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A B S T R A C T

CISD2, a 2Fe–2S cluster domain-containing protein, is implicated in Wolfram syndrome type 2, longevity and
cancer. CISD2 is part of a ternary complex with IP3 receptors (IP3Rs) and anti-apoptotic BCL-2 proteins and
enhances BCL-2's anti-autophagic function. Here, we examined how CISD2 impacted the function of BCL-2 in
apoptosis and in controlling IP3R-mediated Ca2+ signaling. Using purified proteins, we found a direct interaction
between the cytosolic region of CISD2 and BCL-2's BH4 domain with a submicromolar affinity. At the functional
level, the cytosolic region of CISD2, as a purified protein, did not affect the ability of BCL-2 to inhibit BAX-pore
formation. In a cellular context, loss of CISD2 did not impede the suppression of apoptosis by BCL-2. Also, in
Ca2+-signaling assays, absence of CISD2 did not affect the inhibition of IP3R-mediated Ca2+ release by BCL-2.
Combined, these experiments indicate that CISD2 is not essential for BCL-2 function in apoptosis and cyto-
solic Ca2+ signaling. Instead, CISD2 overexpression enhanced BCL-2-mediated suppression of cytosolic IP3R-
mediated Ca2+ release. However, consistent with the presence of CISD2 and BCL-2 at mitochondria-associated ER
membranes (MAMs), the most striking effect was observed at the level of ER-mitochondrial Ca2+ transfer. While
BCL-2 overexpression inhibited ER-mitochondrial Ca2+ transfer, overexpression of CISD2 together with BCL-2
abrogated the effect of BCL-2. The underlying mechanism is linked to ER-mitochondrial contact sites, since
BCL-2 reduced ER-mitochondrial contact sites while co-expression of CISD2 together with BCL-2 abolished this
effect. These findings reveal a unique interplay between BCL-2 and CISD2 at Ca2+-signaling nanodomains be-
tween ER and mitochondria.

1. Introduction

The B-cell lymphoma 2 (BCL-2) protein family controls cell survival
by regulating the connected processes of mitochondrial outer membrane
permeabilization (MOMP) and apoptosis [1–4]. MOMP can be exerted
by pro-apoptotic effector BCL-2 family proteins, such as BCL-2-
associated X protein (BAX), and BCL-2 homologous antagonist/killer
(BAK). The two other distinct groups of BCL-2 family proteins include a
second set of pro-apoptotic members the BCL-2 homology (BH)3-only

activators/sensitizers and the anti-apoptotic members, including the
founding member of the family BCL-2 itself. All proteins of the BCL-2
family are characterized by the presence of one or several BCL-2 ho-
mology (BH) domains. Anti-apoptotic BCL-2 family members contain
four BH domains (BH4-BH3-BH1-BH2). The BH3, BH1 and BH2 domains
structurally encompass a hydrophobic cleft, which directly sequesters
pro-apoptotic BCL-2-family members, thereby counteracting MOMP [5].

Beyond this canonical role, BCL-2 also controls apoptosis through
modulation of Ca2+ homeostasis and dynamics. Particularly, Ca2+
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signals arising from the endoplasmic reticulum (ER) have been impli-
cated in cell death and survival decision [6]. A key Ca2+-transport sys-
tem in this context is the ER-resident inositol 1,4,5-trisphosphate (IP3)
receptor (IP3R) [7]. This intracellular Ca2+-release channel mediates the
flux of Ca2+ from the ER lumen into the cytosol as well as towards the
mitochondria. The Ca2+ transfer from the ER into mitochondria occurs
at ER-mitochondrial contact sites harboring IP3Rs, VDAC1, and ternary
partners such as the chaperone glucose regulated protein 75 (GRP75)
[8,9]. Large ER-mitochondrial Ca2+ fluxes are deleterious for cell sur-
vival [10]. By directly interacting with the IP3R via its BH4 domain,
BCL-2 suppresses excessive Ca2+-release through the channel as well as
the resulting apoptosis [11]. Moreover, early research reported that ER-
targeted BCL-2 can effectively reduce steady-state ER Ca2+ concentra-
tion, which can contribute to its anti-apoptotic effect [12].

Besides IP3Rs, other BCL-2-interacting partners have emerged,
including CDGSH iron‑sulfur domain-containing protein 2 (CISD2; also
known under the aliases of ERIS, Naf-1, Miner1, Noxp70 or WS2).
Furthermore, CISD2 has been found to interact with IP3Rs potentially
forming a ternary complex [13]. CISD2 plays an important role in iron
and ROS homeostasis ultimately promoting longevity and delaying
ageing-related features [14–16]. Loss-of-function mutations in CISD2
are reported to cause Wolfram syndrome type 2 (WS2), a rare genetic
disease that starts with diabetes mellitus at young age and further
evolves towards severe neurological impacts. Additionally, CISD2
upregulation supports malignant features of several types of cancer cells
[17–22].

CISD2 is anchored into the ER membrane via its transmembrane
(TM) domain and was also identified as a MAM-resident protein
[15,23,24]. Interestingly, CISD2 is also believed to alter Ca2+ dynamics
within the MAMs though the exact impact remains poorly defined at the
molecular level. Independent studies revealed an intricate link between
CISD2 and BCL-2 [13,25,26]. CISD2 was found to directly interact with
BCL-2 and was required for BCL-2 to inhibit BECLIN 1-mediated auto-
phagy [13,27]. CISD2 may also be involved in BCL-2's control over ER
luminal Ca2+ stores, since absence of CISD2 in H1299 cells abrogated

the decrease in steady-state ER Ca2+ concentration evoked by BCL-2
overexpression [13]. Of note, another study reported decreased ER
Ca2+ levels in CISD2-deficient mouse myoblasts, cells characterized by
high endogenous BCL-2 expression levels [27]. Independently, it was
revealed that CISD2 can target both the BH4 and the BH3 domain of
BCL-2 [26]. Combined, these studies suggest that CISD2 is a direct
interactor and regulator of BCL-2 and a functional co-factor at the ER
that may directly or indirectly impact IP3R function.

In this study, we set out to characterize the interplay between BCL-2,
CISD2 and IP3Rs and the functional impact thereof. Our work indicates
that CISD2 directly binds to BCL-2 by targeting the BH4 domain. While
CISD2 only modestly affected IP3R-mediated Ca2+-release in the cytosol
and its inhibition by BCL-2, CISD2 had profound effects on the impact of
BCL-2 at the ER-mitochondrial contact sites. BCL-2 overexpression
limited ER-mitochondrial Ca2+ transfer, while CISD2 overexpression
completely alleviated the suppression of ER-mitochondrial Ca2+ trans-
fers by BCL-2. These effects may in part be due to remodeling of ER-
mitochondrial contact sites that were reduced upon BCL-2 over-
expression, a feature counteracted by overexpression of CISD2.

2. Results

2.1. CISD2 interacts with BCL-2 involving its BH4 domain

We studied the direct interaction between the cytosolic regions of
CISD2, lacking its N-terminal and TM domain (CISD2CYT), and BCL-2,
lacking its TM domain (BCL-2ΔTM), as 6xHis-tagged proteins. Fig. 1A
displays schematic representations of the CISD2 and BCL-2 proteins,
their relevant domains and the fragments used for the interaction
analysis. These proteins were purified from E. coli using gravity-flow
chromatography over Ni-NTA beads [28,29] and their quality and
identity was validated using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), general protein staining, and immuno-
blotting (Supplementary Fig. 1). To evaluate a direct interaction be-
tween CISD2 and BCL-2, co-immunoprecipitation experiments were set

Fig. 1. BCL-2 and CISD2 are high affinity, direct interactors. A: Protein structure of CISD2 (top) and BCL-2 (bottom). Protein length and domain sizes are drawn to
scale. Black lines indicate purified cytosolic fragments. The red line indicates the BH4 peptide that was used in biolayer interferometry (BLI) experiments. TM:
transmembrane domain, CGSH: iron‑sulfur cluster binding domain, BH: BCL-2 homology domain. B: Immunoblot of co-immunoprecipitation experiment using
purified 6xHis-tagged C-terminal part of CISD2 (CISD2CYT) and 6xHis-tagged BCL-2ΔTM. 6xHis-CISD2CYT was immunoprecipitated using an anti-CISD2 antibody. The
immunoblot shown is a representative blot out of three biological replicates (N = 3). Molecular weight of the protein standards are indicated in kDa. C: Binding
curves showing the interaction of purified and RED-tris-NTA labeled 6xHis-CISD2CYT with various concentrations of 6xHis-BCL-2ΔTM (blue) and 6xHis-BCL-2ΔTM, K17D

(green) generated by through MicroScale Thermophoresis. On the y-axis the ratio of normalized fluorescence (ΔFnorm) is presented while the x-axis presents a
logarithmic scale of the respective ligand concentration. Each data point represents the mean and error bars show the standard error of mean from N = 3 biological
replicates, each with two technical measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

J. Loncke et al.



BBA - Molecular Cell Research 1872 (2025) 119857

3

up (Fig. 1B). Purified CISD2CYT and BCL-2ΔTM were incubated and
CISD2CYT was immunoprecipitated using an anti-CISD2 antibody.
Analysis of immunoprecipitation samples by SDS-PAGE and subsequent
immunoblotting indicated that BCL-2ΔTM co-immunoprecipitated with
CISD2CYT. In order to study the direct interaction between CISD2CYT to
BCL-2ΔTM in a quantitative manner, microscale thermophoresis (MST)
experiments were performed. CISD2CYT was fluorescently labeled and its
mobility within the thermophoretic gradient was monitored in the
presence of different concentrations of BCL-2ΔTM (Fig. 1C). Correlating
with the immunoprecipitation experiments, we observed an interaction
between CISD2CYT and BCL-2ΔTM with a dissociation constant (KD) value
of 0.2 μM (Fig. 1C). Subsequently, we purified mutant BCL-2ΔTM, K17D

harboring a mutation in the BH4 domain, which impairs binding to the
IP3R [30], and evaluated the effect of this mutation on the interaction
with CISD2CYT using MST (Fig. 1C). Although BCL-2ΔTM, K17D bound
CISD2CYT, with a binding affinity of 0.7 μM, which is approximately 3.5-
fold lower compared to BCL-2ΔTM. This result suggested that the cyto-
solic regions of CISD2 and BCL-2 directly interact at least in part through
the BH4 domain of BCL-2.

2.2. The BH4 domain of BCL-2 contributes to the interaction with CISD2

Next, we aimed to examine the binding of CISD2CYT to BCL-2's BH4
domain using biolayer interferometry (BLI), which is a reliable tech-
nique to study the binding kinetics of peptide-protein interactions. First,
to verify our findings of the MST analysis we evaluated the binding of
CISD2CYT and BCL-2ΔTM by immobilizing BCL-2ΔTM on BLI Octet®
Amine Reactive 2nd Generation (AR2G) biosensors via amide coupling
and observed a KD of approximately 1 μM (Fig. 2A). Subsequently, we
immobilized biotinylated BH4BCL-2 peptides to streptavidin-coated BLI

biosensors and evaluated their binding kinetics with various concen-
trations of CISD2CYT (Supplementary Fig. 2A). To ensure the specificity
of the interaction, we also assessed the interaction between CISD2CYT

with two scrambled versions of the BH4BCL-2 peptide (BH4scr1 and
BH4scr2) (Supplementary Fig. 2B and 2C) and used their combined av-
erages as non-specific binding references to correct our data on the
interaction with the BH4BCL-2 peptide (Fig. 2B). We found a scrambled-
corrected KD of 910 nM for purified CISD2CYT binding to the BH4BCL-2

peptide (Fig. 2C). We validated the specificity of CISD2CYT binding to
BH4BCL-2 by evaluating the inherent adsorption of the peptide using an
unrelated protein, namely bovine serum albumin (BSA). No interaction
between BSA and the BH4BCL-2 peptide was observed (Supplementary
Fig. 2D). Altogether, using multiple techniques for in vitro interaction
analysis, we observed that CISD2CYT directly interacts with BCL-2ΔTM, at
least in part via its BH4 domain in the submicromolar KD range. The
similar KD values observed in our BLI experiments between CISD2CYT

and Bcl-2ΔTM on the one hand, and CISD2CYT and the BH4BCL-2 peptide
on the other hand might suggest that the BH4 domain is the main region
of BCL-2 binding to CISD2. However, since we used the cytosolic frag-
ments of both proteins, we cannot exclude the contribution of the TM
domain of BCL-2 and the N-terminal and TM domains of CISD2 to the
interaction of the full-length BCL-2 and CISD2 proteins.

2.3. CISD2 does not affect BCL-2's anti-apoptotic function

Given the important anti-apoptotic role of BCL-2 in suppressing
BAX/BAK-mediated MOMP [1,31] but also in the prevention of IP3R-
dependent mitochondrial Ca2+ overload mediated MOMP [5,32,33], we
aimed to assess whether CISD2 can impact the anti-apoptotic properties
of BCL-2. First, we studied the role of CISD2 on the ‘canonical’ anti-

Fig. 2. CISD2 binds to BCL-2 via its BH4 domain. A: Real-time BLI curves of 6xHis-CISD2CYT to 6xHis-BCL-2ΔTM immobilized on AR2G biosensors (N = 3) B: Real-
time BLI curves of 6xHis-CISD2CYT to immobilized biotin-BH4BCL-2, referenced using the BLI curves of two scrambled biotin-BH4 peptides (BH4scr) as non-specific
binding references. C: Steady state binding analysis of data shown in B highlighting specificity of binding. Binding to the two scrambled biotin-BH4BCL-2 peptides
were used as non-specific binding references to correct the results obtained with biotin-BH4BCL-2 (BH4BCL-2 - BH4scr) on top of the original naked sensor references.
Means of respectively N = 3 (BH4BCL-2) or N = 5 (BH4scr) biological replicates were evaluated. Error bars indicate standard error of the mean.
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apoptotic role of BCL-2, i.e. counteracting BAX-mediated pore forma-
tion. Capitalizing on the access to purified BCL-2ΔTM and CISD2CYT

proteins, we performed a second mitochondria-derived activator of
caspases (SMAC)-mCherry release assay using permeabilized baby
mouse kidney (BMK) BAX/BAK double knock-out (DKO) cells. In this
setup, BAX-pore formation and MOMP is induced and monitored
through the addition of purified BAX, caspase-8-cleaved Bid (cBID) and/
or the proteins of interest. In the absence of cBID, the SMAC-mCherry is
localized in the mitochondria in live cells and the mitochondrial SMAC-

mCherry signal remained stable, as shown in the first columns of Fig. 3A
and B, indicating that BAX is not spontaneously activated. Upon addi-
tion of the activating BH3-only protein cBID, BAX is activated, thereby
resulting in BAX-pore formation and subsequent MOMP, leading to a
decrease of fluorescence of SMAC-mCherry in the mitochondria, as
observed in the second columns of Fig. 3A and B. Upon addition of
varying concentrations of purified BCL-2ΔTM (from 0.0001 nM to 1 μM),
cBID-induced BAX-mediated MOMP was prevented, whereby SMAC-
mCherry localization was retained in the mitochondria (third column

Fig. 3. CISD2 does not affect BCL-2's potency to prevent BAX-mediated mitochondrial outer membrane permeabilization. A: Representative microscopic acquisitions
of DRAQ5 and SMAC-mCherry fluorescence in permeabilized baby mouse kidney (BMK) BAX/BAK double knock-out (DKO) cells. B: Kernel density estimate of mean
SMAC-mCherry intensity per cell for different protein concentrations of a single representative replicate. a.u.: arbitrary units. C: IC50 (half-maximal inhibitory
concentration)-fit curves of fractional Smac-mCherry release for BMK BAX/BAK DKO cells with added purified BAX, cBID and BCL-2Δ™ in presence and absence of 2
μM CISD2CYT. Black line corresponds to averages of N = 3 experiments. Red shade corresponds to 95 % confidence interval of fit. Blue shaded data points indicate
individual replicates. (Wilcoxon rank sum exact test W = 2, p = 0.4). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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of Fig. 3A and B). The half-effective inhibitory concentration (IC50) for
the inhibition of BAX-pore formation by BCL-2ΔTM was determined to be
36 nM (Fig. 3C). Next, we asked whether addition of excess CISD2CYT (2
μM) could impact BCL-2ΔTM prevention of BAX-pore formation. How-
ever, addition of 2 μM CISD2CYT did not impede BCL-2 suppression of
BAX-pore formation (fourth column of Fig. 3A and B). The IC50 for the
inhibition of Bax-pore formation by BCL-2ΔTM in the presence of
CISD2CYT was 29 nM (Fig. 3C), suggesting that CISD2 did not affect BCL-
2's canonical anti-apoptotic function.

2.4. Bcl-2 does not rely on CISD2 to exert its anti-apoptotic role

Since BCL-2 also counteracts apoptosis in part through preventing
mitochondrial Ca2+ overload, we assessed whether CISD2 is needed for
this anti-apoptotic effect. To this end, we generated CISD2 KO HeLa cells
via CRISPR/Cas9, and Cas9 control cells and exposed them to staur-
osporine (STS), an apoptotic agent that acts via mitochondrial Ca2+

overload [29]. HeLa Cas9 control and CISD2 KO cells were subjected to
500 nM STS treatment for 6 h, in the presence and absence of BCL-2
overexpression. Apoptosis was monitored by detecting poly (ADP-
ribose) polymerase (PARP) levels via immunoblotting. Evaluation of
PARP cleavage, by quantifying cleaved PARP over total PARP levels, is a
ratiometric measure to reliably detect apoptosis [34]. A representative
immunoblot is shown in Fig. 4A. Densitometric quantification of PARP
cleavage is shown in Fig. 4B. STS (500 nM) similarly increased PARP
cleavage in HeLa Cas9 control and CISD2 KO cells, showing that absence
of CISD2 does not affect the susceptibility of cells towards apoptotic
stimuli. Moreover, in the absence of STS, no PARP cleaving was
observed in either HeLa Cas9 control and CISD2 KO cells. Furthermore,
BCL-2 overexpression evoked a protective effect and decreased PARP
cleavage in both HeLa Cas9 control and CISD2 KO cells.

2.5. CISD2 is not required for BCL-2 to bind to and inhibit IP3Rs

Beyond the canonical anti-apoptotic function of BCL-2, it is well
established that BCL-2 can also impact Ca2+ dynamics by directly tar-
geting the IP3R. The inhibition of IP3R-mediated Ca2+ flux by BCL-2 is
mediated by the BH4 domain of BCL-2 [11]. Furthermore, the present
study as well as work by others [13,25,26] indicate that CISD2 directly
interacts with BCL-2 via its BH4 domain, opening up the possibility that
CISD2 is a modulator of BCL-2 functions that involve its BH4 domain.
Therefore, we evaluated the possibility that CISD2 is involved in the
modulation of IP3Rs by BCL-2. First, we evaluated whether BCL-2 relies
on CISD2 to interact with IP3R1, the most important IP3R isoform in
HeLa cells [35]. We transfected a triple FLAG-tagged (3xFLAG-) BCL-2
or the empty vector control in HeLa Cas9 control and CISD2 KO cells.
By immunoprecipitating 3xFLAG-BCL-2 we observed co-

immunoprecipitation of endogenous IP3R1 (Fig. 5A). We found no sig-
nificant difference in co-immunoprecipitated IP3R1 levels relative to
pulled down 3xFLAG-BCL-2 in HeLa Cas9 control and CISD2 KO cells
(Fig. 5B). This indicates that although CISD2 directly interacts with BCL-
2, CISD2 is not essential for BCL-2 binding to IP3R1. Next, we examined
whether CISD2 was important for IP3R inhibition by BCL-2 in living
cells. To evaluate whether CISD2 could modulate BCL-2's inhibition of
IP3R-mediated Ca2+ release, we overexpressed 3xFLAG-BCL-2-p2a-
mCherry, or expressed control empty vector p2a-mCherry in HeLa
Cas9 control cells and HeLa CISD2 KO cells andmeasured IP3R-mediated
Ca2+ release into the cytosol using the ratiometric Ca2+ indicator Fura-2.
Fig. 5C shows averaged traces of cytosolic Ca2+ signals in response to
ATP (2 μM). The integrated cytosolic Ca2+ signal (area under the curve,
AUC) was quantified. BCL-2 overexpression was found to significantly
inhibit IP3R-mediated Ca2+ release in both HeLa Cas9 control and HeLa
CISD2 KO cells (Fig. 5D). There was no significant difference between
Cas9 control and CISD2 KO cells overexpressing BCL-2. In addition, the
percentage of responding cells revealed similar outcomes, with BCL-2
lowering the percentage of responding cells in both HeLa Cas9 control
and HeLa CISD2 KO cells (Fig. 5E). These findings indicate that while
CISD2 can directly interact with BCL-2, CISD2 is not essential for the
interaction between BCL-2 and the IP3R as well as for BCL-2 inhibition of
IP3R function. The data therefore advocates that BCL-2 directly interacts
with and inhibits IP3Rs, and not indirectly via CISD2.

2.6. CISD2 modestly enhances BCL-2 suppression of IP3R-mediated
cytosolic Ca2+ release in a cellular context

Although CISD2 is not essential for BCL-2 inhibition of IP3R-medi-
ated Ca2+ release, CISD2 may still modulate BCL-2's impact on IP3R
function. Particularly, the overexpression of BCL-2 may provide excess
BCL-2 proteins in comparison to the endogenously available CISD2
proteins, thus limiting the ability to observe a modulatory effect.
Moreover, since IP3Rs and CISD2 appear to bind to BCL-2 via its BH4
domain, CISD2 may potentially compete with IP3Rs for BCL-2 and thus
potentially antagonize BCL-2's IP3R-inhibitory properties. We therefore
overexpressed BCL-2 together with CISD2 in HeLa cells. Cells were
transfected with 3xFLAG-p2a-mCherry +/− 3xFLAG-CISD2 or 3xFLAG-
BCL-2-p2a-mCherry +/− 3xFLAG-CISD2. Only mCherry-positive cells
were analyzed. BCL-2 overexpression significantly inhibited IP3R-
mediated Ca2+ release in HeLa cells, evoked by 2 μM ATP both in
absence or presence of CISD2 overexpression (Fig. 5F and G). Analyzing
the AUC of the ATP-induced Ca2+ release in the BCL-2-overexpressing
cells, no significant difference between empty vector transfected and
CISD2-overexpressing cells was observed. Yet, CISD2 overexpression
together with BCL-2 significantly decreased the percentage of respond-
ing cells compared to BCL-2-overexpression alone (Fig. 5H). This

Fig. 4. Anti-apoptotic properties of BCL-2 are independent of CISD2. A: Immunoblot of a staurosporine-induced cell death experiment in HeLa Cas9 control and
CISD2 KO cells, in presence and absence of BCL-2 overexpression. Molecular weights in kilodaltons are indicated with black bars. PARPu: uncleaved PARP, PARPC:
cleaved PARP. B: Quantification of N = 5 immunoblots of cell death experiments, as shown in A. Error bars indicate standard deviations. STS: staurosporine. (Kruskal
Wallis test: χ2 = 30.208, p = 8.698e-05).
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outcome suggested that CISD2 can enhance the inhibition of IP3Rs by
BCL-2. Therefore, we also studied the direct impact of purified BCL-2ΔTM

and CISD2CYT on IP3R1 single-channel activity using a nuclear patch-
clamp technique in DT40 cells lacking endogenous IP3Rs (IP3R-3KO)
cells in which rat IP3R1 is overexpressed (Supplementary Fig. 3 A & B).
Here, channel opening was triggered by 1 μM IP3. In line with previous
findings, purified BCL-2ΔTM decreased the open probability of single
IP3R1 channels [28]. However, CISD2CYT neither directly suppressed
IP3R1 channel opening nor affected the potency of BCL-2ΔTM to inhibit
IP3R-channel opening. Hence, our combined findings indicated that
CISD2 does not antagonize BCL-2's inhibitory impact on IP3Rs, yet in a
cellular context CISD2 overexpression can modestly potentiate BCL-2-
mediated inhibition of IP3R-mediated Ca2+ from the ER to the cytosol.

2.7. CISD2 counteracts BCL-2-dependent inhibition of IP3R-mediated
Ca2+ transfer to the mitochondria

CISD2 and BCL-2 have been proposed to reside at the MAMs [24,36].
First, using biochemical MAM isolation, we validated that indeed CISD2
and BCL-2 are present in theMAMs in HeLa cells (Fig. 6A). Moreover, we
also analyzed CISD2-KO cells and found BCL-2 is still present at the
MAMs, indicating that CISD2 is not needed for BCL-2's presence at the
MAMs. Next, we explored the possibility that CISD2 could affect the
influence of BCL-2 on ER-mitochondria Ca2+ transfer, evoked by
agonist-induced IP3R-mediated Ca2+ release. Therefore, we employed
the genetically encoded Ca2+ indicator G-CEPIA2mt, which localizes to
the mitochondrial matrix [37]. Cells were co-transfected with G-
CEPIA2mt and 3xFLAG-p2a-mCherry +/− 3xFLAG-CISD2 or 3xFLAG-
BCL-2-p2a-mCherry +/− 3xFLAG-CISD2. Only mCherry-positive cells
were analyzed. Overexpression of 3xFLAG-BCL-2 (with p2a-mCherry)
and 3xFLAG-CISD2 was verified via immunoblotting. A representative
blot is shown in Fig. 6B, indicating that BCL-2-protein levels are not
decreased by overexpressing CISD2. G-CEPIA2mt signals were measured
in mCherry-positive cells in response to ATP. Similar to our observations

(caption on next column)

Fig. 5. CISD2 is not essential for binding of BCL-2 to IP3R1, nor for BCL-2's
capacity to inhibit IP3R-mediated Ca2+ release. A: Immunoblot of co-
immunoprecipitation experiment where overexpressed 3xFLAG-BCL-2 was
pulled down with an anti-FLAG antibody, in presence or absence of endogenous
CISD2. The shown immunoblot is a representative blot out of three biological
replicates (N = 3). Molecular weights of the protein standards are indicated in
kDa. B: Densitometric quantification of IP3R that co-immunoprecipitated with
3xFLAG-BCL-2 in N = 3 experiments shown in A. Error bars indicate standard
deviations. a.u.: arbitrary units. (Welch two sample t-test: t = − 0.54631, p =

0.6283). C: Averaged traces of FURA-2 ratio over time of HeLa Cas9 control and
HeLa CISD2 KO (CISD2 KO) cells, transfected with either pCMV24-p2a-
mCherry or pCMV24-3xFLAG-BCL-2-p2a-mCherry. Dotted lines indicate 95 %
CI. Black arrows indicate timepoint of stimulation with 2 μM ATP. Grey band
indicates presence of 3 mM EGTA. FEx340: FURA-2 emission intensity at exci-
tation wavelength 340 nm. FEx380: FURA-2 emission intensity at excitation
wavelength 380 nm. (N = 8) D: Quantification of area under curve (AUC) of 2
μM ATP responses shown in C. Different point shapes correspond to date of
acquisition. O.E.: overexpression. (Two-way ANOVA – BCL-2 expression: F =

37.3141, p = 1.59e-06). E: Quantification of percentage of responding cells to 2
μM ATP shown in C. Different point shapes correspond to different acquisition
days (Two-way ANOVA – BCL-2 expression: F = 36.5974, p = 1.857e-06). F:
Averaged traces of FURA-2 ratio over time of HeLa cells, overexpressing either
pCMV24-p2a-mCherry or pCMV24-BCL-2-p2a-mCherry with or without co-
overexpression of pCMV26-CISD2, or transfected pCMV26 empty vector.
Dotted lines indicate 95 % CI. Black arrows indicate timepoint of stimulation
with 2 μM ATP. Grey band indicates presence of 3 mM EGTA. Experiments were
performed at least 12 times per condition. G: Quantification of area under curve
(AUC) of cytosolic 2 μM ATP responses shown in F. Different point shapes
correspond to date of acquisition. Each data point represents the mean value of
the responses of all cells measured in 1 well. (Two-way ANOVA – BCL-2
expression: F = 18.8195, p = 6.97e-05) H: Quantification of percentage of
responding cells to 2 μM ATP shown in F. Different point shapes correspond to
different days of acquisition. (Kruskal-Wallis test: χ2 = 12.86, p = 3.356e-04).
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of the cytosolic ATP-induced Ca2+ responses, overexpression of BCL-2
significantly inhibited ATP-evoked Ca2+ transfer from ER to mitochon-
dria (Fig. 6C for averaged Ca2+ traces and Fig. 6D for quantification of
Area Under Curve, p = 0.04). The inhibitory effect of BCL-2 on ER-
mitochondrial Ca2+ transfers was completely abolished upon co-
overexpression of CISD2 (Fig. 6C and D). CISD2 overexpression by it-
self had no effect on ER-mitochondria Ca2+ transfer (Fig. 6C and D). In
conclusion, our results indicate that BCL-2 overexpression effectively
abolishes ER-mitochondrial Ca2+ transfer. While CISD2 overexpression
alone did not increase ER-mitochondria Ca2+ transfer, CISD2 was able to
overrule BCL-2's inhibitory role.

2.8. BCL-2 impairs ER-mitochondrial contacts, while co-expression of
CISD2 antagonizes this effect of BCL-2

In search of a mechanistic explanation as to why CISD2 is able to
overcome BCL-2-mediated inhibition of ER-mitochondria Ca2+ transfer,
we evaluated ER-mitochondria contact site integrity using the short ER-
mitochondria SPLICS probe [38] in HeLa cells. Functionally, the probe
employs a split-Green fluorescent protein (GFP) reporter system, which
assembles into a fluorescent GFP entity only when the ER and outer
mitochondrial membranes (OMM) are within<10 nm. This fluorescence
arises from recomplementation of fluorescent GFP from the two GFP
fragments that are separately localized to the ER and OMM (ER-GFPβ11
and OMM-GFPβ1–10). Cells were transfected with 3xFLAG-p2a-mCherry
+/− 3xFLAG-CISD2 or 3xFLAG-BCL-2-p2a-mCherry +/− 3xFLAG-
CISD2. Only mCherry-positive cells were analyzed. Fig. 7A shows
representative acquisitions of SPLICS fluorescence, Hoechst staining and
mCherry signal for each condition. Individual contact sites

distinguishable as punctae were counted per cell (Fig. 7B). As an addi-
tional quantitative parameter, integrated density of SPLICS fluorescence
were calculated per cell positive for mCherry (Fig. 7C). Overexpression
of CISD2 alone did not have an effect on the number of ER-mitochondria
contact sites when compared to the empty vector (EV) transfected
conditions. However, BCL-2 overexpression reduced the number of
contact sites per cell (number of punctae; Fig. 7B) as well as the total
amount of contact sites per cell (integrated density being the total
fluorescence of the SPLICS probe; Fig. 7C). ER-mitochondrial contact
site integrity was further evaluated using an independent approach that
is based on MAMtracker Green. In contrast to the SPLICS probe,
MAMtracker Green does not rely on irreversible bimolecular fluores-
cence recomplementation (BiFC), but rather on the reversible
dimerization-dependent GFP fluorescence [39]. Supplementary Fig. 4A
displays representative acquisitions of MAMtracker Green fluorescence,
Hoechst staining and mCherry signal for every condition. Mean MAM-
tracker Green fluorescence intensities were quantified per cell (Sup-
plementary Fig. 4B). Here, similarly to the data obtained using the
SPLICS probe, overexpression of BCL-2 alone reduced ER-mitochondrial
contact compared to the EV-transfected condition, and co-
overexpression of CISD2 with BCL-2 was able to rescue this. Corre-
lating with our findings on ER-mitochondria Ca2+ flux, co-expression of
CISD2 alleviated the inhibitory effect of BCL-2 overexpression on ER-
mitochondria contact sites and restored the number and amount of
contact sites per cell to the levels observed in EV-transfected cells.
Hence, our findings indicate that i. BCL-2 disrupts ER-mitochondria
contact sites and ii. CISD2 restores the BCL-2-evoked decrease in ER-
mitochondria contact sites.

Fig. 6. Co-overexpression of CISD2 with BCL-2 abrogates inhibition by BCL-2 of IP3R-mediated ER-mitochondrial Ca2+ transfer. A: Immunoblot of a typical sub-
cellular fractionation experiment of HeLa Cas9 control and HeLa CISD2 KO cells. Molecular weights in kilodaltons are indicated with black bars. Tot: total protein
lysate, ER: endoplasmic reticulum fraction, MAM: mitochondria-associated ER membrane fraction, cM: crude mitochondrial fraction, pM: pure mitochondrial
fraction, PERK: Protein Kinase RNA-Like ER Kinase. B: Immunoblot of HeLa cells overexpressing 3xFLAG-BCL-2-p2a-mCherry or p2a-mCherry and 3xFLAG-CISD2 or
transfected with pCMV26 empty vector. Molecular weights of the protein standards are indicated in kilodaltons are indicated. C: Averaged traces of normalized
fluorescence of G-mtCEPIA2 (F/F0) over time measured in HeLa cells, transfected with either pCMV24-p2a-mCherry or pCMV24-BCL-2-p2a-mCherry with or without
co-overexpression of pCMV26-CISD2, or transfected pCMV26 empty vector. Dotted lines indicate 95 % CI. Black arrows indicate time point of stimulation with 2 μM
ATP. Grey band indicates presence of 3 mM EGTA throughout the experiment. Experiments were performed at least 8 times per condition. D: Quantification of area
under curve (AUC) of 2 μM ATP responses as measured in the mitochondria shown in C. Different point shapes correspond to date of acquisition. Each data point
represents the mean value of the responses of all cells measured in 1 well. (Two-way ANOVA – BCL-2 expression: F = 6.0279, p = 0.01952).
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3. Discussion

The main finding of this work is that CISD2 and BCL-2, both proteins
that reside at the MAMs, interact with each other, thereby influencing
their function at the ER-mitochondrial contact sites. The observed
interaction between CISD2 and BCL-2 is in line with other work [13,26].
The binding of CISD2 to BCL-2 appears to have no impact on the ca-
nonical anti-apoptotic function of BCL-2. Furthermore, while CISD2
binds to the BH4 domain of BCL-2, the region responsible to interact
with and inhibit IP3Rs, CISD2 did not affect BCL-2 inhibition of IP3R
channel opening and IP3R-mediated Ca2+ release in the cytosol. How-
ever, consistent with CISD2 being a MAM-resident protein, CISD2

alleviated BCL-2's inhibitory impact on ER-mitochondrial contact sites
and Ca2+ transfers.

Here, using a variety of interaction assays, we found that CISD2 and
BCL-2 are in vitro and in cellulo binding partners. Analysis of the purified
cytosolic 2Fe-2S-cluster-containing CISD2 fragment and CISD2 proteins
indicated a medium affinity interaction between both proteins with
apparent KD's in the sub-micromolar range. The combined evidence of
direct interaction obtained through co-immunoprecipitation (Fig. 1B),
MST (Fig. 1C) and BLI assays (Fig. 2A) provide high certainty of the
interaction results given that the separate approaches compensate each
other's limitations. Furthermore, the CISD2-binding region in BCL-2
appears in part to be executed through its BH4 domain with an
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Fig. 7. A: Representative microscopic acquisitions, (four images per experimental condition), of Hoechst nuclear stain, mCherry and SPLICS fluorescence and merged
images in HeLa cells. Scale bar corresponds to 10 μm. B: Quantification of at least 8 experiments per condition of averaged distinguishable ER-mitochondria contact
foci per cell. Error bars correspond to standard error from mean. (Two-way ANOVA: interaction effect BCL-2 and CISD2 overexpression F = 8.392, p = 0.007). C:
Quantification of 6 experiments per condition of averaged integrated density of fluorescence per cell. Error bars correspond to standard error from mean. (Two-way
ANOVA: interaction effect BCL-2 and CISD2 overexpression F = 7.4059, p = 0.01).
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apparent KD below 1 μM (Fig. 2B& C). Notably, the alteration of the BH4
domain in BCL-2K17D resulted in a reduced binding affinity for CISD2
(Fig. 1C), confirming the important role of the BH4 domain in the
interaction surface. These findings correlate and complement previous
studies reporting BCL-2 binding to CISD2's C-terminal region [13,26].
Moreover, an integrated approach using a peptide array, deuterium
exchange mass spectrometry and direct coupling analysis revealed that
CISD2 targets 2 regions of BCL-2: amino acids 16–30, part of the BH4
domain, and amino acids 95–110, part of the BH3 domain. However, in
that work, the affinity of the BCL-2/CISD2 complex or CISD2 binding to
BCL-2's BH4 domain was not determined [26]. Moreover, in that study,
the impact of BCL-2 on CISD2's 2Fe–2S cluster transfer activity was
examined, showing an accelerating effect of BCL-2 on this CISD2 func-
tion. However, the impact of CISD2 on BCL-2's function was not
determined.

BCL-2 executes multiple functions in cells. Via its hydrophobic cleft,
BCL-2 operates as an anti-apoptotic and anti-autophagic protein by
scaffolding the BH3 domain of pro-apoptotic proteins (such as BAX/BAK
and activator BH3-only proteins) and essential autophagy proteins (such
as BECLIN 1). Via its BH4 domain, BCL-2 functions as an inhibitor of
intracellular Ca2+ release channels (such as IP3Rs).

In previous work, it was found that CISD2 was necessary for ER-
resident BCL-2 suppression of BECLIN 1-driven autophagy [13]. It was
proposed that CISD2 served as a scaffold for the BCL-2-Beclin 1 complex,
as in cells lacking CISD2, BECLIN 1 binding to BCL-2 was severely
impaired. In our work, we focused on the anti-apoptotic function of BCL-
2. In in vitro Bax-pore-formation assays and STS-evoked apoptosis ex-
periments in HeLa cells, we did not find a major role for CISD2 in con-
trolling BCL-2's anti-apoptotic function. In fact, BCL-2's anti-apoptotic
function did not require CISD2, as BCL-2 overexpression was equally
effective in protecting against STS-induced cell death in CISD2-KO cells
compared to CISD2-proficient cells (Fig. 4). Moreover, CISD2 addition
did not impact BCL-2 suppression of in vitro BAX-pore formation
(Fig. 3). Of note, in the BAX-pore-formation assay, we used the cytosolic
CISD2 fragment. While this CISD2 region is sufficient to interact with
BCL-2, we cannot exclude that other elements outside this region are
needed to exert a functional impact on BCL-2. Of note, in both assays,
there seems a small – non-significant- stimulating effect of CISD2 on
BCL-2 function. These findings may indicate a unique role for BCL-2 in
autophagy versus apoptosis. However, in our work, we used wild-type
BCL-2 while the previous work studying the impact on autophagy was
performed using ER-targeted BCL-2 [13]. Furthermore, the effects may
also be cell-type dependent, as our experiments were done in HeLa cells
while the CISD2/BCL-2 interplay in autophagy was performed in
HCT116 colon cancer cells [13]. Hence, further work will be needed,
potentially using ER-directed BCL-2, a variety of cell types and stress
inducers, to further elucidate the unique role for the CISD2/BCL-2
complex in autophagy versus apoptosis.

In addition to this, CISD2 has been reported to form a ternary com-
plex with IP3Rs and BCL-2 [13]. As CISD2 targets the BH4 domain of
BCL-2, which is necessary and sufficient to inhibit IP3Rs, we envisioned
that CISD2, by competing with IP3Rs for the BH4 domain of BCL-2, may
potentially interfere with the inhibition of IP3Rs by BCL-2. Moreover, in
a cellular context it remained unknown whether CISD2 was required for
IP3R inhibition by BCL-2. However, consistent with purified BCL-2
binding to and inhibiting IP3R channels, also in cells lacking CISD2,
BCL-2 remained equally potent in inhibiting IP3R-mediated Ca2+ release
in the cytosol (Fig. 5 A, B, C, D & E). Moreover, overexpression of CISD2
or addition of purified CISD2 did not alleviate BCL-2 inhibition of IP3R-
mediated Ca2+ release and suppression of IP3R single-channel opening,
respectively (Fig. 5 F, G & Supplementary Fig. 3). In fact, we observed
the opposite trend, showing that CISD2 overexpression appeared to be
additive to BCL-2 in inhibiting IP3R activity in single cells, as co-
expression of BCL-2 and CISD2 increased the number of non-
responding cells. It is possible that the rescue of mitochondrial Ca2+

buffering when CISD2 is co-overexpressed with BCL-2 contributed to

this decrease in magnitude of cytosolic IP3R-mediated Ca2+ release. In
any case, these experiments suggest that CISD2 is not competing with
IP3Rs for binding to BCL-2's BH4 domain. However, we cannot rule out
that CISD2 and BCL-2 interact with higher affinities in a cellular context
and therefore, a certain degree of competition for IP3Rs may still occur.

Consistent with previous studies [15,23,24,36], we found that both
CISD2 and anti-apoptotic BCL-2 proteins reside at the MAMs (Fig. 6A).
Moreover, in cells lacking CISD2, BCL-2 remained present in the MAMs,
indicating that CISD2 is not critical for BCL-2's recruitment to ER-
mitochondrial contact sites. However, more quantitative analyses will
be needed to determine whether the presence of CISD2 could influence
the amount of BCL-2 present in MAMs. In any case, we hypothesized that
the CISD2/BCL-2-protein complex could operate at the ER-
mitochondrial contact sites. We first assessed whether BCL-2 could
impact ER-mitochondrial contact sites and ER-mitochondrial Ca2+

transfer. We observed a very prominent decrease in ER-mitochondrial
Ca2+ transfer (Fig. 6C & D) and ER-mitochondrial contact sites (Fig. 7)
upon BCL-2 overexpression, which CISD2 counteracted. A potential
caveat of the use of probes for ER-mitochondrial contact site visualiza-
tion based on the process of irreversible BiFC is the possibility to
establish or force new contact sites. However, the foundational work
reporting the SPLICS probes indicated that the expression of SPLICS per
se did not result in an increased ER-mitochondrial Ca2+ transfer [40],
indicating that SPLICS probes is not generating de novo ER-
mitochondrial contact sites. However, the irreversible BiFC may affect
dynamical impacts on ER-mitochondrial contact formation. Hence, we
also used MAMtracker Green, which relies on the reversible process of
dimerization-dependent GFP fluorescence [39]. Overall, the MAM-
tracker green provided very similar results. BCL-2 overexpression
decreased ER-mitochondrial contact sites and/or increased spacing be-
tween ER and mitochondria, while co-overexpression of CISD2 was able
to rescue the BCL-2-mediated decrease in ER-mitochondrial contact sites
(Supplementary Fig. 4).

Given that CISD2 overexpression alone did not increase ER-
mitochondrial contact or Ca2+ transfer, and a significant interaction
effect existed between CISD2 and BCL-2 expression in rescuing ER-
mitochondrial contact, we hypothesize that CISD2 can specifically
counteract BCL-2 function in MAMs. However, a limitation in the cur-
rent work is that direct evidence for the local CISD2/BCL-2-protein
complex is actually responsible for the interplay between CISD2 and
Bcl-2 on MAM formation and ER-mitochondrial Ca2+ transfer has not
been presented. Hence, future work using a CISD2mutant unable to bind
to BCL-2 will be needed. Previous work by others indicated that the
iron‑sulfur cluster binding region in CISD2 interacts with BCL-2's BH4
domain [13,26]. Hence, a CISD2 protein carrying mutations in this re-
gion could yield a protein with reduced BCL-2 binding, thereby allowing
to address this issue.

Irrespective of this limitation, to the best of our knowledge, this is the
first report showing an impact of anti-apoptotic BCL-2 on ER-
mitochondrial contact sites. Previous studies however already identi-
fied BCL-2-family members to reside at the MAMs and impact contact
sites. For instance, BCL-2 related ovarian killer (BOK) was reported to
tighten ER-mitochondrial contact [41], thereby rendering cells suscep-
tible to pro-apoptotic Ca2+ transfer between ER and mitochondria.
Another example is BCL-2like10 (NrH), which resides at the MAMs,
where it forms a dynamic complex with IP3R binding protein released
with IP3 (IRBIT). During apoptosis, BCL-2like10 together with dephos-
phorylated IRBIT is displaced from the MAMs. In the absence of IRBIT,
BCL-2like10 reduced ER-mitochondrial contact sites. In combination
with inhibition of IP3Rs, this strongly attenuated ER-mitochondrial Ca2+

transfers, thereby impacting apoptosis susceptibility [42]. The BCL-2-
mediated reduction of ER-mitochondrial contact sites as well as its
modulation by CISD2 may provide a mechanistical explanation of the
observed effects in ER-mitochondrial Ca2+ transfer. Taken together,
these observations lead us to believe that CISD2 might be able to
selectively finetune BCL-2's modulatory functioning over IP3R
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depending on their localization, be it within the MAMs or elsewhere.
Hence, such CISD2/BCL-2 complexes within MAMs versus untethered
ER sections may heavily diverge in terms of functional outputs, also due
to the presence of a unique and distinct set of proteins [31]. However,
further work will be needed to elucidate the cell physiological ramifi-
cations of BCL-2/CISD2 complexes at ER-mitochondrial contact sites
and how these impact cell function including cellular metabolism and
autophagy. In particular, the impact on mitochondrial physiology re-
quires further study, especially considering the critical role of ER-
mitochondrial contact and Ca2+ transfer in maintaining activity of
several dehydrogenases involved in the Krebs cycle [10,31]. Further-
more, both BCL-2 and CISD2 have established roles in regulating auto-
phagy, even in a Ca2+-dependent fashion [13,43], while ER-
mitochondrial interactions are also involved in both mitophagy and
autophagy [31,44]. Thus, further research is needed to unravel the cell
physiological impact of the BCL-2/CISD2 complex at the MAMs. Finally,
of particular interest will be howWFS1, another WS related protein, can
influence the BCL-2/CISD2 complex. A recent report showed that WFS1
and CISD2 interact, and overexpression of one can compensate for loss
of function of the other [45]. Therefore, it will be of interest to assess
whether overexpression of WFS1 can also counteract BCL-2 function in
the MAMs.

4. Materials and methods

4.1. Chemicals and consumables

Unless specifically stated, all chemicals and consumables were ob-
tained from Thermo Fischer (Merelbeke, Belgium).

4.2. Antibodies

Rabbit polyclonal anti-CISD2 (1:1000, ABClonal, A5231), mouse
monoclonal anti-BCL-2 (1:500, Santa Cruz, sc-7382), rabbit anti-IP3R1
(alias: Rbt03, 1:1000, homemade) [46], rabbit control IgG (Sino Bio-
logical Inc., CR1), mouse monoclonal anti-FLAG (Sigma, F3165), rabbit
monoclonal anti-PARP (1:1000, Cell Signaling, 9532S).

4.3. Peptides

The following peptides, obtained from LifeTein (South Plainfield, NJ,
USA) with purity ≥ 90 % were used and dissolved in dimethyl sulfoxide
(DMSO) to prepare 10mM stock solutions:

Biotin-BH4-BCL-2: Biotin-RTGYDNREIVMKYIHYKLSQRGYEW
Biotin-BH4-BCL-2scramble1: Biotin-WYEKQRSLHGIMYYVIEDRNTK

GYR
Biotin-BH4-BCL-2scramble2: Biotin-KKINLRGDYSRQVMYEWTYGR

EIHY.

4.4. Plasmids and constructs

For the purification of human BCL-2ΔTM WT/K17D, the cDNA se-
quences coding for C-terminally truncated BCL-2 was cloned in a
pET45b(+) plasmid to allow purification using standard His-purification
protocols, as previously described in [47]. The plasmid for the purifi-
cation of human BCL-2ΔTM K17D was obtained by PCR site-directed
mutagenesis as previously described [48]. For the purification of
CISD2CYT the cDNA sequence of the C-terminal domain, corresponding
to the, cytosolic part of the human CISD2 protein was cloned in a
pET21b(+) plasmid to allow purification using standard His-purification
protocols [47]. For pulldowns with overexpressed 3XFLAG-BCL-2,
pCMV24 constructs were created as described in [30]. pCMV24-(BCL-
2)-p2a-mCherry constructs were created as described in [49]. All uti-
lized constructs were sequenced and verified (LGC Genomics, Berlin,
Germany). pCMV26 containing CISD2 was subcloned as follows: a
gBlock™ containing the cDNA for CISD2 (Integrated DNA Technologies,

Leuven, Belgium) with flanking 5’ HindIII and 3’ EcoRI restriction sites
was restriction-ligated into an empty pCMV26 vector. Gblock sequence:
5’-ATATATGGATCCATGGTGCTGGAGAGCGTGGCCCGTATCGTGAAGG
TGCAGCTCCCTGCATATCTGAAGCGGCTCCCAGTCCCTGAAAGCATTA
CCGGGTTCGCTAGGCTCACAGTTTCAGAATGGCTTCGGTTATTGCCTTT
CCTTGGTGTACTCGCACTTCTTGGCTACCTTGCAGTTCGTCCATTCCTC
CCGAAGAAGAAACAACAGAAGGATAGCTTGATTAATCTTAAAATACA
AAAGGAAAATCCGAAAGTAGTGAATGAAATAAACATTGAAGATTTGT
GTCTTACTAAAGCAGCTTATTGTAGGTGTTGGCGTTCTAAAACGTTTC
CTGCCTGCGATGGTTCACATAATAAACACAATGAATTGACAGGAGATA
ATGTGGGTCCACTAATACTGAAGTACCCATACGATGTTCCAGATTACG
CTAAGAAAGAAGTATAGGAATTCGCGCGC-3′. pCMV-CEPIA2mt [37]
was a gift from Masamitsu Iino (Addgene plasmid # 58218; http://n2t.
net/addgene:58218; RRID:Addgene_58218).

4.5. Cell culture and transfections

HeLa cells were cultured at 37 ◦C, 5 % CO2 in Dulbecco's Modified
Eagle's Medium (DMEM), supplemented with 5 % fetal calf serum, 100
IU/mL penicillin and 100 μg/mL streptomycin, 2 mM Glutamax. HeLa
cells were seeded 24 h (h) before transfection and were transfected using
Mirus TransIT-X2 transfection reagent (Mirus Bio, WI, USA) with a 2:1
transfection reagent in μL per μg DNA.

4.6. Generation of CISD2 KO and Cas9 control HeLa cells

HeLa cells were seeded in 6 well plates and grown until aproximately
80 % confluence and transfected with 5 μg of pSpCas9(BB)-2A-Puro
vector vector containing a guideRNA for CISD2 in the case of CISD2
KO cells or an empty control vector in the case of Cas9 control cells.
pSpCas9(BB)-2A-Puro (PX459) was a gift from Feng Zhang (Addgene
plasmid # 48139; http://n2t.net/addgene:48139; RRID:Addg-
ene_48139) [50]. Transfected cells were selected by culturing the cells
for 48 h in presence of 3 μg/mL puromycin. Knockout of CISD2 was
verified via immunoblotting. Guide RNA sequence (GGAGCTG-
CACCTTCACGATA) was obtained from Synthego (Redwood City, CA,
USA).

4.7. Protein purification

Purified proteins were generated in BL21 Escherichia coli. After
growth, the bacteria were diluted to an A600 of approximately 0.2,
followed by a heat shock at 40 ◦C for 2 h. Isopropyl-d-1-
thiogalactopyranoside was added (100 μM) to induce protein expres-
sion at 20 ◦C for 2 h 30 min. Bacteria were harvested by centrifugation at
5000 g for 10 min and around 10 g of bacterial pellet was resuspended in
60 mL lysis buffer (150 mM NaCl, 10 mM Tris, 30 mM imidazole, 20 %
glycerol, pH 7.4). Samples were sonicated three times at 20 kHz (5 × 10
s) with incubation at 4 ◦C in between each sonication round. Subse-
quently the mixture was centrifuged at 35,000 rpm for 40 min. Super-
natant was collected and incubated with nickel-nitrilotriacetic acid resin
(Ni–NTA Sepharose™ 6 Fast Flow) for 20 h at 4 ◦C. All proteins
(CISD2_6xHis, 6xHis_BCL-2ΔTM, WT and 6xHis_BCL-2ΔTM, K17D) were
eluted using lysis buffer containing 500 mM imidazole. Finally, for each
purification around 3 mL of purified protein was dialyzed using a Slide-
A-Lyzer®Dialysis Cassette G2 (ThermoFisher Scientific) with a cutoff of
10 kDa, three times in 500 mL phosphate buffered saline without Ca2+/
Mg2+ (PBS − /− , Gibco) for 1 h. Any formed protein aggregates were
removed by centrifugation (600 s on 16.1 g at 4 ◦C) and filtration
through a syringe filter (Millex, Hydrophilic PTFE membrane, 0.22 μM
pore size). Concentration of the purified proteins was determined using
both nanodrop (A280) and Bradford Reagent (ThermoFisher Scientific).
The purity and quality of each purification was evaluated by Coomassie
blue staining of the gels using Imperial Protein Stain reagent (Thermo-
Fisher Scientific). Additionally, the identity of purified proteins was
verified through immunoblotting, performed as previously described
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[51].

4.8. Co-immunoprecipitation assays

To pull down CISD2CYT in a mixture of 30 μg CISD2CYT and 10 μg
BCL-2ΔTM, 5 μg of either the CISD2 antibody or an aspecific rabbit IgG
control (Sino Biological, Bejing, China) were incubated with 20 uL of
Dynabeads and washed with PBS 0.2 % Tween. Protein-beads mixtures
were incubated overnight at 4 ◦C in phosphate-buffered saline (PBS).
The next day, beads were washed five times with PBS, after which bound
samples were eluted using PBS containing 0.2 % SDS (SDS elution
buffer).

For the co-immunoprecipitation experiments using cell lysates, HeLa
WT cells and HeLa CISD2 KO cells were seeded 24 h before transfection.
Cells were transfected with 400 ng pCMV24-3xFLAG-empty vector or
pCMV24-3xFLAG-BCL-2 and harvested by scraping in ice cold PBS. Cells
were lysed with a 3-((3-cholamidopropyl) dimethylammonio)-1-
propanesulfonate (CHAPS) based buffer (50 mM Tris, 100 mM NaCl,
2 mM Ethylenediaminetetraacetic acid, 50 mM NaF, 1 mM Na3VO4, 1 %
CHAPS and protease inhibitor tablets (Roche, Basel, Switzerland) ac-
cording to manufacturer's instructions). 2.5 μg of anti-FLAG antibody
was incubated with 10 μL of Dynabeads and washed with PBS 0.2 %
Tween. Beads were incubated with 400 μg protein lysate overnight at 4
◦C in CHAPS lysis buffer. The next day, samples were washed with PBS,
and eluted using SDS elution buffer (0.2 % SDS + 0.01 % Tween pH 8).

4.9. Immunoblotting

NuPAGE™ LDS Sample Buffer was added to all immunoblot samples
which following boiling were ran on NuPAGE™ 4–12 % Bis-Tris gels.
Subsequently, proteins were transferred on a polyvinylidene fluoride
membrane. Membranes were blocked with Tris-buffered saline (TBS)
containing 5 % milk powder and 0.1 % Tween and incubated with pri-
mary antibody overnight. The next day, membranes were incubated for
1 h with secondary horseradish peroxidase-linked antibodies in TBS 0.1
% Tween. Pierce™ ECL chemiluminescent western blot reagent was
used for detection in a Chemidoc imaging system (Bio-Rad, CA, USA).

4.10. Microscale thermophoresis

Purified CISD2CYT protein was fluorescently labeled using the
Monolith His-Tag Labeling Kit RED-tris-NTA 2nd Generation (Nano
Temper Technologies, Munich, Germany) and binding affinities for
either BCL-2ΔTM and BCL-2ΔTM, K17D were evaluated using MicroScale
Thermophoresis using a Monolith NT automated instrument (Nano
Temper Technologies), in a similar way as previously published [52].
The concentration of labeled CISD2CYT was kept constant at 10nM,
whereas BCL-2ΔTM and BCL-2ΔTM, K17D proteins were titrated down from
10μM in a two-fold dilution series of twelve. Measurements were per-
formed with a pico-red laser channel at 15 % excitation power and 40 %
MST power in steady-state conditions using premium capillaries and
subsequently recorded on a Monolith instrument. All experiments were
repeated three times for each condition using freshly thawed proteins
with two technical replicates for each biological replicate.

4.11. Biolayer interferometry

4.11.1. AR2G biosensor
Purified BCL-2ΔTM, WT was immobilized on Octet® Amine Reactive

Second generation (AR2G) Biosensors in the Octet® Red system in a
similar way as previously published [52] and used to evaluate its
binding affinity and binding kinetics for purified CISD2CYT. Before the
start of the experiment, the sensors were hydrated in ultrapure MilliQ
water. Upon measurement, the sensors were equilibrated for 60 s in
MilliQ water after which we activated the AR2G biosensors via a 500 s
reaction in a mixture of 20 mM EDC (1-ethyl-3[3-dimethylaminopropyl]

carbodiimide hydrochloride) and 10 mM sulfo-NHS (N-hydrox-
ysulfosuccinimide) to generate highly reactive NHS esters. Subse-
quently, the selected ligand was immobilized/loaded to the sensors
through formation of highly stable amide bonds in a 10 mM acetate
buffer (pH 5) over 600 s. The remaining reactive NHS esters on the
biosensor were quenched in a 1 M ethanolamine solution for 300 s. Once
the ligand was correctly loaded, we measured a baseline in the binding
buffer (DPBS, no Ca2+, no Mg2+ (Gibco™); 0.02 % tween) after which
different concentrations of analyte were used to assess the Kon rate of our
ligand towards our analyte in the association phase (1000 s). To assess
the Koff rates of the ligand towards the analyte, the sensors were again
submerged in binding buffer to allow dissociation of the analyte (2000
s). As a reference we used a ligand-loaded sensor which was incubated in
binding buffer during both the association and the dissociation phase.
We also performed a naked sensor control utilizing the highest
[CISD2CYT] in our analysis after performing the activation and
quenching as performed in all other conditions (data not shown).

4.11.2. SA biosensor
Commercially obtained biotinylated peptides (loaded ligands: biotin-

BH4BCL-2, biotin-BH4scr, and biotin-BH4scr2) were immobilized on
Octet® streptavidine (SA) Biosensors in the Octet® Red system and used
to evaluate its binding affinity and binding kinetics for purified CISD2-
CYT. Before the start of the experiment, the sensors were hydrated in
ultrapure MilliQ water. Upon measurement, the sensors were equili-
brated for 60 s in MilliQ water after which the selected ligand was
immobilized/loaded to the sensors for 100 s or 60 s (for biotin-BH4BCL-2

or biotin-BH4scr(2) respectively). Once the ligand was correctly loaded,
we measured a baseline in the binding buffer after which different
concentrations of analyte (CISD2CYT and bovine serum albumin) were
used to assess the Kon rate of our ligand towards our analyte in the as-
sociation phase (2000 s). To assess the Koff rates of the ligand towards
the analytes, the sensors were again submerged in binding buffer to
allow dissociation of the analyte (4000 s). As a reference we used a
ligand-loaded sensor which was incubated in binding buffer during both
the association and the dissociation phase. We also performed a naked
sensor control utilizing the highest [CISD2CYT] in our analysis after
performing the activation and quenching as performed in all other
conditions (data not shown).

4.12. SMAC-mCherry release assay

BMK Bax/Bak DKO cells expressing SMAC-mCherry were plated in a
384 Perkin-Elmer Pheno plate at 6000 cells per well. 24 h after seeding,
purified proteins were thawed on ice and centrifuged at max speed (15
000 g) to remove protein aggregates. 8 point titration curves of purified
BCL-2ΔTM were created in a 384-well source plate containing trehalose-
hepes buffer (THB) (300 mM Trehalose, 10 mM HEPES-KOH pH 7.7, 80
mM KCl, 1 mM EGTA, 1 mM EDTA, 0.1 % BSA and 5 mM succinate) with
5 μM DRAQ5™ Fluorescent Probe Solution, 0.0025 % w/v digitonin
with 20 nM purified Bax (in the case of negative control), or 20 nM
purified Bax and 0.5 nM cBID (in the case of the positive control and
BCL-2 dilution series), and 2 μM of purified CISD2cyt or an equal volume
of PBS. Using the Vantage automated liquid handler, media was
removed from the cells and cells were washed twice using 30 μL of THB.
25 μL of volume from the source plate was added to the cells. Cells were
incubated for 60–80 min at 37 ◦C, 5 % CO2 and imaged on an Opera
Phenix microscope. Nuclei and mitochondria were imaged and pro-
cessed using PerkinElmer Harmony software, where cells were
segmented using the DRAQ5 channel and the mean intensity of SMAC-
mCherry for each cell was calculated.

4.13. Staurosporine-induced apoptosis experiments

HeLa cells were seeded 24 h before transfection. HeLa WT or CISD2
KO cells were transfected with 400 ng pCMV24-3xFLAG-BCL-2 or empty
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vector. In the case of CISD2 and BCL-2 co-overexpression, HeLa cells
were transfected with 400 ng pCMV24-3xFLAG-BCL-2 or empty vector
and 500 ng pCMV26-CISD2 or EV. 48 h after transfection, cells were
treated with 500 nM of staurosporine or with DMSO for 6 h. After
treatment, cells were harvested by scraping on ice, and lysed with
CHAPS buffer. Samples were analyzed via immunoblotting.

4.14. Single cell ratiometric Ca2+ imaging

For FURA-2 measurements, a Nikon TI2-E inverted microscope
equipped with a 20 × 0.5 NA Plan Fluor DIC N2 air objective and a pco.
edge 4.2bi sCMOS camera was used. FURA-2 was alternatingly excited
at a 2 s interval using a CoolLED pE-300 ultra/pE-340 lamp set at 340
nm and 380 nm (CoolLED, Andover, UK), and using a dichroic mirror
FF02-409/LP-25 (Semrock, New York, USA) and a bandpass emission
filter 515/30 (Semrock, Rochester, USA). mCherry was visualized using
a CoolLed pR-4000 lamp (CoolLED, Andover, UK) at 550 nm, and using
the cubical excitation filterset FF01–378/474/554/635 and a bandpass
emission filter 595/31 (Semrock, Rochester, USA). All cells were seeded
in 4 chamber slides with coverslips (IBL, Gerasdorf bei Wien, Austria).
WT and CISD2 KO HeLa cells were transfected with 200 ng BCL-2-p2a-
mCherry or p2a-mCherry. In the co-overexpression experiments, HeLa
cells were transfected with 150 ng BCL-2-p2a-mCherry or p2a-mCherry
and 450 ng CISD2 or EV. Two days after transfection, cells were loaded
for 30 min, at room temperature, with 1 μM FURA-2-AM (AnaSpec,
Fremont, CA, USA) in modified Krebs buffer (135mMNaCl, 6.2 mMKCl,
1.2 mM MgCl2, 12 mM HEPES, pH 7.3, 11.5 mM glucose and 1.5 mM
CaCl2). Cells were washed once with modified Krebs and the FURA-2-
AM was allowed to de-esterify during 30 min at room temperature.
After measuring for about 30 s, 3 mM ethylene glycol-bis(β-aminoethyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA) in Krebs without Ca2+ was
added to chelate extracellular Ca2+. Responses of mCherry positive cells
to 2 μM ATP were measured. As a control, 2.5 μM of ionomycin was
added at the end of the acquisition. Data was quantified using a custom
ImageJ script, which can be found on: https://github.com/jensloncke/
ImageJ_macros/tree/master/FURA%20transfected%20cells. Relevant
response parameters, such as area under curve, were extracted using a
custom Python script: https://github.com/jensloncke/LMCS-python-sc
ripts/tree/main/Quantify%20agonist%20response. Cells that de-
tached, or did not respond to either 2 μMATP or 2.5 μM ionomycin were
excluded from analysis.

4.15. Single-channel electrophysiology recordings

Nuclei isolated from DT40 IP3R 3KO cells stably transfected with rat
IP3R1 were prepared using homogenization methods as outlined previ-
ously [53]. Subsequently, a 3 μL portion of the nuclear suspension was
placed in a 3 mL bath solution comprising 140 mM KCl, 10 mM Hepes,
500 μM BAPTA, and 246 nM free Ca2+ at pH 7.1. Before patching, the
nuclei adhered to a plastic culture dish for 10 min. Subsequently, single-
channel potassium currents of IP3R1 were measured in the on-nucleus
patch-clamp configuration utilizing pCLAMP 9 and an Axopatch 200B
amplifier (Molecular Devices, Sunnydale, CA, USA). The pipette solution
consisted of 140 mM KCl, 10 mM Hepes, 1 μM IP3, 200 nM free Ca2+, 5
mM ATP, and either CISD2CYT, BCL-2ΔTM, or control solution as indi-
cated. Traces were recorded as consecutive 3-s sweeps at − 100 mV,
sampled at 20 kHz, and filtered at 5 kHz. A minimum of 15 s of re-
cordings were taken into consideration for data analysis. The pipette
resistances typically ranged around 20 MΩ, and seal resistances were
consistently >5 GΩ. Single-channel openings were identified using half-
threshold crossing criteria through the event detection protocol in
Clampfit 9. The assumption was made that the maximum number of
discrete stacked events observed during the experiment represented the
number of channels in a given nuclear patch. Only patches with a single
apparent channel were included in the analyses. Po was calculated using
Clampfit 9 and Origin 6 software (Origin Lab, Northampton, MA, USA).

4.16. Purification of HeLa MAM fractions through subcellular
fractionation

Subcellular fractions were purified from Cas9 control and CISD2-KO
HeLa cells as previously described [54]. In brief, HeLa cells were ho-
mogenized and after several centrifugation steps, a crude mitochondrial
fraction is obtained separately from the ER and cytosolic fractions. After
ultracentrifugation of the crude mitochondrial fraction in a Percoll®
(Santa Cruz Biotechnology Inc., Dallas, USA) gradient, MAM and pure
mitochondrial fractions were obtained.

4.17. Single cell mitochondrial Ca2+ imaging

A Nikon TI2-E inverted microscope equipped with a 40 × 1.3 NA
Plan Fluor DIC H N2 Oil objective and a pco.edge 4.2bi sCMOS camera
was used. Green mtCEPIA was excited at an interval of 2 s. Green
mtCEPIA and mCherry were both excited at 470 nm and 550 nm
respectively, using a CoolLed pR-4000 lamp, and using the cubical
excitation filterset FF01–378/474/554/635 and bandpass emission fil-
ters of 515/30 and 595/31, respectively. All cells were seeded in 4
chamber slides with coverslips. HeLa cells were transfected with 80 ng
G-mtCEPIA2, 80 ng BCL-2-p2a-mCherry or p2a-mCherry and 240 ng
CISD2 or EV. Two days after transfection, cells were imaged in modified
Krebs buffer. After measuring for 30 s, 3 mM EGTA in Krebs without
Ca2+ was added to chelate extracellular Ca2+. Responses of mCherry
positive cells to 2 μM ATP were measured. As a control, 2.5 μM of ion-
omycin was added at the end of the acquisition. Data was quantified
using a custom ImageJ script, which can be found on: https://github.
com/jensloncke/ImageJ_macros/tree/master/Fluo-4%20transfected%
20cells. Relevant response parameters, such as area under curve, were
extracted using a custom Python script: https://github.com/jensloncke
/LMCS-python-scripts/tree/main/Quantify%20agonist%20response.
Cells that detached, or did not respond to either 2 μM ATP or 2.5 μM
ionomycin were excluded from analysis.

4.18. Imaging of ER-mitochondrial contact sites using Mt-ER short
SPLICS probe and MAMtracker Green

ER-mitochondrial contact sites were specifically detected using the
SPLICS Mt-ER Short P2A probe. SPLICS Mt-ER Short P2A was a gift from
Marisa Brini & Tito Calì (Addgene plasmid # 164108; http://n2t.net
/addgene:164108; RRID:Addgene_164108) [38]. Additionally, we
used the MAMtracker Green probe [39]. The p-MAMtracker Green
vector was a kind gift from Koji Yamanaka (Nagoya University, Japan).
A Nikon TI2-E inverted microscope equipped with a 40 × 1.3 NA Plan
Fluor DIC H N2 Oil objective with intermediate 1.5× magnification and
a pco.edge 4.2bi sCMOS camera was used. SPLICS and MAMtracker
Green were both excited at 470 nm, using a CoolLed pR-4000 lamp and
using the cubical excitation filterset FF01–378/474/554/635 and
bandpass emission filters of 515/30. mCherry was excited at 550 nm,
using a CoolLed pR-4000 lamp, and using the cubical excitation filterset
FF01–378/474/554/635 and a bandpass emission filter 595/31.
Hoechst was excited at 350 nm using a CoolLed pR-4000 lamp, and
using the cubical excitation filterset FF01-378/474/554/635. All cells
were seeded in 4 chamber slides with coverslips. HeLa cells were
transfected with 300 ng SPLICS or 150 ng MAMtracker Green, 80 ng
BCL-2-p2a-mCherry or p2a-mCherry and 240 ng CISD2 or EV. Two days
after transfection, cells were stained with Hoechst and imaged in
modified Krebs buffer. 2D images were simultaneously acquired of
Hoechst stains, SPLICS or MAMtracker Green signal, mCherry signal and
brightfield images. Individual ER-mitochondrial contact sites were
counted using the Cell Counter plugin in ImageJ. When multiple contact
sites close together were non-resolvable due to the limitations of the
acquisition set-up, only a single contact site was counted. Integrated
densities of fluorescence and mean fluorescence intensities were calcu-
lated using ImageJ.
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4.19. Data analysis

Quantification of immunoblots was performed using the FIJI soft-
ware [55]. MST data processing was performed monolith analysis soft-
ware (MO.Affinity Analysis v2.3). The Prism software (GraphPad Prism
8.4.2) was used to plot the processed data, fit a nonlinear regression
curve (Sigmoidal, 4PL, X is concentration) and calculate the dissociation
constant (KD) for each condition. BLI data was obtained from the mea-
surement software ForteBio Data Acquisition 9.0.0.48 was processed
using the Octet red 96 analysis software (ForteBio Data Analysis 9.0).
Data processing was performed through the following standardized
steps: 1) Subtraction of the naked loaded sensor measurement. 2) Y-axis
alignment (baseline). 3) Inter-step correction alignment (dissociation).
4) Savitzky-Golay filtering. 5) Partial local fitting using a one-by-one
interaction model. The obtained steady-state results were plotted and
analyzed using GraphPad Prism 8.4.2. and fitted using a nonlinear
regression curve (Sigmoidal, 4PL, X is concentration). All other plots
were created using the ggplot2 package [56] in the R programming
language [57]. To statistically compare differences in co-
immunoprecipitated IP3R with immunoprecipitated BCL-2, a Welch's t-
test was performed, after checking normality of residuals via Shapiro-
Wilk normality testing and assessing equality of variances with the
Levene test. IC50 curves in the SMAC-mCherry release assay were fitted
using a four-parameter model using the drc Bioconductor package [58].
For comparing differences in IC50 values in the SMAC-mCherry release
assay, a non-parametric Wilcoxon rank sum exact test was used due to
non-normal distribution of the data. For hypothesis testing, assumptions
of normal distribution of residuals and equality of variances was
checked via Shapiro-Wilk testing and Levene testing, respectively. In the
event of both of the assumptions being fulfilled, a two-way ANOVA was
performed, followed by Tukey-corrected pairwise t-tests. In case of un-
equal variances within conditions, ANOVA was corrected for hetero-
skedasticity. When assumption of normal distribution was not fulfilled, a
non-parametric Kruskal-Wallis was performed, followed by pairwise
Mann-WhitneyU tests. For the post-hoc comparisons in Fig. 4, one-tailed
pairwise paired Mann-Whitney U tests were carried out. In the case of
integrated fluorescence densities in the SPLICS assay, paired post-hoc t-
tests were carried out. Two-way ANOVA was carried out using the car
package [59] and Tukey-corrected post-hoc tests were performed by
using the stats package. Kruskal Wallis tests and Mann-Whitney U tests
were performed using the stats package. Microscopy data was acquired
using the NIS elements software and numerically extracted in FIJI using
custom macros. Data was further processed in Python using the numpy
[60], pandas [61] and plotly packages. Fitting of data from SMAC-
mCherry release assay was done using the drc bioconductor package.
Welch's t-test was performed using base R.
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