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Salmonella enterica serovar Typhimurium encodes two type III secretion systems (TTSSs) within pathoge-
nicity island 1 (SPI-1) and island 2 (SPI-2). These type III protein secretion and translocation systems
transport a panel of bacterial effector proteins across both the bacterial and the host cell membranes to
promote bacterial entry and subsequent survival inside host cells. Effector proteins contain secretion and
translocation signals that are often located at their N termini. We have developed a ruffling-based translocation
reporter system that uses the secretion- and translocation-deficient catalytic domain of SopE, SopE.g ,,, as
a reporter. Using this assay, we determined that the N-terminal 45 amino acid residues of Salmonella SopA are
necessary and sufficient for directing its secretion and translocation through the SPI-1 TTSS. SopA,_,s, but not
SopA,_4,, is also able to bind to its chaperone, InvB, indicating that SPI-1 type III secretion and translocation

of SopA require its chaperone.

Salmonella spp. are the causes of many intestinal infections,
ranging from mild gastroenteritis to severe typhoid fever. Once
in the intestinal tract, Salmonella initiates infection by invading
intestinal epithelial cells. The invasion ability is achieved
through the type III protein secretion and translocation system
encoded by Salmonella pathogenicity island 1 (SPI-1). Com-
ponents of this type III protein transport system share exten-
sive amino acid and architectural similarities with the flagellar
export apparatus (19). The SPI-1 type III protein transport
system functions to deliver a panel of bacterial virulence pro-
teins, termed effectors, into the mammalian host cells. The
secretion and subsequent translocation of SPI-1 type III effec-
tor proteins often require cognate chaperones (28).

It has been reported that signals that direct the secretion of
these proteins are within the N-terminal amino acid or the
mRNA sequences (1, 24, 25, 27, 30-32). The translocation
signals that direct delivery of the proteins into host cells are
thought to be located downstream near the secretion signal
(37). Despite these advances in the characterization of these
secretion signals, few studies have examined the effector trans-
location signals at a molecular level. A more complete analysis
of these translocation signals may provide important clues as to
how type III effector proteins traverse the host cell plasma
membrane. This in turn may lead to the design of preventive and
therapeutic pharmaceutical drugs that block the translocation of
these virulence factors into mammalian cells. Toward this goal,
we developed a ruffling-based translocation reporter system that
uses the secretion- and translocation-deficient catalytic domain of
SopE, SopE ¢ 4, as a reporter. Using this assay, we have done
an extensive analysis of SopA, one of the SPI-1 type III secreted
proteins translocated into host cells (38). Although this effector
has been shown to have a role in inducing enteritis (38, 39),
neither its biochemical activity in mammalian cells nor its secre-
tion and translocation domains are known.
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We report that the N-terminal 45 amino acid residues of
Salmonella SopA are necessary and sufficient for its secretion
and translocation into host cells. Interestingly, we found that
full-length SopA is constitutively secreted through the flagellar
export apparatus. In addition, secretion of SopA through the
SPI-1 type III system required its chaperone, InvB, and its
chaperone-binding domain.

MATERIALS AND METHODS

Bacterial strains and mammalian cell lines. Wild-type Salmonella enterica
serovar Typhimurium strain SL1344 (SB300) and its sopB (SB933) null mutant
derivative have been previously described (14, 42). The sopB sopE deletion
mutant strain (ZP15) was constructed by introducing in-frame deletions of sopE
and sopB into SB933 as described below. A DNA fragment containing the
deletion (retaining the first two and last amino acids of sopE) was cloned into the
R6K-derived suicide vector pSB890 (15) and introduced into the chromosome of
SB933 by double homologous recombination. The resulting strain, ZP16, con-
tains a SopE in-frame deletion in addition to the SopB C462S point mutation.
The sopB deletion was then constructed in a similar manner by introducing an
in-frame deletion of sopB (retaining the first and last amino acids) into ZP16,
resulting in ZP15. The flgGHI deletion mutant (ZP88), the invA flgGHI deletion
mutant (ZP89), the sipC sopB sopE deletion mutant (ZP91), and the invB
deletion mutants (ZP143, ZP144, ZP145, and ZP146) were created similarly.
Salmonella infection of mammalian cells was conducted as previously described
(42). The human Henle-407 cell line (CCL-6), from the ATCC Cell Biology
Stock Center (Manassas, VA), was maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% bovine calf serum.

The SopA-M45 merodiploids were created by introducing the R6K-derived
suicide vector pSB890 (16) carrying the 630-bp upstream sequence of sopA,
followed by the sequence encoding SopA with an M45 epitope tag, into the
chromosomes of the Salmonella strains. The upstream sequence of sopA and the
sequence encoding SopA were amplified by PCR with the primers 5'-CTAGC
TAGCGAACGACGACTAATGCTCATATAACC-3" and 5'-TCCCCCGGGC
GCCCAGGCCAG-3' and then cloned into Nhel and Smal sites of pZP1139,
replacing the SopEg ,4, reporter. The 3.048-kb Nhel-BamHI fragment was then
subcloned into the BamHI-Xbal sites of pSB890, resulting in pZP1251. Plasmid
pZP1251 was then introduced into the chromosomes of SL1344, ZP143, SB136,
ZP88, and ZP89, resulting in ZP152, ZP153, ZP154, ZP155, and ZP156, respec-
tively.

Plasmid construction. The translocation reporter plasmid, pZP1139, was con-
structed to contain a multiple cloning site, the catalytic domain of SopE, and a
C-terminal M45 epitope tag. The multiple cloning site and M45 epitope tag were
created by cloning the annealed oligonucleotides 5'-AATTCCCATGGAGCTCAG
ATCTGGTACCCCCGGGGGTGGTGCCATGGATCGGAGTAGGGATCGCC
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TACCTCCTTTTGAGACAGAGACGCGGATCCTCT-3' and 5'-CTAGAGGAT
CCGCGTCTCTGTCTCAAAAGGAGGTAGGCGATCCCTACTCCGATCCAT
ACCACCCCCGGGGGTACCAGATCTGAGCTCCATGGG-3' into the EcoRI-
Xbal sites of the pBAD derivative pSB1136 (13). The catalytic domain of SopE;g_4
was cloned upstream of the M45 epitope tag using the KpnI-Smal-digested PCR
fragments and primers 5'-GGGGTACCGGTGGTTTGACAAATAAAGTCGTT
AAAG-3" and 5'-CTTCTCTCATCCGCCAAAA-3'.

To generate SopE-g »40-M45 hybrid proteins fused to putative translocation
signals, the genes encoding the corresponding proteins were amplified by PCR
and cloned into pZP1139. The gene encoding SptP was amplified with primers
5'-GGAATTCTAATGCTAAAGTATGAGGAGAG-3' and 5'-GGGGTAC
CGCTTGCCGTCGTCATAAGCAACTG-3' and then cloned into the EcoRI-
Kpnl sites of pZP1139, resulting in SptP-SopEg 40-M45 (pZP0600). The sptP
gene encoding SptP; o, (pZP0073) was amplified by PCR using primers 5'-G
GAATTCTAATGCTAAAGTATGAGGAGAG-3' and 5'-CCCAAGCTTAAC
AGTGCGTCATTAAC-3'; the sptP gene encoding SptP,_so (pZP0071) was
amplified with primers 5'-GGAATTCTAATGCTAAAGTATGAGGAGAG-3’
and 5'-GGGAAGCTTTTTTCTGCCACTTTTGT-3'". The PCR products were
cloned into the EcoRI-Sall sites of pZP1139. The full-length sop4 (pZP0800)
was cloned into pZP1139 by ligating the BglII-EcoRI fragment of the PCR
product using primers 5'-CCATCGATCGAAGGAATTCTAATGAAGATA-3’
and 5'-GAAGATCTCTCTAGACCACGCCCAGGCCAGT-3'. Genes encod-
ing SopA;_os and SopA, 45 were created by cloning the EcoRI-BamHI frag-
ments of PCR products created from primers 5'-TGTTGATAAGGAATTCTA
ATGAAGATA-3' plus 5'-CGGGATCCGTTGCCTGCATTATTTGTATCTTT
A-3" and 5'-CGGGATCCGAAAGATGTATGCGTGTTTTTA-3', resulting in
pZP0776 and pZP0777, respectively. Genes encoding SopA;_44 and SopA;_3s
were created by cloning the BssHII-Spel fragments of PCR products using
primers 5'-TTGGCGCGCGGACGAAAGTAAAC-3' plus 5'-GACTAGTTGT
ATGCGTGTTTTTAACACT G-3' and 5'-GACTAGTTTTTGAGGTGAGCCC
GTTTTTC-3', resulting in pZP0866 and pZP0798, respectively. The SopA;_45-Npt-
M45 fusion construct (pZP1078) was created by cloning the BglII fragment of the
PCR product using primers 5'-GAAGATCTATGAGCCATATTCAACGGGA
AAC-3" and 5'-GAGGATATCGAAAAACTCATCGAGCATCAAATGAA-3'
into the BglII-Smal sites of pZP0777. Junctions of the final fusion plasmids were
confirmed by DNA sequencing.

To modify the vector for the cyclic amp (cAMP) assay, the Bordetella pertussis
adenylate cyclase gene was amplified by PCR using primers 5'-TCCCCCGGG
CAGCAATCGCATCAGGCTGGTTA-3" and 5'-AACTGCAGTCATCGATA
ACTGTCATAGCCGGAATC-3'. The resulting 1.2-kb fragment was cloned into
the PstI-Smal sites of pZP1139 to produce pZP0599. The EcoRI-Kpnl fragments
of pZP776, pZP777, pZP800, and pZP866 were cloned into the same sites of
pZP0599 to produce SopAg,-CyaA (pZP0796), SopA,_¢s-CyaA (pZP1084),
SopA,_45-CyaA (pZP1085), and SopA, ,4-CyaA (pZP1086), respectively. The
EcoRI-Smal fragments of pZP0071 and pZP0073 were cloned into the same sites
of pZP0599 to produce SptP,_;5o-CyaA (pZP0598) and SopA,_j4;-CyaA
(pZP0597), respectively.

Yeast two-hybrid constructs were created using pGADGH and pGBT9c vec-
tors from CLONTECH (Palo Alto, CA). The gene encoding InvB was amplified
with primers 5'-ACGCGTCGACATGCAACATTTGGATATCGCTGAATTA
G-3' and 5'-CCCAAGCTTTCATCTCATTAGCGACCGACTAAAAAC-3',
cloned into the HindIII-Smal sites of pBlueScript SK, and then subcloned into
pGADGH by the EcoRV-HindIII sites, resulting in pZP0901. The gene encod-
ing SopA was PCR amplified with primers 5'-CGGGATCCATGAAGATAT
CATCAGGCG-3" and 5'-GGAATTCGCCTTAACTCCATGCGG-3" and
cloned into the BamHI-EcoRI sites in pGBT9c, resulting in pZP0061. DNA
fragments encoding GAL4BD-SopA_;5-Npt-M45 and GAL4BD-SopA,_4,-Npt-
M45 were created by first replacing the SOpE g »4, tag with neomycin phospho-
transferase (Npt) and by cloning the BgllI-digested Npt PCR fragments using
primers 5'-GAAGATCTATGAGCCATATTCAACGGGAAAC-3" and 5'-GA
GGATATCGAAAAACTCATCGAGCATCAAATGAA-3' into the BglII-Smal
sites of pZP0777 and pZP0866, respectively. The DNA fragments encoding the
fusion proteins were then cloned into the EcoRI and Smal sites of pGBT9m,
resulting in pZP1080 and pZP1064, respectively. GALABD-SopA_os-SOopEs 540
M45 (pZP1063) was created by cloning the 915-bp EcoRI-Sall fragment of
pZP0776 into the same sites of pGBT9c.

Immunofluorescence microscopy. Henle-407 cells were infected for 30 min
with Salmonella at a multiplicity of infection of 10 as described above. Infected
cells were washed three times with phosphate-buffered saline (PBS) and fixed
with 3% formaldehyde for 15 min at room temperature before permeabilization
with 0.2% Triton X-100 in PBS. The cells were incubated with the primary
antibody for 30 min after being blocked with 3% skim milk, washed three times
with PBS, and incubated with the secondary antibody for 30 min. S. enterica
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serovar Typhimurium was identified using rabbit anti-Salmonella O antigen
group B (Difco) and a secondary anti-rabbit AF488 conjugant (Molecular
Probes, Eugene, OR). Actin was visualized by staining with Texas Red-conju-
gated phalloidin. The images represent black-and-white projections of z-section
slices obtained on a Zeiss AxioVert 200 M deconvolution microscope. Pseudo-
colors were added by Adobe Photoshop.

Protein secretion and Western blotting. The Salmonella strains were grown
under SPI-1-inducing conditions as described previously (9). To determine the
secretion levels of the proteins, ZP15 expressing the fusion proteins (Table 1)
was grown at 37°C for 12 h in LB-0.3 M NaCl medium. Bacterial cultures were
diluted 1:100 in fresh LB-0.3 M NaCl medium. Cultures were grown with slow
agitation for three additional hours. The production of fusion proteins from the
pBAD promoter was induced by the addition of 0.05 mM arabinose during the
last 2 h of growth. The bacteria were then pelleted by centrifugation at 10,000 X
g for 20 min. The culture supernatants were passed through 0.2-pm filters, and
the secreted proteins were collected by precipitation with 10% trichloroacetic
acid. Cell lysates corresponding to 50 pl of bacterial culture and secreted pro-
teins corresponding to 1.5 ml of culture supernatants were resuspended in so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer and separated by SDS-PAGE for Western blot analysis using anti-M45
(29) or anti-SipA (17) antibodies. Bacterial lysis was monitored using monoclo-
nal anti-Hsp60 (3) antibodies, which were supplied by EMD Biosciences (Mad-
ison, WI).

Adenylate cyclase translocation assay. Bacterial cultures were grown and
subcultured as described above. Henle-407 cells growing in 24-well tissue culture
plates were infected with the above-mentioned subcultured Salmonella at a
multiplicity of infection of 20. After 1 hour of infection, the cells were washed
with ice-cold PBS buffer and then lysed with 0.1 M HCl with gentle agitation for
20 min. The lysate was tested for cAMP, using the Direct Immunoassay Kit
(EMD Biosciences, Madison, WI) according to the manufacturer’s instructions.
Protein concentrations were determined using the Bio-Rad Protein Assay Kit
(Hercules, CA) according to the manufacturer’s instructions. Adenylate cyclase
activity is expressed as pmol per microgram of total protein.

Far-Western blotting. Whole-cell lysates corresponding to 140 pl of Esche-
richia coli culture (optical density at 600 nm, 1.6) expressing SopA fusions were
resolved by SDS-PAGE and transferred to nitrocellulose membranes. The mem-
branes were blocked with 3% skim milk in 50 mM Tris (pH 7.5), 100 mM sodium
acetate, 350 mM sodium chloride, 1 mM EDTA, 5 mM MgCl,, and 0.3% Tween
supplemented with 1 mM dithiothreitol for 3 h. The membranes were then
probed with glutathione S-transferase (GST)-InvB or GST protein (2 pg/ml),
followed by polyclonal anti-GST and Alexa Fluor 680-conjugated goat anti-
rabbit antibodies (Molecular Probes, Eugene, OR). The blots were visualized
and recorded with the Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE).

Yeast two-hybrid assay. The GAL4-based yeast two-hybrid system was used
following standard procedures (2). The bait plasmids were constructed by fusing
DNA fragments encoding SopA, SOpA_os-SOpE-g_»40-M45, SOpA;_45s-Npt-M45,
and SopA,_44-Npt-M45 in frame to the yeast GAL4 binding domain in pGBT9.
The prey, InvB, was fused to the GAL4 activation domain from pGADGH. The
positive control plasmids, GAL4-BD-SipA,s9_s4 (pSB1025) and GAL4-AD-
Plastin (pSB1014), were described previously (41). The yeast indicator strain,
Y153, was cotransformed using a protocol described previously (2). The B-ga-
lactosidase assay was performed as previously described (34).

RESULTS

SopA,_4s, but not SopA,_,,, is translocated into host cells.
In order to facilitate the identification of SPI-1 type III trans-
location signals, we developed a translocation reporter system
that uses the secretion- and translocation-deficient catalytic
domain of SopE (78 to 240 amino acids) as a reporter. This
reporter system takes advantage of the fact that a Salmonella
strain with null mutations in SopE and SopB is severely im-
paired in producing cytoskeletal rearrangements in the host
cells (40). Transient expression of SopE.q ,4,, the catalytic
domain lacking its chaperone-binding domain, is able to in-
duce membrane ruffling in mammalian cells (12). If a complete
translocation sequence is cloned upstream of the catalytic do-
main of SopE and introduced into the sopB sopE mutant strain
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TABLE 1. Bacterial strains and plasmids

SopA SECRETION 2413

Strain or plasmid Relevant characteristics Source
S. enterica serovar Typhimurium
SL1344 Wild-type S. enterica serovar Typhimurium; Str" 14
SB136 SL1344 invA::aphT 10
SB933 SL1344 sopBcueas 42
ZP15 SL1344 AsopB AsopE This study
ZP16 SL1344 sopBc4¢r5 AsopE This study
ZP88 SL1344 AfigGHI This study
ZP89 SB136 AflgGHI This study
ZP91 ZP15 AsipC This study
ZP143 SL1344 AinvB This study
ZP144 SB136 AinvB This study
ZP145 ZP88 AinvB This study
ZP146 ZP89 AinvB This study
ZP152 SL1344 sopA::pZP1251 This study
ZP153 ZP143 sopA::pZP1251 This study
ZP154 SB136 sopA::pZP1251 This study
ZP155 ZP88 sopA::pZP1251 This study
ZP156 ZP89 sopA::pZP1251 This study
E. coli
DHSAmcr F~ mcrA A(mrr-hsdRMS-mcrBC) Gibco BRL
SM10 N\pir thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu (Knr) N\pir 26
Saccharomyces cerevisiae
Y153 URA3::GALI1-lacZLYS2:GALI1-HIS3 Clontech
Plasmids
pSB890 Ro6K-derived ori; Tc* 16
pSB1014 pGADGH derivative; GAL4AD-T-Plastin 41
pSB1025 pGBTY derivative; GALABD-SipA,s0_gs4 41
pSB1136 pBAD derivative; SopE-M45 fusion vector 12
pZP0061 pGBTY derivative; GAL4BD-SopA This study
pZP0071 pSB1136 derivative; SptP;_;5o-SopE g 549-M45 This study
pZP0073 pSB1136 derivative; SptP,_,,-SOpE g 540-M45 This study
pZP0597 pZP1139 derivative; SptP,_;y,-CyaA This study
pZP0598 pZP1139 derivative; SptP,_;5,-CyaA This study
pZP0599 pZP1139 derivative; CyaA This study
pZP0600 pZP1139 derivative; SptP- SopE g 540-M45 This study
pZP0776 pZP1139 derivative; SOpA_os-SOpE 5 549-M45 This study
pZP0777 pZP1139 derivative; SOpA;_45-SOpE g 540-M45 This study
pZP0796 pZP1139 derivative; SopA-CyaA This study
pZP0798 pZP1139 derivative; SOpA;_35-SOpE g 540-M45 This study
pZP0800 pZP1139 derivative; SopA-SopE g »40-M45 This study
pZP0866 pZP1139 derivative; SOpA;_44-SOpE g 540-M45 This study
pZP0901 pGADGH derivative; GAL4AD-InvB This study
pZP1063 pGBTY derivative; GAL4BD-SopA | _¢s-SOpEg_540-M45 This study
pZP1064 pGBT9 derivative; GAL4BD-SopA,_,,-Npt-M45 This study
pZP1078 pZP1139 derivative; SopA_45-Npt-M45 This study
pZP1080 pGBT9 derivative; GAL4BD-SopA_;5-Npt-M45 This study
pZP1084 pZP1139 derivative; SopA_¢s-CyaA This study
pZP1085 pZP0599 derivative; SopA,_45-CyaA This study
pZP1086 pZP0599 derivative; SopA,_44-CyaA This study
pZP1139 pSB1136 derivative; SOpE g_»40-M45 This study
pZP1251 pSB890 derivative; 630-bp upstream sequence of SopA; SopA-M45 This study

(ZP15), the expression and subsequent translocation of this
chimeric protein into host cells will result in actin cytoskeletal
rearrangements (Fig. 1). This assay is a very sensitive tool for
detecting translocation, because cellular responses are ob-
served before those detected by biochemical means (unpub-
lished data). Previously, it has been reported that the first 159
amino acids, but not the first 101 amino acids, of SptP are
sufficient for translocation (7, 37). As expected, actin cytoskel-
etal rearrangements were observed when Henle-407 cells were

infected with ZP15 expressing SptP,_,59-SOpE,5 54-M45. In
contrast, ZP15 expressing SptP,_,,;-SopE-5 540 did not induce
noticeable ruffles (Fig. 1), nor did cells infected with ZP15
expressing SopE-g ,4)-M45 (data not shown). These results
demonstrate that it is possible to use SOpEg »4, as a reporter for
determining the minimal secretion and translocation region by
the induction of cytoskeletal rearrangements.

To define the secretion and translocation signal(s) of SopA,
we constructed several C-terminal deletions of SopA. Expres-
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FIG. 1. Amino acids 1 to 45 of SopA were sufficient to translocate SopE-5 ,,,-M45 and induce actin cytoskeletal rearrangements in Henle-407
cells. Henle-407 cells were infected for 30 min with a sopB sopE double mutant (ZP15) expressing SOopE.s »4,-M45 fusions. Infected cells were
processed to visualize F actin (red) and Salmonella (green). The arrows indicate locations of membrane ruffles.

sion of the fusion proteins was under the control of an arabi-
nose-inducible promoter of a pBAD24 derivative, pZP1139
(12). As shown in Fig. 1, the full-length SopA-SopE-g_,4,-M45
induced moderate membrane ruffles. Interestingly, infection
with the ZP15 strain expressing the SOpA,_¢s-SOpE-g_540-M45
fusion protein had very pronounced actin cytoskeletal rear-
rangements, which were more frequent and larger than those
induced by the full-length SopA. We also found that ruffling
was observed with the first 45 amino acids, but no ruffling
was evident when cells were infected with ZP15 expressing
SopA;_35-SopEsg 540-M45 or SopA_;o-SopEss 540-M45 (Fig. 1
and data not shown). To precisely delineate the minimal
secretion and translocation region, additional single-amino-
acid deletions within this region were constructed, and their
activities to induce actin cytoskeletal rearrangements were
tested. As seen in Fig. 1, SopA;_44-SopEs ,4-M45 failed to
induce noticeable actin cytoskeletal rearrangements compara-
ble to those induced by the negative control and SopA,_5-
SopE-5 549-M45. These data indicate that the minimal secretion
and translocation signal of SopA lies within the N-terminal 45
amino acids.

To further demonstrate that the inability of SopA, _,,-
SopE5 549-M45 to induce actin cytoskeleton rearrangements
is due to the lack of its translocation into mammalian cells,
the translocations of SopA-SopE g 540, SOPA,_95-SOpPE 5 540,
SopA,_45-SOopE 5 549, and SopA;_44-SopE ¢ »4, were further
analyzed using the adenylate cyclase assay in Henle-407 cells
(36). For this assay, the SopE,5 ,,,-M45 tag of the SopA con-
structs was replaced with the Bordetella pertussis cyaA gene,
and the translocation was measured by monitoring the concen-
tration of cAMP. SopA-CyaA, SopA, s-CyaA, SopA,_,s-
CyaA, and SopA,_,,-CyaA were expressed in ZP15 and ZP91,
an isogenic ZP15 strain with an additional in-frame deletion in
SipC, which is defective in translocation. SptP,_;5,-CyaA and
SptP,_,,:-CyaA were used as positive and negative controls for
translocation, respectively. As shown in Fig. 2, SopA-CyaA,
SopA,_¢s-CyaA, and SopA,; ,s-CyaA were translocated in a
SipC-dependent manner. However, the SopA,_,,-CyaA fusion
protein yielded only background levels of adenylate cyclase activ-
ity similar to that induced by a sipC null mutant strain. The cAMP
levels of SopA,_,,-CyaA were slightly, but significantly (P < 0.06;
Student’s ¢ test), lower than the cAMP levels of SopA,_,s-CyaA
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FIG. 2. Translocation of SopA-CyaA, SopA,_os-CyaA, and SopA,;_4s-
CyaA into the Henle-407 cells. Intracellular ;cAMP levels are an indication
of the translocation of CyaA fusion proteins in Salmonella ZP15 (sopB
sopE) and ZP91 (sipC sopB sopE) strains. Cells were infected for 1 h, and
the adenylate cyclase activity was determined. The data were from three
independent experiments, with standard deviations shown as error bars.
cAMP values are presented as pmol per microgram of total cellular protein.
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SopA SECRETION 2415

that were averaged from three independent experiments. To-
gether with the translocation ruffling assay, this confirms that the
minimal region of SopA for secretion and translocation is within
the first 45 amino acids.

SopA,_,s is secreted through both the flagellar export ap-
paratus and the SPI-1 type III secretion system (TTSS), while
SopA,_,, is secreted only by the flagellar export apparatus.
The lack of translocation of SopA,_,, could have resulted from
a lack of either secretion or translocation or a deficiency in
both processes. To determine the secretion abilities of these
fusion constructs, culture supernatants from the wild-type Sal-
monella strain (SL1344), a flagellar-export-deficient mutant
strain (flgGHI; ZP88), an SPI-1 type III secretion-deficient
mutant strain (invA4; SB136), and a mutant deficient in both
secretion apparatuses (flgGHI invA; ZP89) carrying plasmids ex-
pressing  SopA;,-SOpE g 540-M45, SopA;_45-SopE g 540-M45,
or SopA,_44-SopE,5 540-M45 were analyzed by Western blot-
ting. As seen in Fig. 3, all the fusion proteins were secreted
from the wild-type and inv4 mutant strains. In addition, SOpAg,;-
SopE g 540-M45 and SopA,_45-Sop-g »40-M45 were also se-
creted from the flgGHI mutant strain (Fig. 3). However, the
secretion of SOpA,;-SOpEg »40-M45 and SopA,_45-S0p-g 240"
M45 was completely abolished in the flgGHI invA mutant
strain, indicating that they are secreted by both the flagellar
export apparatus and SPI-1 TTSS. In contrast, the secretion of
SopA,_44-SopE-¢_»4,-M45 was detected only in the culture su-
pernatants of the wild-type and the invA mutant strains but was
absent from supernatants of both the flgGHI mutant and the
flsGHI invA mutant strains (Fig. 3). Similar to SopA;_,,-
SopE ¢ 540-M45, the secretion of SopA;_;,-SOpE-s 540-M45
and SopA_35-SopE,5_,40-M45 was detected only in the culture
supernatants of the wild-type and the inv4 mutant strains but
was absent from supernatants of both the flgGHI mutant and
the flgGHI invA mutant strains (data not shown). The lack of
detectable secretion in the figGHI mutant strain indicates the
inability of SopA;_44-SOpE s »4,0-M45 to be secreted by the

SopA1-44-SopE78-240-M45

& T & I S I
S FEY & T & T
Lysate R AR e e D ~—= SopA
Secretion o o o . o amb > o ’-- SopA
Lysate T, S, S S .—-u--...- 4 s - Hsp60
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FIG. 3. Secretion profiles of SOpA;,;-SOpE s 540-M45, SopA;_45-SOpE g 540-M45, and SopA,_4-SopE-s 4-M45 fusion proteins. The cell lysate
samples corresponded to 50 pl of culture, and the secreted proteins corresponded to 1.5 ml of culture supernatant. Full-length and C-terminal deletions of SopA
were fused to SopE-g ,40-M45 using the translocation reporter plasmid. Their expression and secretion were examined by Western blotting in the wild-type
(Wt) strain (SL1344), an SPI-1 type III secretion-deficient mutant strain (inv4; SB136), a flagellar-export-deficient mutant strain (figGHI; ZP88), and a
mutant deficient in both secretion apparatuses (fligGHI invA; ZP89). Leakage and bacterial lyses were monitored using monoclonal anti-Hsp60 antibodies.
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FIG. 4. Secretion profiles of SOpA,_4s-SOpE g »40-M45, SopA_4s (the
serine codon at position 45 from TCT to TCG)-SopE s »4-M45, and
SopA, . (S45T)-SopE;5 549-M45 fusion proteins. The cell lysates corre-
sponded to 50 pl of culture, and secreted proteins corresponded to 1.5 ml
of culture supernatant. Their expression and secretion were examined by
Western blotting in the wild-type (Wt) strain (SL1344), an SPI-1 type 111
secretion-deficient mutant strain (inv4; SB136), a flagellar-export-defi-
cient mutant strain (flgGHI; ZP88), and a mutant deficient in both secre-
tion apparatuses (figGHI invA; ZP89).

SPI-1 type III secretion system. As a control for bacterial lysis
and/or nonspecific leakage, the presence of Hsp60, a cytosolic
heat shock protein, was also determined in the same blot. No
Hsp60 was detected in the supernatant from any of the strains
used in this study (Fig. 3).

There have been many studies of Yersinia effectors to deter-
mine whether the type III secretion signal is found in the
mRNA sequence or in the protein sequence (11, 23, 32). A
similar investigation of Salmonella identified the N-terminal
amino acid sequence as the secretion signal for SopE (18). To
determine if the mRNA sequence, and not the amino acid
sequence, was responsible for this difference in secretion be-
tween SopA;_4s-SOpE g 540-M45 and SopA,_44-SopE g 5.0~
M45, the serine (S45) was mutated to the corresponding five
silent mutations (codon TCT to TCC, TCA, TCG, AGT, and
AGQC) by site-directed mutagenesis. The secretion profiles of
these constructs were found to be identical to that of the
SopA,_45-SopE-¢_»40-M45 construct in the wild-type and invA4,
flsGHI, and figGHI invA mutant strains (Fig. 4 and data not
shown). To further investigate the critical role of S45 in secretion,
we also mutated the serine 45 to a threonine in SopA,_45s-Sop
E. 5 »40-M45 and examined the secretion profile of the mutated
SopA,_45-SopE 5 549-M45 (S45T) in the above-mentioned
four Salmonella strains. We found that SopA,_,5-SopE-g 540~
M45 (S45T) was secreted in a manner identical to that of
SopA,_44-SopE-¢_540-M45 (Fig. 4). This result indicates that
the loss of serine 45, or a modification of it to a threonine,
prevented secretion through the SPI-1 type III secretion ap-
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paratus. Taken together, our data demonstrate that serine 45 is
critical for secretion and translocation through the SPI-1 type
III secretion apparatus.

To determine if SPI-1 and/or flagellar secretion of SOopAg,-
SopE g 540-M45, SopA,_45-SopE-g 540-M45, and SopA,;_4-
SopE5 549-M45 is dependent on the SopA chaperone, InvB,
we examined the secretion profiles of these constructs in invB,
invB invA, invB flgGHI, and invB invA flgGHI strains. We
found that the SPI-1 secretion of SOpAg,;-SOpE s 540-M45 and
SopA,_45-SopE.¢_540-M45 that was observed from the flgGHI
strain was InvB dependent (Fig. 3 and 5A). Secretion through
the flagellar export apparatus of SopA;,;-SOpE.s 540-M45,
SopA,_45-SopE 5 549-M45, and SopA,_44-SOpE 5 540-M45 was
not affected between the invA4 and the invA invB mutants
(Fig. 5B). These data indicate that SOpA,;-SOpE g 540-M45
and SopA,_,5s-SopE,g_»40-M45 secretion through SPI-1, but
not through the flagellar export apparatus, requires its chap-
erone, InvB.

To eliminate the possibility that the secretion of the SopA
fusion proteins by the inv4 mutant was due to overexpression of
the fusion proteins from the pBAD derivative plasmid, SopA-
M45 was introduced into the chromosome with a suicide plasmid
in the wild-type, invB mutant, invA mutant, flgGHI mutant, and
flesGHI invA mutant Salmonella strains. In these strains, SopA-
M45 is expressed from its native promoter in the chromosome. As
seen in Fig. 6, with the exception of the invB mutant, the mero-
diploid strains expressed SopA-M45 in approximately equivalent
amounts. The lower SopA-M45 expression in the invB mutant
strain is likely due to the fact that InvB is required for SopA
expression (6). Similar to the secretion of the SopA fusion pro-
teins expressed from the plasmid, the chromosomal SopA-M45
was secreted by the inv4 mutant, but not in the mutant that was
deficient in both the flagellar export apparatus and SPI-1 TTSS.
This phenomenon appears to be specific to SopA, because an-
other SPI-1 TTS effector, SipA, was not secreted by the invA
mutant (Fig. 6). Collectively, the data indicate that the deficiency
in translocation of SopA,_, is likely due to its inability to be
secreted through the SPI-1 TTS apparatus.

SopA,_45, but not SopA,_,,, interacts with its chaperone,
InvB. In addition to being the chaperone for SipA, SopE, and
SopE2 (4, 21), InvB has been identified as the SopA chaperone
(6). To further understand the molecular mechanisms that
underlie the secretion and translocation of SopA, the inter-
action of SopA,_,s and SopA,_,, with InvB was examined by
yeast two-hybrid and protein overlay analyses. The yeast two-
hybrid assay employed fusions of the DNA-binding domain of
GALA4 and SopA (GAL4BD-SopA) and the activation domain
of GAL4 and InvB (GAL4AD-InvB). Because the C-terminal
deletions of SopA were not expressed well alone, the SOpE¢ ,4
reporter was retained in these constructs. To ensure that the
interaction was not dependent on the SopE.5 ,,, tag, we also
replaced the SopE-¢ 4, tag with Npt. Yeast strains carrying plas-
mids expressing GALABD-SopA, GALABD-SopA,_os-SOpEg 540,
and GALABD-SopA,_4s-Npt with plasmids expressing GALAAD-
InvB grew well on the yeast drop-out media lacking histidine
(Fig. 7A). This interaction was not detected with yeast express-
ing GAL4BD-SopA,_,-Npt and GAL4AD-InvB, nor when
GAL4AD-Plastin was expressed in place of GAL4AD-InvB
(Fig. 7A). In addition, yeast strains carrying GAL4BD-SopA,
GAL4BD-SopA,_os-SopE ¢ 540, and GAL4BD-SopA,_,5s-Npt
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FIG. 5. Secretion profiles of SopAy,;-SOpE-g 540-M45, SopA;_4s-SopEg 540-M45, and SopA,_44-SopE ¢ »4-M45 fusion proteins in invB
(A) and invA (B) mutant derivatives. The cell lysates corresponded to 50 pl of bacterial culture, and the secreted proteins corresponded to 1.5 ml
of culture supernatant. The expression and secretion of SOpAg,;;-SOpE g »40-M45, SOpA_45-SopE 5 »40-M45, and SopA,_4-SopE5 »,40-M45 were
examined by Western blotting in invA4 (SB136), invB (ZP143), invA invB (ZP144), invB flgGHI (ZP145), and invB flgGHI invA (ZP146) strains.
Leakage and bacterial lyses were monitored using monoclonal anti-Hsp60 antibodies.

together with GAL4AD-InvB exhibited B-galactosidase activ-
ity using a filter lift assay (Fig. 7A). No B-galactosidase activity
was detected from yeast strains expressing GAL4BD-Sop
A,_,,-Npt and GAL4AD-InvB, nor with the negative controls,
GAL4ABD-SopA,_45-SopE.5 540 and GAL4AD-Plastin.

The interaction between SopA,_,s and InvB was investi-
gated further by a protein overlay assay. Whole-cell lysates of
E. coli DH5a expressing SOpA_os-SOpE-g_540-M45, SopA_4s-
SopE7g 540-M45, SopA;_ys-Npt-M45, and SopA;_44-SopE7s 540-
M45 were separated by SDS-PAGE and immobilized onto
nitrocellulose membranes. As a negative control, SptP, whose
chaperone is SicP (7), was tested in a similar manner. Immo-
bilized membranes were probed with either purified GST-InvB
or GST alone, followed by anti-GST antibodies (Fig. 7B). The
GST-InvB probe bound well to the SopA,_os-SOpE5_540-M45
and SopA,_,5-SopE-¢ ,4,-M45 fusion constructs. This interac-
tion was not observed for SopA;_44,-SOpE g »4,0-M45 or for

SptP-SopE 5 540-M45, which does not interact with InvB. In
addition, no interactions were observed when the blots were
probed with GST instead of GST-InvB (data not shown). Inter-
action was also observed between GST-InvB and the SopA,_s-
Npt-M45 fusion proteins, indicating that the specificity between
InvB and SopA,_,5-SopE ¢ 4, Was independent of the SopE-g 4
fragment. Taken together, these experiments demonstrated
that InvB interacts with SopA,_,s, but not with SopA,_,,.

DISCUSSION

Previous methods of defining the type III secretion and
translocation domains included the digitonin subcellular frac-
tionation technique (22), fluorescence staining (8, 33), the ade-
nylate cyclase assay (36), and the phospho-Elk assay (5). They
have been used effectively to characterize the type III effector
translocation domains. We developed a ruffling-based translo-
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FIG. 6. Chromosomally expressed SopA-M45 is secreted by the
invA mutant. Using a suicide vector, SopA-M45 was introduced into
the chromosome of the wild-type (Wt) strain (SL1344), a mutant strain
that contains an in-frame deletion in the gene that encodes the SopA
chaperone (invB), an SPI-1 type III secretion-deficient mutant strain
(invA; SB136), a flagellar-export-deficient mutant strain (flgGHI;
ZP88), and a mutant deficient in both secretion apparatuses (figGHI
invA; ZP89). The secretion of SipA and SopA-M45 was examined by
Western blotting with anti-SipA and anti-M45 antibodies. The ly-
sate sample corresponded to 200 pl of bacterial culture, and the
secretion sample corresponded to 6 ml of culture supernatant. The
blot was reprobed with anti-Hsp60 to detect nonspecific leakage
and bacterial lysis.

cation reporter system that uses the secretion- and transloca-
tion-deficient catalytic domain of SopE, SopE.g 4, as a re-
porter. By itself, SOpE-g ,4 is not translocated into mammalian
cells, but it is capable of inducing actin cytoskeleton rearrange-
ments once fused to proper secretion and translocation signals.
Since SopE is itself secreted and translocated via the SPI-1
type III protein secretion system, the putative type III se-
cretion and translocation signals fused to it have little ad-
verse effect on its secretion and translocation. In addition,
our assay is based on the ruffling phenotype induced by
SopE s ».40- There are no false positives, because SOpEg 54
is translocation deficient. Our ruffling assay is more suitable
for qualitative analysis to define the minimum region that is
capable of translocation and, thus, of inducing ruffles. The
dynamic nature of the ruffles (different shapes and sizes)
often prevents accurate quantitative measurements. Al-
though the sopE sopB double mutant is still able to trans-
locate SipA, SipC, and SopE2, no obvious actin rearrange-
ments were observed when delivered by Salmonella in the
absence of SopB or SopE (40). The remaining SopE2 activ-
ity in the sopE sopB double mutant is likely antagonized by
SptP (40).

Although the secretion domains of the type III effector mol-
ecules have been studied extensively (1, 24, 25, 27, 30-32), very
few studies describe the translocation domains. The minimal
secretion domain of type III effectors in Yersinia and Salmo-
nella have been localized to the first ~20 amino acids from the
N termini (24, 25, 30, 32). The minimal translocation domain
of SptP (amino acids 1 to 159) was identified by functional and
crystallographic studies (7, 37). With the ruffling translocation
assay, we have determined that additional C-terminal deletions
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in SopA,_,s eliminate its translocation. The translocation of
SopA,_4s is further supported by the experiment that showed
that the SopA,_,s-CyaA, but not the SopA,_,,-CyaA, fusion
was translocated. SopA,_,5-CyaA was slightly, but significantly,
translocated into Henle-407 compared to SopA,_,,-CyaA.
Since SopA,_4s, not SopA,_y, was able to translocate SOpE g 540,
this further illustrates the sensitivity of the translocation ruf-
fling assay. SopA,_,s was translocated at a much lower effi-
ciency than the full-length SopA and approximately 2.5
times more than the negative control. Interestingly, Sop
A,_95-SOpE-¢ ,,, induced prominent ruffle formation and the
SopA,_ys-CyaA fusion exhibited a high level of cAMP, sug-
gesting that efficient secretion and translocation of SopA re-
quires sequences beyond the minimum SopA,_,s. We have also
found that SopA,_4s, but not SopA,_,,, is able to bind to InvB
by both yeast two-hybrid and far-Western analyses. This cor-
relation further indicates that SopA,_,5 is the minimal domain
for SPI-1 secretion and translocation. It also further supports
the importance of chaperone binding and its role in secretion
and/or translocation of SopA.

Previously, Ehrbar et al. showed that SopA,_,s,-M45 secre-
tion is dependent on a functional SPI-1 TTSS with lack of
secretion of SOpA,_,s;-M45 from the invC::aphT mutant (6).
In this study, we found that SopA-M45 is secreted through
both the SPI-1 and the flagellar export apparatuses. We are
certain that the SopA secretion in the inv4 mutant is neither
due to leakage through the SPI-1 TTSS nor due to the lysis of
bacteria. First, we observed SopA secretion in a mutant that
contained in-frame deletions in both InvA and InvG, two
essential components of the SPI-1 TTSS (data not shown).
Second, we found that SopA-M45 secretion was eliminated
in the invB flgGHI strain but was unaffected in invB invA
(Fig. 5), indicating that SopA secretion through the SPI-1
TTSS is InvB dependent and is InvB independent when
exported through the flagellar transport system. Third, we
never detected Hsp60 (3), a Salmonella cytosolic protein, in
any of the secretion samples tested. Lastly, SopA secretion
is completely eliminated in the invA flgGHI strain, which is
deficient in both SPI-1 TTSS and flagellar secretion, further
demonstrating that SopA proteins detected in the inv4 mu-
tant supernatant are due to specific secretion through the
flagellar export apparatus.

Several different experimental conditions may have contrib-
uted to the discrepancy between our SopA secretion data and
those of Ehrbar et al. (6). First, they used an invC::aphT mu-
tant strain and we used the invA::aphT invA invG in-frame
deletion (data not shown) mutant strains. Second, subtle dif-
ferences in bacterial culture conditions may need to be exam-
ined to see if culture conditions induced/suppressed the ex-
pression or the proper function of the flagellar export
apparatus. In the absence of a functional flagellar export ap-
paratus, no SopA would be detected in the invA mutant strain.

Our data showed that SopAg,-SOpE-g 540-M45, SOpA;_4s-
SopE ¢_»40-M45, and SopA;_,4-SopE-5 ,,,-M45 were all secreted
through the flagellar export apparatus. SOpA, 35-SopE.g 54-M45
and SopA,_;y-SopE.¢_,40-M45 are also capable of being se-
creted through the flagellar export apparatus (data not shown).
Further N-terminal truncation resulted in very poor expres-
sion of the fusion proteins (data not shown). It is not clear
what role the flagellar export of SopA plays in Salmonella
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FIG. 7. SopA,_4s, but not SopA,_,,, interacts with its chaperone, InvB, as tested by yeast two-hybrid analysis (A) and a protein overlay assay
(B). (A) Equivalent amounts of Y153 carrying GAL4-SopA, GAL4-SopA,_¢s-SopE 5 540, and GAL4-SopA,_4s-Npt, together with GAL4-InvB,
were spotted on the yeast drop-out media with and without histidine. Growth was recorded, and a -galactosidase lift assay was carried out after
3 days of incubation at 30°C. (B) Equal amounts of whole-cell lysates of E. coli DH5a expressing SOpA|_os-SOpE g 540-M45, SOpA | _45-S0pEg 540~
M45, SopA_44-SopE 5 540-M45, SopA,_45-Npt-M45, and SptP_;50-SopE g »40-M45 were separated by SDS-PAGE and immobilized on nitrocel-
lulose membranes. The membranes were probed with purified GST-InvB or GST alone, followed by anti-GST antibodies (top). Total fusion

proteins were probed with anti-M45 monoclonal antibodies (bottom).

pathogenesis. Our data indicate that there is no transloca-
tion following the flagellar export of SopA. Further studies
are required to investigate whether SopA functions in an
extracellular manner in Salmonella pathogenesis. In fact, it
has been reported that extracellular SipA might activate a

PKC-a-dependent signal transduction pathway to induce
neutrophil transepithelial migration (20, 35).

In summary, we have determined the minimal secretion and
translocation region of SopA to be within the first 45 amino
acids. This region binds its chaperone and is sufficient for both
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the secretion signal and the translocation signal for the SPI-1
type III apparatus in Salmonella. 1t is clear that the secretion
and translocation domains overlap with the chaperone-binding
domain, and they may even be the same domain.
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