JOURNAL OF BACTERIOLOGY, Oct. 2002, p. 5563-5571
0021-9193/02/$04.00+0 DOI: 10.1128/JB.184.20.5563-5571.2002

Vol. 184, No. 20

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Evidence for Targeting of Yop Effectors by the Chromosomally

Encoded Ysa Type III Secretion System of
Yersinia enterocolitica

Briana M. Young and Glenn M. Young*
Department of Food Science and Technology, University of California, Davis, California 95616

Received 18 March 2002/Accepted 8 July 2002

Yersinia enterocolitica O:8 has two contact-dependent type III secretion systems (TTSSs). The Ysa TTSS is
encoded by a set of genes located on the chromosome and exports Ysp proteins. The Ysc TTSS and the Yop
effector proteins it exports are encoded by genes located on plasmid pYVe8081. In this study, secretion of YspG,
YspH, and YspJ by the Ysa TTSS was shown to require pYVe8081. Furthermore, mutations that blocked the
function of the Ysc TTSS did not affect YspG, YspH, and YspJ production. This indicated that YspG, YspH,
and YspJ are encoded by genes located on pYVe8081 and that they may correspond to Yops. A comparison of
Ysps with Yop effectors secreted by Y. enterocolitica indicated that YspG, YspH, and YspJ have apparent
molecular masses similar to those of YopN, YopP, and YopE, respectively. Inmunoblot analysis demonstrated
that antibodies directed against YopN, YopP, and YopE recognized YspG, YspH, and YspJ. Furthermore,
mutations in yopN, yopP, and yopE specifically blocked YopN, YopP, and YopE secretion by the Ysc TTSS and
YspG, YspH, and YspJ secretion by the Ysa TTSS. These results indicate YspG, YspH, and YspJ are actually
YopN, YopP, and YopE. Additional analysis demonstrated that YopP and YspH secretion was restored to yopP
mutants by complementation in trans with a wild-type copy of the yopP gene. Examination of Y. enterocolitica-
infected J774A.1 macrophages revealed that both the Ysc and Ysa TTSSs contribute to YopP-dependent
suppression of tumor necrosis factor alpha production. This indicates that both the Ysa and Ysc TTSSs are
capable of targeting YopP and that they influence Y. enterocolitica interactions with macrophages. Taken
together, these results suggest that the Ysa and Ysc TTSSs contribute o Y. enterocolitica virulence by exporting

both unique and common subsets of effectors.

Yersinia enterocolitica causes a range of gastrointestinal ill-
nesses in humans and is primarily transmitted though the con-
sumption of contaminated food or water (6). After ingestion,
this bacterium invades host tissue by traversing M cells to gain
access to underlying gastrointestinal system-associated lym-
phoid tissue called Peyer’s patches. Subsequently, Y. enteroco-
litica disseminates to the mesenteric lymph nodes and occa-
sionally spreads systemically (7, 8). The virulence of Y.
enterocolitica is thought to involve the activities of two different
contact-dependent type III secretion systems (TTSSs). The
Ysc TTSS secretes Yops (Yersinia outer proteins), and the Ysa
TTSS secretes Ysps (Yersinia secreted proteins) (10, 17). A
third TTSS associated with virulence is an integral part of the
flagellum which secretes Fops (flagellar outer proteins) (47).
The functions of the Ysc TTSS have been studied extensively.
Genes encoding the Ysc secretion apparatus and the secreted
Yops are located on a 68-kb plasmid called pYVe8081 in Y.
enterocolitica serotype O:8 (42). A similar plasmid-encoded
TTSS is also present in Yersinia pestis, Yersinia pseudotubercu-
losis, and other pathogenic serotypes of Y. enterocolitica (30—
32). Studies focusing on the functions of the Ysc TTSS have
demonstrated that Yop proteins are secreted in a contact-
dependent manner during infection of cultured mammalian
cells, with many of the Yops being translocated directly into
the cytosol of the cells (33, 43, 44). The Yops perform a
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number of functions inside eukaryotic cells, leading to inhibi-
tion of phagocytosis by macrophages and polymorphonuclear
leukocytes, suppression of T- and B-lymphocyte activation, and
alteration of cytokine production by T and B lymphocytes (18).
Specific activities of Yop effectors include host cell GTPase
activation by YopE (1, 45), protein tyrosine phosphatase ac-
tivity by YopH (16), serine/threonine kinase activity by YopO
(YpkA) (14), and down-regulation of mitogen-activated pro-
tein (MAP) kinase pathways by YopP (YopJ) (4, 27). Other
proteins, including YopB, YopD, YopQ (YopK), YopR, LcrV,
YscM1, and YopN, that are secreted by the Ysc TTSS have
activities required for coordinating the export and targeting of
Yop effectors (2).

The Ysa TTSS, which is encoded by a gene cluster in the
chromosome of Y. enterocolitica, was recently described and
was shown to be required for the secretion of a number of Ysps
(17, 46). The functions of Ysps are not known, but similarities
between components that form the secretion apparatus of the
Ysa TTSS and other contact-dependent TTSSs indicate that
this system plays a role in the pathogenesis of Y. enterocolitica.
Consistent with this hypothesis, a strain defective for Ysa TTSS
function exhibited reduced virulence when mice were infected
orally (17). The flagellar TTSS has been shown to secrete a
number of Fops (47). Characterization of one Fop revealed
that it was the previously described phospholipase YplA (47).
This Fop has been shown to contribute to the survival of Y.
enterocolitica in the host and inflammation of the gastrointes-
tinal system-associated lymphoid tissue (39).

Since the apparatus that forms each of these secretion sys-
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TABLE 1. Strains and plasmids

Strain or plasmid Genotype Source or reference

Y. enterocolitica
JB580v Serogroup O:8; Nal" AyenR (R~ M™) 19
GY4455 yscK::TnMod-lacZYA-RKm' 29
YVM356 yscR::mini-Tn5 Km?2 11
YVM351 yscU:mini-Tn5 Km2 11
YVM373 yscC::mini-TnS Km2 11
YVM377 yscL::mini-TnS Km?2 11
GY4478 pYVe8081™ 46
GY4418 ysaV::mini-Tn5 Km2 46
GY4428 ysaV/::pEP185.2 This study
GY4499 ysaT::TnMod-RKm'’ 46
GY4618 yopP::pEP185.2 This study
YVM421 yopP::mini-Tn5 Km?2 11
GY1087 yscR::mini-Tn5 Km?2 ysal::pEP185.2 This study
GY4764 yopN::pEP185.2 This study
GY4765 yopE::pEP185.2 This study

E. coli S17-1\pir recA thi pro hsdRM ™" RP4::2-Tc::Mu::Km Tn7 \pir 41

Plasmids
pEP185.2 mob™; pir-dependent 0oriR6K; Cm" 19
pTM100 mob™; derivative of pACYC184; Cm" Tet" 21
pGY410 yopOP locus in pCR Blunt II TOPO This study
pGY411 yopP in pCR Blunt II TOPO This study
pGY415 yopP in pTM100 This study
pGY423 yopOP in pTM100 This study
pGY352 0.9-kb fragment of ysal” in pEP185.2 K. G. Venecia and

G. M. Young*

pGY375 0.5-kb fragment of yopP in pCR Blunt II TOPO This study
pGY381 0.5-kb fragment of yopP in pEP185.2 This study
pGY449 0.47-kb fragment of yopN in pCR Blunt II TOPO This study
pGY450 0.6-kb fragment of yopE in pCR Blunt II TOPO This study
pGY451 0.47-kb fragment of yopN in pEP185.2 This study
pGY452 0.6-kb fragment of yopE in pEP185.2 This study

“ Unpublished data.

tems has conserved features in Y. enterocolitica, it is possible
that some substrates may be recognized by more than one
secretion system. Consistent with this hypothesis, an earlier
study demonstrated that YplA can be exported by the Ysc,
Ysa, and flagellar TTSSs (46). Results from the same study
also indicated that secretion of some Ysps by the Ysa TTSS
was affected by the loss of pYVe8081. Previously, it was
thought that the only type III secretion-related genes carried
by pYVe8081 were associated with the Ysc TTSS (46). This led
to the hypothesis that some Ysps may be encoded by genes
located on pYVe8081 and that these proteins were Yops which
are exported by both the Ysc and Ysa TTSSs. To begin to
address this hypothesis, we further examined the requirement
for pYVeS8081 in Ysp secretion.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The strains and plasmids used in this
study are listed in Table 1. Unless otherwise noted, Escherichia coli strains were
grown at 37°C and Y. enterocolitica strains were grown at 26°C. E. coli S17-1\pir
was used to deliver mobilizable plasmids to Y. enterocolitica. For general manip-
ulations, bacteria were cultivated in Luria-Bertani broth (1% tryptone, 0.5%
yeast extract, 90 mM NaCl) or on Luria-Bertani agar (Difco). The medium used
for the examination of protein secretion by Y. enterocolitica was Luria broth base
(L medium; 1% tryptone, 0.5% yeast extract) adjusted to contain NaCl at the
final concentrations indicated in the text. When necessary, depletion of calcium
from the medium was accomplished by the addition of 20 mM sodium oxalate

and 20 mM MgCl,. Antibiotics (in micrograms per milliliter) were used as
follows. For Y. enterocolitica, working concentrations were kanamycin, 100;
chloramphenicol, 10; tetracycline, 7; nalidixic acid, 20; and gentamicin, 100. For
E. coli, working concentrations were kanamycin, 50; chloramphenicol, 25; and
tetracycline, 15.

The yopP-complementing plasmids were created by cloning DNA fragments
generated by PCR using Pfu polymerase (Stratagene). Genomic DNA from
wild-type Y. enterocolitica was used as the template for primer YopP3 (5" AGT
GTA TGT CAC TCA GCC 3'), which annealed 3.5 kb upstream of the yopP
open reading frame, and primer YopP5 (5" AGA GCT GA CCG TAT TCC 3),
which annealed just 3’ of the yopP open reading frame. The 4.4-kb fragment,
which contains yopO and yopP, was cloned into pCR Blunt IT TOPO (Invitrogen)
to create pGY410 and then subcloned into pTM100 via EcoRI to create pGY423
(yopOP™). A second yopP-complementing clone, pGY415 (yopP™), was also
constructed. PCR was used to amplify a 1.3-kb fragment containing the yopP
open reading frame and about 380 bp of upstream sequence. Primers YopP4
(5'GAATGG ATG TGA CAA GTG 3’) and YopP5 (see above) were used. This
fragment was also cloned into pCR Blunt II TOPO to create pGY411 and then
subcloned into pTM100 via EcoRI to create pGY415 (yopP™). The orientation of
yopP in both pGY423 and pGY415 was checked to ensure that the cloned yopP
fragment was in the orientation opposite to that of the vector-derived cat gene.
The sequences of the cloned PCR-generated fragments were determined using a
DNA-sequencing system and a BigDye terminator cycle-sequencing kit (Applied
Biosystems) according to the manufacturer’s instructions.

Construction of yopN, yopP, and yopE mutants. Insertion mutations in yopN,
yopP, and yopE were constructed as follows using previously described proce-
dures (19). A fragment of DNA corresponding to an internal region of each open
reading frame was amplified by PCR from wild-type Y. enterocolitica genomic
DNA. The primers for yopN were YopN1 (5" TGT AGA TCT GCA CTA AGC
GC 3') and YopN2 (5" TGC AGA TAG TCA GCG GC 3'), those for yopP were
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YopP1 (5" GAT ATA GCG GAT GGA TCC 3') and YopP2 (5' CTT ATT GTG
GGG TAA AGG 3'), and those for yopE were YopE1(5" TAT TTC TAC ATC
ACT GCC CC 3') and YopE2 (5" AAT TGA TGC ATC TGT TGC GC 3').
Each DNA fragment was cloned into pCR Blunt II TOPO to create pGY449,
pGY375, and pGY450, respectively (Table 1). The DNA fragments were then
subcloned into the suicide vector pEP185.2. The yopN fragment was subcloned
by cutting pGY449 with Kpnl and Xhol. The corresponding 0.47-kb fragment was
then ligated with pEP185.2 that had been digested with Kpnl and Xhol to
generate pGY451 (Table 1). The yopP fragment was subcloned by cutting
pGY375 with BamHI to take advantage of a 5’ BamHI site in yopP and a 3’
BamHI site in the vector. The 0.5-kb BamHI fragment was ligated into the Bg/II
site of pEP185.2 to create pGY381 (Table 1). The yopE fragment was subcloned
by cutting pGY450 with Kpnl and Xhol. The corresponding 0.6-kb fragment was
then ligated with pEP185.2 that had been digested with Kpnl and Xhol to
generate pGY452 (Table 1). Each of the suicide plasmid derivatives was then
mobilized from E. coli S17-1\pir into Y. enterocolitica. Matings were plated on LB
medium containing nalidixic acid and chloramphenicol to select for strains that
had integrated the plasmid into the targeted locus (Table 1).

Construction of other mutant strains. To create a yscR ysal” double mutant,
pGY352 (Table 1) was transferred into YVM356 as described above. Recombi-
nants were selected as strains resistant to nalidixic acid, kanamycin, and chlor-
amphenicol. One recombinant was saved and designated strain GY1087
(yscR::mini-Tn5 Km2 ysaV::pEP185.2).

Preparation of extracellular proteins, SDS-PAGE, and Western blot analysis.
Extracellular proteins were prepared as described previously (46). Y. enteroco-
litica strains were grown overnight in Luria broth and subcultured at 1:30 into 5
ml of appropriate medium to induce secretion of Ysps or Yops as indicated in
the text. Cultures were grown at 26 or 37°C for 6 h and then used to isolate
secreted proteins. At the time of harvesting, the optical density at 600 nm
(ODgqp) of the culture was determined. Bacterial cells were removed by centrif-
ugation in a microcentrifuge at 8,000 X g for 5 min. The upper two-thirds of the
supernatant was removed and centrifuged again. The upper two-thirds of the
supernatant was then removed and passed through a 0.22-pm-pore-size filter.
Proteins were concentrated by precipitation with 10% (wt/vol) ice-cold trichlo-
roacetic acid and washed with ice-cold acetone. All samples were resuspended in
sample buffer containing 2-mercaptoethanol and heated to 95°C for 5 min.
Resuspension volumes were adjusted according to the ODygy of the cultures so
that an equivalent amount of each sample was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were visual-
ized by staining them with silver (3) or were transferred to nitrocellulose mem-
branes for Western blot analysis. The membranes were blocked with 2% skim
milk in phosphate-buffered saline (PBS) for 1 h. Rabbit polyclonal antibody in
0.2% skim milk and 0.05% Tween 20 in PBS were then added at the following
dilutions: a-YopN, 1:20,000; a-YopP, 1:2,000; and a-YopE, 1:20,000. After being
extensively washed, the membranes were incubated with goat a-rabbit immuno-
globulin G-horseradish peroxidase (Sigma, St. Louis, Mo.) at a dilution of
1:20,000. Western blots were visualized by chemiluminescence (ECL kit; Amer-
sham).

TNF-a biological assays. The use of a biological assay to monitor the effects
of Yersinia on the production of tumor necrosis factor alpha (TNF-a) by host
cells was established previously (4, 27). The methods used in this study were the
same as those previously described with slight modifications. Murine J774A.1
macrophage-like cells (ATCC TIB-67) were plated at 5 X 10%/ml in Dulbecco’s
modified Eagle’s medium (DMEM)-10% fetal bovine serum (FBS) the day
before assays were to be performed. One hour before infection, the medium was
removed, the cells were washed in serum-free DMEM, and the medium was
replaced with DMEM-5% FBS. Prior to the infection of macrophages, bacteria
were grown overnight in L broth and subcultured to an ODy of 0.2 in appro-
priate medium. To induce the Ysa TTSS, bacteria were cultured in L medium
with 0.29 M NaCl for 1 h at 26°C. To induce the Ysc TTSS, bacteria were
cultivated in calcium-limited L medium at 37°C for 1 h. Just prior to infection,
the ODyg, of the cultures was again determined to establish the appropriate
volume of culture needed to infect macrophages at a multiplicity of infection of
80. Infection was initiated by adding bacteria to cell monolayers and synchro-
nized by centrifugation of the culture plates for 5 min at 250 X g. Incubation was
continued at 26°C in 5% CO, for induction of the Ysa TTSS and at 37°C in 5%
CO, for induction of the Ysc TTSS, after which aliquots of the supernatants were
harvested at appropriate times and tested for the presence of TNF-a. Detection
of TNF-a was completed using a biological assay with WEHI-13VAR cells
(ATCC CRL-2148). The day before assays were to be performed, 100-pl aliquots
of WEHI-13VAR cells were plated in 96-well plates at 3 X 10°/ml in RPMI
containing 10% FBS. Immediately before the assays, the medium was removed
from the WEHI-13VAR cells and replaced with 50 pl of RPMI containing 5%
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FBS, 1 pg of actinomycin D (Sigma)/ml, and 200 pg of gentamicin/ml. Super-
natants from infected macrophages (50 wl) were added to the WEHI-13VAR
cells, and the plates were incubated for 20 to 24 h at 37°C in 5% CO,. The
medium was removed, the cells were washed once with PBS, and 50 pl of 0.5%
crystal violet in 20% methanol was added. After 5 min at room temperature, the
wells were rinsed with distilled H,O and 100 pl of 1% SDS was added to
solubilize the crystal violet. The plates were incubated for 30 min at 37°C, after
which the ODs¢, of each sample was measured in a microplate reader. The
responsiveness of WEHI-13VAR cells to TNF-a was calculated as described
previously (4). Accordingly, the amount of TNF-a production is reported as the
percent maximal release and is the average * standard deviation of four inde-
pendent experiments performed in triplicate. As a control to be sure that culture
media did not induce toxic effects, the growth rates of the WEHI-13VAR cells in
50% DMEM-50% RPMI and in 100% RPMI were compared. There was no
difference in cell counts after 48 h at 37°C in 5% CO, (data not shown).

RESULTS

Secretion of YspG, YspH, and YspJ requires the Ysa TTSS
and pYVe8081 but does not require a functional Ysc TTSS. In
a previous study, we observed that the loss of pYVe8081 from
Y. enterocolitica prevented the secretion of two Ysp proteins of
about 32 and 30 kDa (46). Secretion of an additional Ysp that
migrated with an apparent molecular mass of 20 kDa was also
affected by loss of pYVe8081 (Fig. 1A). This result was over-
looked in a previous analysis because this protein tends to
comigrate with other Ysps (46). We referred to these proteins
as YspG, YspH, and YsplJ, respectively, and hypothesized that
they are encoded by genes located on pYVe8081. To further
test this hypothesis, several strains of Y. enterocolitica that
maintained pYVe8081 but carried mutations which inactivated
the Ysc TTSS were examined. The purpose of these experi-
ments was to establish that the Ysc TTSS was not contributing
to export of YspG, YspH, and YspJ. The strains that were
examined had insertion mutations in yscC, yscK, yscL, yscR,
and yscU (Table 1). Each of these genes maps to the virB or
virC operon, both of which encode components of the Ysc
protein export apparatus (42). Each strain was grown under
conditions to induce secretion of either Ysps or Yops, and the
profile of secreted proteins was examined. Wild-type, Ysa
TTSS-defective, and pYVe8081~ strains of Y. enterocolitica
were included in the analysis as controls (Fig. 1, lanes 1 to 3).
The results showed that the Ysp secretion of these ysc mutants
was not affected (Fig. 1A, lanes 4 to 8), but secretion of Yops
was blocked (Fig. 1B, lanes 4 to 8). This indicated that the
secretion of YspG, YspH, and YspJ by the Ysa TTSS requires
the presence of pYVe8081 but is not affected by the loss of Ysc
TTSS function. The requirement for pYVe8081 for the secre-
tion of YspG, YspH, and YspJ suggested that these proteins
might be identical to Yops.

YspG, YspH, and YspJ correspond to YopN, YopP, and
YopE. To begin to identify which Yop each of the Ysp proteins
might represent, the profiles of Ysps and Yops were compared
for wild-type and pYVe8081 ™~ strains of Y. enterocolitica (Fig.
2A). This examination revealed that YspG, YspH, and YspJ
migrated with apparent masses similar to those of YopN,
YopP, and YopE, respectively. Additional examination by im-
munoblot analysis showed that antibodies directed against
YopN, YopP, and YopE correspondingly recognized YspG,
YspH, and YspJ (Fig. 2B). To further investigate the possibil-
ity that YspG, YspH, and YspJ correspond to YopN, YopP,
and YopE, individual mutants of Y. enterocolitica that had an
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FIG. 1. Secretion of YspG, YspH, and YsplJ is affected by the loss of pYVe8081 but does not require the Ysc TTSS. Secreted proteins were
isolated, concentrated from culture supernatants, and separated by SDS-PAGE. The proteins were then visualized by staining them with silver.
(A) Cultures were grown at 26°C in L medium supplemented with 290 mM NaCl to induce Ysp production. Lanes: 1, JB580v (wild type); 2,
GY4499 (ysaT); 3, GY4478 (pYVe80817); 4, YVM356 (yscR); 5, YVM351 (yscU); 6, YVM373 (yscC); 7, GY4555 (yscK); 8, YVM377 (yscL). Each
lane contains the equivalent of 1 ml of culture supernatant at an ODy, of 1.0. Ysps are assigned according to size on the left, and the approximate
locations of molecular mass standards (in kilodaltons) are indicated on the right. (B) Cultures were grown at 37°C in L medium depleted of calcium
by the addition of 20 mM sodium oxalate and 20 mM MgCl, to induce Yop production. The lanes are as listed for panel A. Each lane contains
the equivalent of 0.5 ml of culture supernatant at an ODy, of 1.0. Yops are assigned according to size on the left, and the approximate locations

of molecular mass standards (in kilodaltons) are indicated on the right.

insertion mutation in yopN, yopP, or yopE were constructed
(Fig. 3). Each mutant was examined for the secretion of Ysps
and Yops. The results of this analysis showed that the yopN
mutant was defective for YspG secretion, the yopP mutant was
defective for YspH secretion, and the yopE mutant was defec-
tive for YspJ secretion (Fig. 3A, lanes 3, 4, and 5). With regard
to Yop secretion, the yopN mutant was defective for the se-
cretion of essentially all Yops (Fig. 3B, lane 3). This result was
expected, since yopN is the first gene in the yopN tyeA sycN
yscXY lerD operon and several of these genes are required for
Ysc TTSS function. In contrast, yopP and yopE are not in-
cluded with other genes required for Ysc TTSS function. Ac-
cordingly, the yopP mutant did not secrete YopP and the yopE
mutant did not secrete YopE, but both mutants retained the
ability to secrete other Yops (Fig. 3B, lanes 4 and 5).
Complementation analysis confirms that yopP encodes
YspH. At this stage of the study, we decided to focus our efforts
on YspH. Both genetic and biochemical evidence supported
the hypothesis that YspH and YopP represent the same pro-
tein. Previous studies have indicated that yopP is located down-
stream of yopO, and based on studies of a similar locus in Y.
pseudotuberculosis, these two genes may form an operon (15).

Also, the DNA sequence of pYVe8081 revealed that yopP is
followed by yscM2, which has a regulatory function for the Ysc
TTSS (42). These two genes are separated by ca. 600 bp and
would not be expected to be cotranscribed. However, to elim-
inate the possibility that an insertion mutation in yopP might
have a polar effect on yscM2, complementation analysis was
used to establish that the loss of YspH secretion could be
restored in trans by a plasmid-borne copy of yopOP or yopP.
Plasmids pGY423 (yopOP") and pGY415 (yopP™) were con-
structed by cloning a 4.4-kb region containing yopOP and a
1.3-kb region containing yopP into pTM100. The cloning vec-
tor and each plasmid containing yopP was delivered into the
yopP mutant, and the resulting strains were examined for the
secretion of Ysps and Yops (Fig. 4). The results showed that
genetic complementation of the yopP mutation by either plas-
mid-encoded yopOP or yopP restored both YspH and YopP
secretion (Fig. 4). Therefore, the phenotype of the yopP mu-
tant was not due to polar effects on yscM2. This again indicates
that YspH and YopP represent the same protein. The data
also indicate that yopO and yopP do not necessarily need to be
cotranscribed in order for YopP (YspH) to be secreted by the
Ysa TTSS. However, more YopP (YspH) was detected in
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FIG. 2. Comparison of proteins secreted by selected strains of Y.
enterocolitica grown under Ysa TTSS- or Ysc TTSS-inducing condi-
tions. (A) Analysis of secreted proteins by SDS-PAGE. Lanes: 1 and 2,
Ysp and Yop preparations from cultures of JB580v (Wild Type); 3 and
4, Ysp and Yop preparations from cultures of GY4478 (pYVe8081™).
The secreted proteins were prepared and separated as described in the
legend to Fig. 1. The cultures for lanes 1 and 3 were grown at 26°C in
L medium supplemented with 290 mM NaCl to induce Ysp produc-
tion, and the lanes contain the equivalent of 1 ml of culture superna-
tant at an ODyy, of 1.0. The cultures for lanes 2 and 4 were grown at
37°C in L medium depleted of calcium by the addition of 20 mM
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culture supernatants from strains with pGY423 (yopOP) than
from strains with pGY415 (yopP). For clarity, we will refer to
the protein encoded by yopP as YopP and use the term YspH
only when necessary.

A role for the Ysa TTSS in suppressing TNF-a production
by macrophages. It is well documented that translocation of
YopP (Yopl in Y. pseudotuberculosis and Y. pestis) into mac-
rophages leads to suppression of TNF-a production (4, 27). It
has also been shown that YopP is required for stimulating
macrophage apoptosis (22, 23, 37). Because evidence pre-
sented here indicates that YopP is secreted by the chromo-
somally encoded Ysa TTSS, we hypothesized that secretion of
YopP by this system would lead to YopP-dependent pheno-
types in macrophages. To address this possibility, we examined
the effect of YopP on the release of TNF-a by infected mac-
rophages (Fig. 5). First, it was demonstrated that bacteria
grown in calcium-limited media at 37°C exhibited a require-
ment for a functional Ysc TTSS and YopP in order to suppress
TNF-a production by macrophages (Fig. SA). This result is
consistent with those of previous studies (4, 27). Under these
conditions, the abilities of mutants defective for the Ysa TTSS
to suppress TNF-a production did not appear to be affected.
The experiment was then modified to favor expression of the
Ysa TTSS by growing the bacteria used to infect macrophages
in a medium containing 290 mM NacCl at 26°C and infecting
macrophages at 26°C (Fig. 5A). Interestingly, Y. enterocolitica
retained the ability to suppress secretion of TNF-a by macro-
phages under these conditions. Suppression of TNF-a produc-
tion required both the Ysa TTSS and YopP but no longer
required the Ysc TTSS (Fig. SA). This suggested that YopP
was targeted to macrophages by the Ysa TTSS. Consistent with
these results, complementation of the yopP mutation with a
plasmid-encoded copy of the yopP locus restored the ability of
this mutant to suppress TNF-a production under both Ysa and
Ysc TTSS-inducing conditions (Fig. 5B). Taken together, these
results confirm that the absence of YopP leads to increased
TNF-a production by Y. enterocolitica-infected macrophages.
It also indicates that YopP is exported and targeted by both the
Ysa and Ysc TTSSs.

DISCUSSION

Export of polypeptides to host environments by TTSSs of Y.
enterocolitica is important for virulence. Similarities among
different TTSSs suggest that some proteins may be exported by
more than one pathway. In agreement with this hypothesis, it
was determined that YspG, YspH, and YsplJ, which are se-

sodium oxalate and 20 mM MgCl, to induce Yop production, and the
lanes contain the equivalent of 0.5 ml of culture supernatant at an
ODy, of 1.0. The proteins were visualized by staining them with silver.
The locations of selected Ysps and Yops are assigned according to size
on the left and right, respectively. (B) Immunoblot analysis of secreted
proteins with polyclonal antibodies directed against YopN, YopP, and
YopE. The lanes are as described for panel A. Proteins were prepared
and separated as indicated in the legend to panel A and then trans-
ferred to nitrocellulose membranes and probed with either a-YopN,
a-YopP, or a-YopE antibody as indicated on the right side of each
panel. The lanes contain the equivalent of 2 and 0.25 ml of culture
supernatant at an OD, of 1.0 for cultures induced for Ysp production
and Yop production, respectively.
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creted by the chromosomally encoded Ysa TTSS, correspond
to the previously characterized YopN, YopP, and YopE pro-
teins that have been shown to be exported by the plasmid-
encoded Ysc TTSS. Thus, under the laboratory conditions
used in this study, each of these proteins appears to be a
substrate of both the Ysa and Ysc TTSSs. The reason that
export of these Yops by the Ysa TTSS was not recognized
previously may be that induction of the Ysa TTSS occurs under
specific conditions. Previous examinations of YopN, YopP,
and YopE secretion have established that these proteins are
Ysc TTSS substrates (15). However, conditions that induce the
Ysc TTSS do not lead to Ysa TTSS induction (references 17
and 46 and this study). It is also possible that other studies used
strains of Yersinia that do not possess a TTSS that is equivalent
to the Ysa system. For example, a chromosomal locus pre-
dicted to encode a second TTSS is present in Y. pestis, but it
shows only distant homology to the ysa region of Y. enteroco-
litica (28).

The observation of Ysa TTSS-dependent secretion of YopP
provided the opportunity to examine how this system might
affect the activities of host cells. It is already established that
the activity of YopP as an effector requires it to be translocated
into host cells. The potential for YopP targeting by the Ysa
TTSS was tested by examining the effects of Ysa and Ysc TTSS
functions on YopP-dependent suppression of TNF-a release
by infected macrophages. This analysis confirmed that previ-
ously described laboratory conditions known to induce Ysc
TTSS function lead to YopP-dependent suppression of TNF-a

production by macrophages. However, Ysa TTSS function was
required for YopP-dependent suppression of TNF-a produc-
tion by infected macrophages when experimental conditions
were adjusted to induce the Ysa TTSS. These inducing condi-
tions require a temperature that is lower than the expected
temperature of a mammalian host. This apparent discrepancy
may simply indicate that other environmental conditions in the
host contribute to induction of the Ysa TTSS. Nonetheless, the
results presented here illustrate the potential for different
TTSSs of Y. enterocolitica to export an overlapping group of
substrates. They also demonstrate that the Ysa TTSS can de-
liver effector proteins into host cells.

The first functional evidence that indicated sharing of sub-
strates by different TTSSs of Y. enterocolitica was possible came
from a study of the secreted phospholipase YplA (46). Under
laboratory conditions, this protein is exported by the flagellar
TTSS, but it can also be exported by the Ysa and Ysc TTSSs.
Because regulation of YplA production is coupled with the
expression of flagellar genes, it is difficult to establish if this
protein is exported by alternate pathways in vivo (40). Addi-
tional studies will be required to determine if proteins other
than YopN, YopP, and YopE are exported by the Ysa and Ysc
TTSSs under conditions that are different from those used in
this study and those in vivo. Studies of Salmonella enterica
serovar Typhimurium have suggested that this bacterium also
utilizes two different TTSSs to target some proteins to the host
environment (20).

Yersinia infection of mammalian cells has been shown to
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lead to a rapid induction of multiple MAP kinase pathways.
This rapid induction is followed by an inhibition that re-
quires the activity of YopP in Y. enterocolitica and its equiv-
alent, designated YopJ, in Y. pestis and Y. pseudotuberculosis
(4, 27, 34-36, 38). One effect of YopP/J activity is that
blocking MAP kinase cascades limits production of inflam-
matory mediators like TNF-a (4, 27). In addition, YopP/J
stimulates apoptosis in macrophages by modifying the
caspase cascade (12, 22, 23, 37). The mechanism by which
YopP/J may influence these pathways appears to be quite
complicated (for a review, see reference 24). While it is not
fully understood how YopP/J causes these effects, YopP/J
binds to members of the MKK family and IKKB (25).
YopP/J is also thought to act as a ubiquitin-like protease,
resulting in decreased cellular levels of free SUMO-1 and
increased levels of SUMO-1-conjugated proteins, which

would affect the stability of putative host regulatory proteins
(26). The net effect of YopP/J activity, whether direct or
indirect, leads to multiple effects on host cells, including
down-regulation of the NF-«kB signaling pathway, MAP ki-
nase pathways, and cytokine induction (27, 36). YopE also
affects the activities of host cells by acting as a GTPase-
activating protein for the Rho family of small GTP-binding
proteins, including RhoA, Racl, and Cdc42 (1, 45). This
family of proteins is involved in modulating host cell actin
polymerization. The net effect of YopE function is the loss
of host cell actin filaments and impairment of phagocytic
activity. YopN has been shown to be involved in coordinat-
ing the secretion of Yop proteins by the Ysc TTSS (5, 13).
It is possible that YopN also has a role in coordinating
protein secretion by the Ysa TTSS. Given the multiple ef-
fects of YopN, YopP/J, and YopE on host cellular re-
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