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The type III secretion system encoded by Salmonella pathogenicity island 2 (SPI2) is required for systemic
infections and intracellular accumulation of Salmonella enterica. This system is induced by intracellular Sal-
monella and subsequently transfers effector proteins into the host cell. Growth conditions either inducing ex-
pression of the type III secretion system or the secretion of substrate proteins were defined. Here we report the
identification of a set of substrate proteins consisting of SseB, SseC, and SseD that are secreted by the SPI2
system in vitro. Secretion was observed if bacterial cells were exposed to acidic pH after growth in minimal
medium with limitation of Mg>* or phosphate. SseB, -C, and -D were isolated in a fraction detached from the
bacterial cell surface by mechanical shearing, indicating that these proteins are predominantly assembled into
complexes on the bacterial cell surface. The three proteins were required for the translocation of SPI2 effector
proteins SspH1 and SspH2 into infected host cells. Thus, SseB, SseC, and SseD function as the translocon for

effector proteins by intracellular Salmonella.

The translocation of virulence proteins into the cells of an
infected host organism has a central role for the pathogenesis
of infections by many gram-negative bacteria. This specific
virulence trait is linked to type III secretion systems (TTSS),
complex molecular machines that require the function of at
least 20 genes. TTSS are involved in very different aspects of
pathogenesis, such as invasion of host cells and paralysis of
phagocytes as well as establishment of symbiotic relationships
(for a review, see reference 14). In most cases, sets of substrate
proteins are secreted by the TTSS. However, only a subset of
substrate proteins act as translocated effector proteins. An-
other subset of substrate proteins is required for the translo-
cation of effector proteins and thus acts as a translocator, e.g.,
by forming pilus-like structures (17, 27) or by pore formation in
the host cell membrane (31, 32) through which effector pro-
teins are translocated.

Salmonella enterica is a highly successful pathogen that
causes diseases ranging from mild gastrointestinal infections to
life-threatening systemic infections such as typhoid fever. A
large number of virulence genes is required for S. enterica to be
successful as a pathogen in both forms of disease and in a large
number of different hosts. S. enterica possesses two TTSS with
different functions in pathogenesis. Both TTSS are encoded by
large chromosomal gene clusters referred to as Salmonella
pathogenicity islands or SPI. SPI1 encodes a TTSS that is
required for the interaction of extracellular Salmonella with
cells of the gastrointestinal mucosa (for a review, see reference
7). SPI1 effector proteins have multiple functions in triggering
invasion of Salmonella into nonphagocytic cells and induction
of apoptosis and gastrointestinal symptoms.
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The second TTSS encoded by SPI2 has an entirely different
role in Salmonella pathogenesis since its function is mainly
restricted to intracellular pathogenesis (for a review, see ref-
erence 10). Mutant strains defective in SPI2 are highly atten-
uated in virulence and have reduced rates of intracellular sur-
vival and replication (2, 11, 26).

Several substrate proteins of the TTSS of SPI2 in S. enterica
serovar Typhimurium have been identified so far. SseB, a pro-
tein with sequence similarity to EspA of enteropathogenic
Escherichia coli (EPEC), is secreted by S. enterica serovar Ty-
phimurium after induction of the SPI2 and exposure to acidic
pH (1). Substrate proteins SseC and SseD have sequence sim-
ilarity to EPEC proteins EspD and EspA, respectively, and
recently secretion of SseC and SseD has been shown (15).
EspA, -B, and -D are substrate proteins of the EPEC TTSS
and are required for translocation of the EPEC effector Tir. A
number of proteins appear to be translocated by the SPI2
TTSS into infected eukaryotic cells. Several of these, including
the leucine repeat proteins SspH1 and SspH2 (24), share a
conserved N-terminal domain which may function to target
these proteins to the secretion apparatus (23).

Here we report the direct identification of a set of secreted
substrate proteins of the TTSS of SPI2. We analyzed the func-
tional requirements for the secretion of these proteins and
their role in translocation of SPI2 effector proteins into host
cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this study are
listed in Table 1 and the position of mutations in various SPI2 genes are indi-
cated in Fig. 1. S. enterica serovar Typhimurium and E. coli strains were routinely
cultivated in Luria broth (LB) containing antibiotics (carbenicillin at 50 wg/ml,
kanamycin at 50 pg/ml, and chloramphenicol at 10 to 50 wg/ml) if required to
maintain plasmids. The composition of minimal media has been described before
(3). Briefly, low-Mg?* minimal medium containing N-salts [S mM KCl, 7.5 mM
(NH,),S0,, 0.5 mM K,SO,, 100 mM bis-Tris-HCI], 30 uM MgCl,, 38 mM
glycerol, and 0.1% Casamino Acids was adjusted to pH 7.0 or 5.0 as indicated.
Minimal media containing high (PCN) or low (PCN-P) concentrations of phos-
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TABLE 1. Bacterial strains and plasmids used in this study

Designation Relevant characteristics Reference
or source
S. enterica serovar
Typhimurium
strains
NCTC 12023 Wild type, identical to ATCC 14028 ATCC?
P10E11 sscA::mTnS 29
P9B7 ssaT::mTn5 29
HH102 sseB::aphT, Km', nonpolar mutation 11
HH103 HH102 containing psseB 11
HH104 sseC::aphT, Km", nonpolar mutation 11
HH109 ssaV::aphT, Km', nonpolar mutation 4
MvP101 sseD::aphT, Km', nonpolar mutation 20
MvP131 ssaB::luc lacZ 3
E. coli strain
M15 pREP4 Qiagen
Plasmids
pEM25 pMIJH expressing SspH1-CyaA 24
pEM30 pMJH expressing SspH2-CyaA 24
pQE His tag expression vectors, Amp® Qiagen
pJD14 Codons 180 to 484 of sseC in pQE40  This study
pJD15 Codons 2 to 195 of sseD in pQE30 This study
psseB sseB in pACYC184, Cm" 11

“ ATCC, American Type Culture Collection.

phate were used as described before (3). For PCN-P medium at pH 5.8, 80 mM
MOPS (morpholinepropanesulfonic acid) was replaced by 80 mM MES (mor-
pholineethanesulfonic acid). Minimal media were prepared with double-distilled
water.

Generation of antisera against recombinant SPI2 proteins. Generation of
antisera against recombinant SseB (rSseB) has been described (1) and recom-
binant SPI2 proteins were expressed and purified essentially as outlined before
(3). Briefly, primers were used to amplify sseD and the 3’ portion of sseC and to
introduce restriction sites as indicated in Table 2. PCR products were then
ligated to vectors of the pQE3x and pQE4x series to generate fusions with an
N-terminal tag of six histidines. Fusion proteins were expressed in E. coli
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MI15(pREP) (Qiagen, Hilden, Germany) and purified under denaturing conditions
on Hi-trap chelating columns (Pharmacia, Freiburg, Germany) according to the
manufacturers’ instructions. Recombinant proteins were further purified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on preparative gels
and electroelution of the relevant protein bands. For the generation of antisera,
purified recombinant proteins were emulsified with complete and incomplete
Freund’s adjuvant for initial and booster immunizations, respectively. Antisera were
raised in rabbits following standard procedures (8) and in accordance with the
national and institutional guidelines for animal handling.

Immunoglobulin G (IgG) of the antiserum against SseB was purified using a
protein G-Sepharose column (Pharmacia) according to the manufacturer’s in-
structions. For labeling, the carboxysuccinimidyl ester derivative of fluorescein
(NHS-fluorescein; Pierce) was coupled to IgG as described by Hermanson (12).
Unbound NHS-fluorescein was removed by gel filtration using a PD-10 column
(Pharmacia). The resulting IgG fraction had a fluorescence-to-protein ratio of
0.95.

Preparation of secreted proteins. For preparation of secreted proteins, bac-
teria were precultured in LB for 8 h at 37°C. Bacteria were washed once in
minimal medium, and equal amounts of bacteria adjusted by optical density at
600 nm (ODg) were used to inoculate cultures in minimal medium at neutral
or acidic pH. Cultures (400 ml) in 1-liter glass flasks without baffles were incu-
bated overnight with agitation of 200 rpm at 37°C. Bacteria were pelleted by
centrifugation at 6,000 X g for 15 min and resuspended in 20 ml of phosphate-
buffered saline (PBS). This suspension was agitated at maximum speed in 50-ml
centrifuge tubes (Falcon) on a Vortex mixer (Vortex Genie 2; Scientific Indus-
tries) for 60 s. Bacterial cells were pelleted by centrifugation at 10,000 X g for 10
min and the supernatant was passed through a 0.2-pm-pore-size filter to remove
residual bacteria. Protein in the supernatant fractions (detached fraction) was
recovered by precipitation with trichloroacetic acid (10% [wt/vol] final concen-
tration) on ice for 1 h and centrifugation for 1 h at 10,000 X g. The pellet was
washed twice with 15 ml of acetone and recovered by centrifugation at 10,000 X
g for 30 min. The final pellet was air dried and resuspended in SDS-PAGE
sample buffer (50 mM Tris-HCI [pH 6.8], 4% SDS, 2% B-mercaptoethanol,
12.5% glycerol, and 0.01% bromophenol blue). The final concentration of pro-
tein in the detached fraction was adjusted by the cell density of the original
culture (ODg of 100 ml of culture X 100 = x ul of sample buffer).

For the isolation of secreted protein from culture supernatant, bacterial cul-
tures were grown overnight in 40 ml of low-Mg?" minimal medium, pH 5.0, in
flasks without baffles. Bacterial cells were removed by centrifugation (5 min at
4,000 X g) and filtration of the supernatant through a 0.45-pum-pore-size filter.

HH102
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FIG. 1. Genetic organization of SPI2 and position of mutations used in this study. sse genes encoding secreted substrate proteins of the TTSS
of SPI2 characterized in this work are indicated by black arrows. Genes encoding the TTSS (ssa), the regulatory system (ssr), and chaperones of
substrate proteins (ssc) are represented by shaded, hatched, and cross-hatched symbols, respectively. Open arrows indicate further genes for
putative secreted substrate proteins. The alternative designations of SPI2 genes used by Ochman et al. (26) are indicated in parentheses.
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TABLE 2. Oligonucleotides used in this study

Sequence”

Designation

sseC-For2-16 .......... 5'-CTCGGATCCGGAAATCCCGCAGA-3’

sseC-Rev2-2............ 5'-GTACTGCAGATTAAGCGCGATAGC-3'
sseD-For3.... .5'-ATGAGATCTGAAGCGAGTAACGTAGCAC-3’
sseD-Rev2-8............ 5'-TGAAAGCTTACCTCGTTAATGCCC-3’

“ Restriction sites introduced for cloning of PCR products are underlined.

Protein from cell-free culture supernatants was precipitated by addition of tri-
chloroacetic acid (10% [wt/vol] final concentration), recovered by centrifugation
for 1 h at 10,000 X g, and washed twice with acetone.

B-Galactosidase activities in various fractions were determined according to a
standard procedure (25).

Protein analysis. Cell-associated and secreted protein profiles of various S.
enterica serovar Typhimurium strains were routinely analyzed by SDS-PAGE on
Tricine gels (12%) or Tris gels (12%) according to the methods of Schigger and
von Jagow (28) and Laemmli (19), respectively. Protein bands were visualized by
Coomassie brilliant blue staining or silver staining according to the method of
Heukeshoven and Dernick (13). For analysis by Western blotting, proteins were
transferred onto nitrocellulose membranes (BAS85; Schleicher and Schuell) using
the discontinuous semidry blotting procedure (18). Western blots were processed
using ECL detection (Amersham-Pharmacia).

For microsequencing, proteins were transferred onto polyvinylidene difluoride
membranes (Millipore) and stained with Coomassie brilliant blue. Microse-
quencing by Edman degradation was performed on an Applied Biosystems A473
sequencer according to the instructions of the manufacturer.

Translocation assay. Determination of SspH1 and SspH2 translocation by the
SPI2 TTSS was performed as previously described (24). Briefly, RAW264.7

A B

> >
3 r 3
T 3 103 T 4
§ -80 -
- a3 -60 -
Q | -50-
w1 -40-
-
- -
E 2
pH 5.0 pH5.0

J. BACTERIOL.

murine macrophages were infected with bacteria harboring a plasmid-borne
SspH1-CyaA or SspH2-CyaA fusion. For infection, bacteria were grown to sta-
tionary phase and were added to macrophages at a multiplicity of infection of 10
for 1 h. Subsequently, medium containing gentamicin was added to kill extra-
cellular bacteria and incubation was performed for seven additional hours to
allow for SPI2-dependent translocation by internalized bacteria. Infected mac-
rophages were then lysed in 0.1 N HCI and boiled for 5 min. Cellular cyclic AMP
(cAMP) levels were determined with the Direct cAMP Correlate-EIA Kit (Assay
Designs, Ann Arbor, Mich.). The cellular cAMP content was then normalized for
protein concentration as determined by the Bradford assay and is presented as
picomoles of cAMP per microgram of protein. All experiments were performed
in triplicate at least twice.

RESULTS

Identification of substrate proteins of the TTSS of SPI2.
Previous work established that SseB, a substrate protein of the
TTSS encoded by SPI2, is secreted when bacteria are exposed
to media at pH 5.0 or below (1). The majority of SseB, how-
ever, was located on the cell envelope rather than being se-
creted into the media. SseB was recovered from the cell enve-
lope by extraction with organic solvents such as hexadecane.
We observed that SseB was also detached from bacterial cells
by mechanical shearing. Based on these observations, we set
out to identify further substrate proteins secreted by the TTSS
of SPI2. Bacteria were grown under conditions inducing the
secretion of SPI2 proteins, concentrated, and subjected to vig-
orous mixing. Protein detached from the bacterial surface by

C
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FIG. 2. Identification of substrate proteins of the TTSS of SPI2. The S. enterica serovar Typhimurium wild-type (wt) and ssa}” mutant (HH109
ssaV::aphT) strains were grown overnight in low-Mg®" minimal medium at pH 7.0 or 5.0. Secreted protein from equal amounts of bacterial cells
was recovered by vigorous mixing and concentrated by acetone precipitation as described in Materials and Methods. Protein extracts were sub-
jected to SDS-PAGE on 12% Tricine gels. Subsequently, proteins were visualized by staining with Coomassie brilliant blue (A) or by silver staining
(B). The N-terminal animo acid sequence of the protein of about 20 kDa was determined and compared to the predicted gene product of sseD
[SseD (theo.)] (C). For Western blot analyses, lysates of equal amounts of bacteria grown in low-Mg?* minimal medium at pH 7.0 or 5.0 (total
cell fraction) or protein recovered by mechanical shearing from equal amounts of bacteria (detached fraction) was separated by SDS-PAGE and
transferred onto nitrocellulose membranes. Proteins were detected by Western blotting with antisera raised against rSseC (a SseC), rSseB, or

rSseD (D).
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FIG. 3. Detection of surface structures containing SseB. The S. enterica serovar Typhimurium wild-type and ssal” mutant strains were grown
overnight in low-phosphate minimal medium at pH 5.8. Bacteria were fixed with 1.0% formaldehyde in PBS for 10 min and washed three times
in PBS. Fixed bacteria were incubated with FITC-labeled antiserum against SseB for 1 h, and unbound antibody was removed by washing in PBS.
The suspension was then spotted on poly-L-lysine-coated microscope slides (Sigma) and samples were analyzed by epifluorescence microscopy.
Phase-contrast images and images of the FITC channel were overlaid using Adobe Photoshop.

this procedure was concentrated and analyzed (Fig. 2). This
fraction of secreted proteins will be referred to as the detached
fraction.

To determine whether this procedure affects the integrity of
the bacterial cell, we used reporter strain MvP131 (3), which
expresses the reporters luciferase and B-galactosidase under
the growth conditions used here. Compared to the B-galacto-
sidase activity of the total culture (6,003 Miller units), only very
low activities were detected in the culture supernatant (2.1
Miller units) and in the detached fraction (0.3 Miller unit).
These data indicate that the mechanical agitation did not result
in the release of cytoplasmic protein due to cell lysis.

Analysis by SDS-PAGE revealed that a significantly smaller
number of proteins was recovered by mechanical shearing than
by extraction with hexadecane (data not shown). The protein
pattern obtained by mechanical shearing was compared for
wild-type S. enterica serovar Typhimurium and a mutant strain
defective in SsaV, a structural component of the SPI2 TTSS
(Fig. 2A and B). When bacteria were grown at pH 5.0, proteins
with apparent molecular masses of about 20, 21, and 52 kDa
were secreted by the wild-type strain but were absent in the
detached fraction of the ssal” mutant strain (Fig. 2A and B).
Similar protein patterns were observed with strains harboring
mutations in ssaC or ssaT, further structural components of the
TTSS of SPI2 (data not shown). Therefore, secretion of these
three proteins is dependent on the function of the TTSS of
SPI2. Another protein of about 63 kDa was present in the
detached fraction of the wild-type and ssal” mutant strains.
Thus, it is unlikely that this protein is a substrate of the TTSS
of SPI2. The N-terminal sequence was determined for the
protein of about 20 kDa (Fig. 2C). A BLAST search revealed
that this sequence is similar to the predicted N-terminal se-
quence of SseD. Furthermore, antibodies raised against re-
combinant SPI2 proteins rSseB, rSseC, and rSseD reacted with
the bands at 21, 52, and 20 kDa, respectively (Fig. 2D). Signals
for SseB, SseC, and SseD were observed in the detached frac-

tion of the wild-type strain grown at pH 5.0 but not in the
detached fraction of bacterial cultures grown at pH 7.0 or in
the detached fractions of the ssal” mutant strain (Fig. 2D). A
mutation in invG, a structural component of the TTSS encoded
by SPI1, had no effect on the secretion of these proteins (data
not shown). Therefore, our analyses indicate that SseB, SseC,
and SseD are the major secreted proteins of the SPI2 system.
We also analyzed proteins secreted into the growth medium
under these culture conditions. Western blot analysis indicated
low amounts of SseB (data not shown), SseC, and SseD (see
Fig. 5) in culture supernatants.

We next used fluorescein isothiocyanate (FITC)-labeled an-
tibodies against SseB to analyze the location of SseB on bac-
terial cells (Fig. 3). Microscopic analysis revealed that SseB-
containing structures were present on the surface on wild-type
S. enterica serovar Typhimurium after growth in minimal me-
dium at acidic pH. No staining was detected on a mutant de-
fective in secretion (Fig. 3) or on wild-type S. enterica serovar
Typhimurium after growth at neutral pH (data not shown). We
observed that SseB-containing structures were not distributed
equally on the bacterial surface but were concentrated at one
pole of the cell.

Influence of growth conditions on the secretion of SPI2
substrate proteins. We previously demonstrated that growth in
low-Mg?" minimal medium as well as in low-phosphate mini-
mal medium resulted in the induction of genes encoding the
TTSS of SPI2 (3). Levels of substrate proteins SseB and SseC
were compared after growth of bacterial cultures in minimal
media with different concentrations of phosphate (Fig. 4A and
B). A concentration of 337 uM phosphate allowed bacterial
growth (ODyg, of about 1.0 for overnight cultures) as well as
high levels of SseB and SseC synthesis. This phosphate con-
centration was used for low-phosphate minimal medium in
further experiments. Next, we analyzed whether SPI2 substrate
proteins were secreted during growth under phosphate limita-
tion at acidic pH. Growth of cultures in minimal medium
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FIG. 4. Effects of phosphate starvation on function of the TTSS of
SPI2. The S. enterica serovar Typhimurium wild type was grown in LB
or PCN minimal media, pH 7.4, containing various amounts of phos-
phate as indicated. Equal amounts of bacterial cells were subjected to
Western blot analysis with antibodies raised against rSseB (a SseB) or
rSseC (A). The amounts of SseB and SseC were analyzed by Western
blot assays of total cell fractions of bacteria grown in PCN minimal
medium containing high (25 mM) or limiting (0.34 mM) amounts of
phosphate at neutral or acidic pH (B). Bacteria were grown in PCN
medium containing 0.34 mM phosphate at neutral pH or in PCN
medium adjusted to pH 5.0 by the addition of HCI, and protein was
prepared from bacterial cells by mechanical shearing as described
above. The amounts of SseB and SseC in total cell fractions and in the
detached fractions were analyzed by Western blotting (C).

containing 337 wM phosphate at pH 5.0 did not affect the
levels of SseB and SseC synthesis (Fig. 4B). SseB and SseC
were detected by antibodies in the detached protein fraction of
bacterial cultures grown under phosphate starvation at acidic
pH but were absent in the detached fractions of cultures grown
at neutral pH (Fig. 4C). High intracellular levels of Sse pro-
teins but no secretion were observed when cultures were grown
in these media at neutral pH. Therefore, Mg?" limitation as
well as phosphate starvation results in the synthesis and assem-
bly of a TTSS that is capable of secreting SPI2 substrate pro-
teins under acidic conditions.

Roles of SseB, SseC, and SseD in secretion. Sensitivity to
mechanical shearing indicates that after secretion by the
TTSS, SseB, SseC, and SseD are present mainly on the
surface of the bacterial cells, suggesting their association in a
surface-located macromolecular structure. An alternative ex-
planation is that substrate proteins secreted into the growth
medium associate with the cell surface due to unspecific inter-

J. BACTERIOL.

actions, e.g., polar interactions between proteins and charged
residues in the outer membrane. To distinguish between these
possibilities, we analyzed the functional requirements for the
secretion of the main substrate proteins of SPI2. Secretion by
various strains harboring mutations in the sse, ssc, or ssa gene
(see Fig. 1 for positions of mutations) was compared. To ex-
clude possible polar effects of mutations in sse genes on the
synthesis of other substrate proteins, the intracellular amounts
of SseB and SseC were compared under growth conditions
inducing SPI2 expression but not secretion by the TTSS (Fig.
5A, pH 7.0). A nonpolar mutation in sseB (strain HH102) did
not affect synthesis of SseC, a mutation in sseC (HH104) had
no effect on the synthesis of SseB, and a mutation in sseD
(MvP101) did not affect intracellular levels of SseB and SseC.
A transposon insertion in sscA encoding a putative chaperone
resulted in the absence of SseC but did not affect the amount
of SseB. After growth in medium at pH 7.0, SseB, SseC, or
SseD was not recovered from the bacterial surface (Fig. SA).

The amounts of SseB, SseC, and SseD in the total cell
fractions and detached fractions were analyzed under growth
conditions inducing secretion (Fig. 5A, pH 5.0). The amounts
of SseB and SseC in total cell fractions of the ssal” mutant
strain were lower than those for the sse and ssc mutant strains,
but equal amounts of SseB and SseC were detected in nonse-
creting bacteria grown at pH 7.0. This indicates that large
amounts of SseB and SseC in bacteria grown at pH 5.0 are
secreted and are presumably attached to the cell surface. Mu-
tations in sscA, sseC, or sseD had no effect on the amount of
SseB in the detached fraction. In contrast, the sseB mutant
strain had no detectable SseC on the cell surface. This defect
was complemented by a plasmid-borne allele of sseB. The
amount of secreted and surface-located SseD was highly re-
duced in the sseB mutant background, but no complementa-
tion by plasmid-borne sseB was observed. A mutation in sseC
resulted in a reduced amount of SseD recovered from the
bacterial surface.

We next analyzed if levels of secreted substrate proteins
were affected by mutations in sse genes (Fig. 5B). After re-
moval of bacterial cells, protein secreted into the culture su-
pernatant was precipitated and analyzed. Small amounts of
SseC and SseD were present in the culture supernatant of the
wild-type strain. In contrast, larger amounts of SseC and SseD
were present in the culture supernatant of the sseB mutant.
SseC was not detected in the supernatant of an sseD mutant
strain.

Taken together, these experiments demonstrate that after
secretion SseC and SseD are located in the cell-associated
fraction if SseB is present but they appear in the culture su-
pernatant if functional SseB is absent.

Kinetics of secretion by the TTSS of SPI2. For the kinetic
analysis of secretion of SPI2 substrate proteins, the S. enterica
serovar Typhimurium wild type and the ssal” mutant strain
were grown in minimal medium with Mg®" limitation at neu-
tral pH. Bacteria were harvested after reaching exponential
growth phase and washed, and incubation was continued in
minimal medium at neutral or acidic pH (Fig. 6A). Analysis of
the detached fraction revealed that SseB and SseC were re-
covered from the cell surface by mechanical shearing at 2 h
after the shift to acidic pH. Neither protein was detected at 1 h
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FIG. 5. Functional requirements for secretion by the TTSS of SPI2. (A) The S. enterica serovar Typhimurium wild type (wt) and various strains

harboring mutations in the ssc, sse, or ssa gene were grown in low-Mg

2* minimal medium at pH 7.0 or pH 5.0 to induce expression or expression

and secretion, respectively, of SPI2 substrate proteins. Lysates of equal amounts of bacteria were adjusted by ODy, (total cell fraction), or protein
recovered from equal amounts of bacteria (detached fraction) was analyzed as described in the legend for Fig. 2. n.d., not done. (B) Role of SseB

for secretion of SseC and SseD. Various strains were grown in low-Mg**

minimal medium at pH 5.0. Protein from culture supernatants was

prepared as described in Materials and Methods. Equal amounts of bacterial cells (total cell fraction) and protein prepared from equal amounts
of culture supernatants were subjected to Western blot analysis with antibodies raised against rSseC (a SseC) or rSseD.

after the shift or in the detached fraction of cultures grown at
neutral pH (Fig. 6B).

Furthermore, we questioned whether surface-associated Sse
proteins are formed by secretion of a presynthesized pool of
the substrate proteins or if protein synthesis is required during
secretion. Bacteria were grown in low-Mg?* medium at pH
7.0. At an ODg,, of about 0.5, bacteria were washed and
shifted to low-Mg?>* medium at pH 5.0, with or without the
addition of 50 pg of chloramphenicol/ml to inhibit protein
biosynthesis. Secreted proteins in the detached fraction were
analyzed as described before. In the presence of chloramphen-
icol, SseB and SseC were not detected in the detached fraction
(data not shown). This result demonstrates that continuous
protein biosynthesis is required for the secretion of substrate
proteins of SPI2.

SseB, SseC, and SseD are required for the translocation
of SPI2 effector proteins. In order to determine if the se-
creted proteins SseB, SseC, and SseD are required for the
translocation of known SPI2 effector proteins, sseB, sseC, or
sseD mutations were transduced into S. enferica serovar
Typhimurium harboring either the SspH1-CyaA or SspH2-
CyaA fusion plasmid. These strains were then used to infect
cultured murine macrophages (RAW 264.7 cell line). In
addition, the RAW 264.7 cells were infected with the §. en-
terica serovar Typhimurium wild type and the ssa7 mutant

strains expressing SspH1-CyaA or SspH2-CyaA as positive
and negative controls, respectively. At 8 h after internaliza-
tion of the bacteria, macrophages were lysed and cellular
cAMP levels were determined. Measured cAMP content
was then normalized for protein concentration and is ex-
pressed as picomoles of cAMP per microgram of protein
(Fig. 7). Under these assay conditions, mutations in SPI2
genes did not affect the survival of S. enterica serovar Ty-
phimurium in RAW 264.7 cells (data not shown). Infection
of macrophages with wild-type S. enterica serovar Typhi-
murium resulted in an increase of cAMP levels, indicating
that SspH1-CyaA and SspH2-CyaA are translocated; how-
ever, no significant increase in cellular cAMP was detected
in macrophages infected with the ssaT mutant strain. Like-
wise, no translocation of either SspH1-CyaA or SspH2-
CyaA was detected in macrophages infected with sseB, sseC,
or sseD mutant strains.

DISCUSSION

We performed experimental analyses of the TTSS of SPI2
under in vitro conditions that mimic the phagosomal environ-
ment of intracellular S. enterica serovar Typhimurium. Growth
of S. enterica serovar Typhimurium with limitation of Mg?"
starvation of phosphate induces the expression of SPI2 genes
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FIG. 6. Kinetics of SseB secretion. For the analysis of kinetics of
secretion by the TTSS of SPI2, the S. enterica serovar Typhimurium
wild type was grown in low-Mg®" minimal medium at pH 7.0. At
exponential growth phase (ODy, of about 0.3), bacteria were har-
vested, washed, and resuspended in fresh medium at pH 7.0 or 5.0
(shift). The incubation was continued and samples of the cultures were
taken at various time points after the shift as indicated (A). Total cell
fractions and protein detached from bacterial cells as described above
were subjected to Western blot analyses (B). a SseC, anti-SseC anti-
body.
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(3), and secretion of SPI2 substrate proteins was triggered by
media of pH 5.0 or below (1). Under these conditions, three
substrate proteins, SseB, SseC, and SseD, are secreted by the
TTSS of SPI2 (1, 15; this study). This observation confirms the
previous hypothesis about the identity of SPI2 substrate pro-
teins (11). SseC is a member of the YopB family of TTSS
substrate proteins, and SseB and SseD are most similar to
EspA and EspB of EPEC, respectively (11).

To our knowledge, the SPI2-encoded TTSS is the first ex-
ample of a TTSS whose expression and secretion can be ex-
perimentally controlled by defined growth conditions in syn-
thetic media. Interestingly, both Mg?" limitation and phosphate
starvation result in the synthesis of the TTSS that is capable of
secretion of substrate proteins upon induction by acidic environ-
mental conditions.

In a previous study, secretion of SseB was detected within
minutes after the shift of SPI2-induced bacteria to acidic pH

(1). We observed that incubation of Salmonella at acidic pH for
at least 1 h is required before Sse proteins can be detected in
the fraction obtained by mechanical shearing or before oli-
gomers of SseB can be detected by cross-linking of surface
proteins (J. Deiwick and M. Hensel, unpublished observa-
tions). Although secretion of SseB occurs rapidly, the forma-
tion of oligomers may require accumulation of SseB over
longer periods of secretion by the TTSS of SPI2. Continuous
protein biosynthesis is required for this process.

Compared to substrate proteins of S. enterica serovar Typhi-
murium SPI1 or the Yops of Yersinia spp., only small amounts
of the SPI2 proteins SseB, SseC, and SseD are released into
the growth medium. SPI2 substrate proteins appear to be pre-
dominantly located on the bacterial cell surface. The sensitivity
of these surface structures to disruption by mechanical shear-
ing is reminiscent of bacterial flagella and fimbriae, which have
been isolated by similar approaches (16, 30). Functional re-
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FIG. 7. Translocation of SspH1 and SspH2 is dependent upon
SseB, SseC, and SseD. Cultured RAW 264.7 murine macrophages
were infected with either the wild type or SPI2 mutant (ssaT, sseB,
sseC, and sseD) S. enterica serovar Typhimurium harboring CyaA fu-
sions to the SPI2 translocated effector proteins SspH1 and SspH2. The
results presented are the means of experiments performed in triplicate,
with the error bars representing 1 standard deviation above and below the
mean.

quirements for the secretion of various substrate proteins of
SPI2 suggest that these proteins do not associate randomly
with the bacterial cell envelope after secretion. In the absence
of SseB, substrate proteins SseC and SseD are still secreted but
appear in the supernatant rather than in the cell-associated
fraction. In contrast, SseC and SseD are not required for the
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secretion and surface location of SseB. SseC is not required for
secretion of SseD and vice versa. Our data demonstrate that
SseB has an important role in the assembly of SseC and SseD
into a macromolecular structure. Furthermore, polar struc-
tures containing secreted SseB were visible by immunofluores-
cence microscopy.

Surface association has been observed before for substrate
proteins of the TTSS of other pathogens, for example, the Ipa
proteins of Shigella flexneri (see reference 21 for a review).
After secretion, protein-protein interaction was observed for
Ipa proteins. In S. flexneri, mutations in IpaB or IpaD result in
increased secretion of the remaining Ipa proteins into the
culture medium (22). This observation is reminiscent of the
effect of the mutation in sseB in S. enterica serovar Typhi-
murium that resulted in increased amounts of SseC and SseD
in the culture supernatant. The organized association of sub-
strate proteins during secretion appears to be essential for the
function of the TTSS. Such protein interactions also result in
the assembly of macromolecular surface structures, e.g., by the
TTSS of Pseudomonas syringae (27) and EPEC (5, 17). SseB,
SseC, and SseD are most similar to EspA, EspD, and EspB of
EPEC, respectively (11). Secretion of EspA, EspB, and EspD
has been demonstrated, and all Esp proteins are required for
the attachment and effacement lesions of EPEC-infected epi-
thelial cells (for a review, see reference 6). EspA is the major
component of a filamentous surface structure of EPEC. Hart-
land et al. (9) recently reported that EspB is associated with
the EspA filament and that EspA filament formation can occur
in the absence of EspB. Our data indicate that surface-associ-

TTSS

o
SseBCD 0O

in vivo
phagosome
environment
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phagomosal
membrane
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envelope
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O STE proteins
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FIG. 8. Model for the secretion and function of SseBCD. Expression of the TTSS of SPI2 and SseBCD is induced by growth of S. enterica
serovar Typhimurium in minimal media with limiting amounts of phosphate or Mg?*. Growth media with an acidic pH induce secretion of SseBCD
by the TTSS of SPI2. Under in vitro conditions, surface structures composed of SseBCD and putative additional proteins are assembled. These surface
structures can be detached from the bacterial cell surface by mechanical shearing (this study) or treatment with organic solvents (1). In vivo, SseBCD
functions as a translocon for the translocation of STE (Salmonella translocated effector) proteins from intraphagosomal Salmonella over the

phagosomal membrane into the host cell.
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ated complexes of SseB were assembled in the absence of SseC
or SseD. These findings indicate functional similarities be-
tween substrate proteins of EPEC and SPI2 of S. enterica
serovar Typhimurium. However, it is not known whether SseB
is sufficient to assemble a surface-associated filamentous struc-
ture in S. enterica serovar Typhimurium.

Recently, a family of putative translocated proteins of the
SPI2 TTSS has been identified (23). These proteins are en-
coded by genes outside the SPI2 locus and have a conserved
N-terminal domain required for translocation. However, this
translocation domain is absent in SseB, SseC, SseD, and other
proteins encoded by the SPI2 locus, supporting the notion that
the function of SseB, SseC, and SseD is distinct from those of
the putative effector proteins. There is no evidence that SseB,
SseC, or SseD is translocated into the host cell cytoplasm.

Previous studies revealed that mutations in sseB, sseC, or
sseD each result in dramatic attenuation of virulence of S. en-
terica serovar Typhimurium and in reduced intracellular accu-
mulation (2, 20; unpublished observations). We observed that
SseB, SseC, and SseD do not require each other for secretion
but that these proteins appear to interact after secretion.
Cross-linking experiments support the presence of an oligo-
meric assembly of SseB subunits after secretion (Deiwick and
Hensel, unpublished results). Based on these observations, we
propose that after secretion SseB, SseC, and SseD are assem-
bled into a hetero-oligomeric complex (Fig. 8). This complex is
formed in vitro after growth of S. enterica serovar Typhimu-
rium in minimal medium at acidic pH. In vivo, SseB, SseC, and
SseD are each required for the translocation of effector pro-
teins from intracellular S. enterica serovar Typhimurium into
the infected host cell. Translocation of effector proteins is as
reduced in sseB, sseC, and sseD mutants as it is in mutants in
structural components of the TTSS such as SsaT. Therefore,
the secreted proteins SseB, SseC, and SseD act as a translo-
cator for effector proteins in vivo. We hypothesize that in vivo
SseB, SseC, SseD, and putative additional substrate proteins
form a structure that acts as a translocator to mediate trans-
location of effector proteins of the TTSS of SPI2 from in-
traphagosomal S. enterica serovar Typhimurium into the host
cell (Fig. 8). Additional analysis by cross-linking experiments
may reveal further details of the putative translocator structure.

In conclusion, we have identified that in addition to SseB,
substrate proteins SseC and SseD are secreted by the TTSS of
SPI2. After secretion, these proteins assemble into a complex
exposed on the bacterial cell surface. SseB, -C, and -D are
required for translocation of effector proteins into host cells.
Further work will reveal whether this structure represents a
translocator for SPI2 effector proteins and how such a putative
translocator can mediate the transfer of effector proteins by
intracellular Salmonella.
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