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DAMD17-99-1-9096
ANNUAL REPORT

Trainees: Hong Zhang; Han Jun Chae; Can Jin
(Mentor: John C. Reed)

INTRODUCTION

An important reason for breast cancer is the lack of programmed cell death, also
known as apoptosis (1). A group of structurally conserved proteins, including
Bcl-2 and Bax (2), are key players in apoptosis. To better understand this process,
our lab screened human cancer cDNA libraries for inhibitors of Bax-induced cell
death in yeast. Two proteins were identified: BI-1 and BI-2 (also known as BAR
or BARC) (3,4). The purpose of this fellowship was to "investigate the role of BI-2
in regulating apoptosis and the effects of its interactions with Bcl-2 and Caspase-
8 on programmed cell death in breast cancer." Another purpose for this
fellowship is to compare the anti-apoptotic mechanism of BI-1 and BI-2 with Bcl-
2-family proteins.

BODY

BI-2 (BAR) is an integral membrane protein mainly localized to endoplasmic
reticulum (ER) (4, 5). The BAR protein contains a DED-like and a SAM-like
domain. Previously, we showed that the BI-2 (BAR) is predominantly expressed
in neurons (brain cells) in vivo (5). We showed that the BI-2 (BAR) interacts with
several other DED-containing proteins, including pro-Caspase-8 (4,6), Hip,
Hippi, and Bap3l (5). The interactions with the Huntingtin-interacting protein,
Hip, and its partner Hippi, have suggested a potential role for BAR in
suppressing a cell death pathway of relevance to Huntington's disease (7).

BI-2 (BAR) is also over-expressed in several types of cancers and cancer cell
lines, including breast cancer lines such as MCF7 (4, 6), suggesting a link to
cancer. In these cancer cell lines, reduced BI-2 (BAR) expression by antisense-
RNA sensitizes the cells to Fas involved cell death pathway. Consistently, over-
expression of BI-2 (BAR) by transfection rendered cells more resistant to this cell
death pathway. In addition, when co-expressed with anti-apoptotic proteins Bcl-
2 or Bcl-xL, the BAR protein provides protection from Fas-induced apoptosis
under circumstances where neither BAR nor Bcl-2/Bcl-xL alone is adequate (6).

We also studied another Bax inhibitor, BI-1. BI-1 is an integral ER membrane
protein (3). Over-expression of BI-1 protects cells against ER-stress induced
apoptosis, as well as Bax-induced apoptosis (8). Homologous BI-1 proteins from
other species can also prevent cell death induced by Bax and some other types of
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stimuli (9). This pathway involves activation of the Bax protein, where Bax
undergoes a conformational change and translocates to mitochondria, inducing
downstream steps in this apoptosis pathway. Using BI-1 knockout mice
characterized by our lab, we have found that ablation of BI-1 expression sensitize
cells to apoptosis induced by ER-stress agents such as Thapsigargin (ER calcium
ATPase inhibitor) and Tunicamycin (ER/Golgi glycosyl transferase inhibitor).
Consequently, in adult bi-1-/- mice, the neurons, fibrablasts, and hepatocytes are
more sensitive to ER stress-induced apoptosis. These mice also display increased
sensitivity to tunicamycin-induced renal tubule, kidney and hippocampal
neuron injury, and ischemia-reperfusion injury in brain, liver and kidney (8,
manuscript submitted).

An important pathway for ER to regulate apoptosis is through calcium. If less
calcium from ER is dumped into cytosol, the chance to overcome some apoptotic
stimuli is better. Using Fura-2 as an indicator for cellular calcium concentrations,
we demonstrated that over-expressing BI-1 reduces ER calcium levels in HT1080
and HeLa cells (8), and ablation of BI-1 expression in mouse embryo fibroblast
(MEF) cells increases resting ER calcium levels (8).

To extend these observations regarding Ca 2+ regulation, we studied Bcl-2 effect
on ER calcium regulation. An engineered ER targeted protein cameleon is used
to directly measure ER calcium levels (10). Bcl-2 is over-expressed in most
Estrogen Receptor-positive breast cancers. Bcl-2 overexpression reduces the
basal ER calcium concentration, and causes faster ER calcium leakage into
cytosol upon blocking ER calcium pump (15). We conclude therefore that BI-1
shares in common with Bcl-2 the ability to decrease ER stores of Ca 2+ thus
causing less accumulation of Ca2+ in the cytosol when cells are stressed.

To explore the therapeutic potential of targeting this ER calcium mechanism, we
treated MCF7 breast cancer cells with (-) epigallecatechin gallate (EGCG) from
green tea, a compound that our laboratory previously showed binds to and
suppresses the anti-apoptotic mechanisms of Bcl-2 and Bcl-xL. EGCG (but not an
inactive compound from the same structural class) restored ER Ca2÷
concentrations to normal levels in breast cancer cells over-expressing Bcl-2 (15).
We concluded therefore that chemical inhibitors of anti-apoptotic proteins of the
Bcl-2 family have the potential to restore normal Ca 2+ homeostasis, correlating
with restoration of tumor sensitivity to apoptosis.

To elucidate the structural motifs of Bcl-2-family proteins in reducing ER
calcium, a systematic mutagenesis study 'of Bcl-2 was undertaken. First, we
discovered that compared to mitochondrial localized Bcl-2, only Bcl-2 localized
on ER can lower ER calcium (Fig. 1). Deletion of the predicted pore-forming
domain (i.e.: the a5-ci6 helices) also leads to the loss of ER calcium regulatory
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activity of Bcl-2 (Fig. 2). Further study with point mutations in the predicted
pore-forming domain indicated that conversion of some of the polar residues to
alanine disrupted Bcl-2 function in lowering ER calcium levels, especially for Bcl-
2 targeted to ER membranes (Fig 2). The results suggest that the pore-forming
domain is required for Bcl-2 to regulate ER calcium. To study whether the ability
of Bcl-2 to lower ER calcium levels is related to its anti-apoptotic function,
apoptotic protection analyses were performed with the Bcl-2 mutants. Fig. 3
revealed no correlation between resting ER calcium levels and the anti-apoptotic
abilities of the mutants, suggest that calcium is not the single most important
factor in the ER stress pathway (Fig 3).

In addition, other members of the human anti-apoptotic Bcl-2 family were also
analyzed for their effects on ER calcium regulation, in hope of revealing the
common structural determinants that are important for calcium regulation. We
observed that over-expression of Bcl-2, Bcl-xL, Bcl-B, Bfl-1 reduces basal
concentrations of Ca 2+ in the ER, and thus causes less Ca2+ release into the cytosol
when cells are stressed with agents such as Thapsigargin (Fig. 4 and unpublished
data from our laboratory).

ER calcium homeostasis is balanced by the activities of ER calcium pump
(mainly SERCA) and ER calcium release channel (mainly IP3R for most cell
types). Therefore, the interaction between BI-1 and Bcl-2 with Serca and IP3R was
also studied. Over-expression of Serca2b restored ER calcium levels originally
reduced by overexpression of BI-1 and Bcl-2, suggesting SERCA functions at the
downstream of or in parallel to BI-1 and Bcl-2 (Fig 5A). In 293T cells,
overexpressed Bcl-2, Bcl-xL and Mcl-1 co-immunoprecipitated with Serca2p
(Fig.5B), suggesting Bcl-2 can directly interact with Serca2 to regulate SERCA
activity. Because Bcl-B, Bfl-1 and Bcl-w were not detected in the
immunoprecipitated fractions, it is unclear at this stage whether they also
physically interact with Serca2p. -

To explore the interaction between Bcl-2 and IP3R-1, recombinant GST Bcl-2-
family proteins with deletion of their transmembrane domains were used to pull-
down IP3R1 enriched in mouse brain microsomes. Preliminary experiments
revealed only weak interactions of IP3R1 with Bcl-2 and Bfl-1, (data not shown).
More thorough screening of GST pull-down conditions and in vivo co-
immunoprecipitation experiments in cells overexpressing full length myc-Bcl-2
family proteins are in progress. If verified, the data suggest Bcl-2 can interact
with multiple proteins to regulate ER calcium homeostasis. Similar GST pull-
down experiments will be carried out with BI-1 knockout mouse brain
microsomes to address whether BI-1 is needed as a bridge for IP3R1 to interact
with Bcl-2/Bfl-1. Using HA-BI-1 transformed mouse brain, and cells
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overexpressing IP3R/Serca and HA-BI-1 for immunoprecipitation, the physical
interaction between BI-1 and IP3R/Serca will also be studied.

KEY RESEARCH ACCOMPLISHMENTS

BI-2 (BAR)
"* BI-2 (BAR) is an ER membrane protein interacting with other DED-containing

proteins and Bcl-2.
"* BI-2 (BAR) is over-expressed in several cancers and cancer cell lines,

including some breast cancers.
"* BI-2 (BAR) protects cells against FAS/TNF-induced apoptosis in tumor cells,

including breast cancers.

BI-1
"* BI-1 is a structurally and functionally highly conserved cytoprotective protein

among fungi, plants, and animals.
"* Endogenous BI-1 is required to protect cells against ER stress-induced

apoptosis.
"* BI-1-deficient mice display increased sensitivity to ER-dependent tissue

injury.
"• BI-1 over-expression interrupts cell death signaling between ER and

mitochondria.
"* BI-1 regulates resting ER calcium levels and facilitates calcium leakage from

ER.
"* The effects of BI-1 on ER calcium mimic the effects of anti-apoptotic proteins

such as Bcl-2 and Bcl-xL, which are over-expressed in most breast cancers,
and Bcl-B and Bfl-1.

"* Chemicals from green tea that bind and inhibit Bcl-2 and Bcl-xL restore
normal homeostasis of ER calcium regulation.

"* Bcl-2 pore-forming domain is required for its ER calcium regulation activity.
"* Basal ER calcium levels appear to cooperate with other cellular factors to

affect apoptosis.
"* Calcium pump Serca2 can reverse the effects of BI-1 and Bcl-2 on basal ER

calcium levels, and Serca2 can physically interact with Bcl-2.

REPORTABLE OUTCOMES

1. Publications: Trainees working on this grant published 4 papers directly
germane to the goals of the grant (4, 8, 9, 15), and published two additional
papers indirectly relevant to the goals of this grant (12, 13). Also, trainees
associated with this grant wrote two review articles (11, 14).
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2. Reagents: Multiple reagents were generated as a result of this grant, including
many plasmids encoding BI-2 (BAR) and BI-1, and fragments of these proteins
containing or missing some of the functionally important domains; antibodies
that recognize BAR; antisense oligonucleotides with optimized sequences for
suppressing expression of BAR; and cell lines stably expressing transfected BAR
and BI-1 or fragments of BAR. BI-1 knockout mice and BI-1 knock-out cells were
also generated.

3. Employment. Drs. Hong Zhang and Han Jun Chae who trained on this grant
obtained employment. Dr. Zhang worked as a senior research scientist in the
division of Oncology Research at Dupont, Inc (Glen Olden, PA) and is now a
Project Leader at Conforma Pharmaceuticals, Inc. (San Diego, CA). Dr. Zhang is
dedicated to discovery and development of new drugs for cancer, including
breast cancer. Her current work focuses on small-molecule inhibitors of Hsp90, a
protein over-expressed in many chemorefractory breast cancers. Dr Han Jun
Chae is now an Assistant Professor in the College of Medicine, Chonbk National
University, in Seoul, Korea. Dr. Chae's work focuses on apoptosis dysregulation
in cancer, including breast cancers. She devotes 80% of her effort to cancer
research, and also teaches medical students. Dr. Can Jin continues her training in
the laboratory.'

CONCLUSION

BI-1 and BI-2 (BAR) were identified in our laboratory as inhibitors of Bax
lethality. Bax is a pro-apoptotic protein who expression becomes lost in
approximately one-third of breast cancers, correlating with poor responses to
combination chemotherapy and shorter patient survival. The research supported
under this fellowship proved that both of these proteins can protect tumor cells
from cell death induced by specific types of stimuli, with BI-1 working
predominantly on an ER calcium pathway and BAR working mostly on the
TNF/Fas death receptor pathway for apoptosis. These results help to elucidate
through which mechanisms tumor cells achieve resistance to stress, allowing
them to gain a selective survival advantage relative to normal cells. Bcl-2 and
Bcl-xL are anti-apoptotic proteins over-expressed in most breast cancers, they
interact with BI-1 and BI-2 (BAR) and they also regulate ER calcium levels. Using
Bcl-2 as a model to study the ER calcium regulation mechanism, we showed that
the pore-forming domain of Bcl-2 is required for its ER calcium regulation
function. Bcl-2 can interact with ER calcium pump Serca2 and calcium release
channel protein IP3R1. Other anti-apoptotic Bcl-2 family proteins Bfl-1 and Bcl-B
may also lower ER calcium through similar mechanisms. In addition, we
demonstrated that chemical compounds from green tea that inhibit Bcl-2 and Bcl-
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xL restore normal ER calcium regulation, providing insights into the mechanisms
of these medicinal products and suggesting paths forward for new therapies.
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BAR: An apoptosis regulator at the intersection of
caspases and Bcl-2 family proteins
Hong Zhang*, Qunli Xu*, Stanislaw Krajewski, Maryla Krajewska, Zhihua Xie, Sally Fuess, Shinichi Kitada,
Krzysztof Pawlowski, Adam Godzik, and John C. Reedt

Program on Apoptosis and Cell Death Regulation, The Burnham Institute, La Jolla, CA 92037

Communicated by Erkki Ruoslahti, The Burnham Institute, La Jolla, CA, December 27, 1999 (received for review October 26, 1999)

Two major pathways for induction of apoptosis have been identi- gradient in mitochondria, even in the absence of caspases (15-17).
fied-intrinsic and extrinsic. The extrinsic pathway is represented by When ectopically expressed in yeast, which have no caspases or
tumor necrosis factor family receptors, which utilize protein interac- Apaf-1 homologues, Bax targets to mitochondria, induces cyt-c
tion modules known as death domains and death effector domains release, and causes cell death (18, 19). This cytotoxic effect of Bax
(DEDs) to assemble receptor signaling complexes that recruit and on yeast has permitted screens for human antiapoptosis genes that
activate certain caspase-family cell death proteases, namely pro- maintain cell survival despite expression of the Bax protein (20).
caspases-8 and -10. The intrinsic pathway for apoptosis involves the Here we describe the cloning and characterization of human
participation of mitochondria, which release caspase-activating pro- cDNAs encoding an apoptosis regulator identified through such a
teins. Bcl-2 family proteins govern this mitochondria-dependent apo- yeast-based screen. We have termed this protein BAR, for bifunc-
ptosis pathway, with proteins such as Bax functioning as inducers and tional apoptosis regulator, because it contains both a DI)ED-like
proteins such as Bcl-2 and Bcl-XL serving as suppressors of cell death. domain capable of suppressing apoptosis signaling through Fas
An apoptosis regulator, BAR, was identified by using a yeast-based (extrinsic pathway) and another domain that mediates interactions
screen for inhibitors of Bax-induced cell death. The BAR protein with Bcl-2 family protein and that is required for suppression of
contains a SAM domain, which is required for its interactions with Bax-induced cell death in yeast and mammalian cells (intrinsic
Bcl-2 and Bcl-XL and for suppression of Bax-induced cell death in both pathway). BAR thus represents a protein at the intersection of two
mammalian cells and yeast. In addition, BAR contains a DED-like major pathways controlling apoptosis.
domain responsible for its interaction with DED-containing pro-
caspases and suppression of Fas-induced apoptosis. Furthermore, Materials and Methods
BAR can bridge procaspase-8 and Bcl-2 into a protein complex. The Plasmids. A Bgl-II fragment containing the complete ORF of
BAR protein is anchored in intracellular membranes where Bcl-2 BAR was isolated from a HepG2 library as described (20).
resides. BAR therefore may represent a scaffold protein capable of cDNAs encoding full-length or fragments of BAR were gener-
bridging two major apoptosis pathways. ated by PCR and subcloned into various plasmids, as indicated.

T wo major pathways for induction of apoptosis have been Yeast Assays. Yeast strain QX95001, containing the LEU2-mnarked
identified in recent years. One of these apoptosis pathways mBax-encoding plasmid YEP51-Bax (20), was transformed with

is represented by tumor necrosis factor (TNF)-family receptors the plasmids p424, p424-BAR, p424-BAR(AR), and p4 24 -
that contain protein interaction modules known as death do- BAR(ATM) containing the TRP marker by a lithium acetate
mains (DD) in their cytosolic regions (reviewed in refs. 1-3). On method. Transformants were plated on SD-Leu, TRP (leucine-
binding ligand or when overexpressed in cells, DD-containing deficient and tryptophan-deficient SD). Protein extracts were pre-
TNF receptor family members such as Fas (CD95) aggregate, pared as described (18, 20). Yeast two-hybrid assays were per-
resulting in recruitment of an adaptor protein Fadd, which formed as described (18, 21), by using Bcl-2 (ATM) proteins to
contains both a DD and a similar protein interaction module avoid problems with nuclear targeting.
known as the death effector domain (DED) (4, 5). The zymogen
pro-forms of certain caspase-family cell death proteases, namely Cell Culture and Transfections. 293, 293T, and HT1080 cells were
procaspases-8 and -10, also contain DEDs in their N-terminal seeded at 5 x 105 cells per well in six-well plates and were
prodomains, allowing binding to Fadd/Fas complexes. This is transfected the next day with various combinations of plasmids by
followed by proteolytic processing and activation of the receptor- using SuperFect (Qiagen, Chatsworth, CA). Both floating and
associated proteases, thereby initiating a subsequent cascade of adherent cells (after trypsinization) were collected 24 hr after
additional processing and activation of downstream effector transfection and analyzed by 4',6-diamidine-2'-phenylindole dihy-
caspases (reviewed in refs. 1-3). drochloride (DAPI) staining for assessing nuclear morphology.

DED-containing proteins that function as antagonists of death Transfection efficiencies were routinely >70% based on cotrans-
receptor signaling have been identified in humans, mammals, and fecting a green fluorescent protein (GFP)-encoding plasmid.
viruses (6-8). These antiapoptotic DED-containing proteins func-
tion as transdominant inhibitors, which compete for binding to the Caspase Assays. Cell extracts (25 jig total protein) were prepared
DED domains of Fadd or procaspases-8 or -10, thereby preventing from transfected cells and incubated with 100 jtM substrate
assembly of a functional death-inducing complex (9). benzyloxycarbonyl-Asp-Glu-Val-Asp-AFC (Z-DEVD-AFC) in

A second major pathway for apoptosis involves the participation
of mitochondria, which release cytochrome c (cyt-c), resulting in
caspase activation through the effects of Apaf-1 (10, 11). Members Abbreviations: TNF, tumor necrosis factor; DD, death domain; DED, death effector domain;
of the Bcl-2 family play a major role in governing this mitochondria- PI, 4',6-diamidine-2'-phenylindole dihydrochloride; GFP, green fluorescent protein; TM,transmembrane.

dependent apoptosis pathway, with proteins such as Bax function- *H.Z. and QX contributed equally to this work.ing as inducers of apoptosis and proteins such as Bcl-2 and Bcl-XL *..adQ× otiue qal oti ok
serving as suppressors of cell death (12, 13). aTo whom reprint requests should be addressed at: The Burnham Institute, 10901 North

Thervig Bas supre sepre diorsof tellde stucuwth t, 1Torrey Pines Road, La Jolla, CA 92037. E-mail: jreed@burnham-inst.org.
The Bax protein shares predicted structural similarity with the The publication costs of this article were defrayed in part by page charge payment. This

pore-forming domains of certain bacterial toxins (14) and induces article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C.

release of cyt-c and triggers dissipation of the electrochemical §1734 solely to indicate this fact.
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100 lil caspase buffer (16). Caspase activity was assayed by using E-values of E-J4 and E-2 8 , respectively, indicating high confi-
a fluorometer plate reader, measuring release of fluorescent dence of the prediction. The DED-like domain is not recognized
AFC. by any of the standard sequence analysis programs and instead

was identified by detailed comparison to known DED proteins,
Subcellular Fractionations. 293T cell lysates were prepared and as described below. The DED-like domain of BAR was most
fractionated to yield cytosolic, light-membrane, heavy- homologous to the first DED domain of procaspases-10, sharing
membrane, and nuclear fractions (20). 21% amino acid sequence identity (39% similarity), respectively,

with these proteins (Fig. 1C). The BAR DED domain contains
In Vitro Protein-Binding Assays. GST-fusion proteins (-3 tLM) 14 of the 21 residues previously recognized to be conserved
immobilized on glutathione-Sepharose beads were incubated among DED-family domains based on sequence alignments (28),
with 10 ld of reticulocyte lysates (TNT-lysates, Promega) con- and 16 of the 19 hydrophobic residues known to be conserved
taining in vitro translated [35S] methionine-labeled proteins in 0.5 among DED-family domains based on structural considerations
ml binding buffer (142.5 mM KCI/5 mM MgC12/10 mM Hepes, (29). A consensus secondary-structure prediction based on pMD
pH 7.2/1 mM EGTA/0.2% Nonidet P-40) containing protease (30) and nearest neighbor (31) algorithms suggested the pres-
inhibitors for 3 hr at 4°C. Beads were washed three times in 1.5 ence of six a-helices, consistent with the known structure of
ml binding buffer, and bound proteins were eluted by boiling in other DED-family proteins (29). The SAM domain of BAR
SDS-loading buffer and subjected to SDS/PAGE. shares greatest homology with the human Ephb2 SAM domain

(17% identity) and is predicted by FFAS to adopt a four a-helix
Coimmunoprecipitation Assays. 293T cells transfected with plasmids bundle structure typical of SAM domains (32), with excellent
encoding Myc-BAR, Bcl-2, Bax, or other proteins were cultured conservation of the signature residues found in other members
with or without 20 tiM MG-132 for 6 hr before lysing in HKME of this domain family (Fig. 1D).
solution (142.5 mM KCI/5 mM MgCl2/10 mM Hepes, pH 7.2/1
mM EGTA) containing 0.4% Nonidet P-40 and protease inhibitors. BAR Is a Membrane-Associated Protein That Suppresses Bax-Induced
Lysates were cleared by incubation with the protein G-Sepharose Cell Death. Expression of full-length BAR protein in yeast res-
4B (Zymed) and then incubated with anti-Myc antibody immobi- cued cells from Bax-induced death (Fig. 2A), despite continued
lized on agarose gel (Santa Cruz Biotechnology) at 4°C for 2 hr with production of the Bax protein (not shown). Deletion of the
constant rotation. Beads were then washed 4 times in HKME RING domain from BAR did not interfere with its protective
containing 0.2% Nonidet P-40 before boiling in SDS sample buffer. effect on Bax-induced cell death. In contrast, removal of the
For analysis of interactions of BAR or BAR mutants with Flag- C-terminal TM domain completely abolished the ability of BAR
caspases or Flag-FADD, transfected cells were lysed in modified to rescue against Bax, suggesting that membrane localization of
HKME solution, which contained 400 mM KCI and 0.8% Nonidet BAR is important for its function as a Bax antagonist. Immu-
P-40. Immunoprecipitations were performed as above, by using noblot analysis confirmed production of the BAR (ATM) pro-
either anti-Flag-M2 agarose affinity gel (Sigma) or anti-Myc im- tein at levels comparable to full-length BAR (not shown).
mobilized agarose gel. SDS/PAGE immunoblotting was per- To investigate the effects of BAR on Bax-induced cell death
formed as described (20). in mammalian cells, plasmids encoding wild-type or mutant

versions of BAR were cotransfected with a Bax-encoding plas-
Antibody Production and Immunohistochemistry. High-titer antisera mid into 293T cells, which contain low endogenous levels of
specific for BAR were generated in rabbits by using a multiple BAR. Cells were recovered 24 hr later and analyzed for per-
boosting technique and recombinant GST-BAR(1-139) as im- centage apoptosis by staining with DAPI (18). Both BAR and
munogen, as described (22). Antibody reactivity with BAR was BAR(AR) suppressed Bax-induced apoptosis (Fig. 2B), without
confirmed by immunoblot analysis of in vitro translated BAR vs. interfering with Bax protein production (Fig. 2C). In contrast,
various control proteins and of lysates from 293T cells trans- the BAR(ATM) protein was ineffective at suppressing Bax-
fected with Myc-BAR or various control plasmids, revealing induced apoptosis, even though the protein was produced at
reactivity solely with the expected BAR protein. Specificity of levels similar to full-length BAR in 293T cells. We conclude
antisera was determined by comparisons of immune and preim- therefore that BAR suppresses Bax-induced cell death in both
mune serum and by preadsorption of anti-BAR antisera with yeast and mammalian cells, requiring the TM but not the RING
excess immunogen (GST-BAR) at 5 jig per 50 jil antiserum. domain for its Bax antagonistic function.

The BAR(AR) protein consistently accumulated to higher levels
Computer Analysis. BAR sequence has been analyzed with thread- in cells compared with full-length BAR (Fig. 2 C and D), though no
ing (23) and sensitive profile-profile alignment methods (24) difference in plasmid-derived BAR and BAR(AR) mRNAs was
developed at the authors' laboratory, as well as PSI-BLAST (25). observed (not shown). Similar to several other RING-containing
Three-dimensional models of identified domains were subse- proteins that are subject to proteosome-dependent degradation
quently built with MODELLER (26) and analyzed for quality by (33-35), the 26S proteosome protease inhibitor MG-132 markedly
using several structure analysis methods (27). increased accumulation of BAR protein (Fig. 2D). Thus, steady-

state levels of the BAR protein may be controlled by proteosome-
Results dependent degradation, mediated by the N-terminal RING domain
BAR Is a Multidomain Protein. A screen for cDNAs encoding of this protein, explaining the greater suppression of apoptosis by
suppressors of Bax-induced cell death was performed in the yeast BAR(AR) compared with BAR. Though deletion of the RING
Saccharomyces cerevisiae, resulting in a eDNA containing an domain from BAR was helpful for enhancing accumulation of this
ORF encoding a human protein of 450 amino acids ("-52 kDa), protein in 293 cells, high levels of full-length BAR were found
to which we assigned the acronym BAR, for bifunctional apo- endogenously in some tumor cell lines such as MCF7 breast cancer
ptosis regulator (GenBank accession no. AF173003). The pre- cells (Fig. 2E), LOXIMVI and UACC-257 melanoma, and
dicted BAR protein contains several protein domains, including: IGROV1 ovarian cancer cell lines (not shown).
(i) an N-terminal zinc-binding RING domain at residues 24-86; The presence of a candidate TM domain in BAR suggested it
(ii) a SAM domain at amino acids 180-254; (iii) a DED-like could be a membrane-associated protein. Indeed, BAR protein
domain at 273-345; and (iv) a C-terminal hydrophobic trans- was not extractable from cellular membrane preparations by
membrane (TM) domain at 400-428 (Fig. 1 A and B). The first using alkaline (pH 11.5) solution, consistent with an integral
two assignments have high statistical significance, with PSI-BLAST membrane protein (not shown). Subcellular fractionation exper-
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Fig. 1. Sequence and domains of the BAR protein. (A) The domains of the human BAR protein are depicted, showing the RING, SAM, DED, and TM segments.
(B) The predicted amino acid sequence of BAR is presented, with RING, SAM, DED, and TM domains in boldface. (C) An alignment of DED domain of BAR with
DED domains from other proteins is shown, with identical and similar residues in black and gray, respectively. (D) An alignment of the SAM domain of BAR with
SAM domains from other proteins is presented as above.

iments (Fig. 2F) revealed that BAR resides predominantly in the 293T cells together with Bcl-2, Bcl-XL, Bak, or Bax. Coimmu-
heavy-membrane (contains mitochondria) and nuclear fractions noprecipitation assays determined that BAR can specifically
(presumably representing association with the nuclear envelope; associate with antiapoptotic Bcl-2 and Bcl-XL proteins (Fig. 3A),
see below), with little BAR present in cytosol or low-density but not with Bax or Bak (not shown). The efficiency with which
membrane factions. Reprobing the same blots with antibodies to Bcl-2 coimmunoprecipitated with BAR was comparable to Bax
mitochondrial (COX-IV), cytosolic (caspase-3), and nuclear (Fig. 3A) under the conditions of these assays.
(poly-ADP ribosyl polymerase) proteins validated the fraction- The region within BAR required for its interaction with
ation procedure (not shown). BAR also cofractionated with Bcl-2 was mapped by using a series of N- and C-terminal
Bcl-2 (Fig. 2F). When examined by immunohistochemistry by truncation mutants and internal fragments of BAR for in vitro
using normal human tissue sections and monospecific anti-BAR protein-binding assays (Fig. 3B). Fragments of BAR that
antisera, BAR was present in an organellar pattern within the lacked the RING, DED, or TM domains retained Bcl-2-
cytosol of most cells (Fig. 2G and data not shown). Preimmune binding ability, indicating that none of these domains is
serum and anti-BAR antiserum preadsorbed with recombinant necessary. In contrast, all fragments of BAR that retained the
BAR protein resulted in negligible immunostaining, confirming SAM domain bound Bcl-2 in vitro, whereas all fragments
the specificity of these results (not presented). Microscopy lacking this domain failed to bind Bcl-2. The dependence of the
examination of cells expressing GFP-tagged BAR confirmed SAM domain for interactions with Bcl-2 was also confirmed by
these findings (not shown). BAR mRNA and protein were yeast two-hybrid assays (Fig. 3C).
widely expressed in human tissues, as determined by Northern We next explored the relevance of the SAM domain of BAR ->•

and immunoblot analyses (unpublished observations), for suppression of Bax-induced cell death in yeast and for
Bax-induced caspase activation and apoptosis in human cells.

BAR Modulates Bax-Induced Apoptosis Through a SAM Domain- When coexpressed in yeast with Bax, the full-length BAR
Dependent Mechanism. To explore how BAR might modulate protein suppressed Bax-induced cell death and permitted growth
Bax-induced cell death pathways, we examined whether the BAR on selective medium, whereas the BAR (ASAM) protein failed
protein can associate with members of the Bcl-2 family. For these to rescue yeast from Bax-induced cell death (Fig. 3D). Immu-
experiments, Myc-epitope-tagged or untagged BAR or noblot analysis confirmed production of the BAR and BAR
BAR(AR) proteins were coexpressed by transient transfection in (ASAM) proteins at comparable levels in yeast (not shown). For
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Fig. 2. BAR inhibits Bax-induced cell death in yeast and mammalian cells. (A) Plasmids encoding BAR, BAR(AR), BAR(ATM), or control plasmid were transformed
into a yeast strain harboring YEp51-Bax. Transformants were streaked on galactose-containing synthetic medium lacking tryptophan and leucine and
photographed after 4 days at 30'C. (B) 293T cells were transiently cotransfected with 0.1 /g of GFP-encoding marker plasmid and 4 Ag of either pcDNA3 control
(-) or 0.5 gg pcDNA3-Bax (+) plasmids together with 3.5 jg of plasmids encoding BAR, BAR(AR), or BAR(ATM) or a control plasmid (--). After 1 day, both floating
and adherent cells (aftertrypsinization) were pooled, fixed, and stained with DAPI (18). The percentage of GFP-positive cells with fragmented nuclei or condensed
chromatin (apoptotic) was determined (mean ± SD; n = 3). (C) 293T cell extracts (25 gg total protein) were prepared from the transfected cells shown in B and
subjected to SDS/PAGE immunoblot analysis. (D) 293T cells were transfected with 2 /Lg of BAR- or BAR(AR)-encoding plasmids (Upper). Cell extracts (25 jig total
protein) were prepared 1 day later and subjected to SDS/PAGE immunoblot analysis, by using anti-BAR antiserum. For determination of the effects of proteosome
inhibition on BAR protein accumulation, 293Tcellstransfected with BAR-producing plasmid as above were cultured for 6 hrwith (+) orwithout (-) 20/tM MG-132
before lysis and immunoblot analysis as above (Lower). Exposure times to x-ray film were adjusted to maximize differences. Longer exposures, however,
demonstrated the presence of both full-length BAR and BAR(AR). (E) Immunoblot comparison of BAR levels in lysates (25 jig protein) prepared from MCF7 (1),
control-transfected 293T cells (2), and BAR(AR)-transfected 293T cells (3), probed with anti-BAR antiserum. A band from the same blot resulting from anti-rabbit
secondary antibody reactivity with an unidentified human protein is shown as a control for loading. (F) 293T cells were transiently transfected with plasmids
encoding BAR(AR) and Bcl-2, then lysed 2 days later, and crude subcellular fractions of cytosol (Cyto), nuclei (Nuc), heavy membranes (HM), and light membranes
(LM) were prepared (20), Fractions were normalized for cell equivalents and analyzed by SDS/PAGE immunoblotting, by using antisera specific for BAR (Upper)
and Bcl-2 (Lower). (G) Immunohistochemistry-based analysis of BAR was performed by using paraffin-embedded tissue sections from multiple human tissues
(spinal cord is shown here) and anti-BAR antiserum with DAB-colorimetric detection. Representative photomicrographs show neurons at lower (Left) and higher
(Right) magnification, demonstrating punctate organelle-like distribution of BAR.

mammalian cell experiments, 293T (Fig. 3) cells were cotrans- DED domains of BAR, procaspase-8 and -10 for mediating their
fected with a Bax-producing plasmid together with plasmids interactions (Fig. 4 B and C).
encoding either BAR or BAR (ASAM) proteins. Cells were Because caspase-8 is essential for Fas-induced apoptosis (36,
recovered 1 day later, and either cell lysates were prepared for 37), we sought evidence that BAR could modulate this apo-
assaying caspase activity by using the fluorigenic substrate ptotic pathway. For these experiments, 293 (Fig. 4) or HT1080
Asp-Glu-Val-Asp-aminofluorocoumarin (DEVD-AFC) (Fig. (not shown) cells were transfected with plasmids encoding Fas
3E) or the percentage of apoptotic cells was quantified based on in combination with either a control plasmid or plasmids
DAPI staining (Fig. 31). Overexpression of Bax induced caspase producing the BAR, BAR(AR) and BAR(ADED) proteins.
activation and apoptosis, which were both markedly suppressed Caspase activity and apoptosis were then assayed after 1 day.
by coexpression of full-length BAR but not by BAR (ASAM) 293 and HT1080 cells were chosen for these studies because
(Fig. 3 E and F). Immunoblot analysis confirmed that neither overexpression of Fas triggers apoptosis in these cells through
BAR nor BAR(ASAM) interfered with Bax protein production a Bcl-2-independent mechanism (20, 38), thus avoiding any
and demonstrated that the BAR and BAR (ASAM) proteins contributions that BAR might make with respect to modula-
were produced at roughly equivalent levels in these transfected tion of Bcl-2 family proteins. As shown, Fas stimulated acti-
cells (Fig. 3F and data not presented). Taken together, the vation of DEVD-cleaving caspases and triggered apoptosis
results demonstrate that the SAM domain of BAR is required (Fig. 4 D and E), both of which were partially blocked by
both for its interactions with Bcl-2 and its ability to suppress coexpression of BAR or BAR(AR). In contrast, BAR(ADED)
Bax-induced cell death. and BAR (AR/ADED), which failed to bind procaspase-8,

were ineffective at blocking Fas-induced activation of caspases
BAR Binds DED-Containing Caspases and Suppresses Fas-Induced and apoptosis (Fig. 4 D and E). Thus, BAR requires the DED
Apoptosis. The presence of a DED-like domain in the BAR protein domain to interact with procaspase-8 and to suppress Fas-
suggested that it might interact with other DED-containing pro- induced apoptosis. Immunoblot analysis also revealed corre-
teins. Indeed, BAR and BAR(AR) specifically interacted with lations with Fas-induced processing of procaspase-8, with
procaspase-8 and -10 in coimmunoprecipitation assays by using BAR reducing the amount of processed procaspase-8 pro-
lysates from transfected 293T cells (Fig. 4A and data not shown). In duced as a result of Fas overexpression (Fig. 4F).
contrast, BAR and BAR(AR) did not coimmunoprecipitate with
Fadd (Fig. 4A), even though interactions of Fadd with pro- BAR Can Mediate Association of BcI-2 and Procaspase-8. Recognizing
caspases-8 and 10 were detectable under the same experimental that BAR is capable of interacting with both Bcl-2 and
conditions (not shown). Thus, BAR associates with some but not all procaspase-8, we determined whether BAR bridges these two
DED-family proteins. Mutagenesis studies confirmed a role for the proteins together in a complex. Accordingly, Bcl-2 and Flag-
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Fig. 3. SAM Domain of BAR Is Required for Interaction with Bcl-2 and Inhibition of Bax-Induced Apoptosis. (A) 293T cells were transiently transfected
with plasmids encoding Myc-BAR(AR) and either Bcl-2 or BcI-XL (Upper) or with plasmids encoding Bax and BcI-2 (Lower). Cells were lysed 2 days later in
buffer containing 0.4% Nonidet P-40, and immunoprecipitations were performed by using anti-Myc or anti-Bax antibodies or by using mouse IgGi as a
control, Immune complexes and lysates (representing -5% of input) were subjected to SDS/PAGE and immunoblot analysis by using antisera for detection
of Bcl-2 or Bcl-XL. (B) For in vitro binding studies, in vitro translated 3

5
S-labeled BAR mutant proteins were incubated with 10 jig of either GST-Bcl-2 or

GST (control; CNTL) recombinant proteins, and protein complexes were recovered on glutathione-Sepharose and analyzed by SDS/PAGE followed by
autoradiography. In vitro translation mixes (10% input) were run directly in gels as a control. A wide variety of control GST proteins were tested, thus
confirming specificity of BAR interactions with Bcl-2 (not shown). All BAR fragments shown were >50% intact when produced by in vitro translation in
reticulocyte lysates, but others attempted could not be produced without extensive degradation, such as SAM only. (C) For yeast two-hybrid assay, 1 pg
pGilda-Bcl-2(ATM) was cotransformed into EGY191 cells with 1 ýcg pJG4-5-BAR or pJG4-5-BAR(ASAM). Transformants were initially selected on
glucose-containing medium lacking histidine and tryptophan. Two-hybrid interactions were assayed by streaking onto galactose plates lacking leucine,
histidine, and tryptophan. Use of various positive and negative control proteins in yeast two-hybrid assays confirmed the validity of these observations
(not shown). (D) For cytotoxicity assays in yeast, plasmids encoding BAR or BAR(ASAM) were transformed into a yeast strain harboring YEp51-Bax.
Transformants were then streaked on galactose-containing synthetic medium lacking tryptophan and leucine. Photograph was taken after4 days at 30'C.
(E) For caspase assays, 293T cells were transfected with either 4 /g of vector control plasmid (CNTL) or with 0.5 ftg Bax-encoding plasmid together with
3.5 jg of either vector control plasmid or plasmids encoding BAR or BAR(ASAM). Cell extracts were prepared 24 hr after transfection, normalized for
protein content (25 /g), and incubated with 100 !IM DEVD-AFC. Enzyme activity was determined by the release of the AFC fluorophore (expressed as
relative fluorescence units, RFU). (F) A portion of the transfected 293T cells described in Ewere stained with DAPI, and the percentage of GFP-positive cells
with fragmented or condensed nuclei (apoptotic) was determined (mean ± SD; n = 3). Inset shows immunoblot analysis of lysates from transfected cells
using anti-BAR antiserum with enhanced chemiluminescence-based detection.

procaspase-8 were coexpressed in 293T cells by transient and Bcl-2 family proteins. Though the extrinsic (e.g., Fas/
transfection, in the presence or absence of cotransfected BAR. death receptor) and intrinsic (e.g., Bax/mitochondrial) path-
Coimmunoprecipitation assays revealed that Bcl-2 was readily ways for apoptosis are capable of operating independently,
detected in caspase-8-containing immune complexes when crosstalk between these two major pathways for apoptosis also
using lysates from cells overexpressing BAR but not in lysates occurs (2, 3, 12, 13). In this regard, overexpression of Bcl-2 or
of control transfected 293T cells (Fig. 4G), which contain Bcl-XL can protect some cell lines in vitro and some tissues in
relatively little endogenous BAR protein. Coexpression of vivo from Fas-induced apoptosis (39-43), but not others.
Bax prevented BAR-mediated coimmunoprecipitation of Sensitivity to Bcl-2 protection from Fas-induced apoptosis
Bcl-2 and procaspase-8 (not shown), suggesting that Bcl-2 correlates with reduced activation of procaspase-8 after Fas
cannot simultaneously bind Bax and BAR. We therefore crosslinking (44), requiring a mitochondrial amplification step
conclude that BAR can bridge Bcl-2 and procaspase-8, at to achieve sufficient activation of downstream caspases for
least when overexpressed, thus bringing together members of triggering apoptosis (45). Antiapoptotic DED-containing pro- 2'
two important families of proteins involved in apoptosis teins such as BAR, Bap3l (46), and Flip (7) may compete with
regulation. adaptor proteins such as Fadd for binding to procaspases-8 and

-10, thus reducing the amount of caspase processing and
Discussion activation (9).
BAR represents an apoptosis regulator having unique features At present, it remains unclear why BAR suppressed Bax-
heretofore not seen in other modulators of cell death path- induced cell death in yeast, given that we have been unable to
ways. This protein has a multidomain structure, which includes demonstrate interaction of BAR with Bax by coimmunoprecipi-
RING, SAM, DED, and TM domains, thus suggesting it tation or yeast two-hybrid assays. However, the observation that
may serve as a scaffold protein that integrates interactions and the SAM and TM domains of BAR are required for suppression
communication between two types of apoptosis-regulatory of Bax-induced cell death in both yeast and mammalian cells
proteins-namely, the DED-containing initiator caspases suggests a conserved mechanism.
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was determined by the release of the AFC fluorophore. (E) A portion of the transfected 293T cells described above were stained with DAPI, and the percentage
of GFP-positive cells with fragmented or condensed nuclei (apoptotic) was determined (mean ± SD; n =3). (F) 293T cells were transfected with plasmids encoding
procaspase-8 and either pcDNA3 (control) or pcDNA3-Myc-BAR. Cell lysates were prepared 1 day later, normalized for protein content (50 geg), and analyzed by
SD5S' PAGE immunoblotting by using anti-caspase-B antiserum, The positions of the unprocessed procaspase-8 and the large subunit of processed caspase-8 are
indicated by arrows. (G) 293T cells were cotransfected with 5 gig each of plasmids encoding Bcl-2, Flag-Procaspase-8 and either 10 gig of BAR encoding plasmid
(+BAR) or control plasmid (-BAR). Cell extracts were prepared 2 days later and immunoprecipitates were prepared by using anti-Flag antibody. Immune
complexes were analyzed by SDS/PAGE immunoblotting, probing the same blot sequentially with anti-Bcl-2 antiserumn (Top), anti-Flag monoclonal antibody
(Middle), and anti-BAR antiserum (Bottom), with antibody stripping between each detection. Data are representative of several experiments and include a wide
variety of control transfections and immunoprecipitations that further confirmed specificity of the observed interactions.

Though gene transfer-mediated overexpression of BAR was mice is required to understand the overall importance of this
used here for assaying its effects on apoptosis pathways, the protein for the in vivo regulation of apoptosis.
levels of BAR prodluced by transfection of 293T and HT1080
cells were similar to the en~dogenous levels of BAR found in a We thank E. Smith, R. Cornell. and S. Farrssr for manuscript preparation;
variety of human tumor cell lines, based on comparisons by F. Pio for computer anslysis; S. Matsuzawa (The Burnham Institute), D.
immunoblotting (unpublished observations). Thus, levels of Sykes (Buffalo General Hospital. Buffalo, NY), and S. Tonii (Gunmna

University, Gunma, Japan), for plasmids; and the National Institutes of
BAR sufficient to impact apoptosis pathways can occur at least Health (NII-)/National Institutes on Aging (AG15393), A.G. and K.P.
within the context of cancer. Further analysis of BAR 'in other under NIH Grant GM60049, CaP-CURE, and the Department of Defense
cellular contexts and ultimately by gene ablation experiments in Breast Cancer Research Program (Q.X and H.Z.) for generous support.
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Bifunctional apoptosis inhibitor (BAR) protects
neurons from diverse cell death pathways
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neurons survive for the entire lifetime of the organism and
Received 24.2.03; revised 10.4.03; accepted 07.5.03 therefore need to possess powerful intracellular mechanisms

to antagonize cell death stimuli. Dysregulation of apoptotic cell
death pathways can lead to several neurological conditions.

Abstract Neurodegenerative diseases such as Parkinson's or Hunting-

The bifunctional apoptosis regulator (BAR) is a multidomain ton's disease are characterized by a relative preponderance

protein that was originally identified as an inhibitor of Bax- of proapoptotic intracellular signalling events in certain

induced apoptosis. Immunoblot analysis of normal human populations of neurons.' 2 Similarly, delayed neuronal death
brain, in the ischemic penumbra after occurrence of a stroke may be

tissues demonstrated high BAR expression in the brain, mediated by apoptosis. 3

compared to low or absent expression in other organs. Several antiapoptotic proteins are involved in the protection
Immunohistochemical staining of human adult tissues of neurons from damaging influences such as oxidative
revealed that the BAR protein is predominantly expressed stress, lack of neurotrophic factors, or toxins. Antiapoptotic
by neurons in the central nervous system. Immunofluores- members of the Bcl-2 family have been shown to protect
cence microscopy indicated that BAR localizes mainly to the neurons from metabolic and oxidative insults by stabilizing
endoplasmic reticulum (ER) of cells. Overexpression of BAR mitochondrial functions, thereby inhibiting cytochrome c

in CSM 14.1 neuronal cells resulted in significant protection release, Apaf-1 oligomerization, and activation of Caspase

from a broad range of cell death stimuli, including agents that 9.4 Inhibitor of apoptosis proteins (lAPs) may play an
activate apoptotic pathways involving mitochondria, TNF- important role in neuronal cell survival mechanisms by directlyfamilyvath reopicpator as, a vlndgERstre. mtowndreguatn of binding to and inhibiting Caspases 3, 7, or 9.5,6 Compared to
family death receptors, and ER stress. Downregulation of the regulation of mitochondrial apoptosis, the relevance of
BAR by antisense oligonucleotides sensitized neuronal cells death receptor- and Caspase-8-mediated apoptosis in neu-
to induction of apoptosis. Moreover, the search for novel rons is far less well documented. However, TNFa may induce
interaction partners of BAR identified several candidate neuronal death after nerve growth factor withdrawal 7 and HIV-
proteins that might contribute to the regulation of neuronal 1 infection.a Further, neuronal death in Huntington's disease
apoptosis (HIP1, Hippi, and Bap3l). Taken together, the may involve Caspase-8 activation dependent on a protein
expression pattern and functional data suggest that the BAR complex comprising HIP1, Hippi, and Caspase-8. 10

protein is involved in the regulation of neuronal survival. The bifunctional apoptosis inhibitor (BAR) is a multidomain

Cell Death and Differentiation (2003) 10,1178-1187. doi: 10.1038/ protein that was first discovered as an inhibitor of Bax-induced

sj.cdd.4401287 cell death."1 BAR is capable of inhibiting apoptosis induced by
TNF-family death receptors ('extrinsic pathway') as well as
mitochondria-dependent apoptosis ('intrinsic pathway'). Inter-

Keywords: apoptosis; BAR; neurodegeneration; neurons; as- action of BAR with Bcl-2 or Bcl-XL via a SAM domain may
trocy'toma contribute to the antiapoptotic properties of BAR, Moreover,

the BAR protein contains a domain that shares similarity with
classical death effector domains (termed 'pseudo DEDs'),

Abbreviations: Bap3l, B-lymphocyte receptor-associated pro- which mediates Caspase-8 binding. Therefore, BAR was
tein 31; BAR, bifunctional apoptosis regulator; BID, BH3 inter- suggested to act as a scaffold protein that can bridge
acting domain death agonist; CNS, central nervous system; DED, components of extrinsic and intrinsic apoptosis pathways.
death effector domain; ER, endoplasmic reticulum; FADD, Fas- This theory was supported by the finding that active Caspase-
associated death domain; FITC, fluorescein isothiocyanate; GFP, 8 subunits are sequestered to BcI-XL/BAR complexes, there-
green fluorescent protein; HIPI, Huntingtin-interacting protein; by preventing further cleavage of Caspase-8 substrates and
Hippi, HIP1 protein interactor; kDa, kilo Dalton; MPTP, 1-methyl- subsequent cell death in the context of Fas-induced
4-phenyl-1,2,3,6-tetrahydropyridine; PBS, phosphate-buffered apoptosis.12

saline; kb, kilobase pairs; PDI, protein disulfide isomerase; In this report, we provide evidence that BAR is mainly
expressed in vivo by neurons in the central and peripheral
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nervous systems. Overexpressed BAR protects neuronal cell was generally organellar or diffuse cytosolic. Staining for BAR
lines from a broad range of cell death stimuli, while down- was present in keratinizing epithelium in the upper layers of
regulation of endogenous BAR leads to sensitization to the epidermis (Figure 2a), but not in nonkeratinizing squa-
apoptosis. Our findings suggest that the biological functions mous epithelium of the esophagus (Figure 2b), cervix,
of the BAR protein in vivo are likely to be relevant to stomach, intestine, and lung (not shown). Moreover, BAR
suppression of cell death and maintenance of survival of expression was found in seminiferous tubules (secondary
neurons. spermatocytes and early spermatids; Figure 2c), in endome-

trial glands, the fallopian tubes, and in plasma cells in the
colonic lamina propria (not shown). Multiple tissues were

Results entirely negative for BAR staining including prostate
(Figure 2d), spleen, bone marrow, smooth and skeletal

BAR is predominantly expressed in neurons muscle, hypophysis, thyroid, liver, and pancreas.
The physiological functions of the BAR protein are largely Overall, BAR staining was most prominent in the nervous
unknown. To investigate the possible roles of BAR in vivo, we system. Highest signal intensities were observed in neurons in
studied the expression pattern of this protein in human the central and peripheral nervous systems. Both the cell
organs. To this end, we performed an immunoblot analysis bodies and axons of neurons were stained with anti-BAR
of human normal tissue samples using a BAR-specific rabbit antibody. Among neuronal types, the strongest BAR immu-
antiserum, previously described." BAR expression was nostaining was found in pyramidal neurons located in cortical
highest by far in brain, with moderate expression in small layers III-V (Figure 2e-h) and in the neurons of the nuclei of
intestine, weak expression in testes, and only faint expression pontomedullary reticular formation, such as the principal
in liver and skeletal muscle (Figure la). No signal was olivary nucleus (Figure 2i,j) and the facial (Figure 2k) and
detected in heart, kidney, lung, and spleen. hypoglossal nuclei, and in the red nucleus in the mesence-

To demonstrate antibody specificity, we analyzed tissue phalon. Purkinje cells, granular neurons, and the synapses of
lysates of brain, heart, and small intestine side by side with the mossy fibers on granule cells in the cerebellum were
lysates of SK-N-BE(2) neuroblastoma cells that had been strongly positive (Figure 21).
transfected with BAR-specific antisense oligonucleotides Within the peripheral nervous system, neurons in the
(Figure 1 b). Treatment of SK-N-BE(2) cells with BAR-specific sympathetic ganglia and dorsal root ganglia (Figure 2m-o)
antisense oligonucleotides resulted in a significant decrease exhibited strong staining. Moreover, peripheral neurons
in signal intensity of an - 50 kDa protein band that comigrates showed intense staining in ganglion cells of Meissner's
in gels with the same immunoreactive band as present plexus, interspersed among negative smooth muscle adjoin-
endogenously in tissue lysates, confirming that this band is ing unstained gastrointestinal epithelium (not shown). In
BAR. contrast to the adrenal cortex, where no staining was

Owing to the distinct expression pattern in various organs, observed, neuroendocrine chromaffin cells in the adrenal
we studied the anatomic distribution of BAR in greater detail medulla were positive for BAR staining (Figure 2p-r). Strong
by performing immunohistochemical staining* of paraffin- BAR signal was also observed in pinealocytes, but not in the
embedded, human tissue specimens. The staining pattern glial compartment (Figure 2s,t).

a -. BAR localizes to the endoplasmic reticulum (ER)

--... BSince immunohistochemistry showed an organellar-like stain-
2 kD = :; Ponce'au subcellular localization of the BAR protein in cells of neural

40kO .. origin. First, we sought to confirm the staining pattern

a - observed in immunohistochemistry by performing immuno-
fluorescence staining of SK-N-BE(2) neuroblastoma cells that

b had been shown to express endogenous BAR (Figure 1b). In
52- k - BAR accordance with the immunohistochemical findings, staining
48kO -~ of these cells with anti-BAR antiserum produced a perinuclear

j-t]--4ct1 and organellar-like fluorescence signal, whereas staining with
- •preimmune serum produced no signal (Figure 3a,b). To

examine BAR localization in more detail, we stably trans-
fected the rat nigrostriatal cell line CSM 14.1 and the human

Figurel Expression of BAR in human adult tissues. (a) Immunoblot analysis of astrocytoma cell line LN18 with a truncated version of BAR

BAR in human tissues. Human tissue lysates (25 jig) were analyzed by SDS- lacking its N-terminal RING domain, BAR(AR). Removal of
PAGEiimmunoblot using anti-BAR antiserum (1:3000) and HRP-coupled the RING domain of BAR has been shown to prevent
secondary antibody (top panel). As a protein loading control, the membrane proteasome-dependent degradation of the protein," allowing
was stained with Ponceau S solution (bottom panel). (b) Specificity of the greater protein accumulation. The generation of these cell
polyclonal anti-BAR antibody was demonstrated by including cell lysates from
anti-BAR antisense oligonucleotide-treated SK-N-BE(2) cells during immunoblot lines served as a useful model for expression and functional
analysis of human tissue samples. The BAR protein migrates at a molecular studies since: (i) BAR-transfected CSM cells allow the study of
weight of ~-50 kDa BAR localization and function in cells of neuronal origin, while

Cell Death and Differentiation



Apoptosis regulation in the nervous system
W Roth et al

1180

a bj c d

46641

#AV

q 6.

Figure 2 Immunohistochemical analysis of BAR expression. Expression of the BAR protein in normal human tissues is demonstrated in epidermis ((a) x 400),
esophageal squamous, nonkeratinizing epithelium ((b) x 200), testis ((c) x 400), and prostate ((d) x 200). In the central nervous system, BAR expression was
exclusively neuronal as shown in the examples from the occipital cortex ((e) x 40; (f) x 100; (g) x 400). The subcellular pattern in neurons is organellar and fine
granular cytoplasmic in perikaryon and dendrites. The negative astroglia (long arrows) and satellite oligodendroglia (short arrows) are clearly visible in panel (g). The
specificity control of the antibody preabsorbed with BAR recombinant protein is demonstrated in (h) ( x 100) and (o) ( x 400). BAR immunoreactivty in other parts of the
CNS is shown in examples of olivary nucleus ((i) x 100 and (j) x 400), motoneurons in the facial nucleus of the brain stem ((k) x 1000), and Purkinle cells in the
cerebellum ((I) x 1000). In the peripheral nervous system, ganglion cells in dorsal root ganglia were strongly positive for BAR staining ((m) x 100 and (n) x 1000),
whereas nerve fibers and myelin were negative. Moreover, prominent BAR immunoreactivity was detected in adrenal medulla ((p) x 80; (q) x 200; (r) x 1000) and in
pinealocytes ((s) x 200; (t) x 1000)

BAR-transfected astrocytic LN1 8 cells serve as a control cell cells, as well as in transiently transfected COS-7 cells (data
line for possible neuron-specific effects; and (ii) the epitope- not shown), suggesting that BAR resides mainly in associa-
tagged, ectopically expressed BAR protein allows detection tion with the ER, independent of cell type.
by two independent antibodies, anti-BAR and anti-myc. For
each cell line, several subclones of BAR transfectants were
generated (Figure 3c). Cells stably transfected with empty BAR protects neuronal cells from a broad range of
expression vectors served as controls. The subcellular cell death stimuli
localization of the epitope-tagged BAR in these transfected The prominent expression of BAR in neurons together with its
cells was then accomplished by immunofluorescence and distinct subcellular localization suggests that BAR might be
organelles were sim ultaneously colocalized using a m itochon- rl v n o u vvl p t w y ,p ri ual n CNS cls
drial marker (Mitotracker) or an ER marker (anti-protein Therefore, we sought to characterize BAR functions in CSMV

disufid isoerae, PI).As hownin igur 3,BAR neuronal cells and to compare these results with BAR-induced
exhibited clear colocalization with PIDI (Figure 3d-f), whereas ef ct in oh r n- u o al CNS els S n e BA w s
only partial overlap was detected with the mitochondrial iiily i e tfe s a p p oi e uao h t i hbt
m arker (Figure 3g-i). Sim ilar findings w ere obtained in LN 1 8 in r sc as w l as e t n ic po oi ig li g, e frt

Cell Death and Differentiation
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Next, we tested the extrinsic signalling pathways that are
"normally induced by activation of death receptors. CSM cells
were treated with TNFoý, whereas TNFi-resistant LN18 cells

0 •were treated with anti-Fas antibody CH1 1. In this cell death
model, BAR expression resulted in substantial protection in

.... A (BAR) both CSM and LN18 cells (Figure 4e,f). Interestingly,
CSM protection mediated by BAR and Bcl-2 was of similar potency

,i--tubulln in CSM cells.

Since BAR predominantly localizes to the ER, and because
ER stress is an important cell death stimulus in normal and
diseased CNS cells, 14 we treated the cell lines with

LN I8 - thapsigargin, a specific antagonist of the ER Ca 2 +-ATPase.
L 8-tubulin CSM cells, but not LN18 cells, were significantly protected

from thapsigargin-induced cell death by overexpression of
BAR (Figure 4g,h). The protection conferred against ER

7 stress by BAR was somewhat weaker than by Bcl-2.
We have previously shown that the wild-type BAR protein

and the BARAR mutant have similar antiapoptotic activity in
293T cells.1 1 To confirm that protection of neuronal cells from
diverse cell death stimuli can be achieved by full-length BAR
as well as BARAR, we transiently transfected CSM cells with a
plasmid encoding wildtype BAR or the empty expression
vector together with a GFP-encoding plasmid. After perform-
ing similar treatments as shown in Figure 4, apoptosis was
assessed by counting GFP-positive cells exhibiting apoptotic
morphology of DAPI-stained nuclei. The percentages (± S.D.)
of apoptosis of CSM cells transfected with full-length BAR or
control vector were 24(4± 4) versus 37( ± 6)% after treatment
with staurosporine (0.01 ^M, 12h); 19(±+2) versus 42(±6)%

Figure 3 Subcellular localization of BAR. (a,b) Expression pattern of after serum deprivation (16 h); 7(±_3) versus 20(±+4)% after
endogenous BAR protein in SK-N-BE(2) human neuroblastoma cells. After incubation with TNFax (50ng/ml; 12h); and 16(±5) versus
fixation and permeabilization, cells were stained with anti-BAR antiserum 32(±3)% after treatment with thapsigargin (0.3juM; 12h).
(1 : 1000) and Alexa 594 anti-rabbit secondary antibody. As a negative control, These experiments confirmed that overexpressed wild-type
cells were incubated with pre-immune serum. (c) Expression control for
BAR(AR) stably transfected cell lines. Whole-cell lysates (20 jg per lane) of BAR and BARAR have similar antiapoptotic effects in
control cells and transfectants were subjected to immunoblot analysis neuronal cells.
(*=unspecific band). Reprobing the blot with anti-a-tubulin antibody served as In addition to cell death, we examined the effects of BAR
a loading control. (d-i) Coimmunostaining of BAR and ER or mitochondria. CSM expression on caspase activation. After treatment of BAR-
cells were differentiated to neurons, fixed, and permeabilized as outlined in the transfected or control LN1 8 cells with anti-Fas antibody CHi 1,
Methods section. Ectopic BAR expression was detected by staining with anti-myc
antibody (d,g). Anti-PDI was used as an ER marker (e), and Mitotracker was Caspase-3-like protease activity was measured by incubation
used as a mitochondrial marker (h). Merged pictures are shown in (f) and (i) of lysates with Caspase-3 substrate DEVD-AFC. While

control cells showed a prominent increase in DEVD-AFC
cleavage, Caspase activity in BAR transfectants remained

treated neuronal and astrocytoma cells with staurosporine low (Table 1). In parallel experiments, pro-Caspase-8
(STS), an inducer of the intrinsic apoptotic pathway. While cleavage was examined by detection of the active p18 subunit
BAR overexpressing CSM cells were substantially protected by immunoblot analysis. Cleavage of pro-Caspase-8 into
from STS-induced cell death, LN18 cells were not (Figure active subunits was readily detected in control cells even at
4a,b). To evaluate the extent of BAR-mediated protection in low concentrations of CH1 1 antibody (0.08 pg/ml), while BAR-
CSM cells compared to other antiapoptotic proteins, we overexpressing cells showed cleavage of pro-Caspase-8 only
performed identical experiments with CSM cells stably at 25-fold higher concentrations of anti-Fas antibody
transfected with Bcl-2.13 BAR conferred significant resistance (Figure 5).
to STS, but the extent of protection was not as large as that Next, we tested if neuronal-lineage cells could be sensitized
afforded by BcI-2. to apoptosis by downregulating endogenous BAR expression

These cells were also subjected to serum deprivation as using antisense oligonucleotides. Lipid-mediated transfection
another type of stimulus thought to operate primarily through of two different antisense oligonucleotides specific for human
the mitochondrial cell death pathway. BAR-expressing CSM BAR into SK-N-BE(2) neuroblastoma cells resulted in almost
cells clearly resisted serum withdrawal, whereas the differ- complete loss of BAR mRNA, as assessed by quantitative RT-
ences in cell survival of LN18 astrocytoma cells did not PCR methods after 24h (Figure 6a and data not shown).
achieve statistical significance (Figure 4c,d). Again, protection Since the adapter protein FADD and the cell death protease
afforded by Bcl-2 was more potent than BAR in CSM cells Caspase-8 participates in the death receptor-induced apop-
subjected to serum deprivation. tosis pathways, we tested the effects of downregulating
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Table 1 Caspase-3-like activity in BAR-overexpressing versus control-trans-
CSM LN1 8 fected cells

neuronal cells astrocytoma cells
aControl BAR

-80. 80- Min Co. +CH11 Co. +CH11
60 -6060
40 40 1 51+8 108±2 73+1 74±2
"40"5 38+5 358+3 64+4 79+7

20 20 10 28+2 586+11 50+5 108+9
0 15 17+1 753+10 46+7 116+6

Co. BAR Bcl-2 co. BAR
LN18 cells were incubated without ('Co.') or with anti-Fas antibody CH1l
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"Figure 5 Role of BAR in extrinsic apoptosis. Caspase-8 cleavage after
-= 40 , 40 treatment with anti-Fas antibody. LN18 cells were treated with anti-Fas antibody

"Z . CH1 1 for 16 h using (1) 2 pg/ml; (2) 0.4 pig/ml; (3) 0.08 pg/m; or (4) 0.016 pg/ml.C M
c = 20 20 Cell lysates were subjected to immunoblot analysis with mouse monoclonal anti-

0 6i Caspase-8 antibody (Upstate Biotechnology)

CO. BAR Bcl-2 I _CO. BAR I oligonucleotides that are specific for the human BAR

Figure 4 Antiapoptotic activity of BAR in neuronal and astrocytoma cells. The sequence. However, antisense-mediated downregulation of
neuronal cell line CSM and the astrocytoma cell line LN18 were treated with the ectopically expressed human BAR protein resulted in re-
various cell death stimuli. For these assays, cells were seeded in 12- or 96-well- sensitization of CSM cells to apoptosis, thereby confirming
plates and treated as outlined below. Cell death was assessed by counting living that the resistant phenotype of BAR-transfected CSM cells
versus dead cells by Trypan blue exclusion assay or, alternatively, by crystal was specifically caused by BAR (Figure 6b).
violet assay (see Methods section). All data are derived from at least four
independent experiments and represent mean+standard deviation (S.D.)
(P=0.05, R-test). (a,b) As a model for intrinsic apoptosis, cells were treated with Novel candidate interaction partners of BAR
staurosporine (0.01 ptM) for 16 h. (c,d) For serum starvation, cells were seeded,
allowed to adhere for 24 h, washed twice with PBS, and incubated with serum- BAR protein contains a pseudo-DED, similar to Huntingtin-
free medium for 48h. (e,f) To trigger death receptor-dependent (extrinsic) interacting protein (HIP1), HIP1 protein interactor (Hippi), and
apoptosis, CSM cells were treated with TNFa (50 ng/ml) for 16 h, and LN1 8 cells B-lymphocyte receptor-associated protein 31 (Bap3l). We
were treated with anti-Fas antibody CH11 (0.2 pig/ml) for 16 h. (g,h) ER stress- therefore tested BAR for interactions with HIPi, Hippi, and
dependent cell death was induced by incubating cells with thapsigargin (0.3 JM)
for 16 h. Asterisks indicate statistically significant results (P=0.05) Bap3l by coimmunoprecipitation assays. For these experi-

ments, candidate interacting proteins were transiently coex-
pressed with BAR in 293T cells and subsequently

endogenous BAR on apoptosis induced as a result of coimmunoprecipitated. No interaction was detectable for the
transient overexpression of these proteins in SK-N-BE(2) DED-containing proteins FADD and PEA15, or for non-DED
cells. In control SK-N-BE(2) cells, little apoptosis was induced proteins such as XIAP and Bid (Figure 7a and data not
by overexpression of FADD or Caspase-8. In contrast, FADD shown). In contrast, HIP1, Hippi, and Bap3l were readily
and Caspase-8 were effective at inducing apoptosis in cells detected in BAR-containing immune complexes (Figure 7a).
treated with BAR antisense (Figure 6a). Thus, we conclude Since physiological protein interactions require that the
that BAR is an intrinsic suppressor of Caspase-8-mediated binding partners share the same intracellular compartments,
apoptosis in these cells of neuronal lineage. In contrast to we tested whether the interacting proteins colocalize in
human SK-N-BE(2) neuroblastoma cells, endogenous BAR in immunofluorescence experiments. COS-7 cells were transi-
rat CSM cells cannot be downregulated by the antisense ently cotransfected with plasmids encoding a GFP-BAR
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a co AS1 AS2 b co AS1 Two major routes of induction of apoptosis are the intrinsic
BRARand extrinsic pathways. The intrinsic pathway depends mainly

BAR BAR on mitochondrial events, such as release of cytochrome c,
l-actin P-actin leading to oligomerization of the CARD-containing protein

Apaf-1 and activation of the CARD-carrying protease Cas-30 50r'3control r'Ocontrol pase 9, and then subsequent activation of downstream
25 nBAR AS 40 MBARAS caspases.19 In contrast, the extrinsic cell death pathway is

42 induced by TNF-family death receptors and involves the
1 s03a formation of membrane-bound signalling complexes consist-
15 iing of the cytosolic death domains (DDs) of death receptors,

20 adaptor proteins, and DED-containing caspases. 20

BAR was described as a protein at the crossroads of
e 10 intrinsic and extrinsic apoptosis pathways.1" Evidence has

o - 1 o1 been presented that complexes of Bcl-2/Bcl-XL and BAR can
control FADD caspase8 control BAR sequester active Caspase-8 subunits on intracellular mem-

Figure 6 Antisense-mediated reductions in BAR sensitize cells to apoptosis. branes, thereby neutralizing the active Caspase-8 fragments
(a) SK-N-BE(2) human neuroblastoma cells were transfected with two different and preventing cleavage of substrates.1 2 Despite these
BAR-specific antisense oligonucleotides (AS1, AS2; 150 nM). After 24 h, the cells insights into the possible molecular mechanism of BAR, little
were transiently transfected with FADD or Caspase-8 (1 pig/ml), and apoptotic has been known regarding the physiological functions of this
cell death was assessed after 16 h by DAPI staining. The data shown are derived
from samples treated with antisense oligonucleotide AS1 (n=4, P=0.05), and protein in viva. Therefore, we sought to define the anatomic
represent mean + S.D. Transfecting cells with AS2 produced similar results (not location of the BAR protein and to interrogate its function as a
shown). (b) Downregulation of BAR reverses the resistant phenotype in BAR- suppressor of variant apoptotic stimuli. Interestingly, tissue
overexpressing cells. BAR-overexpressing CSM cells were transfected with expression of BAR is highly restricted, with brain tissue
antisense oligonucleotide AS1 (150 nM) or control oligonucleotide ('co'). After representing the predominant site of expression, followed by
24 h, cells were cultured with TNFa (50 ng/ml) for 16 h. Cell death was assessed
by trypan blue exclusion assay (n=4, mean + S.D.; P=0.05) intestine, epidermis, testis, and little or no expression in other

organs. Furthermore, immunohistochemical analysis re-
vealed that BAR is expressed almost exclusively by neurons,

fusion protein (pEGFP-BAR full-length) and FLAG-tagged but not by astrocytes or other cells in the brain, such as
HIP1,Hippi, Bap3l,orFADD.Afterstainingthecellswithanti- microglia. Interestingly, peripheral neuronal cells such as
FLAG antibody, the intracellular localization of the proteins sympathetic ganglion cells also expressed high levels of BAR,
was examined by confocal laser-scanning microscopy suggesting that BAR expression is a general feature of
(Figure 7b). The fluorescence signal of GFP-BAR coincided neuronal cells and independent of their anatomical location.
well with the staining patterns for HIP1, Hippi, and Bap3l. In The staining of BAR in autonomic ganglion cells within the
contrast, only a partial overlap between GFP-BAR and FADD bowel wall and the absence of BAR in intestinal epithelial or
(bottom panel) or FLIP (not shown) was observed. stromal cells provides an explanation for the moderate BAR

expression observed in small intestine by immunoblotting.
Immunofluorescence studies indicated that BAR predomi-

nantly localizes to the ER. Interestingly, only a minor fraction
Discussion of the total BAR colocalized with mitochondria in neural cell

lines, although it has been reported that the BAR-mediated
The preservation of neurons is crucial for the functional sequestration of active Caspase-8 takes place at mitochon-
integrity of the central nervous system. Since cells of neuronal drial membranes in MCF-7 cells.' 2 Thus, BAR distribution
origin are in general irreplaceable, loss of substantial amounts between ER and mitochondria could differ depending on the
of brain tissue often results in permanent neurological deficits, cell type, particularly because the ER and the mitochondrial
On a cellular basis, the conservation of neurons for the entire network can coalesce into a continuous membrane struc-
lifespan of the organism is a considerable task, given the ture. 2

1 An ER-localization for BAR is also consistent with its
many diverse damaging stimuli that can impact neurons ability to coimmunoprecipitate with Bap3l, which is an ER-
throughout life. Since apoptosis is believed to play an resident protein.22 It is conceivable that BAR could have ER-
important role in the pathological loss of neurons, the specific cytoprotective functions, given its ability to suppress
expression of proteins that block apoptotic signalling may be cell death induced by ER stress.
decisive for the prevention of neuronal death. Dysregulated For our studies of BAR in neuronal cells, we took advantage
apoptotic cell death is held accountable for several diseases of the cell line CSM14.1. These cells originate from rat nigral
of the nervous system, and particularly within the group of neurons immortalized by expression of temperature-sensitive
neurodegenerative diseases, apoptosis has been implicated SV40 large T antigen. CSM cells show a high proliferative rate
as a potentially crucial pathogenetic mechanism."',5-1 at permissive temperature (32°C), while inactivation of large T
Despite the considerable progress in the knowledge about antigen at nonpermissive temperature (39°C) induces neuro-
pathological features of neurological diseases, the therapeu- nal differentiation.13' 2

1 Overexpression of BcI-2 in these cells
tic options are currently limited. Therefore, a need exists for resulted in protection from a variety of death stimuli.13
additional insight into the mechanisms of how life and death Similarly, overexpression of wild-type BAR as well as BARAR
decisions are regulated in adult neurons. rendered CSM cells more resistant to a broad range of
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a cytotoxic stimuli. We chose several cell death assays to model
BAR + + _..... + + various types of stress and injury known to affect neurons in
HIP1 + --- + - + -- + vivo. Staurosporine and TNFu were used to trigger the

HIPI intrinsic and extrinsic pathways for apoptosis, respectively.F For example, intrinsic, mitochondria-dependent apoptosis
BAR ..... + + -.-... + + could play an important role in the pathogenesis of Parkin-

Hppi + + - + .... + son's disease, since Bax gene ablation inhibited neuronal

Hippi apoptosis in an MPTP mouse model of Parkinson's disease.24

Similarly, extrinsic apoptosis pathways triggered by TNFa

BAR +- + + + could play a role during the progression phase of stroke,
Bap3l - + --- + + - + where cytokine elaboration occurs in the peri-infarct zone

after a focal ischemia.25 Moreover, ER stress leading to
Bap3l induction of cell death in the brain has gained more attention in

recent years. In the case of Alzheimer's disease, increasing
BAR ... ...- + + - . + +

FADD +-- - -_ + . + 4- + evidence suggests that mutations in the presenilin-1 gene and
perturbed ER calcium homeostasis render neurons more

FADD susceptible to damaging insults.26 In this regard, BAR

lysates:- IP' anti-FLAG expression in CSM cells conferred resistance to thapsigargin,
blott anti-BAR blot. anti-BAR which is an irreversible inhibitor of Ca -ATPase of the ER.2 7

Finally, serum deprivation is a well-described and common
L--IFADD experimental in vitro model for a nonsupportive microenviron-

blot! anti-FLAG ment. Pathological conditions such as stroke and cerebral

b edema might result in an undersupply of essential nutrients.
In contrast to neuronal cells, BAR-overexpressing LN18

4 astrocytoma cells were only protected from death receptor-
_ mediated cell death but not from the other cytotoxic stimuli.

Similar effects were seen with a second astrocytoma cell line,
LN229 (not shown). Differences in the expression of interac-
tion partners of BAR or variations in the BAR-relevant
pathways may account for the varying effects of BAR
overexpression in these cell lines. Future investigations are
"needed to pinpoint the responsible proteins and to test a wider
panel of cell lines for responsiveness to BAR-mediated
protection.

Interestingly, BAR expression resulted not only in an
inhibition of Caspase-3 activation but also in a decrease of
the Caspase-8 active subunits (Table 1; Figure 5). BAR has
been shown to sequester active Caspase-8 subunits,1 2 but
this does not inhibit the generation of the p43 and p18
cleavage products as seen in our experiments (Figure 5).
Therefore, our findings suggest that BAR additionally affects
the further processing of Caspase-8. It is known that active

- Caspase-8 can induce the mitochondrial apoptosis pathway
via cleavage of Bid, resulting in cytochrome c release and
Apafl-mediated oligdmerization of Caspase-9. These mito-
chondrial events, however, can in turn lead to cleavage and
activation of Caspase-8, which establishes a positive ampli-
fication loop. 28 Thus, BAR-mediated sequestration of Cas-

Figure 7 Interaction of BAR with HIP1, Hippi, and Bap3l. (a) Myc-BAR and pase-8 active subunits could prevent the mitochondrial-
FLAG-tagged HIP1, Hippi, Bap3l, and FADD were expressed in 293T cells by dependent amplification of Caspase-8 activation.
transient transfection. After immunoprecipitation of FLAG-tagged proteins,
protein complexes were resolved by SDS-PAGE and transferred to nitrocellulose. In addition to overexpression experiments, we interrogated
The membrane was incubated with BAR-specific antiserum (1 :3000). Shown are the function of BAR using antisense oligonucleotides to
the expression controls for BAR in cell lysates (left four lanes) and reduce endogenous BAR expression. Since the available
immunoprecipitates (right four lanes). Membranes were reprobed with anti- antisense oligonucleotides were specific for human BAR, they
FLAG antibody to demonstrate sufficient and equal expression of FLAG-tagged
proteins as demonstrated for FADD (bottom panel and not shown). (b) could not be used to sensitize rat CSM cells by down-
Colocalization of BAR with HIP1, Hippi, and Bap3l. COS-7 cells were transfected regulating endogenous BAR, and thus we chose a human
with plasmids encoding GFP-BAR, FLAG-HIPI, FLAG-Hippi, FLAG-Bap3l, and neuroblastoma cell line that contains high levels of BAR
FLAG-FADD. At 20h post-transfection, cells were fixed in 2% formaldehyde, protein. Transfection of neuroblastoma cells with antisense
stained with a monoclonal antibody recognizing the FLAG epitope followed by an oligonucleotides downregulated BAR mRNA almost comple-
Alexa 594-labelled secondary antibody, and visualized by laser confocal
microscopy. The overlay of the images is shown in the right column tely. By monitoring the BAR protein levels after antisense
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CasplO: 17 KV FR .LJIIDS ..GV.DV L SS VF
BAR: 273 --.--- YAZKSSP SLLYLYLFDYTDT PFIHT I QED SG-

Hippi: 335 ---- GNGGVT R LS EV MEK Q E KGSSMTDGR I i
HIP1: 403 -- MELMAD QQ R•AADDCD&R- -D - Q TE QBap3l : 175 - • •NS• •K , -- DE•A

CasplO: L LSDP ----------- FFLAMLLYIIRQKKLJQHLMC8K 100
BAR: T L •L LK PT ----------- W- QWRMFMVKYSF PYQLIA- 345
Hippi : T Q TVPD I•IG IVEHTLLQ SNMTRNNTI PEP• 426

HIP1: SE Q . .... S QNMDLRKME- 484
Bap3l: iRKQS ----------E DR EE----------- 229

Figure 8 Comparison of pseudo-DEDs. An alignment is presented of the classical DED(1) of Caspase-1 0 and the pseudo-DEDs of BAR, Hippi, HIPi, and Bap3l. At
the beginning and the end of each sequence, the relative position of the domain in the molecule is shown. The amino-acid sequences were obtained from GenBank
(NCBI) and aligned using the ClustaIX program. Identical and similar residues are indicated in black and gray, respectively

oligonucleotide treatment, the half-life of the BAR protein was Bredesen.' 3 Cells were maintained in Dulbecco's modified Eagle's

6 h (not shown). Antisense-mediated BAR suppression medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1 mM
sensitized neuroblastoma cells to proapoptotic stimuli, includ- L-glutamine, 100 U/ml penicillin, and 100 fig/ml streptomycin sulfate either
ing transfection with FADD or Caspase-8. These experiments at a permissive temperature of 3200 or nonpermissive temperature of
thus confirm the antiapoptotic properties of BAR by an 39C. 13 For stable transfection, 50-70% confluent CSM cells in six-well
independent method, plates were transfected with pcDNA3-myc-BARAR and pBabe puro using

Given the broad range of antiapoptotic activity of BAR, it is Gene Porter II (Gene Therapy Systems). LN-18 human glioblastoma cells

entirely possible that interactions with proteins other than Bcl- were transfected with pcDNA3 neo (control), or pcDNA3-myc-BARAR"1

2 and Caspase-8 are important for its cytoprotective functions. plasmids using Lipofectamine PLUS (Life Technologies). After 2 days,
Since BAR contains a variant DED domain similar to those complete medium containing puromycin (4#ug/ml) (Sigma) or G418

found in HIP1, Hippi, and Bap3l (Figure 8), we tested BAR for (700 yg/ml) (Omega Scientific), respectively, was used to select stably
interactions with these and selected other apoptosis-related transfected cells. Single clones were obtained 4-8 weeks after
proteins by coimmunoprecipitation assays. Interestingly, the transfection by limiting-dilution cloning. For transient transfections,

three proteins containing pseudo-DEDs exhibit binding to 293T, SK-N-BE(2), COS-7, and CSM 14.1 cells were transfected using
BAR: HIP1, Hippi, and Bap3l. In contrast, no interaction was Lipofectamine PLUS (Life Technologies) with plasmid DNA encoding myc-
detected with the classical DED-containing proteins, FADD BAR (full-length), myc-BARAR, FADD, or pro-Caspase-8, and, in some

and PEA15. Moreover, BAR showed extensive colocalization experiments, green fluorescent protein (GFP) marker plasmid pEGFP
with HIP1, Hippi, and Bap3l in confocal microscopy studies, (Clontech). In each experiment, the total amount of DNA was normalized
whereas FADD or FLIP did not clearly overlap with BAR. using pcDNA3.

These findings raise the intriguing possibility that BAR
interacts with other pseudo-DED-containing proteins, some
of which are reported to be involved in regulating neuronal cell Immunohistochemistry
death. The 11okDa protein HIP1, for example, binds to
Huntingtin, which suffers protey-gutamn exampabions in The distribution of BAR protein expression in human organ tissues wasHuntington's disease. 29c 3  Recently, it has been suggested assessed in single paraffin sections or tissue microarray slides derived
that mutated Huntingtin releases the HIP1 protein, which then from human biopsy and autopsy material. Dewaxed tissue sections wereis free to interact with another novel protein, Hippi. HIP e and exposed to a 1 : 3000 (v/v) dilution of polyclonal antiserum raised againstHipi freptorintedlyt form ancom ther wovelproteith proCaspas8 an immunogen consisting of a recombinant N-terminal portion (1-139 aa)Hippi reportedly form a com plex together w ith pro-Caspase-8, o h u a A rti A -8 .I d ii n a bt p l co a
thereby triggering caspase activation and cell death.10 In of the human BAR protein (AR-48). In addition, a rabbit polyclonal
addition, Bap3l is a transmembrane protein that resides antibody was raised against an N-terminal peptide (3-21 aa: CEPOK-mainly in the ER and which also contains a pseudo-DED. 22  SYVNTMDLERDEPLK) conjugated with carrier proteins (AR-47). Speci-Similar to BAR, Bap3y reportedly binds BcI-2 as well as pro- ficity was confirmed by using preimmune serum or anti-BAR antiserum

Caspase-8.22 Interestingly, Bap31 expression is highest in preadsorbed with recombinant BAR immunogen (10pg/ml) or the N-
neurons, lymphocytes, and endocrine cellss.3 Future investi- terminal peptide, respectively. The sections were immunostained using a

gations will reveal to what extent the interactions of these diaminobenzidine (DAB)-based detection method, employing either an

variant DED-containing proteins are relevant for BAR- avidin-biotin complex reagent (Vector Laboratories) or the Envision-Plus-

mediated neuroprotection. Horse Radish Peroxidase (HRP) system (DAKO) using an automated
immunostainer (Dako Universal Staining System).

Materials and Methods Immunofluorescence and confocal microscopy

Transfections For immunofluorescence, control and stably transfected CSM cells

The rat nigrostriatal cell line CSM 14. 1, immortalized by introduction of the expressing myc-BARAR were cultured in eight-well, covered chamber
temperature-sensitive SV40 large T antigen, and a stably Bcl-2- slides (Nalge Nunc) at 32 or 39°C. After incubation with 25 nM Mitotracker
transfected subline of these cells were kindly provided by Dale Red (Molecular Probes), cells were washed and fixed in PBS containing

Cell Death and Differentiation



Apoptosis regulation in the nervous system
W Roth et al

1186

4% paraformaldehyde for 15 min at room temperature, followed by several 150 nM oligonucleotide in the presence of 3.75 pg/ml Lipofectin reagent
washing steps in PBS. Permeabilization was performed in 0.3% Triton X- (Life Technologies) for 4 h at 37°C. Cells were incubated overnight in the
100/PBS for 5 min with subsequent preblocking in PBS containing 2% absence of oligonucleotide. Total RNA was extracted using an RNeasy
normal goat serum. Cells were incubated for 1 h at 4°C in blocking solution Mini prep kit (Qiagen) according to the manufacturer's protocol. Gene
containing the following primary antibodies: anti-BAR (I : 1000; AR-48), expression was analyzed using quantitative RT-PCR. The following
anti-myc (1 :100; Santa Cruz), or anti-protein disulfide isomerase (PDI, primer/probe sets were used. Forward primer: 5'-GTGGAGA-
1 : 250; Stressgene). After washing three times in PBS and incubation with GAGTTCCTGGTCAAATAC-3', reverse primer: 5'-CCAACCAGTCC-
FITC-conjugated secondary anti-mouse or anti-rabbit antibody (I :50; CAAGCAAA-3'. Several oligonucleotides were identified that inhibited
Dako) or Alexa 594 goat anti-rabbit IgG F(ab') 2 secondary antibody BAR expression by greater than 70%. Isis 143770 (ASI; 5'-
(1:200; Molecular Probes) for 1 h at room temperature, slides were TCCAGCCGCCGGAGTTCCTT-3') and Isis 143780 (AS2; 5'-
covered with Vectashield mounting medium with or without 1.5 pg/ml 4,6- TCTCTATGCCTATGACAGAA-3') were selected for additional studies.
diamidino-2-phenylindole (DAPI) (Vector Laboratories) and sealed with (Underlined text represents nucleosides containing the 2'-O-methoxyethyl
Cytoseal 60 mounting medium (Stephens Scientific). For confocal modifications.) Isis 129689 (5'-GAGGTCTCGACTTACCCGCT-3') was
microscopy, COS-7 cells were cultured in eight-well, covered chamber used as a control. SK-N-BE(2) or CSM cells were transfected with
slides (Nalge Nunc) (104 cells per chamber), transfected with various antisense oligonucleotides prior to inducing cell death as above. Antisense
plasmids (pEGFP-BAR, pEGFP, pcDNA3-FLAG-HIP1, pcDNA3-FLAG- oligonucleotides or the control oligonucleotide were transfected at a
Hippi, pcDNA3-FLAG-Bap3l, and pcDNA3-FLAG-FADD) using Lipofec- concentration of 150 nM according to the Lipofectin method (Life
tamine PLUS reagent, and incubated at 37°C for 20 h. After staining with a Technologies). After 24 h, CSM cells were treated with TN F• (50 ng/ml)
monoclonal mouse anti-FLAG M2 antibody (Sigma) and Alexa 594 goat for 16 h and cell death was measured by trypan blue exclusion assay. SK-
anti-mouse secondary antibody, the cells were imaged by confocal N-BE(2) cells were transiently transfected with FADD or Caspase-8 (I jg/
microscopy using a Bio-Rad MRC 1024 instrument. ml), and 0.2 yg/ml of GFP marker plasmid pEGFP (Clontech). At 16 h

post-transfection, both adherent and floating cells were collected, fixed,
and stained with 0.1 pg/ml DAPI. The percentage of apoptotic cells was

Immunoblot analysis determined by counting the GFP-positive cells exhibiting nuclear

Lysates from adult human tissues were purchased from Imgenex (San condensation and/or fragmentation.
Diego, CA, USA). Lysates from LN1 8 cells and CSM cells were generated
by resuspending cell pellets in lysis buffer (150mM NaCl, 20 mM Tris (pH
7.4), 0.2% NP-40) containing 1 mM phenylmethylsulfonyl fluoride, and a Caspase activity assay
protease inhibitor mixture (Roche). Proteins were resolved by SDS-PAGE Caspase-3-like activity was measured by DEVD-AFC cleavage. Briefly,
and transferred onto nitrocellulose membranes. After blocking with 5% 104 cells were plated in 96-well plates, adhered for 24 h, and incubated for
skim milk in PBS at room temperature for 1 h, blots were incubated with 6 h with anti-Fas antibody CH1 1 (0.5 pg/ml; MBL). The cells were
various primary antibodies including polyclonal antisera against BAR (AR- suspended in lysis buffer (60mM NaCI, 5mM Tris/HCl, 2.5mM EDTA,
48; 1 :3000), Bap3l (1 :3000; kindly provided by Gordon Shore), and 0.25% NP40) for 10min. Subsequently, the fluorogenic Caspase-3
monoclonal antibodies against Caspase-8 (1 : 1000; clone 5F7, Upstate substrate acetyl-aspartyl-glutamyl-valinyl-aspartyl-7-amino-4-trifluoro-
Biotechnology), myc (1 :100; Santa Cruz), and FLAG (I : 1000; Sigma), methyl-coumarin (Ac-DEVD-AFC; 100pM) was added to the lysates.
followed by HRP-conjugated anti-mouse or anti-rabbit 1gG (Biorad) Caspase activity was assayed by using a fluorometer plate reader,
secondary antibodies. Bound antibodies were visualized using an measuring release of fluorescent AFC.
enhanced chemiluminescence (ECL) detection system (Amersham).

Cell death assays Co-immunoprecipitation assays

Cell lysates were precleared and incubated with 20 I1 anti-FLAG antibodyFor cytotoxicity assays, cells were plated in 96-well plates, cultured for M2-conjugated agarose (Sigma) at 4°C for 8 h.32 Controls included
24 h, and then incubated for 16 h with staurosporine (0.01/pM), TNFa 2cnuae grse(im)a ' o h 3 otosicue
24hn), and the n tincubatedyfor CH16h1withstaurosporin (0. 01o thpM), nc immunoprecipitations (IPs) performed using an equivalent amount of
(50ng/mI), anti-Fas antibody CH11 (0.2pg/ml) (MBL), or thapsigargin normal mouse IgG in combination with Protein G-Sepharose 4B. After
(0.3oM). Cell death was assessed by Trypan blue exclusion assay, extensive washing with lysis buffer, immune complexes were fractionated
Additionally, the percentage of surviving cells was assessed by staining by SDS-PAGE and transferred to nitrocellulose for immunoblotting using
with crystal violet, as previously described in detail.32 Cell death by serum polyclonal antisera against BAR (1: 3000; AR-48) or monoclonal mouse
deprivation was induced as published previously.13 Cell survival was anti-FLAG (1 : 1000; Sigma) antibody, followed by HRPase-conjugated
assessed by crystal violet staining after 2 days of serum starvation. antibodies.
Experiments were repeated four times.
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BI-1 Regulates an Apoptosis Pathway Linked
to Endoplasmic Reticulum Stress

Han-Jung Chae,1 Hyung-Ryong Kim,1 Chunyan Xu,' ganelles (besides mitochondria) may trigger apoptosis,
Beatrice Bailly-Maitre,' Maryla Krajewska,' though mechanisms remain unclear.
Stan Krajewski,' Steven Banares, ' Janice Cui,' In this regard, a pathway for caspase activation and
Murat Digicaylioglu,' Ning Ke, 1 Shinichi Kitada,l apoptosis induction has been linked to stress in the
Edward Monosov,1 Michael Thomas,' endoplasmic reticulum (ER). Evidence is emerging that
Christina L. Kress,' Jeremy R. Babendure,3  the ER participates in the initiation of apoptosis induced
Roger Y. Tsien,2,1 Stuart A. Lipton,1  by the unfolded protein response (UPR) and by aberrant
and John C. Reed',* Ca2+ signaling (Kaufman, 1999; Patil and Walter, 2001;
'The Burnham Institute Demaurex and Distelhorst, 2003). Damage to the ER can
10901 North Torrey Pines Road trigger caspase activation, and indeed certain members
La Jolla, California 92037 of the caspase family reportedly are associated with
2Department of Chemistry and Biochemistry the ER (e.g., caspase-12) or the Golgi (e.g., caspase-2)
University of California, San Diego (Mancini et al., 2000; Nakagawa et al., 2000). ER stress
'Howard Hughes Medical Institute pathways linked to apoptosis may be important in isch-
University of California, San Diego emia-reperfusion injury, where Ca2+ escapes from the
310 CMM West organelle during times of ATP deficiency, and in neuro-
9500 Gilman degenerative diseases such as Alzheimer's and Parkin-
La Jolla, California 92093 son's, where abnormalities have been identified in pro-

tein folding or secretion in the Golgi-ER compartment.
Bax inhibitor-1 (BI-1) is an antiapoptotic protein that

contains several transmembrane domains, localizes to
Summary ER membranes, and is conserved in both animal and

plant species (Chae et al., 2003; Xu and Reed, 1998).
Bax inhibitor-1 (BI-1) is an evolutionarily conserved The cytoprotective function of BI-1 was originally dis-
endoplasmic reticulum (ER) protein that suppresses covered in cDNA library screens for human proteins
cell death in both animal and plant cells. We character- capable of suppressing death of yeast induced by ec-
ized mice in which the bi-1 gene was ablated. Cells topic expression of mammalian Bax protein, a pro-apo-
from BI-1 -deficient mice, including fibroblasts, hepa- ptotic member of the Bcl-2 family (Xu and Reed, 1998).
tocytes, and neurons, display selective hypersensitiv- Overexpressed BI-1 also provides protection against
ity to apoptosis induced by ER stress agents (thapsi- apoptosis induced by some types of stimuli in mamma-
gargin, tunicamycin, brefeldin A), but not to stimulators lian cells, while BI-1 antisense can promote apoptosis
of mitochondrial or TNF/Fas-death receptor apoptosis of some tumor lines (Xu and Reed, 1998). Plant homo-
pathways. Conversely, BI-1 overexpression protects logs of BI-1 appear to be at least partly conserved with
against apoptosis induced by ER stress. BI-1-medi- the human counterpart, given that BI-1 orthologs of to-
ated protection from apoptosis induced by ER stress mato (Lycopersicon), rice (Oryza), and mustard (Arabi-
correlated with inhibition of Bax activation and translo- dopsis) also rescue in the yeast-based Bax-lethality
cation to mitochondria, preservation of mitochondrial assay (Chae et al., 2003; Kawai et al., 1999; Sanchez et
membrane potential, and suppression of caspase acti- al., 2000). In culture, BI-1 homologs of oilseed rape and
vation. BI-1 overexpression also reduces releasable tobacco rescue against Bax-induced apoptosis in hu-
Ca2

1 from the ER. In vivo, bi-1 -- mice exhibit increased man cells (Bolduc et al., 2003), and At-BI-1 protects rice
sensitivity to tissue damage induced by stimuli that cells against cytotoxic stimuli (Matsumura et al., 2003).
trigger ER stress, including stroke and tunicamycin Conversely, antisense-mediated knockdown of BI-1 in
injection. Thus, BI-1 regulates a cell death pathway tobacco cells results in accelerated cell death during
important for cytopreservation during ER stress. carbon starvation (Bolduc and Brisson, 2002). Impor-

tantly, BI-1 from Arabidopsis thaliana (At) has been

Introduction shown to protect transgenic plants against cell death
induced by ectopic expression of mammalian Bax (Ka-
wai-Yamada et al., 2001), indicating an in vivo role forApoptosis dysregulation represents an underlying cause BI-1 in cytoprotective pathways in planta and further

or contributor to many diseases. Activation of caspase- suggesting that the biochemical mechanism regulated
family proteases is at the core of apoptotic cell death, by BI-1 is evolutionarily conserved. Thus, BI-1 regulates
representing a common point of intersection (Nicholson cell death in both plant and animal cells.
and Thormberry, 2003). Several pathways leading to cas- In this report, we investigated the cytoprotective
pase activation and apoptosis have been elucidated, mechanism of mammalian BI-1 protein by using gene
including pathways triggered by: (I) TNF/Fas-family cy- ablation and gene transfer approaches.
tokine receptors; (ii) mitochondrial release of cytochrome
c and other proteins; and (iii) granzyme B-mediated cleav- Results
age of caspases in the context of cytolytic T cell responses
(Salvesen, 2002). However, damage or stress in many or- Generation of bi-1 Knockout Mice

We identified an ES cell clone in the Lexigen database
*Correspondence: reedoffice@bumham.org containing a single proviral insertion in reverse orienta-
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A B Figure 1. BI-1-Deficient MEFs Display In-
+/+ - - 80. creased Sensitivity to ER Stress Agents

4- bI I mRNA 60 L Early-passage M EFs were obtained from
m 60 .I wild-type (+/+), heterozygous (+/-), and ho-

mozygous (-/-) bi-1 knockout embryos.
t 40 (A) Total RNA was isolated from MEFs, and
CL -10 ig was analyzed by Northern blotting with
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P-bi-1 cDNA probe. The blot was striped
and reprobed with a 

32
P-p-actin probe.

0 (B-D) MEFs from wild-type (+/+) (white bars),

+ CON CHX Fas + VP16 heterozygous (+/-) (gray bars), and homozy-
CHX gous (-/-) (black bars) bi-1 knockout em-

.. I bryos were cultured for 2 days without or with
80 cycloheximide (20 tg/ml), anti-Fas antibodyo• 0 (lmm-/-i • " •"•'2•- -"(Jo2) (1 ýLg/ml), VP16 (50 [iIM), various con-

v 6 . centrations of thapsigargin (THPS) or.
O40 0 ,. camycin (TUN), or combinations of selected

o0 0 40 T T reagents. Both floating and adherent cells
C- Tl mwe rS. were recovered from cultures, fixed, anda020 /m stained with Hoechst 33258 dye. Apoptotic

,. m! , ;0 m / /m icells were identified by UV-microscopy,
counting a minimum of 200 total cells, and

01 0 /0 5 10 2 5 10 data were expressed as a percentage relative
to the total number of cells counted (mean _Thapsigargin (uM) Tunicamycin (ug/mi) SD; n = 3 determinations).

tion between exons 7 and 8 of the mouse bi- 1 gene (see inhibitor of the Ca 2+-ATPase of the ER, which induces
the Supplemental Data at http://www.molecule.org/cgi/ cell death due to leakage of Ca 2+ from the ER into cytosol
content/full/15/3/355/DCl). These ES cells were used (Berridge et al., 2000). Treatment of MEFs with various
to create mice containing the targeted bi-1 gene and concentrations ofTHPS revealed a significant difference
were bred to homozygosity. Homozygous bi-1-1- mice in the sensitivity of bi-1-/- knockout cells compared to
displayed no gross abnormalities, indicating that bi-1 is heterozygous (+/-) and wild-type (+/+) MEFs, particu-
a nonessential gene. Histological inspection of tissues larly at lower doses of THPS (Figure 1C).
revealed no apparent abnormalities in bi-1-'- mice (data Tunicamycin (TUN) is an inhibitor of N-linked glycosyl-
not shown). Northern blotting showed the presence of ation that causes defects in glycoprotein trafficking be-
a truncated bi-1 transcript, which was present at very tween ER and Golgi, producing ER stress and inducing
low levels in most tissues, estimated at a few percent apoptosis (Patil and Walter, 2001). Treatment of bi-1-/-
(at most) compared to the amount of full-length bi-1 MEFs with TUN at 2-10 p.M revealed increased sensitiv-
mRNA present in wild-type tissues including liver, brain, ity to this agent, compared to treatment of bi-1 +- and
kidney, and testis. Exceptions were thymus and lung, bi-1 +/ MEFs (Figure 1D).
where truncated bi- 1 transcripts were more significant We extended these studies to other types of cells and
(see Supplemental Data). Thus, bi-1 gene expression other types of apoptotic stimuli. Though bi-1 is ubiqui-
was successfully knocked out in several tissues (-99%), tously expressed at the mRNA level in mammalian tis-
with only a low abundance of truncated transcript re- sues (Jean et al., 1999), the highest levels of bi-1 mRNA
maining. are found in liver, kidney, and testes (see Supplemental

Data). We therefore tested effects of BI-1 deficiency on
hepatocytes. In primary cultures pf hepatocytes derived

BI-1-Deficient Cells Display Increased from bi-1-', bi-1+1-, and bi-1+1+ adult mice, increased
Sensitivity to ER Stress sensitivity to THPS and TUN was observed for BI-1-
Mouse embryo fibroblasts (MEFs) with normal (+/+), deficient cells, with markedly higher percentages of
heterozygous (+/-), and homozygous (-/-) genotypes bi-1-'- hepatocytes undergoing apoptosis (Figure 2A).
were exposed to various types of cell death stimuli. In contrast, sensitivity to the broad-spectrum kinase
Analysis of bi-1 mRNA levels in these MEFs by RT-PCR inhibitor, staurosporine (STS), was increased to a lesser
revealed a reduction in bi-1 expression in heterozygous extent in bi-1-'- cells, primarily occurring at higher con-
MEFs and a complete absence of detectable bi-1 mRNA centrations of this drug known to induce apoptosis
in homozygous bi-1-'- MEF cells (Figure 1A). through a mitochondria-dependent pathway (Green and

We first tested the effects of BI-1 deficiency on apo- Reed, 1998). Also, apoptosis induced by anti-Fas anti-
ptosis induced by classical intrinsic (mitochondrial) and body was not as extensively impacted by BI-1 defi-
extrinsic (TNF family) stimuli. BI-1 -deficient MEFs dis- ciency, compared to ER stress stimuli in hepatocytes
played normal sensitivity to apoptosis induced by intrin- (Figure 2A). These observations regarding the relative
sic pathway stimulus VP1 6 (etoposide), a DNA-damag- sensitivity of BI-1 -deficient hepatocytes to apoptosis-
ing anticancer drug, and to anti-Fas antibody (plus inducing agents were paralleled by corresponding dif-
cycloheximide) (Figure 1 B). ferences in caspase activity, as measured in cell lysates

Since the BI-1 protein localizes to ER, we next tested by using fluorigenic substrate Ac-DEVD-AFC (Figure 2B).
the effects of BI-1 deficiency on apoptosis induced by Finally, we explored the effects of BI-1 deficiency in
ER stress stimuli. Thapsigargin (THPS) is a selective neurons. Cortical neurons were isolated from bi-1',



"3BI-1 Suppresses ER Pathway for Cell Death
357

A 1oo 100 100 100

80 1 80 80 8 Ds

S60 60 60 601

40 ~ - 40 40 4

S20 20 20 20

10 20 30 20 60 100 5 10 15 0.2 0.4 0.6

THPS TUN STS anti-Fas
B 4 6 14

4 12
.2 3 '10

2 ~38
(ITP 2 62

0L 00
20 40 60 80 100 0 10 20 30 5 10

THPq TII1 RT.N

C D0EZ~+
" 0- + 70

+1- ~ ~ 60 - [T]+
0 M- 50'

40. il - -
• ,. 40£

0 30 0

C. 0.30-r
20 <o 20

~10 -1
0 10

CNTL TH TH TH TH STS CNTL KCN (2.5) KCN (5.0)
(0.2) (0.5) (1) (2) (0.2) 20 mM deoxyglucose

Figure 2. Increased Sensitivity of B1-1 -Deficient Hepatocytes and Neurons to Apoptosis Induction by ER Stress
(A and B) Hepatocytes were isolated from adult wild-type (+/+) (open symbols) and knockout (-/-) (closed symbols) bi-1 mice. (A) Hepatocytes
were treated with (from right to left) anti-Fas mAb (10, 100, 500 ng/ml), staurosporine (STS) (1, 5, and 10 IiM), TUN (20, 40, and 80 i[g/ml), or
THPS (2.5, 10, and 20 [M) for 12 hr (Fas; STS) or 72 hr (THPS; TUN). The percentage of TUNEL-positive cells was determined (mean ± SD;
n = 5). (B) Hepatocytes were treated as above and lysed, and caspase activity was measured by using the fluorigenic substrate, after
normalizaion for total protein content; data was expressed as a fold-increase above untreated cells (mean ± SD; n = 5).
(C and D) Cortical neurons were isolated from E15-E16 bi-1÷1+ (white bars), bi-1-1÷ (gray bars), and bi-1-'- (black bars) embryos (Rose et al.,
1993). (C) Neurons were cultured for 2 days in medium alone (CNTL) or with 0.2-0.5 iM THPS, 1-2 ig/ml TUN, or 0.2 iM STS. (D) Neurons
were cultured for 50 min in normal medium (CNTL) or in medium containing 20 mM deoxyglucose and either 2.5 or 5.0 mM KCN, then washed
and cultured for I day in normal medium, essentially as described. After treatments, cells were fixed and stained with Hoechst 33258, and
the percentage of neurons with apoptotic features was determined (mean ± SD; n = 3).

bi-1+1-, and bi-1÷'÷ embryos, then cultured with THPS, to wild-type neurons. Heterozygous neurons exhibited
TUN, or STS, measuring apoptosis of neurons by DAPI intermediate sensitivity (Figure 2D).
staining of fixed cells. BI-1 -deficient neurons displayed Absence of bi-1 expression thus correlates with in-
statistically significant increases in sensitivity to THPS creased sensitivity to apoptosis induced by ER stress
at both doses tested (0.2 and 0.5 .IM) and to TUN at and is relatively specific for the ER pathway compared to
lower doses (1 gtg/ml) (Figure 20). In contrast, BI-1 defi- activators of the mitochondrial (STS) and death receptor
ciency did not alter the sensitivity of neurons to either (anti-Fas) pathways for apoptosis. Note that the extent
low (Figure 2C) or high (data not shown) concentrations of sensitization of bi-1-'- cells to apoptosis is of compa-
of STS, an agent often used to invoke the mitochondrial rable magnitude to knockouts of other well-character-
pathway for apoptosis. ized cell death-regulatory genes, including caspase 12,

Because ischemia-reperfusion injury is known to caspase 2, Bim, and Bid (Bergeron et al., 1998; Naka-
cause loss of Ca2 + from ER (Lipton, 1999), we also tested gawa et al., 2000; Villunger et al., 2003; Yin et al., 1999).
the effects of BI-1 deficiency on the sensitivity of primary While affecting apoptosis of fibroblasts, hepatocytes,
cortical neurons to culture conditions that mimic this and neurons, apoptosis of thymocytes induced by THPS
injury. Accordingly, neurons were cultured in medium or TUN was not significantly different when using cells
containing 20 mM deoxyglucose and either 2.5 or isolated from bi-1-- versus bi-1l"I mice (data not shown),
5.0 mM KCN for 1 hr, then washed and placed into possibly due to the relatively low basal levels of bi-1
fresh medium for 1 day, followed by enumeration of the mRNA expression in normal thymocytes compared to
percentage of apoptotic neurons. BI-1-deficient neu- other tissues or because of the presence of bi-1-trun-
rons displayed significant increases in sensitivity to apo- cated transcripts in the bi-1-1- line (see Supplemental
ptosis induction by these culture conditions, compared Data). Note that no abnormalities in the relative propor-
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tions of thymocyte and lymphocyte subsets were ob- stress-inducing agents. BI-1 was expressed in these
served in bi-1-` mice (data not shown). cells with an HA-epitope tag fused to its C terminus, to

facilitate detection by immunoblotting (Figure 4A).
Bl-1 -Deficient Mice Display Increased Sensitivity Bl-1-overexpressing HT1080 cells exhibited marked
to ER-Dependent Tissue Injury resistance to cell death induced by ER stress agents
Injection of TUN into live animals causes apoptosis of TUN and THPS, while displaying a comparatively smaller
epithelial cells lining the renal tubules (Nakagawa et al., difference in sensitivity to VP16, Doxorubicin (intrinsic
2000; Zinszner et al., 1998). We tested the sensitivity of pathway), or anti-Fas (extrinsic pathway) (Figure 4B and
age- and sex-matched bi-1-1- and bi-1+/+ mice to low- Supplemental Data). Similar results were obtained with
dose TUN (1 iig/gm). Animals were sacrificed 2 days respect to caspase activation (Figure 4C). BI-1 also pre-
thereafter, and kidneys were examined. Gross inspec- vented cell shrinkage and other morphological manifes-
tion of the kidneys of TUN-treated bi- 1-` mice revealed tations of apoptosis when cells were treated with ER
marked necrosis of the cortical areas, adjacent to the stress agents (see Supplemental Data). Experiments
corticomedullary junction, while the kidneys of control with additional clones of BI-1 stable transfectants pro-
bi-1+'+ mice were grossly normal. Histological analysis duced similar results (see Supplemental Data).
revealed that the kidneys of bi-1-1- mice showed far Bl-1-transfected CMS14.1 neuronal cells also dis-
more damage compared to bi-1÷+' animals (Figure 3A). played marked resistance to apoptosis induced by ER
Many of the tubules were denuded, indicative of cell stress agents, THPS, TUN, and brefeldin A (BRE), while
loss, and multiple pyknotic nuclei were seen, indicative demonstrating little difference in their sensitivity to low-
of apoptosis. Morphometric analysis of the extent of dose STS (intrinsic pathway) or TNF (extrinsic pathway)
medullary necrosis revealed a statistically significant in- (Figure 4D and data not shown). Note that while BI-1
crease in the area of damage in the bi-1-'- mice (Fig- overexpression provided partial protection from apo-
ure 3A). ptosis induced by high-dose STS (data not shown),

We also noticed that TUN induced apoptosis of hippo- higher doses of this kinase antagonist appear to provide
campal neurons in mice. We therefore compared the a mixed picture of both mitochondrial- and ER-induced
extent of in vivo neuronal apoptosis in bi-1 -- and bi-1 "I apoptosis (unpublished data).
adult mice at various times (days 1-3) after injection
with 1 fig/gm TUN. In contrast to B1-1 -expressing ani- BI-1 Overexpression Interrupts Cell Death Signaling
mals where only occasional pyknotic neurons were evi- between ER and Mitochondria
dent in the hippocampus after TUN exposure, apoptotic To attempt to map the point at which BI-1 offers protec-
neurons were abundant in the hippocarmpus of BI-defi- tion in cell death pathways activated by ER stress, we
cient mice (Figure 313). examined several apoptosis-relevant events that occur

Finally, since BI-1 deficiency was associated with in- following treatment of cells with ER stress agents, in-
creased sensitivity of cultured neurons to ischemia- cluding induction of ER chaperones associated with un-
reperfusion injury, we compared bi-1+'+ and bi-1-'- mice folded protein responses, alterations in ER/Golgi mor-
with respect to stroke injury, by using a model of tran- phology, caspase activation, Bax conformational changes,
sient middle cerebral artery occlusion (MCAO) (Kermer Bax translocation from cytosol to mitochondria, dissipa-
et al., 2003; Wang et al., 1998). Accordingly, age- tion of mitochondrial membrane potential (A~m), and
matched bi-1-'- and bi-1+/+ littermates were subjected alterations in mitochondrial morphology. While BI-1
to 2 hr of MCA occlusion, then blood flow was restored, overexpression did not prevent TUN-induced dilation
and after 24 hr of reperfusion, mice were sacrificed, and and disruption of the Golgi and ER as determined by
the brains were removed and analyzed by staining with transmission electron microscopy (EM) or TUN-induced
2,3,5-triphenyltetrazolium chloride (TTC) (Kermer et al., expression of ER molecular chaperones (Grp78; Grp94),
2003; Wang et al., 1998). Infarct volumes were signifi- BI-1 effectively reduced caspase processing and activa-
cantly larger in bi-1-'- mice compared to bi-1+'+ mice tion, Bax activation, mitochondrial membrane depolar-
(44.8% ±_ 1.5% versus 28.9% ± 5.7% hemisphere; p = ization, and mitochondrial ultrastructural changes in-
0.007 by Mann-Whitney test) (Figure 3C). No differences duced by the ER stress agents TUN and THPS. For
were noted in wild-type and BI-1-deficient mice with example, while THPS induced proteolytic consumption
respect to anatomy of the cerebral arteries (data not of pro-caspase-9 and pro-caspase-3 (but not pro-cas-
shown) or with respect to cerebral blood flow, arterial pase-8) in control-transfectant HT1 080-Neo cells, these
blood pressure, blood pH, PCO2, pC2, or glucose before effects were largely blocked in Bl-1-overexpressing
or after MCAO (see Supplemental Data). Thus, bi-1 is cells (Figure 5A). In contrast to ER stress agents, BI-1
required for resistance to brain damage caused by isch- overexpression did not alter caspase processing in-
emia-reperfusion injury. duced by classical extrinsic (anti-Fas) and intrinsic

(VP1 6) pathway stimuli, demonstrating selectivity of BI-1
Overexpression of BI-1 Protein Protects Cells for suppression of the ER pathway (Figure 5A). Note that
from Apoptosis Induced by ER Stress while BI-1 reduced caspase processing induced by ER
Since loss ofbi-1 expression resulted in increased sensi- stress agents, and while pharmacological inhibitors of
tivity to apoptosis induced by ER stress, we next ex- the relevant caspases rescued cells from apoptosis in-
plored the effects of overexpressing the BI-1 protein. duced by ER stress agents (as did transfection of domi-
HT1 080 fibrosarcoma or CMS1 4.1 neuronal cells were nant-negative mutants of caspases) (Figures 5B and
employed, because preliminary experiments indicated 5C), BI-1 -mediated protection from cell death was not
that they undergo apoptosis when treated with ER caspase dependent, as shown by experiments where



1B-1 Suppresses ER Pathway for Cell Death
359

A Figure 3. B1-1-Deficient Mice Display In-

a b" creased Sensitivity to Tunicamyin and Stroke
Injury

e (A) Age-matched (a and c) bi-1 ' and (band
d) bi-1-1- littermates were injected intraperi-

567 toneally with 1 ýLg/gm TUN. After 2 days, mice
were sacrificed and kidneys were examined
by Mason Trichrome staining. The kidneys
from the BI-l -deficient animals revealed pro-
nounced tubular degeneration, especially in
the corticomedullary region ([b], x60; [d],
x400). The pathologic alterations range from

, ,increased vacuolization of tubular epithelial
cells to pyknotic or karyorrhetic nuclei and
desquamation of necrotic cells into the tubule

S-, , ,: lumen. In contrast, only occasional renal tu-
S, , , , ,, bules display cell degeneration in the wild-

S+/+ type litterrnates ([a], X60; [c], x400). The an-
.. , • .. notations and red lines in (a) and (b) indicate

some of the places from which measure-
Ea ments were taken to assess the region of tu-

bular necrosis relative to the total cortical di-
ameter. In (e), data represent mean length
(n = 5 animals) of the damaged zone in [tm,
normalized for length of cortical radius, based
"on measurements performed at four loca-
tions for each kidney (p < 0.0001).
"(B) Comparison of hippocampus of bi-11'

Sand bi-1l-- mice after tunicamycin injection.
Representative H&E-stained coronal hippo-
campal sections are presented from (a and c)
bi- 1 11 and (b and d) bi-1-1- mice, sacrificed 1
day after tunicamycin injection. Marked neu-
ronal damage was present in the dentate gy-
rus region in the SI-l-deficient animals
([b], X200; [d], x400) compared with the wild-
type littermates ([a], x200; [c], X400). Note

;<. the presence of multiple dark, pyknotic and
• condensed apoptotic nuclei in the specimen

from the bi-1-'- animal (shown in [b] and [d]).
(C) Focal ischemic infarcts were created by
using a reversible, intraluminal middle cere-

*< .< bral artery occlusion model (Kermer et al.,
2003; Wang et al., 1998). At 24 hr reperfusion,
after 2 hr of occlusion, mice were sacrificed,

C and the brains were removed and analyzed

Infarct Volume (%) by staining with "TC for performing infarct
size measurements. (a) Data represent the
percentage of the involved hemisphere in-a fracted; the volumes of both hemispheres

1 0were used for normalization (mean ± SD for+/+ 4 (p 0.007) n = 6 [+/+] and n = 7 [-/-] mice). (b) An
example of TTC staining data is presented

and shows serial coronal sections through- brains of a bi-1*J÷ and a bi-1-1- mouse.

BI-1-overexpressing cells were cultured with TUN for 3 measured by a dye exclusion assay (Figure 5D). Simi-
days in the presence of broad-spectrum caspase inhibi- larly, Bl-1 overexpression inhibited TUN-induced con-
tor zVAD-fmk and cell death (rather than apoptosis) was version of Bax to its active conformation (as determined



Molecular Cell
360

A HT1080 CMS14.1

(HA) J (HA)

Actin I* Turbulin

B C
r!- -1 N EO I ' 80 II Z E

w6O - EEU) 4E 0 ........

04040

C1 20' [1 11.
CNTLTu5 Tub0Th5 Thl0 VP16Fas 0 CNTLTu5 TulO Th Th1O VP16 Fas

"- 70 ZZZNeo

0 60 L Bt-lC L 5 030,o
S20-

S102 I -
0CNTL Th Bre STS TNF+

CDDO

Figure 4. BI-1 Overexpression Protects Cells from Apoptosis Induced by ER Stress

(A) The BI-1 protein was overexpressed with a C-terminal HA tag in HT1080 human fibrosarcoma cells and CMS14.1 immortalized rat

hippocampal neurons. CMS14.1 is an immortalized rat hippocampal neuronal cell clone that contains temperature-sensitive SV40 large

T-antigen. All experiments with CMS14.1 cells were performed, essentially as described, at the nonpermissive temperature (39°C) to shut off

SV40 large T-antigen (Kermer et al., 2002). Lysates were normalized for total protein content and were analyzed by SDS-PAGE/immunoblotting

with anti-HA antibody (top) or anti-1t-actin or anti-tubulin antibodies (bottom).
(B and C) Neo-control and BI-1 -transfected HT1080 cells were cultured for 2 days with 5-10 lLM TUN or 5-10 1IM THPS or cultured for 1 day

with 50 iM VP1 6 or 0.25 i[g/ml anti-Fas antibody CH1 1. (B) The percentage of apoptotic cells was determined by annexin-V/propidium iodide

(PQ) staining (mean ± SD; n = 3). (C) Caspase activity was measured in cell lysates by using fluorigenic substrate Ac-DEVD-AFC, normalizing

data relative tototal protein content. Data represent enzyme rates, expressed as relative fluorescent units (RFU) of fluorescent product generated

per minute at 30°C; measurements were taken within the linear portion of the enzyme-progress curves (mean ± SD; n = 3 determinations).

(D) CMS14.1 cells stably transfected with pBabe-PURO parent vector or pBabe-PURO encoding BI-1 -HA were cultured 5 days after differentia-

tion at 39°C with 5 fM THPS for 2 days, 5 iM brefeldin-A for 2 days, 0.3 iM STS for 18 hr, or 50 ng/ml TNF, with 1 pLM CDDO (used as a

TNF sensitizer) (Kim et al., 2002). The percentage of apoptotoic cells was determined by annexin-V/PI staining (mean ± SD; n = 3).

by immunoprecipitation with an epitope-specific anti- Cells were then treated with THPS to inhibit the ER Ca 2+-

body (Nechushtan et al., 1999) and translocation of Bax ATPase and release ER Ca2+, then cytosolic free Ca2+

from cytosol to mitochondria (as determined by subcel- was imaged essentially as described by using ratio-
lular fractionation studies) (Figures 6A and 6B). By com- metric methods after verifying uptake of comparable
parison, however, STS-induced translocation and acti- amounts of dye by Neo- and BI-1 transfectants (Grynkie-
vation of Bax was not blocked by BI-1 overexpression, wicz et al., 1985). In both Ca 2÷-containing and Ca 2+-free
indicating selectivity (see Supplemental Data; and data medium, far less CaF+ was released into the cytosol
not shown). BI-1 overexpression also blocked dissipa- following THPS treatment of BI-1 -overexpressing cells
tion of mitochondrial AT in HT1080 cells treated with compared to control transfectants (Figure 7A). Control
THPS orTUN, but not VP1 6 of anti-Fas, as determined by experiments with ionomycin in Ca 2+-containing medium
DiOC6 staining (Figure 6C), indicating that BI-1 -mediated to allow extracellular Ca 2+ influx confirmed that differ-
protection occurs upstream of mitochondria. ences in Neo- and BI-1 transfectants were not due to

differences in dye response to Ca2l in these cells (data
BI-1 Alters Regulation of ER Calcium not shown).
An important role for alterations in ER handling of Ca 2÷ We then performed similar experiments with bi-1-'-
has been implicated in apoptosis control mechanisms MEFs. Dose-response experiments performed in Ca2+-

(Baffy et al., 1993; Demaurex and Distelhorst, 2003). We free media showed that more Ca 2+ was released from
therefore explored the effects of BI-1 overexpression internal stores in response to either THPS or TUN in
on ER-based Ca 2+ regulation. For these experiments, bi-1-1- compared to bi-1+'+ cells (Figure 7B; and data
HT1080-Neo and HT1080-BI-1 cells were loaded with not shown).
Fura2 and cultured in either Ca2' or Ca 2+-free medium. Taken together, these observations indicate that BI-1
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Figure 5. Effects of BI-1 Overexpression on ER Damage and Caspase Processing

(A) HT1080-Neo ("C") and HT1080-BI-1 ("B") stable transfectants were cultured without treatment (CNTL) or for 1 day with 5 ýiM THPS, 50 i•M
VP16, or 0.25 jig/ml anti-Fas antibody (CH11). Detergent lysates were prepared, normalized for total protein content, and analyzed by SDS-
PAGE/immunoblotting by using antibodies specific for (from top to bottom) caspase-8, caspase-9, caspase-3, large subunit of processed
caspase-3, Grp78, or Actin.
(B) HT1080 cells were cultured with 100 [IM zVAD-fmk ("ZV"), 100 [LM Ac-IETD-fmk ("8") (caspase-8 inhibitor), 100 [iM-LEHD-fmk ('9")
(caspase-9 inhibitor), 10 IiM Calpeptin ("Calp"), or 10 lig/ml E64d (Calpain inhibitors). Cells were then stimulated with 5 jiM TUN for 2 days,
and the percentage of apoptotic cells was determined by annexin-V/PI staining (mean ± SD; n = 3).
(C) CMS14.1 cells were transiently transfected with control plasmid (pcDNA3) or plasmids encoding cysteine-alanine active site mutants of
pro-caspase-8 (stippled bars), pro-caspase-9 (striped bars), or pro-caspase-1 2 (black bars). After 1 day, cells were cultured in medium without
(CNTL) or with 5 jiM THPS or 5 jiM TUN. The next day, adherent and floating cells were recovered, incubated with 1 jig/ml propidium iodide
in PBS, and imaged by UV-microscopy; the percentage of GFP-positive (transfected) cells which took up PI stain (dead) were counted. Data
represent mean ± SD; n = 3.
(D) HT1080-Neo and HT1080-BI-1 cells were cultured with 5 jg/ml TUN for 3 days, with or without the addition of 100 [LM zVAD-fmk at
initiation of culture and again after 1.5 days. The percentage of viable cells was determined by trypan blue dye exclusion (mean ± SD; n = 3).

alters Ca2+ handling by the ER, in a manner resembling mitochondria. However, because tissues of BI-1-defi-
the effects of overexpressing Bcl-2 or knocking out Bax cient mice are histologically normal, BI-1 is presumably
and Bak (Demaurex and Distelhorst, 2003). Examination not required for physiological regulation of develop-
of the kinetic profiles for Fura2 fluorescence following mental programmed cell death. Rather, the functional
treatment with THPS also suggests the possibility that importance of BI-1 in vivo is revealed in pathological
BI-1 may indirectly affect Ca2l reentry after emptying contexts, when cells are under stress. Similarly, several
ER stores. other genes playing roles in apoptosis regulation princi-

pally manifest their essentiality in vivo at times of stress
Discussion or injury (e.g., p53, caspase-1, caspase-2, caspase-1 1,

bid, bak), with knockout mice displaying little or no overt
Here we show that the BI-1 protein suppresses an apo- phenotypes under normal conditions.
ptosis pathway linked to ER stress in cultured mamma- Precisely how the BI-1 protein functions is unknown.
lian cells and in mice in vivo. The BI-1 protective mecha- The cytoprotective properties of BI-1 were first discov-
nism is characterized by suppression of Bax activation ered in a screen for mammalian cDNAs capable of sup-
and translocation to mitochondria, preservation of mito- pressing Bax-induced death of yeast cells (Xu and Reed,
chondria membrane potential and mitochondrial morphol- 1998). Since then, BI-1 orthologs and homologs have
ogy, and prevention of activation of post-mitochondrial been identified in insects and numerous plant species
caspases. Thus, BI-1 appears to block the transmission by using the same screening method, and all members
of a death signal or signals from damaged ER/Golgi to of the BI-1 protein family tested to date block yeast
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Figure 6. BI-1 Blocks Bax Translocation and Mitochondrial Damage Induced by ER Stress

(A) HT1 080-neo and HT1 080-BI-1 stable transfectants were cultured for various times (0,10, 20, 30 hr) with 5 jiM TUN. Cytosolic and membrane
fractions were prepared as described (Nouraini et al., 2000) and were analyzed by SDS-PAGE/immunoblotting with antibodies specific for
Bax (top), the intramitochondrial protein Hsp60, or the cytosolic protein Tubulin, used here as loading controls. Probing blots with anti-Hsp6O
and anti-Tubulin antibodies confirmed proper fractionation (i.e., no Hsp6O and no Tubulin contaminating the cytosolic and
membrane <mitochondria> fractions, respectively [data not shown]). Total levels of Bax in whole-cell lysates were not changed by TUN
treatment (data not shown)
(B) BI-1 blocks conversion of Bax to the active conformation during ER stress. HT1 080-neo and HT1 080-BI-1 stable transfectants (101 cells)
were treated for various times (0, 10, 20, 30 hr) with 5 jiM tunicamycin. CHAPS lysates were normalized for total protein content, and
immunoprecipitations were performed with epitope-specific anti-Bax antibody 6A7 (Nechushtan et al., 1999) and were analyzed by immunoblot-
ting with rabbit anti-Bax antiserum (top). The immunoglobulin light-chain band is indicated by an asterisk (bottom). Total cell lysates were
normalized for protein content and were analyzed by immunoblotting to compare total amounts of Bax before and after treatment with Tuni-
camycin.
(C) Mitochondrial transmembrane potential (AT) was measured by DiOC6 staining and flow cytometry analysis. Representative FACS histograms
are presented as fluorescence intensity (x axis) versus cell number (y axis) for HT1 080-neo and HT1080-BI-1 cells treated with various apoptotic
agents, including 50 jiM VP1 6, 5 RIM THPS, or 5 jIM TUN for 2 days; 0.25 [ig/ml anti-Fas antibody for 1 day; or medium control (CNTL) for 2 days.

cell death induced by ectopic expression of mammalian Bax activation and translocation to mitochondria follow-
Bax. Arabidopsis BI-1 also blocks cell death induced in ing treatment of cells with ER stress agents, with BI-1
planta by mammalian Bax (Kawai-Yamada et al., 2001), overexpression blocking these events. It should be
implying a conserved mechanism. BI-1 orthologs and noted, however, that the cell death pathway controlled
homologs of animals and plants contain 5-7 predicted by BI-1 is evidently Bcl-2/Bax independent in yeast and
membrane-spanning domains, plants, where no apparent Bcl-2/Bax homologs exist.

BI-1 is located predominantly in ER in both mamma- Thus, while ER stress triggers Bax activation in mamma-
lian and plant cells (Matsumura et al., 2003; Xu and lian cells, and while BI-1 can block that activation, this
Reed, 1998). Given that Bax is located in a latent, inactive observation by itself does not imply a causal role for
state in the cytosol of many cells, translocating to mito- Bax in the cell death mechanism induced by ER stress.
chondrial membranes in response to various apoptotic However, recent studies of Bax/Bak double knockout
stimuli (Hsu et al., 1997; Wolter et al., 1997), it is mysteri- mammalian cells have shown that these Bcl-2-family
ous that an ER protein should block Bax-induced cell proteins are essential for induction of cell death by the
death. However, the mechanisms that trigger activation same ER stress agents employed in this study (Scorrano
and translocation of Bax are only partially defined, and et al., 2003). Thus, bax is among the genes required for
emerging evidence of communication between ER and execution of the cell death pathway blocked by BI-1 in
mitochondria in the context of apoptosis regulation mammalian cells, but the functional equivalents of the
(Ghribi et al., 2001; Hacki et al., 2000; Rizzuto et al., ER-initiated cell death pathway in plants and yeast re-
1998) suggests that death signals emanating from the main unknown.
ER may provoke Bax activation. Indeed, we observed In addition to protecting against overexpression of
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Figure 7. BI-1 Overexpression Alters ER Handling of Calcium

(A) HT1 080-neo (left) and HT1 080-BI-1 (right) cells were loaded with Fura2, cultured in either Ca
2
l-containing (top) or Ca

2 
-free medium

(bottom), and incubated with 1 iLM THPS at time = 0. Individual cells were imaged (n = 20), and fluorescence intensity was recorded over
time. The data presented represent mean ± SEM. Note that the scale of the y axis is different in Ca

2 
, -containing versus Ca

2
l -free medium.

(B) Fura2 imaging was performed by using MEFs from bi-1-'- and bi-1+1÷ embryos cultured in Ca
2
l-free medium and stimulated with various

concentrations of THPS. Similar data were obtained for several independently imaged cells.

Bax, the BI-1 orthologs of animals and plants can reduce nisms by stimuli not classically associated with ER stress
yeast cell death induced by oxidative stress (e.g., H202) may explain why overexpressed BI-1 can partly sup-
(Chae et al., 2003). Oxidative stress may predominantly press apoptosis induced by several types of cytotoxic
activate an ER pathway for cell death (Scorrano et al., agents (Xu and Reed, 1998). Crosstalk between ER and
2003). Moreover, ablation of the bi-1 gene in mice in- the mitochondrial cell death pathway may allow the ER
creased susceptibility to stroke injury in a model of isch- death pathway to amplify cell death signals initiated
emia-reperfusion injury, where oxidative stress is a rec- via the mitochondria pathway, thus explaining why BI-1
ognized culprit in cell death (Lipton, 1999), and also overexpression reduces apoptosis induced by mito-
increased sensitivity of cultured neurons to death caused chondria pathway stimuli in some types of cells (Xu and
by conditions mimicking ischemia-reperfusion. Thus, Reed, 1998). This concept is analogous to the crosstalk
BI-1 possesses evolutionarily conserved functions that between the TNF/Fas death receptor (extrinsic) and mi-
allow it to intercede during cell stress involving ER dam- tochondrial (intrinsic) cell death pathways, which has
age, oxidative stress, or Bax activation. While a caspase resulted in the discovery of type I versus type II cells,
activation pathway linked to stress in the ER and Golgi where Bcl-2 overexpression blocks TNF/Fas-initiated
has been suggested (Nakagawa et al., 2000), we ob- cell death in type II but not type I cells because of
tained evidence only for involvement of post-mitochon- the requirement for mitochondrial amplification of death
drial caspases in our studies where ER stress was in- receptor-initiated signals (Scaffidi et al., 1998). Thus, in
duced by agents such as TUN, brefeldin A, and THPS. some cells, such as HT1 080 and CMS14.1 cells, little
Thus, caspase activation is a downstream concomitant crosstalk with the ER pathway may occur, while in oth-
of the ER stress pathways studied here, but not a re- ers, crosstalk pathways may be operative, thus allowing
quirement for Bl-1's cytoprotective mechanism or for BI-1 to have a protective effect.
cell death induced by these ER stress agents. Damage to the ER can trigger several potential parallel

Indirect activation of ER-based cell death mecha- pathways contributing to cell death, including distur-
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bances in Ca 2 regulation (Lipton, 1999), release of on glass coverslips for 5 min in PBS containing 3% paraformalde-

apoptogenic proteins from the lumen of the ER (Tenev hyde, air-dried, stained for 10 min in Hoechst 33258 (10 jRg/ml),

et al., 2002), and activation of ER-associated caspases before mounting in 50% glycerol containing 20 mM citric acid and
50 mM orthophosphate, then stored at -20'C before analysis. Nu-

(Nakagawa et al., 2000). Among these, the Bcl-2-family clear morphology was evaluated by fluorescence microscopy. For
proteins have been most clearly linked to the Ca 2+-medi- TUNEL assays, cells were cultured on 13 mm glass coverslips in
ated cell death pathway (Demaurex and Distelhorst, 24-well plates. After various experimental procedures, cells were
2003). BI-1 also appears to be linked to this pathway, fixed (4% paraformaldehyde, 30 min) on coverslips and permeabil-

based on results showing that BI-1 modulates ER Ca 2l ized (PBS 0.10% Triton X-100 and 0.1% sodium citrate, 2 min). After
regulation in manners resembling the actions of overex- washing, the coverslips were incubated at 37°C for 1 hr in a humidi-

fied chamber with the TUNEL reaction mixture containing 0.4 IU/_LI
pressing Bcl-2 or knocking out Bax and Bak. TdT, 2.5 mM COCI2, and 2 RM Bodipy FL-14-dUTP (Gavrieli et al.,

ER stress is relevant to ischemic and degenerative 1992), washed in PBS, mounted in "anti-fade" medium, and analyzed
diseases associated with cell loss, including stroke, Par- under a fluorescence microscope, as described previously (Bailly-
kinson's disease, Alzheimer's disease, and HIV-associ- Maitre et al., 2002).
ated dementia. Further studies will determine whether Caspase activity was measured in cell lysates by using 25 [Lg of

BI-1 regulates ER stress pathways of relevance to these total protein with 100 [LM Ac-DEVD-AFC in 100 [Id of 10 mM HEPES
(pH 7.4), 220 mM mannitol, 68 mM sucrose, 2 mM NaCI, 2.5 mM

diverse pathologies, and whether conserved events KH2PO4, 0.5 mM EGTA, 2 mM MgCI2, 5 mM pyruvate, 0.1 mM PMSF,
unify these death stimuli into a common BI-1 -suppress- and 1 mM DTT. Production of fluorigenic substrate was measured

ible pathway that might be exploited for preserving cells continuously at 30'C by using a spectrofluorimeter.
during a variety of disease situations.

RNA and DNA Analysis

Experimental Procedures See the Supplemental Experimental Procedures.

Cell Lines and Transfections Immunoblotting and Immmunoprecipitations
Human HT1080 fibrosarcoma cells were maintained in DMEM me- For immunoblot analysis, cells were lysed in 1% Nonidet P-40,
dium supplemented with 10% heat-inactivated fetal bovine serum 50 mM HEPES (pH 7.5), 100 mM NaCI, 2 mM EDTA, 1 mM pyrophos-
(FBS), penicillin G (100 IU/ml), streptomycin (100 iig/ml), and phate, 10 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
L-glutamate (2 mM) and incubated at 37°C in a humidified atmo- fluoride, and 100 mM sodium fluoride. Lysates were normalized for
sphere containing 5% CO2 and 95% air. Exponentially growing total protein content by using a BCA kit (Pierce, Inc), and 40-50 j.g
HT1 080 cells were seeded at 1 x 106 per 6-well plate or at I X 101 aliquots were suspended in an equal volume of 2X Laemmli buffer
per 100-mm dish, prior to exposure to various agents. CSM14.1 containing 2-mercaptoethanol, then either boiled for 5 min before
cells were maintained in the same medium at 32°C, then plated at performing SDS-PAGE or loaded directly without boiling when ana-
low density, cultured at 39°C, and allowed to differentiate for 7-10 lyzing BI-1 protein. Proteins were transferred to Immobilon-P mem-
days before challenge with apoptosis agents. branes (Millipore), blocked with skim milk (5%), and incubated with

Exponentially growing HT1080 and CSM14.1 cells were stably various primary antibodies recognizing HA, Grp78, or actin (San-
transfected with pcDNA3 or pcDNA3-BI-1-HA plasmids (Xu and tacruz), cleaved caspase-3 (Cell Signaling), Bax (Trevegen), Hsp60
Reed, 1998), by using SuperFect transfection reagent (Qiagen), and (Stressgen), or caspases-3, -8, or-9 (Krajewski et al., 1999). Antibody
culturing the cells in 1 mg/ml G41 8 (Invitrogen) for 3 weeks. Several detection was accomplished via horseradish peroxidase-conju-
independent clones were isolated and tested for BI-1 -HA expression gated protein A or goat anti-rabbit immunoglobulin G (Bio-Rad) and
by immunoblotting. a chemiluminescence substrate (Amersham) and exposure to X-ray

film (Kodak).

Primary Cell Cultures Immunoprecipitations of Bax were performed as described (Nech-

Mouse embryonic fibroblasts (MEFs) were generated from bi-1'-, ushtan et al., 1999) with CHAPS-containing lysis solution and anti-

bi-1 '-, and bi-1-'- embryos (El 5.5-El 6.5). The embryonic sac was Bax antibody (6A7: Trevigen). Relative amounts of protein recovered
separated from fetal material, and cell suspensions were generated from protein content-normalized lysates were analyzed by SDS-
from the whole fetus in FGM-2 (Cambrex Life Sciences Company) PAGE/immunoblotting with rabbit anti-Bax antibody (Krajewski et

by mincing. A portion of whole-cell suspension was taken for geno- al., 1999).

typing, and the rest was plated in embryo fibroblast culture medium
(FGM-2) containing 10% FBS, penicillin G (100 IU/ml), streptomycin Subcellular Fractionation
(100 pg/ml), and L-glutamate (2 mM). Cells were suspended in 150 mM KCI, 25 mM Tris-HCI (pH 7.4),

Mouse cortical neuron cultures were prepared as described pre- 2 mM EDTA, 10 mM KH 2PO4, 0.1% (w/v) bovine serum albumin, and
viously (Choi et al., 1987). Neocorticies of E14-E15 embryos were 0.02% digitonin. After a 5-min incubation at 37°C, cells were pelleted
dissociated; plated on poly-D-lysine- and laminin-coated 24-well by centrifugation at 16,000 X g for 20 min, and the resulting supema-
plates at a density of -5 X 104 cells per well, in minimum essential tants (cytoso) and pellets (membranes) were analyzed by SDS-
medium (MEM, Earie's salts) supplemented with 5% horse serum, PAGE/immunoblotting with antibodies specific for Bax, (Krajewski
5% FBS, 2 mM glucose, and 2 mM L-glutamine; and then maintained et al., 1999), Hsp 60 (Stressgene), and Tubulin (Santacruz).
for 3 days in a humidified incubator with 5% CO2 at 37°C, before
adding 10 [LM cytosine arabinofuranoside for 3 days to halt prolifera- Electron Microscopy
tion of nonneuronal cells. Cells were washed and cultured for an For information on electron microscopy, see the Supplemental Ex-
additional 2-3 days in the same medium lacking FBS. Hepatocytes perimental Procedures.
were isolated from liver exactly as described previously (Bailly-Mai-
tre et al., 2002). Cells were cultured at 2 X 106 cells in 24-well plates Ca

2
l Imaging

in 500 i1 medium. The cells were plated on glass-bottom plates (MatTek), loaded with
4 IM Fura-2 (Molecular Probe) at room temperature for 30 min in

Cell Death and Caspase Activity Assays HBSS. The cells were then imaged on a Zeiss Axiovert microscope
Cell viability was assessed by propidium iodide (PQ) exclusion, with a cooled CCD camera, controlled by MetaFluor software (Uni-
where cells were suspended in phosphate-buffered saline (PBS) versal Imaging).
containing 10 tig/ml PI and analyzed by flow cytometry (FAGS Cali-
ber; Becton Dickinson). For apoptosis assessments, cells were ana- Animal Experiments and Tissue Analysis
lyzed in suspension after trypsinization by using an Annexin V-FITC/ Mice of 8 weeks of age were injected intrapesitioneally with 1-2
PI apoptosis detection kit (Bioversion). Alternatively, cells were fixed [tg/gm tunicamyin, then anesthetized 1-3 days later by intraperito-
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neal injection of 0.9 ml Avertin and perfused transcardially with cold Hacki, J., Egger, L., Monney, L., Conus, S., Rosse, T., Fellay, I., and
heparinized PBS (pH 7.2) containing 10% formaldehyde. Tissues Bomey, C. (2000). Apoptotic crosstalk between the endoplasmic
were recovered, post-fixed in Bouin's solution (Sigma), embedded in reticulum and mitochondria controlled by Bcl-2. Oncogene 19,
paraffin, sectioned (0.4 jLm), and stained with either H&E or Mason's 2286-2295.
trichrome reagent. Hsu, Y.-T., Wolter, K.G., and Youle, R.J. (1997). Cytosol-to-mem-

For morphometric analysis, tissue sections were photographed brane redistibution of members of Bax and Bcl-XL during apoptosis.
with a CCD Spot 3.1 camera (Diagnostic Instruments). After im- Proc. Nat[. Acad. Sci. USA 94, 3666-3672.
porting images into the Image-Pro plus 4.1 program (Media Cyber-
netics LP), morphometry analysis was performed, measuring the Jean, J.C., Oakes, S.M., and Joyce-Brady, M. (1999). The Bax inhibi-

sof the damaged tissue at the corticomedullary region tor-1 gene is differentially regualted in adult testis and developing
dimensionslung by tow alternative TATA-less promoters. Genomics 57,
of kidneys relative to the diameter of the renal cortex. 201v208.

Stroke experiments were performed as described previously 201-208.
(Kermer et al., 2003). Kaufman, R.J. (1999). Stress signaling from the lumen of the endo-

plasmic reticulum: coordination of gene transcriptional and transla-
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Abstract

Programmed cell death (PCD) plays important roles in the development and physiology of both animals and plants, but it is unclear
whether similar mechanisms are employed. Bax Inhibitor-I (BI-1) is an intracellular multi-membrane-spanning protein and cell death
inhibitor, originally identified by a function-based screen for mammalian cDNAs capable of suppressing cell death in yeast engineered to
ectopically express the pro-apoptotic protein Bax. Using this yeast assay, we screened expression libraries for cDNAs from the plant,
Lycopersicon esculentum (tomato), and the invertebrate animal Drosophila melanogaster (fruit fly), identifying close homologs of BI-I as
Bax-suppressors. We studied the fly and tomato homologs ofBI-1, as well as BI-i homologs identitied in Arabidopsis thaliania, Orvza sativa
(rice), and Saccharomn'ces cerevisiae (budding yeast). All eukaryotic homologs of BI-I blocked Bax-induced cell death when expressed in
yeast. Eukaryotic BI-I homologs also partially rescued yeast from cell death induced by oxidative stress (1--O) and heat shock. Deletion of a
C-terminal domain from BI-] homologs abrogated their cytoprotective function in yeast, demonstrating conserved structure-function
relations among these proteins. Expression of tomato BI-M by agroinfiltration of intact plant leaves provided protection from damage induced
by heat-shock and cold-shock stress. Altogether, these findings indicate that BI-I homologs exist in multiple eukaryotic species, providing
cytoprotection against diverse stimuli, thus implying that BI-1 regulates evolutionary conserved mechanisms of stress resistance that are
germane to both plants and animals.
©0) 2003 Elsevier B.V. All rights reserved.

Keviwortcl•: BI-1; Cell death; Cytoprotection; Evolution

1. Introduction upstream pathways (Metzstein et al., 1998). These genes
encode either anti-apoptotic and pro-apoptotic proteins,

Programmed cell death (PCD) plays critical roles in a which do battle with each other in making cell life-death
wide variety of normal physiological processes in multicel- decisions.
lular animal species. The genes that control programmed Programmed cell death (PCD) plays normal physiolog-
cell death in animals are conserved across wide evolutionary ical roles in a variety of processes in plants, including (a)
distances, defining a core set of biochemical reactions that deletion of cells with temporary functions such as the
are regulated in diverse ways by inputs from myriad aleurone cells in seeds and the suspensor cells in embryos;

(b) removal of unwanted cells, such as the root cap cells

Abbreviations: Bi-I, Bax Inhibitor-I; PCD, programmed cell death; ER, found in the tips of elongating plant roots and the stamen
endoplasmic reticulum; TM, transmembrane; gal, galactose; glu, glucose; primoridia cells in unisexual flowers; (c) deletion of cells
ECL, enhanced chemiluminescence; OD, optical density. during sculpting of the plant body and formation of leaf

* Corresponding author. Tel.: +1-858-646-3140; fax: +1-858-646- lobes and perforations; (d) death of cells during plant
3194.E-mail addresses: jreed@burnhat.org reedofficebumham.org specialization, such as the death of TE cells which creates

(J.C. Reed). channels for water transport in vascular plants; (e) leaf
SThese four individuals contributed equally to the results of this paper. senescence; and (0 responses to plant pathogens (Danon et

0378-1119/S - see front matter 10 2003 Elsevier B.V. All rights reserved.
doi: 10.10 1 6/j.genle.2003.09.011



102 H.-J. Chae et at / Gene 323 (2003) 101.113

al., 2000; Pennell and Lamb, 1997). Some elements of the Icy), Brassica napus (oilseed rape), and Nicotiana tabacurn
same cell suicide mechanisms used in animal cells may be (tobacco) (Bolduc et al,, 2003; Huckelhoven el al., 2003;
functionally conserved in plants. Though the biochemical Kawai et al., 1999; Kawai-Yamada et al., 2001; Lam et al.,
mechanisms responsible for cell suicide in plants are largely 2001: Sanchez et al., 2000). Moreover, the function of
unknown, a variety of reports suggest similarities to the plant homologues of BI-1 appears to be at least partly
PCD that occurs in animal species. For example, PCD in conserved with its human counterpart, given that BI-I
plants typically requires new gene expression and thus can orthologs of rice and Arabidopsis also rescue in the
be suppressed by cycloheximide and similar inhibitors of yeast-based Bax-lethality assay (Kawai et al., 1999; San-
protein or RNA synthesis. The morphological character- chez et al., 2000) and BI-I homologs of oilseed rape and
istics of plant cells undergoing PCD also bear some striking tobacco rescue against Bax-induced apoptosis in human
similarities to apoptosis in animals, though the presence of cells (Bolduc et al., 2003). Importantly, Arabidopsis BI-I
a cell wall around plant cells imposes certain differences. has been shown to protect transgenic plants against cell
Akin to animal cells, PCD in plants is associated with inter- death induced by ectopic expression of mammalian Bax
nucleosomal DNA fragmentation (DNA. ladders) and the (Kawai-Yamada et al., 2001), indicating an in vivo role for
activation of proteases (Del Pozo and Lami. 1998; Richael BI-I in cytoprotective pathways in planta and suggesting
ct al., 2001; Solomon et al., 1999). Moreover, ectopic that the biochemical mechanism regulated by BI-I is
expression of certain animal anti-apoptosis genes in trans- evolutionarily conserved. BI-I overexpression also regu-
genic plants has been demonstrated to provide protection lates resistance to fungal pathogens in barley, probably due
from crop-pathogens and other insults as a result of cell to its cell death-suppressive effects (Huckelhoven et al.,
death suppression (Dickman et al., 2001 ; Mitsuhara et al., 2003). Conversely, antisense-mediated downregulation of
1999). Conversely, expression of animal pro-apoptotic BI-M in tobacco BY-2 cells results in accelerated cell death
proteins such as Bax in plants can induce cell death upon carbon starvation (Bolduc and Brisson. 2002). Inter-
mechanisms similar to endogenous programs for cell sui- estingly, endogenous expression of BI-I is induced during
cide (Laconmne and Cruz, 1999). However, to date, few wound-healing responses and upon exposure to certain
endogenous plant genes have been identified that share pathogens in plants (Huckelboven et al., 2001; Sanchez
sequence homology with the apoptosis genes of animal et al., 2000), suggesting that BI-1 may play a role in host-
cells, defense mechanisms during times of stress. In this regard,

Bax Inhibitor-I (RIM) is an anti-apoptotic protein which endogenous BI-] expression is downregulated by treatment
is conserved in both animal and plant species. Though of cultured rice cells (0. sativa) with cytotoxic extracts
transcripts encoding this protein were known from unre- from rice blast fungus (Magnaporthe grisea), while over-
lated experiments, the cytoprotective function of BI-I was expression of At-BI-1 sustains survival (Matsumura et al..
discovered in cDNA library screens for human proteins 2003). Thus, BI-I represents the first endogenous gene to
capable of suppressing death of yeast induced by ectopic be identified that regulates cell death in both plant and
expression of mammalian Bax protein, a pro-apoptotic animal cells.
member of the Bcl-2 family of apoptosis-regulating pro- In this report, we used a combination of functional
teins (Perfettini et al., 2002; Xu and Reed, 1998). When cloning to identify additional BI-I homologs from plant
overexpressed in mammalian cells, BI-i provides protec- and animal eukaryotic species and performed a compar-
tion against apoptosis induced by several types of stimuli, ative analysis of the BI-I homologs of humans (Homo
including Bax overexpression, growth factor deprivation, sapiens), insects (Drosophila), tomato (Lycopersicon),
and Ca 2 

+ mobilizing agents (Xu and Reed, 1998). More- rice (Otyza), mustard (Arabidopsis), and budding yeast
over, BI-I protects certain types of cells against TRAIL, a (Saccharomyces cerevisiae). Our findings reveal conser-
member of the tumor necrosis factor (TNF) family of vation of function of these eukaryotic BI-1 protein,
cytokines (Bums and El-Deiry, 2001). Antisense experi- implying an evolutionarily preserved role for BI-I in
ments in which BI-I expression was knocked down cytoprotection.
suggested that the endogenous BI-I protein can be impor-
tant for suppressing apoptosis in some types of tumor cell
lines (Xu and Reed, 1998). Immunolocalization and sub- 2. Materials and methods
cellular fractionation studies demonstrated that BI-1 is
located predominantly in the endoplasmic reticulum (ER) 2.1. Plasinids
(Xu and Reed, 1998).

How the BI-I protein functions is unknown. A Kyte- Human BI-i and BI-1 homologs from other species
Doolittle plot of protein hydrophobicity revealed six pre- were cloned into the yeast-compatible expression plas-
dicted membrane-spanning domains in mammalian BI-I mids p426-GPD (ATCC) or pESC-URA3 (Stratagene),
proteins (Xu and Reed, 1998). Similar proteins have been with C-terminal Myc-tags. To generate p426-GPD-Myc,
identified in several plant species, including Otyza sativa a - 0.7-kbp fragment of pcDNA3Myc-dBok was first
(rice), Arabidopsis thaliana (At), Hordeum vulgare (bar- prepared by digestion with HindIll, blunting of the
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Hindlll ends using a Klenow-mediated fill-in reaction, total of 30 cycles using a High Fidelity PCR system (Roche,
then digestion with Xhol. This fragment was then subcl- Mannheim, Germany).
oned into SmaI-XhoI-digested p426-GPD (Zhang and
Reed, 2001). Arabidopsis BI-1 ("a-BI-l1") and rice BI-I 2.2. cDNA libramy screening
("r-BI 1") homologs were described previously (Kawai et
al., 1999; Yu et al., 2002). Tomato BI I ("t BI I") and For library screening, yeast strain QX95001 containing
Drosophila BI-I ("d-B1-1") homologs were derived YEp5 I -Bax was grown in SC medium supplemented with
through cDNA library screen of tomato and Drosophila leucine (SC-L) to early log phase (OD 60 0 =0.3--0.5).
(ATCC) cDNA libraries. Yeast BI-I homolog (YNL305c) Then, 100 [ig of either Drosophila eDNA library (lambda
(hereinafter termed "y-BI-l ") was obtained from ResGen. YES-Drosophila third instar cDNA library, ATCC) or
A genomic fragment encoding a bacterial BI-l-like pro- tomato eDNA library in pJG45 was transformed into
tein (hereinafter termed "e-BI-l") was obtained by PCR QX95001 using the LiOAc method. Transformants were
using Escherichia coli strain (XL-1Blue) DNA as a plated directly onto agar plates containing SC medium
template. PCR was used to amplify the desired open supplemented with leucine, uracil, and either glucose (SC-
reading frames of BI-1 homologs, with EcoRI and Xhoi U-L/Glu) or galactose (SC-U-T/Gal), and colonies were
restriction sites incorporated in the amplification primers allowed to grow at 30 'C for 5-7 days. Emerging
for subsequent digestion and cloning. Primers used in- colonies were then streaked onto galactose-containing
elude: 5'-ggaattcatggacagattcccacttc-3'and 5-gctcgagc- SC-U-L plates again to confirm the growth phenotype.
tagggtcgactacggcggttgccgaagatcc-3'for eBI-I (hypothetical Then, the cDNAs that conferred resistance to Bax-induced
protein YhbL [NP_752798.1; gi number 6246758); 5' death were plasmid-rescued into bacteria, and the result-
ggaattcatggcagatactgcgaattaca-3'and 5-gctcgagctagggtc- ing plasmid DNA was retransformed into QX95001 yeast
gacttttagttttgttctggcggcg-3'for dBI-l (NM_139948); 5L containing YEp5I-Bax, and the cells were grown on SC-
cggatccatgtcaggtcctccacctcc-3'and 5Lgctcgagctagggtcgac- U-L/Gal plates to confirm ability to rescue firom Bax-
tattgtcgtcgttagagttgg-3'for y-BI-I (NC_001146); 5L-ggaatt- induced lethality (Xu et al., 1999). For plasmids that
catggaaggtttcacatcgttc-3'and 5Lgctcgagctagggtc- consistently rescued yeast from Bax, the expression the
gactgtttctcctcttcttcttcttc-3'for t-BI-I (AF390556); 5L Bax protein was assayed using lysates from cells grown
ggaattcatggatgcgttctcttccttc-3'and 5Lgctcgagctagggtc- in galactose-containing medium by immunoblotting, using
gactgtttctccttttcttcttc-3'for a-BI-1 (AB025927); 5-ggaatt- anti-Bax antibody.
catggacgccttctactcgac-3' and 5Lgctcgagctagggtcgacta-
gacctcttcttcctcttc-3'for r-BI-1 (AB025926); 5L 2.3. Yeast viability assays
ggaattcatgaacatatttgatcgaaag-3'and 5!gctcgagctagggtc-
gacttttcttctctttcttcttatc-3' for human BI-1 ("h-BI-l") To determine whether BI-l-encoding plasmids rescue
(XM_035490). The PCR products were digested with yeast from Bax-induced lethality, yeast containing YEp5l-
EcoRI and XhoI, then cloned into the corresponding sites Bax and various p426-myc-BI-1 plasmids were grown in
in p426-GPD or p426-GPD-Myc. SC-U-Llglucose media overnight. The yeast cultures were

Mutants of h-BI-1 were generated by deleting final amino then serial 10-fold diluted into SC medium, and 5 ll of each
acids distal to the last predicted transmembrane (TM) do- dilution was dropped onto SC-U-L/galactose or SC-U-LI
main, thus deleting the last nine amino acids of the protein, glucose plates. Cells were incubated at 30 'C for - 5 days
or by exchanging C-terminal charged residues for alanine and photographed.
(C9A) using PCR-based methods. Primers for C-terminal For heat-shock experiments, EGY48 strain yeast contain-
truncation of h-BI-1 included 5-ggaattcatgaacatatttgatc- ing plasmids encoding various BI-1 homologs were grown in
gaaag-3'and 5Lccgctcgaggggtcgactattcatggccaggatcatgag-3' SC-U media overnight. Cultures were diluted to OD6oo 0.1
for h-BI-1, while primers for construction of h-BI-I(C9A) and grown at 30 'C to early log phase (OD 600=0.3-0.5).
were 5Lggaattcatgaacatatttgatcgaaag-3'and 5-ccgctcgagc- Cultures were then serial 10-fold diluted in ddH20 and
tagggtcgactagctgccg cggccgctgcagctgcagcattcatggccaggat- incubated at 50 'C (heat shock) or left at room temperature
catc-3' The C9A mutant of h-BI-I thus contains nine (mock treatment) for 30 min before plating onto SC-U/
consecutive alanines instead of EKDKKKEKK at C-termi- glucose medium. After 5-7 days incubation at 30 'C,
nus. In addition to human BI-1, PCR was used to generate colonies were counted, and the proportion of surviving
mutants of BI-1 homologs of other species that also lacked colonies was determined by dividing the values for heat-
the C-terminal charged resides. The primers for mutation shock-treated from mock-treated samples.
used included: 5Lggaattcatggcagatactgcgaattacatc-3'and 5L For oxidative stress experiments, EGY48 strains contain-
ggcctcgagctattgcgtcagtataatcagcaaacg-3'for dBI-1; 5 and 5L ing BI-1 homologs were grown in SC-U media overnight.
ggcctcgagctaagatgcattctttaacatgatgat cag-3'for t-BI-1; 5L Cultures were diluted to OD 600 = 0.1 in ddH20 and treated
cgggatccatgtcaggtcctccacctcc-3'and 5-ggcctcgagctaggc- with or without 3 mM H20 2 for 6 h. Cultures were then
caaaatccttaaaatagacaaa for yBI- 1. PCR conditions employed washed in SC medium, serial 10-fold diluted, and plated on
were 95 'C for 30 s, 55 'C for I min, and 72 'C for 30 s for a SC-U/glucose. After 5-7 days incubation at 30 'C, colonies
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were counted, and the proportion of colonies surviving H202  and its deletion derivative YNL305C (ResGen). Cells were

exposure was determined by dividing the values for H202- grown in YPD media with various concentrations of H202.

treated fiom mock-treated samples.
Similar heat-shock and H20 2 treatments were also used 2.4. hninnoblotting

to evaluate the relative sensitivity to stress of wild-type and
BI-l-deficient (AyBI) yeast using S. cerevisiae Hansen Yeast were grown in SC-U/glucose media overnight.

strain BY4741 (mat a his3D] leu2DO met15DO ura3DO), Cultures were then diluted, and the cells were grown to early
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200 220 * 240 260
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halibut C .At3ElSWJ FL SMMN F0-CML WAITL - C XL 193
canola E DWQFASS :G ASIMEW F - FV D : 199
Arabidopsis IE .J0QASS G ST• KFEB - FTV E5 199tomato-BI-I 1 •E ::< ... [<SG WFASiGMg•:•F -- V•.F'E• 212
rice E LW CFAS H. TSM FL VI*E 200
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yeast SC Yn1305 FENV"NSATSIYY IG T WNTIHSSK•FN L, GAl FTA i OL F 280

280 -300
human I E---'••I- : 237
mouse U IiiL ME M E12
halibut M HMEN -)1s W--Li R LO-- 237canola T TH MR LM• :• 1 M 247

Arabidopsis 
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H L I' S F Ti

tomato_5I-1 CL BMs T Ti LK S RN 260
rice L 1S EDK S. R 249
fly CRNR V TQKEEQNE QN, ' 245

yeast SC Yn1305 VYPDEE- C-A I LiT 297

Fig. 1. Bioinfonnatics analysis of the BI-I family. (A) A multiple-sequence alignment is presented for the BI-I orthologs from human, mouse, halibut, fruit fly

(Drosophila). canola, rice, Arabidopsis, and tomato, as well as the BI-M homolog of budding yeast (S. ceret'isiae). Several other manmnalian BI-I orthologs (rat,

bovine, sheep) were omitted since they are 99% identical to human and mouse sequences. The alignment was prepared using T-coffee (Nolrcdamc et al., 2000)
by first aligning all highly homologous proteins from higher organism to each other, and then aligning the most divergent protein (yeast) against the profile.
Identical amino acids are presented as black blocks, while highly conserved residues are denoted in gray blocks. (B) A phylogeny tree analysis is presented for

selected members of the extended BMl family, showing the four major branches of the family, plus the yeast BI- -like protein. Only selected sequences for
branches that are not orthologous to BI-1 are presented. A true BI-I ortholog is not found in C. elegans, or lower eukaryotes, but is seen in Plasmodiun
falciparium. Accession numbers are as follows: (human BI-I: gi4507433, NP003208.1; mouse BI-I: gi21311961, NP080945.1; rat BI-I: gi456209,
CAA53471.1; halibut BI-l: gi12229683, Q91A79; Arabidopsis BM-I: gi21593125. AAM65074.1; canola BI-I: gi14719274, AAK73101.1; rice BI-I:
gi12229685, Q9MBDS; Drosophila BI-I alpha: gi21355991, NP648205.1 CG7188-PA; yeast BI-I: gi6324024, NP014094.1).



I.-.j Chae et al. / Gene 323 (2003) 101 113 105

B
yeast Sc Yn 305cp

plasmodium B6-1

halibut BI-1

-m - human BG-t

Celmouse BI-1
-- tomato Brl-t

I• rice BI-1

-- canola 3I-1

Arabidopsis BI-1
human GHITP

fruit fly GHITP

•• . ruitfly ifegard Celegans GHITP

Celegans lifeguard

human lifeguard

human pseudoNMDA

CESIR

hman Sill

I Arabidopsis S 1 R

Arabidopsis Z-protein

Fig. 1 (continued).

log phase (OD6 oo=0.3-0.5), at which point protein lysates expression vector, pSfinx (Takken et al., 2000). This con-
were made and analyzed by immunoblotting using mono- struct was introduced into the Agrobacterihm tunmeJhciens
clonal Myc antibody (Santa Cruz Biotech) with enhanced strain MOG 101, which was then infiltrated into tobacco
chemiluminescence (ECL)-based detection (Amersham). leaves. Briefly, a single colony fiom YEP kanamycin (50

mg/i) containing plates was inoculated into 5 ml YEP liquid
2.5. Subcellularfr'actionation culture medium containing kanamycin (50 lag/I) and tetra-

cycline (5 pg/I) and cultured overnight at 28 'C. This
Subcellular fraction of yeast cells was performed essen- inoculum was used to seed a 100-ml culture with the same

tially as described (Glick and Pon, 1995). Briefly, yeast antibiotics and grown at 28 'C until saturated. Cells were
strains containing either Myc-BI-l or Myc-BI-1C9A were pelleted at 4000 x g for 10 min and resuspended in induc-
grown overnight in SC-U/glucose media at 30 °C. The cells tion medium (10.5 g/l K2HPO 4, 4.5 g/l KH2PO 4. 1 g/
were then collected by centrifugation, washed with ddH 20, I (NH4)2 SO 4 , 0.5 g/l Na-citrate, 1 m/l1 of I M MgSO 4 , 10

and incubated in Tris-DTT solution (0.1 M Tris-S0 4 , pH ml/l of 20% glucose, 25 mli/ of 20% glycerol, and 10 mM
9.4, 10 mM DTT) for 15 min at 30 'C. Then, cells were MES). Freshly prepared acetosyringone (50 ftg/ml) in di-
pelleted by centrifugation, and resuspended in buffer A (1.2 methyl fornmamide was added, and cells were incubated at
M sorbitol, 20 mM potassium phosphate, pH 7.4) contain- 28 "C for 6-8 h. Cells were pelleted and resuspended in
ing Zymolyase 20T (ICN, 2.5 mg/g of yeast) and incubated infiltration medium (0.5 x Murashige and Skoog Basal
for 30 min at 30 *C with gentle shaking to convert cells to medium salts, 10 mM MES [pH 5.6], 150 [tg/ml acetosyr-
spheroplasts. Spheroplasts were sedimented by centrifuiga- ingone) and grown to an OD 60 0 of 0.8. This culture was
tion for 5 minm at 4000 x g, resuspended in buffer B (0.6 M used to infiltrate the underside of fully expanded healthy
sorbitol, 20 mM K + MES, pH 6.0, 0.5 mM PMSF), and leaves in young tobacco (cv. Glurk) plants using a tubercu-
washed twice in buffer B, before undergoing homogeniza- lin syringe without needle. Other leaves were infiltrated
tion with a glass Dounce homogenizer. The resulting cell with control vector or with infiltration media (mock inocu-
lysate was centrifuged for 5 min at 1500 x g, and the pellet lation). Plants were watered several hours before use. After
was collected as the nuclear fraction. After repeating the infiltration, plants were returned to a growth chamber and
centrifugation, the resulting supematant was transferred to maintained at 25 'C for 5 days with a 16:8-h light/dark
fresh tube and centrifuged at 12,000 x g for 10 min to regimen.
produce a membrane/organelle-enriched fraction (pellet)
and cytosolic fraction (supernatant). Nuclear, membrane/ 2.7. Plant stress assays
organelle, and cytosolic fractions were resuspended in
buffer B, normalized for input cell number, and analyzed Heat stress was carried out on I-cm-diameter leaf discs
by SDS-PAGE/immunoblotting using Myc-antibody, using cut from infiltrated leaves. A minimum of 20 discs were
an ECL-based detection method, incubated at 55 'C for 20 min in a hybridization oven and

subsequently returned to room temperature under continu-
2.6. Agrobacterium infiltration protocol ous light. Samples were examined 48 h later. Cold shock

was administered at - 15 'C for 8 min. Samples were then
The 744-bp ORF encoding t-BI-1 was cloned into the returned to room temperature and examined 48 h later. Salt

Cla! and Asci sites of the binary potato virus-x (PVX)-based stress was carried out by floating the leaf discs on 200 mM
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NaCI solution. Samples were monitored as before. Oxida- 3.2. Identification of BI-l-related proteins in yeast and
tive stress was imposed by floating the leaf discs on 20 mM other organisms
H20 2 followed by incubation in the dark. Samples were
monitored as before. Using the sequence of a human BI-], we initiated a series

of automated BLAST and Psi-BLAST searches, using the
2.8. DNA fiagmentation assays saturated BLAST algorithm (Li el al., 2000). Over 200

proteins in eukaryotes and bacteria (but not archea) were
Samples were frozen in liquid nitrogen at various times identified, including potential BI-M homologs in animals

after subjecting plants to stress (as above) and ground (mouse, Drosophila, Caenorhabditis elegans), plants (A.
into powder using a mortar and pestle. DNA was thaliana, rice and canola), yeast/fungi (S. cerevisiae and
extracted using standard protocols (Balk and Leaver, Emericella nidulans), as well as all complete bacterial
2001) and analyzed for ladder formation by electropho- genomes and several viruses (e.g., pox viruses of cows,
resis in a 2% agarose gels. Gels were impregnated with I
ltg/ml ethidium bromide and photographed under UV
illumination. A

60-
3. Results

50-

3.1. Functional screening of cDNA libraries Jbr Bax 40-
suppressors reveals .BI-l homologs 30

0 3

Ectopic expression of mammalian Bax protein in yeast 3 20

results in cell death, surpressing colony formation (Xu and
Reed, 1998). Previously, we used this assay to screen human 10-
cDNA libraries, identifying h-BI- I as a cytoprotective protein 0
that rescues yeast against Bax, without interfering with Bax
protein expression. To explore whether analogous proteins

.~ 'a
exist in other species, we obtained cDNA libraries derived B
from an insect (Drosophila melanogaster) and a plant (Lyco-
opersicon esculenturn) and screened them for cDNAs capable o • 'a b

of rescuing yeast from Bax-mediated lethality. For these
experiments, Bax was expressed under the control for a 28 -.. . .4
GAL10 promoter, providing for inducible expression upon
plating cells on galactose-containing media. The cDNA * . __... .
libraries were cloned into yeast expression plasmids that rely
on constitutive promoters for driving expression ofcDNAs in 17-
yeast.

From approximately a half-million yeast transformants
expressing the Drosophila library, four cDNAs were ulti -._.....__. _

mately identified which rescued yeast from Bax without
suppressing Bax protein expression. DNA sequencing Fig. 2. BI-M homologs protect against Bax-induced lethality in yeast. (A)

revealed that all four of these cDNAs contained the Yeast containing YEp51-Bax and p426-GDP-plasmid encoding various
myc-tagged BI-I homologs from human (h), Arabcopsis (a), rice (r),

complete open reading frame (ORF) of Drosophila B1- I Drosophila (d), tomato (t), yeast (y) and E. coli (e) 'were grown in SC-U-L/

(d-BI-1). Similarly, screening of approximately one million glucose overnight, then diluted into SC-U-L/galactose and spread on

yeast transformants using a tomato cDNA library resulted galactose-containing plates to induce Bax expression. After 5 days growth

in nine cDNAs that displayed an ability to rescue from at 30 'C, the number of colonies was counted and expressed as a

Bax. Of these, two proved to be tomato BI-! homologs percentage relative to the number of colonies growing on SC-U-L/glu plate.

GPD refers to cells transformed with the p426-GDP plasmid lacking a
eDNA insert, which served as a negative control. (B) The yeast

Fig. IA compares the amino acid sequences of main- transfoniants described above were grown overnight in SC-U-L/glu.

malian BM-I homologs with d-BI-1 and t-BI-1. In addi- Detergent lysates were normalized for total protein content and subject to

tion, the Arabidopsis (a-BI-l), rice BI-1 (r-BI-1), and immunoblot analysis using c-Myc antibody (top). The asterisk denotes a

selected other plant BI-I proteins are also presented. All nonspecific band detected by the secondary antibody used for these assays.
Note that yeast BI-1 (y-BI-1) is a larger protein and that eBf-l is

of these proteins contain at least five predicted hydro- ubiquitinated when expressed in yeast (unpublished observations). The

phobic transmembrane a-helices, implying a conserved lower panel represents a randomly selected protein from the Ponceau-S

structure. stained blot, which serves as a control for protein loading.
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A identify, across the flail length of the proteins, but all show

well-defined sequence conservation in the predicted four
p426-GPD . C-terminal transmembrane ex-helices. In all higher organ-

B 1lAC isms, at least four groups of BI-M paralogs are evident,
though the exact number of homologs in each group is

E1-1 difficult to establish because of multiple splicing variants:
(1) the BI-I family, which also has homologs in plants; (2)

BI,.C9A the GHITP family of proteins, which are most closely
SC-U-L/glu SC-U-Lgal related to GHITP, a growth hormone-inducible transmem-

B C brane protein; (3) the LFG (Lifeguard) family of proteins,

SBI-1 BI-IC9A related to the an anti-apoptotic protein that provides
0 I - I U protection selectively from Fas-mediated cell death (Somia
" Z " et al.. 1999), and which also includes a closely related

family of proteins that were initially annotated as NMDA-
"=* ... receptors: and (4) uncharacterized proteins from animals

and plants closely homologous to the SIR protein of pox
viruses (Fig. IB).

Fig. 3. Cytoprotective function of human BI-I requires the C-terminal
domain. (A) Yeast strains containing YEp5 I -Bax and p426-GPD plasmids 3.3. Functional comparison of'BI-1 honiologs from different
encoding Myc-h-BI-l, Myc-h-B1-I lacking the C-terminal nine amino
acids, or Myc-BI-I (C9A), in which the last nine amino acids of the protein Si)CitS
were converted to alanines were grown in SC-U-L/glucose overnight.

Cultures were serial-diluted, and 4 pI was dropped onto glucose or To compare the functions of the yeast BI-1-like protein
galactose plates. (B) Expression of B-l- mutants was determined by with its counterparts from animals and plants, we overex-
immunoblotting with c-Myc antibody, using detergent lysates friom pressed y-Bi-I in yeast and tested its ability to rescue
transfonmants nonmalized for total protein content. (C) The cellularlocations of the Myc-h-ril- and Myc-h-BI-l(C9A) proteins were compared against Bax-induced lethality, using a colony formation

by subcellular fractionation, where cytosolic (C), nuclear (N), and assay. As expected, essentially no colonies formed when
membrane (M) fractions were normalized for cell equivalents and analyzed yeast cells were transformed with YEp5 I -Bax and a control
by immunoblotting using anti-Myc antibody, plasmid lacking a cDNA insert (p426), and then plated onto

galactose to induce Bax expression (Fig. 2). In contrast, co-
transformation of yeast with YEp5l-Bax and p426-plasmids

camels and monkeys; Cytomegalogviruses of humans and encoding human and plant (rice, tomato, mustard) BI-1
chimpanzees; and human herpes virus). BI-1 homologs can proteins under the control a strong constitutive promoter
be either nearly identical or display profound sequence (GDP) restored growth of colonies. Similarly, overexpres-
divergence, sharing as little as 15% amino acid sequence sion of yBI-1 rescued yeast from Bax-mediated lethality

Cells Applied Cells Applied

GPD
h-BI-1

h-BI-1(AC)
d-BI-1

d-BI-I(AC)
t-Bl-1

t-BI-I(AC)
y-BI-1

y-BI-I(AC)

gal glu

Fig. 4. Deletion of the C-terminal cytosolic domain abrogates cytoprotective function ofBI-1 homologs. Yeast containing YEp51-Bax and p426-GDP plasmids

encoding various myc-tagged BI-I homologs or AC mutants were grown in SC-U-L/glucose overnight, then resuspended in either SC-U-L/glucose (right) or
SC-U-Ligalactose (left). Cultures were serial 10-fold diluted (firom left to right), and 5 [d aliquots were dropped onto glucose (right)- or galactose (left)-
containing plates. Plates were photographed after 5 days growth at 30 'C.
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almost as efficiently as the BI-I homologs from animals and the nuclear envelope. Thus, despite their expression and
plants (Fig. 2A). The E. co/i protein sharing similarity to BI- proper targeting in cells, mutation of the C-terminal
I was only partially effective at rescuing yeast from Bax, domain of BI-I abolishes its ability to suppress Bax-
though this protein also was not expressed at levels as high induced death in yeast.
as the eukaryotic BI-1 proteins, as determined by immuno- We then prepared similar C-terminal deletion mutants of
blot experiments relying on the Myc-epitope tags engi- the BI-I homologs of Drosophila, tomato, and yeast, testing
neered into all these proteins for inummodetection (Fig. their function in the yeast-based Bax assay. When co-
213). Loading of comparable levels of total proteins from transformed with YEp51 -Bax and plated on glucose, all
transformed yeast was confirmed by Ponceau-S staining of transformants grew equally well, as determined by drop
blots (Fig. 2B, bottom panel). We conclude therefore that assays using serial 10-fold dilutions of yeast cultures. In
the yeast homolog of BI-i is capable of rescuing yeast from contrast, when plated on galactose to induce Bax expres-
Bax-mediated lethality, akin to its counterparts in animals sion, the full-length BI-1 proteins from human, Drosophila,
and plants. tomato, and yeast rescued, while the AC mutants were

3.4. Structure--function comparisons of BI-1 hoinologs

All of the identified BI-I homologs contain a series of A

predicted transmembrane cx-helices, followed by a C-termi-5

nal domain that is predicted to reside in the cytosol of cells 50
based on the predicted topology of these proteins in mem-

branes. We therefore explored the role of this cytosolic C-
terminal domain with respect to suppression of Bax-induced 30.
lethality in yeast. Pilot experiments were first performed 0
with the human BI- 1 protein. 0 20

Two types of mutations were produced--.one in which 10
the last nine amino acids were deleted (BI-1 AC), and II I
another in which the last nine amino acids of h-BI-I 0
were converted to alanines (BI-] C9A). The cDNAs 6"1 o" Z ',

encoding wild-type and mutant h-BI-1 proteins were .
subcloned into p426-GPD and transformed into yeast 4.

containing YEp51-Bax and grown in glucose-containing B
medium to repress Bax expression. Then, cells were ." ." ,"
serially 10-fold diluted and spread onto either glucose . , ,
or galactose plates. 4 7b .,~

As shown in Fig. 3A, all transformants grew equally
well when plated on glucose, which suppresses Bax 28 -

expression from the YEp5I plasmid. In contrast, when
plated on galactose to induce Bax expression, growth of * &m*
yeast transformed with p426-GPD control plasmid was
markedly suppressed, while wild-type h-BI-! rescued 17-
growth. Growth of yeast transformed with plasmids encod- 7< : • '- -

ing mutant BI-1 proteins, BI-I AC and BI-1 C9A, was
also markedly suppressed, indicating a loss of function
(Fiso mar y sFig. 5. Expression and functional characterization of BI- I AC mutants. (A)

(i Yeast strains containing YEp51-Bax and various p426-GPD plasmids
Immunoblotting analysis of lysates from these trans- encoding full-length or AC mutant BI-1 homologs were grown in SC-U-L/

formants (grown in glucose-containing medium) demon- glucose overnight, then diluted into SC-U-L/galactose and spread on
strated production of both wild-type and mutant BI-1 galactose-containing plates to induce Bax expression. After 5 days growth
proteins, though the levels of the BI-1 C9A protein were at 30 'C, the number of colonies was counted and expressed as a

percentage relative to the number of colonies grown in SC-U-L/glucose
somewhat lower than wild-type 131-1 and B!-! AC (Fig. plates. GPD refers to cells transformed with the p426-GDP plasmid lacking
3B). Subcellular fractionation studies indicated that both a cDNA insert, which served as a negative control. (B) The yeast
wild-type and mutant BI-1 proteins were associated pre- transformants described above were grown overnight in SC-U-L/glu.
dominantly with the membrane and nuclear fractions, but Detergent lysates were normalized for total protein content and subject to

were largely excluded firom the cytosol (Fig. 3C). Based immunoblot analysis using c-Myc antibody (top). The asterisk denotes a

on immunofluorescence microscopy (not shown), the nu- nonspecific band detected by the secondary antibody used for these assays.
clear assoiatioresoencemicrotei n o appears tohrel et nu- Note that yeast BI-M (y-BI-l) protein is a larger protein. The lower panel
clear association of B!-! protein appears to reflect associ- represents a randomly selected protein from the Ponceau-S stained blot,
ation of this protein with the ER, which is contiguous with which serves as a control for protein loading.
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A 8markedly impaired in their ability to protect yeast cells from

8 H 20 2  Bax (Fig. 4).
Similar results were obtained by assaying colony forma-

tion (Fig. 5A). Again, full-length BI-I proteins rescued yeast

"40 from Bax-induced lethality, while the AC mutants were
S40 largely inactive. Immunoblot analysis demonstrated produc-

tion of the fill-length and AC mutant proteins (Fig. 513),
'o 20 excluding differences in the levels ofthese proteins as a trivial

explanation for their differential effects on Bax-induced
0 .lethality in yeast. Loading of comparable levels of total

- , -, proteins from transformed yeast was confirmed by Pon-
z M c W
o -6 z ceau-S staining of blots (Fig. 5B, bottom panel). We conclude

B therefore that the homologs of BI--I from humans, plants, and
70 Heatshock yeast exhibit conserved structure-function relations.
60

F 50 3.5. BI-] honiologs protect yeast against heat-shock and
. 4oxidative stressX 40

N 30 To further compare the cytoprotective properties of

S20 various BM-I homologs, we tested their effects on killing

10 of yeast by heat shock and hydrogen peroxide, modeling our
0 .experiments after prior studies of yeast apoptosis (reviewed

"" "- in Jin and Reed. 2002). Exposure of control yeast to 3 mM
z m m H10 for 6 h resulted in 75% reduction in viable colony

forming units (CFUs). In contrast, yeast expressing human,
Fig. 6. BI-I hornologs protect yeast against death induced by oxidative Arabidopsis, Drosophila, or yeast BI-M proteins were mark-
stress or heat shock. EGY48 strain yeast containing p426-GPD plasmids edly resistant to cell death induced by H20 2, with >50% of
encoding various Myc-tagged BI-1 homologs were grown in SC-U media CFUs surviving the treatment with this oxidant (Fig. 6A)
overnight. (A) Cultures were then diluted to D600 = 0.1 in ddH 20 with or (p < the treale with tes oxidant yeAs

without 3 mM HO, for 6 h. Cultures were then serial-diluted and plated. (p<0.0001 for all BM honologs tested). Similarly, yeast
After 5 (lays incubation at 30 'C, the number of surviving colonies was expressing these BI-I homologs were about twice as resis-
counted. Data are expressed as percentage relative to cells that did not tant to the effects of heat shock (50 'C for 30 min) as control
receive H-1202 treatment. CNTL refers to yeast transformed with p426-GDP cells (Fig. 613). We conclude therefore that animal, plant, and
plasmid lacking an insert. (B) Alternatively, cell cultures were diluted to yeast BI-1 proteins share an evolutionarily conserved cyto-
OD60o=0.1 in SC-U and grown to OD6oo=0.4. Cells were then serial- protective function that extends beyond suppression of Bax-
diluted in ddH,0 and incubated at either room temperature (control) or 50
'C for 30 miin before plating and determining the percentage of surviving induced killing of yeast and includes protection of yeast
colony forming units (CFUs) relative to control cells, frolm heat shock and oxidative stress as well.

A B
100, 1 100

Ifi .... 7'' yBI-l
80. [ 80.

"-J 60- -" 60

40 40

20 20 ,-a--- AyBI-1

0 0
0 5 10 15 20 25 0.0 0.5 1.0 1.5 2.0

TIME (mins) H20 2 (AM)

Fig. 7. Endogenous BI-I protects yeast against stress. (A) Wild-type and AyB]-I deletion strains were grown in YPD media overnight. Cells were then diluted
to OD600= 0.1 in YPD and grown to OD60o 0.4. Cultures were then serial-diluted and heat-shocked at 50 'C for various times and plated onto YPD plates.
(B) Yeast strains were grovwn in YPD overnight. Cells were then diluted in ddH2O to 0D600= 0.1 with different concentrations of 11202, and incubated for 6 h.
Cells were then resuspended in medium, washed, and spread onto YPD plates. For both (A) and (B), the number ofcolonies emerging after 5 days culture at 30
'C was counted and expressed as a percentage of surviving cells relative to the number of colonies growing in SC-U-L/glucose plate.
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1 2 3 4 tive stress for defined periods of time, then cells were

plated and cultured at 30 'C for 5 days to measure viable
colony forming units (CFU). Exposure of wild-type yeast to

t-B-I 50 'C resulted in a time-dependent reduction in the cell
survival, with 10--15 min exposure resulting in >50%
reduction in CFUs (Fig. 7A). In contrast, AyBI-1 cells
were more sensitive to the lethal effects of heat shock, with

rDNA exposures of 5.10 min being sufficient to reduce viability
by >50%. Similarly, in experiments involving exposure of

yeast to various concentrations of H202, again BI-l-defi-
Fig. 8. Analysis of t-Bl-1 transgene expression in plant leaves. Selected cient cells exhibited increased sensitivity compared to wild-
tobacco leaves (N. tabacum cv. Glurk) were infiltrated with t-BI-l or type cells (Fig. 7B). Conversely, when ABI-y strain yeast
control bacteria. At 5 days post-inoculation, total RNA was isolated from cells were transformed with yBI-encoding plasmid, resis-
plants, and 10 jig was analyzed by Northern blotting, using a 5

2
P-labeled t- tance to heat shock and 11202 was restored (not shown). We

BI-1 cDNA probe (upper panel). Lane 1: RNA from tobacco leaf infiltrated
with vector encoding tomato rubisco small subunit gene; Lanes 2 and 3: conclude that loss of function of the endogenous yeast BI-M
RNA from tobacco leaves infiltrated with tomato t-Bl-1; Lane 4: tobacco gene is associated with increased sensitivity of yeast to
leaf infiltrated with empty vector. The filter was stripped and probed with lethal stress.
ribosomal DNA (rDNA) to ensure equivalent RNA loading for each sample
(bottom panel). 3.7. t-B[-1 protects plants from stress

3.6. BI-l-deficient yeast are more sensitive to stress To determine whether plant BI-I proteins display cyto-
protective functions in vivo, we used an Agrobacterium-

Since overexpression of y-BI- I in yeast protects against based gene delivery method to test the effects of tomato BI-
stress, we explored the effects of disruption of the endog- I in tobacco plants. For these experiments, t-BI-1 cDNA
enous gene encoding this protein in S. cerevisiae. For these was engineered into a binary potato vinis x (PVX)-based
experiments, isogenic strains of normal and AyBI-l yeast expression vector (pSfinx), which was then introduced into
were obtained and subjected to either heat shock or oxida- an A. tumefaciens strain (MOG 101). These t-BI-1 encoding

Fig. 9. Tomato BI-] protects plant leaves from heat shock. Wild-type tobacco leaves (A. tabacum cv. Glurk) ofsimilar age were infiltrated via Agrobacterium as
described in Materials and methods. Plants were infiltrated with t-BI-1, empty vector, mock inoculation or the tomato small subunit of ribulose 1.5 biphosphate
arboxylase/oxygenase (ss-Rubisco). Following infiltration, plants were maintained at 25 'C for 5 days, at which point 1-cm discs were cut firom the infiltrated
leaves with a cork borer. Discs were placed in a moist petri dish and subjected to a heat stress of 55 'C for 20 min. Representative samples evaluated after 48 h
are shown.
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bacteria where then grown and infiltrated into tobacco 4. Discussion
leaves.

Previous experiments with control constructs indicated We present evidence here that BI-I homologs of animals,
optimal transgene expression occurred between 5 and 7 plants, and yeast exhibit conserved cytoprotective functions.
days after infiltration from the PVX coat protein promoter. When overexpressed in yeast, these BI-M family proteins
We therefore tested for transgene expression in leaves provide increased resistance against the lethal effects of
infiltrated with either control or t-BI-I bacteria at 6 days, Bax, H202, and heat shock. Interestingly, deletion of a C-
by Northern blot analysis using a 32p-labeled t-BI-1 cDNA terminal domain firom BI-1 family proteins abrogated their
probe. As shown in Fig. 8, transcripts corresponding to the cytoprotective activity, demonstrating an important role for
t-BI-I transgene were readily detectable in infiltrated this region of these proteins in fulfilling their protective
leaves, but not in either mock-treated or control vector- functions. How BM-1 family proteins protect cells against
treated leaves. Re-probing the blot with a rRNA probe diverse stimuli remains to be determined. These integral
controlled for total RNA loading (Fig. 8). membrane proteins possess multiple predicted transmem-

Next, we compared the relative resistance to abiotic brane segments, suggesting they may affect membrane
stress of leaf discs infiltrated with t-BI-1 or control stability or transport of ions or other types of molecules
vectors, using heat shock, cold shock, and hyper-salinity across membranes.
as stresses. In heat shock studies (55 'C for 20 min), Previous studies demonstrated that overexpression of the
control vector and mock-inoculated discs showed loss of Arabidopsis BI-1 homolog in plants provides protection
chlorophyll and browning within 48-72 h after heat against ectopically expressed Bax, confirming that BI-1
shock (Fig. 9). In contrast, t-BI-l-infiltrated discs homologs can display cytoprotective functions in planta
remained green and largely normal in appearance. Ex- (Kawai-Yamada et al., 2001). However, while these experi-
pression of an unrelated tomato gene, the RUBISCO ments with ectopic Bax expression provided proof of
small subunit, in leaf discs did not protect against heat concept evidence of in vivo protection by BI-1, they left
shock, providing further evidence of the specificity of open the question of whether BI-1 could protect in planta
these results and emphasizing that protection is not against stressful stimuli that rely on endogenous cell death
afforded by any transgene. Similar results were obtained mechanisms rather than expression of a foreign protein. We
with cold shock (- 15 'C for 8 min). Cold-shocked leaf therefore undertook studies of the effects of the tomato
discs expressing t-BI-1 showed no loss of chlorophyll, homolog of Bi-I on cytodestruction induced in tobacco
while control discs exhibited bleaching and browning leaves by abiotic stresses such as heat shock, cold shock,
after 48 h (Fig. 10). Salt-stressed leaf discs from all hyper-salinity, and oxidants (H2 02. Overexpression of t-
samples exhibited a water-soaked phenotype and did not BI-1 in plant leaves clearly protected against heat and cold
show any dramatic morphological differences at 48 h. stress, preventing or markedly delaying chlorosis. Of note,
However, analysis of DNA extracted from the t-BI-1 and the ability of BMI to protect against cell destruction
control samples by agarose gel electrophoresis showed the induced by extremes of temperature could have practical
presence of double-stranded DNA breaks in a "DNA applications in agriculture, if extendable to intact plants in
ladder" pattern typical of programmed cell death in the the field.
control samples but not in t-BI-I samples (not shown). Besides abiotic stresses, cell suicide plays an important
These results were confirmed by using another vector role in interactions of plants with a variety of infectious
pCAMBIA 1303 in which t-BI-1 was expressed from a pathogens, including bacteria, fungi, and viruses. The best
different promoter (CAMV 35S) (not shown). studied of these plant responses to pathogens is the so-called

Fig. 10. Tomato BIMI protects plant leaves fiom cold exposure. Wild-type tobacco leaves were treated as described in Section 2. Five days after infiltration, leaf
discs were subjected to - 15 'C for 8 min. Samples evaluated after 48 h are shown.
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Hypersensitive Response (HR). Upon exposure to certain explore practical applications of utilizing BI-l homologs to
pathogens, plant cells in the immediate affected area under- engineer resistant strains of commercially important crops.
go a cell suicide response that is theoretically intended to
kill cells near the site of infection, thereby limiting spread of
pathogens (Greenberg et al., 1994). The HR involves the Acknowledgements
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The endoplasmic reticulum (ER) serves as a cellular storehouse for cascades. An important aspect of this is identifying inhibitors of
Ca2+, and Ca2+ released from the ER plays a role in a host of critical different Bcl-2 family members that could serve as tools to
signaling reactions, including exocytosis, contraction, metabolism, perturb and thereby better our understanding of the signaling
regulation of transcription, fertilization, and apoptosis. Given the cascades, as well as to act as potential therapeutic agents. We set
central role played by the ER, our understanding of these signaling out to generate an indicator for [Ca2l]ER so that we could
processes could be greatly enhanced by the ability to image examine the role of [Ca 2+]ER in the regulation of Bcl-2 family-
[Ca2+]ER directly in individual cells. We created a genetically en- mediated apoptosis. Although most studies have focused on the
coded Ca2+ indicator by redesigning the binding interface of role of the mitochondria in apoptosis, recently it has been shown
calmodulin and a calmodulin-binding peptide. The sensor has that Bcl-2 family members can localize to the ER and alter
improved reaction kinetics and a Kd ideal for imaging Ca2+ in the [Ca2 +]ER, thus adding another dimension to the role of Bcl-2
ER and is no longer perturbed by large excesses of native calmod- family members in apoptosis (9-13). Importantly, it has been
ulin. Importantly, it provides a significant improvement over all shown that changes in [Ca 2 +]ER can directly influence the
previous methods for monitoring [Ca 2

+]ER and has been used to propensity of a given stimulus to lead to apoptosis (12, 14),
directly show that, in MCF-7 breast cancer cells, the antiapoptotic although there have been a number of conflicting reports (15) as

. protein B cell lymphoma 2 (Bcl-2) (t) lowers [Ca
2

+IER by increasing to exactly how the antiapoptotic protein Bcl-2 influences
Ca2+ leakage under resting conditions and (it) alters Ca2+ oscilla- [Ca2 +]ER. Of particular interest is a recent report that Bcl-2
tions induced by ATP, and that acute inhibition of Bcl-2 by the functionally interacts with inositol 1,4,5-trisphosphate (IP 3) re-
green tea compound epigallocatechin gallate results in an increase ceptors (IP 3Rs) in WEH17.2 T cells, suggesting that this inter-
in [Ca2 IER due to inhibition of Bcl-2-mediated Ca2+ leakage. action might be the mechanism by which Bcl-2 alters ER Ca2+

homeostasis (16). The creation of a robust and reliable sensor to
calcium I cameleon directly monitor [Ca 2 

+]rR could help alleviate some of the
uncertainties associated with indirect Ca 24 measurements and

T o date, researchers have attempted to use a number of would provide a significant advantage in probing questions
strategies to deduce the role of [Ca2 IER in signaling pro- related to Ca 2+ homeostasis in the ER.

cesses, but all possess shortcomings (1, 2). Conventional methods
use cytosolic small-molecule Ca2 indicators to infer that an Materials and Methods
observed signal likely originated from the endoplasmic reticulum Peptide synthesis and Biacore (Neuchatel, Switzerland) exper-
(ER). However, as more studies identify the complex interplay iments were performed as described in Supporting Text, which is
among levels of Ca 2+ in the ER and Ca2 + influx (3), as well as published as supporting information on the PNAS web site. The
a close interaction network between the ER and mitochondria mutant peptide and calmodulins (CaMs) were cloned between a
(4, 5), it seems increasingly important for our understanding of truncated enhanced cyan fluorescent protein (CFP) and citrine
signaling processes that organelle Ca2l be observed directly to fluorescent protein (17), as described (7). The constructs were
differentiate Ca2l signals from different organelles. Ca2

- indi- cloned between the BamnHI/EcoRI sites in pRSETB or pBAD
cator dyes can be loaded at 37°C rather than 25°C, thus favoring for protein purification and pcDNA3 for expression in mamma-
the loading of internal compartments. However, this method lian cells. To generate an ER-targeted cameleon, the calreticulin
loads all internal compartments (not just the ER), and the signal sequence MLLPVLLLGLLGAAAD was added 5' to
remaining cytosolic dye must be effectively removed, or CFP, and an ER retention sequence, KDEL, was added to the
quenched. ER-targeted aequorin probes (6) can be genetically 3' end of citrine.
targeted to the ER to measure [Ca 2+p]Es directly, but the For protein purification, cameleons were expressed in either
aequorin probes are luminescent and therefore not bright JM109 (Stratagene) or LMG194 (Invitrogen) and grown over-
enough for single-cell imaging without specialized equipment. night at 25°C. Constructs in pBAD/LMGI94 were induced with
Perhaps more problematic is that for aequorin to be active it 0.2% arabinose. Protein was extracted with Bacterial Protein
must be reconstituted with the coelenterazine cofactor, and to Extraction Reagent (Pierce), purified via an N-terminal 6XHis-
do so the ER must initially be completely depleted of Ca 2

-.
Finally, the low-affinity FRET-based cameleon (7) YC4.3ER
can also be genetically targeted and enables single-cell imaging, Freely available online through the PNAS open access option.

S but its Kd for Ca2 + is not well suited to monitor changes in Abbreviations: ER, endoplasmic reticulum; SERCA, sarcoendoplasmic reticulum Ca21 ATP-S [Ca2 ts and fo rfr e C has a low sensitivity. ase; CaM, calmodulin; skMLCK, skeletal muscle myosin light chain kinase; Bcl-2, B celland therefore it lymphoma 2; IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; EGCG, epigallocatechin
Given the critical role of apoptosis in human diseases as well gallate; EC, epicatechin; CFP, cyan fluorescent protein; HeSS, Hanks' balanced salt solution;

as normal physiology and the increasing evidence that the Dl, Design 1.
balance of B cell lymphoma 2 (Bcl-2) family proteins plays a role Data deposition: The sequence reported in this paper has been deposited in the GenBank
in the tumorigenesis of a number of cancers (8), a fundamental database (accession no. AY796115).
need exists to better understand how these proteins interact and 'To whom correspondence should be addressed. E-mail: rtsien@ucsd.edu.

the multiple mechanisms by which they influence apoptotic © 2004 by The National Academy of Sciences of the USA
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tag by using Ni-NTA agarose, and buffer-exchanged into 10 mM a 300 b 50
4-morpholinepropanesulfonic acid/100 mM NaCI, pH 7.4, by 4 250 - 400. K =270pt

using Amicon Centricon-30 columns (Millipore). Absorbance "F 200

measurements were conducted on a Cary 3E UV-Visible spec- 0 150 D 30

trometer (Varian). Fluorescence measurements were conducted C100 - 00

on a Spex (Spex Industries, Metuchen, NJ) Fluorolog-3 Fluo- c 50 a K > 700 pM

rimeter (Horiba group) at a cameleon concentration of 0.4 jcM. 0 - . . 10
A Ca2+/EGTA, and Ca2t/N-(2-hydroxyethyl)ethylene dinitrilo- 05 0.......... -.. .

N,N',N'-triacetic acid (HEEDTA) buffers were prepared as 0 100 200 300 40 0 100 20o 300 400 500
,, described (18, 19) and were used in Ca2 + titrations to achieve time (s) [calmodulinl 0'M)

- concentrations of <50 AIM. All solutions of >50 A.M were C " 0oo0

unbuffered. 
AA

Stopped-flow experiments were performed on an Applied 16

Photophysics (Surrey, U.K.) Stopped Flow. Equal volumes of 60 A

cameleon (final concentration of 0.8 AxM) and Ca2 + (various 
1. 40 A A

concentrations) were rapidly mixed, and the fluorescence was Z 20 .
monitored by using an excitation wavelength of 420 nm and an - 01
emission cutoff filter of 500 nm. The observed first-order rate X 0.01 0.1 1 10 100 10O0 10'
constant (kobh) was calculated from each averaged (n > 4) data [CGl (61M)
set by nonlinear regression analysis.

Cell-culturing details are provided in Supporting Text. For d 120

imaging, cells were rinsed twice and then maintained in Hanks' 100_
balanced salt solution (HBSS) with 20 mM Hepes and 2 g/liter • 80

D-glucose at pH 7.4. Ca 2 -free solutions were generated by 8 60

adding 0.5mM EGTA, 1 mM Mg2 , 1. g/liter glucose, and 20 mM 20
Hepes to Ca2 ÷ and Mg2 +-free HBSS (GIBCO). For experiments L 0
in which both the ER and cytosolic Ca 2

- levels were monitored, 0 200 400 800 800
cells were treated with 4 AM fura-2-AM (Molecular Probes) with [CaM] (4M)

•':: 0.04% Pleuronic F-127 in HBSS for 30 min at room temperature.%Cells were then washed with HBSS and allowed to incubate at Fig. 1. In vitro characterization of the mutant CaM and peptide and theCl wresulting redesigned cameleon. (a) Biacore sensorgram of WT CaM binding to
room temperature for 15 mi to ensure cleavage of the ace- skMLCK (solid line) and four-charge reversal skMLCK (dashed line). CaM was

toxymethyl ester. (-)Epigallocatechin gallate (EGCG) and injected overthe surface in the presence of saturating Ca
2-

starting attime t =
(-)epicatechin (EC) were purchased from Sigma, dissolved in 0 for 360 s. (b) Binding of WT (squares, dashed line) and mutant (circles, solid
100% DMSO, and stored at -80'C until use. line) CaM to mutant skMLCK with four-charge reversals. The binding of CaM

To calibrate the cameleon probe in the ER, Rmin was obtained reached a steady state during the association phase, and therefore a Scatchard

by treating the cells with 3 mM EGTA and 2 AM ionomycin, and analysis was used to determine the dissociation constants (Fig. 8). (c) In vitro
calcium titration curves of YC2.1 (diamonds, dashed line), YC3.3 (squares,

R..ax was determined by treating cells with 25 AM digitonin, dashed line), YC4.3 (triangles, dashed line), and D1 (circles, solid line), along
followed by 5-10 mM Ca-, 1 mM ATP, and 1mM Mg2 ,. The with corresponding fitsofthedata.The graybox representsthetypical range
Rmin and Rmax values were used to convert cell data to % FRET of [ca 2

+] in the ER, from resting to the depleted state. (d) Percent of the
(of maximum). Finally, the apparent Kdl (0.58), Kd2 (56.46), maximum FRET response of YC3.3 (squares) and D0 (circles) with increasing

i Rmaxi (0.28), Rnax2 (0.72), ni (1.18), and n2 (1.67) values obtained concentrations of WT CaM.

from fitting the in vitro data with R = {Rmax{[Ca 2 +]10/
kXdl + [Ca2+]")} + {Rmax2[Ca2+]n42 1 [Ca 2+]"2)} were used Results

in the calibration. To calibrate fura-2, cells were treated with 8
AM ionomycin and 10 mMEGTA in Ca2 +-free HBSS to obtain To create a sensor that would be appropriate for monitoring

Rmin, followed by 2 jiM ionomycin and 20 mM Ca2 + in HBSS to [Ca2 
F]ER in single living cells, we started with the original

obtain Rma.. The in situ Rminl and Rm•a values were adjusted cameleon construct, comprised of two fluorescent proteins (CFP

(multiplied by 0.85) to account for the minimum viscosity effect and citrine) and two sensing proteins [CaM and a CaM-binding

(20). The standard equation: Kd[(R-Rmin)/(Rma-R)]'Sf/S1, was peptide derived from skeletal muscle myosin light chain kinase

used to convert the Fura-2 350:380 ratio to [Ca2 j]t, where (skMLCK)] that undergo a conformational change upon bindinganed to arner the emissio intnstyat380 nati for Ca + ()

and Sb are the emission intensity at 380 nm for Cal'+-free and (7). Our goal was to redesign the binding interface between CaM
C - n a re eand the peptide to generate highly specific protein/peptide pairsS Cal' -bound fura-2, respectively. that would display a range of Ca2+ affinities and that would not

Cells were imaged on a Zeiss Axiovert 200M microscope with be perturbed by endogenous proteins, such as WT CaM. This
a cooled charge-coupled device camera (Roper Scientific, Tren- was particularly important, given that previous cameleons have
ton, NJ), controlled by METAFLUOR 6.1 software (Universal suffered from perturbation by endogenous proteins (21, 22).
Imaging, Downington, PA). Emission ratio imaging of the Toward this end, we initially generated peptides that would not
cameleonwas accomplished by using a 436DF20 excitation filter, bind to WT CaM and then sought to reengineer CaM to
450-nm dichroic mirror, and two emission filters (475/40 for reconstitute binding to the mutant peptides.
enhanced CFP and 535/25 for citrine) controlled by a Lambda As a starting point for redesign, we targeted the six possible
10-2 filter changer (Sutter Instruments, Novato, CA). Excitation salt-bridge interactions identified in the NMR solution structure
ratio imaging for fura-2 was accomplished by using 350/10 and between CaM and the skMLCK peptide (23). A series of
380/10 excitation filters, a 450-nm dichroic mirror, and a 535/45 biotinylated peptides was synthesized in which a basic residue :
emission filter. Fluorescence images were background corrected. (either K or R) at the N and C termini of the peptide was
Exposure times were typically 100-1,000 ms, and images were replaced with an acidic E residue. Charge reversals were made .

collected every 8-20 s. sequentially, generating peptides with two, four, and six charge

Palmer et al. PNAS I December 14, 2004 I vol. 101 I no. 50 1 17405
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Fig. 2. Comparison of the response of ER-targeted YC4.3 and D1 in HeLa cells. (a) Fluorescence image of DIER in HeLa cells showing effective ER localization.
(b) Emission ratio of D1 (red) and YC4.3 (blue) in the ER upon treatment with thapsigargin. (c) Emission ratio of D1 (red lines, representing two different cells)
and YC4.3 (blue) in the ER upon treatment with ATP. (c) Simultaneous imaging of Ca

2' in the cytosol (using fura-2, green) and ER (D I, red). The left axis represents
the excitation ratio of fura-2 (350/380 nm), and the right axis represents the emission ratio of the cameleon (citrine/CFP). (e) Same experimental conditions as
in d but for an extended amount of time. In the continued presence of 10 5LM ATP, the ER begins to refill with Ca

2
l after -1,000 s.

reversals until all of the salt-bridge interactions were destroyed. result from the different affinities of the N- and C-terminal
Binding of CaM to the peptides was assayed by using surface domains of CaM for Ca2+, as observed for YC2.1 and YC4.3 (7).
plasmon resonance (Biacore 3000), in which binding events are Fig. Ic shows that the cameleon fills a gap in Ca 24 sensitivity,
optically detected as a change in the refractive index at the falling directly between YC3.3 and YC4.3. Because the ER is
surface. To accomplish this, biotinylated peptides were coupled expected to range from hundreds of micromolar (resting state)
to a streptavidin-coated chip, and CaM was injected over the to low micromolar (depleted state), this sensor is ideally suited
surface in the presence of Ca2+ (Fig. 6, which is published as for imaging Ca2

l in the ER.
supporting information on the PNAS web site). Initially, we An important part of our design strategy was to develop a
verified that binding of CaM to the WT skMLCK was -10 nM, sensor that would not be perturbed by endogenous cellular
comparable to previously reported values obtained in solution proteins, such as WT CaM, because this has posed a problem for
(Fig. 7, which is published as supporting information on the previous cameleons (21). Fig. ld shows the FRET response of
PNAS web site). The mutant peptide with four charge reversals YC3.3 and the Dl in the presence of excess CaM. For YC3.3, the
displayed a dramatically lower affinity for CaM than the WT FRET response under saturating Ca2l conditions decreases with
skMLCK peptide (Fig. la). Injection of increasing concentra- the addition of increasing concentrations of CaM, because excess
tions of CaM enabled determination of the Kd > 700 AM (Fig. CaM in solution binds to the skMLCK portion of the cameleon,
8, which is published as supporting information on the PNAS forming an intermolecular complex and preventing the sensor
web site). Thus, four charge reversals were sufficient to decrease from registering a FRET increase. Importantly, in the charge
the affinity for WT CaM by >104. reversal redesign (D1), addition of increasing CaM has almost no

A small library of CaM mutants in which the four comple- effect on the FRET response, indicating that this cameleon is not
mentary positions in CaM (Ell, E84, E87, and E127) were perturbed by large excesses of CaM.
changed to E, K, or R was then assayed for binding to both WT Stopped-flow fluorescence measurements were undertaken to
skMLCK and the mutant peptide. The best hit had a Kd of 270 determine the binding kinetics of the cameleon. Rapid mixing of
AM, and therefore a higher affinity than WT CaM for the the cameleon protein with various concentrations of Ca2 +

mutant peptide (Fig. lb). Upon sequencing, this mutant was resulted in a rapid increase in FRET. The initial responses were
identified as EllK, E84R, E87K, or E127E. Mutation of E127 fitted with a single exponential to obtain the observed rate (kobs).

to R did not increase the affinity of CaM for the peptide (data A fit to the data (Fig. 9, which is published as supporting
not shown). information on the PNAS web site) yields k0, of 3.6 x 106

The mutant CaM/peptide pair, designated as Design 1 (Dl), M-l's-1, krff of 256 s-1, and Kd of 69 AiM for Dl, where the
was cloned between CFP and citrine to yield a reengineered observed KCd corresponds well to the results from the Ca2l
cameleon. Under saturating conditions of Ca2l, the cameleon titration curve. Therefore, although this cameleon has a kon
showed a decrease in CFP emission and an increase in citrine similar to previous cameleons, it has a much faster koff (250 s-1
emission, indicative of increased FRET. The magnitude of the instead of 10s-'), making it more appropriate to monitor rapidly
FRET change was comparable to that observed for the original changing Call dynamics.
cameleons. Fig. lc shows the Call titration curves of the design Addition of the calreticulin signal sequence and a KDEL
along with previous cameleons (YC2, YC3, and YC4). D1 has a ER-retention tag led to effective and specific localization of the
biphasic Ca2l response, and a two-site saturation fit yielded Kd cameleon to the ER in mammalian cells (Fig. 2a). Fig. 2 b and
values of 0.81 and 60 MM. The two dissociation constants likely c show the dramatic improvement in [Ca2 +]ER sensitivity of

17406 1 www.pnas.org/cgi/doi,/l.1073/pnas.0408030101 Palmer etal.



4 0

ahp~~i 100, sMVATP1210
200 600 1000 1400

-200 0 200 400 600 800 1000 time sa
timee (s)

bb 10p, ATP
y• 05 { ,>.

o 03

02 .......20 05 0 1000 25W 100 200

40 00 80 time (s

C :,- 40
Fig. 3. The effect of Bcl-2 overexpression on the [Ca

2 I ]ER of MCF-7 cells. (a)
Comparison of [Ca

2
+]ER in neo (red), Bcl-2 (blue), and Bcl-2 also overexpressing .,,'..

SERCA2b (green) cells. Each trace represents the average of more than five 1A) k4 .0
cells. Emission ratios were converted into [Ca

2
+], as described in Materialsand

Methods. Thapsigargin was added attime t = 0 in the absence of external Ca
2
÷

to prevent Ca
2 

influx due to capacitative Ca
2
+ entry. (b) Leakage rate of Ca

2
+ t ''(-

from the ER as a function of [Ca
2

+1ER for 8c!-2 (blue), neo (red), and Bcl-2 A) , t ,.

overexpressing SERCA2b (green) cells.

DlER over YC4.3ER, which was previously the best indicator -d

for directly monitoring [Ca 2
+]ER at the single-cell level. Treat- -- ,

ment of HeLa cells with pharmacological blockers such as ,
thapsigargin, the irreversible sarcoendoplasmic reticulum Ca2 + 1
ATPase (SERCA) inhibitor (Fig. 2b), or with agonists such as 0 .. "
ATP, which results in IP3 production and activation of IP 3R (Fig. 'i.-2-
2c), causes a depletion in [Ca 2'] JER that is robust and readily 200 400 600 800 1000 1200 1400
visible by using DIER. Additionally, upon ATP treatment, time (s)
oscillations in [Ca 2+]ER were directly observed with DIER,
whereas YC4.3ER was not sensitive enough to detect oscilla- Fig.4. Comparison betweenATP-inducedCa 2 oscillations inthecytosoland
tions. The D1ER cameleon is not saturated under resting the ER for Bcl-2 and neo MCF-7 cells. The differences between Bcl-2 (a and c)

restin g 5 and neo (b and d) cells are highlighted in c and d, which are on the same
conditions, because treatment with 25 .. M digitonin and 5 mM timescale and focus on the oscillations induced by ATP. The lCa 2+]cyt signal is
Ca2 + led to a ratio increase (data not shown); thus, DIER is in green, and the [Ca 2+]5E signal is in blue for Bcl-2 and red for neo cells. The
poised to detect both increases and decreases in [Ca2

+]ER. fura-2 excitation ratio (350/380 nm) and cameleon emission ratio (citrine/CFP)
Because CFP and citrine are spectrally distinct from the were converted to [Ca 2+l, as outlined in Materials and Methods.

excitation and emission of fura-2, DIER can be used in con-
junction with this high-affinity Ca 2 indicator in the cytosol to
simultaneously monitor both [Ca2 1+]R and [Ca 2+1cyt (Fig. 2 d protected against apoptosis induced by thapsigargin, staurospor-
and e). As can be seen fron Fig. 2d, in HeLa cells upon me, and H20 2. Fig. 3a shows that in MCF-7 Bcl-2 cells, [Ca2+]ER
stimulation with 10 1M ATP, there is a rise in [Ca

2
+],,t followed is decreased by "40% [from an average of 103 - 12 ttM in neo

by rapid oscillations. These oscillations are also observed in the cells (n = 45 cells) to 66 - 7 AM in Bcl-2 cells (n = 79 cells)],
SaIER Overexpression of SERCA2b in the Bcl-2 cells restores [Ca2]ER

ER, and, as evidenced by the data in Fig. 2d Inset, the [Ca _]' to control levels. Blocking SERCA pumps with thapsigargin

oscillations are directly anticorrelated with those in the cytosol. contro levels ockig ER pup with thasgR
Dampening out of the oscillations coincides with a large de- causes depletion of [Ca R due to leak of Ca across the ER
crease in [Caou t longe r time points (Fig. a once te- membrane (Fig. 3a). Taking the derivative of the change in

[Ca2 se in has returned to essentially basal levels, lower-fr e [Ca 2 +]ER upon thapsigargin treatment enables a comparison of
-forequency the leakage rate for neo and Bcl-2 cells, and Bcl-2 cells overex-

sustained oscillations are observed in the cytosol, as described pressing SERCA2b. As is evident from Fig. 3b, the leakage rate
(24). We can now observe that these oscillations occur only when for Bcl-2 cells is greater than that for neo cells, indicating that
the ER starts to refill, presumably due to capacitative Ca 2+ under resting conditions, there is less [Ca2 +]aR in Bcl-2 cells,
entry. because Bcl-2 increases the leak of Ca2+ out of the ER, as has

Given the dramatic improvement in our ability to directly been found in some other cell types (10, 11, 26). In cells
nmeasure [Ca2 +]ER at the single-cell level with DiER and the overexpressing both Bcl-2 and SERCA2b, the leakage rate is still
potential to monitor Ca2 + simultaneously in the ER and the much greater than in control cells, indicating that the increase in 3
cytosol, we turned our focus to the effect of the antiapoptotic resting [Ca2 +]ER levels is due to increased pumping of Ca2 + into 2'
Bcl-2 protein on [Ca 2+]ER in MCF-7 breast cancer epithelial cell the ER rather than a decreased leak.
lines stably expressing either a control plasmid (neo) or Bcl-2 The molecular mechanism by which Bcl-2 alters Ca2+ ho- V
(25). As reported (25), overexpression of Bcl-2 in MCF-7 cells meostasis is still unclear. Bcl-2 may facilitate Ca2+ leakage from
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"E Fig. 5. The effect ofthe green tea compound EGCG and a control compound EC on apoptosis and [Ca2- ]EI of MCF-7 cells. (a) Cell viability (percent ofthe control),
as determined by FACS analysis of propidium iodide and annexin V-stained neo (red) and Bcl-2 (blue) cells after 48-h treatment with nothing (control), EC, and
increasing concentrations of EGCG. (b) Treatment of MCF-7 cells overexpressing Bcl-2 with EGCG and EC, as denoted by the green and blue boxes. The traces
represent two different cells. (c) Treatment of MCF-7 neo cells with EGCG, as denoted by the green box. The traces represent two different cells. It should be
noted that EC did not cause an increase in [Ca 2

+ER in neo cells. (d) Bcl-2 cells treated with EGCG (green traces, each representing an individual cell) compared
with neo (red) and Bcl-2 (blue) cells. At time t = 0, cells were treated with 2 pM thapsigargin in the absence of external Ca

2t to determine the ER Ca
2
- leakage

rate. (e) Comparison ofthe leakage rates of Ca I from the ER for Bcl-2 (blue circles), neo (red diamonds), and Bcl-2 cells pretreated with EGCG (green, upside-down
triangles and squares), showing the decreased leakage rate upon EGCG treatment,

the ER by forming a channel, either by homooligomerizing or by As a consequence, Bcl-2 cells tend to oscillate at a higher
interacting with another member of the Bcl-2 family, because it frequency. Oscillation data from more individual cells are
has been reported that in planar lipid bilayers, Bcl-2 can form a presented in Fig. 10, which is published as supporting informa-
cation selective channel at physiological pH (27). Alternatively, tion on the PNAS web site, demonstrating that, although there

- Bcl-2 could interact with and alter the function of an endogenous is some variability in the oscillations, the trends in oscillation
release channel or pore-forming protein in the ER. Indeed, in a frequency and duration are maintained.
recent study, Bcl-2 was found to interact with the IP3R in Identifying novel inhibitors of Bcl-2 should provide insight
WEHI7.2 T cells by coimmunoprecipitation, and this interaction into the role of Bcl-2 in endogenous signaling cascades leading
appeared to influence the amount of Ca2 + released from the ER to apoptosis, as well as lead to the potential development of
and the open probability of the IP 3R in lipid bilayers (16). If therapeutic agents. Previously, Leone et al. (28) found that
Bcl-2 interacts with the IP3R in MCF-7 cells, it would potentially (-)EGCG, the most abundant component of green tea, could
alter Ca2a oscillations triggered by ATP. Any differences be- bind to the hydrophobic pocket of Bcl-2 in vitro and inhibit its
tween Bcl-2 and neo cells could be detected by simultaneously interaction (Ki = 335 nM) with a peptide derived from the
monitoring the ER and the cytosol. proapoptotic BH3-only protein Bad, whereas a compound lack-

Treatment of MCF-7 cells with ATP results in a large release ing the gallate moiety, (-)EC, had no effect (see Fig. 11, which
of Ca2+ from the ER into the cytosol, followed by Ca 2

+ is published as supporting information on the PNAS web site, for
oscillations in both the ER and the cytosol upon refilling of the structures). We treated both neo and Bcl-2 cells with EGCG and
ER (Fig. 4). Bcl-2 cells required a larger dose of ATP than neo found that the compound could induce apoptosis in a dose-
cells for oscillations to be induced (100 vs. 10 /M), suggesting dependent manner, as determined by FACS analysis of pro-

S that they are less sensitive to ATP. Fig. 4 a and b show responses pidium iodide- and annexin V-stained cells (Fig. 5a; details of
of representative single Bcl-2 and neo cells. It is evident that less assay given in Supporting Text). Importantly, EGCG was much
Ca 24 is released into the cytosol in Bcl-2 cells, both in the initial more effective than other proapoptotic stimuli such as thapsi-
dump and in subsequent oscillations. The average initial de- gargin and H20 2 in inducing apoptosis in Bcl-2 cells, indicating
crease in [Ca 2 'JER is 51 ± 4 /aM for Bcl-2 cells and 85 ± 9 MM that it was capable of overcoming protection by Bcl-2. Given that
for neo cells, resulting in average cytosolic increases of 890 -_ 370 green tea polyphenols have been shown to inhibit tumor forma-
nM for Bcl-2 and 1580 -- 650 nM for neo (n = 12 for Bcl-2 cells tion and growth in certain models (29), this raises the possibility
and n = 11 for neo cells). Importantly, in both Bcl-2 and neo that this antitumor activity could be partially related to over-
cells, [Ca 2+]ER decreases to - 5 jIM after the initial release; coining Bcl-2 protection of cancer cells.
therefore, the smaller Ca2 + release in Bclý2 cells results from the To gain more insight into how EGCG overcomes Bcl-2
lower Ca24 level in the ER under resting conditions. protection, we examined the effect of EGCG on [Ca2 +]rE. As

Aside from the intensity of the Ca2 + oscillations, the most can be shown from Fig. 5b, treatment of Bcl-2 cells with 150 JM
significant difference between the Bcl-2 and neo cells is that the EGCG results in an immediate increase in [Ca 2+] FR, from an
oscillations are typically more rapid and the duration of ER Ca2 + average of -60 to -125 MM. This effect can be reversed upon
release is shorter in Bcl-2 overexpressing cells (Fig. 4 c and d). washing out the inhibitor. On the contrary, the control com-
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pound, EC, has no effect on [Ca2 ]ERi. Fig. 5c shows that in neo tosis, mitochondrial redox state, and differential gene transcription
cells there is either no increase or a very modest increase in (30-32). This disruption of Ca2" homeostasis by Bcl-2 may be
[Ca- IER, consistent with inhibition of the small amount of essential in determining the susceptibility of breast cancer cells to
endogenous Bcl-2 in these cells. To determine the cause of the different apoptotic stimuli, because Scorrano et al. (12) have found
Ca 2' increase, we pretreated Bcl-2 cells with EGCG and then that certain apoptotic stimuli (lipid second messengers and oxida-
added thapsigargin (Fig. 5d) to monitor the leak rate. As can be tive stress, staurosporine, etoposide, and brefeldin-A) depend
seen from Fig. 5e, EGCG causes a dramatic decrease in the Ca2 ÷ either critically or partially on ER Ca2+ .
leak rate of Bcl-2 cells, such that the leak is the same or slower We have also identified a small-molecule inhibitor (EGCG) of
than that in neo cells. This suggests that the binding of EGCG Bcl-2 that can overcome Bcl-2 protection and induce apoptosis

Wh to Bcl-2 prevents Bcl-2 from increasing the Ca2+ leak rate. in breast cancer cells. Interestingly, this inhibitor also reverses
the effect of Bcl-2 on [Ca2 ]rER. Because EGCG is known to bind
in the hydrophobic groove and prevent the interaction of Bcl-2

The improved ER-targeted cameleon poses a number of significant with BH3-only peptides, this suggests that binding in this hydro-
advantages over all previous methods for monitoring [Ca2 IER. phobic pocket inhibits the channel function of Bcl-2, either by
Compared with the ER-targeted aequorin probes, the cameleon preventing its interaction with other proteins or by causing a
signal is ratiometric, permits single-cell resolution, and is compat- conformational change in Bcl-2 itself. Recently, Bassik et al. (33)
ible with fura-2 in the same cell. Importantly, these characteristics found that phosphorylation within the unstructured loop region
enable the monitoring of Ca2+ oscillations within the ER. Addi- between the BH3 and BH4 domains of Bcl-2 inhibited the
tionally, the cameleon is not consumed by Ca2- as aequorin is, and interaction between Bcl-2 and proapoptotic family members and
therefore the instantaneous signal depends only on Ca2+ and not caused an increase in Ca2' leak rate (33). They also showed that
the entire past history of Ca2 in the cell (1). Because the cameleons the ability to bind BH3-only proteins, but not Bax or Bak, was
and aequorins have different Ca2+ response curves, they should critical :for Bcl-2 to lower [Ca2 +]ER. The combination of that
yield different mean [Ca2+] whenever there is spatial heterogeneity study with the present one strongly suggests that Bcl-2 must
in [Ca2>]. The cameleons would tend to give slightly lower mean interact with other proteins (either itself or other family mem-

The improvaued ER-targete d camebers) through the hydrophobic groove to facilitate leakage ofThe improved ER-targeted cameleon enabled us to show that a fo thERItlsimietathenerconfohr

Bcl-2 plays an important role in governing [Ca2 IER in breast cancer Ca2 + from the ER. It also implies that the interaction of other
cells by altering the resting level of [Ca 2 +]ER as well as the family members with Bcl-2 localized to the ER can have a

amplitude, duration, and frequency of IP3-mediated Ca2
1 oscilla- dramatic effect on [Ca 2 +]ER and potentially apoptosis. We are

tions. Our study does not directly address whether Bcl-2 interacts currently examining whether a direct connection exists between

with the IP 3R in MCF-7 cells, because Ca2  oscillations are blockage of the channel function, increase in [Cac-']nR, and the
controlled by a host of factors, including the level of Ca24 in the ER increased apoptosis observed in the Bcl-2-overexpressing cells.
and capacitative calcium entry, both of which are altered in
Bcl-2-overexpressing cells (9, 11, 26). However, our data show that, We thank L. Xu, S. R. Adams, L. Gross, P. Steinbach, and 0. Xiong for
! in addition to altering the resting level and leak rate of [Ca 24 ]E assistance and advice and Professor J. Adams for the use of his Applied

Photophysics stopped-flow instrument. This work was supported by Ruth
Bcl-2 overexpression can also modify fundamental Ca2 ' signaling L. Kirschstein National Research Service Award Postdoctoral Fellow-
processes such as the nature of 1P3-induced Ca2- oscillations. This ship F32-GM067488-01 (to A.E.P.), Department of Defense Postdoc-
raises the intriguing possibility that Bcl-2 may have an effect on toral Fellowship DAMDI7-99-i-9096 (to C.J.), Department of Energy
signaling pathways that are downstream of Ca2+ oscillations and Grant DE-FG-01-ER63276 (to R.Y.T.), and National Institutes of
therefore has the potential to influence processes such as exocy- Health Grants NS27177 (to R.Y.T.) and GM60554 (to J.C.R.).
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