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Enteropathogenic Escherichia coli (EPEC) uses a type III
secretion system (T3SS) to directly translocate effector
proteins into host cells where they play a pivotal role in
subverting host cell signaling needed for disease. How-
ever, our knowledge of how EPEC affects host protein
phosphorylation is limited to a few individual protein stud-
ies. We employed a quantitative proteomics approach to
globally map alterations in the host phosphoproteome
during EPEC infection. By characterizing host phosphor-
ylation events at various time points throughout infec-
tion, we examined how EPEC dynamically impacts the
host phosphoproteome over time. This experimental
setup also enabled identification of T3SS-dependent and
-independent changes in host phosphorylation. Specifi-
cally, T3SS-regulated events affected various cellular
processes that are known EPEC targets, including cyto-
skeletal organization, immune signaling, and intracellular
trafficking. However, the involvement of phosphorylation
in these events has thus far been poorly studied. We
confirmed the MAPK family as an established key host
player, showed its central role in signal transduction dur-
ing EPEC infection, and extended the repertoire of known
signaling hubs with previously unrecognized proteins, in-
cluding TPD52, CIN85, EPHA2, and HSP27. We identified
altered phosphorylation of known EPEC targets, such as
cofilin, where the involvement of phosphorylation has so

far been undefined, thus providing novel mechanistic in-
sights into the roles of these proteins in EPEC infection.
An overlap of regulated proteins, especially those that are
cytoskeleton-associated, was observed when compared
with the phosphoproteome of Shigella-infected cells. We
determined the biological relevance of the phosphoryla-
tion of a novel protein in EPEC pathogenesis, septin-9
(SEPT9). Both siRNA knockdown and a phosphorylation-
impaired SEPT9 mutant decreased bacterial adherence and
EPEC-mediated cell death. In contrast, a phosphorylation-
mimicking SEPT9 mutant rescued these effects. Collec-
tively, this study provides the first global analysis of
phosphorylation-mediated processes during infection
with an extracellular, diarrheagenic bacterial patho-
gen. Molecular & Cellular Proteomics 14: 10.1074/
mcp.M114.046847, 1927–1945, 2015.

Diarrheagenic E. coli are a major global health burden and
cause much morbidity and mortality worldwide. Enteropatho-
genic E. coli (EPEC)1 is the causative agent of potentially fatal
infantile diarrhea and remains an endemic health threat for
children in developing countries. EPEC and the closely related
enterohemorrhagic E. coli (EHEC) belong to the group of at-
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taching and effacing (A/E) pathogens that form distinct A/E
lesions on the surface of intestinal epithelial cells causing the
loss of the characteristic intestinal brush border architecture
(1).

Upon attachment to intestinal cells, EPEC uses a syringe-
like molecular apparatus, the type III secretion system (T3SS),
to inject at least 25 unique bacterial effector proteins into the
host cell (2–4). Once translocated into mammalian cells, these
effectors manipulate a wide range of host signaling pathways,
thereby subverting host cell function and promoting virulence
(5). The bacterial translocated intimin receptor (Tir) is one of
the first and most abundant effectors injected into the host
cell: it mediates intimate attachment of EPEC to the entero-
cyte apical surface via its interaction with the bacterial surface
adhesin intimin (6, 7). In concert with other effectors, Tir also
provokes an expansive cytoskeletal rearrangement leading to
the formation of actin-rich protrusions, termed pedestals, be-
neath the site of bacterial attachment (8). Besides altering the
host cell cytoskeleton, EPEC effectors also manipulate cellu-
lar trafficking, host immune response and ion and water ho-
meostasis to cause disease (5). Although significant effort in
recent years has led to the identification of multiple key play-
ers in both the host and the pathogen, the complex interac-
tions between EPEC and the epithelial host cell, and the
underlying molecular mechanisms, are still collectively not
well understood.

There is increasing evidence that hijacking host post-trans-
lational mechanisms such as protein phosphorylation is a key
strategy for bacterial pathogens to efficiently subvert host cell
function (9) and there are several indications that this may be
the case for EPEC. For example, Tir is phosphorylated upon
insertion into the host cell membrane and this event plays a
role in the rearrangement of the actin cytoskeleton (10). An-
other EPEC-encoded effector, NleH, contains a functional
kinase domain suggesting the potential of directly phosphor-
ylating host cell targets (11). Moreover, the phosphorylation
profiles of a few specific host proteins such as cortactin, CT10
regulator of kinase (CRK) adaptors, focal adhesion kinase
(FAK) and mitogen-activated protein kinase 1 (MAPK1), as
well as alterations in tyrosine phosphorylation of host pro-
teins, are impacted in an EPEC effector-dependent manner
(12–18). These are selective observations though. Thus, a
more comprehensive, system-level analysis is needed to bet-
ter understand how and to what extent EPEC hijacks host cell
phosphorylation to cause disease.

Recent advances in quantitative phosphoproteomics have
made it possible to successfully profile the changes in host
protein phosphorylation following infection by the invasive,
diarrheagenic bacterial pathogens Shigella and Salmonella
(19–21). To our knowledge, no such analysis has been re-
ported for a noninvasive, diarrheagenic bacterial pathogen
such as EPEC. In this study, we applied a stable isotope
labeling by amino acids in cell culture (SILAC)-based (22)
quantitative phosphoproteomics approach to assess the im-

pact of EPEC infection on the host cell phosphoproteome.
The integration of time course experiments and the use of an
EPEC mutant deficient in type III secretion (T3S) provided
further insights into the dynamics as well as the effector
dependence of these processes. This experimental approach
enabled identification of both stable and transient interactions
between EPEC bacterial effectors and host proteins. Addi-
tional infection studies focusing on a newly identified host
target, septin-9, further emphasizes the biological signifi-
cance of the manipulation of host protein phosphorylation in
EPEC pathogenesis.

EXPERIMENTAL PROCEDURES

Plasmids—The coding region of human septin-9 isoform a
(SEPT9(a); NP_001106963; alternative nomenclature: SEPT9 tran-
script variant 1) was amplified by PCR and cloned into the EcoRI and
XhoI sites of pCMV-Tag 2B to generate a mammalian expression
plasmid encoding N-terminally FLAG-tagged SEPT9(a). Site-directed
mutagenesis (QuikChange, Agilent Technologies, Santa Clara, CA)
was performed to replace Ser-30 of FLAG-SEPT9(a) with glutamate
(FLAG-SEPT9(a)-S30E) and alanine (FLAG-SEPT9(a)-S30A), respec-
tively. Primers are listed in the supplemental Table S1. All plasmids
were verified by sequencing.

Cell Culture and SILAC Labeling—HeLa cells (American Type Cul-
ture Collection) were cultured in Dulbecco’s modified Eagle medium
(DMEM) high glucose (Thermo Scientific, Waltham, MA) supple-
mented with 10% fetal bovine serum (FBS), 1% nonessential amino
acids (NEAA) (Gibco) and 1% GlutaMax (Gibco, Thermo Scientific,
Waltham, MA). Cells were grown at 5% (v/v) CO2 and 37 °C. SILAC
labeling of HeLa cells was performed in arginine- and lysine-free
DMEM (Caisson Laboratories Inc, North Logan, UT.) supplemented
with 10% (v/v) dialyzed fetal bovine serum (Invitrogen, Thermo Sci-
entific, Waltham, MA), 1% GlutaMax (Gibco) as well as L-arginine (42
mg/L) and L-lysine (146 mg/L) (“light” label (L), uninfected HeLa) or
L-[13C6]arginine (43.5 mg/L) and L-[2H4]lysine (150 mg/L) (“medium”
label (M), EPEC �escN-infected HeLa) or L-[13C6,15N4]arginine (44.5
mg/L) and L-[13C6,15N2]lysine (154 mg/L) (“heavy” label (H), wild-type
EPEC-infected HeLa).

Bacterial Strains and Infection—The prototypical EPEC O127:H6
strain E2348/69 and the T3SS-deficient strain EPEC �escN were
used in this study (23, 24). Prior to infection, EPEC grown on Luria-
Bertani (LB) agar plates were used to inoculate LB broth. The bacterial
culture was incubated overnight at 37 °C in a shaking incubator. The
bacterial cultures were centrifuged at 2300 � g for 5 min at room
temperature. The bacterial pellet was resuspended in prewarmed
serum- and antibiotic-free cell culture medium to a density of 8 � 107

bacteria/ml and incubated in a 37 °C incubator with 5% (v/v) CO2 for
3–4 h. Upon reaching 80–90% confluence HeLa cells were first
washed and then incubated with prewarmed serum- and antibiotic-
free cell culture medium 2 h prior to infection with EPEC at a multi-
plicity of infection (MOI) of 20:1. Small volumes of serum- and anti-
biotic-free cell culture medium were used during infection to
accelerate EPEC attachment and promote more synchronized infec-
tion conditions. Uninfected cells were treated with prewarmed serum-
and antibiotic-free cell culture medium only.

Sample Preparation for Phosphoproteome Analysis—At specified
time points postinfection, HeLa cells were washed twice with ice-cold
phosphate-buffered saline (PBS) and harvested on ice. Cell lysis was
performed similarly to what has been previously described (21).
Briefly, cells were resuspended in 50 mM ammonium bicarbonate and
1% (w/v) sodium deoxycholate and boiled for 5 min. MgCl2 was
added to a final concentration of 1.5 mM and DNA was digested by
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Benzonase endonuclease (Santa Cruz Biotechnology, Dallas, TX) at
room temperature for 30 min. After combining the lysates of light,
medium and heavy labeled cells (1:1:1), proteins were reduced with
10 mM DTT at room temperature for 30 min and alkylated with 55 mM

iodoacetamide at room temperature for 20 min in the dark. Trypsin
(Promega, Fitchburg, WI) digestion was performed at a trypsin-to-
protein ratio of 1:100 (w/w) under constant agitation at 37 °C for 16 h.
Peptides were desalted with C18 StAGE Tips (25). Phosphopeptides
were enriched using lactic acid-modified titanium dioxide (GL Sci-
ences, Tokyo, Japan) and consecutively eluted by 5% (v/v) ammo-
nium hydroxide and 0.5% (v/v) pyrrolidine as previously reported (26,
27). Eluted phosphopeptides were desalted with C18 StAGE Tips (25)
prior to analysis by LC-MS/MS.

NanoLC-MS/MS Analysis—Phosphopeptides were separated us-
ing an 1100 series nanoflow high-performance liquid chromatography
(HPLC) instrument (Agilent) equipped with a two column set up.
Samples were loaded onto a 2 cm long, 100 �m inner diameter fused
silica trap column containing 5.0 �m Aqua C18 beads (Phenomenex,
Torrance, CA) for 10 min in buffer A (0.5% acetic acid) at a flow rate
of 5 �l/min prior to analytical separation. Analytical separation was
accomplished using a 200 mm in length and 75 �m of inner diameter
column containing 3 �m ReproSil-Pur C18-AQ material (Dr. Maisch
GmbH, Ammerbuch-Entringen, Germany) at a flow rate of 250 nL/min.
Both trap and analytical columns were prepared in-house. Peptides
were eluted from the analytical column by altering the gradient from
100% buffer A (0.5% acetic acid) to 40% buffer B (0.5% acetic acid,
80% acetonitrile) over 90 min. The eluting peptides were directly
infused into an LTQ-Orbitrap Velos mass spectrometer (ThermoFisher
Scientific) via ESI. MS and MS/MS information was collected in a
data-dependent manner using the following settings: one full scan
(resolution 60,000; m/z 300–1600) followed by top 15 MS/MS scans
using collision-induced dissociation in the linear ion trap mass spec-
trometer (ITMS; min. signal required: 200, isolation width: 3 Th, nor-
malized 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). AGC targets of 1 �
106 and 3 � 104 with maximum fill times of 250 and 100 ms were used
for MS and MS-MS scans, respectively.

Because of higher sample complexity, peptides for whole pro-
teome analysis were analyzed on the Q Exactive mass spectrometer
(ThermoFisher Scientific) coupled to a two-column EASY-nLC1000
system. Trap and analytical column set up were similar as described
above, with the analytical column being 400 mm in length and con-
taining 1.9 �m ReproSil-Pur C18-AQ material (Dr. Maisch GmbH).
Buffer A (0.1% formic acid) was used for the trap column. Peptides
were eluted from the analytical column using 240 min gradient with
following conditions: 100% buffer A (0.1% formic acid) to 32% buffer
B (0.1% formic acid, 80% acetonitrile) in 210 min, then 32% to 40%
buffer B in 10 min followed by increase to 100% buffer B in 5 min and
100% buffer B for an additional 15 min. MS and MS/MS information
was collected in a top-10 data-dependent approach switching be-
tween MS (resolution 70,000; AGC target of 3 � 106), and HCD
MS-MS events (resolution 17,500, 4.5% underfill ratio, AGC target of
1 � 105 with a maximum injection time of 40 ms, an isolation width of
2.2 Th, and an NCE of 28 with 20% stepping).

Data Analysis—Phosphoproteome raw data were analyzed and
processed using MaxQuant (v1.2.2.4) (28). Search parameters in-
cluded two missed cleavage sites, fixed cysteine carbamidomethyl
modification, and variable modifications including methionine oxidation,
N-terminal protein acetylation, as well as phosphorylation of serine,
threonine, and tyrosine. The search multiplicity was set to three with
each multiplicity denoting one of the SILAC amino acid combinations
(light: arginine-0, lysine-0; medium: L-[13C6]arginine, L-[2H4]lysine;
heavy: L-[13C6,15N4]arginine, L-[13C6,15N2]lysine). Searches were per-

formed using the default peptide mass tolerance of 6 ppm for FTMS
MS and 0.5 Da for ITMS MS/MS scans. Both the match between runs
and the requantify feature of MaxQuant were enabled. Database
search was performed using Andromeda (29) against UniProt/Swiss-
Prot human (Oct, 2012) plus EPEC O127:H6 strain E2348/69 (Feb,
2010) (a combined total of 94,910 entries) with common serum con-
taminants and enzyme sequences and a false discovery rate (FDR) of
1% at both peptide and protein level. Isoleucine and leucine were
considered as the same amino acid. Phosphorylation sites were
ranked according to their phosphorylation localization probabilities (P)
as class I (p � 0.75), class II (0.75 � p � 0.5), and class III sites (p �
0.5) (30). Whole proteome data was analyzed and processed in anal-
ogous manner using MaxQuant (v1.5.2.8) omitting the inclusion of the
variable search parameter for phosphorylation of serine, threonine,
and tyrosine. For protein quantification, a minimum of two ratio
counts was set. In the whole proteome analysis, EPEC proteins that
largely derived from remnants of adherent bacteria were designated
as contaminants and excluded from the final data analysis with a
protein and peptide FDR of 1% used as above.

SILAC ratios were transformed into log2 scale and p values for
changes from the null hypothesis (SILAC ratio 1:1) were calculated.
Only protein and phosphopeptide measurements observed in a min-
imum of two out of three biological replicates were considered for
analysis. To provide a broad overview of regulated phosphorylation
site and protein candidates during EPEC infection, following criteria
were applied: all phosphorylation sites and proteins that showed a
statistically significant (p � 0.05) change compared with the unin-
fected control at least at one time point and either an increase or a
decrease of 1.5-fold in at least one experiment at that time point were
considered to be “regulated” by EPEC (if a SILAC ratio could only be
determined in one of the three experiments then that protein was not
considered at all). All bioinformatic analysis was performed using this
set of regulated phosphosites and proteins. T3SS-dependence for
regulated sites and proteins was determined by comparing their H/L
SILAC ratios (EPEC WT-infected versus uninfected) with their M/L
SILAC ratios (EPEC �escN-infected versus uninfected) at each time
point based on a minimum of two out of three biological replicates.
Phosphosites and proteins were defined as being “T3SS-regulated”
when the impact of EPEC WT- and EPEC �escN-infected on the host
phosphoproteome or proteome were significantly different in at least
one time point, i.e. when a significant difference between H/L and M/L
SILAC ratios was observed (p � 0.05). A significant increase of H/L
SILAC ratios compared with M/L SILAC ratios was considered T3SS-
dependent up-regulation, whereas a decrease was defined as T3SS-
dependent down-regulation. All others (p � 0.05 for all time points)
were defined as being “non-T3SS-regulated.”

In addition, a core set of high confidence phosphosite candidates
and proteins was separately determined from the extended set of
regulated sites and proteins described above. This core set only
included regulated phosphosites and proteins with p values that
additionally passed a Benjamini-Hochberg procedure with an FDR of
0.15.

Bioinformatics—If indicated in the figure legend, hierarchical clus-
tering of heat maps using the Pearson correlation distance metric was
performed with the software MultiExperiment Viewer (MeV) v4.8 (31).
Kinase enrichment analysis (KEA) on the kinase-family level was done
using a web-based application tool (http://amp.pharm.mssm.edu/lib/
kea.jsp) (32). Phosphorylation sequence motifs were extracted with
WebLogo (http://weblogo.berkeley.edu/logo.cgi) (33). Prediction of
kinase-specific phosphosites on kinase family level with high thresh-
old setting was performed with the software GPS v2.1.2 (34). Kinase
families were ranked as described in the Results section. The protein
association network was constructed using STRING v9.1 (Search
Tool for the Retrieval of Interacting Genes/Proteins; http://string-
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db.org/) at a medium confidence score (35). Pathway enrichment and
functional annotations were performed using the Database for Anno-
tation Visualization and Integrated Discovery (DAVID) Functional An-
notation Tool v6.7 (http://david.abcc.ncifcrf.gov/) (36, 37).

Real-time PCR—HeLa cells were cultured in six-well plates and
infected as described above. RNA was isolated using the RNeasy
Mini kit (Qiagen, Valencia, CA) according to the manufacturer’s in-
structions including on-column DNase digestion for complete re-
moval of genomic DNA contamination. cDNA was synthesized from 1
�g template RNA using the QuantiTect reverse transcription kit (Qia-
gen). Real-time PCR analysis was performed at a final primer con-
centration of 0.2 �M each using the QuantiTect SYBR green PCR kit
(Qiagen) and the 7500 Fast Real-Time PCR System (Applied Biosys-
tems, Thermo Scientific, Waltham, MA). Primers used for real-time
PCR analysis are listed in the supplemental Table S1 and were either
designed manually or by using NCBI Primer-BLAST (www.ncbi.
nlm.nih.gov/tools/primer-blast/). Data were normalized to the expres-
sion of the human housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and septin-9 (SEPT9) expression levels
were determined relative to the expression of SEPT9 in uninfected
cells.

siRNA Knockdown—HeLa cells were grown in 24-well plates to
30% confluence and transfected for a final concentration of 100 nM

siGENOME SMARTpool siRNA targeting human SEPT9 (SEPT9
siRNA) or control siGENOME nontargeting siRNA pool 1 (nt1 siRNA)
(Dharmacon/Thermo Scientific). Transfection was performed using
Oligofectamine (Invitrogen) according to the manufacturer’s instruc-
tions. Media were changed 24 h post-transfection. At 48 h post-
transfection, cells were either lysed or infected and subjected to
subsequent experimental procedures as specified in the Fig. legends.

Transfection—HeLa cells were transiently transfected using Fu-
GENE HD transfection reagent (Promega) according to the manufac-
turer’s instructions at a transfection reagent-to-DNA ratio of 3:1. Low
and biologically relevant expression of CMV promoter-driven FLAG-
SEPT9 constructs was achieved by transfection of small amounts of
DNA (0.05 �g DNA per well of a 12-well plate; adjusted according to
multi-well plate size) similar to an earlier publication (38). HeLa cells
were assayed 24 h post-transfection.

SDS-PAGE and Immunoblotting—HeLa cells were lysed on ice in
Nonidet P-40 lysis buffer (20 mM Tris pH 7.5, 1% (v/v) Nonidet P-40,
150 mM NaCl, 10 mM sodium pyrophosphate, 50 mM NaF) supple-
mented with cOmplete EDTA-free protease inhibitor mixture (Roche,
Basel, Switzerland) and phosphatase inhibitor mixture 2 (Sigma-Al-
drich, St. Louis, MO). Lysates were immediately frozen in liquid nitro-
gen and later thawed and cleared by centrifugation at 16,100 � g for
10 min at 4 °C. Ten to fifteen micrograms of lysate were separated on
12% SDS-polyacrylamide gels and subjected to standard immuno-
blotting procedure using mouse antiFLAG M2 (1:2000, Sigma-Al-
drich), rabbit anticalnexin (1:2000, Enzo Life Sciences, Farmingdale,
NY), or rabbit antiSEPT9 (1:800, (39)) antibodies overnight at 4 °C.

Cell Adherence Assay—HeLa cells were seeded, transfected with
either siRNA or plasmid DNA and infected with EPEC as described
above. Two hours postinfection, cells were washed eight times with
PBS�/� to rinse off nonadherent bacteria. HeLa cells were lysed and
adherent bacteria were released by incubation in 1% Triton-X-100 on
a rocking platform at room temperature for 10 min. Subsequently, the
cell culture plate was vortexed at medium speed for 2 min and
dilutions of the respective EPEC containing suspensions were made
to 1:100 and 1:1000 and were plated on LB plates. After overnight
incubation at 37 °C, the number of EPEC colony-forming units (cfu)
was determined.

LDH-release Assay—At specified time points postinfection the re-
lease of lactate dehydrogenase (LDH) from HeLa cells as an indicator
for cell death was measured using the CytoTox96 nonradioactive

cytotoxicity assay (Promega) according to the manufacturer’s instruc-
tions. LDH-release was calculated according to manufacturer’s in-
structions using uninfected and 100% LDH release controls and
normalized as indicated in the figure legends. As reported earlier, LDH
release from bacterial strains was not significant and thus was only
considered for the time course experiment in Fig. 1A, where HeLa
cells were exposed to varying numbers of EPEC at different time
points because of the increase in EPEC population during infection.

RESULTS

EPEC-mediated Alterations in the Host Epithelial Phospho-
proteome Differ between T3SS Effector-dependent and Effec-
tor-independent Mechanisms—To analyze the dynamics of
the host phosphoproteome during EPEC infection, we as-
sessed it at early, intermediate and late stages of EPEC in-
fection. The early stage infection time point was chosen to
capture the initial events following effector translocation; the
late stage time point was chosen to capture EPEC-induced
cytotoxic effects in the host cell prior to cell death (40); the
intermediate stage time point was chosen to capture an on-
going infection prior to significant cytotoxicity. All experiments
were conducted in human epithelial (HeLa) cells, a widely
used in vitro model of EPEC-host interactions (41).

Thirty minutes postinoculation was chosen as the early
stage time point because EPEC attachment and effector
translocation occur as early as 15 to 30 min postinoculation
(7, 42). To determine an appropriate late stage time point
when the first cytotoxic effects occur, cytotoxicity-associated
release of lactate dehydrogenase (LDH) from HeLa cells was
assessed at 0.5 h, 1.5 h, and 3.0 h postinoculation (hpi) with
the wild-type EPEC O127:H6 strain E2348/69 (EPEC WT) and
the T3SS-deficient strain EPEC �escN. EPEC �escN did not
induce significant LDH release over 3 h, whereas EPEC WT
triggered significantly increased LDH release 3 hpi (Fig. 1A).
Thus, we defined 3 hpi as the late stage of EPEC infection,
which is similar to times used to investigate EPEC effector
function in previous studies (43). Finally, the intermediate
stage of EPEC infection was defined as 1.5 hpi, a time point at
which no significant LDH release was observed but when the
majority of effectors are already translocated into the host
cytosol (Fig. 1A) (42).

To characterize the host phosphoproteome, we utilized
SILAC coupled with phosphopeptide enrichment by TiO2 af-
finity chromatography (26) and liquid-chromatography tan-
dem mass spectrometry (LC-MS/MS) (Fig. 1B). At each time
point, the phosphoproteome of uninfected HeLa cells, EPEC
WT, and EPEC �escN infected cells, each labeled with either
light (L), heavy (H), and medium (M) amino acids, respectively,
were quantified.

From three biological replicates at each time point we iden-
tified a total of 1403 unique human phosphopeptides derived
from 775 human proteins with a false discovery rate of 1% at
both the peptide and protein level. We defined “regulated
phosphosites” based on two criteria: (1) a significant (p �

0.05) change in abundance compared with the uninfected
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control in at least one time point and (2) a �1.5-fold change in
abundance in at least one experiment at the time point at
which a significant change in abundance between infected

and uninfected cells was observed (supplemental Table S2).
This set of regulated phosphosites was used for the subse-
quent bioinformatic analysis. In addition we performed a Ben-
jamini-Hochberg multiple hypothesis testing correction to de-
fine a core set of particularly high confidence phosphosite
candidates (supplemental Table S3). For both EPEC WT- and
�escN-infected cells, the number of regulated phosphosites
increased during the course of infection (Fig. 2A). Compared
with EPEC �escN-infected cells, EPEC WT-infected cells re-
vealed a greater number of regulated phosphosites; deriving
from 110 unique phosphoproteins a total of 129 regulated
phosphosites were detected in EPEC WT-infected HeLa cells
compared with 77 in EPEC �escN-infected cells (Fig. 2B,
upper panel). In both WT- and �escN-infected cells, protein
dephosphorylation was more common than phosphorylation,
especially early during infection (Fig. 2A). EPEC-induced pro-
tein dephosphorylation was described in an earlier study us-
ing Western blot analysis with antiphosphotyrosine antibodies
(18). However, consistent with other global analysis of eukary-
otic phosphorylation (19, 30, 44), phosphorylation at serine
and threonine residues, rather than tyrosine, comprised the
vast majority of identified phosphosites and EPEC-regulated
phosphosites in this study (Fig. 2B, center panel). In addition,
27% of protein groups contained multiple regulated phospho-
sites and thus may serve as complex signaling platforms
during EPEC infection (Fig. 2B, lower panel).

To determine which phosphosites were regulated in a T3SS
effector-dependent or -independent manner, the triplex
SILAC experiment enabled the comparison of EPEC WT-
infected, EPEC �escN-infected and uninfected HeLa cells.
Phosphosites that displayed similar regulation in both EPEC
WT- and �escN-infected cells were defined as non-T3SS-
regulated. Sites with a different regulation pattern between
WT- and �escN-infected cells were defined as T3SS-regu-
lated (see Experimental Procedures). Eighty-nine phospho-
sites were T3SS-regulated (Table I) and 72 sites were non-
T3SS-regulated (supplemental Tables S2 and S4). A heat map
representation of SILAC ratios from both T3SS-regulated and
non-T3SS-regulated phosphosites enables the visualization
of the EPEC-mediated changes in host phosphorylation in a
time-dependent manner (Fig. 2C). The two highly similar heat
maps in the left panel illustrate that non-T3SS-regulated
phosphosites undergo similar changes at all time points in
EPEC WT- and �escN-infected cells. In contrast, the heat
map profile revealed clear differences for T3SS-regulated
sites between WT- and �escN-infected cells over the course
of infection (right panel).

To test whether changes in phosphorylation might be ac-
tually because of changes in protein expression we also
measured alterations of protein abundance at each time point
postinfection (supplemental Tables S6 and S7). The proteome
profiles for both EPEC WT- and EPEC �escN-infected cells
were relatively stable over the course of infection with only
minor alterations in protein abundance at later time points of
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infection (supplemental Fig. S1). From a total of 2361 identi-
fied unique proteins only 1.7% (40 proteins) were considered
regulated using the same regulation criteria as for the phos-
phoproteome analysis (supplemental Fig. S2A). The identified
proteome overlapped with 34% of the identified phosphopro-
teome (265 proteins) and with 42% of the regulated phospho-

proteome (46 proteins). No overlap was observed between
the regulated proteome and the regulated phosphoproteome
(supplemental Fig. S2A). Among the majority of the overlap-
ping 46 regulated phosphoproteins the observed protein
abundances did not correlate with the changes observed in
phosphorylation (supplemental Fig. S2B). This supports the
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alteration of phosphopeptide levels predominantly being
driven by kinase and phosphatase activities in response to
EPEC infection. This said, we cannot fully exclude that alter-
ations in the phosphorylation profile of some specific proteins,
especially the ones not identified in the whole proteome
analysis, might be also driven by changes in protein
expression.

Collectively, these results reveal that EPEC’s impact on the
host phosphoproteome is much more extensive than previ-
ously thought.

Several Kinase Families Modulate Host Phosphorylation
during EPEC Infection—Kinases are pivotal regulators of
phosphorylation dynamics in cellular signaling and in turn are
often regulated by phosphorylation. Therefore, we examined
the data for kinases that might play a key role in mediating
some of the observed changes seen in the host phosphopro-
teome during EPEC infection. A total of 36 kinases were
identified and quantified in the phosphoproteome analysis

(Fig. 3A) (supplemental Table S8). Our research identified six
kinases with modified phosphorylation following EPEC infec-
tion, including the non-T3SS-regulated protein kinase C alpha
(PKC�) and the T3SS-regulated calcium/calmodulin-depen-
dent protein kinase type II subunit delta (CAMK2�), ephrin
type-A receptor 2 (EPHA2), and mitogen-activated protein
kinase 1 (MAPK1/ERK2) (Fig. 3A).

Phosphorylation of Thr-497 in PKC� is critical for kinase
activity (45). Its respective phosphopeptide decreased in
abundance in infected cells, suggesting that EPEC may re-
duce PKC� activity upon infection. Consistent with this ob-
servation is a previous report showing that cytosolic PKC�

activity was decreased in HeLa cells following EPEC infection
at early time points (46). However the same study also
showed that membrane-bound PKC� activity increased upon
EPEC infection, suggesting that the respective membrane-
associated PKC� could not be observed in our experimental
setup.

TABLE I
EPEC T3SS-dependently regulated host phosphorylation (selected proteins) *, class II phosphosites (all others class I); all nonisoform-specific
entries refer to the canonical sequence of the Swiss-Prot entry in UniProt; �, T3SS-dependent increase (H/L � M/L); -, T3SS-dependent
decrease (H/L � M/L); in regular �/�: trend, that is, phosphosite passed either “regulated”-criteria but p(H/L vs. M/L) � 0.05 at respective time

point or opposite

Uniprot ID Protein name Gene Phosphosite
Regulation

0.5 h 1.5 h 3 h

Q8WWM7 Ataxin-2-like protein ATXN2L S559* -
Q13557 Calcium�calmodulin-dependent protein kinase type II

subunit delta
CAMK2D T336* �

Q05682–4 Caldesmon (isoform 4) CALD1 S207 �
P20810 Calpastatin CAST S366 � -
Q15642 Cdc42-interacting protein 4 TRIP10 S296 - -
Q5SW79 Centrosomal protein of 170 kDa CEP170 S1112 � �
Q8WUX9 Charged multivesicular body protein 7 CHMP7 S417 -
P09496 Clathrin light chain A CLTA S105 � � �
Q9Y281 Cofilin-2 CFL2 S3 �
P47712 Cytosolic phospholipase A2 PLA2G4A S729 � �
P29317 Ephrin type-A receptor 2 EPHA2 T773* -
P04792 Heat shock protein beta-1 HSPB1 S82 � � �
Q8WWI1–3 LIM domain only protein 7 (isoform 3) LMO7 S342 - -
P49006 MARCKS-related protein MARCKSL1 S22 - -
P46821 Microtubule-associated protein 1B MAP1B S1396/S1400 -

S1793*/1797 -
P28482 Mitogen-activated protein kinase 1 MAPK1 Y187 �
O75970 Multiple PDZ domain protein MPDZ S483 - -
Q09666 Neuroblast differentiation-associated AHNAK S135/S5110 - -

protein AHNAK S216 � �
Q96TA1 Niban-like protein 1 FAM129B S692/S696 - - -
A1L390 Pleckstrin homology domain-containing family G

member 3
PLEKHG3 S1037/S1040 - -

Q15149 Plectin PLEC S4613/S4622*/T4623* �
Q86TB9 Protein PAT1 homolog 1 PATL1 S179 � �
O94885 SAM and SH3 domain-containing protein 1 SASH1 S813 - -
Q9UHD8 Septin-9 SEPT9 S30 � � �
Q13501 Sequestosome-1 SQSTM1 S272/T269 � -
Q96B97 SH3 domain-containing kinase-binding protein 1 SH3KBP1 S230 - -
Q14247 Src substrate cortactin CTTN Y421 �
O00161 Synaptosomal-associated protein 23 SNAP23 S110 �
Q12933 TNF receptor-associated factor 2 TRAF2 T7/S11 �
Q9BUZ4 TNF receptor-associated factor 4 TRAF4 S426 -
P55327 Tumor protein D52 TPD52 S176 � � �
Q5JSH3 WD repeat-containing protein 44 WDR44 S96 �
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MAPK1 (ERK2) activity is regulated by the phosphorylation
of two residues within the activation loop: Thr-185 and Tyr-
187 (47). Interestingly, a double-phosphorylated MAPK1 pep-
tide harboring the phosphosite Tyr-187 and an undefined site
was less abundant in EPEC �escN-infected cells when com-
pared with uninfected cells at 0.5 hpi. In contrast, this de-
crease was not seen in EPEC WT-infected cells; instead a
slight increase was observed when compared with uninfected
cells early in infection. Although the second site was not
localized, the results suggest that a functional T3SS triggers
phosphorylation of Tyr-187. This corroborates previous stud-
ies that describe that T3SS-dependent activation of ERK1/2
pathways in epithelial host cells peaks early during EPEC
infection (16, 48).

The identification of changes within multiple kinases and
phosphorylation sites prompted us to assess the kinases
most likely to be responsible for the observed regulations

within EPEC-infection. Using complementary kinase enrich-
ment analysis (32), kinases with an observed regulated phos-
phosite, such as MAPK1 (p � 0.0000067), CAMK2 (p �

0.0056), and PKC (p � 0.02), were significantly enriched. In
addition to these kinases the CDK, RSK, GSK, PIKK, CK1,
and CK2 families were also enriched within the regulated
phosphoproteome (Fig. 3B), indicating that widespread
changes in the kinome regulation occur in response to EPEC
infection.

To further focus on the affected phosphosites and the host
kinases directly responsible for these phosphorylation events
during EPEC infection, we identified consensus kinase phos-
phorylation motifs among phosphosites that were upregu-
lated both in a T3SS-dependent and -independent manner
(Fig. 3C). Motif-based analysis extracted common MAPK and
CDK (-S/T-P-), CAMK (-R-X-X-S/T-), and CK2 (-S/T-X-E-E-)
consensus phosphorylation sequences. In addition, we pre-
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dicted kinase families that may regulate each effector-de-
pendent regulated phosphosite that showed increased abun-
dance. These predictions were ranked according to their
prediction score and a separate ranking associated score was
assigned (Fig. 3D). In agreement with the complementary
kinase enrichment analysis, the MAPK (score 42), CDK (score
31), CK2 (score 28), PIKK (score 17), CAMK1 (score 14), and
MAPKAPK (score 14) kinase families were all identified as
associated with T3SS-dependent regulation. In addition to
these kinase families, we noted other kinases that were also
repeatedly identified within the bioinformatic assessments of
phosphorylation regulation. These included RSK, GSK, PKC,
Eph receptor tyrosine kinase, and CAMK2, suggesting that
these kinases may also play a role in regulating phosphory-
lation during EPEC-infection. In summary, the kinase-oriented
bioinformatic analysis of the phosphoproteomic data sug-
gests that several kinase families including CDK, CAMK2,
PKC, CK2, and Eph represent signaling hubs during EPEC
infection, with MAPK being the most prominent regulator.

EPEC Modulates Host-signaling Pathways during Infec-
tion—We next focused on defining host-signaling pathways
that were affected by EPEC-mediated alterations in the phos-
phoproteome of HeLa epithelial cells. A network representa-
tion of all regulated phosphoproteins was generated by
STRING, which revealed a complex, interconnected core set
of 55 proteins that were functionally associated with each
other (Fig. 4A). Consistent with our previous results, MAPK1
with its 14 connections represented a highly interconnected
central node within the network (average number of connec-
tions per node � 2.8, S.D. � 2.7). The STRING software
allows for an unbiased, automated addition of proteins (white
nodes) that were functionally connected with but not part of
the regulated phosphoproteome. We used this function to
identify host proteins that might have been missed by the
phosphoproteome analysis but are potentially targeted by
EPEC and functional clusters that represent important signal-
ing hubs during infection. Among these, epidermal growth
factor receptor (EGFR) showed a multitude of functional as-
sociations. The autophosphorylation and transactivation of
EGFR are known to occur during EPEC infection (49) support-
ing the inclusion of this node within the STRING network.
Although not directly resolved in our phosphoproteomic
screen, probably because of its membrane association, the
STRING bioinformatic analysis confirmed that EGFR is an
important signaling molecule during EPEC infection. Proteins
that were T3SS-regulated and functionally associated with
EGFR included the EGFR downstream effector MAPK1,
EPHA2, and SH3 domain-containing kinase-binding protein 1
(SH3KBP1), also known as Cbl-interacting protein of 85 kDa
(CIN85). Besides EGFR, receptor-interacting serine/threo-
nine-protein kinase 1 (RIPK1), tumor necrosis factor receptor
superfamily member 1A and B (TNFRSF1A/B), and tumor
necrosis factor receptor type 1-associated DEATH domain
protein (TRADD) also clustered together with sequesto-

some-1 (SQSTM1), TNF receptor-associated factor 2 and 4
(TRAF2/4), implicating EPEC effector-induced regulation of
phosphorylation in host cell survival and innate immune
pathways.

To further characterize the changes observed within the
phosphoproteome, we performed a comprehensive pathway
enrichment and functional annotation analysis using the fol-
lowing annotation categories: Swiss-Prot and Protein Infor-
mation Resource keywords (SP_PIR_KEYWORD), Gene On-
tology Biological Process Functional Annotation Tool
(GOTERM_BP_FAT), Cellular Component Functional Annota-
tion Tool (GOTERM_CC_FAT), BioCarta, and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway (36, 37). En-
riched pathways, biological functions, and subcellular
localizations (p � 0.01) that were unique to either T3SS- or
non-T3SS-regulated phosphoproteins are shown in Fig. 4B
(redundant annotation categories are illustrated in supple-
mental Fig. S3). The vast majority of enriched pathways that
were specifically T3SS-independent comprise cellular pro-
cesses within the nucleus, including RNA and DNA process-
ing and organization. In contrast, all terms enriched for T3SS-
regulated targets comprise other cellular processes, including
immune signaling, intracellular trafficking, and cellular com-
partments such as the cytoskeleton and the nucleolus, that
are known targets for EPEC T3SS effector-mediated subver-
sion of host cell signaling (5). Consistent with the above-
mentioned absence of membrane-associated EGFR and ac-
tivated PKC� in the data set, the enrichment analysis of the
whole regulated phosphoproteome revealed that the majority
of observed phosphorylation events were cytoplasmic in na-
ture (p � 0.000071).

An array of effectors orchestrates the modulation of host
cell survival and immune responses during EPEC infection
(reviewed in (5)). Within this screen several T3SS-regulated
host proteins that are known to be involved in such processes
were detected, including cytosolic phospholipase A2, the TNF
receptor-associated factors TRAF2 and TRAF4 as well as
EPHA2 (Table I) (50–53). The temporal phosphorylation pat-
tern observed in EPHA2 was mirrored by CIN85 (SH3KBP1)
and the Src kinase family protein groups (supplemental Fig.
S4). Consistent with this similarity in the temporal phospho-
rylation patterns CIN85, via its interaction with c-Cbl, and
SRC are associated with EPHA2 signaling (54–56) supporting
the modulation of EPHA2 signaling in response to EPEC.

Recent findings suggest that effector-mediated targeting of
cellular trafficking processes play an important role in EPEC
pathogenesis (reviewed in (57)). However, many host compo-
nents involved in pathogen manipulation of trafficking still re-
main to be defined. We identified several T3SS-regulated phos-
phoproteins in an array of host components involved in
trafficking, such as synaptosomal-associated protein 23
(SNAP23), charged multivesicular body protein 7 (CHMP7),
tumor protein D52 (TPD52), clathrin light chain A (CLTA), and
rabphilin-11 (WDR44) (58–62). Others, such as Cdc42-inter-
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acting protein 4 (CIP4), MARCKS-related protein (MARCKSL1),
and the multifunctional CIN85 (see above), have been impli-
cated both in trafficking and cytoskeletal organization, two
closely linked processes (63–66).

Host cytoskeletal rearrangement, especially during pedes-
tal formation, is a major feature of EPEC pathogenesis (re-

viewed in (8)), which was also reflected by the identification of
numerous cytoskeletal regulators in the screen. Cofilin (CFL1,
CFL2), actin-depolymerizing factor (ADF, Destrin), and the Src
substrate cortactin (CTTN) are well-characterized modulators
of actin-dynamics within pedestals and were regulated at
functional relevant phosphosites (Table I, Fig. 4C) (12, 67, 68).
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phoproteins; gray identifier: 10 proteins that were automatically added by the STRING software to identify additional signaling hubs that are
potentially involved in EPEC pathogenesis but were not identified in our phosphoproteome analysis. All node colors were automatically
assigned by the STRING software. Only proteins with at least one connection are illustrated. B, Gene enrichment analysis of regulated
phosphoproteins was performed using DAVID (36, 37). Following annotation categories were included and are indicated by number 1–5:
SP_PIR_KEYWORD (1), GOTERM_CC_FAT (2), GOTERM_BP_FAT (3), KEGG pathway (4) and BioCarta (5). Only enriched cellular processes
and biological functions that were unique to either T3SS-dependently regulated (black bars) or T3SS-independently regulated (gray bars)
phosphoproteins were illustrated (p � 0.01). Additional annotations that were uniquely enriched, but very similar to the here shown categories
were not included in this illustration. For assignments that were enriched for both T3SS-dependently and -independently regulated phospho-
proteins see supplemental Fig. S3. C, Temporal resolution of the regulation of cofilin-1, cofilin-2, and destrin phosphorylation at Ser-3 as
observed in the global HeLa cell phosphoproteome analysis. The average log2-transformed SILAC ratios for each phosphopeptide at 0.5, 1.5,
and 3 hpi were plotted (n � 3; �S.D.). In white: EPEC WT-infected cells compared with uninfected control; in black: EPEC �escN-infected cells
compared with uninfected control.
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Both CFL1 and ADF did not meet the 1.5-fold change in
phosphorylation criteria; however, both showed a trend in
persistent up-regulation in Ser-3 phosphorylation at 0.5 and
1.5 hpi, time points where pedestals are formed. In addition,
we identified an array of novel players in cytoskeletal organi-
zation during EPEC pathogenesis including centrosomal pro-
tein of 170 kDa (CEP170), plectin (PLEC), caldesmon (CALD1),
heat shock protein 27 (HSP27) and microtubule-associated
protein 1B (MAP1B). Among the most prominently T3SS-
regulated proteins was the cytoskeletal component septin-9
(SEPT9), a member of the filament-forming GTP-binding sep-
tin family. The drastic increase of Ser-30 phosphorylation in
EPEC WT-infected HeLa cells when compared with EPEC
�escN-infected cells over the entire course of infection sug-
gests a crucial role of SEPT9 phosphorylation during EPEC
infection (see below).

Besides the targets with clearly defined cellular roles nu-
merous host cell proteins with functions that are either unde-
fined or difficult to assign to specific host cell processes
displayed a T3SS-regulated phosphorylation profile. Exam-
ples include the LIM domain only protein 7 (LMO7), ataxin-2-
like protein (ATXN2L), neuroblast differentiation-associated
protein AHNAK (AHNAK), PAT1-like protein 1 (PATL1), pleck-
strin homology domain-containing family G member 3
(PLEKHG3), and calpastatin (CAST). These emphasize capac-
ity of EPEC to interfere with host cell signaling beyond our
current understanding of EPEC pathogenesis.

EPEC and Shigella Modulate a Similar Subset of Host Phos-
phoproteins—To our knowledge, this study represents the
first global analysis of host phosphoproteome alterations
upon infection with an extracellular diarrheagenic bacterial
pathogen. We compared our data with the recently published
phosphoproteome analyses of HeLa cells infected with Sal-
monella enterica serovar typhimurium (S. typhimurium) or Shi-
gella flexneri (S. flexneri) (supplemental Fig. S5 and supple-
mental Table S9) (19–21). Despite different pathogens and
divergent experimental conditions, the comparison revealed
phosphopeptides that were similarly regulated by EPEC, Shi-
gella and Salmonella. We further focused the comparative
analysis on S. flexneri, which like EPEC is a diarrheagenic
E. coli pathotype (supplemental Table S10). Unlike EPEC, S.
flexneri invades host cells. The comparative analysis revealed
that 64% of phosphoproteins regulated by EPEC were also
regulated during Shigella infection (Fig. 5A). This common
pool includes both proteins with identical and different tar-
geted phosphosites. Among the phosphoproteins that were
only targeted by EPEC, 55% were T3SS-regulated, whereas
45% were non-T3SS-regulated. This indicates that EPEC ex-
erts both T3SS effector-dependent and -independent effects
on the host phosphoproteome different from those observed
within Shigella infection, potentially accounting for the differ-
ences in infection strategy between both pathogens.

We then examined peptides with identical sequences that
were regulated in both data sets (Fig. 5B). A total of 48

identical phosphosites were targeted by both EPEC and Shi-
gella. Forty-four percent of these sites had a different regula-
tion pattern, e.g. upregulated during EPEC infection but
down-regulated during Shigella infection. The majority com-
prised EPEC T3SS-dependent sites, suggesting an effector-
mediated adaptation to a divergent infection strategy. Twen-
ty-seven phosphosites were similarly regulated during
Shigella infection, with an almost equal share of EPEC T3SS-
dependent and -independent regulation. Several of the effec-
tor-independent sites belonged to proteins involved in nucleic
acid organization and processing (Fig. 5C). In contrast, mul-
tiple shared sites that were T3SS-regulated were associated
with proteins that either colocalize with the host cell cytoskel-
eton or are known cytoskeletal regulators or components.
One of the most prominently regulated phosphosites in our
screen, Ser-30 of SEPT9, was also regulated in Shigella-
infected cells. Phosphorylation of Ser-30 was not only in-
creased during EPEC and Shigella infection, but was also
found to be similarly targeted in HeLa cells infected with
Salmonella, another Gram-negative, invasive pathogen with
functional T3SS machinery (20).

SEPT9 is a Novel Host Player in EPEC Pathogenesis—One
of the most prominent events identified in this study was the
T3SS-regulated, increased phosphorylation of SEPT9 during
EPEC infection (Fig. 6A). Two independent proteomic screens
previously identified a similar regulation of host SEPT9 phos-
phorylation during Salmonella and Shigella infection (19, 20).
Moreover, earlier work has shown that SEPT9 is recruited to
the actin-enriched site of bacterial host cell entry during Lis-
teria and Shigella infection (69, 70). The role of SEPT9 in
bacterial entry of the host cell and the molecular mechanisms
underlying this process remain unclear. Although EPEC is a
noninvasive pathogen lacking the intracellular lifestyle of Lis-
teria, Shigella, and Salmonella, the intimate attachment to the
host cell surface and the subsequent actin-driven pedestal
formation require extensive cytoskeletal rearrangements sim-
ilar to those used for engulfment of invasive bacteria. Thus,
we hypothesized that SEPT9 and its phosphorylation at
Ser-30 may play a critical role during EPEC pathogenesis,
potentially as a regulator of EPEC attachment.

In humans SEPT9 belongs to a family of 13 septins (SEPT1–
SEPT12 and SEPT14), that are GTP-binding proteins forming
hetero-oligomeric complexes and higher-order structures
such as filaments, rings and cages (reviewed in (71)). Alterna-
tive transcription initiation and splicing result in 18 different
SEPT9 transcripts encoding 15 different isoforms, of which
six have been confirmed at protein level (72, 73). The con-
firmed protein isoforms a–f (transcript variants v1–v4, v5/6, v7)
share a C-terminal GTP-binding domain, preceded by a po-
lybasic motif and an N-terminal region of variable length (Fig.
6B). N-terminal protein sequence alignment of SEPT9 iso-
forms a–f showed that the phosphopeptide identified in this
study harboring the phosphorylated serine residue is only
present in isoforms a–c and absent in isoforms d–f (Fig. 6C).
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The respective phosphosite corresponds to Ser-30 in isoform
a, Ser-23 in isoform b and Ser-12 in isoform c.

The whole proteome analysis revealed that protein abun-
dance of SEPT9 remained relatively consistent during infec-
tion with EPEC WT or mutant across all observed time points
(supplemental Fig. S2B). This suggests that increased SEPT9
phosphorylation is not triggered by changes in SEPT9 expres-
sion levels, but solely because of changes at the post-trans-
lational level. This is supported by evidence from earlier work
comparing the proteomes of EPEC WT- and �escN-infected
polarized Caco-2 intestinal epithelial cells showing no signif-
icant changes in protein abundance of SEPT9 during infection
(74). To further assess this observation, we performed real-
time PCR using a primer pair that targeted all transcript vari-
ants v1–3 (isoforms a–c) of SEPT9 simultaneously. Also no
significant changes in SEPT9 expression levels could be de-
tected either in EPEC WT- or �escN-infected HeLa cells when
compared with the uninfected control (Fig. 6D, left panel).
Nevertheless, to ensure that the observed result was not
because of the up-regulation of one isoform and down-regu-

lation of another with no overall change in SEPT9 expression,
we repeated the real-time PCR with primer pairs specific for
each transcript variant. Analogous to previous results, the
expression of each transcript variant remained unaltered dur-
ing EPEC infection, indicating that the observed increased
phosphorylation event was solely regulated at the post-trans-
lational level (Fig. 6D). The abundance of SEPT9 v2 transcripts
was considerably lower than v1 and v3 in HeLa cells, as
SEPT9 variants v2 remained undetected using a different
variant-specific set of primers (data not shown). This suggests
that SEPT9(a) and SEPT9(c) represent the predominant
SEPT9 isoforms in HeLa cells.

Next we assessed the impact of SEPT9a/c on EPEC inter-
actions with HeLa cells. SEPT9 knockdown by siRNA in HeLa
cells successfully repressed the expression of isoforms a–c
(Fig. 6E, left panel). Using this approach, we analyzed EPEC-
mediated cytotoxicity as a measure of EPEC virulence. SEPT9
knockdown resulted in significantly reduced LDH-release and
cell death of EPEC WT-infected HeLa cells compared with
cells transfected with nontargeting control siRNA (Fig. 6E,
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phosphorylation as observed in the global HeLa cell phosphoproteome analysis. The average log2-transformed SILAC ratios for the
corresponding phosphopeptide at 0.5, 1.5, and 3 hpi were plotted (n � 3; �S.D.). In white: EPEC WT-infected cells compared with uninfected
control; in black: EPEC �escN-infected cells compared with uninfected control. B, Schematic illustration of SEPT9 domain structure including
the approximate localization of the Ser-30 phosphosite. C. Protein sequence alignment of the N terminus of all experimentally confirmed SEPT9
protein isoforms a–f. The corresponding transcript variant nomenclature is depicted in parenthesis. Identical residues are shaded in black. The
localization of the phosphopeptide (P-peptide), which was identified in the global phosphoproteome analysis, is indicated. The asterisk marks
the position of the regulated serine phosphosite. D, SEPT9 expression control by real-time PCR analysis using primer pairs that targeted SEPT9
transcript variants v1–3, v1, v2, or v3. Original RNA was isolated from HeLa cells that were uninfected, EPEC WT- (WT) or EPEC �escN-infected
(�escN) at 2 hpi. Expression levels were normalized relative to the average of expression in uninfected HeLa cells. The experiments were
performed in three technical and three biological replicates (n � 3; �S.D.). E, left panel, Western blot analysis of SEPT9 siRNA knockdown in
HeLa cells. Cells were either not transfected (�) or transfected with siRNA targeting SEPT9 or a nontargeting siRNA (nt1) as a control.
Forty-eight hour post-transfection, cells were lysed and 15 �g of HeLa cell lysate was subjected to 12% SDS-PAGE and subsequent Western
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right panel). No significant difference was observed for EPEC
�escN-infected cells, thus confirming our finding that EPEC-
mediated targeting of SEPT9 was T3SS-regulated (Fig. 6E,
right panel). We then tested whether the observed impact on
host cell death is because of SEPT9 regulation of EPEC
adherence to the host cell surface. Knockdown of SEPT9
resulted in a significant decrease of EPEC WT adherence to
HeLa cells (Fig. 6F). Consistent with the cytotoxicity results,
no significant changes in the number of adherent bacteria
were observed for EPEC �escN-infected cells during SEPT9
knockdown. These data strongly indicate that SEPT9 plays an
important role in EPEC-host cell interactions and that SEPT9
is involved in T3SS-mediated EPEC adherence to the host cell
surface.

We then assessed whether the T3SS-mediated phosphor-
ylation event in the N-terminal SEPT9 serine residue is re-
sponsible for SEPT9 involvement in EPEC virulence. We used
site-directed mutagenesis to generate FLAG-tagged SEPT9(a)
constructs that carried a replacement of Ser-30 by either
alanine to prevent phosphorylation (FLAG-SEPT9-S30A) or
glutamate to mimic constitutive phosphorylation (FLAG-
SEPT9-S30E). The transfection conditions used for subse-
quent experiments were chosen based on an earlier study to
ensure low expression and thus allow for functional integrity
and biological relevance of the transiently expressed FLAG-
tagged SEPT9 constructs ((38), Experimental Procedures).
Western blot analysis of HeLa cells transfected with respec-
tive constructs confirmed that both mutants and wild-type
(FLAG-SEPT9-WT) expressed similar levels of FLAG-tagged
SEPT9 (FLAG-SEPT9), indicating that neither Ser-30 substi-
tutions had a negative impact on protein stability (Fig. 7A). To
assess whether SEPT9 phosphorylation affects EPEC adher-
ence, we transfected HeLa cells with wild-type or mutant
SEPT9 constructs. When HeLa cells were transfected with
FLAG-SEPT9-S30A, EPEC WT adherence was significantly
decreased when compared with FLAG-SEPT9-WT trans-
fected HeLa cells (Fig. 7B). However, when cells were trans-
fected with FLAG-SEPT9-S30E, EPEC WT adherence was
similar to cells transfected with FLAG-SEPT9-WT. EPEC
�escN-infected HeLa cells showed no significant difference in
bacterial adherence. These data not only revealed that block-
ing Ser-30 phosphorylation impairs EPEC WT adherence but
also that phosphorylation mimicking by glutamate leads to a

functional rescue and promotes EPEC WT adherence to the
host cell.

Adherence to host cells is a key strategy of EPEC virulence
and is functionally connected with EPEC-induced host cell
death in cell culture models. Thus, assessment of cell death
by LDH-release analysis was used as an independent ap-
proach to confirm the previous findings. When compared with
FLAG-SEPT9-WT transfected cells, HeLa cells transfected
with FLAG-SEPT9-S30A and infected with EPEC WT dis-
played less cytotoxicity (Fig. 7C, p � 0.067). In contrast, cells
transfected with FLAG-SEPT9-S30E and infected with EPEC
WT showed a significant increase in LDH-release when com-
pared with FLAG-SEPT9-S30A transfected and EPEC WT-
infected cells. This again confirms the functional rescue by the
phospho-mimicking mutant and underlines the critical role of
SEPT9 phosphorylation in EPEC interactions with host cells.
As before, no significant differences were noted in EPEC
�escN-infected cells.

Collectively, these SEPT9 studies validate and functionally
characterize the phosphoproteomic data. These results sug-
gest that SEPT9 is a novel key host player in EPEC patho-
genesis controlling the pathogen’s attachment to the host cell
surface. Furthermore, T3SS-mediated phosphorylation of
Ser-30 in SEPT9 is critical for efficient bacterial adherence.

DISCUSSION

Alterations in host protein phosphorylation following infec-
tion can provide substantial insight into the molecular mech-
anisms by which human pathogens exploit host cell signaling
to cause disease. Here we present the first study that exam-
ines the global impact of an extracellular diarrheagenic bac-
terial pathogen on the host phosphoproteome.

The infection strategies of invasive and extracellular patho-
gens differ significantly. Because EPEC remains at the host
cell surface and does not replicate inside the host cell, it
experiences a reduced host exposure when compared with
Salmonella and Shigella. In addition, EPEC encodes a more
limited T3SS effector repertoire: e.g. it lacks a phosphothreo-
nine lyase such as the Salmonella effector SpvC or the Shi-
gella effector OspF (75, 76). This lack of effectors, especially
those with a significant role in host phosphoproteome mod-
ulation, and the limited host exposure suggests that EPEC
might have a reduced impact on the host phosphoproteome.

blotting using an antiSEPT9 antibody (39) and an anticalnexin antibody as a total protein control. Expected SEPT9 isoforms are indicated on
the right. Right panel, LDH-release assay of siRNA transfected and EPEC WT- or �escN-infected HeLa cells to measure the impact of SEPT9
on EPEC-mediated cytotoxicity and thus virulence. HeLa cells were transfected with siRNA targeting SEPT9 (siSEPT9, in black) or a
nontargeting siRNA (sint1, in white). Forty-eight hour post-transfection, cells were infected for 3 h, LDH-release was determined and normalized
relative to the average of LDH-release from EPEC �escN-infected and nontargeting siRNA-transfected HeLa cells (n � 3; �S.D.; *, p � 0.05).
F, Cell adherence assay of siRNA transfected and EPEC WT- or �escN-infected HeLa cells to determine the role of SEPT9 in bacterial
adherence to the host cell surface. HeLa cells were transfected with siRNA as in E. Forty-eight hour post-transfection, cells were infected for
2 h, washed eight times with PBS�/� and cfu counts were determined as a measure of bacterial adherence. The cfu counts were normalized
relative to the average cfu count that was determined from EPEC �escN-infected and nontargeting siRNA-transfected HeLa cells (n � 3; �S.D.;
*, p � 0.05).
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Consistent with this hypothesis we observed a less profound
impact on the host phosphoproteome by EPEC compared
with earlier phosphoproteomic profiling studies of Shigella or
Salmonella (19, 20). Nevertheless, our unbiased and compre-
hensive phosphoproteome analysis revealed that EPEC still

triggers extensive changes in the host phosphoproteome far
beyond what was established from targeted protein studies.

We observed a time-dependent increase of regulated phos-
phosites, which correlated to increased pathogen exposure.
As expected, the impact on host phosphorylation was more
profound in EPEC WT-infected cells when compared with
T3SS-deficient mutant-infected cells. The observed T3SS-de-
pendent alterations mainly affected cellular components that
are known targets of pathogens: e.g. MAPKs have been im-
plicated as an important signaling hub during host infection
with EPEC and various other bacterial pathogens, and are
often targeted by translocated bacterial virulence factors (16,
48, 77–80). Based on kinase enrichment, motif and T3SS-
regulated phosphosite analysis as well as the identification of
a T3SS-regulated MAPK activation loop phosphopeptide, our
results emphasize the central role of MAPK during EPEC
infection. In general, the data suggest that EPEC T3S effec-
tors modulate host signaling via phosphorylation of a wide
range of cellular processes. Besides previously unrecognized
host components in bacterial pathogenesis such as EPHA2
and TPD52, we also identified signaling hubs that are known
targets for EPEC virulence, such as TRAF2 (81, 82), but that
had not been shown to be impacted by phosphorylation upon
EPEC infection.

EPEC-mediated host cytoskeletal reorganization is the best
studied process in EPEC pathogenesis (8). However, the role
of phosphorylation in this process is not well understood, and
research thus far has mainly focused on Tyr-phosphorylation
of the bacterial effector Tir and components of the classical
NCK-N-WASP-ARP2/3 pathway (10, 12). The data presented
here provide additional mechanistic insights into serine and
threonine phosphorylation-mediated cytoskeletal regulation
during EPEC infection. We observed that targets within the
cytoskeleton were the cellular components most impacted by
T3S effectors. Actin-depolymerization factor and cofilin had
increased phosphorylation at Ser-3 early in infection. Cofilin is
recruited to pedestals where it presumably modulates actin-
filament dynamics (67). Ser-3 phosphorylation by LIMK has
been shown to inhibit the actin-filament depolymerizing ac-
tivity of cofilin suggesting a T3S-effector mediated stabiliza-
tion of actin filaments via this pathway early during infection
(68). An earlier model proposed that cofilin inactivation via the
RhoA-ROCK pathway stabilizes the actin microfilaments in
transient filopodia that form and disappear within 30 min of
infection (83, 84). We observed an increased abundance of
phosphorylated cofilin up to 1.5 h, which indicates an addi-
tional role beyond filopodia stabilization and possibly extends
to actin filament stabilization within pedestals. Another regu-
lator of actin filament dynamics, HSP27, showed increased
phosphorylation at Ser-82 in a T3SS-dependent manner dur-
ing EPEC infection. Phosphorylation of Ser-82, one of three
sites targeted by MAPKAP2, promotes actin filament forma-
tion (85, 86). This indicates that, in addition to cofilin phos-
phorylation, HSP27 phosphorylation might also function as a
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FIG. 7. Role of SEPT9 phosphorylation in EPEC pathogenesis.
A, Expression test. Western blot analysis of HeLa cells that were
transfected with N-terminally FLAG-tagged SEPT9 constructs includ-
ing wild-type (WT) and mutant SEPT9 constructs that carried a re-
placement of Ser-30 with either alanine (S30A) or glutamate (S30E).
Twenty-four hour post-transfection, 13 �g of HeLa cell lysate was
separated using 12% SDS-PAGE and subsequently probed with an
antiFLAG M2 antibody (mock, empty vector-transfected control). B,
Cell adherence assay of FLAG-SEPT9 construct-transfected and
EPEC WT- or �escN-infected HeLa cells to determine the role of
SEPT9 phosphorylation in bacterial adherence. HeLa cells were
transfected with plasmids encoding the proteins that are indicated in
the legend. Twenty-four hour post-transfection, cells were infected
for 2 h, washed eight times with PBS�/�, and cfu counts were
determined. The cfu counts were normalized relative to the average
cfu count deriving from EPEC �escN-infected and empty FLAG-
vector control-transfected HeLa cells (n � 3; �S.D.; *, p � 0.05). C,
LDH-release assay to analyze the impact of SEPT9 Ser-30 phosphor-
ylation on EPEC-mediated cytotoxicity. The experiment was per-
formed similar as in B, except that 3 hpi LDH-release was determined
and normalized relative to the average LDH-release from
EPEC�escN-infected and empty FLAG-vector control-transfected
HeLa cells (n � 3; �S.D.; *, p � 0.05).
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T3SS-triggered phosphorylation event that stabilizes actin fil-
aments during EPEC infection.

In contrast to cofilin and HSP27 phosphorylation, the bio-
logical relevance and functional consequence of N-terminal
SEPT9 Ser-30 phosphorylation was previously unknown.
T3SS-dependent increase in SEPT9 phosphorylation was one
of the most prominent events detected in this study. Using
siRNA knockdown and phosphosite mutants we showed for
the first time that SEPT9 and its phosphorylation play a critical
role in EPEC pathogenesis by impacting on bacterial adher-
ence to the host cell surface. SEPT9 is involved in a plethora
of cellular processes including actin dynamics, microtubule
regulation, cytokinesis, vesicle targeting, exocytosis, angio-
genesis, cell proliferation, shape, and motility as well as bac-
terial autophagy. Its architecture differs from most other sep-
tins as it is missing a C-terminal coiled-coil domain (71).
SEPT9 occupies the terminal position of octameric septin
complexes (SEPT9-SEPT7-SEPT6-SEPT2-SEPT2-SEPT6-
SEPT7-SEPT9), and can self-assemble via its N-terminal do-
main within the so-called NC-interface (interface of N- and
C-terminal domains). It also regulates the formation of higher-
order septin structures such as filaments and rings. Deletion
of its N terminus blocks septin higher-order structure forma-
tion (38). The fact that the observed SEPT9 phosphorylation is
localized within the N terminus indicates a possible function in
higher-order septin structure assembly. In yeast, the terminal
positions of septin octamers are occupied by Cdc11 or Shs1,
which are phosphorylated and have a more extended C-ter-
minal but shorter N-terminal domain than human SEPT9 (87).
Shs1 is phosphorylated within its C terminus and phospho-
mimetic mutants of respective sites impact yeast septin high-
er-order structure organization (88). However, the role of
phosphorylation in human SEPT9 regulation is not well under-
stood. A functional consequence of SEPT9 phosphorylation
was only recently reported: Cdk1-dependent phosphorylation
of an N-terminal threonine residue promoted SEPT9 interac-
tion with Pin1 protein to promote cytokinesis (89). Because
septins are involved in actin dynamics and actin remodeling
plays a critical role in EPEC pedestal formation and bacterial
adherence, it is possible that the observed adherence pheno-
type is because of an altered interaction of septin with ped-
estal components. Among those components, CIN85 is a
potential candidate. CIN85 regulates various cellular pro-
cesses including the organization of filamentous actin (90),
interacts with the SEPT9 N terminus (91) and was identified
among the most prominent T3SS-regulated phosphoproteins
in our analysis.

Our findings with SEPT9 may also apply to other bacterial
pathogens. Recent studies documented SEPT9 recruitment
to the site of Listeria and Shigella host cell entry and estab-
lished a crucial role of septin in bacterial invasion (69, 70). In
addition SEPT9 is recruited to ARP2/3- (for Listeria) and
ARP2/3-N-WASP-based (for Shigella) actin-tails that cytosolic
Listeria and Shigella use for intracellular motility. Moreover

SEPT9 is essential for the entrapment of cytosolic Shigella in
septin cages, which restrict the actin-based bacterial motility
(92). Increased SEPT9 Ser-30 phosphorylation was also de-
tected in recent phosphoproteomic studies of Shigella- and
Salmonella-infected epithelial cells (19, 20), indicating a poten-
tial link between SEPT9 phosphorylation and the contribution of
SEPT9 to the pathogenesis of Shigella and possible also of
other bacterial pathogens, such as Salmonella and Listeria.

Collectively these data provide a dynamic landscape of
EPEC-mediated alterations within the host phosphopro-
teome. We identified SEPT9 as a novel host target in EPEC
pathogenesis, established the biological relevance of SEPT9
Ser-30 phosphorylation, and provide mechanistic insights into
EPEC’s strategy to hijack host signaling.
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