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Although the presence of a BH4 domain distinguishes the anti-
apoptotic protein Bcl-2 from its proapoptotic relatives, little is known
about its function. BH4 deletion converts Bcl-2 into a proapoptotic
protein, whereas a TAT-BH4 fusion peptide inhibits apoptosis and
improves survival in models of disease due to accelerated apoptosis.
Thus, the BH4 domain has antiapoptotic activity independent of
full-length Bcl-2. Here we report that the BH4 domain mediates
interaction of Bcl-2 with the inositol 1,4,5-trisphosphate (IP3) recep-
tor, an IP3-gated Ca2� channel on the endoplasmic reticulum (ER). BH4
peptide binds to the regulatory and coupling domain of the IP3
receptor and inhibits IP3-dependent channel opening, Ca2� release
from the ER, and Ca2�-mediated apoptosis. A peptide inhibitor of
Bcl-2-IP3 receptor interaction prevents these BH4-mediated effects. By
inhibiting proapoptotic Ca2� signals at their point of origin, the Bcl-2
BH4 domain has the facility to block diverse pathways through which
Ca2� induces apoptosis.

inositol 1,4,5-trisphosphate receptor � TAT-BH4 � T cell receptor �
WEHI7.2 � Jurkat

The inositol 1,4,5-trisphosphate (IP3) receptor is an IP3-gated
Ca2� channel on the endoplasmic reticulum (ER) (1). IP3-

induced Ca2� release from the ER generates Ca2� signals that
regulate many processes including cell proliferation and survival
(2). However Ca2� signals initiated by IP3 can also promote cell
death (3). Therefore, IP3 receptor channel opening is closely
regulated by phosphorylation and accessory proteins that inter-
act with the IP3 receptor (1, 4). Among the accessory proteins
are the antiapoptotic proteins BcI-2 and Bcl-XL (5).

Our work has documented the interaction of Bcl-2 with IP3
receptors by co-immunoprecipitation, blue native gel electro-
phoresis, and FRET (6, 7). Through this interaction, Bcl-2
reversibly inhibits IP3-dependent channel opening and Ca2�

release from the ER, thus inhibiting T-cell�receptor–induced
apoptosis (6, 8). Conversely, an interaction of Bcl-XL with the
IP3 receptor is reported to enhance IP3-mediated Ca2� release
from the ER (9, 10). Recently, the site of Bcl-2 interaction was
mapped to the IP3 receptor regulatory and coupling domain (7).
This domain functions both to keep the inactivated IP3 receptor
channel closed and to transfer the ligand-binding signal from the
N-terminal IP3-binding domain to the C-terminal channel do-
main, thus causing the channel to open (1, 11). A 20-aa peptide
corresponding to the Bcl-2 binding site functions as a compet-
itive inhibitor of Bcl-2-IP3 receptor interaction (7). This peptide,
referred to as peptide 2 (Pep2), reverses Bcl-2–mediated inhi-
bition of IP3 receptor channel opening in vitro (7). Also, when
delivered into cells via Chariot peptide uptake reagent or by
fusion with HIV TAT cell–penetrating peptide, Pep2 reverses
Bcl-2-imposed inhibition of IP3-mediated Ca2� elevation and
apoptosis (7).

Members of the Bcl-2 protein family share regions of sequence
similarity, the Bcl-2 homology (BH) domains (12). Antiapoptotic
family members, including Bcl-2 and Bcl-XL, have four BH
domains, BH1–4, whereas proapoptotic family members lack the
BH4 domain. The three-dimensional structures of Bcl-2 and
Bcl-XL, determined by NMR spectroscopy, reveal that the BH1,
2 and 3 domains form a hydrophobic groove where proapoptotic
proteins bind (13, 14). The interaction between Bcl-2 and its
proapoptotic relatives accounts for much of the antiapoptotic
activity of Bcl-2. This activity is currently being targeted thera-
peutically because of the important role of Bcl-2 in promoting
cancer cell survival (15, 16). Molecules such as ABT-737 bind in
the hydrophobic groove and displace proapoptotic proteins,
thereby promoting apoptosis. However, BH1, 2, and 3 are not the
only domains important for the antiapoptotic activity of Bcl-2.
The BH4 domain is also important for the antiapoptotic activity
of Bcl-2, as Bcl-2 lacking its BH4 domain (�BH4Bcl-2) promotes
rather than inhibits apoptosis, even though it still heterodimer-
izes with proapoptotic family members (17, 18). Also, removal of
the BH4 domain by caspase-mediated cleavage converts Bcl-2 to
a Bax-like death effector (19, 20). Finally, the BH4 domains of
Bcl-2 and Bcl-XL inhibit apoptosis when introduced into cells by
fusion with the HIV TAT cell–penetrating peptide (21, 22).
Thus, the BH4 domain has intrinsic antiapoptotic activity inde-
pendent of BH domains 1–3, although the function(s) of the BH4
domain are not fully understood. Nevertheless, this antiapoptotic
activity is currently exploited in experimental animal models for
treatment of disorders associated with accelerated apoptosis,
including Alzheimer’s disease, ischemia reperfusion injury, spi-
nal cord injury, and sepsis-induced lymphocyte death (23, 24).
Thus, TAT-BH4 peptides have therapeutic value in these disease
models by prolonging cell survival.

In the work reported here, the BH4 domain of Bcl-2 is found
to be both necessary and sufficient for interaction with the IP3
receptor. These findings identify a novel function of the BH4
domain that contributes to the overall antiapoptotic activity of
the Bcl-2 protein and that may be of value as a potential
therapeutic target.

Results
A diagram depicting the location of the BH domains within Bcl-2
is included in Fig. 1A. A series of GST-IP3 receptor fragments
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that correspond to natural domains of type 1 IP3 receptor (also
shown in Fig. 1 A) were previously used to map the Bcl-2 binding
region on the IP3 receptor (7). Bcl-2 interacts with IP3 receptor
domain 3 but not with domain 6. Therefore, GST fragments
corresponding to domains 3 and 6 were used in GST-pulldown
experiments with Bcl-2 and �BH4Bcl-2, a Bcl-2 mutant lacking
the BH4 domain, to determine whether the BH4 domain is
necessary for the interaction of Bcl-2 with the IP3 receptor (Fig.
1B). Full-length Bcl-2 was pulled down by GST-domain 3 but not
by GST-domain 6, whereas �BH4Bcl-2 was not pulled down by
either of the IP3 receptor fragments. Thus, BH4 domain deletion
abrogates the interaction of Bcl-2 with the IP3 receptor. This
conclusion is substantiated by evidence that Bcl-2, but not
�BH4Bcl-2, co-immunoprecipitates with the IP3 receptor (Fig.
1C). The amount of �BH4Bcl-2 was intentionally higher than the
amount of Bcl-2 in co-immunoprecipitations to detect a poten-
tial weak interaction of �BH4Bcl-2 with the IP3 receptor, but no
interaction was detected.

Also, pulldown and co-immunoprecipitation experiments
were performed to determine whether the Bcl-2 BH4 domain
alone is sufficient to interact with the IP3 receptor. These
experiments used a fusion peptide, TAT-BH4, in which the
cell-penetrating peptide of human immunodeficiency virus
(HIV) TAT (25) is fused to a synthetic peptide corresponding to
the BH4 domain. FITC-labeled TAT-BH4 (fTAT-BH4) was
pulled down by GST-IP3 receptor-domain 3 but not by GST-IP3
receptor-domain 6, GST alone or by glutathione beads alone
(Fig. 1D). Also, the interaction of fTAT-BH4 with full-length IP3
receptor was detected by co-immunoprecipitation (Fig. 1E).
Collectively, the findings in Fig. 1 indicate that the BH4 domain

of Bcl-2 is both necessary and sufficient to interact with the IP3
receptor.

The effect of BH4 peptide (without TAT) on IP3R-mediated
Ca2� release was assessed in unidirectional Ca2�-f lux assays
(Fig. 2A). In these experiments, the nonmitochondrial Ca2�

stores of saponin-permeabilized wild-type MEF cells were
loaded to steady state with 45Ca2�. After incubation with 4 �M
thapsigargin, the efflux of 45Ca2� was followed in the presence
of 1 mM EGTA. This approach allows a direct and very accurate
quantification of Ca2� release through IP3 receptors. The addi-
tion of IP3 (3 �M) in the efflux medium leads to Ca2� release,
which is observed as an increase in the rate of 45Ca2� efflux.
Preincubation with the BH4 peptide (40 �M) but not with the
control peptide (60 �M) caused a marked inhibition of the
IP3-induced Ca2� release. In addition, Pep2 (see introductory
section) alleviated this inhibition of IP3-induced Ca2� release by
the BH4 peptide. Finally, we also performed a dose–response
analysis, showing that the BH4 peptide inhibits IP3 receptor-
mediated Ca2� release with an IC50 of approximately 32 �M and
provokes a nearly complete inhibition at 100 �M (Fig. 2B).
Consistent with these findings, planar lipid bilayer analysis
indicated that the BH4 domain is sufficient to inhibit IP3
receptor channel opening in vitro (SI Text and Fig. S1).

The WEHI7.2 murine T cell line has virtually no detectable
Bcl-2, and consequently T-cell receptor activation by anti-CD3
antibody induces a robust, IP3-dependent elevation of cytoplas-
mic Ca2� that is inhibited by enforced expression of Bcl-2 (6, 8).
To determine whether the BH4 domain is sufficient by itself to
inhibit anti-CD3–induced Ca2� elevation, it was introduced into
the WEHI7.2 cells as a TAT-BH4 fusion peptide. A 1-h prein-

Fig. 1. BH4 domain is necessary for Bcl-2-IP3 receptor interaction. (A) (Upper) Diagram depicting IP3 receptor type 1 and its functional domains. (Lower) Diagram
depicting Bcl-2, its four BH domains and the C-terminal hydrophobic domain (TM). Diagrams are not drawn to scale. (B) GST pull down showing that BH4 deletion
inhibits interaction of Bcl-2 with IP3 receptor domain 3 (d3). (Upper) Coomassie blue–stained gel showing GST-IP3 receptor fragment input levels. (Lower)
Immunoblot showing input levels of Bcl-2 and �BH4Bcl-2 and Bcl-2 pulled down by IP3 receptor domain 3 (d3). (C) Co-immunoprecipitation of Bcl-2, but not
�BH4Bcl-2, with the IP3 receptor. Type 1 IP3 receptor was immunoprecipitated from WEHI7.2 cells expressing either Bcl-2 or �BH4Bcl-2. (D) Binding of
FITC-labeled TAT-BH4 (fTAT-BH4) to IP3 receptor domain 3. fTAT-BH4 (40 �M) was incubated with GST-IP3 receptor fragments corresponding to IP3 receptor
domains 3 (GST-d3) and 6 (GST-d6) and the amount of fTAT-BH4 bound was quantified by fluorescence measurements. Negative controls included GST-EB (elution
buffer), GST alone (GST), glutathione beads alone, GST-d3 alone, and FITC-TAT (fTAT). Symbols represent mean � SEM of three experiments. (E) Co-
immunoprecipitation of fTAT-BH4 peptide with IP3 receptor 1 in WEHI7.2 cell extracts. The WEHI7.2 cell extracts were incubated with 40 �M fTAT or fTAT-BH4
for 2 h before pull down by anti-fluorescein antibody. Immunoblot analysis was performed with anti-IP3 receptor 1 antibody.
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cubation with 2 �M TAT-BH4 inhibited anti-CD3–induced Ca2�

elevation in wild-type (Bcl-2–negative) WEHI7.2 cells, whereas
the control peptide, TAT-ctrl, did not inhibit anti-CD3–induced
Ca2� elevation (Fig. 3A, B). Moreover, Pep2 prevented the
inhibition of anti-CD3-induced Ca2� elevation not only by
full-length Bcl-2 (Fig. 3C) but also by TAT-BH4 (Fig. 3D).
Notably, TAT-Pep2 interferes with the BH4 domain-mediated
interaction of Bcl-2 with the IP3R but does not interfere with
the BH4 domain-mediated interaction of Bcl-2 with VDAC,
an interaction originally described by Tsujimoto et al. (21, 26)
(SI Text and Fig. S2).

The effect of TAT-BH4 on calcium elevation induced by a
cell-permeable IP3 ester (D-myo InsP3 hexakisbutyryloxym-
ethyl ester) was also investigated to ensure that inhibition of
anti-CD3–induced Ca2� elevation by TAT-BH4 was due to an
action of TAT-BH4 on the IP3 receptor rather than an unex-
pected effect on upstream signaling pathways triggered by
anti-CD3–mediated TCR activation. TAT-BH4 inhibited Ca2�

elevation induced by IP3 ester, which bypasses the TCR signaling
pathway by directly inducing IP3 receptor channel opening and
Ca2� release from the ER (Fig. 3E,F).

TAT-BH4 also inhibits anti-CD3–induced Ca2� elevation in
the Jurkat human T-cell leukemia line, a convenient model for
studying the linkage between IP3-induced Ca2� elevation and
apoptosis (Fig. 4A, B). To determine whether TAT-BH4 has an
antiapoptotic action similar to full-length Bcl-2, Jurkat cells were
preincubated with TAT-BH4 for 1 h and then treated with
anti-CD3 antibody in the continued presence of TAT-BH4 for

24 h. Cells were then stained with Hoechst dye and apoptosis
was quantified according to the percentage of cells displaying
apoptotic nuclear morphology. The results indicate that TAT-
BH4 inhibited anti-CD3-induced apoptosis (Fig. 4C) and also
that co-incubation with TAT-Pep2 prevented the inhibition of
anti-CD3–induced apoptosis by TAT-BH4 (Fig. 4D). Note that
anti-CD3 alone induced approximately 30% apoptosis, whereas
the combination of anti-CD3 and TAT-Pep2 induced approxi-
mately 45% apoptosis (Fig. 4D). This is consistent with our
previous findings in Jurkat cells, in which endogenous Bcl-2
repressed anti-CD3–induced apoptosis and Pep2 reversed the
inhibitory action of endogenous Bcl-2 (7). Treating Jurkat
cells with TAT-BH4 further inhibited apoptosis (beyond the
inhibition attributed to endogenous Bcl-2), and TAT-Pep2
reversed the TAT-BH4–mediated apoptosis inhibition. The
ability of TAT-Pep2 to prevent the inhibition of anti-CD3–
induced apoptosis by TAT-BH4 indicates that the antiapoptotic

Fig. 2. BH4 peptide inhibits IP3 receptor channel activity. (A) BH4 peptide
(without TAT) inhibits IP3-induced Ca2� release from the ER. A typical unidi-
rectional 45Ca2�-efflux experiment showing the Ca2� release induced by 3 �M
IP3 from permeabilized 45Ca2�-loaded wild-type MEF cells in the presence of
vehicle (filled squares), 40 �M BH4 peptide (filled circles), 40 �M BH4 peptide,
and 40 �M Pep2 (filled triangles) or 60 �M ctrl peptide (inverted filled
triangles). All peptides were incubated from 4 min before the addition of IP3

to 2 min after its addition (bars). Data points of a representative experiment,
plotted as fractional loss (%/2 min) as a function of time, were obtained in
duplicate and represent mean � SD. Findings are representative of three
independent experiments performed in duplicate. (B) Dose–response curve
summarizing the effect of different concentrations of BH4 peptide and ctrl
peptide on the IP3-induced Ca2� release from permeabilized wild-type MEF
cells. Data points represent mean � SEM, obtained from at least three inde-
pendent experiments performed in duplicate and normalized to the amount
of Ca2� release provoked by IP3 under control conditions (vehicle). Logistic
curve fitting indicates an IC50 of about 32 �M for the BH4 peptide.

Fig. 3. Inhibition of IP3-induced Ca2� elevation by TAT-BH4 and reversal by
TAT-Pep2. (A) Representative Ca2� traces recording the Ca2� elevation in-
duced by 20 �g/ml anti-CD3 antibody in wild-type WEHI7.2 cells after pre-
treatment with 2 �M TAT-control (TAT-ctrl) or TAT-BH4 peptides for 1 h.
Anti-CD3 was added 1–2 min after recording was started. (B) Histograms
summarizing the average peak anti-CD3 induced Ca2� elevation in WEHI7.2
cells treated with various peptides (mean � SEM of seven individual experi-
ments, �50 cells per sample per experiment). (C) Peak Ca2� elevation induced
by 20 �g/ml anti-CD3 antibody in wild-type Bcl-2(-) WEHI7.2 cells without any
peptide addition, or in Bcl-2(�)WEHI7.2 cells in the absence of peptide and in
the presence of either 10 �M TAT-ctrl or TAT-Pep2. Data are from three
separate experiments (�50 cells per sample per experiment). Symbols repre-
sent mean � SEM. (D) Peak Ca2� elevation induced by 20 �g/ml anti-CD3
antibody in WEHI7.2 cells, either untreated or pretreated with 10 �M TAT-ctrl,
2 �M TAT-BH4, 2 �M TAT-BH4 � 10 �M TAT-Pep2, 2 �M TAT-BH4 � 10 �M
TAT-ctrl (mean � SEM of four separate experiments, �50 cells per sample per
experiment). (E) Representative Ca2� traces recording the Ca2� elevation
induced by 40 �M cell-permeable IP3 ester in wild-type Bcl-2 (-) WEHI7.2 cells
after pretreatment with 1 �M TAT-ctrl or TAT-BH4 peptide for 1 h. IP3 ester
was added 1–2 min after the recording was started. (F) Summary of the peak
Ca2� elevation induced by 50 �M IP3 ester in TAT-ctrl-and TAT-BH4-pretreated
cells (mean � SEM in three separate experiments, �50 cells per sample per
experiment).
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function of TAT-BH4 is mediated through its interaction with
the IP3 receptor.

Discussion
Here we report that the BH4 domain of Bcl-2 mediates the
interaction of Bcl-2 with the regulatory and coupling domain of
the IP3 receptor. Moreover, the BH4 domain by itself is suffi-
cient to bind the IP3 receptor and to inhibit IP3-dependent
channel opening and Ca2� release from the ER. When intro-
duced into cells as a TAT-BH4 fusion peptide, the BH4 domain
of Bcl-2 inhibits apoptosis caused by IP3-mediated Ca2� eleva-
tion after T-cell–receptor activation. Significantly, a peptide
inhibitor of Bcl-2-IP3R interaction prevented TAT-BH4–

mediated suppression of T-cell receptor–induced Ca2� elevation
and apoptosis. Thus, an intrinsic antiapoptotic activity of the
Bcl-2 BH4 domain is due to its ability to bind the IP3 receptor
and inhibit Ca2� release from the ER.

The major function of Bcl-2 and its antiapoptotic relatives is
to preserve mitochondrial integrity, thus maintaining ATP syn-
thesis and inhibiting release of proapoptotic factors, such as
cytochrome C, that activate the caspase cascade, ultimately
leading to apoptosis (12, 27). Mitochondrial membrane integrity
is disrupted during apoptosis by at least two mechanisms (27, 28).
One mechanism involves direct permeabilization of the outer
mitochondrial membrane by the proapoptotic Bcl-2 family mem-
bers Bax and Bak after their activation by BH3-only proteins Bid
and Bim. The other mechanism involves induction of the mito-
chondrial permeability transition, mainly in response to Ca2�

release from the ER and mitochondrial Ca2� overload. Bcl-2 is
strategically located on both the outer mitochondrial membrane
and the ER membrane (29, 30), positioning it to preserve
mitochondrial integrity by inhibiting both of these mechanisms.
The ability of Bcl-2 on the outer mitochondrial membrane to
heterodimerize with proapoptotic family members inhibits direct
permeabilization of the outer mitochondrial membrane (12),
whereas the ability of Bcl-2 to inhibit Ca2� release from the ER
inhibits the transfer of Ca2� to mitochondria, thus preventing
mitochondrial Ca2� overload and mitochondrial permeability
transition (31).

The findings presented here indicate that separate structural
features of the Bcl-2 protein endow these antiapoptotic func-
tions. BH domains 1–3 are responsible for forming a hydropho-
bic groove that binds proapoptotic relatives (12). On the other
hand, the BH4 domain of Bcl-2 is responsible for binding the IP3
receptor, thus inhibiting Ca2� release from the ER. Ca2� can
induce apoptosis via mitochondrial Ca2� overload (32, 33), by
up-regulating the BH3-only protein Bim (34) and the death
receptor ligand Fas (35, 36), and by Ca2�/calcineurin-mediated
dephosphorylation and hence activation of the BH3-only protein
Bad (37, 38). Therefore, by inhibiting proapoptotic Ca2� signals
at their point of origin, Bcl-2 blocks diverse routes through which
Ca2� can induce apoptosis.

Ca2�-mediated crosstalk between the ER and mitochondria,
facilitated by the close proximity of these organelles, plays a
critical role in determining the balance between cell survival and
cell death (39, 33). The close proximity of ER and mitochondria
places the IP3 receptor in contact with the voltage-dependent
anion channel (VDAC) located in the outer mitochondrial
membrane, thus facilitating transfer of Ca2� from the ER lumen
to the mitochondrial matrix (40–42). The switch that governs
whether mitochondrial Ca2� elevation favors survival or pro-
motes cell death is mediated in part by the VDAC (42, 43) and
involves targeting the permeability transition pore by Ca2�-
mediated dephosphorylation of the BH3-only protein Bad (44).
In earlier studies, Tsujimoto et al. identified an interaction of the
BH4 domains of Bcl-2 and Bcl-XL with VDAC and thus
attributed the antiapoptotic activity of the BH4 domains to this
interaction (21, 26). Recent evidence that VDAC isoforms are
dispensable for the induction of mitochondrial permeability
transition suggests that these channels may not be required for
apoptosis induction (45, 46[see discussion in the latter]). Nev-
ertheless, the preceding evidence that the close proximity of
VDACs on the outer mitochondrial membrane and IP3 recep-
tors on the ER facilitates transfer of Ca2� between these
organelles and hence ER-mitochondrial crosstalk is strong.
Thus, by positioning its BH4 domain on both the ER and
mitochondria, Bcl-2 may mount a double defense against mito-
chondrial Ca2� overload and apoptosis, with one barrier at the
ER to limit IP3 receptor channel opening and the other at
mitochondria to regulate the VDAC channel. In the present
report, Pep2, a specific inhibitor of Bcl-2-IP3 receptor interac-

Fig. 4. Inhibition of anti-CD3-induced apoptosis by TAT-BH4 and reversal by
TAT-Pep2. (A) Representative Ca2� traces recording the Ca2� elevation in-
duced by 5 �g/ml anti-CD3 antibody in Jurkat cells in the presence of 2 �M
TAT-ctrl or TAT-BH4 peptides. Anti-CD3 was added 1–2 min after recording
was started. (B) Histograms summarize the average peak anti-CD3 induced
Ca2� elevation in Jurkat cells treated with various peptides (mean � SEM of
four- individual experiments, �50 cells per sample per experiment). (C) TAT-
BH4 or TAT-ctrl peptides were added at 1-�M final concentration 1 h before
and 15 h after adding 5 �g/ml anti-CD3 antibody. Symbols represent the
percentage of Hoechst 33342–stained cells displaying morphology typical of
apoptosis 24 h after anti-CD3 addition (mean � SEM; �200 cells counted per
coverslip). (D) TAT-Pep2 reverses TAT-BH4-mediated inhibition of anti-CD3–
induced apoptosis. Jurkat cells were incubated with or without TAT-BH4, and
apoptosis was induced by anti-CD3 antibody as described in (C). Also, some of
the cell suspensions were co-treated with 10 �M TAT-Pep2 or TAT-ctrl, added
1 h before anti-CD3 antibody, as outlined in the accompanying diagram.
Symbols represent the percentage of cells (mean � SEM) with apoptotic nuclei
in four experiments (�200 cells counted per coverslip).
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tion, prevented the inhibition of anti-CD3-induced apoptosis in
Jurkat cells by TAT-BH4. The ability of Pep2 to prevent the
inhibition of anti-CD3–induced apoptosis by TAT-BH4 indicates
that, at least in this situation, inhibition of IP3-induced Ca2�

release from the ER is the predominant antiapoptotic mecha-
nism of the BH4 domain.

Understanding the multiple mechanisms by which Bcl-2 in-
hibits apoptosis is of both fundamental and clinical importance
because of important role that Bcl-2 plays in promoting cancer.
Up to this point, efforts to target Bcl-2 for therapeutic purposes
have focused mainly on the interaction of Bcl-2 with proapop-
totic proteins. With increased understanding of how the BH4
domain contributes to the antiapoptotic activity of Bcl-2, this
domain may also become a valuable target for cancer therapy
intended to overcome Bcl-2–mediated resistance to cell death.
Conversely, improved understanding of the intrinsic antiapopto-
tic function of the BH4 domain may be exploited to develop
antiapoptotic therapeutics of value in managing disease pro-
cesses associated with accelerated apoptosis, including Alzhei-
mer’s disease and cardiac reperfusion injury.

Materials and Methods
Reagents and Cell Culture. Sources of reagents and GST-IP3 receptor frag-
ments, as well as tissue culture methods, were recently described in detail (7).

Peptide Synthesis and Delivery. The purity of synthesized peptides was �95%,
verified by mass spectrometry and high-performance liquid chromatography
(HPLC) (GeneScript). Peptide sequences are as follows: TAT-BH4 Bcl-2 peptide,
NH2-GRKKRRQRRRGGRTGYDNREIVMKYIHYKLSQRGYEW-COOH; TAT-ctrl,
NH2-RKKRRQRRRGGLKNDDICLRVYTPVSILVNE-COOH; TAT-PEP2, NH2-
RKKRRQRRRGGNVYTEIKCNSLLPLDDIVRV-COOH. The BH4 peptide without
TAT was synthesized by Thermo Fisher(Germany). For some experiments,
TAT-BH4 peptide and TAT-ctrl were labeled at the N terminus with FITC
(EZBiolab). Peptides were incubated with 106 cells in OPTI-MEM (Invitrogen)
for 60 min at 25 °C before Ca2� measurements.

GST Pull-Down with FITC-Labeled Peptides. GST-IP3 receptor fragments were
expressed, purified, and used in GST pulldown experiments as described
previously in detail (7).

Ca2� Imaging. Cells were loaded with Fura 2-AM in buffer containing 1.3 mM
Ca2� and adhered to polyL-lysine–coated coverslips as previously described in
detail (8). Cytoplasmic Ca2� concentration was measured by digital imaging
during and after addition of anti-mouse CD3 (20 �g/ml) or IP3 ester (40 �M)
to WEHI7.2 cells or anti-human CD3 antibodies (5 �g/ml) to Jurkat cells.
Methods of Ca2� imaging were described in detail elsewhere (8).

Immunoprecipitation and Western Blotting. Co-immunoprecipitation methods
were described previously (6). The following antibodies were used: anti-
human Bcl-2 (BD Biosciences, 15131A), anti-mouse Bcl-2 (Santa Cruz Biotech-
nology, sc7382), anti-IP3 receptor type 1 (Calbiochem, 407144), anti-
Fluorescein (Abcam, ab19492), anti-VDAC (Calbiochem, 529532), anti-
calcineurin A (BD Biosciences, 610259), and anti-GST (Amersham Biosciences).

Unidirectional 45Ca2�-Flux Assay. 45Ca2� fluxes were performed in 12-well
clusters on confluent monolayers of MEF cells, obtained 5 days after plating
the cells at 2 � 104 cm�2, as described (47). In short, after permeabilization of
the cells with saponin (20 �g/ml), the nonmitochondrial Ca2� stores were
loaded with 150 nM free 45Ca2� (28 �Ci/ml) for 45 min at 30 °C in the presence
of 10 mM NaN3. After washing the cells with efflux medium (120 mM KCl, 30
mM imidazole hydrochloride, pH 6.8, 1 mM EGTA) containing 4 �M thapsi-
gargin, 45Ca2� efflux was followed for 18 min by adding and replacing the
efflux medium every 2 min. After 10 min, 3 �M IP3 (Sigma, I7012) was added.
Peptides were added from 4 min before the addition of IP3 to 2 min after the
addition of IP3. At the end of the experiments, the 45Ca2� remaining in the
stores was released by adding 2% sodium dodecyl sulfate (SDS) for 30 min.
Ca2� release is plotted as fractional loss, obtained by measuring the amount
of Ca2� released in 2 min divided by the total store Ca2� content at that time.
The IP3-sensitive Ca2� release was quantified as the difference in fractional loss
after and before the addition of IP3. Origin 7.0 software (OriginLab Corpora-
tion, Northampton, MA) was used to analyze, plot, and fit the data points.
Dose–response curves using different concentrations of peptide were ob-
tained by normalizing all data points to the IP3-induced Ca2�-release values
obtained in control conditions (vehicle), which was set at 100%.

Anti-CD3-Induced Apoptosis. Jurkat cells and WEHI7.2 cells were plated into
96-well plates at 4 � 105/ml and 2 � 105/ml respectively. After 24 h treatment
with 5 �g/ml anti-human CD3 for Jurkat cells and 20 �g/ml hamster anti-mouse
CD3 plus anti-hamster IgG for WEHI7.2 cells, the cells were stained with
Hoechst 33342 (final concentration 10 �g/ml) for 10 min, and typical apoptotic
nuclear morphology was detected by epifluorescence microscope with a 40�
objective (Carl Zeiss MicroImaging, Inc. ) as previously described (8).

Statistical Analysis. Data were summarized as the mean � SEM, and compar-
isons were made using the two-tailed t test for repeated measures. Differ-
ences between means were accepted as statistically significant at the 95%
level (P � 0.05).
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Effect of TAT-BH4 on IP3 Receptor Channel Opening in Vitro. Planar
lipid bilayer studies were performed to determine whether the
TAT-BH4 peptide regulates IP3 receptor function in vitro, as
shown in Fig. S1. Detailed methods of planar lipid bilayer
analysis were published previously (1). Briefly, single channel
recordings of IP3 receptor type 1 activities, using cesium as the
permeant ion, were performed by vesicle fusion of native rat
cerebellar IP3 receptor type 1 microsomes in planar lipid bilay-
ers. IP3 receptor channel opening was activated by adding 2 �M
IP3 to the cis compartment (cytoplasmic side of channel) at 250
nM Ca2�. Statistical analysis, data processing, and figure pre-
sentation were performed using Origin software (Microcal
Software Inc. , Northampton, MA). The single channel activity
of type 1 IP3 receptor, reconstituted into planar lipid bilayers,
was visualized as a series of discrete positive current fluctuations
in the presence of 2 �M IP3 and 250 nM Ca2� in the cis
compartment (cytoplasmic side of channel) (Fig. S1). The IP3
receptor open probability decreased significantly from 0.23 to
0.02 after adding 2 �M TAT-BH4 but was not affected by

TAT-ctrl, a fusion peptide composed of TAT and a scrambled
sequence of the BH4 domain. These results demonstrate that the
BH4 domain is sufficient to inhibit IP3 receptor channel opening
in vitro.

Effect of TAT-Pep2 on the Interactions of Bcl-2 with IP3 Receptor,
Calcineurin, and VDAC. The BH4 domain of Bcl-2 is known to
interact with calcineurin (2) and VDAC (3, 4). We reported
previously that the IP3 receptor–derived peptide, referred to as
Peptide 2, displaces Bcl-2 from the IP3 receptor (1). To deter-
mine whether Peptide 2 also interferes with the interactions of
Bcl-2 with calcineurin and VDAC, Jurkat cell lysates were
preincubated for 1 h in the presence or absence of 0.2 mM �M
TAT-ctrl or TAT-Pep2. Bcl-2 was then immunoprecipitated
from the cell lysates as described previously (1), followed by
immunoblotting analysis of immunoprecipitates to detect IP3
receptors, calcineurin A, and/or VDAC. The results (Fig. S2)
indicate that TAT-Pep2 interferes with the interaction of Bcl-2
with IP3 receptors but not with the interaction f Bcl-2 with either
calcineurin or VDAC. Thus, TAT-Pep2 appears to be a relatively
specific inhibitor of Bcl-2-IP3R interaction.

1. Rong Y, et al. (2008) Targeting Bcl-2-IP3 receptor interaction to reverse Bcl-2’s inhibi-
tion of apoptotic calcium signals. Mol Cell 31:255–265.

2. Shibasaki F, Kondo E, Akagi T, McKeon F (1997) Suppression of signalling through
transcription factor NF-AT by interactions between calcineurin and Bcl-2. Nature
386:728–731.

3. Shimizu S, Narita M, Tsujimoto Y (1999) Bcl-2 family proteins regulate the release of
apoptogenic cytochrome c by the mitochondrial channel VDAC. Nature 399:483–412.

4. Shimizu S, Konishi A, Kodama T, Tsujimoto Y (2000) BH4 domain of antiapoptotic Bcl-2
family members closes voltage-dependent anion channel and inhibits apoptotic mi-
tochondrial changes and cell death. Proc Natl Acad Sci USA 97:3100–3105.
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Fig. S1. TAT-BH4 peptide inhibits IP3-dependent channel opening in vitro. (A) IP3 receptor type 1 single channel recordings at 0 mV in planar lipid bilayers
with 0.2 mM Ca2� and 2 �M IP3 in the cis (cytosolic) compartment (zero-current level marked). Current traces at the expanded time scale are shown in the bottom
panel. TAT-BH4 (2 �M), added to the cis compartment, blocked channel activity. (B) Bar graph summarizes multiple experiments (mean � SEM; n � number of
individual channels examined, *, P � 0.05).
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Fig. S2. Effect of TAT-Pep2 on the interaction of Bcl-2 with IP3 receptor, calcineurin, and VDAC. Jurkat cell lysates were preincubated in the presence or absence
of 0.2 mM TAT-Pep2 or TAT-ctrl peptide for 1 h before immunoprecipitating Bcl-2. Co-immunoprecipitated proteins were detected by immunoblotting with
antibodies recognizing type 1 IP3 receptor, calcineurin, and VDAC. The amounts of these proteins used as input into the immunoprecipitation are shown by
immunoblotting in parallel panels. *, IgG band.
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