in
vitro only under low-oxygen, high-osmolarity, and slightly al-
kaline (pH 8) conditions. If any one of these conditions is
different, type III secretion gene expression is repressed 10- to
200-fold (28) and bacterial invasiveness in vitro is significantly
reduced (111, 144, 265, 405). The listed conditions correspond
to the environment in the lumen of the distal ileum, the site
where salmonellae initiate infection (71, 97). Therefore, the
simultaneous requirement for several environmental cues may
allow salmonellae to activate SPI-1-encoded type III secretion
genes only when expression of these genes is beneficial in
promoting intestinal invasion. In contrast to type III secretion
genes in other enteropathogens, transcription of SPI-1 genes in
S. typhimurium is not regulated by temperature. However,
changes in DNA supercoiling have been shown to affect the
expression of type III secretion genes (144), and H-NS globally
affects Salmonella mouse virulence (185), although the effect of
H-NS on type III secretion gene expression has not been de-
termined.

Several factors that are involved in transcriptional regulation
of SPI-1-encoded type secretion genes have been identified.
Two of these, HilA (27) and InvF (232), are encoded within the
pathogenicity island (Fig. 9), while SirA (226) and PhoP (38,
310) are encoded in different and unlinked chromosomal lo-
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cations. HilA is required for the expression of all genes in
SPI-1 (27, 28). The protein contains a DNA binding and tran-
scription activation domain which is similar to respective do-
mains in the phosphorylated response-regulator family of tran-
scriptional regulators (425) but is otherwise not similar to this
family. Thus, HilA does not carry an amino-terminal phospho-
ryl-acceptor domain, which in other members of the family is
phosphorylated by a membrane-bound sensor kinase respond-
ing directly to environmental changes (425). Neither does HilA
contain a membrane-spanning region, which in other family
members (ToxR, CadC) is thought to provide the sensory
function and/or interact with other proteins to achieve modu-
lation (94, 96). Therefore, HilA may not be directly involved in
sensing environmental conditions that modify type III secre-
tion gene expression. This notion is supported by the fact that
expression of AilA itself responds to the same environmental
conditions as expression of its target genes. Furthermore, ex-
pression of £il4 does not appear to be autoregulated (28). It is
thus unclear how environmental conditions that affect type I1I

secretion gene expression are sensed and how the signal is
transmitted to activate expression of HilA.

HilA may bind directly to the invF and prgH promoters,
since the regulatory effect observed in S. typhimurium could be
reconstituted in E. coli (28). However, regulation of the genes
encoding the secreted invasion proteins sip/sspBCDA by HilA
may be mediated through activation of invF expression. InvF,
the first gene of the inv-spa gene cluster, encodes a protein with
similarity to the AraC family of transcriptional activators (232).
The protein is required for activation of sip/sspBCDA but does
not affect the expression of other type III secretion genes in
SPI-1 (109, 232). As mentioned above, InvF is homologous to
S. flexneri MxiE.

SirA is another protein required for transcriptional activa-
tion of type III secretion genes and thus for invasion (226). The
protein is similar to phosphorylated response regulators, most
notably to the pathogenicity factor GacA from Pseudomonas
spp. (226). Interestingly, SirA is almost identical to UvrY, an
E. coli protein of unknown function encoded immediately
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downstream from the DNA repair protein UvrC. Unlike in
other two-component regulatory systems, no corresponding
sensor-kinase is encoded in proximity to sir4. SirA may exert
its effect on type III secretion gene expression via regulation of
hilA expression.

After passage of salmonellae through the intestinal epithe-
lium, the bacteria are phagocytosed by residential macro-
phages. In the macrophage phagosome, the global Salmonella
virulence response regulator PhoP is activated (310). PhoP
appears to act negatively on expression of 4il4 and shuts off
expression of the SPI-1-encoded secretion system (28, 38). A
constitutive mutant of PhoP renders SPI-1 type III secretion
genes repressed and leads to a protein secretion- and invasion-
deficient phenotype (38, 339). PhoP is activated after phos-
phorylation by the corresponding membrane-bound sensor ki-
nase, PhoQ, which in turn responds to changes in extracellular
concentrations of divalent cations (152). Thus, low Ca** con-
centrations in the phagocytic vacuole may be the signal that
globally repressed SPI-1 encoded type III secretion. The reg-
ulatory network affecting SPI-1 type secretion gene expression
is summarized in Fig. 12.

SirA and PhoP both are present in E. coli K-12, while the
SPI-1 gene cluster was probably acquired by S. typhimurium
after the evolutionary split from E. coli (312). Therefore, tran-
scriptional regulators which preexisted in the common E. coli-
Salmonella ancestor appear to have adapted to the regulation
of type III secretion genes.

SPI-2, which encodes the second Salmonella type 111 secre-
tion system, encodes a two-component sensor kinase-response
regulator pair (333, 410) (Fig. 9). The respective genes have
been reported to be required for SPI-2 gene expression (111a,
193a). (See Addendum in Proof.)

Regulation of A/E Phenotype Expression in EPEC

As in shigellae and yersiniae, expression of the virulence
phenotype in EPEC depends on a growth temperature of 37°C,
while adherence to epithelial cells, protein secretion (240), and
consequently A/E lesion formation are impaired when the bac-
teria are pregrown at 28°C (377). Induction of A/E lesion
formation also depends on the bacterial growth phase with the
highest activity occurring during early logarithmic growth
(377). Furthermore, maximal secretion requires the presence
of sodium bicarbonate and calcium and is stimulated by milli-
molar concentrations of Fe(NO); (238) and an NH," con-
centration of more than 20 mM (361). Interestingly, protein
secretion in vitro was observed only in tissue culture medium
but not in Luria-Bertani medium or in M9 minimal medium
(240), although growth in these media had no effect on host
cell signalling and the induction of A/E lesion formation (377).
Thus, tissue culture medium appears to contain a compound
capable of activating Esp secretion in vitro, while secretion of
Esps in vivo may be activated by contact of the bacteria with
epithelial cells.

As in other type III secretion systems, activation of virulence
gene expression in EPEC requires an AraC-homologous tran-
scriptional activator protein, PerA/BfpT (161, 439). The pro-
tein is encoded in the per locus (161, 439), which, in contrast to
the chromosomal type III secretion system, is located on a
virulence plasmid, again implying evolutionary adaptation of
transcriptional regulation of type III secretion genes (see
above). The per locus contains four genes, perd to perD, three
of which (perABC, also designated bfpTVIW [439]) are presum-
ably organized as an operon. PerA/BfpT is 31% identical to the
virulence gene activator VirF from S. flexneri. PerB/BfpV
shows weak similarity to some eukaryotic DNA binding pro-
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teins (161). PerC/BfpW and PerD have no homologs in the
published databases (161, 439).

The genes of the per locus are required for transcriptional
activation of type III secretion system genes (eaeA and espB)
(161) and protein secretion (240) and also are involved in
activation of a plasmid-encoded adhesin (361, 439; see also
reference 207). Furthermore, overexpression of the protein(s)
encoded in the per locus leads to oversecretion of at least 20
proteins by EPEC. Therefore, the per locus encodes a global
regulator of virulence gene expression in EPEC. Purified
PerA/BfpT was shown to bind directly to DNA sequences
upstream of bfpA (encoding the bundle-forming pilus adhesin)
and eaeA (439) (see “Enteropathogenic Escherichia coli”
above). Nevertheless, full activation of virulence gene expres-
sion requires the presence of all three genes, perABC/bfpTVW
(161, 439). Further experiments are needed done to elucidate
the mechanism of trans-activation of EPEC virulence genes.

Transcriptional Regulation in P. syringae and E. amylovora
Involves an Alternative Sigma Factor

Expression of type III secretion genes is induced early after
contact of the bacteria with plant tissue (489). Induction in
planta of various genes in the type III secretion gene cluster of
P. syringae ranges from 5- to 70-fold (366, 489) and increases
from 1 to at least 6 h after infection. Induction, albeit to a
lesser extent, is also observed in minimal salts medium, while
complex nitrogen sources, high pH, high osmolarity, and some
carbon sources have a repressive effect on Arp gene expression
(366, 489). Thus, induction of srp gene expression after contact
with plant tissue results from an alteration in nutritional con-
ditions and may also involve in addition a specific plant fac-
tor(s).

Transcriptional activation of Arp genes is controlled by a
multicomponent regulatory cascade that involves two activa-
tors of the response regulator family, HrpR and HrpS, and an
alternative sigma factor (166, 167, 487). HrpR and HrpS, en-
coded at the “right” end of the type III secretion gene cluster
in Fig. 9, are both similar to each other and to the NtrC
subfamily of response regulators, most of which interact with
the ¢°* RNA polymerase holoenzyme. Indeed, a sequence
motif which may function in interaction with ¢>* (RpoN) is
conserved in both HrpR and HrpS. Neither of these proteins
carries an amino-terminal phosphoreceiver domain that mod-
ulates activity in other two-component response regulators,
implying that the activity of these proteins may not be con-
trolled by phosphorylation.

HrpR and HrpS activate transcription of the sigma factor
gene hrpL, located at the other end of the type III secretion
gene cluster. (In accordance with the requirement of RpoN for
HrpRS activity, hrpL is expressed from a RpoN promoter
sequence [487].) HrpL is homologous to the ECF (extracyto-
plasmic functions) subfamily of sigma factors (278), which
comprises RpoE of E. coli and AlgU of P. aeruginosa. HrpL, in
turn, is required for transcription of the type III secretion
genes, and a conserved promoter sequence recognized by
HrpL (TGGAACCNAN14CCACNNA) has been detected in
all Arp promoters as well as in the ArmA and avr promoters of
genes encoding potential type III secreted proteins (222, 488).
The fact that both HrpR and HrpS are required for HrpL
expression probably results from transcriptional activation of
hrpS by HrpR, which binds to an activatory site upstream of the
hrpS promoter (166). Figure 12 gives an overview over the
regulatory network affecting type III secretion gene expression
in P. syringae.

As in P. syringae, type III secretion genes in E. amylovora are
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negatively regulated by environmental conditions, including
high concentrations of ammonium sulfate and other nitrogen
sources, high pH, some carbon sources, and nicotinic acid, and
are activated in planta. Furthermore, Arp genes are transcrip-
tionally activated 2- to 10-fold at lower temperatures (18 versus
30°C). Transcriptional activation in the plant does not exceed
in vitro activation, suggesting that no specific plant component
is required as a signal (473). Interestingly, in resistant nonhost
tobacco, hrp genes are induced earlier after infection and much
more strongly than in pear, a host plant. However, whether this
observation gives a clue to the mechanism of HR induction
requires further analysis.

E. amylovora contains an ECF family alternative sigma fac-
tor (HrpL), which is highly similar to HrpL from P. syringae
and is required for transcription of type III secretion genes
including ArpN, encoding the secreted harpin protein (471).
Expression of HrpL is activated by HrpS, a response-regula-
tory protein highly similar to HrpS from P. syringae (138, 471).
However, unlike in P. syringae, no second response regulator
which would correspond to HrpR has been found in Erwinia
spp. In further contrast to P. syringae, the hrpS and hrpL genes
are located near to each other in the center of the type III
secretion gene cluster in Erwinia spp. (Fig. 9).

Transcriptional Regulation in R. solanacearum
and X. campestris

As in P. syringae and E. amylovora, the type III secretion
systems from R. solanacearum and X. campestris are highly
similar in genetic organization and in terms of conservation of
protein sequences. Also, both systems are regulated in re-
sponse to environmental stimuli (growth in minimal media) by
AraC-like transcriptional activators, which even can partially
replace each other (476). In R. solanacearum, the respective
gene, hrpB (155), is located between hrcT and hreC at one end
of the type III secretion gene cluster (to the left in Fig. 9),
while this gene is absent from the respective position in X.
campestris. However, in X. campestris, the AraC-like activator
(HrpXv) is encoded in an unlinked position (476).

In both pathogens, the genes encoding the AraC-like regu-
lators are themselves subject to transcriptional activation by
growth in minimal medium. However, while partial autoregu-
lation was observed in P. solanacearum (155), transcription of
hrpXv in X. campestris does not require its own product (476).
The upstream regulator was identified in X. campestris and is a
protein (HrpG) encoded next to ArpXv with homology to re-
sponse regulators of the OmpR subfamily (478) (Fig. 12). In-
terestingly, activation of expression of the hrcC (hrpAI) gene in
X. campestris, which encodes an essential part of the type III
secretion apparatus, is independent of HrpXv (477) but is
activated by HrpG (478). Accordingly, the corresponding
hrpB-hrcC locus (Fig. 9) in R. solanacearum might also be
subject to activation by an HrpG homolog.

PROTEINS THAT CONSTITUTE THE TYPE III
SECRETION APPARATUS

This section discusses structural and functional features and
the subcellular locations of the broadly conserved proteins that
constitute the type III secretion apparatus. For the vast ma-
jority of these proteins, their requirement for type III secretion
or for the respective, secretion-associated phenotypes has been
demonstrated. On the other hand, few structural data exist
beyond the protein sequences, and the subcellular locations
have only been determined in some instances. Therefore, the
available data are combined for each protein family. (The
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criteria used for grouping proteins into families are discussed
under “Genetic and transcriptional organization of type III
secretion genes” above.)

While the majority of secretion apparatus proteins are lo-
calized in the inner membrane, at least one outer membrane
protein (YscC and its homologs) is present in all type III
secretion systems and at least one other common protein (YscJ
family) possibly connects the inner and the outer membrane. It
is intriguing that most of the type III secretion proteins which
are associated with the inner membrane have homologs in
flagellar biosynthesis systems, while YscC is homologous to
outer membrane translocator proteins from type II secretion
systems and from phage assembly and extrusion pathways. This
section therefore also describes some structural and functional
aspects of flagellar biosynthesis and phage extrusion and com-
pares the structural data for flagellar proteins and phage ex-
porters with those of the respective homologs in type III se-
cretion systems.

The LerD Family of Inner Membrane
Transport Proteins

The proteins of the LerD family are located in the inner
membrane and could form a central protein-conducting chan-
nel. The proteins are characterized by a hydrophobic amino-
terminal region predicted to form at least six, more probably
eight, membrane-spanning helices and a large hydrophilic car-
boxy-terminal domain (349).

A number of deletions have been introduced into LcrD,
which were all found to result in an inactive protein as mea-
sured by analysis of Yop expression and secretion (350). In-
terestingly, a mutant protein carrying a deletion within the
conserved large second cytoplasmic loop (aa 159 to 167) could
not be complemented with the wild-type protein and exhibited
a dominant negative effect on Yop expression and secretion
when expressed in trans. In contrast, deletions of aa 192 to 343
and 618 to 644 abolished Yop expression and secretion but
were complementable (350). Plano and Straley further selected
point mutations which resulted in varying negative effects on
LerD function, some of which affect residues which are almost
completely conserved within the LerD family (L35P, G191S,
D240G, and R261C), suggesting that these residues might also
be of functional importance in other members of the family
(351).

Sequence similarities between individual members of the
LerD family vary between 36 and 66%. The amino-terminal
domain that contains the membrane-spanning segments is
highly conserved, while the cytoplasmic carboxy-terminal do-
main is more variable. Interestingly, some proteins of the LerD
family can functionally replace each other in heterologous
complementation. Thus, MxiA from S. flexneri partially com-
plements an S. typhimurium invA strain for invasiveness, while
no complementation was obtained with Yersinia LerD (157).
However, the inv4 mutant was partially complementable with
a chimeric protein in which the carboxy-terminal cytoplasmic
domain of LerD was replaced with the respective region from
InvA (157). Therefore, the amino-terminal membrane-span-
ning regions of LcrD and InvA are functionally interchange-
able, and the carboxy-terminal cytoplasmic domains of these
proteins may specify interactions with other components of the
type III secretion system in a species-specific way.

The members of the LerD family are shown in Fig. 10. All of
these proteins are essential for functional type III secretion
and/or the related phenotypes in the various type III secretion
systems (21, 22, 115, 143, 146, 163, 215, 223, 470). In flagellum
biosynthesis systems, the LcrD family is homologous to the
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inner membrane protein FIhA from S. syphimurium (314), Ba-
cillus subtilis (69), and homologs from several other organisms.

The YscN Family of Cytoplasmic ATPases

Homologs of YscN are present in all type III secretion
systems described to date and are among the most highly
conserved type III secretory proteins. The proteins show sim-
ilarity to the a- and B-subunits of the F; component of the
bacterial F)F, proton-translocating ATPase (457) and to the
catalytic subunits of eukaryotic as well as archaebacterial AT-
Pases (482). The water-soluble F, component of F)F; ATPase
of E. coli couples the synthesis of ATP with a proton flux
through the membrane-bound component F,, (409). Three re-
gions around the catalytic domains are especially highly con-
served within the members of this protein family: the ATP/
GTP-binding domains A and B (Walker boxes A and B [458]),
located in the central part of the proteins, and the Mg*"-
binding motif (496), located between Walker boxes A and B.
Functionality of the respective catalytic domains in YscN of Y.
enterocolitica and InvC of S. typhimurium was confirmed by an
in-frame deletion of 8 aa acids within Walker box A in YscN
(A169-177) (482) and replacement of the conserved residue
Lys-165 with Glu in InvC (108). Purified InvC was shown to
catalyze ATP hydrolysis, while the K165E mutant is enzymat-
ically inactive (108).

Overexpression of InvC K165E in S. typhimurium and of the
mutated YscN in Y. enterocolitica did not have a negative
transdominant effect on invasion and protein secretion, respec-
tively (108, 482), indicating that, unlike the F; component of
F,F, ATPase, the ATPases of the type III secretion system do
not require dimerization for proper function. The subcellular
location has not been determined for any of the members of
the YscN family, but by homology to the soluble F; component
of F F, ATPase, it is likely that the YscN ATPases are cyto-
plasmic proteins. YscN proteins may interact with membrane-
bound components of the type III secretion apparatus to en-

ergize secretion or to provide the energy for the assembly of
the secretion apparatus, as has been shown for the flagellum
biosynthesis homolog FIil (113).

Flagellar Export Apparatus in Relation to Proteins
of Type III Secretion Systems

Like the members of the LerD and YscN families, those of
the YscQ to YscU and YscJ families show significant sequence
similarities to proteins of the flagellar biosynthesis systems of
both gram-negative and gram-positive organisms. In addition,
weak similarities to flagellar proteins are found for YscD and
YscL and their homologs. By similarity to the flagellar assem-
bly apparatus, all of the respective proteins from type III se-
cretion systems are likely to be located in or associated with the
inner membrane and may form the cytoplasmic gate (and per-
haps a periplasmic extension?) of the type III secretion chan-
nel. Since the flagellum biosynthesis proteins that are homol-
ogous to type III secretion proteins are specifically involved in
the flagellum-specific protein export pathway, it is likely that
some of the homologous proteins may play similar roles in
both systems. For some of the flagellar proteins, their role in
assembly of flagellar structural components is known, and sev-
eral interactions between these proteins have been detected.
Therefore, these data may provide hints as to how the respec-
tive components of type III secretion systems might interact.

Assembly of the flagellar basal body and protein export
apparatus. Flagella, the supramolecular bacterial surface
structures which mediate bacterial motility, are composed of
three major structural components, the basal body, the hook,
and the filament. The basal body anchors the filamentous fla-
gella to the bacterial cell wall, while the hook links the basal
body and the filament. The basal body is composed out of
several structural subunits, called the MS ring, which is located
in the cytoplasmic membrane; the periplasmically located P
ring; and the L ring, which is located in the outer membrane.
These three rings are mounted on a central axial structure, the
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rod (Fig. 13). Once the MS and C rings are formed, the rod,
the P and L rings, the hook, and the filament are added on. The
flagellar proteins, which are synthesized in the cytoplasm, are
exported to the periplasm, the outer membrane, or the extra-
cellular space, where their assembly finally occurs (251). Only
the structural components of the P and L rings (FlgI and FlgH,
respectively) are synthesized as precursor proteins with cleav-
able signal sequences and are transported across the cytoplas-
mic membrane by the sec pathway (229). The other flagellar
proteins do not carry amino-terminal leader peptides and are
thus exported from the cytoplasm by a sec-independent flagel-
lum-specific export pathway (257, 279). It is within the proteins
involved in this transport pathway where the most significant
homologies between flagellar biosynthesis factors and type 111
secretion proteins are found. Unfortunately, the flagellum-
specific export pathway is the least well characterized compo-
nent of flagellar biosynthesis (5). For a recent review of flagel-
lar structure and function, see reference 280.

Proteins involved in the flagellum-specific export pathway
have been identified by various analyses of conditional and
knockout mutants. As a general feature, these mutants affect
the assembly of flagella beyond MS and C ring formation. The
proteins involved comprise all flagellum biosynthetic factors
which have homologs in the type III secretion system (Fig. 10
and 13): FIhA (230, 251, 456), F1hB (251, 256), FliG (251), Flil
(230, 251, 456), FliM and FliN (230, 251), FliP, FliQ, and FliR
(251).

FIiF and the Ysc]J family. During flagellar morphogenesis,
the first structural component which is discernible by electron
microscopy is the MS ring (251). It is formed from only one
structural protein, FliF (444), which in S. typhimurium is 560 aa
and comprises at least three hydrophobic regions that poten-
tially form transmembrane helices (229). FliF shares a domain
with members of the YscJ family (aa 134 to 212 in FIiF and 108
to 186 in Yscl). (The homologies discussed in this review were
determined by BLAST [http://www.ncbi.nlm.nih.gov/cgi-bin/
BLAST] [18] and PRODOM [http://protein.toulouse.inra.fr/
prodom/prodom.html] [164, 419] computer analysis. Potential
transmembrane domains and the subcellular locations of the
amino and carboxy termini are predicted according to TOP-
PRED2 [http://www.biokemi.su.se/~server/toppred2/toppred
Server.cgi].) Since the amino- and carboxy-terminal parts of
FIliF, which do not show homology to YscJ, are thought to form
the M-ring structure (445), it is unlikely that YscJ and its
homologs form an M-ring-like structure in type III secretion
systems. However, FIiF interacts with other proteins, some of
which are also homologous to type III secretory factors (see
below). Therefore, it is conceivable that the FliF-like domain
in YscJ proteins specifies an interaction with other compo-
nents of the type III secretion apparatus.

The members of the YscJ family carry amino-terminal signal
sequences and are thus probably exported by the sec pathway.
MxiJ from S. flexneri was shown to undergo lipid modification
(11), and the presence of a characteristic lipid attachment site
motif (Leu-Xaa-Gly-Cys) (486) at the end of the signal se-
quences of most of the YscJ family members indicates that
these proteins are lipoproteins. In addition to the hydrophobic
signal sequence, these proteins carry a hydrophobic stretch of
20 to 30 aa at their C-terminal ends, which is followed by basic
residues. This domain may function as a stop-transfer signal,
which could anchor the proteins to the inner membrane, while
the amino-terminus might be linked to the outer membrane by
the lipid moiety (11). Therefore, the proteins of the YscJ
family could function as a bridge across the periplasmic space
that connects the protein secretion channels in the inner and in
the outer membrane.
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FliM, FIiN, FliG, and the YscQ and YscD families. After
MS-ring formation in flagellar biosynthesis, a bell-shaped
structure appears at the cytoplasmic rim of the MS ring, which
is called the C ring (107). The C ring comprises FIiN (502),
FliG, and FliM (503). These three proteins associate with the
MS ring (FIiF) and the bacterial membrane in S. typhimurium,
where FliG functions as a linker between FliF and a complex
formed by FliM and FliN (252, 289). No apparent homolog of
FliM is present in type III secretion systems.

FliN carries a carboxy-terminal domain of 60 aa that is
homologous to a respectively located domain in the members
of the YscQ family of type III secretion proteins, while FliG
has weak similarity to HrpJ3 from P. syringae (274), which
belongs to the YscD family. According to the FliF-FliG-NM
interaction in the flagellar system and to the similarities be-
tween FliF-Ysc], FliG-YscD, and FliN-YscQ, one might spec-
ulate that the homologs of YscJ may interact with the proteins
of the YscD and YscQ families. It is important to note that
sequence similarities between the proteins of the YscQ-FIiN
group are restricted to their 80 C-terminal amino acids. Fur-
thermore, FliN of gram-negative bacteria is much shorter than
the proteins of the YscQ family and corresponds to the region
which is conserved in this family (Fig. 11). Interestingly, the
homologous flagellar protein from B. subtilis, FliY, corre-
sponds to FIliN in its carboxy-terminal one-third, while the
amino-terminal part of FliY is homologous to FliM (46). Fi-
nally, the variable and the conserved regions in the YscQ
family members, which are usually organized as two domains
of a single protein, can be split up into two polypeptides (72)
(compare HrcQ from E. amylovora and HrcQ, and HrcQpg
from P. syringae in Fig. 11). Taken together, it is conceivable
that the role which is occupied by FliM in flagellar protein
export may be replaced by the amino-terminal portions of
YscQ and its homologs in type III secretion systems.

The high conservation of the C-terminal portion of YscQ
family members, together with the variability of their amino
termini, suggest that these proteins might constitute a link
between the common and the species-specific components of
type III secretion systems. The potential membrane topology
for members of the YscQ family is not clear. Although the
overall nature of the protein is hydrophilic, at least one poten-
tial transmembrane domain (aa 127 to 147) resides in the
amino-terminal part. A transmembrane domain is also pre-
dicted in similar positions in SpaO from S. flexneri and S.
typhimurium and in HrcQ from E. amylovora. For proteins of
the YscD family, two transmembrane domains can be pre-
dicted in the amino-terminal half of the proteins (aa 81 to 101
and 122 to 142 in YscD of Y. enterocolitica) and the amino-
terminus could be located in the periplasm. However, this
membrane topology is not detected in the flagellar proteins
FliG from B. subtilis or S. typhimurium.

FIhB and the YscU family. FIhB, another component of the
flagellum-specific export pathway, is homologous to the YscU
family of inner membrane proteins. Not much is known about
the function of FIhB. However, some point mutations in flhB
act as suppressors of a fliK mutant, a strain unable to control
the length of the hook (202, 256, 480). In wild-type bacteria, a
completely assembled hook allows the export of the anti-sigma
factor FlgM, which in turn allows expression of late flagellar
biosynthesis genes (217). Since export of FlgM, which is im-
paired in fliK, is reconstituted in a fliK strain carrying flhB
suppressor mutations, it has been proposed that FIhB may
negatively regulate FlgM export prior to completion of the
hook (256). Accordingly, the members of the YscU family
might function in regulation of secretion.

FIhB is an inner membrane protein and comprises, like the
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members of the YscU family, several amino-terminal trans-
membrane domains (314). Four transmembrane domains were
detected in YscU, and the amino and carboxy termini were
localized to the cytoplasm (15). The cytoplasmically located
ends, as well as the cytoplasmic loop between the transmem-
brane domains II and III, show blocks of highly conserved
amino acids in all members of the family. Therefore, it has
been speculated that YscU might interact with another con-
served component of the type III secretion apparatus (15),
potentially with the cytoplasmic ATPases of the YscN family,
which, like YscU, are also highly conserved in all type III
secretion systems.

FIiPQR and the YscRST families. FliP, FliQ, and FliR are
three hydrophobic proteins which are homologous to the mem-
bers of the YscR, YscS, and YscT families, respectively. FliP
(245 aa), is an integral membrane protein which was reported
to be associated with the basal body (280). A hydrophilic do-
main of about 70 aa, which is only weakly conserved between
the various YscR homologous proteins, is located in the cen-
tral part of the proteins. FliP is predicted to form five hydro-
phobic transmembrane segments and a periplasmically located
amino terminus (282), while for the homologous YscR, four
transmembrane segments and a periplasmic location of the
amino and carboxy termini are predicted. However, in contrast
to the proteins of the YscR family, FliP of E. coli is synthesized
as a preprotein with a 21-aa signal sequence which is processed
during export (282). It is thus likely that the amino terminus of
the mature FliP protein is in the periplasm. Therefore, the
central hydrophilic and variable region in the proteins of the
YscR family are probably located in the periplasm.

The 89-aa protein FliQ and its homologs carry two trans-
membrane domains. The localization of the amino terminus is
not clear. FliR could form at least five, more probably six,
membrane-spanning segments (282). Similar predictions are
obtained for YscS and its homologs in the type III secretion
systems. The location of the N termini of these proteins is
probably cytoplasmic.

YscO, YscP, and Similar Proteins

Proteins encoded by genes which are located at positions
corresponding to yscO and yscP (Fig. 9) are given in Fig. 10. In
the various type III secretion systems, these positions appear to
be occupied by genes which encode proteins of various sizes
with little or no sequence similarities. Since InvJ/SpaN of S.
typhimurium is secreted and the corresponding Spa32 from S.
flexneri is exposed on the bacterial surface, it is conceivable that
these proteins underwent evolutionary change due to the need
for host adaptation or antigen variation (see “Gene and pro-
tein families” above). The roles of InvJ/SpaN and Spa32 in
protein secretion are discussed under “Regulation of type III
secretion by contact with eukaryotic cells” above).

Exposure of the Spa32 protein in the outer membrane of S.
flexneri requires an oxidoreductase encoded by dsbA (465).
Like a spa32 strain, a dsbA mutant of S. flexneri is impaired in
Ipa secretion and epithelial cell invasion (465). Replacement
of either of the two cysteine residues Cys-19 and Cys-292 in
Spa32 with Ser resulted in the same phenotype as observed for
the spa32 and the dsbA mutants (465), indicating that the
formation of an intramolecular disulfide bond is required for
surface exposure of Spa32. However, these results probably
have no significance for other type III secretion systems, since
the numbers and positions of cysteine residues in other pro-
teins that group with Spa32 are highly variable (no Cys in
SpaN/Inv], 6 Cys in YscP).
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The YscF, Yscl, YscK, and YscL Families

YscF and its homologs are short proteins (73 to 87 aa) with
an overall hydrophilic character and are therefore probably
located in the cytoplasm. The proteins are present only in the
mammalian pathogens; they are absent from or have not been
detected in plant pathogens. The proteins of the YscL family
are mainly hydrophilic. Homologs of YscL are present in al-
most all type III secretion systems except for those of EPEC
(where it may not have been detected yet owing to limited
sequence information), S. flexneri and S. typhimurium SPI-1. In
contrast to SPI-1, the S. typhimurium SPI-2 systems contains a
protein, SsaK, which shows weak similarity to YscL. Further-
more, NolV of R. fredii is somewhat similar to YscL. Proteins
of the YscI and YscK families are hydrophilic and may thus be
located in the cytoplasm. These proteins are also present only
in subgroups of type III secretion systems and are well con-
served only within these subgroups (Fig. 10).

YopN and Similar Proteins

YopN is an important player in the regulation of type III
secretion by Yersinia spp. (see the section on regulation of type
III secretion in Yersinia species, above). The protein is local-
ized on the bacterial surface (129) and keeps type III secretion
channels shut in the presence of millimolar concentrations of
Ca®" and in the absence of contact of the bacteria with the
surface of a mammalian cell (383). In the presence of an
appropriate secretion signal, YopN is secreted into the super-
natant by the Yersinia type I1I secretion system (57, 129). Some
proteins from other type III secretion systems (InvE from S.
typhimurium, MxiC from S. flexneri, and the HrpJ proteins
from E. amylovora and P. syringae) exhibit weak similarity to
YopN. As in other groups, the S. flexneri and S. typhimurium
proteins and the two HrplJ proteins constitute two subgroups of
significantly similar proteins. All five proteins in the YopN
group are mainly hydrophilic. Except for YopN, no further
structural nor functional data exist for these proteins.

The YscC Family and Its Homologs in Phage Extrusion
and Type II Secretion

YscC and its homologs are the only components in type I1I
secretion systems which are clearly located in the outer mem-
brane (351, 477). These proteins are likely to form a channel
through which proteins are secreted across the outer mem-
brane. In all cases analyzed, the proteins of the YscC family are
required for type III secretion and for type III secretion-de-
pendent virulence phenotypes (12, 158, 172, 232, 333, 410).

The members of the YscC family represent a subfamily of
the GspD family of bacterial and phage proteins involved in
the transport of large molecules across the outer membrane.
The subfamilies of the GspD family are functionally distinct in
that they are involved in different transport pathways. (i) the
secretion of virulence proteins via the type III secretion path-
way (YscC family), (ii) the secretion of extracellular enzymes
via the type II secretion pathway (exemplified by PulD of
Klebsiella oxytoca [95]), (iii) the extrusion and assembly of
filamentous phages (pIV family [386]), and (iv) the export of
pilus subunits in the assembly of type IV pili as exemplified by
PilQ of Pseudomonas aeruginosa (288).

A common feature of all GspD family members are two
conserved domains in the carboxy-terminal half of the pro-
teins, while the amino-termini are only conserved within family
subgroups but do not share similarity between different sub-
groups (Fig. 14). The subgroup-specific amino termini may
specify the interaction of the GspD family members with com-
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FIG. 14. Conserved domains in selected proteins of the large GspD family. The generally conserved domains are shown in black and are aligned with each other,
while domains which are conserved in subfamilies are shown in corresponding shadings. Kpn, Klebsiella pneumoniae; Ech, Erwinia chrysanthemi; BP, bacteriophage; Hin,

Haemophilus influenzae; Yen, Yersinia enterocolitica; Sfl, Shigella flexneri.

ponents of the different transport systems (387). Another com-
mon feature of the GspD family members is the presence of a
signal sequence which allows export of the proteins from the
cytoplasm by the sec pathway. In addition to the sec system,
PulD of K. oxytoca requires another component of the type II
secretion pathway, PulS. PulS is an outer membrane-anchored
lipoprotein with chaperone function that protects PulD from
degradation and promotes its localization to the outer mem-
brane (181, 182). No PulS-homologous protein exists in type
III secretion systems, indicating that the mechanism of target-
ing YscC family proteins to the outer membrane differs from
the respective mechanism in the pullulanase system. Recently,
it was reported that the VirG protein of Y. enterocolitica is
required for correct localization of YscC in the outer mem-
brane (89a).

Considering the diameter of filamentous phages (65 A
[386]), the outer membrane pores formed by pIV and its ho-
mologs must be large. The required size of these pores may be
achieved by multimerization of GspD family proteins. In the
case of pIV of filamentous phages, these multimers are com-
posed of 10 to 12 monomers (237). Furthermore, pIV and
OutD of Erwinia chrysanthemi, which belong to two different
subfamilies of the PulD family, have been observed to form
heteromultimers when coexpressed in E. coli (237), indicating
that the conserved carboxy termini may facilitate multimeriza-
tion. No heteromultimers were detected, however, when
HrpAl (X. campestris pv. vesicatoria) and pIV were coex-
pressed in E. coli (477). A channel of the size capable of
conducting a 65-A particle must be gated in order to not allow
uncontrolled diffusion of macromolecules. With respect to this
notion, it is interesting that a point mutation of pIV at Gly-355,
a position which is highly conserved throughout the entire
GspD family, rendered E. coli sensitive to antibiotics and de-
tergents that are normally excluded by the outer membrane.
The mutant pIV still formed multimers but was impaired in
promoting phage assembly (385). Thus, Gly-355 could be in-
volved in a gating mechanism.

CONCLUDING REMARKS

Type III secretion systems are dedicated protein transloca-
tion machineries that allow bacterial pathogenicity proteins to
be delivered directly into the cytosol of eukaryotic host cells.
The identification of type III secretion has opened a new and
rapidly expanding chapter of research into the molecular fac-
tors and mechanisms underlying bacterial pathogenesis. Anal-
ysis of the biochemistry of type III secreted pathogenicity fac-

tors has yielded fascinating insights into sophisticated and
highly adapted bacterium-host interactions which lead to re-
modeling of the host cell biochemistry and signal transduction
pathways to facilitate bacterial infection, colonization, and rep-
lication within the host. In contrast, analysis of the mechanism
of type III secretion has been dominated so far by sequence
analyses of the respective encoding genes, and several impor-
tant questions about the biochemistry and function of the se-
cretion apparatus remain to be answered. Is the signal for
secretion in the many different systems indeed located in the
RNA, and if so, which part of the secretion machinery interacts
with the RNA? Do the secreted proteins interact with the
secretion apparatus? What is the structure of the secretion
apparatus; i.e., which components of the secretion apparatus
interact with each other? Which minimal set of proteins con-
stitutes a functional secretion apparatus and what is the role of
species-specific components? What is the nature of eukaryotic
cell surface signals that activate type III secretion systems, and
with which components of the secretion system do they inter-
act? Are macromolecular bacterial surface structures involved
in protein secretion and protein translocation?

It appears likely that several, if not many more type III
secretion systems will be identified in the near future. The
resulting increase in sequence information should greatly fa-
cilitate the analysis of evolutionary relations of type III secre-
tion systems. More importantly, like the horizontal acquisition
of a type III secretion system by a bacterium facilitated an
“evolutionary quantum leap” (E. A. Groisman) in bacterial
pathogenesis, the identification of a new type III secretion
system will lead to tremendous new insights into pathogenicity
mechanisms.

Both animal and plant cells are targets for type I1I-depen-
dent protein translocation, and heterologous proteins are
readily translocated via the type III secretion and translocation
signals. Consequently, type III secretion could be a useful tool
for the targeted delivery of engineered proteins to influence
cellular signal transduction and other processes, with a wide
range of conceivable applications. Type III secretion may
prove especially suited for targeted delivery of highly toxic or
labile compounds, since prior to delivery, these compounds
would be contained and protected inside the bacterial cell.
Even the expression of toxic compounds prior to delivery could
be avoided by use of the Yersinia feedback mechanism which
links transcription to activated type III secretion. Finally, it
should not remain unmentioned that type III secretion systems
may provide targets for new drugs which specifically attenuate
bacterial pathogens without affecting the commensal flora. In
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summary, the analysis of type III secretion systems facilitates
the understanding of the molecular mechanisms and evolution
of bacterial pathogenicity and may yield important practical
applications.
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ADDENDUM IN PROOF

It was recently shown that the S. typhimurium SPI-2-encoded
response regulator SpiR/SsrB mediates an approximately 400-
fold induction of expression of a SPI-2 gene after the bacteria
are phagocytosed by a macrophage (R. H. Valdivia and S.
Falkow, Science 277:2007-2011, 1997).
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