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During the late stages of infection, Salmonella secretes
numerous effectors through a type III secretion system
that is encoded within Salmonella pathogenicity island 2
(SPI2). Despite the importance of SPI2 as a major viru-
lence factor leading to the systemic spread of the bacteria
and diseases, a global view of its effects on host re-
sponses is still lacking. Here, we measured global im-
pacts of SPI2 effectors on the host phosphorylation and
protein expression levels in RAW264.7 and in HeLa cells,
as macrophage and nonphagocytic models of infection.
We observe that SPI2 effectors differentially modulate the
host phosphoproteome and cellular processes (e.g. pro-
tein trafficking, cytoskeletal regulation, and immune sig-
naling) in a host cell-dependent manner. Our unbiased
approach reveals the involvement of many previously un-
recognized proteins, including E3 ligases (HERC4,
RanBP2, and RAD18), kinases (CDK, SIK3, and WNK1),
and histones (H2B1F, H4, and H15), in late stages of Sal-
monella infection. Furthermore, from this phosphopro-
teome analysis and other quantitative screens, we identi-
fied HSP27 as a direct in vitro and in vivo molecular target
of the only type III secreted kinase, SteC. Using biochem-
ical and cell biological assays, we demonstrate that SteC
phosphorylates multiple sites in HSP27 and induces actin
rearrangement through this protein. Together, these re-
sults provide a broader landscape of host players contrib-
uting to specific processes/pathways mediated by SPI2
effectors than was previously appreciated. Molecular &
Cellular Proteomics 12: 10.1074/mcp.M112.026161, 1632–
1643, 2013.

Type III secretion systems (T3SSs)1 are specialized viru-
lence factors in Gram-negative pathogens that play an impor-

tant role in delivering effector proteins to host cells. Salmo-
nella enterica employs two distinct T3SSs encoded in
Salmonella pathogenicity islands 1 and 2 (SPI1 and SPI2),
with numerous effectors encoded around the genome, includ-
ing a small number in SPI1 and SPI2 (1). SPI1 T3SS effectors
are required for the bacterial internalization by intestinal epi-
thelial cells at early stages of infection after oral ingestion.
Although Salmonella is subsequently taken up by intestinal
macrophages via phagocytosis, SPI2 T3SS effectors function
to promote intracellular replication. Part of the role of SPI2
effectors is to control the maturation of the membrane-en-
closed, Salmonella-containing vacuole (SCV) where Salmo-
nella survives and replicates, eventually leading to a systemic
infection known as typhoid fever (2, 3).

Approximately 30 effectors are known to be translocated by
the SPI2 T3SS but the actions and targets of most of these
effectors are largely unknown (1, 3, 4). A recent systematic
study using a single mutant collection of SPI2 genes showed
particular virulence factors (e.g. SpvB, SifA, and SteC) play a
dominant role in replication within macrophages (5). It is
known that SpvB induces cytotoxicity through its ADP-ribo-
syltransferase activity (6), and SifA is required for maturation
of the SCV and the formation of Salmonella-induced filaments
(7). SteC has been identified as the sole serine/threonine
protein kinase encoded in the Salmonella genome (8), but the
target substrates of this kinase within the host are not fully
understood, although it has been demonstrated that SteC
partially targets the MAP kinase MEK (9). Interestingly, SteC is
capable of promoting assembly of an F-actin meshwork
around the SCV; this is dependent on its kinase activity but
does not require activation of signaling pathways through
Rho-associated protein kinase (8), Cdc42, Rac, N-WASP,
Scar/WAVE, and Arp2/3 (10). These host signaling proteins
are the main targets of T3SS-secreted effectors from many
pathogens, including the SPI1 system in Salmonella (11)
and Shigella (12). Therefore, SteC is thought to manipulate
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actin in a unique way through phosphorylation of host pro-
tein target(s).

Recent advances in high throughput measurements allow
us to characterize host gene expression profiles (13) and host
phosphoproteme dynamics (14) dependent on the presence
of SPI1 effectors in an unbiased, comprehensive manner.
However, although it is clear that SPI2 T3SS is a major viru-
lence factor contributing to systemic infection, our knowledge
of its effects on host responses is limited. In this study, we
used a mass spectrometry (MS)-based quantitative proteom-
ics approach and measured global host phosphorylation
changes as well as proteome abundance altered by SPI2
effectors. Furthermore, we explore a molecular target of SPI2
effector kinase SteC by integrating the phosphoproteomics
data and other quantitative proteomics screens.

EXPERIMENTAL PROCEDURES

Cloning and Purification of steC—The steC open reading frame
was PCR-amplified from Salmonella typhimurium SL1344 genomic
DNA to include XhoI and NotI restriction sites for cloning purposes.
The fragment was cloned into pGEX(3HA) using the same restriction
site as indicated in Ref. 15. Expression and purification of recombi-
nant GST-3�HA-SteC were performed as in Ref. 15. For expression
of steC in HeLa, the steC region from the pGEX(3HA) vector was
ligated into a pcDNA3(2HA) expression vector using NotI and EcoRI
enzymes.

SILAC Labeling and Salmonella Infection—RAW264.7 and HeLa
cells (American Type Culture Collection) were cultured and labeled in
arginine- and lysine-free Dulbecco’s modified Eagle’s medium
(DMEM) (Caisson Laboratories Inc.) containing 10% (v/v) dialyzed
fetal bovine serum (Invitrogen) in the presence of either L-arginine and
L-lysine (“light” form) or L-[13C6,15N4]arginine and L-[13C6,15N2]lysine
(“heavy” form). Salmonella (WT SL1344, SL1344�ssaR, or
SL1344�steC) infection was done at a multiplicity of infection of 100
for 8 h as described previously (5). After the infection, cells were
washed with ice-cold phosphate-buffered saline (PBS), harvested on
ice, and frozen at �80°C until use. For the replication assay, one-
tenth of the collected cells from a 10-cm culture dish was used, and
bacteria were released from host cells using lysis buffer containing
1% Triton X-100 and 0.1% SDS in PBS. Recovered bacteria were
plated in a dilution series, and the number of colony-forming units
(CFU) was determined. All experiments using human cell lines were
conducted according to institutional regulations.

SILAC Immunoprecipitation—For transfection of 2�HA-SteC,
HeLa cells were seeded in SILAC medium (light) at a density of 4E�06
cells/dish in a 15-cm dish and transfected the following day with 20
�g/dish FuGENE (Promega)-complexed DNA. Cell lysates were har-
vested 24 h after transfection. Heavily labeled HeLa cells were mixed
with the transfected cells (light). Cell lysis, immunoprecipitation, and
subsequent LC-MS/MS analysis were performed as described previ-
ously (15) except that MagnosphereTM MS300/carboxyl (JSR Corp.)
conjugated with mouse-�-HA (clone 2C16) (Santa Cruz Biotechnol-
ogy) was used for immunoprecipitation.

Sample Preparation—Pellets of light and heavy labeled cells were
combined, and cell lysis was performed as described elsewhere (16).
Briefly, the cells were lysed with 50 mM ammonium bicarbonate and
1% (w/v) sodium deoxycholate, and each sample was boiled for 5
min. After protein reduction with dithiothreitol (DTT) and alkylation
with iodoacetamide, trypsin digestion was performed overnight at
37°C. For phosphoproteome analyses, phosphopeptides were en-
riched using lactic acid-modified titanium dioxide (GL Sciences), fol-

lowed by successive elution by 100 mM Na2HPO4, 5% (v/v) ammo-
nium hydroxide, and 5% (v/v) pyrrolidine (17). For whole proteome
analyses, peptides were fractionated to four fractions by C18-SCX-
C18 StageTips (18). All resultant peptides were desalted using C18
StageTips (18) prior to LC-MS/MS analyses.

NanoLC-MS/MS Analysis—NanoLC-MS/MS analysis was con-
ducted using an LTQ-Orbitrap Velos or XL mass spectrometer
(Thermo Fisher Scientific) equipped with an 1100 series nanoflow
HPLC system (Agilent) as described previously (14). An in-house
analytical column (200-mm length � 75-�m inner diameter) was
prepared with ReproSil-Pur C18-AQ materials (3 �m, Dr. Maisch).
Settings for MS analysis are as follows: one full scan (resolution
60,000; m/z 300–1,600) followed by top 10 MS/MS scans using CID
in the linear ion trap (minimum signal required, 200; isolation width, 3;
normalized collision energy, 35; activation Q, 0.25; activation time, 10
ms) using dynamic exclusion (repeat count, 1; repeat duration, 30 s;
exclusion list size, 500; exclusion duration, 60 s).

Data Analysis—For data analysis using MSQuant version 2.0a81
(19), peak lists were generated by Proteome Discoverer version 1.2
(Thermo Fisher Scientific) and searched against UniProt/Swiss-Prot
(11/7/2011, subset human) plus SteC protein (total 20239 protein
entries) using Mascot (version 2.1, Matrix Science). Search parame-
ters included two missed cleavage sites, cysteine carbamidylmethyl-
fixed modification, and variable modifications, including methionine
oxidation, protein N-terminal acetylation, L-[13C6,15N4]arginine,
L-[13C6,15N2]lysine, as well as phosphorylation of serine, threonine,
and tyrosine. The peptide mass tolerance was 5 ppm and the MS/MS
tolerance was 0.6 Da, and only peptides with Mascot scores �25
were considered. For raw data files obtained from the quantitative
phosphoproteomics screen for discovery of substrates of SteC (see
Fig. 4B), phosphopeptides showing significant increases upon SteC
transfection were manually validated using MSQuant. All other data
were analyzed and processed by MaxQuant (version 1.2.2.4) (20)
using the same search parameters described above. The peptide
mass tolerance was 6 ppm and the MS/MS tolerance was 0.5 Da.
Database search was performed by means of Andromeda (21) against
UniProt/Swiss-Prot (11/7/2011) S. typhimurium plus human (total
22,072 protein entries) or S. typhimurium plus mouse (total 18216
protein entries) with common serum contaminants and enzyme se-
quences. False discovery rate was set to 1% at peptide and at protein
levels. Phosphorylation localization probabilities were defined as
class I (localization probability, p � 0.75), class II (0.75 � p � 0.5), and
class III (p � 0.5) based on PTM scoring (22). All quantified protein
and peptide information can be found in the supplemental Tables
1–4. GO enrichment analysis was performed with the DAVID Func-
tional Annotation Tool (23). Phosphorylation sequence motifs were
searched with Motif-X (24). Kinase enrichment analysis was done
using a web-based application tool (25).

In Vitro Kinase Assay—For the in vitro kinase assay, 0.1 �g of
recombinant GST-3�HA-SteC was incubated with 1 �g of bovine
myelin basic protein (Sigma) or 1 �g of human HSP27 (Abnova) in 25
�l of a reaction buffer containing 40 mM Tris-HCl, pH 7.5, 10 mM

MgCl2, 10 mM NaCl, 1 mM DTT, and 1 mM ATP, except that 0.1 mM

ATP and 5 �Ci of [�-32P]ATP were used for autoradiography. Incu-
bation time was set for 30 min at 30°C for autoradiography and for 3 h
at 37°C for LC-MS/MS analysis. For autoradiography, the protein
mixture was subjected to SDS-PAGE and transferred to an Immun-
BlotTM polyvinylidene fluoride (PVDF) membrane (Bio-Rad). For mass
spectrometry analysis, the protein mixture was digested with trypsin
as described above, and the resultant peptides were identified and
quantified based on peak area.

Generation of Stable Cell Line—Using S. typhimurium SL1344
genomic DNA as a template, Myc-tagged SteC was amplified by PCR
with primers that incorporated an XhoI site plus a Kozak and Myc tag
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(underlined) sequence at the 5� end (SteC-XhoI forward, 5�-GAA CTC
TCG AGT TGC CAT GGA ACA GAA ACT CAT CTC AGA AGA GGA
TCT GCC GTT TAC ATT TCA GAT CGG AAA TCA TAG T-3�) and an
XbaI site at the 3� end (SteC-XbaI reverse, 5�-GCA CGT CTA GAT TAT
TTT TTT AAT TCA TCC TTT AAT ACC TTA GCC A-3�). The resulting
PCR product was cloned into XhoI- and XbaI-digested lentivirus
pLVX-puro vector (Clontech) to generate the lentiviral construct
pLVX-puro-SteC. This construct was packaged into lentivirus parti-
cles in 293T cells (American Type Culture Collection) using lentiviral
packaging mix (Sigma). HeLa cells were infected with these lentivirus
particles and selected in culture media (DMEM) containing 3 �g/ml
puromycin for 2 weeks. The stable cell line generated was designated
as HeLa-Myc-SteC.

siRNA Knockdown and Drug Treatment—Myc-tagged SteC-ex-
pressing cells were seeded at 1.5 � 104 cells/well in a 24-well plate a
day before transfection. Cells were transfected with INTERFERin
(Polyplus transfection) for 48 h by following the manufacturer’s pro-
tocol, and HSP27 siRNA UGA GAC UGC CGC CAA GUA A (target
sequence) and control siRNA UAA GGC UAU GAA GAG AUA C
(nontarget) (Dharmacon) were used at final concentration of 1 nM.
Knockdown was confirmed by immunoblotting using rabbit �-HSP27
antibody (Abcam). For drug treatments using MEK inhibitors, stock
solutions of 30 mM PD98059 (EMD Chemicals) and of 10 mM U0126
(EMD Chemicals) in dimethyl sulfoxide were diluted to a final concen-
tration of 30 and 10 �M, respectively, with culture medium. Treat-
ments were performed for 30 min at 37°C.

Immunofluorescence—Myc-tagged SteC-expressing cells were
grown on 12-mm diameter glass coverslips. Cells were fixed with
2.5% paraformaldehyde solution made up in PBS with calcium and
magnesium (�/�) for 15 min at RT, washed in PBS�/�, and blocked
and permeabilized in 10% normal goat serum, 0.2% saponin for 10
min. Primary anti-Myc antibody (9E10, Developmental Studies Hy-
bridoma Bank) was overlaid on coverslips for 30 min at RT at a
dilution of 1:200 in the blocking/permeabilization solution. Cells were
washed with PBS�/�, and a secondary Alexa Fluor 488 goat
�-mouse IgG (Invitrogen) was overlaid on coverslips for 30 min at RT

at a dilution of 1:500 in PBS�/� with the blocking/permeabilization
solution. Slides were mounted onto 1-mm glass slides using Prolong
Gold antifade reagent (Invitrogen). Images were acquired on a Leica
TCS SP5 II Confocal (Leica).

RESULTS

Quantitative Phosphoproteome and Proteome Profiling of
the Host Cells Modulated by SPI2 Effectors—Intracellular rep-
lication of the SPI2 mutant (�ssaR (26)) strain was seen to
decrease in macrophages (RAW264.7) more than 90% com-
pared with the wild-type (WT) SL1344 strain (5). However, a
functional SPI2 system is much less important when invading
epithelial cells (HeLa and CaCo2) (5). Here, we used stable
isotope labeling of amino acids in cell culture (SILAC) (27)
coupled to liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) and TiO2 chromatography (28) to assess the
impact of SPI2 T3SS on protein expression and phosphopro-
tein levels in two cell models of Salmonella infection
(RAW264.7 and HeLa). Salmonella begins to express the SPI2
T3SS and effectors within a few hours after internalization into
macrophages (29, 30), allowing the bacteria to start to repli-
cate rapidly after 8 h (5). We chose to study this system 8 h
post-infection because there are no discernable differences in
intracellular bacteria between �ssaR and WT at this point (Fig.
1A) (5). Three thousand unique phosphopeptides from 797
proteins in RAW264.7 cells (n � 3, biological replicates) and
961 proteins in HeLa cells (n � 2) (false discovery rate �1%,
at the peptide and at the protein level) were identified; only
those phosphosites quantified in at least two biological repli-
cates were used further (see supplemental Tables S1 and S2),

FIG. 1. Overview of quantitative phosphoproteome profiling. A, replication assay for WT and �ssaR Salmonella within light and heavy
labeled RAW264.7, respectively, 8 h after infection. Recovered bacteria were plated in a dilution series, and the number of CFU (colony-forming
units) was determined. The mean (	S.D.) count of relative CFU was determined from three independent experiments. B, histograms of
log2-transformed SILAC ratios for all phosphosites quantified from RAW264.7 (black) and HeLa (gray). Dashed lines indicate the 95%
confidence interval with no experimental perturbation. C, overlap of identified (top) and regulated (bottom) proteins between RAW264.7 and
HeLa.
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and of those, the relative standard deviation between repli-
cates for 80% of these sites was less than 25%. A functional
SPI2 system during infection had a much more dramatic
effect on the phosphoproteome of macrophages than that of
epithelial cells (Fig. 1B), so to explore the classes of proteins
most impacted in the two different systems, we considered
only those phosphorylation events that had a magnitude
change of at least 1.5-fold, either up or down (which corre-
sponds to the 95% confidence interval with no experimental
perturbation, dashed lines in Fig. 1B) (Table I and supplemen-
tal Figs. S1 and S2). From the initial proteins, 117 (15% of
total) met this criterion in RAW264.7 and 62 in HeLa cells (6%
of total) (Fig. 1C), but despite a 40% overlap overall between
the two phosphoproteomes, the regulated proteins in each

cell type were nearly completely distinct (Fig. 1C). Of the few
that were common to both, most are recognized as being
central players in multiple diverse processes (e.g. ERK2,
HSP60, SQSTM1, and EIF3B).

After an 8-h infection, observed changes in the phospho-
proteome could be due to changes in the fraction of a protein
that is phosphorylated but also to changes in protein expres-
sion (31); thus, we simultaneously measured the effect at 8 h
after WT or �ssaR infections on overall changes in protein
expression (supplemental Tables S3 and S4). The changes in
expression as a result of a functional SPI2 system did not
significantly affect the proteome profiles in either cell type
(supplemental Fig. S1A); using the same criterion described
above for determining whether a protein’s expression was

TABLE I
Impacts of Salmonella SPI2 effectors on protein phosphorylation, a list of selected proteins

Asterisk represents ambiguous phosphorylation sites.

Gene name Protein name
RAW264.7 HeLa

Phospho site Ratio
(�ssaR/WT) Phospho site Ratio

(�ssaR/WT)

Protein trafficking (total 19)
Arap1 Arf-GAP with Rho-GAP domain Ser-232* 0.47
Rffl E3 ubiquitin-protein ligase Raftlin Ser-254 0.53
Evl Ena/VASP-like protein Ser-327 0.55
Msr1 Macrophage scavenger receptor types I

and II
Ser-22* 0.56

Sec22b Vesicle-trafficking protein SEC22b Ser-137 0.66
Snap23 Synaptosome-associated protein 23 Ser-110 �10

Immune signaling (total 13)
Tyrobp TYRO protein-tyrosine kinase-binding

protein
Ser-90 0.40

Marcksl1 MARCKS-related protein Thr-14 0.44
Mapk3 ERK1 Tyr-205 0.54
Ship1 SHIP1 Ser-972 0.56
Pak1 CDC42/RAC effector kinase PAK1 Thr-225 0.59
Mapk1 ERK2 Tyr-185 0.61 Ser-190* 1.96
rkcd PKC� Ser-643* 0.61
Prkca PKC�/�/� Thr-497 0.37

Cytoskeleton regulation (total 25)
Cfl1 Cofilin1 Ser-3 0.47
Dstn Destrin (ADF) Ser-3 0.51
Stmn1 Stathmin Ser-16 0.52
Lsp1 Lymphocyte-specific protein 1 Thr-184* 0.59
Slc9a1 Na�/H� exchanger 1 Ser-801 0.62
Hspb1 HSP27 Ser-15 0.19
Cdc42ep1 Cdc42 effector protein 1 Ser-121 0.40
Lima1 Eplin Ser-726 0.52
Sptbn1 Spectrin � chain, brain 1 Ser-1447 0.55

Others
Herc4 Probable E3 ubiquitin-protein ligase

HERC4
Thr-329 0.21

Znf828 Zinc finger protein 828 Ser-416 0.21
Rftn1 Raftlin Ser-243* 0.29
Fcho2 FCH domain only protein 2 Thr-494* 0.30
Sash1 SAM and SH3 domain-containing protein 1 Ser-83 0.32
Eif3b Eukaryotic translation initiation factor 3

subunit B
Ser-75* 0.54 Ser-154 0.06

Evi2b Protein EVI2B Ser-269,Ser-272 2.40
Ppp1r2 Protein phosphatase inhibitor 2 Ser-122 0.06
Rune2 Protein prune homolog 2 Ser-595, Ser-597 0.23
Snd1 EBNA2 coactivator p100 Ser-426 0.30
Ttf1 Transcription termination factor 1 Ser-872 2.55
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regulated or not, only 4% of the proteome in each cell type
was significantly changed (63 proteins in RAW264.7 and 61
proteins in HeLa). However, the possibility that changes in the
levels of some specific proteins are the underlying reason for
the apparent changes in phosphorylation cannot be com-
pletely ruled out as there is little overlap between phospho-
proteome and proteome in our dataset. The majority of the
regulated proteins both in RAW264.7 and HeLa cells were
metabolic enzymes (supplemental Fig. S1B). The abundances
of the classical phagosome or SCV marker proteins remained
unchanged after 8 h of infection, including 10 Rab proteins,
lysosomal glycoproteins (LAMP-1 and LAMP-2), V-ATPases
(five subunits), cation-dependent mannose 6-phosphate re-
ceptor, and cathepsin D. The only exception to this was for
transferrin receptor 1, an early SCV marker protein, which was
reproducibly lower in WT-infected cells (�ssaR/WT � 1.60).
Collectively, these results demonstrate that SPI2 effectors
affect the two primary cell types targeted by Salmonella dif-
ferently. Specifically, macrophages appear to be more
broadly impacted than epithelial cells, consistent with a role
for SPI2 T3SS as a main modulator for phagocytic cells (3–5).

Host Cell-specific Modulation of Phosphoproteome and
Cellular Processes—To gain an unbiased picture of the pro-
cesses targeted by the SPI2 system in epithelial cells and
macrophages, we asked what cellular functions and path-
ways were enriched among the regulated phosphoproteins

from each cell type, as defined by GO and Kyoto Encyclope-
dia of Genes and Genomes (KEGG; pathway categories) (23).
An overview of enriched GO terms and pathways (p � 0.01)
along with the host proteins showing significant phosphory-
lation changes is illustrated in Fig. 2A. Classes of proteins
involved in “protein transport,” “regulation of actin,” and “im-
mune signaling” were most impacted by SPI2 in RAW264.7
(Fig. 2, B and C; Table I). These results agree with previous
findings where the main functions of SPI2 T3SS are thought to
promote intracellular replication inside macrophages by alter-
ing host vesicular trafficking, cytoskeleton, and immune sig-
naling (3, 4). Furthermore, these findings suggest that these
cellular processes/pathways in RAW264.7 cells are principally
regulated by SPI2 effectors at the phosphoproteome level.
However, “apoptosis” and “regulation of gene expression”
were most affected in HeLa cells (Fig. 2B), in agreement with
previous reports that Salmonella does not induce rapid cell
death in epithelial cells (32) but manipulates apoptosis using
SPI2 effectors during late stage (at least 6 h) of infection (33,
34).

One of the main events during Salmonella infection is mat-
uration of the SCV (7), concomitant with the manipulation of
host phagosomal functions (35). Thirteen RAW264.7 proteins
that play critical roles in these tracking events appear to be
targeted for altered phosphorylation by the SPI2 system, in-
cluding vesicle-trafficking protein SEC22b, synaptosome-as-

FIG. 2. Host cell-specific modulation of cellular processes and pathways. A, heatmap of the GO terms and KEGG pathways enriched
(p � 0.01, columns) among the host proteins showing significant phosphorylation changes (rows). Gene enrichment analysis was done using
DAVID (23). Where an intersection point is colored, it indicates that that term or pathway is assigned to the particular protein. Yellow or blue
represents increased phosphorylation in WT Salmonella or in �ssaR Salmonella, respectively. White dashed boxes demark terms and pathways
specific to either RAW264.7 or HeLa. B and C, plots of the log10 (p values) for some of the most highly enriched GO terms and KEGG pathways
that correspond to columns in A (representative terms, i.e. GO term BP FAT and KEGG pathway, were shown, and results for all terms and
pathways may be found in supplemental Fig. S2). The dashed line represents an arbitrary cutoff of p � 0.01).
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sociated protein 23 (SNAP23), and Ena/VASP-like protein
(supplemental Fig. S3; Table I). SNAP23 phosphorylation reg-
ulates vesicular trafficking (e.g. membrane fusion and SNARE
complex assembly) (36) so the down-regulation of SNAP23
phosphorylation at Ser-110 in WT-infected RAW264.7 cells
(�ssaR/WT �10) suggests that SPI2 effectors may control
vesicle trafficking between lysosome and SCV through de-
phosphorylation of SNAP23. Several hours post-infection, the
SPI2 effector SteC and presumably other SPI2 effectors
(SspH2, SpvB, and SrfH) are thought to modify the interac-
tions between host actin and the SCV (37). Although it is
known that destrin actin depolymerizing factor (ADF)/cofilin1
and Cdc42 effector 1, found to be modulated in this study, are
controlled by pathogens through phosphorylation (38), we
characterized additional cytoskeletal regulators (e.g. HSP27,
stathmin, eplin, and spectrin � chain, brain 1) as well as their
phosphorylation sites that would contribute to actin polymer-
ization/depolymerization (39) for cytoskeletal reorganization.
Importantly, many previously unrecognized proteins that po-
tentially function during late stages of the infection were iden-
tified, including E3 ligases (HERC4 and RAD18) and Raftlin
and histones (H2BF1, H4, and H15) (supplemental Fig. S3;
Table I). HERC4 (40) was reported to involve protein traffick-
ing, whereas RAD18 appears to be required for DNA repair
(41). Raftlin is important for formation and/or maintenance of
lipid rafts and regulates B-cell antigen receptor-mediated sig-
naling (42). Overall, the unbiased approach to understand the
role of SPI2 in infection identified several components of key
cellular processes (e.g. protein trafficking, cytoskeletal regu-
lation, immune signaling, and apoptosis) that help to ration-
alize observations about Salmonella pathogenesis; we also
identified several host proteins regulated by Salmonella that
do not fit into our current models of the infection process
(supplemental Fig. S3; Table I), suggesting that there is much
more to be learned.

Kinases Modulated by SPI2 Effectors—Changes in phos-
phorylation must be a result of altered kinase and/or phos-
phatase activity. Because phosphorylation plays a more
important role in the acute regulation of kinases than of phos-
phatases, we next asked which host kinases are targeted by
SPI2 effectors. A total of 61 kinases were detected in the
phosphoproteome of macrophages, including AKT1, FAK1,
and RAF1. Among those quantified in at least two biological
replicates, the phosphorylation states of 10 (CDK1/2/3,
ERK1/2, KAP0 (PKA), KPCD (PKC�), PAK1 (STE20 homolog),
SIK3, WNK1) were shown to be dependent on SPI2 effectors
(Fig. 3A). As a means of predicting the kinases that might be
responsible for the gross effects of SPI2-regulated phosphor-
ylations, we performed a motif-based analysis (24) and sought
consensus sequence motifs from the list of the regulated
phosphopeptides containing class I phosphorylation sites. In
RAW264.7, a classic proline-directed phosphorylation motif
(-SP-) attributed to MAPK and CDK as well as the RXXS motif
common to PKA, PKC, and CaMK2 were particularly enriched

among those proteins whose phosphorylation was increased
in WT-infected cells (Fig. 3B). Orthogonally to this, kinase
enrichment analysis (25) showed that in our phosphopro-
teome data of RAW264.7 substrates, likely targets of nine
kinase families, were enriched, including STE20, MAPK, PKC,
CDK, and PKA (p � 0.05) (Fig. 3C). Together, our experimental
phosphoproteomic data and bioinformatic analyses consis-
tently suggest that ERK1/2, CDK, PKA, and PKC are key
regulators in the macrophages at the late stage of infection.

PKC, in particular, could be a master regulator throughout
Salmonella infection as an inhibitor of PKC significantly de-
creased IL-8 secretion during SPI1 effector-mediated infec-
tions (14). In our current data, phosphorylations of Ser-643 of
PKC� in RAW264.7 and of Thr-497 of PKC�/�/� in HeLa cells
are both up-regulated by about 2-fold by WT Salmonella (Fig.
3A; Table I), and both sites are required for full PKC activity
(43). PKC plays an important role in apoptosis, cell cycle,
immune response, and actin polymerization through directly
or indirectly regulating downstream kinases CDK1 and

FIG. 3. Protein kinase profiling in RAW264.7. A, protein kinases
quantified in this study. Asterisks represent ambiguous phosphoryla-
tion sites (i.e. class II or class III sites where the fragments detected
are insufficient to assign the specific residue that is phosphorylated).
Yellow and blue coloring indicates kinases that show phosphorylation
increases in WT Salmonella and in �ssaR Salmonella, respectively. B,
phosphorylation sequence motifs extracted from SPI2-regulated
phosphosites by the Motif-X algorithm (24). C, protein kinase families
enriched from SPI2-regulated phosphoproteins (substrates). These
kinases were extracted based on a mammalian kinase-substrate da-
tabase using kinase enrichment analysis tool (25).
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ERK1/2 (44, 45). Indeed, CDK1/2/3 appear to be activated
through dephosphorylation at Thr-14 or Tyr-15 (�ssaR/WT �

2.82), both of which inhibit kinase activity (Table I) (46). As for
the ERK1/2, tyrosine phosphorylation at Tyr-205/Tyr-185 in
ERK1/2 showed increased profiles (�ssaR/WT � 0.54 and
�ssaR/WT � 0.61) in RAW264.7 cells, although in HeLa cells
the threonine phosphorylation site at Thr-190 on ERK2
showed the opposite trend (�ssaR/WT � 1.96) (Table I). This
observation is consistent with the fact that an SPI2 phospho-
threonine lyase SpvC dephosphorylates the threonine sites in
ERK1/2 (47) to inactivate them, subsequently inducing anti-
inflammatory effect (48).

Identifying a Molecular Target of SPI2 Effector Kinase
SteC—Bacteria have very few protein kinases compared with
eukaryotes, but some pathogens have evolved to use their
T3SSs to deliver kinase virulence factors to their host, e.g.
YpkA of Yersinia inhibits GTP binding through phosphoryla-
tion of the host heterotrimeric G protein G�q (49). Similarly,
but with less mechanistic detail, a Salmonella SPI2 effector
called SteC is known to manipulate actin using its kinase
activity (8). As unbiased but indirect confirmation of this in this
study, GO terms for “regulation of actin filament depolymer-
ization,” “actin binding,” and “actin cytoskeleton” were en-
riched (p � 0.01), and phosphorylations of several actin-
binding proteins were shown to increase by SPI2 effectors
(Table I; supplemental Fig. S3).

To assess what host proteins might be direct targets of
SteC, we employed phosphoproteomics technology in a dif-
ferent strategy than that used above, and we also tried to
identify host binding partners of SteC by an immunoprecipi-
tation-mass spectrometry (IP-MS) approach as we have done
previously for most SPI effectors (15, 50). HeLa (light form)
transfected with double hemagglutinin (2�HA)-tagged SteC
and control HeLa (no transfection, heavy form) (Fig. 4A) were
combined and analyzed by LC-MS/MS after either TiO2 phos-
phoenrichment (n � 2) or IP with anti-HA antibody (n � 1). In
the phosphoproteomics screen, we identified 15 actin-asso-
ciated proteins (marked in red in Fig. 4B, left), including
HSP27, eplin, and spectrin � chain, whose phosphorylation
profiles were observed to be increased more than 2-fold upon
SteC transfection. Note that some of these actin-binding pro-
teins showed phosphorylation increases in the infection ex-
periments as well (Table I and supplemental Fig. S3). For
instance, phosphorylation of Ser-15 of HSP27 in particular
was 5-fold higher in cells infected with WT Salmonella versus
the �ssaR condition (Fig. 4C, top; Table I). In addition, we
confirmed that �steC Salmonella cannot induce phosphory-
lation of Ser-15 (Fig. 4C, bottom). Furthermore, the IP-MS
screen also identified HSP27 as a binding partner of SteC
(ctrl/SteC-transfection � 0.27) (Fig. 4D), whereas the other
actin-binding proteins did not show high specificity for SteC
or were not detected. Thus, several lines of evidence point to
host HSP27 as a likely direct target of SteC.

To verify whether SteC can directly phosphorylate HSP27,
we performed an in vitro kinase assay using recombinant
GST-3�HA-SteC and human HSP27. Activity of the recom-
binant SteC was first confirmed using myelin basic protein
and autoradiography (Fig. 4E) as well as LC-MS/MS (supple-
mental Fig. S4). Recombinant HSP27 was then substituted as
the phosphate receiver, and the reaction mixture was di-
gested with trypsin prior to analysis with LC-MS/MS. In this
artificial in vitro system, SteC was found to strongly phosphor-
ylate at least six residues in HSP27 (Fig. 4F, left panel). Ex-
amples of extracted ion chromatograms of two phosphopep-
tides and a nonphosphorylated peptide from HSP27 are
shown in Fig. 4F, right panel, and supplemental Fig. S5. The in
vivo and in vitro data presented here confirm that SteC can
directly phosphorylate HSP27 and that this possibly occurs in
vivo as well, at least for Ser-15 of HSP27. These observations
then suggest that SteC’s effect on actin, known to be depend-
ent on its kinase activity, is manifested through the regulation
of HSP27 by phosphorylation.

Does SteC Manipulate Actin through HSP27?—We initially
tried to observe the F-actin meshwork around SCV within
WT-infected HeLa or NIH3T3 cells as reported before (8) but
could not observe a similar phenotype. Since this could be
due to our use of a different strain, we addressed the discrep-
ancy by generating HeLa cells stably expressing Myc-tagged
SteC and assessed if SteC can manipulate actin in the cells
and if the phenotype could be influenced by knockdown of
HSP27. In the SteC-expressing HeLa cells, actin became
condensed as observed in Ref. 8, with only a few remaining
filaments in 80% of the cells (Fig. 5A), although controls
demonstrated normal actin filaments (supplemental Fig. S6).
Next, we investigated if the actin condensation would disap-
pear when HSP27 is knocked down by siRNA. The knock-
down of HSP27 for 48 h (see Fig. 5B) resulted in a 50%
decrease in the actin condensation (Fig. 5, A and C) com-
pared with the control in which nontargeted siRNA was used
(supplemental Fig. S6). The knockdown of HSP27 did not
rescue the actin condensation completely, implying that the
knockdown was not 100% and/or that other potential targets
of SteC work in concert with HSP27. Recently Odendall et al.
(9) reported that SteC targets the MEK pathway for actin
cytoskeleton reorganization in NIH3T3 fibroblast cells. To as-
sess whether the regulation of F-actin through HSP27 is in-
dependent of the MEK pathway, we further investigated actin
structure of the SteC-expressing HeLa in the presence of a
MEK inhibitor under the HSP27-knockdown condition. First,
we treated the cells for 30 min with 30 �M PD98059, which
was used in Ref. 9, or 10 �M U0126 (51), which is a more
selective and more effective inhibitor than PD98059, but
neither inhibitor diminished the actin condensation (Fig. 5, A
and C, and supplemental Fig. S6). Thus, we could not
observe the significant additional effect of the combination
of the MEK inhibitors plus HSP27 siRNA compared with only
HSP27 siRNA (Fig. 5, A and C, and supplemental Fig. S6).

Salmonella Phosphorylation Targets

1638 Molecular & Cellular Proteomics 12.6

http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1
http://www.mcponline.org/cgi/content/full/M112.026161/DC1


This means that the regulation of F-actin through HSP27 is
independent of the MEK pathway and that SteC does not
target MEK, at least in the HeLa cells. These results sug-
gested that HSP27 is one of the, if not the primary, mole-
cular targets of SteC and that it is capable of manipulating
actin contributing to the formation of an F-actin meshwork
in host cells.

DISCUSSION

Here, we provide the first analysis of the impact of SPI2
effectors on the host phosphoproteome and proteome using

two common phagocytic and nonphagocytic host models of
Salmonella infection. Although the majority of the molecular
interactions between SPI2 effectors and host targets has yet
to be defined and will be the subject of future investigations,
in this study we have revealed a landscape of key host players
and their phosphorylation sites involving particular cellular
processes/pathways altered by SPI2 effectors (Fig. 2 and
supplemental Fig. S3).

One striking observation from our study was the disparity
in phosphoproteome profiles and cellular processes modu-
lated by SPI2 in RAW264.7 and HeLa cells (Fig. 2 and

FIG. 4. Quantitative screens to identify molecular targets of SteC. A, HeLa cells (L, light form) were transfected with 2�HA-SteC, whereas
no transfection was performed for control HeLa cells (H, heavy). Expressions of SteC and GAPDH (control) were confirmed by immunoblotting.
B, phosphoproteomics screen for discovery of substrates. The x and y axis show relative phosphorylation changes (log2-transformed H/L) of
peptides upon SteC transfection in replicate 1 and in replicate 2, respectively. Red dots represent phosphopeptides from actin-associated
proteins. C, phosphorylation change of HSP27 Ser-15 in infection experiments (8 h post-infection). WT Salmonella but not �ssaR Salmonella
(top panel) and �steC Salmonella (bottom panel) induces HSP27 Ser-15 phosphorylation in HeLa. D, in the IP-MS screen for identifying binding
partners of SteC, SteC-specific binding partners are identified by having an SteC/ctrl ratio significantly greater than 1. Only selected proteins
(SteC and actin-associated proteins found in B) are shown, with the number of identified unique peptides in parentheses. E and F, in vitro kinase
assay. E, GST-3�HA-SteC was incubated with a general kinase substrate myelin basic protein (MBP) and [�-32P]ATP. Proteins are separated
by SDS-PAGE and detected by autoradiography. F, after an in vitro reaction of recombinant human HSP27 with or without GST-3�HA-SteC,
proteins are subjected to tryptic digestion, followed by LC-MS/MS analysis. At least six sites in HSP27 were phosphorylated by the SteC based
on extracted ion chromatograms of the identified peptides.
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supplemental Fig. S2). For example, SPI2 substrates mod-
ulated immune signaling and protein transport in RAW264.7
cells but modulated apoptosis in HeLa cells. It is tempting to
speculate that SPI2 imparts a type of cell tropism, respond-
ing differently to macrophages versus epithelial cells, and
how this might occur is an interesting question. One possi-
bility is that SPI2 delivers a mixture of effectors into every
cell type, but the targets of a given effector may be present
or absent in that specific cell. More intriguing would be a

scenario where a given SPI2 effector has different targets in
distinct host cell types. Comparative studies between wild
type and the SPI2 single deletion mutant library (5) in these
types of global analyses might help to distinguish between
these possibilities. Overall, the changes in the phosphopro-
teome mediated by the SPI2 T3SS were not nearly as dra-
matic as those we observed recently with SPI1 effectors at
earlier infection times (14). There are several possible ex-
planations for this as follows. 1) For the shorter incubations

FIG. 5. SteC manipulates actin
through HSP27. A, representative con-
focal images of HeLa cells stably ex-
pressing Myc-tagged SteC. Cells were
immunolabeled with anti-Myc antibody
(green), and F-actin was visualized by
phalloidin conjugated to Alexa Fluor 568
(red). Cells were treated with siRNA (1 nM

control siRNA and 1 nM HSP27 siRNA)
and MEK inhibitors (30 �M PD98056 and
10 �M U0126). B, immunoblot analyses
of Myc-tagged SteC HeLa in siRNA-
transfected cell lysates. Immunoblots
detected by anti-HSP27 antibody (top
panel) and anti-GAPDH antibody (con-
trol (Ctrl), bottom panel) are shown to
confirm knockdown of HSP27. C, quan-
tification of cells with actin condensa-
tion. The means (	S.D.) of proportion of
cells with actin condensation were de-
termined from at least three independent
experiments, in which a total of more
than 100 cells were examined. Statistical
analyses were performed with two-tailed
unpaired Student’s t test. *, p � 0.001;
**, p � 0.0001.
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in the previous study, we were able to remove serum from
the culture media, something that was not possible in this
study due to the longer incubation. This would have the
effect of raising the base-line levels of phosphory-
lation significantly. 2) Because phosphorylation cascades
usually occur within minutes and not hours, SPI2 effectors
may simply have not evolved to use phosphorylation to
achieve their effects to the extent that SPI1 effectors do (1).
This is supported by the observation that SPI2 effectors
seem to be required for long term intracellular processes to
create a suitable replicative environment within host cells. 3)
The longer infection time used here (24 times longer than
previously) would allow plenty of time for the cells to lose
synchronicity, effectively suppressing the effects of the in-
fection when averaged across the population of cells. In-
deed, it is difficult to accurately measure changes in phos-
phorylation such a long time after stimulation in any system;
the only attempts we are aware of in Salmonella infection
models targeted specific proteins, such as p38 (52) or mem-
bers of the mTOR pathway (53). Obviously, there are still
measurable changes occurring across a population though,
and the SILAC approach used here allowed us to capture
the changes in site-specific phosphorylation triggered by
SPI2 T3SS in an unbiased, comprehensive manner.

As mentioned above, there are very few Ser/Thr kinases in
bacteria, and an even smaller number of those are virulence
factors. The key mechanistic contribution of the work pre-
sented here has been the demonstration that a secreted
bacterial kinase can manipulate host actin remodeling
through the direct phosphorylation of a single host protein.
How this might occur at the atomic level is still an open
question in the HSP27 field, although it seems likely that
phosphorylation of HSP27 induces its disassociation from
actin monomers, resulting in promotion of F-actin assembly
from the newly freed actin monomers (54, 55). One prediction
of this would then be that multiply phosphorylated forms of
HSP27 could further accelerate actin polymerization. We
present in vitro evidence that SteC is capable of phosphory-
lating at least six sites in HSP27 (Fig. 4F and supplemental
Fig. S5), whereas one of HSP27’s natural kinases in humans,
MAPKAP2, can phosphorylate only three sites (Ser-15, Ser-
78, and Ser-82) (56). This system differs from that used by
Listeria monocytogenes, which manipulates the host p38
MAPK pathway to indirectly cause the phosphorylation of
HSP27 to affect actin remodeling (54). More recently, two
groups showed that SteC targets Cdc24 in yeast (57) and
MEK in mammalian cells (9). We also identified MEK as a
binding partner of SteC by the IP-MS screen (ctrl/SteC-trans-
fection � 0.19) (data not shown) but could not detect any in
vitro or in vivo phosphorylation of MEK by SteC. Because
SteC could only be observed to phosphorylate MEK under
forced conditions using purified versions of the two proteins,
our data suggest that the stoichiometry of MEK phosphory-
lation in vivo may be relatively low. Despite this, the putative

SteC phosphorylation site on MEK (Ser-200) does seem to
play a role in actin rearrangement, although it cannot explain
the whole effect because inhibition of MEK pathway only
reduced F-actin meshwork by 50% (56). Importantly, our data
suggest that MEK is unlikely to contribute to SteC-induced
actin remodeling in HeLa cells (Fig. 5). A possible explanation
for this is that there could be unique host targets of SteC in a
cell type-specific manner, which is also supported by our
phosphoproteomic data where we observed the disparity in
phosphoproteome profiles modulated by SPI2 in the distinct
cell types, as discussed above. In synthesis, our data in the
context of these recent studies suggests that SteC-induced
HSP27 phosphorylation is a parallel route to host actin ma-
nipulation and/or is cell type-specific. Further studies will be
needed to fully understand the mechanism of the manipula-
tion of actin through SteC-host protein interactions. The data
presented here provide the missing link between SteC and
actin manipulation, explaining how SteC’s effects can be
independent of the well known route to actin remodeling
through Cdc42, Rac, N-WASP, Scar/WAVE, and Arp2/3,
which are common targets of pathogens (10). Thus, the phos-
phorylation of HSP27 represents a novel mechanism for
pathogen-induced manipulation of the actin cytoskeleton.
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