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ABSTRACT

To survive and replicate within a host, many viruses have evolved strategies that target crucial components within the apoptotic
cascade, leading to either inhibition or induction of cell apoptosis. Enterovirus 71 (EV71) infections have been demonstrated to
impact the mitochondrial apoptotic pathway and induce apoptosis in many cell lines. However, the detailed mechanism of
EV71-induced apoptosis remains to be elucidated. In this study, we report that EV71 2B protein (2B) localized to the mitochon-
dria and induced cell apoptosis by interacting directly with and activating the proapoptotic protein Bax. 2B recruited Bax to the
mitochondria and induced Bax conformational activation. In addition, mitochondria isolated from 2B-expressing cells that were
treated with a recombinant Bax showed increased Bax interaction and cytochrome ¢ (Cyt c) release. Importantly, apoptosis in
cells with either EV71 infection or 2B expression was dramatically reduced in Bax knockdown cells but not in Bak knockdown
cells, suggesting that Bax played a pivotal role in EV71- or 2B-induced apoptosis. Further studies indicate that a hydrophobic
region of 18 amino acids (aa) in the C-terminal region of 2B (aa 63 to 80) was responsible for the location of 2B in the mitochon-
dria. A hydrophilic region of 14 aa in the N-terminal region of 2B was functional in Bax interaction and its subsequent activa-
tion. Moreover, overexpression of the antiapoptotic protein Bcl-X; abrogates 2B-induced release of Cyt c and caspase activation.
Therefore, this study provides direct evidence that EV71 2B induces cell apoptosis and impacts the mitochondrial apoptotic
pathway by directly modulating the redistribution and activation of proapoptotic protein Bax.

IMPORTANCE

EV71 infections are usually accompanied by severe neurological complications. It has also been postulated that the induction of
cell apoptosis resulting from tissue damage is a possible process of EV71-related pathogenesis. In this study, we report that EV71
2B protein (2B) localized to the mitochondria and induced cell apoptosis by interacting directly with and activating the proapop-

totic protein Bax. This study provides evidence that EV71 induces cell apoptosis by modulating Bax activation and reveals im-
portant clues regarding the mechanism of Cyt ¢ release and mitochondrial permeabilization during EV71 infection.

Enterovirus 71 (EV71) is an RNA icosahedral virus that belongs
to the human enterovirus species A of the genus Enterovirus
within the Picornaviridae family (1, 2). EV71 is thought to be one
of the main pathogens that cause foot, hand, and mouth disease
(HFMD) in young children (3, 4). In recent years, outbreaks of
EV71-related HFMD have been reported in Southeast and East
Asia, including Taiwan, Malaysia, Singapore, Japan, and China (5,
6). Particularly, over one million EV71-related HFMD cases were
reported each year in China since 2008, including hundreds of
fatal cases per year (7). EV71 infections are usually accompanied
by severe neurological complications such as aseptic meningitis,
acute flaccid paralysis, encephalitis, and other rarer manifesta-
tions (4, 8). It has also been postulated that toxic inflammatory
cytokines in conjunction with the induction of cell apoptosis re-
sulting from tissue damage are possible processes of pathogenesis
(9-11).

Apoptosis can be triggered by two distinct signaling cascades:
the mitochondrial apoptosis pathway, which needs the disruption
of the mitochondrial transmembrane (TM) potential, and the ex-
trinsic cell apoptosis pathway, which is initiated by the activation
of cell death receptors (12, 13). The extrinsic cell death pathway
involves the activation of caspase-8 through binding to the adap-
tor protein Fas-associated protein, which in turn activates
caspase-3 to facilitate cell death (14, 15). The mitochondrial apop-
totic pathway usually involves a variety of pro- and antiapoptotic
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proteins of the Bcl-2 family which act via at least one of four
conserved Bcl-2 homology domains present (16, 17). The anti-
apoptotic proteins Bcl-2, Bcl-w, Mcl-1, Bfl-1, and Bcl-X; contain
all four Bcl-2 homology domains (BH1 to -4) (17, 18). The pro-
apoptotic Bcl-2 proteins Bim, Bid, Bad, Bik, Noxa, and Bmf con-
tain only the BH3 domain (BH3-only proteins) and are often re-
sponsible for conveying the initial death signal (16, 19). The
proapoptotic Bcl-2 proteins Bak and Bax possess BH1 to BH3 and
are required for the induction of apoptosis via the mitochondrial
pathway (20, 21). In most cells, Bax is normally localized in the
cytosol or loosely associated with the outer mitochondrial mem-
brane (OMM), whereas Bak is localized mostly in the OMM and
remains inactive in nonapoptotic cells (22). The BH3 domain of
Bax, which is essential for its proapoptotic activity and interaction
with Bcl-2, is masked in the hydrophobic core of the protein as
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well as in the inactive Bax in the cytoplasm (23, 24). Following
cytotoxic stimulation, Bax undergoes a series of conformational
changes which lead to its translocation to the mitochondria,
oligomerization, and integration into the mitochondrial mem-
branes and eventually induce apoptosis (25, 26). Bak resides in the
OMM in association with Mcl-1 and Bcl-X;, which occupy the
dimerization and killing domain BH3 of Bak (25, 27). Upon acti-
vation, Bak is released from Mcl-1 and Bcl-X;, and the BH3
domain is displaced for oligomerization. This leads to the mito-
chondria releasing cytochrome ¢ (Cyt ¢) and other key molecules
that facilitate apoptosome formation, which activates caspase-9
and the downstream death programs (21, 28).

Viruses have evolved diverse strategies to mediate apoptosis to
ensure their continued propagation and/or spread (29). Many vi-
ruses encode proapoptotic proteins that target crucial compo-
nents within the apoptotic cascade to induce apoptosis at the end
of their replication cycles (30, 31). Examples of virus-encoded
proapoptotic proteins include the following: virus protein R (Vpr)
of human immunodeficiency virus type 1 (HIV-1), which causes
rapid dissipation of mitochondrial transmembrane potential
(Aym) and the release of inter membrane space proteins through
direct interactions with the adenine nucleotide translocator (ANT)
or voltage-dependent anion channel (VDAC), components of the
mitochondrial permeability transition pore complex (32, 33);
Bax, which binds to ANT and facilitates Vpr-mediated mitochon-
drial membrane potential but is inhibited by Bcl-2 overexpression
and permeability transition pore complex (PTPC) inhibitors (34);
HIV-1 protease, which processes caspase-8 and converts Bid into
its activated form (tBid) (35); the NS4A protein of hepatitis C
virus (HCV), which localizes to the mitochondria and alters the
mitochondrial intracellular distribution, which is followed by the
dissipation of Ayym and Cyt ¢ release (36); and severe acute respi-
ratory syndrome coronavirus (SARS-CoV) protein 7A, which in-
duces apoptosis by inhibiting Bcl-X; (37). On the other hand,
many viruses also encode antiapoptotic proteins to evade or delay
the early onset of apoptosis. These include M11L of myxoma vi-
rus, E1B 19K of adenovirus, F1L and E1B-19K of vaccinia virus,
and ORF125 of poxvirus, all of which inactivate Bak and/or Bax to
inhibit apoptosis (38—41).

EV71 infection induces classic signs of apoptosis, such as the
efflux of Cyt ¢ from mitochondria and subsequent cleavage of
caspase-9, in all infected cells (42, 43). A mitochondrial pathway
of apoptosis mediated by the activation and cleavage of caspase-9
has been proven to be a main pathway in EV71-induced apoptosis
(42). In this study, we showed that the EV71 2B protein localized
to the mitochondria and activated the mitochondrial cell death
pathway by directly interacting with and inducing conformational
changes in the proapoptotic protein Bax. Cells lacking Bax but not
Bak became resistant to the cytotoxic effect of 2B expression or
EV71 infection. A hydrophilic region of 14 amino acids (aa) in the
N-terminal region of 2B was crucial for Bax interaction and acti-
vation. Thus, EV71 2B represents a novel viral apoptotic protein
that can interacts with Bax to induce Bax activation and trigger the
apoptotic program.

MATERIALS AND METHODS

Virus isolates, cell lines, and virus infection. The prototype enterovirus
71 (EV71) BrCr strain was a gift from Qi Jin (Institute of Pathogen Biol-
ogy, Chinese Academy of Medical Sciences, Beijing, People’s Republic of
China). Human rhabdomyosarcoma (RD) cells and human cervical
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(HeLa) cells were propagated and maintained in either modified Eagle’s
medium or double modified Eagle’s medium supplemented with antibi-
otics (penicillin and streptomycin) and 10% fetal bovine serum (Invitro-
gen, CA) at 37°C in the presence of 5% CO,.

To generate a HeLa cell line that stably overexpresses Bcl-X;-HA
(HeLa-Bcl-X, ), the full-length human cDNA for Bcl-X; was cloned into
the restriction site of the pcDNA3.0-HA plasmid after digesting with
EcoRI/Notl. The recombinant plasmid or pcDNA3.0-HA was then trans-
fected into HeLa cells by using the Fu-GENE transfection reagent. Trans-
fected cells were selected under the antibiotic G418 (800 wg ml™"). The
expression of Bcl-X; —HA in stable transfectants was confirmed by West-
ern blot analysis.

Virus infection was performed as described before (44). In short,
semiconfluent monolayers of HeLa cells were infected with EV71. After
adsorption for 30 min at 37°C, the cells were washed twice with phos-
phate-buffered saline (PBS) and overlaid with Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% calf serum. Cells were cultured at
37°C in the presence of 5% CO,.

Reagents and antibodies. The protease inhibitor cocktail was ob-
tained from Sigma-Aldrich, MO. Rabbit anti-Bak antibody and rabbit
monoclonal antibodies against Bax6A7 (specifically recognizing activated
Bax protein with an exposed N terminus), BaxNT (recognizing both na-
tive and activated Bax), Bid, Bim, Bcl-2, Bcl-X;, Cox IV, mitochondrial
outer membrane translocator protein (TSPO), and Mcl-1 were obtained
from Epitiomics, CA. Fu-GENE transfection reagent was obtained from
Roche, IN. Rabbit anti-Cox IV polyclonal antibody, mouse anti-green
fluorescent protein (anti-GFP), mouse anti-B-actin, mouse anti-His,
and mouse anti-Flag monoclonal antibodies, fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit IgG antibody, horseradish peroxidase-
conjugated anti-mouse IgG, and horseradish peroxidase (HRP)-conju-
gated anti-rabbit IgG, used in immunofluorescence studies and Western
blot analyses, were all obtained from Santa Cruz Biotechnology, CA. An-
nexin V-FITC was obtained from Biyotime, China.

Cell viability analysis, apoptosis assay, and measurement of mito-
chondrial membrane potential. Cell viability was analyzed as described
before (45). Annexin V-FITC (Molecular Probes) was used to analyze cell
apoptosis according to the manufacturer’s instructions. In short, cells
were harvested and resuspended in annexin V binding buffer at a concen-
tration of 1 X 10° cells/ml. One hundred microliters of the suspension
(10° cells) was mixed with annexin V-FITC (0.1 g/ml) and incubated for
15 min at room temperature (RT) in the dark. The annexin V-FITC
fluorescence was measured with a BD FACSCalibur instrument (Becton
Dickinson). A minimum of 30,000 cells were analyzed for each sample.
Data were analyzed with CellQuest software (Becton Dickinson). Annexin
V-FITC fluorescence was then determined as a percentage of the control
value.

Changes in mitochondrial membrane potential in cells were quanti-
fied by staining the cells with tetramethylrhodamine ethyl ester (TMRE)
(Molecular Probes). Cells were stained by incubating them in medium
containing 0.2 pmol TMRE for 20 min at 37°C. After washing thrice with
PBS, TMRE fluorescence was examined by flow cytometry.

Mitochondrion purification and fractionation, detection of Cyt ¢
release, and Bax cross-linking. Mitochondria were prepared as described
before (46). In brief, the cells were washed three times with PBS, scraped
from the dishes, and centrifuged at 500 X g for 5 min. The pellet was
resuspended in 2 ml of cold mitochondrion isolation buffer consisting of
0.3 M sucrose, 1 mM EGTA, 5 mM morpholinepropanesulfonic acid
(MOPS), 5 mM KH,PO,, and 0.1% (wt/vol) bovine serum albumin
(BSA) (pH 7.5) in the presence of protease inhibitors and then homoge-
nized in a glass homogenizer. Disrupted cells were centrifuged at 3,000 X g
for 5 min to pellet the unlysed cells and nuclei. The supernatant was
centrifuged further at 14,000 X g for 20 min at 4°C to obtain the crude
mitochondrion fraction.

Subfractionation of mitochondria was conducted as described before
(47). Briefly, the mitochondria were resuspended in 70 mM sucrose
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and 10 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid
(TES)-KOH (pH 7.5) and then incubated on ice for 20 min. The osmotic
strength was adjusted to 0.3 M sucrose, and after a 20-min incubation on
ice, the suspension was centrifuged at 18,000 X g for 15 min, yielding a
supernatant containing the inner mitochondrial membrane, the outer
mitochondrial membrane, and a mitoplast pellet. The supernatant was
centrifuged at 200,000 X g for 10 min to separate the outer membranes
(pellet). The resuspended pelleted mitoplasts were ruptured by freeze-
thawing and then centrifuged at 18,000 X g for 15 min to obtain the inner
membrane fractions (supernatant).

To monitor Cyt ¢ release, purified mitochondria were incubated with
the recombinant protein Bax with or without Bcl-X; for 30 min at 25°C.
The mitochondria were pelleted by centrifugation at 8,000 X g for 10 min,
solubilized in radioimmunoprecipitation assay (RIPA) buffer, and ana-
lyzed by immunoblotting with antibodies to Cyt ¢, Bax, or activated Bax.

For Bax cross-linking, pelleted mitochondria were resuspended in the
conjugation buffer PBS (pH 7.2) and subjected to cross-linking using 0.2
mM bismaleimidohexane (BMH) for 2 h at 4°C. Cross-linking was
quenched in a quenching solution at a final concentration of 30 mM by
incubating for 15 min at room temperature. Protein samples were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and ana-
lyzed by Western blotting with an anti-Bax antibody.

siRNAs and transient transfection. Small interfering RNAs (siRNAs)
that target human Bax and Bak and nontargeting siRNAs (siControl) were
chemically synthesized. Transient transfections using Lipofectamine 3000
(Invitrogen) were conducted according to the manufacturer’s instruc-
tions. In brief, HeLa cells were plated in culture dishes and allowed to grow
for 24 h to 90% confluence. A mixture of Opti-MEM medium and Lipo-
fectamine 3000 was incubated for 5 min at RT and was then incubated
with the siRNA (50 nM) or recombinant plasmid (2 pg/ml) for 10 min at
RT. These mixtures containing siRNA or recombinant plasmid were then
added to the wells. At 24 h after transfection, the medium was changed,
and analyses were performed at the indicated time after transfection. Gene
silencing and protein expression after transient transfection with siRNA
were verified by detecting the appropriate proteins in Western blots.

Western blotting, confocal microscopy, and immunoprecipitation.
Western blotting and pulldown assays were performed as described before
(48). For confocal microscopy, cells were grown on coverslips and either
infected with EV71 or transfected with the recombinant plasmid pGFP-
2B, pGFP-Bak, or pGFP. Cell mitochondria were stained using Mito-
Tracker Red (50 nmol) according to the manufacturer’s instructions. The
stained cells were fixed in paraformaldehyde in phosphate buffer (pH 7.4)
for 30 min. Following three PBS washes and then permeabilization with
0.1% NP-40 in PBS for 15 min, the cells were incubated with 5% BSA in
PBS for 1 h at room temperature. After 3 washes with PBS, the cells were
incubated for 1 h with the selected antibodies. After washing thrice with
PBS, they were incubated for 45 min with the relevant secondary antibod-
ies and examined under an inverted fluorescence or a confocal laser scan-
ning microscope.

For coimmunoprecipitation experiments, compartments were immo-
bilized on anti-Bax(NT), anti-Bax6A7, or anti-Flag monoclonal anti-
body-conjugated agarose beads. After washing three times with PBS and
once with lysis buffer, the beads were incubated with HeLa cell lysate
overnight at 4°C with gentle rocking. After washing with lysis buffer, the
incubated beads were boiled and proteins in the supernatant were col-
lected and subjected to Western blotting.

Plasmid construction and protein expression. EV71 genomic RNA
was extracted from the supernatant of virus-infected RD cells using a virus
genome extraction kit. Single-stranded cDNA was then synthesized from
the purified virus RNA by reverse transcription (Promega). EV71 2B or
truncated 2B with a deletion from aa 1 to 22 [2B(A1-22)], aa 1 to 35
[2B(A1-35)], or aa 22 to 35 [2B(A22-35)] was amplified from the cDNA
by PCR, separated by electrophoresis on 1% agarose gels, gel purified, and
cloned into the EcoRI and Sall sites located behind the cytomegalovirus
(CMV) promoter of the pCMV-Flag vector. A complementary oligonu-
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cleotide of 2B(A22-35) was chemically synthesized and used to produce
DNA duplexes. These oligonucleotides were annealed and ligated to the
EcoRI and Sall sites of the pCMV-Flag vector. To construct the vectors
pGFP-2B, pGFP-2B(1-80), and pGFP-2B(1-63), which express the 2B
protein and its truncation variants and with each containing an N-termi-
nal GFP fusion, 2B, 2B aa 1 to 63, and 2B aa 1 to 80 were amplified from the
pCMV-2B-Flag and cloned into the pGFP-C1 vector after digesting with
EcoRI/Sall. Recombinant Bax and Bcl-X; were expressed and purified as
described before (46).

Assay for mitochondrion-dependent caspase-3 activation. Caspase-3
activity was assayed in triplicates by measuring the release of 7-amino-4-
trifluoromethyl-coumarin (AFC) from DEVD-containing synthetic pep-
tides using continuous-reading instruments according to the instructions
of the manufacturer (Santa Cruz Biotechnology). In short, 40- .l aliquots
of cell supernatants (in triplicate) were incubated with 200 pl of reaction
buffer, 5 pl of EDVD-AFC substrate, and dithiothreitol (DTT) (final con-
centration of 10 mM). The reaction mixtures were incubated at RT for 0.5
h. Free AFC levels formed were analyzed by using a fluorescence micro-
plate reader (Bio-Rad, CA, USA) at excitation/emission wavelength of
400/505 nm. EDVD-AFC values in assay buffer were subtracted from the
fluorescence values of the samples. Caspase-3 activity was then deter-
mined as a percentage of the positive-control value.

Statistical analyses. Data were subjected to one-way analysis of vari-
ance with factors of treatment and expressed as means * standard devia-
tions (SD). Comparisons between any two groups were performed by
using unpaired Student # tests. ** indicates a significant difference at a P
value of 0.02, and * indicates a significant difference at a P value of 0.05.

RESULTS

EV71 2B localizes to the mitochondria and activates the mito-
chondrial component of the apoptotic cascade. HeLa cells were
transfected with a vector expressing either EV71 2B or Bak with an
N-terminal GFP fusion (pGFP-2B and pGFP-Bak, respectively)
and then analyzed by confocal microscopy to determine the dis-
tribution of EV71 2B. As shown in Fig. 1A and B, transfection of
HeLa cells with the pGFP vector alone resulted in a diffused fluo-
rescence signal throughout the cell or cytoplasm that did not co-
localize with the mitochondrion-specific dye MitoTracker Red. In
contrast, cells transfected with the pGFP-2B or pGFP-Bak plasmid
displayed a punctuated staining pattern that colocalized with
MitoTracker Red, indicating that GFP-2B was localized to the
mitochondria. Further confirmation of the mitochondrial local-
ization of 2B was obtained in HeLa cells that were either infected
with EV71 or transfected with pCMV-2B-Flag vector. The cytosol
and mitochondrial fractions of these cells were separated by cen-
trifugation, and equal amounts of proteins were resolved by SDS-
PAGE followed by immunoblotting with an anti-Flag antibody or
anti-2B antibody. Mitochondria purified from the pCMV-Flag-
transfected cells showed the absence of 2B, as expected. In con-
trast, cells with EV71 infection or with 2B-Flag expression re-
vealed the presence of 2B only in the mitochondrial pellet fraction,
with undetectable levels in the supernatant (Fig. 1C). To further
investigate the sublocation of 2B in the mitochondria, the inner
and outer mitochondrial membranes were isolated by sucrose gra-
dient centrifugation as described before (47). A band representing
2B was detected in the outer membrane fraction of the mitochon-
dria isolated from cells with 2B-Flag expression, indicating that 2B
localized in the outer membrane of the mitochondria (Fig. 1D).
The large number of viruses encoding mitochondrion-associ-
ated proteins with antiapoptotic or proapoptotic functions led us
to hypothesize that 2B could also function in a similar capacity to
modulate the mitochondrial apoptotic pathway. HeLa cells were
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FIG 1 (A) Confocal microscopy analysis of the colocalization of 2B-GFP and Bak-GFP within the mitochondria in HeLa cells. HeLa cells were transfected with
pGFP, pGFP-2B, or pGFP-Bak. At 24 h posttransfection, they were stained with MitoTracker Red and subjected to confocal microscopy analysis. An overlay of
the MitoTracker Red (red) and GFP florescence (green) is also shown. Mito, mitochondria. (B) Colocalization index estimation for cells transfected with pGFP,
pGFP-2B, or pGFP-Bak and labeled for MitoTracker Red as for panel A. To determine the percentage of colocalization, green and merged images were loaded into
the Leica TCS SP8 platform, and the ratio of GFP-positive cells to counted cells (in a total of 100 cells) was determined. Cells with GFP and mitochondrion
colocalization (Manders overlap coefficient of >0.8) were counted. (C) Immunoblotting analysis of 2B-Flag in the cytosol and mitochondrial fractions of HeLa
cells infected with EV71 or transfected with pCMV-2B-Flag. Cytosolic and heavy membrane fractions were separated as described in Materials and Methods.
Mitochondrial fractions were processed for immunoblotting with antibodies specific to EV71 2B, Bak, and Cox IV. Cytosolic fractions were immunoblotted with
antibodies to EV71 2B and B-actin (internal control). Control, cells transfected with Tris-acetate-EDTA (TAE) buffer. Mock, cells with no EV71 infection. (D)
Western blot analysis of the sublocation of 2B. Cells were transfected with pCMV-2B-Flag or pPCMV-Flag. The mitochondrial fractions were isolated at 48 h
posttransfection. The inner and outer mitochondrial membranes were isolated by sucrose gradient centrifugation and immunoblotted with an antibody to the
Flag tag, Cox IV, and TSPO (internal control of outer mitochondrial membrane fraction). M, mitochondria of cells transfected with pCMV-Flag. I, inner
mitochondrial membrane fraction. O, outer mitochondrial membrane fraction. (E) Analysis of cell apoptosis induced by 2B. Cells were treated with 30 nM
staurosporine (positive control) or transfected with increasing amounts of pCMV-2B-Flag, pPCMV-Flag, or pCMV-Bak. At 24 h posttransfection, cells were
harvested and stained with annexin V-FITC. The percentages of apoptotic cells corresponding to the respective fluorescence intensities were calculated. (F)
Analysis of the antiapoptosis effects of caspase inhibitors on 2B-induced apoptosis. Cells either infected with EV71 or transfected with pCMV-2B-Flag or
pCMV-Bak-Flag (positive control) were treated with dimethyl sulfoxide (DMSO), zDEVD.fmk, or zZLEHD.fmk for 24 h and then stained with annexin V-FITC
and subjected to flow cytometry. NT, cells with no treatment. Control, cells transfected with pCMV-Flag.

treated with staurosporine or transfected with increasingamounts ~ proportion of cells transfected with 2B showed an increased an-
of either pPCMV-2B-Flag, pPCMV-Bax-Flag, or pPCMV-Flag empty = nexin V fluorescence intensity, while no obvious annexin V fluo-
vector. By using annexin V-FITC staining, apoptotic cells were rescence was detected in the pCMV-Flag-transfected or control
detected at 24 h posttransfection. As shown in Fig. 1E, asignificant  cells. The relative annexin V fluorescence signals also increased
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FIG 2 (A) Western blot analysis showing the levels of Cyt ¢ release induced by 2B. Cells were infected with EV71 or transfected with pCMV-2B-Flag. Cytosolic
and mitochondrial fractions were separated at the indicated times and immunoblotted with an antibody specific to Cyt c. Control, cells transfected with TAE
buffer. +EV71, EV71-infected cells. —EV71, uninfected control. (B) Analysis of the inner mitochondrial membrane potential in cells with EV71 infection or 2B
expression. Cells were infected with EV71, transfected with pCMV-2B-Flag, or treated with staurosporine for 12 h; cells were then stained with TMRE and
subjected to flow cytometry analysis. Control, cells with no EV71 infection and 2B expression. pCMV-Flag, cells transfected with pCMV-Flag.

with the increasing amounts of pCMV-2B-Flag transfected. To
determine whether caspases are crucial for 2B-induced apoptosis
in HeLa cells, we examined the antiapoptotic effects of the caspase
inhibitors zDEVD.fmk, a wide-spectrum caspase inhibitor that
irreversibly inhibits caspase-3, and zZLEHD.fmk, an irreversible
inhibitor of caspase-9. As shown in Fig. 1F, EV71-infected cells
and 2B- or recombinant Bak-transfected cells that were treated
with zDEVD.fmk or zZLEHD.fmk displayed very low levels of an-
nexin V fluorescence signal. In contrast, strong annexin V fluores-
cence signals were detected in 2B- or recombinant Bak-EV71-
infected cells that were treated with DMSO, indicating that
zDEVD.fmk or zLEHD.fmk completely inhibited apoptosis in-
duced by 2B or EV71 infection.

To further assess the ability of 2B to initiate apoptosis in HeLa
cells, we monitored Cyt ¢ released from mitochondria in cells ex-
pressing 2B or infected with EV71. The cytoplasmic and mito-
chondrial fractions were separated, and the levels of Cyt ¢ were
determined by Western blotting. Cells with 2B expression or EV71
infection displayed a clear loss of Cyt ¢ from the mitochondrial
fraction into the cytosol fraction (Fig. 2A). Apoptosis was also
measured by quantifying loss of the inner mitochondrial mem-
brane potential by fluorescence of TMRE, a hydrophobic cationic
dye that is readily taken up by healthy respiring mitochondria. As
shown in Fig. 2B, cells with 2B expression or EV71 infection
showed an obvious loss of the inner mitochondrial membrane
potential, and treatment with staurosporine resulted in 46% of
mock-transfected cells losing their inner mitochondrial mem-
brane potential. In addition, cells transfected with pCMV-Flag
maintained high levels of TMRE fluorescence, demonstrating that
2B expression was independent of other EV71 proteins in induc-
ing the loss of the inner mitochondrial membrane potential.

EV71 2B specifically interacts with the proapoptotic protein
Bax. The above results indicate that 2B induced apoptosis by pro-
moting the release of Cyt c and causing the loss of the inner mito-
chondrial membrane potential. To determine whether 2B func-
tions by interacting with members of the Bcl-2 family which
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tightly regulate the mitochondrial checkpoint of apoptotic cells, a
lysate of HeLa cells transfected with a plasmid expressing a Flag-
tagged version of 2B was applied to an anti-Flag immunoaffinity
column. Flag-tagged 2B protein was eluted and confirmed by im-
munoblotting with an anti-Flag antibody. The results showed that
cells transfected with pCMV-2B-Flag or pCMV-Flag vector ex-
pressed similar levels of Bax, Bak, Bcl-2, Bcl-X;, Bid, Bim, Bad,
and Mcl-1, whereas only the pCMV-2B-Flag-transfected cells ex-
pressed the Flag-tagged 2B. To determine if 2B interacted with
members of the Bcl-2 family, the eluted 2B fractions were probed
with antibodies directed against various Bcl-2 family members.
The proapoptotic protein Bax consistently coeluted with the Flag-
tagged version of 2B, while no interactions with Bak, Bcl-2, Bcl-
X;, Bid, Bim, Bad, or Mcl-1 were detected (Fig. 3A). The total
amount of Bak, Bcl-2, Bcl-X;, Bid, Bim, Bad, or Mcl-1 was not
affected by 2B expression.

To confirm the interaction between 2B and Bax, we performed
a series of coimmunoprecipitation assays. HeLa cells transfected
with a plasmid expressing Flag-tagged 2B were lysed, and immu-
nocomplexes were precipitated with an anti-BaxNT antibody. The
results obtained showed that the anti-BaxNT coimmunoprecipi-
tated Bax and Flag-2B (Fig. 3B). The band of IgGL shows an equal
amount of anti-BaxNT conjugated to agarose beads. Reciprocal
immunoprecipitations performed with an anti-2B antibody also
showed that Flag-2B coprecipitated with Bax (Fig. 3C). To deter-
mine the ability of 2B to interact with endogenous Bax during
EV71 infection, the interaction of 2B with Bax in EV71-infected
cells was analyzed by coimmunoprecipitation assays. As expected,
antibodies directed against Bax effectively immunoprecipitated
Bax and coimmunoprecipitated 2B (Fig. 3C). The interaction of
2B with Bax was also analyzed by incubating cell lysates of Flag-
tagged 2B with recombinant His-tagged Bax that was immobilized
on agarose beads conjugated with anti-His beads. As shown in Fig.
3D, a 10-kDa band corresponding to 2B was detected by a Flag
monoclonal antibody, whereas no 2B was detected in the IgG and
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pCMV-Flag-transfected cells. 2B, agarose beads incubated with the lysate of pPCMV-2B-Flag-transfected cells.

control groups. These results provided strong evidence that 2B
interacts directly and specifically with Bax.

EV71 2B induces translocation and activation of Bax. Bax-
induced apoptosis involves two key events: the translocation of
Bax to the mitochondria and a subsequent conformational change
that activates its oligomerization and integration into the mito-
chondrial membranes. To determine whether 2B could induce
Bax translocation to the mitochondria and result in a conforma-
tional change in Bax, cytosol and mitochondrial fractions of cells
transfected with pCMV-Flag-2B were separated by centrifugation,
and equal amounts of proteins from each fraction were analyzed
by Western blotting using an anti-BaxNT antibody. As shown in
Fig. 4A, alow level of Bax was detected in the mitochondrial frac-
tion from cells transfected with the control plasmid. This may
represent a small amount of loosely attached Bax on the mito-
chondrial membrane. In contrast, we detected a significantly
larger amount of Bax in the mitochondrial fraction from 2B-
transfected cells than in that from mock-infected cells. Con-
versely, the amount of Bax in the cytosol fraction from 2B-trans-
fected cells was notably less than that in the control cells,
suggesting that Bax was translocated from the cytoplasm to the
mitochondria in 2B-expressing cells. To confirm this, Bax trans-
location was monitored in cells transfected with pGFP-Bax, and
the results showed that almost no immunofluorescence signal co-
localized with the mitochondria in the pCMV-Flag-transfected
cells, whereas in the pCMV-Flag-2B-transfected cells, a significant
amount of Bax was detected in the mitochondria, indicating again
that Bax was translocated to the mitochondria in cells with 2B
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expression (Fig. 4B and C). To confirm the ability of 2B to induce
Bax activation, HeLa cells were transfected with the same panel of
pCMV-Flag or pCMV-2B plasmids, and activated Bax was immu-
noprecipitated from the cell lysates using anti-Bax6A7. Activated
Bax was precipitated from cells transfected with pCMV-2B but
not from cells transfected with pCMV-Flag, thus confirming the
ability of 2B to induce Bax activation (Fig. 4D). Bax activation was
further illustrated by double immunofluorescence staining of ac-
tivated Bax with anti-Bax6A7 and staining of mitochondria with
MitoTracker Red. The merged yellow color confirmed the colo-
calization of activated Bax and mitochondria in pCMV-2B-trans-
fected cells (Fig. 4E).

To determine if 2B induces Bax homo-oligomerization, mito-
chondria were isolated from 2B-transfected cells and the presence
of higher-order Bax complexes was examined by chemical cross-
linking of the mitochondrial lysates with BMH and then analysis
by Western blotting. In the absence of BMH, Bax migrated at
approximately 20 kDa; however, upon treatment with BMH, Bax
displayed a reduced mobility as a result of intramolecular cross-
linking. Thus, 2B expression resulted in an increase in intramo-
lecular cross-linked Bax species and the formation of Bax oligo-
mers, which is indicative of Bax activation as observed in the
staurosporine-treated cells used as a positive control (Fig. 4F).
Mitochondria purified from pCMV-Flag-transfected cells showed
the retention of intramolecular cross-linked species of Bax and the
absence of Bax homo-oligomers (Fig. 4F).

Apoptosis induced by EV71 2B is Bax dependent. The pro-
apoptotic proteins Bax and Bak in their active forms are the main
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of cells transfected with pCMV-Flag or pPCMV-2B-Flag. Cytosolic and mitochondrial fractions were separated, and equal amounts of proteins from each fraction
were immunoblotted with anti-BaxNT, anti-Flag, or anti-Cox IV (internal control of mitochondrial fraction). Control, cells transfected with TAE buffer.
Staurosporine, cells treated with staurosporine (30 nM). (B) An experiment indicating that 2B induces the translocation of Bax to the mitochondria. Cells were
cotransfected with pGFP-Bax (green) and pCMV-Flag (control) or pGFP-Bax and pCMV-2B-Flag. At 12 h posttransfection, the cells were fixed and analyzed by
confocal fluorescence microscopy. Red, MitoTracker Red. An overlay of the MitoTracker Red and GFP florescence is also shown (merged). (C) Colocalization
indexes. Cells were cotransfected with pGFP-Bax and pCMV-Flag or pPCMV-2B-Flag. At 24 h posttransfection, cells were labeled with MitoTracker Red and
examined under a confocal laser scanning microscope. Cells with GFP and mitochondrial colocalization (Manders overlap coefficient of >0.8) were counted as
described for Fig. 1. (D) Western blot analysis of the Bax activation in cells transfected with the same panel of pCMV-Flag or pCMV-2B-Flag plasmids. Cells were
lysed and immunoprecipitated with anti-Bax6A7 antibody. Equal amounts of the precipitated protein and cell lysates were immunoblotted with antibody to Bax.
(E) Immunofluorescence analysis of the Bax activation in cells transfected with pCMV-2B-Flag (2B). The cells were incubated with MitoTracker Red (red) for
10 min, fixed, and stained with anti-Bax6A7 (green). (F) An experiment indicating that 2B induces homo-oligomerization of Bax. Mitochondria from cells
transfected with pCMV-Flag or pPCMV-2B-Flag were cross-linked with BMH or DMSO as described in Materials and Methods. Equal amounts of proteins from
each sample were immunoblotted with anti-Bax antibody. H, Bax homo-oligomers; I, monomeric intramolecularly cross-linked Bax species.

proteins responsible for the destabilization of the mitochondrial
membrane. Experiments were done to determine the relative im-
portance of Bak and Bax in 2B-induced apoptosis. In the first
experiment, HeLa cells were transfected with siRNA against either
Bak, Bax, or both or with a nontargeting siRNA as a control. At
48 h posttransfection, cell lysates were prepared and analyzed by
SDS-PAGE and immunoblotting, with -actin as a loading stan-
dard. Figure 5A shows a representative immunoblot showing suc-
cessful silencing of Bak or Bax in the presence of the correspond-
ing siRNA. The levels of Bak and Bax were similarly very low at
48 h posttransfection compared to that of the nontargeting siRNA
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control. Next, to determine the impact of downregulation of Bak
and Bax expression on 2B-induced apoptosis, cells were trans-
fected with 2B or infected with EV71 at 48 h posttransfection with
siRNA. Cell viability was determined 48 h posttransfection or 24 h
postinfection. The graph shows that 2B or EV71 induced an obvi-
ous loss of cell viability in the control and nontargeting siRNA-
transfected cells (Fig. 5B). A similar loss of cell viability was ob-
served for the Bak siRNA-transfected cells. However, the loss of
cell viability was remarkably lower in both the Bax siRNA-trans-
fected cells and the Bak plus Bax siRNA-transfected cells after
EV71 infection (Fig. 5B). The decrease in 2B- or EV71-induced
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FIG 5 Effect of downregulation of Bax expression on 2B-induced apoptosis in HeLa cells. (A) Western blot analysis of Bak and Bax expression in HeLa cells that
were transfected with siRNA against either Bak (siBak), Bax (siBax), or both (siBax siBak) as described previously (45). Cells transfected with nontargeting siRNA
(siControl) were used as a control. At 48 h posttransfection, cell lysates were prepared, analyzed by SDS-PAGE, and immunoblotted with antibodies to Bax, Bak,
or B-actin (internal control). (B) Analysis of the impact of 2B expression or EV71 infection on the viability of HeLa cells transfected with siRNA. Cells were
transfected with the siRNAs described in Materials and Methods. At 48 h transfection, they were either transfected with pCMV-2B-Flag for another 48 h
or infected with EV71 (MOI = 0.5) for 24 h and then subjected to cell viability analysis. EV71 (UV), UV-inactivated EV71. Control, siControl cells treated with
DMSO. (C) Analysis of the impact of 2B on caspase-3-like activity in cell lysates of siRNA-transfected cells. Caspase-3 activity was determined as described in
Materials and Methods. Control, siControl-transfected cells treated with 30 nM staurosporine. (D) Western blot analysis of Cyt ¢ in the cytosol fraction. The

cytosol fraction of cells was separated and immunoblotted with an antibody to Cyt c. Control, cells transfected with pCMV-Flag.

apoptosis in the Bak siRNA-transfected cells was confirmed by an
analysis of caspase-3-like activity in the cell lysates. siControl cells
treated with staurosporine were used as a positive control. The
results indicate that Bax and Bak siRNA-transfected cells both had
caspase-3-like activity when treated with staurosporine. Control
siRNA-transfected cells and Bak siRNA-transfected cells with 2B
expression had relatively high levels of caspase-3-like activity,
while the Bax siRNA-transfected cells and Bak plus Bax siRNA-
transfected cells had significantly less active caspase-3 than the
control siRNA-transfected cells (Fig. 5C). Cyt ¢ was also detected
in the cytosol fraction by immunoblotting with an anti-Cyt ¢ an-
tibody. The results showed that the supernatants of both the con-
trol siRNA-transfected cells and the Bak siRNA-transfected cells
contained larger amounts of Cyt ¢ than those of the Bax siRNA-
transfected cells and Bak plus Bax siRNA-transfected cells (Fig.
5D). This indicates that the downregulation of Bax could prevent
the loss of Cyt ¢ from the mitochondria to the cytosol fraction
induced by 2B. Collectively, the data shown in Fig. 5 showed that
silencing of Bax expression lowered the rate of apoptosis induced
by 2B, while silencing of Bak expression did not.

Bax induces release of Cyt ¢ from mitochondria in the pres-
ence of 2B. To further examine the effects of 2B on the mito-
chondria, purified recombinant Bax protein was added to mi-
tochondria isolated from cells that were transfected with either
pCMV-Flag or pPCMV-2B-Flag at 48 h after transfection with Bax
siRNA. Soluble Bax protein without its last 20 C-terminal amino
acids was produced as described before (34). After coincubating
the mitochondria with either Bax or Bax diluent buffer control for
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1.5 h, the mitochondria were pelleted by centrifugation, and the
resulting supernatants were analyzed for the presence of Cyt ¢ by
immunoblotting. As shown in Fig. 6A, the supernatants from Bax-
treated mitochondria contained larger amounts of Cyt ¢ than that
from the buffer control. However, the amounts of Cyt ¢ released
varied among the different preparations of mitochondria: there
was relatively more Cyt ¢ released from 2B mitochondria follow-
ing Bax treatment than in the absence of 2B expression (Fig. 6A).
Mitochondria that were stimulated by 150 uM Ca’", a known
inducer of the mitochondrial permeability transition, also dis-
played high levels of Cyt c release (Fig. 6A). Bax protein associated
with the mitochondria was also analyzed by immunoblotting with
an anti-His antibody. The results showed that the recombinant
Bax could attach to the mitochondria from both pCMV-Flag- and
pCMV-2B-tranfected cells (Fig. 6A). However, in comparison
with the pCMV-Flag-transfected cells, a significantly larger amount
of activated Bax was detected in mitochondria from pCMV-2B-
transfected cells, indicating that mitochondria with 2B expression
could combine more Bax and release more Cyt c.

Cyt ¢ has been shown to induce processing and activation of
caspase-3 and some other caspases that cleave the peptide DEVD.
To investigate whether Bax-treated mitochondria could release
factors that induce the activation of DEVD-cleaving caspase-3,
isolated mitochondria were treated in vitro for 1 h with either Bax
protein or buffer control, followed by removal of the mitochon-
dria by centrifugation and collection of the resulting supernatants.
These supernatants were then added to the cytosol fractions from
HeLa cells, and caspase-3 activity was measured 0.5 h later by
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FIG 6 Experiments showing that Bax induces the release of Cyt ¢ from isolated
mitochondria in the presence of 2B. (A) Western blot analysis of the impact of
recombinant Bax on Cyt c release in isolated mitochondria. The mitochondria
were incubated for 1.5 h with either 1 uM recombinant Bax, 0.5 .M recom-
binant Bax, 150 wM Ca*", or none of these reagents (control) at RT. They were
then pelleted by centrifugation, and the resulting supernatants were immuno-
blotted with antibody to Cyt c. The pellet fractions were lysed and immuno-
blotted with antibody to His tag or Bax. Inputs of equivalent amounts of
mitochondria and total Cyt ¢ from the mitochondria were verified by immu-
noblot analysis of the mitochondrial fractions using an antibody to Cox IV or
Cyt ¢, respectively. Densitometry of the Cyt ¢ band normalized to Cox IV is
presented as fold change compared with Cyt ¢ release in isolated mitochondria
incubated with 1 uM recombinant Bax, defined as 100. (B) Experiments show-
ing that Bax induces the release of mitochondrial factors which trigger the
processing and activation of cytosolic caspase-3 in mitochondria expressing
2B. Cells were transfected with 2 pg or 4 pg of pPCMV-Flag or pPCMV-2B-Flag.
At 24 h posttransfection, mitochondrial fractions were separated as described
in Materials and Methods. Mitochondria (Mito) or supernatants (400 pl)
from mitochondria that had been incubated with either Bax or Ca?* (150 uM)
were incubated with purified cytosol (100 pl) at 25°C for 1.5 h. Aliquots were
then analyzed for caspase-3 activity as described above. Positive control, puri-
fied cytosol treated with Cyt ¢ (10 wM).

spectrofluorimetric assays with DEVD-AFC as a substrate. As
shown in Fig. 6B, addition of control supernatants caused only a
modest elevation in DEVD-cleaving activity. In contrast, superna-
tants from Bax-treated 2B mitochondria consistently resulted in
striking increases in caspase-3 activity, whereas no substantial el-
evations in caspase-3 activity were observed in cytosol fractions
stimulated by mitochondria alone.

Bcl-X; prevents 2B-induced release of Cyt ¢ from mitochon-
dria. When coexpressed in cells, Bcl-X; can abrogate the proapo-
ptotic effects of Bax. We therefore examined the impact of Bcl-X;.
protein on 2B-induced cell apoptosis. HeLa cells that stably over-
express Bcl-X;—HA (HeLa-Bcl-X; cells) and control cells (HeLa
cells transduced with the backbone vector) were transfected with
pCMV-2B-Flag or pCMV-Flag. At 24 h posttransfection, cell
apoptosis was analyzed by annexin V-FITC staining. As shown in
Fig. 7A, HeLa-Bcl-X; cells transfected with pCMV-2B-Flag or
pCMV-Flag displayed a very low annexin V fluorescence, indicat-
ing low levels of cell apoptosis. In contrast, control cells expressing
2B displayed a significant proportion of cells with increased an-
nexin V fluorescence intensity, indicating that Bcl-X; could abro-
gate apoptosis induced by 2B. We also assayed the release of Cyt ¢
from mitochondria in cells with recombinant Bcl-X; expression
to confirm the above results. Overexpression of Bcl-X; completely
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inhibited the 2B-induced Cyt ¢ release (Fig. 7B). The effects of
Bcl-X; overexpression on caspase-3-like activity during 2B-in-
duced apoptosis were also assessed. In contrast to the dramatic
change observed in staurosporine-treated or pCMV-2B-trans-
fected control cells, only a relatively modest change in the acti-
vated caspase-3 level was detected in HeLa-Bcl-X cells with 2B
expression (Fig. 7C). Together, the above results show that over-
expression of the antiapoptotic protein Bcl-X; caused a dramatic
reduction in the level of induction of apoptosis in cells with 2B
expression.

To further confirm the role of Bcl-X; in 2B-induced apoptosis,
we investigated the impact of purified recombinant Bcl-X; pro-
tein on Bax-induced release of Cyt ¢ from mitochondria in vitro.
Mitochondria purified from the EV71-infected siBax HeLa cells
and siBax HeLa cells that were transfected with either pPCMV-2B-
Flag or pCMV-Flag were incubated with recombinant Bcl-X;
and/or Bax protein and then pelleted by centrifugation. The re-
sulting supernatants and pellets were analyzed by immunoblot-
ting with antibody to Cyt ¢ or His tag. As shown in Fig. 7D, com-
pared to the pCMV-Flag mitochondria, a significantly larger
amount of Bax was detected in the 2B-transfected mitochondria
and EV7l1-infected mitochondria that were incubated with re-
combinant Bax. However, both the release of Cyt ¢ from and bind-
ing of Bax to the mitochondria were almost completely inhibited
by Bcl-X; in the pCMV-Flag-transfected, 2B-transfected, and
EV71-infected mitochondria.

Identification of regions in the 2B protein that are crucial for
mitochondrial localization and Bax activation. Amino acid se-
quence analyses reveal that EV71 2B possesses a putative C-termi-
nal hydrophobic a-helix TM region (aa 63 to 80), an amphipathic
a-helix HR2 (aa 37 to 55), and an N-terminal hydrophilic helix
HRI1 (aa 22 to 35) (Fig. 8A). To determine whether the TM region
is responsible for targeting 2B to the mitochondrial outer mem-
brane, vectors expressing the 2B protein and truncation proteins
containing an N-terminal GFP fusion [pGFP-2B(1-80) and
pGFP-2B(1-63)] were constructed and transfected into HeLa
cells. The cytoplasmic and mitochondrial fractions were sepa-
rated, and equal amounts of proteins were resolved by SDS-PAGE
followed by immunoblotting with GFP antibody. As shown in Fig.
8B, pGFP-2B(1-63)-transfected cells revealed an absence of GFP
signal in the mitochondrial fraction. In contrast, cells transfected
with pGFP-2B(1-80) showed the presence of pGFP-2B only in the
mitochondrial pellet fraction, with undetectable levels in the su-
pernatant cytoplasmic fraction, indicating that 2B without the TM
region could not locate to the mitochondria. To further confirm
the role of HR2 in the intracellular location of 2B, HelLa cells were
transfected with vectors expressing either GFP, GFP-2B(1-63),
GFP-2B(1-80), or GFP-2B. As shown in Fig. 8C and D, cells with
GFP or GFP-2B(1-63) expression had a diffuse fluorescence sig-
nal throughout the cell cytoplasm that did not colocalize with the
mitochondrion-specific dye MitoTracker Red. In contrast, cells
transfected with pGFP-2B or pGFP-2B(1-80) displayed a punc-
tuated staining pattern which colocalized with MitoTracker Red,
indicating that GFP-2B and GFP-2B(1-80) localized to the mito-
chondria. All these results strongly suggest that the TM region in
the C terminus may act as a transmembrane region that targets 2B
to the mitochondrial outer membrane.

To identify the domain of 2B that is responsible for Bax inter-
action, coimmunoprecipitation assays involving the Bax and 2B
truncations were performed. HelLa cells were transfected with the
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FIG 7 Experiments indicating that Bcl-X; prevents 2B-induced apoptosis and Cyt ¢ release in HeLa cells. (A) Analysis of 2B- or EV71-induced apoptosis in
HeLa-Bcl-X; cells by annexin V-FITC staining and flow cytometry. Staurosporine (control), cells treated with staurosporine for 12 h. EV71, cells infected for 24
h with EV71 (MOI = 0.5). HeLa, HeLa cells transduced with pcDNA3.0-HA. (B) Western blot analysis of Cyt ¢ in the cytosol fraction of HeLa (HeLa cells
transduced with the pcDNA3.0-HA) or HeLa-Bcl-X; cells transfected with pCMV-Flag (control) or pCMV-2B-Flag. Stau, cells treated with staurosporine (30
nM) for 12 h. (C) Analysis of caspase-3-like activity in cell lysates of HeLa-Bcl-X; or HeLa cells (HeLa cells transduced with the pcDNA3.0-HA) transfected with
pCMV-Flag or pCMV-2B-Flag or infected with EV71. Caspase-3-like activity was determined as described in Materials and Methods. Staurosporine (positive
control), cells treated with staurosporine for 12 h. (D) Quantification of Cyt ¢ release and Bax binding in isolated mitochondria from siBax HeLa cells infected
with EV71 (MOI = 1) and siBax HeLa cells transfected with pCMV-2B-Flag or pCMV-Flag by Western blotting. Mitochondria were isolated and incubated for
1 h with 1 uM recombinant Bax or/and 10 uM Bcl-X, at RT. After a short centrifugation at 4°C, the resulting supernatants were immunoblotted with antibody
to Cyt c. Equal amounts of each pellet fraction were lysed, boiled, and immunoblotted with antibody to His tag.

respective vectors expressing either full-length 2B(1-99), 2B(A1-
22), 2B(A1-35), or 2B(A22-35), lysed, and immunoprecipitated
with anti-Flag antibody. The precipitated protein samples were
then analyzed by Western blotting to detect 2B and Bax binding.
The results showed that shortening the 2B polypeptide at the N
terminus that included aa 22 to 35 abolished the Bax binding
capacity of 2B, suggesting that aa 22 to 35 of 2B may contain the
domain directly responsible for the specific binding of EV71 2B to
Bax (Fig. 9A). To further analyze the influence of the 2B trunca-
tions on Bax activation, activated Bax was immunoprecipitated
from cell lysates by using anti-Bax6A7 antibody. The eluates were
then subjected to immunoblotting with anti-BaxNT antibody. As
shown in Fig. 9B, a band representing Bax could be detected in the
eluates from cells transfected with 2B(A1-22) and full-length
2B(1-99). In contrast, no such protein band was observed in elu-
ates from cells transfected with 2B(A1-35), 2B(A22-35), and con-
trol resins, indicating that the N-terminal region from aa 23 to 35
of 2B plays a pivotal role in Bax activation.

To analyze the impact of the 2B truncations on cell apoptosis,
HeLa cells were treated with staurosporine or transfected with
increasing amounts of vector expressing the full-length 2B,
2B(A1-22), 2B(A1-35), or 2B(A22-35) or empty vector. Cell
apoptosis was analyzed by using annexin V-FITC staining at 24 h

November 2016 Volume 90 Number 21

Journal of Virology

posttransfection. The results showed that a significant proportion
of the cells treated with staurosporine or transfected with vectors
expressing 2B(A1-22) or full-length 2B displayed increased an-
nexin V fluorescence intensity (Fig. 9C). In contrast, no obvious
annexin V-FITC fluorescence was detected in the control cells or
cells with 2B(A1-35) or 2B(A22-35) expression. Analyses of Cyt ¢
levels in the cytoplasmic fractions by immunoblotting showed
that in contrast to cells with 2B(A1-22) or full-length 2B expres-
sion, no Cyt c was observed in cell supernatants from 2B(A1-35)-
or 2B(A22-35)-expressing cells (Fig. 9D). Additionally, we also
monitored caspase-3 activation in cells expressing 2B truncations.
Cells with 2B(A1-35) or 2B(A22-35) showed a very low level of
caspase-3 activation, whereas cells expressing 2B(A1-22) or full-
length 2B showed obvious caspase-3 cleavage at 48 h posttransfec-
tion (Fig. 9E).

Mitochondria were isolated from Bax siRNA cells transfected
with 2B truncates and incubated with either recombinant Bax or
buffer control as described above. After a short centrifugation, the
resulting supernatants were analyzed for the presence of Cyt c. As
shown in Fig. 10A, supernatants from Bax-treated mitochondria
from cells transfected with vectors expressing 2B(A1-22) or full-
length 2B contained large amounts of Cyt c. As a positive control,
mitochondria stimulated by Ca** also released high levels of Cyt c,
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FIG 8 Identification of regions that are responsible for targeting 2B to the mitochondrial outer membrane. (A) Schematic diagram of 2B indicating the following:
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hydrophilic helix (aa 22 to 35). The secondary structure and helix of 2B were predicted by using the Predict Protein and TMHMM server. (B) HeLa cells were
transfected with pGFP-2B(1-63) (GFP fused to aa 1 to 63 of 2B), pGFP-2B(1-80) (GFP fused to aa 1 to 80 of 2B), or pGFP-2B for 24 h. The cytosol and
mitochondrial fractions were separated and immunoblotted with GFP antibody. Cox IV and B-actin were used as the internal controls for the mitochondrial and
cytosol fractions, respectively. (C) Confocal microscopy analysis of the colocalization of pGFP-2B(1-80) and pGFP-2B with the mitochondria. Cells were
transfected with pGFP, pGFP-2B(1-63), pGFP-2B(1-80), or pGFP-2B as described above. At 24 h posttransfection, the cells were incubated with MitoTracker
Red (red) for 10 min, fixed, and subjected to confocal microscopy analysis. (D) Colocalization indexes for cells transfected with pGFP, pGFP-2B, pGFP-2B(1-
63), or pGFP-2B(1-80) and labeled for MitoTracker Red as for panel C. Cells with GFP and mitochondrial colocalization (Manders overlap coefficient of >0.8)

were counted as described for Fig. 1.

as expected. In contrast, low levels of Cyt c release were detected in
supernatants from Bax-treated mitochondria isolated from cells
with 2B(A1-35) or 2B(A22-35) expression. In addition, recombi-
nant Bax protein associated with the mitochondria in the pellet
was also analyzed by immunoblotting with anti-His antibody. As
shown in Fig. 10A, more Bax was observed in the mitochondrial
fractions from 2B(A1-22)- and full-length 2B-expressing cells
than in those from 2B(A1-35)- or 2B(A22-35)-expressing cells,
which displayed only a low level of recombinant Bax. To investi-
gate release factors from Bax-treated mitochondria that activate
the caspases, the supernatants were incubated with cytosol frac-
tions derived from HeLa cells, and caspase activity was then mea-
sured. The results indicate that the supernatants derived from the
Bax-treated mitochondria from 2B(A1-35)- or 2B(A22-35)-
expressing cells activated caspase-3 only modestly (Fig. 10B).
In contrast, more caspase-3 activation was observed in the corre-
sponding supernatants from the Ca®>"-treated and Bax-treated
mitochondria from 2B(A1-35)- or 2B(A22-35)-expressing cells.
Opverall, the above results indicate that the 2B domain from aa 23
to 35 was responsible for cell apoptosis induced by EV71 2B.

DISCUSSION

Viruses usually possess a variety of strategies to modulate apopto-
sis to ensure successful propagation. Mitochondria were thought
to transduce key signals during the apoptotic response and thus to
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function as pivotal regulating organelles during apoptosis (49,
50). Members of the Bcl-2 family are key regulators of apoptosis
via the mitochondrial pathway. The proapoptotic proteins Bax
and Bak are the most downstream activator molecules known for
Cyt crelease (51, 52). Thus, it is not surprising that mitochondria
are directly targeted by numerous virus proteins to modulate
apoptosis. These virus proteins often induce or depress the effects
of cellular proapoptotic Bcl-2 family proteins, especially Bax and
Bak (53). EV71 has been shown to induce classic signs of mito-
chondrion-mediated apoptosis during infection. However, little
detail is known about the mechanisms of activation of the mito-
chondrion-related cell death pathway induced by EV71. Here we
show that cell apoptosis induced by EV71 was completely inhib-
ited by pretreating HeLa cells with the caspase-3 inhibitor
zDEVD.fmk, indicating that apoptosis induced by EV71 was di-
rectly dependent on caspase-3 activation. Importantly, we ob-
tained evidence that assigns an essential functional role to the
EV71 2B protein, which was localized to the mitochondria, where
itinteracted directly with Bax, the critical proapoptotic member of
the Bcl-2 family, and resulted in Bax activation which was mani-
fested by its conformational change as well as by its redistribution
from the cytosol to the mitochondria, concomitant with the re-
lease of Cyt c.

Previous studies indicated that poliovirus (PV) 2B localizes
partially in mitochondria and induces an anomalous perinuclear
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FIG 9 Experiments indicating that the N-terminal domain from aa 22 to 35 of 2B is crucial for Bax activation and the interaction between Bax and 2B. (A)
Coimmunoprecipitation analysis of the region of 2B that is responsible for Bax interaction. HeLa cells were transfected with vectors expressing full-length 2B,
2B(A1-22) (2B with deletion of aa 1 to 22), 2B(A1-35) (2B with deletion of aa 1 to 35), or 2B(A22-35) (2B with deletion of aa 22 to 35). At 24 h posttransfection,
the cells were harvested, and coimmunoprecipitation assay was performed using Flag antibody. The precipitated proteins were immunoblotted with antibodies
to Bax and Flag. Control, cells transfected with pCMV-Flag. (B) Western blot analysis of Bax activation in cells expressing 2B, 2B(A1-22), 2B(A1-35), or
2B(A22-35). Activated Bax was immunoprecipitated from cell lysates by using anti-Bax6A7 antibody. The eluates were probed with antibody to Bax. Control,
cells transfected with pCMV-Flag. (C) Analysis of cell apoptosis in cells expressing 2B, 2B(A1-22), 2B(A1-35), or 2B(A22-35). Cells were harvested and stained
with annexin V-FITC as described in Materials and Methods. Cell apoptosis was then determined by flow cytometry. Control, cells transfected with pCMV-Flag.
Staurosporine (positive control), = cells treated with staurosporine for 12 h. (D) Western blot analysis of Cyt c in the cytoplasmic fractions of cells expressing 2B,
2B(A1-22), 2B(A1-35), or 2B(A22-35). Equal amounts of each cytosol fraction were immunoblotted with antibody to Cyt c. (E) Analysis of the caspase-3-like
activity in cells expressing 2B, 2B(A1-22), 2B(A1-35), or 2B(A22-35). Control, cells transfected with pCMV-Flag. Staurosporine (positive control), cells treated
with staurosporine for 12 h.

distribution of these organelles (54, 55). Detection of Cyt crelease  pathway (58). Protein 2B from PV and coxsackievirus A (CAV) is
from mitochondria suggests involvement of the mitochondrial thought to form homodimers and homotetramers that are located
pathway in 2B-induced apoptosis (56, 57). Some studies have sug-  primarily in the membrane structure of host cells and leads to the
gested that 2B induces cell apoptosis via a caspase-dependent formation of hydrophobic pores which increase the permeability
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FIG 10 (A) Western blot analysis of the impact of recombinant Bax on Cyt c release in isolated mitochondria from cells expressing 2B, 2B(A1-22), 2B(A1-35),
or 2B(A22-35). HeLa cells with Bax knockdown were transfected with full-length 2B, 2B(A1-22), 2B(A1-35), and 2B(A22-35). At 24 h posttransfection, the
mitochondrial fractions were separated and incubated with 1 wM recombinant Bax, 100 wM Ca®", 150 uM Ca**, or neither of these reagents (control) for 1 h
at RT. After centrifugation, the resulting supernatants were immunoblotted with antibody to Cyt c. The recombinant Bax that attached to the mitochondria was
immunoblotted with antibody to His tag. (B) Analysis of caspase-3-like activity in cell lysates treated with supernatants from Bax-treated mitochondrial fractions
of cells expressing 2B, 2B(A1-22), 2B(A1-35), or 2B(A22-35). Mitochondrial fractions were treated with Bax or Ca®>" as described for Fig. 6. The resulting
supernatants were added to purified cell lysates. The caspase-3 activity was then determined as described above. Positive control, purified cytosol that was
incubated with exogenous Cyt ¢ (10 pM).

of the host cell membrane and promote the budding of virus par-
ticles (56, 59). Another significant effect of PV and CAV 2B pro-
tein on host cells is the disruption of the Ca®* balance in cells (60).
Cells with PV or coxsackievirus B3 (CVB3) 2B expression dis-
played obvious cytosolic calcium elevation (59). However, the
current induced by EV71 2B protein is carried mainly by chloride
ions but not calcium (61). Little direct evidence has been provided
to establish a link between changes in mitochondrion permeabil-
ity and EV71 2B-induced apoptosis. The excessive mitochondrial
uptake of Ca>* has toxic effects on cells, and high Ca®" concen-
trations can open the mitochondrial permeability transition
pores, expand mitochondrial permeability, and rupture the mito-
chondrial outer membrane. Consequently, Cyt ¢ and other pro-
apoptotic factors are released, eventually leading to apoptosis
(62). However, it was reported that the expression of PV as well as
CAV 2B protein can decrease the Ca”>* levels in the mitochondria

>

(63, 64). No obvious mitochondrial uptake of Ca®" was observed
in cells expressing 2B or cells infected with EV71 in our study
(Fig. 11A). The mitochondrial apoptotic pathway activation and
the subsequent cell apoptosis induced by EV71 2B could not be the
consequences of Ca”" overload in the mitochondria. Thus, we
focused on members of the Bcl-2 family which tightly regulate the
apoptotic cascade in the mitochondria. The data presented here
suggest that EV71 2B-induced apoptosis was Bax dependent, as
indicated by 2B-transfected cells that lacked Bax expression dis-
playing no obvious mitochondrial apoptotic pathway activation
or Cyt c release from mitochondria.

In the absence of an apoptotic trigger, the majority of Bax was
found in the cytoplasm or loosely associated with intracellular
membranes (46). Following an apoptotic trigger, Bax undergoes a
series of conformational changes which include the exposure of
the N terminus and the liberation of the C-terminal transmem-
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FIG 11 (A) Analysis of the mitochondrial calcium in cells expressing 2B or cells infected with EV71. HeLa cells were transfected with pCMV-2B-Flag or infected
with EV71 (MOI = 1). At 12 h and 24 h postinfection, the cells were probed with 1.5 uM Rhod-2 AM (for specific detection of intramitochondrial calcium) for
30 min at 37°C and then fixed in 4% paraformaldehyde at RT. Following three PBS washes, the cells were subjected to flow cytometry analysis using an excitation
wavelength of 488 nm. The percentage of fluorescence-positive cells detected by flow cytometry upon staining with fluorescent dye was calculated. Control,
unstained cells. pPCMV-Flag, pCMV-Flag-transfected cells. EV71 (UV), cells infected with EV71 (UV). (B) Analysis of interactions between 2B and cellular Bcl-X
in cell lysates by immunoprecipitation (IP) assays and Western blotting. Cells were transfected with pPCMV-Flag or pPCMV-2B-Flag. At 24 h posttransfection, they
were harvested and subjected to immunoprecipitation with mouse anti-Flag antibody or mouse IgG. The eluted fractions were probed with anti-Flag, Bax, and
Bcl-X; . Input, cell lysate of cells with 2B expression.
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brane domain, resulting in mitochondrial membrane insertion,
followed by subsequent homo-oligomerization and release of Cyt
¢ (65, 66). As it is a proapoptotic member of the Bcl-2 family, how
Bax induces these mitochondrion alterations is currently contro-
versial. Bax has been shown to form channels in synthetic mem-
branes and may even create very high conductance channels un-
der some circumstances (26). It is possible that Bax creates pores
in the mitochondrial outer membrane which are large enough to
allow the escape of Cyt ¢ (67). Alternatively, Bax might indirectly
alter the permeability of the outer membrane through interactions
with other proteins (68, 69). Thus, several potential mechanisms
can be envisioned for 2B activation of Bax and the subsequent
Cyt crelease. The simplest explanation would be that 2B directly
interacts with Bax, inducing its activation and forming a het-
erodimer or multidimer with Bax, leading to subsequent Cyt ¢
release. Studies have suggested that the 2B proteins of some mem-
bers of the Picornaviridae family may assemble into hydrophilic
pores that are located primarily in the cell membrane system (70).
Thus, it is conceivable that the interaction of Bax and 2B leads to
formation of pores in the outer membrane of mitochondria that
allow Cyt cto leak out. Alternatively, the interaction of 2B and Bax
may result in mitochondrial membrane insertion and oligomer-
ization of Bax, leading to the release of Cyt ¢ and other key mole-
cules from the mitochondria and facilitating caspase activation
and apoptosis. Since overexpression of Bcl-X; caused a dramatic
decrease in induced apoptosis in cells expressing 2B, 2B could
function by sequestering and inhibiting the activity of the antiapo-
ptotic protein Bcl-X, as proposed for the BH3-only proteins that
keep Bax in an active state. However, we were unable to detect an
interaction between 2B and Bcl-X; (Fig. 11B).

The PV and CVB3 2B proteins have two hydrophobic do-
mains, HR1 and HR2. The HR1 domain crosses the cell mem-
brane via a cationic amphipathic a-helix, whereas the HR2 do-
main is a complete hydrophobic TM region (55, 71). Two
hydrophobic domains and the stem-loop connecting them inter-
act to form a “helix-angle-helix” structure (72). After the interac-
tion, the protein could successfully embed into the membrane.
Amino acid sequence comparisons between the EV71 2B, PV 2B,
and CVB3 2B proteins suggest that there is a putative conserved
TM domain in the 2B C terminus. We showed that the TM do-
main is crucial for the mitochondrial location of EV71 2B, as re-
flected by the absence of mitochondrial localization of 2B with a
HR2 deletion. However, an obvious difference in the N-terminal
amino acid sequences between the EV71 2B and the PV and CVB3
2B proteins may explain the functional differences between EV71
2B and PV or CVB3 2B. Our results indicate that a hydrophilic
region of 14 amino acids in the N terminus of 2B may be respon-
sible for the Bax interaction and its subsequent activation. It was
reported that the activation of the apoptotic mitochondrial path-
way in PV-infected neuronal IMR5 cells was Bax dependent (73).
However, whether 2B is involved in the activation of Bax during
PV infection is still unknown. Nevertheless, our results provide
evidence that EV71 2B induces cell apoptosis by modulating Bax
activation during EV71 infection.

In summary, we report that during infection, the EV71 2B
protein localized to the mitochondria and induced mitochondri-
on-associated cell death signals by recruiting and directly interact-
ing with the proapoptotic protein Bax. The interaction of 2B with
Bax resulted in the translocation of the latter to the mitochondria
and in its subsequentactivation (Fig. 12). Cells lacking Bax expres-
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FIG 12 Schematic presentation of the mechanism of cell apoptosis induced by
2B. 2B encoded by EV71 is targeted to the outer membrane of the mitochon-
drion. Its N terminus is exposed on the membrane surface, interacts with Bax,
and recruits Bax to the mitochondrion. The interaction between Bax and 2B
induces the conformational activation of Bax and exposes its BH3 domain. Bax
forms homo-oligomers that trigger the release of the caspase-activating pro-
tein Cyt ¢ and induce cell apoptosis.

sion showed resistance to 2B-induced apoptosis. Thus, this study
provides evidence that EV71linduces cell apoptosis by modulating
Bax activation and reveals important clues regarding the mecha-
nism of Cyt ¢ release and mitochondrial permeabilization during
EV71 infection.
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