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Type Il secretion systems are toxin delivery systems that are
present in a large number of pathogens. A hallmark of all type Ill
secretion systems studied to date is that expression of one or more
of their components is induced upon cell contact. It has been
proposed that this induction is controlled by a negative regulator
that is itself secreted by means of the type Il secretion machinery.
Although candidate proteins for this negative regulator have been
proposed in a number of systems, for the most part, a direct
demonstration of their role in regulation is lacking. Here, we report
the discovery of ExsE, a negative regulator of type Ill secretion
gene expression in Pseudomonas aeruginosa. Deletion of exsE
deregulates expression of the type lll secretion genes. We provide
evidence that ExsE is itself secreted by means of the type Il
secretion machinery and physically interacts with ExsC, a positive
regulator of the type lll secretion regulon. Taken together, these
data demonstrate that ExsE is the secreted negative regulator that
couples triggering of the type Ill secretion machinery to induction
of the type Ill secretion genes.
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Pseudomonas aeruginosa is an opportunistic pathogen that is
responsible for a wide range of infections. It is a common
hospital-acquired pathogen and is responsible for ventilator-
associated pneumonia in patients with underlying immune de-
fects (1-3), as well as wound and catheter-associated infections.
In healthy individuals, it is also a leading cause of contact lens
keratitis (4), otitis externa (swimmer’s ear), and hot-tub follic-
ulitis (5, 6). Additionally, P. aeruginosa is the most common
pathogen in lung infections affecting cystic fibrosis patients and
is the leading cause of morbidity and mortality in this patient
group (7, 8). The ability of Pseudomonas to cause infection is
further exacerbated by a high level of resistance to antibiotics,
which makes Pseudomonas infections difficult to treat (9).

Pseudomonas has a wide arsenal of virulence factors at its
disposal. Among these virulence factors are a variety of secreted
factors, such as proteases (10), phospholipases (11, 12), and the
AB toxin exotoxin A (13). P. aeruginosa strains also posses a type
III secretion system that allows them to deliver toxins (effectors)
directly into the cytoplasm of a host cell (14).

Four type III secreted toxins have been described in P.
aeruginosa. Exoenzyme (Exo) S and ExoT are highly related
proteins with two functional domains (15). They both possess a
rho-GAP domain, which causes cell rounding by effecting de-
polymerization of actin in targeted host cells (16, 17). They also
both contain an ADP-ribosylation domain, the cellular targets of
which differ between ExoS and ExoT. ExoS ADP-ribosylates
small ras-like proteins (18-20), whereas ExoT targets Crkl and
CrkII (21). The other two exoenzymes described to date are
ExoU (22, 23), a potent phospholipase (24), and ExoY, an
adenylate cyclase (25). Interestingly, the presence of ExoU and
ExoS in the genome varies from strain to strain and appears to
be mutually exclusive (26). In this study, we have used strain
PAK, whose genome contains the genes encoding ExoS, ExoT,
and ExoY but not ExoU.
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Expression of the type III secretion machinery and its effec-
tors is regulated coordinately by action of the AraC-type tran-
scription activator ExsA (27). Expression is induced by cell
contact and can also be induced in vitro by removal of calcium
from the medium (28, 29). Because induction depends on the
presence of a functional type III secretion machinery (14, 30), it
has been proposed that induction is achieved by secretion of a
negative regulator by means of the type Il secretion system itself
(31). In recent years, a cascade of proteins has been discovered
that influences the activity of ExsA. The first regulator in this
cascade is ExsD, a cytoplasmic protein that binds ExsA and
prevents it from activating gene expression (32). Consequently,
an exsD mutant expresses the type III secretion regulon consti-
tutively, even in the presence of calcium. Secretion of proteins,
however, is still low-calcium-dependent in an exsD mutant (32).
The next protein in the cascade is ExsC, an anti-anti-activator
that can bind to ExsD and relieve repression of the regulon (31).
Overexpression of ExsC results in constitutive expression of the
regulon. Conversely, deletion of exsC renders the cell incapable
of inducing the type III secretion genes, even under low-calcium
conditions (31).

Type I1I secreted proteins are generally paired with a chap-
erone that is required to maintain these proteins in an export-
competent state. ExsC resembles these chaperones, which led to
the suggestion that, in an uninduced P. aeruginosa cell, ExsC is
bound to and inactivated by an unknown type III secreted
protein. When the type III secretion machinery is triggered, this
unknown factor would be secreted, thereby releasing ExsC and
allowing it to bind ExsD, thus activating ExsA (31). Here, we
report the discovery of the predicted ExsC inhibitor, ExsE, a
small, type III secreted protein that binds tightly to ExsC and acts
as a repressor of the type III secretion regulon.

Materials and Methods

Strains and Media Conditions. P. aeruginosa strains used in this
study were derivatives of strain PAK and are listed in Table 1,
which is published as supporting information on the PNAS web
site. Escherichia coli strain DH5« was used for cloning, and E.
coli strain Sm10Apir was used to mate plasmids into P. aeruginosa
(both derived from laboratory stocks). Two-hybrid analysis was
performed in E. coli strain KS1 (33, 34), which harbors on its
genome the lac promoter derivative pycoraz-62, driving expression
of a linked lacZ reporter gene. Bacteria were grown in Luria—
Bertani medium supplemented with 10 mM MgCl, and in which
the salt concentration was adjusted to 200 mM. Where indicated,
calcium was removed from the media by addition of the chelator
nitrilotriacetic acid (Sigma) to a final concentration of 10 mM.

Strain and Plasmid Construction. Details of strain and plasmid
construction, as well as a table of plasmids and P. aeruginosa

Abbreviations: Exo, exoenzyme; TAP, tandem affinity purification.
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