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SUMMARY

Calcium transfer from the endoplasmic reticulum (ER) to mitochondria is a critical contributor to
apoptosis. B cell lymphoma 2 (BCL-2) ovarian killer (BOK) localizes to the ER and binds the
inositol 1,4,5-trisphosophate receptor (IP3R). Here, we show that BOK is necessary for baseline
mitochondrial calcium levels and stimulus-induced calcium transfer from the ER to the
mitochondria. Murine embryonic fibroblasts deficient for BOK have decreased proximity of the
ER to the mitochondria and altered protein composition of mitochondria-associated membranes
(MAMs), which form essential calcium microdomains. Rescue of the ER-mitochondrial
juxtaposition with drug-inducible interorganelle linkers reveals a Kinetic disruption, which when
overcome in Bok™~ cells is still insufficient to rescue thapsigargin-induced calcium transfer and
apoptosis. Likewise, a BOK mutant unable to interact with IP3R restores ER-mitochondrial
proximity, but not ER-mitochondrial calcium transfer, MAM protein composition, or apoptosis.
This work identifies the dynamic coordination of ER-mitochondrial contact by BOK as an
important control point for apoptosis.
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Carpio et al. demonstrate that the proapoptotic BCL-2 family member BOK is present in
mitochondrial associated membranes (MAMS). The interaction of BOK with the IP3Rs is critical
for its regulation of Ca2* transfer to the mitochondria, ER-mitochondrial contact sites, and

apoptosis.

INTRODUCTION

Approximately 5%—20% of the outer mitochondrial membrane (OMM) is in very close
contact with the endoplasmic reticulum (ER), separated by no more than 10-30 nm (Csordas
et al., 2006). This creates very specialized ER subdomains that, when biochemically
purified, are known as mitochondria—associated ER membranes (MAMs) (Vance, 1990).
Proteomic analyses have identified roughly 1,000-2,000 proteins within the MAMs,
suggesting a rich signaling platform with a diverse set of functions (Poston et al., 2013;
Zhang et al., 2011). Indeed, some of the tasks ascribed to ER-mitochondrial contact sites
include the modulation of ER stress, calcium (Ca2*) transfer, lipid biosynthesis and transfer,
autophagosome initiation, and mitochondrial division (Marchi et al., 2014). Many of these
pathways directly influence cell survival ultimately by affecting the intrinsic pathway of
apoptosis mediated by the B cell lymphoma 2 (BCL-2) family of proteins at the OMM.

Ca?* transfer is one of the best examples of a pathway that is critically dependent on the
distance between the ER and the mitochondria and that leads to regulation of cell survival
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(Csordas et al., 2010). The inositol 1,4,5-trisphosphate receptor (IP3R; particularly types 1
[IP3R1] and 3 [IP3R3]), the main ER Ca2* release channel, and voltage-dependent anion
channel (VDAC1), an OMM ion channel, exist in a complex with the chaperone glucose-
regulated protein 75 kDa (GRP75) in the MAM fraction (Szabadkai et al., 2006). Altering
the distance between the ER and mitochondria such that they are either too far apart or too
close together to accommodate the IP3R results in reduced Ca?* transfer efficiency (Csordas
et al., 2010). However, the appropriate distance allows the assembly of these proteins in the
MAM s to create a microdomain of high Ca2* concentration, which is necessary to allow
uptake by the low-affinity mitochondrial Ca2* uniporter (MCU). Elevated levels of Ca2* in
the mitochondria result in permeability transition pore (PTP) opening, the release of
cytochrome ¢, and cell death (Rizzuto et al., 2012).

BCL-2 family members control cell death not only by their canonical role in regulating
OMM permeabilization but also by regulating the basal Ca2* levels available for stress-
induced ER Ca?* release (Hardwick and Soane, 2013). Anti-apoptotic BCL-2, BCL-X| , and
MCL-1 each bind to the IP3R and enhance its leak of Ca2* (Eckenrode et al., 2010; Monaco
et al., 2012; White et al., 2005), whereas pro-apoptotic BAX and BAK are necessary to
maintain ER Ca?* stores (Scorrano et al., 2003). Although BAX and BAK do not directly
bind to the IP3R, loss of BAX and BAK results in increased IP3R1-BCL-2 binding and
IP3R1 hyperphos-phorylation, which makes it more sensitive to Ca2* release by 1P3
stimulation (Oakes et al., 2005).

BOK (BCL-2 Ovarian Killer), like several of the anti-apoptotic BCL-2 family members, also
localizes to the ER where it binds to the IP3Rs (Echeverry et al., 2013; Schulman et al.,
2013). However, BOK shares the most sequence similarity with the multi-domain, pro-
apoptotic family members BAX and BAK. In agreement with prior overexpression studies, a
recent study further demonstrated that like BAX and BAK, BOK is a proapoptotic effector
that can induce membrane permeabilization and mitochondrial apoptosis (Llambi et al.,
2016). In line with this finding, Bok™ cells and mice exhibit partial protection from
apoptosis due to ER stress agents such as the proteasome inhibitor bortezomib and the
SERCA inhibitor thapsigargin (Carpio et al., 2015). Mechanistically, loss of BOK results in
a disruption of the terminal unfolded protein response (UPR) that leads to apoptosis (Carpio
et al., 2015). In addition, bortezomib stabilizes BOK, protecting it from constitutive ER-
associated degradation (ERAD) due to ubiquitination (LIambi et al., 2016). Interestingly,
BOK is also protected from ubiquitination and ERAD by binding to the IP3R (Schulman et
al., 2016). Although BOK did not appear to have a major effect on IP3R Ca2*-mobilizing
function in permeabilized murine embryonic fibroblasts (MEFs) (Schulman et al., 2013) or
lysophosphatidic acid (LPA)-induced uptake of cytosolic and mitochondrial Ca2* (Schulman
et al., 2019), BOK null neurons had impaired intracellular neuronal Ca2* handling during
NMDA excitotoxicity (D’Orsi et al., 2016).

In this study, we show that BOK is necessary to form a signaling platform between the ER
and mitochondria that facilitates Ca2* flux between these organelles. In the absence of BOK,
MAM s are altered and ER Ca?* channels are mis-localized. Moreover, whereas restoration
of the ER-mitochondrial proximity with an inducible linker system does not rescue Ca2*
transfer or cell death, rescue with wild-type (WT) BOK does, and this rescue phenotype is
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ablated with a BOK isoform that cannot bind to the IP3R. Taken together, our results
highlight that BOK is required for proper mitochondria-ER contacts, the transfer of Ca2*,
and apoptosis.

RESULTS

BOK is necessary for the transfer of Ca* from the ER to mitochondria

To understand the significance of BOK binding to the IP3R, we measured intracellular Ca*
in SV-40 immortalized MEFs (Figures 1 and S1). Live-cell high-resolution confocal
microscopy was used to measure the relative Ca2* levels in single cells expressing the
fluorescent Ca?* indicator proteins ER-LAR-GECO1, Cyto-RCaMP1h, and Mito-RCaMP1h
for ER, cytoplasm, and mitochondrial measurements, respectively (Figure 1). In addition,
confirmatory measurements were made with the indicator dyes Mag-Fluo-4 for the ER,
Fluo-3 for the cytoplasm, and Rhod-2 for the mitochondria (Figure S1A). We first confirmed
a high correlation between MitoTracker and Rhod-2, but not Mag-Fluo-4, and ER-Tracker
with Mag-Fluo-4, but not Rhod-2, indicating appropriate localization (Figure S1B). At
baseline, whereas WT and Bok™" cells had equivalent levels of Ca2* in the ER and
cytoplasm, Bok™~ cells had diminished levels of mitochondrial Ca?* (Figures 1 and S1A).
The decreased level of Ca?* in the Bok™ mitochondria was not due to changes in
mitochondrial membrane potential (Figure S1C). Loss of BOK partially protects cells from
death induced by thapsigargin, an irreversible inhibitor of the SERCA pump responsible for
uptake of Ca2* from the cytosol into the ER lumen (Carpio et al., 2015). Thapsigargin (2
UM) caused equivalent levels of passive release of Ca2* from ER stores in both WT and Bok
=/~ cells (Figures 1A and S1A). In addition, the transient increase in cytoplasmic Ca2*
induced by thapsigargin was similar in both WT and Bok™ cells (Figures 1A and S1A).
However, the uptake of mitochondrial Ca2* in response to thapsigargin was significantly
decreased in the Bok™” cells compared with WT cells (Figures 1A and S1A). Unlike the
similar decrease in induced mitochondrial Ca?* uptake in the Bax™*~Bak™~ MEFs (Oakes et
al., 2005), this is not due to increased leak of Ca2* from the ER (Figure S1D).

To more closely observe Ca?* released by the IP3R, we measured Ca?* after stimulation
with 100 uM histamine, which signals through Gg-coupled receptors to generate 1P3
(Figures 1B and S1A). Bok™" cells had a reduced release of ER Ca?* due to histamine
stimulation compared with WT cells (Figures 1B and S1A). Similar to thapsigargin
inhibition of the SERCA pump, histamine stimulation of the IP3R led to an equivalent
transient cytoplasmic rise in Ca2* in both WT and Bok™" cells (Figures 1B and S1A), but a
significantly reduced rise of mitochondrial Ca2*in the Bok™"" cells (Figures 1B and S1B).
As a second method to stimulate the IP3R, we treated cells with 10 uM ATP. Upon ATP
stimulation, there is a decreased release of Ca2* from the ER in the Bok™” cells compared
with WT cells (Figures 1C and S1A). Concomitantly, there is a transient rise of both
cytoplasmic and mitochondrial Ca?* upon ATP stimulation, which is decreased in the Bok
=/~ cells (Figures 1C and S1A). In summary, within the Bok™ cells both SERCA inhibition
and IP3R stimulation result in a reduced Ca?* uptake in mitochondria, whereas IP3R
stimulation also results in a reduced release of Ca2* from the ER. These findings led us to
explore the juxtaposition of the ER with the mitochondria in the Bok™" cells.
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Mitochondrial-ER contact points are decreased in the absence of BOK

As a first step to explore points of contact between the mitochondria and the ER that are
important for Ca2* transfer, we measured Ca2* in cells stained with both Rhod-2 and Mag-
Fluo-4. To maximize the potential to capture ER-mitochondrial overlap in the Bok™ cells,
we used a slightly wider z axis that resulted in the capture of some Mag-Fluo-4-positive ER
on the edge of the nucleus. At a nominal axial resolution of <0.6 um and at 5 frames/s, we
noted points of overlap between the two Ca2* compartments in WT cells that were greatly
reduced in the Bok™ cells (Figures 2A and S2A). Upon stimulation with thapsigargin, these
points of overlap increased in the WT cells, but remained barely visible in the Bok™ cells.
Although the indicator dyes appear to be appropriately localized (Figure S1B), to attain
more firm support we proceeded to measure ER-mitochondrial contacts by higher resolution
methods. As a second method to observe ER-mitochondrial interaction that does not depend
specifically on Ca2*, we utilized confocal microscopy to image WT and Bok™~ cells that
expressed either fluorescent proteins targeted to the mitochondria and ER (Figure 2B) or that
were loaded with MitoTracker and ER-Tracker (Figure S2C). Again, the Bok™" cells had
decreased points of intersection between the two organelles compared with WT cells
(Figures S2B and S2C). As a third method to quantify the distance between these two
organelles, we used electron microscopy (EM) to measure the average proximity as well as
the length where the distance was less than 15 nm, according to published protocols
(Giacomello and Pellegrini, 2016). By both measurements, there was significantly decreased
proximity between the ER and mitochondria in the Bok™~ cells compared with the WT cells
(Figure 2C). The length and shape of the ER were similar between the WT and Bok™" cells
(Figure S2D).

MAM proteins are mis-localized in the absence of BOK

We next investigated the consequence of the decreased association between the ER and
mitochondria on the localization of proteins known to concentrate in this subdomain. Co-
localization of mitochondrial-resident MAM proteins with the ER protein calnexin (CNX),
and between ER-resident MAM proteins with MitoTracker, was measured by confocal
microscopy focusing on the protein of interest and using the same exposure for each pair of
WT and Bok™" staining (Figures 3 and S3). Of note, CNX staining looks similar to ER-
Tracker (Figures S1B and S2C) and the CFP-ER reporter (Figure 2B). In agreement with the
structural defect observed, we found decreased co-localization of known MAM protein
FACL-4 with the mitochondria (Figure 3A). Moreover, proteins that mediate Ca2* transport
at MAMs (Hayashi and Su, 2007; Mendes et al., 2005; Szabadkai et al., 2006), including
IP3R1 (Figure 3B), IP3R3 (Figure S3A), and Sigma-1 Receptor (Figure S3B), exhibit
decreased co-localization with the mitochondria. In addition, at an equivalent exposure, we
also note a decrease in total levels of IP3R1 (Figure 3B). IP3R2 showed minimal co-
localization to the mitochondria and no difference in the Bok™ cells (Figure 3C). ANT,
which is an inner mitochondria membrane (IMM) protein (Vieira et al., 2000), showed
minimal co-localization to the ER and no difference in the Bok™" cells (Figure S3C).
Although ANT has been shown to be associated with OMM proteins involved in MAMs, our
inability to see a difference in its co-localization by microscopy may be due to the distance
between the IMM and OMM of ~22—-25 nm. Overall, the average Pearson correlation
coefficient for WT and Bok™ cells was 0.77 and 0.56 for FACL-4, 0.86 and 0.72 for IP3R1,
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0.79 and 0.81 for IP3R3, 0.82 and 0.46 for Sigma-1 Receptor, 0.21 and 0.29 for ANT, and
0.36 and 0.41 for IP3R2, respectively.

As a second method to assess the localization of known MAM proteins, we performed
biochemical purification from WT and Bok™~ SV-40 immortalized MEFs. In whole-cell
extracts, we observed decreased IP3R1 and IP3R3 protein levels, but not other examined
proteins, in the Bok™" cells (Figures 4 and S4). We next separated the extract into bulk ER,
mitochondrial, and MAM fractions. The purity of the mitochondrial fraction was verified by
the selective localization of VDAC1 and ANT, whereas the bulk ER fraction was verified by
calreticulin (CRT) and CNX. In agreement with the immunofluorescence, many proteins
typically found in the MAM fraction in WT cells were decreased in the MAM fraction from
the Bok™"" cells (e.g., IP3R1, IP3R3, and CRT). Although ANT is an IMM protein not seen
to be proximal by immunofluorescence, there is a known biochemical association of ANT
with the MAMSs (Horner et al., 2015; Wang et al., 2018). Because of the concentration
necessary to compare with the other fractions, ANT is too dilute to visualize in the whole-
cell lysate (WCL). Interestingly, CNX and VDAC1 remained at normal expression levels
within the MAM fraction in both WT and Bok™ cells, suggesting that at least some MAM
proteins are unaffected by BOK. However, a role for BOK in overall MAM structure is
further supported by a distinct difference in mobility of purified MAMSs on density
centrifugation between WT and Bok™ cells (Figure S4A). Thus, BOK is necessary for the
appropriate localization of several proteins within ER-mitochondrial contact sites.

Restoration of ER-mitochondrial proximity without BOK does not rescue thapsigargin-
induced Ca?* transfer and apoptosis

We next attempted to reestablish the ER-mitochondrial proximity without BOK to see
whether BOK’s function in promoting the connection between the ER and mitochondria is
sufficient to mediate its effects on apoptosis. To increase ER-mitochondrial connections, we
transiently transfected the WT and Bok " cells with a set of drug-inducible fluorescent
interorganelle linkers designed by the Hajndczky and Scorrano laboratories (Csordas et al.,
2010; Naon et al., 2016). Each of these systems expresses two proteins: one that contains the
OMM-targeting sequence from mAKAP1 (34-63), FKBP12 (the 12-kDa FK506-binding
protein), and a fluorescent protein and a second that contains the ER-targeting sequence
from the human Sac1 phosphatase (521-587), FRB (FK506 rapamycin binding), and a
different fluorescent protein. A short pulse of rapamycin can be used to dimerize FKBP12
and FRB, leading to narrowing of the ER-mitochondrial contacts and extension of the
interface area. To measure proximity by FRET (fluorescence resonance energy transfer), the
two fluorescent proteins used were yellow fluorescent protein (YFP) and cyan fluorescent
protein (CFP). The one-plasmid system from the Scorrano laboratory contains a longer
version of the ER-targeted protein that spans an ~15 nm distance between the ER and
mitochondria (Figure 5), whereas the Hajndczky two-plasmid system creates an ~5 nm
distance between the two organelles (Figure S5). As a first step, without rapamycin, we
treated WT and Bok™ cells transiently transfected with these constructs with thapsigargin
and measured FRET (Figures 5A and S5A). In agreement with our other findings, the Bok
=/ cells had a much lower level of FRET at baseline than the WT cells. Moreover, upon
stimulation with thapsigargin the WT cells had a mild increase in FRET, whereas the Bok™""
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cells had a much smaller rise. Next, we added rapamycin to see whether we could induce
proximity as measured by FRET within the Bok™" cells (Figures 5B and S5B). Indeed, upon
exposure of the cells to rapamycin, both WT and Bok™~ cells exhibited large increases in
FRET to equivalent levels albeit with slower kinetics for the Bok™" cells, taking ~4 min
longer. This additional time likely not only reflects the increased starting distance between
the two organelles in the Bok™ cells that must be overcome but also implies that loss of
BOK does not create a state wherein it is impossible to juxtapose the ER with the
mitochondria.

Having established that we can rescue the ER-mitochondrial proximity in Bok™ cells
without BOK, we next sought to determine whether the apoptotic response to thapsigargin
was also rescued. For this experiment, we used either the Scorrano system (Figure 5C) or the
longer version of the Hajnoczky system that uses Pericam and red fluorescent protein (RFP),
rather than CFP and YFP (Figure S5C). Both systems use an ER-targeted protein that creates
an ~15 nm distance between the ER and mitochondria in order to accommodate the ~10 nm
extension of the IP3R. Whereas WT cells that received the plasmids and rapamycin
exhibited annexin V positivity in response to thapsigargin, BOK-disrupted cells continued to
have low levels of annexin V regardless of the increased proximity of the ER and
mitochondria (Figures 5C and S5C). Thus, the increased distance between the ER and
mitochondria in the BOK-disrupted cells is not the only determinant preventing
thapsigargin-induced apoptosis.

Given the inability to rescue apoptosis in the Bok™" cells that had re-juxtaposition of the ER
and mitochondria, we next sought to assess Ca?* transfer. The long forms that accommodate
the IP3R from the Scorrano laboratory and the Ca2* indicator dyes have compatible
fluorescent spectra. Cells transiently transfected with this plasmid were loaded with the
indicated dyes, not treated or treated with rapamycin for 10 min, and then stimulated with
thapsigargin (arrowhead, Figure 5D). Both WT and Bok " cells demonstrated equivalent
release of ER Ca2* (left column) and uptake of cytosolic Ca?* (middle column) with or
without rapamycin. Although rapamycin-induced linkage did not rescue stimulus-induced
Ca?* uptake in the mitochondria in the Bok™ cells, it was sufficient to rescue the baseline
levels of mitochondrial Ca2* (right column). This suggests that ER-mitochondrial proximity
without BOK is insufficient for coordinated mitochondrial Ca2* uptake and thapsigargin-
stimulated apoptosis.

Disruption of the BOK-IP3R interaction attenuates MAM protein composition, Ca2* transfer
from the ER to mitochondria, and apoptosis

To determine the significance of BOKs interaction with the IP3R, we rescued Bok™~ cell
lines in a stable fashion with either WT BOK or a BOK L34G mutant described to not bind
to the IP3R (Schulman et al., 2016). Co-immunoprecipitation confirmed that WT BOK
bound to both IP3R1 and IP3R3 and that the L34G mutation greatly reduced its ability to
bind either of them (Figure S6A). Whereas rescue of the Bok™” cells with WT BOK
restored the expression of MAM proteins, this was not observed with BOK L34G (Figures
6A and S6). Although there was equivalent overexpression of WT BOK and BOK L34G in
WCLs (Figure S6l1), BOK L34G was not able to localize to the MAMs. By contrast, when
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we examined ER-mitochondrial proximity by EM, we found that BOK L34G is still
significantly able to mediate the ER-mitochondrial contact (Figures 6B and 6C).

Stable expression of WT BOK restored the capacity of Bok™ cells to maintain
mitochondrial Ca2* levels and respond to thapsigargin, histamine, and ATP (Figures 7A-7C
and S7). However, BOK L34G did not restore the mitochondrial Ca2* homeostasis or
stimulus-induced Ca2* flux. There was no difference in the mitochondrial potential between
Bok™ cell lines stably rescued with WT or L34G BOK (Figure S1C). Finally, given the
known role for Ca2* in contributing to apoptosis for BAX and BAK (Scorrano et al., 2003),
we tested how the Bok™ cells rescued with WT or L34G BOK responded to thapsigargin
and bortezomib. As previously demonstrated (Carpio et al., 2015), the Bok™ cells were
partially resistant to apoptosis induced by thapsigargin or bortezomib, whereas stable
expression of WT BOK rescued their response (Figures 7D and 7E). However, BOK L34G
was not able to rescue the Bok™ cells response to bortezomib or thapsigargin-induced cell
death. This suggests that both bortezomib- and thapsigargin-induced ER stress requires
BOK’s ability to bind IP3R in promoting apoptosis.

DISCUSSION

Multiple BCL-2 family members play important roles in the regulation of Ca2* homeostasis
(Hardwick and Soane, 2013). For example, BCL-2, BCL-X, and MCL-1 each bind to the
IP3R and enhance Ca2* leak (Eckenrode et al., 2010; White et al., 2005), whereas BAX and
BAK also partially localize to the ER and mediate apoptosis to select stimuli by virtue of
their ability to regulate IP3R-mediated Ca2* release, albeit not through direct IP3R
interactions (Scorrano et al., 2003). Although a role has been proposed for BOK as an
effector of mitochondrial outer membrane permeabilization similar to BAX and BAK
(Llambi et al., 2016), its function in the regulation of ER Ca2* remains unclear. Prior studies
have demonstrated that the majority of BOK is tightly bound to the IP3R, which leads to
their mutual protection from cleavage and degradation (Schulman et al., 2013, 2016).
However, measurements of cytosolic Ca2* showed either no significant changes in BOK-
deficient fibroblasts stimulated with LPA (Schulman et al., 2013) or decreased peak
cytosolic Ca2* release in BOK-deficient cortical neurons stimulated with NMDA (D’Orsi et
al., 2016). Mitochondrial Ca2* uptake in fibroblasts stimulated with LPA also showed no
significant changes in the BOK-deficient cells compared with WT cells (Schulman et al.,
2019). However, only a single concentration of agonist was used, which may have evoked a
maximal stimulation that could mask shifts in Kp. In addition, the studies of mitochondrial
Ca?* levels were performed in CRISPR-Cas9-BOK knockout (KO) MEFs without changes
in IP3R protein levels.

In this study, we have further dissected Ca2* dynamics within organelles to show that BOK
is an effector of IP3R-mediated Ca2* transfer from the ER to the mitochondria. In particular,
BOK-deficient MEFs exhibit a baseline depression of mitochondrial Ca2* and a decreased
uptake of ER-released Ca2* when the cells are stimulated by thapsigargin, a SERCA pump
inhibitor, or histamine or ATP, IP3R agonists. We further show that BOK’s regulation of
Ca?* transfer is likely essential for thapsigargin- and bortezomib-induced apoptosis. In
looking at Ca2* dynamics, we uncovered an unexpected role for BOK in maintaining
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MAMs. Using immunofluorescence for both general and specific markers, biochemistry,
EM, and FRET, we find that BOK null cells have a defect in the contacts between the ER
and mitochondria. In addition, multiple MAM proteins are mis-localized by
immunofluorescence and decreased by biochemistry in the Bok™ cells.

Several potential mechanisms may contribute to the Ca?* and ER-mitochondrial contact
phenotypes observed in the Bok™ cells. IP3R1, VDAC1, GRP75, and TG2 form a complex
that regulates mitochondrial-ER contact sites (D’Eletto et al., 2018), and each of the IP3R
isoforms support ER-mitochondrial contacts independently of Ca2* flux (Bartok et al.,
2019). We speculate that BOK-IP3R interactions may serve as a scaffolding complex that
helps to maintain ER-mitochondrial contact. This hypothesis is supported by the recent
finding of increased VDACL1-IP3R interactions in cells overexpressing MCL-1 and BOK
transmembrane domains fused to a split \enus construct (Lucendo et al., 2020). Whereas
BOK’s role in the formation of ER-mitochondrial contacts appears important for the
creation of Ca2* microdomains, this is unlikely to be the sole mechanism by which BOK
regulates Ca2* transfer, because rescuing these contacts without BOK normalized baseline
mitochondrial Ca2* levels, but not thapsigargin-induced transfer of Ca2* (Figure 5D). IP3R-
isoform-specific functions might be important in BOK’s ability to regulate Ca2* dynamics.
Whereas in some settings IP3R2 is the most effective in delivering Ca2* to the mitochondria
(Bartok et al., 2019), we find that loss of BOK affects localization of IP3R1 and IP3R3 more
than IP3R2 (Figures 3 and S3). This may be due to cell-type-specific differences, as we have
not detected IP3R2 localized to the MAM in kidney cells (Kuo et al., 2019), and others have
identified IP3R1 as the main isoform responsible for mitochondrial Ca* uptake in
hepatocytes (Feriod et al., 2017). In addition, although BOK has been reported to bind more
strongly to IP3R1 and IP3R2 than IP3R3, we find that the L34G mutation disrupts BOK
binding to both IP3R1 and IP3R3 (Figure S6). One possible role for BOK is protection of
the IP3Rs stability, and their reduction in our Bok™ cells may account for the reduced
levels of mitochondrial Ca2*. Another may be the reduction of the Ca*-binding protein
CRT in MAMs, which may provide increased free Ca2* for mitochondrial uptake.
Alternatively, BOK may affect other components of the mitochondrial Ca2* import system,
such as the MCU, which contains regulatory elements that enhance pore opening in the
presence of Ca?*.

Although mitochondrial Ca2* levels were uniformly diminished in response to all three
stimuli, we did notice select impairment of ER Ca?* release in Bok™~ cells when using IP3R
agonists as opposed to the SERCA inhibitor. This may be due to plasma membrane Ca2*
channels in addition to the IP3R contributing to Ca2* efflux in the presence of thapsigargin.
ER Ca2* release was similar for both IP3R agonists, but we only observed a decrease in
cytoplasmic Ca?* uptake in the Bok™~ cells stimulated with ATP. Mismatches between
agonist-evoked Ca2* depletion and cytosolic Ca2* elevations may be due to differences in
MAM localization, BOK binding affinity, and agonist-stimulating activity among the three
IP3R isoforms. Furthermore, each agonist is likely to have differential effects on other Ca2*
channels throughout the cell, including at the plasma membrane.

Although cross-talk between the ER and mitochondria in the form of Ca* (Chami et al.,
2008; Hayashi and Su, 2007; Mallilankaraman et al., 2012; Patron et al., 2014) or lipids
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(Chipuk et al., 2012; Choi et al., 2007) is known to be important for apoptosis, relatively
little is known about regulation of apoptosis by control of ER-mitochondrial proximity.
Maintaining appropriate CaZ* levels in the mitochondria is critical for cell death: enough
Ca®* must be transferred to maintain CaZ*-sensitive citric-acid-cycle enzymes and ATP
production (Pinton et al., 2008; Rutter and Rizzuto, 2000), but excessive Ca* transfer can
lead to loss of mitochondrial membrane potential, cytochrome crelease, and apoptosis
(Hajndczky et al., 2006; Szalai et al., 1999). Our finding that ER-mitochondrial proximity
increases upon stress with thapsigargin (Figure 5A) supports the dynamic nature of these
interactions in regulating apoptosis. Non-BCL-2 family members, such as MAPL and Drpl
(Prudent et al., 2015), have been shown to be required for cell death by their ability to
stabilize ER-mitochondrial interactions. In addition, mitofusins are known to both regulate
ER-mitochondrial contacts (de Brito and Scorrano, 2008) and mitochondrial morphology
(Eura et al., 2003), the latter of which has been shown to affect susceptibility to apoptosis
(Renault et al., 2015). Recently, the BCL-2 pro-apoptotic BH3-only protein BIK has been
shown to increase the contact sites between the ER and mitochondria by promoting the
association of ER-associated BAK with mitochondrial-associated DAPK1 (Mebratu et al.,
2017). However, although ER-mitochondrial contacts may contribute to apoptosis, in the
absence of BOK it is not sufficient, because the forced linking of the ER and mitochondria
with rapamycin-induced binding did not rescue apoptosis in the Bok™" cells (Figures 5C
and S5C). One caveat is that the ER-mitochondrial proximity by the linker plasmids might
not be appropriately organized; however, in that setting we might not have expected to see
apoptosis proceed in the WT cells. Taken together, BOK regulates both ER-mitochondrial
proximity and Ca2* transfer between these two organelles, processes known to be important
for apoptosis.

In addition to Ca2* regulation, MAMSs are important sites of action for the UPR (Carreras-
Sureda et al., 2017; Verfaillie et al., 2012), mitochondrial fission (de Brito and Scorrano,
2008; Friedman et al., 2011), antiviral signaling (Horner et al., 2011), autophagy (Hamasaki
et al., 2013), and lipid transfer and biosynthesis (Giacomello and Pellegrini, 2016; Vance,
1990, 1991). In fact, we have previously shown that Bok™” cells have defects in the PERK
pathway of the UPR (Carpio et al., 2015), and Schulman et al. (2019) have found that BOK
regulates mitochondrial fusion. It is interesting to speculate that beyond the UPR,
mitochondrial fusion, and Ca2* transfer, BOK may participate in the regulation of additional
MAM-related functions. Further analysis of BOK function within MAMSs will be important
to understand how MAMs coordinate a multitude of signaling pathways to determine cell
fate and by what mechanisms and under which circumstances these may be therapeutically
targeted.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Samuel G. Katz
(samuel.katz@yale.edu).
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Materials availability—Cell lines generated in this study will be made available on
request, but we may require a payment and/or a completed Materials Transfer Agreement if
there is potential for commercial application.

Data and code availability—This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

WT and Bok™”~ murine embryonic fibroblast (MEF) pairs were derived at 13.5 days after
conception from mating of Bok*'~ heterozygous mice that had been backcrossed to
C57BL/6J mice nine times. MEFs were immortalized with SV40 genomic DNA as
described (Wei et al., 2001). MEFs were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 4.5
g/L glucose, 4 mM L-glutamine, 200 units/ml penicillin and 100 ug/ml streptomycin. Stable
cell lines were made by using lipofectamine to transfect Bok™"~ MEFs with pMIG-FLAG-
HA-WT BOK-IRES-GFP or pMIG-FLAG-HA-L34G BOK-IRES-GFP DNA. GFP positive
cells were FACS sorted at multiple points weeks after transfection. Individual cell clones
were plated at one cell per well and used for rescue experiments.

METHOD DETAILS

Live Cell Calcium Imaging—For imaging with the gene encoded Ca?* indicators (ER-
LAR-GECO1, mito-RCaMP1h and cyto-RCaMP1h), cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies) supplemented with FBS (10%,
Sigma—Aldrich) at 37°C in 5% CO,. Cells were seeded in an 8-well Chamber Slide Nunc
Lab-Tek (Thermo Fisher) and after 24 hr transiently transfected with plasmids using
Lipofectamine 2000 (Life Technologies). Cells were imaged 24 hr after transfection in
Hank’s buffered salt solution (HBSS). Cells were stimulated with thapsigargin (2 pM),
histamine (10 uM) or ATP (10 uM) (Sigma-Aldrich) and imaged with a Leica SP8 STED
(Stimulated Emission Depletion) super resolution microscope using a UPLFLN 40 x , NA
(numerical aperture), and 1.3 Plan-Apochromat objective. Cells were illuminated with 561
nm (for ER-LAR-GECOL1) or 555 nm (for mito-RCaMP1h, and cyto-RCaMP1h) LED lights
source and 580-630 nm and 600-650 nm emission filters, respectively. Ratiometric
measurements and images were processed using Fiji (ImageJ) plugin and Time Series
Analyzer (v3.0). All records were corrected for background fluorescence determined from
regions outside cells. Fluorescence changes from regions of interest were expressed as F/FO,
where FO and F denote the average fluorescence at the start of the experiment (F0) and at
each time point (F), respectively.

For the fluorescent Ca2* dye sensors, the intracellular Ca2* oscillations were measured as
described (Carpio and Katz, 2019). Briefly, cells were treated with 5 uM sensor and 0.2%
Pluronic F-127 acid at 37°C for 30 min. The cells were washed three times with 1x PBS and
then Ca2* was measured by exciting the indicator at the range of 450-500 nm (Fluo-3/AM,
Mag-Fluo-4/AM) or 540-560 nm (Rhod-2/AM) for 3-5 min. Cells were then exposed to
thapsigargin (2 uM), histamine (10 pM) or ATP (10 uM) and imaged for another 20-25 min.
Cells were imaged by confocal microscopy with a Leica SP8 STED super resolution
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microscope, using a UPLFLN 40 x , NA (numerical aperture), and 1.3 Plan-Apochromat
objective. Pinholes were set for a nominal axial resolution of less than 0.6 um.

Co-localization of Rhod-2 and Fluo-4 with ER- and Mito-Tracker in live cells—
For dual-color imaging between ER-Tracker Green, ER-Tracker Red or MitoTracker Deep
Red FM with Mag-Fluo-4 AM or Rhod-2 AM, WT and Bok™~ MEFs were seeded in an 8-
well Chamber Slide Nunc Lab-Tek (Thermo Fisher). After 24 hr cells were rinsed with
Hank’s buffered salt solution (HBSS), and then incubated for 25 min at 37 C in HBSS
prewarmed staining solution with 1 uM for ER-Tracker Green, 1 uM ER-Tracker Red or 100
nM MitoTracker Deep Red FM combined with 1 pM Mag-Fluo-4 AM or 1 uM Rhod-2 AM
(supplemented with 0.02% Pluronic acid). Cells were rinsed three times in HBSS and then
incubated for a further 30 min to allow complete de-esterification of intracellular AM esters.
Cells were imaged using a Leica SP8 STED super resolution microscope using a HC PL
APO 63x/1.40 OIL CS2 plan apochromat oil immersion objective and the following
excitation LED light source/emission filters: 504/511 nm (for ER-TrackerTM Green),
587/615 nm (for ER-TrackerTM Red), 644/665 nm (for MitoTracker Deep Red FM),
490/517 nm (for Mag-Fluo-4 AM) and 552/581 nm (for Rhod-2 AM).

Co-localization using ER- and Mito-Tracker—WT and Bok™~ MEFs were rinsed with
HBSS, and then incubated for 20 minutes at 37 C in prewarmed staining solution (HBSS
with 1 uM for ER-Tracker™ Green and 100 nM MitoTracker® Deep Red FM). The cells
were rinsed three times with probe-free HBSS and then fixed with 4% formaldehyde for 15
minutes at 37 C. After two 5-minute washes with PBS the cells were mounted and then
analyzed by confocal microscopy.

Co-localization using pShooter-Mito-GFP and mRFP-FRB-9x-ER—DNA was
introduced into WT and Bok™~ MEFs using a Maxcyte ATX electroporator. In brief,
2.5%x106 cells were washed in Maxcyte HyClone buffer, resuspended in the same buffer
containing 3 pg each of pShooter-Mito-GFP and mRFP-FRB-9x-ER DNA, and
electroporated with optimization protocol 2. Cells were then seeded into 4-well chamber
slides at 6x10% cells per well. Two days post-electroporation cells were washed with HBSS
followed by fixation with 2% paraformaldehyde containing 1% glycerol for 30 min. in the
dark at room temperature. Cells were then washed with dH,0 and mounted with ProLong
Diamond antifade medium containing SYTOX Deep Red nuclei stain. Slides were then
visualized on a Zeiss LSM 880 with Airyscan microscope using discreet excitation and
emission filters for each fluorophore (GFP: BP420-480 & LP495-550, RFP: BP495-550 &
LP570, Deep Red: BP570-620 &LP 660). Quantification of colocalization used the Zeiss
Zen Black software to calculate GFP+RFP+/GFP+ pixels.

Immunofluorescence—~For dual-color imaging between MitoTracker Deep Red FM and
ER-targeted antibodies, WT and Bok™~ MEFs were plated on glass coverslips at 60%
confluence and then incubated for 24 h. Cells were rinsed with HBSS, incubated for 25
minutes at 37 C in HBSS prewarmed staining solution with 100 nM MitoTracker Deep Red
FM, rinsed three times in HBSS, and then incubated for a further 30 minutes. Cells were
fixed with 3% formaldehyde and 4% sucrose in PBS for 30 min at room temperature,
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permeabilized with 0.2% Triton X-100 in PBS for 10 min, and then treated with 5% bovine
serum albumin (BSA) for 1 hr prior to addition of antibodies. Cells were incubated overnight
at 4°C with the indicated primary antibody, rinsed three times with PBS, and then incubated
for 1 hr at room temperature with PBS containing 1% BSA with the secondary antibody.
Alexa Fluor 488-conjugated goat anti-mouse IgG secondary antibody (1:1,000; Molecular
Probes) for FCL4, IP3R-1, IP3R-I11, IP3R-3 and CNX antibodies. Alexa Fluor 546-
conjugated goat anti-mouse 1gG (1:1,000) for Sigma-1 Receptor and ANT antibodies. Cells
were imaged using a Leica SP8 STED super resolution microscope using a HC PL APO
63x/1.40 OIL CS2 plan apochromat oil immersion objective and the following excitation
LED light source/emission filters: 490/517 nm (for Alexa Fluor 488), 550/581 nm (for Alexa
Fluor 546) and 644/665 nm (for MitoTracker Deep Red FM). TO-PRO0®-3 far red-
fluorescent counterstain was used to stain cellular nuclei.

MAM isolation—MAMs (Mitochondrial associated membranes) were isolated from MEFs
as described (Wieckowski et al., 2009). Six 150 mm tissue-culture dishes of MEFs were
trypsinized with 0.25% trypsin for 5 minutes at 37°C. Two volumes of DMEM with 10%
FBS were added prior to pelleting at 600 g for 5 minutes. Pellets were washed in 1xPBS
followed by re-pelleting and resuspension in ice-cold buffer 1 (225 mM mannitol, 75 mM
sucrose, 0.1 mM EGTA and 30 mM Tris—HCI pH 7.4). Cells were needle homogenized by
passing 10 times each, successively through 20 Ga, 23 Ga, and 25 Ga needles. Lysates were
centrifuged at 600 g for 5 min at 4°C and the pellet was discarded. The supernatant was
centrifuged at 7,000 g for 10 min at 4°C. The supernatant was collected as the cytosolic
fraction containing lysosomes and microsomes. To produce purified ER proteins, the
supernatant was diluted with ice-cold buffer 1 and then centrifuged at 100,000 g for 60 min
at 4°C.

The pellet from the previous 7,000 g spin, containing mitochondria and MAMs, was re-
suspended in 20 mL of ice-cold buffer 2 (225 mM mannitol, 75 mM sucrose, and 30 mM
Tris—HCI pH 7.4) and centrifuged twice (once at 7,000 g and once at 10,000 g for 10 min at
4°C) to remove microsomal contamination. The supernatant was discarded and the crude
mitochondrial pellet re-suspended in 2 mL of ice-cold MRB buffer (250 mM mannitol, 5
mM HEPES (pH 7.4), and 0.5 mM EGTA). This was added on top of 8 mL of Percoll
medium (225 mM mannitol, 25 mM HEPES (pH 7.4), 1 mM EGTA, and 30% Percoll) in a
14 mL thin-wall, Polyallomer ultracentrifuge tube and centrifuged at 95,000 g for 30 min at
4°C. A dense band containing purified mitochondria was localized at the bottom of the
ultracentrifuge tube just above a Percoll pellet, while MAMs were visible as a diffuse white
band located approximately half-way up the tube. Both were collected from the Percoll
gradient with a Pasteur pipette, diluted with MRB, and re-centrifuged at 100,000 g for 60
min at 4°C to remove Percoll contamination.

Immunoblotting assays—Total protein concentration was quantitated with the BCA
protein assay kit (Thermo Scientific). Equal quantities of proteins from each fraction were
separated by SDS-PAGE (Bio-Rad Mini-PROTEAN® TGX Stain-Free™), transferred onto a
PVDF membrane, blocked with 5% milk in TBS-Tween, and detected with the indicated
primary antibodies incubated over-night at 4°C followed by incubation for 1 hr with the
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appropriate HRP-linked secondary (either mouse or rabbit) at a 1:6000 dilution. For IP3R1,
20 ug protein was loaded, rabbit primary antibody (Invitrogen) was used at 1:2000. For
IP3R3, 20 ug protein was loaded, mouse primary antibody (BD Biosciences) was used at
1:4000. For CRT, 10 ug of protein was loaded, mouse primary antibody (BD Biosciences)
was used at 1:6000. For CNX, 10 ug of protein was loaded, mouse primary antibody (Santa
Cruz) was used at 1:2000. For ANT, 40 pg protein was loaded, mouse primary antibody
(Abcam) was used at 1:1000. For VDAC, 40 ug of protein was loaded, rabbit primary
antibody (Thermo-Fisher) was used at 1:1000. For BOK, 20 ug of protein was loaded, rabbit
primary antibody (Abcam) was used at 1:5000. The PVDF membrane was visualized with
SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific) or Kindle
Biosciences KwikQuant using a Bio-Rad ChemiDoc MP.

Transmission Electron Microscopy—MEFs were fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer at pH 7.4 for 1 hr at room temperature and further processed
and imaged by the Yale Electron Microscopy Core Facility as described (Lee et al., 2014).

Mitochondrial Potential—Mitochondrial potential was measured using the Mitostatus
TMRE kit following the manufacturer’s instructions.

Live Cell FRET imaging—We thank G. Csordas, G. Hajnoczky, and L. Scorrano, for
sharing their rapamycin-inducible fluorescent interorganelle constructs. The Hajndczky
construct is a two plasmid system; one of which contains the ER targeting sequence from the
human Sacl phosphatase (521-587), FRB and CFP, and the second of which contains the
OMM targeting sequence from mAKAP1 (34-63), FKBP12 and YFP (Csordas et al., 2010).
The FEMP construct from L. Scorrano is a modified one-plasmid system based on the
Hajnéczky construct (Naon et al., 2016). WT and Bok™~ cells were transfected with
plasmids 24 hr before FRET measurement. A Leica SP8 STED (Stimulated Emission
Depletion) super resolution microscope was used to record the fluorescence of CFP and
YFP. The 488 Argon laser was selected to the donor excitation and a line corresponding to
the acceptor excitation was 543 nm laser. The laser line was set up at 100% for the acceptor
bleaching, a region of interest (ROI) was selected corresponding to the bleaching area and
the region where the FRET efficiency was calculated. A time course of CFP and FRET
fluorescence during induction of the linkage by rapamycin was measured and then a ratio
FRET/CFP was calculated.

Co-immunoprecipitation assays—WT BOK and BOK L34G full length isoforms were
immunoprecipitated using an anti-FLAG antibody and standard protocols. In brief, 3 uL of
anti-FLAG monoclonal antibody was incubated for 1 hr at 4°C with 25 pL of Protein G
Sepharose® 4 Fast Flow (GE17-0618-01) in 1 mL of RIPA buffer. The suspension was
briefly centrifuged and the pellet washed twice with RIPA buffer. Then, cell lysate (300-500
ug of protein) was added to the suspension and the mixture was rotated overnight at 4°C.
The suspension was briefly centrifuged and the supernatant discarded. The protein G
Sepharose/anti-FLAG-BOK or G Sepharose/anti-FLAG-BOK L34G complexes were
washed 5 times with 500 pL of RIPA buffer prior to the addition of Laemmli sample buffer.
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Samples were subjected to WB using IP3R1 and IP3R3 antibodies to identify co-
immunoprecipitation of proteins with the BOK isoforms.

XTT assay—Cells were plated at 5,000 cells per well in a clear-bottom 96 well plate.
Approximately 24 hr post-plating, thapsigargin or bortizimab were added to the indicated
final concentrations and cells were incubated for a further 24 hr. Measurement of cell
viability was performed by XTT Cell Viability Assay (Cell Signaling Technology) according
to the manufacturer’s protocol.

Annexin V assay—Cells were plated in 6 well dishes and incubated over-night. The
following day cells were either mock transfected or transfected with FEMP or both the RFP-
ER-targeting and Pericam-mitochondria-targeting plasmids. After an additional 24 hr
incubation, cells were treated with 0 or 100 nM rapamycin for 10 min at 37°C. Media was
replaced with 2 pM thapsigargin or DMSO. After an additional 24 hr incubation, cells were
detached from the plate using 0.25% trypsin, washed twice in complete medium and re-
suspended in annexin V-staining buffer (BioLegend). Cells were then stained with PE/Cy7
or APC annexin V for approximately 15 min before analysis on a Stratedigm-13 or CytoFlex
flow cytometer. Cells were analyzed for percentage of population with annexin V positivity.
Transfected cells were additionally gated for either CFP and YFP or Pericam and RFP
positivity before examining cells for PE/Cy7 or APC, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Ca?* fluorescence intensity ratio (Ft/FO) was plotted as a function of time. To quantify
the fluorescence intensity during the time lapse we employed ImageJ software with Times
Series Analyzer V3 plugin. Approximately 160 — 200 ROI (Regions of interest), each from
one cell, were chosen from three independent experiments. The mean from one
representative experiment is plotted in each graph in Figures 1, S1, and S7. The plots in
Figure 7 and the insets in Figure S1 are of the mean + standard deviation (SD) at the
maximal difference. P values were determined by one-way ANOVA.

A quantification of percentage of colocalization for Ca?*, immunostains with antibodies, and
CNX or MitoTracker was performed using the colocalization manager plugin included in
ImageJ 1.46R. Number of tests and significance are described in the figure legends. A
Pearson correlation coefficient was performed for all the combination of antibodies with the
MitoTracker using Prism 7 software.

Western blot band intensities were quantified by Biorad software and presented as the mean
+ standard deviation (SD) of at least three independent experiments. A Student’s t test for
differences between the groups was considered statistically significant at p < 0.05.

For electron microscopy images, distance and length of contact sites between endoplasmic
reticulum and mitochondria and length and circularity of ER were performed using an ROI
manager plugin by ImageJ 1.46R software. Briefly, the images were converted to 8-bit and
processed creating specific ROI for endoplasmic reticulum and mitochondria shape in
different fields. Then, the distance between both organelles was obtained for each 10 nm
along the interface between the ER and mitochondria taking a threshold of maximum
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distance (200 nm). To quantify the length of contact sites a threshold of minimum distance
between ER and Mito was established (40 nm) and then the distance along that proximity
was measured. The endoplasmic reticulum circularity was measured using the circularity
plugin included in ImageJ 1.46R. Number of tests and significance are described in the
figure legends.

For FRET, calculations were made for at least 50 ROIs (3 experiments, 7-15 cells in each).
An extra ROI was selected outside the cell in order to measure the background. If the
background values were high, these values would need to be subtracted from the donor pre-
and post- bleaching in order to compensate for the background noise. Another control was to
determine YFP and CFP crosstalk into the FRET channel.

For cells expressing YFP construct only, YFPex/YFPem, CFPex/CFPem, CFPex/YFPem
was measured. Any signal in the FRET channel (CFPex/YFPem) was therefore due to
crosstalk of the YFP signal into this channel. This crosstalk (measured as a ratio of the
CFP/YFP signal to the YFP/YFP signal) was subtracted from the FRET signal measured in
experimental cells. In addition, for cells expressing the CFP construct only, YFPex/YFPem,
CFPex/CFPem, CFPex/YFPem was measured. Any signal in the FRET channel (CFPex/
YFPem) was due to crosstalk of the CFP signal into this channel. This crosstalk (measured
as a ratio of the CFP/YFP signal to the CFP/CFP signal) was also subtracted from the FRET
signal measured in experimental cells. The efficiency of FRET was calculated by: FRET eff
= (Dpost-Dpre)/Dpost; where Dpost is the fluorescence intensity of the Donor after acceptor
photobleaching, and Dpre is the fluorescence intensity of the Donor before acceptor
photobleaching. Mean FRET efficiencies were then reported + standard error.

For cell death determination by XTT assay or Annexin V flow cytometry, data is presented
as the mean = standard error of the mean (SEM) of three independent experiments as
indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

BOK interacts with the IP3Rs in mitochondria-associated membranes
(MAMs)

BOK potentiates ER-mitochondrial contact sites and protein expression in
MAMSs

BOK regulates Ca2* transfer from the ER to the mitochondria

The transfer of Ca?* at MAMs by BOK is an apoptotic control point
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Figure 1. BOK is necessary for the transfer of Ca?* from the ER to the mitochondria
(A-C) Relative fluorescence intensity (y axis) is measured over time (x axis) in defined

regions of interest in WT and Bok™~ MEFs by the genetically encoded Ca2* indicators ER-
LAR-GECO1 for the endoplasmic reticulum (ER) (first column), Cyto-RCaMP1h for the
cytoplasm (second column), or Mito-RCaMP1h for the mitochondria (third column). Cells
were treated at 50 s (arrowhead) with either (A) 2 UM thapsigargin, (B) 100 uM histamine,
or (C) 10 uM ATP. A representative curve from at least three independent experiments is
plotted. Measurements were made on at least 5 fields with more than 8-10 cells per field (at
least 5060 cells total) for each condition within each experiment.

See also Figure S1.
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Before

Colocalization

Mitochondria

Figure 2. Mitochondrial-ER contact points are decreased in the absence of BOK
(A) Quantified co-localization (Pearson correlation coefficient > 0.65) intensity of Rhod-2

and Fluo-4 in WT (top) and Bok™" (bottom) MEFs, 30 s before (left), at the peak of co-
localization (middle), and 30 s after (right) treatment with 2 uM thapsigargin. Scale for
intensity of merge is shown on the right. The inset shows fluorescence for the Rhod-2 and
Fluo-4 channels.

(B) Confocal microscopy of WT (top) and Bok™" (bottom) MEFs, transiently expressing
pShooter-Mito-GFP (first column) and mRFP-FRB-9x-ER (second column). An image of
their merge along with SYTOX-Deep-Red-stained nuclei false-colored blue is shown in the
third column, with a higher magnification of the white boxed region in the third column
shown in the fourth column. Yellow indicates overlap. Scale bar for the first three columns is
shown in the third column and represents 10 pm, whereas the scale bar for the fourth column
represents 1 um.
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(C) Representative transmission electron micrographic (EM) images of WT (top) and Bok™"
(bottom) MEFs at low (first column) and high (second column) power. Third column shows
bounding image of the second column with mitochondria in green and ER in red as
completed in ImageJ. The top scatterplot in the fourth column shows the distance between
the mitochondria and ER in WT (n = 125 sites) and Bok™~ (n = 117 sites) MEFs from more
than 30 EM images. The bottom scatterplot in the fourth column shows the length of each
contact site for those that are less than 15 nm between the ER and mitochondria in WT (n =
27) and Bok™~ (n = 25) MEFs. Data are represented as individual values and mean + SD.
Significance was calculated using an ANOVA test.

See also Figure S2.
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Figure 3. Mitochondria-associated membrane (MAM) proteins are mis-localized in the absence

of BOK by immunofluorescence

(A-C) Localization in a single plane by confocal microscopy of MitoTracker (first column)
with respect to (A) FACL-4, (B) IP3R1, and (C) IP3R2 (second column). The merged image

is shown at low (third column) and high (fourth column) power. (D) Quantification of

percent co-localization of the individual protein with MitoTracker in 20-30 images per

condition from three independent experiments. Data are represented as mean + SD.

Significance was calculated using an ANOVA test (*p < 0.05).

See also Figure S3.
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Figure 4. MAM proteins are reduced in the absence of BOK by biochemical fractionation
Representative western blot analysis (n = at least 3) for mitochondrial, bulk ER, and MAM

proteins in WT and Bok™~ MEFs. Equal total protein was loaded for each fraction (20 ug
for IP3R1, 20 ug for IP3R3, 10 pg for CRT, 10 pg for CNX, 40 pg for ANT, 40 pg for
VDACL, and 30 pg for BOK). Molecular weight markers are shown in kDa on the left.
Density of the bands in the MAMs was quantified with a Bio-Rad ChemiDoc and plotted on
the right. Data are represented as mean + SD. Significance was calculated using an ANOVA
test (ns, non-significant). CNX, calnexin; CRT, calreticulin; Mito, mitochondria; WCL,
whole-cell lysate.

See also Figure S4.
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Figure 5. Restoration of ER-mitochondrial proximity without BOK does not rescue apoptosis or
stimulus-induced Ca2* transfer

(A) Time course of FRET fluorescence during early treatment with 2 M thapsigargin
(arrowhead) in WT and Bok™" cells.
(B) Time course of FRET fluorescence during induction of the linkage by 100 nM

rapamycin (arrowhead).

(C) Percent annexin-V-positive WT and Bok™ cells treated with DMSO (DMSO), treated
with 100 nM rapamycin for 10 min followed by fresh media containing 2 UM thapsigargin
for 16 h (Rapa + TG) after mock transfection, or transiently transfected with the plasmid and
treated with rapamycin and thapsigargin (Rapa +TG + linkers). Data are represented as mean
+ SD. Significance was calculated using an ANOVA test (ns, not significant).
(D) Fluorescence intensity is measured in defined regions of interest in WT and Bok™~
MEFs by the Ca?* indicator dyes Mag-Fluo-4 for the ER (first column), Fluo-3 for the
cytoplasm (second column), or Rhod-2 for the mitochondria (third column). Cells were
untreated (top row) or treated with 100 nM rapamycin (bottom row) for 10 min before being
treated with 2 UM thapsigargin (arrowhead). A representative curve from at least three
independent experiments is plotted. Measurements were made on at least 5 fields with more
than 8-10 cells per field (at least 50-60 cells total) for each condition within each

experiment.
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See also Figure S5.
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Figure 6. Disruption of the BOK-IP3R interaction decreases MAM proteins with minimal impact
on ER-mitochondrial apposition

(A) Representative western blot analysis (n = at least 3) for MAM proteins in WT and Bok
~/~ MEFs as well as Bok™~ MEFs with stable expression of WT FLAG-BOK (+WT) or
L34G FLAG-BOK (+L34G). Equal total protein was loaded for each fraction as described in
Figure 4. Molecular weight markers are shown in kDa on the left.

(B) Representative transmission EM images of Bok™~ MEFs stably transfected with WT
(left) or L34G (right) FLAG-BOK. The bottom row shows bounding image of the middle
row with mitochondria in red and ER in green as completed in ImageJ.

(C) The top scatterplot shows the distance between the mitochondria and ER in WT (n = 125
sites), Bok™" (n = 117 sites), Bok™ + WT FLAG-BOK (n = 127 sites), and Bok™” + L34G
FLAG-BOK (n = 124 sites) MEFs from more than 30 EM images. The bottom scatterplot
shows the length of each contact site for those that are less than 15 nm between the ER and
mitochondria in WT (n = 27), Bok™ (n = 25), Bok™”~ + WT FLAG-BOK (n = 38), and Bok
=/~ + L34G FLAG-BOK (n = 32) MEFs. WT and Bok™”~ MEF data are from Figure 2C.
Data are represented as individual values and mean (bar). Significance was calculated using
an ANOVA test (ns, not significant).

See also Figure S6.
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Figure 7. Disruption of the BOK-IP3R interaction attenuates CaZ* transfer from the ER to the
mitochondria and apoptosis

(A-C) Fluorescence intensity is measured in defined regions of interest in WT, Bok™"~, Bok
~/~+ WT FLAG-BOK, and Bok™” + L34G FLAG-BOK MEFs by the genetically encoded
Ca?* indicators ER-LAR-GECOL1 for the ER (first column), Cyto-RCaMP1h for the
cytoplasm (second column), or Mito-RCaMP1h for the mitochondria (third column). Cells
were treated at 50 s with either (A) 2 uM thapsigargin, (B) 100 uM histamine, or (C) 10 pM
ATP. The average maximum fold change from the baseline in three independent experiments
is shown with a representative curve plotted in Figure S7. Measurements were made on at
least 5 fields with more than 8-10 cells per field (at least 50-60 cells total) for each
condition within each experiment. WT and Bok™*~ MEF data are from Figure 1.

(D and E) Cell viability was measured at 24 h by XTT for WT MEFs, Bok”~ MEFs, and
Bok™~ MEFs stably transfected with WT or L34G FLAG-BOK treated with thapsigargin
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(D) or bortezomib (E). Data are represented as mean + SD. Significance was calculated
using an ANOVA test (ns, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-FACL-4 Abcam ab38420; RRID: AB_2222536
Rabbit polyclonal anti-Sigma-1 Abcam Ab53852; RRID: AB_881796
Rabbit polyclonal Anti-IP3R1 Invitrogen PA1-901; RRID: AB_2129984
Rabbit monoclonal Anti-IP3R1 Cell Signaling 8568; RRID: AB_10890699
Goat polyclonal Anti-IP3R1 Santa Cruz sc6093; RRID: AB_649542
Goat polyclonal Anti-IP3R2 Santa Cruz sc7278; RRID: AB_2265201
Mouse monoclonal Anti-IP3R2 Santa Cruz $c398434

Mouse monoclonal Anti-IP3R3
Mouse monoclonal Anti-ANT

Mouse monoclonal Anti-ANT

Alexa Fluor 488-conjugated goat anti-mouse 1gG
Alexa Fluor 546-conjugated goat anti-mouse 1gG

Mouse monoclonal Anti-Calreticulin

Mouse monoclonal Anti-Calnexin
Rabbit polyclonal Anti-VDAC1
Mouse monoclonal Anti-VDAC1
Rabbit polyclonal Anti-VDAC1/2/3
Rabbit monoclonal Anti-FLAG
Rabbit monoclonal Anti-BOK
Rabbit monoclonal Anti-BOK
Rabbit polyclonal Anti-BOK

BD Biosciences
Mitosciences
Abcam
Molecular Probes
Molecular Probes
BD Biosciences
Santa Cruz
ThermoFisher
Santa Cruz

Santa Cruz
Sigma-Aldrich
Abcam

Abcam

Abcam

610312; RRID: AB_39704
MSAO02; RRID: AB_478281
ab110322; RRID: AB_10862212
A-11001; RRID: AB_2534069
A-11030; RRID: AB_144695
612136; RRID: AB_399507
SC-46669; RRID: AB_626784
PA1-954A; RRID: AB_2304154
5€390996; RRID: AB_2750920
sc98708; RRID: AB_2214795
F7425; RRID: AB_439687
Ab233072

Ab186745; RRID: AB_2728737
Ab130344; RRID: AB_11155461

Chemicals, peptides, and recombinant proteins

Fluo-3 acetoxymethyl ester Thermo Fisher F1241
Mag-Fluo-4 acetoxymethyl ester Thermo Fisher M14206
Rhod-2 acetoxymethyl ester Thermo Fisher R1245MP
Thapsigargin Sigma-Aldrich T9033
Bortezomib EMD Millipore Corporation ~ 5.04314.0001
Histamine Sigma-Aldrich H7125
ATP Sigma-Aldrich A1852
ER-Tracker Green Molecular probes E34251
MitoTracker Deep Red FM Molecular probes M22426
TO-PRO-3 far red Molecular probes T3605
MitoTracker CMTMRos Orange Molecular probes M7510
Rapamycin Invitrogen Tirl-rap
Tert-Butylhydroquinone Sigma-Aldrich 112941
Critical commercial assays

XTT Cell viability kit Cell Signaling Tech. 9095S
PE/Cy7 Annexin V BioLegend 640949

MitoStatus TMRE

BD PharMingen

564696, RRID: AB_2869606
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: cell lines

WT MEF cells, SV-40 immortalized This paper N/A

Bok KO MEF cells, SV-40 immortalized This paper N/A

Recombinant DNA

Plasmid: YFP-FKBP-Mito targeting Gift from Gyorgy Hajnéczky ~ N/A

Plasmid: CFP-FRB-ER targeting Gift from Gyorgy Hajnéczky ~ N/A

Plasmid: Pericam-FKBP-Mito targeting Gift from Gyorgy Hajnéczky ~ N/A

Plasmid: RFP-FRB-short-ER targeting Gift from Gyorgy Hajnéczky ~ N/A

Plasmid: RFP-FRB-long-ER targeting Gift from Gyorgy Hajnéczky ~ N/A

Plasmid: FEMP Gift from Luca Scorrano N/A

Plasmid: pShooter Mito-GFP Invitrogen V82220

Plasmid: ER-LAR-GECO1 Addgene 61244; RRID: Addgene_61244
Plasmid: Cyto-RCaMP1h Addgene 105014; RRID: Addgene_105014
Plasmid: Mito-RCaMP1h Addgene 105013; RRID: Addgene_105013
Plasmid: pMIG-FLAG-HA-BOK WT-IRES-GFP This paper N/A

Plasmid: pMIG-FLAG-HA-BOK L34G-IRES-GFP  This paper N/A
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