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Salmonella enterica serovar Typhimurium, an intracellular pathogen and leading cause of food-borne
illness, encodes a plethora of virulence effectors. Salmonella virulence factors are translocated into host
cells and manipulate host cellular activities, providing a more hospitable environment for bacterial
proliferation. In this study, we report a new set of virulence factors that is translocated into the host
cytoplasm via bacterial outer membrane vesicles (OMV). PagK (or PagKl), PagJ, and STM2585A (or
PagK2) are small proteins composed of ~70 amino acids and have high sequence homology to each other
(>85% identity). Salmonella lacking all three homologues was attenuated for virulence in a mouse
infection model, suggesting at least partial functional redundancy among the homologues. While each
homologue was translocated into the macrophage cytoplasm, their translocation was independent of all
three Salmonella gene-encoded type III secretion systems (T3SSs)-Salmonella pathogenicity island 1
(SPI-1) T3SS, SPI-2 T3SS, and the flagellar system. Selected methods, including direct microscopy,
demonstrated that the PagK-homologous proteins were secreted through OMYV, which were enriched with
lipopolysaccharide (LPS) and outer membrane proteins. Vesicles produced by intracellular bacteria also
contained lysosome-associated membrane protein 1 (LAMP1), suggesting the possibility of OMV conver-
gence with host cellular components during intracellular trafficking. This study identified novel Salmonella
virulence factors secreted via OMV and demonstrated that OMV can function as a vehicle to transfer

virulence determinants to the cytoplasm of the infected host cell.

Salmonella enterica serovar Typhimurium utilizes a secretory
cascade of virulence effectors to interact with host cells. To
date, more than 40 secreted virulence factors have been iden-
tified in Salmonella, but the functions and mechanisms of ac-
tion are largely undefined (35, 52). Effector proteins conduct
diverse functional activities, including actin rearrangement,
modulation of vesicular trafficking, induction of inflammatory
response, and regulation of motility of infected cells (52, 75,
80). Salmonella tightly controls the expression and secretion of
virulence determinants to disrupt host cell activities at appro-
priate times and locations during infection. Failure to properly
regulate these effectors in an appropriate manner results in
attenuation of Salmonella virulence (14, 55, 57, 61). Thus,
finely tuned regulation of virulence effectors allows Salmonella
to respond to the host defense system, permitting persistent
infection and promoting dissemination of the pathogen to
other hosts.

The type III secretion system (T3SS), the best-characterized
secretion apparatus, is a specialized needle-like organelle
made up of more than 20 components, and it delivers more
than 30 Salmonella effectors into host cells (24, 34, 58, 59).
Salmonella pathogenicity island 1 (SPI-1) and SPI-2, mapping
to separate regions on the S. Typhimurium chromosome, carry
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genes for distinct T3SSs, in addition to carrying genes encoding
regulators, chaperones, and effector proteins. Virulence deter-
minants secreted from SPI-1 T3SS primarily play roles in host
cell invasion and enhance intestinal inflammation (24). SPI-2
T3SS-secreted virulence effectors are required for intracellular
replication and persistence and inhibit the inflammatory re-
sponse during a systemic infection (24). The flagellar system is
structurally related to T3SS and may secrete virulence factors
as well (31, 78, 79). Although Salmonella possesses other se-
cretion mechanisms, including a two-partner secretion system
(ZirT/ZixS) (25) and a type VI secretion system (9), the T3SS
is considered the major mechanism to deliver virulence factors
to the host cell. Therefore, identification of virulence factors
secreted independently of these well-studied systems is impor-
tant to understanding Salmonella pathogenesis.

In this study, we demonstrate that outer membrane vesicles
(OMV) can act as a means to deliver previously unknown
Salmonella virulence factors. Previous work has demonstrated
that OMV are released from the cell envelopes of Gram-
negative bacteria and are comprised of a variety of outer mem-
brane and periplasmic constituents, including proteins, phos-
pholipids, lipopolysaccharides (LPSs), and DNA (18, 44, 49,
64). The vesicles can vary in size from 10 to 300 nm in diameter
depending on a number of factors and can serve as a vehicle to
deliver the vesicular contents to adjacent bacterial and animal
cells, as well as to the extracellular milieu (10, 22, 40, 41, 43).
Salmonella enterica serovar Typhi encloses ClyA, a pore-form-
ing cytotoxin, in OMV and exports it to the extracellular en-
vironment, thereby making contact with eukaryotic cells (74).
OMYV not only disseminate toxins and enzymes into host cells
to protect bacterial survival but also serve as bacterium-like
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decoys to neutralize the host immune responses and facilitate
Gram-negative pathogens’ immune evasion (10, 71). OMV
delivery of antigens has been a large area of investigation, as
OMYV could improve vaccines by delivery to the major histo-
compatibility complex (MHC) class I pathway while simulta-
neously providing pathogen-associated molecular patterns as
adjuvants (2, 4, 62, 73). Based on the accumulative observa-
tions of OMV in a variety of microorganisms, multiple biolog-
ical functions of OMV, including virulence attributes and its
biogenesis, including production mechanism and cargo selec-
tivity have been reviewed recently (1, 21, 46). Using a proteom-
ics method to characterize the proteins that Salmonella se-
cretes into culture medium under conditions mimicking the
intracellular environment, we identified a group of proteins
that are secreted independently of SPI-2 T3SS (58). Here, we
demonstrate that a subset of these T3SS-independent secreted
proteins is translocated into the host cytoplasm via OMYV,
including PagK (PagK1), PagJ, and STM2585A (PagK2).

MATERIALS AND METHODS

Bacterial strains and plasmids. Salmonella enterica serovar Typhimurium
14028s was used as the parent in all strains studied here. All deletion and tagged
strains were constructed using the phage N Red recombination system (17). In
brief, the kanamycin resistance (kan) or chloramphenicol acetyltransferase (cat)
cassette was amplified by PCR with 40-nucleotide (nt) flanking sequences, ho-
mologous to target genes, at both termini. PCR products were introduced into
recipient cells harboring pKD46 to replace target genes with a kan or cat cas-
sette. Antibiotic marker genes were subsequently removed by flip recombinase
provided from pCP20 to make in-frame deletions that were presumably nonpolar
17).

Tagging of chromosomal genes with cya4’ was performed in a similar way
using A Red-mediated recombination. Instead of pKD13mod (77) and pKD3
(17) as PCR templates, pMini-Tn5-cycler (30) was used to insert a DNA frag-
ment encoding a carboxy-terminal peptide of CyaA and kanamycin resistance
immediately prior to the stop codon sequence of Pagl), PagKl, and PagK2.
Construction of chromosomal sipA4::cyaA’ and ssel::cyaA’ was described previ-
ously (30).

In order to construct derivatives of PagK homologue-CyaA’ fusions, which
lack their N termini or contain their N termini only, an additional flanking
sequence providing the ribosome binding site (RBS) and a new start codon was
positioned upstream of the truncated cyad’ fusions on pMIW1753 (30). DNA
fragments encoding intact PagK homologue-CyaA’ fusions were also cloned on
pMIJ1753 by the same strategy and served as the reference for the truncated
fusion constructs. All primers used to construct bacterial strains and plasmids are
listed in Table S1 in the supplemental material.

For a control for a variety of CyaA’ fusions, the C terminus of B-galactosidase
a peptide was fused with CyaA’ on pMIW1753, generating pMIW1791 (30). This
fusion construct should not be secreted by either T3SS or OMYV as is demon-
strated below.

To visualize Salmonella using red fluorescent protein (Tomato [68]), bacteria
were transformed with pWKS30-Tomato (29). Bacterial cells were grown in
Luria-Bertani (LB) medium or an acidic minimal medium as described previ-
ously (AMM1 [77]).

Macrophage infection. Murine macrophage-like cells (ATCC RAW264.7 [63])
were prepared and infected as described previously (77). Except for bacteria
containing a sipA::cyaA’ allele, all Salmonella strains were prepared for infection
as described below. Salmonella cells grown overnight in LB were opsonized with
10% mouse serum (Innovative Research) for 20 min prior to infection. Bacterial
cells resuspended in Dulbecco’s modified Eagle’s medium (DMEM) were added
to macrophage monolayers at an input multiplicity of infection (MOI) of 100,
and infections were initiated by centrifuging at 1,000 X g for 5 min. Infected
macrophages were incubated at 37°C with 5% CO, for 30 min, and extracellular
bacteria were subsequently removed by washing the cells with phosphate-buff-
ered saline (PBS) and incubating them in DMEM containing gentamicin (Gibco)
at 100 pg/ml for 1 h. After treatment with gentamicin (100 wg/ml), the cells were
washed with PBS three times and overlaid with DMEM containing 20 ug/ml
gentamicin for the remainder of the experiments. Salmonella strains harboring
the sipA::cyaA’ allele were cultivated in LB for 3 h to induce Salmonella patho-
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genicity island 1 (SPI-1) expression, opsonized with 10% mouse serum, and then
added to macrophages at an input MOI of 50.

Outer membrane vesicle (OMYV) isolation. Salmonella cells were grown on
AMMI1 medium with a protease inhibitor cocktail (Complete protease inhibitor
cocktail tablet; Roche) for 5 h and centrifuged at 5,000 X g for 10 min. The
cell-free supernatant was filtered through a 0.45-pm-pore-size polyvinylidene
difluoride (PVDF) filter (Millipore) to remove the remaining bacteria, and the
filtrate was ultracentrifuged at 153,000 X g for 2 h at 4°C in a SW32 Ti rotor to
pellet the vesicles (Beckman Instruments Inc.). The supernatant was carefully
removed, leaving 1 ml at the bottom, which was then diluted with 35 ml of PBS
and reultracentrifuged as described above. The pellets were resuspended in PBS,
and the protein concentration was measured using a bicinchoninic acid (BCA)
assay kit (Pierce).

cAMP assay. To examine translocation of CyaA’-tagged proteins into the
cytosol, macrophages infected with Salmonella CyaA’ fusion strains were washed
with PBS three times and then lysed with 0.1 M HCI as directed in the manu-
facturer’s instructions for the cyclic AMP (cAMP) enzyme immunoassay (EIA)
kit (Assay Designs/Stressgen). Before the assay was performed, the lysate was
spun down at 3,000 X g for 5 min to remove macrophages and bacterial debris,
and the cytosolic fraction was used to determine the levels of cAMP. All cAMP
assays were repeated at least three times using independently infected macro-
phages, and the averages are shown in this study.

Immunoblot analysis. For Western blot analysis of isolated OMV, Salmonella
cells were grown on AMMI medium as described previously (77). Vesicles
isolated from 80 ml of Salmonella culture were precipitated with trichloroacetic
acid (TCA) (10%). The pellet was dissolved in 1X Laemmli sample buffer with
heating, and the proteins were separated by SDS-PAGE.

To investigate protein expression inside macrophage cells, the infected
RAW264.7 macrophage-like cells were incubated in lysis buffer (50 mM HEPES,
1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 100 mM phenylmethylsulfonyl
fluoride [PMSF], protease inhibitor cocktail, 50 mM NaF, DNase I [DNase Set;
Qiagen], and 2 mM sodium orthovanadate) and centrifuged at 10,000 X g for 5
min to separate macrophage cytosol from the pellet containing host nuclei,
cytoskeleton, and bacteria. The pellet was directly resuspended in 1X Laemmli
sample buffer, boiled for 5 min, and loaded on an SDS-polyacrylamide gel.
Proteins on gels were transferred to PVDF membranes and probed with anti-
bodies. Anti-CyaA (3D1) antibody (Santa Cruz Biotechnology) and anti-DnaK
antibody (Assay Designs) were used as the primary antibodies The antibody
against OmpA was kindly provided by Roland Lloubés (CNRS, France). Anti-
mouse IgG conjugated with peroxidase (Sigma) was used as a secondary antibody
in all immunoblot experiments.

Immunofluorescence microscopy. For CCF4-AM cleavage detection, macro-
phages were seeded in Lab-Tek II chamber cover glass slides (Nunc) and in-
fected with Salmonella Bla fusion strains as described above. B-Lactamase (Bla)
cleaves CCF4-AM to change its emission spectrum from green to blue when it is
translocated into the cytoplasm. At 18 h postinfection, macrophages were loaded
with membrane-permeable CCF4-AM (Invitrogen) solution for 2 h per the
manufacturer’s instructions, and the cleavage was examined using an Applied
Precision (Issaquah) DeltaVision image restoration system with emission filter
sets for green (528-nm) and blue (457-nm) fluorescence by CCF4-AM and in the
red spectrum for the fluorescent protein named “Tomato” (617 nm). All Salmo-
nella strains were transformed with pWKS30-Tomato (29). CCF4-AM cleavage
assays were performed three times, and the images shown are representatives of
three independent assays.

In order to locate CyaA'-tagged PagK homologues inside macrophages,
RAW264.7 macrophage-like cells seeded on Lab-Tek II chamber cover glass
slides were infected with Salmonella CyaA’ fusion strains for the desired time.
Infected cells were fixed in 4% paraformaldehyde (Pierce) for 1 h and perme-
abilized with 0.1% saponin (Sigma). Rabbit anti-CyaA antibody (Santa Cruz
Biotechnology) and Alexa Fluor 647-conjugated goat anti-rabbit IgG (Invitro-
gen) were used for CyaA’ detection. Mouse anti-LPS antibody (Abcam) and
Alexa Fluor 350-conjugated goat anti-mouse IgG (Invitrogen) were used to label
OMV and the Salmonella outer membrane. Fluorescein isothiocyanate (FITC)-
conjugated cholera toxin B subunit (CTB) (Sigma) was used to identify lipid rafts
of the plasma membrane. All antibodies were diluted in 10% goat serum (Ab-
cam) supplemented with 0.1% saponin and 1% bovine serum albumin (BSA)
(Sigma) prior to dispensing to the fixed macrophage samples. Bacteria were
visualized with pWKS30-Tomato expressing the red fluorescent protein Tomato
(29). For statistical analysis, three different fields of RAW264.7 cells were cap-
tured, and at least 50 cells were examined in each field. Images shown in this
study are representative of more than 90% of cells examined from at least three
independent specimen preparations. Images were acquired by an Applied Pre-
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cision DeltaVision system, and deconvolution was conducted using Softwork
Explorer Suite (Applied Precision) image processing software.

Immunogold electron microscopy. In the analysis of isolated OMYV, vesicle
pellets were resuspended, fixed in PBS containing 2% paraformaldehyde, and
then mounted onto Formvar-coated 300-mesh nickel grids (Electron Microscopy
Sciences [EMS]). After 20 min of incubation and attachment of the vesicle
samples on the grids, they were washed with PBS twice and blocked with a buffer
containing 5% BSA, 0.1% cold water fish skin (CWFS) gelatin (EMS), 15 mM
NaNj3, 0.05% Tween 20, and 10% goat serum. After the grids were rinsed with
a washing buffer containing 0.1% Aurion BSA-c (EMS), 0.1% CWFS gelatin
(EMS), 15 mM NaNj, 0.005% Tween 20, and 5% goat serum, they were incu-
bated with rabbit anti-CyaA antibody (Santa Cruz Biotechnology) or rabbit
antilipolysaccharide (anti-LPS) antibody (Abcam) at 4°C overnight and sequen-
tially treated with 15-nm-gold-conjugated anti-rabbit IgG (EMS) for 2 h at room
temperature. The antibodies were diluted in the washing buffer described above.
After the grids were rinsed with the washing buffer and washed with ultrapure
water, they were poststained with 8% uranyl acetate and Reynolds’ lead citrate
(65).

For immunogold microscopy of macrophages, RAW264.7 macrophage-like
cells were infected with Salmonella CyaA’ fusion strains and fixed with 4%
paraformaldehyde as described above. The cells were dehydrated with a graded
ethanol series and embedded in LR-White resin (London Resin Co., Hampshire,
United Kingdom) (72), and then the samples were polymerized for 24 h and
sectioned. Thin sections were collected on pioloform-coated nickel grids and
treated with the blocking buffer described above. The grids were incubated with
either rabbit anti-CyaA antibody or rabbit anti-lysosome-associated membrane
protein 1 (anti-LAMP1) antibody (Abcam) and mouse anti-LPS antibody (Ab-
cam) at 4°C overnight and sequentially probed with 15-nm-gold-conjugated anti-
rabbit IgG and 25-nm-gold-conjugated anti-mouse IgG (EMS) as described
above. After serial washing steps with the washing buffer and ultrapure water, the
grids were poststained with 8% uranyl acetate and Reynolds’ lead citrate. The
samples were analyzed using a transmission electron microscope (Morgagni-
FEI) at an acceleration voltage of 70.0 kV at calibrated magnifications. At least
50 isolated vesicles or infected macrophages were examined per experimental
specimen. The images shown in this study represent the dominant phenotypes
detected in more than 80% of the micrographs.

Competitive infection study. To examine the fitness of a strain lacking all three
PagK homologues during competitive infection in mice, the competitive index
(CT) assay was performed. Test strains (Apag/ pagKl pagK2 mutant or S. Typhi-
murium 14028s) and the reference strain MA6054 (37) were separately grown in
LB medium overnight. Salmonella Typhimurium MAG6054 carries a gene that
encodes an arabinose-inducible B-galactosidase. Prior to mouse infection, the
bacterial cells were washed with PBS, and each test strain was mixed with the
reference strain at a 1:1 ratio. The bacterial mix was diluted with PBS, and doses
of 10* CFU were inoculated intraperitoneally (i.p.) into groups of five female 5-
to 6-week-old 129SvJ mice (Jackson Laboratory). Infected animals were eutha-
nized and dissected at 7 days postinfection. The spleen was isolated, homoge-
nized, and plated at different dilutions on LB agar medium containing 40 p.g/ml
X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) (Sigma) and 1 mM
arabinose (Sigma). The competitive index (CI) was calculated as follows: CI =
(percentage of test strain recovered/percentage of reference strain recovered)/
(percentage of test strain inoculated/percentage of reference strain inoculated).

Ethics statement. Mouse experiments in this study were performed in accor-
dance with the Guide for the Care and Use of Laboratory Animals (57a). The
animal protocol was approved by the Oregon Health & Science University
Institutional Animal Care and Use Committee (OHSU IACUC) under permit
number A085/2008. All efforts were made to minimize animal suffering during
the experiments.

RESULTS

Translocation of PagK homologues is independent of SPI-
1/SPI-2 T3SSs and the flagellar system. PagK and its homo-
logue PagJ were first identified as PhoP/PhoQ-activated genes
by Miller et al. (6, 32, 33, 54), but the deletion of these genes
individually or in combination did not attenuate Salmonella
virulence in mice. We identified another homologue of PagK,
STM2585A (STM14_3167 in strain 14028s) and named it
PagK2 to distinguish it from PagK (hereafter called PagK1).
They are small proteins composed of 66 amino acids (aa)
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(PagK1 and PagJ) and 75 aa (PagK2) and exhibit high homol-
ogy to each other (between 83 and 95% amino acid sequence
identity; see Fig. S1A in the supplemental material). A Salmo-
nella strain deleted for all three pagK homologues was outcom-
peted by wild-type Salmonella in mice, which implies that all
three proteins are required for full virulence (see Fig. S1B in
the supplemental material). Interestingly, PagK2 alone also
appeared to be required for Salmonella intracellular growth to
some extent, differing from the other PagK homologues de-
spite high sequence homology among them (data not shown).
In secretome profiling, these homologue proteins were identi-
fied in the culture fluid of acidic nutrient-restricted medium
that stimulates the expression of a Salmonella pathogenicity
island 2 (SPI-2) type III secretion system (T3SS) (58). How-
ever, a strain (AssaK mutant) lacking an essential component
of this secretion apparatus still secreted the PagK-homologous
proteins. Translocation of PagK homologues into the macro-
phage cytosol was verified by fusion to B-lactamase missing its
signal sequence. When macrophages were infected with Sal-
monella expressing a C-terminally tagged B-lactamase, the
tagged proteins were translocated into the cytoplasm, and
cleaved fluorescent substrate, with CCF4 changing its fluores-
cence to blue as shown (see Fig. S2 in the supplemental ma-
terial).

A number of effector proteins can be secreted by both SPI-1
T3SS and SPI-2 T3SS, which allows for secretion under more-
diverse conditions (29, 53). Type III secretion systems are
evolutionarily related to the flagellar system, and in fact, SopE
can be secreted via the flagellar system, as well as via SPI-1
T3SS (20). In order to test the possibility that these three
proteins were secreted via another type III system, we deleted
the genes encoding essential components for all three secre-
tion systems (InvA in SPI-1 T3SS, SsaK in SPI-2 T3SS, and
FlgB in the flagellar system). A carboxy-terminal translational
fusion with CyaA’ was constructed for each PagK-related pro-
tein and used to evaluate translocation into the eukaryotic
cytoplasm. The fused cya4’ encodes an active fragment of the
calmodulin-dependent adenylyl cyclase from Bordetella pertus-
sis (69). Calmodulin is ubiquitous within animal cells but ab-
sent within Salmonella or the Salmonella-containing vacuole
(SCV), the main Salmonella reservoir within host cells; there-
fore, translocation of PagK homologues into the host cyto-
plasm can be determined by measuring mammalian cyclic
AMP (cAMP) levels (19). To verify that all three secretion
systems were disrupted by deleting invA, ssaK, and flgB, trans-
location of SipA (an SPI-1 T3SS-secreted effector) and SselJ (a
SPI-2 T3SS-secreted effector) was examined in macrophages
infected with AinvA4 and AssaK mutants using CyaA’ fusion
(Fig. 1A). SipA-CyaA’ and SseJ-CyaA’ were not translocated
in the absence of InvA and SsakK, respectively, and did not
increase cytosolic cAMP levels. Similarly, deletion of flgB abol-
ished Salmonella motility on agar plates (data not shown).
When intracellular cAMP levels were measured 18 h after
macrophage infection, PagK homologue-CyaA’ fusion pro-
teins were translocated even when all three secretion systems
were disrupted (SPI-1 T3SS, SPI-2 T3SS, and the flagellar
system), indicating that these proteins were translocated by an
alternative mechanism (Fig. 1A). In fact, Western hybridiza-
tion on the macrophage lysate revealed that these proteins all
showed measurable increases in protein levels when the three
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FIG. 1. PagK homologues are translocated independent of Salmo-
nella pathogenicity island 1 (SPI-1) or SPI-2 type III secretion system
(T3SS) and the flagellar system. Macrophages were infected with Sal-
monella strains expressing PagK1, PagK2, or Pag]-CyaA’ in the pres-
ence (+) or absence (—) of SPI-1/2 T3SS and flagella for 18 h. (A and
B) Translocation of CyaA’ fusions into the macrophage cytosol was
measured by the cCAMP assay (A), and their expression levels were
compared in parallel by Western blotting using anti-CyaA antibody
(aCyaA) (B). DnaK levels were used to normalize protein levels. In
order to confirm that SPI-1 and SPI-2 secretion systems were disrupted
by deleting invA and ssaK, SipA (SPI-1 effector) and SseJ (SPI-2
effector) were tagged with CyaA’, and their translocation (A) and
expression (B) were examined in the absence of InvA and SsakK,
respectively. Note that translocation and expression of SipA-CyaA’
was measured at 1 h postinfection, and the analysis of the other
CyaA'-tagged proteins was performed at 18 h postinfection. Salmo-
nella not expressing CyaA’ (strain 14028s) or expressing LacZ-CyaA’
from pMJW1791 (30) did not exhibit an increased cAMP level in panel
A as expected. Intriguingly, the level of expression of each PagK
homologue increased in the triple mutant background as can be ob-
served.

T3SSs were inactivated as discussed below (Fig. 1B). Visual
inspection of the sequences of these three effectors did not
detect the twin-arginine translocation (TAT) signal for secre-
tion but suggested the possibility of the Sec pathway-depen-
dent secretion as described next.

N-terminal deletion of PagK homologues abolishes their
translocation into the host cytoplasm. PagJ, PagKl, and
PagK2 were translocated into the macrophage cytosol inde-
pendent of all three type III secretion systems tested. Analysis
of amino acid sequences using the SignalP 3.0 server (7) sug-
gested the presence of signal peptides at the amino termini (N
termini) of PagJ, PagKl, and PagK2 that would direct these
peptides to the periplasm (see Fig. S3 in the supplemental
material). To determine whether they were translocated via
the signal sequences, we deleted the first 78 nucleotides (PagJ
and PagK1) and 105 nucleotides (PagK2) following the initia-
tion codon that encode the putative signal peptides (see Fig.
S1A for their truncated derivatives). Due to the high sequence
homology between PagK1 and PagK2, deletion of the putative
signal sequence in PagK1 produces a sequence identical to that

SECRETION OF SALMONELLA VIRULENCE FACTORS VIA OMV 2185

>

w
o

cAMP (pmol/ml)
N
o

> 5 N g & 2 2 8 3
© =) =) ) - > X X e
e 8 & o X & 2 2 =
& 2 & & S
o =
=4
B 3 .
N 2 - - < <
N < < > o o
T § ¢ % ¢ TS 3
g > o 5 & Py
Y £ T g T & N Q
he) > 'Y X X et X X
je)) je)) > ) o [o)) (o)) [e))
@ (] © () @ © ®© @
Q Q Q Q Q Q Q. Q

FIG. 2. N-terminal deletion of PagK homologues abolishes their
translocation into the host cells. The full-length PagK homologues and
their truncated forms without their predicted N-terminal signal pep-
tides or with their N-terminal signal peptides only were fused to CyaA’
as described in Materials and Methods. Salmonella strains expressing
the full-length PagK homologues (Pagl, PagK1, and PagK2) and the
truncated derivatives (Pagl and PagK1/PagK2 lacking N-terminal
signal peptides; Paglg, PagKlg, and PagK2g harboring only N-terminal
signal peptides) were inoculated into RAW264.7 macrophage-like
cells. (A and B) Infected macrophage cells were lysed at 6 h postin-
fection for cAMP assay (A) and Western blot analysis (B). (A)The
translocation levels of PagK homologues and their derivatives were
compared by measuring intracellular cAMP levels. (B) In parallel,
their expression levels were determined by anti-CyaA antibody using
the same macrophage lysates used in the cAMP assay. DnaK levels
were measured to normalize protein levels loaded in the different
lanes. Note that the sequences of PagK1 and PagK2 are identical if the
signal sequences have been deleted; therefore, only a single construct,
PagK1/2, is shown for the N-terminally truncated derivatives of
PagK1 and PagK2. Salmonella harboring pMJW1753, which was used
as a backbone construct in all CyaA’ fusions in this experiment, was
used in the cCAMP assay as a negative control.

of PagK2 (see Fig. S1 in the supplemental material). Intact and
truncated forms of Pagl, PagK1, and PagK2 were fused with
CyaA'’, and their translocation into the host cytosol was com-
pared at 6 h postinfection (Fig. 2, left side of graph). Translo-
cation of PagK homologues was abolished when their N-ter-
minal signal peptides were removed, yet the expression of each
protein, as determined by Western hybridization, was compa-
rable between the intact and truncated constructs. This result
suggests that the N-terminal peptides enabled these proteins to
be delivered into the host cytoplasm. We further tested
whether the signal peptides alone were sufficient to lead to
translocation of any bacterial proteins into host cells. The N
termini encoding 27 aa of PagKl1/PagJ and 36 aa of PagK2
were fused with CyaA’, and the translocation into the macro-
phage cytoplasm was examined (Fig. 2A, right side of panel).
CyaA' with the signal peptides of PagK homologues signifi-
cantly decreased intracellular cAMP levels compared with
CyaA' fused with full-length PagK homologues, indicating that
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FIG. 3. PagK2 is colocalized with LPS but not with Salmonella inside macrophages. Macrophages were infected with Salmonella expressing
PagK2-CyaA’ for 18 h. (A to D) The fixed cells were incubated with rabbit anti-CyaA antibody (B) and mouse anti-LPS antibody (A) overnight
and treated with Alexa Fluor 647-conjugated anti-rabbit IgG (B), Alexa Fluor 350-conjugated anti-mouse IgG (A), and FITC-conjugated cholera
toxin B subunit (CTB) (D). Salmonella expresses the red fluorescent protein “Tomato” from pWKS30-Tomato plasmid (C). (A) LPS staining in
the blue channel; (B) CyaA’ staining in the yellow channel; (C) Salmonella with fluorescence from the the red fluorescent protein Tomato;
(D) plasma membrane staining in the green channel using CTB; (E) merged image of LPS, CyaA’, and Salmonella; (F) merged image of LPS,
CyaA’, CTB, and Salmonella. The sites of colocalization of PagK2 with LPS are indicated by white arrows in panel F. Note that a bleb-like
protuberance from the host cell (indicated by the white arrow in panel D) encloses PagK2 and LPS (as shown in panel F), while the bacteria are
present in the spacious vacuole seen as a large red vacuole at the top of the cell as depicted.

the signal sequences are necessary but not sufficient to cause
their translocation. The N termini of these proteins is likely to
be required to cross the inner membrane through the Sec
system, but not enough to lead to secretion across the outer
membrane barrier, as described below in Discussion. The dif-
ferences in expression shown in Fig. 1 and 2 were a conse-
quence of differences in fusion construction: expression of
CyaA' fusions from their native promoters in Fig. 1 versus
expression of CyaA' fusions under the common P,,. promoter
and Shine-Dalgarno sequence in Fig. 2 (see Materials and
Methods).

Immunofluorescence microscopy provided insights into the
locations of PagK homologues inside macrophages. Macro-
phage cells were infected with Salmonella expressing PagK2-
CyaA’ for 18 h. Translocated PagK2-CyaA’ was detected by
anti-CyaA antibody and Alexa Fluor 647-conjugated secondary
antibody as shown in yellow in Fig. 3. Lipopolysaccharide
(LPS), a major component of the Salmonella outer membrane,
was visualized in blue with anti-Sal/monella LPS antibody and
secondary Alexa Fluor 350-labeled antibody. Salmonella cells
expressed the red fluorescent protein named “Tomato” from
plasmid pWKS30-Tomato (30). The macrophage plasma mem-
brane was labeled in green with fluorescein isothiocyanate
(FITC)-conjugated cholera toxin B subunit (CTB), which

binds to the glucosphingolipid GM1 ganglioside of the plasma
membrane (15). The merged image demonstrated that PagK2
was colocalized with LPS, forming irregular punctate spots
(see spots harboring yellow and blue signals, which are indi-
cated with white arrows in Fig. 3F). Moreover, these spots were
distinct from intracellular bacteria and were smaller than bac-
teria that were fluorescent due to the red fluorescent protein
Tomato. The observation of PagK2 in punctate compartments
that are distinguishable from bacteria raised the possibility that
PagK2 was translocated into the cytosol enclosed within vesi-
cles. Macrophages infected with wild-type bacteria not express-
ing CyaA’ showed LPS-containing punctate structures as well,
but they were not labeled with anti-CyaA’ antibody, while
uninfected macrophages were labeled only with FITC-conju-
gated CTB (see Fig. S4 in the supplemental material). PagK1
and PagJ showed similar punctate fluorescence patterns to that
observed for PagK2 (Fig. S4).

PagK homologues are enclosed within OMYV secreted into
the culture medium. Pathogenic Gram-negative bacteria pro-
duce outer membrane vesicles (OMV) composed of outer
membrane proteins, specific periplasmic proteins, lipopolysac-
charide, and phospholipids and can deliver virulence determi-
nants to adjacent bacterial or eukaryotic cells (10, 18, 41, 43,
44, 49, 74). Spano et al. observed that CdtB, an S. Typhi
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FIG. 4. PagK homologues are present in isolated outer membrane
vesicles (OMV). Salmonella strains expressing CyaA’-tagged PagKl,
PagJ, and PagK2 (C-terminal translational fusions) were cultivated on
AMMI1 medium for 5 h, and vesicles were isolated as described in
Materials and Methods. Vesicles produced from 80 ml of bacterial
culture (~24 ng/80 ml) were precipitated with TCA to concentrate
proteins. (Left) The vesicle-containing precipitate produced from the
initial 80-ml culture supernatant was resuspended in 1X Laemmli
sample buffer and loaded in a lane of the SDS-polyacrylamide gel
(OMV fraction). (Right) Bacterial cells (5 X 107) were pelleted and
loaded onto the SDS-polyacrylamide gel (cell pellet fraction). PagK1,
PagJ, and PagK2 were immunoblotted using anti-CyaA antibody.
OmpA, a highly expressed outer membrane protein, was used as a
control for the presence of outer membrane vesicles. Dnak, a cytosolic
protein, was used to verify that no bacterial lysis occurred during the
OMYV isolation procedure. Note that the molecular weight of PagK2 is
approximately the same as PagK1 and PagJ in OMV fraction but not
within whole bacterial cells (compare the molecular weight of PagK2
with those of PagK1 and PagJ in the OMV and cell pellet fractions).
We speculate that signal sequences present in these effectors may
contribute to the difference in molecular weights between the left- and
right-hand panels.

exotoxin, was exported extracellularly within a compartment
described as small “puncta” inside the host cell cytoplasm that
they speculated could be OMV (70). We also observed that
PagK-homologous proteins were translocated in a punctate
pattern, colocalized with LPS (Fig. 3; see Fig. S4 in the sup-
plemental material). Because of the possibility that these punc-
tate particles were vesicles released from the Salmonella outer
membrane, we performed a direct test to determine whether
PagK homologues were carried within outer membrane vesi-
cles.

Salmonella strains expressing CyaA'-tagged PagK homo-
logues were cultivated in an acidic minimal medium (AMM1
[77]) for 5 h, and the culture medium was filter sterilized
following centrifugation to remove bacterial cells. Sterile su-
pernatant was ultracentrifuged and concentrated in a small
volume. The constituents within the isolated vesicles included
PagK1, PagJ, and PagK?2, as analyzed by protein immunoblot-
ting (Fig. 4). Colocalization of OmpA, a major component of
vesicles as well as the outer membrane, and the lack of cyto-
solic protein DnaK in the vesicle fractions support the hypoth-
esis of OMV-mediated translocation of these proteins. Intrigu-
ingly, the molecular weight of PagK2 appeared to be identical
to that of PagK1 and PagJ in the vesicle fractions, while it was
larger than the other two when cell pellets were analyzed. One

SECRETION OF SALMONELLA VIRULENCE FACTORS VIA OMV 2187

explanation for this result could be that the signal sequence
had been removed in the vesicle fractions but not inside the
bacteria, resulting in peptides of comparable molecular
weights when secreted into vesicles.

In order to further investigate the location of these pro-
teins within OMYV, the vesicles were isolated from the cul-
ture supernatant as described above and examined by trans-
mission electron microscopy (TEM). The vesicle fractions
were incubated, allowed to attach to Formvar-coated grids,
and processed for immunogold labeling without sectioning.
CyaA'-tagged PagK homologues and LPS were identified
using gold-conjugated antibodies. By this technique, LPS
was observed on all vesicles, while PagK homologues were
not observed on the surfaces of unsectioned vesicles (less
than 2% of examined vesicles contained CyaA'-tagged PagK
homologues on their surface; Fig. 5). This observation sug-
gested that OMV contained LPS on their outer surfaces but
enclosed PagK homologues inside the vesicles, as tested
further below.

PagK homologues are translocated into the host cytoplasm
via OMV. The failure to find PagK homologues on the sur-
faces of vesicles, which were isolated in acidic minimal me-
dium, prompted us to test whether the proteins were located
inside vesicles and whether the vesicle properties varied for
intracellular and extracellular bacteria. In fact, increased
bacterial vesiculation has been previously observed near
infected host cells and tissues (21, 39, 51, 71, 76). To inves-
tigate the events that take place within host cells, macro-
phages were infected with Salmonella CyaA' fusion strains
for 18 h and then embedded, sectioned, and employed as
specimens in TEM analysis using gold-labeled antibodies.
Antibodies directed against the CyaA’ peptide and LPS
bound to their targets specifically, showing that LPS mole-
cules were mainly distributed along the Salmonella outer
membrane and near vesicles, whereas CyaA' peptides were
not detectable in uninfected and wild-type Salmonella-in-
fected macrophages. TEM revealed that PagJ, PagK1, and
PagK2 (all shown as smaller beads) were colocalized with
LPS (shown as larger beads) on vesicular compartments
(Fig. 6). Comparing the CyaA’ signal distribution between
cellular organelles, 25.5% = 5.4% of anti-CyaA antibody
was found on OMV-like structures, 37.6% = 11.9% was on
the Salmonella moiety, including the envelope and the inte-
rior compartments, and 36.9% * 14.5% was distributed in
the vacuolar interior or the macrophage cytoplasm. In these
micrographs, OMV harboring PagK homologues appeared
to be either fused to the bacterial outer membrane (Fig. 6C,
D, and E) or floating in the vicinity of the Salmonella-
containing vacuole (SCV) membrane (Fig. 6A, D, and F).
Moreover, OMV that were transported to the macrophage
cytoplasm across the SCV membrane were occasionally clus-
tered and were colabeled with an antibody detecting
LAMP1, a lysosomal glycoprotein enriched on the SCV
membrane (27) (Fig. 7). This observation raises the possi-
bility that OMV are modified by cellular components during
exocytosis. Overall, these results suggest that OMV serve as
an important secretion mechanism for virulence determi-
nants by Salmonella when it is intracellular.
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FIG. 5. Localization of PagK homologues in intact unsectioned OMV. Vesicles were isolated from the culture of Salmonella pagK2-cyaA' strain
grown on AMMI1 medium as described in Materials and Methods. Isolated vesicles were fixed and loaded onto Formvar/carbon-coated grids
without sectioning vesicles. (A and B) The grids were incubated with a solution containing rabbit anti-CyaA antibody (A) or rabbit anti-LPS
antibody (B) overnight and then treated with 15-nm-gold-conjugated anti-rabbit IgG. The micrographs are representative of the vesicles examined.
(A) PagK2-CyaA’; (B) LPS. Vesicles isolated from cultures of pag/-cyaA’ and pagKl-cyaA' strains also showed similar distribution patterns of

anti-CyaA and anti-LPS antibodies.

DISCUSSION

The type III secretion system (T3SS) is one of the major
mechanisms for transporting virulence factors in Gram-nega-
tive pathogenic bacteria. However, a subset of proteins includ-
ing PagJ, PagKl, and PagK2 was translocated into the host
cytosol independent of the three type III secretion systems
tested. Interestingly, the expression and translocation of all
three effectors (Pagl, PagKl, and PagK2) were increased in
strains in which Salmonella pathogenicity island 1 (SPI-1)
T3SS, SPI-2 T3SS, and the flagellar system were inactivated
(Fig. 1). When the T3SSs were individually mutated, only a
mutation in the SPI-2 gene-encoded T3SS increased their pro-
tein levels inside macrophages, even though bacterial growth
was restrained due to the lack of SPI-2 T3SS (unpublished
data). Expression of a wild-type copy of ssaK in the SPI-2
T3SS-defective strains (AssaK mutant) restored their expres-
sion to those of the parent strain, which showed that the effects
were not due to second site mutations or to polar effects (data
not shown). The mRNA levels of the pag/, pagKl, and pagK2
genes were not affected by a mutation in SPI-2 T3SS inside
macrophages, indicating that the increase of PagK-homolo-
gous proteins in SPI-2 T3SS-defective strains was caused by
posttranscriptional regulation (data not shown).

In the past decade, OMV have been discovered as a new
vehicle to deliver virulence molecules, although the process by
which Gram-negative organisms produce vesicles is an area of
active investigation. Deatherage et al. recently demonstrated
that the cell envelope controls OMV release properties, in-
cluding production rate, size distribution, and protein content

via conserved protein associations such as outer membrane
protein-peptidoglycan-inner membrane protein interactions
(18). We suggest that OMV-mediated secretion of PagK ho-
mologues is a two-step process in which proteins first cross the
inner membrane through the Sec system and then are enclosed
within a spherically extruded outer membrane vesicle, al-
though the requirement for the Sec system has not been di-
rectly tested. Putative signal peptides were observed at the N
termini in PagJ, PagK1, and PagK2 (see Fig. S3 in the supple-
mental material), and deletion of 26 (PagJ and PagK1) and 35
(PagK2) N-terminal amino acids abolished their translocation
into the macrophage cytoplasm, as predicted by the two-step
model (Fig. 2). Furthermore, the peptides observed within
vesicles were smaller than those observed in whole bacteria,
which is suggestive of signal peptide cleavage during the Sec-
dependent secretion pathway, although the fact may also sug-
gest that cleavage occurs concomitantly with extrusion into
vesicles. In the same context, translational fusions of green
fluorescent protein (GFP) at the C termini of PagK homo-
logues did not fluoresce (unpublished observation), as would
be expected for the Sec pathway: GFP fusions secreted
through the Sec pathway do not fold correctly, while GFP
fusions secreted through the twin-arginine translocation
(TAT) pathway are exported as properly folded proteins and
remain fluorescent (23, 67).

All three PagK homologues studied in this work possess
signal sequences and appeared to be transported to the
periplasm via the Sec pathway. However, not all periplasmic
proteins are secreted in OMV. Others have demonstrated the
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FIG. 6. Immunogold electron microscopy to locate PagK homologues inside macrophages. Macrophages were infected with Salmonella CyaA’ fusion
strains for 10 h and fixed with 4% paraformaldehyde for transmission electron microscopy. The methods are described in detail in Materials and Methods.
CyaA'-tagged PagK homologues were detected using rabbit anti-CyaA antibody and 15-nm-gold-conjugated anti-rabbit IgG (small black beads indicated
by small black arrows). LPS was labeled with 25-nm-gold-conjugated anti-LPS antibody (large black beads). Salmonella and OMYV are indicated by S and
V, respectively. (A to F) The micrographs show macrophages infected with Salmonella strain pagl-cyaA’ (A and B), pagKl-cyaA’ (C and D), and
pagK2-cyaA' (E and F).

selectivity in OMV contents (18, 38, 42, 45-48). Lee et al. cluded (47). Deatherage et al. observed that the protein con-
reported that some outer membrane and periplasmic proteins tents within OMYV varied depending on the location in which
with low abundance were specifically enriched in OMV frac- the vesicle was released; OMYV released from a septal region
tionation, whereas dominant periplasmic proteins were ex- between dividing cells were enriched with proteins localized in
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FIG. 7. Modification of OMV during translocation into the cytoplasm. (A and B) Uninfected macrophages (A) and Salmonella-infected
macrophages (B) (10 h after infection) were examined after ultrathin sectioning. The grids were treated with 15-nm-gold-conjugated anti-LAMP1
antibody and 25-nm-gold-conjugated anti-LPS antibody as described in Materials and Methods. Based on the examination of 100 cells from the
thin sections prepared in parallel, LAMP1 molecules (small black beads indicated by black arrows) were more plentiful in Salmonella-infected
macrophages and appeared to be enriched in OMV released from the Salmonella-containing vacuole. Salmonella and OMYV are labeled with S and
V, respectively. (A) RAW264.7 macrophage-like cells; (B) RAW264.7 cells infected with S. Typhimurium 14028s.

the division septa, although this study was carried out using a
filamentous strain to induce differential OMV populations
(18). The fact that OMV production is increased under harsh
conditions such as the host environment during infection (21,
39, 71) suggests that OMV production is related to a patho-
genic bacterial virulence attribute responding to the host im-
mune system (21, 46). The possibility that the composition of
the released outer membrane material is influenced by nutri-
ents present in the medium has been suggested for Escherichia
coli (50). Proteins close to the inner leaflet of the outer mem-
brane may be more likely to be enclosed within OMV than
proteins with an affinity for the inner membrane. In support of
the selectivity in OMV cargo, we verified that several periplas-
mic proteins, including B-lactamase, periplasmic dipeptidase
(PdgL), and two putative periplasmic proteins (YiiQ and
STM1263) were not translocated to the infected-cell cytoplasm
despite the fact that they carry periplasmic signal sequences
and, in the case of B-lactamase and PdgL, their location within
the periplasm is well documented (36, 56; unpublished data).
Furthermore, CyaA’ tagged with N-terminal signal sequences
of PagK homologues were not translocated, indicating that
their signal peptides are necessary but not sufficient to enable
their secretion into OMV (Fig. 2).

Beatty et al. observed that mycobacterial cell wall lipids
were liberated from phagosomes containing bacteria and ac-
cumulated in late endosomal/lysosomal compartments and
speculated that the endocytic pathway was responsible for the
trafficking of bacterial cell wall constituents (5). The Salmonella-
containing vacuole (SCV) is a modified late endosomal com-
partment that has been shown to be blocked in fusion with
specific terminal lysosome components, thereby providing a
replicative niche for Salmonella within host cells (16, 26, 28).
However, the SCV can fuse with specific late vesicular bodies,

and it maintains interaction with the endocytic pathway (19,
60). Electron micrographs revealed that OMV traversing SCV
contained LAMPI, a protein abundant on the late endosomal/
lysosomal membrane as well as the SCV membrane (Fig. 7).
Moreover, uninfected macrophages harboring LPS signals
were frequently observed in microscopic analyses (see the
panel of S. Typhimurium 14028s in Fig. S4 in the supplemental
material), raising the possibility of OMV trafficking between
macrophages. Dynamic interactions of SCVs with lysosomal
contents suggest the possibility that the OMV cross the SCV
membrane and hijack lysosomal exocytosis to be transported
outside the infected host cell. Exocytosis of lysosomes and
lysosomal contents has been observed in response to the in-
crease in cytosolic calcium caused by an invading pathogen,
such as Salmonella (66), Trypanosoma cruzi (12, 13) and Neis-
seria (3). The question of how LAMP1 associates with bacterial
outer membrane vesicles is still open. To examine the possi-
bility of cell-to-cell transfer of OMYV, the vesicles were isolated
from conditioned medium containing Salmonella-infected
macrophages by filter sterilizing the medium and centrifuging
it, and then the vesicles were added directly to uninfected
macrophages. Following the addition of sterile vesicle frac-
tions, we observed that CyaA’-tagged PagK homologues were
either free in the cytoplasm or colocalized with LPS, forming a
punctate pattern in juxtaposition with the macrophage plasma
membrane (unpublished observation). This observation sug-
gests that vesicles may be exocytosed from infected macro-
phages and taken up by “bystander” macrophages. Bhatnagar
et al. demonstrated that exosomes liberated from Salmonella-
infected macrophages could transfer Salmonella-derived LPS
to uninfected macrophages and stimulate proinflammatory re-
sponses, which we have also observed (8).

Pagl, PagK1l, and PagK2 were translocated into the host
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cytoplasm enclosed within OMYV, and they were required for
Salmonella fitness within mice. Ellis et al. demonstrated that
the combined action of vesicular proteins and LPS triggered
upregulation of proinflammatory cytokines in macrophages in-
fected by Pseudomonas aeruginosa (22). To gain insights into
the virulence mechanism of PagK homologues in Salmonella
infection, we examined whether the vesicles isolated from a
strain lacking PagK homologues altered host inflammatory
responses. However, the levels of cytokine induction were
comparable for wild-type OMV- and PagK homologue-defi-
cient OMV-treated macrophages, indicating that PagK-related
proteins play a yet unidentified role during Salmonella prolif-
eration inside the host (unpublished data). Considering the
high sequence homology among these proteins, these three
peptides are likely to function in a redundant manner, as ob-
served for other virulence effectors (11).

It remains unclear how specific proteins become enclosed in
OMYV and how these vesicles deliver their contents across the
SCV. The apparent feedback loop between SPI-2 type III
secretion and expression of OMV proteins discussed above
(Fig. 1) also merits additional investigation. What is clear is
that Salmonella secretes multiple virulence factors within outer
membrane vesicles. The three highly related peptides de-
scribed in this report are only 39 amino acids long when the
putative signal peptides are removed, and hence, they are
unlikely to have any enzymatic activity. Although the functions
of these redundant proteins have yet to be established, this
study discovered a new subset of Salmonella virulence effectors
that is translocated via outer membrane vesicles.
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