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Intracellular pathogens need to establish a growth-stim-
ulating host niche for survival and replication. A unique
feature of the gastrointestinal pathogen Salmonella en-
terica serovar Typhimurium is the creation of extensive
membrane networks within its host. An understanding of
the origin and function of these membranes is crucial
for the development of new treatment strategies. How-
ever, the characterization of this compartment is very
challenging, and only fragmentary knowledge of its com-
position and biogenesis exists. Here, we describe a new
proteome-based approach to enrich and characterize
Salmonella-modified membranes. Using a Salmonella
mutant strain that does not form this unique membrane
network as a reference, we identified a high-confidence
set of host proteins associated with Salmonella-modified
membranes. This comprehensive analysis allowed us to
reconstruct the interactions of Salmonella with host
membranes. For example, we noted that Salmonella redi-
rects endoplasmic reticulum (ER) membrane trafficking to
its intracellular niche, a finding that has not been de-
scribed for Salmonella previously. Our system-wide ap-
proach therefore has the potential to rapidly close gaps in
our knowledge of the infection process of intracellular
pathogens and demonstrates a hitherto unrecognized
complexity in the formation of Salmonella host
niches. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.041145, 81–92, 2015.

Bacterial pathogens have evolved sophisticated mecha-
nisms enabling them to invade, reside in, and proliferate in a
large range of eukaryotic hosts. This often involves hijacking
the host phagosomal system, interfering with the host cell
signaling and trafficking machinery, and establishing a repli-
cation niche to avoid clearance (1). Whereas some pathogens
escape phagosomes and replicate in the host cytoplasm,

most of the described pathogens replicate in membrane-
bound, vacuole-like compartments (2). Such intracellular
niches of various pathogens are diverse, and biogenesis often
depends on the delivery of bacterial effector proteins into the
host cell cytoplasm.

Salmonella enterica, the causative agent of localized gas-
troenteritis and the life-threatening systemic infection known
as typhoid fever, forms so-called Salmonella-containing vac-
uoles (SCVs)1 inside host cells (3). SCVs mature through
continuous interactions with endocytic and recycling path-
ways, accompanied by a spatial shift from the side of inter-
nalization to the juxtanuclear position close to the microtu-
bule-organizing center (4, 5). Whereas the initial maturation
steps are similar to the canonical phagosome biogenesis, the
formation of an extensive tubular membrane network extend-
ing from the mature SCV is unique to Salmonella-infected host
cells. This network contains various tubular structures such as
Salmonella-induced filaments (SIFs), sorting nexin tubules,
Salmonella-induced secretory carrier membrane protein 3 tu-
bules, and lysosome-associated membrane protein 1-nega-
tive tubules (5–7), distinguishable by individual organelle
marker proteins. For instance, tubules decorated with lyso-
some-associated membrane protein 1 (LAMP1) are known as
SIFs (8, 9). In this paper we refer to all host membranes
modified by intracellular Salmonella as Salmonella-modified
membranes (SMMs).

In general, the appearance of SMMs coincides with the
onset of bacterial replication, and both phenomena are de-
pendent on the translocation of effector proteins of the Sal-
monella Pathogenicity Island 2 (SPI2)-encoded type III secre-
tion system (T3SS) (10, 11). These effector proteins
manipulate a large number of host cell processes and force
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the host cell to create a suitable microenvironment for Salmo-
nella (7, 12, 13). Although many Salmonella effector proteins
have been described (14), much less is known about the host
proteins that are manipulated to foster bacterial growth.

A systematic proteome-wide analysis would be an impor-
tant step toward understanding the mechanisms used by
Salmonella to reorganize the host cell endosomal system
during intracellular proliferation. However, one major chal-
lenge is the need to distinguish host proteins directed toward
the Salmonella-induced compartments from those that are
present independent of an infection.

In this report we describe a novel method for the enrich-
ment of SMMs and utilize a comparative strategy to identify
proliferation-relevant host proteins. This systematic charac-
terization of the SMM proteome provides new insights into the
cellular origin and biogenesis of SMMs and identifies host cell
proteins modified by the activity of intracellular Salmonella.

EXPERIMENTAL PROCEDURES

Chemicals—All chemicals used in this study were obtained from
Sigma Aldrich, unless otherwise indicated.

Cell Lines, Bacterial Strains, and Their Cultivation—Human epithe-
lial cell line HeLa (ATCC No. CCL-2) and stable lentiviral-transfected
HeLa LAMP1-GFP cells (15) were maintained in DMEM containing 4.5
g/l glucose, 4 mM L-glutamine, and sodium pyruvate (Biochrom, Ber-
lin, Germany) supplemented with 10% inactivated FCS in an atmo-
sphere of 5% CO2 and 90% humidity at 37 °C. Cells from the murine
macrophage-like cell line RAW264.7 (ATCC No. TIB-71) were cultured
in DMEM containing 4.5 g/l glucose and 4 mM stable glutamine
(Biochrom) supplemented with 6% FCS at 37 °C in an atmosphere
containing 5% CO2 and 90% humidity. S. enterica serovar Typhimu-
rium strains NCTC12023 (wild type (WT)) or HH107 and P2D6 har-
boring p3711 for the synthesis of SseF-2TEV-2M45 were used. Strain
P2D6 is defective in the SPI2-encoded T3SS due to ssaV mutation.
For live cell imaging, strains harboring plasmids p3589 or pFPV-
mCherry/2 were used for constitutive expression of mCherry. Strain
characteristics are summarized in supplemental Table S1A. Salmo-
nella strains were routinely cultured in Luria–Bertani broth containing
50 �g/ml carbenicillin (Roth, Karlsruhe, Germany) or 12.5 �g/ml chlor-
amphenicol if required for the selection of plasmids.

Construction of Recombinant DNA Molecules—For construction of
the plasmid p3711 encoding the bait protein SseF, the following
sequence was synthesized by GeneArt (Invitrogen): CCCGGGGGAT-
CCGCCATGGAGAATCTTTATTTTCAGGGCGGCGACGTCGAAAA-
CCTTTATTTCCAAGGAGGGTCCGGCGATCGGAGTAGGGATCGC-
CTACCTCCTTTTGAGACAGAGACGCGCATCCTCGGCTCGGGCA-
GCAGAGACCGTCTGCCGCCGTTCGAAACCGAGACGCGCATCCT-
CTAGAGCGGCCGC. The sequence encodes two recognition sites
for the tobacco etch mosaic virus protease (bold) and two sites en-
coding the M45 epitope for antibody binding (italic). The synthetic
DNA molecule was inserted into pSK via SmaI/NotI to generate
p3673. Next, a fragment containing ProsseA sscB sseF1–258 was rele-
ased from p2810 (16) via digestion with KpnI/EcoRV and inserted into
p3673. Subsequently, the insert was released via KpnI/NotI digestion
and subcloned into pWSK29 to generate p3711.

To generate a plasmid expressing LAMP1-mCherry, we amplified
mcherry from pFPV-mCherry using mCherry-For-BamHI and mCherry-
Rev-XbaI-NotI and cloned in pEGFP-N1 (Clontech, Mountain View,
CA) to replace eGFP (supplemental Table S1B). Next, human lamp1
was amplified from cDNA clone IRAU p969C0275D (ImaGenes, Berlin,
Germany) using hLAMP1-For-EcoRI and hLAMP1-Rev-BamHI

(supplemental Table S1B), EcoRI/BamHI restricted, and inserted into
the pmCherry-N1 transfection vector to generate p3451.

Infection of HeLa Cells—Host cell infections were performed as
described previously (17). In short, HeLa cells were infected with 3.5 h
subcultures of Salmonella with a multiplicity of infection (m.o.i.) of 50
or 75. The bacteria were centrifuged onto the cells at 500 � g for 5
min, and the cells were then incubated for 25 min at 37 °C in an
atmosphere of 5% CO2 before extracellular bacteria were removed by
three washes with pre-warmed PBS. Subsequently, host cells were
maintained in cell culture media containing 100 �g/ml gentamicin
(AppliChem, Darmstadt, Germany) for 1 h. Afterward, cells were cul-
tivated in media with a decreased gentamicin concentration of 10
�g/ml for the rest of the experiment.

Intracellular Replication Assays—Gentamicin protection assays
were performed according to Ref. 18. Briefly, Salmonella strains were
grown to stationary phase. The A600 values of the cultures were
adjusted with PBS to 0.2, and cultures were added with an m.o.i. of
1 to the seeded RAW264.7 cells. After centrifugation for 5 min at
500 � g and incubation for 25 min at 37 °C in an atmosphere of 5%
CO2, macrophages were washed three times with pre-warmed PBS
before being incubated in cell culture medium containing 100 �g/ml
gentamicin for 1 h. The medium was replaced with medium contain-
ing 10 �g/ml gentamicin, and the macrophages were kept in this
medium for the remaining time of the experiment. To determine the
amount of intracellular bacteria, we washed macrophages three times
with PBS and lysed them with 0.1% Triton X-100 for 10 min at room
temperature at 2 h and 16 h post-infection (p.i.). Serial dilutions of the
lysates were plated on Müller-Hinton agar plates. Statistical analyses
were performed using one-way analysis of variance with SigmaPlot
11.0 (Sysstat Software, San Jose, CA).

Confocal Laser-scanning Microscopy—Fluorescence imaging was
partially performed using a Leica SP5 confocal laser-scanning micro-
scope with live cell periphery equipped with an HCX PL APO
CS �100 (numerical aperture 0.7–1.4) oil immersion objective (Leica,
Wetzlar, Germany). Images were acquired using the LAS AF (Leica
Application Suite Advanced Fluorescence) software and the following
filter combinations: GFP/Alexa Fluor 488 and mCherry/Alexa Fluor
568 with polychroic mirror DD 488/543 or the combination of GFP/
Alexa Fluor 488, mCherry/Alexa Fluor 568, and Cy5 with the poly-
chroic mirror TD 488/543/633. All images obtained were processed
by Leica LAS AF. Scale bars were added with ImageJ (National
Institutes of Health), and figures were arranged in Photoshop CS6
(Adobe, San Jose, CA).

Live cell imaging was performed as described elsewhere (15). SIF
formation was monitored from 4 h to 16 h p.i. For SMM validation,
HeLa cells were co-transfected using FuGENE® HD Transfection
Reagent (Promega, Madison, WI) with plasmids encoding GFP-fusion
proteins Rab2a, Rab5c, Rab7a, Rab10a, Rab11a, Rab14, and UtrCH
and pLAMP1-mCherry (supplemental Table S1A) and then subse-
quently infected with Salmonella WT harboring pFPV-mCherry/2 at an
m.o.i. of 75. Confocal laser-scanning microscopy (CLSM) images
were taken at 8 h p.i.

Immunostaining was performed as described elsewhere (19).
Briefly, infected HeLa LAMP1-GFP cells (m.o.i. 50) were fixed with 3%
paraformaldehyde at 8 h p.i., washed, and incubated for 30 min in
blocking solution (2% goat serum, 2% BSA, and 0.1% saponin in
PBS) before being stained with primary antibodies — anti-M45 (1:
500), Salmonella O antiserum (1:1000), anti-human EEA1 (1:500), or
anti-human TfR (1:100) for 1 h at room temperature and anti-human
CopA (1:17), anti-human CopG1 (1:12.5), anti-human Sec23a (1:17),
anti-human Sar1a (1:12.5), or anti-human Mitofilin (1:250) overnight at
4 °C (supplemental Table S1A). Secondary antibodies were selected
accordingly (supplemental Table S1A), and samples were incubated
for 1 h at room temperature.
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Spinning Disk Microscopy—Fluorescence imaging was partially
performed using a Zeiss Cell Observer Spinning Disk microscope with
Yokogawa Spinning Disc Unit CSU-X1a 5000, an Evolve EMCCD
camera from Photometrics (Tucson, AZ), and live cell periphery,
equipped with an Alpha Plan-Apochromat �63 (numerical aperture
1.46) oil immersion objective (Zeiss, Jena, Germany). Images were
acquired using the ZEN (Zeiss) software and the following filter com-
binations: GFP with BP 525/50, mCherry with LP 580, and mTur-
quoise2 with BP 485/30. All images obtained were processed by
ZEN2012 software. Micrographs and live cell images were prepared
as described before. HeLa cells were co-transfected using FuGENE®
HD Transfection Reagent (Promega) with plasmids encoding GFP-
fusion proteins Rab2a, Rab7a, Rab10a, and UtrCH, as well as pm-
Turquoise2-Golgi, pmTurquoise2-ER, pLifeAct-mTurquoise2, and
pLAMP1-mCherry.

Quantitation via Flow Cytometry Analysis—HeLa cells were in-
fected with either HH107 [p3711] or P2D6 [p3711] at an m.o.i. of 50
for 25 min. At 4, 8, 12, and 16 h p.i. cells were fixed, permeabilized,
and stained with primary anti-M45 (1:1000) and secondary anti-
mouse IgG Alexa Fluor 488 (1:1000) for subsequent flow cytometry
analysis using FACSCalibur (BD Biosciences). Experiments were per-
formed in triplicate at least three times. Data were analyzed with
FACS Express 4 (De Novo Software, Los Angeles, CA). Statistical
analyses were performed using Student’s t test with SigmaPlot 11
(Sysstat Software).

Enrichment of GEMN Fraction—Roughly 7 � 107 HeLa LAMP1-
GFP cells were used per immunoprecipitation (IP) and biological
replicate. Before cell homogenization, the infected host cells were
rinsed thrice with PBS. Scraped cells were resuspended in osmosta-
bilizing homogenization buffer (250 mM sucrose, 20 mM HEPES, 0.5
mM EGTA, pH 7.4), centrifuged at 1000 � g for 10 min, and resus-
pended in 1 ml of 4 °C pre-cooled homogenization buffer with 1�
protease inhibitor mixture (Serva, Heidelberg, Germany). Host cells
were mechanically disrupted with 0.5-mm glass beads (Scientific
Industries, New York, NY) using a Vortex-2 Genie with Turbomix
(Scientific Industries; three 1-min strokes) with intermediate cooling.
The lysate was centrifuged at 100 � g for 10 min at 4 °C, and the
resulting GEMN pellet was washed twice with pre-cooled homogeni-
zation buffer with protease inhibitor mixture. The final GEMN pellet
was resuspended in 500 �l of homogenization buffer supplemented
with 1.5 mM MgCl2 and treated with DNaseI (50 �g/ml) for 30 min at
37 °C. The protein concentration was determined via Bradford assay
(Bio-Rad).

Immunoprecipitation—For IP, 25 �l of Protein G magnetic beads
(GE Healthcare) were coated with 40 �g of purified anti-M45 antibody
on a rotary shaker at 4 °C overnight. The beads were washed twice
with PBS, cross-linked according to the manufacturer’s instructions,
and blocked for 30 min with 1% BSA in PBS at 4 °C. A total of 500 �g
of GEMN proteins were adjusted to a final volume of 200 �l in
resuspension mix (1.5 mM MgCl2, 10 mM KCl, 0.1% Nonidet P-40) and
then incubated with 25 �l of cross-linked anti-M45 antibody-labeled
Protein G magnetic beads on a rotary shaker at 4 °C overnight. To
remove unbound proteins, we washed the sample five times with
0.1% Nonidet P-40 in PBS. Finally, bound proteins were eluted in 25
�l of 1� SDS sample buffer (12.5% glycerol, 4% SDS, 2% mercap-
toethanol, 50 mM Tris, pH 6.8).

SDS-PAGE and Western Blotting—Proteins were separated on
NuPAGE Novex 4–12% gradient gels. For Western blot analysis, 2 �l
of the protein sample were used per lane. Proteins were transferred to
0.2-�m nitrocellulose membranes (Protran, Whatman, Dassel, Ger-
many), blocked with 5% w/v BSA, 0.1% v/v TWEEN in TBS, and then
incubated in TBS containing 1% w/v BSA with primary and secondary
antibodies as follows: anti-M45 (1:5000) and peroxidase-conjugated
anti-mouse IgG (1:20000) (supplemental Table S1A). Proteins were

detected by chemiluminescence with ECL detection reagent (Pierce,
ThermoScientific, Rockford, IL) and blue-light-sensitive film (Agfa
Healthcare NV, Morstel, Belgium).

Protein Digest, RP-LC Separation, MS, and Data Analysis—In total
we performed four IP proteome experiments. For each profiling, the
precipitated proteins were one-dimensionally separated via SDS-
PAGE and immediately Coomassie Blue–stained (20). Gel lanes of
each biological replicate were sliced into 36 gel pieces. Each gel slice
was subjected to standard in-gel de-staining and trypsinolysis pro-
cedures (21). Afterward the digest was transferred into vials, resulting
in a total of 144 digested samples.

The LC-MS/MS analysis was performed using an UltiMate 3000
NCS-3500 nano-HPLC system (Dionex, Sunnyvale, CA) controlled by
Chromeleon chromatography software coupled to an amaZon speed
ETD ion trap mass spectrometer with a CaptiveSpray source (Bruker
Daltonics, Bremen, Germany). The UltiMate 3000 NCS-3500 nano-
HPLC system (Dionex) was configured with a 2-cm PepMap 75-�m
inner diameter C18 sample trapping pre-column (Thermo Fisher Sci-
entific) and a 15-cm PepMap 75-�m inner diameter C18 microcapillary
column (Thermo Fisher Scientific). Samples of 7 �l each were applied
to the columns and separated by a 60-min linear gradient from 5% to
50% solvent B (80% acetonitrile, 0.1% v/v formic acid) with a flow
rate of 300 nl/min. For each MS scan, up to eight abundant multiply
charged species in the m/z 400–1600 range were automatically se-
lected for MS/MS but excluded for 30 s after having been selected
twice. The HPLC system was controlled using Compass 1.5 (Bruker).

Acquired MS/MS data were processed by the ProteinScape 3.1
software (Bruker) and searched against the UniProt human database
(October 2013; 20272 entries) using ProteinExtraktor (Bruker). Spec-
tral data are available in PeptideAtlas (ftp://PASS00480:SU9795nb,
ftp.peptideatlas.org). Data analyses were conducted according the
published guidelines (22). Mass tolerance values for MS and MS/MS
were set at 200 ppm and 0.5 Da. Fixed search parameters were
semi-tryptic digestion and up to 1 missed cleavage. Variable search
parameters used for the search were deamidation (NQ) and oxidation
(M). Proteins were considered as identified with a ProteinScape score
of �40 and two unique peptides with �95% confidence. Peptide
Decoy (Mascot) and false discovery rates were adjusted to 1% at the
protein and peptide levels for all experiments.

All identified proteins were searched against the UniProt-GO An-
notation database (23). Only proteins identified in two biological rep-
licates were considered as candidates in the SMM proteome (sup-
plemental Table S2A). Protein abundance was estimated using the
exponentially modified protein abundance index approach (24). Iden-
tified proteins were converted using UniProt IP mapping (25) into
STRING numbers and searched against the STRING database (ver-
sion 8.3; minimal confidence score of 0.4 (26, 27)) to identify potential
protein–protein interactions.

To compare the compositions of pathogen-modulated host com-
partments from different pathogens and hosts, we used the MGI
vertebrate homology database to extract human–mouse homologues
and the inparanoid tool (28) to determine human–Dictyostelium
homologues.

RESULTS

Enrichment of SMMs Using a Salmonella Translocated
Membrane-integral Effector Protein—Enrichment of patho-
gen-containing compartments is conventionally based on
subcellular fractionation after disruption of infected cells.
However, a lack of specificity, dilution effects, and fragmen-
tation of the complex and extensive membrane structures
minimize the success achievable in determining the intrinsic
SMM protein composition. Therefore, we developed an alter-

Salmonella-modified Membranes

Molecular & Cellular Proteomics 14.1 83

http://www.mcponline.org/cgi/content/full/M114.041145/DC1
http://www.mcponline.org/cgi/content/full/M114.041145/DC1
http://www.mcponline.org/cgi/content/full/M114.041145/DC1


native approach for enriching SMMs (Fig. 1). This approach
utilizes SPI2-T3SS effector proteins that are embedded in
SMMs as bait (Fig. 1A). IP of a tagged version of a membrane-
integral SPI2-T3SS effector protein allows the enrichment of
SMMs and additional associated proteins (Fig. 1B). A similar
approach was recently used by the Hilbi group (29, 30) to
analyze the composition of Legionella-containing vacuoles
(LCVs). We selected effector protein SseF as bait for the IP.
After translocation by the SPI2-T3SS, SseF has characteris-
tics of an integral membrane protein in SCVs (19). As indi-
cated by previous work, SseF is translocated in high amounts
into host cells, is present within SIFs, and shows a long
half-life (18). Furthermore, SseF is amenable as a fusion part-
ner for various heterologous antigens and tags (31), rendering
SseF as attractive bait for SMM enrichment.

We generated a low-copy-number vector for co-expression
of sseF and its cognate chaperone sscB under control of the
promoter ProsseA (supplemental Fig. S1A). Two TEV cleavage
sites and a tandem M45 tag were fused to the C terminus of
SseF, thus allowing immunoprecipitation with anti-M45
monoclonal antibodies. The resulting plasmid for synthesis of
SseF-2TEV-2M45 was designated as p3711. We first tested
the translocation and function of SseF-2TEV-2M45 in the
sseF-deficient mutant strain HH107. The strain HH107 is at-
tenuated in intracellular proliferation and induces an altered
SIF network relative to the Salmonella WT (18, 32). Comple-
mentation with SseF-2TEV-2M45 restored intracellular prolif-
eration of HH107 to WT levels (supplemental Fig. S2).

To exclude potential influences of the SseF-2TEV-2M45
construct on SIF network formation, we infected lentiviral-
transfected HeLa LAMP1-GFP cells with HH107 translocating
SseF-2TEV-2M45 and analyzed SIF formation via CLSM.
LAMP1 is a prominent membrane-integral component of SIFs,
and the fusion with GFP enabled us to continuously monitor
their development. LAMP1-GFP transfection of HeLa cells
had no influence on the infection process of Salmonella as
previous experiments demonstrated (15, 33). As expected,
the tagged effector protein SseF was present in SIFs and
co-localized with LAMP1-GFP (Fig. 2). Furthermore, HH107
expressing SseF-2TEV-2M45 showed no impairment in SIF

development (Fig. 3A). SIF formation, dynamics, and position-
ing were comparable to what was observed in HeLa cells
infected with WT Salmonella (supplemental Fig. S1B).

To improve the capture yield of SMMs for a proteomics
survey, we next screened for infection conditions in which the
extension of the SMM network and the bait concentration
were optimal. CLSM revealed an extensively widespread net-
work of the LAMP1-GFP-positive SMM in Salmonella HH107
SseF-2TEV-2M45-infected HeLa cells around 8 h p.i. (Fig. 3A),
which is consistent with previous findings from HeLa cells
infected by WT Salmonella (34). Furthermore, we quantified
the number of SseF-2TEV-2M45-positive Salmonella-infected
HeLa cells at 4, 8, 12, and 16 h p.i. using flow cytometry. As

FIG. 1. Schematic representation of Salmo-
nella SPI2-T3SS injectosome (A) and approach
for enrichment of Salmonella-modified mem-
branes (SMMs) (B). Salmonella translocates ef-
fector proteins into the host cell cytosol via the
SPI2-encoded T3SS. A subset of SPI2-T3SS ef-
fectors are associated with or integral to SMMs.
Modified effector proteins, such as M45-tagged
SseF, are efficiently translocated by intracellular
Salmonella into the host cell and integrate into
membranes. After lysis of infected cells, immuno-
precipitation of M45-tagged SseF using magnetic
beads coated with anti-M45 antibody enriches
the SMM decorated with SseF-2TEV-2M45.

FIG. 2. Epitope-tagged Salmonella effector protein SseF is an
integral component of SMMs, indicated by its co-localization with
LAMP1. HeLa cells constitutively expressing LAMP1-GFP (green)
were infected with Salmonella HH107 expressing SseF-2TEV-2M45
fixed at 8 h p.i., immunostained against Salmonella O antiserum (red)
and the M45 tag (blue), and imaged using CLSM. Images are shown
as maximum-intensity projections. Scale bar: 10 �m.
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indicated in Fig. 3B, the cell number positive for translocated
SseF-2TEV-2M45 was maximal at 8 h p.i., which is in good
agreement with the CLSM analyses of the SMM network.

In summary, the data suggest that at 8 h p.i. the SMM
network is fully developed and decorated with SseF. There-
fore, this time point is optimal for the extraction of the SMM
proteome for subsequent analyses.

Proteome Profiling of SMM—To determine the SMM pro-
teome, we used the illustrated procedure integrating subcel-
lular fractionation and IP with LC-MS/MS (Fig. 4). Because the
SMM network of infected HeLa cells (8 h p.i.) is strongly
intertwined with the host cells’ GEMN complex, we decided to
increase the amount of SMM-located proteins by enriching
the GEMN fraction. To this end we first isolated the GEMN
fraction using a combination of gentle mechanical lysis and
centrifugation (supplemental Fig. S3B/C). Subsequently, the
GEMN pellet was solubilized using mild detergents. The re-
sulting mixture was then used for IP experiments. To elucidate
Salmonella proteins specific to SMM and necessary for intra-
cellular survival, we conducted comparative proteome analy-
sis using the same methods with HeLa cells infected by
Salmonella strain P2D6 harboring p3711. This strain is able to
infect HeLa cells, but it is deficient in the translocation of
SPI2-T3SS effector proteins and unable to induce SIFs, and it
shows attenuated proliferation in host cells (supplemental Fig.
S1C). We first used Western blots to confirm that the immune-
precipitated fraction contained the bait protein SseF (supple-
mental Fig. S4B). Afterward the IP proteomes were profiled
via LC-MS/MS. In total we performed 144 LC-MS/MS runs
and identified 583 host cell proteins. Of these hits, 336 pro-
teins were also detected in the immune-precipitated fraction
of cells infected with control strain P2D6 [p3711]. Thus, 247
host cell proteins were found to be unique in the SMM pro-
teome (supplemental Table S2A). The 20 most abundant pro-
teins are listed in supplemental Table S3.

Classification by subcellular location of the 247 identified
host cell proteins using the UniProt database (23) revealed

that a significant proportion of our identified SMM proteins are
predicted to be of cytoplasmic origin (Fig. 5A). This might
seem surprising considering that the enrichment primarily
targeted the SMM. However, proteins that form tight interac-
tions with SMM proteins are also likely to be co-isolated (Fig.
1A). This notion was supported using the STRING database
(35), which revealed a highly intertwined protein–protein inter-
action network of the identified SMM proteins (supplemental
Fig. S5). In total, 86% of all identified proteins showed poten-
tial physical and functional protein–protein interactions.

Origin and Function of the Identified SMM Proteome—It is
still not clear how precisely SMMs are formed within the host

FIG. 3. Extension of the SMM network (A) and
the number of SseF-positive host cells (B) are
maximal at 8 h p.i. A, HeLa cells expressing
LAMP1-GFP (green) were infected with Salmonella
HH107 expressing SseF-2TEV-2M45 and mCherry
(red). Continuous live cell imaging was performed
and representative images of Salmonella-infected
cells at various time points p.i. show the extent and
variation in SIF morphology. Images are shown as
maximum intensity projections. Scale bar: 10 �m.
B, infected cells were fixed at the indicated time
points p.i., immunostained for SseF-2TEV-2M45,
and analyzed via flow cytometry. The percentage of
M45-positive cells at various time points p.i. is in-
dicated. Shown are the mean values (� S.D.) of
three independent experiments. Student’s t-test
relative to 8 h p.i. values: **p � 0.01. n.s., not
significant.

FIG. 4. Schematic overview of experimental approach and data
analysis.
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cell. However, several compartments and cellular structures
have been implicated in their generation. Salmonella actively
recruits host membranes for SIF formation from endosomes,
lysosomes, and the trans-Golgi network (9, 36, 37). In addi-
tion, the cytoskeleton stabilizes SIFs and guides their elonga-
tion (38). In line with these observations, a number of cyto-
skeleton proteins (47 proteins), endosomal and lysosomal
proteins (9), Golgi proteins (14), and vesicle-transport-related
proteins (24) have been identified (Fig. 5A). Interestingly, pro-
teins were also found to originate from other compartments
such as the ER, nucleus, and mitochondria. This might hint at
interplay between these compartments during the formation
of SMMs.

The identified SMM proteins were further grouped accord-
ing to their experimentally determined or predicted biological
function (UniProt (23)) (Fig. 5B). A considerable number of
SMM proteins were implicated in transport (65 proteins), ves-
icle trafficking (15 proteins), endo-/exocytosis (13 proteins),
cytoskeletal organization processes (31 proteins), and signal
transduction processes (16 proteins). Selected candidates are
summarized in Table I. A subset of host cell proteins identified
in our SMM proteome survey have previously been reported
as associated with or involved in the biogenesis of SCVs or
SIFs. These include GTPases Rab7a, Rab5c, Rab11a, and

Rab14 (39, 40); filamin (41); myosin II (42); dynein (36); des-
moplakin (43); and actin (44).

The majority of identified proteins were not reported to be
located within SIFs, although some are known to be involved
in the Salmonella infection process. These include, for in-
stance, annexin A1 (45), �-actinin (46), actin-related protein
2/3 complex (47), BAG chaperone regulator 2 (43), cullin fam-
ily proteins (48), coronin (49), tropomyosin (46), serine/threo-
nine-protein phosphatase 2A (50), catenin �-1 (51), dynamitin
(52), endoplasmin (50), coatomer I protein (48), elongation
factors (50), T-plastin (53), small GTPase Ral-A (54), protein
disulfide-isomerases (50), ezrin (55), spectrin (56), and ubiq-
uitin-like modifier-activating proteins (50).

However, to the best of our knowledge, most of the iden-
tified proteins have not been mentioned before in relation to
the intracellular lifestyle of Salmonella. Interesting candidates
include trafficking-related components (coatomer II–associated
small GTPase Sar1a, GTPase Rab2a, ADF-ribosylation factor
4, signal recognition particle subunits Srp72 and SrpR, Ras
GTPase-activating protein-binding protein 2, B-cell receptor–
associated protein 31, transmembrane emp24 domain–
containing proteins 9 and 10, vesicle-associated membrane
protein–associated proteins A and B, protein transport protein
Sec23a, vacuolar protein sorting-associated protein 26B), nu-
trient transporter parts (tricarboxylate transport protein, phos-
phate transport protein, aspartate glutamate carrier 2, 4F2
cell-surface antigen), signaling components (Ras-related pro-
tein Rap1b, serine/threonine-protein phosphatase PGAM5),
and cytoskeleton-associated elements (utrophin, protein spire
homolog 2 Arf-GAP with Rho-GAP domain-ANK repeat and
PH domain-containing protein 2, caldesmon). These host pro-
teins, or organelles containing these proteins, are likely hi-
jacked by Salmonella to provide the SCVs with nutrients, to
avoid antimicrobial activities, to modify the normal endosomal
maturation, and to support further intracellular proliferation.
However, further validations are required to assess their im-
pact on the survival of Salmonella inside host cells.

Intracellular Salmonella Redirects Host Traffic to SMM—
Small Rab GTPases perform a fundamental role in membrane
dynamics and are known key targets of intracellular bacterial
pathogens (1, 57). In the presented SMM proteome analysis
we identified six small Rab GTPases (Rab2a, Rab5c, Rab7a,
Rab10a, Rab11a, and Rab14), of which only Rab7a was pre-
viously linked to SIF formation (1). To determine whether the
other proteins are also involved in SIF formation and associ-
ated with the SMM network, we transiently co-transfected
HeLa cells for synthesis of pLAMP1-mCherry and fusion pro-
teins of GFP to Rab2a, Rab5c, Rab7a, Rab10a, Rab11a, or
Rab14. Subsequently, cells were infected with WT Salmonella
expressing mCherry and imaged via CLSM at 8 h p.i. All
identified and analyzed Rab GTPase GFP-fusion proteins
were localized at SCV and SIF membranes (Fig. 6), as indi-
cated by co-localization with the marker protein LAMP1. Sim-
ilarly, we analyzed the localization of the F-actin binding pro-

FIG. 5. Classification of the identified SMM proteome according
to Gene Ontology subcellular localization (A) and biological pro-
cesses (B), based on the annotations in the UniProt database. The
term “cytoskeleton” includes proteins involved in stress fibers, inter-
mediate filaments, microtubules, focal adhesion, and tight and cell
junctions. Some proteins have more than one functional annotation.
Numbers of identified proteins are indicated in brackets.
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tein utrophin (UtrCH). Here, we observed co-localization of
UtrCH along SIFs, as well as an accumulation of UtrCH sur-
rounding individual Salmonella assumed to be part of the
vacuole-associated actin polymerization (Fig. 6). Controls ver-
ifying that the protein localizations in uninfected cells were not
affected by overexpression of GFP fusion proteins are pre-
sented in supplemental Fig. S6.

Components of COPI- and COPII-mediated transport pro-
cesses including CopA, CopG1 (both COPI), Sec23A, and
Sar1A (both COPII) are also part of the SMM proteome. Al-
though these proteins have been implicated in the replication
niche formation of other pathogens (58), they have not been
shown to be involved in Salmonella. We therefore immuno-
stained these marker proteins in Salmonella WT mCherry-

infected HeLa LAMP1-GFP and revealed localizations of COP
vesicles along SIF membranes (Fig. 7). Similarly, we also
observed the association of a representative mitochondrial
marker protein, mitofilin, along SIFs. The association of pro-
teins of the SMM proteome with SIFs further validates the
usefulness of the SMM proteome approach.

In summary, these findings confirm that the presented SMM
proteome enrichment and analysis strategy identified proteins
located to the Salmonella compartment. In addition, the results
clearly indicate the redirection of proteins of various host traf-
ficking pathways (endosomal, recycling, Golgi–ER, and ER–ER),
some of which were not known to be connected to SIFs, the
formation of the replication niche inside the host, and Salmonella
infection in general. Our findings of host transport processes

TABLE I
MS-identified SMM proteins involved in trafficking, transport, or cytoskeleton

Name (*_human) Protein description Localization

Transport (amino acids, sugar calcium, phosphate, and electrons)
4F2 4F2 cell-surface antigen, amino acid transport Plasma membrane
CTP Tricarboxylate transport protein Membrane, mitochondrion
CMC2 Calcium-binding mitochondrial carrier protein Aralar2 Membrane, mitochondrion
MPCP Phosphate carrier protein Membrane, mitochondrion
MTCH2 Mitochondrial carrier homolog 2 Membrane, mitochondrion
VCP Transitional endoplasmic reticulum ATPase ER
ATP5C/D/O F0F1-ATPase complex Membrane, mitochondrion

GTPases
RAB2A Rab GTPase Rab2a ER, Golgi
RAB5C Rab GTPase Rab5c Vesicle, endosomes
RAB7A Rab GTPase Rab7a Vesicle, endosome, lysosome
RAB10 Rab GTPase Rab10 Vesicle, endosome, ER
RB11A Rab GTPase Rab11a Vesicle, endosome, lysosome
RAB14 Rab GTPase Rab14 Vesicle, endosome, lysosome
RALA Multifunctional GTPase RalA Vesicle, membrane
RAP1B Ras GTPase Rap1b Cell junctions, membrane
OPA1 Dynamin-like 120-kDa protein Membrane, mitochondrion
SAR1A COPII-associated GTPase Sar1A ER

Clathrin, coatomer I and II–mediated transport
AP2A1/B1 AP-2 complex subunits � and � Coated pits, membrane
TFR Transferrin receptor protein 1 Coated pits, vesicle, membrane, endosome
COPA/G1 Coatomer subunits � and � Vesicle, Golgi
BAP31 B-cell receptor–associated protein 31 Membrane, ER
TMED9/10 Transmembrane emp24 domain-containing proteins 9 and 10 Vesicle, Golgi, ER
SC23A Protein transport protein Sec23a Vesicle, Golgi, ER
VAPA/B Vesicle-associated membrane protein-associated proteins A and B Vesicle, membrane, microtubule, ER
ARF4 ADP-ribosylation factor 4 Membrane, Golgi

Cytoskeleton and membrane linker
MYH9/10 Myosin II Membrane, cytoskeleton
MYO1B/C Myosin I Cytoskeleton
ACTS Actin Cytoskeleton
DYHC1/7 Dynein Cytoskeleton, microtubule
ARPC4 Arp2/3 complex Cytoskeleton
DYST Dystonin Cytoskeleton, microtubule, ER
FLNA Filamin-A Cytoskeleton, endosome
CAPZB F-Actin capping protein Cytoskeleton
SYN1/2 Nesprin 1 and 2 Cytoskeleton, Golgi
PLST Plastin-3 Cytoskeleton
ANAXA1 Annexin A1 Membrane, nucleus, cell projection
TCPE/G/Z T-complex protein 1 subunit �/�/� Cytoskeleton, microtubule
UTRO Utrophin Cell junction, cytoskeleton
COR1C Coronin Membrane, cytoskeleton
TPM2/3 Tropomyosin � and � Cytoskeleton
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redirected by Salmonella are summarized in Fig. 8. Overall, the
identified SMM proteins provide compelling insights into host
processes that are usurped by Salmonella to ensure its survival.

DISCUSSION

The success of an intracellular pathogen depends on its
ability to establish a niche for proliferation within its host.
Although the infection process of Salmonella has been inten-
sively studied (7, 50, 59–63), less is known about the host
niche of this bacterium.

Salmonella-infected cells are characterized by a complex
network of SCVs linked to various types of tubular membrane
compartments, collectively termed the SMM. The extensive
and highly dynamic nature of SMMs prevented classical sub-
cellular fractionation, and we developed a new procedure for
the enrichment of SMMs. In this paper we describe immuno-
proteomic analyses that allowed, for the first time, a survey of
the proteome of the SMM.

It is assumed that the host niche of Salmonella is formed
during its continuous interactions with the host endosomal
and recycling pathway (4, 5). We identified several compo-

nents of these host pathways such as Rab7a, Rab5c, Rab11a,
and Rab14 that are known to be involved in the formation of
SCVs or SIFs (36, 39–44). These findings demonstrate that
our approach is well suited to identify infection-relevant host
proteins from the SMM.

In addition we observed proteins indicative of other intra-
cellular host membrane trafficking pathways. For instance, we
identified proteins associated with the anterograde and retro-
grade transport system, responsible for trafficking between
the ER and Golgi (58). This includes components of the COPI
and COPII (COPI: coatomer subunits � and �, transmembrane
emp24 domain–containing proteins 9 and 10, vacuolar pro-
tein sorting–associated protein 26B, ADF-ribosylation factor
4, small GTPase Rab2a, and Rab2a effector glyceraldehyde-
3-phosphate dehydrogenase (64); COPII: small coatomer II–
associated GTPase SAR1, protein transport protein Sec23).
Salcedo and Holden (65) stated in an earlier report that only
Salmonella cells closely associated with the Golgi network are
able to multiply. However, no vesicle trafficking or direct as-
sociation or fusion with either the Golgi or the ER system was

FIG. 6. Co-localization of identified Rab GTPases and the F-actin binding protein utrophin with SMMs. HeLa cells were co-transfected
with p3451 for expression of LAMP1-mCherry (red) and various plasmids for the synthesis of fusion proteins of Rab2a, Rab5c, Rab7a, Rab10a,
Rab11a, Rab14, or UtrCh to GFP (green) (supplemental Table S1A). Afterward, cells were infected with Salmonella WT (red) and imaged via
CLSM at 8 h p.i. The lysosomal glycoprotein LAMP1 served as a marker for SIFs and SCVs. Controls verifying that the protein localizations
were not affected by overexpression of GFP fusion proteins are presented in supplemental Fig. S6. Overview images are shown as maximum
intensity projections. White arrowheads indicate the structures of interest shown as magnifications for each channel. Scale bar: 10 �m.
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observed. Our study thus provides the first evidence of direct
interaction of SMMs with the ER system.

In addition to COPI and COPII components, we further
identified the small GTPase Rab10a involved in ER dynamics
(66), several ER chaperones (protein disulfide-isomerase
PDIA1, PDIA3, PDIA6, endoplasmin, hypoxia up-regulated
protein 1), SNARE proteins (VAMP-associated proteins A and
B), vesicle recognition particles (subunit Srp72 and receptor
SrpR), B-cell receptor–associated protein 31, and diverse ER
membrane proteins (transitional ER ATPase, calnexin, estra-
diol 17-� dehydrogenase, dolichyl-diphosphooligosaccha-
ride-glycosyltransferase, transmembrane protein 43).

In summary, the data indicate that Salmonella at the stage
of efficient intracellular proliferation specifically intercepts in-
tracellular membrane trafficking pathways and recruits mem-
branes and proteins from endosomes (Fig. 8). However, this is

a common strategy among other intracellular pathogens (58).
For example, Legionella pneumophilia tethers and subse-
quently fuses transitional ER-derived vesicles to its vacuolar
host compartment (LCV) (1). Similarly, Brucella spp. intercept
COPI and COPII vesicle trafficking and target the ER to create
a replicating niche termed the Brucella-containing vacuole
(67). Interaction of the Brucella-containing vacuole with the
ER leads, for instance, to the presence of several ER marker
proteins such as calnexin, Sec61, Rab2a, and the Rab2a
effector glyceraldehyde-3-phosphate dehydrogenase in the
Brucella-containing vacuole. Interestingly, we observed many
of these proteins in the SMM.

This raises the interesting question of whether there might
be more commonalities between the host niche composition
and mechanisms of intracellular survival of these bacteria.
Recently, the proteome of LCVs has been profiled (29, 30).
Unfortunately, these studies did not distinguish between pro-
teins that are relevant to bacterial persistence and nonspecific
host proteins. Nonetheless, this offers the opportunity to
compare these host niches of different intracellular pathogens
and identify common host proteins. One interesting finding of
the comparative analyses was that 45% (109 of 247 proteins)
of the SMM proteome isolated from HeLa was also found in
LCVs isolated from Dictyostelium cells or mouse macro-
phages (supplemental Table S4). This is quite remarkable
considering that the studies were based on different patho-
gens and host systems. Thus it appears that although Salmo-
nella and Legionella utilize distinct mechanisms to manipulate

FIG. 7. Localization of COPI, COPII, and mitochondria in Salmo-
nella-infected cells. HeLa LAMP1-GFP cells were infected with Sal-
monella WT mCherry (red) and fixed at 8 h p.i. Immunostaining was
performed for COPI (CopA, CopG1), COPII (Sar1a, Sec23a), or mito-
chondria (Mitofilin) (blue), after which cells were imaged using a Leica
SP5 CLSM. Images are shown as maximum intensity projections.
White arrowheads indicate the structures of interest shown as
magnifications for each channel. Scale bar: 10 �m.

FIG. 8. Model for the origin of SMMs. SMM networks contain
relocated host proteins from endocytic and intracellular host traffick-
ing routes, as well as components of mitochondrial, ribosomal, ER,
and nuclear origin identified in this study. Proteins known to be
involved in SIF or SCV formation are italicized or bolded, respectively.
Mt, microtubule; Mtch, mitochondrium; VAP, vacuole-associated ac-
tin polymerization; S.Tm, Salmonella Typhimurium.
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their host cells, the pathogen-containing compartments share
a remarkable degree of similarity.

The 109 proteins common to the SMM proteome and LCVs
are of diverse origin, including ER, mitochondria, nucleus,
ribosomes, and endocytic pathways (supplemental Table S4).
Again, we found that a large number of the proteins identified
in both studies were involved in transport processes (43 pro-
teins), which indicates that these transport processes might
be essential for survival for a wide range of intracellular patho-
gens. Further notable groups of proteins were involved in
vesicle trafficking (12 proteins), endo-/exocytosis (10 pro-
teins), protein folding/modification and biosynthesis (17 pro-
teins), and metabolism (16 proteins). In contrast, only rela-
tively few (eight) proteins with cytoskeletal functions were
found in LCVs and SMMs. This includes actin; two motor
proteins (myosin 9 and myosin 10); and actin-binding proteins
coronin-1C, �-actinin, F-actin capping protein, Arp2/3 com-
plex, and desmoplakin. Actin is involved in the formation of a
stabilizing meshwork around pathogen-containing compart-
ments such as SCVs (41, 68). Motor proteins are important
mediators of vesicular transport, and interference with host
cell motor protein function enables intracellular pathogens to
segregate their own membrane-bound compartments from
the default endosomal maturation pathway (59, 69). For ex-
ample, SCVs maintain a juxtanuclear position and are re-
stricted in motility (4, 44, 70). However, dynein, a motor pro-
tein identified here, was found only on SMMs. This is
consistent with the finding that the SMM network extension is
dynein mediated (52, 71). Interestingly, tubular networks are
not known for Legionella-infected host cells. Thus, despite the
fact that similar host proteins are recruited, the bacteria ap-
pear to elicit different intracellular phenotypes. This might hint
at a novel mechanism that needs further exploration. To-
gether, these findings suggest the interesting possibility that
despite the differences in the structures of the niches occu-
pied by the pathogens, they might commandeer similar host
proteins to establish their intracellular niches.

A general limitation of proteome studies is that typically the
separation of proteins or peptides prior to MS is insufficient to
fully resolve complex protein mixtures. As a consequence,
low-abundance proteins in particular might be absent from an
individual run. However, the use of immunoprecipitation ap-
pears to reduce the complexity to a manageable degree, as
we found from our combined dataset. Nonetheless, the main
purpose of this analysis was to provide priority targets to be
investigated in further detail using targeted methods. Al-
though validating all targets would be beyond the scope of
this study, we found that at least 11 proteins identified via the
proteome approach were indeed associated with SMMs, in-
cluding a number of new proteins previously not related to the
intracellular lifestyle of Salmonella.

In summary, our proteomic study provides global insights
into the molecular machinery involved in the formation and
maintenance of SMMs. The data indicate that more mem-

brane trafficking systems than hitherto realized are involved,
and we have provided numerous targets for further investiga-
tion. It is also interesting to note that despite the unique
structure of SMMs, the host-hijacking mechanisms are mark-
edly similar to those of other intracellular pathogens.
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