LIST OF ABBREVIATIONS

a.a. amino acid

AlF apoptosis-inducing factor

AM acetoxymethyl ester

AMP adenosine monophosphate

APAF-1 apoptotic protease-activating factor-1
ASK1 apoptotic signaling kinase 1

ATG5 autophagy protein 5

ATP adenosine-5’-triphosphate

Bad Bcl-2-associated agonist of cell death
BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
Bak Bcl-2 antagonist/killer

Bax Bcl-2-associated X protein

Bcl B-cell lymphoma

BH Bcl-2 homology

Bid BH3-interacting domain death agonist
Bik Bcl-2-interacting killer

Bim Bcl-2-interacting mediator of cell death
BMF Bcl-2-modifying factor

Bok Bcl-2-related ovarian killer

[Ca® eyt free cytosolic Ca®* concentration
[Ca?]er ER Ca?" concentration

[Ca®m mitochondrial Ca®* concentration
CaBP Ca®*-binding protein

CaM calmodulin

CaMK Ca’ */calmodulin-dependent protein kinase
CAMP cyclic AMP

caspase cystein-aspartic protease

CICR Ca®*-induced Ca*" release

CLL Chronic lymphocytic leukemia
CRAC Ca?" release -activated channel

CRT calreticulin

Cytc cytochrome ¢

DAG diacylglycerol

DD death domain

DISC death-induced signaling complex
DLBCL diffuse large B-cell lymphoma

DTT dithiothreitol

dyT double yeast, tryptophan

ECL enhanced chemiluminescence

EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol tetraacetic acid

ER endoplasmic reticulum

FADD Fas-associated death DD protein

FAS apoptosis-stimulating fragment

FLIP FLICE-inhibitory protein

GAPDH glyceraldehyde 3-phosphate dehydrogenase
GPCR G protein-coupled receptor

Grp75 glucose-regulated protein 75

GST glutathione S-transferase

h hour(s)

HBSS Hank’s balanced salt solution

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IAP inhibitor of apoptosis

IDP IPsR-derived peptide

IgM immunoglobulin M

IICR IPs-induced Ca?* release

IMM inner mitochondrial membrane

IMS inner mitochondrial space



IP3 inositol 1,4,5-trisphosphate

IPsR IP; receptor

IPTG isopropyl-p-D-thiogalactoside

JNK c-Jun N-terminal Kinase

kDa kilodalton

LBD ligand-binding domain

MAMs mitochondrial-associated membranes

Mcl-1 myeloid cell leukemia sequence 1

MCU mitochondrial Ca?* uniporter

MEF mouse embryonic fibroblast

MFN mitofusin

min minute(s)

MOMP mitochondrial outer-membrane permeabilization

NCX Na*/Ca?*-calcium exchanger

NFAT Nuclear factor of activated T cells

OMM outer mitochondrial membrane

PAGE polyacrylamide gel electrophoresis

PARP poly-ADP-ribose polymerase

PBS phosphate-buffered saline

PE phosphatidylethanolamine

PI3K phosphatidylinositol 3-kinase

PIP, phosphatidylinositol 4,5-bis-phosphate

PKB protein kinase B/AKT

PKC protein kinase C

PLC phospholipase C

PMCA plasma-membrane Ca®* ATPase

PML promyelocytic leukemia protein

PP2B protein phosphatase 2B/calcineurin

PTP permeability transition pore

PUMA p53-upregulated modulator of apoptosis

PVDF polyvinylidene fluoride

RIPA radioimmunoprecipitation assay

ROC receptor operated channel

RyR ryanodine receptor

SDS sodium dodecyl sulfate

SEM standard error of the mean

SERCA sarco-endoplasmic reticulum Ca** ATPase

Smac/DIABLO small mitochondria-derived activator of caspase/direct inhibitor of
apoptosis-binding protein with low pl

SOC store-operated channel

SPCA secretory pathway Ca** ATPase

SR sarcoplasmic reticulum

STIM Stromal interaction molecule

STS staurosporine

TCR T cell receptor

TG thapsigargin

™ transmembrane

TMD transmembrane domain

TNF tumor necrosis factor

TRAIL TNF-alpha-related apoptosis-inducing ligand

VDAC voltage-dependent anion channel

VOC voltage-operated channel
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1 Cell death: suicidal, criminal or both?

A single cell of a multicellular organism is an active participant of its milieu, constantly
adapting to the changing physiological demands and to contingent extracellular stressors. It
strives against many different types of stress like nutrients deprivation, chemical stress,
oxidative stress, irradiation, pathogens, etc. In response to these stressful circumstances, cells
face an almost Shakespearean dilemma: to die or not to die? Under low-stress conditions, they
may attempt to cope with the injury by taking pro-survival measures and meanwhile repair the
damages. The best example of such a lifespan-extending strategy is autophagy [from the
Greek “to eat” (“phagy”) oneself (“auto”)] [1]. Stressed cells that underwent autophagy
generate energy and metabolites by digesting their own organelles and macromolecules in a
sort of cell self-cannibalism. However, if the aforementioned stress conditions are too severe
or prolonged over time then the cell is on a one-way trip to death. The sentence of cell death
may just follow the failure in the autophagic-adaptive response [2] or occur via two different
processes known as necrosis (from the Greek “nekros,” for corpse) and apoptosis (from a
Greek compound word that suggests “the falling off of leaves”) [3, 4] (Fig.1, next page).
Necrosis is generally considered a pathological and often “accidental” form of cell death in
response to extremely harsh physicochemical insults. Apoptotic cell death is instead a tightly
controlled cell suicide program not necessarily detrimental for the whole organism. The two
forms of cell demise overlap to some extent and apoptosis may in some cases progress to
necrosis. Moreover, it became clear that an intermediate situation between the two exists
(called necroptosis) which is phenotypically similar to necrosis but relies on a genetic
program [5-7]. Even more complicated, cell death might also proceed by following additional
routes which have been recently identified but are not yet well characterized (such as anoikis,

entosis, parthanatos, etc., see [7]).
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As for the necrotic cells, they are morphologically characterized by a general cell swelling
which leads to membrane permeabilization and cell lysis. The intracellular material is thereby
released in the extracellular environment and causes a sustained inflammatory response.
Contrarily, apoptosis is an “implosive”-death mode because it doesn’t compromise cell
integrity. Apoptotic cells drastically shrink, lose contacts with their neighbors, their DNA
becomes fragmented and their cell membrane protrudes forming blebs. As a result, small
vesicles incorporating various cell fragments shed from the cellular surface. These so-called
apoptotic bodies present a distinctive plasma-membrane reorganization [8, 9] that guarantees
their prompt recognition and phagocytic removal by macrophages and neighboring cells.
Since no inflammation follows, apoptosis can be seen as a “stealth” way to remove
superfluous or damaged cells without causing harm to the healthy cells. If the removal of
apoptotic bodies is delayed or nonexistent, as in cell-culture conditions, secondary necrosis
follows apoptosis [10, 11].

The next subsections will provide an overview of apoptosis with a definition of the main
intracellular events, which take place upstream to the morphological rearrangements just

mentioned.
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Normal

Fig. 1: The basic ways by which cells deal with stress. Under stress conditions, cellular adaptation
may result via a hand-to-mouth strategy (autophagy). Alternatively, intracellular component are
“packaged” towards cell suicide (apoptosis). However, if the injury is too severe or prolonged over
time, the only way to go is a crude cell explosion (necrosis/necroptosis). In some cases a particular cell
response can progress to the other. Adapted from [12].
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1.1 Molecular components of apoptosis signaling

Apoptotic cell death is an evolutionary conserved form of programmed cell death. This
process is crucial for both embryonic development and adult-tissue homeostasis by ensuring
the physiological removal of redundant, infected, damaged or transformed cells. Every day, in
an impulse of unconscious altruism, almost 70 billion of our cells decide to sacrifice
themselves for the sake of the whole organism [13, 14]. In contrast, a defective “cell suicide”
can lead to pathophysiological conditions such as cancer or neurodegenerative and
autoimmune diseases due, respectively, to excessive cell proliferation or uncontrolled cell
death [15, 16].

Once the apoptotic response is triggered, the death sentence may be pronounced at the cell
surface or directly involve the cell inner space. In vertebrates, this a priori distinction justifies
the definition of two different but often interconnected apoptotic routes, the extrinsic and the
intrinsic pathway [17] (see Fig. 2). The former is particularly important for the immune
response and tolerance, the latter has more relevance in tissue homeostasis and stress
responses [10, 18]. Both pathways may occur concomitantly and are eventually associated
with the downstream release of apoptotic mediators from intracellular organelles and
activation of enzymes responsible for the ordered breakdown of the cell [19]. Among these
enzymes, the most relevant to the apoptotic cell dismantling are certainly the “cysteine
aspartate” proteases (caspases). As suggested by the name, these proteases exploit their
catalytic site, containing a highly conserved cysteine residue, to specifically cleave their
substrates at the level of internal aspartic-acid residues. Two different classes of caspases are
instrumental in apoptosis: the initiator caspases (caspase-2, -8, -9, -10 and -12) and the
effector caspases (caspase-3, -6 and -7) [20]. Both classes are initially dormant in the cell as
inactive precursors (procaspases) that need to be further processed. Upon apoptosis induction,

the initiator caspases are activated as a consequence of a clustering process. Successively,
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these fully active proteases activate, via a hierarchical proteolytic cascade, the effector
caspases. The latter are the ones in charge of executing the cell-death process by cleaving
several substrates including cytoskeletal proteins, transcription factors or DNA-repair
enzymes such as PARP (poly-ADP-ribose polymerases) [21]. What follows is the series of
cell morphological changes already described as apoptosis trademarks. The only exceptions to
this general cascade model are represented by the endoplasmic reticulum (ER)-stress- and the
perforin/granzyme B-induced apoptosis [10, 22]. In both cases the initiator-caspases step may
be bypassed in favor of a direct activation of the effector caspases, however the detailed

description of these pathways goes beyond the scope of this introduction.

1.1.1 The extrinsic pathway

The extrinsic pathway, also known as “death-receptor pathway”, is triggered outside the cell
through the activation of pro-apoptotic receptors (Fig. 2, right). Hence, extracellular death
ligands, like the tumor necrosis factor (TNF), the TNF-related apoptosis-inducing ligand
(TRAIL) or the apoptosis-stimulating fragment (FAS), interact with their corresponding death
receptors on the cell surface. Upon ligation, receptors aggregate in the cell membrane by
means of their characteristic death domains (DD) and become activated [23]. Next, the
apoptotic signal propagates to the cell-inner space via the association of other DD-containing
proteins with the cytoplasmic domains of the receptors. Such adaptor proteins are defined as
Fas-associated death domain (FADD) and in turn recruit the initiator procaspases-8 and -10 to
form a macromolecular complex, called death-induced signaling complex (DISC). The DISC
assembly leads to the full activation of the mentioned initiator caspases that are now able to

cleave and activate the effector caspases-3, -6 and -7.
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Fig. 2: The intrinsic and extrinsic apoptotic pathway. In the intrinsic or mitochondrial pathway
(left), apoptotic sensors and effectors (BH3-only proteins, Bax, Bak) interplay towards MOMP
induction and release of Cytochrome c¢. Cytochrome ¢ promotes the formation of the apoptosome,
where caspase-9 is activated and cleaves effector caspases. In the extrinsic pathway (right), a death
ligand such as TNF, TRAIL or Fas Ligand transmits the apoptotic signal to the initiator caspase-8
which directly cleaves and activates the effector caspases or additionally the pro-apoptotic protein Bid
to induce MOMP. In both cases, the brakes to MOMP are provided by the anti-apoptotic proteins (Bcl-
2, Bel-Xl etc.). Adapted from [24].
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In cells with a poorly formed DISC, the apoptotic signaling is strengthened through the
simultaneous caspase-8 stimulation of the intrinsic pathway [25], as will be described in
section 1.2.2. Conversely, the recruitment to the DISC of a class of competitive inhibitors,
known as FLICE-inhibitory proteins (FLIPs), contravenes the seminal activation of the

initiator caspase-8 and therefore the downstream proteolytic cascade [26].

1.1.2 The intrinsic pathway and the mitochondrial outer membrane permeabilization

(MOMP)

The intrinsic pathway is initiated in response to various types of non-receptor-mediated
stressors ranging from DNA damage to drug cytotoxicity. This apoptotic route is often
addressed as the mitochondrial pathway given that mitochondria are here the key players [27]
(Fig. 2, left). Mitochondria are double-membrane intracellular organelles typically responsible
for the cell’s energy supply. They act as the “power plants” of the cell by converting the
electrochemical gradient established across their inner membrane into adenosine-5'-
triphosphate (ATP), the main energy source of cells [28]. Beyond the basal metabolism, the
mitochondrial production of ATP also drives many apoptotic events of both the extrinsic and
the intrinsic pathway [29]. Ironically, the crucial event in the intrinsic pathway is the partial
loss of mitochondrial integrity and consequently of mitochondrial membrane potential. This is
due to the MOMP event which represents, in most cases, the one-way ticket towards
apoptosis initiation and propagation [30]. Permeabilized mitochondria release several pro-
death factors from the inner mitochondrial space (IMS) into the cytosol e.g. Cytochrome C
(Cyt ¢), second mitochondria-derived activator of caspase (Smac/DIABLO), apoptosis
inducing factor (AIF), OMl/htra2 and endonuclease G [31]. All these molecules are
successively, directly or indirectly, facilitating the activation of the caspases. In more detail,

Cyt c is in its normal function involved in mitochondrial respiration, but upon release in the
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cytosol it binds to a specific adaptor protein named apoptotic protease-activating factor-1
(APAF-1). In turn, APAF-1 acts, similarly to the FADD proteins in the extrinsic pathway, by
oligomerizing and mediating the recruitment of the initiator caspase-9. Therefore, a caspase-
activation platform similar to the DISC, here termed “apoptosome”, is assembled and ready to
“turn on” the proteolytic activity of the executioner caspase-3. As listed previously, the
promoting role of Cyt c in the described cascade of events is assisted by the role of the other
proteins released from the IMS. Smac/Diablo and OMl/htra2 antagonize the inhibitor of
apoptosis (IAPs) proteins, members of a protein family with the ability to directly inhibit
caspases. On the other hand, endonuclease G and AIF are mitochondrial nucleases which play
a role in chromatin condensation and DNA fragmentation once freed in the cytosol [32].
Numerous models have been proposed for explaining MOMP execution, including the
formation of a putative megapore, better known as permeability transition pore (PTP) [33,
34]. The latter is a multi-protein complex spanning the inner and outer membranes of the
mitochondria that would provoke mitochondrial swelling and rupture of the outer membrane.
However, the currently most accepted model suggests a less harsh scenario wherein a set of
proteins of the Bcl-2 family (see section 1.2.2.) induces the formation of multimeric channel
complexes to guide the release of the aforementioned apoptogens. In detail, mitochondrial
permeabilization seems mainly due to a couple of Bcl-2 “effectors” proteins termed Bax and
Bak which oligomerize in the outer mitochondrial membrane (OMM) [35]. Unlike Bak, Bax
is primarily a cytosolic protein and undergoes conformational rearrangements for being able
to accumulate on the OMM [36]. The other Bcl-2-family relatives are engaged in a complex
set of interactions aimed at the regulation of Bax/Bak-mediated MOMP [37].

The next paragraphs discuss in detail the Bcl-2-family dynamics towards a pro- or anti-

MOMP outcome.
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1.2 Pro- and anti-apoptotic Bcl-2-family members

The pioneering observations concerning the Bcl-2-protein family were made in the context of
hematological systems or cancers originating from these cells. This protein family derives
indeed its name from the discovery, more than 2 decades ago, of B-cell lymphoma 2 (BCL2),
the firstly revealed anti-death gene. Excessive expression of the BCL2 gene was thereby
proven to be associated with the survival advantage observed for hematological cancer cells
[38, 39]. Thereafter, a new research field was set in motion and led to the progressive
discovery and characterization of many other Bcl-2 family members. Currently, more than 20
members [40, 41] are known and are classified as pro-apoptotic or anti-apoptotic according to

their ability to, respectively, promote or prevent MOMP.

1.2.1 Structure-function relationship for Bcl-2 proteins

A further subdivision of the two opposing classes is based on the presence of one or more of
the four structurally conserved alpha-helical regions defined Bcl-2-homology domains (BH
domains) [42]. The resulting three sub-families are defined as: 1) the pro-apoptotic-“BH3-
only” proteins (e.g. Bid, Bim, Bad, PUMA, Noxa); 2) the pore-promoting- or “effector”-
multidomain proteins (e.g. Bax and Bak, already mentioned above) and 3) the anti-apoptotic-
Bcl-2-like proteins (e.g. Bcl-2, Bcl-Xl, Mcl-1, Bcl-w, Al) (see Fig. 3). The last two sub-
families share all four homologous regions even though the presence of the BH4 domain in
the multi- domain pro-apoptotic proteins is still under debate [42, 43]. Moreover, they have a
similar structural organization with a central hydrophobic helix surrounded by at least five

amphipathic helices. The last helical portion, including one or more of the most C-terminal
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Fig. 3: Classification of the Bcl-2-family members according to their structure and function.
(Upper scheme) Bcl-2-family proteins can either have one (BH3-only), three/four (pro-apoptotic
multidomain) or four (anti-apoptotic multidomain) BH domains. The hydrophobic cleft formed by
BH3, 1 and 2 domains of the anti-apoptotic proteins (highlighted at the bottom Bcl-XI structure with a
yellow circle) is in charge of binding and inhibiting the pro-apoptotic members (multidomain or BH3-
only) at the level of their BH3 domain. The molecular and functional role of BH4 domain (light blue)
is under debate. Not shown in the bottom figure is a large, unstructured loop between residues 26—76
in the protein. Adapted from [35, 44].
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helices, is considered as their transmembrane domain (TMD) which allows the permanent or
temporary insertion into cellular membranes [45-49]. On the contrary, the BH3-only proteins,
apart from containing a single BH motif, as their name indicates, are very heterogeneous and
unstructured proteins often deprived of a TMD. According to the mainframe model, a network
of reciprocal interactions is built up by the triad of these Bcl-2 sub-families in order to
modulate MOMP occurrence [30]. Generally, Bcl-2-proteins interactivity relies on a key
three-dimensional protein structure termed “hydrophobic cleft”, shaped on the surface of the
anti-apoptotic proteins by the helices of their BH1, BH2 and BH3 domains. The hydrophobic
cleft serves as a selective binding pocket for the BH3 domain of the other Bcl-2 sub-families
belonging to the pro-apoptotic group (see Fig. 3). Besides the BH1, BH2 and BH3 domain,
the anti-apoptotic Bcl-2-family members, like Bcl-2 and Bcl-XI, require also the N-terminal
BH4 domain for retaining their anti-apoptotic activity [50-52]. However, the role of the BH4
domain in Bcl-2's pro-survival activity is not as well understood as that of the other three BH

domains and often controversial [53-55].

1.2.2 Interplay of Bcl-2 proteins at the mitochondria

In unstressed conditions, the pro-MOMP activity of the pro-apoptotic Bcl-2 group
(multidomain and BH3-only proteins) is neutralized by the interaction with their anti-
apoptotic Bcl-2 relatives on the OMM or in the cytosol. In response to an intrinsic apoptotic
stimulus, the BH3-only proteins act as sensors and get activated by transcriptional induction
(PUMA and Noxa), post-translational modification (Bad) or both [30, 56]. An important
exception concerns the BH3-only protein Bid which is cleaved to form its active truncated
counterpart (tBid) by caspase-8 and makes, as already anticipated in 1.2.1, a strong link
between extrinsic and intrinsic apoptotic pathways [25]. Once active, the BH3-only proteins

translocate to the OMM and either stimulate Bax and Bak pore-forming activity or alleviate
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the function of the anti-apoptotic Bcl-2 proteins, thereby favoring MOMP and its already
described effects [40, 41, 57] (see Fig. 4). Some of the BH3-only proteins (e.g. Bid and Bim)
are able to interact with both the anti-apoptotic repertoire as well as the MOMP-“effectors”,
Bax and Bak. They are addressed as ‘‘activators” since they are directly responsible of
unleashing Bax and Bak pro-MOMP activity. Other BH3-only proteins are solely able to bind
the anti-apoptotic repertoire and are referred to as ‘‘sensitizers’’ (e.g. Bad, Noxa, Bmf) (see
Fig. 4, upper frame). Their role is to lower the threshold for apoptosis by simultaneously
occupying anti-apoptotic members and releasing activators in favor of Bax and Bak
oligomerization. Importantly, the interaction between anti-apoptotic proteins and the
sensitizer BH3-only proteins displays a high degree of selectivity [58-61]. For instance, while
the BH3 domain of Bad mainly targets Bcl-2, Bcl-XI, Bcl-W, the BH3 domain of Noxa
mostly targets Mcl-1 and not the other sensitizers. Such selectivity has been exploited in
oncology research to develop BH3-domain mimetics which can disturb a specific subset of
interactions between the anti-apoptotic and the BH3-only proteins. In this way it is possible to
target only the anti-apoptotic proteins to which the particular cancer type is addicted for
survival. A good example comes from the new generation of BH3-mimetic compounds like
ABT-737 and ABT-199, derived from the BH3 domain of Bad and developed against
hematological malignancies [63-66]. They selectively target the hydrophobic cleft of Bcl-2
and Bcl-XI (ABT-737) or only Bcl-2 (ABT-199), and thereby displace the BH3-only proteins,

therefore deputizing the sensitizers activity.
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Fig. 4: Overview of the Bcl-2 proteins in action for regulating MOMP. Apoptotic stimuli engage
the activity of a subgroup of the pro-apoptotic Bcl-2 proteins, the BH3-only members, which in turn
stimulate pro-MOMP Bax and Bak oligomerization or alleviate the function of the anti-apoptotic

members. Upper frame: some BH3-only proteins can perform both roles (activators) and others only
the latter (sensitizers). Adapted from [62].
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Hitherto the function of Bcl-2 proteins in apoptosis has been described with respect to their
OMM interplay but a considerable portion of the Bcl-2 family resides elsewhere in the cell
[67-69]. The other important site where Bcl-2 proteins act to decide cell fate is the ER. This
multifunctional organelle is at some positions in close proximity to the mitochondria and, in
tandem with them, plays a major role in regulating intracellular Ca** signaling, as discussed in

detail in section 2.

2 Intracellular Ca®* homeostasis and cell death

Apart from its well-known role as primary mineral component of the skeletal system, Ca* is
an essential messenger molecule at the cellular level. Ca®* signals set up and/or regulate a
plethora of processes within (intracellular) and between (extracellular/intercellular) cells, such
as DNA transcription, cell cycle regulation, differentiation, cell motility/migration, muscle
contraction/relaxation, neurotransmission and also cell fate [70]. Interestingly, it is believed
that intracellular Ca®* signaling evolved from the initial tendency of primitive unicellular
eukaryotes to exclude Ca®* from their inner space. This behavior emerged as a way to avoid
intrinsic cytotoxicity of Ca®" in the cytosol [71]. However, further in evolution, intracellular
Ca®" homeostasis was exploited by the cell to assemble a versatile signaling network with
very different spatial and temporal dynamics. The formation of the correct spatio-temporal
Ca®* signals is guaranteed by an extensive cellular machinery named the Ca* toolkit [72, 73].
It comprises various Ca?*-binding (buffers, effectors) and Ca*-transporting (channels, pumps,
exchangers) proteins, present mainly in the cytosol, plasma membrane, ER and mitochondria.
Although this Ca**-homeostatic machinery should provide a normal cell function, yet the very
same system can also provoke robust, prolonged and potentially deadly increases of the free
cytosolic Ca®* concentration ([Ca2+]cyt) in response to cell stress or injury. These toxic Ca®*

signals are due to excessive Ca”" entry from the extracellular space, defective Ca®* extrusion
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from the cell, increased release from intracellular Ca®* stores or combinations of the above
[74]. In line with this, many apoptotic inducers are reported to exploit Ca**-dependent
pathways to carry out their apoptotic action. These inducers encompass physiological as well
as pharmacological factors and include hormones as corticosteroids, angiotensin Il and
testosterone, factors such as tumor necrosis factor, arachidonic acid, ceramide, NO and H,0,,
and pharmacological agents such as staurosporine, thapsigargin and cisplatin [75, 76].

The work presented in this thesis concerns the role of the intracellular Ca** stores in apoptotic
cell death, therefore after a better description of the Ca®* toolkit we will mainly focus on the

function of the ER as the principal intracellular Ca* store.

2.1 Intracellular Ca?* signaling: the Ca*" toolkit

In resting cells, the Ca®* toolkit ensures that [Ca2+]cyt is always maintained around 10.000-fold
lower (with an approximate value of 100 nM) than the extracellular matrix, by extruding Ca**,
chelating Ca®* in the cytosol or sequestering Ca®* in cellular stores [70]. The major
components of this Ca?* “OFF” mode are summarized below. First of all, the plasma-
membrane Ca®* ATPase (PMCA) actively pumps Ca** out of the cell [77]. On the same
location, the Na‘/Ca?* exchanger (NCX) plays a role in removing intracellular Ca** in
exchange for Na’, thereby driven by the Na’ gradient over the plasma membrane.
Intracellularly, the ER, or its counterpart in muscle cells, the sarcoplasmic reticulum (SR), is
the organelle in charge of sequestering Ca** from the cytosolic space. Here, the Ca®* pump
sarco-endoplasmic reticulum Ca?* ATPase (SERCA) guarantees, in concert with a set of Ca*-
buffering proteins (calreticulin, calnexin, etc.), a net ER/SR luminal Ca?* concentration
([Ca®"]er) in the range of ~1 mM [70, 78]. Additionally, SERCAs and other pumps known as
secretory-pathway Ca®* ATPases (SPCA) are also involved in the Ca** loading of membrane-

bound compartments like the Golgi complex and the secretory vesicles. [Ca2+]cyt in the cytosol
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is buffered by another set of Ca®*-buffering proteins comprising calbindins, parvalbumins and
calretinin, and it can be “sensed” by Ca’*-sensor proteins such as calmodulin [79].

Upon cell activation, in response to membrane depolarization, stretch, noxious stimuli,
extracellular agonists or depletion of intracellular Ca** stores, the [Ca2+]cyt can rise transiently
up to 1-10 pM. This “ON” mode is elicited through i) the Ca®" influx in the cytoplasm from
the virtually unlimited extracellular sources and ii) the Ca®* release from the intracellular
stores, mainly the ER and, to a lesser extent, the Golgi apparatus. On the plasma membrane, a
large family of Ca**-entry channels mediates the Ca®* influx. They are classified, by their
activation mechanism, as voltage-operated channels (VOCs), store-operated channels (SOCs)
or receptor-operated channels (ROCs). VOCs are activated by membrane depolarization,
SOCs sense the emptying of the ER Ca* store in order to induce the store-operated Ca®* entry
(SOCE) while ROCs respond to binding of external stimuli e.g. ATP, glutamate or other
transmitters [80, 81]. Notably, the prototypical SOC channel is represented by the Ca**
release-activated channels (CRACs). The ER-Ca®* depletion is sensed by the stromal
interaction molecules (STIM) 1 and 2, which bind and activate the pore-forming subunit of
the CRAC channel, better known as ORALI, leading to the slow replenishment of the ER with

Ca**[82].
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Fig. 5: Major components of the Ca2+—signaling toolkit. In the “ON” mode, Ca®* channels
(depicted in blue) increase [C612+]Cy1 by two mechanisms: 1) entry of external Ca®* via plasma-
membrane channels; 2) release of Ca®" from internal stores via Ca’* release channels, such as IP3Rs.
The IP3R activation proceeds via a signaling cascade involving G-coupled or tyrosine-kinase
receptors, phospholipase C (PLC) and IP3 diffusion. Return to resting conditions, “OFF mode”, is
ensured by pumps (depicted in green) and the Na+/Ca2+exchanger. Ca®* is taken up by internal stores

or extruded out of the cell. Mitochondria play a special role in the ER-mitochondria Ca®" cross-talk
(see text). Adapted from [83].
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On the other hand, the release of Ca** from intracellular stores is mediated by a group of Ca?*
channels primarily located on ER membranes. The opening of these channels is driven by
diffusible messengers, among which inositol 1,4,5-trisphosphate (IP3) and Ca?* itself are the
most relevant (as will be discussed in more detail in the next section). Successively, the
induced Ca?* transients are decoded by Ca?*-binding proteins, which act as cytosolic Ca?*
sensors (e.g. calmodulin) [78]. The latter activate downstream effectors towards the execution
of a specific Ca®*-dependent process or alternatively can function themselves as Ca®*
effectors. Once the downstream targets have been activated, cytosolic Ca®* signaling goes
“OFF” again by means of the Ca?*-pump mechanisms defined above, in order to rapidly
restore the resting conditions. A special role is played, in both ON and OFF mechanisms, by
mitochondria due to their close proximity to the ER [84]. They preferentially take up Ca®*
released from the ER through the concerted action of the voltage-dependent anion channels
(VDACs), mainly the VDAC-1 isoform [85], and the recently identified mitochondrial Ca?*
uniporter (MCU) [86]. Once the [Ca2+]cyt has returned to resting levels, the mitochondrial
Na*/Ca*" exchanger (NCLX) and the permeability-transition-pore (PTP) [87] complex take

care of slowly releasing the Ca?* back to the cytosol and further to the ER store.

2.2 Ca” release from ER

The ER is known as the protein-processing factory of the cell, whereby all the different
polypeptides are assisted for proper folding in order to exert their cellular function. On the
other hand, the ER is also involved in other essential cellular activities such as the synthesis of
lipids or, as highlighted above, the regulation of Ca** signaling [88]. While SERCAs ensures
the filling state, the release of Ca** from the ER and SR membranes is commonly mediated by
intracellular Ca®*-release channels such as the inositol 1P3 receptors (IPsRs) and their close

relatives, the ryanodine receptors (RyRs). IP3Rs are channels ubiquitously expressed in most
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cell types whereas RyRs are mainly present in excitable cell types, like muscle cells or
neurons, and in a limited set of non-excitable cells. Both classes of channels share significant
structural and functional similarities [89, 90]. However, only IP3;R-channel opening is
triggered by the second messenger IPz with a consequent increase in [Ca”*]cyr. The main route
towards IP; production initiates at the cellular surface whereon several agonists (e.g.
hormones, growth factors etc.) bind and activate G protein-coupled receptors or tyrosine
kinase-coupled receptors (see Fig. 5). In turn, these receptors can stimulate different isoforms
of phospholipase C (PLC), accountable for the enzymatic hydrolysis of the membrane
phospholipid phosphatidylinositol bis-phosphate (PIP;) in IP; and diacylglycerol (DAG). The
lipophilic DAG remains associated to the membrane environment while IP3, being a water-
soluble molecule, diffuses away from its production site and eventually interacts with its
receptor, the IPsR, on the ER surface. Additionally, the channel opening of both IPsRs and
RyRs is under control of the local [Ca2+]cyt. Ca®* modulation is biphasic with high [Ca?]
resulting in channel closure and a low [Ca*"] in channel opening. The latter mechanism,
known as Ca?*-induced Ca?* release (CICR) [73], allows the cellular propagation of an
initially localized Ca?* signal by activating neighboring Ca?*-channels. Thus, CICR chiefly
contributes to the high degree of spatial and temporal diversity of the Ca* signals, besides the
role of the other Ca**-toolkit players. In this scenario, the firing of different Ca?* channels will
vary in space and time depending on the sensitivity to the Ca®*-mobilizing agents, on
accessory modulatory mechanisms (e.g. phosphorylation) and, consequently to CICR, on the
level of channel clustering. In response to weak stimuli, a small amount of IP3 is produced
and triggers individual channels to open and release Ca®* “blips” or “quarks” [91, 92].
Stronger stimuli, in contrast, are able to activate a series of channels within a cluster and
produce Ca?* “puffs”. More global Ca*" signals are generated when neighboring clusters,

along the ER membrane, are excited by a CICR “wave”. The neighboring mitochondria can

23



GENERAL INTRODUCTION

sustain the ER Ca”* release by buffering the [Ca®*]. at the mouth of the channels and therefore
reducing the negative feedback by local Ca?* [84]. Finally, the emptying of the ER-Ca** store
and lowering of the luminal Ca?* concentration, negatively regulates IPsRs and RyRs, thus

closing them and preventing the accumulation of cytotoxic [Ca2+]cyt [93].

2.3 ER Ca” release and cell fate: the implications of the ER-mitochondria cross-talk

Ca®" discharged from the ER is implicated in a multitude of events that participate in cell-
death progression or prevention. Cytosolic Ca** transients activate multiple enzymes (NO
synthases, calcineurin, transglutaminase, calpain, kinases, phospholipases or endonucleases)
involved in controlling the breakdown of various cellular constituents [94] or in tuning the
activity of the apoptotic machinery (see Fig. 6). For instance, calpain’s proteolytic activity
can: 1) unleash the pro-apoptotic potential of AlF, Bid, Bax and caspase-12; 2) abolish the
pro-survival effect of XIAP (X-linked inhibitor of apoptosis protein) on caspases [94-96] or 3)
contribute to apoptosis induction by inhibiting autophagy via the cleavage of the autophagy
protein 5 (ATG5), which is required for the autophagosome formation [97]. Interestingly, a
slight increase of [Ca2+]cyt could also activate the Ca? */calmodulin-dependent protein kinases
(CaMKs) whose signaling converges into the regulation of some other kinases controlling cell
fate. More precisely, there is clear evidence that CaMKII can phosphorylate the apoptotic
signaling kinase 1 (ASK1), which finally leads to the activation of the multifunctional c-Jun
N-terminal Kinase (JNK) [98]. The sustained activation of JNK is associated with apoptosis,
whereas the acute and transient activation of JNK is involved in cell proliferative or survival
pathways [99]. Simultaneously, downstream of the same CaMK-signaling cascade, the
Ca**/calmodulin-dependent protein kinase kinase (CaMKK) can induce the protein kinase B
(PKB/Akt), which in turn promotes the phosphorylation of Bad and its pro-survival

sequestration by the 14-3-3 adaptor protein [100]. In the latter scenario, the Ca**-dependent
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phosphatase known as calcineurin can play the opposite role by dephosphorylating Bad and
guiding its pro-MOMP translocation into the mitochondria. Remarkably, the same
phosphatase is able to dephosphorylate the Ca**-sensitive transcription factor NFATc (nuclear
factor of activated T cells) and favor its pro-survival activity at the nucleus [101].

The ambivalence of Ca?* signaling in cell-fate decisions assumes an even greater significance
in relation to the ER-mitochondria close proximity. This local coupling was originally
described in the functional context of lipid biosynthesis and lipid/protein trafficking [102,
103]. Later it became clear that the close connection of mitochondria to the ER, the largest
intracellular Ca?* store, was also ideally suited for mediating the cross-talk of Ca** among
these two organelles [104]. As mentioned in section 2.1, mitochondria express different
Ca**-transport systems, which implies the crossing of two membranes, namely first the OMM
and subsequently the inner mitochondrial membrane (IMM). In contrast with other organelles,
mitochondrial Ca®* uptake is not driven by pumps but by the large electrochemical gradient
(A¥m = —180 mV) between the inside and outside of energized mitochondria [84]. Since such
Ca”*-uptake system showed low-affinity properties, the shuttling of Ca** between the ER and
the mitochondria was partially overlooked and initially considered as a mere buffering event
to control the amount of available Ca®*. However, Ca’* released from the ER creates local
microdomains at the ER-mitochondria interface with relatively high concentrations of the ion.
Comparative experiments indeed estimated that the Ca®* concentration reaches at least 16 pM
[105] in these inter-organellar “hotspots”. Besides, IP3Rs and VDAC-1, by facing each other
at the ER-mitochondria interface [85], build up a fast-track pathway for the efficient transfer
of Ca?*. Consistently, the vast set of other proteins which crowd the ER-mitochondria
interface (e.g. promyelocytic leukemia (PML) protein, the chaperone glucose-regulated
protein 75 (Grp75), mitofusins (MFNs), the PKB/Akt, sigma-1 receptor, Bcl-2-family

members etc.) may speed up or slow down the preferential Ca* trafficking [106, 107]. Such
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inter-organellar Ca** shuttling is directly or indirectly determining cell fate by affecting the
mitochondrial pro-death or pro-survival mechanisms. A very important factor hereby is the
magnitude of the Ca®* signal received by the mitochondria. Both the steady-state Ca**-filling
level of the ER [34] as well as the IP3R activity [108] govern the amount of transferred Ca*".
On the pro-survival side, it was shown that the constitutive or agonist-triggered transfer of
low amount of Ca®* from the ER to the mitochondria is essential for the production of ATP
through oxidative phosphorylation [109]. ATP production is here required to sustain the
proper energy supply of the cell, and also to specifically regulate the activity of ATP-sensitive
proteins located nearby (e.g. the ATPase SERCA and the IP3Rs) as a feedback control system
on cytosolic Ca’* signaling. Additionally, other mitochondrial processes as fatty-acid
oxidation, amino-acid catabolism and the regulation of some mitochondrial proteins (enzymes
or carriers) are also dependent on the mitochondrial Ca** concentration ([Ca®]m) [110-112]. If
this basal Ca** transfer is too low, the increase in catabolic AMP over ATP will activate
autophagy as an adaptive pro-survival mechanism [113]. On the pro-death side, either too low
or too high Ca** cross-talk is implicated in the initiation and propagation of cellular processes
such as autophagic, apoptotic and necrotic cell death. Possibly, the choice among these three
mechanisms depends on the intensity of injury and on the status of the cell - e.g. the resting
concentration of ATP and the mitochondrial status very much influence the mode of cellular
death [74]. For instance, during small insults, autophagy may lose its pro-survival role when
mitochondria that are still intact but latently dysfunctional or deprived of Ca?* [114, 115],
consume the barely sufficient cytosolic ATP to sustain their membrane potential. The ensuing
bioenergetic crisis causes cell death referable to as autophagic cell death because it occurs
together with the accumulation of the typical double-membrane autophagic vacuoles [7].

On the other hand, mitochondrial Ca** overloading has been proven to compromise the

integrity of mitochondria, inducing MOMP and eventually apoptotic or necrotic cell death.
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The road to apoptosis requires a residual ATP production but if the insult towards the
mitochondria is too severe and the Ca’*-dependent energy production too strongly impeded,
cell death by necrosis will ensue instead [74, 106, 116].

As discussed above, the ER protagonists in the preferential Ca?* communication between the
ER and the mitochondria are the IP3Rs. Therefore, in the following section, a proper

presentation of this Ca?*-channel family is provided.
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Fig. 6: Possible mechanisms of ca* signaling in apoptosis with a focus on the ER-mitochondria
cross-talk. In response to apoptotic stimuli, the excessive Ca’* released from ER can bind to Ca?*-
dependent enzymes, such as calpain and calcineurin, and activate their downstream targets including
some Bcl-2-family proteins. Alternatively, the released ca® may be directly taken up by the closely
juxtaposed mitochondria (see frame for ER-mitochondria ca® cross-talk) and instead of favoring
bioenergetics (crossed side) would lead to MOMP and cell death. Adapted from [95].
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2.4 IP3R structure and regulation

The IPsR forms a multimeric structure consisting of 4 subunits of about 310 kDa
(approximately 2700 a.a.) [117]. Each IP3R subunit comprises an N-terminal ligand-binding
domain (LBD) exposing the IPs-binding site, a central regulatory/coupling domain, the Ca**-
channel region, with 6 TMDs, and a short cytoplasmic C-terminal tail or gating domain (Fig.
7). In Mammalia, three genes encode for IP3Rs (IP3R1, IP3R2 and IP3R3) and the diversity is
further increased by splicing events together with the possibility of homo- and heteromeric
channels. IP3 is the physiological activator of all IP3R isoforms, though the rank order of the
affinity for IP3 is IP3R2 > IP3R1 > IP3R3 [108]. IP3R1 shares around 60% of identity with the
other 2 isoforms [118, 119] and shows the highest expression levels and tissue distribution.
However, most cell types express a combination of these three IP3R isoforms with very
distinct subcellular localizations and expression patterns [90]. This allows them to set up
specific intracellular Ca** signals in response to many specific cellular requirements. As
mentioned in the previous section, IP3 teams up with Ca** as a co-agonist to regulate the IP3R.
IPs-induced Ca?* release (IICR) is indeed stimulated or inhibited by, respectively, low (< 300
nM) or high concentrations of Ca®* near the pore [120-122]. The way in which Ca®*
biphasically regulates the IP3Rs is still not clarified, but it has been proposed to involve at
least an inhibitory and a stimulatory Ca®*-binding site located in the LBD. In the resting state,
the N-terminal portion of the LBD (a.a. 1-225 in IP3R1) functions as a “suppressor domain”,
preventing the binding of IP; to its binding core located more distally in the LBD (a.a. 226-
576 in IP3R1). Under these conditions, the pore region may become sealed by the reciprocal
interaction between the N- and C-terminal regions of the receptor. Upon IP3 binding to the
IPs-binding core, a conformational change is induced in order to sensitize a Ca®*-binding site.
The subsequent binding of Ca®* leads to a further conformational change that removes the N-

terminal/C-terminal interaction and opens the gate [90, 123].
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Fig. 7: Schematic representation of the IP3;R structure. The upper part of the figure depicts the
primary sequence of IP3R1 with the different functional domains (ligand-binding domain [LBD] with
IP3 bound to it, central regulatory domain, transmembrane domain [TMD] and C-terminal tail [gating
domain]). In the lower part, two of the channel subunits that make up the tetramer are shown and each
functional domain is highlighted with a dotted circle. The channel is shown with the gate region
opened in response to IP3 and Ca** binding. Adapted from [123].

Recent data indicate that the central regulatory domain together with the “suppressor domain”
are, during the activated state, in charge of relaying the IPs- and Ca?*-stimulatory signals
down to the transmembrane region of the channel [90, 124]. Further modulation is performed
by ATP, which modifies the sensitivity of the channel to Ca?*, and by a list of more than 50
different regulatory proteins or compounds with either stimulatory or inhibitory effects (see
reviews [125-127]). Such a list notably includes protein kinases and phosphatases, responsible
for the IPsR-phosphorylation status [128], as well as proteins involved in apoptosis.
Hereinafter the regulation of ER Ca®* fluxes by pro- and anti-apoptotic proteins will be

discussed with a special attention to IP3Rs.
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3 Apoptosis-regulatory proteins control ER-mitochondria Ca?* cross-talk

Not as widely recognized, but also of considerable importance, is the cell-fate determining
role of the apoptosis-regulatory proteins in the ER-mitochondria Ca** axis described above. In
this paradigm, proteins such as the Bcl-2-family members act at the ER-mitochondria
interface, to prevent or promote apoptosis well upstream of the MOMP step. At the ER
surface, effects were described on the SERCA pumps, responsible for loading the ER Ca**
stores, on ER Ca”" buffers such as calreticulin, on the Ca** content of the ER, and on the main
Ca**-release channels, the IPsRs [129-132]. At the mitochondria, anti-apoptotic Bcl-2 proteins
showed the ability to regulate VDAC-1-channel activity or oligomerization state [133, 134].
Complementarily, post-MOMP proteins have also been reported to act at the ER-

mitochondria Ca** loop (see section 3.2 for details).

3.1 Regulation upstream of MOMP

3.1.1 Pro- and anti-apoptotic Bcl-2 proteins exert opposing effects on ER-Ca?* handling

Bcl-2, the anti-apoptotic progenitor of the Bcl-2 family, was firstly reported to affect ER Ca?*
fluxes back at the beginning of the 90s [135, 136]. Since then, it has become increasingly
clear that the ER, the main intracellular Ca®* store, is tightly controlled by Bcl-2-family
members. Shortly after, a groundbreaking study [137, 138] succeeded in partly elucidating the
mechanism of action of the anti-apoptotic Bcl-2 proteins at the ER. It was indeed found that
Bcl-2 overexpression at the ER enhanced the ER Ca?*-leak rate and thus reduced the basal
[Ca®*]er. As a result, the IPsR-mediated Ca®* signals originating from the ER were dampened
in concert with the Ca®* signaling to the mitochondria. In line with these observations, Palmer
and colleagues, by using an improved genetically-encoded Ca** sensor, showed Bcl-2’s

ability to decrease the [Ca®']er as well as to alter the IICR [139]. It was originally
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hypothesized that this ER-empting effect of Bcl-2 was due to its potential pore-forming ability
in the ER membrane (similarly to Bax on OMM) [140, 141] in view of the resemblance of
Bcl-2 and Bcl-XI structures to bacterial toxins. However, a subsequent study would exclude
this possibility [142] and suggested instead a modulation of the ER Ca”*-loading/release
machinery. The anti-apoptotic Bcl-2-family members were proposed to molecularly interact
with SERCAs [143-145]. Hence, Bcl-2 was found to inactivate SERCA2b and SERCAL,
respectively the house-keeping and the skeletal muscle type Ca**-pump isoforms, thereby
lowering the content of SR/ER Ca”" stores [146, 147]. Additionally, another study showed a
decline in SERCAZ2b- and calreticulin-protein levels following Bcl-2 overexpression [129].
However, Bcl-2 did not show a consistent reduction of SERCA-protein levels or activity in
other experimental circumstances [136, 143, 148-150]. Another possible explanation for the
decrease in ER-Ca”" content could then be a regulation of IPsRs by Bcl-2-family members.
Several groups have addressed this possibility and reported an indirect or direct effect of Bcl-
2 on IP3Rs. In the former case, the first strong evidences supported the argument that, in the
absence of Bax and Bak, unopposed Bcl-2 leads to IP3sR1 hyperphosphorylation, which in turn
increases the firing of IP3R1 and the slow ER Ca®* discharge [151, 152]. Nonetheless, further
studies have challenged this general claim. Apparently, in different cell types or experimental
conditions, the ER Ca”* content was not affected by the presence of Bcl-2 [153], suggesting
that this effect may strictly depend on the activity of a specific IP3R isoform or on post-
translational modifications of both IP;Rs and Bcl-2 itself. A proof of concept comes from the
phosphorylation of Bcl-2 by JNK which impacts on its effects on both, ER Ca?* homeostasis
and anti-apoptotic function [149]. Whether Bcl-2 phosphorylation modulates its binding to the
IPsR and/or regulates IICR is however presently not known. In line with the clues just
mentioned, Bcl-2 was also reported to suppress IP3R activity by recruiting calcineurin/protein

phosphatase 2b (PP2B) [154, 155] or the protein phosphatase (PP1) [156] on IPsRs. An
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additional indirect effect of the Bcl-2-family members on IPsRs implicates the control of the
protein-expression levels. For instance, Bcl-XI overexpression has been shown to reduce the
level of IP3Rs in cells via a decreased binding of the transcription factor nuclear factor of
activated T cells, cytoplasmic 2 (NFATc2) to the IPsR promoter [150]. Finally, most of the
claims regarding the effects of pro-apoptotic Bcl-2 proteins were extrapolated from the
findings concerning the role of the ER-store loading [151, 152]. Thereby, it has been
proposed that in contrast to anti-apoptotic Bcl-2 proteins, Bax and Bak elevate [Ca’*]er,
trigger ER Ca?* release and mitochondrial uptake. This hypothesis was partially supported by
the demonstrated ability of Bax and Bak to localize and oligomerize at ER membranes [157,
158]. A role in the mechanism of Bax/Bak-dependent ER Ca?* release has also been reported
for several BH3-only proteins, including Bik and PUMA [159-161].

More recent work indicated that anti-apoptotic Bcl-2 proteins do not primarily act by altering
the ER Ca”*-store content. Instead, they directly target IPsRs and may function as endogenous

regulators of IPsRs [148, 162, 163], but the precise mechanisms involved are still debated.
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Fig. 8: Main interactions reported for Bcl-2 and Bcl-XI with the IP3;Rs channels. First Bcl-XI and
then Bcl-2 have been proven to interact with the C-terminal domain of the IP;Rs (close to the channel
pore) possibly through their hydrophobic clefts (HC) or another domain than the BH4 domain. In this
paradigm, both proteins increase the IPsR’s sensitivity to basal IP; levels and promote pro-survival
Ca*" oscillations (left). Perhaps most importantly, Bcl-2 through its BH4 domain has been shown to
target the central, modulatory domain of the IP3R, thereby reducing large global pro-apoptotic Ca*
transients (left). The role of Bcl-XI-BH4 domain on the IP3Rs is unknown. Taken from [164].

3.1.2 Anti-apoptotic Bcl-2 proteins directly target 1PsRs: Bcl-2 versus Bcl-XI

The direct interaction of anti-apoptotic Bcl-2 proteins, like Bcl-2 and Bcl-XI, with the IP3Rs
(see Fig. 8) regulates the channel properties in two convergent pro-survival ways: a) by
reducing the sustained IPsR-mediated Ca®* release and thereby preventing mitochondrial Ca**
overload, or b) by stimulating basal IP;R-mediated Ca®* oscillations in favor of a proper
mitochondrial respiration (see also Fig. 9). This paradigm is nicely exemplified by the dual
effect of Bcl-2 in mouse thymocytes, an immature T-cell model. On the one hand, Bcl-2
suppresses pro-apoptotic IPsR-mediated Ca®* transients (provoked by strong T cell-receptor
stimulation) but on the other hand it has a role in maintaining pro-survival Ca*" oscillations
(provoked by weak T cell-receptor stimulation) [76, 165]. In line with the latter activity, Bcl-

Xl interacting with the IPsRs promoted the sensitization of the IP3R channel to low levels of
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agonist stimulation [163, 166]. IPsR/Bcl-XI-complex formation in these conditions increased
the frequency of Ca®* oscillations, mitochondrial bioenergetics, and NFAT-mediated
signaling in Bcl-Xl-overexpressing chicken B lymphocytes, while not affecting global
agonist-induced Ca”" transients. It was thereby very elegantly shown that Bcl-XI protection
against high [anti-lgM]-induced apoptosis was reduced in the absence of IP3Rs [166]. The
same study also suggested that the effect of Bcl-XI on Ca®* signaling depended on the type of
IP3R isoform. Bcl-XI stimulated IP;R-mediated Ca* oscillations for all three isoforms while
it lowered [Ca?*]er in IPsR3-, but not in IPsR1- or IPsR2-expressing cells. The effects of Bcl-
X| seemed to rely on its binding to the C-terminal region of the IPsR, close to the Ca**
channel pore (Fig. 8). As mentioned in 2.4, this C-terminal tail is also involved in the control
of IPsR-channel gating through interaction with other regulatory domains of the protein [167].
Thus, Bcl-XI may thereby enhance the coupling between the N-terminal IPs-binding domain
and the C-terminal channel-pore opening, underlying the observed IP3;R sensitization. The C-
terminal part of the IP3R has been proposed to display structural features that mimic the BH3
domain of BH3-only proteins [168]. In this respect, one assumes that the hydrophobic cleft
formed by BH3, BH1, and BH2 of all anti-apoptotic Bcl-2-family members may participate in
the binding to the IP3R. Finally, it has been recently described that not only Bcl-XI but also
Bcl-2 and Mcl-1 target this C-terminal site on IP3Rs and cause IP3R sensitization [169]
perhaps favoring in this way mitochondrial metabolism and therefore survival (see also
section 2.3). In contrast, Distelhorst and coworkers proposed that Bcl-2 reduces the excessive
IPsR-mediated Ca?* release by binding to another site of the protein [162, 170]. This
additional Bcl-2-binding site resides between amino acids 1389-1408 of IP3R1. Bcl-2 binding
to this region in the central, modulatory domain of the IPsR caused an inhibition of the Ca*'-
flux properties of IP3R in response to agonist stimulation (Fig. 8). Furthermore, a peptide

corresponding to the Bcl-2-binding site on IP3Rs (a.a. 1389-1408 of the mouse IP;R1), called
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IPsR-derived peptide (IDP), completely abolished the binding of Bcl-2 to the IP3Rs [130]. A
cell-permeable version of IDP enhanced IP;R-mediated Ca®* signaling, thereby potentiating
apoptotic signals, similarly to strong TCR stimulation. In this respect, IDP derepresses Bcl-
2’s inhibitory function on IP3R1 by specifically targeting the BH4 domain of Bcl-2 and not its
BH3 binding hydrophobic cleft. The BH4 domain of Bcl-2 is thus sufficient for binding and
inhibiting the IPsR, and for protecting against IP;R1-mediated apoptosis [170]. Besides, the
isolated Bcl-2-BH4 domain had already been previously proven to protect against apoptosis in
many other experimental conditions [133, 171-173]. This indicates that the BH4 domain
possesses an anti-apoptotic activity separated from or additive to the one mediated by the
hydrophobic cleft of the anti-apoptotic-Bcl-2 proteins. In compliance, IDP targets Bcl-2
independently of the compounds that target the hydrophobic cleft, like the BH3-mimetic tools
(e.g. ABT-737). Combining IDP with ABT-737 enhanced the potency of ABT-737 to induce
cell death in lymphocytes obtained from chronic lymphocytic leukemia (CLL) patients [174].
Furthermore, applying a stabilized cell-permeable form of IDP (TAT-IDP®) potently induced
cell death through excessive IPsR-mediated Ca**-release events in CLL cells, while TAT-IDP®
did not significantly reduce the survival of normal lymphocytes [175].

Collectively, these literature data suggests that Bcl-2 and Bcl-XI may have separate and/or
complementary pro-survival properties at the level of the IP3R by targeting one or more of the
protein regions with their hydrophobic cleft, their BH4 domain or the coordinate activity of

the two.
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Fig. 9: Summary diagram representing the main roles of Bcl-2 and Bcl-XI proteins in IP3;R-
mediated apoptosis and survival. In healthy cells (right), a constitutive and oscillatory Ca*" transfer
from the ER to the mitochondria through channels like IP;Rs and VDACS is necessary to meet the
cellular energy requirements. In this scenario, the binding of Bcl-XI/Bcl-2 to the IP;Rs boosts the
fueling of IP;Rs into mitochondria and in turn favors ATP production via the IP;R-dependent activity
of the Krebs-cycle’s enzymes. When a cell injury triggers an excessive IPsRs-transfer between the two
organelles (left), mitochondria head to a lethal Ca**-overloading process which leads to Bax-promoted
MOMP, release of the apoptogenic factors and caspases activation. Cyt ¢ and caspase-3 act in a
positive feedback loop to maintain ER Ca®* release through the IPsRs. Here, Bcl-XI and/or Bcl-2 may
exert their protective role by: 1) heteromerizing with Bax and inhibit its pore forming activity, 2)
acting on VDACs to decrease mitochondrial Ca®*-uptake, 3) binding to the IP;Rs and blocking the
sustained IP;R-cross-talk between ER and mitochondria. In the latter case, only the inhibitory binding
of IP3Rs by Bcl-2 has been reported. Inspired by [76].
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3.2 Regulation downstream of MOMP

During the execution phase of apoptosis, IPsRs are transferring Ca®* to mitochondria, and this
transfer is affected by means of two regulatory systems involving downstream components of
the apoptotic cascade: the mitochondrially released factor Cyt ¢ and the executioner protease
caspase-3 (see section 1.2). At the ER, Cyt ¢ has been shown to interact with IP3R1 at its C-
terminus (a.a. 2621-2636) and thereby reduce the Ca®*-dependent inhibition of channel
opening [176]. This is supposed to lead to an uninhibited increase in ER Ca®* release and
would further amplify the apoptotic Ca** transfer to the mitochondria. Importantly, a peptide
encompassing this C-terminal portion of the IP3R can displace the interaction and prevent the
Cyt c-dependent hyperactivation of the IP3R channel [177]. Concerning the second
mechanism, IP3Rs are potential targets of the activated caspase-3, an even more downstream
apoptotic player [178, 179]. The proteolytic activity of caspase-3 acts on a single highly
conserved and caspase-specific DEVD (Asp-Glu-Val-Asp) cleavage site located on the IP3R1
isoform. The channel cleaved at a.a. 1892 results in a constitutively open C-terminal channel
domain, which maintains intact in the ER membrane [180]. This channel-only domain still
contains the C-terminal TDMs and gating domain but lacks the N-terminus and the regulatory
domains needed to keep the channel closed in the absence of IP3. The ectopic expression of
this C-terminal part of IPsR1 was sufficient to induce a persistent, IPz—independent, ER Ca*
leak and thereby promote apoptosis. Both schemes involving caspase-3 cleavage and Cyt ¢
binding generate a lethal mechanism on the IPsRs (see Fig. 9). Ca?* released by IPsRs is
transferred to the mitochondria, which in turn leads to Cyt c release and subsequent caspase-3
activation, both of which will feed forward to IP;Rs and lead to more and persistent Ca**
release (see also [181]). Very recently, also calpains have been caught in the act of cleaving

the IP3R during cell death perhaps by being involved in the same feedback mechanism [182].
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AIMS AND OBJECTIVES
As was explained in the “General Introduction”, one aspect of the role of Bcl-2 and Bcl-XI as
cell-death antagonists consists in regulating the intracellular Ca** dynamics via their action on
the ER-resident IP3Rs. However, until now, there is no consensus on how these anti-apoptotic
Bcl-2-family members regulate IPsRs and intracellular Ca** homeostasis, thereby controlling
cell fate. Moreover, the molecular determinants underlying this role have not yet been fully
characterized. The recent prospect of multiple interaction sites on IP3Rs (central modulatory
domain and C-terminal domain) and the involvement of different domains on Bcl-2/Bcl-XI
(BH4 domain and possibly hydrophobic cleft), were a challenge for addressing this issue.
Importantly, although Bcl-2 and Bcl-XI share high structural and biochemical similarities,
particularly with respect to their BH4 domains, there are many indications that these proteins
may have differential functions and it is not clear whether they affect IP3Rs in the same way.
Finally, the structural and molecular requirements of the BH4 domain necessary for
interacting with 1PsRs and for regulating Ca’* release, have not yet been identified.
Hence, in this study we applied a multifaceted approach to compare side-by-side the
molecular and functional regulation of IPsRs by Bcl-2 versus Bcl-XI, with the main focus on
the role of the BH4 domains derived from these proteins.
This general aim can be subdivided in 4 objectives:

I.  Investigate the regulation of IPsR-mediated Ca®* release by the BH4 domains

of Bcl-2 versus Bcl-XI

Il.  Evaluate the protective role of BH4-Bcl-2/BH4-Bcl-XI against Ca®*-dependent

apoptosis
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1. Identify the structural determinants of the isolated BH4 domain required for

binding and modulating the IP3Rs

IV.  Characterize the interactions of Bcl-2 and Bcl-XI with their proposed IP;R1-
binding sites

The results of this study will lead to a better understanding of the molecular conversation
between the IPsR and Bcl-2/Bcl-XI potentially exploitable to treat diseases characterized by

excessive Ca’*-mediated cell death or proliferation.

The research papers describing the results associated with one or more of the objectives are

presented in the following sections.

42



43

RE




44



RESULTS-PART |

PART |

Addressing objectives I, 11, and 111

Selective regulation of 1Ps-receptor-mediated Ca** signaling and apoptosis

by the BH4 domain of Bcl-2 versus Bcl-XI

Giovanni Monaco®, Elke Decrock?, Haidar AkI*, Raf Ponsaerts®, Tim Vervliet', Tomas
Luyten®, Marc De Maeyer®, Ludwig Missiaen®, Clark W. Distelhorst*, Humbert De Smedt’,

Jan B. Parys', Luc Leybaert?, Geert Bultynck

! Laboratory of Molecular and Cellular Signaling, Department of Molecular Cell Biology,
Campus Gasthuisberg O/N-1 bus 802, Herestraat 49, BE-3000 Leuven, Belgium

2 Department of Basic Medical Sciences, Physiology Group, Faculty of Medicine and Health
Sciences, Ghent University, BE-9000 Gent, Belgium

® Biomolecular Modelling, Biochemistry, Molecular and Structural Biology Section,
Department of Chemistry, Celestijnenlaan 200G bus 2403, BE-3001 Heverlee, Belgium

* Departments of Medicine and Pharmacology, Comprehensive Cancer Center, Case Western
Reserve University, Cleveland, OH 44106, USA

# These authors equally contributed to the work.

Cell Death Differ. 2012,19:295-309.

45



46



RESULTS-PART |

Cell Death and Differentiation (2012) 19, 295-309 @
© 2012 Macmillan Publishers Limited Al rights reserved 1350-9047/12

www.hature.com/cdd

Open

Selective regulation of IP;-receptor-mediated
Ca’" signaling and apoptosis by the BH4 domain
of Bcl-2 versus Bcl-XI

G Monaco'®, E Decrock®S, H Ak, R Ponsaerts’, T Vervliet', T Luyten', M De Maeyer®, L Missiaen', CW Distelhorst*, H De Smedt',
JB Parys’, L Leybaert? and G Bultynck*"

Antiapoptotic B-cell lymphoma 2 (Bcl-2) targets the inositol 1,4,5-trisphosphate receptor (IP;R) via its BH4 domain, thereby
suppressing IP;R Ca? " -flux properties and protecting against Ca® " -dependent apoptosis. Here, we directly compared IP;R
inhibition by BH4-Bcl-2 and BH4-Bcl-XI. In contrast to BH4-Bcl-2, BH4-Bcl-XI neither bound the modulatory domain of IP;R nor
inhibited IP;-induced Ca * release (IICR) in permeabilized and intact cells. We identified a critical residue in BH4-Bcl-2 (Lys17)
not conserved in BH4-Bcl-XI (Asp11). Changing Lys17 into Asp in BH4-Bcl-2 completely abolished its IP;R-binding and
-inhibitory properties, whereas changing Asp11 into Lys in BH4-Bcl-XI induced IP;R binding and inhibition. This difference in
IP3R regulation between BH4-Bcl-2 and BH4-Bcl-XI controls their antiapoptotic action. Although both BH4-Bcl-2 and BH4-Bcl-XI
had antiapoptotic activity, BH4-Bcl-2 was more potent than BH4-Bcl-XI. The effect of BH4-Bcl-2, but not of BH4-Bcl-XI, depended
on its binding to IP3Rs. In agreement with the IP;R-binding properties, the antiapoptotic activity of BH4-Bcl-2 and BH4-Bcl-X| was
modulated by the Lys/Asp substitutions. Changing Lys17 into Asp in full-length Bcl-2 significantly decreased its binding to the
IP;R, its ability to inhibit IICR and its protection against apoptotic stimuli. A single amino-acid difference between BH4-Bcl-2 and
BH4-Bcl-XI therefore underlies differential regulation of IP;Rs and Ca® ™ -driven apoptosis by these functional domains. Mutating
this residue affects the function of Bcl-2 in Ca® ™ signaling and apoptosis.

Cell Death and Differentiation (2012) 19, 295-309; doi:10.1038/cdd.2011.97; published online 5 August 2011

Pro- and anti-apoptotic B-cell lymphoma 2 (Bcl-2) family
members control cell survival by regulating programmed cell
death and autophagy.' The founding member is Bcl-2, a 26-
kDa protein localized in the mitochondrial and endoplasmic-
reticulum (ER) membranes. Members of this protein family
are characterized by the presence of Bcl-2 homology domains
(BH domains).2?® Although multidomain proapoptotic proteins
contain three BH domains (BH1, BH2 and BHS3),
the antiapoptotic proteins, like Bcl-2 and Bcl-XI, are char-
acterized by an additional BH domain (BH4).! The BH1,
BH3 and BH2 domains of the antiapoptotic Bcl-2 family
proteins form a hydrophobic pocket that binds the BH3
domain of proapoptotic proteins, thereby counteracting

the BH4 domain is also essential for the antiapoptotic activity
of Bel-2.5¢

Moreover, Ca? " signaling from the ER to the mitochondria
plays an important role in apoptosis initiation.” Several
pro- and anti-apoptotic Bcl-2 proteins localize at the ER
membrane, where they modulate Ca®*-release events®®
(recently reviewed in Rong et al.'® and Rizzuto et al.'"). Bcl-2
proteins thereby influence mitochondrial function because of
the close proximity of ER and mitochondrial membranes.'®~'4
Ca2* transfer via the ER—mitochondria connection plays a
bimodal role in cell survival."®'® Small oscillatory Ca®*
signals promote survival by stimulating mitochondrial function
and bioenergetics, whereas larger mitochondrial [Ca® "] rises

their proapoptotic activity.* Besides this hydrophobic cleft, promote cell death by provoking mitochondrial outer
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BSA, bovine serum albumin; Caspase, cysteine-dependent aspartate-specific protease; CED, cell death abnormal; ¢.p.m., counts per min; CytC, cytochrome ¢; DTR,
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membrane permeabilization (MOMP).'":131417.18 Thys poth
promoting cytosolic Ca® " oscillations and blunting cytosolic
Ca2* transients underpin the antiapoptotic action of Bcl-2
family members.'®

Different studies demonstrated that inositol 1,4,5-trispho-
sphate receptors (IP3Rs) play a central role in this paradigm
as targets of Bcl-2, Bel-XI and Mcl-1.2°25 However, the
localization of their interaction sites on the IP3R as well as the
physiological roles of these interactions remain unsolved.
Different, not mutually exclusive, mechanisms have been
proposed. (1) Increasing the ratio of anti- over pro-apoptotic
Bcl-2 proteins caused IP3R sensitization, enhancing basal
IP3R-mediated Ca®* leak and reducing steady-state [Ca®*]
in the ER.2° (2) Bcl-Xl interacted with the C-terminus of IP3Rs,
promoting spontaneous Ca?* oscillations and enhancing
mitochondrial bioenergetics.?®2® (3) Bcl-2 directly inhibited
IPsRs without altering steady-state ER Ca® " levels.?"?27
Recently, the Bcl-2 interaction domain was identified in the
central, modulatory region of the IP;R (amino acids (a.a.)
1389-1408).28 Disturbing endogenous IP3R/Bcl-2 complexes
potentiated IP5-induced Ca®™ release (IICR) and sensitized
cells toward proapoptotic Ca®* signaling.?® The BH4 domain
of Bcl-2 was necessary and sufficient for interaction with the
IP3R.2%%0 (4) Bcl-XI reduced the expression levels of IP;Rs
via a decreased binding of NFATc2 (nuclear factor of
activated T cells, cytoplasmic, calcineurin-dependent 2) to
the IP3R promoter,®' thereby reducing IICR.

Here, we directly compared the regulation of IP3Rs by the
BH4 domains of Bcl-2 and Bcl-XI. Our results indicate that
although the BH4 domain of Bcl-2 and Bcl-XI are very similar
in sequence and structure, a difference in one single residue
between BH4-Bcl-2 and BH4-Bcl-XI critically determined its
IP3R binding, suppression of IP3R activity and protection
against IP3R-driven apoptosis.

Results

BH4-Bcl-2 and BHA4-Bcl-XI differentially regulate
lICR. The structure of antiapoptotic Bcl-2 and of a
monomeric subunit of the IP3R1 is depicted in Figure 1a,
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including the interaction of Bcl-2 via its BH4 domain with the
IPsR1. The IPzR-derived peptide (IDP; a.a. 1389-1408)
corresponds to the Bcl-2-binding site on IP3R1 and is
therefore able to disrupt Bcl-2/IP3R interaction in a
competitive way. IDP completely alleviates the inhibitory
action of the BH4 domain of Bcl-2 on IP3Rs without affecting
other BH4-domain targets, like voltage-dependent anion
channel (VDAC) and calcineurin.?® Thus, IDP is an
excellent tool to decipher the role of IP3R in the observed
actions of BH4-Bcl-2 on intracellular Ca®* signaling and cell
death. Here, we directly compared the effect of BH4-Bcl-2
and BH4-Bcl-XI on IICR using a unidirectional *>Ca?®" -flux
assay in saponin-permeabilized mouse embryonic fibroblasts
(MEF cells) in which the non-mitochondrial Ca® * stores were
loaded to steady state with *°Ca®". After adding 4 uM
thapsigargin (TG), the efflux of *Ca®" was followed in the
presence of 1mM ethylene glycol tetraacetic acid (EGTA).
This assay allows the quantitative assessment of Ca2*-
efflux properties under unidirectional conditions in the
absence of ER and mitochondrial Ca®*-uptake activity.
Ca®* content (Figure 1b) and fractional loss (Figure 1c) were
plotted as a function of time. Figure 1b shows that because of
an inherent Ca2™* leak, the Ca2* content of the stores slowly
decreased over time, whereas adding I1P3 (3 uM) accelerated
the decrease in Ca®" content due to IICR, observed as a
steep increase in the fractional loss (Figure 1c). The BH4
domains of Bcl-2 (BH4-Bcl-2; a.a. 6-30) and Bcl-XI (BH4-
Bcl-XI; a.a. 1-24) were produced as synthetic peptides. A
scrambled version of the BH4 domain of Bcl-2 (BH4-Bcl-
2SCR) and a ‘binding-deficient’ version of BH4-Bcl-2, in
which the surface-accessible residues were altered
(BH4-Bcl-2BIND),* were used as negative controls. The
45Ca®* -flux assays showed that BH4-Bcl-2 caused a potent
concentration-dependent inhibition of IICR (Figures 1b and c).
Importantly, BH4-Bcl-2 did not alter the Ca®™ -leak rate from
the ER in the absence of IPs. In contrast to BH4-Bcl-2, BH4-
Bcl-2BIND and BH4-Bcl-2SCR did not inhibit IICR (Figure 1d
and Supplementary Figures 1A and B). BH4-Bcl-2 inhibited
IICR with a half-maximal inhibitory concentration (ICsq) of
~30uM and an IC4go of ~100uM (Figure 1d). Strikingly,
BH4-Bcl-XI did not inhibit IICR (estimated 1Cso >500 uM)

>

Figure 1

Although the BH4 domains of Bcl-2 and Bcl-X| are similar in sequence and structure, they differentially regulate IPsR-mediated Ca® ™ flux in permeabilized and

intact cells. (a) Schematic presentation of the antiapoptotic Bcl-2-family members and the IP3R. The N-terminal BH4 domain is unique for antiapoptotic members. The
secondary structure and primary sequence of BH4-Bcl-2 and BH4-Bcl-XI are very similar. The cylindrical tube represents the predicted a-helical structure (PSIPREDv2.7). The
central modulatory domain of the IP3R1, containing the Bcl-2-binding site (a.a. 1389-1408), is depicted (Dom3 = a.a. 923-1581). A peptide corresponding to a.a. 1389-1408
(IDP) could prevent binding of Bel-2 to IP5Rs. (b) Unidirectional “*Ca®* fluxes in permeabilized MEF cells plotted as “Ca®* content (counts per min (c.p.m.)) as a function of
time (min). Ca® * release was activated by 3 uM IP; (gray bar) in the absence or presence of the different BH4-domain peptides (black bar). A typical experiment is shown.

(c) Same experiment as in (b), but results are plotted as fractional loss (%/2 min) as a function of time. (d) IICR was quantified as the fractional loss after 2 min of IP5 incubation
minus the fractional loss before the IP5 addition. [ICR in the presence of vehicle was set as 100% and other values were normalized to this value. A dose-response curve is
shown for BH4-Bcl-2, a non-binding mutant of BH4-Bcl-2 (BH4-Bcl-2BIND), BH4-Bcl-2 SCR and BH4-Bcl-XI, obtained from three to four independent experiments. Data points
represent mean + S.E.M. (e) Intracellular Ca®* signals in intact C6 glioma cells were monitored using Fluo-3. Cells were loaded with caged IP (50 M) and electroporated
with different BH4-domain peptides (20 M) and/or IDP. IP5 was released by a UV flash and a rapid increase in cytosolic [Ca® ] was observed. (f) Quantitative analysis of the
area under the curve in (e) was obtained from at least six independent experiments and data are plotted as mean * S.E.M. These data indicate that BH4-Bcl-2 significantly
inhibited IICR, whereas the other BH4-domain peptides did not. IDP (20 M) prevented the inhibition of ICR by BH4-Bcl-2. (g) A typical experiment in Fluo-3-loaded C6 glioma
cells loaded with 20 M of different BH4-domain peptides or IDP depicting Ca2™* signals in response to ATP (1 uM). For clarity reasons, Ca2 " responses in cells loaded with
vehicle, BH4-Bcl-2, BH4-Bcl-2 + IDP or BH4-Bcl-XI are shown. (h) Quantitative analysis of the area under the curve of the ATP-induced Ca?* signals in intact Fluo-3-loaded
C6 glioma cells loaded with the different BH4-domain peptides (20 «M) in response to 1 uM ATP (5-9 independent experiments). (i) Similar experiment as (g) except that cells
were pretreated with EGTA (1 mM) 1 min before exposure to thapsigargin (TG; 2.5 uM). (j) Quantitative analysis of the area under the curve of the TG-induced Ca®*
responses (five independent experiments)

Cell Death and Differentiation 48



RESULTS-PART |

Different BH4-motif properties of Bcl-2 and Bcl-XI @
G Monaco et a/

297

a

Bcl-2
1 023 IDP 1581 2749

XY 1:5:@:::
Dom3~" Becl-2-binding site
% b

1 24
BH4-Bel-XI: “MSQSNRELVVDFLSYKLSQKGYSW”

1. BH4 BH3 BH1 BH2TM 239

e d ] _ .
- L ] A + A
_» %m- H.; ) S
55_ s 804
£ 3 B BHiBA2
Lk 3% g akvee
'g 40 ] ¥ BHBX
E -
b 0 v g
0 10 100
* [Peptice] ()
€ f ] Resporsetocaged IPy photoiberation
14 4 i‘
1004
E E
% 0.8 g 60+
o B
. 20- —aii h_‘% m: Response to 1 ,MATP L
\ TR o
15 I ‘t% 100
=] E 80+
% 1.0- EB ]
05+ Eﬁ 40
00 E & . .
R A
BT
TS e ] oy Response 1025, M TG
0.5 - :BHQ-BH-Q+IP g =
BH4-Bcl-X 100 -
06 ‘t}jg i
? 04- gs =
= 024 L2 w4
0.0+ % -1
0
T o o S

49 Cell Death and Differentiation



Different BH4-motif properties of Bcl-2 and Bcl-XI
G Monaco et a/

298

RESULTS-PART |

a BH4-Bcl-2 BH4-Bcl-XI BH4-Bcl-2BIND
[yr] o L]
E E E
[=] (=] =]
- a . o i o b
5 . S 3 - -
2 b n 2 wun S w _ 7,
£ 00 £ 0O £00 3,
GST-Dom3— [ = = =] < 7
-= v D 54
- 5 § .
-l o E
- § 31
GST— M - o E f
4 g,
: |
Peptide— : ] -

Figure 2 A GST-fusion protein corresponding to the central, modulatory domain of IP3R1 binds BH4-Bcl-2, but not BH4-Bcl-XI or BH4-Bcl-2BIND. (a) GST pull-down
assays were used for assessing the binding of BH4-Bcl-2, BH4-Bcl-XI or BH4-Bcl-2 BIND to either GST or GST-Dom3. Samples were analyzed via SDS-PAGE and total
protein was stained. Bands corresponding to the BH4-domain peptides were quantified using ImageQuant. (b) The results of 3-7 independent experiments are plotted as

mean + S.E.M. **Significantly different from GST control (P<0.01)

(Figure 1d and Supplementary Figure 1C). We repeated the
experiments using more physiological conditions, like 300 nM
free Ca®* (Supplementary Figure 2B), 1uM free Ca®"
(Supplementary  Figure 2C) and 1mM Mg-ATP
(Supplementary Figure 2D), and found that 40 uM BH4-Bcl-2
equally inhibited 1ICR.

Next, we examined the differential regulation of IP3;Rs
by BH4-Bcl-2 and BH4-Bcl-XI in C6 glioma cells, a
cellular model optimized for in situ electroporation of
membrane-impermeable  molecules.®®>3® We loaded
BH4-Bcl-2 or BH4-Bcl-XI (both 20 uM) by electroporation
and found that BH4-Bcl-2 inhibited IICR triggered by
IPs photoliberation from its caged precursor in intact C6
cells (50 uM; Figures 1e and f), whereas BH4-Bcl-XI did not.
BH4-Bcl-2SCR and BH4-Bcl-2BIND  control  peptides
did not reduce I[ICR. The inhibition by BH4-Bcl-2 was
completely prevented by loading the cells with IDP (20 zM),
indicating a competitive binding of BH4-Bcl-2 to IP3Rs. Similar
results were obtained using adenosine 5'-triphosphate (ATP;
1 uM), a physiological agonist provoking IP;R-mediated Ca*
release in these cells (Figures 1g and h). Finally, we assessed
the TG (2.5 uM)-releasable Ca2* in these cells 1 min after
exposing the cells to EGTA (1 mM) and found no differences
among the different conditions (Figures 1i and j). Hence, the
decreased ATP-induced Ca®* release in the presence of
BH4-Bcl-2 was not because of decreased ER Ca®™ -store
content.

These results indicate that BH4-Bcl-2 and BH4-Bcl-XI
differentially regulate IP3R function independently of the ER
Ca®* -store content.

BH4-Bcl-2 and BHA4-Bcl-XI differentially bind to the
central domain of the IP3;R. Next, we compared the
binding of BH4-Bcl-2 and BH4-Bcl-XI with glutathione-S-
transferase (GST)-Dom3 (i.e. a.a. 923-1581 of IP3R1;
Figures 2a and b). Using GST pull-down assays, we found
that BH4-Bcl-2, but not BH4-Bcl-XI, strongly and specifically
interacted with GST-Dom3. However, we consistently

Cell Death and Differentiation

50

noticed a higher nonspecific binding of BH4-Bcl-XI to GST
than for BH4-Bcl-2. The reason for this is unclear. BH4-Bcl-
2BIND was not pulled down by GST-Dom3 (Figures 2a and b),
indicating that surface-accessible residues are important for
interaction with IP3Rs.

We also assessed the binding of GST-Dom3 to BH4-Bcl-2
and BH4-Bcl-XI in a more quantitative manner using surface
plasmon resonance (SPR). We monitored the binding of GST-
Dom3 (Figures 3a—c) and GST (Supplementary Figures 3A—C
and Figure 3e) to the streptavidin-coated sensor chip contain-
ing immobilized biotinylated peptides. Background signals
obtained from the reference flow cell containing the scrambled
peptides were subtracted to generate response curves. In
each sensorgram, the association phase is plotted. GST (up
to 40 M) bound to neither biotin-BH4-Bcl-2 nor biotin-BH4-
Bcl-XI (Supplementary Figures 3A—C). GST-Dom3 displayed
a concentration-dependent increase in resonance units, in the
biotin-BH4-Bcl-2-containing flow cell (Figure 3a). This indi-
cates a specific binding toward biotin-BH4-Bcl-2 with esti-
mated dissociation constant (Kq) of ~1 M (Figure 3c). In the
biotin-BH4-Bcl-XI-containing flow cell (Figure 3b), GST-Dom3
resulted in significantly less increase in resonance units
(Figure 3c).

We also monitored the binding of GST-Dom3 to biotin-BH4-
Bcl-2BIND corrected for the response to the scrambled
counterpart (Figure 3d). Clearly, GST-Dom3 did not specifi-
cally bind to biotin-BH4-Bcl-2BIND. The negative values in the
sensorgrams indicate a slightly higher binding of GST-Dom3
to the scrambled version.

As the Bcl-2-binding site®® is largely conserved among the
different IP3R isoforms, we compared the BH4-Bcl-2-binding
properties of the GST-Dom3 (3.3 uM) derived from IP3R1,
IPsR2 and IP3R3 (Figures 3e and f). GST-Dom3 from all
three IP3R isoforms bound to biotin-BH4-Bcl-2 with roughly
similar potencies (Figures 3e and f). The quality of the purified
GST-fusion proteins was controlled using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
Figure 39).
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Figure 3 The central, modulatory domain of IP3R1 binds to immobilized biotin-BH4-Bcl-2, but not to biotin-BH4-Bcl-XI, in SPR experiments. (a-¢) Sensorgrams are
obtained after background correction for binding to the respective scrambled versions of the biotinylated BH4-domain peptides. The association phase is shown upon addition
of different concentrations of purified GST-Dom3 to biotin-BH4-Bcl-2 (a) or biotin-BH4-Bcl-XI (b). A typical experiment is shown. (¢) The quantitative analysis of the binding
properties of GST-Dom3 to either biotin-BH4-Bcl-2 or biotin-BH4-Bcl-XI is shown. Values were obtained from three independent experiments and are plotted as
mean + S.E.M. (d) Sensorgrams representing the association phase of different concentrations of GST-Dom3 for the binding to either biotin-BH4-Bcl-2 or biotin-BH4-Bcl-
2BIND. All curves are background corrected for binding to the respective scrambled peptides. (e) Sensorgrams representing the binding of purified GST-Dom3 (3.3 M)
obtained from IP3R1, IP3R2 and IP3R3 to biotin-BH4-Bcl-2. GST (3.3 M) was included as a control. (f) Quantitative analysis of the binding of purified GST and GST-Dom3
obtained from IP3R1, IP;R2 and IP3R3 (all at 3.3 M) to biotin-BH4-Bcl-2. Values were obtained from three independent experiments and are plotted as mean + S.E.M. (g) A
representative GelCode Blue-stained 4-12% Bis-Tris NUPAGE gel run in MOPS-SDS buffer showing the quality of the purified GST and GST-Dom3 derived from IP3R1,
IP;R2 and IP3R3 used in these SPR experiments. The upper arrow indicates the full-length GST-IP;R-fusion proteins, whereas the lower arrow indicates parental GST

Identification of residues in BH4-Bcl-2 responsible for
inhibiting IP;Rs. Next, we investigated which residues in
BH4-Bcl-2 are responsible for interaction with IP;Rs. Based
on a bioinformatics approach,®® we successively changed
the various predicted surface-accessible residues into
alanines (Figure 4a) and investigated their properties
toward inhibiting IICR as described in Figure 1. We applied
60 uM of the different BH4-Bcl-2 mutant peptides. This
concentration, when used for wild-type BH4-Bcl-2, reduced
the IICR to ~20% of its control value (Figure 4b). This
analysis revealed that BH4-Bcl-2 acts as a discontinuous
binding domain, in which every surface-accessible residue
(Asp10, Arg12, Lys17, His20, Tyr21, GIn25, Arg26, Tyr28)
contributed to the inhibition of IICR. In particular, Lys17,
His20, Tyr21 or Arg26 seemed critical for the inhibitory
properties of BH4-Bcl-2. Moreover, changing these residues
into an Ala may indirectly affect the binding of BH4-Bcl-2 to
IP3Rs by altering its «-helical properties. It has to be noted
that although minor changes in the secondary structure can
occur, all Ala mutants displayed similar predicted o-helical
properties as the wild-type BH4-Bcl-2 using PSIPRED vs3.0
(Supplementary Figure 4, http://bioinf.cs.ucl.ac.uk/psipred/).

Sequence alignment identifies a difference of one
critical residue essential for differential IP;R-inhibitory
properties of BH4-Bcl-2 and BH4-Bcl-XI. Sequence
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alignment shows that Lys17 (K17) in BH4-Bcl-2
corresponds to Aspi1 (D11) in BH4-Bcl-XI (Figure 5a),
thereby introducing a charge change in the middle of the
a-helical structure.?®343% Hence, we made a mutant BH4-
Bcl-2 peptide in which we replaced Lys17 by an aspartate
(BH4-Bcl-2 K/D) and a mutant BH4-Bcl-XI peptide in which
we replaced Asp11 by a lysine (BH4-Bcl-XI D/K). Strikingly,
we found that BH4-Bcl-2 K/D failed to inhibit IICR, whereas
BH4-Bcl-XI D/K strongly reduced IICR (Figures 5b and c).
Dose-response curves (Figure 5d) indicated that BH4-Bcl-2
and BH4-Bcl-XI D/K inhibited IICR with an ICso of 30 and
60 uM, respectively. In contrast, BH4-Bcl-XI and BH4-Bcl-2
K/D were largely ineffective. The effects of the BH4-domain
mutants on IICR were also observed in intact C6 glioma cells
using caged IP3 (Figures 5e and f). In contrast to BH4-Bcl-2,
BH4-Bcl-2 K/D did not inhibit IICR in intact cells, whereas in
contrast to BH4-Bcl-XI, BH4-Bcl-XI D/K was able to
significantly reduce IICR. Similar results were obtained
using the physiological agonist ATP (1uM; Figure 5g),
whereas none of the BH4-domain peptides did alter the
amount of TG (2.5uM)-releasable Ca®?" from the ER
(Figure 5h).

The importance of this critical residue was underpinned by
SPR experiments using immobilized biotin-BH4-Bcl-2 K/D
and biotin-BH4-Bcl-XI D/K. Consistent with the functional
data, BH4-Bcl-2 K/D largely lost its ability to interact with
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GST-Dom3 (Figure 5i), whereas BH4-Bcl-XI D/K was able to of the CytC-induced cell death was because of CytC binding to
bind GST-Dom3 (Figure 5j). the IP3Rs. We tested the different BH4-domain peptides
Taken together, these data indicate that one single residue (20 uM) in this cell system and found that both BH4-Bcl-2 and
difference between BH4-Bcl-2 and BH4-Bcl-XI can explain BH4-Bcl-XI protected against CytC-induced cell death.
their differential action on IP3Rs. However, BH4-Bcl-2 was significantly more potent in protect-
ing than BH4-Bcl-XI (Figure 6b). The BH4-Bcl-2SCR control
BH4-Bcl-2 and BHA4-Bcel-XI  differentially  affect did not protect at all. Importantly, changing Lys17 into Asp in
apoptosis. Next, we assessed whether BH4-Bcl-2 and BH4-Bcl-2 (BH4-Bcl-2 K/D) reduced the level of protection,
BH4-Bcl-XI displayed a difference in protection against thereby resembling BH4-Bcl-XI. In contrast, changing Asp11
apoptotic cell death in C6 glioma cells triggered by loading into Lys in BH4-Bcl-XI (BH4-Bcl-XI D/K) increased cell
the cells with cytochrome ¢ (CytC; 10 uM, 25 min) or by survival, thereby resembling BH4-Bcl-2.
incubation with staurosporine (STS; 2 uM, 6 h). The apoptotic To assess whether the difference in potency between BH4-
index (Al) was determined and expressed relative to the Bcl-2 and BH4-Bcl-XI is because of their differential action on
condition in which apoptosis was triggered in the absence of the IP3R, the BH4-domain peptides were loaded together with
BH4 peptides (vehicle), which was set to 100%. IDP competing with the IP3R for binding of Bcl-2. IDP
We first examined whether CytC interaction with the IP3R completely abolished the protective action of BH4-Bcl-2, but
contributed to CytC-induced apoptosis in the C6 cell model. not that of BH4-Bcl-XI (Figure 6c).

The CytC—IP3R interaction is part of a positive feedback loop We also used STS, which acts upstream of the mitochon-
that enhances cell death by promoting ER Ca®" release dria and CytC release and initiates apoptosis via ER Ca®" -
through IP3R channels.*®%” We examined CytC-induced cell  release-dependent mechanisms.?**° STS induced apoptosis

death in the absence and presence of a peptide matching the with a minor fraction of these cells displaying secondary
CytC-binding site on IP3Rs (IP3RCYT; 50 uM). Cells loaded necrosis (Figure 6d). Primary necrosis was not observed,
with IPSRCYT displayed a decrease of ~50-60% in CytC- as all propidium iodide (PI)-positive cells were also
induced cell death (Figure 6a). These results indicate that part characterized by activated caspases (cysteine-dependent

IICR (% of control)

fa‘” & &é‘ FEF ¥ @“é\%@

Figure 4 Determination of the residues in BH4-Bcl-2 critical for inhibiting IICR. (a) Zoomed picture of the BH4 domain of Bcl-2 showing its surface-accessible residues is
depicted. (b) The inhibitory properties of different BH4-Bcl-2 mutant versions (60 M), in which the surface-accessible residues were altered into alanines, were monitored in
unidirectional *°Ca®* -flux assays in permeabilized MEF cells. Four of the six single alanine mutations (K17A, H20A, Y21A and R26A) had the largest effect on the inhibitory
action of the wild-type (wt) BH4-Bcl-2 domain

>

Figure5 BH4-Bcl-2 and BH4-Bcl-XI differ in one critical amino acid, which determines their effect on the IP3R. (a) Aligned sequence of the BH4 domain of Bcl-2 and Bcl-XI
with indication of the surface-accessible residues (in color) is shown. The critical residue Lys17 in BH4-Bcl-2 is not conserved in BH4-Bcl-XI (depicted in blue). The sequences
of these BH4-domain peptides are indicated. (b) A typical experiment of a unidirectional “°Ca2*-flux assay in permeabilized MEF cells, comparing the effect of BH4-Bcl-2,
BH4-Bcl-XI, BH4-Bcl-2 K/D and BH4-Bcl-XI D/K (80 M of peptides). (€) The quantification of the effects of the different BH4-domain peptides (80 1M) on IICR was obtained
from three to four independent experiments. Data points represent mean + S.E.M. *BH4-Bcl-2 and BH4-Bcl-XI D/K are statistically different from control. ® BH4-Bcl-2 K/D is
statistically different from BH4-Bcl-2. “BH4-Bcl-XI D/K is statistically different from BH4-Bcl-XI. (d) A dose-response curve for the different BH4-domain peptides was obtained
from three independent experiments. Values are plotted as mean + S.E.M. (e) Representative IP;R-mediated Ca2* traces in intact C6 glioma cells using caged IP5 and UV
photoliberation. (f) Quantitative analysis of the area under the curve, of the traces in (e), was obtained from at least six independent experiments and data are plotted as
mean + S.E.M. BH4-Bcl-2 and BH4-Bcl-XI D/K significantly inhibited IICR, in contrast to BH4-Bcl-2 K/D and BH4-Bcl-XI. *BH4-Bcl-2 and BH4-Bcl-XI D/K are statistically
different from control. BH4-Bcl-2 K/D is statistically different from BH4-Bcl-2. *BH4-Bcl-XI D/K is statistically different from BH4-Bcl-XI. (g) Similar experiment as in (e and f),
except that Ca?* signals were elicited by ATP (1 uM). Area under the curve of different control cells was determined and set at 100%. (h) Similar expetiment as in (e and ),
except that cells were pretreated for 1 min with EGTA (1 mM) and exposed to thapsigargin (TG, 2.5 M). Area under the curve for control was determined and set at 100%.
Statistically significant differences were considered at P<0.05 (single symbols), P<0.01 (double symbols) and P<0.001 (triple symbols). (i) Quantitative analysis of data
obtained from three independent SPR experiments, in which the binding of different concentrations of GST-Dom3 to immobilized biotin-BH4-Bcl-2 was compared with its
binding to immobilized biotin-BH4-Bcl-2 K/D. The maximal signal (resonance units) during the association phase was used in this analysis. (j) Quantitative analysis of data
obtained from SPR experiments, in which the binding of GST-Dom3 to biotin-BH4-Bcl-XI was compared with its binding to biotin-BH4-Bcl-XI D/K. The maximal signal
(resonance units) during the association phase was used in this analysis
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aspartate-specific proteases). Results with STS were similar to
those obtained with CytC loading (Figure 6e). Both BH4-Bcl-2
and BH4-Bcl-XI, but not BH4-Bcl-2SCR, protected against STS-
induced cell death. However, BH4-Bcl-2 was significantly more
potent than BH4-Bcl-XI. BH4-Bcl-2-mediated protection against
STS was completely suppressed by IDP, whereas the effect of
BH4-Bcl-XI was independent of IDP.
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As an additional control, we used first procaspase activating
compound (PAC-1; 150uM, 6h), a direct procaspase-3
activating compound downstream of CytC.*® These condi-
tions caused apoptosis in ~15% of the cell population. We
found that BH4-Bcl-2 and BH4-Bcl-XI did not protect against
PAC-1-induced cell death, confirming that the target of these
peptides is indeed upstream of caspase-3 (Figure 6f).
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Co-loading of BH4-Bcl-2 with BH4-Bcl-XlI in C6 glioma cells
did not display an additive effect toward their protection
against CytC- and STS-induced cell death (Figure 6g and
Supplementary Figure 5). The protective effects of both BH4-
Bcl-2 and BH4-Bcl-XI against CytC-induced apoptosis were
ablated when the positive feedback loop of CytC on the IP3R
was prevented by co-loading IPBRCYT peptide (Figure 6h).
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Collectively, these data indicate that the BH4 domains of
Bcl-2 and Bcl-XI both protect against apoptosis by acting on
different targets upstream of caspase activation. Although the
protective effect of BH4-Bcl-2 was stronger and largely
dependent on its interaction with a specific binding site on
the IP3R, the protective effect of BH4-Bcl-Xl is independent of
binding to the IP3R. Nevertheless, in these paradigms
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BH4-Bcl-Xl likely acts on a target that functions downstream of
the IP3R-signaling cascade.

Full-length Bcl-2 K/D is less efficient in binding IP3Rs,
inhibiting IP;R activity and protecting against Ca?*-
dependent apoptosis. Finally, we tested whether the
critical Lys17 identified in BH4-Bcl-2 plays a crucial role in
the IPzR-inhibitory action of full-length Bcl-2. Therefore, we
mutated Lys17 into Asp in full-length 3xFLAG-Bcl-2, creating
3xFLAG-Bcl-2 K/D.

First, we compared the GST-Dom3-binding properties of
3xFLAG-Bcl-2 and 3xFLAG-Bcl-2 K/D by expressing these
proteins in COS-1 cells and using GST pull-down assays
(Figure 7a). We found that the binding of 3xFLAG-Bcl-2 K/D to
GST-Dom3 was severely compromised compared with wild-
type 3xFLAG-Bcl-2 (Figure 7b).

Next, we examined the effect of 3xFLAG-Bcl-2 and
3xFLAG-Bcl-2 K/D overexpression in COS-1 cells on ATP-
induced Ca®" release. We applied 1 uM ATP, a submaximal
concentration for triggering Ca2* signals, in Fura-2-loaded
COS-1 cells. We monitored the Ca®" signals in mCherry-
transfected cells (Supplementary Figure 6). In each experi-
ment, 10 cells were selected and calibrated Ca?* signals
were obtained. Typical Ca®* responses in empty vector-,
3xFLAG-Bcl-2- and 3xFLAG-Bcl-2 K/D-transfected cells are
shown in Figures 7c-e, respectively. Cells expressing
3xFLAG-Bcl-2 displayed blunted ATP-triggered Ca2* signals
in comparison with empty vector- or 3xFLAG-Bcl-2 K/D-
transfected cells (Figure 7f). 3xFLAG-Bcl-2 was much more
potent in inhibiting IPsR-mediated Ca®* signals than
3xFLAG-Bcl-2 K/D (Figure 7f). In addition, there was no
difference for TG-induced Ca®* signals (Figure 7g). Finally,
we examined the effect of 3xFLAG-Bcl-2 and 3xFLAG-Bcl-2
K/D overexpression on the protection against STS-induced
apoptosis. We used the cleavage of poly-(ADP-ribose)-
polymerase (PARP), a downstream target of activated
caspase-3, to monitor STS-induced apoptosis in transfected
COS-1 cells (Figure 7h). Compared with control cells,
3xFLAG-Bcl-2 significantly reduced PARP cleavage upon
STS treatment. 3xFLAG-Bcl-2 K/D was much less potent than
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3xFLAG-Bcl-2 in preventing STS-induced PARP cleavage
(Figure 7i).

We confirmed these findings in WEHI7.2 cells, which
contain very low Bcl-2 levels. We created stable WEHI7.2
cell lines expressing either Bcl-2 or Bcl-2 K/D. First, western
blotting analysis revealed that both stable cell lines displayed
similar levels of Bcl-2 and Bcl-2 K/D (Figure 8a). Next, we
monitored apoptosis by western blotting analysis with PARP
antibodies (Figure 8b), annexin V-fluorescein isothiocyanate
(FITC)/PI fluorescence-activated cell sorting (FACS) analysis
(Figures 8c and d) and caspase-3-activity assay (Figure 8e).
In all assays, Bcl-2 overexpression protected WEHI7.2 cells
against STS-induced apoptosis, whereas Bcl-2 K/D was less
effective than wild-type Bcl-2. These data correlate well with
the IPsR-binding and Ca®"-signaling results obtained in
COS-1 cells. Hence, Lys17 seems an important residue in
the BH4 domain of full-length Bcl-2 for mediating Bcl-2-
dependent inhibition of IPsR-mediated Ca®" signals and
protection against STS-induced cell death.

Discussion

The major findings of this study are that (1) BH4-Bcl-2 and
BH4-Bcl-XI, although very similar in primary sequence and
secondary structure,?%343% act differentially on IPsRs, IICR
and Ca® " -dependent apoptosis; (2) one critical residue that
has an opposite charge in BH4-Bcl-2 versus BH4-Bcl-XI is
responsible for their distinct biological properties; and (3)
mutating this residue in the BH4 domain of full-length Bcl-2
decreases its ability to bind and inhibit IP3Rs and to protect
against apoptotic stimuli. We pinpointed one residue critical
for inhibiting IP3Rs in the sequence of BH4-Bcl-2 (Lys17) that
was not conserved in BH4-Bcl-XI (Asp11). This residue is of
key importance for the specific action of BH4-Bcl-2 on the
IP3R. Changing Asp11 in BH4-Bcl-Xl into a Lys induced IP3R
binding and inhibition, leading to a BH4-Bcl-2-like function.
Bcl-2 and Bcl-XI both act at the mitochondrial and the
ER membranes, where they regulate ER Ca®" dynamics
via interaction with the [P3R.292%26 Several reports
suggested that Bcl-2 predominantly inhibits proapoptotic
Ca®* transients, whereas Bcl-XI predominantly stimulates

Figure 6 BH4-Bcl-2, but not BH4-Bcl-XI, protects against CytC- and STS-induced apoptosis via its interaction with the IP3R. (a—c) Loading of CytC (10 M) in C6 glioma
cells provoked a dramatic increase in the number of caspase-positive cells and cells with a fragmented nucleus (both quantified 25 min later) compared with cells loaded with
buffer only (§ in (a) indicates that CytC significantly increases the apoptotic index compared with the control loading condition lacking CytC; the significance indication for CytC
versus control was omitted from the other panels for clarity reasons). All results were obtained from four to eight independent experiments and are plotted as mean + S.E.M.
Statistically significant differences are indicated as in Figure 5. (a) Co-loading of the IP3R peptide corresponding to the CytC-binding site (IP3RCYT 50 M) together with CytC
significantly (*) reduced the apoptotic index, indicating that CytC-induced apoptosis was amplified by its action on the IP3R. (b) BH4-Bcl-2, BH4-Bcl-2 K/D, BH4-Bcl-XI and
BH4-Bcl-XI D/K (20 uM) significantly (*) protected against CytC-induced apoptosis in both assays, but not BH4-Bcl-2SCR. However, BH4-Bcl-2 was significantly ($) more
potent than BH4-Bcl-XI. Furthermore, Bcl-2 is significantly more potent than Bel-2 K/D ( + ), whereas Bcl-XI D/K is significantly more potent than BH4-Bcl-XI (#). (¢) BH4-Bcl-2-
mediated protection against CytC-induced apoptosis was alleviated by co-loading with 20 M IDP, whereas the antiapoptotic activity of BH4-Bcl-X| was not affected by IDP.
Thus, BH4-Bcl-2, BH4-Bcl-XI and BH4-Bcl-XI + IDP significantly (*) reduced CytC-induced apoptosis, but not BH4-Bcl-2 + IDP. Furthermore, BH4-Bcl-2 + IDP is significantly
($) different from BH4-Bcl-2. (d) Characterization of the STS (2 uM)-induced cell death profile by analyzing the percentage of cells staining positive for propidium iodide (PI +),
caspase activation (Caspase) and both Pl and caspase activation (Pl + and Caspase) as a function of time. () Similar approach as in (¢) but with STS as an apoptotic trigger
(applied in the medium for 6 h at 2 uM). (f) Similar approach as in (a—c), but with PAC-1, a small molecular activator of caspase-3, as an apoptotic trigger (applied in the
medium for 6 h at 150 uM). (g) Effect of combining BH4-Bcl-2 and BH4-Bcl-XI (both 20 M) on CytC-induced apoptosis. *All conditions significantly reduced CytC-induced
apoptosis. *The combination of BH4-Bcl-2 and BH4-Bel-XI is significantly different from BH4-Bcl-XI, but not from BH4-Bcl-2. These results indicate no additive effect by
combining BH4-Bcl-2 with BH4-Bcl-XI. (h) Effect of BH4-Bcl-2 and BH4-Bcl-XI on CytC-induced apoptosis in the presence of IPBRCYT peptide. *All conditions significantly
reduced CytC-induced apoptosis. However, the protective effects of both BH4-Bcl-2 and BH4-Bcl-XI were ablated in the presence of IP3RCYT peptide (50 1M) and thus did
not significantly differ from the vehicle-treated condition
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IP;R-mediated prosurvival Ca®* oscillations.?'232628 Neverthe-
less, other reports showed that Bcl-2 too may enhance IP3R
activity?®2® and/or stimulate Ca2* oscillations.2"*! Hence,
until now, it was not clear whether Bcl-2 and Bcl-XI displayed
distinct functional properties toward regulating IP3Rs and thus
Ca®*-regulated apoptosis or whether they were similar in
their action. As we recently showed that BH4-Bcl-2 was
sufficient to protect against IP;R-mediated apoptosis, we now
made a direct comparison of the BH4-domain properties of
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Bcl-2 and Bcl-XI by using synthetic peptides. Our study
reveals a specific cellular function for the BH4 domain of Bcl-2
as a potent inhibitor of ICR and Ca?* -dependent apoptosis,
which is not shared by the BH4 domain of Bcl-XI, although
both motifs are very similar in sequence and structure. Our
dataindicate that this is because of a critical charge difference
in one of the surface-accessible amino-acid residues. As a
result, BH4-Bcl-XI did not inhibit Ca®* flux through the IP3R.
Nevertheless, BH4-Bcl-XI protected against cell death.
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However, this effect was significantly smaller than for BH4-
Bcl-2 and was not due to inhibition of IICR. This was
concluded from the observation that IDP counteracting the
effect of BH4-Bcl-2 did not interfere with the protective
function of BH4-Bcl-XI. Finally, using exogenous expression
in COS-1 and WEHI7.2 cells, we demonstrated that the role of
Lys17 is important for the action of full-length Bcl-2 on the
IPsR, as full-length Bcl-2 K/D was much less efficient in
binding and inhibiting IP3Rs as well as in protecting against
apoptotic stimuli. We observed a weak binding of full-length
Bcl-2 K/D (i.e. ~20% of the binding of wild-type Bcl-2) to the
IPsR fragment, which indicates that residues other than
Lys17 may contribute to the binding of full-length Bcl-2
to the [IP3R. This remaining binding of Bcl-2
K/D to IP3R may be responsible for the weak inhibitory
property of this protein on IP;R-mediated Ca® * signaling and
its protective effects against STS-induced apoptosis. How-
ever, the latter may also be related to the antiapoptotic actions
of Bcl-2 K/D through its hydrophobic cleft and may therefore
suggest that its ability to scaffold proapoptotic BH3-domain
proteins is unaffected by this mutation in the BH4 domain.
Clearly, whereas Bcl-2 exclusively interacts with the central
domain of the IPsR,2® Bcl-XI seems to interact with the
C-terminal tail of the IP3R.2% The latter domain has been
proposed to contain two putative BH3-like domains and may
therefore interact with the hydrophobic cleft of Bcl-X1.2*
Besides the differential interaction with the IP3R, Bcl-2 and
Bcl-XI could also differ with respect to other previously
identified targets of the BH4 domain of Bcl-2-family members,
as calcineurin, VDAC, RAF-1 (v-raf-1 murine leukemia viral
oncogene homolog 1), RAS (RAt Sarcoma), CED (cell death
abnormal)-4, paxillin and NF-xB (nuclear factor kappa-light-
chain enhancer of activated B cells), all of which may play a
role in apoptosis.®° A side-by-side comparison between Bcl-2
and Bcl-XI will be required to examine whether there is a
distinct or preferential action of either domain on these targets
and whether the critical sequence difference between BH4-
Bcl-2 and BH4-Bcl-XI revealed in this study affects their
activity or selectivity. Furthermore, considering the preferen-
tial targeting of Bcl-XI to the mitochondrial outer membrane,*?
we speculate that the protective action of BH4-Bcl-XI may be
mediated by modulating mitochondrial targets.** Although
BH4-Bcl-2 and BH4-Bcl-XI appear to have distinct targets,
these targets likely do not function in completely independent
pathways. Indeed, a combination of BH4-Bcl-2 and BH-Bcl-XI
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did not provoke an additive protective effect and IPSRCYT
abolished the protective effect of both BH4-Bcl-2 and BH4-
Bcl-XI against CytC-induced apoptosis. Thus, Bcl-XI may act
through its BH4 domain on a target downstream of the IP3R,
whereas other targets independently of the IP3R/Ca?™-
signaling cascade cannot be excluded.

Our study may have important therapeutic consequences
for cancers dependent on high levels of Bcl-2, like chronic
lymphocytic leukemia.***° It may be possible to target the
BH4 domain of Bcl-2 in these malignancies, while preserving
essential biological functions of Bcl-XI in other cells.

To conclude, our study is the first to reveal a difference in
the cellular activity of the BH4 domain of Bcl-2 and Bcl-XI
toward IP3R regulation because of a single residue difference
between both domains.

Materials and Methods

Peptides. All synthetic peptides were obtained from Thermo Electron (Osterode,
Germany). Biotinylated peptides were obtained from Lifetein (South Pleinfield, NJ,
USA). Table 1 provides an overview of the different peptides used in this study and
their primary sequence.

Plasmid vector constructs. The pGEX-6p2 construct (Amersham
Biosciences, GE Healthcare, Diegem, Belgium) encoding a.a. 923-1581 of
mouse IPsR1 Domain 3 was obtained as previously described.?® pcDNA3.1 (-)
mouse IP3R2 and rat IP;R3 were used as templates for the construction of
pGEX-6p2 vectors encoding the corresponding regions of IP3R2 (a.a. 913-1562)
and IP3R3 (a.a. 910-1427). Their respective coding regions were amplified by PCR
using the following primers: IP;R2 forward (5'-GCGGCGGGATCCAATGTCAT
GAGGACCATCCACGG-3'); IP3R2 reverse (5-GCGGCGGAATTCCTAGAGCGTGT
TGACCTGGCTG-3); IPsR3 forward (5'-GCGGCGGGATCCAACGTGCGGAGGTC
CATCCAGGG-3'); IPsR3 reverse (5'-GCGGCGGAATTCTCACAGAGCGCTCATGTGG
GCATC-3). PCR products were purified, digested with BamHI and EcoRl (restrictions
sites are underlined above) and ligated into BamHI-EcoRl-treated pGEX-6p2 vector.
3xFLAG-Bcl-2 and -Bcl-X| were generated by subcloning their respective full-length
cDNAs into p3xFLAG-myc-CMV-24 vector (Sigma-Aldrich, Munich, Germany) at Hindlll/
Bgll sites. The 3xFLAG-Bcl-2 K/D mutant was generated by PCR site-directed
mutagenesis introducing GAT (D) to replace AAG (K) in wild-type Bcl-2-donor DNA. The
following primers were used: 3F-Bcl-2 K/D forward (5'-GATAACCGGGAGATAGT
GATGGATTACATCCATTATAAGCTGTCG-3'); 3F-Bcl-2 K/D reverse (5'-CGACAGCT
TATAATGGATGTAATCCATCACTATCTCCCGGTTATC-3).

The pSFFV-Neo and pSFFV-Neo-Bcl-2 vectors were kindly provided by
Professor Clark W Distelhorst. The pSFFV-Neo-Bcl-2 K/D vector was also obtained
by PCR site-directed mutagenesis. To introduce the desired point mutations, we
designed and used the following primers: Neo-Bcl-2 K/D forward (5'-GACAAC
CGGGAGATAGTGATGGACTACATCCATTATAAGCTGTCG-3'); Neo-Bcl-2 K/D
reverse (5'-CGACAGCTTATAATGGATGTAGTCCATCACTATCTCCCGGTTGTC-3).
All constructs were verified by sequencing (Agowa AG, Berlin, Germany).

Figure 7 Mutating Lys17 into Asp in full-length Bcl-2 largely prevents the ability of Bcl-2 to bind to the IP5R, inhibit IPsR-mediated Ca®* release and protect against STS-
induced apoptosis in COS-1 cells. (a) Lysates from 3xFLAG-Bcl-2- and 3xFLAG-Bcl-2 K/D-overexpressing COS-1 cells were used in GST pull-down assays using purified
GST-Dom3. A representative western blot using anti-FLAG antibodies is shown. (b) Immunoreactive bands of at least five independent experiments were quantified using
ImageJ software. Values represent normalized values relative to their binding to GST. (c-e) COS-1 cells were co-transfected with mCherry plasmids and threefold excess of
either empty vector (c), 3xFLAG-Bcl-2 plasmid (d) or 3xFLAG-Bcl-2 K/D plasmid (e). Only cells expressing the mCherry plasmid were monitored as F340/F380. Fura-2 signals
were calibrated to obtain [Ca®*] (nM). Representative Ca2 ™ traces obtained from 10 Fura-2-loaded COS-1 cells in response to ATP (1 uM) are shown. (f) Quantitative
analysis of the amplitude of the ATP-induced Ca® * signals in mCherry-expressing COS-1 cells transfected with either empty vector, 3xFLAG-Bcl-2 plasmid or 3xFLAG-Bcl-2
K/D plasmid obtained from six independent experiments (mean + S.E.M.). *Both 3xFLAG-Bcl-2 and 3xFLAG-Bcl-2 K/D significantly reduce the peak [Ca®*] in response to
ATP. $3xFLAG-Bcl-2 K/D is significantly different from 3xFLAG-Bcl-2. (g) Quantitative analysis of the area under the curve of the TG-induced Ca?* signal in these cells.
(h) Western-blot analysis using anti-PARP antibodies for monitoring PARP cleavage upon STS treatment (1 xM for 6 h) in 3xFLAG-vector, 3xFLAG-Bcl-2 and 3xFLAG-Bcl-2
K/D-expressing COS-1 cells. GAPDH was used as a loading control. (i) Quantification of the immunoreactive bands of the ratio of the cleaved over the full-length PARP in the
different transfected COS-1 cell populations from three independent experiments. The ratio of cleaved over full-length PARP obtained for control cells were set at 100% and
the other ratios were normalized to this value. Both 3xFLAG-Bcl-2 and 3xFLAG-Bcl-2 K/D significantly (*) prevent STS-induced apoptosis compared with the empty-vector
control, but 3xFLAG-Bcl-2 K/D is significantly ($) less potent than 3xFLAG-Bcl-2. Statistically significant differences are indicated as in Figure 5. We wish to remark that the
results obtained with 3xFLAG-Bcl-2 K/D were borderline significantly (*!) different from the empty-vector control (P=0.051)
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Figure 8 Bcl-2K/D is less effective than Bcl-2 in protecting against STS-induced apoptosis in stable WEHI7.2 cell lines. (a) Stable WEHI7.2 cell lines expressing Bcl-2 or
Bcl-2 K/D were created. The expression levels of Bcl-2 and Bel-2 K/D were examined by western-blotting analysis using an anti-Bcl-2 antibody. Control WEHI7.2 cells display
very low endogenous Bcl-2 levels. (b) The cleavage of poly(ADP-ribose)-polymerase (PARP) in control WEHI7.2 cells, WEHI7.2 cells expressing Bcl-2 and WEHI7.2 cells
expressing Bcl-2 K/D was monitored by western-blotting analysis using an anti-PARP antibody. (c) FACS analysis of untreated and STS-treated PI/Annexin V-FITC-stained
control, Bel-2-overexpressing and Bcl-2 K/D-overexpressing WEHI7.2 cell lines (10000 cells per analysis). The apoptotic population was identified as the AnnexinV-FITC-
positive fraction (P2 + P3). The STS-induced apoptotic population was determined by the difference between the Annexin V-FITC-positive fraction of STS-treated cells and
the untreated cells: (P2 + P3)sts—~(P2 + P3)untreates- (d) Quantitative analysis from five independent experiments of the STS-induced apoptotic cell population, normalized to
the values obtained for the control WEHI7.2 cells (% of control). (e) Fluorimetric analysis from three independent experiments of the caspase-3 activity in untreated and
STS-treated control, Bcl-2-overexpressing and Bcl-2 K/D overexpressing WEHI7.2 cells using a plate-reader assay. The difference in relative fluorescence units between
STS-treated and untreated cells was calculated and plotted. In all these experiments, both Bcl-2 and Bcl-2 K/D significantly (*) protected against STS-induced apoptosis, but
Bcl-2 K/D was significantly ($) less potent than Bcl-2. Statistically significant differences are indicated as in Figure 5

Cell culture and transfections. MEF cells were cultured at 37°C in a 9% (Sigma-Aldrich) at 37°C, 10% CO,. At 2 days after plating, COS-1 cells were
CO, incubator in DMEM/Ham’s F12 medium (1 : 1; Invitrogen, Merelbeke, Belgium) transiently transfected with the empty p3xFLAG-Myc-CMV-24 vector (Sigma-
supplemented with 10% fetal calf serum (Sigma-Aldrich), 3.8mM L-glutamine Aldrich) or containing the cDNA of Bcl-2 or of the Bcl-2 K/D mutant. The transfection
(Glutamax, Invitrogen), 85 IU/ml penicillin and 85 pg/ml streptomycin (Invitrogen). procedure was performed using JetPRIME transfection reagent (Polyplus Transfections,
C6 glioma cells were cultured in DMEM/Ham’s F12 medium (1 : 1), containing 10% New York, NY, USA) and following the manufacturer's recommendations.
fetal calf serum, 100 IU/ml penicillin, 100 p«g/ml streptomycin, 2.5 ug/ml fungizone For Ca“-imaging experiments, COS-1 cells were also co-transfected with a pcDNA
and 2mM L-glutamine at 37°C, 5% CO,. COS-1 cells were seeded at a density of 3.1-mCherry vector (Invitrogen) using a DNA ratio of 1:2 between pcDNA 3.1-mCherry
15000 cells/cm? and cultured in DMEM supplemented with 10% fetal bovine serum and p3xFLAG-Myc-CMV-24 vectors.
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Peptide name

Peptide sequence

BH4-Bcl-2

BH4-Bcl-XI
BH4-Bcl-2SCR
BH4-Bcl-2BIND
BH4-Bcl-2 K/D
BH4-Bcl-XI D/K

IDP

Biotin-BH4-Bcl-2
Biotin-BH4-Bcl-XI
Biotin-BH4-Bcl-2SCR
Biotin-BH4-Bcl-XISCR
Biotin-BH4-Bcl-2BIND
Biotin-BH4-Bcl-2BINDSCR
Biotin-BH4-Bcl-2 K/D
Biotin-BH4-Bcl-XI D/K

RTGYDNREIVMKYIHYKLSQRGYEW
MSQSNRELVVDFLSYKLSQKGYSW
WYEKQRSLHGIMYYVIEDRNTKGYR
RTGYANAEIVMKYIAEKLSAAGKEW
RTGYDNREIVMKYIHYKLSQRGYEW
MSQSNRELVVDFLSYKLSQKGYSW
NVYTEIKCNSLLPLDDIVRV
Biotin-RTGYDNREIVMKYIHYKLSQRGYEW
Biotin-MSQSNRELVVDFLSYKLSQKGYSW
Biotin-WYEKQRSLHGIMYYVIEDRNTKGYR
Biotin-WYSKQRSLSGLVMYVLEDKNSQFS
Biotin-RTGYANAEIVMKYIAEKLSAAGKEW
Biotin-WKEKAASLAGIMEYVIEAANTKGYR
Biotin-RTGYDNREIVMDYIHYKLSQRGYEW
Biotin-MSQSNRELVVKFLSYKLSQKGYSW

WEHI7.2 murine cells were grown as described previously?® and nucleofected
with either pSFFV-Neo, pSFFV-Neo-Bcl-2 or pSFFV-Neo-Bcl-2 K/D vectors, using
the Amaxa nucleofector and the dedicated Mouse T cell Nucleofector Kit according
to the manufacturer's instructions (Amaxa-Lonza AG, Basel, Switzerland).
Subsequently, resistant cells were stably selected with 1 mg/ml G418 (Invitrogen)
as described in Chen et al.,2' but no clonal expansion was performed.

Western-blot analysis and antibodies. COS-1 and WEHI7.2 cells were
lyzed in a buffer containing 25 mM Hepes, pH 7.5, 1% Triton X-100, 10% glycerol,
0.3M NaCl, 1.5mM MgCl,, 1mM DTT, 2mM EDTA, 2mM EGTA and protease
inhibitor cocktail tablets (Roche, Basel, Switzerland). The protein concentration of
samples was determined by Bradford assay (Sigma-Aldrich) using bovine serum
albumin (BSA) as standard. Proteins (10-20 ug) were separated by NUPAGE 4-
12% Bis/Tris SDS-polyacrylamide gels using MES/SDS-running buffer (Invitrogen)
and transferred onto a polyvinylidene fluoride (PVDF) membrane. After blocking
with TBS containing 0.1% Tween and 5% non-fat dry milk powder, the membrane
was incubated with the primary antibody overnight. Next, membranes were
incubated for 1h with a secondary horseradish peroxidase (HRP)-conjugated
antibody (dilution 1:2000 in 0.1% Tween/TBS). Protein detection was performed
with Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific; p/a Perbio
Science BVBA, Erembodegem, Belgium). Bands quantification was done with
ImageJ software (rsbweb.nih.govi/ijf).

Primary antibodies used in this study are: mouse monoclonal ANTI-FLAG M2-
Peroxidase (HRP) (Sigma-Aldrich), rabbit polyclonal anti-PARP-1 (Alexis-Enzo Life
Sciences, Farmingdale, NY, USA), mouse monoclonal Anti-GAPDH clone GAPDH-
711 (Sigma-Aldrich) and mouse monoclonal anti-Bcl-2 (C2) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

Unidirectional *°Ca®*-flux assay. The 12-well clusters containing MEF
cells were fixed on a thermostated plate at 30°C on a mechanical shaker. The
culture medium was aspirated, and the cells were permeabilized by incubating them
for 10 min in a solution containing 120 mM KCI, 30 mM imidazole-HCI (pH 6.8),
2mM MgCl,, 1 mM ATP, 1 mM EGTA and 20 pg/ml saponin. The non-mitochondrial
Ca’* stores were then loaded for 45 min in 120mM KCI, 30 mM imidazole-HCl
(pH 6.8), 5mM MgCl,, 5mM ATP, 0.44mM EGTA, 10mM NaN; to prevent
mitochondrial Ca?* uptake, and 150 nM free “°Ca* (28 uCi/ml). After reaching
steady-state loading, cells were washed twice with 500 ul of efflux medium (120 mM
KCI, 30mM imidazole-HCl (pH 6.8), 1mM EGTA) supplemented with 4 uM
thapsigargin (Enzo Life Sciences, Farmingdale, NY, USA) to block SERCA
(sarcoplasmic-endoplasmic reticulum Ca?* adenosine triphosphatase) Ca®™ -
uptake activity. Then, efflux medium was added and replaced every 2min. IP;
(3 uM) was added for 2 min after 10 min of efflux. At the end of the experiment, all
*5Ca®* remaining in the stores were released by incubation with 1 ml of a 2% (w/v)
SDS solution for 30 min. Ca®* release was plotted as fractional loss (%/2 min) as a
function of time as previously described.*® The fractional loss represents the amount
of Ca?* leaving the store in a 2-min time period divided by the total store Ca?*
content at that time point. The effect of these BH4-domain peptides on IICR was
tested by preincubating the peptides 4 min before exposing the stores to IPs.

59

Electroporation loading. In situ electroporation of monolayer cell cultures
was performed as described before,* according to a procedure that was optimized
for cell-death studies.® C6 cells were grown to near confluency on 13 mm diameter
(apoptosis experiments) or 18mm diameter (Fluo-3 Ca®* imaging) glass
coverslips. Cell-monolayer cultures were washed three times with Hanks’
balanced salt solution buffered with Hepes (HBSS-Hepes) supplemented with
D-glucose (0.81 mM MgSQ,, 0.95mM CaCl,, 137 mM NaCl, 0.18 mM Na,HPO,,
5.36 mM KClI, 0.44 mM KHoPQO,4, 5.55mM D-glucose, 25 mM Hepes, pH 7.4) and
subsequently three times with a low-conductivity electroporation buffer (4.02mM
KH,PO,4, 10.8mM K,HPO,4, 1.0mM MgCl,, 300mM sorbitol, 2.0mM Hepes,
pH 7.4). They were placed 400 um underneath a two-wire Pt-Ir electrode on the
microscopic stage and electroporated in the presence of a tiny amount of
electroporation solution (10 ). Electroporation was done with 50 kHz bipolar pulses
applied as trains of 10 pulses of 2 ms duration each and repeated 15 times. The field
strength was 100V peak-to-peak applied over a 500 um electrode separation
distance. After electroporation, cells were thoroughly washed with HBSS-Hepes.

Fluo-3 Ca®" imaging. C6 cells were seeded on 18mm diameter glass
coverslips and ester-loaded for 25 min with 5 M Fluo-3-AM (Invitrogen) in HBSS-
Hepes supplemented with 1 mM of probenecid (Sigma-Aldrich) and 0.01% pluronic
F-127 (Invitrogen) at 37°C, followed by de-esterification over 15 min. Subsequently,
cells were loaded with 100 uM Dextran Texas Red (DTR; Invitrogen) and 20 uM
Bcl-2 peptides using the in situ electroporation technique as described above. For
UV flash-photolysis experiments, 50 «M caged IP3 (Invitrogen) was also included in
the loading solution. Imaging was carried out using an inverted fluorescence
microscope equipped with a x 40 oil-immersion objective and an intensified CCD
camera (Extended Isis camera, Photonic Science, East Sussex, UK).

In the case of stimulation by ATP, cells were superfused for 1 min with HBSS-
Hepes followed by 8min with 1 uM of ATP (Sigma-Aldrich) in HBSS-Hepes,
whereas for TG experiments, cells were superfused for 1min with Ca®*-free
HBSS-Hepes containing 1 mM EGTA followed by 7 min with 2.5 uM TG (Invitrogen)
in the same buffer. For IPs-photoliberation experiments, cells were, after 10's, spot
illuminated with 1-kHz pulsed UV light (349 nm UV laser Explorer, Spectra-Physics,
Oxfordshire, UK) during 20 ms (20 pulses of 90 1.J energy measured at the entrance
of the microscope epifluorescence tube). The UV flash was applied at five different
places along the electroporated area per dish. Images (1/s) were generated with
software written in Microsoft Visual C* * 6.0 (http:/msdn.microsoft.com/en-us/
aa336402). Fluorescence-intensity changes in different cells (at least 20) were
analyzed with custom-developed FluoFrames software (generated by L Leybaert
Lab.). For UV flash photolysis experiments, fluorescence-intensity changes in all
cells in a predefined 3950 um? region were analyzed. Ca® " -concentration, (Ca® "),
changes were quantified as the area under the curve (AUC) of the separate Ca®*
traces. N is equal to the number of dishes.

Preparation of GST-fusion proteins. BL21(DE3) Escherichia coli cells
were transformed with pGEX-6p2 constructs containing cDNAs of IP;R1 domain 3
(GST-Dom3 IP3R1: a.a. 923-1581), IP;R2 domain-3 analog (GST-Dom3 IP;R2:
a.a. 913-1562), IP3R3 domain-3 analog (GST-Dom3 IP3R3: a.a. 910-1427) or with
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the empty vector. The expressed proteins were purified as previously described.?®
All fusion proteins were affinity purified and dialyzed against standard phosphate-
buffered saline (PBS) without added Ca®* or Mg?™ (2.67mM KCI, 1.47mM
KH,PO,, 137.93 mM NaCl, 8.06 mM Na,HPOQy; Invitrogen) using Slide-A-Lyzer with
a cutoff of 3kDa (Thermo Fisher Scientific, Pittsburg, PA, USA). After dialysis, the
concentration of the purified GST-fusion proteins was determined using BCA
Protein Assay Reagent (Thermo Fisher Scientific), and the quality and integrity were
examined by SDS-PAGE and GelCode blue stain reagent (Thermo Fisher
Scientific) before GST pull-downs or SPR analysis.

GST pull-downs. Equal amounts (30 ug) of the intact full-length GST-fusion
proteins or parental GST (control) were incubated in Interaction Buffer (50 mM
Tris-HCI, 300 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.5%
BSA and protease inhibitor cocktail, pH 7.0) with 30 g of different BH4 domains
(BH4-Bcl-2, BH4-Bcl-XI or a non-binding mutant (BH4-Bcl-2BIND)) and immobilized on
glutathione-Sepharose 4B beads (GE Healthcare Europe GmbH, Munich, Germany)
via rotation in a head-over-head rotator for 2 h at 4°C. The beads were washed four
times with modified Interaction Buffer (150 mM NaCl instead of 300 mM NaCl, without
BSA) and complexed GST-fusion proteins were eluted by incubating the beads with
40 14 LDS (Invitrogen) for 3 min at 95°C and collected after centrifuging at 500 x g for
5min. Eluates (10 ul) were subjected to western-blot analysis and the total protein
content was visualized by GelCode blue staining of the gel.

For the pull-downs with full-length Bcl-2 proteins, 200 pg of cleared lysate from
COS-1 cells transiently transfected with the 3xFLAG-Bcl-2 vector, 3xFLAG-Bcl-2-K/
D or the empty vector were incubated with GST-tagged proteins using the same
protocol as above. Eluates (10 ul) were subjected to western-blot and incubated
with anti-FLAG HRP-conjugated antibody, diluted 1:4000 in 0.1% Tween/TBS.

SPR measurements. SPR experiments were performed as described
before.*” The binding of GST-Dom3 and parental GST (control) to the wild-type
or mutated BH4 domain of Bcl-2 or Bcl-XI was analyzed by SPR at 25°C using a
Biacore 2000 instrument (Uppsala, Sweden). Equal amounts (200 ng or 58.2 pmol)
of >80% pure biotinylated BH4 peptides were immobilized on four different flow
cells of a streptavidin-coated sensor chip (BR-1000-32; Biacore, Uppsala, Sweden)
using PBS supplemented with 0.005% P20 (Polysorbate-20) at pH 7.0. At least
three independent sensor chips were used for the quantitative analysis.

Measurements with GST-fusion proteins as analyte were performed in PBS at a
flow rate of 30 ul/min. Different concentrations of the analyte (injection volume
120 ul) were used in a random order to assess binding, expressed in terms of
resonance units (RU). Bound peptide was removed by injection of 5 4l regeneration
buffer (25 mM NaOH, 0.002% SDS) at 10 ul/min. Background signals were obtained
from the reference flow cell, containing the BH4-scrambled peptide, and were
subtracted to generate response curves using Biaevaluation 3.0 software (Biacore,
http://www.biacore.com). In the analysis, only the association phase of the binding
curve was taken into account. Data from two to three different sensorgrams for each
condition were fitted by nonlinear regression analysis to a Hill-Langmuir binding
isotherm using Origin 7.0 (OriginLab Corporation, Northampton, MA, USA)
software.

Fura-2 Ca®* imaging. At 2 days after co-transfection (mCherry + 3xFlag
construct), COS-1 cells were loaded with Fura-2-AM (5 pM; Biotium, Inc., Hayward,
CA, USA) in modified Krebs buffer (135mM NaCl, 5.9mM KCI, 1.2mM MgCl,,
11.6mM Hepes, pH 7.3, 11.5mM glucose and 1.5mM Ca2*) for 30 min, followed
by de-esterification for 30 min. To buffer all free extracellular Ca?*, 5mM BAPTA
(Invitrogen) was added before each measurement. ATP (1 uM) or TG (5 uM)-
induced [Ca® "] rises were measured ratiometrically (excitation at 340 nm/380 nm,
emission detection at 510 nm) using Zeiss Axio Observer Z1 Inverted Microscope
equipped with a x 20 air objective and an high-speed digital camera (Axiocam
Hsm, Zeiss, Jena, Germany). Intracellular cytoplasmic Ca®* concentrations
(ICa®*1y) were calculated from the equation: [Ca® ™oy (M) =Kyx Qx
(R=Ruin)/(Rmax=R), Where Kj is the dissociation constant of Fura-2 for Ca®* at
room temperature (220 nM), Q is the fluorescence ratio of the emission intensity
excited by 380nm in the absence of Ca®™ to that in the presence of saturating
Ca®*, Ris the fluorescence ratio, Rmi, and Rmax are the minimal and maximal
fluorescence ratios, respectively. The Rni, was measured by perfusion with 50 mM
EGTA in Ca? " -free Krebs solution and Rqa Was obtained by perfusion with 5 M
ionomycin and 250mM CaCl,. Only mCherry fluorescent (excitation 546 nm,
emission 610 nm) and Fura-2 loaded cells were considered for data analysis. Per
experiment, 10-15 cells were analyzed for a total of ~80 cells per transfection
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condition on 3 different experimental days. Traces were normalized to baseline
levels with Excel software (Microsoft Office) and for each experiment the average
peak value (A[Ca® *],,) was determined.

Apoptosis induction. For CytC-induced-apoptosis experiments, C6 cells
were loaded by in situ electroporation in the presence of 100 uM DTR to identify the
loaded zone, 20 uM of Bcl-2 peptides or 50 uM IP3RCYT peptide and 10 M of
CytC (Sigma). After electroporation, cells were kept in 200 ul culture medium for
25min. For STS- and PAC-1-induced apoptosis experiments, cells were
electroporated in the presence of 100 uM DTR and 20 uM Bcl-2 peptides. After
electroporation, cells were kept in 200 ul culture medium containing 2 uM STS
(Sigma-Aldrich) or 150 uM PAC-1 (Tocris Bioscience, Ellisville, MO, USA) for 6 h.

For STS-induced apoptosis, COS-1 cells transiently transfected with 3xFLAG-
vectors and WEHI7.2 cells, and stably transfected with the various pSFFV-Neo
vectors, were treated for 6 h with 1 uM STS (Sigma-Aldrich).

Detection of apoptosis by fluorescence microscopy. Glioma cells
were stained first with 10 uM of the CaspACE FITC-VAD-FMK ‘In situ Marker’
(Promega Benelux, Leiden, The Netherlands) in HBSS-Hepes for 40 min at 37°C.
After fixing the cells with 4% paraformaldehyde (PFA) for 25min at room
temperature, nuclei were additionally stained for 5 min with 1 .g/ml DAPI (Sigma) in
PBS supplemented with Ca?* and Mg?* (PBSD + ). Cells were mounted with
Vectashield fluorescent mounting medium (VWR International, Leuven, Belgium) on
glass slides.

Five images (in each culture) were taken in the electroporated area using a Nikon
TE300 epifluorescence microscope equipped with a x 10 objective (Plan APO, NA
0.45; Nikon) and a Nikon DS-5M camera (Nikon, Brussels, Belgium). The number of
caspase-positive cells and DNA-fragmented nuclei were counted in each image and
expressed relative to the number of nuclei present and stated as the Al. Small
groups of apoptotic bodies were counted as remnants of a single apoptotic cell.
Analyses were carried out blinded, making use of custom-developed counting
software. For the STS- and PAC-1-treated cultures, five additional images were
taken outside the electroporated area. The Al in the electroporated area was
expressed relative to the Al outside the area.

FACS analysis and microplate-based apoptosis assay. WEHI7.2
cells were pelleted by centrifugation and incubated with Annexin-V-FITC (Becton
Dickinson, USA) and PI (Invitrogen). Single-cell suspensions were analyzed by
FACSCanto (Becton Dickinson, Franklin Lakes, NJ, USA). Cell death by apoptosis
and secondary necrosis was scored by quantifying the population of Annexin-V-
FITC-positive cells and Annexin-V-FITC/PI-positive cells. Flow-cytometric data were
plotted and analyzed using BD FACSDiva Software (Becton Dickinson). Results
were normalized as percentage decrease over control conditions.

Caspase-3 activity of STS-treated-WEHI7.2 cells was measured according to the
protocol of the commercially available NucView 488 Caspase-3 Kit for live Cells
(Biotium). Cells were transferred to a 96-well plate at a density of 400 000 cells/well
and fluorescence was monitored using a FlexStation 3 microplate reader (Molecular
Devices, Sunnyvale, CA, USA). The fluorescence intensity units collected from
treated cells were normalized to untreated controls and plotted as changes in
relative fluorescence units (ARFU).

Data and statistical analysis. Data are expressed as mean+ SEM,
unless a typical experiment is shown (mean+S.D.). Statistically significant
differences were considered at P<0.05 (single symbols), P<0.01 (double
symbols) and P<0.001 (triple symbols) after using a two-tailed paired Student's
test (Excel Microsoft Office) or one-way ANOVA and a Bonferroni post-test using
Origin 7.0.
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Supplemental Fig. 1. Unidirectional BCa®-flux assay shown as fractional loss (% /2
min) as a function of time. The IPs-induced Ca’' release (gray bar) was measured in the
presence of different concentrations of BH4-Bcl-2BIND (A), BH4-Bcl-2SCR (B) and
BH4-Bcl-XI1 (C) (black bars).
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Supplemental Fig. 2. Unidirectional BCat-flux assay shown as fractional loss (% /2
min) as a function of time. The inhibitory effect of 40 uM BH4-Bcl-2 (long lower bars)
on IP;-induced Ca®" release (short upper bar) was measured in the presence of 1 mM (A)
EGTA, 300 nM free Ca2+, 1 uM free Ca*" and 1 mM ATP.
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= BH4-Bcl-2

Supplemental Fig. 3. Results obtained with SPR for the binding of different
concentrations of GST to biotin-BH4-Bcl-2 and biotin-BH4-Bcel-X1. A, Typical
sensorgrams for the association phase of the binding of GST to biotin-BH4-Bcl-2
corrected for the background binding to its scrambled version. B, Typical sensorgrams
for the association phase of the binding of GST to biotin-BH4-Bcl-XI corrected for the
background binding to its scrambled version. C, Analysis of the maximal R.U. values
obtained from at least three independent experiments.
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Supplemental Fig. 4. Secondary structure prediction of BH4-Bcl-2 its different Ala-
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Supplemental Fig. 5. Staurosporin (STS)-induced apoptosis in C6-glioma cells and
the effect of electroporating BH4-Bcl-2 (20 uM), BH4-Bcl-X1 (20 pM) or BH4-Bcl-2
(20 uM) + BH4-Bcl-XI1 (20 uM). The combination of BH4-Bcl-2 of BH4-Bcl-X1 did not
provoke an additive effect compared to the effects provoked by BH4-Bcl-2 and BH4-Bcl-
Xl alone
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Supplemental Fig. 6. Typical images of COS-1 cells loaded with Fura-2 (green) and
transfected with mCherry-expression plasmid (red). This analysis indicates that 30 to
40 % of the cells are transfected with the plasmid. Only mCherry-containing cells were
analysed in the single cell Ca®" experiments.
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Abstract

The anti-apoptotic Bcl-2 protein is the founding member and namesake of the Bcl-2-protein
family. It has recently been demonstrated that Bcl-2, apart from its anti-apoptotic role at
mitochondrial membranes, can also directly interact with the inositol 1,4,5-trisphosphate
receptor (IP3R), the primary Ca?*-release channel in the endoplasmic reticulum (ER). Bcl-2
can thereby reduce pro-apoptotic IP;R-mediated Ca’* release from the ER. Moreover, the Bcl-
2 homology domain 4 (Bcl-2-BH4) has been identified as essential and sufficient for this
IPsR-mediated anti-apoptotic activity. In the present study, we investigated whether the
reported inhibitory effect of a Bcl-2-BH4 peptide on the IP3R was related to the distinctive
alpha-helical conformation of the BH4 domain peptide. We therefore designed a peptide with
two glycine “hinges” replacing residues 114 and V15, of the wild-type Bcl-2-BH4 domain
(Bcl-2-BH4-1V/GG). By comparing the structural and functional properties of the Bcl-2-BH4-
IV/GG peptide with its native counterpart, we found that the variant contained reduced alpha
helicity, did neither bind nor inhibit the IP3R channel, and in turn lost its anti-apoptotic effect.
These results provide new insights for the further development of Bcl-2-BH4-derived peptides
as specific inhibitors of the IP3R with important pharmacological implications.

Key words: Intracellular Ca®*-release channels / Anti-apoptotic Bcl-2-family members / Ca**
signaling / Endoplasmic reticulum / BH4-domain peptide
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Introduction

Intracellular Ca** homeostasis requires a tight cross-talk between the endoplasmic reticulum
(ER) and the mitochondria. Although mitochondria need basal levels of Ca?* to sustain
cellular bioenergetics demands, mitochondrial Ca** overload leads to the onset of
mitochondrial outer membrane permeabilization (MOMP) and downstream apoptosis
activation [1,2,3,4]. Anti-apoptotic Bcl-2 family members have a dual role in MOMP
prevention: 1) they antagonize the pore-forming activity of their pro-apoptotic relatives, BAX
and BAK, on mitochondria and 2) they fine-tune the ER-mitochondria interplay towards pro-
survival or anti-apoptotic Ca’* signals [5,6,7,8,9]. In the latter scenario, numerous studies
have shown that Bcl-2, localized at the ER membranes, is able to control the ER Ca** content
and Ca’* release. It was suggested that Bcl-2 could exert its protective function by decreasing
the luminal Ca®" content via an interaction with the sarco/endoplasmic-reticulum Ca*'-
ATPase (SERCA) [10,11] or more generally by increasing the passive leak of Ca®* across the
ER membrane [12,13,14,15,16]. In addition, Eckenrode et al. [17] proposed a direct
interaction of anti-apoptotic proteins (Bcl-2, Bcl-XI and Mcl-1) with the C-terminus of
inositol 1,4,5-trisphosphate receptors (IPsRs), increasing the activity of these ER channels and
therefore decreasing the steady-state [Ca?']er. On the other hand, Distelhorst and
collaborators as well as our own group have demonstrated that Bcl-2, by interacting with the
central, modulatory region of the IPsR, inhibited pro-apoptotic Ca®* signals from the ER
without affecting steady-state Ca?* concentration in the ER ([Ca®‘]er). Our data identified the
BH4 domain as an essential and sufficient component of Bcl-2 component responsible for the
direct inhibition of IPs-induced Ca?* release (IICR) and apoptosis [18,19,20]. Furthermore,
the BH4 domain is essential for many anti-apoptotic members of the Bcl-2 family (like Bcl-2
and Bcl-XI) since its deletion abrogates their anti-apoptotic activity [21,22,23]. Remarkably,

the isolated Bcl-2-BH4 domain was sufficient to protect against Ca**-mediated apoptosis by
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selectively acting on the IP3Rs [24,25], whereas the very similar Bcl-XI-BH4 domain did not
show any IP;R-dependent-protective activity [24].

The functional BH4 domain in the native N-terminal domain of Bcl-2, comprises a stretch of
20 amino acids (a.a. 10 to 30) organized in an alpha-helical structure (al) [26,27,28]. As we
previously showed, some residues of the Bcl-2-BH4 domain (K17, H20, Y21 and R26, Fig.
1A) coordinate the inhibitory function of the Bcl-2-BH4 peptide on the IP3Rs [24]. These
residues are highly surface-accessible in the native Bcl-2 protein and proximal in the
secondary structure-backbone [29]. Hence, we hypothesized that the Bcl-2-BH4 peptide may
need a stable alpha-helical structure for inhibiting the IPzR-channel activity. To test our
hypothesis, we selected, by in silico analysis, a peptide modification that is predicted to affect
BH4-alpha-helical stability. More specifically, we used a modified version of the Bcl-2-BH4
peptide that carries a change in two hydrophobic residues, which are part of the N-terminal
alpha helix of the native Bcl-2 but display a poor surface accessibility in the full-length
protein [28,29,30]. In this peptide, residues 114 and V15 have been replaced with two glycines
to introduce high flexibility in the structure and destabilize helical conformation of the
peptide. We applied this modified peptide in a series of functional experiments, addressing its
ability to bind IPsRs, inhibit single-channel activity, curb IICR and protect against Ca**-

dependent apoptosis.

Materials and methods

Peptides, plasmids and antibodies

The following peptides, obtained from Thermo Electron, Germany, were used: Bcl-2-BH4:
RTGYDNREIVMKYIHYKLSQRGYEW,; Bcl-2-BH4 IVIGG:
RTGYDNREGGMKYIHYKLSQRGYEW. All peptides were more than 80% pure and their

identity was confirmed via mass spectrometry (MS). The pGEX-6p2 construct (Amersham
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Biosciences, GE healthcare) encoding amino acids 923-1581 of mouse IP3R1 Domain 3 was

obtained as previously described [24].

Cell culture and transfections

Mouse embryonic fibroblasts (MEF cells) [31] were cultured at 37°C in a 9% -CO, incubator
in DMEM/Ham's F12 medium (1:1) (Invitrogen, Belgium) supplemented with 10% fetal calf
serum (Sigma-Aldrich), 3.8 mM L-glutamine (Glutamax, Invitrogen), 85 1U/ml penicillin and
85 pg/ml streptomycin (Invitrogen). Rat C6 glioma cells [32,33] were cultured in
DMEM/Ham’s F12 medium (1:1), containing 10% fetal calf serum, 100 IU/ml penicillin, 100
pg/ml streptomycin, 2.5 pg/ml fungizone and 2 mM L-glutamine at 37°C and 5% CO,. DT40-
3KO cells, stably expressing rIPsR1 [34], were cultured at 39°C in a 5% CO, incubator in
RPMI (Invitrogen) supplemented with 2.05 mM L-glutamine, 10% fetal calf serum, 1%

chicken serum, 100 IU/ml penicillin, and 100 pg/ml streptomycin (Invitrogen).

Peptide stability and secondary-structure predictions

To calculate the change in pseudo-thermodynamic stability induced by the GG substitutions,
we used 4 different automated estimators of free-energy-change variations (AAG), namely
Concoord/Poisson-Bolzmann Surface Area [35], Eris [36], POPMuSIiC-2.1 [37] and SDM
[38]. First, we extrapolated the structure of the Bcl-2-BH4 peptide from the PDB file
corresponding to the NMR structure of Bcl-2 protein (PDB: 1G5M, [26]) and submitted it
successively to the prediction servers. In some cases, we also needed to perform the
computational mutation (single or double glycine substitutions) by ourselves using the

PyMOL (http://pymol.sourceforge.net/) mutagenesis tool and energy minimizing the resulting

structures with the short discrete molecular dynamics (DMD) simulations of the CHIRON

server [39]. The AAG values (in kcal/mol) reported in this study correspond to the average of
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the 4 calculations £ SD. Additionally, the I-TASSER v2.1 webserver [40,41] was used to
predict the secondary structure of Bcl-2-BH4 and Bcl-2-BH4 1V/GG peptides from their
primary sequence. I-TASSER builds protein models using iterative assembling procedures
and multiple threading alignments from template structures libraries. An estimate of accuracy
of the predictions is provided based on the confidence score of the modeling. Only the
predictive models with the highest confidence scores were considered from the server output
page. These PDB files were downloaded and imported in PyMOL to generate high-quality

images.

CD spectroscopy

CD spectra (Jasco J-810 circular dichroism spectropolarimeter, USA) were recorded at 1 nm
intervals over the 190-260 nm wavelength range using 1 mm path length quartz cells (Hellma,
Germany). Ten scans were performed. The experiments were run at 20 nm/min and the
temperature was fixed at 298° K (25 °C). The secondary structure of the peptide (50 uM) was
determined in 97.5% TFE and 2.5% methanol. To estimate the secondary structure of the
peptide in terms of alpha-helical content, an analysis of the relevant CD spectra was carried

out using the CDPro software (http://lamar.colostate.edu/~sreeram/CDPro/main.html)

developed by Woody and coworkers [42]. The basis set 10 of the CDPro software was used
[43]. The analysis was performed using the CONTIN/LL [44] a self-consistent method with

an incorporated variable selection.

Preparation of GST-fusion proteins
BL21(DE3) Escherichia coli cells were transformed with pGEX-6p2 constructs containing
cDNAs of IP3R1 Domain 3 (GST-Dom3 IP3R1: aa 923-1581). The expressed protein was

purified as previously described [19]. GST-fused-IP;R1 Domain 3 was affinity purified and
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dialyzed against standard phosphate-buffered saline (PBS) without added Ca** or Mg** (2.67
mM KCI, 1.47 mM KH,PO,, 137.93 mM NaCl, 8.06 mM Na,HPO,; Invitrogen) using Slide-
A-Lyzer with a cut-off of 3 kDa (Thermo Fisher Scientific, USA). After dialysis, the
concentration of the purified GST-fusion protein was determined using BCA Protein-Assay
Reagent (Thermo Fisher Scientific), and the quality and integrity were examined by SDS-
PAGE and GelCode™ (Thermo Fisher Scientific) blue stain reagent prior to GST-pull

downs.

GST-pull-down assays

Equal amounts (30 ug) of the intact full-length GST-Dom3 IP3R1 or parental GST (control)
were incubated in Interaction Buffer (50 mM Tris-HCI, 300 mM NaCl, 1 mM EDTA, 1% NP-
40, 0.5% sodium deoxycholate, 0.5% bovine serum albumin (BSA) and protease inhibitor
cocktail, pH 7.0) with 30 pg of different BH4 domains (Bcl-2-BH4, Bcl-2-BH4 1V/GG) and
immobilized on glutathione-Sepharose 4B beads (GE Healthcare Europe GmbH, Belgium) via
rotation in a head-over-head rotator for 2 h at 4°C. The beads were washed 4 times with
modified Interaction Buffer (150 mM NaCl instead of 300 mM NaCl, without BSA) and
complexed GST-fusion proteins were eluted by incubating the beads with 40 pl LDS®
(Invitrogen) for 3 min at 95°C and collected after centrifuging at 500 g for 5 min. Eluates (10

pl) were subjected to SDS-PAGE.

SDS-PAGE
Sample protein concentrations were determined by Bradford assay (Sigma-Aldrich) using
BSA as standard. Proteins (10-20 pg) were separated by NUPAGE 4-12% Bis/Tris SDS-

polyacrylamide gels using MES/SDS-running buffer (Invitrogen). The gels were stained with
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GelCode™ blue stain reagent following the manufacturer recommendations. The resulting

bands were quantified by using ImageJ software (rsbweb.nih.gov/ij/).

Unidirectional **Ca®*-flux assay

*Ca”*-unidirectional flux experiments were performed as previously described [24]. Twelve-
well clusters containing MEF cells were fixed on a thermostated plate at 30°C on a
mechanical shaker. The culture medium was aspirated, and the cells were permeabilized by
incubating them for 10 min in a solution containing 120 mM KCI, 30 mM imidazole-HCI (pH
6.8), 2 mM MgCl;, 1 mM ATP, 1 mM EGTA and 20 pg/ml saponin. The non-mitochondrial
Ca®" stores were then loaded for 45 min in 120 mM KCI, 30 mM imidazole-HCI (pH 6.8), 5
mM MgCl,, 5 mM ATP, 0.44 mM EGTA, 10 mM NaNs to prevent mitochondrial Ca?*
uptake, and 150 nM free **Ca** (28 uCi/ml). Then, 1 ml of efflux medium containing 120
mM KCI, 30 mM imidazole-HCI (pH 6.8) and 1 mM EGTA was added and replaced every 2
min. IP; (3 uM) was added for 2 min after 10 min of efflux. At the end of the experiment, all
*Ca”* remaining in the stores was released by incubation with 1 ml of a 2% (w/v) sodium
dodecyl sulfate solution for 30 min. Ca*" release was plotted as fractional loss (% / 2 min) as a
function of time as previously described [24]. The effect of the BH4-domain peptides on IICR

was tested by pre-incubating the peptides for 4 min before exposing the stores to IP3.

Electroporation loading

In situ electroporation of adherent C6 cell monolayer cultures was performed as previously
described [32], according to a procedure optimized for cell-death studies [45,46]. C6 cells
were grown to near confluency on 13 mm- (apoptosis experiments) or 18 mm- (flash
photolysis of caged IP; and [Ca2+]cyt imaging) diameter glass coverslips. Cell monolayers
were washed 3 times with Hanks’ balanced salt solution buffered with Hepes (HBSS-Hepes)

supplemented with D-glucose (0.81 mM MgSQ,, 0.95 mM CaCl,, 137 mM NaCl, 0.18 mM
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NayHPQy4, 5.36 mM KCI, 0.44 mM KH,PQO,, 5.55 mM D-glucose, 25 mM Hepes, pH 7.4) and
subsequently 3 times with a low-conductivity electroporation buffer (4.02 mM KH,PO,, 10.8
mM K;HPO,, 1.0 mM MgCl,, 300 mM sorbitol, 2.0 mM Hepes, pH 7.4). They were placed
400 pm underneath a two-wire Pt-Ir electrode on the microscopic stage and electroporated in
the presence of a tiny amount of electroporation solution (10 ul). Electroporation was done
with 50 kHz bipolar pulses applied as trains of 10 pulses of 2 ms duration each and repeated
15 times. The field strength was 100 V peak-to-peak applied over a 500 pm electrode

separation distance. After electroporation, cells were thoroughly washed with HBSS-Hepes.

Electrophysiology

Isolated DT40 nuclei were prepared by homogenization as previously described [34]. 3 ul of
nuclear suspension were placed in 3 ml of bath solution which contained 140 mM KClI, 10
mM HEPES, 500 uM BAPTA, and 246 nM free Ca®*, pH 7.1. Nuclei were allowed to adhere
to a plastic culture dish for 10 minutes prior to patching. Single IP3R channel potassium
currents (ix) were measured in the on-nucleus patch clamp configuration using PClamp 9 and
an Axopatch 200B amplifier (Molecular Devices, Sunnydale, California) as previously
described [47]. Pipette solution contained 140 mM KCI, 10 mM HEPES, 1 uM IP3, 5 mM
ATP, 100 uM BAPTA, and 200 nM free Ca®". Effects of the BH4 peptides on channel
activity were examined by including 50 uM of the appropriate peptide in the pipette solution.
Traces were recorded at -100 mV, sampled at 20 kHz and filtered at 5 kHz. A minimum of 15
seconds of recordings were considered for data analyses. Pipette resistances were typically 20
MQ and seal resistances were >5 GQ. Single channel open probabilities (P,) were calculated
by half-threshold crossing criteria using the event detection protocol in Clampfit 9. We
assumed that the number of channels in any particular nuclear patch is represented by the

maximum number of discrete stacked events observed during the experiment. Even at low P,
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stacking events were evident [34]. Only patches with 1 apparent channel were considered for

analyses.

Flash photolysis of caged IP3 and [Ca2+]cyt imaging

Changes in [Ca2+]cyt, triggered by photolytic release of IP; from a caged inactive precursor
(caged IP3; Invitrogen), were monitored according to a protocol described in detail in [46].
Briefly, C6 cells were seeded on 18 mm-diameter glass coverslips and ester-loaded for 25 min
with 5 uM Fluo-3-AM (Invitrogen) in HBSS-Hepes supplemented with 1 mM probenecid
(Sigma-Aldrich) and 0.01% pluronic F-127 (Invitrogen) at 37°C, followed by de-esterification
over 15 min. Subsequently, cells were loaded with 100 uM Dextran Tetramethyl Rhodamine
(DTR) (Invitrogen), 20 UM BH4 peptides and 50 puM caged IP3 (Invitrogen) using the in situ
electroporation technique as described above. Imaging was carried out using a Nikon Eclipse
TE300 inverted epifluorescence microscope equipped with a 40x oil-immersion objective
(Plan Fluor, NA 1.30; Nikon) and an EM-CCD camera (QuantEM™ 512SC CCD camera,
Photometrics, Tucson, AZ). The UV flash (349 nm UV DPSS laser, Explorer; Spectra-
Physics, Newport, Irvine, USA) was applied at 5 different places along the electroporated area
per dish. Images (1 s) were generated with software written in Microsoft Visual C 6.0.
Fluorescence-intensity changes in all cells in a predefined 3950pum? region were analyzed
with custom-developed FluoFrames software (generated by L.L. and collaborators, Univ.
Gent, Belgium.). [Ca*"].,: changes were quantified as the area under the curve of the separate

Ca®" traces. A minimum of 5 dishes have been used for each condition.
Apoptosis induction and detection

C6 glioma cells were electroporated in the presence of 100 uM DTR and 20 uM BH4

peptides. After electroporation, cells were kept in 200 pl culture medium containing 2 uM
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STS (Sigma-Aldrich). Six hours later, cultures were stained first with 10 puM of the CaspACE
FITC-VAD-FMK ‘In situ Marker’ (Promega Benelux, Leiden, The Netherlands) in HBSS-

Hepes for 40 min at 37°C. After fixing the cells with 4% paraformaldehyde for 25 min at
room temperature, nuclei were additionally stained for 5 min with 1 pug/ml DAPI (Sigma) in

PBS supplemented with Ca** and Mg®* (PBSD+). Cells were mounted with Vectashield
fluorescent mounting medium (VWR International, Leuven, Belgium) on glass slides. Five
images (in each culture) were taken in the electroporated area and five outside the
electroporated area using a Nikon TE300 epifluorescence microscope equipped with a 10x
objective (Plan APO, NA 0.45; Nikon) and a Nikon DS-Ril camera (Nikon, Brussels,
Belgium). The number of caspase-positive cells and DNA-fragmented nuclei were counted in
each image and expressed relative to the number of nuclei present and expressed as the Al
(apoptotic index). Small groups of apoptotic bodies were counted as remnants of a single
apoptotic cell. Analyses were carried out blinded, making use of custom-developed counting

software. The Al in the electroporated area was expressed relative to the Al outside the area.

Data and statistical analysis

Data are expressed as means = SEM, unless a typical experiment is shown (mean £ SD).
Statistically significant differences were considered at P<0.05 (single symbols), P<0.01
(double symbols) and P<0.001 (triple symbols) after using a two-tailed paired Student’s t test

(Excel Microsoft Office) or one-way ANOVA and a Bonferroni post-test using Origin7.0.
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Results

Alpha-helix destabilization by 114G/V15G substitution in the Bcl-2-BH4-domain peptide
(Bcl-2-BH4 1V/GG)

To maximize the chances of obtaining a peptide with decreased helical propensity, we opted
for replacing two adjacent amino acids in the core of the Bcl-2-BH4 sequence with glycines.
Glycines are well-known helix destabilizers by introducing an excessive degree of flexibility
in the helix backbone [48,49,50]. The following rationale was adopted to select the target
amino acids for the GG substitution: we avoided the residues previously proposed to be
important in the IPsR interaction (K17, H20, Y21 and R26), but we still aimed at the core of
the alpha-helical structure. Therefore, we focused on four possible target residues (R12, E13,
114, V15, (Fig. 1A, 1B left panel) and predicted, by in silico analysis, the change in
thermodynamic stability and secondary structure induced by glycine substitutions. The
analysis suggested that by modifying 114 -V15 or E13-114 into glycines one would obtain the
highest degree of structure destabilization (AAG of approximately 5 kcal/mol) (Fig. 1B, right
panel). However, IV/GG would be the most suitable substitution since 114 and V15 are buried
residues in the native structure of the full-length Bcl-2 protein and clearly not available for
possible molecular interactions [29,30]. Accordingly, the I-TASSER webserver

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) suggests that an alpha-helical structure

covers at least 40% of the wild-type BH4-peptide sequence (Fig. 1C, upper panel) while the
low confidence prediction for the IV/GG mutant (confidence scores < 4) would indicate a
much lower tendency to form an alpha helix (Fig. 1C, lower panel).

To validate the in silico findings, we performed circular dicroism (CD) spectroscopy and
compared the propensity of Bcl-2-BH4 and Bcl-2-BH4 IV/GG peptides to form an alpha helix

in 2,2,2-trifluoroethanol (TFE). This solvent has been shown to induce and stabilize alpha
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helices in sequences with intrinsic helical propensity [51,52]. The far-UV CD spectrum of
Bcl-2-BH4 demonstrated the presence of a stable alpha-helical structure, by showing the
typical two spectral minima at 208 and 222 nm. A different pattern was observed for the Bcl-
2-BH4-1VV/GG mutant, which displayed a singular minimum of ellipticity detectable at about
215 nm. Therefore, the mutant appears to have less propensity to form an alpha helix, as
compared to the wild-type BH4 domain, and rather displays a beta-sheet-like structure (Fig.
1D) [53]. Deconvolution of the CD traces provided us with an alpha-helical content of 20.4%
and 8.4% for Bcl-2-BH4 and Bcl-2-BH4 1V/GG, respectively. This initial analysis indicated
that amino acids 114 and V15 are important to properly stabilize the native alpha—helical

conformation of the Bcl-2 BH4 peptide.
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6 Bcl-2-BH4 peptide 30

Pseudo Thermodynamic
stability/free energy (AAG)
RTGYDNREGGMKYIHYKLSQRGYEW 4.841 £+ 2.979 kcal/mol
RTGYDNRGGVMKYIHYKLSQRGYEW 4.560 + 2.937 kcal/mol
RTGYDNGGIVMKYIHYKLSQRGYEW 3.402 + 2.888 kcal/mol

Peptide sequence

Sequence: RTGYDNREIVMKYIHYKLSQRGYEW
Prediction: CCCCCHHHHEHHHHHHHHHHHCCCCC
Conf.Score: 9885117899999999885424689

Sequence: RTGYDNREGGMKY THYKLSQRGYEW
Prediction: CCCCCCHHHHHHHHHHHHHHCCCCC
Conf.Score: 9874212342432112342325689
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Figure 1. A Bcl-2-BH4 double-glycine variant (114G/V15G) contains a decreased alpha-helical
content. (A) Primary structure of the Bcl-2-BH4 peptide. The key residues involved in the regulation
of IP3Rs are depicted in black/bold and with greater font-size. The dotted square indicates the residues
initially considered for the glycine substitution while 114 and V15 are in black/bold. (B) Table
showing the values of AAG, in kcal/mol, resulting from the in silico analysis of the following double
GG substitutions: 1IV/GG, EI/GG and RE/GG. The position of the exchanged residues is indicated by
the red double G in the sequence at the left. Positive AAG values indicate destabilizing mutations. (C)
Predicted-secondary structure assignments for the isolated BH4 domain of Bcl-2 (upper panel) and for
its highly unstable IV/GG counterpart (lower panel). The panels show the primary sequence, the
secondary-structure predictions (H= alpha helix; C= random coil, S= strand) and the level of
confidence of the predictions (confidence scores from 0 to 9). Residues 14 and 15 of the BH4 domain
are highlighted by a semi-transparent blue square. (D) CD spectra of synthetic Bcl-2-BH4 (black line)
and Bcl-2-BH4 1V/GG peptides (red line). Bcl-2-BH4-1V/GG peptide lost the native alpha-helical
conformation to adopt a more beta-sheet-like structure (210 nm-ellipticity minimum).
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In contrast to Bcl-2-BH4, Bcl-2-BH4 1V/GG fails to bind IP3R and inhibit its single-
channel activity

To assess the IP3R-binding properties of BH4-Bcl-2-1V/GG, we performed GST-pull-down
assays using the Bcl-2-BH4-1V/GG peptide and the domain 3 of IP3R1 (GST-Domain 3, GST
+ aa 923-1581 of IP3R1) fused to GST. Domain 3 corresponds to a tryptic subdomain of
IPsR1 containing the previously identified binding site for Bcl-2 [25,54]. Using SDS-PAGE,
we showed that the Bcl-2-BH4—peptide strongly interacted with GST-Domain 3 while Bcl-2-
BH4 IV/GG lost most of its IPsR-binding properties (Fig. 2A). We quantified the binding
from three independent experiments and observed no differences between GST-Domain 3 and
GST for the binding of Bcl-2-BH4 IV/GG (Fig. 2B). Therefore, the residual Bcl-2-BH4-
IV/IGG peptide interaction with GST-Domain 3 was considered as non-specific. Next, we
evaluated the effect of Bcl-2-BH4 and Bcl-2-BH4 1V/GG-peptides on IPsR1-channel activity
by utilizing the nuclear-membrane patch-clamp technique [34,55]. Nuclei were isolated from
DT40 cells stably expressing IP;R1 and channel openings were detected in the presence of
submaximal doses of IP; (1 uM) and of 5 mM ATP and 200 nM Ca?*. Fig. 2C shows
representative traces of IP3R1-channel openings at a pipette holding potential of -100 mV in
the presence or absence of the different BH4 peptides. IPsR1-channel activity is decreased by
the Bcl-2-BH4 peptide (50 uM), in agreement with earlier reports [19,25]. The same
concentration of Bcl-2-BH4-1VV/GG peptide in contrast had no effect (Fig. 2C). Bcl-2-BH4
peptide reduced IPsR1-open probability (Po) by approximately 80% from 0.2 £ 0.02 to 0.04 +
0.01 whereas Po values in the presence of the Bcl-2-BH4-1V/GG peptide didn’t significantly
deviate from the control values (0.24 + 0.03 Fig. 2D).

These data indicate that the IVV/GG substitution not only destabilized the alpha helix of Bcl-2-

BH4 peptide but also abrogated its binding to the IP3R and its effect on IPsR-channel activity.
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Figure 2. IV/GG substitution in BH4-Bcl-2 abolishes the direct interaction with 1P;R1-Domain 3
and the resulting inhibition of IP;R-channel activity. (A-B) Pull-down assays of BH4 peptides with
either purified GST-Domain 3 or GST alone. (A) Specific interactions between Bcl-2-BH4 or Bcl-2-
BH4 1V/GG-peptides (30 pg) and the GST proteins (30 pg) detected by total protein staining
(GelCode® Blue Stain Reagent) of SDS-PAGE runs. The arrows indicate the bands for, from top to
bottom, GST-domain-3, GST and BH4-domain peptides (B) Bands corresponding to BH4-domain
peptides were quantified using ImageJ software. Values were normalized relatively to the binding to
GST and corrected for the amount of GST-fusion proteins. The results of at least 4 independent
experiments are plotted as means = SEM. * indicates a statistically significant difference from the GST
control. (C) Representative single-channel recordings evoked by low [IPs] (1 M) at 200 nM Ca®* and
5 mM ATP, in the presence or absence of the BH4 peptides. (D) Histogram depicting the open
probability (Po) + SD for the IP;R1 under the previously described conditions. Within every bar is
indicated the total number of recordings per each condition. The Po for IP;R1 was ~5 fold lower when
exposed to the Bcl-2-BH4 peptide whereas it was unaffected by the Bcl-2-BH4-1V/GG peptide.
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In contrast to BH4-Bcl-2, BH4-Bcl-2 1V/GG does not inhibit IPs-induced Ca®* release
(ICR) in permeabilized and intact cells

Next, to verify whether these effects could be reproduced in cellular systems, we compared
the regulation of IICR by the Bcl-2-BH4 domain and its IV/GG mutant using unidirectional
Ca?*-flux assays in permeabilized mouse embryonic fibroblasts (MEF cells). This assay
allows the quantitative assessment of Ca®*-efflux properties under unidirectional conditions in
the absence of ER and mitochondrial Ca® -uptake activity. The Ca®* efflux of non-
mitochondrial Ca®*-stores, loaded to steady state with **Ca”", is expressed as fractional loss
(the amount of Ca?* leaving the store in a 2-min time period divided by the total store Ca?*
content at that time). Adding IP3 (3 uM) to the efflux medium provoked I1ICR from the ER
Ca®" stores, which is observed as a peak increase in the fractional loss. As hypothesized, the
incubation with Bcl-2-BH4 (0.1, 3, 15, 30, 60, 100 uM) caused a potent concentration-
dependent inhibition of 1ICR (ICso = 30 uM) while Bcl-2-BH4 TV/GG didn’t significantly
affect IICR (Fig. 3A-B). In addition, we examined the effect of Bcl-2-BH4 or Bcl-2-BH4-
IV/GG peptides on the IICR in intact C6 glioma cells. We loaded each peptide together with
caged IP3 in a small and defined zone of an adherent culture using an in situ electroporation
technique [46], and successively released IP; by UV-flash photolysis in this area. While Bcl-
2-BH4 inhibited the 1ICR, this was not the case for Bcl-2-BH4 IV/GG (Fig. 3C-D). Both, the
®Ca?*flux and the caged IPs-release assays independently indicated that the inhibition of
IICR by the Bcl-2-BH4 peptide was abrogated upon destabilization of its alpha-helical

structure.
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Figure 3. IV/GG substitution abrogates the inhibitory effect of Bcl-2-BH4 on 1ICR. (A)
Representative unidirectional *°Ca*" fluxes in permeabilized MEF cells plotted as fractional loss (% / 2
min) as a function of time. Ca®* release was activated 10 min after starting the experiment by applying
3 uM IP; (arrow) in the absence or presence of 100 uM of the different BH4-domain peptides (a gray
bar indicates the peptide incubation period). (B) Concentration-response curves ([peptide]= 0,1; 3; 15;
30; 60; 100 uM) are shown for Bcl-2-BH4 and Bcl-2-BH4 1V/GG, obtained from 3 independent
experiments. IICR was quantified as the difference of the fractional loss after 2 min of incubation with
IP; and the fractional loss before the 1Pz addition. The 100% value corresponds to 1ICR in the presence
of the vehicle and all the raw values were normalized to this control. Data points represent means +
SEM. (C) [Ca®"]y increases in C6 glioma cells after photoliberation of caged IP; at 9980 ms of
recording (arrow). Traces of individual cells are displayed that were loaded with different BH4-
domain peptides (20 uM) together with caged IP; (50 uM). (D) Quantitative analysis of the area under
the curve obtained from 5 or 6 independent experiments (as marked on each bar). Data were
normalized to the vehicle condition, which was set as 100%, and are plotted as means = SEM. These
data indicate that Bcl-2-BH4 peptide significantly inhibited IICR (**), whereas Bcl-2-BH4 1V/GG
peptides did not. # specifies the statistically significant difference between Bcl-2-BH4 and Bcl-2-BH4-
IV/GG results.
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In contrast to BH4-Bcl-2, Bcl-2-BH4 1V/GG does not protect against Staurosporine (STS)-
induced apoptosis

Since STS is known to trigger Ca**-dependent apoptosis [56,57], our next step was to
compare the protective activity of Bcl-2-BH4 and Bcl-2-BH4 IV/GG in STS-treated C6
glioma cells. Two typical biochemical hallmarks of apoptosis are caspase-3 activation and
downstream DNA fragmentation, detectable by specific fluorescent probes (here by FITC-
VAD-FMK and DAPI, respectively). Therefore, we related both events to the magnitude of
the ongoing apoptosis in C6 glioma cultures subsequent to the loading of Bcl-2-BH4 or Bcl-2-
BH4 IV/GG (20 uM) and treatment for 6 h with STS (2 uM). The apoptotic index (Al),
defined as the ratio between dead cells and the total number of cells, was calculated and
expressed relative to the cell profile outside the electroporated area. As shown in figure 4,
Bcl-2-BH4 peptide significantly reduced apoptotic cell death in STS-treated cells while Bcl-2-
BH4 IV/GG behaved similarly to the vehicle. The latter demonstrated that the BH4-1V/GG
peptide lost its ability to inhibit the IPsR and also its ability to counteract STS-induced

apoptosis.
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Figure 4. IV/GG substitution abolishes BH4-Bcl-2’s protective function against STS-induced
apoptosis. Simultaneous analysis of caspase activation (FITC-VAD-FMK, green) and nuclear
fragmentation (DAPI staining, blue fragments) of STS-treated C6 glioma cells. (A) Representative
images of cells electroporated with or without BH4 peptides (20 uM) and successively treated with
STS (2 uM for 6 h). The left images are taken outside the electroporation area and are used as negative
controls. (A, upper right) Electroporation in the absence of peptides (vehicle). (A, middle right)
Electroporation of Bcl-2-BH4 peptide. (A, lower right) Electroporation of Bcl-2-BH4-1V/GG peptides.
Red color is due to the spillover into the FITC channel of the intense DTR signal (the electroporation
loading control). (B) Quantitative image based Al (number of apoptotic cells divided by the total cell
number). The Al was normalized to the Al outside the electroporated area. All results were obtained
from 5 independent experiments and are plotted as means £ SEM. Only Bcl-2-BH4 loading
significantly reduced the Al when compared with the control vehicle (**). ### indicates that the results
obtained with Bcl-2-BH4 IV/GG were significantly different from Bcl-2-BH4.
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Discussion

Here, we examined the efficacy of Bcl-2-BH4 as an IPsR-inhibitory peptide in relation to its
intrinsic secondary structure. Our findings indicate that the alpha-helicity of Bcl-2-BH4
peptide is a key determinant for its ability to directly suppress IPsR signaling and Ca?*-
mediated apoptosis.

Irrespective of any concerns on structural organization or selectivity, many studies already
showed that a cell-penetrating peptide comprising the sequence for Bcl-2’s BH4 domain is
protective against various cellular stressors [58,59,60,61]. This can be attributed to a large
extent to the direct inhibition of the IP3Rs by Bcl-2’s BH4 peptide as reported in our recent
publications [19,24,25]. Notably, synthetic peptides derived from native protein
sequences tend to shift conformations between helices, sheets and random coils,
since they have been removed from the stabilizing effects of their protein context. The
latter problem is not shared by the naturally occurring bioactive peptides, since they possess a
secondary or tertiary structure “locked” by internal cysteine “knots” [62,63]. Remarkably,
such a stable structure has been instrumental for the development of venom peptides as
selective inhibitors of the voltage-dependent Ca®* channels in the treatment of neuropathic
pain [64,65,66,67]. Although ER Ca**-release channels are also implicated in a variety of
muscular, cardiovascular and neurodegenerative diseases due to excessive intracellular Ca®*
signaling [68,69,70,71,72], no specific chemical compounds or peptide therapeutics are
currently available for inhibiting the IPsRs [73,74,75]. The macrocyclic alkaloid
xestospongin-B remains the only compound that seems to specifically target the 1P3Rs, though
with a relatively low affinity [76,77]. Therefore, Bcl-2-BH4-peptide activity on IPsRs offers
new opportunities for the development of a selective pharmacological modulator of IP3Rs.
Yet, it also raises new issues towards the stabilization of its “active” secondary structure. The

Bcl-2-BH4 domain adopts a alpha-helical conformation in the native protein, a secondary
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structure motif involved in many protein-protein interactions as well as in protein association
with cellular membranes [78,79,80]. Isolated peptides corresponding to this region have been
reported to adopt different secondary structures according to the surrounding environment:
from an alpha helix or a beta sheet in an amphipathic/membrane-like environment to a
random coil when present in an aqueous medium [28,81,82]. Here, we show that the Bcl-2’s
BH4 peptide has a substantial helical content (Fig. 1D), correlating with its ability to suppress
the activity of the IP3Rs and protect against STS-induced apoptosis. Consequently,
introducing a double glycine amino acid in its alpha-helical core not only weakened the
secondary structure organization of the peptide, but also abrogated its ability to bind to the
IPsR1 and reduced the related pro-apoptotic Ca?* signaling. From our CD analysis, we
estimated that approximately 20% of the Bcl-2’s BH4 peptide is organized in an alpha helix
when solubilized in TFE. This is in agreement with the 27% obtained by Lee at al. [28] in
detergent micelles but in contrast with the higher value of 45% obtained by Khemtemourian
et al. [81] in pure TFE. The apparent discrepancy is explicable by the slightly different
experimental conditions (pH, temperature, solvent purity, membrane environment and peptide
length) used by the two groups, which can drastically affect the peptide’s secondary structure.
However, it is clear from our data and from the previous work that this peptide displays
improved stability in an alpha-helical conformation upon addition of the hydrogen-bond
favoring solvent TFE [51] or of lipid membranes [28,81]. The relatively high doses of BH4
peptide necessary in the electrophysiological assays (Fig.2C-D) and in the *Ca®* flux assays
(ICsp = 30 uM, Fig.3D), might be therefore a consequence of the mixed unstructured/beta-
sheet conformations present in an aqueous medium [28,81,83]. Bcl-2’s BH4 peptide, which is
amphiphilic and has a net positive charge at physiological pH, would still need to accumulate
onto the acidic membrane environment and to assume a more alpha-helical conformation for

gaining its ability to inhibit the IP3Rs. On the other hand, the 1V/GG-mutated BH4-peptide
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shows a decrease of more than 50% in the extent of helix content (8% vs 20%) with a more
beta-sheet-like CD spectrum, indicating a collapse of the alpha-helix in Bcl-2-BH4 IV/GG.
The experimental evidence from the CD spectra suggests a shift in the secondary structure of
the peptide, which causes a mis-positioning of the key BH4 amino acids necessary for its
specific IPsR inhibition and consequent protective role (Fig. 1B, left). Interestingly, Sani et al.
showed that Bcl-2’s BH4-peptide aggregates as a beta-sheet structure upon contact with
mitochondrial-like membranes and would be able to protect against apoptosis by increasing
the stiffness of the mitochondrial membrane [82]. Therefore, it is tempting to speculate that
Bcl-2’s BH4 peptide requires an alpha-helical conformation for modulating the IP3R at the ER
and a beta—sheet structure for increasing membrane cohesion on the mitochondria. In this
scenario, our IV/GG mutant would be unable to act on both sites as it is more beta—sheet
enriched but deprived of two hydrophobic residues (114 and 115) putatively important for the
proper aggregation on membranes. However, this point needs to be properly addressed by a
simultaneous comparison of the accumulation of the peptides on ER and mitochondrial
membranes.

Taken together, our results indicate that a precise secondary structure of the Bcl-2-BH4
peptide is required for its specific dampening of the IPsR-dependent Ca?* signaling and the
resulting protection against Ca”*-mediated apoptosis. Nonetheless, further structure-activity
relationship studies are still necessary to interpret our findings in the context of the full-length
Bcl-2 interaction with the IP3Rs and in relation to the unknown mechanism of IP3R channel
inhibition [20]. Another challenge is to obtain from this anti-apoptotic peptide a stable, cell-
permeable IP3R-inhibitory tool that retains the specificity of the native BH4-domain alpha
helix. Notably, the recent successes of two alpha-helix—stabilizing techniques, like the all-
hydrocarbon and the triazole stapling [84,85,86,87] have already paved the way for accomplishing

this task.
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In conclusion, our study provides new opportunities for the rational design of selective IP3R-
inhibitors. Furthermore, it lays the basis for the development of a novel class of Bcl-2-BH4-

derived molecules targeting disorders associated with aberrant intracellular Ca** signaling.
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Several members of the anti-apoptotic Bcl-2-protein family, including Bcl-2, Bcl-X; and Mcl-1, directly
bind and regulate the inositol 1,4,5-trisphosphate receptor (IPsR), one of the two main intracellular
Ca?*-release channel types present in the endoplasmic reticulum. However, the molecular determinants
underlying their binding to the IP;R remained a matter of debate. One interaction site for Bcl-2 was pro-
posed in the central part of the modulatory domain [Y.P. Rong, A.S. Aromolaran, G. Bultynck, F. Zhong, X.
Li, K. McColl, S. Matsuyama, S. Herlitze, H.L. Roderick, M.D. Bootman, G.A. Mignery, J.B. Parys, H. De Smedt,
C.W. Distelhorst, Targeting Bcl-2-IP3 receptor interaction to reverse Bcl-2's inhibition of apoptotic cal-
cium signals, Mol. Cell 31 (2008) 255-265] and another site in the C-terminal domain of the IP;R encom-
passing the sixth transmembrane domain, to which Bcl-2, Bcl-X; and Mcl-1 can bind [E.F. Eckenrode, J.
Yang, G.V. Velmurugan, ].K. Foskett, C. White, Apoptosis protection by Mcl-1 and Bcl-2 modulation of ino-
sitol 1,4,5-trisphosphate receptor-dependent Ca?* signaling, J. Biol. Chem. 285 (2010) 13678-13684].
Here, we investigated and compared the binding of Bcl-2 and Bcl-X; to both sites. Two different IPsR
domains were used for the C-terminal site: one lacking and one containing the sixth transmembrane
domain. Our results show that elements preceding the C-terminal cytosolic tail located at the sixth trans-
membrane domain of IP;R1 were critical for recruiting both Bcl-2 and Bcl-X; to the C-terminal part of the
IP;R. Furthermore, consistent with our previous observations, Bcl-X; bound with higher efficiency to the
C-terminal part of the IPsR and to a much lesser extent to the central, modulatory domain, while Bcl-2
targeted both sites with similar efficiencies. In conclusion, IP3R harbors two different binding sites for
anti-apoptotic Bcl-2 proteins, one in the central, modulatory domain and one in the C-terminal domain
near the Ca%*-channel pore.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

tors (IP5Rs), ER-located intracellular Ca%*-release channels, to Ca®*-
permeable voltage-dependent anion channels, located in the

Intracellular Ca?* signals originating from the endoplasmic
reticulum (ER), the main intracellular Ca®* store, control cell-sur-
vival and -death processes due to the close proximity between
the ER and the mitochondria [1]. At the mitochondria-associated
ER membranes (MAMs), there is physical contact between both
organelles involving multi-protein complexes that participate in
the privileged transfer of Ca?* between them [2]. In the MAMs,
the chaperone GRP75 links inositol 1,4,5-trisphosphate (IP3) recep-

Abbreviations: aa, amino acids; Bcl-2, B-cell lymphoma 2; Bcl-X;, B-cell
lymphoma extra large; ER, endoplasmic reticulum; GST, glutathione S-transferase;
IP5, inositol 1,4,5-trisphosphate; IPsR, IP; receptor; Mcl-1, myeloid cell leukemia
sequence 1; MAM, mitochondria-associated ER membrane; TMD, transmembrane
domain.
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mitochondrial outer membrane [3-5]. Several pro-survival and
pro-death proteins regulate Ca?* transfer between the ER and
mitochondria [6,7]. Different members of the anti-apoptotic B-cell
lymphoma 2 (Bcl-2) family, including Bcl-2, B-cell lymphoma extra
large (Bcl-X.) and myeloid cell leukemia sequence 1 (Mcl-1),
control Ca* release from the ER. Different mechanisms were pro-
posed, including a decrease in the steady-state ER Ca®* levels [8-
10] through a protein kinase A-dependent phosphorylation of the
IPsR [11] and a direct regulation of the Ca®*-flux properties of the
IPsR through direct protein interactions [12-15]. Several groups
provided evidence that anti-apoptotic Bcl-2 proteins directly bind
and regulate IPsR channels. However, the binding sites for Bcl-2
and Bcl-X; on the IP3R and the functional outcome of their interac-
tions remained a matter of debate [16]. Foskett and co-workers re-
ported that Bcl-X; bound to the C-terminal part of the IP3R
containing the sixth transmembrane helix, thereby sensitizing
IPsR channels to low level of IP; and promoting pro-survival Ca®*
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oscillations and mitochondrial bio-energetics [13,14]. The C-termi-
nus of the IP3R appeared to be a target not only for Bcl-X; but also
for Bcl-2 and Mcl-1 [17]. A different mechanism was proposed by
C. Distelhorst in collaboration with our own group. We found that
Bcl-2 bound to the central, modulatory domain of the IP3R and sup-
pressed IPsR-channel activity, thereby preventing excessive pro-
apoptotic Ca®* transients [15]. Detailed molecular studies revealed
the BH4 domain of Bcl-2 as sufficient and necessary for Bcl-2 bind-
ing to the IPsR [16,18-20]. Furthermore, we showed that a critical
difference between Bcl-2 and Bcl-X; in the center of their respec-
tive BH4 domains may underpin the opposite outcome of Bcl-2
versus Bcl-X; binding to IPsR channels [16,21].

Here, we compared the Bcl-2/Bcl-X;-binding properties of GST-
fusion proteins of IP3R1 covering (i) the central, modulatory do-
main (Domain3), (ii) the cytosolic C-terminal tail containing the
distal 160 amino acids (Domain6) and (iii) the C-terminal domain
encompassing the pore, including the putative pore helix, selec-
tivity filter and the sixth transmembrane domain (TMD), and
the C-terminal tail (TMDG6 + Domain6). The first two proteins
were developed before in our lab and used in previous studies
[15,20,21]. For the third protein, we chose to develop exactly
the same protein as the one used by Foskett and co-workers in
their previous study [13]. Our experiments show that the C-ter-
minal channel domain of the IP3R is a target for Bcl-2/Bcl-X,
demonstrating the presence of two differential binding sites for
Bcl-2 proteins on IP3R channels.

2. Materials and methods
2.1. Cloning, expression and purification of GST-constructs
Parental GST, GST-Domain3 (aa 923-1581) and GST-Domain6

(aa 2590-2749) were prepared as previously described [22]. The
GST-fusion protein encompassing the sixth transmembrane
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Fig. 1. Total protein staining and Western-blotting analysis of the purified GST-
TMD6 + Domain6 fusion protein. (A) Total protein staining of the purified GST-
Domain6 (~45 kDa protein) and GST-TMD6 + Domain6 (~50 kDa protein) obtained
after purification using glutathione-Sepharose 4B beads and SDS-PAGE. Both full-
length proteins are indicated with an asterisk. Similar amounts (2 pg) of both
proteins were loaded. The first lane on the left shows the different molecular weight
(MW) markers used as references and indicated on the left in kDa. (B) Western-
blotting analysis of the purified GST-Domain6 and GST-TMD6 + Domain using an
anti-GST antibody. Similar amounts of both proteins (500 ng) were loaded. Both
full-length proteins are indicated with an asterisk. The double line on the Western
blot indicates that lanes from another part of the same gel and exposure time were
merged.

domain and the C-terminal tail of IP3R1, GST-TMD6 + Domain6
(aa 2512-2749 of mouse IP3R1) was obtained by PCR amplification
of the corresponding open reading frame (nucleotides 7536-8250
of mouse IP3R1) using 5-GCGGCGGGATCCGAGCTGCTCCCTGCC-
GAAGAAACGG-3' as forward primer and 5-GCGGCGGAA
TTCCTAGGCCGGCTGCTGTGGGTTGAC-3' as reverse primer and
cloning in the BamHI/EcoRI restriction site of the pGEX6p2 vector.
The GST-TMDG6 + Domain6 fusion protein was purified from
BL21(DE3) Escherichia coli cells as described before [23], except
that elution was done using a buffer containing 50 mM glutathione
and 150 mM NaCl. Proteins were dialyzed using Slide-A-Lyzer cas-
settes with a cut-off of 10 kDa (Thermo Fisher Scientific, Pittsburg,
PA). The protein concentration was determined using the Bradford
assay (Sigma-Aldrich, Munich, Germany). After SDS-PAGE, the
purity and quality of the purified GST-TMDG6 + Domain6 was as-
sessed via total protein gel staining using GelCode Blue Stain Re-
agent (Thermo Scientific, Rockford, IL) and Western-blotting
analysis using anti-GST (dilution 1:2000, Invitrogen, Merelbeke,
Belgium).
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Fig. 2. GST-pull-down experiment showing the binding of 3xFLAG-Bcl-2 to the
different purified GST-tagged IPsR domains. (A) The amount of 3xFLAG-Bcl-2
retained by the different GST-fusion proteins was assessed via Western-blotting
analysis using an anti-FLAG antibody. Parental GST was used as a negative control.
The result of a representative GST-pull-down assay is shown out of three
independent experiments. (B) The immunoreactive anti-FLAG signal was quantified
using IMAGE-] and normalized to the signal obtained in the pull-down reactions
using parental GST (N = 3). *indicates a significant difference (p < 0.05) compared to
GST in a one-tailed t-test. “A significant difference (p <0.05) compared to GST-

1oaomain6 in a one-tailed t-test.
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2.2. GST-pull-down assays

Parental GST, GST-Domain3, GST-Domain6 and GST-TMD6 +
Domain6 were used as bait in GST-pull-down assays to assess
the binding of 3XFLAG-Bcl-2 or 3xFLAG-Bcl-X;. The latter were
expressed in COS-1 cells after transfection with 3XFLAG-MYC-
pCMV-24 vectors (Sigma-Aldrich) encoding either Bcl-2 or Bcl-X|.
Three days after transfection, cell lysates were prepared using a
buffer containing 25 mM Hepes, pH 7.5, 1% Triton X-100, 10% glyc-
erol, 0.3 M NaCl, 1.5 mM MgCl,, 1 mM DTT, 2 mM EDTA, 2 mM EGTA
and protease inhibitor cocktail tablets (Roche, Basel, Switzerland).
Protein concentrations were determined using Bradford analysis.
Cell lysates (100 pg) were incubated for 1 h at 4 °C with equimolar
amounts (~250 pmol/reaction) of the different purified GST-fusion
proteinsin a total reaction volume of 500 pu lysis buffer and captured
using glutathione-Sepharose 4B beads (20 pl) for 1.5 h at 4 °C. The
beads were washed 6 times with 500 pl reaction buffer and eluted
in 40 pl of LDS sample buffer. These samples (15 pl) were analyzed
on NuPAGE 4-12% Bis/Tris SDS-polyacrylamide gels using MES/
SDS-running buffer (Invitrogen) and Western-blotting analysis
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was performed using anti-FLAG M2 antibody (dilution 1:6500,
Sigma Aldrich).

3. Results and discussion

GST-TMD6 + Domain6 was purified and analyzed via SDS-PAGE
along with GST-Domain6, developed and used in previous studies
[15]. A total protein staining demonstrates the quality and purity
of the purified GST-TMD6 + Domain6 (Fig. 1A). The presence of
the full-length GST-TMDG6 + Domain6 was confirmed using Wes-
tern-blotting analysis using anti-GST antibody (Fig. 1B).

We then evaluated the Bcl-2-binding properties of GST-
Domain6 and GST-TMD6 + Domain6 by performing semi-quantita-
tive GST-pull-down assays with cell lysates obtained from COS-1
cells transiently transfected with 3xFLAG-tagged Bcl-2-encoding
plasmids (Fig. 2A). Parental GST was used as a negative control,
while GST-Domain3, which corresponds to the central, modulatory
domain of IP3R1 containing the previously identified Bcl-2-binding
site [15], was used as positive control. Supplemental Fig. 1A shows
a schematic representation of IP3R1 with the different domains
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Fig. 3. GST-pull-down experiment showing the binding of 3 xFLAG-Bcl-X; to the different purified GST-tagged IPsR domains. (A) The binding of 3 xFLAG-Bcl-X, to GST-
Domain6 and GST-TMD6 + Domain6 was assessed via Western-blotting analysis using an anti-FLAG antibody. Parental GST was used a negative control. A typical experiment
is shown out of three independent experiments. The double line on the Western blot indicates that lanes from another part of the same gel and exposure time were merged.
(B) The immunoreactive anti-FLAG signal was quantified using IMAGE-] and normalized to the signal obtained in the pull-down reactions using parental GST (N = 3). *A
significant difference (p < 0.05) compared to GST in a one-tailed t-test. "A significant difference (p < 0.05) compared to GST-Domain6 in a one-tailed t-test. (C) The binding of
3xFLAG-Bcl-X; to GST-TMD6 + Domain6 was compared to its binding to GST-Domain3. Parental GST was used as a negative control. A typical experiment is shown out of
eight independent experiments. (D) The immunoreactive anti-FLAG signal was quantified using IMAGE-] and normalized to the signal obtained in the pull-down reactions
using parental GST (N = 8). “indicates a significant difference (p < 0.05) compared to GST in a one-tailed t-test. "A significant difference (p < 0.05) compared to GST-Domain3 in

a one-tailed t-test.
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Bcl-2 IPsR-channel activity [13]. Thus, Bcl-XL by mainly targeting the a
region close to the Ca?'-channel pore which is also physically
1 2749 linked to the N-terminal IP3-binding domain may facilitate the
IP;R1 L T opening of the Ca?'-channel pore upon binding of IP; [23,25].
N Remarkably, a similar mechanism has recently been described for
Bax Inhibitor-1 and IPsRs [26]. Furthermore, these data may also
BC"XL explain why Bcl-2 is a very effective regulator of the Ca?'-flux

Fig. 4. Schematic representation of the IP;R1 and its binding sites for Bcl-2 and Bcl-
X.. The IP3R1 harbors two binding sites for Bcl-2 and Bcl-X;. One binding site is
located in the central, modulatory domain of the IP3R1 (indicated in red) and one in
the C-terminal channel domain including the sixth transmembrane domain
(indicated in blue). Bcl-2 targets with similar efficiency both the central and C-
terminal binding site in IP3R1. In contrast, Bcl-X; preferentially targets the C-
terminal binding site in IPsR1. These differences in IP3R-binding profile between
Bcl-2 and Bcl-X; may underlie their different effects on Ca®* fluxes through the IPsR
channel with Bcl-2 acting as an inhibitor and Bcl-X; acting as an enhancer. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

used as GST-fusion proteins in this study. Supplemental Fig. 1B
shows that similar amounts of GST-fusion proteins were present
in the pull-downs. 3xFLAG-Bcl-2 binding to GST-Domain6 was
not significantly higher than the binding of 3XFLAG-Bcl-2 to
parental GST (Fig. 2B). In contrast, GST-TMD6 + Domain6 bound
significantly higher amounts of 3xFLAG-Bcl-2. Furthermore,
3XFLAG-Bcl-2 bound to GST-Domain3 and GST-TMDG6 + Domain6
with similar apparent affinities. These data indicate that elements
preceding the cytosolic C-terminal tail of IPsR1 are essential for
Bcl-2 binding and that IPsR1 contains two different Bcl-2-binding
sites, which are targeted by Bcl-2 with comparable efficiencies.

A similar analysis was performed for 3xFLAG-tagged Bcl-X.
Again, GST-pull-down assays revealed that binding of 3xXFLAG-
Bcl-X. to GST-TMD6 + Domain6 was significantly higher than to
GST-Domain6 and that binding of 3XFLAG-Bcl-X; to GST-Domain6
was not significantly different from the binding to parental GST
(Fig. 3A and B). This confirms that the sixth transmembrane do-
main of the IP;R contains part of the interaction site for Bcl-X; as
well as for Bcl-2. In addition, we compared the binding of
3xFLAG-Bcl-X; to the central, modulatory domain and the C-termi-
nal domain of the IP3R in a semi-quantitative manner (Fig. 3C and
D). We found that 3XFLAG-Bcl-X; binding to GST-Domain3 was sig-
nificantly lower than the binding of 3xXFLAG-Bcl-X; to GST-
TMD6 + Domain6. The latter data indicate that, different from
Bcl-2, Bcl-X preferentially binds to the C-terminal binding domain
of the IPsR. This result is fully consistent with our previous study
showing that the BH4 domain of Bcl-X| is critically different from
the BH4 domain of Bcl-2. BH4-Bcl-X; binds with a much lower
affinity to the central, modulatory domain of the IP3R than BH4-
Bcl-2, due to a critical single amino-acid modification in this do-
main (Asp11 versus Lys17) [21].

Thus, these experiments clearly indicate that the IPsR harbors at
least two different Bcl-2/Bcl-X;-binding sites. The binding site in
the C-terminal part of the IPsR critically depends on elements pre-
ceding the C-terminal cytosolic tail, like the presence of the sixth
transmembrane domain (Fig. 4). This is underpinned by a recent
study by Eckenrode et al. showing that a GST-fusion protein con-
taining the sixth transmembrane domain and the C-terminal tail
of IP3R1 binds various anti-apoptotic Bcl-2-family members with
similar affinities [17]. Remarkably, Bcl-2 binds with equal efficien-
cies to both domains, while Bcl-X; binds with significantly higher
efficiency to the C-terminal domain than to the central, modula-
tory domain of IP3R1. These differences in binding modes between
Bcl-2 and Bcl-X. may underlie their different properties with re-
spect to the regulation of IP3R channels. Bcl-2 may predominantly
act as an effective inhibitor of excessive IPsR-channel activity [24],

properties of the IP3R despite the relatively low affinity of the iso-
lated BH4 domain to bind and regulate IP3Rs. The presence of an
additional binding site for Bcl-2 in the C-terminal part of the IPsR
may tether the BH4 domain of Bcl-2 in the close proximity of the
central, modulatory domain. These findings are also in line with
detailed molecular and modeling studies obtained for Bcl-2/
ASPP2-protein complexes in which different Bcl-2 domains estab-
lish different contact sites for binding ASPP2, resulting in an overall
high-affinity binding of Bcl-2 to ASPP2 [27]. Similarly as for the
IP3R, the BH4 domain of Bcl-2, which contains an additional posi-
tive charge (Lys17), has a higher affinity for ASPP2 than the BH4
domain of Bcl-X;, which contains an additional negative charge
(Aspll).

Collectively, these data in combination with previous observa-
tions [17] identify the sixth transmembrane domain of IP3R1 as a
critical component of the binding site for anti-apoptotic Bcl-2 pro-
teins in the C-terminal part of the IP3R channel. In addition, this
binding site for anti-apoptotic Bcl-2 proteins may be more promis-
cuous for binding Bcl-2 and Bcl-X; than the one in the central,
modulatory domain that is more selective for binding Bcl-2 than
Bcl-X; through critical differences in the BH4-domain biology. Fi-
nally, differences in binding modes between various Bcl-2-family
members targeting both binding sites with different affinities
may underlie their distinct properties towards IPsR-channel regu-
lation, either inhibition (e.g. like for Bcl-2) or sensitization (like for
BCI-XL).
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Supplementary figure 1. IP;R domains used in this study. (A) Schematic representation of
Domain3, Domain6 and TMD6 + Domain6 on the linear structure of the IP;R1, which contains
six transmembrane domains (gray boxes). (B) GST-fusion proteins of the different domains of
the IP;R1 depicted in panel A. The samples were obtained from LDS-treated beads at the end of
the pull-down experiment. The asterisks indicate the presence of the respective full-length GST-
fusion proteins. Their respective molecular mass is indicated at the left. Total protein staining,
confirming the presence of similar amounts of GST-fusion proteins (indicated with asterisks) in
the pull-down reaction, was obtained using GelCode Blue Stain Reagent.
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GENERAL CONCLUSIONS

1 GENERAL CONCLUSIONS

The discussion presented in this section is partly based on the following review:

Giovanni Monaco, Tim Vervliet, Haidar Akl, Geert Bultynck (2013). The selective BH4-
domain biology of Bcl-2-family members: IPsRs and beyond. Cellular and Molecular Life

Sciences, 2013 Apr; 70(7):1171-83.
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1 GENERAL CONCLUSIONS

Taken together, the results illustrated in the above research papers converge into the general
conclusion that Bcl-2 and Bcl-XI bear distinctive properties concerning their interaction with
the IPsRs and subsequent protection against Ca**-mediated apoptosis. This statement is
justified by the contrasting BH4-domain biology of Bcl-2 versus Bcl-XI as well as by the
specific pattern of interactions of these anti-apoptotic proteins with IPsRs. More specifically,
the novel findings of this study can be summarized as follows:

i) The BH4 domain of Bcl-2, but not of Bcl-XI, inhibits 1PsR-mediated Ca”* release.

ii) Isolated BH4 domains of Bcl-2 and Bcl-XI are both protective against Ca**-mediated
apoptosis but only the effect of BH4-Bcl-2 requires the interaction with the 1P3R.

iii) The conserved Lys17 in the BH4 domain of Bcl-2 determines (at the domain and full-
protein level) its selective protective action via IP3Rs.

iv) The alpha-helicity of the isolated BH4 domain of Bcl-2 is a key determinant for its ability
to suppress IPsR signaling and Ca**- mediated apoptosis.

v) Full-length Bcl-2 binds with similar affinity to the two reported interaction sites on IP3R1,
while Bcl-XI binds more effectively to the IPsR1 C-terminal site.

Bcl-2 and Bcl-XI are highly similar in sequence and structure and they share approximately
60% of homology and 43% of identity [45, 183, 184]. They were therefore so far considered
as virtually exchangeable for regulating both, Ca** signaling and apoptosis. Early mutagenesis
studies of Bcl-2 and Bcl-XI revealed that the hydrophobic cleft is critical for
heterodimerization with the pro-apoptotic relatives Bax and Bak and for protection against
apoptosis [185, 186]. Nevertheless, in some cases, mutants no longer able to bind to Bax or
Bak were yet retaining part of their anti-apoptotic activity [187-189] . This hydrophobic cleft-
independent effect substantiates the protective role observed for the isolated BH4 domain of

both Bcl-2 and Bcl-XI in many experimental conditions [133, 171-173, 190, 191]. However,
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most of these studies focused on the BH4 domain of either Bcl-2 or Bcl-XI without any side-
by-side comparison or in-depth molecular analysis.

As presented in the first research paper (Results, Part 1), both BH4 domains protected against
apoptosis induced by staurosporine, an apoptotic inducer discharging ER Ca®*, but only Bcl-
2’s BH4 domain bound to and inhibited IPsRs. We identified a selective Bcl-2 anti-apoptotic
activity at the level of the IPsR due to specific molecular and functional characteristics of its
BH4 domain. Indeed, IDP, a competitive peptide representing the BH4-Bcl-2-binding site on
the IP;R1 (a.a. 1389-1408), seems to inhibit only the protective effects of Bcl-2 without
affecting Bcl-XI’s anti-apoptotic function. Importantly, no reduction in the ER Ca’* content
was observed following the incubation with the different BH4 domains or the overexpression
of Bcl-2, in line with our previous results [170]. The anti-apoptotic effect of Bcl-2’s BH4
domain was instead strictly due to the inhibition of the IP;R1. It should be noticed that the
latter mechanism may be valid also for the other IP3R isoforms since all of them showed in
our hands a similar affinity for binding to the BH4 domain of Bcl-2.

Furthermore, we elucidated one critical amino acid in this selective action of Bcl-2 versus
Bcl-XI on the IPsRs: while most residues are conserved between the BH4 domains of Bcl-2
and Bcl-XI, a critical difference in one single surface-accessible residue is present in the
center of this domain (Fig. 1, general conclusions). We found that Lys17 in BH4-Bcl-2 is not
conserved in BH4-Bcl-XI, in which it corresponds to an Asp residue. After performing a vast
set of molecular and functional studies, we could pinpoint this residue as the underlying factor
responsible for the difference in the BH4 domains of Bcl-2 and Bcl-XI. Indeed, replacing
Aspll by Lys in BH4-Bcl-XI led to a variant that was able to bind and inhibit IP3Rs, while
replacing Lys17 by Asp in BH4-Bcl-2 led to a variant that completely lost its IP3R-binding

and inhibitory properties. The importance of this difference for the biological properties of
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Fig. 1: A representation of the overlapping Bcl-2 and Bcl-XI structures. The respective BH4
domains (blue for Bcl-2, orange for Bcl-XI) are indicated together with the critical difference between
Bcl-2 (Lys17) and Bcl-XI (Aspl11), which determines the ability of Bcl-2, but not of Bcl-XI, to interact
with the central, modulatory domain of the IP;R. The lower part shows the sequence alignment of the
BH4 domains of Bcl-2 and Bcl-XI with highlighted Lys17 and Asp11. Adapted from [164].

these proteins is highlighted by the fact that altering this residue in full-length Bcl-2 impaired
its ability to regulate IPsRs and to protect against Ca**-mediated apoptosis. This is further
highlighted by the relative conservation of this critical residue switch across the vertebrate
orthologs of Bcl-2 and Bcl-XI [164]. Eventually, this may suggest that the property of Bcl-2-

dependent regulation of IP3Rs is conserved during evolution.
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Apart from Lys17 a detailed alanine-scan analysis disclosed the further participation of other
BH4-surface accessible residues (His20, Tyr21 and Arg26) in the interaction with the IP3R.
Ultimately, this raised the intriguing possibility that the three-dimensional organization of the
BH4 domain might also contribute to its IP3R-binding ability. Therefore, our study was
extended towards examining the role played by the secondary structure of Bcl-2’s BH4
domain. As presented in the second research paper (Results, Part Il), the alpha helical
organization seemed necessary, among the different conformations that the Bcl-2’s BH4
peptide can assume in aqueous solution, to bind and inhibit IP3Rs. This is in agreement with
the secondary structure observed for the BH4 domain in the full-length Bcl-2 protein by NMR
analysis and X-ray crystallography [183, 192]. However, the question still remained whether
the BH4 alpha helix is equally essential to inhibit the IPsR in the full-length protein
considering the different protein context and the proximity of the hydrophobic cleft region.
Interestingly, the dicodon mutation (114G-V15G) that we used to destabilize the alpha-
helical-BH4 peptide was previously reported to abolish Bcl-2’s anti-apoptotic function,
supposedly by effecting Bcl-2 heterodimerization with Bax [50, 55, 172, 174].

As previously discussed, only the BH4 domain of Bcl-2 binds to the IP;R1 central/regulatory
domain whereas the hydrophobic cleft of both proteins, formed by the BH3, BH1 and BH2
domains, has been proposed to bind IPsR1 at a more distal C-terminal region [163, 166, 168,
169]. This interaction site was originally only identified for Bcl-XI, and comprises the IP;R1
C-terminal tail (the gating domain) together with part of the last TMD (TMD®6) (a.a. 2512—
2749). However, for Bcl-2 a controversy was still present in the field since a later study found
that Bcl-2 did not interact with the C-terminal tail of the IP;R1 (a.a. 2590-2749) [170].
Therefore, we decided to also measure the binding properties of Bcl-2 and Bcl-XI to the C-
terminal binding site on the IP3R. As described in the third research paper (Results, Part 111),

the reasons behind the apparent discrepancy between published data was due to the use of
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different IP3R1 regions as representative for the C-terminal binding site. We indeed found that
the presence of part of the TMDG6 region was critical for the binding of both Bcl-2 and Bcl-XI
to the C-terminal binding domain of IP3R1. Moreover, we also included in our comparative
analysis of Bcl-2 and Bcl-XI the previously characterized IP3R1 central/regulatory domain.
Consistent with our earlier observations, Bcl-XI bound with higher efficiency to the C-
terminal part of the IP3sR1 and to a lesser extent to the central, regulatory domain, while Bcl-2
targeted both sites with similar efficiencies (Fig. 2, General Conclusions). Collectively, we
propose that the predominant effect of Bcl-2 on Ca?* signaling is executed via its BH4 domain
targeting the central, regulatory domain of the IP3R, thereby imposing IPsR inhibition and
preventing large pro-apoptotic Ca?* transients. For Bcl-XI, we postulate a role for its
hydrophobic cleft targeting a supposedly BH3-like structure near the C-terminal Ca**-channel
pore of the IPsR. This C-terminal interaction could then lead to increased IPsR-channel gating
and/or increased sensitivity towards activation by IP;. Additionally, we confirmed that Bcl-2
too targets this C-terminal site, but functionally the inhibitory effect exerted by its BH4
domain may overrule the sensitizing effect of the interaction at the C-terminus. It is also
conceivable that Bcl-2 may switch from an inhibitory position in the central modulatory
domain to a stimulatory position at the C-terminus, depending on as yet unknown cellular
conditions (e.g. regulation by phosphorylation). Finally, it should be mentioned that the
molecular features that could explain a residual interaction of Bcl-XI with the IP3;R1

central/regulatory domain need still to be further assessed.
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Fig. 2: An updated model for the regulation of IPsR channels by Bcl-2 versus Bcl-XI. The Ca*'-
flux properties of the IPsR are thought to be critically controlled by Bcl-2-family members to promote
cell survival or to protect against cell death. We propose that distinct anti-apoptotic Bcl-2-family
members have a distinct interaction pattern with at least two binding sites on the IPsR. In this
paradigm, Bcl-2 through its BH4 domain may primarily target the central, modulatory domain of the
IP;R (a.a. 923-1581 for the mouse IP;R1), thereby reducing large global pro-apoptotic Ca®* transients
(left); while Bcl-XI through its hydrophobic cleft (HC) may primarily target the C-terminal region of
the IPsR (a.a. 25122749 for the mouse IP;R1) close to the channel pore, thereby increasing IPsR
sensitivity to basal IP; levels and promoting pro-survival Ca®* oscillations (right). In addition, we
established that Bcl-2 was also able to target the C-terminal region of the IP;R possibly via its
hydrophobic cleft and it may in this way also contribute to the pro-survival Ca®* signaling. On the
other hand, we also showed some Bcl-XI residual interactivity (see blue dotted frame and arrow) on
the IPsR’s central, modulatory domain. The molecular parameters of the latter interaction are not yet
clear, but we tend to exclude that it was mediated by its BH4 domain due to a critical single amino-
acid difference in this domain (Asp11 in Bcl-XI versus Lys17 in Bcl-2).
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2 FUTURE PERSPECTIVES

The discovery of a specific Bcl-2/1P3R liaison opens novel avenues to selectively suppress
malignant Bcl-2 function in cancer cells by targeting its BH4 domain, while maintaining
essential Bcl-XI functions in normal cells. In this respect, ABT-737 and ABT-263, potent Bcl-
2 inhibitors which are already in clinical development against hematological and solid tumors
[63, 65, 193-196], act as Bad BH3-mimetic molecules that do not discriminate between Bcl-2
and Bcl-XI. Hence, the targeting of Bcl-2’s and Bcl-XI’s hydrophobic cleft results in the
inhibition of the pro-survival activity of both proteins. This may not be desirable in cancer
patients and cause adverse effects, since Bcl-2 and Bcl-XI| have distinct biological functions.
While some types of cancer cells may need the elevated Bcl-2 levels to compensate for the
on-going upstream pro-apoptotic signaling and the elevated levels of BH3-only proteins,
normal cells may still need Bcl-XI for their survival. As a proof of concept, drugs like ABT-
737 that kill Bcl-2-dependent cancer cells (like CLL), lead to in vivo dose-dependent transient
thrombocytopenia and thrombocytopathy [197, 198]. The latter is due to the simultaneous
inhibition of Bcl-XI, which is essential to sustain platelet survival by limiting Bax activity
[199]. Henceforth, specifically targeting the BH4 domain of Bcl-2 with IDP may be a very
promising approach to promote cell death in a more specific way via the induction of pro-
apoptotic Ca®* signaling in Bcl-2-dependent malignancies. This is further sustained by our
observation that IDP (exclusively targeting Bcl-2) did not kill blood platelets (Akl, Monaco
unpublished observations), as these cells mainly depend on Bcl-XI for survival. Moreover, the
co-administration of the IDP peptide with a newly developed Bcl-2-specific BH3-mimetic
named ABT-199 [66, 200] could potentiate the Killing of malignant blood cells but still spare
the platelets. Finally, also the peptide encompassing the Bcl-2’s BH4 domain has a promising
future. As pointed out by part 11 of the results, this domain possesses indeed an independent

anti-apoptotic activity exploitable for its development as a therapeutic tool. Particularly,
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molecules derived from the BH4 domain would be useful in the treatment of some
neurodegenerative or psychiatric diseases associated with aberrant intracellular Ca?* signaling
and consequently accelerated cell death. For instance, excessive IP;R-mediated Ca®* release
has been implicated as contributing to the pathogenesis of Alzheimer's disease and a cell-
permeable BH4 peptide can reduce AP peptide-induced apoptosis [201]. Since we just
characterized the secondary structure of the BH4 domain required for its IP3Rs inhibition,
BH4 helical foldamers may have a future as lead compounds for therapeutics or at least as
pharmacological tools.

Apart from this therapeutic and pharmacological potential, the results of this PhD research not
only provided some important answers but also raised new questions, as we have addressed

below.

What is the molecular mechanism behind the modulation of the IP;Rs by Bcl-2’s BH4
domain?

Although the function of Bcl-2’s BH4 domain on the IP3Rs is now clarified, the molecular
mechanism that leads to the inhibition of the channel activity needs to be characterized. Bcl-
2’s BH4 domain may be an allosteric inhibitor of the IP3Rs, in other words regulating channel
gating through its binding to the central, regulatory region of the IP3Rs which does not
correspond to the channel activation site. Supporting this concept, IP3R’s central region has
indeed been proven, in previous studies, to function in relaying the IPs- and Ca®*-stimulatory
signals down to the channel region following a conformational rearrangement [90, 167].
However, mutagenesis, structural and computational studies of this BH4’s binding site on the
IPsRs are necessary and underway in order to gain experimental evidences. Additionally,
some of our very recent data show a competitive behavior between IP; and the BH4 domain

suggesting an even more complex regulatory mechanism. The IPs;R-LBD region might
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therefore be recruited for an accessory role of the BH4 domain or the latter could
electrostatically interfere with IP; to hamper its activity. IPs-binding experiments in the
presence and absence of the BH4 domain or of more electroneutral variants of this domain

will elucidate the matter.

Which molecular determinants are responsible for Bcl-2 and Bcl-XI interaction with the
IP;R’s C-terminal region?

Our data pinpoint that the primary mechanism by which Bcl-2 impinges on Ca?*-mediated
apoptosis involves the activity of its BH4 domain on the IP3Rs. We also know, from the
present study as well as from earlier analysis [170], that BH4 prevents apoptosis by inhibiting
the IP3R in the same manner as reported for full-length Bcl-2. On the contrary, we do not
know the exact molecular determinants involved in Bcl-2/Bcl-XI interaction with the IP3R’s
C-terminal site. Is the hydrophobic cleft truly the region that interacts with this portion of the
channel or is the hydrophobic cleft only functional at the mitochondria? Certainly, the
additive pro-apoptotic effect of IDP when administered together with the BH3-mimetic ABT-
737[174] in cancer cells envisions that the anti-apoptotic mechanism of the BH4 domain on
the IPsR is independent of and complementary to the hydrophobic-cleft mechanism at the
mitochondria. Further supporting this concept, the Bcl-2-1P3R interaction appears increased in
cells lacking the pro-apoptotic BH3-only family member Bim [202]. Accordingly, we also
recently found that the smaller protective effect by the Bcl-2 K/D mutant seems solely
imputable to BH4-domain loss of binding with the IP3Rs, since the in vitro Bax-binding
properties of the full-length protein were intact (preliminary results not yet published).
However, all the above experimental results do not offer clear information about the putative
hydrophobic-cleft interaction with the IP3R’s C-terminal site. At first glance, by exploiting a

mutagenesis approach for the hydrophobic cleft or using the BH3-mimetic tool ABT-737, we
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observed that, at least in unstressed conditions, the binding of Bcl-2 and Bcl-XI to the IP3R1
did not occur via the hydrophobic cleft (preliminary observations). These initial results leave
open many possibilities: 1) Bcl-2’s hydrophobic cleft may be only required during apoptosis
for structurally allowing BH4 domain interaction with the IPsR1 central, regulatory domain;
2) Bcl-2’s hydrophobic cleft may not exploit the same BH3-domain-binding determinants to
interact with the C-terminal part of the IPsR; 3) Bcl-2’s hydrophobic cleft may simply not be
involved at all in the interaction because perhaps the C-terminal part of the IPsR1 doesn’t
really contain BH3-like domains. In the first two cases, strong literature or experimental hints
are lacking to guide our investigation, whereas in the last case we can already envisage some
plausible additional paradigms. Even though Bcl-2’s and Bcl-XI’s TMD seemed dispensable
for their anti-apoptotic activity [203, 204], we observed, in further preliminary experiments,
that cells overexpressing the TMD-truncated variant of Bcl-2 showed no inhibition of IICR if
compared with wild-type Bcl-2-overexpressing cells. Hypothetically, Bcl-2 may hold tight the
IPsR through a membranous interaction involving its TMD and perhaps the IP3R’s C-terminal
region in order to permit the BH4-domain activity at the central, regulatory domain. This
would also be in agreement with the many biophysical data suggesting that the natural habitat
for Bcl-2 family’s interactions is the membrane environment [205, 206]. Alternatively, the
TMD-truncated variant of Bcl-2 may have assumed a conformation unable to expose the BH4
domain for interactions or may have simply lost is ER-membrane localization signal [207].
Furthermore, we cannot exclude among the potential IP;R C-terminal targets the large, highly
flexible and intrinsically disordered loop located between the BH4 and BH3 domain of Bcl-2
[45, 183]. Such region is typically a target of many phosphorylation and dephosphorylation
events which tune Bcl-2’s anti-apoptotic activity [208, 209]. However, Bcl-2’s
phosphorylation status has also been proven to mediate protein-protein interactions involving

the flexible loop itself [210, 211]. Finally, few of the above proposed mechanisms might be
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valid for Bcl-XI as well (e.g. the loop hypothesis) although the scenario might be here even
more complicated, since Bcl-XI’s BH4 domain residual interaction with the IP3R1 has still no
reported molecular or functional role. Interestingly, by computational comparison of Bcl-2’s
and Bcl-XI’s tertiary structure, we recently observed that Bcl-XI might bear a similar IP3R-
interaction surface outside its BH4-domain region as the one formed by Bcl-2 within its BH4
domain. Apparently, the key molecular determinants behind Bcl-2’s BH4-domain interaction
with the IP3Rs (e.g. the positive residue Lys17) even though not present on Bcl-XI’s BH4
domain, might still be embodied more downstream on the Bcl-XI structure (e.g Lys87,
collaboration with L. Martens, VIB, Ghent).

Hereafter, Bcl-2/Bcl-XI’s molecular and structural role on the IPsR1 C-terminal site will need
appropriate characterization and validation in all above hypotheses. In any case, competitive
peptides, derived from the IPsR1 or Bcl-2/Bcl-XI, will be useful to delineate the precise

interaction profile in biochemical and biophysical experiments.

Is the protective effect of Bcl-XI’s BH4 domain due to its regulation of a mitochondrial
target involved in the ER-mitochondria Ca®* transfer?

It has recently become clear that specific sites of physical association between ER and
mitochondria, named “mitochondrial associated membranes” (MAMs), are directly involved
in the efficient channeling of Ca** from the ER into the mitochondria. Indeed, MAMSs create a
physical link between the mitochondria and the ER involving a vast set of inter-organelle
proteins. In this regard, our experimental work pointed out that BH4-Bcl-XI protects against
apoptotic stimuli in an IPsR—independent fashion suggesting that the target of its anti-
apoptotic activity would be elsewhere, perhaps in the MAMs (see Fig. 1, future perspectives).
In agreement with this hypothesis, our experimental results (see supplemental material of the

first research paper [Results, Part 1]) showed that by co-administering BH4 peptides derived
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from both Bcl-XI and Bcl-2, no additive protection was observed. Moreover, both BH4
peptides were unable to protect downstream of Cyt c release. Therefore, BH4-Bcl-XI likely
acts on a target downstream of the IP3Rs probably in the same signaling cascade upstream of
Cyt c. Considering the preferential distribution of Bcl-XI to the mitochondrial outer
membrane [207], we considered a mitochondrial target. In the MAMs at least one of the three
subtypes of the IP3R seems connected to VDAC-1 via a physical link provided by the
chaperone glucose-regulated protein 75 (Grp75) [84, 212]. This would certainly make VDAC-
1 a good candidate as a Bcl-XI target because of its prominent role in the ER-mitochondria
Ca?*-cross-talk and of its demonstrated involvement in mitochondrial Ca** overload, MOMP
and apoptosis [112]. Several studies have already suggested that the anti-apoptotic Bcl-2-
family members could interact with the N-terminal region of VDAC-1 to regulate
mitochondria-mediated apoptosis [133, 134, 213]. In addition, we already obtained
preliminary evidence that VDAC-1 is a target of BH4-Bcl-XI but not of BH4-Bcl-2.
Importantly, the relevance of the IP3R/Grp75/VDAC-1 complex and consequently of
appropriate  ER—mitochondrial coupling in healthy versus malignant cells is not fully
understood. A very interesting parameter thereby would be the localization in the MAMs of
particular 1P3R isoforms that have a different basal sensitivity to IP3;. The sensitivity of the
IPsR in the IPsR/Grp75/VDAC-1 complex could be a crucial and as yet unappreciated
parameter in determining the ER-to-mitochondrial Ca** flux and Ca**-dependent cell death.

In summary, we are now moving our research focus from an ER-centric view to a more
comprehensive overall view of the ER-mitochondria Ca®* crosstalk. Therefore, we are
zooming out of Bcl-2’s and Bcl-XI’s anti-apoptotic role at the IP3Rs and investigating the
wider scenario of the IPsR/Grp75/VDAC-1 complex in Ca?* mediated cell death. Moreover,
the composition of such multi-protein complexes in the MAMs may be different in cancer

cells as compared to normal healthy cells. In a future perspective, the composition of the
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MAMs in cancer cells should be analyzed in order to appreciate and target potential defense
systems of cancer cells against Ca?*-mediated cell death.

Last but not least, although our laboratory has focused mainly on the interactions of Bcl-2 and
Bcl-XI with the IP3R, BH4 interacts with a growing list of targets beyond IP3;Rs and even
VDAC:s, including calcineurin/PP2B, murine leukemia viral oncogene homolog 1 (Raf-1), rat
sarcoma small-GTPase (Ras), Caenorhabditis elegans death gene 4 (CED-4), paxillin, nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB), Bax inhibitor 1 (BI-1) and
apoptosis-stimulating of p53 protein 2 (ASPP2) [164]. They all may contribute, together with
the Bcl-2/1P3R interaction, to enable Bcl-2/Bcl-XI regulation of a wide range of signaling

pathways, not only related to Bcl-2 and Bcl-XI anti-apoptotic function [161, 214, 215].
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Fig. 1: The proposed roles of Bcl-2’s and Bel-XI’s BH4 domains at the ER-mitochondria contact
sites. An excessive Ca’" transfer from the ER to the mitochondria via the MAMs stimulates the
progression of apoptosis. According to our results, Bcl-2 protects against Ca®*-mediated apoptosis
mainly by using its BH4 domain to interact and inhibit IP;Rs on the ER. On the other hand, since Bcl-
Xl is preferentially distributed to the mitochondrial outer membrane, we propose a specific role for the
BH4 domain of Bcl-XI in the reduction of mitochondrial Ca®* uptake. Our preliminary data suggest
that BH4-Bcl-XI acts as an inhibitor of the Ca®*-channel properties of VDAC-1, likely by controlling
its N-terminal tail. Additionally, a more complex role at the level of IP3R/Grp75/VDAC-1 Ca®*-
channeling function cannot be excluded and needs to be investigated. Adapted from [106].
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SUMMARY

The anti-apoptotic proteins Bcl-2 and Bcl-XI are highly similar in sequence and structure, and
so far considered as virtually exchangeable for regulating apoptosis. Both proteins
conventionally promote cell survival by employing their hydrophobic cleft in the
heterodimerizion process with pro-apoptotic Bcl-2 members, like Bax and Bak, and
consequently preserving mitochondrial integrity. In addition to this, Bcl-2 safeguards against
MOMP by preventing mitochondrial Ca** overload. The latter role seems primarily due to
Bcl-2’s interaction with ER-resident IP3Rs on their central, regulatory domain, thereby
preventing IPsR-dependent Ca®* release and transfer to the mitochondria. The only Bcl-2
portion sufficient for IP3R inhibition is the N-terminal BH4 domain, which is exclusive for the
anti-apoptotic Bcl-2-family members and also reported to be essential for their pro-survival
function. Bcl-XI too has been reported to bind and modulate 1P3Rs but the molecular
determinants involved in both binding partners are still unknown. In particular, Bcl-XI may
bind to the receptor on a different site, located close to the C-terminal, and stimulate
basal/physiological IPsR-mediated Ca®* oscillations in favor of a proper mitochondrial
respiration. In this respect, Bcl-XI seems to predominantly enhance the pro-survival 1P3Rs
signaling instead of hampering the anti-apoptotic one.

During this Ph.D. research, we first examined side-by-side the molecular features of Bcl-2
and Bcl-XI in this seemingly conflicting regulation of IPsR-dependent Ca®* signaling and
apoptosis. In more detail, we mainly compared the anti-apoptotic inhibition of IPsR-mediated
Ca’* release by the BH4 domains of Bcl-2 versus Bcl-XI. In molecular (pull downs; surface
plasmon resonance [SPR] analysis) and functional (Ca®* measurements and apoptotic assays)
experiments, the BH4-domain biology of Bcl-2 and Bcl-XI at the level of IP;Rs appeared very
different. BH4-Bcl-2 protected against Ca**-mediated apoptosis by binding the IPsRs and

inhibiting 1Ps-induced Ca** release, whereas BH4-Bcl-XI protection proceeded without any

130



SUMMARY/SAMENVATTING

binding and regulation of the IP3R channel although acting on the same signaling cascade.
Interestingly, the selective molecular liaison between Bcl-2 and the IP3Rs relates to a Lys17 in
BH4-Bcl-2 that is not conserved in BH4-Bcl-XI, in which it corresponds to an Asp residue,
having an opposite charge.

Next, we examined the structural features of the Bcl-2-BH4 domain in even more detail.
Hence, we investigated the role played by the three-dimensional structure of a Bcl-2-BH4
peptide in the aforedescribed IP3R interaction. We thereby found that the isolated Bcl-2-BH4
domain requires an alpha-helical organization for binding the IP3Rs and to inhibit the pro-
apoptotic channel activity.

Finally, we extended our study towards an initial characterization of the full-length Bcl-2 and
Bcl-XI interactions with their proposed binding sites on IP3R1. In this way, we partially
solved a molecular controversy in the Ca®* field by demonstrating that the full-length Bcl-2
bound with similar efficiency to the two reported interaction sites on IP3R1, while Bcl-XI
bound more effectively to the IP3R1 C-terminal site.

Collectively, these data support a selective and unique inhibition of the IP3Rs by Bcl-2. Bcl-2-
BH4 domain is therefore in charge of targeting the channel’s central, regulatory domain and
of curbing the pro-apoptotic ER Ca®" release. Accordingly, even though both Bcl-2 and Bcl-
Xl interact with the site next to the IP;R1-channel pore, Bcl-XI is more likely acting as an
endogenous IPsR sensitizer and promoter of pro-survival ER Ca?* release. Indeed, its BH4
domain does not bear any function towards the IP3Rs and seems instead protecting against

Ca**-mediated apoptosis by acting downstream of the IPsRs probably just prior to the MOMP.
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SAMENVATTING

De anti-apoptotische Bcl-2- en Bcl-XI -proteinen zijn zeer gelijkend in sequentie en structuur.
Tot nu toe werden deze anti-apoptotische proteinen als functioneel inwisselbaar beschouwd.
Beide proteinen zorgen voor celoverleving en het behouden van de mitochondriéle integriteit
door via hun hydrofobe groeve pro-apoptotische proteinen van de Bcl-2-familie (zoals Bax en
Bak) te neutraliseren. Bovendien verhindert Bcl-2 het overladen van de mitochondrién met
Ca®" en beschermt hierdoor tegen de permeabilisatie van het buitenste mitochondriéle
membraan (MBMP). Het onderliggende moleculaire mechanisme hiervoor is de interactie van
Bcl-2 met de inositol 1,4,5-trisfosfaatreceptor  (IPsR), een intracellulair Ca?*-
vrijzettingskanaal in het ER membraan. Bcl-2 interageert daarbij via het centraal,
regulatorische domein van de IPsR. De interactie tussen Bcl-2 en de IP;R onderdruk IP3R-
afhankelijke Ca”*-vrijzetting en Ca**-overdracht naar de mitochondrién. Het BH4-domein van
Bcl-2 is noodzakelijk en voldoende voor de inhibitie van IPsR-activiteit. Dit BH4-domein is
een exclusief kenmerk van anti-apoptotische Bcl-2-familieleden en is ook essentieel voor hun
anti-apoptotische functie. Anderzijds zijn er ook meldingen dat het verwante anti-apoptotische
Bcl-XI aan de IP3R bindt en daarbij de Ca®*-flux eigenschappen moduleert en versterkt. De
moleculaire determinanten van deze interactie tussen Bcl-XI en de IPsR werden nog niet
verder gekarakteriseerd. Er werd voorgesteld dat Bcl-XI zou binden aan een bindingsplaats in
het C-terminale gedeelte van de IPsR dichtbij het Ca®*-porievormende gedeelte. Bcl-XI zorgt
hierbij voor een stimulatie van IPsR-afhankelijke Ca**-oscillaties die betrokken zijn bij het
aandrijven van de mitochondriéle ademhalingsketen. In dat opzicht kan men Bcl-XI
beschouwen als een proteine die celoverleving bevordert door het in stand houden van een
basale, fysiologische IPsR-gemedieerde Ca®*-signaaltransductie.

Wij hebben gedurende dit PhD-onderzoekswerk eerst de moleculaire eigenschappen van Bcl-

2 en Bcl-XI met elkaar vergeleken, gezien hun schijnbaar tegengestelde effecten op IP3R-
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afhankelijke Ca?*-signaaltransductie en celdood. Hierbij hebben wij de anti-apoptotische
inhibitie van IP;R-afhankelijke Ca**-vrijzetting onderzocht en werd het effect van de
overeenkomstige BH4-domeinen van Bcl-2 en Bcl-XI vergeleken. Uit verschillende
moleculaire en functionele analyses bleken de biologische eigenschappen van de BH4-
domeinen van Bcl-2 en Bcl-XI zeer verschillend te zijn wat betreft de regeling van de IP3R.
BH4-Bcl-2 beschermde tegen Ca**-gemedieerde apoptose door te binden aan de IP3R en de
Ca’*-vrijzetting doorheen deze kanalen zeer effectief te onderdrukken. In tegenstelling
hiermee bleek BH4-Bcl-XI veel minder sterk te binden aan de IPsR. BH4-Bcl-XI vertoonde
wel bescherming tegen apoptose maar deze was onafhankelijk van de binding aan de IP3R en
van de regeling van zijn Ca**-vrijzettingsactiviteit. BH4-Bcl-2 en BH4-Bcl-XI bleken echter
wel in dezelfde signaalcascade te werken maar duidelijk op een verschillende plaats. De
selectiviteit van de inhibitie van IP3Rs door BH4-Bcl-2 bleek veroorzaakt te worden door de
aanwezigheid van het positief geladen Lys17 in BH4-Bcl-2. Dit residu is uniek voor BH4-
Bcl-2 en het overeenkomstige aminozuur in BH4-Bcl-XI is het negatief geladen Asp11.

In een tweede deel werden de structurele eigenschappen van het BH4-Bcl-2-domein bepaald
die noodzakelijk zijn voor zijn interactie met de IPsR. Uit analyse van het geisoleerde BH4-
Bcl-2-domein en door gebruik te maken van specifieke mutaties in het BH4-Bcl-2-domein
hebben wij aangetoond dat een alfa helixstructuur noodzakelijk was voor de binding aan en de
inhibitie van de IP3R.

Tenslotte hebben wij een eerste karakterisatie gedaan van de verschillende potentiéle
interactieplaatsen op de type-1 IPsR-isovorm (IP3R1) voor de volledige Bcl-2 en Bcl-XI
proteinen. Deze analyse heeft althans ten dele een controverse betreffende deze
bindingsplaatsen opgeklaard. Wij konden aantonen dat Bcl-2 zowel bond aan het centrale als
aan het C-terminale domein van de IP3R1 met gelijkaardige efficiéntie, terwijl Bcl-XI veel

efficiénter bond aan het C-terminale domein dan aan het centrale domein. Dit bevestigt
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daarbij het verschillende functioneel effect van deze verwante proteinen op cellulaire Ca®-
signalen.

Wij kunnen besluiten dat deze data een selectieve en unieke rol voor Bcl-2 aantonen via zijn
uniek BH4-domein, waarbij de pro-apoptotische activiteit van de IPsR geinhibeerd wordt.
BH4-Bcl-2 heeft daarbij het centrale, regulatorische domein van de IP3;R als doelwit. BH4-
Bel-XI  heeft deze functie niet maar interageert vermoedelijk met een andere target in
dezelfde signaalcascade. Anderzijds kunnen zowel het volledige Bcl-2 als het volledige Bcl-
X1 binden aan de C-terminale kanaalregio. Daarom postuleren wij dat vooral Bcl-XI kan
beschouwd worden als een endogeen IP3R-sensitizerend proteine en een stimulator van IP3R-
gemedieerde Ca**-oscillaties die een pro-celoverlevingseffect hebben. Het geisoleerde BH4-
domein van Bcl-XI bleek echter ook betrokken bij het onderdrukken van de pro-apoptotische
Ca’*-transfer naar de mitochondrién “downstream” van de IP3R. Daarom stellen wij voor dat
BH4-Bcl-X1 een “downstream” doelwit heeft in de IPsR-Ca**-signaaltransductiecascade ter

hoogte van de mitochondrién.
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