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Enteropathogenic and enterohemorrhagic Escherichia coli (EPEC and EHEC, respectively) are attaching and
effacing (A/E) bacterial pathogens that cause severe diarrheal disease worldwide. To cause disease, A/E
pathogens require a type III secretion system, which facilitates transport of bacterial effector proteins directly
into infected host cells. One of these effector proteins translocated by the type III secretion system, EspZ, is
essential for A/E pathogen infection and functions to prevent rapid death of EPEC-infected cells. We further
investigated the mechanism of EspZ-mediated protection of infected host cells and found that a severe decrease
in host mitochondrial membrane potential (��m) occurs concurrently with host cell lysis during infection with
EPEC lacking EspZ (�espZ). It was also demonstrated that EspZ localizes to host cell mitochondria and
interacts with the translocase of inner mitochondrial membrane 17b (TIM17b). In addition, host cell cytotox-
icity was exacerbated in the absence of TIM17b during wild-type (WT) EPEC infection. The findings of this
study together provide the first evidence that EspZ localizes to host mitochondria and that TIM17b contributes
to protection against rapid cell death during EPEC infection.

Enteropathogenic and enterohemorrhagic Escherichia coli
(EPEC and EHEC, respectively) are attaching and effacing
(A/E) pathogens that are significant causes of morbidity and
mortality worldwide. EPEC infection results in severe infantile
diarrhea in developing countries, whereas EHEC is responsi-
ble for severe bloody diarrhea worldwide (8). A/E pathogens
interact with host intestinal epithelial cells, where they are able
to locally efface microvilli and attach to the surface of the host
cell (8). The ability of these pathogens to cause disease is
mediated by a type III secretion system (T3SS) encoded on a
pathogenicity island termed the locus of enterocyte effacement
(LEE). Intimate attachment to host cells is mediated by the
translocated intimin receptor (Tir), which is inserted into the
host cell plasma membrane and interacts with intimin, an A/E
pathogen outer membrane protein (17). Subsequently, a pleth-
ora of effector proteins is translocated into the infected host
cell by the T3SS, where they subvert cellular functions. EPEC
encodes at least 21 effector proteins, whereas EHEC encodes
at least 40 (15, 30). Although the functions of some of these
effector proteins during A/E pathogen infection are becoming
clearer, the roles of many remain unknown. It is also becoming
increasingly apparent that many effector proteins have several
functions during infection.

Host cell death during A/E pathogen infection is intricately
regulated by several effector proteins translocated by the T3SS.
The effector protein EspF was the first effector to be associated
with increased apoptosis of infected epithelial cells. EspF lo-
calizes to the mitochondria and causes release of cytochrome c

and depletion of antiapoptotic proteins, which initiate the in-
trinsic apoptosis cascade (14). The effector protein Map also
localizes to mitochondria and facilitates organellar dysfunction
and decreased mitochondrial membrane potential (��m),
which lead to cell death (20, 25). Similarly, the effector Cif also
facilitates cytochrome c release and apoptosis of infected host
cells (26). In addition to proapoptotic effector proteins, A/E
pathogens also inject several prosurvival factors. NleH1 and
NleH2 inhibit apoptosis by interaction with Bax inhibitor-1
(BI-1), and NleD downregulates proapoptotic signaling by
cleaving c-Jun N-terminal kinase (JNK) (2, 13). We have also
shown that host cell death is strongly antagonized by the ef-
fector EspZ during EPEC infection (28).

EspZ is a 9-kDa LEE-encoded effector protein that contains
two putative transmembrane domains and is essential for vir-
ulence of the murine A/E pathogen Citrobacter rodentium (10,
16, 28). We found that infection of cells in culture with an
espZ-knockout strain of EPEC (�espZ) causes cytotoxicity of
infected cells. We subsequently determined that EspZ upregu-
lates phosphorylation of AKT and focal adhesion kinase
(FAK) and acts partially through host CD98 to increase FAK
activation (28). Since FAK activation enhances prosurvival sig-
naling, this was one mechanism by which EspZ could dampen
host cell death during EPEC infection. However, the EspZ-
CD98 interaction was only partially responsible for the protec-
tive phenotype exhibited by EspZ since CD98 knockdown did
not heavily influence cytotoxicity during infection with wild-
type (WT) EPEC (28). We were therefore interested in further
investigating the mechanisms of cell death antagonized by
EspZ and identifying other host protein targets.

In our previous study, we identified the translocase of inner
mitochondrial membrane 17b (TIM17b) to be a putative
EspZ-interacting protein by yeast two-hybrid assay (28).
TIM17 is a component of the TIM23 complex, which is
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responsible for transport of proteins into the inner mito-
chondrial membrane and the mitochondrial matrix (5, 11).
This complex is composed of three inner membrane proteins
(TIM50, TIM23, and TIM17) and is dependent on energy
derived from the mitochondrial matrix motor, an intact
��m, and ATP (5). Specifically, TIM17 is responsible for
recruiting the presequence translocase-associated motor
(PAM) and sorting preproteins in the inner mitochondrial
membrane (IMM) (6).

In this study, we identified a second mechanism by which
EspZ is able to antagonize host cell death. To further charac-
terize the mechanism of host cell survival promoted by EspZ,
we investigated whether EspZ functions at the mitochondrion,
since this organelle plays a central role in host cell death and
survival pathways. We determined that a significant decrease in
��m accompanies cytotoxicity mediated by EPEC �espZ in-
fection. We further found that EspZ localizes to host mito-
chondria and that it also interacts with TIM17b. The ability of
EspZ to protect cells against death during EPEC infection was
dampened following small interfering RNA (siRNA) knock-
down of TIM17b. Collectively, this represents a second mech-
anism by which EspZ protects host cells against rapid cell
death during EPEC infection.

MATERIALS AND METHODS

Tissue culture, bacterial strains, primers, and transfection and infection con-
ditions. HeLa and HEK293T cells were purchased from the American Type
Culture Collection (ATCC) and maintained in Dulbecco’s modified Eagle me-
dium (DMEM) high glucose (Thermo Scientific) supplemented with 10% fetal
bovine serum (FBS; Thermo Scientific), 1% nonessential amino acids (NEAA;
Gibco), and 1% GlutaMAX medium (Gibco). Cells were used from passages 5
to 20. Bacterial strains used in this study are listed in Table 1. Oligonucleotide
primers used in this study are listed in Table 2, and plasmids used in this study
are listed in Table 3.

HeLa cells were transfected using FuGENE HD transfection reagent (Roche) as
previously described (28) and were assayed at 24 to 36 h posttransfection. Lysates
were subject to Western blot analysis to determine efficiency of transfection.
HEK293T cells were transfected using calcium phosphate as described previously
(28).

Infections were performed as previously described (28). For the 5,5�,6,6�-
tetrachloro-1,1�,3,3�-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) assay, a
1:600 dilution of overnight standing bacterial cultures was prepared in DMEM
and used to infect HeLa cells in a 96-well plate.

Generation of �espZ/espZ and �espZ/espZ-HA complemented strains. Com-
plementation of espZ was achieved by chromosomal insertion with Tn7 into
EPEC �espZ or �espZ �sepD as previously described (27). Briefly, espZ was

PCR amplified from EPEC genomic DNA using oligonucleotides espZ-f and
espZ-r. A hemagglutinin (HA)-tagged version of espZ (espZ-HA) was also cre-
ated by PCR using oligonucleotides espZ-f and espZHA-r. These PCR products
were sequenced at the Nucleic Acid Protein Service (NAPS) unit (University of
British Columbia [UBC], Vancouver, British Columbia) and cloned into the
BamHI/EcoRI site of pMAC5 prior to conjugation and site-specific integration
into the chromosome of EPEC �espZ or �espZ �sepD. The complementing
strains were designated MCE007 (�espZ/espZ), MCE008 (�espZ/espZ-HA),
MCE010 (�espZ �sepD/espZ), and MCE011 (�espZ �sepD/espZ-HA).

Generation of TIM17b-FLAG fusion. TIM17b cDNA was obtained from
clones from the BD Matchmaker pretransformed HeLa cell cDNA library as
previously described (28). The TIM17b cDNA lacking its stop codon was cloned
into pCMV-TAG4A (pCMV4A) (Stratagene). Primers TIM17-F and TIM17-R
were used to PCR amplify TIM17b cDNA with a Kozak sequence on the 5� end.
The purified PCR product was cloned as a NotI/HindIII fragment into the
multiple-cloning site of pCMV4A in frame with the downstream FLAG tag
sequence. The TIM17b gene sequence was confirmed by DNA sequencing.

JC-1 ��m assay. HeLa cells were plated at 5 � 104 cells/well in a 96-well black
clear-bottom tissue culture-treated plate (Costar) at 24 h prior to infection. Cells
were washed in phosphate-buffered saline with Ca2� and Mg2� (PBS�/�), and a
1:600 dilution of EPEC strains or uninoculated LB broth in DMEM was added
to each well. Cells were infected for 2, 3, or 4 h, as indicated. The JC-1 mito-
chondrial membrane potential (��m) assay kit (Cayman Chemical Company)
was used according to the manufacturer’s instructions. Briefly, at 15 min prior to
termination of the infection, 10 �l of prepared JC-1 reagent was added to each
well and the contents were mixed by gently swirling the plate. The plate was
centrifuged for 5 min at 400 relative centrifugal force (RCF) in a Beckman
tabletop centrifuge, and the supernatant was aspirated. Two hundred microliters
of assay buffer was added to each well, and the plate was centrifuged as described
above. Wash steps were repeated, followed by addition of 100 �l assay buffer and
analyses using a Tecan M200 microplate reader. JC-1 aggregates (J aggregates)
and J monomers were quantified using excitation/emission wavelengths of 560/
595 nm and 485/535 nm, respectively. Data were plotted as J aggregates/J mono-
mers of samples in triplicate.

LDH release assay. For analysis of lactate dehydrogenase (LDH) presence in
supernatants, a CytoTox96 nonradioactive cytotoxicity assay (Promega Corpo-
ration, Madison, WI) was used according to the manufacturer’s instructions. The
absorbance at 492 nm was read in a Tecan plate reader. Percent cytotoxicity was
measured by normalizing values at 492 nm to the values for a 100% cytotoxicity
control and uninfected controls according to the manufacturer’s instructions. LDH
release from bacterial strains alone was quantified and found to be negligible.

Confocal microscopy. HeLa cells were plated on sterile glass coverslips at 24 h
prior to transfection. Cells were washed in PBS�/� and fixed in 3.7% paraform-
aldehyde (Sigma) for 20 min at room temperature. Coverslips were washed 3�

TABLE 2. Oligonucleotide primers used in this study

Name Sequence (5� 3 3�)a

TIM17-F................AATTGCGGCCGCGGCACCATGGAGGAGTA
CGCTCGGGAGCCC

TIM17-R...............AATAAGCTTGTGGTACTGATAGCTGGGG
espZ-f ....................CGACGGATCCTTAGTTATACTCTAAAGCAA

ACGTAAC
espZ-r....................TAGAATTCTTAGGCATATTTCATCGCTAATC
espZHA-r..............TAGAATTCTTAAGCGTAATCTGGAACATCG

TATGGGTAGGCATATTTCATCGCTAA
TCCG

a Restriction endonuclease cleavage sites are in bold. Kozak sequences are
underlined.

TABLE 1. Bacterial strains used in this study

Strain Source or reference

EPEC O127:H6 strain E2348/69
WT...............................................................19
�espZ ...........................................................28
�espZ/espZ (MCE007) ..............................This study
�espZ/espZ-HA (MCE008) ......................This study
�sepD...........................................................9
�sepD �espZ...............................................28
�sepD �espZ/espZ (MCE010)..................This study
�sepD �espZ/espZ-HA (MCE011) ..........This study

Escherichia coli
SM10�pir .....................................................22
DH5��pir ....................................................22
EC100Dpir�................................................Epicentre Biotechnologies
	7249...........................................................1

TABLE 3. Plasmids used in this study

Name Source or reference

pCMV-TAG4A (pCMV4A)...........................Stratagene
pCMV4A::TIM17b ..........................................This study
pcDNA3::HA2espZ ..........................................28
pcDNA3::HA2 ..................................................28
pEHespZ-GFPN ..............................................28
pEGFP-N1........................................................BD Biosciences Clontech
pMAC5 .............................................................27
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10 min in PBS without Ca2� and Mg2� (PBS
/
), and cells were permeabilized
in 0.2% Triton X-100 for 5 min at room temperature. Coverslips were inverted
on 50 �l blocking buffer (5% normal goat serum [NGS] in PBS with 0.5% Tween
20 [PBST] and 0.1% bovine serum albumin [BSA], 50 mM NH4Cl) for 30 min
under humidified conditions at room temperature. Coverslips were incubated in
primary antibody (1:200 dilution of mouse anti-HA.11 [Sigma], rabbit anti-
cytochrome c oxidase IV [COX IV; Cell Signaling Technologies], or anti-
TIM17b [ProteinTech]) in 1% NGS–PBST–BSA overnight at 4°C. When Mito-
Tracker Deep Red stain (Invitrogen) was used, 500 nM reagent was added to
cells at 20 min prior to harvesting of coverslips. Coverslips were washed 3 times
for 10 min each time in PBST-BSA, followed by inversion on secondary antibody
solution (Alexa 488-conjugated goat antimouse or Alexa 633-conjugated goat
antirabbit antibodies with 1% NGS in PBST-BSA) in the dark under humidified
conditions at room temperature for 90 min. Coverslips were washed in the dark
3 times for 10 min each time in PBST-BSA and mounted on clean glass slides in
ProLong Gold antifade reagent with 4�,6-diamidino-2-phenylindole (DAPI; In-
vitrogen) mounting medium. Coverslips were sealed with nail polish and imaged
on an Olympus Fluoview 10i laser scanning confocal microscope at the UBC
BioImaging Facility (Vancouver, British Columbia, Canada). Images were as-
sembled using ImageJ and Adobe Photoshop software.

Immunoprecipitation. HEK293T cell lysates were generated using NP-40 lysis
buffer (1% [vol/vol] Nonidet P-40, 20 mM Tris [pH 7.5], 150 mM NaCl, 10 mM
sodium pyrophosphate, and 50 mM NaF all supplemented with 1 mM Na3VO4,
and protease inhibitor cocktail [Roche]) and cleared by centrifugation as de-
scribed previously (28). Protein G-conjugated DynaL beads (Invitrogen) were
bound to mouse anti-FLAG M2 (Sigma) or normal mouse IgG isotype control
(IC; Jackson ImmunoResearch Labs). Immunoprecipitations were performed
according to the manufacturer’s instructions. Twenty microliters of 3� Laemmli
sample buffer was used to resuspend beads prior to Western blot analysis.

Western blotting. Proteins separated by denaturing SDS-PAGE were trans-
ferred to pure nitrocellulose or methanol-activated polyvinylidene difluoride
membranes (Bio-Rad) using a wet transfer cell (Bio-Rad). Membranes were
blocked for 30 min in blocking buffer (5% nonfat milk in Tris-buffered saline
[TBS] plus 0.1% Tween 20 [TBST]) with rocking at room temperature. Primary
antibodies were diluted in blocking buffer as described below, and membranes
were incubated in this solution overnight at 4°C with rocking. Wash steps were
performed in TBST 3 times for 10 min each time, followed by incubation in a
1:5,000 dilution of goat anti-mouse or goat anti-rabbit horseradish peroxidase-
conjugated antibodies for 60 min at room temperature with rocking. Membranes
were washed as described above, followed by addition of enhanced chemilumi-
nescence reagent (Amersham) and chemiluminescent imaging on Kodak Bio-
Max film. Primary antibodies were diluted as follows: 1:1,000 for anti-HA.11
(Sigma), 1:1,000 for anti-TIM17b (ProteinTech), 1:1,000 for anti-green fluores-
cent protein (anti-GFP; Abcam), 1:2,500 for anticalnexin (Enzo Pharmaceuti-
cals), 1:1,000 for anti-�-tubulin (Sigma), 1:1,000 for anti-COX IV (Cell Signaling
Technologies), and 1:1,000 for anti-FLAG M2 (Sigma).

Isolation of cellular mitochondria. Mitochondrion-enriched fractions were
isolated from HeLa cells either infected with EPEC strains or transfected with
pcDNA3::HA2espZ or pcDNA3::HA2 using a mitochondrion isolation kit for
cultured cells (Pierce; Thermo Scientific). Briefly, 2 � 107 cells were pelleted,
resuspended in mitochondrial isolation reagent (MIR) A (Pierce, Thermo Sci-
entific), and vortexed at medium speed for 5 s, followed by incubation on ice for
2 min. MIR B (Pierce; Thermo Scientific) was added, and the tubes were
incubated on ice for 5 min with 5 s of vortex mixing every minute. MIR C (Pierce;
Thermo Scientific) was added, and the tubes were inverted to mix, followed by
centrifugation at 700 RCF for 10 min at 4°C. Supernatants were transferred to
new tubes and centrifuged at 12,000 RCF for 15 min at 4°C. Supernatants
(cytosolic fraction) were transferred to a new tube and stored at 
20°C until use.
The pellet (mitochondrion-enriched fraction) was washed in MIR C and centri-
fuged at 12,000 RCF for 5 min. Mitochondria were solubilized in 100 �l 2%
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate in TBS. Cytoso-
lic and mitochondrial protein concentrations were quantified using the Coomas-
sie Plus protein assay (Pierce; Thermo Scientific), and cytosolic and mitochon-
drial proteins were resuspended in 3� Laemmli sample buffer prior to protein
separation by SDS-PAGE and Western blot analysis.

siRNA. siGENOME oligonucleotides targeting TIM17b (SMARTpool
TIMM17B) or nontargeting oligonucleotides (control; SMARTpool Pool 1)
were purchased from Dharmacon (Thermo Scientific). Oligonucleotides were
suspended in 1� siRNA buffer (Dharmacon) and stored at 
80°C until use.
siRNA (100 nM) was transfected into HeLa cells at 30% confluence using
Oligofectamine (Invitrogen) according to the manufacturer’s directions, and
media were changed at 24 h posttransfection. At 48 h posttransfection, cells were

infected or transfected and assayed as described above. Lysates were collected
for Western blot analysis to confirm knockdown.

Type III secretion assay. Proteins secreted by the EPEC type III secretion
system were assayed as previously described (9). Briefly, bacteria were subcul-
tured from overnight shaking cultures into prewarmed DMEM and incubated in
an incubator at 37°C in 5% CO2 for 6 h. Bacterial pellets were saved, and
supernatants were filtered, followed by precipitation with trichloroacetic acid
(TCA) overnight at 4°C. Secreted proteins were pelleted by centrifugation and
resuspended in 3� Laemmli sample buffer. Saturated Tris solution was added to
adjust the pH. Proteins (secreted and pelleted) were separated by SDS-PAGE,
followed by either staining with Coomassie brilliant blue G250 or Western blot
analysis.

Statistical analysis. All statistical analyses were performed using an unpaired
two-tailed t test with a 95% confidence interval. In all experiments, error bars
denote standard deviation (�SD) of samples tested in duplicate or triplicate.

RESULTS

Chromosomal insertion of espZ can complement �espZ and
preserve type III secretion of other effector proteins. EspZ is
an essential virulence factor in A/E pathogens. We have pre-
viously determined, using an espZ-knockout strain (�espZ),
that it acts to protect host cells from rapid cell death (10, 28).
In our previous study, we used cell lines stably expressing
EspZ-GFP to complement �espZ since overexpression of espZ
on a plasmid interfered with secretion of other effector pro-
teins (28). For this study, we generated EPEC �espZ strains
containing a single chromosomal copy of espZ either epitope
tagged with HA or untagged. We then utilized an EPEC �espZ
�sepD double knockout to visualize secretion of effector pro-
teins, as performed previously (9, 28). Type III secretion assays
were then used to visualize proteins secreted by various EPEC
strains. We found that the EPEC �espZ/espZ and �espZ/
espZ-HA strains exhibited a normal translocator profile since
EspBD and EspA were all secreted (Fig. 1A). The �espZ
�sepD strains all had normal effector secretion profiles, indicated
by the presence of Tir and NleA (Fig. 1A) (9). EspZ could be

FIG. 1. Chromosomal insertion of espZ preserves type III secretion
system of effectors and translocators from EPEC. (A) Secreted pro-
teins from EPEC strains were separated by SDS-PAGE and visualized
by Coomassie brilliant blue G250 staining. Translocator (black text)
and effector (red text) secretion was analyzed using �espZ, �espZ/
espZ, and �espZ/espZ-HA in a WT or �sepD background. EPEC
�escN was used as a control for no type III secretion system, since only
EspC, a non-type III system-secreted protein, is observed. (B) Secreted
proteins were subjected to Western blot analysis with anti-HA anti-
bodies. An 11-kDa HA-reactive band was observed in the secreted
protein fraction of the �sepD �espZ/espZ-HA strain.
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visualized only in the supernatants of EPEC �sepD; however, the
chromosomally inserted espZ-HA strain secreted EspZ, as de-
tected by Western blot analysis, demonstrating that chromosomal
copies of espZ in the �espZ background enable secretion of the
EspZ protein (Fig. 1B). We then utilized this �espZ/espZ strain as
a tool to further understand the mechanism(s) by which EspZ
protects infected host cells from rapid cell death.

EspZ protects EPEC-infected cells from severe loss of ��m.
We previously demonstrated that EspZ protects EPEC-in-
fected cells from premature cell death by interaction with host
CD98 (28). However, the EspZ-CD98 interaction does not
account for all of the protection elicited by EspZ, suggesting
that other mechanisms by which EspZ is protecting host cells
exist (28). Since cell death caused by an espZ-null (�espZ)
strain was characterized by rapid cell lysis, characteristic of
necrotic cell death, we examined the mitochondrial inner
membrane potential (��m) in HeLa cells infected with EPEC
strains. To observe changes in ��m over time during the course
of EPEC infection, we utilized the J-aggregate-forming lipo-
philic cation 5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethylbenzimid-
azolcarbocyanine iodide (JC-1) (29). JC-1 preferentially local-
izes to mitochondria and is used to measure ��m (7, 29). In
healthy cells with a high ��m, JC-1 forms aggregates (J aggre-
gates), which emit a red fluorescence; however, when ��m is
low, JC-1 is present in a monomeric form (J monomers), which
emits a green fluorescence. In this assay, ��m can be quantified
by plotting the ratio of J aggregates/J monomers. HeLa cells
were infected with either EPEC WT, �espZ, or �espZ/espZ or
were left uninfected for 2, 3, or 4 h, followed by staining with
JC-1. Fluorescence intensity was measured at excitation/emis-
sion wavelengths of 560/595 nm and 485/535 nm for monomers
and aggregates, respectively. Aggregate/monomer ratios were
normalized to 1.0 in uninfected cells (Fig. 2A). Cells infected
with WT EPEC had decreased ��m compared to uninfected
cells (Fig. 2A), as previously demonstrated (20). However,
EPEC �espZ infection caused a significant decrease in the
aggregate/monomer ratio compared to WT and �espZ/espZ
infection at 3 and 4 h postinfection, indicating that ��m is
greatly decreased by EPEC �espZ infection (P � 0.05) (Fig.
2A). Supernatants were taken from infected cells, and LDH
was quantified. Untreated cells were lysed using Triton X-100,
and the LDH present in the supernatants of these cells was set
at 100% cytotoxicity (see Materials and Methods). As observed
previously, significantly greater LDH levels were present in the
supernatants of HeLa cells infected with EPEC �espZ than
cells infected with WT at 3 and 4 h postinfection (P � 0.01)
(Fig. 2B). Infection with EPEC �espZ/espZ resulted in LDH
release similar to that caused by WT EPEC infection at 3 h
postinfection (Fig. 2B). These data demonstrate that EPEC
�espZ infection causes a severe loss in ��m that occurs con-
currently with host cell lysis.

EspZ interacts with TIM17b. In a previous study, we iden-
tified TIM17b to be a putative host protein partner binding to
EspZ by yeast two-hybrid assay (28). TIM17b is a mitochon-
drial inner membrane protein that is responsible for voltage
gating of the TIM23 protein import complex and relies on an
intact ��m to function (4, 21). We thus aimed to confirm our
previous yeast two-hybrid assay data indicating that EspZ in-
teracts with host TIM17b. Coimmunoprecipitation experi-
ments were performed to determine if a TIM17b-FLAG fusion

protein could immunoprecipitate EspZ-enhanced GFP
(eGFP). We used an anti-FLAG antibody to immunoprecipi-
tate proteins interacting with TIM17b-FLAG and normal
mouse IgG as an IC. We were able to specifically immunopre-
cipitate EspZ-eGFP but not eGFP alone with TIM17b-FLAG
(Fig. 3A). Input lysates were analyzed by Western blotting to
confirm expression of TIM17b-FLAG, EspZ-eGFP, and eGFP
(Fig. 3B). As suggested by our previous yeast-two hybrid assay
data (28), EspZ does indeed interact with TIM17b.

EspZ localizes to mitochondria. We have previously dem-
onstrated that EspZ localizes to host cell membranes (28), and
on the basis of the interaction between EspZ and TIM17b, we
hypothesized that EspZ likely also localizes to host mitochon-
dria. To test this hypothesis, we first infected HeLa cells with
EPEC �espZ/espZ-HA and attempted to visualize EspZ using
anti-HA staining by immunofluorescence microscopy. How-
ever, we were unable to observe EspZ staining by this method

FIG. 2. Infection with EPEC �espZ causes severe loss of ��m.
(A) HeLa cells were infected with either EPEC WT, �espZ, or �espZ/
espZ or left uninfected (UI). JC-1 reagent was added to cells 15 min
prior to termination of infection, and cells were washed with assay
buffer three times. Fluorescence intensity was measured at excitation/
emission wavelengths of 560/595 nm and 485/535 nm for J monomers
(low ��m) and J aggregates (high ��m), respectively. ��m was plotted
as the ratio of J aggregates/J monomers. Asterisks indicate statistical
significance (P � 0.05) by Student’s t test for samples tested in tripli-
cate. p.i., postinfection. (B) Supernatants of HeLa cells infected for 2,
3, or 4 h with either EPEC WT, �espZ, or �espZ/espZ, left uninfected,
or treated with Triton X-100 (100% cytotoxicity; data not shown) were
assayed for the presence of LDH. Values were normalized against
those for Triton X-100-treated cells (100% cytotoxicity) and unin-
fected cells (1% cytotoxicity). Asterisks indicate statistical significance
(P � 0.05) by Student’s t test for samples tested in triplicate. These
data are representative of three independent experiments.
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(data not shown). As an alternative method, we transfected
HeLa cells with pcDNA3::HA2espZ and stained these cells for
COX IV, which is a mitochondrial inner membrane protein
(18). We used Alexa 633-conjugated goat anti-rabbit antibod-
ies to image COX IV (red) and mouse anti-HA.11, followed by
Alexa 488-conjugated goat anti-mouse antibodies to image
EspZ (green). We observed similar staining patterns in the
anti-COX IV and anti-HA images, suggesting that EspZ local-
ized similarly to COX IV (Fig. 4A). We were also able to
observe costaining between EspZ-eGFP and the mitochondri-
on-specific stain MitoTracker (data not shown).

To further confirm that EspZ localizes to mitochondria, in
addition to other cellular membranes, we isolated mitochon-
dria from HeLa cells expressing HA2EspZ and performed
Western blot analysis on the cytosolic and mitochondrial frac-
tions. COX IV and �-tubulin were used as markers for the
mitochondrial and cytosolic fractions, respectively (Fig. 4B).
We observed HA2EspZ in mitochondrially enriched but not
cytosolic fractions (Fig. 4B), which provides further evidence
that EspZ can localize to host cell mitochondria, in addition to
other cellular membranes.

siRNA knockdown of TIM17b dampens EspZ-mediated sur-
vival during EPEC infection. EspZ protects EPEC-infected
host cells from premature cell death and is essential for suc-
cessful colonization of C. rodentium in vivo (10, 28). To deter-
mine if TIM17b contributes to EspZ-mediated protection from

cell death during EPEC infection, we performed LDH release
assays using HeLa cells treated with TIM17b-specific
(TIM17b) or nontargeting (control) siRNAs. HeLa cells trans-
fected with TIM17b and control siRNAs were infected with
EPEC WT or EPEC �espZ for 2, 3, or 4 h. TIM17b knockdown
resulted in significantly greater HeLa cell cytotoxicity during
WT EPEC infection compared to that by the nontargeting
siRNA control at all time points examined (P � 0.05; Fig. 5A).
However, knockdown of TIM17b did not influence cytotoxicity
levels during infection with EPEC �espZ (Fig. 5B). Uninfected
and detergent-treated cells were used as controls for sponta-
neous and total lysis, respectively. Lysates from infected cells
treated with TIM17b and control siRNA were collected and
subjected to Western blot analysis to confirm TIM17b knock-
down. Indeed, TIM17b-specific siRNA resulted in a reduction
of TIM17b protein (Fig. 5C). Calnexin was used as a loading
control (Fig. 5C). Together, these data suggest that in the
presence of EspZ, TIM17b contributes to host cell survival
during EPEC infection.

DISCUSSION

Diarrheagenic Escherichia coli relies on a plethora of viru-
lence factors secreted by a T3SS to efficiently hijack host cell
signaling pathways. Specifically, several effector proteins have
been shown to intricately regulate cytotoxicity during EPEC

FIG. 3. EspZ interacts with TIM17b. (A) HEK293T cells were
cotransfected with pCMV4A::TIM-17b, pCMV-Tag4A, pEHespZ-
NGFP, or pEGFP-N1, as indicated in the text. Cells were lysed and
subject to immunoprecipitation with anti-FLAG antibodies or mouse
IgG IC, as described in the text. Precipitated proteins were subjected
to Western blot analysis. EspZ-eGFP and TIM17-FLAG are indicated
with arrows, and nonspecific antibody bands are indicated with aster-
isks. (B) Lysates from HEK293T cells were subjected to Western blot
analysis to confirm transfection efficiency. EspZ-eGFP, eGFP, and
TIM17-FLAG are indicated with arrows.

FIG. 4. EspZ localizes to host cell mitochondria. (A) HeLa cells were
plated on glass coverslips and transfected with pcDNA3::HA2espZ.
Cells were stained with rabbit anti-COX IV (red) and mouse anti-
HA.11 (green), followed by Alexa 633-conjugated goat antirabbit
and Alexa 488-conjugated goat antimouse antibodies, respectively.
Coverslips were mounted in ProLong Gold with DAPI to image
cellular nuclei (blue). (B) HeLa cells were transfected with either
pcDNA3::HA2espZ or pcDNA3::HA2, and mitochondrial fractions
were isolated as described in the text. Antibodies that recognize
cytochrome c and �-tubulin were used as controls for mitochondrial
(Mito) and cytoplasmic (Cyto) fractions, respectively. Anti-HA an-
tibodies were used to visualize HA2EspZ.
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infection by promoting antagonistic prosurvival and prodeath
pathways. We had previously demonstrated that the EspZ ef-
fector protein translocated by the T3SS protects EPEC-in-
fected cells from premature cytotoxicity partially due to inter-
action with host CD98 (28). Since CD98 could account for only
partial protection against cell death elicited by EspZ, we in-
vestigated further mechanisms of EspZ-mediated cell survival.

Host cell death resulting from EPEC �espZ infection had
characteristics of necrotic cell death. Cell lysis, characterized
by the presence of LDH in cell supernatants, occurs rapidly
following necrotic cell death and was displayed by EPEC
�espZ-infected cells. Rapid cell lysis resulting from necrosis

generally occurs after mitochondrial swelling, ATP depletion,
and decreased mitochondrial membrane potential (12). We
initially examined ��m as a measure of necrotic cell death
during EPEC infection and found that ��m decreased signif-
icantly during EPEC �espZ infection concurrently with LDH
release. Infection with a chromosomally complemented �espZ/
espZ strain resulted in greater ��m than infection with a �espZ
strain, which suggests that in the absence of EspZ, EPEC
causes necrotic cell death.

In our previous study, we identified several putative host
partners binding to EspZ via stable isotope labeling with amino
acids in cell culture (SILAC) and yeast-two hybrid assay
screening. TIM17b was found to interact with EspZ by yeast-
two hybrid assay but not SILAC (28). Since TIM17b contrib-
utes to voltage gating in mitochondria and requires intact ��m

to function, we tested whether EspZ does indeed interact with
TIM17b. We initially found that EspZ bearing an N-terminal
epitope tag does not interact with TIM17b (data not shown),
which demonstrates why TIM17b did not immunoprecipitate
with HA2EspZ in the SILAC experiments. However, EspZ
with a C-terminal GFP epitope tag does interact with TIM17b
by coimmunoprecipitation. We were thus able to validate the
interaction between TIM17b and EspZ using a second method.

TIM17b is an IMM protein, and we therefore hypothesized
that EspZ likely localizes to host mitochondria. Initially, we
used EspZ-GFP to attempt to localize EspZ within host cells;
however, we observed heavy background staining in the cell
cytosol, likely due to the size of the epitope tag (data not
shown). Consequently, we transiently expressed HA2EspZ in
HeLa cells. We observed that HA2EspZ localized similarly to
the mitochondrial inner membrane protein COX IV and at-
tempted to further confirm EspZ localization using organellar
fractionation. We observed EspZ localization in mitochon-
drion-enriched fractions of HeLa cells expressing HA2EspZ,
which further suggests that ectopically expressed EspZ local-
izes to mitochondria. Interestingly, EspZ does not encode a
canonical mitochondrion-targeting sequence (MTS). However,
the effector EspJ also localizes to mitochondria in the absence
of a known MTS (18).

Other EPEC effectors localize to and affect host cell mito-
chondria. Map and EspF are LEE-encoded effector proteins
that localize to host mitochondria and impair their function by
dampening ��m, with the latter also causing cytochrome c
release, resulting in host cell apoptosis (23–25). Although Map
has not been linked directly with host cell apoptosis during
EPEC infection, it does translocate into the mitochondrial
matrix. Papatheodorou and colleagues found that Map trans-
port into the mitochondria was dependent on translocase of
outer mitochondrial membrane 22 (TOM22), TOM44, mito-
chondrial heat shock protein 70 (mtHsp70), and the ��m (25).
Conversely, EspF did not alter mitochondrial morphology
(25). Both Map and EspF encode a canonical MTS in their
N-terminal regions (23–25).

TIM17b is part of the TIM23 IMM translocase complex
responsible for transporting proteins into the inner mitochon-
drial membrane or mitochondrial matrix (3). We therefore
aimed to determine if EspZ requires TIM17b to gain access to
host mitochondria. Interestingly, siRNA knockdown of
TIM17b did not impact localization of EspZ to host mitochon-
dria (data not shown), which implies that EspZ either utilizes

FIG. 5. siRNA knockdown of TIM17b dampens the ability of EspZ
to protect HeLa cells from EPEC-mediated cell lysis. HeLa cells
treated with either TIM17b-specific or nontargeting (control) siRNA
were infected with EPEC WT (A) or �espZ (B) for 2, 3, or 4 h. LDH
present in cellular supernatants was quantified and plotted as percent
cytotoxicity. Asterisks indicate statistical significance of samples tested
in triplicate (P � 0.05). Data are representative of two independent
experiments. (C) Lysates were generated from EPEC-infected and
uninfected cells and subjected to Western blot analysis using anti-
TIM17b and anticalnexin (loading control) antibodies to demonstrate
siRNA knockdown efficiency.
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another host protein for import or encodes a noncanonical
mitochondrial targeting sequence, similar to EspJ (18). Inter-
action with TIM17b likely occurs following EspZ localization
to mitochondria and may regulate mitochondrial localization
of Map and EspF. Further investigation is required to deter-
mine if the EspZ-TIM17b interaction is required for import of
other effectors into host mitochondria.

To determine if the EspZ-TIM17b interaction contributes to
EspZ-mediated protection against host cell death, we utilized
siRNA to knock down TIM17b. We observed increased cyto-
toxicity during infection with EPEC WT but not EPEC �espZ
following siRNA knockdown, which suggests that TIM17b
plays a role in protection against premature cytotoxicity in the
presence of EspZ. TIM17b has not been implicated in cell
death; however, its function is strongly correlated with an in-
tact ��m (21). We have examined the status of cytochrome c at
host mitochondria during infection and found that infection with
EPEC �espZ does not alter its localization (data not shown). This
further supports the notion that EspZ protects EPEC-infected
cells against necrotic cell death. Further studies are required to
reveal the precise mechanisms by which EspZ is utilizing TIM17b
to protect host cells against rapid cell death.

It has become increasingly apparent that many effector pro-
teins translocated by the T3SS carry out several functions dur-
ing A/E pathogen infection. By further investigating the roles
of effector proteins, we are uncovering mechanisms by which
these pathogens are able to efficiently cause disease and incapac-
itate their hosts. Regulation of host cell death is a critical function
of several A/E pathogen effector proteins, and understanding the
mechanisms by which they manipulate cell death pathways will
enhance our understanding of their virulence strategies.
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