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BCL-2 family proteins are the regulators of apoptosis, but also have other functions. This
family of interacting partners includes inhibitors and inducers of cell death. Together they
regulate and mediate the process by which mitochondria contribute to cell death known as
the intrinsic apoptosis pathway. This pathway is required for normal embryonic development
and for preventing cancer. However, before apoptosis is induced, BCL-2 proteins have crit-
ical roles in normal cell physiology related to neuronal activity, autophagy, calcium han-
dling, mitochondrial dynamics and energetics, and other processes of normal healthy cells.
The relative importance of these physiological functions compared to their apoptosis func-
tions in overall organismal physiology is difficult to decipher. Apoptotic and noncanonical
functions of these proteins may be intertwined to link cell growth to cell death. Disentangle-
ment of these functions may require delineation of biochemical activities inherent to the
characteristic three-dimensional shape shared by distantly related viral and cellular BCL-2

family members.

WHAT ARE BCL-2 FAMILY PROTEINS
AND HOW DO THEY WORK?

uman BCL-2 was discovered as the gene

located near the junction at which chro-
mosomes 18 and 14 (t14;18) are joined anom-
alously in the tumor cells of follicular lym-
phoma patients (Tsujimoto et al. 1984). This
chromosome translocation leads to misregula-
tion of the normal BCL-2 expression pattern
to contribute to cancer (Tsujimoto et al. 1985;
Nunez et al. 1989). Unlike previously identified
oncogenes, BCL-2 was found to promote cell
survival as opposed to promoting cell prolifer-
ation (Vaux et al. 1988; Tsujimoto 1989). That
is, BCL-2 increases the total cell number by pre-
venting cell death rather than by increasing cell

division rate. Given that failure of these cells to
die resulted in cancer, it was logical to assume
that BCL-2 blocks a form of deliberate cell death.
The term apoptosis (Gk: falling off, like a tree
leaf ) had been coined some years earlier to refer
to deliberate cell death, and thus was applied to
the type of cell death blocked by BCL-2 (Kerr
et al. 1972; Hockenbery et al. 1991).
Compelling genetic evidence that solidified
and extended this model of apoptosis regula-
tion came from simultaneous research on the
worm Caenorhabditis elegans. The worm BCL-2
ortholog, CED-9, was identified as the gene re-
sponsible for preventing cell death during worm
development (Hengartner et al. 1992; Hengart-
ner and Horvitz 1994b). Further genetic studies
revealed that CED-9 inhibits caspase-mediated
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cell death (Horvitz et al. 1983; Yuan and Horvitz
1990; Yuan et al. 1993). Although C. elegans has
only one (multidomain) BCL-2 family member,
eight additional homologs of BCL-2 ranging in
size from 20 to 37 kDa (BCL-x;, MCL-1, BCL-
w, BFL-1/A1, BCL-B, BAX, BAK, and BOK)
plus five less related proteins sharing significant
amino acid sequence similarity [BCL2L12, BCL-
Rambo (BCL2L13), BCL-G (BCL2L14), BFK
(BCL2L15), and BID] have been identified in
the human genome (Fig. 1) (Blaineau and Aou-
acheria 2009). These proteins are thought to
work on membranes of mitochondria and the
endoplasmic reticulum (ER) facilitated by a hy-
drophobic membrane anchor/targeting do-
main near the carboxyl terminus of most BCL-
2 homologs, and by a helical hairpin (helix 5 and
6 between BH1 and BH2) suggested to insert
into membranes (Muchmore et al. 1996; Minn
et al. 1997; Basanez and Hardwick 2008).
Although most BCL-2 homologs inhibit
cell death, a subset is classified as proapoptotic
(BAX, BAK, and BID). Proapoptotic BAX was
first identified as an inhibitory binding part-
ner of BCL-2 (Oltvai et al. 1993). The pro-death
function of BAX is activated in response to a
range of deleterious events inside or outside
the cell, causing BAX to undergo conformation-
al changes, membrane-insertion, and oligomer-
ization to form a channel or other structure in
the mitochondrial outer membrane. This is
widely assumed to be the conduit through which
cytochrome c exits mitochondria to trigger cas-
pase activation and cell death (Cosulich et al.
1997; Kim et al. 1997; Jurgensmeier et al. 1998;
Rosse et al. 1998; Kluck et al. 1999). The role
of BCL-2-like antiapoptotic proteins is to in-
hibit their proapoptotic partners, leading to
the original rheostat model in which the bal-
ance between counteracting anti- and proapop-
totic BCL-2 family proteins determines cell fate
(Korsmeyer et al. 1993). Although the ratios of
anti- and pro-death family proteins indeed usu-
ally correlate with cell fate, this model is over-
simplified in light of multiple subsequent dis-
coveries, including the occasional interconver-
sion of anti- and pro-death activities (Cheng et
al. 1997a; Clem et al. 1998; Lewis et al. 1999), the
existence of additional BCL-2-interacting pro-

teins (Wang et al. 1996; Kelekar et al. 1997;
Strasser et al. 2000; Puthalakath et al. 2001; Sha-
mas-Din et al. 2011), the identification of BCL-
2-like proteins unable to affect cell death (Bel-
lows et al. 2002; Peterson et al. 2007; Galindo
et al. 2009; Gonzalez and Esteban 2010), and the
rapidly growing list of alternative nonapoptotic
functions of BCL-2 family members that may
have an important impact on cell survival.
The third functional subgroup of the BCL-2
family triangle is designated BH3-only because
these proteins have only one of the four differ-
ent BH (BCL-2 homology) motifs (Huang and
Strasser 2000; Shamas-Din et al. 2011). BH
motifs (numbered in order of discovery) are
10-20 amino acid regions of greatest amino
acid sequence similarity across family members,
though BH sequence identity can be low, and
most BCL-2 homologs lack at least one BH mo-
tif (Fig. 1). The BH3 motif of proapoptotic fam-
ily members is required for their pro-death ac-
tivities. Eight BH3-only proteins (BID, BAD,
BIK, BIM, BME HRK, NOXA, and PUMA)
generally range in size from ~100 to 200 amino
acids and are classified as BCL-2 family mem-
bers based on their ability to bind and inhibit
antiapoptotic BCL-2 proteins, though they lack
significant overall amino acid sequence similar-
ity (except BID) to BCL-2 proteins or to each
other. BH3-only proteins promote apoptosis
using one or both of two general strategies.
They bind and directly activate BAX and BAK
(e.g., tBID, BIM, and PUMA), or they promote
death indirectly by inserting their BH3-con-
taining helix into a hydrophobic groove on spe-
cific antiapoptotic BCL-2 proteins (Petros et al.
2000; Strasser 2005; Deng et al. 2007; Billen
et al. 2008). This triangular model further ex-
plains that antiapoptotic BCL-2 proteins, of
which BCL-xg is the best characterized, pro-
tect cells by binding and inhibiting the direct
activator BH3-only proteins and the multi-BH
proapoptotic proteins BAX and BAK. Other
than the BH3 helix, three-dimensional struc-
tures of BH3-only proteins are unresolved ex-
cept for BID, which adopts a BCL-2-like fold
shared by both anti- and pro-death family
members (Chou et al. 1999; McDonnell et al.
1999). Thus, BH3-only proteins are thought to
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Figure 1. Human, C. elegans, and Drosophila BCL-2 family members. BH motifs are numbered, BH4 (light gray,
unnumbered box indicates traditional classification without verified sequence homology), BH3 (black), BH1-
BH2 (white), transmembrane (dark gray), arrows ( protease cleavage sites). Splice variants (isoforms) are shown
as separate or partially overlapped diagrams. Scale bar at the bottom marks increments of 50 amino acids.
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be intrinsically disordered, possibly reflecting
their dynamical functions and supported by ex-
tensive work (Hinds et al. 2007). Complete
structures of partnered complexes would help
distinguish this possibility from a case like the
well ordered structures of Sgf11 and Sgf73 pro-
teins that stretch across different domains of the
SAGA deubiquitinating (DUBm) complex and
would appear inherently unfolded in isolation
(Samara et al. 2010).

The prevailing BCL-2 apoptosis model,
in which antiapoptotic proteins are inhibited
when their deep binding cleft is occupied by
the BH3 helix of proapoptotic family members
(e.g., BH3-only BAD), is strongly supported by
the effects of a small molecule ABT-737, a BH3
mimetic designed to occupy the BCL-x; groove
(Oltersdorfetal. 2005). ABT-737 derivatives are
in clinical trials as anticancer agents with prom-
ising early results, and additional therapeutics
specific to antiapoptotic MCL-1, which is not
targeted by ABT-737, are being pursued (Tse
etal. 2008; Yecies et al. 2010; Gandhi et al. 2011).

Considerable evidence now suggests that
both pro- and antiapoptotic BCL-2 family pro-
teins have additional functions required for
normal physiology of healthy cells. These non-
canonical functions are unlikely to be fully ex-
plained by classical apoptosis regulatory activi-
ties in which anti-death BCL-2 proteins directly
bind and inhibit proapoptotic BCL-2 family
proteins to control the release of cytochrome ¢
from mitochondria in the intrinsic apoptosis
pathway. In addition, there is a growing fourth
class of BCL-2 family proteins that primarily
lack apoptosis regulatory activities. Viruses en-
code many BCL-2-shaped proteins, but most of
these appear to have functions distinct from
regulating cell death (see below). Similarly, the
cellular BCL-2 homologs of Drosophila may not
regulate cell death in most cell types, and the
role of cytochrome ¢ in apoptosis is not uni-
formly conserved through evolution (Oberst
et al. 2008; Galindo et al. 2009; Tanner et al.
2011; Bender et al. 2012). Noncanonical func-
tions of BCL-2 family proteins include their
ability to alter mitochondrial shape changes
and energetics, to regulate autophagy, and to
modulate innate immunity during virus infec-

tions (Stack et al. 2005; Hardwick et al. 2012).
Furthermore, antiapoptotic BCL-2 proteins can
become proapoptotic, whereas proapoptotic pro-
teins can promote cell survival (Bellows et al.
2002; Peterson et al. 2007; Galindo et al. 2009;
Gonzalez and Esteban 2010). A major unan-
swered question is the relative importance of
“day-job” functions versus the apoptosis-relat-
ed functions of BCL-2 proteins in determining
cell fate, and if the biochemical details of these
functions overlap.

TURNING A NEW LEAF ON APOPTOSIS

Impressive research progress over the past 25
years has successfully driven home the fact that
a subset of cells must die for an embryo to de-
velop properly, even for the severed Planarian to
regrow a new head (Gonzalez-Estevez and Salo
2010). But now it is time to let go of a few en-
grained assumptions to include a broader per-
spective. For example, we can no longer assume
verbatim that the mere presence of caspase ac-
tivity correlates with cell death, as caspases are
also required for synaptic activity, cell growth,
and inhibition of necrosis (Peter 2011; Li and
Sheng 2012). We also no longer can assume that
BID, BAX, and BAD are promoting cell death
just because they are expressed (Fannjiang et al.
2003; Seo et al. 2004; Danial et al. 2010; Gime-
nez-Cassina et al. 2012). Even more complicated
is the difficult task of experimentally distin-
guishing between noncanonical day-jobs versus
apoptosis functions. For example, simply eval-
uating the degree of cell death will not reveal
whether the disrupted function of BCL-2 was
an essential day-job or its direct role in apopto-
sis, or both. One matter seems clear, most un-
dead cells are detrimental to essentially all forms
of life, and teleological reasoning suggests there
is no better way to link fundamental cell func-
tions to cell death than to use the same mole-
cules for both processes.

The original assumption that antiapoptotic
BCL-2/BCL-x;, must bind to proapoptotic
BAX/BAK to inhibit cell death was first chal-
lenged by point mutants of BCL-x;, (e.g., BCL-
x;, F131V/D133A, BCL-x; Y101K) that retain
significant anti-death activity but fail to interact
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with BAX or BAK (Cheng et al. 1996; Minn et al.
1999). However, these mutants have been re-
ported to retain their second mode of action,
the ability to bind specific BH3-only proteins,
supporting the dual-strategy hypothesis where-
by antiapoptotic BCL-2 proteins can suppress
cell death by interfering with both subcategories
of pro-death BCL-2 family proteins, the multi-
domain and the BH3-only (direct activator)
proteins (Cheng et al. 2001; Billen et al. 2008).
Elegant biochemical and computational studies
have rigorously probed the classic apoptosis
mechanisms with purified components and
provide compelling evidence for BCL-xj-in-
hibited, tBID-activated, BAX-mediated cyto-
chrome c release. However, these findings can-
not fully explain the protective effects of BCL-x;.
(Billen et al. 2008). These studies however do
not directly test alternative noncanonical func-
tions of BCL-2 family proteins, as both the
F131V/D133A and Y101K BCL-x; mutants re-

BCL-2 Proteins in Cell Physiology

tain the ability to bind additional factors unre-
lated to BCL-2 family proteins that are not pres-
ent or not being evaluated in these assays (Fig.
2). For example, wild type and F131V/D133A
BCL-x; can promote cell survival by binding to
Aven, a regulator of both Apafl (apoptosome)
and of ATM kinase at the G2/M checkpoint
(Chau et al. 2000; Guo et al. 2008; Roelofs and
Hardwick 2011; Zou et al. 2011). BCL-2 pro-
teins also bind to the mitochondrial metabolite
channel VDAC (Cheng et al. 2003), autophagy
regulator Beclin 1 (Pattingre et al. 2005), the
mitochondrial fission and fusion factors Drpl
and Mfn1/2 (Rolland et al. 2009), and others
(Chipuk et al. 2004). At present it is difficult
to incorporate all of these and other reported
interactions of BCL-x; into a unifying model
for the physiological function of BCL-x;. The
field currently lacks tools equivalent to the ele-
gant reconstituted BCL-x; -tBID-BAX assays to
probe these critical functions, though progress
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Figure 2. Map of key BCL-x; mutants. Amino acid positions and single amino acid changes are indicated. tm,

transmembrane region.
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has been made (Alavian et al. 2011). We simply
have insufficient knowledge at present to fully
accomplish this task.

DEATH AND SURVIVAL FUNCTIONS OF
PROAPOPTOTIC BCL-2 PROTEINS

BAX and BAK

Long before the discovery of BCL-2, Rita Levi-
Montalcini and her colleagues were among the
first to recognize programmed cell death while
observing neurons in the developing chick em-
bryo. With other colleagues, she later discovered
the factor required to prevent this death of sym-
pathetic and sensory neurons in the peripher-
al nervous system, nerve growth factor (NGF)
(Levi-Montalcini and Angeletti 1968). With-
drawal of NGF leads to neuronal death that is
mediated by the proapoptotic BCL-2 family
protein BAX (Deckwerth et al. 1996). As a re-
sult, the use of BAX knockout mice has become
astandard in the field for studying the functions
of NGF and other factors because NGF-de-
prived bax”/~ neurons can be evaluated without
the complication of death of the subject under
study (Glebova and Ginty 2004). In this sce-
nario, BAX is thought to act downstream of
NGF withdrawal by classical apoptosis mecha-
nisms (see below).

As expected, BAX promotes cell death in the
in the developing central nervous system, in
which itis estimated that over half of the neurons
born will die in a BAX-dependent manner, al-
though this slow process can only be fully ap-
preciated when evaluated over the long term
in BAX-deficient animals (Sun et al. 2004). A
role for caspase-dependent apoptosis in this
processis evident from the enormous brains first
observed in mice lacking caspase-3, caspase-9,
or Apafl (Kuida et al. 1996,1998; Yoshida et al.
1998; Zheng et al. 2000). These brain pheno-
types are different from the BAX/BAK double
knockout, which has an obvious increase in the
number of neuroprogenitors in the periventric-
ular zone of the brain (Lindsten et al. 2000).
This increase in survival of neuroprogenitors
is much more pronounced in the double knock-
out than in the BAX single knockout and is

nearly undetectable in the BAK single knockout
(Lindsten et al. 2000). BAX also suppresses neu-
rogenesis in the hippocampus and the cerebel-
lum of adult brains (Sun et al. 2004; Garcia et al.
2012). Adult-born neurons also survive in
much greater numbers in the absence of BAX
even when continued neurogenesis is ablated
(Sahay et al. 2011). These undead neurons do
not significantly impact spatial learning and
memory. However, these extra neurons appar-
ently can confer significantly improved contex-
tual discrimination learning, a function that
normally declines with age, raising the possibil-
ity that BAX suppression could delay premature
diminution of neuronal function by allowing
more neurons to survive and fulfill their func-
tions (Sahay et al. 2011).

Contrary to the pro-death developmental
functions of BAX and BAK, BAX-deficiency
does not rescue the death of some neuron sub-
types under pathological situations (Lindsten
et al. 2000; Whitmore et al. 2003; Glebova and
Ginty 2004). In fact, endogenous or exogenous
BAX or BAK can even protect against cell death
induced by infection with Sindbis virus, which
primarily infects neurons of the brain and spi-
nal cord and causes encephalitis in mice (Lewis
et al. 1999; Fannjiang et al. 2003). In an exten-
sive analysis of BAK knockout mice, BAK was
found to either inhibit or enhance neuronal
death depending on the developmental stage,
death stimulus, and brain region (Fannjiang
et al. 2003). For example, BAK promotes death
of neurons of the cortex in a stroke model, but
protects hippocampal neurons following kai-
nate-induced seizures. However, the protection
by BAK in a kainate-induced seizure model ap-
pears not to be because of classical antiapoptotic
function, because the degree of neuronal cell
death simply correlates with more severe sei-
zures. That is, the cell death that occurred several
days later is triggered by a different process
(Fannjiang et al. 2003). Because BAK knockout
mice showed more seizure behaviors within
minutes after kainate injection, long before neu-
ronal death, alternative functions of BAK are
implicated, such as changes in neuronal activity
that giverise to a seizure. Thisis supported by the
altered electrophysiological recordings of acute
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brain slices prepared from BAK knockout and
control mice (Fannjiang et al. 2003).

BAK also shows bipolar effects in the spinal
cord. BAK inhibits the death of virus-infected
spinal cord motor neurons in young mice, but
promotes motor neuron death in more mature
animals (Fannjiang et al. 2003). In this scenario,
BAK is expected to kill by conventional apo-
ptosis mechanisms, but it is also possible that
BAK promotes death indirectly by an alterna-
tive mechanism, such as altered neuronal activ-
ity analogous to excitotoxicity (Fannjiang et al.
2003). Perhaps this apparent switch in function
is analogous to the developmental switch in ex-
citatory to inhibitory effects of the GABA neu-
rotransmitter (Marty and Llano 2005). Thus,
BAK and BAX could contribute to both survival
and death of neurons by alternative nonapop-
totic mechanisms, or potentially a combination
of nonapoptotic and apoptotic mechanisms.
Consistent with this possibility, it is intriguing
that BAX inhibits neuronal death in brain slices
in which neuro-connections are preserved, but
kills when these same neurons are dissociated
in a culture dish. For validation of genuine anti-
death activity of BAX and BAK, targeted re-
constitution of BAX or BAK into the neurons
of their respective knockout mice by infecting
these animals with Sindbis virus encoding a
copy of BAX or BAK, dramatically rescues
knockout mice from Sindbis virus-induced neu-
ronal death and mortality (Lewis et al. 1999;
Fannjiang et al. 2003). This is likely not a fluke
of the model system, because the same model
confirmed the anti-death activity of BCL-2 and
the pro-death activity of BIM; (Seo et al. 2004).

BH3-Only Proteins

BAD is known to promote cell death by antag-
onizing anti-death BCL-2 proteins, but a num-
ber of studies clearly show that BAD has a
normal physiological role in healthy cells. En-
dogenous and exogenous BAD strongly protect
mice and their derived cells from Sindbis virus-
and NMDA-induced neuronal death (Seo et al.
2004). The antiapoptotic functions of BAD are
not limited to neurons. Overexpressed BAD in
transfected cell lines can inhibit cell death sim-

BCL-2 Proteins in Cell Physiology

ilar to BCL-x if the caspase cleavage sites in
BAD are mutated to render BAD uncleavable
(Condorelli et al. 2001; Kim et al. 2002; Seo
etal. 2004). Interestingly, different death stimu-
li use distinct caspase cleavage sites to inactivate
BAD. For example, mutation of the caspase
cleavage site at Asp56 is required to block death
following IL-3 withdrawal, whereas Asp61 must
be mutated to protect against staurosporine and
+v-irradiation (Seo et al. 2004). However, even
proteolytically cleaved BAD (tBAD) cannot kill
immature neurons in the brain, in which a fur-
ther step apparently involving dephosphory-
lation of Ser residues (Ser112, S136, and S155)
is required to turn off anti-death function and
activate the death function of BAD in neonatal
mice (Seo et al. 2004). This is consistent with
the evidence that dephosphorylated BAD binds
and inactivates antiapoptotic BCL-2 family pro-
teins (Datta et al. 1997).

The mechanisms by which BAD inhibits cell
death in these model systems is not known, but
the findings are consistent with the classical view
that dephosphorylation of BAD releases BAD
from 14-3-3 to engage and inhibit BCL-2-like
antiapoptotic proteins. However, this classical
explanation of sequestering away proapoptotic
BAD when phosphorylated is rather unsatisfy-
ing when attempting to explain how overex-
pression of phosphomimetic mutants of BAD
show a gain of anti-death activity (Datta et al.
1997; Seo etal.2004). Thus, BAD likely increases
cell survival through its “day-job” mechanisms,
which may involve its roles in glucose metabo-
lism, autophagy, or cell cycle progression (Roy
etal. 2009). The BH3 motif of BAD is critical for
killing cells, as expected, but its BH3 is also
required to promote health and well-being by
activating glucokinase and increasing glucose
metabolism (Danial et al. 2003, 2008). Similar-
ly, phosphorylation is required both for its ef-
fects on glucose metabolism and for suppres-
sion of its proapoptotic activity. Hence, the cell
survival and cell death functions of BAD appear
to be intricately linked.

An intriguing nonapoptotic role for BAD in
the control of potassium-ATP channels through
its effects on glucose metabolism is also reg-
ulated by BAD phosphorylation (Gimenez-
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Cassina et al. 2012). In this manner, BAD links
metabolism to the control of seizure activity
measured both as behavioral and electrographic
seizures. Recently, BAD and BAX have also been
shown to exert nonapoptotic functions in long-
term depression (LTD) of synaptic transmission
in CA1 hippocampal neurons (Jiao and Li 2011).
BAD and BAX-mediated activation of limit-
ed caspase-3 activity is required for NMDA re-
ceptor-dependent I'TD but not for mGluR-I'TD.
Activation of this pathway is sufficient to induce
synaptic depression and is inhibited by both
BAD and BAX siRNAs or knockout. Activation
of BAD by dephosphorylation is limited, and
apparently BAX does not translocate to mito-
chondria in this model (Jiao and Li 2011).

BID has a key role in crosstalk between the
extrinsic (extracellular ligand binding to cell
surface death receptors) and intrinsic apoptosis
pathways. Cleavage of BID by caspase-8 in the
extrinsic pathway generates amino-terminally
deleted BID known as truncated BID (tBID)
(Li et al. 1998; Luo et al. 1998; Gross et al.
1999). tBID then activates the intrinsic pathway
by well-studied mechanisms in which tBID tran-
siently binds and induces BAX activation on mi-
tochondrial membranes in vitro and in cells
(Kuwana et al. 2002; Billen et al. 2008; Lovell
et al. 2008). The pro-death function of the acti-
vator BH3-only proteins BID, BIM, and PUMA
are apparent from studies of triple knockout
mice that fail to activate BAX/BAK-dependent
apoptosis in neurons and lymphocytes (Ren
et al. 2010).

Although cleavage of full-length BID near its
amino terminus (Fig. 1) to expose its killer BH3
domain could be analogous to the cleavage and
removal of inhibitory prodomains of proteases
for example, it is also possible that full-length
BID has a “day-job” in healthy cells. Indeed, in
addition to its apoptotic function BID also has a
nonapoptotic role in regulation of the DNA
damage response (Zinkel et al. 2005). It has
been shown that DNA damage induces translo-
cation of BID to the nucleus in which it is phos-
phorylated by ATM and regulates an intra S-
phase checkpoint. More recently, BID was also
shown to mediate the ATR-directed DNA dam-
age response to replicative stress by interacting

with the Atrip/RPA complex (Liu et al. 2011).
Interestingly, BID was recently identified in a
screen for factors that facilitate innate immune
responses in the gut. BID appears to be required
for activation of host defense mechanisms to
control bacterial infections, but may also exac-
erbate immune-mediated inflammatory bowel
disease (Yeretssian et al. 2011). This function of
BID apparently does not involve its classical
apoptosis mechanisms, as knockin mice with
uncleavable BID are competent for immune
signaling. Conversely, mutations in the amino-
terminal region of BID (not found in tBID)
interfere with binding to NOD1 (member of a
large family of host-defense proteins also found
in plants), which forms a complex with RIP2
through their mutual CARD domains and acti-
vate IKK to mediate NF-kB activation.

NOXA, which is best known for antagoniz-
ing the anti-death function of MCL-1, has dual
roles in apoptosis and metabolism, which be-
came apparent by studying posttranslational
modifications of NOXA (Lowman et al. 2010).
Phosphorylation of NOXA appears to increase
glucose metabolism through the pentose phos-
phate shunt, and this requires an intact BH3
domain, but not for binding to MCL-1 and
inducing apoptosis.

MITOCHONDRIAL MEMBRANE
STRUCTURE AND INTRAMITOCHONDRIAL
FUNCTIONS OF BCL-2 PROTEINS

A major theme has emerged in recent years, the
involvement of BCL-2 family proteins in mito-
chondrial shape-changes and organelle locali-
zation (Fig. 3) (Frank 2006; Detmer and Chan
2007; Knott et al. 2008). Some yet undeter-
mined but fundamental underlying function
of BCL-2 proteins, possibly in mitochondrial
energetics (Vander Heiden et al. 2001), could
easily influence mitochondrial morphology
and function indirectly. Many studies now sug-
gest close interactions between BCL-2 family
proteins and the dynamin-like GTPases Drpl
and Mfn1/2 that physically mediate mitochon-
drial outer membrane fission and fusion, re-
spectively (Li et al. 2008; Rolland et al. 2009).
Here too, BCL-2 family proteins also appear to
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Neuronal excitability
(e.g., BAK)

Autophagy
(e.g., BCL-2, BCL-x)
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Mitochondrial biomass
(e.g., BCL-x)

Glycolysis
(e.g., BAD)

Mitochondrial fission/fusion
(e.g., BCL-x|)

Synaptic activity
(e.g., BCL-x)

Figure 3. Neuronal functions of BCL-2 family proteins in healthy cells.

have polar opposite effects, but with a twist.
Both anti- and pro-death BCL-2 family proteins
functionally interact with both fission and fu-
sion factors, but the connections between spe-
cific protein players and cell death /survival out-
comes are far from clear (Jagasia et al. 2005;
Cheng et al. 2006; Delivani et al. 2006; Parone
et al. 2006; Li et al. 2008; Tan et al. 2008; Breck-
enridge et al. 2009). Nevertheless, these mech-
anisms may be conserved across species even
when apoptosis functions of BCL-2 family pro-
teins appear not to be conserved (Delivani et al.
2006). Genetic studies in C. elegans and bio-
chemical strategies indicate that the fission
and death functions of Drpl are separable,
and that both involve BCL-2 family members
(Cassidy-Stone et al. 2008; Abdelwahid et al.
2010). A role for BAX in fusion has also been
connected to the permeability transition pore
opening on the mitochondrial inner mem-
brane, leading to necrosis (Whelan et al. 2012).

The link between BCL-2 family proteins
and mitochondrial dynamics was first uncov-
ered when Drpl (homolog of yeast Dnm1) was
found to promote BAX-induced mitochondrial
fission and cell death (Frank et al. 2001; Kar-
bowski et al. 2002). In contrast to dying cells,
BAX promotes mitochondrial fusion in healthy
cells (Karbowski et al. 2006). This dichotomy is

shared by the C. elegans BCL-2 homolog CED-
9, which is an essential inhibitor of cell death
but can show pro-death functions (Hengartner
and Horvitz 1994a). Although CED-9 interacts
with FZO-1 (human Mfn1/2) to stimulate mi-
tochondrial fusion in healthy cells, CED-9 also
is required for DRP1-dependent fragmenta-
tion of mitochondria during developmental
cell death (arguably both a death- and day-job)
(Jagasia et al. 2005). Similarly, human BCL-xg
can bind and induce Drpl-dependent mito-
chondrial fission, but this appears to be a day-
job rather than a cell death function, because
BCL-x; expression increases the number of neu-
ronal synapses and the number of mitochondria
localized to synapses, which is at least partially
dependenton Drpl (Berman etal. 2008,2009; Li
et al. 2008) (Fig. 3). These changes induced by
BCL-x; are associated with dramatically in-
creased spontaneous synaptic activity (Li et al.
2008). More direct evidence that BCL-2 family
proteins can alter synaptic activity comes from
studies using the squid giant synapse. Microin-
jection of recombinant BCL-x; protein into
the squid nerve cell terminals dramatically in-
creases synaptic activity within ~15 min (Jonas
etal. 2003). Interestingly, BCL-x; can have oppo-
site effects on neuronal activity in this squid
model depending on the stimulus. Microinjected
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BCL-x; delays hypoxia-induced synaptic de-
cline, but also enhances the detrimental effects
of excessive neuronal activity (Jonas et al. 2004,
2005b; Hickman et al. 2008b). These findings
were confirmed using the tailor-fit small molec-
ular inhibitor of BCL-x; ABT-737. The effects of
BCL-2 family proteins on synaptic activity cor-
relates well with their ability to form large versus
small channels on patch-clamped intracellular
mitochondria, in which recombinant proteins
are delivered through the inner patch pipette
(Jonas et al. 2003, 2004, 2005a). The ability of
caspase-cleaved BCL-x; to promote synaptic
run-down in squid under some conditions is
supported by the ability of ABT-737 to suppress
this effect of BCL-x; (Hickman et al. 2008a;
Ofengeim et al. 2012). This is in striking con-
trast to the death-promoting effects of ABT-737
in treating cancer.

Merging of day-job and apoptotic mecha-
nisms may be most apparent in the retraction
and growth of new neuronal projections and par-
ticularly dendritic spines that can be rapidly re-
modeled within minutes. Thus, it is conceivable
that BCL-2 family proteins carry out their clas-
sical apoptotic functions except that instead of
death of the entire cell, only a tiny appendage
of an enormous neuron is effectively “killed” as
part of normal synaptic plasticity. However, it is
unlikely to be this simple. Nevertheless, recent
analysis of a caspase-resistant BCL-x; knockin
mouse is consistent with this hypothesis (Ofen-
geim et al. 2012). A mouse in which the two cas-
pase cleavage sites in BCL-x; were mutated to
render BCL-x; uncleavable is strikingly resistant
to transient ischemic injury. Fitting with a pro-
death role of cleaved BCL-x;, and not simply
preservation of uncleaved full-length BCL-x;,
ABT-737 protects wild-type animals from neu-
ronal loss in the hippocampus following an is-
chemic event, again opposite to its expected role
in killing tumor cells (Ofengeim et al. 2012).
However, these effects of BCL-x appear not to
involve BAX and BAK, but may involve non-
apoptotic functions of caspases.

Currently, it is not clear if the opposite effects
of individual mammalian and worm (and per-
haps Drosophila) BCL-2 family proteins on mi-
tochondrial shape changes require any shared

biochemical mechanisms. However, recent in vi-
tro studies argue even stronger that BCL-2 family
proteins may have an intimate role in membrane
fusion reactions. Biochemical approaches sug-
gest that Drp1 induces a hemifusion state in the
mitochondrial outer membrane (Montessuit
et al. 2010; Landes and Martinou 2011). In this
manner, Drpl creates a local lipid topology that
promotes BAX oligomerization, consistent with
colocalization of Drp1 and BAX in spots found at
sites of mitochondrial fission (Karbowski et al.
2002; Montessuit et al. 2010). This function of
Drp1 does not require its GTPase activity, which
is required for mitochondrial fission. If BAX oli-
gomerizes at stalled fission junctions, it is con-
ceivable that outer membrane permeability is
the result of a defective, excessive, or incomplete
fission process (Montessuit et al. 2010).

On the day-job side, development of a pow-
erfulinvitro fusion assay has served to showarole
for BAX in mitochondrial fusion in vitro (Meeu-
sen and Nunnari 2007; Hoppins et al. 2011).
By mixing together two populations of mito-
chondria decorated with different fusion protein
components unique to the cells from which they
were isolated, the effects of these protein compo-
nents can be rigorously evaluated. These studies
reveal that BAX and BCL-x; (separately) can pro-
mote Mfn2-dependent fusion of isolated mito-
chondrial organelles in vitro, fitting with their
functions in healthy mitochondria. These mam-
malian studies are built on earlier work in yeast,
Drosophila, and C. elegans that first identified
the mitochondrial fission, fusion, and mainte-
nance factors and continue to significantly ad-
vance knowledge that would not otherwise be
possible (Labrousse et al. 1999; Shaw and Nun-
nari 2002; Tan et al. 2008; Rolland et al. 2009).

Although some of the effects on mitochon-
drial structure are exerted at the OMM, recent
findings indicate that BCL-2 proteins can also
affect mitochondrial structure and function by
acting intramitochondrially (Hardwick et al.
2012). Although the long-standing dogma in-
dicates that the apoptotic functions of BCL-2
family proteins are exerted exclusively at the
OMM, this topic was recently revisited as sev-
eral studies have shown that antiapoptotic BCL-
2 proteins can be imported into mitochondria
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and likely associate with the inner mitochondri-
al membrane in which they are suggested to
carry out nonapoptotic functions (Huang and
Yang-Yen 2010; Vento et al. 2010; Alavian et al.
2011; Chen et al. 2011; Warr et al. 2011; Percia-
valle et al. 2012). These studies follow earlier
reports of inner mitochondrial membrane lo-
calization of BCL-2 (Hardwick et al. 2012). In-
tramitochondrially localized BCL-x is suggest-
ed to regulate mitochondrial ATP production
by interacting with the F;Fy ATP synthase com-
plex and by stabilizing the inner membrane po-
tential, thereby providing significant energy
conservation (Alavian et al. 2011; Chen et al.
2011). MCL-1 has been shown to possess a
bona-fide mitochondrial presequence that me-
diates AW-dependent MCL-1 import into the
mitochondrial matrix. Matrix-localized MCL-
1, while devoid of antiapoptotic activity, has
been shown to regulate the structure of mito-
chondrial cristae and the ATP synthase to alter
ATP production as well (Perciavalle et al. 2012).

Non-BCL-2 familyapoptosis regulators have
also been found to be imported into mitochon-
dria, suggesting much broader roles for apopto-
sis regulators at this unexpected location. Re-
cently, p53 was reported to accumulate in the
mitochondrial matrix and trigger mitochondri-
al permeability transition pore (PTP) opening
by interaction with the PTP regulator cyclophilin
D (CypD) in response to oxidative stress (Vaseva
etal. 2012). Interestingly, BCL-2, which in some
studies localizes preferentially at the inner mito-
chondrial membrane (Gotow et al. 2000) and
not OMM, was show recently to also interact
with matrix-localized Cyp D (Eliseev et al.
2009). Discrepancies between studies regarding
the subcellular localization of different BCL-2
family proteins may reflect different cell types
and energetic states, but may also reflect here-
to unappreciated conformation-dependent epi-
topes recognized by different antibodies. The
availability of genetic knockouts/knockdowns
will help clarify these issues.

REGULATORS OF CALCIUM HOMEOSTASIS

Although mitochondria are considered the pri-
mary site of action of BCL-2 family proteins,

BCL-2 Proteins in Cell Physiology

many of these proteins also localize at the ER
and recent studies have shown that pro- and anti-
apoptotic family members exert opposing ef-
fects on ER Ca®" handling. Although early stud-
ies noted that overexpression of BCL-2 can affect
Ca’" signaling and redistribution of Ca*" from
ER to mitochondria (Baffy et al. 1993), it was
subsequently found that BCL-2 reduces basal
ER Ca®" levels specifically through increasing
Ca*" leak into the cytosol (Palmer et al. 2004).
BCL-x; waslater found to exert a similar effect on
enhancing Ca®" leak from ER and maintaining a
low basal ER calcium concentration (White et al.
2005).

Although it was originally hypothesized that
BCL-2 (and BAX) alter ER calcium levels
through their channel-forming ability, it was lat-
er shown that this effect does not depend on
their putative pore-forming domains (Chami
et al. 2004). Subsequent studies suggested in-
stead that regulation of ER calcium levels by
BCL-2 proteins occurs through direct or indirect
modulation of ER calcium channels. BCL-2 was
found to bind and inactivate the calcium pump,
SERCA (Dremina et al. 2004), and to induce a
decline in SERCA2D levels following overexpres-
sion (Vanden Abeele et al. 2002). More recent
studies pointed to a role of BCL-2 family pro-
teins in regulating the IP3R function, although
the mechanisms involved are still debated (Pin-
ton and Rizzuto 2006). Several groups have
shown that the prosurvival effect of BCL-2 and
BCL-x; at the ER is promoted by an increase in
ER Ca”" leak leading to low basal ER Ca®" con-
centrations and thus to a reduction in stress-in-
duced ER Ca’" release (Oakes et al. 2005; White
et al. 2005). BCL-2 and BCL-x; were shown to
directly bind IP3R and modulate its Ca*" con-
ductance, which in the case of BCL-2 appears to
involve an effect on IP3R phosphorylation state.
MCL-1 has been recently shown to bind IP3R as
well and function in a similar manner at the ER
(Eckenrode et al. 2010). These effects of BCL-2
proteins appear to involve activation of IP3R
channel gating by an allosteric mechanism that
sensitizes the channel to low inositol 1,4,5-tris-
phosphate concentrations and accounts for the
reduced steady-state ER Ca®" levels (White et al.
2005; Eckenrode et al. 2010). At least for BCL-2,
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ER calcium regulation appears to be modulated
by phosphorylation as phosphorylated BCL-2,
which resides primarily at the ER, cannot reduce
basal ER Ca*" levels (Bassik et al. 2004; Oakes
et al. 2006).

Other studies have found instead that inter-
action between IP3R and BCL-2 results in in-
hibition of IP3R and consequently a reduction
in stress-induced IP3R-mediated Ca*" release,
elevation of cytosolic calcium and mitochon-
drial calcium overload. Consistent with this al-
ternate model a peptide derived from IP3R has
been shown to disrupt the BCL-2/IP3R inter-
action and reverse the inhibitory effect of BCL-
2 on IP3R (Rong et al. 2008). The inhibitory
effect of BCL-2 was attributed to the BH4 do-
main of BCL-2 that binds the regulatory and
coupling domain of IP3R (Rong et al. 2009).
The interaction of BCL-2 proteins with the
IP3R likely involves multiple binding sites, as
amino-terminal truncation of MCL-1 still binds
efficiently to the IP3R (Eckenrode et al. 2010).
Although this second modelis also supported by
substantial evidence, it does not provide an ex-
planation for the observed effects of BCL-2 and
BCL-x; on resting ER calcium levels.

Regarding the proapoptotic BCL-2 proteins
it has been found that cells from BAX and BAK
double knockout (DKO) mice also have lower
resting ER calcium levels and are protected from
apoptotic stimuli that signal through calcium
(Scorrano et al. 2003). Based on these findings
it has been proposed that in contrast to BCL-2
and BCL-x;, BAX and BAK elevate ER Ca’"
concentration and trigger ER Ca*" release and
its uptake by the mitochondria following stress
(Scorrano et al. 2003; Oakes et al. 2005). Al-
though BAX and BAK have been shown to reg-
ulate IP3R1 and Ca>" leak, no direct interaction
between BAX/BAK and IP3R has been observed
and these effects may be mediated through
modulation of BCL-2/IP3R1 interaction and
IP3R1 phosphorylation state (Oakes et al
2005). Although overexpression of BCL-2 or
BCL-x also results in a decreased capacitative
Ca*t entry, reduction of calreticulin and
SERCA?2 levels, as well as altered IP3R levels,
none of these effects were noted in BAX/BAK
DKO cells (Scorrano et al. 2002, 2003).

A role in regulating ER calcium release has
also been reported for several BH3-only pro-
teins, including BIK/NBK, PUMA, and NIX/
BNIP3. ER-localized BIK has been shown to
be required for BAX/BAK-dependent ER Ca*"
release and cytochrome c release in response to
genotoxic stress (Mathai et al. 2005). Similarly,
PUMA hasbeen shown to contribute to ER Ca**
depletion-induced apoptosis by modulating
BAX activity (Luo et al. 2005). Another study
showed that ER-localized NIX/BNIP3 was re-
quired to induce Ca**-mediated PTP opening
and loss of AW, in cardiomyocytes, although
the mechanism by which NIX modulates ER
Ca*" levels is unknown (Diwan et al. 2008).

The release of calcium from the ER has been
reported to be a control point for initiation
of apoptosis in response to several stimuli,
such as arachidonic acid, ceramide, and H,0,
(Scorrano et al. 2003). Subsequent studies have
shown, however, that ER calcium regulation
is also involved in nonapoptotic functions of
these proteins (i.e., mitochondrial energy me-
tabolism and T-cell activation [Jones et al.
2007]), suggesting that ER Ca>" regulation rep-
resents another day-job function of these pro-
teins. Such nonapoptotic functions of BCL-2
proteins appear to be conserved as the zebrafish
BCL-2 homolog Nrz has been recently shown
to control the cytoskeletal dynamics during ze-
brafish development by regulating ER Ca*" re-
lease through direct interaction with the IP3R1
(Popgeorgiev et al. 2011).

VIRAL BCL-2 PROTEINS: AN UNEXPECTED
MIXED BAG

Many viruses encode proteins that localize to
mitochondria, for example, the RNA viruses
HIV and influenza virus, but the functions of
these proteins in virus infection and virus-host
cell interactions are only partially delineated
(Boya et al. 2004; Gocnikova and Russ 2007).
Although BCL-2-like proteins have not been
identified in the genomes of RNAviruses or small
DNA viruses, in which coding capacities are
preciously conserved, all three large DNA virus
families infecting mammals, herpesviridae, ad-
enoviridae, and poxviridae, encode proteins that
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are included in the BCL-2 family by at least one
criterion. However, many of these viral BCL-2-
like factors differ greatly in sequence or function
from each other and from cellular BCL-2, but all
appear to maintain a BCL-2-like three-dimen-
sional structure. The open reading frames of
viral BCL-2-like genes are unspliced and gener-
ally located in variable regions of their respec-
tive viral genomes, suggesting that they were
acquired from their host cell to success-
fully establish a stable virus—host relationship.
This assumption challenges some theories sug-
gesting precellular origins for at least some viral
genomes. Like the viral oncogenes of avian and
other retroviruses that differ from their homo-
logs in host cells (proto-oncogene), viral BCL-
2-like proteins appear to be resistant to cellular
regulatory mechanisms relative to their cellular
counterparts (Bellows et al. 2000; Irusta et al.
2003).

BCL-2 Proteins in Cell Physiology

Antiapoptotic activity has been confirmed
for several unrelated poxvirus BCL-2-like pro-
teins, including vaccinia virus F1L (Wasilenko
et al. 2003) and N1L (Cooray et al. 2007), virus
MI11L (Su et al. 2006), parapoxvirus ORF virus
ORFV125 (Westphal et al. 2007), and fowlpox
virus FPV039 (Banadyga et al. 2007), plus the
obvious homologs of these proteins encoded by
related poxviruses (Fig. 4). Similarly, obvious
BCL-2 homologs with antiapoptotic activity
are found in essentially all y herpesviruses
(Henderson et al. 1993; Cheng et al. 1997b;
Nava et al. 1997). Furthermore, one or both of
the BCL-2 homologs of y herpesvirus Epstein—
Barr virus (BHRF1 and BALF1) is required for
this virus to immortalize B cells and inhibit cell
death and perhaps other functions (Altmann
and Hammerschmidt 2005; Seto et al. 2010),
although BALF1 lacks obvious antiapoptotic
activity (Bellows et al. 2002). It has long been

Viral Bcl-2 family proteins

Herpesviruses (y) (e.g., Epstein—Barr virus)

BHRF1 anti-death

BALF1 not strongly anti-death

0 [0 0 [T [TTE Adenovirus E1B-19K

Anti-death

Not anti-death

Poxviruses

[T o] o T Fowipox virus FPVO39
I [ [T [ T yxomavirus (raboi) M1 1L

Vaccinia virus (e.g., Copenhagen vaccine strain)

N I 5 L
[ N e mpls

C16L, C6L, C1L, N2L, K7R,
A46R, A52R, B15R, B22R

Figure 4. Viral BCL-2 family proteins with and without significant amino acid sequence similarity. BCL-2 family
assignment of viral proteins are based on three-dimensional structure determinations or predicted structures.
These proteins are found in the three large DNA virus families of mammals as indicated, although some lack
detectable activities related to apoptosis (yellow boxes). See Figure 1 legend for BH motif key.
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assumed that the antiapoptotic activity of viral
BCL-2 homologs of «y herpesviruses contribute
importantly to the B-cell lymphomas and many
othercancersassociated with these viruses. It was
this transformation-promoting function of ad-
enovirus E1B-19K that first revealed the impor-
tance of anti-death activity in ElA-induced
transformation as well as mammalian virus
pathogenesis (Rao et al. 1992). However, adeno-
viruses are not associated with any known hu-
man cancers, implying that E1B-19K serves to
combat virus-induced apoptosis thatis activated
as a host defense-response (Degenhardt et al.
2000). The mechanisms by which viral BCL-2-
like proteins inhibit BAX/BAK-dependent cell
death is best characterized for E1B-19K (Perez
and White 2000; Cuconati and White 2002; Shi-
mazu et al. 2007).

Functional analyses and three-dimensional
structure determination of a number of poxvi-
rus proteins has revealed an unexpected pleth-
ora of diverse BCL-2-like proteins. Some of
these proteins show antiapoptotic activity, but
contain limited sequence similarity to the BH
motifs that define the cellular BCL-2 family
(Fig. 4; FPV039, ORFV125) (Taylor et al. 2006;
Banadyga et al. 2009), whereas others have no
amino acid sequence similarity to other known
BCL-2 proteins, yet adopt a BCL-2-like helical
structure (Fig. 4; e.g., F1L, N1L) (Taylor et al.
2006).

Three-dimensional structure determination
has uncovered many other BCL-2-like proteins
encoded by vaccinia virus, and thereby inferred
for other related Orthopox viruses. In addition
to the characterized antiapoptotic F1IL and N1L
proteins, there are seven additional genes in
the common laboratory strain Western Reserve
and 12 genes in the related Copenhagen vaccine
strain (Fig. 4) that also appear to adopt a BCL-
2-like fold despite the lack of any obvious se-
quence similarity to cellular BCL-2 proteins
(Graham et al. 2008; Kalverda et al. 2009).
Three-dimensional structures have been solved
for a subset of these proteins referred to as the
A46 subfamily (A46, A52, B14, and K7). Unlike
FIL and N1L, the A46 protein family lacks de-
tectable antiapoptotic function despite obvious
BCL-2-like structural similarity. Rather, func-

tions assigned to these factors include inhibi-
tion of TLR signaling and suppression of host
immune responses (Gonzalez and Esteban
2010). Consistent with the lack of antiapopto-
tic activity, the three-dimensional structures of
A52, B14, and K7 reveal that the BH3-binding
hydrophobic groove common to antiapoptotic
viral and cellular BCL-2-like proteins is occlud-
ed and unable to bind BH3-peptides. In con-
trast, the antiapoptotic FIL and N1L vaccinia
virus proteins (and M11L of myxoma virus)
have an open groove and bind with high affinity
to BH3 peptides of proapoptotic proteins
(Aoyagi et al. 2007; Douglas et al. 2007; Kvan-
sakul et al. 2008). The remaining 4—5 putative
BCL-2-like proteins of vaccinia viruses are more
distantly related to the A46 subgroup, but se-
quence analysis and secondary structure predic-
tions suggest that several members of the C6 and
C16/B22 groups, as well as N2 and C1 proteins
also have an all-a helical structure compatible
with the 3D structural fold of BCL-2 despite
lacking sequence homology to other BCL-2 pro-
teins. Similarly, they are suggested to function in
innate immunity (Gonzalez and Esteban 2010).
Unlike antiapoptotic F1L, M11L, and FPV039,
which are single copy genes, multiple A46-relat-
ed genes are present in a single genome, raising
the possibility that many more yet unidentified
BCL-2-like proteins may be present in other vi-
ral and cellular genomes.

AUTOPHAGY REGULATION BY VIRAL
AND CELLULAR BCL-2 PROTEINS

Recent studies indicate that in addition to their
apoptotic roles, members of BCL-2 family pro-
teins also regulate autophagy (Levine et al. 2008,
2011; He and Levine 2010; Kang et al. 2011).
Antiapoptotic BCL-2 proteins including BCL-2
(Pattingre et al. 2005), BCL-x; (Maiuri et al.
2007b), BCL-w (Erlich et al. 2007), and MCL-1
(Germain and Slack 2011; Malik et al. 2011) have
been shown to interact with the autophagy reg-
ulator Beclin 1, the homolog of yeast Atg6, and
to inhibit autophagy. Inhibition of autophagy
and binding to Beclin 1 has also been reported
for herpesvirus BCL-2 homologs, including
KsBCL-2 (Pattingre et al. 2005), and M11, the
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latter binding Beclin 1 with higher affinity and
being a stronger suppressor of autophagy than
cellular BCL-2 (Ku et al. 2008). Interestingly,
suppression of autophagy but not apoptosis
by MI1 is required for chronic infection by
yHerpesvirus 68 as a virus encoding a mutant
MI11 that cannot bind Beclin 1 but still binds
proapoptotic BCL-2 proteins is impaired in es-
tablishing chronic infection (E et al. 2009).
Structural and mutational studies show that
Beclin 1 contains a functional BH3 motif that
mediates binding to antiapoptotic proteins
(Maiuri et al. 2007b; Oberstein et al. 2007).
This is supported by structures of the Beclin 1
BH3 motif inserted into the hydrophobic
groove on BCL-x; in a manner similar to other
BH3 domains of proapoptotic proteins (Maiuri
et al. 2007b; Oberstein et al. 2007; Sinha et al.
2008). This finding raises the possibility that
autophagy could also be modulated by other
BH3-containing proteins as well. Indeed BH3-
only proteins including BAD and BIK have been
reported to disrupt BCL-x;-Beclin and BCL-2-
Beclin interaction, respectively, to induce au-
tophagy (Maiuri et al. 2007a; Chang et al.
2010). The role of BH3-only proteins in au-
tophagy regulation appears to be evolutionari-
ly conserved as a gain-of-function mutation
of EGL-1 increases autophagy whereas EGL-1
deletion results in impaired autophagy in the
nematode C. elegans (Maiuri et al. 2007b). Sim-
ilarly, the small molecule BH3-mimetic ABT-
737 competitively disrupts the interaction
between BCL-2/xL and Beclin-1 to stimulate
autophagy (Maiuri et al. 2007a). However, the
involvement of multidomain proapoptotic
BAX and BAK in autophagy is unclear. Al-
though cells deficient in both BAX and BAK
have an increased rate of autophagy suggesting
that BAX/BAK directly or indirectly inhibit
autophagy (Moretti et al. 2007), other studies
have found that BAX expression induces mito-
chondrial autophagy (Yee et al. 2009). Perhaps
this is not surprising given that endogenous
BAX promotes mitochondrial fusion in healthy
cells, which could be expected to slow mitoph-
agy, but overexpressed BAX induces mitochon-
drial fission in apoptotic cells, fitting with evi-
dence that fission serves to produce small

BCL-2 Proteins in Cell Physiology

mitochondria destined for destruction (Twig
et al. 2008).

BCL-2 and other family members have been
reported to reside on ER membranes and to be
involved in calcium homeostasis at this site. Ev-
idence suggests that only ER-localized BCL-2,
and not mitochondrial BCL-2, negatively regu-
lates Beclin 1-dependent autophagy at an early
step by disrupting Beclin 1 interaction with
Vps34 (Pattingre et al. 2005). Consistent with
this model, the ER-localized protein NAF-1
(nutrient-deprivation autophagy factor-1) en-
hances the interaction of BCL-2 with Beclin 1
to suppress autophagy, and further promotes
this cell-survival process by binding and inhibit-
ing BH3-only protein BIK (Chang et al. 2010).
In apparent contrast with the above findings, the
mitochondrial pool of BCL-2 is also able to in-
hibit autophagy by interacting with and seques-
tering the Beclin 1-binding, positive regulator of
autophagy, AMBRAI (Strappazzon et al. 2011).
These are early days in the quest for delineating
the role of BCL-2 proteins in autophagy, further
hampered by the lack of biochemical details. In
addition, none of these proposed mechanisms
are mutually exclusive.

CONCLUDING REMARKS

Considerable evidence now indicates that pro-
and antiapoptotic BCL-2 family proteins have
functions other than regulating apoptosis and
that these functions are important for normal
physiology of healthy cells. These noncanoni-
cal functions of BCL-2 family proteins are un-
likely to be fully explained by classical apoptosis
regulatory activities in which anti-death BCL-2
proteins directly bind and inhibit proapopto-
tic BCL-2 family proteins to control the release
of cytochrome ¢ from mitochondria in the in-
trinsic apoptosis pathway. The identification
of multiple BCL-2-shaped proteins encoded
by viruses, which either regulate apoptosis or
have nonapoptotic functions, raises interesting
questions about the underlying biochemical
function inherent to BCL-2-shaped proteins,
including those bacterial toxins that also share
structural similarity to BCL-2 family proteins
(e.g., Diphtheria toxin), but lack significant
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amino acid sequence similarity. Despite remark-
able progress, currently there is no known bio-
chemical function that explains the three-di-
mensional protein structure shared by BCL-2
family members. Thus, both anti- and pro-
apoptotic BCL-2 proteins potentially harbor a
common underlying biochemical function not
yet discovered. Compelling evidence further in-
dicates that the characteristic shape of BCL-2
proteins in solution will differ greatly from their
membrane-inserted structures, but the details of
these alternative structures remain elusive. Per-
haps resolution of these novel structures will
help answer another major unanswered ques-
tion in the field about the relative importance
of noncanonical versus the apoptosis functions
of BCL-2 proteins in determining cell fate.
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