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Background: Intracellular pathogens avoid lysosomal targeting but recruit lysosome-associated membrane protein 1
(LAMP1), the mechanism of which remains unclear.
Results: SipC binds with Syntaxin6 and acquires LAMP1 on the phagosome by fusing with Golgi-derived vesicles.
Conclusion: This is a novel mechanism by which Salmonella acquires LAMP1 from Golgi.
Significance: This is the first demonstration showing how an intracellular pathogen like Salmonella recruits LAMP1 without
fusing with lysosomes.

Several intracellular pathogens have developed diverse strat-
egies to avoid targeting to lysosomes. However, they universally
recruit lysosome-associated membrane protein 1 (LAMP1); the
mechanism of LAMP1 recruitment remains unclear. Here, we
report that a Salmonella effector protein, SipC, specifically
binds with host Syntaxin6 through its C terminus and thereby
recruits Syntaxin6 and other accessory molecules like VAMP2,
Rab6, and Rab8 on Salmonella-containing phagosomes (SCP)
and acquires LAMP1 by fusing with LAMP1-containing Golgi-
derived vesicles. In contrast, sipC knock-out:SCP (sipC�:SCP)
or sipCM398K:SCP fails to obtain significant amounts of Syn-
taxin6 and is unable to acquire LAMP1.Moreover, phagosomes
containing respective knock-out Salmonella like sipA�, sipB�,
sipD�, sopB�, or sopE� recruit LAMP1, demonstrating the
specificity of SipC in this process. In addition, depletion of Syn-
taxin6 by shRNA in macrophages significantly inhibits LAMP1
recruitment on SCP. Additionally, survival of sipC�:Salmonella
inmice is found to be significantly inhibited in comparisonwith
WT:Salmonella. Our results reveal a novel mechanism showing
how Salmonella acquires LAMP1 through a SipC-Syntaxin6-
mediated interaction probably to stabilize their niche inmacro-
phages and also suggest that similarmodalitiesmight be used by
other intracellular pathogens to recruit LAMP1.

Several intracellular pathogens like Mycobacterium, Salmo-
nella, Legionella, and Toxoplasma use their effectors to modu-
late the endocytic pathway of host cells and avoid transport to
the lysosomes (1–4). However, pathogen-containing phago-
somes recruit LAMP1; the mechanism of which remains to be
elucidated. Lysosome-associated membrane proteins form a
continuous carbohydrate lining on the inner leaflet of the lyso-

somal membrane (5) and are required for phagosome matura-
tion (6) suggesting that recruitment of lysosome-associated
membrane protein is possibly required to maintain the struc-
tural integrity of the phagosome. Newly synthesized LAMP1 is
trafficked from the trans-Golgi network (TGN)3 to lysosomes
via endosomes (7), and therefore, lysosomes are enriched with
LAMP1. It is tempting to speculate that pathogen-containing
phagosomesmight recruit LAMP1 by fusingwith LAMP1-con-
taining vesicles originating from the TGN during its trafficking
through the secretory pathway. However, the interaction of
phagosomes with the secretory pathway is not well character-
ized (8). Previous studies have shown (9) that disruption of
Golgi by brefeldin A or overexpression of ARF1:T31N inhibits
Salmonella replication in host cells indicating that transport
from the Golgi is required. Additionally, pathogens like Legio-
nella, Salmonella, Chlamydia, and Brucella translocate near
the Golgi (10–12) in host cells, but the physiological signifi-
cance of this localization is still unclear. Here, we have shown
that SCP recruits host Syntaxin6 through its effector protein,
SipC, and acquires LAMP1 by fusing with LAMP1-containing
Golgi derived vesicles.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies against SopE, SopB, and SipC were
kindly provided by Dr. E. E. Galyov from the Institute for Ani-
mal Health, Berkshire, UK. Antibodies against mammalian
EEA-1 and Rab5 were received as kind gifts from Dr. Marino
Zerial (Max Planck Institute of Molecular Cell Biology and
Genetics, Dresden, Germany) and Dr. A. Wandinger-Ness
(University of New Mexico, Albuquerque, NM), respectively.
Antibodies against GM130, Vti1a, Vti1b, LAMP1, and Rab8
were purchased from BD Biosciences. Anti-His antibody was
purchased from Amersham Biosciences. Anti-Rab6 and anti-
GAPDH were obtained from Santa Cruz Biotechnology. Anti-
bodies against Rab7, transferrin receptor, and VAMP2 were
purchased from Cell Signaling, Zymed Laboratories Inc., and
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Abcam, respectively. Salmonella antiserum H, which predom-
inantly detects flagellin, was purchased from BD Biosciences.
Cells—The Salmonella typhimurium (SL1344 strain) was

generously provided by Dr. DavidW. Holden, Imperial College
of Sciences, London, UK. The Salmonella mutant strains,
invA�, ssaR�, sipA�, sipB�, sipD�, sopB�, and sopE�, were
kind gifts from Dr. J. Brumell (Hospital for Sick Children,
Toronto, Canada), Dr. Wolf-Dietrich Hardt (Institute of
Microbiology, ETH,Zürich, Switzerland),Dr.DavidW.Holden
(Imperial College of Sciences, London), and Dr. Dipshikha
Chakravortty (Department of Microbiology and Cell Biology,
Indian Institute of Science, Bangalore, India). Dr. Samuel I.
Miller (University of Washington, Seattle) kindly provided
sipCM398K:Salmonella and sipCR315Z:Salmonella strains. Bacte-
ria were routinely grown overnight in Luria broth containing
appropriate antibiotics at 37 °C, and late log phase cells were
harvested by centrifugation for experimental purposes.
J774E, amurinemacrophage cell line, was kindly provided by

Dr. Philip Stahl of Washington University (St. Louis). RAW
264.7, amurinemacrophage cell line, was obtained fromAmer-
ican Type Culture Collection (ATCC). These cells were main-
tained in RPMI 1640medium and supplemented with 10% fetal
calf serum and gentamycin (50 �g/ml) at 37 °C in 5% CO2, 95%
air atmosphere.
Plasmids—SipC plasmid was received as a kind gift from Dr.

Bobby J. Cherayil of Massachusetts General Hospital, Charles-
town, MA. SipC(1–120) and SipC(200–409) constructs were
kindly provided by Dr. J. E. Casanova (University of Virginia,
Charlottesville). Salmonella expression vectors, pFPV25.1 and
pIZ1590, for constitutive expression of GFP and RFP were
kindly provided by Dr. Raphael Valdivia (Duke Center for
microbial pathogenesis, Durham, NC) and Dr. Francisco
Ramos-Morales (Universidad de Sevilla, Spain), respectively.
pBAD24, arabinose-inducible expression vector, was kindly
provided byDr. A. Surolia ofNational Institute of Immunology.
LAMP1-GFP construct was obtained from Dr. Alberto Luini
(Consorzio Mario, Negrusid, Italy).
Preparation of SCP—SCP were purified from J774E macro-

phages using amethod described previously (13). Briefly, J774E
macrophages (1 � 108) were incubated with Salmonella (2 �
109) for 5 min at 37 °C to restrict them in the early compart-
ment. Cells were washed (300 � g for 6 min) three times to
remove uninternalized bacteria. One aliquot of the cell suspen-
sion was processed for the preparation of early SCP. The rest of
the cell suspensionwas further incubated for the indicated peri-
ods of time at 37 °C to prepare SCP at the respective time
points. Subsequently, cells were washed and homogenized in
homogenization buffer, and post-nuclear supernatants were
prepared by low speed (400 � g for 10 min) centrifugation.
Finally, phagosomes were purified from post-nuclear superna-
tants through a 12% sucrose cushion.
Detection of Levels of Various Markers on Phagosomes—To

detect the levels of various proteins on respective SCPduring its
maturation in J774E macrophages, phagosomes containing
WT or mutant Salmonella were purified at the indicated time
points of their maturation. Subsequently, phagosomal proteins
(40 �g) were resolved on a SDS-PAGE, andWestern blot anal-
yses were carried out using specific antibodies as indicated.

Protein Purification—Full-length Syntaxin6(1–255) and its
truncations (1–76 and 176–230) were cloned into pGEX4T2
and transformed into Escherichia coli (BL21 strain). Cells were
induced with 0.5 mM isopropyl 1-thio-�-D-galactopyranoside
for 3 h at 37 °C, and the respective GST fusion proteins were
affinity-purified as per the manufacturer’s instructions (Amer-
sham Biosciences) under native conditions using glutathione-
Sepharose 4B. Briefly, bacterial cells were sonicated and lysed in
phosphate-buffered saline, pH 7.2 (PBS), containing 1% Triton
X-100 in the presence of DTT (1 mg/ml) at 4 °C. Lysates were
incubated with glutathione-Sepharose beads for 1 h at 4 °C.
Following extensive washes with PBS, recombinant proteins
were eluted from the beads in 50 mM Tris-HCl containing 30
mM glutathione, pH 9.0, and dialyzed against PBS.

To purify SipC as a His6-tagged fusion protein, full-length
SipC was subcloned into pET28a and transformed into E. coli
(BL21 strain). Cells were inducedwith 0.5mM isopropyl 1-thio-
�-D-galactopyranoside at 37 °C for 4 h. Cells were harvested,
and the proteinwas purified under denaturing conditions using
nickel-nitrilotriacetic acid-agarose as per the manufacturer’s
instructions (Qiagen). Briefly, the inclusion bodies were solubi-
lized in 20 mM sodium phosphate, pH 7.8, 500 mM NaCl, and
6 M guanidine HCl. Subsequently, lysates were incubated with
nickel-nitrilotriacetic acid-agarose in 20 mM sodium phos-
phate, pH 7.8, 500 mMNaCl, and 8 M urea. Following extensive
washes with 20 mM sodium phosphate, pH 6.0, containing 500
mMNaCl and 8Murea, recombinantHis6-SipCwas eluted from
the beads in 20 mM sodium phosphate, pH 4.0, 500 mM NaCl,
and 8 M urea. The eluted protein was diluted 1:10 in 20 mM

Tris-Cl, pH 8.0, 150 mM NaCl, and 2 M urea and step-dialyzed
against this buffer with reducing amounts of urea from 2 to 0 M

to renature the protein.
Similarly, cells containing His6SipC(1–120) or His6SipC-

(200–409) plasmid were induced with 1 mM isopropyl 1-thio-
�-D-galactopyranoside at 37 °C for 4 h, and the proteins were
purified as described previously (14).
Identification of Syntaxin6-binding Protein from Salmonella—

To identify the Salmonella effector molecules interacting with
Syntaxin6, bacteria were grown overnight at 37 °C in Luria
broth. Cells were removed by centrifugation, and Salmonella
secretory proteins present in the spent medium were concen-
trated and biotinylated as described previously (15). To detect
the Syntaxin6-binding protein, 10 �g of GST-Syntaxin6 was
immobilized on glutathione-Sepharose beads and incubated in
the presence of biotinylated secretory proteins (5mg) of Salmo-
nella in PBS, pH 7.2, for 2 h at 24 °C. Beads were washed three
times with PBS containing 1% Triton X-100, followed by three
washes with PBS to remove unbound proteins. The proteins
were separated on a 12% SDS-PAGE and were transferred onto
nitrocellulose membrane. Finally, Western blot analysis was
carried outwith avidin-HRP (Vector Laboratories) to detect the
biotinylated Salmonella proteins bound with Syntaxin6. Iden-
tical experiments were carried out using nonbiotinylated secre-
tory proteins of Salmonella, and the proteins were identified by
Western blot analysis using the indicated antibodies against
different Salmonella effector proteins. An equimolar amount of
immobilized GST was used as a control.
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Immunoprecipitation of Syntaxin6 from Macrophage Lysate
by SipC—To detect the binding of SipC with Syntaxin6 from
the macrophage cell lysate, SipC was immobilized by incubat-
ing anti-SipC-coated protein G beads with Salmonella secre-
tory proteins (2 mg). Macrophages (1 � 107) were lysed by
incubating the cells in 1 ml of PBS containing 0.1% Triton
X-100 for 45 min at 4 °C, and cellular debris were separated by
centrifugation (12,000� g using an Eppendorf rotor FA-45-24-
11) at 4 °C for 15 min. Subsequently, 4 mg of this cell lysate was
incubated with immobilized SipC for 8 h at 4 °C in the same
buffer. Beads were washed as mentioned earlier, and proteins
were separated on a 12% SDS-PAGE. Finally, Western blot
analysis was carried out using anti-Syntaxin6 or anti-Syntaxin8
(Synaptic Systems) antibody.
Binding of SipC with Syntaxin6—To determine the region of

binding of Syntaxin6 with SipC, 2.5 �g of GST-Syntaxin6 or
an equimolar amount of GST-Syntaxin6(1–76) or GST-
Syntaxin6(176–230) was immobilized on glutathione-Sephar-
ose beads. These beads were incubated with 1 �g of His6-SipC
or equimolar concentration of His6-SipC(1–120) or His6-
SipC(200–409) for 2 h at 4 °C in PBS. Beads were washed as
described previously, and the binding of SipC was detected by
Western blot analysis using the indicated antibody.
Uptake of Salmonella by Macrophages—To determine the

phagocytosis of sipC�:Salmonella and WT:Salmonella by
macrophages, bacteria were metabolically labeled with
[35S]methionine for 4 h (A600 of 0.8–0.9). Subsequently, J774E
cells were incubated with respective [35S]methionine-labeled
Salmonella (10multiplicities of infection) at 37 °C for indicated
periods of time. Finally, cells were washed extensively with PBS
containing 2% BSA, and the radioactivity associated with the
cells was measured to determine the uptake of bacteria.
Immunofluorescence—To compare the intracellular route of

WT:Salmonella and sipC�:Salmonella in J774E macrophages,
cells were infected with respective bacteria overexpressing
either GFP or RFP as described previously (13). Briefly, 0.5 �
106 J774E macrophages were seeded on a sterile glass coverslip
placed in a 6-well plate 12 h before infection. Cells were then
infectedwithGFP:WTorGFP:sipC� Salmonella at amultiplic-
ity of infection of 10 for 5 min at 37 °C in FCS-free RPMI 1640
medium. The cells were then washed three times with PBS to
remove uninternalized bacteria and incubated for the indicated
times. Subsequently, infected cells were washed, fixed, and per-
meabilized as described previously (13). The permeabilized cells
were probed with specific antibodies against GM130 or LAMP1
and incubated with Alexa Fluor 546-labeled goat anti-mouse sec-
ondary antibody (1:1000). Slides were mounted in prolong gold
antifade reagent (Molecular Probes) and viewed in an LSM 510
meta confocal microscope using an oil immersion objective.
The shortest distance of bacteria from Golgi was calculated

taking the different Z-sections into consideration. The bacteria
that were within 1 �m of Golgi were considered as near Golgi.
Colocalization between bacteria and LAMP1 was considered
when bacteria were surrounded by a ring-like staining indicat-
ing that the membrane of the SCP is positive for LAMP1.
To determine the targeting of WT or sipC�:Salmonella to

the lysosomes, J774E cells were incubated with 10 �g/ml DQ-
BSA Red (Molecular Probes) for 1 h at 37 °C in RPMI 1640

medium containing 10% FCS. The cells were washed and incu-
bated with fluorescent latex beads (Polysciences), GFP:WT, or
GFP:sipC�:Salmonella for 5min at 37 °C, followed by chase for
2 h at 37 °C in FCS free RPMI 1640medium. Cells were washed
with PBS and visualized in a confocal microscope.
Recruitment of LAMP1-GFP by SCP fromGolgi—RAW264.7

macrophages were grown to 80% confluency. Prior to transfec-
tion, cells were washed with FCS-free RPMI 1640medium, and
1 � 107 cells were resuspended in 400 �l of the same medium.
Cells were transferred to a 4-mm electroporation cuvette, and
20 �g of purified LAMP1-GFP construct was added. After gen-
tlemixing of the contents, theDNAwas electroporated into the
cells at 300 V, 975 microfarads using a GenePulser (Bio-Rad).
Transfected cells were plated on glass coverslips placed in a
6-well plate and incubated in a 5%CO2, 95% air atmosphere for
6 h at 37 °C in FCS-containing medium. Cells were washed and
further incubated for an additional 14 h at 37 °C under similar
conditions before checking the expression of LAMP1-GFP by
confocal microscopy. To synchronize the transport of LAMP1-
GFP in Golgi, LAMP1-GFP-overexpressing cells were incubated
at 15 °C for 20min followedbya chase at 37 °C for 20minbasedon
the fact that t1⁄2 of newly synthesized LAMP1 was shown to be 13
min (16). Cells were fixed and stained with GM130 antibody to
visualize the presence of LAMP1-GFP in Golgi.
To monitor the acquisition of LAMP1 by WT or sipC�:SCP

from Golgi-derived vesicles, RAW 264.7 macrophages overex-
pressing LAMP1-GFP were infected with RFP:WT or RFP:
sipC� Salmonella for 5 min at 37 °C, 18 h post-transfection.
After infection, uninternalized bacteria were removed bywash-
ing with FCS-free RPMI 1640 medium, and the infected cells
were further incubated at 37 °C for 120 min to allow the trans-
port of bacteria toward the appropriate late compartments.
Subsequently, LAMP1 was synchronized in the Golgi by an
appropriate temperature block as indicated. Finally, cells were
shifted at 37 °C to allow the budding of LAMP1-GFP-contain-
ing vesicles fromGolgi. At the indicated times after vesicle bud-
ding, the cells were fixed, mounted, and analyzed by confocal
microscopy. Percentage colocalization of SCP with LAMP1-
GFP was calculated.
shRNA-mediated Silencing of Syntaxin6 and LAMP1

Recruitment—To understand the importance of Syntaxin6 in
LAMP1 recruitment, Syntaxin6 shRNA (5�-CUGAAUUGAG-
CAUAAGAAA-3�) was designed and cloned into pSIREN-Ret-
roQ-ZsGreen RNAi vector (Clontech). RAW 264.7 macro-
phages were electroporated with 20 �g of shRNA as described
above. Depletion of Syntaxin6 in RAW 264.7 cells was checked
by Western blot analysis and immunofluorescence using spe-
cific antibody 48 h after transfection. Luciferase shRNA-trans-
fected cells were used as control. Subsequently, shRNA-trans-
fected cells were infected with RFP:WT Salmonella for 5min at
37 °C. After infection, uninternalized bacteria were removed by
washing with FCS-free RPMI 1640 medium, and the infected
cells were further incubated at 37 °C for 120 min to allow the
transport of bacteria toward the appropriate late compart-
ments. Subsequently, cells were fixed and stained with LAMP1
antibody followed by Alexa Fluor 633-labeled rabbit anti-
mouse secondary antibody (1:1000). Cells were viewed in an
LSM 510 meta confocal microscope using an oil immersion
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objective. Percentage colocalization of SCP with LAMP1 was
calculated in the respective cells.
Intracellular Survival of Salmonella in Mice—Salmonella

(1000 bacteria in 100 �l of PBS) were injected intraperitoneally
into 8–10-week-old BALB/c mice. Animals were sacrificed
either on days 2 or 4 post-infection, and spleen was dissected
out from each infected mouse. Subsequently, the spleen was
homogenized, and the cells were suspended in RPMI 1640
medium. The cells were lysed in PBS containing 0.2% Triton
X-100, and an aliquot of the cell lysatewas plated on Salmonella
shigella agar plates to determine the number of viable bacteria
present in spleen as colony-forming units.

RESULTS

Salmonella Effector Protein SipC Specifically Binds with Host
Syntaxin6—To characterize the maturation of SCP in macro-
phages, we analyzed the presence of different syntaxins on puri-

fied SCP at various stages of their internalization. The results
presented in Fig. 1A demonstrated that SCP after 90 min of
maturation specifically recruit higher amounts of Syntaxin6
than early (5 min) phagosomes. Biochemical characterization
revealed that SCP are devoid of contaminationwith other intra-
cellular components (supplemental Fig. S1). To identify the
bacterial protein involved in the recruitment of Syntaxin6,
GST-Syntaxin6 was immobilized and incubated with biotiny-
lated Salmonella secretory proteins. Western blot analysis
using avidin-HRP detected a 40-kDa Salmonella protein (Fig.
1B) that was subsequently identified as SipC by Western blot
analysis using specific antibody (Fig. 1C) and confirmed by
mass spectrometry (supplemental Fig. S2). Immunoprecipita-
tion studies using immobilized SipC specifically recognized
Syntaxin6 from the macrophage cell lysate (Fig. 1D). In addi-
tion, our results showed that Syntaxin6 (2.5�g) bindswith SipC
in a concentration-dependent way, and optimal binding was

FIGURE 1. SCP bind host Syntaxin6 through a SipC-mediated interaction. A, Western blot analyses were carried out to compare the levels of various
syntaxins on live Salmonella or latex beads containing phagosomes at early and late stages of their maturation in macrophages. Flagellin and actin were used
as controls for different phagosomal preparations as indicated. Lower panel of the figure indicates relative levels of syntaxin normalized to the respective loading
control. Results are represented as mean � S.D. of three independent preparations, and the level of the respective marker present on early phagosomes has been
arbitrarily chosen as 1 unit. Levels of significance calculated by t test are indicated by p values. B, to identify Syntaxin6-binding protein from Salmonella, GST-Syntaxin6
was immobilized and incubated with biotinylated secretory proteins of Salmonella. Biotinylated protein was detected by Western blot using avidin-HRP. C, identifi-
cation of the Salmonella protein by Western blot using antibodies against various Salmonella effector proteins. D, immunoprecipitation of Syntaxin6 from macrophage
lysate by immobilized SipC. Syntaxin8 was used as a control. E, to detect the direct binding of Syntaxin6 with SipC, GST-Syntaxin6, GST-Syntaxin8, GST-Syntaxin6(1–76),
or GST-Syntaxin6(176–230) was immobilized and incubated with His6-SipC. Binding of SipC with Syntaxin6 was detected by Western blot analysis using anti-SipC
antibody. Immobilized GST was used as a control. F, to determine the binding region of SipC, GST-Syntaxin6 or GST-Syntaxin6(176–230) was immobilized and
incubated with His6-SipC, His6-SipC(200–409), or His6-SipC(1–120). Binding of SipC with Syntaxin6 was detected by anti-His antibody. Input shows the amount of
respective SipC used in the experiment. All results are representative of three independent experiments.
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observed with 1 �g of SipC (supplemental Fig. S3). Therefore,
we used equimolar amounts of respective proteins in subse-
quent binding experiments. Interestingly, our results showed
that SipC specifically binds with truncated Syntaxin6(176–
230), the SNAREmotif of Syntaxin6, but not with Syntaxin6(1–
76) (Fig. 1E). We further mapped the region of SipC important
for this interaction and found that both Syntaxin6 and
Syntaxin6(176–230) interact specifically with the C-terminal
end of SipC, SipC(200–409), and not the N-terminal end
SipC(1–120) (Fig. 1F). Taken together, our results demon-

strated that the C-terminal end of SipC specifically interacts
with Syntaxin6 through its SNARE motif.
Internalization of sipC�:Salmonella into Macrophages—To

determine the role of SipC in the trafficking of Salmonella in
macrophages, sipC knock-out Salmonella (sipC�) was gener-
ated (supplemental Fig. S4, A–C), and its trafficking was com-
pared with WT:Salmonella. Previous studies have shown that
SipC is required for bacterial invasion into epithelial cells (17).
Therefore, we determined the ability of sipC�:Salmonella to
internalize into macrophages. The results presented in Fig. 2
showed that [35S]methionine-labeled sipC�:Salmonella is
taken up by macrophages; however, the efficiency of uptake of
mutant bacteria by macrophages is relatively lower in compar-
ison with WT:Salmonella. In addition, our results showed that
WT:bacteria induce actin rearrangements and membrane ruf-
fling in close vicinity of SCP in macrophages, whereas actin
localizationwasmore diffuse and distant from sipC�:SCP (sup-
plemental Fig. S4D) as observed in HeLa cells (17).
Intracellular Trafficking of WT and sipC�:Salmonella in

Macrophages—J774E cells were infected with respective GFP-
Salmonella or fluorescent latex beads for 5 min and chased for
120 min at 37 °C, and their localization with DQ-BSA labeled
lysosomes was determined. Our results showed that both WT
and sipC�:Salmonella do not colocalize with DQ-BSA Red-
labeled lysosomes (Fig. 3A). In contrast, latex bead-containing
phagosomes were found to be colocalized with DQ-BSA. These
results indicated that WT and sipC�:Salmonella are not tar-

FIGURE 2. Uptake of WT:Salmonella or sipC�:Salmonella into macro-
phages. Uptake of [35S]methionine-labeled WT:Salmonella or sipC�:Salmo-
nella by J774E macrophages is shown. Results are represented as mean � S.D.
of three independent experiments.

FIGURE 3. Comparison of intracellular trafficking of WT and sipC�:Salmonella in macrophages. A, colocalization of DQ-BSA Red-labeled lysosomes with
GFP expressing WT:Salmonella, sipC�:Salmonella, or fluorescent latex beads 2 h after internalization into macrophages. Arrows indicate colocalization. B, con-
focal micrographs showing the localization of GFP-Salmonella (green) near the Golgi (red) nucleus is labeled with Hoechst (blue). Images represent a single x/y
plane of a Z-section. Lower panel represents the quantification of bacteria in the vicinity of Golgi for each time point after analyzing at least 100 Salmonella in
infected cells. Data from three independent experiments were analyzed by t test, and levels of significance are indicated by p values. Inset shows the enlarged
region.
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geted to lysosomes. This finding was further supported by the
fact that both WT:SCP and sipC�:SCP retain Rab5 and show
reduced levels of Rab7 at a later time point (90 min) in their
maturation (supplemental Fig. S5). However, latex bead-con-
taining late phagosomes showed reduced levels of Rab5 and
enhanced content of Rab7 in comparison with early
phagosomes.
Previous studies have shown that Salmonella-containing

vacuoles at later stages of their maturation in epithelial cells
are in close vicinity of Golgi membranes (9). However, not
much is known about the targeting of Salmonella toward
Golgi in macrophages. Therefore, J774E cells were infected
with GFP-Salmonella and chased for the indicated periods of
time followed by Golgi labeling. Our results indicated that

both WT:Salmonella and sipC�:Salmonella enter into an
early endocytic compartment (Rab5 and transferrin recep-
tor-positive) by 5 min of internalization into macrophages
(supplemental Fig. S5). However, by 120 min post-internal-
ization (Fig. 3B), about 70% of theWT:Salmonellawere found
in the vicinity of the Golgi compartment (less than 1 �m from
Golgi). In contrast, less than 35% of sipC�:Salmonella was
found near the Golgi under similar conditions suggesting the
possible role of SipC in targeting of the Salmonella toward the
Golgi in macrophages.
SipC-mediated Recruitment of LAMP1 by SCP in

Macrophages—To compare the levels of LAMP1 between
WT:SCP and sipC�:SCP,Western blot analysis of purified pha-
gosomes at different time points of their maturation in macro-

FIGURE 4. Recruitment of LAMP1 on SCP. A, Western blot showing levels of LAMP1 on indicated purified phagosomes (80 �g of protein per lane). Flagellin was
used as a loading control. Right panel of the figure indicates quantification of the data by densitometry. Results are represented as mean � S.D. of three
observations, normalized to the loading control. The amount of LAMP1 present on respective 5-min phagosome is arbitrarily chosen as 1 unit. Data from three
independent experiments were analyzed by t test, and the significance is indicated by p values between the respective 120 min phagosomes (*). B, confocal
image showing the localization of respective Salmonella (green) near Golgi (labeled with GM130-red) or their colocalization with LAMP1 (red), after 120 min of
internalization into macrophages. Salmonella was visualized by probing with Salmonella H antiserum followed by Alexa 488-labeled anti-rabbit secondary
antibody. Image represents a single x/y plane of a Z-section, and arrows indicate colocalization. Inset shows the enlarged region. The graphs represent the
percentage of SCP positive for LAMP1 or in vicinity of Golgi from at least 50 observations.
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phageswas carried out.We found that sipC�:SCP progressively
loses LAMP1, whereas WT:SCP acquire significantly higher
amounts of this marker as they mature (Fig. 4A). Interestingly,
phagosomes containing sipC complemented in sipC�:Salmo-
nella (sipC�:psipC) restored the kinetics of LAMP1 recruit-
ment like WT:bacteria.
To unequivocally prove the role of SipC in the recruitment of

LAMP1 on SCP, macrophages were infected with various
mutant Salmonella, and the presence of LAMP1 on the respec-
tive phagosomes was determined after 120-min post-internal-
ization. Our results showed (Fig. 4B) that only �45% invA�:
SCP (defective in translocation in all SPI-1 TTSS effectors) are
able to recruit LAMP1 in comparison with �80% of WT:SCP,
whereas no significant change (�75%) in the LAMP1 localiza-
tion was detected on ssaR�:SCP (defective in SPI-2 TTSS
effector translocation). These results suggest that SPI-1 TTSS
effectors are involved in the LAMP1 recruitment on SCP. To
explore this possibility, we used various SPI-1 TTSS effector
deletion mutant bacteria and determined LAMP1 recruitment
on their phagosomes. We found that like WT:SCP, about 75%
of phagosomes containing sipA�, sipB�, sipD�, sopB�, or
sopE� bacteria were positive for LAMP1. In contrast, only 44%
of sipC�:SCP were positive for LAMP1. Complementation of
sipC in sipC�:Salmonella (sipC�:psipC) significantly enhanced
the recruitment of LAMP1 (�72%) on phagosomes demon-
strating the specific role of SipC in LAMP1 recruitment.

We also determined the localization of various mutant Sal-
monella near GM130-labeled Golgi after 120 min post-inter-
nalization (Fig. 4B), and we found that both invA�:Salmonella
(�35%) and ssaR�:Salmonella (�25%) are defective in target-
ing toward Golgi as compared with WT:Salmonella (�70%).
Among the various mutant bacteria, sipB� and sipC� were not
targeted toward Golgi (�25 and �30% respectively), whereas
the majority (65%) of sipA�, sipD�, sopB�, and sopE� bacteria
moved near Golgi-like WT:Salmonella. In addition, comple-
mentation of sipC in sipC�:Salmonella (sipC�:psipC) restored
the targeting of this bacteria near Golgi (�70%). These results
demonstrated that possibly SipB and SipC are necessary for the
movement of Salmonella toward Golgi along with SPI-2 TTSS
effectors.
Role of SipCMutant Salmonella in Recruitment of LAMP1 on

SCP—To confirm the importance of the C-terminal region of
SipC in the Syntaxin6-mediated recruitment of LAMP1, we
used two Salmonellamutants, sipCR315Z and sipCM389K. These
mutants were initially reported to disrupt the interaction of
SipC with cytokeratin-8 (18). Subsequently, secretory proteins
from sipCR315Z and sipCM389K:Salmonella were used to deter-
mine the binding of mutated SipC with Syntaxin6, and our
results showed that binding of sipCR315Z and sipCM389K pro-
teins with Syntaxin6 is disrupted (Fig. 5A). Interestingly, we
also observed that phagosomes containing sipCM389K and
sipCR315Z Salmonella do not recruit significant amounts of

FIGURE 5. Role of C terminus of SipC in the recruitment of Syntaxin6 and LAMP1. A, immobilized GST-Syntaxin6 was incubated with secretory proteins from
indicated Salmonella, and binding of respective SipC with Syntaxin6 was detected by anti-SipC antibody. Lower panel shows 5% of the total input of secretory
proteins. B, respective phagosomes were purified after 90 min of internalization into macrophages, and Western blot shows the levels of Syntaxin6 on
indicated SCP. Flagellin was used as control. Right panel of the figure indicates relative levels of Syntaxin6 normalized to the WT:SCP arbitrarily chosen as 1 unit.
Results are represented as mean � S.D. of three independent preparations. C, confocal micrographs showing colocalization between LAMP1 (red) and
respective Salmonella (green) after 120 min of internalization in macrophages. The graph represents the percentage of SCP positive for LAMP1 at least from 50
observations. The image represents a single x/y plane of a Z-section where arrows indicate colocalization and inset shows the enlarged region. All results are
representative of three independent experiments.

Salmonella Phagosomes Recruit LAMP1 from Golgi

5580 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 8 • FEBRUARY 17, 2012



Syntaxin6 after 90 min of internalization in comparison with
WT:SCP (Fig. 5B). Consequently, we determined the recruit-
ment of LAMP1 by these SipCmutants that are deficient in the
Syntaxin6 binding after 120 min of internalization into macro-
phages. Interestingly, we found that only about 30% of both
sipCM389K:SCP and sipCR315Z:SCP are colocalizedwith LAMP1
in comparison with 70% by WT:SCP (Fig. 5C).
Role of Syntaxin6 in Recruitment of LAMP1 on SCP in

Macrophages—To establish the role of Syntaxin6 in LAMP1
recruitment on SCP, we used specific shRNA to silence endog-
enous Syntaxin6 in RAWmacrophages. Silencing of Syntaxin6
was confirmed byWestern blotting and immunostaining using
the Syntaxin6-specific antibody (Fig. 6A). Subsequently, we
analyzed the recruitment of LAMP1 by SCP in Syntaxin6-de-
pleted cells and observed (Fig. 6B) that silencing of Syntaxin6 in
RAWcells led to a significant reduction in LAMP1 recruitment
(�50%) on WT:SCP at later stages of maturation (120 min) in
comparison with control shRNA-transfected cells (85%).

Recruitment of LAMP1by SCP fromGolgi—Tounequivocally
prove that the WT:SCP recruit LAMP1 from Golgi, LAMP1-
GFP was overexpressed in RAW macrophages and synchro-
nized in the Golgi (supplemental Fig. S6). To include Salmo-
nella infection in this experimental setup, RAW cells were
infected with RFP:WT or RFP:sipC�:Salmonella after 18 h of
transfectionwith LAMP1-GFP and incubated at 37 °C for 2 h to
allow transport of bacteria toward the late compartment.
Thereafter, LAMP1was synchronized in theGolgi by appropri-
ate temperature block. Confocal images showed that neither
WT:SCP nor sipC�:SCP possesses the LAMP1-GFP at this
stage (Fig. 7, upper panel). Finally, cells were incubated at 37 °C
for various periods of time to allow the budding of LAMP1-
containing vesicles from the Golgi, and the presence of LAMP1
on respective SCP was determined. The results presented in
Fig. 7 demonstrated that WT:SCP acquire LAMP1 by fusing
with Golgi-derived vesicles, whereas a significantly smaller
number of sipC�:SCP recruit LAMP1. Quantification of the

FIGURE 6. Recruitment of LAMP1 on SCP in Syntaxin6-depleted macrophages. A, confocal micrographs showing depletion of Syntaxin6 in Syntaxin6
shRNA-transfected cells. Luciferase shRNA-transfected cells were used as control. GFP expression indicates transfected cells (star) and Syntaxin6 appears in red
(indicated by arrows). Inset, Western blot showing levels of Syntaxin6 in indicated cells. B, RAW 264.7 macrophages were transfected with respective shRNA and
infected with WT:Salmonella as described under “Experimental Procedures.” The confocal image represents a single x/y plane of a Z-section where transfected
cells are represented in blue; green shows the Salmonella and LAMP1 appears in red. Arrow indicates colocalization. Inset shows the enlarged region. The graph
represents the percentage of SCP positive for LAMP1 from at least 50 observations. The level of significance was calculated by a t test, and the p value is as
indicated.
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confocal data suggested that about 80% ofWT:SCP are positive
for LAMP1,whereas less than 40%of sipC�:SCP are colocalized
with LAMP1 after 20 min of LAMP1-containing vesicle bud-
ding from the Golgi. Fusion of SCP with Golgi-derived vesicles
in macrophages was further confirmed by overexpression and
synchronization of vesicular stomatitis virus glycoprotein
(VSVG). Our results also showed thatWT:SCP recruit exocytic
transport vesicles containing VSVG ,whereas sipC�:SCP fail to
acquire VSVG (supplemental Fig. S7).
Comparison of Survival ofWTand sipC�:Salmonella inMice—

To determine whether SipC-mediated recruitment of LAMP1
is important for the survival of Salmonella in vivo, mice were
intraperitoneally infected with an equal number (1 � 103) of
Salmonella (WT, sipB�, or sipC�) on day 0, and the bacterial
load in the spleen was checked on day 4 (Fig. 8). We observed
that about 6 � 107 bacteria were present in the spleen 4 days
after infection withWT:Salmonella,whereas only 6 � 106 bac-
teria were found when mice were infected with sipC�:Salmo-
nella. Interestingly, sipB�:Salmonella that efficiently recruits
LAMP1 survived inmice almost likeWT:Salmonella. To deter-
mine that the differences in the survival of various bacteria are
not due to their rate of internalization in the target cells, we
measured the splenic load of different bacteria on days 2 and 4
and compared it with the rate of intracellular multiplication.
Our results showed about 1000-fold increase in the load of both
WT and sipB�:Salmonella in mice between days 2 and 4,
whereas only about 300-fold was observed with sipC�:Salmo-
nella (Fig. 8, inset) demonstrating that survival of sipC�:Salmo-
nella in mice is compromised.

Mechanism of Recruitment of LAMP1 by SCP fromGolgi—To
understand the mechanism of SipC-mediated recruitment of
LAMP1 from the Golgi by SCP, we analyzed the recruitment of
Syntaxin6 and its interacting partners on these phagosomes.
The results presented in Fig. 9 showed that WT:SCP progres-
sively acquired higher amounts of Syntaxin6 and VAMP2 dur-
ing its maturation inside macrophages, and the maximum

FIGURE 7. Recruitment of LAMP1 on SCP by fusion with Golgi-derived LAMP1-containing vesicles. The image represents a single x/y plane of a Z-section,
where green shows the LAMP1 and Salmonella appears in red. A ring-like staining around Salmonella indicates LAMP1-positive phagosomes as indicated by
arrows. The graph below represents the percentage of SCP positive for LAMP1 where at least 100 phagosomes were analyzed for each time point. Data from
three independent experiments was analyzed by t test, and levels of significance are indicated by p values. Inset shows the enlarged region.

FIGURE 8. Survival of WT or sipC�:Salmonella in mice. Mice were infected
with different strains of Salmonella, and bacterial load in infected spleen on
day 4 (n � 5) was calculated by measuring colony-forming unit. Data were
analyzed by t test, and levels of significance are indicated by p values (*). Inset
shows the fold increase in the number of bacteria from days 2 to 4
post-infection.
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amount of these proteins on the phagosomes are found at 90
min post-internalization. Although Vti1b levels remained
unchanged during maturation of SCP, Vti1a levels peaked at
the early timepoint of internalization and gradually declined. In
contrast, sipC�:SCP showed reduced levels of Syntaxin6,
VAMP2, and Vti1b and enhanced content of Vti1a particularly
at later time points in their maturation. Interestingly, higher
levels of EEA1were also observed onWT:SCP than sipC�:SCP.
We also compared the recruitment of two Golgi-associated
Rabs like Rab6 and Rab8 on respective SCP and found (Fig. 9)
that WT:SCP recruit significantly higher levels of both Rab6
and Rab8 in comparison with sipC�:SCP at a later time point of
theirmaturation inmacrophages.Moreover, complementation
of sipC into sipC�:Salmonella (sipC�:psipC Salmonella)
recruited similar levels of Syntaxin6, VAMP2, and Rab6 on
their phagosomes as observedwithWT:SCP (supplemental Fig.
S8).

DISCUSSION

S. typhimurium causes gastroenteritis in humans and sys-
temic typhoid-like disease in mice (1). We and others have
demonstrated that Salmonella initially enters into a Rab5-pos-
itive early compartment and subsequently dissociates from the
endocytic pathway to avoid fusion with lysosomes (2, 13, 19).
Similarly, Mycobacterium, Legionella, and Toxoplasma, etc.,

have also evolved diverse strategies to avoid fusion with lyso-
somes (20–24). However, they universally recruit LAMP1, the
mechanism of which is not known.
Intracellular trafficking is regulated by Rabs and syntaxins

(25–27). Previous studies have shown that intracellular patho-
gens either mimic or target these proteins to establish their
niche in the host cells (20, 21, 24). Similarly, maturation of SCP
also depends on the sequential removal and recruitment of dif-
ferent Rabs and syntaxins (2, 3, 15, 19, 28). In this study, we have
determined the recruitment of different syntaxins on SCP at
various stages of their maturation in macrophages and have
shown that SCP specifically recruit higher amounts of Syn-
taxin6 after 90 min of internalization than at 5 min of internal-
ization. Syntaxin6 regulates the post-Golgi membrane fusion
events (29); thus, our results suggest that SCP might interact
with Golgi or secretory vesicles originating from Golgi. How-
ever, the interaction of phagosomes with secretory pathway is
not well characterized (8).
Salmonella use their effectormolecules tomodulate the traf-

ficking pathway of host cells (20, 21, 30). Initial studies have
shown that SPI-1-encoded genes are required for bacterial
entry, although SPI-2 is necessary for intracellular survival.
However, the boundaries between SPI-1 and SPI-2 have grad-
ually diminished as several SPI-1 TTSS effectors are now found

FIGURE 9. Recruitment of different SNAREs and Rabs on SCP. A, Western blot showing the levels of various markers on respective SCP at indicated time
points of their internalization in macrophages. Flagellin was used as a loading control. B–H, quantification of the data by densitometry. Results are represented
as mean � S.D. of three independent observations, normalized to the loading control. Level of each marker present on respective 5-min phagosomes is
arbitrarily chosen as 1 unit. The level of significance was calculated by a t test, and the indicated p values are between the respective 90-min phagosomes (*).
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to contribute toward the intracellular survival of the bacteria
(31–35). Thus, efforts were made to identify the effector mole-
cule involved in the recruitment of Syntaxin6 on SCP inmacro-
phages. Three lines of evidence have demonstrated that SipC, a
SPI-1 effector of Salmonella, specifically interacts with host
Syntaxin6. (i) Immobilized GST-Syntaxin6 specifically binds
with a 40-kDa secretory protein from Salmonella,which is sub-
sequently identified as SipC. (ii) Immunoprecipitation studies
using immobilized SipC specifically recognize Syntaxin6 from
the macrophage lysate. (iii) GST-Syntaxin6 specifically binds
with purified His6-SipC. Topological analysis of SipC reveals
that first 120 amino acids of the N terminus and the last 209
amino acids of the C terminus extend into the host cytoplasm
(14). Therefore, we determined the binding of Syntaxin6 with
the N- or C-terminal fragment of SipC. Our results have shown
that Syntaxin6 specifically binds with the C terminus of SipC
through its SNARE motif.
Previous studies have shown that SipC is required for bacte-

rial invasion into epithelial cells (17).However, our results show
that sipC�:Salmonella is also phagocytosed and enters into
macrophages. This observation is supported by the fact that
noninvasive Salmonella are also phagocytosed bymacrophages
(36). The higher efficiency of internalization ofWT:Salmonella
in comparison withmutant Salmonella could be attributed to a
SipC-mediated bacterium-driven process besides phagocyto-
sis. In addition, we have shown that WT:bacteria immediately
after their internalization in macrophages induce actin rear-
rangements andmembrane ruffling in close vicinity to the bac-
teria, whereas actin localization is more diffuse and distant
from sipC�:SCP. These results are consistent with previous
findings in HeLa cells that SipC modulates actin dynamics (37)
and inducesmembrane ruffling (17). Therefore, the function of
SipC in terms of actin rearrangements is well conserved in
macrophages and epithelial cells.
Movement of intracellular pathogens toward the Golgi

appears to be a generalized phenomenon (10–12), and inhibi-
tion of this process is detrimental to the pathogens. The move-
ment of Salmonella toward the Golgi in epithelial cells has pre-
viously been shown to be dependent on the SPI-2 TTSS
effectors like SseG, SseF, and SifA (38). However, our results
using ssaR�:Salmonella (defective in SPI-2 TTSS effectors
translocation) and invA�:Salmonella (defective in SPI-1 TTSS
effectors translocation) have shown that both SPI-1 and SPI-2
TTSS effectors are required for targeting of Salmonellanear the
Golgi in macrophages. Interestingly, our results have shown
that most of the WT:Salmonella translocate near the Golgi
compartment after 120 min post-internalization in macro-
phages, whereas a significantly lower number of sipC�:Salmo-
nella are targeted near the Golgi under similar conditions sug-
gesting a possible role of SipC in this process. Among the
different SPI-1 effectors, SipB, SipC, and SipD are collectively
required to form the TTSS translocation pore, and the absence
of any of these three proteins in Salmonella inhibits the trans-
location of other SPI-1 effectors (39). Therefore, targeting of
sipD�:Salmonella near theGolgi and the inhibition of targeting
of sipB� and sipC�:Salmonella toward the Golgi as observed in
this investigation clearly indicates that among various SPI-1
TTSS effectors, only SipB and SipC are needed for Golgi target-

ing. These results are further confirmed by the fact that other
SPI-1 TTSS effectors that deleted mutant Salmonella like
sipA�:Salmonella, sopB�:Salmonella, and sopE�:Salmonella
are targeted near theGolgi. Finally, complementation of sipC in
sipC�:Salmonella restores the targeting of Salmonella near the
Golgi confirming the role of SipC in this process. Inhibition of
sipB�:Salmonella targeting toward the Golgi is possibly due to
disruption of SipB-SipC interaction (40).
Subsequently, we have found that both WT:Salmonella and

sipC�:Salmonella follow a similar endocytic route and are not
targeted to the lysosomes. However, WT:SCP recruit LAMP1.
Our results have shown that ssaR�:Salmonella recruit LAMP1,
whereas invA�:Salmonella are unable to acquire significant
amounts of LAMP1 demonstrating that only SPI-1 effectors are
involved in the recruitment of LAMP1 on SCP inmacrophages.
Interestingly, we have found that sipC�:SCP progressively lose
LAMP1 during their maturation in macrophages in compari-
son with WT:SCP. However, the presence of relatively small
amounts of LAMP1 on sipC�:SCP is due to their fusion with
early endosomes (15). These results suggest the possible role of
SipC in the recruitment of LAMP1 on SCP. As SipC is part of
the TTSS translocon complex alongwith SipB and SipD, sipC�:
Salmonellamight inhibit the translocation of other SPI-1 TTSS
effectors, whichmay play a role in LAMP1 recruitment on SCP.
However, recruitment of LAMP1 on sipB�:SCP and sipD�:SCP
rules out the role of other SPI-1 effectors except for SipC in this
process. To unambiguously determine the role of the C-termi-
nal end of SipC in the recruitment of LAMP1, we have deter-
mined the recruitment of LAMP1by sipCM398K:Salmonella and
sipCR315Z:Salmonella in macrophages. Our results have shown
that both sipCM398K:Salmonella and sipCR315Z:Salmonella are
unable to bind significant amounts of Syntaxin6 in comparison
with WT:SCP and thereby fail to recruit LAMP1 on their pha-
gosomes. These results clearly demonstrate the specific role of
SipC in the LAMP1 recruitment. This is supported by the fact
that phagosomes containing sipA�, sopB�, or sopE�:Salmo-
nella also recruit LAMP1. Recent studies have shown (41) that
in epithelial cells LAMP1 recruitment on SCV is dependent on
SopB and SNX3 interaction. SNX3 regulates trafficking in both
the endocytic and secretory pathways (42–44), and depletion of
SNX3 by siRNA only partially inhibits the recruitment of
LAMP1 on SCV (41) suggesting that other host proteins could
be involved in this process. Our results have shown that SipC is
specifically required for LAMP1 recruitment, and SopB has no
role in this process in macrophages. Depletion of Syntaxin6 in
macrophages inhibits LAMP1 recruitment on WT:SCP, and
Salmonella mutants deficient in the Syntaxin6 binding
(sipCM398K:Salmonella) neither recruit Syntaxin6 nor acquire
LAMP1 on SCP, collectively demonstrating that SipC-medi-
ated recruitment of Syntaxin6 is required to acquire LAMP1 on
SCP.
To unambiguously prove thatWT:SCP recruit LAMP1 from

the secretory pathway through a SipC-mediated process, we
have overexpressed and synchronized LAMP1-GFP in the
Golgi of RAW cells and finally determined the presence of
LAMP1 on WT or sipC�:SCP after the budding of LAMP1-
containing vesicles from the Golgi. Our results show that
WT:SCP acquire LAMP1 by fusing with the Golgi-derived ves-
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icles, whereas a significantly lower number of sipC�:SCP
recruit LAMP1. The higher number of LAMP1-positive
WT:SCP could be attributed to the high affinity fusion of
LAMP1-containing vesicles budded from the TGN through the
SipC-Syntaxin6 interaction. This is supported by the fact that
depletion of endogenous Syntaxin6 led to a significant reduc-
tion in LAMP1 recruitment by WT:SCP. We have also used
VSVG, a commonly used marker to follow protein transport
from the Golgi to the plasma membrane. Consistent with pre-
vious observations in epithelial cells (36), our results have
shown that WT:SCP recruit exocytic transport vesicles con-
taining VSVG. In contrast, sipC�:SCP fail to acquire VSVG in
macrophages. These results clearly demonstrate that SCP
recruit LAMP1 by fusing with LAMP1-containing Golgi-de-
rived vesicles. Subsequently, we have found that survival of
sipC�:Salmonella inmice is significantly compromised in com-
parison with WT:Salmonella. In contrast, another SPI-1 effec-
tor translocation-defective mutant, sipB�:Salmonella, that
efficiently recruits LAMP1 and successfully survives like
WT:Salmonella inmice demonstrated the specificity of SipC in
this process. Taken together, these results indicate that SipC-
mediated recruitment of LAMP1 on SCP provides an appropri-
ate niche for bacterial multiplication within phagosomes.
To address themechanismof fusion ofGolgi-derived vesicles

with SCP, we have analyzed the recruitment of Syntaxin6 and
its interacting partners on these phagosomes. Previous studies
have shown that Syntaxin6, a Qc-SNARE, regulates multiple
post-Golgi membrane trafficking events in the secretory path-
way by interactingwith appropriate R-SNAREs andQ-SNAREs
(45). Among the different Syntaxin6 (45)-associated R-
SNAREs, VAMP2has been shown to regulate post-Golgi fusion

events in the exocytic pathway (46). Similarly, Syntaxin6 also
interacts with Qb-SNAREs like Vti1a and Vti1b (47, 48) in
macrophages. It has been shown that Vti1a along with VAMP4
participates in the endosome fusion (47), whereas Vti1b is
shown to regulate trafficking between the Golgi and plasma
membrane (48). Therefore, we have compared the recruitment
of VAMP2, Vti1a, and Vti1b betweenWT:SCP and sipC�:SCP.
We have found that WT:SCP progressively acquire higher
amounts of Syntaxin6 andVAMP2 during itsmaturation inside
the macrophages, and the maximum amount of these proteins
on these phagosomes are found at 90 min post-internalization.
Although Vti1b levels remain constant, Vti1a levels peak early
and gradually decline as the SCP mature. In contrast, sipC�:
SCP show reduced levels of Syntaxin6, VAMP2, Vti1b, and
enhanced content of Vti1a particularly at a later time point of
their maturation. These findings demonstrate that SCP at later
stages of their maturation recruit Syntaxin6 and VAMP2 and
retain Vti1b to promote the fusion with LAMP1-containing
Golgi-derived vesicles. This is supported by the fact that Syn-
taxin6 is required for the fusion of immature secretory vesicles
originating from the TGN (49), and it also binds VAMP2 (50).
Syntaxin6 also interacts with EEA1 and regulates transport of
post-Golgi vesicles from the TGN to early endosomes in the
secretory pathway (51). Therefore, higher levels of EEA1 pres-
ent on WT:SCP than sipC�:SCP are possibly due to the pres-
ence of enhanced levels of Syntaxin6 on SCP. This result sug-
gests that EEA1possibly forms a pre-fusion complex to regulate
the trafficking of LAMP1 from the Golgi to SCP. Specificity of
membrane fusion is also regulated by Rab GTPases (25); there-
fore, we have compared the recruitment of two Golgi-associ-
ated Rabs like Rab6 and Rab8 by respective SCP. Previous stud-

FIGURE 10. Model of SipC-mediated recruitment of LAMP1 on SCP. In macrophages, S. typhimurium first enter into Rab5-positive early phagosomes and
then divert from the endocytic pathway and move toward the Golgi. SipC present on the SCP interacts with host Syntaxin6 to facilitate fusion with LAMP1-
containing vesicles originating from Golgi.
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ies have shown that Rab6 regulates traffic to and from theGolgi
(52), whereas inactivation of Rab8 is found to disrupt the post-
Golgi trafficking of lysosomal enzymes and VSVG proteins (53,
54). In concordance with these findings, our results show that
WT:SCP recruit significantly higher levels of both Rab6 and
Rab8 at a later time point of their maturation in macrophages.
On the contrary, sipC�:SCP show relatively lower amounts of
these Rabs. Recruitment of Rab6 onWT:SCP is possibly due to
a higher amount of Syntaxin6 as it has been shown that Ypt6p
(yeast homologue of Rab6) interacts with the Tlg1p (yeast
homologue of Syntaxin6) to facilitate the post-Golgimembrane
fusion (55). However, the mechanism of Rab8 recruitment by
SCP needs to be addressed. In addition, sipC�:psipC SCP
restores the recruitment of some of these proteins to WT:SCP
levels confirming the role of SipC in the recruitment of these
proteins.
In correlation with our studies, recent reports suggest that

SipC is linked to docking and fusion of exocytic vesicles (56),
and aChlamydia protein is required to obtain eukaryotic lipids
fromTGNby recruitment of Syntaxin6 (57). It is also suggested
that some effector molecules of various bacteria mimic the
structure of SNARE proteins and bind with cognate SNARE
partners in host cells (58, 59). The C terminus of SipC has a
large number of hydrophobic residues interspersed by 2–3
polar residues. Such sequence pattern is characteristic of coiled
coil motifs that also resemble SNAREmotifs. In silico structure
prediction studies of SipC also suggest that its C-terminal
stretch adopts a coiled coil helix (data not shown).Hence, inter-
action of SipC with the SNARE motif of Syntaxin6 is likely to
involve interactions between coiled coil regions of both pro-
teins through formation of helix bundles. Such interactions
involving helix bundles are known to be stabilized by hydro-
phobic packing. Therefore, mutation of hydrophobic methio-
nine at position 389 in the C-terminal region to positively
charged lysine is likely to destabilize helix bundle interaction
between coiled coil regions of SipC and Syntaxin6, and there-
fore sipCM398K:SCP are unable to recruit Syntaxin6. Hence, it is
possible that the coiled coil region of SipC recruits Syntaxin6 on
the phagosomal membrane by mimicking a cognate SNARE.
The current model of vesicle fusion suggests that specific inter-
action of R-SNARE along with cognate Qa-, Qb-, and
Qc-SNAREs mediates docking and fusion between donor and
acceptor compartments (60). Thus, we speculate from our
results that Syntaxin6 (Qc-SNARE)-positive LAMP1-contain-
ing Golgi-derived vesicles bind with SipC as a cognate SNARE
partner present on SCP and recruits associated SNARE part-
ners like Vti1b (Qb-SNARE) and VAMP2 (R-SNARE) to pro-
mote fusion between these vesicles to acquire LAMP1 on the
phagosome (Fig. 10). Interestingly, a variety of effectors from
different intracellular pathogens exhibit coiled coil motifs as
observed in SipC and might mimic different host SNAREs.
Therefore, it will be important to look for structural or func-
tional homologues of SipC in other intracellular pathogens that
might be involved in recruiting cognate SNAREs to acquire
important molecules from the secretory pathway of the host
cells for their survival.
This is the first demonstration of how an intracellular patho-

gen like Salmonella recruits LAMP1 from Golgi-derived vesi-

cles through its effector protein without fusing with lysosomes.
This study also suggests that similar strategiesmight be used by
other intracellular pathogens to acquire LAMP1 on their pha-
gosomes tomaintain the structural integrity of the phagosomal
membrane so that the phagosome provides an appropriate
niche for their replication.
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