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Salmonella strains utilize a type III secretion system for their successful survival and replications inside host
cells. SseF is one of the several effector proteins that are required for conferring this survival ability by altering
the trafficking of the Salmonella-containing vacuoles. These effector proteins often require appropriate chap-
erones to maintain their stabilities inside the bacteria. These chaperones are also known to assist the
subsequent secretion and translocation of their substrates. We report here that SscB acts as the chaperone for
SseF, an effector for the Salmonella pathogenicity island 2 (SPI-2). We found that the sscB gene is required for
the formation of Salmonella sp.-induced continuous filaments in epithelial cells. Efficient Salmonella replication
in macrophages requires SscB function. Intracellular and secretion levels of SseF are greatly reduced in an
sscB mutant strain compared to the wild-type strain. A protein stability assay demonstrated that the half-life
of SseF is significantly shortened in the absence of SscB. Transcriptional analysis of the sseF gene showed that
the effect of SscB on the SseF level is not at the transcriptional level. A coprecipitation experiment indicated
that SscB interacts with SseF. In summary, our results indicate that SscB is a chaperone for SPI-2 effector SseF

to facilitate its secretion and function inside the host cells.

Salmonella species cause a number of food-borne diseases in
humans and other warm-blooded animals; these diseases range
from mild intestinal diarrhea to the more severe typhoid fever
(1, 42). Virulent Salmonella strains possess the ability to suc-
cessfully enter, survive, and replicate inside mammalian cells
including professional macrophages. Salmonella species stay
inside a closed membrane compartment after entry. Previous
studies have demonstrated that Salmonella play a key role in
subverting the cellular process for the biogenesis of the Sal-
monella-containing vacuoles (SCVs) (4, 12, 15, 17, 22, 26, 37,
44, 45, 47, 50). Salmonella enterica serovar Typhimurium en-
codes two type III secretion systems (TTSS) within the Salmo-
nella pathogenicity island 1 (SPI-1) and SPI-2 (14, 40). These
type III protein secretion and translocation systems function to
inject a number of bacterial proteins (effectors) into the host
cells to promote bacterial entry and subsequent survival inside
the SCV (14, 40). These two TTSS have distinct functions
during Salmonella-host interactions. Whereas SPI-1-encoded
TTSS injects effector proteins into host cells to trigger invasion
(51), the SPI-2-encoded TTSS injects effector proteins to fa-
cilitate the biogenesis of SCV inside the cells (25). Effector
proteins contain secretion and translocation signals that are
often located in their N termini, presumably recognized by the
TTSS (30).

Genes located in SPI-2 encode proteins that make up the
type III secretion apparatus, serve as transcriptional regula-
tors, and function as effector proteins inside the host cells (22).
A number of effector proteins are also encoded outside the
SPI-2 locus. Most genes encoding components and effectors of
the SPI-2 type III secretion are clustered and appear to be in
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the same transcriptional operon (19-21). This operon includes
sseA-G and sscA-B. It was recently determined that SseB,
SseC, and SseD are secreted proteins and are required for the
translocation of other effector proteins (32). SseF and SseG,
are putative effector proteins implicated in the formation of
Salmonella-induced aggregation of host endosomes (17).
More-recent studies have suggested that SseG is responsible
for targeting Salmonella to the host Golgi network through
poorly understood mechanisms (38).

Effector proteins often require appropriate chaperones to
maintain their stabilities and subsequent secretion and trans-
location across the TTSS into mammalian cells (33). Several
studies have described chaperones for SPI-1 secretion appara-
tus and effectors, including InvB, SicA, and SicP which are
encoded within SPI-1 (3, 8, 13, 46). SseA is the only reported
chaperone for the SPI-2-encoded secretion apparatus proteins
SseB and SseD (7, 36, 53). No chaperones have been reported
for any of the SPI-2 effector proteins, although SscA and SscB
have been proposed to act as chaperones based on sequence
analysis (6, 22). However, there is no experimental evidence to
support this hypothesis.

Some of the hallmarks for putative type III effector chaper-
ones are (i) that they are small proteins with a low molecular
mass of <15 kDa; (ii) that genes encoding the chaperones are
often situated in the vicinity of genes encoding their corre-
sponding substrates; (iii) that these chaperones possess amphi-
pathic helices at their C termini; and (iv) that these chaperones
often have acidic pIs. SscB has been proposed as a chaperone
based on its 23% identity and 36% similarity over 98 amino
acid residues to Ippl, a chaperone for Shigella flexneri invasion
proteins (2, 22). Consistent with being a chaperone, SscB has a
predicted molecular mass of 16.3 kDa and an acidic pI of 4.92
and is also predicted to contain a mostly alpha-helical second-
ary structure that extends throughout its entire length. In ad-
dition, the sscB gene is located immediately upstream of the
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TABLE 1. Bacterial strains and plasmids
Strain or plasmid Relevant characteristics® fgflé ;Ceil(?é
Strains
S. enterica serovar Typhimurium
SL1344 Wild-type serovar Typhimurium; Str" 23
ZP18 AssalV This study
ZP19 AsseF This study
P22 sscB::aphT This study
ZP31 AsseF::lacZ This study
ZP33 AsseF::lacZ sscB::aphT This study
ZP39 AssaV:lacZ This study
ZP40 AssaV:lacZ sscB::aphT This study
ZP36 AssaV AsseF sscB::aphT This study
ZP41 AssaV’ sscB::aphT This study
E. coli
DH5aMCR F~ mcrA A(mrr-hsdRMS-mcrBC) Gibco-BRL
SM10Npir thi thr leu tonA Aacy supE recA:RP4-2-Tc:Mu(Km")\pir F~ mcr4 31
A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74
Top10 deoR recAl araD139 A(ara-leu)7697 galU galK rpsL (Str*) endAl Invitrogen
nupG
Plasmids
pSB890 R6K-derived ori; Tc* 24
pWSK29 pSC101 ori; Ap* 48
pZP226 Assal This study
pZP227 AsseF This study
pZP259 sscB::aphT This study
pSB1040 Promoterless lacZ gene 34
pZP369 AsseF::lacZ This study
pZP428 AssaV:lacZ This study
pZP281 Arabinose-inducible sseF-M45 This study
pZP284 Arabinose-inducible sscBsseF-M45 This study
pZP430 Arabinose-inducible sifB-M45 This study
pZP434 Arabinose-inducible bicistronic sseF’-M45sscB-his This study
pZP445 Arabinose-inducible bicistronic sseF-M45 ADF-his This study
pZP492 Arabinose-inducible sseJ-M45 This study
pZP545 ProsseA in pWSK29 This study
pZP546 sseF-M45 under ProsseA This study
pZP549 sscBsseF-M45 under ProsseA This study
pZP548 sscB-M45 under ProsseA This study

@ Str', streptomycin resistance; Km", karamycin resistance; Tc", tetracycline resistance; Ap*, ampicillin resistance.

sseF gene in the effector/chaperone region of SPI-2. We
present evidence here that SscB is a chaperone for SseF.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains and plasmids used in the present study are
listed in Table 1. Escherichia coli and serovar Typhimurium strains are routinely
cultured in Luria-Bertani (LB) broth. Salmonella trains were grown under SPI-1
TTSS-inducing conditions (LB broth with 0.3 M NaCl) for all of the invasion
experiments. When SPI-2 TTSS-inducing conditions were desired, the strains
were grown in MgM minimal medium adjusted to either pH 7.0 (MgM?7) or pH
5.0 (MgMS5) (10). Antibiotics were used at the indicated concentrations: ampi-
cillin at 120 pg ml™"!, streptomycin at 25 p.g ml~!, kanamycin at 40 pg ml~', and
tetracycline at 12 pg ml ™.

Mammalian cell lines and bacterial infection assay. The murine macrophage
RAW264.7 (TIB-71, American Type Culture Collection [ATCC]) and the hu-
man epithelial cell line HeLa (CCL-2 [ATCC]) were purchased from the ATCC
cell biology stock center (Manassas, Va.). Both were maintained in Dulbecco
modified Eagle medium (DMEM) containing 10% fetal bovine serum. Salmo-
nella infection of mammalian cells was conducted as previously described (52) at
a multiplicity of infection (MOI) of 10. Bacterial infection of RAW264.7 mac-
rophages and survival assays were carried out as described before (9, 22). Briefly,
macrophages were seeded in 24-well plates at a density of 5 X 10° cells/well 24 h
before infection. Bacteria were cultured to early stationary phase in LB medium

at 37°C and diluted to an optical density at 600 nm of 0.1. The bacteria were
opsonized for 20 min in DMEM containing 10% normal mouse serum (Gemini
Bio-Products, Woodland, Calif.) at 37°C. Opsonized bacteria were added to
RAW264.7 macrophage monolayer at an MOI of 10. Bacterial attachment was
facilitated by centrifugation at 500 X g for 5 min at room temperature. The
bacteria-cell mixtures were incubated for 30 min at 37°C in 5% CO,. After
infection, the macrophages were washed twice with phosphate-buffered saline
(PBS) to remove extracellular bacteria and incubated further in DMEM con-
taining 10% fetal bovine serum and 16 g of gentamicin ml~'. At 2 and 24 h after
gentamicin treatment, infected macrophages were washed three times in PBS
and lysed with 1% Triton X-100 and 0.1% sodium dodecyl sulfate (SDS). Sam-
ples were then serially diluted and plated on selective medium to enumerate the
intracellular bacteria. The extent of replication was then determined by dividing
the number of intracellular bacteria at 24 h by the number at 2 h.

Strain and plasmid constructions. In-frame chromosomal deletions of genes
in Salmonella strains were generated by using an allelic-exchange suicide vector
as previously reported (24). Briefly, the DNA fragment with the in-frame dele-
tion was cloned into the suicide vector pSB890. The resulting plasmid constructs
(pZP226 for ssal” deletion and pZP227 for sseF) were transferred into serovar
Typhimurium via conjugation, where they were integrated into the chromosome
by homologous recombination. In order to construct the sscB mutant, a Hincll
promoterless kanamycin resistance gene cassette from pSB1046 was introduced
into the Smal site of the sscB gene. The inactivated sscB gene was then cloned
into the suicide vector pSB890 to generate pZP259. Plasmid pZP259 was sub-
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sequently transferred into Salmonella by conjugation and integrated into the
chromosome by homologous recombination as described above. To generate
expression plasmids from the SseA promoter, a 450-bp DNA fragment contain-
ing the SPI-2 promoter Prosse4 was obtained as described before (18) and
cloned into the HindIII/EcoRI-digested pWSK29 to obtain pZP545. Various
SPI-2 genes with the M45 tag were subcloned into the EcoRI/Xbal-digested
pZP545.

To generate M45-tagged or His-tagged fusion proteins, the entire gene en-
coding the corresponding full-length protein was amplified by PCR and cloned
into pBAD24 by using standard molecular biology techniques (29). The sseF
gene was amplified by PCR with the primers 5'-CGGAATTCGCATGAAAAT
TCATATT-3" and 5'CGCCATGGATGGTTCTCCCCGAGAT-3', and the sifB
gene was amplified with the primers 5'-GCGAATTCCCATGCCAATTACTAT
CGGGAGAG-3' and 5-GCGGATCCACTCTGGTGATGAGCCTCATT-3'.
The sseJ gene was amplified with the primers 5'-GGAATTCCCATGCCATTG
AGTGTTGG-3' and 5'-GCGGATCCTTCAGTGGAATAATG-3', and the sscB
gene was amplified with the primers 5'-CGGAATTCGTATGATGATGAAAG
A-3" and 5'-GCGATATCAGCAATAAGAGTATCAA-3'.

Intracellular protein level and secretion. The desired serovar Typhimurium
strains were grown under SPI-2-inducing conditions described previously (10).
Briefly, to check the intracellular level of different proteins, ZP18 (Assal’) and
ZP41 (AssaV AsscB) containing pZP281 and pZP546 (encoding SseF-M45),
pZP284 and pZP549 (encoding SscB and SseF-M45), pZP430 and pZP556 (SifB-
M45), or pZP492 (SseJ-M45) were grown at 37°C for 8 h in LB medium.
Bacterial cultures were washed twice and diluted 1:100 in MgMS5 or MgM7. The
cultures were grown with agitation at 200 rpm for 16 additional hours. Produc-
tion of fusion proteins was induced by addition of 1 mM arabinose during the last
2 h of growth when expressed from the pBAD promoter. Bacteria were then
pelleted by centrifugation at 10,000 X g for 20 min. Cells were lysed with
SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer and subjected to
SDS-PAGE analysis and immunoblotting. For protein secretion assays, wild type
and ZP22 (sscB) containing pZP281 (encoding SseF-M45), pZP284 (encoding
SscB and SseF-M45), pZP430 (SifB-M45), or pZP492 (SseJ-M45) were cultured
as described above. Bacteria were pelleted by centrifugation at 10,000 X g, and
the supernatants passed through a 0.2-wm-pore-size filter. Secreted proteins
were collected by precipitation with 10% trichloroacetic acid and resuspended in
SDS-PAGE sample buffer, followed by SDS-PAGE and Western blot analysis
with anti-M45 antibody.

Transcriptional fusions and -galactosidase assay. A promoterless lacZ gene
was introduced into the same Xbal site of pZP226 (in-frame deletion of ssal” in
the suicide vector pSB890) and pZP227 (in-frame deletion of sseF in the suicide
vector pSB890), respectively. The resulting plasmids pZP428 (Assal::lacZ) and
PZP369 (AsseF::lacZ) were then introduced into wild-type Salmonella or into the
sscB mutant strain via conjugation and integrated into the chromosome by
homologous recombination. The resulting strains—ZP31 (AsseF::lacZ), ZP33
(sscB AsseF:lacZ), ZP39 (AssaV:lacZ), and ZP40 (sscB AssaV:lacZ)—were
grown overnight in LB medium, washed twice and diluted 1:50 in MgM5 or
MgM?7, and grown for 6 h. B-Galactosidase assays were performed as previously
described (39).

Protein stability assay by gentamicin treatment. The desired serovar Typhi-
murium strains, ZP18 (Assal’) and ZP41 (Assal sscB::aphT) containing pZP281
(encoding SseF-M45) or pZP430 (SifB-M45) were grown under SPI-2-inducing
conditions. Fusion proteins were induced by addition of 1 mM arabinose for 2 h.
Bacteria were collected by centrifugation, and the pellets were washed three
times with PBS to remove the residual arabinose. Gentamicin was added to 100
pg ml~!. Samples were taken at different times after the addition of gentamicin.
Bacterial lysates were analyzed by SDS-PAGE and Western blotting as described
above.

Protein copurification. Serovar Typhimurium strain ZP36(Assal’ AsseF
sscBraphT) carrying plasmid pZP434 (encoding SseF-M45 and His-SscB),
pZP284 (encoding SseF-M45 and SscB), or pZP445 (encoding SseF-M45 and
His-ADF) were grown in SPI-2-inducing minimal medium as described above
and the expression of SseF-M45 and His-SscB were induced by addition of 1 mM
arabinose. Cells were collected by centrifugation and lysed by sonication in lysis
buffer containing 50 mM NaH,PO,, 300 mM NaCl, 10 mM imidazole, and 1 mM
phenylmethylsulfonyl fluoride (pH 8.0). Slurry of Ni-nitrilotriacetic acid (NTA)
agarose beads (Qiagen, Valencia, Calif.) was then added to the lysates, followed
by incubation for 1 h at 4°C with rotation. The Ni-NTA beads were pelleted by
centrifugation, washed five times with 50 mM NaH,PO,, 300 mM NaCl, 20 mM
imidazole, and 1 mM phenylmethylsulfonyl fluoride (pH 8.0). Copelleted pro-
teins were dissolved by adding SDS-PAGE sample buffer, followed by boiling for
5 min. Samples were analyzed by SDS-PAGE and Western blotting with anti-
M45 antibodies.
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Immunofluorescence. For immunofluorescence analyses, HeLa cells were in-
fected for 30 min with Salmonella at an MOI of 10 as described before. Extra-
cellular bacteria were removed by washing with PBS and incubated with DMEM
containing 10% fetal calf serum supplemented with gentamicin (100 pg ml~') for
1 h. The medium was subsequently replaced with DMEM containing 10% fetal
calf serum and 16 pg of gentamicin ml~! for the remainder of the experiment.
After infection, HeLa cells were washed three times with PBS and fixed with 3%
paraformaldehyde for 15 min at room 22°C temperature before being perme-
abilized with 0.2% Triton X-100 in PBS. Cells were incubated with the primary
antibody for 30 min after being blocked with 5% skim milk, washed three times
with PBS, and incubated with the secondary antibody for 30 min. Serovar Ty-
phimurium were identified by using rabbit anti-Salmonella O-antigen group B
(Difco) and a secondary anti-rabbit antibody-Texas red conjugant (Molecular
Probes, Eugene, Oreg.). LAMP-2 was detected with mouse anti-human LAMP-2
(H4B4; Developmental Studies Hybridoma Bank, The University of Iowa) and a
secondary anti-mouse AF488 conjugant (Molecular Probes).

RESULTS

The sscB gene is required for the stability of SseF. Chaper-
ones for the type III secretion apparatus and related effectors
often affect the stability and/or secretion of their cognate sub-
strates (33). To investigate the possible role of SscB as a chap-
erone for SseF, the intracellular level of SseF was examined in
the ssal” mutant and the sscB ssal” double-mutant strains. Ex-
amining the intracellular level of SseF in an ssal” mutant back-
ground eliminated the potential secretion variation because
this strain is unable to secrete any known SPI-2 effectors (21).
To facilitate the detection of SseF, a plasmid expressing a
M45-tagged SseF from its native promoter (Prosse4) was in-
troduced into the ssal” mutant and the sscB ssal” double-mu-
tant strains. Levels of SseF-M45 were determined by Western
blotting with a monoclonal antibody to the M45 epitope when
grown in SPI-2-inducing MgM5 or MgM7 minimal medium.
As shown in Fig. 1A, the intracellular levels of SseF in whole-
cell lysates were not detected in the absence of SscB but were
restored by coexpressing the sscB gene with sseF-M45 in the
sscB ssal mutant strain (Fig. 1A). This result suggests that
SscB is required for the stability of cytoplasmic SseF.

To investigate whether the sscB mutant has a general defect
in protein stability, we determined the protein levels of SifB
and Ssel, two other SPI-2-secreted effectors. Under similar
conditions as described above, we failed to detect SifB and
SseJ from the Prosse4 promoter in the presence or absence of
SscB (data not shown). Therefore, we sought out to express
SifB and Sse] from an arabinose-inducible promoter
(pBAD24) promoter. To aid the detection of SseF, SifB, and
SselJ, plasmids expressing M45-tagged SseF, SifB, and Ssel]
from an arabinose-inducible promoter (pBAD24) were con-
structed. These expression plasmids were then introduced into
the ssal” mutant and the sscB ssal” double-mutant strains as
described above. Production of the fusion proteins was in-
duced with arabinose in SPI-2-inducing minimal medium, and
the levels of SseF-M45, SifB-M45, and SseJ-M45 were deter-
mined by Western blotting. Consistent with data shown above
(Fig. 1A), intracellular SseF in the whole-cell lysates was con-
siderably less in the absence of SscB (Fig. 1B). This decrease
was complemented by coexpressing sscB with sseF-M45 in the
sscB ssal/ mutant strain (Fig. 1). In contrast, the levels of SifB
and SseJ did not change significantly in the presence or ab-
sence of SscB (Fig. 1B). This result suggests that SscB func-
tions for the stability of intracellular SseF but not for SifB and
Ssel.
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FIG. 1. Effect of SscB on the intracellular level of SseF. The secre-
tion-deficient ssa}” mutant strain (ZP18) and the ssal” sscB double-
mutant strain (ZP41) carrying plasmids expressing either SseF-M45
(pZP281 and pZP546), SscBSseF-M45 (pZP284 and pZP549), SifB-
M45 (pZP430), or SseJ-M45 (pZP492) were grown in the SPI-2-in-
ducing MgM5 or MgM7 minimal medium, and protein expressions
were either driven by the sse4 promoter (A) or were induced by the
addition of 1 mM arabinose (panel B). Bacteria were collected and
lysed, and protein levels were determined as described in Materials
and Methods.
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To further demonstrate that SscB affects the level of SseF by
increasing its stability, we examined the half-life of SseF in the
presence or absence of SscB. Levels of SseF-M45 and SifB-
M45 in the whole bacterial lysates were monitored over time by
Western blotting after the addition of gentamicin, an antibiotic
that stops protein synthesis in bacteria. Intracellular levels of
SseF-M45 were monitored in the ssal” mutant and the ssal”
sscB double-mutant strains. As shown in Fig. 2, although
>70% of SseF-M45 was still detectable in the ssal” mutant
strain, <10% remained in the ssal” sscB double-mutant strain
90 min after treatment with gentamicin. In addition, the level
of SseF-M45 in the ssal” mutant strain was significantly higher
than that in the ssal” sscB double-mutant strain at time zero.
This is consistent with our previous results demonstrating that
SscB affects the intracellular level of SseF-M45. In contrast,
the levels of SifB-M45 in both the ssal” and the ssal” sscB
mutant strains did not show any significant change over the
time course of the experiments. These results suggested that
SscB specifically affects the level of SseF by influencing its
stability.

The sscB gene is required for SseF secretion. Chaperones of
the TTSS are not only required for the stability of their cor-
responding substrate but are also necessary for their secretion.
We thus examined the effect of SscB on the secretion of SseF.
A plasmid expressing the M45-tagged SseF was introduced
into the wild type and into the sscB mutant strain. After growth
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in acidic SPI-2-inducing minimal medium, the secreted pro-
teins were collected by trichloroacetic acid precipitation, and
the amounts of SseF were examined by Western blotting with
the monoclonal anti-M45 antibody. The sscB mutation com-
pletely abolished extracellular SseF, whereas it had no obvious
effect on the extracellular level of SifB and SseJ (Fig. 3),
indicating that the SPI-2 secretion pathway is not impeded in
the sscB mutant strain. SseF secretion can be rescued by co-
expressing sscB with sseF-M45 in the sscB mutant strain (Fig.
3). This result indicates that SscB influences not only the in-
tracellular levels of SseF but also its secretion.

SscB does not significantly affect sseF transcription. It has
been reported that some chaperones affect the transcription
and even the translation of their cognate substrates (8, 46). The
selective effect of SscB on SseF could be partly explained if
SscB alters the transcription of the sseF” gene. To investigate
this possibility, we constructed a transcriptional fusion of lacZ
to the intact sseF’ gene and to ssal, an SPI-2 TTSS apparatus
gene, in the chromosome of the wild type or the sscB mutant
strain. B-Galactosidase activities were determined in bacteria
grown in SPI-2-inducible minimal medium MgM5 or MgM7.
As shown in Fig. 4, there was no significant difference in the
expression of lacZ fused to sseF or ssal/ in the presence or
absence of SscB. This result suggests that SscB exerts its effect
on the level of SseF posttranscriptionally.

SscB interacts with SseF. Chaperones often exert their func-
tion by associating specifically with their cognate substrates
(41, 49). To examine the interaction between SscB and SseF,
we coexpressed the M45-tagged SseF with His-tagged SscB
from a plasmid with an arabinose-inducible promoter in the
secretion-deficient Salmonella ssaV sseF sscB triple-mutant
strain. Strains harboring the plasmid were grown in SPI-2-
inducing minimal medium or LB medium in the presence or
absence of arabinose. His-SscB was precipitated by the addi-
tion of Ni-NTA agarose beads, and His-SscB-associated pro-
teins were then examined by Western blotting with an anti-
M45 antibody. As a control, an untagged SscB and His-ADF
(for actin depolymerization factor in eukaryotes) were pro-
duced in the same plasmid, and “pull-down” experiments car-
ried out in an identical manner. As shown in Fig. 5, SseF-M45
was detected in the precipitated His-SscB fraction when His-
SscB was used. In contrast, SseF-M45 was not detected when
an untagged SscB or His-ADF was used in place of His-SscB
(Fig. 5). These data showed that SscB specifically interacts with
SseF, supporting the hypothesis that SscB serves as the chap-
erone for SseF.

The sscB gene is required for the formation of continuous
Salmonella-induced filaments. Previous studies have shown
that Salmonella infection induces the formation of filamentous
structures (Sif) that are rich in lysosomal membrane glycopro-
teins (16). Salmonella-induced Sifs are connected to the bac-
terium-containing vacuoles (16). The formation of these fila-
ments is dependent on the function of SPI-2 (26). Interestingly,
strains that are deficient in SseF were still capable of forming
aggregated endosomes, but the distribution of lysosomal mem-
brane glycoproteins appeared to be punctate rather than con-
tinuous (26).

The ability of the sscB mutant strain to form filamentous
structures in HelLa cells was analyzed by immunofluorescence
microscopy. Consistent with previous studies, wild-type Salmo-
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FIG. 2. Effect of SscB on the stability of SseF. The secretion-deficient strains ZP18 (Assal’) and ZP41 (Assal” sscB:aphT), harboring
pZP281(encoding SseF-M45) or pZP430 (encoding SifB-M45), were grown in MgM7, and protein expression was induced with 1 mM arabinose.
Gentamicin (100 wg ml~ ") was then added to inhibit protein synthesis. (A) The levels of SseF-M45 and SifB-M45 were examined at different times
after gentamicin treatment by Western blotting with anti-M45 antibody. (B) The protein amounts were quantified by densitometry scanning.

Experiments were repeated three times.

nella sp. induced aggregation of LAMP-2-containing filamen-
tous structures (Fig. 6). In contrast to the continuous distribu-
tion of LAMP-2 along Sifs induced by the wild-type
Salmonella, the sscB mutant strain induced Sifs displaying
punctate distribution of LAMP-2 (Fig. 6). This discontinuous
distribution pattern of LAMP-2 is similar to the “pseudo-Sif”
induced by the sseF mutant strain as reported previously (26).
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FIG. 3. Effect of SscB on the secretion of SseF. Secretion of SseF-
M45 (pZP281), SifB-M45 (pZP430), and SseJ-M45 (pZP492) were
detected in either wild type (SL1344) or an sscB mutant strain (ZP22).
Bacteria were grown in MgM5, and the culture supernatants were
collected after centrifugation. Secreted proteins were precipitated and
analyzed as described in Materials and Methods.

This result is consistent with the hypothesis that SscB functions
as a chaperone for SseF.

SscB is required for efficient Salmonella replication in mac-
rophages. Previous studies have shown that SseF contributes to
intracellular replication of serovar Typhimurium in macro-
phages (22). If SscB functions as a chaperone for SseF, muta-
tions in sscB should affect Salmonella intracellular prolifera-
tion due to a reduced level and/or translocation of SseF. As
shown in Fig. 7, the sscB mutant strain replicated less efficiently
inside macrophage and was similar to that of the sseF mutant
strain. This defect was complemented by introducing a plasmid
(pZP283) encoding the full-length SscB into the sscB mutant
strain. This complementation indicates that the slower repli-
cation of the sscB mutant strain was not due to a polar effect on
a downstream sseF gene. This result further supports our hy-
pothesis that SscB functions as a chaperone for SseF.

DISCUSSION

Salmonella strains utilize the SPI-2 for their successful sur-
vival and replications inside host cells by translocating SPI-2
effectors, including SseF, into the host cell. It has not been
clear whether these SPI-2 effector proteins require any chap-
erones for their functions. We report here that SscB acts as the
chaperone for SseF. Our data show that the SscB is required
for the stability of cytoplasmic SseF and for its secretion into
the culture medium. This is further corroborated by the pro-
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FIG. 4. Effect of the sscB mutation on sseF transcription. Tran-
scription of sseF-lacZ (A) and ssaV-lacZ (B [control]) were measured
in the wild type or in the sscB mutant strain containing a chromosomal
fusion of lacZ with sseF (ZP31 and ZP33, respectively) or ssal” (ZP39
and ZP40, respectively). Stationary-phase bacteria grown in LB me-
dium were washed twice, diluted in MgMS5 or MgM?7, and grown for an
additional 6 h. Samples were then collected and assayed for B-galac-
tosidase activities (Miller units). The experiments were carried out
three times with similar results.

tein stability assay demonstrated that the half-life of SseF is
significantly shortened in the absence of SscB. The effect of
SscB on SseF was shown to be posttranscriptional. In addition,
SscB interacted with SseF in a coprecipitation experiment.
Taken together, our results indicate that SscB functions as a
chaperone for SseF.

It is becoming evident that many type III secretion compo-
nents require cognate chaperones for their secretion into the
extracellular medium and/or translocation into the host cells.
In addition, complex functions have been described for chap-
erones SicA, SicP, InvB, and SseA involving the Salmonella
TTSS apparatus and effectors. Although their substrates range
from the type III secretion apparatus and effectors, they all
have the ability to stabilize their substrates in the bacterial
cytoplasm (3, 7, 8, 11, 13, 28, 36, 46, 53). Interestingly, SicA has
been shown to regulate sopE gene transcription, possibly
through InvF (8, 46). In addition, the Yersinia SycH chaperone
was shown to relieve the posttranscriptional repression of Yop
effector synthesis by binding to YscM1 and YscM2 (5). No
chaperones have been reported for SPI-2 effectors despite
speculation based on sequence homologies. Our data indicate
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FIG. 5. SseF interacts with SscB in a coprecipitation assay. Serovar
Typhimurium mutant strain ZP36 (Assal’ AsseF sscB::aphT) containing
plasmids expressing SseF-M45 and His-SscB (pZP434), SseF-M45 and
SscB (pZP284), or SseF-M45 and His-ADF (pZP445) was grown in
MgM7, and protein expression was induced with 1 mM arabinose.
His-tagged proteins were precipitated from lysates by Ni-NTA agarose
beads. Samples were taken before the addition of the beads (Pre) and
after bead binding (Post). Coprecipitated proteins (Pull-down), Pre,
and Post samples were all examined by Western blotting with the
anti-M45 antibody.

that chaperones are also required for SPI-2 effector protein,
SseF. Although SscB is essential for both the stability and the
secretion of SseF, it appears to have a greater influence on
SseF secretion than on its intracellular level, suggesting that
the effect on SseF secretion may be independent of its effect on
stability (Fig. 1B and 3). These data are consistent with previ-
ously published results, suggesting a role for chaperones in
partially unfolding the substrates in order to maintain secre-
tion-competent state for the type III secretion apparatus (43).
The phenotype of the sscB mutant can be complemented by
coexpressing sscB with sseF in a bicistronic vector. Interest-
ingly, the interaction between SscB and SseF can be detected
only if SscB and SseF are coexpressed from the bicistronic
vector (Fig. 5). No interaction was observed when SscB and
SseF were expressed separately and bacteria lysates were
mixed later. A similar requirement of a 40-kDa chaperone for
the crystallization of the 34-kDa protein and formation of the
inclusion bodies was reported in Bacillus thuringiensis subsp.
thompsoni (35). It is tempting to speculate that proper folding
of SseF requires the presence of SscB immediately after or
during SseF translation. This hypothesis is consistent with the
genetic arrangement of the sscB gene upstream of sseF in the
Salmonella chromosome and apparently in the same operon
(32). Further studies are required to explore this possibility.
The sseG gene, which encodes another SPI-2 effector of the
TTSS, is located immediately downstream of the sseF gene and
appears to be in the same transcriptional operon as sse4-G and
sscA-B (19-21). SseG is also a putative effector protein impli-
cated in the formation of Salmonella-induced aggregation of
host endosomes (17). Recent studies have suggested that SseG
is responsible for targeting Salmonella to the host Golgi net-
work through an undefined mechanism (38). It has been sug-
gested that SscB acts as a chaperone for both SseF and SseG
(6, 22). One reason hampering the functional study of SPI-2
determinants is the difficulty in expressing these proteins in
vitro for biochemical analysis. For example, we have not been
able to detect any SseF when it is expressed from the chromo-
somal gene under its native promoter even though the sseF
gene is transcribed (Fig. 4 and data not shown). Our data
suggest that expressing these SPI-2 effector proteins from a
medium-copy-number plasmid would facilitate their functional
characterization. Our preliminary data have shown that the
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FIG. 6. The sscB mutation induced discontinuous Sifs. HeLa cells were infected with wild-type (SL1344), the sseFF mutant (ZP19), or the sscB
mutant (ZP22) strains. Sifs and vacuolar membranes were labeled with mouse anti-LAMP-2 H4B4 antibody and secondary Alexa Fluor 488
(green). Bacteria were visualized by staining with rabbit anti-O antigen and secondary antibody-Texas red (red). Arrows indicates Sifs, and
arrowheads indicate the “pseudo-Sifs.”

intracellular level of SseG is significantly decreased in the It is known that SPI-1 functions to promote invasion (51)
absence of SscB (data not shown). However, numerous at- and that SPI-2 functions to facilitate the biogenesis of SCV
tempts to express SseG to a detectable secretion level have inside cells (25). These two TTSS apparently function in very
failed (data not shown). Further studies are needed to explore different environments. Recent studies have shown that the
whether SscB acts as a chaperone for SseG. chaperone-binding domain of SopE and SptP might, in addi-
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FIG. 7. SscB is required for efficient intracellular survival of sero-
var Typhimurium in macrophages. RAW264.7 macrophages were in-
fected with wild-type serovar Typhimurium and various mutant strains
at an MOI of 10. Extracellular bacteria were removed by washing and
gentamicin treatment. At 2 and 24 h after bacterial invasion, cells were
lysed and the number of intracellular bacteria was determined by
plating on LB medium-streptomycin plates. The data shown were
obtained from three independent experiments, each performed in du-
plicate.

tion to their stabilizing activities, confer secretion specificity.
These two effectors are secreted through the flagellum-associ-
ated export system instead of SPI-1 TTSS when their chaper-
one-binding domains are deleted (27). Our data indicate that
SscB is required both for stability and for secretion of SseF,
suggesting that SscB may function in a mechanism similar to
that of the SPI-1 effector chaperones. Analysis of how SscB
functions may help us understand whether SPI-2 effector chap-
erones function differently from the SPI-1 effector chaperones,
perhaps when salmonellae encounter different surrounding en-
vironments.
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