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Abstract

The regulation of mitochondrial permeability transition (MPT) is essential for cell survival. Un-controlled opening of the MPT
pore is often associated with cell death. Anti-death protein Bcl-2 can block MPT as assessed by the enhanced capacity of
mitochondria to accumulate and retain Ca>*. We report here that two proteins of the mitochondrial fission machinery, dynamin-
related protein (Drpl) and human mitochondrial fission protein (hFis1), have an antagonistic effect on Bcl-2. Drpl, with the
assistance of hFis1, sensitizes cells to MPT by reducing the mitochondrial Ca>* retention capacity (CRC). While the reduction
of CRC by Drpl/hFisl is linked to mitochondrial fission, the antagonism between Bcl-2 and Drpl appears to be mediated by
mutually exclusive interactions of the two proteins with hFis1. The complexity of protein—protein interactions demonstrated in
the present study suggests that in addition to the previously described role of Bcl-2 in the control of apoptosis, Bcl-2 may also
participate directly or indirectly in the regulation of mitochondrial fission. (Mol Cell Biochem 272: 187—-199, 2005)
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Introduction

It is now generally accepted that Ca>* can act as either a trig-
ger or modulator of the cell-death process (reviewed in [1]).
Altered calcium homeostasis is commonly observed in the
endoplasmic reticulum (ER) and mitochondria during either
apoptotic or necrotic cell death [1-5]. It has been shown that
mitochondrial Ca?>* plays an important role in the regula-
tion of death in many cell types including cardiac myocytes

and neuronal cells [1, 5]. High concentrations of extracel-
lular Ca%t can lead to mitochondrial Ca%t overload, which
in turn activates the mitochondrial permeability transition
(MPT), resulting in the loss of matrix Ca>* [5] through “ir-
reversible opening” of the MPT pore. The loss of mitochon-
drial Ca>* then leads to impaired mitochondrial function and
cell death [6-8]. This Ca?*-mediated MPT mechanism in-
volving the inner mitochondrial membrane (IMM) appears
to be distinct from the cytochrome ¢ release mechanism that
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involves only the outer mitochondrial membrane (OMM)
[9-12]. Thus, MPT is an important regulator of
mitochondrial-dependent cell death that can involve
leakage of both OMM and IMM [13]. Studies with isolated
mitochondria indicate that MPT can be induced by the up-
take of Ca®* pulses as well as other physiological variables
such as pH, magnesium, phosphate, free radicals, adenine
nucleotide levels and mitochondrial redox state [14]. A
healthy mitochondrion has a defined capacity to accumulate
Ca’*, and the anti-death protein Bcl-2 increases the capacity
of mitochondria to retain excess Ca>* by blocking opening
of the MPT pore [6, 15, 16]. The inhibition of MPT by
Bcl-2 is supported by the finding that Bcl-2 also increases
the resistance of mitochondria to undergo Ca’*-induced
swelling [6]. However, it is not understood how Bcl-2 blocks
the MPT during mitochondrial Ca>* overload.

In living cells, mitochondria are dynamic structures that
frequently divide and fuse with one another [17]. At least
two types of mitochondrial morphology have been observed:
a tubular (connected) form and a punctate (disconnected)
form [17]. A novel dynamin-related GTPase named dynamin-
related protein (Drpl) has been shown to regulate the tran-
sition from the tubular form to the punctate form [18-21].
Presumably, Drp1 mediates mitochondrial fission via the sev-
ering of the mitochondrial outer membrane [22]. Although
Drpl is known to function as a mitochondrial fission en-
zyme, overexpression of Drpl in mammalian cells does not
change mitochondrial morphology noticeably [19, 22], in-
dicating that there are other limiting factors in the mito-
chondrial fission process. Overexpression of another fac-
tor human mitochondrial fission protein (hFisl) induces
mitochondrial fragmentation in a Drpl-dependent manner
[23-25]. It has been suggested that hFisl regulates mito-
chondrial fission through a protein—protein interaction that
recruits Drpl from the cytoplasm to the mitochondrial sur-
face [23]. The fragmentation of the mitochondrial network
into the punctate form has also been observed during cell
death induced by various apoptotic stimuli [26]. Despite
the importance of Drpl and hFisl in the regulation of mi-
tochondrial morphology, whether or not these proteins af-
fect Ca>*-induced MPT remains largely unknown [27]. If
these proteins contribute directly or indirectly to the open-
ing of the MPT pore during fission and fusion, it would
represent a previously unrecognized potential site of regu-
lation by Bcl-2 family proteins. However, a potential role
of Bcl-2 in the regulation of the biological activity of
Drpl and hFisl during cell survival or death has not been
examined.

We report here that deregulation of Drpl and hFisl
disrupts mitochondrial function as overexpression of either
Drpl or hFisl reduces the mitochondrial Ca** retention
capacity (CRC). In contrast, overexpression of Bcl-2 in-
creases mitochondrial CRC. The antagonism between Bcl-2

and Drpl appears to be mediated through competition for
binding to hFisl.

Material and methods
Cell culture and transfection procedures

COS epithelial cells were grown in high glucose DMEM (In-
vitrogen) supplemented with 10% FBS. Stable MCF7 cell
lines overexpressing human wild-type Bcl-2 or an empty
PrCCMYV vector as a control were established as described
previously [28] and are referred to here as MCF7 Bcl-2 or
MCF7CMV cell line. Transfections were carried out using
Lipofectamine 2000 reagent according to manufacturer’s pro-
tocol (Invitrogen). The ratio of DNA to cationic lipid reagent
was kept at 0.4 pg/ul. Under this condition, the efficiency
of transfection of a control plasmid expressing green fluores-
cence protein scored visually by fluorescence microscopy for
COS-7, MCF7CMYV and MCF7 Bcl-2 cells was 90, 60, and
30%, respectively. Human pcDNA3-Drpl and the dominant
negative mutant pcDNA3-DrpK38A (designated as K38A)
were obtained from Dr. A.M. van der Bliek (University
of California, Los Angeles). Human Myc-tagged hFisl in
pcDNA3 has been described previously [23]. Transient ex-
pression of Drpl protein, Myc-hFis1 protein, and the K38A
mutant were carried out for 24 h, and cells were then used
for biochemical assays.

Mitochondrial Ca** retention assay

Mitochondrial retention of Ca?* was assayed for permeabi-
lized cells as described by Murphy et al. [15] using the
calcium indicator Calcium Green-5N (Molecular Probes).
Briefly, COS-7, MCF7CMYV, or MCF7Bcl-2 cells transfected
with Drp1l, Myc-hFis1, K38A or mutant Myc-hFis1 were har-
vested by trypsinization followed by centrifugation. The cells
(1 x 107 cells/2 ml) were resuspended in respiratory buffer
(125 mM KCl, 2 mM K, HPO,4, 1 mM MgCl,, 20 mM Hepes,
pH 7.0) containing 0.1 uM Calcium Green-5N and 5 mM glu-
tamate and 5 mM malate, and the plasma membranes were
permeabilized by the addition of digitonin (final concentra-
tion 0.01%). Previous control studies had shown that digi-
tonin treatment did not affect the integrity of the mitochon-
dria as determined by assaying oxidative phosphorylation
[29, 30]. The respiratory control ratio of the mitochondria re-
mained the same with or without digitonin treatment, except
that digitonin treatment gave a better yield of mitochondria
[29]. The calcium retention assay began with successive ad-
ditions of CaCl, (10 uM or 25 uM) and the fluorescence
changes in response to the addition of Ca’* were moni-
tored continuously at 25 °C in a spectrofluorometer (Photon
Technology International) with the excitation at 506 nm and



emission at 531 nm. Calibration of the fluorescence signal
was achieved by the addition of known amounts of Ca?* to
the medium without the cells.

Western blot analysis

Cells were lysed in Buffer A (1% Triton, 0.1% SDS, 50 mM
Tris pH 8.0, 150 mM NaCl, and 1 mM each of EDTA, EGTA,
PMSF, and Aprotinin (to inhibit protease) and then incubated
on ice for 30 min. Cell lysate was cleared by centrifugation
at 10, 000 x g for 10 min. Protein concentration was mea-
sured using the Bradford assay (BioRad) and lysate contain-
ing 25 pg of protein was boiled in sample buffer and separated
by SDS-PAGE prior to immunoblotting as described previ-
ously [31]. The following antibodies were used: Drpl from
BD Transduction Laboratories, Bcl-2 (N-terminal epitope)
from Dako, Bcl-2 (aa49-179 epitope) from eBiosciences,
hFisl from Yoon et al. [23], Myc from Zymed Laborato-
ries or from Upstate Biotechnologies Inc. The antibody for
glyceraldehyde-3- phosphate dehydrogenase (GAPDH) was
purchased from Research Diagonostic Inc.

Immunoprecipitation

Cells were harvested and incubated in lysis buffer A (see pre-
vious sections) for 30 min on ice. The lysates (250 pg protein
per IP) were pre-cleared by incubation with 25 ul Protein G
agarose and control IgG (2 ng, Sigma) for 1 h to remove non-
specific binding. The lysates were then incubated with the pri-
mary antibody overnight at4 °C, 10 u1 Protein G agarose was
added and the samples were incubated for 1 h. The Protein G
agarose was collected by centrifugation, washed and then
boiled in sample buffer. The precipitated proteins were sep-
arated by SDS-PAGE and identified by immunoblotting.

Mitochondrial morphology and cell death assay

Cells were grown on coverslips and fixed in 4% para-
formaldehyde for immunostaining, according to the proce-
dure of Zhu et al. [32]. Twenty-four hours after transfection
with DNA encoding Myc-hFis1 or mutant Myc-hFis1 (Myc-
mFis1), samples were stained with mouse anti-mitochondrial
heat shock protein 70 antibodies (HSP70 (1:50), Affinity
BioReagents) and Alexa 594 (red) conjugated goat-anti
mouse antibody. Double staining was carried out with Myc
antibody conjugated to Alexa 488 (green) using Zenon mouse
IgG labeling kit (Molecular Probes). Images were obtained
using a Leica DML fluorescence microscope. Cell death was
also assayed after Myc-hFis| transfection by counting at least
400 cells and determining the fraction unable to exclude Try-
pan blue dye. Cell death induced by hFisl was corrected
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for spontaneous cell death in controls. In addition to Trypan
blue staining, cell death was also determined by counting
apoptotic nuclei after staining with Hoechst dye as described
previously [16].

Densitometry and data analysis

Protein bands were scanned and the optical density of the
bands quantified using the NIH image 1.61 software. Data
(mean £ S.D.) were analyzed by Student’s #-test and signifi-
cance defined as a p-value of <0.05.

Results

Calcium retention capacity in permeabilized cells

Our previous studies in cultured cells [5, 16] and transgenic
mice [6] have suggested that the ability of mitochondria to
sequester and retain calcium is important for cell survival.
However, too much calcium can lead to MPT and cell death
[7]. The increased capacity for calcium retention without trig-
gering MPT in Bcl-2 expressing cells indicates increased sta-
bility of the IMM due to Bcl-2 expression [6, 15, 16]. We have
used a permeabilized cell system to measure Ca>* uptake into
mitochondria. The validity of this method in the quantitative
analysis of Ca’* sequestration by mitochondria has been de-
scribed in detail by Murphy et al. [15]. Similar results were
obtained with either isolated mitochondria or permeabilized
cells [15, 30].

Permeabilized COS cells under conditions of mitochon-
drial respiration (energized with glutamate plus malate) in
the presence of phosphate, were able to take up and retain a
series of Ca?* pulses at 2 min intervals (Fig. 1A). The accu-
mulation of Ca?* continued until the load reached a threshold
of 125 uM (five pulses of 25 uM), at which point the mito-
chondria underwent a fast process of Ca>* release. The Ca?*
threshold for COS cells remained the same when the size of
the Ca?* pulses was varied such that on average 12.5 pulses
of 10 uM were required to cause the release of Ca?* (data
not shown). Similar to previous observations with the iso-
lated mitochondria [6], the precipitous Ca’* release was due
to the activation of MPT, because the critical threshold for
Ca’* release was increased by the permeability pore inhibitor
cyclosporine A (CSA). Figure 1B shows that pre-incubation
of COS cells with 0.5 uM CSA for 3 min was sufficient to
increase the Ca”* threshold to 250 M (10 pulses of Ca>*,
25 uM per pulse) confirming the assay measures the Ca?*
threshold for MPT. Furthermore, permeabilized COS cells
lost the ability to take up the Ca’* pulses (at 10 uM per
pulse) in the presence of mitochondrial respiratory inhibitor,
antimycin A (1 uM), confirming that Ca>* uptake requires
intact, respiring mitochondria (Fig. 1C). To confirm that the
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Fig. 1. Assay of Ca’"-induced permeability transition. (A) COS cells (1 x 107) were permeabilized with digitonin (0.01%) and Ca®* uptake was measured by
successive additions of 25 M Ca”* pulses. (B) COS cells were pretreated with cyclosporin A (0.5 M) for 3 min and Ca>* uptake was measured as mentioned
in (A). (C) Ca?t uptake was measured as in (A) except the medium contained the respiratory inhibitor antimycin A (1 uM), and 10 uM (instead of 25 uM)
Ca®* pulses were added. Results are typical of three independent experiments.

endoplasmic reticulum does not contribute to Ca>* uptake
in digitonin-treated cells, the experiment was conducted in
the presence of thapsigargin, a specific inhibitor of the en-
doplasmic reticulum calcium pump (SERCA). As expected,
the Ca®>* threshold remained the same with or without the
addition of thapsigargin (1 M) (data not shown) demon-
strating that Ca>* uptake by the endoplasmic reticulum was
not contributing to Ca’>* uptake in permeabilized cells. As
previously reported [29, 30], the use of digitonin for cell per-
meabilization did not affect the respiratory control ratio (or
oxidative phosphorylation activity) of the mitochondria. This
was further confirmed by the testing of various concentration
of digitonin in our assay. We found that the CRC remained
the same for digitonin concentrations between 0.05 and 0.2%
(data not shown). Thus this assay using permeabilized cells
permits quantitative evaluation of the CRC of the mitochon-
dria.

Dynamin-related protein (Drpl) sensitizes mitochondria to
calcium-induced permeability transition

COS cells were transfected with Drp1 or empty vector (con-
trol) for 24 h, permeabilized and assayed for calcium reten-
tion. The results indicated a Ca®* threshold of 125 M (five
pulses of 25 M Ca’*) for the empty vector transfected con-

trols (Fig. 2A). Transient expression of Drpl reduced the
CRC to 75 uM (or three pulses) (Fig. 2B). Interestingly, the
expression of a dominant negative mutant that carries an in-
active GTPase domain due to the mutation of lysine 38 to
alanine (designated as K38A) was unable to reduce the Ca>*
threshold when compared to the control (Fig. 2C and 2A).
Results from four independent experiments (Fig. 2D) indi-
cated that the CRC was 65 % 10 uM for cells overexpressing
Drp1 compared to 108 £ 14 M for the controls, representing
a40% reduction (n = 5, p < 0.015). In contrast, the average
load of 101 £ 15 uM for the cells expressing K38A was es-
sentially the same as the controls (n = 4, p > 0.5). Thus, the
reduction of Ca?* threshold for MPT required overexpression
of a GTPase active Drpl.

To further elaborate the effect of overexpression of Drp1 on
reducing the CRC, COS cells were transfected with increas-
ing amounts of Drpl1-cDNA (from 0 to 48 11g). A time-course
study (not shown) indicated that optimal expression of Drpl
occurred at 24 h post transfection. Figure 3A shows the de-
tection of Drpl protein by Western blot using a polyclonal
antibody against Drpl [18]. Two endogenous Drpl bands
were detected at 79 and 75 kDa due to an alternative splic-
ing. While the endogenous level of Drpl in COS cell was
very low without transfection (Fig. 3A), transfection with in-
creasing amount of Drp1-cDNA (0, 6, 12, and 24 ug) resulted
in similarly increased expression of the 75-kDa isoform of
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Fig. 2. Drpl sensitizes mitochondria to calcium-induced permeability transition. (A) Ca2* retention assayed as in Fig. 1 for the control COS cells (vector-
transfected) showing uptake for a typical threshold of five pulses of 25 uM Ca2*. (B) Transfection of Drp1 reduced the Ca?* threshold to three pulses of 25 tM.
(C) Expression of a dominant negative mutant Drp1(K38A) did not reduce the Ca>* threshold (compare 2C with 2B). (D) Summary of four independent assays
showing the significant reduction of Ca?* retention in the cells expressing Drp1. All comparisons are based on the same number of cells (1 x 107) per assay.

Values denote mean + S.D. (asterisk indicates significant difference, p < 0.05).

Drpl (Fig. 3A). Further increase of Drpl-cDNA to 48 ug
did not lead to more expression. Examination of the GAPDH
levels confirmed equal loading of the samples on the SDS
gel (Fig. 3A). Parallel experiments were then carried out to
assay Ca’" retention in these samples. The results (Fig. 3B)
indicated an inverse relationship between Ca”* threshold and
the Drpl expression. The CRC was 100 uM for the control
group transfected with 24 pg pcDNA3 (Fig. 3B) and non-
transfected cells (Fig. 1A). Increased Drpl expression led to
a corresponding decrease of Ca®* threshold (or tolerance) to
83, 67, and 58 uM (Fig. 3B). In contrast, co-transfection of
Drp(K38A) (0, 12, or 24 ng DNA) together with the optimal
amount of Drpl DNA (24 ug) led to a dose-dependent in-
crease of Ca®* tolerance that corresponded to 58 2,78 2,
and 85 £ 5% of the non-transfected controls. Thus transfec-
tion of equal amounts of DNA encoding Drp(K38A) and Drp1
(24 ng) abolished the effect of Drpl expression (Fig. 3C).

Mitochondrial calcium retention capacity is increased
in Bcl-2 overexpressing cells

Previous studies suggested that overexpression of Bcl-2 led
to increased Ca”* capacity in the mitochondria of neurob-
lastoma cells and cardiomyocytes [6, 16]. These results have
been interpreted as suggesting that by blocking MPT (i.e.

protection of IMM) Bcl-2 allowed increased retention of
Ca?t in the mitochondria [5]. The protective effect of Bcl-2
on the IMM was also demonstrated by an increased resistance
of mitochondria to undergo Ca>*-induced swelling [6]. Here
we have carried out the calcium retention assay in both COS
cells and MCF7 cells. As expected, Fig. 4A shows that stably
transfected MCF7 cell lines expressing Bcl-2 have increased
Ca’* threshold as compared to the controls transfected
with the CMV vector. Figure 4B shows the summary from
seven experiments comparing MCF7 Bcl-2 cells and control
MCF7CMYV cells. The Ca?* threshold was 129 & 26 uM for
the CMV control group, significantly less than that for the
cells expressing Bcl-2 (268 £ 65 uM, p < 0.03). Similarly,
transient transfection of Bcl-2 in COS cells (Fig. 4C) led to an
increased Ca* threshold of 200 M as compared to 100 uM
in the vector control group (COS). Thus, in contrast to Drp1,
Bcl-2 confers resistance to Ca?>*-induced MPT in both COS
cells and MCF7 cell lines (Figs. 4B and 4C).

Collaboration of Bcl-2, hFisl and Drpl in the regulation
of Ca**-induced MPT

Since hFis1 has been shown to interact with Drpl [23], we
explored the possibility that both Drp1 and hFis1 are involved
in the regulation of Ca>*-induced MPT. Figures 5A and 5D
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Fig. 3. Ca®* retention capacity correlates inversely with Drpl levels. (A)
Western blots showing the expression of Drpl protein (the 75-kDa band)
in transfected COS cells. Transient transfection with increased amounts of
pcDNA3-Drpl DNA led to increased Drpl levels, with maximal expression
(eightfold) occurring at 24 ug of DNA. Ca®>* retention assay (as in Fig. 1)
for permeabilized cells expressing different levels of Drpl (B), or Drpl and
K38A (C). Results are typical of two or more independent experiments.

show that transient expression of Myc-tagged hFisl in the
MCF7Bcl-2 cells decreased the Ca’* threshold for MPT.
Results from six experiments (Fig. 5B) showed that expres-
sion of Myc-hFis1 (abbreviated as Fis1) significantly reduced
the Ca?* threshold to 69 & 4% of the Neo control group
(p < 0.05, n = 6). In contrast to the wild-type Myc-hFisl,
expression of a mutant Myc-hFis1 lacking the first 31 amino
acid at the N-terminal (Myc-hFis(32-152), abbreviated here
as mFisl (Fig. 5B, lane 4) was unable to reduce the Ca%t
threshold in MCF7Bcl-2 cells (93 & 7%, n = 3). A previous

morphological study [23] has shown that this particular mu-
tant hFis1 was unable to cause mitochondrial fission. It was
suggested that the first 31 amino acids of hFis1 contain cru-
cial information for mitochondrial fission, possibly regulat-
ing Drp1 function [23]. Our results here suggest that the effect
of Myc-hFis1 on mitochondrial Ca>* retention may be linked
to mitochondrial fission via Drp1. This is supported by a par-
allel study in the MCF7CMYV cells. Figures 5C and 5D show
that transient expression of Myc-hFisl in MCF7CMV cells
also led to significant decrease of Ca>* threshold (72 43% of
the Neo, p < 0.05, n = 4), and there was no additive effect
when Drpl and Myc-hFisl were transfected together (data
not shown). Similar to MCF7Bcl-2 cells (Fig. 5B) expres-
sion of mutant hFisl in the MCF7CMYV control cells (Figs.
5C and 5D) did not reduce the Ca*t threshold (95 + 7%
of the Neo, n = 3). Surprisingly, however, overexpression
of Drpl in CMV as well as Bcl-2 cells (Fig. 5D) only re-
duced the Ca?* threshold by a small percentage and the
effect was quite variable. Quantitation shows that transient
transfection of Drpl in Bcl-2 cells (Fig. SB) had almost no
effect (93 &= 14% of the control, n = 4), while it only re-
duced the Ca?" threshold to 87 & 10% of the Neo (n = 4) in
CMYV cells (Fig. 5C). These results are unexpected because in
COS cells, we observed a clear reduction of Ca** threshold
upon Drpl overexpression (Fig. 2). For further comparison,
we carried out the transfection of Myc-hFisl in COS cells.
Figure 5E shows that while overexpression of Drpl in COS
cells led to decreased Ca®t threshold as expected, overex-
pression of Myc-hFisl had no effect compared to the Neo
control. We investigated whether these differences are due to
variations in endogenous levels of these three proteins. In-
terestingly, comparison of the Bcl-2 levels in the three types
of cells (Fig. 5F) indicated an inverse correlation with the
Drpl response such that lowest Bcl-2 level in COS cells was
accompanied by significant Drpl response (64 + 3%), in-
termediate Bcl-2 levels in CMV cells was associated with
less Drpl response (87 &= 10%), and finally high Bcl-2 level
in MCF7Bcl-2 cells was associated with almost no response
to Drpl (93 & 14%). While the response to Myc-hFis1 was
significant in both MCF7CMYV and MCF7Bcl-2 cells, there
was no response to Myc-hFisl in COS cells (Fig. SE, lane
3). The combined studies in these cells suggest that Bcl-2,
Drp1 and hFis1 collaborate in the regulation of Ca>*-induced
MPT.

The interactions of Drpl, hFisl, and Bcl-2

A recent structural study using NMR spectroscopy [33] has
suggested that hFis1 may function as a molecular adaptor on
the mitochondrial outer membrane. Although the binding of
hFisl to Drpl has been studied [23], a competing interac-
tion between Bcl-2 and hFis1 was not known. An interaction
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between Bcl-2 and hFisl was demonstrated here by co-
immunoprecipitation experiments in MCF7 cells. We chose
the MCF7Bcl-2 cells for the co-IP study because of their high
expression of Bcl-2 (Fig. 6A). In MCF7Bcl-2 cells, transient
transfection with Myc-hFis1 led to the expression of Myc-
hFis1 in the cell lysate as shown by the Western blot with
Myc antibody (Fig. 6A, lane 1). This Myc-hFis1 protein was
precipitated by the Myc antibody (lane 3). In addition, Myc-
hFis1 was also detected in the immune precipitate of Bcl-2
(lane 4). Comparison with the control IgG (lane 2) indicates
that the immune precipitate of Bcl-2 contained much higher
level of Myc-hFis1 (note the overloading of the IgG control in
lane 2). Thus, the results suggest that co-immunoprecipitation
of Bcl-2 and Myc-Fisl is not due to the non-specific binding
to IgG. Similarly, Bcl-2 protein was also detected in the im-

mune precipitate of Myc (Fig. 6B, lane 3) by blotting with
the Bcl-2 antibody. Note that in Fig. 6B, we have used a
TrueBlot system (eBioscience) to eliminate the interference
of IgG bands. Thus, Bcl-2 interaction with Myc-hFisl was
established by reciprocal immunoprecipitation experiments
in MCF7Bcl-2 cells.

In addition to the interaction between hFisl and Bcl-2,
we also examined the interaction between Drpl and Myc-
hFis1 in MCF7CMV cells and MCF7Bcl-2 cells after tran-
sient expression with Myc-hFisl. Figure 6C (lane 3) shows
that Drpl antibody was able to precipitate Myc-hFis1 in the
CMYV cells. Again, the appearance of Myc-hFisl in the IgG
precipitate was minor and required overloading of the control
IgG (lane 4). Interestingly, when MCF7 Bcl-2 cells express-
ing Myc-hFis1 were tested (Fig. 6D), no Myc-hFis1 protein
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Summary of four experiments showing the significantly reduced Ca** retention by Fis1 as compared to the Neo control. In contrast, mFis1 or Drpl was unable
to reduce the Ca®** capacity. (C) In a parallel study, MCF7CMV cells were transfected individually with Drp1, Myc-hFis1, mutant Myc-hFis(32-152), and
vector (Neo) for 24 h and then assayed for Ca®* retention. (D) Western blots showing the separate detection of Drp1 (upper panel), Myc-Fis1 and Myc-mFis1
(lower panel) by anti-Drp1 or anti-Myc in the lysates of CMV and Bcl-2 cells after 24 h transfection. (E) COS cells were transfected individually with Neo,
Drpl, Myc-hFis, and Drpl + K38A for 24 h and then assayed for Ca®>* retention. (F) Comparison of COS, CMYV, and Bcl-2 cell lysates for the endogenous
levels of Bcl-2, Drpl, and hFis1. Twenty-five micrograms of cell lysates were loaded in each lane for Western analysis. The blots were first analyzed for Drpl
expression and subsequently stripped and reprobed for Bcl-2 and then hFis1. Equal loading of samples were indicated by detection of GAPDH.

was detected in the immune precipitate of Drpl (lane 3).
This difference suggests interference in the Drp1/Myc-hFis1
interaction by the high level of Bcl-2 in the MCF7Bcl-
2 cells, and this interference by Bcl-2 may also explain

the inability of Drpl to reduce the Ca>* threshold in the
MCF7Bcl-2 cells (Fig. 5B, lane 2). However, the interfer-
ence of Drpl/Myc-Fisl interaction by proteins other than

Bcl-2 cannot be excluded.
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Fig. 6. The interactions of Drpl, hFisl and Bcl-2. (A) Co-immunoprecipitation of Bcl-2 and Myc-hFisl in MCF7Bcl-2 cells transfected with Myc-hFis1.
A Western blot of the whole lysate (without immunoprecipitation) is shown in lane 1 to indicate the amounts of Myc-hFis1. Lanes 3 is the positive control
to indicate the precipitation of Myc-hFisl by the anti- Myc. Lane 4 shows that antibody to Myc can detect Myc-hFisl in the immune precipitate of Bcl-2,
and Lane 2 is the negative control to indicate a background level of Myc-hFisl in the immune precipitate of IgG by overloading. (B) Same as (A), except
the immune precipitates were detected by using antibody to Bcl-2. The results indicate that antibody to Bcl-2 can detect Bcl-2 in the immune precipitate of
Myc (lane 3). In this particular experiment, a special secondary antibody named TrueBlot (eBioscience) was used to eliminate the interference by IgG. (C)
Co-immunoprecipitation of Drpl and Myc-hFisl in MCF7CMYV cells transfected with Myc-hFis1. The immune precipitate was detected with antibody to Myc.
Note the detection of Myc-hFis1 (lane 3) in the immune precipitate of Drpl, while control IgG (lane 4) showed minor background after overloading the gel.
(D) Failure of detection of Myc-hFis1 (lane 3) by antibody to Myc in the immune precipitate of Drpl in MCF7Bcl-2 cells.

Antagonism between hFisl and Bcl-2 in the regulation
of mitochondrial fission and cell death

While overexpression of Drpl has no effect on mitochon-
drial morphology in mammalian cells [19, 22], overexpres-
sion of hFis1 does induce mitochondrial fission [23, 24]. Here
we have investigated the effect of Myc-hFisl expression on
mitochondrial morphology in MCF7 cells. Immunostaining
with antibodies to the mitochondrial marker (heat shock pro-

tein 70) indicated that in MCF7CMV cells transfected with
vector (Neo), the majority (91%) of the mitochondria were
in a tubular network with high connectivity to each other
(Fig. 7A, panel A). The population of punctate mitochondria
was only 9%. Transfection of Myc-hFis1 in CMV cells for 24
h led to increases of punctate mitochondria to 40% (Fig. 7A,
panel B). Double staining of the cells with both HSP70 and
Myc antibody confirmed that punctate mitochondria carried
the Myc marker (panel B’). This change in mitochondrial
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Fig. 7. Antagonism between Bcl-2 and hFisl in the regulation of mitochondrial fission and cell death. MCF7Bcl-2 cells and MCF7CMYV cells were compared
for the effect of Myc-hFisl transfection on mitochondrial morphology (A) and cell death (B). (A) To examine mitochondrial morphology, cells grown on
coverslips were washed with PBS, fixed in 4% para-formaldehyde and stained using mouse anti-mitochondrial heat shock protein 70 (red color), and double
stained with anti-Myc (green color) to ensure the cells examined were expressing Myc-hFisl. Separately, the mutant Myc-hFisl was also transfected into
the CMV cells to study the effect of mutant on mitochondrial morphology. Images were obtained using Leica DML fluorescence microscope. (B) To study
Myc-hFisl-induced cell death, dead cells were stained with Trypan blue at 20 and 30 h. Net cell death was obtained after subtracting the spontaneous cell
death that occurred in the control sample transfected with vector (Neo). Although not shown here, Myc-hFis1-induced cell death at 30 h (in MCF7CMV cells)
was identified as apoptosis by staining with Hoechst dye. In contrast, transfection of Myc-hFis1 for 30 h was unable to induce cell death in MCF7Bcl-2 cells.
Similarly, the mutant Myc-hFis1 was also unable to induce significant cell death in CMV cells.

morphology was almost completely abolished when mutant
Myc-hFis (mFis1) was transfected in place of wt-Myc-hFis1
(Fig. 7A, panel C) in agreement with the previous study for
clone 9 cells [23]. In contrast, expression of Myc-hFisl in

Bcl-2 cells only led to low percentage (6%) of punctate mi-
tochondria, with most mitochondria that carried Myc marker
still retained tubular morphology (Fig. 7A, panel E). After
correction for the difference in transfection efficiency (30%



in Bcl-2 vs. 60% in CMV cells), the population of punctate
mitochondria in the Bcl-2 cells was still threefold lower than
the CMV cells. The results clearly indicate that hFis1 induces
mitochondrial fission, while Bcl-2 attenuates hFis1-induced
mitochondrial fission.

We also investigated the possible relationship between
hFis1-induced mitochondrial fission and cell death in a time-
course study (Fig. 7B). Transfection of the CMV cells or
Bcl-2 cells with Myc-hFis1 for 20 h did not lead to much
cell death. In the MCF7CMV cells only 4.1 &= 1.7% of cells
picked up Trypan blue, while zero cell death (0.8 &= 0.6%) oc-
curred in MCF7Bcl-2 cells. However, prolonged transfection
of Myc-hFis1 (for 30 h) did induce significant population of
cell death (14.9 &+ 3.3%, n = 6, p < 0.001) in CMV cells,
while Bcl-2 cells remained 100% viable. Unlike wild-type
hFis1, mutant form of hFis1 was unable to induce cell death
in CMV cells at 20 h (0.7 &= 1.9%), and at 30 h only induced
3.7 £ 2% cell death (Fig. 7B). Further study of cell death
by counting apoptotic nuclei (with Hoechst dye staining, see
Method section) indicated that Myc-hFis1-induced cell death
in CMV cells was due to apoptotic death. After 30 h transfec-
tion with Myc-hFis1, approximately 24.4% of the CMV cells
contained apoptotic nuclei (total cell number counted = 250),
while no apoptotic nuclei were detected in Bcl-2 cells. The
results suggest that hFis1-induced mitochondrial fission can
lead to apoptosis at 30 h, and Bcl-2 inhibits hFis-1 induced
apoptosis by preventing mitochondrial fission.

Discussion

We report here that overexpression of Drp1 or hFis1 sensitizes
cells to Ca?*-induced MPT by reducing the CRC without af-
fecting the rate of Ca>* uptake by mitochondria (see Fig. 5A,
and compare the downward stroke in the Ca** pulse in dif-
ferent groups). In contrast, anti-death protein Bcl-2 inhibits
MPT by raising the Ca>* threshold. Despite the small reduc-
tion (30-40%) of the Ca’* threshold by Drp1 or hFisl, this
reduction is reproducible and statistically significant (Figs. 2
and 5). More importantly, we found evidence that the an-
tagonism between Bcl-2 and Drpl on Ca?*-induced MPT is
mediated by hFisl via protein—protein interactions. In sup-
port of this notion, we demonstrated the interaction between
hFis1 and Bcl-2 by co-immunoprecipitation experiments in
MCF7Bcl-2 cells (Figs. 6A and 6B) as well as in COS cells
(not shown). The normalization of the Ca’>* threshold by
overexpressing either the mutant form of Drp1 (in COS cells)
or the mutant form of hFis1 (in MCF7CMYV and Bcl-2 cells)
further suggests the functional relevance of the Drpl/hFisl
interaction in the regulation of Ca’>*-induced MPT. We have
also shown that Myc-hFis1 can bind to Drpl in MCF7CMV
cells (Fig. 6C, lane 3) but not in MCF7Bcl-2 cells (Fig. 6D,
lane 3). The most likely explanation for this result is that
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the high levels of Bcl-2 in the MCF7Bcl-2 cells compete
with Drpl for the binding to hFisl, thereby interfering with
the interaction between Drpl and hFisl. Furthermore, we
have evidence that sequestration of hFisl by Bcl-2 reduces
the amounts of the free hFisl molecule as shown by gel-
filtration chromatography (Kong et al., unpublished results).
Together, these results suggest that Bcl-2 and Drpl binding
to hFis1 are mutually exclusive. A role of hFisl in the com-
petitive binding of Bcl-2 versus Drpl is also consistent with
studies from other laboratories: (1) NMR structural study of
hFis1 reveals a novel tetratrico-peptide repeat (TPR)-like he-
lix bundle that suggests the protein may function as a molec-
ular adaptor on the mitochondrial outer membrane [33]. (2)
The N-terminal region of hFisl is necessary for mitochon-
drial fission [23]. (3) Fluorescence resonance energy transfer
and co-immunoprecipitation studies demonstrate that hFis1
interacts with Drpl [23]. This interaction is probably weak
but sufficient to allow a transient association of Drpl with
the mitochondria [23].

A recent report also indicates that overexpressed Bcl-xL
was able to co-precipitate with overexpressed hFis1 in HeLa
cells [24]. Based on the finding that overexpression of Bcl-
xL was able to inhibit cytochrome c release and cell death
without the prevention of mitochondrial fragmentation, it was
suggested that Bcl-xL does not interfere with the fission ma-
chinery per se [24]. While this interpretation may be true for
Bcl-xL in HeLa cells, it is certainly not the case for Bcl-2 in
MCFT7 cells here. By using mitochondrial marker HSP-70,
we have clearly shown the inhibition of hFis1-induced mito-
chondrial fragmentation in the MCF7Bcl-2 cells as compared
to the CMV controls (Fig. 7). The greater than threefold de-
crease of mitochondrial fragmentation in the Bcl-2 cells is
most likely attributable to the high levels of Bcl-2 because
Drpl and hFisl levels do not differ between MCF7Bcl-2 cells
and MCF7CMV cells (Fig. 5F). A direct comparison between
these two cell lines is justified as they share the same genetic
background. Our results suggest that Bcl-2 can interfere with
mitochondrial fragmentation directly or indirectly. The dis-
crepancy between Bcl-2 and Bcel-xL is not clear, but is prob-
ably related to difference in protein sequence between them
and warrants further investigation.

We propose that the modulation of CRC depends on a
balance between the Bcl-2 expression and the activation of
Drpl. Increased expression of hFis1 or Drpl shifts the equi-
librium toward the interaction between Drpl and hFisl. By
serving as the receptor for Drpl binding, hFis1 allows the
activation of Drpl on mitochondria [23]. Subsequently, the
active Drp1-GTPase may lead to the reduction of CRC via the
severing of the OMM [22]. In contrast, increased Bcl-2 ex-
pression promotes the sequestration of hFis1, which reduces
the availability of free hFis1 molecule for binding with Drpl
(Fig. 6D and Kong et al., unpublished data). In support of this
hypothesis, in healthy cells, most Drp1 remains in the cytosol
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as the inactive form [26]. However, during apoptosis, Drpl
migrates to the mitochondria and becomes activated [24, 26].
Only the active Drp1-GTPase is responsible for the reduced
CRC, because the dominant negative mutant with a defective
GTPase domain can abolish the effect of Drpl and restore
the high Ca’* capacity (Figs. 2 and 3). Thus, hFisl may
provide a molecular platform for the competitive binding of
Bcl-2 and Drp1. Mutant hFis1 that was unable to induce mi-
tochondrial fragmentation was also unable to reduce the Ca>*
threshold.

The reduction of Ca>* threshold by hFis1 overexpression
(Fig. 5) suggests the possibility that hFis1-induced mitochon-
drial fission, while a normal part of the fission and fusion
events in living cells, may lead to dire consequence by inad-
vertently triggering MPT and unwanted cell death. We have
studied the relationship between hFisl-induced mitochon-
drial fission and cell death. Indeed, the results (Fig. 7) sug-
gest mitochondrial fragmentation can lead to apoptotic death
after prolonged expression of hFis1. Inhibition of mitochon-
drial fission by mutant Fisl is accompanied by inhibition of
apoptosis. The inhibition of mitochondrial fragmentation as
well as cell death by Bcl-2 also supports the idea that Bcl-2
may interfere with hFisl action. However, the lowering of
Ca?* threshold by hFis1 in both MCF7CMYV and Bcl-2 cells
suggests a separation of the Drpl/hFisl-induced sensitivity
to MPT from the cell death event, i.e. the small reduction of
Ca>* threshold by Drpl or hFis1 reflects a reversible state of
MPT, which at early time (24 h) is not sufficient to cause cell
death. It is worth mentioning that reversible opening and clos-
ing of the MPT pore is a physiological process in healthy cells
[35, 14]. Since mitochondrial fission and fusion are tightly
controlled processes, it is expected that the reduction of Ca**
threshold by fission protein hFis1 may be opposed by fusion
proteins Mfn and/or Opal [34, 36, 37] and this balance will
maintain the integrity of the MPT pore. The fact that re-
duced Ca?* threshold by hFis1 never exceeds 30-40% for
both MCF7CMV cells and Bcl-2 cells suggest that this small
reduction of CRC does not involve the irreversible opening
of the pore and therefore is not detrimental to cell survival
during normal fission. This is consistent with the interpreta-
tion that Drp1/hFis1 mediates mitochondrial fission via the
severing of OMM [22], without affecting IMM. The hypoth-
esis that fusion proteins may also participate in the regulation
of Ca* threshold for MPT is also consistent with the mor-
phological study showing the co-localization of both fission
protein Drpl and fusion protein Mfn2 at the mitochondrial
fission sites [34].

We have also investigated whether Drp1 or hFis! increased
the sensitivity of cells to calcium-induced cell death. Treat-
ment of CMV cells with calcium ionophore (A23187) for 6
h led to 24.5% of net cell death (Trypan blue assay), while
the same treatment of Bcl-2 cells led to zero cell death. Al-
though Bcl-2 can protect cells from A23187-induced death,

the dominant negative Drp(K38A) does not seem to inhibit
cell death caused by calcium overload (not shown). Since
there is a smaller reduction of mitochondrial Ca>* retention
by Drpl (30-40%) as compared with a twofold increase of
Ca’* retention by Bcl-2 (Figs. 2D and 4C), this may explain
the lack of survival protection by the mutant Drp(K38A).
This is consistent with the finding that despite the inhibitory
action of Drp(K38A) on Drpl function, it does not increase
Ca’* retention beyond the level of the Neo control (Fig. 3C).
Our results suggest a separation of Bcl-2 mechanism from
the Drp1/Fis1 effect.

In summary, we have shown the collaboration of Bcl-2,
Drpl and hFisl in the regulation of mitochondrial CRC.
While the reduction of Ca?* retention by Drp1/hFis1 appears
to be linked to mitochondrial fission and fusion events, the an-
tagonist mechanism of Bcl-2 appears operated via inhibition
of the Drpl/hFisl interaction. The complexity of protein—
protein interactions demonstrated in the present study suggest
that, in addition to the previously described role of Bcl-2 in
the control of apoptosis, Bcl-2 may also participate directly
or indirectly in the regulation of mitochondrial fission.
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