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Salmonella serovars cause a wide variety of diseases ranging from mild gastroenteritis to life-threatening
systemic infections. An important step in Salmonella enterica serovar Typhimurium infection is the invasion of
nonphagocytic epithelial cells, mediated by a type III secretion system (TTSS) encoded on Salmonella patho-
genicity island 1 (SPI1). The SPI1 TTSS forms a needle complex through which effector proteins are injected
into the cytosol of host cells, where they promote actin rearrangement and engulfment of the bacteria. We
previously identified the Salmonella-specific regulatory protein RtsA, which induces expression of hil4 and,
thus, the SPI1 genes. Here we show that the hil4 regulators RtsA, HilD, and HilC can each induce transcription
of dsbA, which encodes a periplasmic disulfide bond isomerase. RtsA induces expression of dsbA independent
of either the SPI1 TTSS or the only known regulator of dsbA, the CpxRA two-component system. We show that
DsbA is required for both the SPI1 and SPI2 TTSS to translocate effector proteins into the cytosol of host cells.
DsbA is also required for survival during the systemic stages of infection. We also present evidence that
production of SPI1 effector proteins is coupled to assembly of the TTSS. This feedback regulation is mediated
at either the transcriptional or posttranscriptional level, depending on the particular effector. Loss of DsbA
leads to feedback inhibition, which is consistent with the hypothesis that disulfide bond formation plays a role

in TTSS assembly or function.

The salmonellae are invasive pathogens that cause a range
of human diseases. Nontyphoid Sa/monella usually causes gas-
troenteritis. Although this is often a self-limiting disease
marked by diarrhea and abdominal cramps, the infection can
be more severe, resulting in bacteremia, fever, or even death
(56). To initiate infection, Salmonella spp. colonize the small
intestine and invade the intestinal epithelium (10, 41).

Salmonella enterica serovar Typhimurium invades intestinal
epithelial cells by using a type III secretion system (TTSS)
encoded by Salmonella pathogenicity island 1 (SPI1) (19). The
SPI1 TTSS forms a needle-like structure or needle complex
(NC) capable of injecting effector proteins directly into the
cytosol of host cells (43, 47, 48). The SPI1 proteins PrgH, PrgK,
and InvG make up a multiring base similar to the flagellar
basal body (43, 48). These proteins are secreted in a sec-
dependent manner (44, 48) and are required for assembly of
the NC (69). PrgH and PrgK are thought to form a ring which
spans the inner membrane, while InvG, a member of the se-
cretin family of proteins, forms a ring that spans the pepti-
doglycan layer and outer membrane (14, 15, 43). Targeting of
InvG to the outer membrane requires the lipoprotein InvH
(14, 15). Prgl is the main subunit of the needle portion of the
SPI1 TTSS and is secreted through the apparatus (43, 48). The
length of the needle is thought to be regulated by InvJ (48).

Based on a comparison of the SPI1 proteins to those of
analogous systems, it is thought that the export apparatus is a
multiprotein complex located inside the PrgHK ring on the

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Illinois, B103 Chemical and Life Sciences Labo-
ratory, 601 S. Goodwin Ave., Urbana, IL 61801. Phone: (217) 244-
1956. Fax: (217) 244-6697. E-mail: slauch@uiuc.edu.

T Present address: Department of Molecular and Cellular Biology,
Harvard University, Cambridge, MA 02138.

68

cytoplasmic face of the inner membrane (44, 69). Mutational
analysis revealed that the SpaPQRS and InvA proteins, which
are predicted to be integral inner membrane proteins, as well
as SpaO, InvC, and OrgC, which are predicted to be cytosolic
proteins, are essential for secretion of Prgl (69). InvC has F/F,
ATPase activity that is required for protein export (24).

The successful injection of effector proteins into the cyto-
plasm of eukaryotic cells involves two steps; first the effector
proteins must be secreted across the inner and outer mem-
branes of the bacterial cell, and then type three secretion
(TTS) effectors must be translocated across the membrane of
the host cell. The completed NC is sufficient for secretion of
effector proteins, but translocation requires a translocase com-
plex consisting of SipB, SipC, and SipD, which are secreted by
the SPI1 TTSS. SipB and SipC localize to the eukaryotic host
cell plasma membrane within 15 min after infection (66). In
strains containing sipB or sipD mutations, SipC is still secreted,
but it is unable to target the host cell plasma membrane,
suggesting that SipB, SipC and SipD form a pore complex in
the plasma membrane (66). SipB and SipC also function as
effectors (34, 36, 77), but it is not clear if SipD has any effector
activity. A number of phenotypes have been attributed to the
SPI1 TTSS and its effector proteins, including rearrangement
of the actin cytoskeleton, which promotes invasion (77), ne-
crosis of macrophages (8, 36, 59, 60), enteropathogenesis (73),
and transepithelial migration of polymorphonuclear leuko-
cytes (50, 54).

In gram-negative organisms a number of periplasmic pro-
teins require the formation of disulfide bonds to fold or func-
tion properly (13). In Escherichia coli, de novo formation of
periplasmic disulfide bonds requires the products of the dsbA
and dsbB genes (13). DsbA is a soluble periplasmic enzyme
that contains an active site CXXC motif. DsbA functions as an
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oxidizing protein by accepting electrons from cysteine residues
of periplasmic proteins (13). DsbA is oxidized by DsbB, an
inner membrane protein that contains two CXXC motifs (7,
58). The electrons are then passed from DsbB to the quinone
pool and eventually to the cytochrome oxidases in the inner
membrane (5, 6, 46).

The role of DsbA in virulence has been addressed in several
pathogens, but its role in Salmonella virulence has not been
determined. In Vibrio cholerae, DsbA (TcpG) is required for
biogenesis of the toxin-coregulated pilus (Tcp) and for forma-
tion of active cholera toxin (62, 76). DsbA is also required for
the systemic stages of an E. coli K1 infection, although it is not
known what factors are directly affected (29). In Yersinia pestis
(40), Shigella flexneri (74), Pseudomonas aeruginosa (31), and
Pseudomonas syringae (45), dsbA mutations block the secretion
of effector proteins by the TTSS. In Y. pestis, dsbA mutations
result in an unstable YscC (InvG homolog) complex (40).
YscC forms a pore that allows the needle structure to cross the
outer membrane (40). In S. flexneri, a dsbA mutation causes
accumulation of oxidized Spa32 (74). Spa32 is thought to con-
trol needle length and is essential for secretion of effector
proteins (51). Site-directed mutagenesis of the cysteine resi-
dues in Spa32 caused the same phenotype as a dsbA mutation,
suggesting that Spa32 requires DsbA to function appropriately
(74).

In E. coli, the only known regulator of dsbA transcription is
the two-component system CpxRA (for a review see reference
64), which induces expression of dsbA approximately sixfold in
response to periplasmic stress (16). In serovar Typhimurium, it
was recently determined that a gene immediately upstream of
dsbA, rdoA (yihE), controls expression of dsbA by modulating
the response of the Cpx system (70). In V. cholerae, dsbA
(tcpG) is a member of the ToxR regulon, suggesting that some
pathogens coordinately regulate expression of the isomerase
with virulence factors that require proper formation of disul-
fide bonds to function (62).

In a number of pathogenic organisms, the CpxRA regulatory
system has been implicated in virulence. In strains of uropatho-
genic E. coli, the Pap fimbriae mediate attachment to kidney
epithelial cells. Mutations in the cpx pathway block formation
of a complete Pap pilus (39). In Salmonella enterica serovar
Typhi, mutations in cpx4 block invasion of epithelial cells in
vitro (49), but the molecular mechanism is not known. In
Shigella sonnei, the CpxRA pathway is required for maximal
expression of virF, a major regulator of the S. sonnei TTSS
(61). It is thought that phosphorylated CpxR activates expres-
sion of virF by binding to the DNA upstream of the virF
promoter (61).

In serovar Typhimurium, relatively little is known about
¢pxRA and dsbA other than what is assumed by extension from
E. coli, and even less is known about the role, if any, of these
genes in virulence. We previously identified a Salmonella-spe-
cific regulatory operon consisting of two genes, rzsAB (26).
RtsB represses expression of the flagellar regulon. RtsA in-
duces expression of the SPI1 TTSS by increasing expression of
hilA (26). HilA directly and indirectly induces expression of the
SPI1 TTSS and its effector proteins (26). Here we report that
RtsA and the related hilA regulators, HilD and HilC, coordi-
nately regulate expression of dsbA and the SPI1 TTSS. We also
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present evidence that DsbA is required for the proper function
of both the SPI1 and SPI2 TTSS.

MATERIALS AND METHODS

Media, reagents, and enzymatic assays. Luria-Bertani (LB) medium was used
in all experiments for growth of bacteria, and SOC was used for recovery of
transformants (52). Bacterial strains were routinely grown at 37°C; the excep-
tions were strains containing the temperature-sensitive plasmids pCP20 and
pKD46, which were grown at 30°C. In most cases antibiotics were used at the
following concentrations: ampicillin, 50 pg/ml; chloramphenicol, 20 wg/ml; and
kanamycin, 50 wg/ml. Integration of pAH125 and its derivatives required 10 pg
of kanamycin per ml and 25 wg of tetracycline per ml. Enzymes were purchased
from Invitrogen (Carlsbad, Calif.) or New England Biolabs (Beverly, Mass.) and
were used according to the manufacturers’ recommendations. Primers were
purchased from IDT Inc. (Coralville, Iowa). B-Galactosidase assays were per-
formed by a microtiter plate assay as previously described (68) with strains grown
under the conditions indicated below.

Strain and plasmid construction. Bacterial strains and plasmids are described
in Table 1. All serovar Typhimurium strains created for this study are isogenic
derivatives of strain ATCC 14028 and were constructed by using P22 HT105/1
int-201 (P22)-mediated transduction (52). The Pi-dependent plasmids used in
this study were maintained in DHSaApir. All plasmids were passaged through a
restriction-minus modification-plus Pi* Salmonella strain (JS198) (25) prior to
transformation into derivatives of strain ATCC 14028. Analysis of the RtsA-
activated dsbA promoter was performed by cloning fragments of a 1.4-kb up-
stream region. Deletion analysis of the 3" end of this region was performed by
using PCR to clone four different fragments which sequentially removed DNA
from the 3’ end. Deletion analysis of the 5’ end was performed by digesting
pCES85 with Sacll, Sall, BstBI, or PstI and Sphl, blunt ending the linearized
vector with T4 DNA polymerase, and self-ligating the plasmid by using T4 DNA
ligase. The base pairs cloned upstream of lacZ are indicated in Table 1.

Construction of chromosomal deletions and insertions and lac fusions. Dele-
tion of the dsbA, cpxR, baeR, pspF, AsitA-pphB (ASPI1), and dsbB genes and
insertion of a chloramphenicol resistance cassette were accomplished by using
lambda Red-mediated recombination (22, 75) as described by Ellermeier et al.
(25). The AhilC-D mutation also removed prgHIJK, which are essential compo-
nents of the SPI1 TTSS, and was described previously (26). The endpoints of
each deletion are indicated in Table 1. In all cases, appropriate insertion of the
antibiotic resistance marker was checked by P22 linkage to known markers
and/or PCR analysis. In each case, the constructs resulting from this procedure
were moved into a clean wild-type background (ATCC 14028) by P22 transduc-
tion. Antibiotic resistance cassettes were removed by using the temperature-
sensitive plasmid pCP20 and were converted to transcriptional lac fusions by
using the FLP/FRT-mediated site-specific recombination method as previously
described (25). The fusion joint is indicated in Table 1.

Western blot analysis of Salmonella secreted proteins. Analysis of secreted
proteins in strains expressing RtsA from the araBAD promoter was performed by
diluting overnight cultures of strains 1/20 in 10 ml of LB medium containing
ampicillin and 0.2% 1-arabinose. These cultures were grown with shaking at 225
rpm on a platform shaker for 4 h at 37°C. Cultures used for Western blot
detection of the SopA-M45 or SopB-M45 (SigD) fusions were grown statically
overnight in LB medium containing ampicillin and 0.2% vL-arabinose. Strains
expressing the SIrP-CyaA fusion were grown statically overnight in LB medium
containing kanamycin. The culture supernatants were prepared as previously
described (26). The whole-cell extracts were lysed in 2X loading buffer (4). All
strains grew equally well under the conditions used. Therefore, the equivalent of
1.5 ml of culture supernatant and 50 pl of whole cells (~2.5 X 107 cells) were
separated by sodium dodecyl sulfate (SDS)- 12.5% polyacrylamide gel electro-
phoresis (PAGE) (4) and blotted onto nitrocellulose (MSI, Westboro, Mass.) by
using a Panther semidry blotter (Owl Separation Systems, Portsmouth, N.H.) for
2 h at ~300 mA. The blots were then blocked with 5% nonfat dried milk in
phosphate-buffered saline (PBS) containing 0.1% Tween 20. The antibody dilu-
tions used were as follows: mouse anti-M45, 1/200; mouse anti-CyaA (Santa Cruz
Biotech, Santa Cruz, Calif.), 1/200; horseradish peroxidase (HRP)-conjugated
goat anti-mouse immunoglobulin G (Sigma, St. Louis, Mo.), 1/2,500; rabbit
anti-DsbA polyclonal antibody (Medical and Biological Laboratories Ltd.),
1/10,000; rabbit anti-B-lactamase polyclonal antibody (Chemicon International,
Temecula, Calif.), 1/5,000; and HRP-conjugated goat anti-rabbit immunoglobu-
lin G (Zymed, South San Francisco, Calif.), 1/10,000. ECL and ECL Hyperfilm
(Amersham, Piscataway, N.J.) were used according to the manufacturer’s pro-
tocols to detect HRP-labeled antibody.



70 ELLERMEIER AND SLAUCH

TABLE 1. Strains and plasmids

J. BACTERIOL.

Strain or plasmid

Genotype or relevant characteristics”

Deletion or cloned end points”

Source or reference®

Strains
ATCC 14028
JS248
JS250
JS251
JS252
JS253
JS254
JS256
JS275
JS276
JS279
JS282
JS285
JS289
JS302
JS304
JS306
JS308
JS309
JS311
JS318
JS319
JS320
JS322
JS326
JS327
JS328
JS329
JS330
JS331
JS332
JS333
JS334
JS335
JS336
JS337
JS338
JS339
JS340
JS341
JS342
JS343
JS344
JS345
JS346
JS347
JS348
JS349
JS350
JS351
JS352
JS353
JS354
JS355
JS356
JS357
JS358
JS359
JS360
JS361
JS362
JS363
JS364
JS365
JS366
JS367

Wild type serovar Typhimurium

ArtsA3

ArtsAB7

AhilA112::Cm

AhilC113::Cm

AhilD114::Cm

AinvF100::Cm

AhilC-D2915::Cm

ArtsAB7 d(hilA-lac™)112

ArtsAB7 &(invF-lac™)100

b(hilA-lac*)112

b(invF-lac*)100

sopA100::MudJ

sopB101::MudJ

ArtsAB7 AhilC-D2915::Cm ¢(hilA-lac™)112
ArtsAB7 AhilC-D2915::Cm $(invF-lac™)100
ArtsAB7 sopA100::MudJ

ArtsAB7 AinvF100::Cm sopA100::MudJ
ArtsAB7 sopB101::Mud]

ArtsAB7 AinvF100::Cm sopB101::MudJ
ArtsAB7 &(slrP-lac™)100

ArtsAB7 AhilC-D2915::Cm &(slrP-lac™)100
ArtsAB7 AinvF100::Cm &(slrP-lac™)100
ArtsA5 AhilC-D2915::Cm $(hilA-lac™)112
AdsbA100::Cm

AcpxR100::Cm

AbaeR100::Cm

ApspF100::Cm

A(sitA-pphB)

AdsbB101::Cm

ArtsAB7 AhilC-D2915::Cm

ArtsAB7 AcpxR100::Cm

ArtsAB7 AdsbA100::Cm

ArtsA5 AhilC-D2915::Cm &(dsbA-lac™)100
ArtsAB7 &(dsbA-lac™)100

ArtsAB7 AcpxRI100::Cm (dsbA-lac™*)100
ArtsAB7 AhilA112::Cm &(dsbA-lac™)100
ArtsAB7 ApspF100::Cm &(dsbA-lac™)100
ArtsAB7 AbaeR100::Cm (dsbA-lac™)100
ArtsAB7 AsitA-pphB::Cm &(dsbA-lac™)100
ArtsAB7 att\::pCE83

ArtsAB7 att\::pCE84

ArtsAB7 att\::pCE85

ArtsAB7 att\::pCE86

ArtsAB7 att\::pCE87

ArtsAB7 att\::pCE89

ArtsAB7 att\::pCE90

ArtsAB7 att\::pCE91

ArtsAB7 att\::pCE92

ArtsAB7 att\::pAH125

MC4100 ara™

JS352 att\::NRS88(dsbA'-lacZ™)

JS352 att\::pCES83

pCE39

slrP*::pTH807

slrP*::pTH807 AhilC-D2915::Cm
slrP*::pTH807 AdsbA100::Cm
slrP*::pTH807 AcpxR100::Cm

pSG161

pSG161 AssaT100::Kn

pSG161 AdsbA100::Cm

pSG161 AcpxR100::Cm

pZP188 ara623::Tnl0dTc

PZP188 AdsbA100::Cm ara623::Tnl0dTc
pZP188 AhilC-D2915::Cm ara623::Tnl0dTc
pZP188 AcpxR::Cm ara623::Tnl10dTc

4561755-4560884
4561769-4560602
3019885-3021480
3012135-3012976
3017865-3018730
3043931-3043290
3012135-3018730

4204198-4204820
4270445-4269745
2224566-2225230
1782615-1783537
3006017-3048180
1908529-1909020

Continued on following page
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TABLE 1—Continued

Strain or plasmid Genotype or relevant characteristics”

Deletion or cloned end points” Source or reference®

JS368 pZP212 ara623::Tnl0dTc

JS369 pZP212 AdsbA100::Cm ara623::Tnl10dTc

JS370 pZP212 AhilC-D2915::Cm ara623::Tnl0dTc

JS371 pZP212 AcpxR100::Cm ara623::Tnl0dTc

JS372 sopA100::Mud] AdsbA100::Cm

JS373 sopA100::MudJ AinvF100::Cm

JS374 sopB101::MudJ AdsbA100::Cm

JS375 sopB101::MudJ AinvF100::Cm

JS376 b(slrP-lac™)

JS377 b(slrP-lac™) AdsbA100::Cm

JS378 &(slrP-lac ™) AinvF100::Cm

JS379 b(hilA-lact)112 AdsbA100::Cm

JS380 b(invF-lac*)100 AdsbA100::Cm

JS381 ArtsAB7 AdsbA100::Cm sopA100::MudJ

JS382 ArtsAB7 AhilC-D2915::Cm sopA100::MudJ

JS383 ArtsAB7 AdsbA100::Cm sopB101::MudJ

JS384 ArtsAB7 AhilC-D2915::Cm sopB101::MudJ

JS385 ArtsAB7 AdsbA100::Cm &(slrP-lac™)100

JS386 ArtsAB7 AdsbA100::Cm & (hilA-lac™)112

JS387 ArtsAB7 AdsbA100::Cm &(invF-lac™)100

MC4100 F~araD139 A(argF-lac)U169 rpsL150 relA1
fIhD5301 deoC1 ptsF25 rbsR

PAD281 MC4100 NRS88(dsbA'-lacZ™")

Plasmids

pKD46 bla Pgap, gam bet exo pSC101 onTS

pCP20 bla cat cI857 NPyfip pSC101 on TS

pKD3 bla FRT cat FRT PS1 PS2 oriR6K

pCE36 ahp FRT lacZY" t,,, oriR6K

pCE37 ahp FRT lacZY" t,,, oriR6K

pBAD30 bla araC Py, pACYC184 ori

pRtsA bla Pgap NAttB1 rtsA™ NAttB2 pACYC184 ori

pRtsB bla Pyap MNAttB1 risB* NAttB2 pACYC184 ori

pRtsAB bla Pgap NAttB1 rtsA"B* NAttB2 pACYC184

ori

pZP188 bla Pyap sopA-M45 pACYC184 ori

pZP212 bla Py s, sopB-M45 pACYC184 ori

pCE39 bla Py ¢ lacZ'-cyaA pACYC184 ori

pSG161 bla Py ¢ sspH2'-cyaA pACYC184 ori

pTH807 aph slrP'-cyaA oriR6K

pAH125 lacZ t; 5 NattP oriR6K Kan t,,,p

pLS118 bla Pyap hilD-myc/his pMB1 ori

pLS119 bla Py ap, hilC-myc/his pMBI1 ori

pCES83 lacZ t; 5 \attP oriR6K Kan t,,.p

pCES84 lacZ t; 5 NattP oriR6K Kan t,,,p

pCES85 lacZ t; 5 \attP oriR6K Kan t,,.p

pCES86 lacZ t; 5 NattP oriR6K Kan t,,,p

pCES87 lacZ t; 5 \attP oriR6K Kan t,,.p

pCES9 lacZ t; 5 NattP oriR6K Kan t,,,p

pCE90 lacZ t; 5 \attP oriR6K Kan t,,.p

pCE91 lacZ t; 5 NattP oriR6K Kan t,,,p

pCE92 lacZ t; 5 \attP oriR6K Kan t,,.p

4561766-4560885 26
4560890-4560595 26
4561766-4560595 26

D. Zhou
D. Zhou

32

65
4202771-4204242
4202771-4204125
4202771-4204067
4202771-4203811
4202771-4203291
4203102-4204067
4203342-4204067
4203675-4204067
4203748-4204067

“ Unless otherwise noted, all strains are isogenic derivatives of ATCC 14028.

® The numbers indicate the base pairs that are deleted or cloned (inclusive) as defined in the serovar typhimurium LT2 genome sequence in the National Center for
Biotechnology Information database. The end points are deletion end points for strains and cloned endpoints for plasmids.

¢ This study, unless otherwise noted.
4 ATCC, American Type Culture Collection.

cAMP assays. Translocation of SIrP by the SPI1 TTSS was assayed by using an
SIrP-CyaA fusion protein as previously described (55). Briefly, strains were
grown under SPIl-inducing conditions and used to infect RAW264.7 macro-
phages at a multiplicity of infection of 10 for 1 h. Infected macrophages were
then washed three times with PBS. The cells were lysed with 200 wl of 0.1 M HCI
and heated for 10 min at 95°C. The levels of cCAMP were assayed by using a
Direct cAMP Correlate-EIA kit (Assay Designs, Ann Arbor, Mich.). The protein
content of each sample was determined by a BCA assay (Pierce, Rockford, IlL.).
All cAMP assays were performed in triplicate and repeated at least two times;
the results of a representative experiment are described below.

To assay SPI2-dependent TTS, cultures of serovar Typhimurium strains pro-

ducing SspH2-CyaA fusions grown under SPI2-inducing conditions were opso-
nized with 50% mouse serum (Equitech-Bio, Kerrville, Tex.) for 20 min at 37°C
(55). The opsonized bacteria were then used to infect RAW264.7 cells at a 10:1
ratio. After 1 h, the macrophages were washed three times with PBS and 1 ml of
RPMI 1640 containing 10% fetal bovine serum, and 6.25 p.g of gentamicin per ml
was added. The infection was allowed to proceed for 5 h. The macrophages were
washed, and the cAMP levels were assayed as described above.

Virulence assays. Strains used in virulence assays were grown overnight in LB
broth at 37°C with aeration. Bacteria were washed and diluted in 0.15 M saline.
Female BALB/c mice (Harlan Sprague-Dawley, Inc., Indianapolis, Ind.) were
inoculated intraperitoneally with ~1,000 organisms from an equal mixture of
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mutant and wild-type strains. The competitive index was determined and statis-
tically analyzed as previously described (37, 38).

RESULTS

Production of RtsA increases DsbA levels. We have previ-
ously shown that RtsA induces expression of the SPI1 TTSS by
inducing expression of hil4 (26). HilA directly or indirectly
induces expression of the entire SPI1 TTSS, which can be
observed by the presence of TTS effector proteins in the cul-
ture supernatant (26). During this analysis, we observed the
appearance of a 22-kDa protein band in the culture superna-
tants of strains producing RtsA. The presence of this band was
not dependent on a functional SPI1 TTSS, as a mutation in
either hilA or an apparatus structural gene had no effect (data
not shown). To identify this protein, the band was removed
from the gel and subjected to trypsin digestion and matrix-
assisted laser desorption ionization-time of flight mass spec-
trometry. Analysis of the resulting mass spectrometry peaks by
using PROWL suggested that the protein was DsbA, a disul-
fide bond isomerase normally found to be soluble in the
periplasm of numerous gram-negative bacteria (data not
shown).

DsbA is a periplasmic protein that is required for disulfide
bond formation in the periplasm. This raised the question of
why a periplasmic protein, which requires interaction with the
inner membrane protein DsbB to function, was found in the
culture supernatant, where it is presumably inactive. To ad-
dress this question, we performed Western blot analyses using
anti-DsbA and anti-B-lactamase antibodies with both concen-
trated culture supernatants and whole-cell extracts. Figure 1A
shows that B-lactamase, a soluble periplasmic protein that is
roughly the same size as DsbA, was present in the culture
supernatants at a low level in all strains except strains lacking
bla (e.g., ATCC 14028). Thus, the presence of periplasmic
proteins in culture supernatants is probably due to lysis of
some cells in the culture, independent of RtsA. Figure 1B
shows that in whole-cell extracts of strains producing RtsA, the
levels of DsbA were increased, while the levels of B-lactamase
remained constant. This induction of DsbA was independent
of RtsB, a functional SPI1 TTSS, or the known regulator of
dsbA, CpxR.

RtsA induces transcription of dsb4. RtsA is a known tran-
scriptional regulator that induces expression of the SPI1 TTSS
(26). Therefore, we tested if the RtsA-mediated increase in
DsbA production was a transcriptional effect. We constructed
strains containing a dsbA-lac transcriptional fusion and either
pBAD or pRtsA. The B-galactosidase activities of the resulting
strains were determined after 3 h of growth in the presence of
L-arabinose. As shown in Fig. 2, expression of dsbA was in-
duced sixfold in strains producing RtsA. Thus, the increased
levels of DsbA found in strains producing RtsA was the result
of increased transcription of dsbA. We did not observe an
effect of an rts4 deletion on expression of dsbA even in the
absence of cpxR (data not shown). This was likely due to the
fact that under the conditions tested rts4 was not highly ex-
pressed.

RtsA induction of dsbA is independent of CpxR and SPII.
We wanted to determine the mechanism by which RtsA in-
duces expression of dsbA. The only known regulator of dsbA
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FIG. 1. Effect of RtsA on production of DsbA: Western blot anal-
yses of culture supernatants (top panel) or whole-cell extracts (bottom
panel) with anti-DsbA and anti-p-lactamase antibodies. Except for the
ATCC 14028 control, the strains are ArtsAB and contain the plasmids
and mutations indicated above the lanes. Equivalent amounts of sam-
ple were separated by SDS-12.5% PAGE. The strains used were
plasmid-containing derivatives of JS250, JS332, JS333, and JS334.

expression is the CpxRA two-component system, which re-
sponds to envelope stress (64). We constructed cpxR-null
dsbA-lac fusion strains containing either pBAD or pRtsA. Fig-
ure 2 shows that although the ¢pxR mutation caused a slight
decrease in the absolute level of transcription, RtsA induced
dsbA expression approximately eightfold. Thus, RtsA induc-
tion of dsbA is independent of CpxRA. This is consistent with
the data in Fig. 1B, which show that RtsA increased the levels
of the DsbA protein independent of CpxR.

It is possible that RtsA indirectly induces expression of dsbA
by activating expression of the SPI1 TTSS, thereby inducing
periplasmic stress. We addressed this possibility by introducing
either a deletion of hil4, the major SPI1 regulator, or a dele-
tion of the entire SPI1 TTSS into the dsbA-lac fusion strains.
As shown in Fig. 2, loss of HilA or the entire SPI1 TTSS did
not affect RtsA induction of dsbA. Thus, RtsA induces expres-
sion of dsbA independent of the SPI1 TTSS. We also tested the
ability of RtsA to induce expression of dsbA in the absence of
PspF and BaeR, two additional regulators implicated in
periplasmic stress (1, 17, 63). Figure 2 shows that RtsA induced
expression of dsbA-lac approximately 8- to 10-fold in the ab-
sence of these regulators. These data suggest that RtsA in-
duces expression of dsbA independent of the known regulators
of dsbA, the previously identified RtsA-regulated genes hilA,
hilC, hilD, and invF (26), or the general periplasmic stress
response.
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FIG. 2. RtsA induces expression of dsbA independent of known
periplasmic stress regulators. The strains were ArtsAB and contained a
dsbA-lac transcriptional fusion and either pBAD30 or pRtsA, as well
the mutations indicated below the graph. The hilA, cpxR, pspF, and
baeR mutations are deletions and insertions of a chloramphenicol
cassette. The ASPI1 mutation deletes sit4 to pphB, which includes the
SPI1 regulatory genes, hilA, hilC, hilD, sprB, and invF. Overnight
cultures were subcultured in LB medium containing ampicillin and
0.2% L-arabinose and grown to an optical density at 600 nm (ODyq)
of ~0.6. B-Galactosidase activity values were determined as follows:
(micromoles of o-nitrophenol formed per minute) X 10%/(ODggo X
milliliters of cell suspension). The values are means * standard devi-
ations (n = 4). The strains used were plasmid-containing derivatives of
JS336 through JS341. WT, wild type.
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HilC, HilD, and RtsA differentially induce expression of
dsbA. RtsA, HilC, and HilD all belong to the AraC/XylS family
of transcriptional regulators and appear to function in similar
ways (26, 65). We have previously demonstrated that RtsA
binds to the same region of the hil4 promoter as HilC and
HilD (26, 65). These three regulators can independently acti-
vate transcription of hilA (26, 65). We wanted to determine if
HilC and HilD are also capable of inducing expression of dsbA.
Therefore, we introduced pBAD, pRtsA, pLS118 (HilD), or
pLS119 (HilC) into strains from which rtsA, hilC, and hilD had
been deleted and which contained either a hilA-lac fusion or a
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dsbA-lac fusion. We assayed the B-galactosidase activity pro-
duced from the fusions after 3 h of growth in the presence of
L-arabinose. We then compared the relative abilities of the
regulators to induce expression of 4il4 and dsbA. As shown in
Table 2, hilA expression was induced ~40-fold by RtsA, ~20-
fold by HilD, and ~120-fold by HilC. These levels are consis-
tent with previous data (26, 65). Interestingly, RtsA is capable
of inducing dsbA 10-fold, while HilC and HilD induce expres-
sion of dsbA approximately two- and fourfold, respectively.
Thus, if the abilities of these proteins to induce dsbA and hilA
are compared, it becomes apparent that RtsA and HilD are
better able to induce expression of dsbA than HilC is (Table 2).
It is not clear why activation of hil4 by all three regulators is
more efficient than activation of dsbA.

RtsA induces expression of dsb4 from a previously uniden-
tified promoter. In serovar Typhimurium, there are three
known dsbA promoters, P yoa, Pasoar, and Pygpan (Fig. 3A)
(28). To identify the region of the dsbA promoter required for
RtsA-mediated induction, we cloned various promoter frag-
ments upstream of the promoterless lacZ gene in pAH125
(Fig. 3A) (32). We integrated the resulting lac fusion plasmids
into the serovar Typhimurium chromosome at the Aa#tB site
using Ant (32). The resulting integrated fusions were trans-
duced into strains containing a deletion of rts4B and either
pBAD or pRtsA. The construct containing the largest pro-
moter fragment (fragment A), corresponding to ~300 bp up-
stream of rdoA to a few bases downstream of the DsbA trans-
lational start site, was induced approximately 10-fold by RtsA
(Fig. 3B). Constructs corresponding to 3’ deletions that re-
moved both Py A, (fragment B) and P4, - (fragment C) were
still regulated, indicating that these promoters are not required
for RtsA-mediated induction. Deletion of an additional 256 bp
(fragment D) resulted in a loss of induction (Fig. 3B). We also
constructed fusions with deletions from the 5’ end of fragment
C (Fig. 3A). RtsA induced expression of these constructs (frag-
ments F to I) approximately 10- to 15-fold (Fig. 3B). These
results demonstrate that RtsA induces expression of dsbA from
a previously uncharacterized promoter located between bp
—132 and —451 relative to the DsbA translational start site.

RtsA does not induce expression of E. coli dsbA. Activation
of dsbA by RtsA could be either direct or indirect via another
regulator. To address this question, we constructed E. coli
strains containing either a serovar Typhimurium dsbA-lac fu-
sion (fragment A) or the corresponding E. coli dsbA-lac fusion
(fragment J) (Fig. 3). We then introduced either pBAD or

TABLE 2. RtsA, HilC, and HilD induction of dsbA-lac and hilA-lac

hilA-lac dsbA-lac
Regulat Relative induction
cgulator B-Galactosidase Induction B-Galactosidase Induction (dsbA/hilA)°
activity” (fold)® activity” (fold)?

None 1.0 £ 0.1 1 313.0 = 32.9 1 1

RtsA 39.8 £0.9 39.8 2,588.9 £ 89.4 8.3 0.21

HilD 20.0 = 1.8 20.0 1,197.6 = 69.2 3.8 0.19

HilC 1223 +9.4 122.3 817.8 £23.4 2.6 0.02

@ B-Galactosidase activity values were determined as follows: (micromoles of o-nitrophenol formed, per minute) X 10%/(OD600 X milliliters of cell suspension), where
ODy is optical density at 600 nm. The data are means * standard deviations (n = 4). The strains were Arts4 AhilC-D strains containing plasmids encoding the
regulators indicated (derivatives of JS322 and JS335).

? The ratio of the B-galactosidase activity with regulator to the B-galactosidase activity without any regulator.

¢ Induction of dsbA/induction of hilA.
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FIG. 3. Deletion analysis of the RtsA-inducible dsbA promoter region. The serovar Typhimurium strains were ArtsAB and contained pBAD30
or pRtsA and lacZ transcriptional fusions to the region of dsbA indicated below the graph. The locations of the regions (in precise base pairs) are
shown in Table 1. The E. coli strains were ara™ derivatives of MC4100 with either pPBAD30 or pRtsA and contained either a serovar Typhimurium
dsbA-lac fusion integrated at the \att site or an E. coli dsbA-lac fusion integrated at the Aatf site. Overnight cultures were subcultured in LB medium
containing ampicillin and 0.2% L-arabinose and were grown to an optical density at 600 nm (ODg) of ~0.6. B-Galactosidase activity values were
determined as follows: (micromoles of o-nitrophenol formed per minute) X 10%/(ODg,, X milliliters of cell suspension). The values are means =
standard deviations (n = 4). The fold induction values for the fusions are indicated at the bottom. The strains used were plasmid-containing

derivatives of JS342 through JS351, JS353, and JS354.

pRtsA into these strains and assayed the B-galactosidase ac-
tivity produced from the fusions after growth in the presence of
L-arabinose. Figure 3 shows that in E. coli, RtsA is capable of
inducing expression of serovar Typhimurium dsbA-lac approx-
imately 10-fold, similar to the induction levels observed in
serovar Typhimurium. However, we found that RtsA was un-
able to induce expression of an E. coli dsbA-lac fusion that
contains the analogous 1.4-kb promoter region (Fig. 3) (16).
These results suggest that RtsA can directly regulate serovar
Typhimurium dsbA and that the site at which it acts is not
found in the E. coli dsbA promoter region. If RtsA acts indi-
rectly through another regulator, then this protein is found in
E. coli, and its normal function is different than the function in
Salmonella. The latter model seems less likely.

DsbA is required for translocation of effectors via the SPI1
TTSS. RtsA induces expression of dsbA concurrently with ex-

pression of the SPI1 TTSS. This coordinate regulation suggests
that DsbA plays a role in SPI1 TTSS function. To assay the
function of the SPI1 TTSS, we utilized an SIrP-CyaA fusion
protein in which the N-terminal 228 amino acids of SIrP, a
known SPI1 TTSS effector (55, 71), are fused to the catalytic
domain of CyaA, the Bordetella pertussis adenylate cyclase
toxin, which converts ATP to cAMP in the presence of host cell
calmodulin (33). Only if the SIrP-CyaA fusion protein is trans-
located into the cytosol of host cells do the cAMP levels in-
crease, as monitored by an enzyme-linked immunosorbent as-
say. We assayed the translocation of the SIrP-CyaA fusion
protein from the wild-type strain, as well as AhilC-D, AdsbA,
and AcpxR strains. The AhilC-D mutation also removes the
prgHIJK genes, which encode components of the SPI1 TTSS.
Figure 4A shows that host cells infected with a wild-type strain
producing the SIrP-CyaA fusion had significantly increased
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FIG. 4. Effect of a dsbA mutation on translocation of SPI1 (A) and
SPI2 (B) TTS effectors. The strains contained the protein fusions to
the CyaA catalytic domain indicated below the graphs. For panel A the
strains were either wild type or contained a deletion of 4ilC-D (which
removed hilC-prgHIJK-hilD), dsbA, or cpxR, and they were grown un-
der SPI1-inducing conditions. For panel B the strains were either wild
type or contained a deletion of ssaT (a SPI2 TTSS structural gene),
dsbA, or cpxR and were grown under SPI2-inducing conditions. The
cAMP levels were determined as described in Materials and Methods.
The strains used were JS355 through JS363. WT, wild type.

levels of cAMP compared to the levels in cells infected with a
strain expressing a control LacZ-CyaA fusion protein, which
cannot be translocated. As expected, the Ahi/C-D mutation
completely blocked translocation of the SIrP-CyaA protein. A
dsbA mutation also completely blocked translocation of the
SIrP-CyaA fusion protein, while a mutation in ¢pxR had no
effect (Fig. 4A). This suggests that DsbA is required for SPI1-
mediated translocation of proteins into host cells and that
expression of dsbA under these conditions is not dependent
upon CpxRA. It also suggests that other members of the CpxR
regulon are not essential for SPI1 TTSS function.

DsbA is required for secretion of effector proteins via the
SPI1 TTSS. Translocation of effectors into the host cell cyto-
plasm is complex and requires multiple steps. In order to
narrow the possible role of DsbA in this process, we monitored
a more limited function of the TTSS, namely, secretion of
epitope-tagged SPI1 effector proteins SopA-M45, SopB-M45
(SigD), and SIrP-CyaA into the culture supernatant, using
Western blot analysis. In these constructs, transcription of
sopA and sopB is controlled by the arabinose-inducible Py,
promoter, while transcription of the slirP-cyaA fusion is con-
trolled by its natural promoter. Figure 5 shows that SopA-M45
and SopB-M45 were secreted into the culture supernatant by
wild-type cells. The amounts of SopA-M45 and SopB-M45 in
the supernatant were significantly reduced in both the AhilC-D
(AprgHIJK) and AdsbA backgrounds, while the cpxR mutation
had no effect. Presumably, residual protein in the supernatants,
evident in the AhilC-D strain, was due to some bacterial lysis in
the cultures. In whole-cell extracts, the levels of SopA-M45 and
SopB-M45 remained relatively constant. These results suggest
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FIG. 5. Effect of a dsbA mutation on secretion of SPI1 TTS effector
proteins. The strains contained the protein fusions indicated above the
lanes and were either wild type or were deleted for hilC-D (which
removed hilC-prgHIJK-hilD), dsbA, or cpxR. The SopA-M45 and SopB-
M45 strains also contained the ara623::Tnl0dTc insertion. Stationary-
phase cultures were subcultured in either high-salt LB medium con-
taining ampicillin and 0.2% L-arabinose (SopA-M45 and SopB-M45)
or high-salt LB medium containing kanamycin (SIrP-CyaA) and were
grown statically overnight. Culture supernatants were prepared as de-
scribed Materials and Methods. Equivalent amounts of samples from
the supernatants or whole-cell extracts of the strains were separated by
SDS-12.5% PAGE. The resulting gels were blotted, and proteins were
detected by using mouse anti-M45 (SopA-M45 and SopB-M45) or
mouse anti-CyaA (SIrP-CyaA) and HRP-labeled rabbit anti-mouse
secondary antibody. The strains used were JS356 through JS359 and
JS364 through JS371. WT, wild type.

that DsbA is required for the SPI1 TTSS to appropriately
secrete effector proteins.

The effect of the dsbA mutation on SlrP-CyaA secretion was
more complex. The wild-type and cpxR mutant cells were fully
capable of secreting the SlrP-CyaA fusion protein (Fig. 5). The
SIrP-CyaA fusion protein was also detectable in whole-cell
extracts. However, the AhilC-D and AdsbA mutations not only
blocked secretion of the SlrP-CyaA fusion but also blocked our
ability to detect the SIrP-CyaA protein within the bacterial
cells (Fig. 5), consistent with the SlrP-CyaA cAMP assays
whose results are shown in Fig. 4A. This suggests that either
transcription or translation of SIrP is dependent on a func-
tional SPI1 TTSS.

Assembly of the SPI1 TTSS feedback mechanism regulates
either transcription or translation of effectors. The SlrP-CyaA
protein is apparently not produced in the absence of a func-
tional SPI1 TTSS. It has been suggested that in a number of
TTSS assembly of the apparatus controls production of effec-
tor proteins (12, 31, 42, 57). Both transcriptional and transla-
tional mechanisms have been proposed, and a universal model
for the coupling of production and secretion of effectors has
been elusive (3, 20, 42, 53). Mutation of dsbA blocks SPI1
TTSS function even though all of the normal SPI1 transcrip-
tional regulators are intact. We realized that the phenotype
conferred by the dsbA mutation would allow us to determine if
a functional SPI1 TTSS is required for transcription or trans-
lation of the SPI1 TTS effectors sirP, sopA, and sopB (sigD).
We constructed strains containing chromosomal lac fusions to
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FIG. 6. Effect of a dshA mutation on transcription of SPI1 TTSS
effectors. The strains contained the lac transcriptional fusions indi-
cated below the graph and either a dsbA or invF mutation. Overnight
cultures were subcultured in LB medium containing 1% NaCl and
were grown statically overnight, and then the B-galactosidase activities
were determined. B-Galactosidase activity values were determined as
follows: (micromoles of o-nitrophenol formed per minute) X 10%
(ODygy X milliliters of cell suspension), where ODyy, is optical density
at 600 nm. The values are means * standard deviations (n = 4). ND,
not determined. Note that the invF-lac dsbA strain is invF null. The
strains used were JS279, JS282, JS285, JS289, and JS372 through
JS380. WT, wild type.

these genes in either a AdsbA or AinvF mutant background.
We also introduced the AdsbA mutation into strains containing
either a hilA-lac or invF-lac fusion. We then monitored the
B-galactosidase activity produced from the fusions under SPI1-
inducing conditions.

As shown in Fig. 6, the transcription of slrP was not affected
by loss of either InvF or DsbA. We have previously shown that
InvF is not required for expression of the sirP-lac fusion (26).
Indeed, our data suggest that RtsA directly activates slrP tran-
scription (26). Thus, the effect of the dsbA mutation on pro-
duction of the SIrP-CyaA translational fusion shown in Fig. 5 is
at the posttranscriptional level, most likely at the level of trans-
lation, as has been proposed for other TTSS effectors (3, 42).
In contrast, expression of sopA and sopB (sigD) was completely
abolished in the invF strain; InvF is known to directly activate
sopB (sigD) (21). The presence of the dsbA mutation signifi-
cantly reduced but did not abolish transcription of sop4 and
sopB (sigD) (Fig. 6). Thus, expression of these genes is depen-
dent on a functional SPI1 TTSS, and this effect is at the tran-
scriptional level; translation of these effectors was not affected
by loss of DsbA (Fig. 5). Whereas all three effectors are feed-
back regulated such that they are produced only when the
TTSS is fully functional, the mechanism of the regulation is
gene specific. These data are consistent with the hypothesis
that DsbA is required for the SPI1 TTSS to function properly.

J. BACTERIOL.

Transcriptional feedback is at the level of invF transcrip-
tion. Darwin and Miller (20, 21) have previously shown that the
TTSS chaperone protein SicA interacts with InvF to activate
expression of several effector proteins, including the protein
encoded by sopB (sigD). This has led to a model for the cou-
pling of the transcription of effectors to the assembly of the
SP1 TTSS (57). SicA is a chaperone for SipC and SipB and is
presumably normally bound to these proteins when they are in
the cytoplasm (9, 72). The model suggests that upon comple-
tion of the SPI1 TTSS, the SipC and SipB proteins are secreted
and SicA is free to interact with InvF and RNA polymerase to
induce expression of the genes encoding effector proteins (21).
SicA reportedly does not affect transcription of invF or the
stability or levels of the InvF protein (21), and InvF reportedly
does not regulate its own expression (18, 23). Therefore, this
model predicts that expression of invF should not be affected
by the presence or absence of a functional SPI1 TTS appara-
tus. We specifically tested this hypothesis.

HilA activates invF, and, as expected, the expression of hilA
was not affected by the dsb4 mutation (Fig. 6). In contrast, ex-
pression of invF was reduced approximately threefold in the dsbA
background. This finding is inconsistent with the proposed model
and suggests that the transcriptional feedback regulation of sopA
and sopB (sigD) is, at least partially, a result of the transcriptional
regulation of invF. Note that this regulation is apparently inde-
pendent of the level of HilA and is also not a result of autoreg-
ulation by InvF; the invF-lac fusion is an invF-null.

If the feedback regulation of sopA and sopB (sigD) is depen-
dent on the level of InvF, then increased production of InvF
should overcome the transcriptional block. Production of RtsA
induces HilA and InvF (26). As shown in Fig. 7, we examined the
effect of producing RtsA on expression of hilA-lac, invF-lac, sopA-
lac, and sopB-lac in wild-type, AhilC-D (which removes prgHIJK),
dsbA, and invF backgrounds. In an otherwise wild-type strain,
production of RtsA induced expression of /ilA, invF, sopA, and
sopB 50- to 60-fold. Transcription of sopA and sopB was strictly
dependent on InvF. However, under these conditions, transcrip-
tion was not affected by loss of DsbA. Rather, production of RtsA
uncoupled transcription of the effectors from the function of the
TTSS. Indeed, transcription was slightly increased in the dsbA
mutant for reasons that are not clear (Fig. 7). A decrease in
transcription was observed in the AAilC-D background, but this
was most likely due to the effect of the loss of HilC and HilD on
transcription of 4il4 and invF (2, 65).

DsbA is required for translocation of effectors via the SPI2
TTSS. DsbA is required for the SPI1 TTSS to secrete effector
proteins, and it is known that DsbA is required for function of
a number of TTSS in other organisms (31, 40, 45, 74). There-
fore, we wanted to determine if DsbA is also required for
function of the SPI2 TTSS. To do this, we constructed a CyaA
fusion to the N-terminal 219 amino acids of SspH2, a known
SPI2 TTS effector (55). A CyaA fusion to the first 43 amino
acids of LacZa served as a negative control. We monitored the
cAMP levels 6 h after RAW 264.7 macrophages were infected
with serovar Typhimurium strains grown under SPI2-inducing
conditions and opsonized with mouse serum. Under these con-
ditions, the SPI2 TTSS should be the predominant TTSS re-
sponsible for translocation of effector proteins (55). Macro-
phages infected with the SspH2-CyaA fusion strain had a
significantly higher level of cAMP than macrophages infected
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FIG. 7. Overproduction of RtsA suppresses feedback regulation of invF. The strains were ArtsAB and contained the lac transcriptional fusion
pBAD30 or pRtsA and deletions of the genes indicated below the graphs. The hilC-D deletion removed the prgHIJK operon. Overnight cultures were
subcultured in no-salt LB medium containing ampicillin and 0.2% L-arabinose and were grown to an optical density at 600 nm (ODy,) of ~0.6 before
B-galactosidase activity was assayed. B-Galactosidase activity values were determined as follows: (micromoles of o-nitrophenol formed per minute) X
10°/(ODyyo X milliliters of cell suspension). The values are means = standard deviations (n = 4). The strains used were plasmid-containing derivatives
of JS275, JS276, JS302, JS304, JS306, JS308, JS309, JS311, JS318, JS319, JS320, and JS381 through JS387. WT, wild type.

with the negative control LacZ-CyaA strain (Fig. 4B). A mu-
tation in ssaT, which encodes part of the SPI2 apparatus (35),
completely blocked the SspH2-CyaA-induced increase in
cAMP. Similarly, the dsbA mutation blocked the SspH2-CyaA-
induced increase in cAMP. During these experiments, we also
observed that the cytotoxicities of the dsbA and ssaT strains for
macrophages were significantly reduced compared with the
cytotoxicity of the isogenic wild-type strain. This is consistent
with the idea that the dsbA mutation blocks the function of the
SPI2 TTSS, which renders the strains unable to survive within
and destroy macrophages. Indeed, all of these data suggest that
DsbA is required for proper function of the SPI2 TTSS.

DsbA is required for full virulence. To determine if dsbA
contributed to serovar Typhimurium virulence, we compared a
dsbA mutant to the isogenic wild-type strain using an intraperi-
toneal competition assay in BALB/c mice. The strain contain-
ing the dsbA null mutation (JS396) was significantly outcom-
peted by the wild-type strain (competitive index, 0.00048;
n = 5; P < 0.0005). Thus, elimination of dsbA decreased
virulence by approximately 2,000-fold. This large decrease in
virulence is consistent with the idea that a dsb4 mutation has
pleiotropic effects on virulence, as has been previously ob-
served in other organisms, including V. cholerae and E. coli K1
(29, 62).

DISCUSSION

Previous data from our lab suggested that RtsA induces
expression of 4il4, thereby inducing expression of the entire
SPI1 TTSS (26). Here we present evidence that RtsA also
coordinates expression of the SPI1 TTSS and dsbA, which

encodes a periplasmic disulfide bond isomerase. RtsA induces
expression of dsbA independent of the SPI1 TTSS and its
regulators and independent of CpxRA, the only previously
known regulator of dsbA expression. RtsA-dependent induc-
tion of dsbA occurs from a previously uncharacterized pro-
moter. While we have not definitively proven that RtsA di-
rectly induces expression of dsbA in serovar Typhimurium, our
data suggest that this is the case. RtsA induces expression of
serovar Typhimurium dsbA in E. coli but not expression of E.
coli dsbA in E. coli (Fig. 3). Thus, if RtsA controls expression
of serovar Typhimurium dsbA indirectly via another regulator,
this regulator is present in E. coli but does not perform the
same function, control of dsbA expression. A comparison of
the dsbA promoter regions corresponding to fragment I in Fig.
3 from E. coli and serovar Typhimurium showed that they are
80.6% identical. It is not obvious what differences account for
the inability of RtsA to activate the E. coli dsbA promoter.

It is clear that DsbA, produced independent of CpxR, is
required for the SPI1 TTSS to function properly. However, it
is not certain how important RtsA-induced expression of dsbA
is in an animal. Indeed, regulation of dsbA during an infection
may be quite complex, as it was recently shown that dsbA
expression is decreased 10-fold within macrophages (as is r#s4
expression), while expression of other genes induced by CpxR
remains constant (ppid, cpxRA) or increases 10-fold (cpxP)
(27). While we have demonstrated that DsbA is critical during
the systemic stages of a serovar Typhimurium infection, the
role of other members of the CpxR regulon remains to be
investigated.

A dsbA mutation blocks both secretion and translocation of
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SPI1 TTSS effector proteins. However, it is not clear if the loss
of DsbA decreases the ability of the SPI1 TTSS to properly
assemble or if DsbA is required for the fully assembled SPI1
TTSS to secrete effectors. The former model seems more
likely. One critical question is what protein component of the
SPI1 NC, if any, requires DsbA for formation of disulfide
bonds and proper function. Of the proteins that form the SPI1
NG, only InvH contains two cysteine residues after cleavage of
a putative signal sequence. InvH helps target InvG to the outer
membrane, where InvG forms a multimeric pore complex
through which the needle is thought to pass (14, 15). The
remainder of the proteins involved in formation of the SPI1
NC lack multiple cysteine residues after cleavage of a putative
signal sequence. Several proteins, including InvG, contain a
single cysteine residue, and it is possible that DsbA is required
to form disulfide bonds between, for example, two InvG mono-
mers or between InvG and some other TTSS component. It is
also possible that the loss of TTSS function is an indirect effect,
namely, the inability to form disulfide bonds in some non-SPI1
protein that is required for assembly of the SPI1 TTSS. Addi-
tional studies are required to determine how a dsbA mutation
blocks secretion of effectors via both the SPI1 and SPI2 TTSS.
It is becoming increasingly clear that DsbA is required for a
number of pathogenic organisms to cause disease (31, 40, 74).
This suggests that DsbA may be a good target for novel anti-
biotic compounds.

We also provide data which support the hypothesis that
there is feedback regulation that ensures that effector proteins
are produced only when the SPI1 TTSS is functional. We
found that the mechanism of this regulation is gene specific;
SIrP production is controlled posttranscriptionally, while SopA
and SopB production is controlled at the level of transcription.
The expression of slrP is controlled by RtsA, a /hil4 regulator,
suggesting that slrP is transcribed before the SPI1 TTSS is
completed (26). Our data suggest that SIrP is translated only
when the SPI1 TTSS is functional, although we cannot rule out
the possibility that the protein is degraded if it is not exported.
This differential feedback regulation of effectors could provide
a timing mechanism; SIrP could be produced and translocated
immediately after completion of the SPI1 TTSS, while other
effectors under transcriptional control could be translocated at
later times.

Transcription of the InvF-regulated effector genes, sop4 and
sopB (sigD), is significantly decreased by the presence of a dsbA
mutation. Interestingly, expression of the invF gene was also
decreased 3.5-fold by a dsbA mutation, while expression of hilA
was not affected (Fig. 6). Thus, the decreased expression of
sopA and sopB (sigD) could be due to decreased levels of InvF.
It has previously been proposed that SicA, a TTSS chaperone,
coordinates transcription of effector proteins with assembly of
the SPI1 TTSS (18, 20, 21, 57). However, this model does not
explain the decreased expression of invF caused by a mutation
in dsbA. InvF is not autoregulated (the invF fusion is an invF-
null), nor is SicA reportedly required for expression of invF
(18, 20, 23). At this time it is not clear how a dsbA mutation
decreases expression of invF, although our data clearly dem-
onstrate that expression of 4il4 is not affected, suggesting that
the dsbA effect acts downstream of hil4 transcription. We
presume that this effect is a direct response to the absence of
a functional TTSS. However, at the moment, we cannot rule
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out the possibility that there is a more indirect effect caused by
loss of DsbA. Additional experiments are required to deter-
mine how transcription of InvF-regulated genes is coupled to
the function of the SPI1 TTSS.
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