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Abstract: In Nature plants are constantly challenged by a variety of environmental stresses
that could lead to disruptions in cellular homeostasis. Programmed cell death (PCD) is a
fundamental cellular process that is often associated with defense responses to pathogens,
during development and in response to abiotic stresses in fungi, animals and plants.
Although there are many characteristics shared between different types of PCD events, it
remains unknown whether a common mechanism drives various types of PCD in
eukaryotes. One candidate regulator for such a mechanism is Bax Inhibitor-1 (BI-1), an
evolutionary conserved, endoplasmic reticulum (ER)-resident protein that represents an
ancient cell death regulator that potentially regulates PCD in all eukaryotes. Recent
findings strongly suggested that BI-1 plays an important role in the conserved ER stress
response pathway to modulate cell death induction in response to multiple types of cell
death signals. As ER stress signaling pathways has been suggested to play important roles
not only in the control of ER homeostasis but also in other biological processes such as the
response to pathogens and abiotic stress in plants, BI-1 might function to control the
convergence point that modulates the level of the “pro-survival and pro-death” signals
under multiple stress conditions.
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1. Introduction

Programmed cell death (PCD) comprises a series of genetically controlled cell suicide processes
and plays a fundamental role in various biological processes including cell proliferation, generation of
developmental patterns, defenses of eukaryotes against pathogens and environmental insults [1-3]. One
of the most widely studied forms of PCD is apoptosis, a type of PCD that displays distinct
physiological and morphological features in animal cells. Elucidation of the molecular architecture of
metazoan PCD have unraveled the immense diversity of signal transduction pathways and the
enormous multitude of components for the cell death engine [1,4,5]. Some of the regulatory networks
were discovered by the use of model organisms such as Drosophila melanogaster and Caenorhabditis
elegans [4-6]. However, many aspects for the precise control mechanisms of PCD and the sequence of
biochemical events that ultimately leads to cellular suicide remain to be elucidated.

The genes that control apoptosis can be conserved across wide evolutionary distances in metazoans
[4-6]. For example, metazoan apoptosis is predominantly controlled through Bcl-2-related proteins
[7-9]. So far 15 mammalian family members were identified, which were divided into three
subfamilies: Bcl-2 subfamily (pro-survival type; Bcl-2, Bel-X;, Bel-w, Mcl-1 and A1), Bax subfamily
(pro-apoptotic type; Bax, Bak and Bok) and BH3 subfamily (pro-apoptotic type; Bad, Bid, Bik, Blk,
Hrk, BNIP3 and BimL). The Bcl-2 subfamily proteins inhibit apoptosis, whereas Bax subfamily
proteins activate apoptosis. Bax and Bak actively induce cytochrome C release from mitochondria
within cells, which is inhibited by anti-apoptotic Bcl-2 family members. BH3 subfamily proteins share
a short motif with Bcl-2 family proteins and regulate their activity antagonistically through their direct
interaction. One model posits that upon apoptosis initiation, BH3-only proteins are induced and then
bind and inhibit anti-apoptotic Bcl-2 family proteins, allowing pro-apoptotic Bax and Bak to
permeabilize the mitochondrial outer membrane releasing cytochrome ¢ and other proteins to activate
caspases and eventually induce cell death [7-9].

Under certain conditions, some biotic or abiotic stresses such as pathogen attack, heat shock,
ultraviolet (UV) C irradiation, ozone exposure, phytotoxin, or oxidative stress-inducing agents could
cause a number of structural and biochemical changes characteristics of apoptosis in plant cells
[10-12]. These cytological and biochemical changes include nuclear condensation, aggregation of
chromatin at the nuclear margins, cell shrinkage, blebbing of the plasma membrane, and cleavage of
DNA into fragments corresponding to nucleosomes (so-called DNA laddering), accumulation of
reactive oxygen species (ROS), release of cytochrome C from mitochondria, and activation of a
number of hydrolytic enzymes such as serine and cysteine proteases and DNase, events that are all
commonly observed during animal apoptosis.

In spite of the observations of these classic cellular morphological and biochemical changes
described for animal apoptosis in plant PCD systems, sequenced plant genomes revealed the absence
of plant homologues to several key regulators of animal PCD, including canonical caspases and Bcl-2-
related proteins. Nevertheless, caspase-like protease (CLP) activities are transiently activated in plants
synchronized to undergo plant PCD induced by biotic or abiotic stress [13-16]. Moreover, it was
shown that ectopic expression of the pro-apoptotic protein Bax can induce cell death with apoptotic
features and conversely, overexpression of metazoan anti-apoptotic proteins such as IAP (Inhibitor of
Apoptosis) and Bcl-Xp, proteins can suppress some types of plant PCD [17-20]. From genetic studies,



Int. J. Mol. Sci. 2009, 10 3151

many genes have been identified to affect PCD signaling in plants as exemplified by so-called “disease
lesion mimic” mutants in various plant species including Arabidopsis and maize [21,22]. Together,
these observations strongly suggest that plant should possess a programmed mechanism similar to but
distinct from animal PCD. In this scenario, PCD in plants may be controlled via a distinct set of
regulators that performs similar functions to animal PCD regulators. Therefore, understanding of the
mechanisms and pathways that mediate PCD in plants will benefit our knowledge to improve plant
tolerance to biotic and abiotic stress by manipulating cell death mechanism under these conditions.

PCD has been mainly described for multicellular organisms including plants and animals but
individual cell death via programmed mechanism against stress stimuli is believed to be important for
the maintenance of the population for unicellular eukaryotes such as fungi [23]. Similar to plants,
yeasts lack much of the molecular machinery that is responsible for apoptosis in metazoans [24-26].
However, it was shown that Bax-mediated cell death in the budding yeast Saccharomyces cerevisiae is
accompanied by typical features of apoptosis, such as membrane blebbing, chromatin condensation
and DNA cleavage, cytochrome c release from mitochondria, and externalization of phosphatidylserine
onto the surface of the cytoplasmic membrane [27,28]. The co-expression of BCL-X; or mammalian
Bax Inhibitor-1 (BI-1) prevents these effects and cell death activation by Bax [27,29,30]. Cell death
with apoptosis-like features has also been reported in yeast after treatment with acetic acid, UV-
irradiation, glutathione-depleting chemicals and H,O, [31-33]. Additionally, it has been revealed that
yeasts possess several orthologues for mammalian cell death regulators or mediators, i.e. Omi/HrtA2,
AIF, and EndoG [34-36], suggesting that the basic machinery of apoptosis is indeed present and
functional also in unicellular eukaryotes. Therefore, it is very important to compare the differences in
the control of PCD between diverse organisms from an evolutionary aspect. Understanding of how
PCD mechanisms may have evolved will contribute to our understanding of the key steps that are
fundamental to orchestrating PCD and the various mechanisms that have been elaborated during
evolution for its regulation in diverse cellular context.

The ER is a highly evolved organelle that has specific mechanisms to ensure nascent protein
synthesis, oxidative protein-folding and post-translational modification such as N-glycosylation, as
well as its own homeostasis in the lumen of ER. When these mechanisms are impaired, cellular
function can become compromised and leads to a disturbed cellular condition referred to as “ER
stress” [37,38]. Adaptation to recovery from ER stress is mediated by defense mechanisms through the
so-called unfolded protein response (UPR) or ER stress response that integrates signals from pathways
that transmit information about protein-folding status in the ER lumen to the cytosol and nucleus to
increase protein-folding capacity via conserved transcriptional regulation [38]. However, cells will
undergo apoptosis if these mechanisms for stress adaptation are insufficient to relieve the ER stress
induced by extensive or prolonged input from the UPR. Recent emerging evidence demonstrated the
existence of ER-dependent apoptosis pathway that is initiated when ER homeostasis is heavily
impaired due to ER stress [39]. It is evident from a number of studies that plants possess such defense
mechanisms to cope with ER stress [40-46], although the UPR in plants still remains unclear at the
molecular and biochemical levels. Like mammalian BI-1, plant BI-1 is also reported to be an
ER-resident protein [47-50], it has thus been suspected that BI-1 function may be associated with
ER-related cellular activity such as homeostasis control by the UPR or ER stress response [51].
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In this review, we describe current knowledge on role of BI-1, an evolutionary conserved ER
resident protein that suppresses cell death induced by biotic and abiotic stresses. Here, we also discuss
the recent exciting findings on the functional importance of plant and animal BI-1 in the ER-dependent
cell death pathway. Finally, the possible scenario of how plant BI-1 could suppress a variety of stress-
induced cell death in plants is explored.

2. Bax Inhibitor-1 (BI-1): History and Functional Implication in PCD

The yeast system has been used as an excellent model system to carry out screens for cDNAs which
encode proteins that either enhance or inhibit apoptotic phenotypes. Bax inhibitor-1 was originally
isolated from a human cDNA library because of its ability to block cell death induced by the ectopic
expression of the mouse Bax gene in yeast [30]. The predicted BI-1 protein sequence shows high
identity (90%) to a testis enhanced gene transcript from a cDNA library of adult rat testis [52].
Overexpression of human BI-1 resulted in protection against apoptosis induced by certain types of cell
death stimuli such as etoposide, staurosporine, and growth factor depletion but not Fas (CD95).
Conversely, BI-1 antisense induced apoptosis in cancer cell lines, suggesting a new type of regulator of
cell death pathways controlled by Bcl-2 and Bax [30]. Interestingly BI-1 cannot physically interact
with Bax, indicating that BI-1 does not inhibit Bax activity directly and may act downstream of the site
of Bax action. However, a direct physical interaction between BI-1 and Bcl-2 has been observed by in
Vivo cross-linking and co-immunoprecipitation experiments [30]. BI-1 might enhance the anti-
apoptotic action of Bcl-2, although the significance of the interaction of BI-1 with Bcl-2 remains to be
clarified. Intracellular localization of mammalian BI-1 was determined by subcellular fractionation,
immunostaining and GFP fusion approaches, indicating that BI-1 proteins associates with intracellular
membranes, especially showing a pattern typical of ER and its continuity with the nuclear envelope.
BI-1 transcript was detected widely in most organs and tissues examined and remarkably abundant in
cancer cell lines [30], suggesting that animal BI-1 may have an anti-apoptotic function.

Plant BI-1 homologues were cloned from Arabidopsis and rice, and their ability to rescue Bax-
induced lethality in yeast confirmed [53]. Subsequently BI-1 related genes from several plant species
have also been characterized to various extent [54,55] (see Table 1). Like mammalian BI-1, plant BI-1
genes also expressed in diverse tissue types and their expression levels are enhanced during aging
(senescence) and under stress conditions [47,48,50,56-59]. Importantly, Kawai-Yamada et al. [47]
reported that Arabidopsis BI-1 (AtBI-1) fused to GFP is also observed at the ER and the nuclear
envelop, and its overexpression can suppress Bax-induced lethality in Arabidopsis plants, providing
direct molecular evidence that plant BI-1 can be functional to inhibit mammalian Bax action in planta.
Interestingly, elevated intracellular ROS levels by Bax expression was not abrogated in AtBI-1
overexpressing Arabidopsis plants, although cell death was strongly suppressed. Kawai-Yamada and
co-workers also showed that hydrogen peroxide-induced cell death of tobacco BY-2 cells can be
protected by AtBI-1 overexpression, although relative ROS level was not significantly modulated [59].
On the other hand, several plant ROS scavenging enzymes such as Fe-SOD, GST, APX and PHGPx
were isolated as “Bax Inhibitors” from a cDNA library screen using the yeast-Bax survival screen
[60-63]. This implies that ROS accumulation is an important step to mediate Bax-dependent cell death
pathway in yeast. ROS generated by stresses can act as mediators that function at the early stage in
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signal transduction, stress response and PCD [11,12,24,25]. Although overexpression of plant BI-1
from various plant species was shown to inhibit fungal pathogen-, fungal elicitor-, hydrogen peroxide-,
salicylic acid-, heat- and cold-induced cell death, in some cases stress-induced ROS was not
significantly changed in BI-1 overexpressing cells [59]. Thus, plant BI-1 may function downstream
from the early steps of ROS-dependent cell death pathway.

Table 1. Stress-induced cell death controlled by BI-1 in plants.

Species/organ, cell culture exp?é;ion (cl:glodregtch) system Response/Phenotype References
A. thaliana/seedlings OE Mouse BAX IC Decreased sensitivity [47]
A. thaliana /seedlings KO Heat shock IC Increased sensitivity [72]
A. thaliana /mature plants KO Heat shock IC Increased sensitivity [72]
A. thaliana /mature leaves KO Fungal toxin (FB1) IC | Increased sensitivity [72]
A. thaliana /root cells OE Tunicamycin_IC Decreased sensitivity [85]
A. thaliana /root cells KO Tunicamycin_IC Increased sensitivity [85]
D. carota/whole plants OE Fungal pathogen® IC Decreased susceptibility [69]
D. carota/whole plants OE Fungal pathogenb_IC Decreased susceptibility [69]
H. vulgare/leaf epidermal cells OE Fungal pathogen® SC Increased susceptibility [50]
H. vulgare/seedlings OE Fungal pathogen® SC Increased susceptibility [66]
H. vulgare/leaf epidermal cells OE Fungal pathogen® IC Decreased susceptibility [67]
H. vulgare/whole plants OE Fungal pathogen® IC Increased resistance [70]
H. vulgare/root cells OE Fungal symbiont’ IC Decreased colonization [71]
N. tabacum/BY-2 cells KD Sucrose starvation IC Accelerated cell death [57]
N. tabacum/BY-2 cells OE Salicylic acid (SA) IC | Decreased sensitivity [59]
N. tabacum/BY-2 cells OE Hydrogen peroxide IC | Decreased sensitivity [59]
N. tabacum/BY-2 cells OE Cyclopiazonic acid IC | Decreased sensitivity [75]
N. tabacum/leaf discs OE Heat shock IC Decreased sensitivity [74]
N. tabacum/leaf discs OE Cold shock IC Decreased sensitivity [74]
O.sativa/suspension culture OE Fungal elicitor IC Decreased sensitivity [58]
O.sativa/suspension culture OE Salicylic acid (SA) IC | Decreased sensitivity [58]

OE: overexpression; KD: knock-down; KO: knock-out; IC: inducing cell death; SC: suppressing
cell death; ® Botrytis cinerea (necrotroph); "Thielaviopsis brassicicola (necrotroph); ‘Blumeria
graminis  (biotroph);  Fusarium  graminearum (necrotroph); °Phakopsora  pachyrhizi
(basidiomycete); "Piriformosprora indica (root endophyte).

It has been reported that transgenic plants expressing animal or viral regulators of apoptosis (Bcl-2,
Bcl-X;, Bax, CED-9, Op-IAP, or p35) display specific phenotypes (promotion or suppression of cell
death activation) during pathogen challenge depending on the nature of the transgene [17-20,64,65].
Involvement of plant BI-1 in the hypersensitive response (HR), a well-characterized form of plant
PCD, has been indicated in some cases [56,58,66,67]. HR-PCD appears to play different roles
depending on the lifestyle of pathogens. In the interaction of plants with biotrophic pathogens, HR-
PCD is a central part of the resistance mechanism to restrict pathogen growth and spread. In contrast,
during the interaction of plants with necrotrophic pathogens, cell death apparently provides a benefit to
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their successful infection and growth on the host [68]. Thus, inducing intrinsic PCD in a host plant cell
may be part of the invasion strategy for necrotrophs but not for biotrophs. Using plant-fungal pathogen
interaction systems, Hiickelhoven and his co-workers demonstrated that overexpression of plant BI-1
confers reduced or enhanced succeptibility to distinct fungal pathogens in barley and carrot plants
[49,50,66,67,69,70]. In addition, overexpression of barley BI-1 can confer resistance to the root
endophytic fungus that requires host cell death for proliferation in the differentiation zone of barley
roots [71], supporting the idea that plant BI-1 has anti-PCD function in plants in response to fungal
pathogens with different lifestyles (see Table 1). How plant BI-1 proteins protect cells against bacterial
and viral pathogens remains to be determined.

Using reverse genetic approach, recent studies demonstrated that AtBI-1 plays a role in suppressing
biotic and abiotic types of cell death [72]. In fact, two AtBI-1 mutants, atbil-1 and atbil-2 (a gene
knock-out) exhibit accelerated progression of cell death upon infiltration of leaf tissues with a PCD-
inducing fungal toxin fumonisin B1 (FB1) or against heat shock (see Table 1). Under these conditions,
expression of AtBI1 mRNA was strongly up-regulated in wild-type leaves prior to the activation of
cell death, suggesting that increase of AtBIl expression is important for basal inhibition of cell death
induction [72]. However, these two mutants displayed no obvious phenotype under normal growth
conditions. Similar to Arabidopsis BI-1 mutants, BI-1-deficient mice also do not exhibit any
histological abnormalities in tissues and organs examined [51], suggesting that BI-1 is dispensable for
physiological regulation of developmental PCD in plants and animals. Taken together, these findings
indicate that BI-1 is a conserved cell death suppressor for stress-induced PCD pathways in plants
and animals.

3. Structure, Functional Domain and Plausible Biochemical Activity of BI-1 Proteins

BI-1 proteins are evolutionary conserved small proteins (25 to 27 kDa) that predominantly localize
to the ER membrane. As shown Figure 1A, BI-1 proteins from plants and mammals are very
homologous. They show very high similarity in their entire amino acid sequences between plants and
animals. Based on structural model of BI-1 proteins derived from the SOSUI program, which can
predict the most favored membrane topology (http://bp.nuap.nagoya-u.ac.jp/sosui/sosuiframe0.html)
[73], Arabidopsis and human BI-1 proteins are likely to contain seven transmembrane alpha-helices
followed by a C-terminal domain that is exposed on the cytosolic side of the membrane (Figure 1B).
This prediction for both plant and animal BI-1 proteins is supported by results from detergent
partitioning studies [30,48]. N-termini of BI-I proteins are predicted to reside in the lumen side of ER.
Of note, BI-1 proteins do not contain any of the well-characterized motifs for post-translational
modification. However, BI-1 proteins contain highly hydrophilic C-terminal domains consisting of
short clusters of charged amino acids, a feature that is well conserved in BI-1 proteins from plants and
animals (Figure 1B). From secondary structure analyses, this region is predicted to form a coiled-coil
structure that might be important for regulating the BI-1 activity as a cell death suppressor. In fact,
deletion or modification of their C-terminal sequences (i.e. losing or reducing the possibility of coiled-
coil structure forming properties) abrogated the cytoprotective ability of BI-1 to suppress BAX-
induced cell death in yeast cells [59,74]. In addition, importance of an intact C-terminal domain for
AtBI-1 was demonstrated by genetic analysis indicating that atbil-1 mutants, expressing a mutant
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form of AtBI-1 protein with a C-terminal missense mutation, show increased sensitivity to fungal
toxin-induced and heat shock-induced PCD in Arabidopsis [72]. atbil-1 mutants also show increased
sensitivity to a Ca*’-pump inhibitor (cyclopirazonic acid; CPA) or upon ion stress under low Ca*" and
high Mn*" conditions that can induce cell death in plants [75].

Figure 1. Sequence analysis of BI-1 from plants and mammals.
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The predicted membrane topology of BI-1 suggests the possibility that this protein may act as a
transporter of ions or other types of molecules across the ER membrane. In animal cells, BI-1 was
shown to selectively protect cells against apoptosis induced by ER stress inducers such as the N-
glycosylation inhibitor tunicamycin and the calcium pump inhibitor thapsigargin [51]. Apparently
overexpression of BI-1 results in the reduction of free Ca”" concentration in the ER [51,76]. Kim et al.
[77] found that the C-terminal sequence of BI-1 (EKDKKKEKK) is very similar to the pH-sensing
domain of mechanosensitive channel (MSCL) that mediates gating of this ion channel in a pH-
dependent manner [78], thereby leading them to hypothesize that BI-1 may function as a pH-sensitive
regulator of calcium channel activity on the ER membrane. Their biochemical analysis indicated that
weakly acidic conditions (e.g. pH 5.4) triggered more extensive Ca®" release from BI-1 overexpressing
ER but not from C-terminal deleted BI-1 overexpressing cells [77]. Surprisingly, BI-1 overexpression
triggered apoptosis due to extensive Bax recruitment to the mitochondria and cytochrome ¢ release
from mitochondria under acidic conditions, prompting a novel proposal that BI-1 can possess “cell
death-promoting” activity that can become apparent under conditions of low intracellular pH. Using a
BI-1-reconstituted liposome system, human recombinant BI-1 was shown to have Ca®"/H" antiporter-
like activity in vitro [79]. In this system, BI-1 mediates an efflux of Ca*" from Ca*" loaded liposomes
with concomitant influx of H' into the liposomes depending on the acidic pH (5.0-6.5), while Ca*"/H"
antiporter-like activity of BI-1 was not detected under more physiological pH conditions. Thus, BI-1
activity may be controlled by alterations in cytosolic pH during apoptosis. Overall, mammalian BI-1
may have two separate functional domains for its channel function as well as a protein-protein
interaction domain that can modulate the biochemical activity of its associated protein(s) in
mammalian cells under normal and stress conditions (see Section 4).

4. Role of Mammalian BI-1 in the ER-dependent PCD Pathway

In mammalian cells, accumulation of unfolded and misfolded proteins in the lumen of the ER can
be triggered by a diverse array of cellular stresses that are induced by multiple stimuli and pathological
conditions. The consequence of triggering the ER stress response in mammalian cells can be grouped
into three types of signaling pathways mediated by ER-resident membrane proteins: adaptation, alarm
and apoptosis [37-39]. The tight regulation of the adaptation process is a fundamental mechanism to
reestablish homeostasis and normal ER functions. This mechanism is mediated by conserved activation
of transcriptional programs that induce expression of genes capable of enhancing the protein folding
capacity in the ER and genes for ER-assisted degradation [38]. A recent study by Lisbona et al. [80]
demonstrated that mammalian BI-1 plays a role in early adaptive response against ER stress through its
direct interaction with the ER stress sensor protein IRE1-a, which activates its direct downstream
target gene X-box-binding protein-1 (XBP-1) and followed by up-regulation of genes that encode ER-
resident chaperones. The formation of a protein complex between BI-1 and IRE1-a was shown to be
mediated through the C-terminal domain of BI-1 at the ER membrane. This regulation did not affect
the IRE1-0/XBP-1 independent ER stress response pathways mediated by ATF6 or PERK. The IRE1-
a/XBP-1 pathway was hyperactive and insensitive in BI-1 knock-out cells and BI-1 overexpressing
cells, respectively, in response to ER stress-inducing drugs [80]. Importantly, the results of Lisbona
et al. [80] indicated that the ER stress response can be suppressed by BI-1 under mild ER stress



Int. J. Mol. Sci. 2009, 10 3157

conditions but not under severe stress conditions, suggesting that BI-1 functions is required during the
early stage of adaptive ER stress response to prevent activation of PCD.

Another recent study revealed the complex mechanisms controlling BI-1 function in mammalian
cells. In fact, BI-1 can modulate ER stress-induced ROS accumulation through regulation of
cytochrome P450 2E1 (P450 2E1) activity via indirect binding to an NADPH-dependent cytochrome c
P450 oxidoreductase (NPR), whose interaction is mediated through the C-terminal domain of BI-1
[81]. Uncoupling of electron flow between cytochrome P450 2E1 and NPR is known to be a major
source of ROS on the ER membrane, thus modulation of electron flow from NPR to P450 2E1 by BI-1
can result in a reduction of ROS production that potentially attenuates unfolded and misfolded proteins
accumulation in the ER, thereby reducing cell death. This finding may be important to note that ER
stress-associated ROS production initiated from the ER could result in the dysfunction of
mitochondria, especially inhibiting its respiration activity, thereby triggering the activation of
mitochondria-dependent apoptosis pathway.

5. Role of Plant BI-1 in ER-dependent PCD Pathway

The existence of ER stress-mediated apoptosis pathway and functional implication of mammalian
BI-1 linking to the protection of cells from ER stress-induced PCD has been established [51,80-84]. In
contrast, these aspects have not been well documented in any plant systems. We recently demonstrated
that in Arabidopsis seedlings, strong PCD phenotypes such as nuclear condensation, DNA laddering
and H,O; production were observed in roots that have been challenged with various drugs known to
induce ER stress such as the N-linked glycosylation inhibitor tunicamycin (TM), CPA, and the proline
analogue L-azetidine-2-carboxylic acid (AZC) [85]. Since AtBI-1 expression is induced
transcriptionally through an UPR pathway prior to cell death induction by these ER-stress inducers
[43,85], BI-1 level could be an important determinant for plant survival during ER stress in
Arabidopsis plants. In fact, ER stress-mediated PCD can be manipulated by the disruption of AtBI-1 or
overexpressing AtBI-1 proteins, resulting in accelerated or attenuated PCD, respectively [85].
Expression of UPR genes, however, are unaffected by changes in AtBI1 levels, thereby suggesting a
scenario in which AtBI1 does not control the UPR directly, but instead may act as a cell death
suppressor working in parallel to the UPR after the initial activation of ER stress.

In animal apoptosis, mitochondria-dependent pathway plays an important role for the execution of
cell death, including the release of cytochrome ¢ and loss of mitochondrial membrane potential,
changes in electron transport as well as participation of pro-and anti-apoptotic Bel-2 family proteins
that may localize to the mitochondrial membrane [7,24]. Kawai-Yamada and co-workers also
identified a yeast mutant Acox16, which is deficient in a subunit of the cytochrome ¢ oxidase (COX)
complex, that AtBI-1 fails to rescue from Bax-induced lethality [86]. Similar growth phenotype was
also observed in other COX-deficient strains (Acox6, Acox7, Acox11, Acox15, Acox18), indicating
that functional mitochondrial respiration activity including ATP synthesis is indispensable for BI-1-
mediated protection from Bax-induced cell death of yeast. Interestingly, mouse Bcl-2 was shown to
rescue all yeast COX mutant strains tested from Bax-induced lethality [86]. This could be explained by
the fact that Bel-2 inhibits Bax action at the mitochondria directly while BI-1 inhibits Bax action
indirectly, providing further evidence that BI-1 and Bcl-2 inhibit Bax-mediated yeast cell death
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through different mechanisms. Thus, the ability of an ER-localized BI-1 to suppress pro-death signals
being generated from the mitochondria (e.g. via Bax expression) implies the existence of secondary
mediators, perhaps Ca*" and ROS, that are involved in cross-talk between the ER and mitochondrial
cell death pathways. A recent mammalian BI-1 study revealed a hierarchy of functional interactions of
BI-1 with Bcl-2 and Bax proteins showing that BI-1 and Bcl-2 control apoptosis downstream of or
parallel to Bax action through regulating Ca”" homeostasis in the ER [84]. Therefore, Bax might cause
dysfunction of ER homeostasis through facilitating Ca*" release from the ER. In plants there are no
obvious homologues to Bcl-2 subfamily member, thus plant BI-1 may play a major role in regulating
Ca’" homeostasis in the ER during the onset of Bax-induced PCD.

Ca®" is a universal intracellular messenger that can control a broad range of cellular processes in
plants but only a small number of calcium related genes have been directly implicated in plant cell
death control [87]. Kawai-Yamada and co-workers recently reported that Arabidopsis calmodulin-7
(AtCaM?7), a calcium-binding protein that facilitate Ca*"-dependent cellular response by modulating
biochemical activities of their target proteins, can interact with AtBI-1 in yeast and tobacco cells via its
C-terminal domain [75]. Functional importance of CaM-AtBI-1 interaction in PCD control remains to
be determined. However, it was evident that overexpression of AtBI-1 can modulate cell death of
tobacco cells induced by a ER-resident calcium pump inhibitor cyclopiazonic acid (CPA) that cause
ER stress in animal cells [75]. Using several yeast knock-out mutants, Kawai-Yamada and co-workers
also found that AtBI-1 fails to rescue Bax-activated yeast cell death in yeast mutants lacking Ca®*-
ATPase (Ca®' pump) located on ER membrane but not other Ca*” pumps located on the plasma
membrane or vacuole [75]. These observations suggest a possible connection between AtBIl and
calcium homeostasis specifically at the ER.

The importance of sphingolipid fatty acid metabolism in plant, yeast, and animal cell death
pathways has been suggested [88-93]. Sphingolipids consist of a diverse group of lipids that contain a
relatively large hydrophobic moiety, known as ceramides, that include a sphingoid or long-chain base
amide linked to a fatty acid. Sphingolipids act as second messengers to regulate stress response, cell
proliferation and apoptosis in mammals and the balance between the bioactive sphingolipid ceramide
and its phosphorylated derivative has been proposed to potentiate PCD in eukaryotes [88]. AtBI-1 has
been implicated in the regulation of PCD associated with alterations in sphingolipid metabolism
caused by a mycototoxin fumonisin B1 that triggers PCD in plants [72]. It was also reported that AtBI-
1 may function as a cell death suppressor through direct interaction with an AtCb5-FAHI1 protein
complex at the ER membrane, which is involved in 2-hydroxylation of sphingolipids [94]. From
functional screening using the split-ubiquitin yeast two-hybrid system (suY2H system) with
Arabidopsis ¢cDNAs, the highly conserved electron transport protein cytochrome bs (AtCb5) was
identified as a possible protein interaction partner of AtBI-1. In the Arabidopsis genome, five genes
encoding Cb5 isoforms (AtCb5A-E) and one Cb5-like gene (AtCbSLP) have been annotated. Among
them, all AtCbS5 isoforms (AtCbSA-E) were shown to interact with AtBI-1 in yeast cells. Yeast has
several genes encoding proteins homologous to AtCb5 and/or related to fatty acid metabolism (CbS5,
fatty acid hydroxylase (FAH1), C-22 sterol desaturase, cytochrome b5 reductase, NADH-cytochrome
b5 reductase). Of these, only FAH1 was shown to be functionally required for AtBI-1-dependent
protection against Bax-induced lethality and their direct interaction was shown in the suY2H system
[94]. Interestingly, yeast FAH1 (ScFAH1) has two functional domains: one is a Cb5-like region at the
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N-terminus and the other resembles a fatty acid 2-hydroxylase domain [95]. Arabidopsis has two
homologous genes to ScFAHI, so-called AtFAH1 and AtFAH2, that contain one fatty acid 2-
hydroxylase domain only. Since Cb5-like domain is essential for the catalytic activity of human fatty
acid 2-hydroxylase, AtFAH and AtCb5-B may form a protein complex that is active in lipid
modifications in Arabidopsis plants. In fact, physical interaction between AtCb5-B and AtBI-1 at the
ER membrane was confirmed by a bimolecular fluorescence complementation (BiFC) assay and
fluorescence resonance energy transfer (FRET) analysis via transient expression assays in onion
epidermal cells [94]. Thus, three Arabidopsis proteins (AtBI-1, AtCb5-B and AtFAH) can form a large
protein complex and biochemical activities of AtBI1 and AtCb5-AtFAH may be tightly associated.
The analysis of total 2-hydroxy fatty acids composition also showed that overexpression of AtBI-1
increases the relative level of 2-hydroxyl fatty acids (2-HFA) with long lipid side chains including C22
h:0, C24 h:0, C24 h:1, C26 h:0 and C26 h:1, although the level of all 2-HFA in atbil-1 mutant and
AtBI1 knock-down lines were similar to that in wild-type Arabidopsis plants [94]. This observation
suggests that there may be additional proteins in Arabidopsis that is functionally redundant to AtBI-1
in the wild-type background which can work together with AtCb5-B and AtFAH, and the activity of
AtBI-1 only becomes apparent when it is more highly expressed. Thus, it is hypothesized that AtBI-1
might be able to promote AtCb5-AtFAH activity in wild-type plants under stress conditions when BI-1
protein levels are up-regulated. Quantitative analyses of 2-HFAs in wild-type, atbi-1 mutants, or AtBI-
1 overexpressors under different stress situations will be interesting to test this hypothesis and address
the question of how AtBI-1 may modulate the sphingolipid-associated PCD pathway in plants.

6. Working Model of Plant BI-1 in PCD Induced by Biotic and Abiotic Stresses

PCD in plants is generally accompanied by changes in cellular redox status and cytosolic Ca*"
levels upon challenge with cell death stimuli including ER stress. At this point, the following model
can be suggested for the role of BI-1 in controlling plant PCD (Figure 2). Under weak or mild ER
stress conditions induced by less than sub-lethal doses either of TM, CPA or AZC, ER stress response
is consequently activated to express a set of UPR genes such as BIP2 and CRTI1 to restore ER
homeostasis [85]. Plant BI-1 may also be induced transcriptionally through a similar pathway, perhaps
by one of the ER-resident bZIP transcription factors AtZIP60 [46]. This up-regulation of BI-1 should
increase the amount of BI-1 on the ER membrane and support its activity as a survival factor involved
in an anti-PCD pathway. According to the recent findings from Kawai-Yamada’s lab as well as by
analogy to findings with animal BI-1, binding of calmodulin with plant BI-1 may alter its biochemical
activity through its C-terminal region, i.e. Ca®"/H'-like channel activity or in association with the
AtCb5-AtFAH protein complex [75,77,79,94]. At this point, it remains unclear whether calmodulin
modulates these possible BI-1 activities either positively or negatively and the cellular context under
which the calmodulin interaction with BI-1 may be operational. In one scenario, under stress
conditions calmodulin may facilitate disassociation of BI-1-AtCb5-AtFAH complex that can lead to
suppressed 2-HFAs generation. As the steady-state levels of 2-HFAs are increased in AtBI-1
overexpressing cells, this up-regulation may play a role in stress adaptive response downstream of ER
stress response induced by oxidative stress or inhibiting Ca®"-pump activity on the ER membrane [94].
Since loss-of-function of AtBI-1 has been found to result in increased ROS accumulation under ER
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stress [85], ER-associated ROS generation that is associated with plant homologues encoding NPR and
P450 2E1 may also be involved in an ER stress-mediated cell death pathway in plants [81]. In fact,
three homologous genes encoding putative NPR and many genes encoding P450 2E1-like protein have
been annotated in the Arabidopsis genome. In addition, direct association between BI-1 and IRE1-a
may control IRE1-a-dependent UPR pathway, which is required for suppression of intense ER stress
response that might trigger PCD in plants [80]. As plant IRE1 homologues have been identified and
characterized [40,44], it should be possible to test this hypothesis. However, increase in BI-1
expression as well as the ER stress response will not be sufficient to relieve persistent or intense ER
stress conditions, ultimately leading to cell death as a protective step to remove damaged cells from the
organism [80,85]. Overall, AtBI1 is a critical survival factor for suppression of PCD induced by mild
ER stress and allow the UPR sufficient time to re-establish proper homeostasis in the cell (Figure 2).

Figure 2. Working model of plant BI-1 in the control of PCD induced by ER stress, biotic
or abiotic stress. See text for explanation.
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With respect to the postulated role of the ER in plant PCD, it should be noted that Arabidopsis
DADI (defender against death-1), an ER-resident protein that mediates N-glycosylation of nascent
proteins, has been found to play a role in suppressing PCD induced by salt stress or UV-C irradiation
[96,97]. Furthermore, an intact and responsive protein secretion pathway with up-regulation of
secretion-related genes such as Bip, PDI, CRT, and DAD1 was shown to be essential for the induction
of systemic acquired resistance against biotic stresses during challenge by bacterial pathogens in
Arabidopsis [98]. In addition, we reported that application of chemical chaperones, small molecules
that were able to relieve ER stress by mimicking action of protein chaperones in animal cells [99],
were able to suppress induction of the UPR and plant cell death in whole Arabidopsis seedlings even
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under extensive and prolonged ER stress conditions [85]. Thus, multiple types of abiotic and biotic
stresses may potentially trigger similar perturbations in ER homeostasis followed by the ER stress
response and cell death activation (see Figure 2). In this regard, the observed role of plant BI-1 as a
highly conserved cell death suppressor in eukaryotes under diverse stress conditions may be explained
(see Table 1 and Figure 2). To further examine this hypothesis, it will be interesting to determine
whether different unrelated biotic and abiotic stresses can trigger similar perturbation of ER
homeostasis followed by the ER stress response and BI-1 potentiated cell death induction.

7. Conclusions

In this article, we provide an update on the role of BI-1 in the control of PCD under stress
conditions. At present, BI-1 is a candidate for an evolutionary conserved, ER-resident protein that
represents an ancient cell death regulator that potentially regulates PCD in all eukaryotes. The ER has
emerged recently as a conserved site where cell death signals in the forms of ROS and Ca*" can be
generated. In plants, lipid modification and generation of 2-hydroxyl fatty acids on the ER membrane
seem likely to be important steps to modulate cell death activation. Ultimately, further studies will be
required to sort out the complex interplay between these cell death signals and the variety of regulators
that are likely to control PCD. In this regard, elucidating the mode of action of BI-1 through
structure/function studies will provide important clues to the evolution of PCD in eukaryotes. This
knowledge may make possible future biomedical and agricultural applications for relieving various
types of cell death related diseases that may be activated through dysfunctions of the ER stress
signaling pathway. Furthermore, understanding of the mechanisms and pathways that mediate PCD in
plants should aid our effort to improve plant tolerance to biotic and abiotic stresses by genetic
engineering and/or chemical biological approaches that manipulate plant cell death processes under
these conditions.

Acknowledgements

Our research on the mechanisms of PCD and stress tolerance in plants is supported by a grant from
the National Science Foundation (IOS 0744709) and from the Biotechnology Center for Agriculture
and the Environment and School of Environmental and Biological Sciences, Rutgers, The State
University of New Jersey.

References

1.  Ameisen, J.C. On the origin, evolution, and nature of programmed cell death: a timeline of four
billion years. Cell Death Differ. 2002, 9, 367-393.

2. Lawen, A. Apoptosis-an introduction. BioEssays 2003, 25, 888-896.

Danial, N.N.; Kormeyers, S.J. Cell death: Critical control points. Cell 2004, 116, 205-219.

4. Blackstone, N.W.; Green, D.R. The evolution of a mechanism of cell suicide. BioEssays 1999, 21,
84-88.

5. Aravind, L.; Dixit, V.M.; Koonin, E.V. Apoptotic molecular machinery: vastly increased

(98]

complexity in vertebrates revealed by genome comparisons. Science 2001, 29, 1279-1284.



Int. J. Mol. Sci. 2009, 10 3162

10.

1.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Koonin, E.V.; Aravind, L. Origin and evolution of eukaryotic apoptosis: the bacterial connection.
Cell Death Differ. 2002, 9, 394-404.

Reed, J.C. Proapoptotic multidomain Bcl2/Bax-family proteins: mechanisms, physiological roles,
and therapeutic opportunities. Cell Death Differ. 2006, 13, 1378-1386.

Kutuk, O.; Letai, A. Regulation of Bcl-2 family proteins by posttranslational modifications. Curr.
Mol. Med. 2008, 8, 102-118.

Youle, R.J.; Strasser, A. The BCL-2 protein family: opposing activities that mediate cell death.
Nature Rev. Mol. Cell Biol. 2008, 9, 47-59.

Lam, E. Controlled cell death, plant survival and development. Nature Rev. Mol. Cell Biol. 2004,
5, 305-315.

Greenberg, J.T.; Yao, N. The role and regulation of programmed cell death in plant-pathogen
interactions. Cell Microbiol. 2004, 6, 201-211.

Lam, E. Programmed cell death in plants: Orchestrating an intrinsic suicide program within walls.
Crit. Rev. Plant Sci. 2008, 27, 413-423.

Lam, E.; del Pozo, O. Caspase-like protease involvement in the control of plant cell death. Plant
Mol. Biol. 2000, 44, 417-428.

Woltering, E.J. Death proteases come alive. Trends Plant Sci. 2004, 9, 469-472.

Sanmartin, M.; Jaroszewski, L.; Raikhel, N.V.; Rojo, E. Caspases. Regulating death since the
origin of life. Plant Physiol. 2005, 137, 841-847.

Bonneau, L.; Ge, Y.; Drury, G.E.; Gallois, P. What happened to plant caspases? J. Exp. Bot. 2008,
59, 491-499.

Lacomme, C.; Santa Cruz, S. Bax-induced cell death in tobbaco is similar to the hypersensitive
response. Proc. Natl. Acad. Sci. USA 1999, 94, 7956-7961.

Dickman, M.B.; Park, Y. K.; Oltersdorf, T.; Clemente, T.; French, R. Abrogation of disease
development in plants expressing animal antiapoptotic genes. Proc. Natl. Acad. Sci. USA 2001,
98, 6957-6962.

Lincoln, J.E.; Richael, C.; Overduin, B.; Smith, K.; Bostock, R.; Gilchrist, D.G. Expression of the
antiapoptotic p35 gene in tomato blocks programmed cell death and provides broad-spectrum
resistance to disease. Proc. Natl. Acad. Sci. USA 2002, 99, 15217-15221.

Xu, P.; Rogers, S.J.; Roossinck, M.J. Expression of antiapoptotic genes bcl-xL and ced-9 in
tomato enhances tolerance to viral-induced necrosis and abiotic stress. Proc. Natl. Acad. Sci. USA
2004, 101, 15805-15810.

Hu, G.; Yalpani, N.; Briggs, S.P.; Johal, G.S. A porphyrin pathway impairment is responsible for
the phenotype of a dominant disease lesion mimic mutant of maize. Plant Cell 1998, 10,
1095-1105.

Lorrain, S.; Vailleau, F.; Balagué, C.; Roby, D. Lesion mimic mutants: keys for deciphering cell
death and defense pathways in plants? Trends Plant Sci. 2003, 8, 263-271.

Severin, F.F.; Meer, M.V.; Smirnova, E.A.; Knorre, D.A.; Skulachev, V.P. Natural causes of
programmed death of yeast Saccharomyces cerevisiae. Biochim. Biophys. Acta. 2008, 1783,
1350-1503.

Jin, C.; Reed, J.C. Yeast and apoptosis. Nature Rev. Mol. Cell. Biol. 2002, 3, 453-459.

Frohlich, K.U.; Fussi, H.; Ruckenstuhl, C. Yeast apoptosis-from genes to pathways. Semin.
Cancer Biol. 2007, 17, 112-121.



Int. J. Mol. Sci. 2009, 10 3163

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Madeo, F.; Carmona-Gutierrez, D.; Ring, J.; Biittner, S.; Eisenberg. T.; Kroemer, G. Caspase-
dependent and caspase-independent cell death pathways in yeast. Biochem. Biophys. Res.
Commun. 2009, 382, 227-231.

Zha, H.; Fisk, H.A.; Yaffe, M.P.; Mahajan, N.; Herman, B.; Reed, J.C. Structure-function
comparisons of the proapoptotic protein Bax in yeast and mammalian cells. Mol. Cell Biol. 1996,
16, 6494-6508.

Ligr, M.; Madeo, F.; Frohlich, E.; Hilt, W.; Frohlich, K.U.; Wolf, D.H. Mammalian Bax triggers
apoptotic changes in yeast. FEBS Lett. 1998, 438, 61-65.

Tao, W.; Kurschner, C.; Morgan, J.I. Modulation of cell death in yeast by the Bcl-2 family of
proteins. J. Biol. Chem. 1997, 272, 15547-15552.

Xu, Q.; Reed, J.C. Bax inhibitor-1, a mammalian apoptosis suppressor identified by functional
screening in yeast. Mol. Cell 1998, 1, 337-346.

Madeo, F.; Frohlich, E.; Ligr, M.; Grey, M.; Sigrist, S.J.; Wolf, D.H.; Frohlich, K.U. Oxygen
stress: A regulator of apoptosis in yeast. J. Cell Biol. 1999, 145, 757-767.

Ludovico, P.; Sousa, M.J.; Silva, M.T.; Ledo, C.; Corte-Real, M. Saccharomyces cerevisiae
commits to a programmed cell death process in response to acetic acid. Microbiol. 2001, 147,
2409-2415.

Blanchard, F.; Rusiniak, M.E.; Sharma, K.; Sun, X.; Todorov, I.; Castellano, M.M.; Gutierrez, C.;
Baumann, H.; Burhans, W.C. Targeted destruction of DNA replication protein Cdc6 by cell death
pathways in mammals and yeast. Mol. Biol. Cell 2002, 13, 1536-1549.

Fahrenkrog, B.; Sauder, U.; Aebi, U. The S. cerevisiae HrtA-like protein Nmalllp is a nuclear
serine protease that mediates yeast apoptosis. J. Cell Sci. 2004, 117, 115-126.

Wissing, S.; Ludovico, P.; Herker, E.; Biittner, S.; Engelhardt, S.M.; Decker, T.; Link, A.;
Proksch, A.; Rodrigues, F.; Corte-Real, M.; Frohlich, K.U.; Manns, J.; Candé, C.; Sigrist, S.J.;
Kroemer, G.; Madeo, F. An AIF orthologue regulates apoptosis in yeast. J. Cell Biol. 2004, 166,
969-974.

Buttner, S.; Eisenberg, T.; Carmona-Gutierrez, D.; Ruli, D.; Knauer, H.; Ruckenstuhl, C.; Sigrist,
C.; Wissing, S.; Kollroser, M.; Frohlich, K.U.; Sigrist, S.; Madeo, F. Endonuclease G regulates
budding yeast life and death. Mol. Cell 2007, 25, 233-246.

Csala, M.; Banhegyi, G.; Benedtti, A. Endoplasmic reticulum: A metabolic compartment. FEBS
Lett. 2006, 580, 2160-2165.

Schroder, M.; Kaufman, R.J. ER stress and the unfolded protein response. Mutat. Res. 2005, 569,
29-63.

Boyce, M.; Yuan, J. Cellular response to endoplasmic reticulum stress: a matter of life or death.
Cell Death Differ. 2006, 13, 363-373.

Koizumi, N.; Martinez, I.M.; Kimata, Y.; Kohno, K.; Sano, H.; Chrispeels, M.J. Molecular
characterization of two Arabidopsis Irel homologs, endoplasmic reticulum-located
transmembrane protein kinases. Plant Physiol. 2001, 127, 949-962.

Martinez, I.M.; Chrispeels, M.J. Genomic analysis of the unfolded protein response in
Arabidopsis shows its connection to important cellular processes. Plant Cell 2003, 15, 561-576.
Kirst, M.E.; Meyer, D.J.; Gibbon, B.C.; Jung, R.; Boston, R.S. Identification and characterization
of endoplasmic reticulum-associated degradation proteins differentially affected by endoplasmic
reticulum stress. Plant Physiol. 2005, 138, 218-231.



Int. J. Mol. Sci. 2009, 10 3164

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kamauchi, S.; Nakatani, H.; Nakano, C.; Urade, R. Gene expression in response to endoplasmic
reticulum stress in Arabidopsis thaliana. FEBS J. 2005, 272, 3461-3476.

Urade, R. Cellular response to unfolded proteins in the endoplasmic reticulum of plants. FEBS J.
2007, 274, 1152-1171.

Liu, J.X.; Srivastava, R.; Che, P.; Howell, S.H. An endoplasmic reticulum stress response in
Arabidopsis is mediated by proteolytic processing and nuclear relocation of a membrane-
associated transcription factor, bZIP28. Plant Cell 2007, 19, 4111-4119.

Iwata, Y.; Fedoroff, N.V.; Koizumi, N. Arabidopsis bZIP60 is a proteolysis-activated
transcription factor involved in the endoplasmic reticulum stress response. Plant Cell 2008, 20,
3107-3121.

Kawai-Yamada, M.; Jin, U.; Yoshinaga, K.; Hirata, A.; Uchimiya, H. Mammalian Bax-induced
plant cell death can be down-regulated by overexpression of Arabidopsis Bax inhibitor-1 (AtBI-
1). Proc. Natl. Acad. Sci. USA 2001, 98, 12295-12300.

Bolduc, N.; Ouellet, M.; Pitre, F.; Brisson, L.F. Molecular characterization of two plant BI-1
homologues which suppress Bax-induced apoptosis in human 293 cells. Planta 2003, 216,
377-386.

Hiickelhoven, R.; Dechert, C.; Kogel, K.H. Overexpression of barley BAX inhibitor 1 induces
breakdown of mlo-mediated penetration resistance to Blumeria graminis. Proc. Natl. Acad. Sci.
USA 2003, 100, 5555-5560.

Eichmann, R.; Schultheiss, H; Kogel, K.H.; Hiickelhoven, R. The barley apoptosis suppressor
homologue Bax inhibitor-1 compromises nonhost penetration resistance of barley to the
inappropriate pathogen Blumeria graminis f. sp. tritici. Mol. Plant-Microbe Interact. 2004, 17,
484-490.

Chae, H.J.; Kim, H.R.; Xu, C.; Bailly-Maitre, B.; Krajewska, M.; Banares, S.; Cui, J;
Digicalioglu, M.; Ke, N.; Kitada, S.; Monosov, E.; Thomas, M.; Kress, C.L.; Babendure, J.R.;
Tsien, R.Y.; Lipton, S.A.; Reed, J.C. BI-1 regulates an apoptosis pathway linked to endoplasmic
reticulum stress. Mol. Cell 2004, 15, 355-366.

Walter, L.; Dirks, B.; Rothermel, E.; Heyens, M.; Szpirer, C.; Levan, G.; Gunther, E. A novel,
conserved gene of the rat that is developmentally regulated in the testis. Mamm. Genome 1994, 5,
216-221.

Kawai, M.; Pan, L.; Reed, J.C.; Uchimiya, H. Evolutionally conserved plant homologue of the
Bax inhibitor-1 (BI-1) gene capable of suppressing Bax-induced cell death in yeast. FEBS Lett.
1999, 464, 143-147.

Watanabe, N.; Lam, E. Recent advance in the study of caspase-like proteases and Bax inhibitor-1
in plants: Their possible roles as regulator of programmed cell death. Mol. Plant Pathol. 2004, 5,
65-70.

Hiickelhoven, R. BAX Inhibitor-1, an ancient cell death suppressor in animals and plants with
prokaryotic relatives. Apoptosis 2004, 9, 299-307.

Sanchez, P.; de Torres Zebala, M.; Grant, M. AtBI-1, a plant homologue of Bax inhibitor-1,
supperss Bax-induced cell death in yeast is rapidly upregulated during wounding and pathogen
challenge. Plant J. 2000, 21, 393-399.

Bolduc, N.; Brisson, L.F. Antisence down regulation of NtBI-1 in tobacco BY-2 cells induces
accelerated cell death upon carbon starvation. FEBS Lett. 2002, 532, 111-114.



Int. J. Mol. Sci. 2009, 10 3165

38.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Matsumura, H.; Nirasawa, S.; Kiba, A.; Urasaki, N.; Saitoh, H.; Ito, M.; Kawai-Yamada, M.;
Uchimiya, H.; Terauchi, R. Overexpression of Bax inhibitor suppresses the fungal elicitor-induced
cell death in rice (Oryza sativa L.) cells. Plant J. 2003, 33, 425-434.

Kawai-Yamada, M.; Ohori, Y.; Uchimiya, H. Dissection of Arabidopsis Bax inhibitor-1
suppressing Bax-, hydrogen peroxide-, and salicylic acid-induced cell death. Plant Cell 2004, 16,
21-32.

Kampranis, S.C.; Damianova, R.; Atallah, M.; Toby, G.; Kondi, G.; Tsichlis, P.N.; Makris, A.M.
A novel plant glutathione S transferase/peroxidase suppresses Bax lethality in yeast. J. Biol.
Chem. 2000, 275, 29207-29216.

Pan, L.; Kawai, M.; Yu, L.H.; Kim, K.M.; Hirata, A.; Umeda, M.; Uchimiya, H. The Arabidopsis
thaliana ethyleneresponsive element binding protein (AtEBP) can function as a dominant
suppressor of Bax-induced cell death of yeast. FEBS Lett. 2001, 508, 375-378.

Moon, H.; Baek, D.; Lee, B.; Prasad, D.T.; Lee, S.Y.; Cho, M.J.; Lim, C.O.; Choi, M.S.; Bahk, J.;
Kim, M.O.; Hong, J.C.; Yun, D.J. Soybean ascorbate peroxidase suppresses Bax-induced
apoptosis in yeast by inhibiting oxygen radical generation. Biochem. Biophys. Res. Commun.
2002, 290, 457-462.

Chen, S.; Vaghchhipawala, Z.; Li, W.; Asard, H.; Dickman, M.B. Tomato phospholipid
hydroperoxide glutathione peroxidase inhibits cell death induced by Bax and oxidative stresses in
yeast and plants. Plant Physiol. 2004, 135, 1630-1641.

Mitsuhara, 1.; Malik, K.A.; Miura, M.; Ohashi, Y. Animal cell-death suppressors Bcl-x(L) and
Ced-9 inhibit cell death in tobacco plants. Curr. Biol. 1999, 9, 775-778.

del Pozo, O.; Lam, E. Expression of the baculovirus p35 protein in tobacco affects cell death
progression and compromises N gene-mediated disease resistance response to Tobacco mosaic
virus. Mol. Plant Microbe-Interact. 2003, 16, 485-494.

Eichmann, R.; Dechert, C.; Kogel, K.-H.; Hiickelhoven, R. Transient over-expression of barley
BAX Inhibitor-1 weakens oxidative defence and MLA12-mediated resistance to Blumeria
graminis f. sp. hordei. Mol. Plant Pathol. 2006, 7, 543-552.

Babaeizad, V.; Imani, J.; Kogel, K.-H.; Eichmann, R.; Hiickelhoven, R. Over-expression of the
cell death regulator BAX inhibitor-1 in barley confers reduced or enhanced susceptibility to
distinct fungal pathogens. Theor. Appl. Genet. 2008, 118, 455-463.

Glazebrook, J. Contrasting mechanisms of defense against biotrophic and necrotrophic pathogens.
Annu. Rev. Phytopathol. 2005, 43, 205-227.

Imani, J.; Baltruschat, H.; Stein, E.; Gengxiang, J.; Vogelsberg, J.; Kogel, K.; Hiickelhoven, R.
Expression of barley Bax inhibitor-1 in carrots confers resistance to Botrytis cinerea. Mol. Plant
Pathol. 2006, 7, 279-284.

Hoefle, C.; Loehrer, M.; Schaffrath, U.; Frank, M.; Schultheiss, H.; Hiickelhoven, R. Transgenic
suppression of cell death limits penetration success of the soybean rust fungus Phakopsora
pachyrhizi into epidermal cells of barley. Phytopathology 2009, 99, 220-226.

Deshmukh, S.; Hiickelhoven, R.; Schéfer, P.; Imani, J.; Sharma, M.; Weiss, M.; Waller, F.; Kogel,
K.-H. The root endophytic fungus Piriformosprora indica requires host cell death for proliferation
during mutualistic symbiosis with barley. Proc. Natl. Acad. Sci. USA 2006, 103, 18450-18457.
Watanabe, N.; Lam, E. Arabidopsis Bax inhibitor-1 functions as an attenuator of biotic and abiotic
type of cell death. Plant J. 2006, 45, 884-894.



Int. J. Mol. Sci. 2009, 10 3166

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Hirokawa, T.; Boon-Chieng, S.; Mitaku, S. SOSUI: classification and secondary structure
prediction system for membrane proteins. Bioinformatics 1998, 14, 378-379.

Chae, H.J.; Ke, N.; Kim, H.R.; Chen, S.; Godzik, A.; Dickman, M.; Reed, J.C. Evolutionarily
conserved cytoprotection provided by Bax Inhibitor-1 homologs from animals, plants, and yeast.
Gene 2003, 323, 101-113.

Ihara-Ohori, Y.; Nagano, M.; Muto, S.; Uchimiya, H.; Kawai-Yamada, M. Cell death suppressor
Arabidopsis Bax inhibitor-1 is associated with calmodulin binding and ion homeostasis. Plant
Physiol. 2007, 143, 650-660.

Westphalen, B.C.; Wessig, J.; Leypoldt, F.; Arnold, S.; Methner, A. BI-1 protects cells from
oxygen glucose deprivation by reducing the calcium content of the endoplasmic reticulum. Cell
Death Differ. 2005, 12, 304-306.

Kim, H.R.; Lee, G.H.; Ha, K.C.; Ahn, T.; Moon, J.Y.; Lee, B.J.; Cho, S.G.; Kim, S.; Seo, Y.R.;
Shin, Y.J.; Chae, S.W.; Reed, J.C.; Chae, H.J. Bax Inhibitor-1 is a pH-dependent regulator of Ca*!
channel activity in the endoplasmic reticulum. J. Biol. Chem. 2008, 283, 15946-15955.

Kloda, A.; Ghazi, A.; Martinac, B. C-terminal charged cluster of MscL, RKKEE, functions as a
pH sensor. Biophys. J. 2006, 90, 1992-1998.

Ahn, T.; Yun, C.H.; Chae, H.Z.; Kim, H.R.; Chae, H.J. Ca*"/ H" antipoter-like activity of human
recombinant Bax inhibitor-1 reconstituted into liposome. FEBS J. 2009, 276, 2285-2291.

Lisbona, F.; Rojas-Rivera, D.; Thielen, P.; Zamorano, S.; Todd, D.; Martinon, F.; Glavic, A.;
Kress, C.; Lin, J.H.; Walter, P.; Reed, J.C.; Glimcher, L.H.; Helz, C. BAX Inhibitor-1 is a
negative regulator of the ER stress sensor IRE1a. Mol. Cell 2009, 33, 679-691.

Kim, H.R.; Lee, G.H.; Chae, S.W.; Ahn, T.; Chae, H.J. Bax inhibitor-1 regulates ER stress-
induced ROS accumulation through the regulation of cytochrome P450 2E1. J. Cell Sci. 2009,
122, 1126-1133.

Bailly-Maitre, B.; Fondevila, C.; Kaldas, F.; Droin, N.; Luciano, F.; Ricci, J.E.; Croxton, R.;
Krajewska, M.; Zapata, J.M.; Kupiec-Weglinski, J.W.; Farmer, D.; Reed, J.C. Cytoprotective
gene bi-1 is required for intrinsic protection from endoplasmic reticulum stress and ischemia-
reperfusion injury. Proc. Natl. Acad. Sci. USA 2006, 103, 2809-2814.

Lee, G.H.; Kim, H.K.; Chae, S.W.; Kim, D.S.; Ha, K.C.; Cuddy, M.; Kress, C.; Reed, J.C.; Kim,
H.R.; Chae, H.J. Bax inhibitor-1 regulates endoplasmic reticulum stress-associated reactive
oxygen species and heme oxygenase-1 expression. J. Biol. Chem. 2007, 282, 21618-21628.

Xu, C.; Xu, W.; Palmer, A.E.; Reed, J.C. BI-1 regulates endoplasmic reticulum Ca”" homeostasis
downstream of Bcl-2 family proteins. J. Biol. Chem. 2008, 283, 11477-11484.

Watanabe, N.; Lam, E. BAX inhibitor-1 modulates endoplasmic reticulum-mediated programmed
cell death in Arabidopsis. J. Biol. Chem. 2008, 283, 3200-3210.

Oshima, R.; Yoshinaga, K.; Ihara-Ohori, Y.; Fukuda, R.; Ohta, A.; Uchimiya, H.; Kawai-Yamada,
M. The Bax Inhibitor-1 needs a functional electron transport chain for cell death suppression.
FEBS Lett. 2007, 581, 4627-4632.

Ma, W.; Berkowitz, G.A. The grateful dead: Calcium and cell death in plant innate immunity. Cell
Microbiol. 2007, 9, 2571-2585.

Basu, S.; Kolesnick, R. Stress signals for apoptosis: Ceramide and c-Jun kinase. Oncogene 1998,
17,3277-3285.



Int. J. Mol. Sci. 2009, 10 3167

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Hannun, Y.A.; Obeid, L.M. The ceramide-centric universe of lipid-mediated cell regulation:
Stress encounters of the lipid kind. J. Biol. Chem. 2002, 277, 25847-25850.

Scorrano, L.; Oakes, S.A.; Opferman, J.T.; Cheng, E.H.; Sorcinelli, M.D.; Pozzan, T.; Korsmeyer,
S.J. BAX and BAK regulation of endoplasmic reticulum Ca®": A control point for apoptosis.
Science 2003, 300, 135-139.

Liang, H.; Yao, N.; Song, J.T.; Luo, S.; Lu, H.; Greenberg, J.T. Ceramides modulate programmed
cell death in plants. Genes Dev. 2003, 17, 2636-2641.

Almeida, T.; Marques, M.; Mojzita, D.; Amorim, M.A.; Silva, R.D.; Almeida, B.; Rodrigues, P.;
Ludovico, P.; Hohmann, S.; Moradas-Ferreira, P.; Corte-Real, M.; Costa, V. Isclp plays a key
role in hydrogen peroxide resistance and chronological lifespan through modulation of iron levels
and apoptosis. Mol. Biol. Cell 2008, 19, 865-876.

Aerts, A.M.; Zabrocki, P.; Francois, I.E.; Carmona-Gutierrez, D.; Govaert, G.; Mao, C.; Smets,
B.; Madeo, F.; Winderickx, J.; Cammue, B.P.; Thevissen, K. Ydclp ceramidase triggers organelle
fragmentation, apoptosis and accelerated ageing in yeast. Cell Mol. Life Sci. 2008, 65, 1933-1942.
Nagano, M.; Thara-Ohori, Y.; Imai, H.; Inada, N.; Fujimoto, M.; Tsutsumi, N.; Uchimiya, H.;
Kawai-Yamada, M. Functional association of cell death suppressor, Arabidopsis Bax Inhibitor-1,
with fatty acid 2-hydroxylation through cytochrome b5. Plant J. 2009, 58, 122-134.

Mitchell, A.G.; Martin, C.E. Fahlp, a Saccharomyces cerevisiae cytochrome b5 fusion protein,
and its Arabidopsis thaliana homolog that lacks the cytochrome b5 domain both function in the
alpha-hydroxylation of sphingolipid-associated very long chain fatty acids. J. Biol. Chem. 1997,
272,28281-28288.

Koiwa, H.; Li, F.; McCully, M.G.; Mendoza, 1.; Koizumi, N.; Manabe, Y.; Nakagawa, Y.; Zhu, J.;
Rus, A.; Pardo, J.M.; Bressan, R.A.; Hasegawa, P.M. The STT3a subunit isoform of the
Arabidopsis oligosaccharyltransferase controls adaptive responses to salt/osmotic stress. Plant
Cell 2003, 15, 2273-2284.

Danon, A.; Rotari, V.I.; Gordon, A.; Mailhac, N.; Gallois, P. Ultraviolet-C overexposure induces
programmed cell death in Arabidopsis, which is mediated by caspase-like activities and which can
be suppressed by caspase inhibitors, p35 and Defender against Apoptotic Death. J. Biol. Chem.
2004, 279, 779-7817.

Wang, D.; Weaver, N.D.; Kesarwani, M.; Dong, X. Induction of protein secretory pathway is
required for systemic acquired resistance. Science 2005, 308, 1036-1040.

Ozcan, U.; Yilmaz, E.; Furuhashi, M.; Vailancourt, E.; Smith, R.O.; Hotamisligil, G.S. Chemical
Chaperones Reduce ER Stress and Restore Glucose Homeostasis in a Mouse Model of Type 2
Diabetes. Science 2006, 313, 1137-1140.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



