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Salmonella enterica subspecies 1 serovar Typhimurium encodes a type III secretion system (TTSS) within
Salmonella pathogenicity island 1 (SPI-1). This TTSS injects effector proteins into host cells to trigger invasion
and inflammatory responses. Effector proteins are recognized by the TTSS via signals encoded in their N
termini. Specific chaperones can be involved in this process. The chaperones InvB, SicA, and SicP are encoded
in SPI-1 and are required for transport of SPI-1-encoded effectors. Several key effector proteins, like SopE and
SopE2, are located outside of SPI-1 but are secreted in an SPI-1-dependent manner. It has not been clear how
these effector proteins are recognized by the SPI-1 TTSS. Using pull-down and coimmunoprecipitation assays,
we found that SopE is copurified with InvB, the known chaperone for the SPI-1-encoded effector protein
Sip/SspA. We also found that InvB is required for secretion and translocation of SopE and SopE2 and for
stabilization of SopE2 in the bacterial cytosol. Our data demonstrate that effector proteins encoded within and
outside of SPI-1 use the same chaperone for secretion via the SPI-1 TTSS.

Type III secretion systems (TTSS) have been identified in
many pathogenic and symbiotic gram-negative bacteria (34).
TTSS allow the bacteria to secrete and inject bacterial toxins
(effector proteins) directly into the cytosol of host cells, where
the toxins induce responses which are beneficial for the bac-
terium. However, how the effector proteins are recognized and
transported into host cells by TTSS is still poorly understood.

Due to the presence of two independent signals, analysis of
effector protein recognition by TTSS has been complicated.
The first signal is located at the N terminus of the effector
protein. Some workers have suggested that this signal is lo-
cated within the first ~15 amino acids (aa) of the secreted
polypeptide (43), while others have argued that the mRNA
sequence at the 5’ end of the open reading frame (ORF)
represents the secretion signal (1). This first signal does not
depend on accessory proteins designated chaperones (1, 43,
63). The second signal found in effector proteins is chaperone
dependent (6, 70). It represents the chaperone binding site and
is generally located between aa 15 and 70 to 140 of the secreted
protein (1, 42, 44, 71, 72).

The type III secretion chaperones have some common fea-
tures, although they do not have sequence similarities. They
are small acidic proteins with a predicted amphipathic a-helix
at the C terminus. Chaperones generally bind to the N-termi-
nal regions of secreted proteins (aa 15 to 140) in the bacterial
cytoplasm, which results in protection from degradation, pre-
vention of premature interactions, and/or mediation of recog-
nition by the TTSS (3, 4, 7, 9, 46, 64).

Salmonella enterica subspecies I serovar Typhimurium is a
gram-negative enteropathogen which is responsible for a large
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number of gastrointestinal infections in the human population.
Among many other virulence factors, Salmonella serovar Ty-
phimurium encodes two TTSS which are expressed at different
stages of the disease (22, 26, 32). The TTSS encoded in Sal-
monella pathogenicity island 1 (SPI-1) is required for induction
of proinflammatory responses, invasion of intestinal epithelial
cells, induction of cell death in macrophages, and elicitation of
diarrhea (22, 60, 69).

So far, 12 Salmonella serovar Typhimurium effector proteins
which are transported via the SPI-1 TTSS have been identified
(22). In contrast to the proteins of many other enteric patho-
gens, only some of the Salmonella effector proteins (Sip/SspA,
Sip/SspB, Sip/SspC, SptP, and AvrA) are encoded in the vicin-
ity of the TTSS apparatus. Many additional effector proteins
(SopE, SopE2, SopA, SopB/SigD, SopD, SIrP, and SspH1) are
encoded elsewhere in the chromosome (2, 31, 37, 48, 66, 67,
73-75). So far, there is little information about how expression
and specific transport of the latter group of effector proteins
via the SPI-1 TTSS are controlled.

Chaperones have been described for several SPI-1-encoded
effector proteins. The effector proteins Sip/SspB and Sip/SspC
and their cognate chaperone SicA (68), Sip/SspA and its chap-
erone InvB (5), and SptP and its chaperone SicP (21) are all
encoded in SPI-1. In the case of SipB/C-SicA and SptP-SicP
the proteins are even encoded in the same operon. Similarly,
the effector protein SopB/SigD and its specific chaperone PipC
(SigE) are encoded next to each other in SPI-5 (12, 73). How-
ever, it is not clear whether the other effector proteins, most of
which are encoded outside of SPI-1, require chaperones and
where the chaperones are encoded.

In the case of the effector protein SopE this was especially
interesting because SopE is encoded by the temperate P2-like
bacteriophage SopEd (50). This phage frequently infects new
Salmonella serovar Typhimurium strains, which are normally
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Genotype and relevant markers

Source (reference)

Salmonella serovar Typhimurium
SL1344 strains

SL1344 Wild type Hoiseth and Stocker (33)
SB161 AinvG Kaniga et al. (38)
SB566 invC:aphT Eichelberg et al. (14)
M509 AsopB Mirold et al. (49)
M516 AsopB sopE sopE2 Mirold et al. (49)
M566 AsopE AsopE2 AsopB AsipA This study

M568 invB::aphT This study

M573 AsopB invB::aphT This study

M574 AsopE AsopE2 AsopB AsipA invB::aphT This study

M590 AinvG invB::aphT This study

M608 sopE::sopE s AsopE2 AsopB AsipA This study

Salmonella serovar Typhimurium
ATCC 14028 strains

CS401 PphoN2 zxx::6251 Tnl10d-Cm Str* Bronstein et al. (5)

PB502 CS401 AinvB Bronstein et al. (5)

M622 CS401 invC::aphT This study

Plasmids

pM113 pBAD?24 derivative, expression of SpE-GST fusion protein, arabinose- This study
inducible promoter

pM672 pGEX-KG derivative, expression of GST-InvB fusion protein, lac This study
promoter

pM136 pBAD?24 derivative, expression of sopE,,,s native sopE promoter Stender et al. (66)

pM226 pBAD24 derivative, expression of sopE2,,,s, native sopE2 promoter Stender et al. (66)

pM580 pACYC184 derivative, expression of sipA,,,s sopE promoter This study

pM249 pBAD24 derivative, expression of invB, sopE promoter This study

pM250 pBAD?24 derivative, expression of invB, arabinose-inducible promoter This study

pM438 pACYC184 derivative, expression of sopE,,,s native sopE promoter This study

pM256 pACYC184 derivative, expression of sopE2,,,s native sopE2 promoter This study

pSB1130 pACYC184 derivative, expression of sopE, native sopE promoter Hardt et al. (31)

pM149 pACYC184 derivative, expression of sopE2, native sopE2 promoter Stender et al. (66)

pM416 pBAD24 derivative, expression of SOpE; o5 SOPE294 5400145 SOPE promoter This study

pM417 pBAD24 derivative, expression of sopE2; o5, SOpE o5 40045 SOPE2 This study
promoter

pM185 pBAD24 derivative, sopE-lacZ transcriptional fusion, sopE promoter This study

pM687 pBAD24 derivative, sopE2-lacZ transcriptional fusion, sopE2 promoter This study

sopE negative, and thereby introduces SopE as an additional
effector protein by lysogenic conversion (50). Interestingly,
SopE¢ does not have an ORF with the properties typical of a
TTSS chaperone (C. Pelludat and W.-D. Hardt, unpublished
data). Considering the high frequency of horizontal gene trans-
fer of sopE between different Salmonella strains (31, 49, 50,
57), we wondered how SopE is recognized by the SPI-1 TTSS.
In a pull-down experiment we identified the SPI-1-encoded
protein InvB as a SopE binding partner and analyzed the role
of InvB in SopE secretion and translocation via the SPI-1
TTSS. The results are discussed below in the context of hori-
zontal transfer of effector proteins between different Salmo-
nella strains and their functional integration into the TTSS.

MATERIALS AND METHODS

Bacterial strains. Salmonella serovar Typhimurium wild-type strain SL1344
(33) and its isogenic derivatives SB161 (AinvG) (38) and SB566 (invC::aphT) (14)
(Table 1) were generously provided by J. E. Galan (Yale University, New Haven,
Conn.)

The Salmonella serovar Typhimurium ATCC 14028s derivatives CS401 (5) and
PB502 (AinvB) (5) were from the S. I. Miller lab (University of Washington,
Seattle).

For all functional assays bacteria were grown for 12 h at 37°C in Luria-Bertani
(LB) medium supplemented with 0.3 M NaCl, diluted 1:20 into fresh medium,
and grown for another 4 h with mild aeration to obtain an optical density at 600
nm (ODygy) of 0.8 to 0.9 (SPI-1-inducing conditions). When required, antibiotics

were added at the following concentrations: ampicillin, 100 pg/ml; kanamycin, 50
pg/ml; chloramphenicol, 30 pwg/ml; and tetracycline, 12 pg/ml.

M566, carrying in-frame deletions of sopB, sipA, sopE, and sopE2, was ob-
tained by sequential allelic exchange in the chromosome of M509 (AsopB) (49)
by using the suicide vectors pM585, pM608, and pM586 (see below). The suicide
vectors were first integrated into the chromosome by homologous recombina-
tion. Allelic exchange was completed by a second round of recombination and
selection on sucrose plates (39).

To construct M568 (invB::aphT), invB was replaced by a terminatorless aphT
gene cassette which conferred kanamycin resistance. The suicide vector pM670
(Tet") (see below) was introduced into Salmonella serovar Typhimurium SL1344
by conjugation and selection on LB agar plates containing kanamycin, which
yielded M568. Strains M573 (AsopB invB::aphT), M574 (AsopB AsipA AsopE
AsopE2 invB::aphT), and M590 (AinvG invB::aphT) were constructed by phage
P22-mediated transduction of the invB:aphT allele of M568 into M509 (49),
M566, and SB161, respectively. M608, carrying chromosomal sopE s, was con-
structed by P22-mediated transduction of the sopE:sopE,.s allele (Tet") of
SB875 (31) into M566 (see above).

The ATCC 14028s derivative M622 was created by P22-mediated transduction
of the invC::aphT allele of SB566 (14) into CS401 (5).

The gene disruptions and deletions were confirmed by Western blot analyses
by using polyclonal antisera directed against SopE (50) and by PCR by using the
primers and conditions listed in Table 2.

Recombinant DNA techniques. Cloning of DNA fragments was performed by
using standard protocols (59).

Construction of suicide vectors for generating chromosomal in-frame dele-
tions. To construct a suicide vector for deletion of sip4, the sequences located
directly upstream (primers 5'-GCGGCCGCACCTGGGGTTGAGTCCTAC
and 5'-TCTAGAAGGGGGCTGAGT CCTTACACG; 33 cycles of 92°C for 30's,
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TABLE 2. Primers and conditions used to confirm in-frame deletions

Deletion Primers Conditions

sopB 5'-CGGGATCCGCGTTACGCAATCACTATC 33 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 5 min
5'-GCGGCCGCCCGTTGACATCCTCCAGAA

sopE 5'-CGGGATCCTCTTGGCGCGTAGTCCTTC 33 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 4.5 min
5'-TTTGCGGCCGCGCACTGGATACGCTGAACGA

sopE2 5'-CGGGATCCGCGCAGGCGTTTAGAAGACAGTT 33 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for 5 min
5'-GCGGCCGCGTTCCAGCATCAGCCACTTG

sipA 5'-GCGGCCGCACCTGGGGTTGAGTCCTAC 33 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 6 min
5'-CCCGGGACACCAAGGCACGAG

invB 5'-GGGCGCCAAGAGAAAAAGATGTC 33 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1.75 min

5'-CAGGGGTAAAACGCTCAACGATT

53°C for 30 s, and 68°C for 3 min) and downstream (primers 5'-TCTAGAGG
CCCGGCTTACGAGTC and 5'-CCCGGGACACCAAGGCACGAG; 33 cy-
cles of 92°C for 30 s, 55°C for 30 s, and 72°C for 3 min) of the sipA coding
sequence were amplified by PCR, and the PCR products were cloned into
pCR-BluntII-Topo (Invitrogen), which yielded pM582 and pM583. The insert of
pM582 was cloned into the Xbal sites of pM583, which yielded pM584, and the
resulting insert was subcloned into the Smal/Notl sites of the suicide vector
pSB890 (a derivative of pGP704; oriR6K Tet" sacAB) (W.-D. Hardt and J. E.
Galdn, unpublished data); this yielded the suicide vector pM585, which was used
for deletion of sipA.

To construct a suicide vector for deletion of sopE, we amplified the sequences
located directly upstream (primers 5'-CGGGATCCTCTTGGCGCGTAGTC
CTTC and 5'-GCTCTAGACACGGTAATGATCCTTTTATATGT; 33 cycles
of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min) and downstream (primers
5'-GCTCTAGACCCTGAACACTGAAAAACCA and 5'-TTTGCGGCCGCG
CACTGGATACGCTGAACGA; 33 cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for 2 min) of the ORF by PCR and cloned the PCR products into pBlue-
script SKII+ (Stratagene), which yielded pM593 and pM606. The insert of
pM606 was cloned via Xbal/Notl into pM593, which yielded pM607, and the
resulting insert was subcloned into the BamHI/Notl sites of pSB890; this yielded
the suicide vector pM608S.

To construct a suicide vector for deletion of sopE2, the sequences located
directly upstream (primers 5'-CGGGATCCGCGCAGGCGTTTAGAAGAC
AGTT and 5'-GCTCTAGAAGTCACGGTAGTTCTCCTTTT; 33 cycles of
94°C for 30 s, 53°C for 30 s, and 72°C for 2 min) and downstream (primers
5'-GCTCTAGAAATGCCTCCTGATGGTAGTAA and 5'-GCGGCCGCGTT
CCAGCATCAGCCACTTG; 33 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C
for 3.5 min) of the ORF were amplified by PCR, and the PCR products were
cloned into pBluescript SKII+ (Stratagene), which yielded pM559 and pM560.
The insert of pM560 was cloned via Xbal/NotI into pM559, which yielded pM581,
and the resulting insert was subcloned into the BamHI/NotI sites of pSB890; this
yielded the suicide vector pM586.

To construct a suicide vector for deletion of invB, we amplified the sequences
located directly upstream (primers 5'-GCGGCCGCCGCTCTTTCGTCTGGC
ATTATC and 5'-GCTAGCCAAATGTTGCATAGATCTTTTCCTT; 33 cycles
of 94°C for 30 s, 52°C for 30 s, and 72°C for 2 min) and downstream (primers
5'-GCTAGCCCCGGGTCGCTAATGAGATGAAAACACCTC and 5'-TCTA
GACGTGGCGTTATCGGTTACTTCA; 33 cycles of 94°C for 30 s, 55°C for
30's, and 72°C for 2 min 20 s) of the ORF by PCR and cloned the PCR products
into pCR2.1-TOPO (Invitrogen), which yielded pM666 and pM667. pM667 con-
tained an additional Smal site, which was in frame with the invB reading frame.
The insert of pM666 was cloned into pM667, which yielded pM668. A modified
aminoglycoside 3’-phosphotransferase (aphT) gene which lacks a transcription
terminator (25) was cloned into the Smal site of pM668, which yielded pM669,
and the resulting insert was subcloned into the Notl/Xbal sites of pSB890; this
yielded the suicide vector pM670.

Chromosomal DNA of Salmonella serovar Typhimurium SL1344 was used as
a template for each PCR. All inserts were verified by DNA sequence analysis.

SopE-GST fusion protein expression vector pM113. The glutathione S-trans-
ferase (GST) cassette was amplified by PCR (primers 5'-CCGGGAGCTGCAT
GTGTCAGAGG and 5'-GGGCTAGCAGAAGAGTGTCTTCACCGCGGCT
CGAGAATGTCCCCTATACTAGGTTATTGG; template, pGEX-KG [27])
and was cloned via Nhel/HindIIl into pPBAD24 (28), which yielded pM102. A
DNA fragment containing the Shine-Dalgarno sequence, the ATG start codon,
and SopE aa 1 to 78 was amplified by PCR (template, pSB1136; primers 5'-CC
GCGGATCCCGGGTGCCCGGCCCTCAGAT and 5'-GTCTAGAGCTCCTG

AAGGAATTCTAATGACAAAAAT) and cloned via EcoRI (Klenow treated)/
SacIl into BbsI (Klenow treated)/Sacll sites of pM102, which yielded pM106.
pSB1136 had been constructed by amplification of the SopE coding sequence
(template, SL1344 chromosomal DNA; primers 5'-GGTGGAATTCTAATGA
CAAAAATAACTTTATCTCC and 5'-CCGATCCATGGCACCACCCCCGG
GAGTGTTTTGTATATATTTAT) and cloning via EcoRI/Ncol digestion into
pSB616, a pPBAD24 derivative carrying the M45 epitope tag and kindly provided
by J. E. Galan (8).

A fragment of pSB1136 (containing aa 56 to 240 of SopE) was cloned via
Bbs1/Smal into pM106, which yielded pM113, which encoded SopE (aa 1 to 240)
with a C-terminal GST fusion under control of the arabinose-inducible promoter
of pPBAD24.

Expression vector for the GST-InvB fusion protein. The ORF of invB was
amplified by PCR (primers 5'-GGAATTCTAATGCAACATTTGGATATCG
CTGA and 5'-CCCAAGCTTACGGCGTATTTCACACAGTTCG; 33 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 2 min 20 s; template, SL1344 chro-
mosomal DNA) and cloned into pGEX-KG (27), which yielded pM672, which
expressed GST-InvB under control of the /ac promoter.

Expression vectors. pM136 and pM226 are pPBAD24 derivatives which express
SOPE ; 540045 and SOPE2; 5400145, Tespectively, under control of their native pro-
moters (approximately 20 copies/cell [66]). pSB1130 and pM149 are pACYC184
derivatives which express sopE ;_,,, and sopE2;_,, respectively, under control of
their native promoters (66).

A low-copy-number expression vector for sopE,.s was constructed by sub-
cloning the insert of pM136 (Eco47111/Sall) into the EcoRV and Sall sites of
pACYC184 (approximately five copies/cell; NEB), which yielded pM438.

A low-copy-number expression vector for sopE2,,,s was constructed by digest-
ing pM226 with Spel (Klenow treated) and HindIII and subcloning the insert into
the EcoRV and HindIII sites of pACYC184 (NEB), which yielded pM256.

A DNA fragment of Salmonella serovar Typhimurium SL1344 harboring 877
bp upstream of the ORF of sopE was amplified by PCR (primers 5'-GCTGCC
TGCCACCATACCCAC and 5'-GCCGCTAGCGTACATAATTCATTTATAT
ATAGATAGCG; 33 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min 20 s;
template, pM136) and cloned into pSB1136, which yielded pM542, which ex-
pressed sopE,,,s under control of the native promoter and the Shine-Dalgarno
sequence of the arabinose-inducible promoter of pBAD24.

A chromosomal DNA fragment of Salmonella serovar Typhimurium SL1344
harboring the ORF of invB was amplified by PCR (primers 5'-GGAATTCTA
ATGCAACATTTGGATATCGCTGA and 5'-CCCAAGCTTTCATCTCATTA
GCGACCGACTA,; 33 cycles of 94°C for 30 s, 54°C for 30 s, and 68°C for 45 s)
and cloned into pM542 and pSB1136, which yielded pM249 and pM250, respec-
tively, which expressed invB under control of the sopE promoter and the arabi-
nose-inducible promoter, respectively. The constructs were verified by DNA
sequence analysis.

A chromosomal DNA fragment of Salmonella serovar Typhimurium SL1344
harboring the ORF of sipA was amplified by PCR (primers 5'-GGAATTCTAA
TGGTTACAAGTGTAAGGACTCAGCCC and 5'-TCCCCCCGGGACGCTG
CATGTGCAAGCCATGC; 33 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for
3.5 min) and cloned into pM542, which yielded pM578, which expressed sipA,,,5
under control of the sopE promoter. The construct was verified by DNA
sequence analysis. The insert was subcloned via Eco47III (partial digestion)/
HindIII into the EcoRV and HindIII sites of pACYC184, which yielded pMS580.

A DNA fragment of Salmonella serovar Typhimurium SL1344 harboring 870
bp upstream and aa 1 to 95 of the ORF of sopE was amplified by PCR (primers
5'-TCGATACTAGTATGCCCGTTTTCTTACCGTCG and 5'-ATGTCGATA
TCTATATCATTGAGCGTTTGAAGC; 33 cycles of 96°C for 30 s, 55°C for
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45 s, and 72°C for 3 min; template, pM136) and cloned via Spel/EcoRV into
pM226, which yielded pM416, which expressed sopE; o5 SoOpE2os549p145s under
control of the sopE promoter.

A DNA fragment of Salmonella serovar Typhimurium SL1344 harboring aa 96
to 240 of the ORF of sopE was amplified by PCR (primers 5'-CGGGCGATA
TCAGAGGTAGTGCGAGTAAAGACCC and 5'-GCATGGGGTCAGGTG
GG; 33 cycles of 96°C for 30 s, 55°C for 45 s, and 72°C for 3 min; template, pM136)
and cloned via EcoRV/Hindlll into pM226, which yielded pM417, which expressed
SOpE2;_o5 SOPE 052400145 under control of the sopE2 promoter.

lacZ transcriptional fusions. A sopE expression vector with a lacZ transcrip-
tional reporter cassette integrated downstream of the sopE stop codon under
control of the native sopE promoter was constructed by cloning the lacZ tran-
scriptional reporter cassette of pSB1040 (kindly provided by D. Zhou and J. E.
Galan) into the Xbal site of pM136, which yielded pM185. A DNA fragment of
pM185 (carrying the lacZ reporter cassette) was cloned via Ncol/HindIII into
pM226, which yielded pM687, a sopE2 expression vector with a lacZ transcrip-
tional reporter cassette under control of the native sopE2 promoter.

Protein preparation and analysis. For analysis of secreted proteins bacteria
were grown for 12 h at 37°C in LB medium supplemented with 0.3 M NaCl,
diluted 1:20 into fresh medium, and grown for another 4 h with mild aeration to
obtain an ODyg, of 0.8 to 0.9. Culture supernatants for analysis of secretion were
prepared by precipitation with trichloroacetic acid and acetone as described
previously (40). Samples of whole bacterial cultures, bacterial pellets, and culture
supernatants were separated on a sodium dodecyl sulfate (SDS) gel and trans-
ferred to a nitrocellulose membrane. Proteins were detected by Western blotting
by using a monoclonal anti-M45 antibody (52), a polyclonal anti-SopE antiserum
(50), a polyclonal anti-SopE2 antiserum (66), polyclonal anti-SipC and anti-SipA
antisera (kindly provided by J. E. Galan [41]), a monoclonal anti-OmpC antibody
(62), appropriate horseradish peroxidase (HRP)-conjugated secondary antibod-
ies, and a chemoluminescent detection kit, as recommended by the manufacturer
(Amersham Pharmacia).

For analysis of protein stability, bacterial cultures were grown as described
above. A 100-pl aliquot was removed after 4 h of subculturing (zero-time con-
trol). Chloramphenicol (30 wg/ml) was added to the culture, and samples were
removed after 5, 10, 20, and 40 min, mixed with Laemmli sample buffer, and
shock frozen. Proteins were separated on a 15% SDS gel and detected by
Western blotting as described above.

Generation of an InvB-specific antiserum. The GST-InvB expression plasmid
pM672 was transformed into Escherichia coli, and cultures were grown overnight,
diluted 1:50, and grown to an ODg, of 0.6. The cultures were then induced with
isopropyl-B-p-thiogalactopyranoside (IPTG) for 4 h and pelleted. The GST-InvB
fusion protein was purified by using glutathione (GSH)-Sepharose beads (Am-
ersham Pharmacia), and the GST tag was removed by cleavage with thrombin.
The purified InvB protein was used by Neosystem (Strasbourg, France) to raise
a polyclonal rabbit antiserum.

Pull-down assay. Strain M566(pM113) was grown for 12 h at 37°C in LB
medium supplemented with 0.3 M NaCl, diluted 1:20 into 100 ml of fresh
medium, and grown for another 3 h with mild aeration. Expression of the
SopE-GST fusion protein was induced by addition of 0.2% arabinose and growth
for another 1 h at 37°C with mild aeration. Bacteria were harvested by centrif-
ugation (6,000 X g, 10 min, 4°C). The bacterial pellet was resuspended in 25 ml
of buffer B (50 mM Tris [pH 7.6], 1 mM MgCl,, 100 mM NaCl; 4°C) supple-
mented with 2 mM dithiothreitol, and the cells were lysed in a French pressure
cell. Cell debris was removed by centrifugation. The supernatant was passed
through a 0.4-um-pore-size filter. The SopE-GST fusion protein was bound to
200 wl of glutathione-Sepharose 4B beads (Amersham Pharmacia) at 4°C. The
beads were washed extensively seven times in 10 ml of buffer B at 4°C, and
Laemmli sample buffer was added. The proteins bound to 100 pl of beads were
analyzed on a 15% SDS-10% SDS discontinuous gel. The gel was stained with
Coomassie brilliant blue. As a control a 5-ul aliquot of beads was analyzed on a
15% SDS-10% SDS discontinuous gel, and the SopE-GST fusion protein was
detected by Western blotting with monoclonal anti-GST antibody (Sigma) and
polyclonal anti-SopE antiserum as the primary antibodies. A monoclonal HRP-
coupled anti-rabbit antibody (Sigma) and a monoclonal HRP-coupled anti-
mouse antibody (Sigma) were used as secondary antibodies. Bands of interest
were excised from the Coomassie brilliant blue-stained gel. Cysteines were
treated with iodoacetamide to form carbamidocysteines, and proteins were di-
gested with trypsin. The protein fragments were analyzed by matrix-assisted laser
desorption ionization mass spectrometry, and proteins were identified by a fin-
gerprint analysis by using the PeptIdent program (http://www.expasy.ch).

To verify the specificity of the pull-down experiment, a GST-InvB fusion
protein and all associated proteins were purified from the lysate of wild-type
Salmonella serovar Typhimurium strain SL1344(pM672) by glutathione-Sepha-
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rose affinity chromatography as described above. Samples were removed at each
step of the purification procedure, separated on a 15% SDS-polyacrylamide gel
electrophoresis (PAGE) gel, analyzed by Western blotting by using an anti-SopE
antibody, and later reprobed by using anti-SipC and anti-SipA antisera (kindly
provided by J. E. Galan).

Coimmunoprecipitation. Strains M566 and M608 were grown for 12 h at 37°C
in LB medium containing 0.3 M NaCl, diluted 1:20 into 40 ml of fresh medium,
and grown for another 4 h. Bacteria were harvested by centrifugation (6,000 X
g, 10 min, 4°C). Each bacterial pellet was resuspended in 20 ml of buffer B
supplemented with 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
and a complete protease inhibitor mixture. The cells were lysed in a French
pressure cell, and the cell debris was removed by centrifugation. The supernatant
was passed through a 0.4-pm-pore-size filter. Five milliliters of the lysate was
precleared by incubation with 20 pl of protein A-Sepharose CL-4B beads (Am-
ersham Pharmacia) for 1 h at 4°C. We then transferred the lysate into a new tube
without touching the beads, and the lysate was incubated with 10 pl of anti-M45
antibody (1 mg/ml) for 1 h at 4°C. The lysate was centrifuged for 10 min at 10,000
X g in a table top centrifuge to remove nonspecific aggregates. Ten microliters
of protein A-Sepharose beads was added to the lysate and incubated for 1 h at
4°C. After this the beads were washed four times in 1 ml of buffer B at 4°C, and
Laemmli sample buffer was added. Samples were removed at each step of the
immunoprecipitation procedure, separated by 16% SDS-PAGE, and analyzed
by Western blotting by using an anti-InvB antiserum. Later the blot was reprobed
by using an anti-SopE antiserum. A monoclonal HRP-coupled anti-rabbit anti-
body (Sigma) was used as the secondary antibody.

Analysis of sopE and sopE2 transcription by lacZ expression. Salmonella se-
rovar Typhimurium strains SL1344, SB161, and M590 harboring pM185 or
pM687 were grown under SPI-1-inducing conditions as described above. Samples
(100 wl) were removed and analyzed for B-galactosidase activity by using stan-
dard methods (59). Briefly, 100 ul of culture, 900 pl of buffer Z (60 mM
Na,HPO,, 40 mM NaH,PO,, 10 mM KCI, 1 mM MgSO,, 50 mM B-mercapto-
ethanol), 2 drops of CHCls, and 1 drop of 0.1% SDS were mixed with vortexing
for 10 s and equilibrated to 28°C. Then 0.2 ml of o-nitrophenyl-B-p-galactopyr-
anoside (4 mg/ml) was added. The reaction was stopped by adding 0.5 ml of 1 M
Na,COj;. The time at which a yellow color developed was recorded. The A4, of
the culture and the 455, and A4, of the reaction samples were determined, and
the numbers of B-galactosidase activity units were calculated.

Gentamicin protection assay. The invasiveness of mutant Salmonella strains
for COS-7 cells was analyzed as described previously (49). COS-7 tissue culture
cells were grown for 2 days in Dulbecco’s modified Eagle’s medium (DMEM)
containing 5% fetal bovine serum (FBS) in 24-well dishes to obtain 80% con-
fluence. The culture medium was removed, and 500 ml of Hanks’ balanced salt
solution (HBSS) was added 3 min before addition of the bacteria. The bacteria
were grown for 12 h in LB medium supplemented with 0.3 M NaCl, diluted 1:20
into fresh medium, and grown for another 4 h with mild aeration to obtain an
ODy of 0.8 to 0.9. The actual bacterial density was determined by plating
appropriate dilutions on LB agar. To start the assay, bacteria were added to
COS-7 cells at a multiplicity of infection (MOTI) of 15 bacteria/cell and incubated
for 50 min at 37°C in the presence of 5% CO,. The cells were washed three times
with HBSS and incubated in 500 ml of DMEM containing 5% FBS and 400 pg
of gentamicin per ml for 2 h at 37°C in the presence of 5% CO,. The cells were
washed three times with 1X phosphate-buffered saline (PBS) and lysed in 1X
PBS containing 0.1% sodium deoxycholate, and the number of intracellular
bacteria (CFU) was determined by plating on LB agar. Usually, about 25% of the
inoculum of the wild-type strain was recovered from COS-7 cells at the end of the
assay. The numbers given below were determined by performing at least five
independent experiments for each strain. The statistical significance of differ-
ences in invasiveness between different strains was analyzed by using the Mann-
Whitney U test.

Immunofluorescence analysis of SipC, SopEy,4s, and SopE2,,,s translocation.
COS-7 cells were grown in 24-well dishes for 2 days in DMEM containing 5%
FBS on glass coverslips to about 60% confluence. The culture medium was
removed, and 500 ml of HBSS was added. For analysis of SipC translocation,
COS-7 cells were infected for 50 min with bacteria grown as described above
(MO, 30 bacteria/cell). After this, extracellular bacteria were removed by wash-
ing the cells twice with HBSS, and COS-7 cells were incubated in 500 ml of
DMEM containing 5% FBS and 400 pg of gentamicin per ml for 1 h at 37°C in
the presence of 5% CO,. The cells were fixed with 3.7% formaldehyde in PBS
and permeabilized with 0.1% Triton X-100 in PBS. The translocated SipC was
detected by using an anti-SipC antiserum (kindly provided by J. E. Galan) and an
anti-rabbit fluorescein isothiocyanate (FITC) conjugate (1:400 dilution in 3%
bovine serum albumin-2% dry milk in PBS; Sigma). The DNA was stained with
4',6'-diamidino-2-phenylindole (DAPT) (Sigma). For analysis of translocation of
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FIG. 1. Western blot analysis of expression of the SOopE-GST fusion protein and secretion via the SPI-1 TTSS. SL1344(pM113), SB161(pM113),
and M566(pM113) were grown under SPI-1-inducing conditions and induced with arabinose (see Materials and Methods). One hundred
microliters of a whole culture, a pellet from 100 pl of a culture, and proteins recovered from 1 ml of a culture supernatant were separated by
SDS-PAGE and analyzed by Western blotting by using an anti-GST antibody (a-GST). The blot was reprobed by using an anti-OmpC (a-OmpC)

antibody to verify that equal amounts were loaded.

SopEpys and SopE2y,s, COS-7 cells were infected with SPI-1-induced Salmo-
nella serovar Typhimurium strains harboring the sopE,,,s (pM438) and sopE2,,,s
(pM256) expression vectors (MOI, 60 bacteria/cell), respectively. The translo-
cated M45-tagged proteins were detected by using a monoclonal anti-M45 anti-
body (kindly provided by P. Hearing) and an anti-mouse FITC conjugate (1:400
dilution in 3% bovine serum albumin-2% dry milk in PBS; Sigma). Coverslips
were mounted and analyzed by fluorescence microscopy. To quantify effector
protein translocation, at least 100 cells that were infected (harboring more than
five bacteria per cell) were scored in a blinded manner for detectable effector
protein-specific staining. The proportion of infected host cells that were positive
for each effector protein was determined as follows: (number of infected, effector
protein-positive cells)/(total number of infected cells) X 100.

Images were recorded by using a Perkin-Elmer Ultraview confocal imaging
system and a Zeiss Axiovert 200 microscope; green fluorescence was recorded
confocally, and the DAPI fluorescence was recorded by epifluorescence micros-

copy.

RESULTS

Identification of InvB in a SopE-GST pull-down assay. So
far, no specific chaperone has been identified for the phage-
encoded SPI-1 effector protein SopE. In the genome of the
P2-like temperate phage SopEd, the 723-nucleotide ORF en-
coding SopE is located in a 1.2-kb gene cassette (a moron [51])
which includes an autonomous promoter (11) and a putative
transcriptional terminator but no ORF which might encode a
chaperone. If SopE requires a chaperone for stabilization or
secretion, it must be encoded elsewhere in the Salmonella
serovar Typhimurium chromosome. We used an affinity puri-
fication approach to identify potential chaperones for SopE.
This approach is based on the observation that type III effector
proteins from Salmonella serovar Typhimurium can form sta-
ble complexes with their cognate chaperones in vitro and in
vivo (5, 13, 23, 69). We constructed the pBAD24-related plas-
mid pM113, which allowed arabinose-inducible expression of a
SopE-GST fusion protein (see Materials and Methods).
pM113 was transformed into Salmonella serovar Typhimurium
SL1344, the secretion-deficient mutant SB161 (AinvG), and
M566 (AsopE AsopE2 AsopB AsipA) (Table 1), which lacked
several known effector proteins that might compete for SopE
binding proteins. The SopE-GST fusion protein was secreted
by SL1344 and M566(pM113) but not by SB161 (Fig. 1), which
indicates that the SopE-GST fusion protein is recognized and
transported by the SPI-1 TTSS.

After expression of SopE-GST in M566, the cleared lysate
was incubated with GSH-Sepharose beads (see Materials and
Methods). Bound proteins were analyzed by discontinuous
PAGE. Eight distinct protein bands were purified from the
M566(pM113) lysate (Fig. 2). Western blot analysis performed
with a polyclonal rabbit anti-SopE antiserum and a monoclo-
nal anti-GST antibody suggested that bands 1, 3, and 6 corre-
spond to the full-length SopE-GST fusion protein (55 kDa)
and fragments of this protein (Fig. 2). Bands 2, 4, 5, 7, and 8
were excised from the gel, digested with trypsin, and analyzed
by matrix-assisted laser desorption ionization mass spectrom-
etry. The fingerprint analysis revealed that bands 5 and 7 were
also fragments of the SopE-GST fusion protein. Bands 2 and 4
corresponded to glycerol-3-phosphate dehydrogenase (11
matching peptides, 24.5% of the sequence covered) and the
DNA polymerase III B-chain (eight matching peptides, 29.2%
of the sequence covered) and were probably copurified due to
nonspecific binding. Band 8 corresponded to the Salmonella
serovar Typhimurium protein InvB (five matching peptides,
57.8% of the sequence covered) (14). InvB is encoded in SPI-1
(23) and has been described as a secretion chaperone for the
SPI-1 effector protein Sip/SspA (5). This suggested that InvB
might also be a type III secretion chaperone for SopE.

GST-InvB affinity purification of SopE and SipA but not
SipC. To confirm that SopE can indeed be copurified specifi-
cally with InvB, we repeated the affinity purification assay using
a GST-InvB expression vector (pM672) (see Materials and
Methods). Salmonella serovar Typhimurium SL1344(pM672)
was grown and a lysate was prepared as described in Materials
and Methods. GST-InvB and the bound bacterial proteins
were purified by using GSH-Sepharose beads. A Western blot
analysis demonstrated that the affinity purification procedure
removed SopE and SipA but not SipC from the cleared cell
lysate (Fig. 3A, compare lanes e and f). The remaining
amounts of SopE and SipA detected in the depleted lysate
(lane f) might be attributable to the presence of some mis-
folded SopE or SipA fraction or to SopE/SipA binding to the
chromosomally encoded wild-type InvB. On the washed gluta-
thione-Sepharose beads we detected large amounts of SopE
and SipA which were copurified with GST-InvB (Fig. 3A, lane
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FIG. 2. Pull-down assay to isolate putative binding partners of
SopE. A SopE-GST fusion protein (pM113) was expressed in Salmo-
nella serovar Typhimurium M566 (AsopB AsopE AsopE2 AsipA) (see
Materials and Methods). The bacterial lysate (25 ml) was incubated
with 200 pl of GSH-Sepharose beads. Samples from different purifi-
cation steps were analyzed on a discontinuous SDS gel and were
detected by staining with Coomassie brilliant blue (lanes a to d).
Proteins bound to GSH-Sepharose were analyzed on a discontinuous
10% SDS-15% SDS gel and by Western blotting by using a mixture of
anti-SopE and anti-GST antibodies (lane ¢). Lane a, 100 pl of a whole
culture (wc) before harvesting of the cells; lane b, 25 pl of cleared cell
lysate after lysis with a French pressure cell; lane ¢, 25 .l of superna-
tant after incubation of the cell lysate with GSH-Sepharose (sup.); lane
d, SDS-PAGE analysis of proteins bound to 100 .l of GSH-Sepharose
beads; lane e, Western blot analysis of 5% of the sample loaded in lane
d performed with anti-SopE antiserum and an anti-GST antibody.

h) but no SipC, which is known to be secreted independently of
InvB (5). These data confirmed that InvB bound directly or
indirectly to SipA (5) and SopE (this study). This protein
formed a specific complex with SopE and SipA but not with
just any protein transported via the SPI-1 TTSS.
Coimmunoprecipitation experiments confirmed the SopE-
InvB interaction. The pull-down experiments (Fig. 2 and 3)
were performed with strains overexpressing large quantities of
GST fusion proteins. Therefore, altered protein concentra-
tions might have affected complex formation. In order to elim-
inate this possibility, we wanted to confirm the SopE-InvB
interaction under more physiological conditions. To do this, we
performed a coimmunoprecipitation assay using the SL1344
derivative M608, which encoded an M45 epitope-tagged ver-
sion of SopE (SopE,s) and native InvB in the chromosome
(Table 1) (see Materials and Methods). This strain was grown
under SPI-1-inducing conditions, and the cleared bacterial ly-
sate was incubated with an anti-M45 monoclonal antibody and
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protein A-Sepharose beads. The beads were washed exten-
sively, and the material bound to the beads was analyzed by
Western blotting (Fig. 3B, top panel). Analysis with polyclonal
rabbit anti-InvB and rabbit anti-SopE antisera revealed that
InvB coprecipitated with SopE,,s (Fig. 3B, top panel, lane i).
In contrast, an unknown 18-kDa cytosolic polypeptide that
cross-reacted with the anti-InvB antiserum was not coprecipi-
tated. The specificity of the coimmunoprecipitation was veri-
fied by a parallel control experiment in which a cleared lysate
of M566 was used. This strain was identical to M608 except
that it lacked SopE,4s (Table 1 and Fig. 3B, bottom panel). In
this control experiment, InvB was not coprecipitated with the
anti-M45 monoclonal antibody (Fig. 3B, compare anti-InvB
signals in lane i from M608 and M566). In conclusion, the data
confirmed that SopE bound directly or indirectly to InvB in the
cytosol of Salmonella serovar Typhimurium.

Construction and initial characterization of an invB mutant.
To analyze the role of InvB in SopE secretion, we constructed
the isogenic mutant strain M568 (invB::aphT) carrying a ter-
minatorless aphT cassette instead of invB (SL1344 [invB::
aphT]) (see Materials and Methods). Because invB is located
in an operon encoding several essential subunits of the SPI-1
type III secretion apparatus, it was crucial to verify that inser-
tion of the aphT cassette did not interfere with the general
function of the SPI-1 TTSS. To do this, we analyzed secretion
and translocation of the effector protein SipC, which is trans-
ported via the SPI-1 TTSS in an InvB-independent manner (5).
Western blot analysis performed with a polyclonal anti-SipC
antiserum confirmed that expression and secretion of SipC in
wild-type Salmonella serovar Typhimurium SL1344 were vir-
tually identical to expression and secretion of SipC in M568
(invB::aphT). The small reduction in SipC secretion in the invB
mutant M568 (Fig. 4A, compare the lanes for the wild-type and
invB::aphT strains) might be attributable to a slight polar effect
of the aphT cassette on downstream genes encoding essential
components of the SPI-1 type III apparatus. Alternatively,
InvB might have some minor regulatory function. Neverthe-
less, SipC secretion by a secretion-deficient Salmonella serovar
Typhimurium mutant (SB566 [invC::aphT]) (Fig. 4A) was af-
fected much more severely than SipC secretion by MS568
(invB::aphT). Overall, our results confirmed that the invB:
aphT mutation did not interfere with the general function of
the SPI-1 TTSS.

These results were supported by an analysis of the translo-
cation of SipC by M568 into host cells (Fig. 4B). For this
analysis, COS-7 tissue culture cells were infected with wild-
type Salmonella serovar Typhimurium, M568 (invB::aphT), the
complemented strain M568(pM249), and the secretion-defi-
cient mutant SB566 (invC::aphT [see Materials and Methods])
(MO, 30 bacteria/cell). The cells were fixed 2 h postinfection,
and the translocated SipC was stained by using an anti-SipC
antibody (Fig. 4B) (41). Our results show that MS568
(invB::aphT) translocates SipC into infected host cells at wild-
type levels. In conclusion, the data demonstrate that disruption
of invB by the aphT cassette does not compromise the general
function of the SPI-1 TTSS. Therefore, this strain could be
used to study the specific role of InvB in the secretion and
translocation of SopE.

Role of invB in secretion of SopE. We compared secretion of
SopE into the bacterial culture supernatant by M568 (invB::
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FIG. 3. (A) Western blot analysis of a GST-InvB affinity purification assay. GST-InvB (pM672) was expressed in wild-type Salmonella serovar
Typhimurium SL1344 (see Materials and Methods). The bacterial lysate (25 ml) was incubated with 200 pl of GSH-Sepharose beads. Samples from
the purification steps were analyzed by Western blotting by using anti-SopE (a-SopE), anti-SipA (a-SipA), and anti-SipC (a-SipC) antisera. Lane
a, 100 pl of a whole culture before harvesting of the cells (wc); lane b, proteins recovered from 250 wl of culture supernatant after pelleting of the
cells (sup); lane c, 25 pl of a bacterial pellet resuspended in 25 ml of buffer B; lane d, 50 pl of pelleted cell debris resuspended in 25 ml of buffer
B after lysis with a French pressure cell (FP pe); lane e, 50 wl of cleared French pressure cell lysate (total volume, 25 ml) (FP sup); lane f, 50 pl
of cleared cell lysate after binding of GST-InvB and its associated proteins to 200 wl of GSH-Sepharose beads (GSH sup); lanes g, 100 .l of washing
solution after the first, fourth, and seventh washes of the GSH-Sepharose beads with buffer B (washing 1, 4, and 7, respectively); lane h, 10 pl of
GSH-Sepharose beads. (B) Western blot analysis of a coimmunoprecipitation experiment performed with the sopE),,s-expressing strain M608 and
an anti-M45 antibody (see Materials and Methods). The bacterial lysate (5 ml) was incubated with 10 pl of monoclonal mouse anti-M45 antibody
and 10 pl of protein A-Sepharose beads. Samples from the precipitation procedure were analyzed by Western blotting by using polyclonal rabbit
anti-InvB (rabbit a-InvB) and anti-SopE (rabbit a-SopE) antisera. Lane a, 100 ul of a whole culture before harvesting of the cells (wc); lane b,
100 wl of bacterial pellet resuspended in 20 ml of buffer B (pe); lane ¢, 100 pl of pelleted cell debris resuspended in 20 ml of buffer B after lysis
with a French pressure cell (FP pe); lane d, 100 pl of cleared French pressure cell lysate (FP sup); lane e, 100 wl of cleared cell lysate after
incubation with anti-M45 antibody and removal of nonspecific aggregates by centrifugation (a-m45 sup); lane f, 100 wl of pelleted nonspecific
aggregates resuspended in buffer B (a-m45 pe); lane g, 100 .l of cleared cell lysate after incubation with 10 wl of protein A-Sepharose beads (prot.
A sup); lane h, 100 pl of washing solution after the fourth wash of the protein A-Sepharose beads with buffer B (wash 4); lane i, 10 pl of protein
A-Sepharose beads.

aphT), the secretion-deficient mutant SB566 (invC::aphT), and
the isogenic wild-type strain SL1344. This was done by reana-
lyzing the samples shown in Fig. 4A in a Western blot by using
a polyclonal anti-SopE antibody. We found that MS568
(invB::aphT) and SB566 (invC::aphT) do not secrete the chro-
mosomally encoded SopE into the culture supernatant (Fig.
4A). SopE secretion by M568 (invB::aphT) could be partially
complemented by transformation with the invB expression vec-
tor pM249 (Fig. 4A). The partial complementation might be
attributable to a minor polar effect of the aphT cassette. Nev-
ertheless, the data in Fig. 4A support the notion that InvB is
required for secretion of SopE via the SPI-1 TTSS.

The anti-SopE antiserum used in the initial experiments
(Fig. 4A) showed some cross-reactivity with the effector pro-

tein SopE2 (66). In order to develop a more specific assay for
SopE, we transformed Salmonella serovar Typhimurium
SL1344 (wild type), SB161 (AinvG), and M568 (invB::aphT)
with pM136, an expression vector for an M45 epitope-tagged
version of SopE (66). M568(pM136) and the secretion-defi-
cient mutant SB161(pM136) were incapable of SopE,,s se-
cretion, whereas SopE,,s was secreted by wild-type strain
SL1344(pM136) (Fig. SA).

The data show that SopE and SopE,,,s are not secreted by
M568 (invB::aphT) and mutants with a defective SPI-1 TTSS
apparatus (SB566 [invC:aphT] and SB161 [AinvG], respec-
tively). Therefore, all of the SopE/SopE4s present in cultures
or bacterial pellets of M568, SB566, and SB161 is attributable
to intracellular protein pools (Fig. 4A and 5A). No differences
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FIG. 4. Effect of the invB::aphT mutation on expression and secretion of SopE and on expression, secretion, and translocation of SipC.
(A) Western blot analysis of InvB-dependent expression and secretion of SopE and SipC. SL1344 (wild type), SB566 (invC::aphT), M568
(invB::aphT), and M568(pM249) (pM249 is an invB expression plasmid) were grown under SPI-1-inducing conditions (see Materials and Methods).
One hundred microliters of a whole culture, pelleted bacteria recovered from 100 pl of a culture, and the proteins recovered from 1 ml of a culture
supernatant were separated by SDS-PAGE and analyzed by Western blotting with anti-SopE (a-SopE) and anti-SipC (a-SipC). To ensure equal
loading of the lanes, the blot was reprobed by using an anti-OmpC (a-OmpC) antibody. (B) Immunofluorescence analysis of SipC translocation
into COS-7 cells. COS-7 cells were infected for 2 h with the strains described above (MOI, 30 bacteria/cell). The cells were fixed, permeabilized,
and stained with a rabbit anti-SipC (a-SipC) antiserum, with an anti-rabbit FITC conjugate, and with DAPI. At least 100 cells infected with more
than five bacteria were evaluated to quantify SipC translocation (see Materials and Methods). S. Tm, Salmonella serovar Typhimurium; nd, not
determined.

were detected between the intracellular pools of SOpEyus in Since InvB has been described as a secretion chaperone for
M568 (invB::aphT) and SB566 (invC::aphT) (Fig. 4A and 5A). the effector protein Sip/SspA (5), we analyzed the secretion of
Therefore, invB is required for secretion but not stabilization SipAyus in the invB mutant M568 as a control. In line with the
of intracellular SopE (see below). results of Bronstein et al. (5), we found that the invB mutant
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FIG. 5. Western blot analysis of invB-dependent expression and secretion of SopEy,s and SipAyys. (A) SL1344 (wild type), SB161 (AinvG),
and M568 (invB::aphT) carrying the sopE,,,s expression plasmid pM136 were grown under SPI-1-inducing conditions (see Materials and Methods).
One hundred microliters of a whole culture and 100 pl of a culture supernatant were separated by SDS-PAGE and analyzed by Western blotting
by using an anti-M45 («-M45) antibody. a-OmpC, anti-OmpC antibody. (B) SL1344 (wild type), SB566 (invC::aphT), and M568 (invB::aphT)
carrying the sipA,,,s expression plasmid pM580, as well as M568 harboring invB (pM249) and sipA4,,,s (pPM580) expression plasmids, were grown
under SPI-1-inducing conditions (see Materials and Methods). Twenty-five microliters of a whole culture, pelleted bacteria from 25 ul of a culture,
and proteins recovered from 300 pl of a culture supernatant (and dilutions for SL1344) were analyzed by Western blotting by using an anti-M45
(a-M45) antibody. The blots were reprobed by using an anti-OmpC (a-OmpC) antibody to control the amount of protein loaded.

M568 secreted less than 5% of the wild-type levels of SipAyys
(Fig. 5B). The secretion defect could be partially comple-
mented with the invB expression vector pM249. Again, incom-
plete complementation of M568 by pM249 might be attribut-
able to a minor polar effect of the invB::aphT mutation.
Nevertheless, our data support the results of Bronstein et al.
(5) which demonstrated that InvB is a secretion chaperone for
SipA.

Role of invB in the translocation of SopE. The role of invB
in the SPI-1-dependent translocation of SopE into host cells
was analyzed by immunofluorescence microscopy. To do this,
COS-7 tissue culture cells were infected with wild-type Salmo-
nella serovar Typhimurium SL1344, the secretion-deficient
mutant SB161 (AinvG), and the invB mutant strain M568 har-
boring the sopE,,,s expression plasmid pM438. The translo-
cated effector proteins SopE,.s and SipC were detected by
using the anti-M45 antibody (Fig. 6A) and an anti-SipC anti-
serum (Fig. 6B). SopE,,s could be detected in 92% of all cells
infected with SL1344(pM438) but not in cells infected with
M568(pM438) or SB161(pM438). The translocation defect of
the invB mutant strain M568(pM438) could be restored (85%
of all infected cells were SopE,,s positive) with an invB ex-
pression vector in M568 (pM438 and pM249). Together with
the data shown in Fig. 4 and 5A, these results demonstrate that

invB plays a specific role in SPI-1-dependent transport of SopE
but not in transport of SipC.

SopE2 secretion also depends on invB. The Salmonella se-
rovar Typhimurium effector protein SopE2 is 69% identical to
SopE at the amino acid level (2, 66). SopE2 and SopE act as
guanine nucleotide exchange factors for small Rho GTPases of
the host cell and are transported via the SPI-1 TTSS (20, 30,
606). Based on these similarities, we speculated that SopE2 also
requires invB for secretion. To investigate this, we transformed
pM256 (sopE2 promoter; SopE2 tagged C terminally with the
M45 epitope, Cm") into wild-type Salmonella serovar Typhi-
murium SL1344, SB566 (invC::aphT), M568 (invB::aphT), and
M568 carrying the invB expression vector pM249 (Amp"). Se-
cretion of SopE2,,,s from these strains was analyzed by West-
ern blotting (Fig. 7A). SopE2,,,s was detected in the culture
supernatants of wild-type Salmonella serovar Typhimurium
SL1344(pM256) and the invB-complemented strain M568
(pM256, pM249) but not in supernatants from the secretion-
deficient strain SB566(pM256) or the invB mutant M568
(pM256) (Fig. 7A). Again, the complementation was incom-
plete, which might be attributable to a slight polar effect of the
invB::aphT mutation. Nevertheless, it was striking that the in-
tracellular SopE2,,,s pools were much smaller in
M568(pM256) than in SB566(pM256). This suggested that
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FIG. 6. Immunofluorescence analysis of invB-dependent translocation of SopEy,s into COS-7 tissue culture cells. (A) Salmonella serovar
Typhimurium strains SL1344(pM438), M568(pM438), M568(pM438, pM249), and SB161(pM438) were used to infect COS-7 cells at an MOI of
60 bacteria/cell for 2 h (see Materials and Methods). The cells were fixed, permeabilized, and stained with a mouse anti-M45 (a-M45) antibody,
with an anti-mouse FITC conjugate, and with DAPI. (B) As a control, COS-7 cells were infected with the strains described above but were stained
to detect translocation of the effector protein SipC by using an anti-SipC (a-SipC) antiserum. For quantification of effector protein translocation
at least 100 cells infected with more than five bacteria were evaluated (see Materials and Methods). S. Tm, Salmonella serovar Typhimurium; nd,

not determined.

invB affects the cytosolic stability or expression of SOpE2,,s.
However, the low cytoplasmic levels of SopE2,.s in
M568(pM256) did not allow us to draw conclusions about a
potential role of invB in the transport of this effector protein
via the SPI-1 TTSS.

In order to analyze the role of invB in SopE2,,,s secretion,

the amount of cytosolic SopE2,,,s was increased by using a
pBAD derivative sopE2,,,s expression plasmid (pM226), which
has a higher copy number than the pACYCI184 derivative
pM256. pM226 was transformed into wild-type Salmonella se-
rovar Typhimurium SL1344, SB161 (AinvG), and MS568
(invB::aphT). Analysis of SopE2,,,s secretion by Western blot-
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FIG. 7. Western blot analysis of invB-dependent expression and secretion of SopE2y,s in SL1344 derivative strains and of SopE2 in ATCC
14028s derivatives. (A) SL1344(pM256), SB566(pM256), M568(pM256), and M568(pM256, pM249) were grown under SPI-1-inducing conditions
(see Materials and Methods). One hundred microliters of a whole culture, pelleted bacteria from 100 wl of a culture, and proteins recovered from
1 ml of a culture supernatant were analyzed by Western blotting by using an anti-M45 (a-M45) antibody. o-OmpC, anti-OmpC antibody.
(B) SL1344(pM226), SB161(pM226), and M568(pM226) were grown under SPI-1-inducing conditions (see Materials and Methods). One hundred
microliters of a whole culture and proteins recovered from 500 pl of a culture supernatant were separated by SDS-PAGE and analyzed by Western
blotting by using an anti-M45 (a-M45) antibody. a-OmpC, anti-OmpC antibody. (C) CS401, M622, PB502, and PB502(pM250) were grown under
SPI-1-inducing conditions. Pelleted bacteria from 200 wl of a culture and proteins recovered from 1 ml of a culture supernatant were analyzed by
Western blotting by using anti-SopE2 (a-SopE2) and anti-SipC («-SipC) antisera. The blots were reprobed by using an anti-OmpC (a-OmpC)

antibody to control the amount of protein loaded.

ting performed with the monoclonal anti-M45 antibody re-
vealed that the cytoplasmic levels of SopE2,,,s were higher
and easily detectable even in M568 when we used pM226 (Fig.
7B) instead of pM256 (Fig. 7A). However, we still could not
detect SopE2,,,s in the culture supernatant of M568(pM226)
(Fig. 7B). These results indicated that invB plays a role not
only in the stabilization of intracellular SopE2,,,s but also in
transport of SopE2,,,s via the SPI-1 TTSS.

Furthermore, we studied the InvB dependence of SopE2
secretion in Salmonella serovar Typhimurium ATCC 14028s.

ATCC 14028s carries the sopE2 gene but lacks sopE. Using a
polyclonal anti-SopE2 antiserum, we detected SopE2 in the
culture supernatant of the wild-type ATCC 14028s strain but
not in the supernatants of isogenic derivatives with a disrupted
SPI-1 TTSS apparatus (invC::aphT) or a disrupted invB gene
(AinvB) (Fig. 7C). SopE2 secretion by the latter strain could be
complemented to wild-type levels by transformation with the
invB expression vector pM250 (Fig. 7C and Table 1). The
analysis of this strain verified that SipC secretion does not
require invB (5) (see above) and that intracellular SopE2 levels
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FIG. 8. Effect of an invB mutation on the stability of SOpE, SopEy4s, and SopE2,,s. SB161 (AinvG) and M590 (AinvG invB::aphT) or the same
strains carrying pM136 (B), pM226 (C), pM416 (D), or pM417 (E) were expressed under secretion-inducing conditions (see Materials and
Methods). After 4 h of subculturing 100-pl aliquots were removed (zero time), and chloramphenicol was added to the remaining cultures.
One-hundred-microliter aliquots were removed after 5, 10, 20, and 40 min and separated by SDS-PAGE, and the protein levels were analyzed by
Western blotting by using an anti-SopE (a-SopE) antiserum (A) and a monoclonal anti-M45 (a-M45) antibody (B to E). The blots were reprobed
by using an anti-OmpC (a-OmpC) antibody to control the amount of protein loaded.

are severely reduced in invB mutants (Fig. 7). Taken together,
these results indicated that InvB affects intracellular SopE2
levels and transport of this effector protein via the SPI-1 TTSS.

Differential effect of invB on the cytosolic stability of SopE
and SopE2. The data presented above showed that the cyto-
solic pool of SopE2,,,s was smaller in M568 (invB::aphT) than
in Salmonella serovar Typhimurium mutants with a disrupted
SPI-1 TTSS apparatus (SB161 and SB566) (Fig. 7A and B).
This effect was not observed with the chromosomally encoded
SopE protein or the plasmid-encoded SopE,,s protein (Fig.
4A and 5A). This indicated that the invB mutation might have
a specific effect on the cytosolic SopE2,,,s level.

Chaperones can control cytosolic effector protein levels by
three different mechanisms: (i) facilitation of secretion or
translocation into host cells via the TTSS (9); (ii) modulation
of gene expression (11); and (iii) binding and protection of the
effector protein from degradation and aggregation in the cy-
toplasm (47). To explain the reduced intracellular levels of
SopE2,.4s in M568 (invB::aphT) compared to the levels in
SB161 and SB566, we explored the latter two possibilities.

First, we analyzed the effect of invB on effector protein

stability. In order to measure protein degradation of cytosolic
effector proteins, it is important to examine protein stability in
secretion-deficient strains and to compare the results. There-
fore, we compared the stabilities of wild-type SopE, SOpE4s
(pM136), and SopE2,,,s (pM226) in SB161 (AinvG) and the
isogenic invB mutant M590 (AinvG invB::aphT). The strains
were grown under SPI-1-inducing conditions (see Materials
and Methods), and de novo protein biosynthesis was stopped
by addition of chloramphenicol. Aliquots were removed at
different times, and degradation of cytosolic SopE, SopE4s,
or SopE2,,,s was analyzed by Western blotting (Fig. 8A to C).
In the invB mutant M590 (AinvG invB::aphT) SopE2,,s wWas
almost completely degraded after 20 min (Fig. 8C). However,
in the presence of invB (SB161 [AinvG]), SopE2,,,s was only
partially degraded during the course of the assay (40 min).
SopEyus was much more stable than SopE2,,,s in both Sal-
monella strains (Fig. 8B and C). It should be noted that the
stability of the chromosomally encoded wild-type SopE was
somewhat lower than that of the plasmid-encoded SopE,,s in
both SB161 (AinvG) and M590 (AinvG invB::aphT) (Fig. 8A).
However, even in this case the effect of invB on the stability of
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FIG. 9. Effect of an invB deletion on transcription of sopE,,,s and
sopE2,,,s. Transcription of sopE,,,s and sopE2,,,s was measured by
using transcriptional lacZ reporter constructs (Table 1). SL1344 (wild
type) and the secretion-deficient strains SB161 (AinvG) and M590
(AinvG invB::aphT) harboring the sopE,;,s (pM185) and sopE2,,,s
(pPM687) expression vectors, respectively, were grown under SPI-1-
inducing conditions. One-hundred-microliter samples were removed
and assayed for B-galactosidase activity. Values are B-galactosidase
units; standard deviations were determined from the results of three
independent experiments.

the cytoplasmic effector protein pool was much less pro-
nounced than the effect observed with SopE2,,s.

In the next analysis, we studied the role of invB in the
transcription of sopE,,,s and sopE2,,,s. To do this, we inserted
a lacZ transcriptional reporter gene cassette downstream of
the sopE,,,s ORF in pM136 (pM185) and downstream of the
sopE2,,,s ORF in pM226 (pM687) (Table 1). These plasmids
were transformed into wild-type Salmonella serovar Typhi-
murium SL1344, SB161, and M590. The bacteria were grown
under identical conditions as described above. We found that
both plasmids yielded identical levels of lacZ expression in all
three Salmonella serovar Typhimurium strains (Fig. 9) (see
Materials and Methods). Therefore, transcription of sopE2,,,s
and sopE,,,s was not affected by disruption of invB or the SPI-1
type III secretion apparatus.

In conclusion, the data show that invB does not affect tran-
scription of sopE,,,s and sopE2,,,s. Rather, invB seems to
affect cytosolic effector protein pools by stabilizing cytosolic
SopE2 (Fig. 8C) and by mediating secretion of SopE2 and
SopE via the SPI-1 TTSS (Fig. 4A, 5A, and 7A and B).

J. BACTERIOL.

N-terminal 95 aa determine different cytosolic stabilities of
SopE,,4s and SopE2,,,s. Considering the high levels of func-
tional and structural similarities, it was interesting to observe
that SopE2,,,s is less stable than SopE,us in the cytosol of
SB161 (AinvG) and M590 (AinvG invB::aphT). We wondered
whether this difference is attributable to sequence variations in
the N-terminal regions of the two proteins. The N-terminal
region is sufficient to mediate secretion via the SPI-1 TTSS
(Hardt and Galan, unpublished observations) and, based on
data for the SptP-SicE complex from Salmonella serovar Ty-
phimurium and for the Yersinia pYV-encoded TTSS, is ex-
pected to harbor the chaperone binding site (4, 58, 64).

We swapped the N-terminal 95 aa of SopE,.s and
SopE2,.4s. The stabilities of the hybrid proteins in the cytosol
of M590 (AinvG invB::aphT) and SB161 (AinvG) were com-
pared to the stabilities of SopEy,s and SopE2,,,s (Fig. 8B to
E). We observed only minimal degradation of SopE,.,s and
SopE,;_95SOpE246 540mas i SB161 (AinvG) and in the invB
mutant strain M590 (AinvG invB::aphT) (Fig. 8B and D).
SopEwvus and SopE, osSOpE2g6 5u0mas Were equally stable in
the invB™ and invB strains over the entire course of the exper-
iment.

In contrast, SopE2,.,s and SopE2, ¢sSOpE¢so40nas WeETE
rapidly degraded in the absence of invB (Fig. 8C and E, lower
panels). These data indicated that the N-terminal 95 aa of
SopEus and SopE2,,,s determine the different stabilities of
the M45-tagged effector protein in the absence of invB.

Role of invB in SopE2 translocation. We used immunoflu-
orescence microscopy to analyze the invB dependence of
SopE2 translocation into host cells. To infect COS-7 tissue
culture cells, we used the strains that were used for the secre-
tion assay whose results are shown in Fig. 7A (MOI, 60 bac-
teria/cell). Staining with a monoclonal anti-M45 antibody re-
vealed that wild-type Salmonella serovar Typhimurium and the
complemented invB strain [M568(pM249, pM256)] were able
to translocate detectable amounts of SopE2,,,5 into host cells
(Fig. 10A). In contrast, no SopE2,,,5s was detected inside the
COS-7 cells infected with the invB mutant M568(pM256) or a
mutant with a defective SPI-1 TTSS apparatus [SB566
(pM256)] (Fig. 10). However, we cannot exclude the possibility
that the failure to detect SopE2,,,s translocation by
M568(pM256) in this assay was due to the severely reduced
intracellular SopE2,,,s levels (Fig. 7A). In order to increase
the amounts of SopE2,,,s, we repeated the translocation ex-
periment using the medium-copy-number sopE?2,,,s expression
vector pM226 (Fig. 7). The results confirmed that SopE2,,,s is
translocated by wild-type strain SL.1344(pM226) but not by the
invB mutant M568(pM226) or the secretion-deficient mutant
SB161(pM226) (Fig. 10C). Overall, these data are in line with

FIG. 10. Immunofluorescence microscopy analysis of invB-dependent translocation of SopE2,,s into COS-7 tissue culture cells.
(A) SL1344(pM256), M568(pM256), M568(pM256, pM249), and SB566(pM256) were used to infect COS-7 cells for 2 h at an MOI of 60
bacteria/cell. Cells were fixed, permeabilized, and stained with an anti-M45 (a-M45) antibody, with an anti-mouse FITC conjugate, and with DAPI.
(B) As a control, COS-7 cells were infected with the strains described above but were stained for translocation of the effector protein SipC by using
an anti-SipC (a-SipC) antiserum. To quantify SopE2,,,s and SipC translocation, at least 100 cells infected with more than five bacteria were scored
as described in Materials and Methods. nd, not determined. (C) COS-7 cells were infected with SL1344(pM226), M568(pM226) and
SB161(pM226) for 2 h at an MOI of 60 bacteria/cell. Fixed cells were stained with an anti-M45 antibody, an anti-mouse-FITC conjugate, and
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FIG. 11. Role of invB in SopE/SopE2-mediated host cell invasion. (A) SL1344 (wild type), SB161 (AinvG), M516 (AsopB sopE sopE?2), and
M566 (AsopB AsopE AsopE2 AsipA) were grown under SPI-1-inducing conditions and used to infect COS-7 tissue culture cells (MOI, 15
bacteria/cell) for 50 min, and the number of internalized bacteria was measured by the gentamicin protection assay (see Materials and Methods).
The numbers of CFU per well from six independent experiments are shown. The bars indicate medians. (B) M566 (AsopB AsopE AsopE2 AsipA)
and M574 (AsopB AsopE AsopE2 AsipA invB:aphT) carrying one or more of plasmids pSB1130, pM149, and pM249 were grown under
SPI-1-inducing conditions (see Materials and Methods). COS-7 cells were infected as described above. The numbers of intracellular bacteria were
determined in at least five independent experiments. The bars indicate medians.

the notion that invB is required for translocation of SopE2, 45
into host cells.

Role of invB in Salmonella serovar Typhimurium host cell
invasion. The translocation of effector proteins via the SPI-1
TTSS allows Salmonella serovar Typhimurium to invade host
cells. We wanted to investigate the role of invB in this process.

SopB/SigD, SopE, and SopE2 cooperate to mediate tissue
culture cell invasion, and a sopB sopE sopE2 triple mutant
(M516) was approximately 100-fold less invasive than the iso-
genic wild-type strain (Fig. 11A) (30, 49, 76). Recent reports
have indicated that Sip/SspA might also play a role in host cell
invasion (77, 78). Consistent with this, we found that a sopB
sopE sopE?2 sipA quadruple mutant (M566) was slightly less
invasive than the triple mutant (M516) (Fig. 11A). The inva-
siveness of M566 did not differ significantly from that of a
Salmonella serovar Typhimurium mutant with a defective
SPI-1 TTSS apparatus (SB161 [AinvG]) (P > 0.05) (Fig. 11A).
This indicated that invasion of COS-7 tissue culture cells is
mediated principally by two different groups of SPI-1 effector
proteins which depend on two different chaperones; transloca-
tion of SopE, SopE2 (this study), and Sip/SspA (5) is depen-

dent on InvB, while translocation of SopB/SigD depends on
the chaperone PipC/SigE (12).

Next, we analyzed the role of invB in SopE- and SopE2-
mediated host cell invasion. To do this, we transformed sopE
and sopE?2 expression vectors (pSB1130 and pM149, respec-
tively) into the quadruple mutant strain M566 (AsopB AsopE
AsopE?2 sipA) and the isogenic mutant M574 (AsopB AsopE
AsopE?2 AsipA invB::aphT). While sopE and sopE2 expression
vectors were able to complement the host cell invasion defect
of M566 (P < 0.05), no significant complementation was ob-
served in invB strain M574 (Fig. 11B) (P > 0.05). Significant
complementation was observed only when M574 carried an
additional invB expression vector (pM249) (Fig. 11B) (P <
0.05). A slight polar effect of the invB::aphT mutation might be
the reason for the incomplete complementation by pM249
(Fig. 11B). Nevertheless, these data further support the notion
that invB is required for SopE- and SopE2-mediated host cell
invasion.

Interestingly, the invB mutant M568 is only slightly less in-
vasive than the isogenic wild-type strain SL1344 (Fig. 12). To
test whether the invasiveness of M568 is attributable to the
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FIG. 12. Role of invB in host cell invasion by a Salmonella serovar
Typhimurium sopB mutant. SL1344, SB161, M568, M509, M573, and
M573(pM249) were grown under SPI-1-inducing conditions (see Ma-
terials and Methods). COS-7 tissue culture cells were infected (MOI,
15 bacteria/cell) for 50 min. Extracellular bacteria were killed by ad-
dition of gentamicin. COS-7 cells were lysed, and the numbers of
intracellular bacteria were determined. The data from six independent
experiments are shown. The bars indicate medians.

translocation of SopB, we constructed an invB sopB double
mutant (M573) (see Materials and Methods). Indeed, we
found that the invasiveness of M573 is about as low as that of
SB161, an isogenic strain with a disrupted SPI-1 TTSS appa-
ratus (Fig. 12). The invasiveness of M573 could be restored
with an invB expression vector (pM249). These data suggested
that SopB/SigD translocation is not impaired in invB strains
and provided further evidence that disruption of invB with the
aphT cassette did not have a dramatic generalized effect on
effector protein translocation. Rather, InvB seems to play the
role of a chaperone for a specific subset of effector proteins,
including Sip/SspA (5), SopE, and SopE2 (this study).

DISCUSSION

The Salmonella effector proteins SopE and SopE2 are trans-
located into host cells via the SPI-1 TTSS (2, 31, 66, 75).
Previously, it was not clear how these proteins are recognized
by this TTSS and whether chaperones are involved. Here, we
show that SopE can be copurified with the SPI-1-encoded
chaperone InvB and that SopE and SopE2 require InvB for
secretion and translocation via the SPI-1 TTSS, as speculated
in a recent review (53). It has been reported previously that
InvB is also required for efficient secretion and translocation of
the SPI-1-encoded effector protein Sip/SspA (5). We con-
firmed this finding. Therefore, InvB seems to act as a chaper-
one for at least three different Salmonella serovar Typhi-
murium effector proteins, although Sip/SspA and SopE/SopE2
do not exhibit any significant sequence similarities.
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Similarly, Spal5, the InvB homolog of Shigella flexneri, acts
as a chaperone for at least three known or suspected effector
proteins with unrelated sequences (54), IpgB1, OspC3, and
IpaA. IpaA exhibits sequence similarity with Sip/SspA from
Salmonella serovar Typhimurium (35, 40). In contrast to other
type III chaperones which exhibit little sequence similarity,
invB/spal5-like genes are present in a wide variety of bacteria,
including Yersinia enterocolitica (ysaK [29]) and Sodalis glossin-
idius (invB [10]), and also on an Edwardsiella ictaluri plasmid
(16). Based on this wide distribution, an unusual gene locus
embedded between functional genes of the TTSS apparatus,
and the ability to interact with multiple unrelated effector
proteins, it has been proposed that InvB/Spal5 may represent
a new family of chaperones (54, 55).

We found that disruption of invB has different consequences
for the stability of the cognate effector proteins; SopE,,s was
stable in the cytosol of an invB mutant, whereas SOpE2,,,s was
not. Similarly, in S. flexneri SpalS was required for the stability
of IpgB1 but not for the stability of IpaA in the bacterial
cytosol (54). The reason for the differential requirement of
InvB/Spal5 for effector protein stabilization in the bacterial
cytoplasm is still not clear.

In a domain swap experiment we mapped the regions of
SopEyuus and SopE2,,,5 that determine the resistance to deg-
radation in the absence of InvB to the N-terminal 95 aa. This
region overlaps the proposed InvB/Spal5 binding regions of
Sip/SspA (aa 1 to 158), OspC3 (aa 26 to 141), and IpgB (aa 23
to 190) (5, 54). Only the proposed Spal5 binding site of IpaA
maps to a completely different region of the effector protein
(aa 263 to 365) (54). This interaction domain has been mapped
in yeast two-hybrid screening analyses. It has not been deter-
mined whether this interaction also occurs in the bacterial
cytoplasm and whether IpaA might have another chaperone
binding site closer to its N terminus. Overall, however, the data
suggest that the binding site for the InvB/Spal5 family of
chaperones covers aa 23 to 95 of the effector proteins. This
region overlaps the known binding regions of other type III
chaperones (19, 21, 36, 61, 65, 72).

Expression of the Salmonella serovar Typhimurium SPI-1
TTSS is restricted to specific locations in the host by an elab-
orate cascade of regulators, including PhoP/Q, SirA/BarA,
InvF, HilA, HilD, SirC, and SprB (45). Several transcriptional
regulators have been identified which ensure proper coexpres-
sion of effector proteins encoded within and outside of SPI-1
(11-13, 15, 17, 70). In addition, we show here that some effec-
tor proteins encoded within and outside of SPI-1 have the
same chaperones for secretion and translocation into host
cells. Therefore, Salmonella spp. possess at least two different
mechanisms to coordinate effector protein expression and de-
livery: coregulation of transcription and sharing of secretion
chaperones. The data show that effectors encoded outside of
SPI-1 are directly controlled by SPI-1 itself.

The existence of tight regulatory networks which allow ac-
curate functional integration of additional effector proteins is
an important aspect of the horizontal gene transfer of type III
effector proteins. Reassortment of effector protein repertoires
has been discussed as a major driving force in the evolution of
Salmonella spp., the adaptation to new hosts, and the emer-
gence of new epidemic strains (17, 18, 49, 50, 67). For example,
Salmonella serovar Typhimurium lysogens carrying the sopE-
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encoding phage SopE¢ caused a major epidemic in England
and the former East Germany in the 1970s and 1980s (50). It
is thought that acquisition of the sopE gene by lysogenic con-
version with SopE¢ was an important step in the emergence of
the epidemic strain. The data presented here explain why the
phage-encoded effector protein SopE can actually function
properly after lysogenic conversion of naive Salmonella strains:
the regulators and the chaperone InvB are already present (24,
56), no matter which Sal/monella strain is infected by the phage
(50). In conclusion, the functional control of effector proteins
encoded in different genetic elements by SPI-1 regulators and
chaperones might play an important role in the evolution of
Salmonella host interactions because it ensures proper func-
tional integration of newly acquired proteins into existing ef-
fector protein repertoires.
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