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ABSTRACT: In tumor necrosis factor-R (TNF-R)-induced apoptosis, tBid is targeted to mitochondria and causes
cytochrome c release. We investigated the regulation of tBid-induced cytochrome c release and apoptosis by
phospholipid scramblase 3 (PLS3). Overexpression of PLS3 enhanced, whereas downregulation of PLS3 delayed,
TNF-R-induced apoptosis and targeting of tBid to mitochondria. On the basis of the theory that tBid targets
mitochondrial cardiolipin, we hypothesize that PLS3 enhances translocation of cardiolipin to the mitochondrial
surface to facilitate tBid targeting. NAO, a cardiolipin binding dye, was first used to quantify the distribution
of cardiolipin. Overexpression of PLS3 increases, whereas downregulation of PLS3 decreases, the percentage
of cardiolipin on the mitochondrial surface. Determination of the tBid binding capacity on the mitochondrial
surface by FITC-labeled tBid(G94E) also confirmed that tBid binding capacity increased upon PLS3
overexpression and decreased with downregulation of PLS3. PLS3 activity, determined by a lipid flip-flop
assay, was activated by calcium and tBid but inhibited by Bcl-2. Mutation of the calcium binding motif abolishes
the lipid flip-flop activity of PLS3. PLS3 and tBid may form a bidirectional positive feedback loop that is
antagonized by Bcl-2. Overexpression of PLS3 does not affect mitochondrial potential but does interfere with
mitochondrial respiration and production of reactive oxygen species. These studies thus establish PLS3 as an
important downstream effector of Bcl-2 and tBid in apoptosis.

Regulation of apoptosis is central to development and
neoplastic transformation. There are two major pathways in
apoptosis signaling, the intrinsic and extrinsic pathways. The
intrinsic pathway is activated by DNA damage, triggering
mitochondrial cytochrome c release and activation of Apaf-1
and caspase 9 (1). The extrinsic pathway is activated by TNF-
R1 death receptors, which activate caspase 8 and downstream
caspases. Bid, a BH3-only Bcl-2 family member, is cleaved
by caspase 8, and the carboxyl terminus (tBid) translocates
to mitochondria to promote apoptotic events (2). These

pathways have physiological significance, as shown in Bid-
deficient mice which display resistance to Fas-induced
hepatocellular apoptosis (3). Cardiolipin (CL) was proposed
as the mitochondrial target of tBid (4) and subsequently
demonstrated to be essential for tBid to form a supramo-
lecular complex with Bax (5). Preincubation of mitochondria
with the CL-binding dye NAO inhibited mitochondrial
targeting of tBid (6), supporting the notion that CL is the
specific target of tBid. The same study also confirmed that
tBid preferentially localizes to the mitochondrial contact
zone, where CL is present (6).

CL is a unique mitochondrial lipid that is essential for
mitochondrial enzyme function (7). It interfaces mitochon-
drial electron transport chain complexes III and IV and
interacts with many other mitochondrial proteins, including
the ADT-ATP carrier, phosphate carrier, and CL synthase
(8). CL also sequesters cytochrome c in the inner membrane
(IM). CL is vulnerable to oxidative attack due to its
unsaturated fatty acid side chains and its proximity to ROS-
producing sites. Peroxidation of CL occurs when ROS are
produced during apoptosis (9), leading to a decreased affinity
for cytochrome c (10) and dissociation of cytochrome c from
the membrane for release (11). When peroxidation of CL is
prevented by overexpression of mitochondrial phospholipid
hydroperoxide glutathione peroxidase, cytochrome c release
and apoptosis are inhibited (12). It remains unclear how tBid
interacts with CL. Bid contains eight R-helices in which two
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central hydrophobic helices 6 and 7 are surrounded by other
helices. NMR studies of the conformation of tBid revealed
that there is no membrane insertion, and the helices of tBid
are nearly parallel to the lipid bilayer with helix 6 tilted 20°
from the membrane surface (13, 14). This finding suggests
that CL should be present on the outer leaflet of the
mitochondrial outer membrane (OM) to interact with tBid.
However, CL is synthesized in the mitochondrial IM (8),
raising the question of how CL moves to the mitochondrial
surface. Evidence supports the possibility that CL translocates
from the inner leaflet to the outer leaflet of IM during
apoptosis (15, 16). Our previous study of the CL distribution
by 32P labeling of phospholipids showed an increased level
of CL in the OM after UV irradiation and overexpression of
phospholipid scramblase 3 (PLS3) (17).

Phospholipid scramblase (PLS) is a family of calcium-
dependent enzymes responsible for bidirectional movement
of phospholipids between two compartments (18). Four
members of the PLS family have been identified (19). PLS1
is present in the plasma membrane and may be responsible
for translocation of phospholipids between the inner and outer
leaflets (20). PLS2 is reported to be in the nucleus (21),
whereas PLS3 is in mitochondria (17, 22). PLS4 has not
been characterized. PLS3 plays an important role in mito-
chondrial respiratory function, morphology, and apoptotic
response. We have shown that overexpression of inactive
mutant PLS3(F258V), which abolishes the conserved calcium
binding motif (23), suppressed mitochondrial respiration and
resulted in a unique mitochondrial morphology with densely
packed cristae (17). PLS3 is also the mitochondrial target in
protein kinase C (PKC)-δ-induced apoptosis (22). Phosphor-
ylation of PLS3 at Thr21 by PKC-δ increases the activity
of PLS3 (24). In this study, we report that PLS3 regulates
tBid-induced apoptosis by increasing the level of CL on the
surface of mitochondria and production of ROS. PLS3 is
also subjected to regulation by tBid and Bcl-2 to modulate
apoptotic responses in mitochondria.

MATERIALS AND METHODS

Construction of Cells with Inducible Expression of PLS3.
The cDNAs of PLS3 and PLS3(F258V) were cloned into
the pIND plasmid (Invitrogen Inc., Carlsbad, CA). HeLa cells
were transfected with constructs of ecdysone-inducible pIND-
PLS3 or pIND-PLS3(F258V) and pVgRXR, which encodes
the ecdysone receptor. Cells were selected in 500 µg/mL
G418 and 500 µg/mL Zeocin for 3 weeks, and single clones
were isolated by limiting dilution. Clones were screened by
incubation with ponasterone A (10 µM) for 48 h, and positive
clones were identified by Western blotting with a PLS3
antibody. All experiments were performed with clones after
induction for 48 h with ponasterone A.

Downregulation of PLS3 by siRNA. siRNA 283 and 309
were generated by Qiagen against nucleotides 283-304 and
309–330 of human PLS3, the sequences of which do not
match other sequences in GenBank. A scrambled siRNA was
synthesized as a negative control. HeLa cells were transfected
with siRNA using Lipofectamine 2000 according to the
manufacturer’s protocol (Invitrogen Inc.) 1 day after seeding.
Cells were harvested 48 h after transfection.

TUNEL Apoptosis Assay. Apoptosis was quantified by a
TUNEL apoptosis assay [terminal deoxynucleotidyl trans-

ferase (TdT)-mediated dUTP nick end labeling]. Briefly,
TNF-R-treated cells were fixed with 1% paraformaldehyde
and incubated with TdT enzyme and FITC-labeled dUTP as
described by the manufacturer’s protocol (Roche Biotech-
nology). The percentages of apoptotic cells were quantified
by flow cytometry.

Subcellular Fractionation and Cytochrome c Release
Study. Mitochondria were isolated by differential centrifuga-
tion as described previously (17, 22). The cytoplasmic
fractions were centrifuged again at 10000g to remove heavy
membranes. Mitochondria and cytoplasmic fractions were
analyzed by Western blotting using a cytochrome c antibody
(BD Pharmingen, San Diego, CA). Bid antibody was
generated by immunization of chicken with full-length Bid
(Aves Laboratories, Inc., Tigard, OR).

NAO Staining. Cells (1 × 106) were incubated with the
various concentrations of NAO for 15 min after fixation with
1% formaldehyde. The red fluorescence was measured by
flow cytometry (15). The median fluorescence values were
used to calculate the percentages using the red fluorescence
of HeLa control cells incubated with 35 µM NAO as 100%
saturation. This method was used by Garcia Fernandez et
al. (15, 16) to quantify the percentages of CL in different
mitochondrial membrane compartments.

Determination of the tBid Binding Capacity on the
Mitochondrial Surface. Recombinant tBid(G94E) protein was
produced as described previously (25). The protein was then
labeled with FITC at a ratio of 1000:45 (micrograms) in a
carbonate-bicarbonate buffer (pH 9) at 4 °C overnight.
Excessive FITC was removed by a G25 gel filtration column
(Amersham-Pharmacia Biotech, Piscataway, NJ). Purified
FITC-tBid(G94E) was incubated with isolated mitochondria
in a buffer [250 mM sucrose, 20 mM HEPES, 10 mM KCl,
3 mM KH2PO4, 1.5 mM MgCl2, 1 mM EGTA, and 0.5 mg/
mL BSA (pH 7.4)] at room temperature for 30 min. The
mixtures were centrifuged at 10000g to separate mitochondria
from supernatants. Mitochondria were washed five times with
the isolation buffer, and fluorescence activities were mea-
sured by a microplate reader (Bio-Tech).

Preparation of PLS3-Containing Proteoliposomes. Re-
combinant PLS3 was produced by the bacterial expression
system and purified by nickel affinity beads under denaturing
conditions (6 M urea). Enzymatically active PLS3 was then
obtained by refolding the denatured protein by steadily
decreasing the urea concentrations followed by dialysis. The
refolded PLS3 protein was then reconstituted into proteoli-
posomes. Briefly, a lipid mixture resembling the composition
of the mitochondrial OM with 12% CL (5) in total lipids
was dissolved in a chloroform/methanol mixture and dried
as a film in the walls of a tube with nitrogen gas. The films
were dissolved in a buffer containing sodium cholate (5%)
and PLS3 protein via vortexing. Protein/lipid solutions, at
specific lipid to protein ratios, were dialyzed against a buffer
containing BioBeads SM2, 50–100 mesh (Bio-Rad). Dia-
lyzed samples were transferred to silanized Eppendorf tubes,
mixed with a very small amount of BioBeads SM2 for 20
min in an ice bath with frequent shaking, and then centrifuged
for 1 min at 200g. The supernatant was transferred into clean
silanized Eppendorf tubes for experiments. Liposomes were
tested with Bax∆C, which is known to promote lipid flip-
flop and serves as a positive control (26). The size of
liposomes was determined by QUELS (quasi-elastic light
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scattering) as described previously (26) and was found to
vary in different reconstitutions. Systems reported here
correspond to an average size of 80 nm.

Lipid Flip-Flop Assay. Recombinant Bid was produced
as a glutathione S-transferase fusion protein in BL21 bacterial
cells and purified by glutathione Sepharose 4B affinity beads.
tBid was produced by cleavage with full-length Bid with
recombinant caspase 8 (Calbiochem) before usage. 1-Lau-
royl-2-(1′-pyrenebutyroyl)-sn-glycero-3-phosphocholine(pyrene-
10-PC) (Avanti Polar Lipids, Alabaster, AL) was used as a
probe and incorporated into the outer monolayer of pre-
formed PLS3-containing proteoliposomes so that the probe
was 10% of the lipids in the outer monolayer or 5% of the
total lipids. The rate of transbilayer diffusion of pyrene-10-
PC was measured as previously described (26, 27). When
flip-flop occurs, there is a reduction in the excimer emission
because of dilution of the probe from one monolayer to two.
The ratio of the excimer (Ie, emission at 476 nm) to monomer
emission (Im, emission at 397 nm) was measured as a
function of time before and after the addition of ionomycin,
2 mM CaCl2, and/or apoptotic proteins. The fluorescence
experiments were carried out in 2 mL silanized glass cuvettes
at 37 °C with PLS3 proteoliposomes at different lipid:protein
ratios, and a lipid concentration of 25 µM. After addition of
a freshly prepared solution of probe to the liposomes, the
excimer:monomer emission ratio was monitored prior to
addition of proteins or calcium until a plateau was reached.
Measurements were taken with two independent preparations.
Values of the Ie/Im ratio were normalized to that of the

proteoliposomes alone and then averaged. Excitation was 344
nm. The initial ratio at time zero was set to 1 to compare
values for different conditions.

RESULTS

PLS3 Regulates TNF-R-Induced Apoptosis. To investigate
the role of PLS3 in the regulation of tBid-induced apoptosis,
we used TNF-R to activate caspase 8 and ultimately generate
tBid, which translocates to mitochondria to induce cell
death (28, 29). HeLa cells were stably transfected with
ecdysone-inducible PLS3 (HeLa-PLS3), and expression was
induced with ponasterone A [clones 1–3 (Figure 1a)]. Clone
1 was used for subsequent experiments for higher-level
expression. HeLa control cells [clone 1 (Figure 1a)] were
also generated with the pIND vector. Cells were incubated
with TNF-R and cycloheximide, which was added to block
the NF-κB pathway to activate the caspase 8/tBid pathway
(28). More apoptosis was detected in HeLa-PLS3 cells
compared to HeLa control cells 2 and 3 h after TNF-R
treatment. At 4 h, the difference was less dramatic because
both cells exhibited significant apoptosis (Figure 1b). Sub-
cellular fractions revealed the appearance of tBid in mito-
chondria of HeLa-PLS3 cells 2 h after TNF-R treatment, but
not in control cells (Figure 1c). The release of cytochrome
c to the cytoplasm of HeLa-PLS3 cells appeared 1 h after
TNF-R treatment, but no release was seen in similarly treated
HeLa control cells (Figure 1c). The rates of cytochrome c
release and tBid targeting to mitochondria increased at 4 h

FIGURE 1: Upregulation of PLS3 enhances TNF-R-induced cytochrome c release and apoptosis. (a) Generation of inducible PLS3-expressing
cells. HeLa cells were cotransfected with pVgRXR and pIND, pIND-PLS3, or pIND-PLS3(F258V) and selected with G418 and Zeocin.
Clones were analyzed for PLS3 expression after induction with ponasterone A for 48 h. One randomly picked clone selected from cells
transfected with pIND empty vector was used as a control (HeLa control). Clones 1, 2, and 3 were cells transfected with pIND-PLS3
(HeLa-PLS3). (b) PLS3 enhances TNF-R-induced apoptosis. Cells were induced with ponasterone A for 48 h and then treated with TNF-R
(100 ng/mL) and cycloheximide (50 µM) to induce apoptosis. Cells were harvested at 0, 1, 2, 3, and 4 h for TUNEL assays. Error bars
indicate SEM in four experiments. (c) Overexpression of PLS3 accelerates mitochondrial targeting of tBid and cytochrome c release. Cells
were treated with TNF-R and cycloheximide followed by subcellular fractionation. The first two lanes are whole cell lysates from untreated
HeLa control and HeLa PLS3 cells. Subsequent lanes are mitochondrial and cytoplasmic fractions from TNF-R-treated cells analyzed by
Western blotting with antibodies against tBid, cytochrome c, and other marker proteins such as VADC, actin, tubulin, and cytochrome c
oxidase (COX-IV) as the loading control.
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when most of cells became apoptotic after TNF-R treatment.
The time frame of these events was consistent with apoptosis
detected by TUNEL assays (Figure 1b).

Next, we employed siRNA to downregulate PLS3. Two
siRNA oligos 283 and 309 were capable of suppressing PLS3
expression compared with the scrambled siRNA control
(Figure 2a). When HeLa cells were transfected with 283 or
309 siRNAs, TNF-R-induced cell death was suppressed
compared with cells transfected with control siRNA (Figure
2b). Western blotting of the mitochondrial and cytoplasmic
fractions revealed that cytochrome c released from mito-
chondria was suppressed when PLS3 was downregulated by
283 or 309 siRNAs (Figure 2c). Targeting of tBid to
mitochondria and cytochrome c release did not change
dramatically in cells transfected with PLS3 siRNAs (Figure
2c). Therefore, PLS3 is an important regulator of tBid-
induced cytochrome c release from mitochondria.

Regulation of the Distribution of CL in the OM by PLS3.
Next, we investigated the mechanism by which PLS3 enhances
tBid-induced cytochrome c release. Because NMR studies show
that tBid does not insert into the membrane (13, 14), modulation
of the amount of CL on the mitochondrial surface by PLS3
may regulate tBid targeting. We utilized NAO to determine CL
distribution in membrane bilayers, based on differential emission
of NAO upon binding CL (15, 16, 30). When NAO binds CL
at a 1:1 ratio, there is emission at 525 nm (green) and emission
at 640 nm (red) when two molecules of NAO bind to one
molecule of CL (31, 32). As CL becomes saturated with NAO
in different leaflets of the membrane, the red fluorescence
intensity not only correlates with the amount of CL but also
provides information about its distribution. CL in the OM is
saturated earlier than IM, and the outer leaflet of the membrane
is saturated earlier than inner leaflet. Theoretically, there would
be four plateaus, representing CL in the outer and inner leaflets
of OM and IM, respectively. We optimized conditions for
detecting CL in the OM by utilizing low concentrations of NAO

to analyze the first two plateaus in cells with up- or downregu-
lation of PLS3. All experiments were performed in formaldehyde-
fixed cells to eliminate any possible influence by mitochondrial
potential in NAO binding. Throughout the curves, the median
fluorescence intensity was higher in HeLa-PLS3 and lower in
HeLa-PLS3(F258V) cells compared to HeLa control cells
(Figure 3a). Using the maximal fluorescence intensity of HeLa
control cells as 100%, we calculated and plotted the percentage
of CL at each concentration of NAO. A multiphasic pattern
was observed in HeLa control and HeLa-PLS3 cells (Figure
3b,c), which was consistently reproducible in four experiments.
The first two dips of plateaus (marked by 1 and 2 in Figure
3b,c), representing saturation of CL in outer and inner leaflets
of OM, occurred at 4.25 and 5.0 µM NAO in control cells
(Figure 3b) and 4.5 and 6.0 µM NAO in HeLa-PLS3 cells
(Figure 3c). The corresponding percentages of CL were 8.20
and 9.69%, respectively, in the lowest points of dips 1 and 2 in
control cells and increased to 9.95 and 14.56%, respectively,
in those of HeLa-PLS3 cells. By contrast, the percentages of
CL at the third dip at 10 µM NAO were 26.41% in control
cells and decreased to 15.1% in HeLa-PLS3 cells (Figure 3e),
suggesting that CL may be translocated from IM to OM upon
overexpression of PLS3. In addition, the dips were more
pronounced in HeLa-PLS3 cells, whereas the dips were flatter
in HeLa cells expressing PLS3(F258V), an inactive PLS3
mutant, than those in HeLa control cells (Figure 3b-d). The
percentages of the first two dips in HeLa-PLS3(F258V) cells
were 5.60 and 6.50%, respectively, which were much lower
than those of HeLa control cells, suggesting that there is much
less CL in the OM (Figure 3e). These findings are consistent
with the theory of enhanced translocation of CL to the
OM by PLS3 and suppression of CL translocation by
PLS3(F258V).

Similar studies were performed in HeLa cells transfected
with PLS3 siRNA 283 or control siRNA (Figure 4a-d).
Consistent with the results from HeLa-PLS3(F258V) cells,

FIGURE 2: Downregulation of PLS3 suppresses TNF-R-induced apoptosis. (a) Downregulation of PLS3 by siRNAs. HeLa cells were
transfected with scrambled control siRNA or PLS3 siRNA 283 or 309 at the indicated concentrations, and PLS3 levels were analyzed
by Western blotting after 48 h. Actin was used as the loading control. (b) Downregulation of PLS3 suppresses TNF-R-induced
apoptosis. HeLa cells transfected with PLS3 siRNA 283, 309, or scrambled control were incubated with TNF-R and cycloheximide.
Cells were harvested at 0, 1, 2, 3, and 4 h for TUNEL assays. Error bars indicate SEM in three experiments. (c) Cytochrome c release
in siRNA-transfected cells. HeLa cells were transfected with scrambled siRNA or PLS3 siRNAs 283 and incubated with TNF-R and
cycloheximide. The first two lanes are whole cell lysates from cells processed simultaneously as in panel a to confirm the downregulation
of PLS3. Mitochondria and cytoplasmic fractions from TNF-R-treated cells were probed with antibodies against tBid, cytochrome c,
and VDAC by Western blotting.
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the total amount of CL was reduced when PLS3 was
downregulated by siRNA (Figure 4a). The first two plateaus
in HeLa-siRNA 283 cells also became less distinct than those
of the HeLa-siRNA control cells (Figure 4b-d), suggesting
a decrease in the level of CL in the OM. These data support
our theory that PLS3 regulates the level of CL on mitochon-
drial OM.

PLS3 Regulates tBid Binding Capacity on the Mitochon-
drial Surface We then developed a second assay to determine
tBid binding capacity on the mitochondria surface using a
fluorescently labeled probe that binds CL but does not insert
into the membrane. tBid(G94E), a tBid mutant with an
inactive BH3 domain, does not bind Bcl-2 or induce
apoptosis (28) but has the same affinity for CL as wild-type
tBid (25) and is targeted to mitochondrial CL in vivo (33).
We conjugated the recombinant tBid(G94E) protein with
FITC as a fluorescent probe for quantification of CL on the
mitochondrial surface. After incubation with FITC-tBid(G94E),
mitochondria from HeLa-PLS3 cells bind FITC-tBid(G94E)
more than those from HeLa control cells, suggesting more
CL on the surface after PLS3 overexpression. In contrast,
mitochondria from HeLa-PLS3(F258V) cells retained less

FITC activity than those from control cells (Figure 5a,b),
suggesting less CL on the surface when mutant PLS3 is
overexpressed. Similarly, studies of tBid binding capacity
were also performed in HeLa cells transfected with siRNA
283. Cells transfected with PLS3 siRNA exhibited a decrease
in the level of FITC-tBid(G94E) binding to mitochondria
(Figure 5c,d). Therefore, PLS3 could regulate the distribution
of CL on the mitochondrial surface.

PLS3 Regulates Mitochondrial Membrane Potential, Oxi-
datiVe Phosphorylation, and ROS Production. Since PLS3
regulates the distribution of CL, we asked whether targeting
PLS3 may also interfere with mitochondrial functions closely
coupled to CL. Mitochondrial potential was first determined
by fluorescent dye MitoTracker. No change was observed
in HeLa control and HeLa-PLS3 cells (Figure 6a). However,
production of ROS was assessed by staining cells with 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) dye. Over-
expression of PLS3 increased ROS production (Figure 6b),
which was consistent with our previous report (17, 22). Next,
we investigated the electron transport chain to determine the
mechanism of the increased level of ROS. By sequential
addition of substrates and inhibitors of electron transport

FIGURE 3: Determination of the distribution of CL by NAO. Cells were stained with different concentrations of NAO, and the median
fluorescence intensity at 640 nm was determined by flow cytometry and plotted against the concentrations of NAO. (a) NAO fluorescence
intensity in HeLa control, HeLa-PLS3, and HeLa-PLS3(F258V) cells. (b) Percentages of fluorescence intensity vs the maximal intensity
in HeLa control cells. The median fluorescence intensity value of 35 µM NAO was considered to be 100% and used to calculate the
percentage in each NAO concentration. Three dips were indicated by numbers, which correspond to the outer and inner leaflets of
OM and IM, respectively. (c) Percentages of fluorescence intensity vs the maximal intensity in HeLa-PLS3 cells. The median fluorescence
intensity value of 35 µM NAO in HeLa control cells was considered to be 100% and used to calculate the percentage in each NAO
concentration from HeLa-PLS3. (d) Percentages of fluorescence intensity vs the maximal intensity in HeLa-PLS3(F258V) cells. A
similar calculation was performed as described for panel c. The first two dips became less distinct. (e) Percentages of the lowest
points of the three dips in HeLa control, HeLa-PLS3, and HeLa-PLS3(F258V) cells. Shown are the results of averages from three
independent experiments.
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chain complexes, we first showed a normal oxygen con-
sumption profile in control mitochondria (Figure 6c). Mito-
chondria from HeLa-PLS3 cells had normal oxygen con-
sumption after addition of malate or succinate as substrates
for Complex I and II, but oxygen consumption could not be
blocked by either rotenone or antimycin (Figure 6d). Final
addition of TMPD, a direct electron donor for Complex IV,
induced the same rate of oxygen consumption as in control
mitochondria (Figure 6d). These data suggest dysfunction
in Complexes I and III in HeLa-PLS3 cells, and the function
of Complex IV was not affected by PLS3. A similar pattern
of rotenone resistance has been described in Complex I
mutation (34). Thus, overexpression of PLS3 may cause
mitochondrial changes in Complexes I and III, the most
common sites for ROS production (35, 36). The enhanced
ROS production in HeLa-PLS3 cells could contribute to
peroxidation of CL and mobilization of cytochrome c (10)
for release (11).

DeVelopment of a Transbilayer Lipid Flip-Flop Assay in
PLS3 Proteoliposomes. Our preceding data suggest that PLS3
increases the amount of CL on the surface of mitochondria.
Since PLS3 is a member of the scramblase family, PLS3
should have the capability of promoting transbilayer lipid
diffusion, or lipid “flip-flop”, like other members of the
scramblase family. We prepared recombinant PLS3 (Figure
7a) and developed a lipid flip-flop assay to investigate the

regulation of PLS3 (Figure 7b). The activity of PLS3 was
tested in a lipid flip-flop assay using liposomes with a
composition similar to that of the mitochondrial OM (26).
Without addition of any cofactor, a small spontaneous rate
of flip-flop was observed in PLS3-containing proteolipo-
somes, but similar baseline activity was also observed in
liposomes without PLS3 (Figure 6c, before addition of Ca2+).
Calcium is known to be a cofactor for scramblase activity
(23), but we detected little calcium-stimulated activity in
PLS3 proteoliposomes (Figure 7c, after addition of Ca2+).
Pure phospholipid liposomes without PLS3 made by the
same detergent dialysis procedure showed an artifactual
increase in Ie/Im (Figure 7c, top curve). This could occur if
calcium increased the rate of lateral mobility of the pyrene-
10-PC or as a consequence of increased light scattering
caused by calcium-induced vesicle aggregation. Given the
possibility that the calcium binding motif of PLS3 could be
buried inside of liposomes and not accessible to calcium,
we added ionomycin to increase the calcium concentration
inside the proteoliposomes. Incubating the vesicles with PLS3
for 2 h with increasing concentrations of Ca2+ in the absence
or presence of ionomycin, however, did not cause any
increase in the level of lipid flip-flop with either the py-10-
PC-based assay or an assay using a longer chain NBD-PE
introduced into the liposomes during detergent dialysis (37)
(data not shown).

FIGURE 4: Effect of downregulation of PLS3 in CL distribution. Cells were transfected with PLS3 siRNA 283 or scrambled control siRNA
and stained with different concentrations of NAO for flow cytometry as in Figure 3. The median fluorescence intensity was plotted vs NAO
concentration as in Figure 3 to examine CL distribution. (a) Comparison of absolute fluorescence intensities in HeLa-siRNA control and
HeLa-siRNA 283 cells. (b) Percentages of fluorescence intensity vs the maximal intensity in HeLa-siRNA control cells. The median
fluorescence intensity value of 35 µM NAO in HeLa-siRNA control cells was considered to be 100% and used to calculate the percentage
in each NAO concentration. The three dips are identified as described in the legend of Figure 2. (c) Percentages of fluorescence intensity
vs maximal intensity in HeLa-siRNA 283 cells. Similar percentages are calculated as described for panel b, but the first two dips became
less distinct. (d) Percentages of the lowest points of the three dips in HeLa-siRNA control, HeLa-siRNA 283, and HeLa-siRNA 309 cells.
Shown are the results of averages from three independent experiments.
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PLS3 ActiVation Requires both Calcium and tBid. Previ-
ously, Bid as well as tBid alone has been reported to have
lipid transferase activity (38). Given our finding that PLS3
enhances tBid-induced apoptosis, we incorporated tBid into
the lipid flip-flop assay. In proteoliposomes containing PLS3,
we observed that tBid activated the scramblase activity of

PLS3 in a Ca2+-dependent manner, while tBid alone, unlike
Bax (26), added in the absence of Ca2+ had little effect on
the flip-flop rate (Figure 7d). The flip-flop rate was more
rapid (indicated by a decrease in the Ie/Im ratio) in PLS3
proteoliposomes along with both tBid and Ca2+ than in pure
lipid liposomes treated with tBid only (Figure 7d). Similar

FIGURE 5: PLS3 regulates tBid binding capacity on the mitochondrial surface. (a) Mitochondria were isolated from HeLa control, HeLa-
PLS3, and HeLa-PLS3(F258V) cells, then incubated with FITC-tBid(G94E) (20 ng) in 50 µL of binding buffer for 20 min, and washed five
times with the binding buffer. The fluorescence activity of mitochondrial pellets was measured by a fluorescence microplate reader. Error
bars indicate standard deviations of three independent experiments. (b) Mitochondria (50 µg by protein) from HeLa control, HeLa-PLS3,
or HeLa-PLS3(F258V) cells were incubated with increasing amounts of FITC-tBid(G94E) in 50 µL of binding buffer for 20 min. Mitochondria
were washed extensively, and fluorescence intensities of mitochondrial pellets were quantified. (c) Mitochondria from HeLa-siRNA 283
and HeLa-siRNA control cells were used for an experiment similar to that in panel a. (d) Mitochondria from HeLa-siRNA 283 and HeLa-
siRNA control cells were used for the same experiment as in panel b.

FIGURE 6: Effect of PLS3 on mitochondrial potential, ROS production, and oxidative phosphorylation. (a) Effect of PLS3 overexpression
in mitochondrial potential. (b) Generation of ROS in HeLa-PLS3 cells. HeLa control and HeLa-PLS3 cells are incubated with 10 µM
H2DCFDA followed by flow cytometry analysis. (c and d) Comparison of oxygen consumption of mitochondria from HeLa control and
HeLa-PLS3 cells. Isolated mitochondria (50 µg) were incubated in the chamber of the Mitocell, and the oxygen concentration was monitored
continuously with the oxygen meter. Substrates and inhibitors of the electron transport chain complexes were added sequentially to determine
the effect. Rotenone suppressed malate-induced oxygen consumption (Complex I). Antimycin suppressed succinate-induced respiration
(Complex III). The effect of TMPD confirms the integrity of mitochondrial respiratory complexes. Each grid in the horizontal axis is a 2
min interval. The bottom panel shows the result of mitochondria isolated from HeLa-PLS3 cells. Both rotenone and antimycin failed to
suppress the oxygen consumption.
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results in the presence of tBid and calcium were obtained
over a range of lipid:PLS3 protein ratios (not shown),
showing that the effect is reproducible. This PLS3 assay was
confirmed using a different method described by McIntyre
and Sleight (37) (results not shown).

The PLS3(F258V) mutant, which has a mutation in the
Ca binding motif, showed no flip-flop activity in the presence
of calcium (Figure 7e) and only slight activity upon addition
of both tBid and Ca2+ (Figure 7f). Furthermore, when wild-
type PLS3 was reconstituted into liposomes together with
the PLS3(F258V) mutant, the flip-flop activity of wild-type
PLS3 was completely inhibited even in the presence of tBid
and Ca2+ (Figure 7g), suggesting that PLS3(F258V) could
serve as a dominant negative mutant of PLS3. This finding
explains theprevious result thatexpressionof thePLS3(F258V)
mutant in 293 cells can still exhibit a phenotype consistent
with low PLS3 activity despite the presence of normal PLS3
in these cells (26). Finally, the spontaneous rate of flip-flop
seen with the scramblase is eliminated in the mutant (Figure
7e), suggesting that there is a stabilizing effect of the

PLS3(F258V) mutant on the proteoliposomes. These results
provide strong support that tBid acts by activating the wild-
type PLS3 protein in a calcium-dependent manner. Further-
more, the loss of flip-flop activity with this mutation shows
that stimulation of this process has some degree of specificity
and that this process is not stimulated by just any integral
membrane protein. Taken together, these studies validate a
calcium-dependent lipid trafficking machinery involving tBid
and PLS3 subsequent to targeting of tBid to mitochondria.

Bcl-2 PreVents tBid-Induced PLS3 ActiVation. Because
Bcl-2 inhibits the apoptotic effect of tBid (28), we investi-
gated whether Bcl-2 prevented tBid-induced PLS3 activation
in the lipid flip-flop assay. Bcl-2 was first incubated with
tBid at an equimolar ratio for 5 min and then added to
proteoliposomes reconstituted with PLS3 at time zero. After
incubation for several minutes, calcium was added. No lipid
flip-flop activity was observed in the presence of Bcl-2
(Figure 8a), indicating that Bcl-2 completely suppresses tBid-
induced PLS3 activation. To explore this finding further, we
tested whether the level of Bcl-2 was modulated in HeLa

FIGURE 7: Regulation of PLS3 activity in the lipid flip-flop assay. (a) Coomassie staining of the purified PLS3. (b) Schematic diagram of
the phospholipid flip-flop assay.The pyrene-PC (gray dots) was used as a probe to quantify the flip-flop, which is determined by the ratio
of excimer and monomer (Ie/Im). (c) Control liposomes have minimal lipid flip-flop. The top curve (0) shows data for reconstituted liposomes
without PLS3 with 2 mM Ca2+ added at time zero. The bottom curve (9) shows data for reconstituted PLS3 proteoliposomes with 2 mM
Ca2+ added at time zero. No lipid flip-flop activity was seen. (d) Activation of PLS3 requires tBid in the presence of Ca2+. The top curve
(0) shows data for reconstituted PLS3 proteoliposomes with 160 nM tBid added at time zero. The bottom curve (9) shows data for
reconstituted PLS3 proteoliposomes with 160 nM tBid added at time zero and 2 mM Ca2+ added at 200 s. The lipid:protein ratio in these
two curves is 300:1. (e and f) Transbilayer lipid diffusion in proteoliposomes reconstituted with mutant PLS3(F258V). Mutant PLS3(F258V)
or wild-type PLS3 (WT) was reconstituted into liposomes at a final lipid:protein ratio of 100:1. (e) Ca2+ (2 mM) was added at time zero.
(f) tBid (160 nM) at time zero and 2 mM Ca2+ at 500 s were added. (g) Mutant and WT PLS3 reconstituted together in an equimolar
mixture. tBid (160 nM) was added at time zero and Ca2+ at 200 s.
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cells with overexpression or downregulation of PLS3. We
found that the level of Bcl-2 was increased in mitochondria
of HeLa-PLS3 cells compared with those of HeLa control
cells (Figure 8b,c). In contrast, levels of Bcl-2 were
diminished in mitochondria of HeLa cells transfected with
siRNA 283 (Figure 8b,c), further supporting a regulatory role
of Bcl-2 in PLS3.

DISCUSSION

The significance of CL in apoptosis has drawn much
attention since it was discovered as the lipid receptor for
tBid in mitochondria (4). Changes of CL in mitochondria
after TNF-related apoptosis inducing ligand (TRAIL) treat-
ment have been investigated by LC-MS (39), but that study
evaluated only the overall amount of CL without considering
the distribution of CL in mitochondria (39). CL in mito-
chondria is not distributed in a homogeneous pattern, and
the contact site of IM and OM where CL clusters and
segregates through creatine kinase (40) is the place where
CL contributes to tBid targeting and regulation of cell death.
If we examine the contact site even more closely, only CL
present on the outer surface of OM will be able to interact
with tBid given that membrane-associated tBid is in a

conformation with its helices parallel to the surface without
membrane insertion (13, 14). Hence, targeting of tBid could
be regulated by the accessibility of CL on the surface of
mitochondria. How does CL reach the outer surface of
mitochondria since biosynthesis of CL is in the IM (41)?
The answer to this question is suggested by a variety of
changes in lipid metabolism, traffic, and remodeling during
apoptosis (38, 42–44). Translocation of phosphatidylserine
(PS) from the inner leaflet to the outer leaflet of the plasma
membrane is a signal for phagocytosis of apoptotic
cells (45, 46). However, due to the two-bilayer membrane
structure in mitochondria, the CL trafficking machinery in
mitochondria is likely to be more complicated than that in
the plasma membrane. Lipid movement can occur within the
IM or OM, between IM and OM, and between mitochondria
and other organelles. Translocation of CL to the surface of
the plasma membrane has been reported, which was used to
explain the production of the anti-CL antibody in patients
with anti-phospholipid syndrome (47). Lipid translocation
between the mitochondrial IM and OM has not been studied
because of various technical problems. Previously, we
demonstrated that mitochondrial PLS3 could be the candidate
enzyme responsible for moving CL from the IM to OM (17).

FIGURE 8: Effect of Bcl-2 on PLS3. (a) Bcl-2 suppresses tBid-induced PLS3 activation. PLS3 proteoliposomes were reconstituted at a
lipid:protein ratio of 500. An equimolar mixture of 160 nM tBid and Bcl-2 protein was incubated for 15 min at room temperature before
proteoliposomes were added at time zero; 2 mM Ca2+ was added at 400 s. The relationship among PLS3, tBid, cardiolipin, cytochrome c
mobilization, and Bcl-2 is shown. See the Discussion for a detailed explanation. (b) Compensatory change in the Bcl-2 level in cells with
up- or downregulation of PLS3. HeLa cells were transfected with PLS3 expression vector or empty vector. Three independent clones were
selected for Western blotting with the Bcl-2 antibody. The right panel shows that HeLa cells were transfected with scrambled siRNA and
PLS3-siRNA 283 in triplicate. Cell lysates were tested via Western blotting for the levels of Bcl-2. VDAC was used as a loading control
for mitochondria. (c) Quantification of the data in panel b. The intensity of Bcl-2 bands was quantified and averaged. (d) Model of the
effect of PLS3 on mitochondria in TNF-R-induced apoptosis. See the Discussion for details.
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Here we investigate the effect of PLS3 in the regulation of
CL on the mitochondrial surface by two approaches. The
first is to use NAO for a semiquantification of CL distribu-
tion, but this methodology is difficult to interpret and the
difference not dramatic. We then developed a FITC-
tBid(G94E) probe to quantify the tBid binding capacity on
the mitochondrial surface. Using this probe, it was confirmed
that that PLS3 can indeed modulate the tBid binding capacity
on the mitochondrial surface. We believe that the key issue
for tBid targeting is not the total amount of CL in mito-
chondria, but rather the distribution of CL in the microen-
vironment of the outer surface of the mitochondrial contact
site, where tBid can gain access since tBid does not penetrate
the mitochondrial OM (13, 14). PLS3 is thus a critical
member of the lipid trafficking machinery and could regulate
TNF-R- or tBid-induced apoptosis. It is also worth noting
that the tBid binding capacity quantified by the FITC-
tBid(G94E) probe includes not only CL but also monolyso-
cardiolipin (MLCL), a metabolite of CL that also binds tBid
(48). Bcl-2 is unlikely responsible for changes of the tBid
binding capacity because the FITC-tBid(G94E) probe has a
defective BH3 domain and does not bind Bcl-2 (28).

The other effect of PLS3 overexpression is an increase in
the level of de novo synthesis of CL and a decrease in the
degree of CL remodeling (49). The combined effect of all
these changes of CL compromises the function of oxidative
phosphorylation, leading to generation of ROS. CL could
therefore be in a more peroxidized status due to a high
content of unsaturated fatty acid (9, 36). Its affinity for
cytochrome c will be reduced (10). As indicated by Ott et
al. (11), cytochrome c release is a two-step process and
requires mobilization of cytochrome c from a membrane-
bound status before it could be released during apoptosis.
The increase in the amount of ROS in PLS3 overexpressers
will provide the second mechanism by which cells with
overexpression of PLS3 are prone to release cytochrome c
even though there is a corresponding increase in Bcl-2 that
controls the gate of cytochrome c release.

To study the regulation of PLS3 activity, we developed a
lipid flip-flop assay based on the transbilayer movement of
a pyrene-PC probe. The application of the lipid flip-flop assay
in examining PLS3 activity allows us to demonstrate that
tBid activates PLS3 in a calcium-dependent manner. This
in vitro assay provided valuable information regarding the
essential cofactors required for PLS3 activity. We are still
in the process of developing a methodology for determining
PLS3 activity in vivo to investigate any change in PLS3
activity after cells are treated with TNF-R. The lipid flip-
flop assay of PLS3 also unveiled a novel function of Bcl-2
in blocking PLS3. Bcl-2 is known to block apoptosis induced
by tBid, which was thought to be mediated by preventing
Bax oligomerization and activation (50). Here we show that
Bcl-2 inhibits tBid-induced PLS3 activation, which provides
a second function for Bcl-2 in regulating tBid-induced Bax
activation. Cells with up- or downregulation of PLS3 have
a corresponding compensatory change in their Bcl-2 level,
suggesting that the activity of PLS3 may need to be tightly
regulated. We propose a model for regulation of TNF-R-
and tBid-induced cytochrome c release as depicted in Figure
8d. When caspase 8 is activated after TNF-R treatment and
Bid is cleaved to tBid, tBid targeting mitochondria requires
the presence of CL on the mitochondrial surface. This process

is regulated by the basal activity of PLS3. Without the lipid
scrambling activity of PLS3, translocation of CL to the
surface of mitochondria and tBid targeting will be compro-
mised. Once tBid is targeted to mitochondria, it activates
PLS3 to promote transport of CL to the outer surface of
mitochondria and further enhances tBid targeting. A positive
feedback loop thus forms and amplifies the apoptotic
response. Negative control of this positive feedback loop is
provided by Bcl-2, which blocks not only tBid-induced Bax
activation but also the amplification loop between PLS3 and
tBid.

What could be the positive regulator of this feedback loop?
Previously, we found that PLS3 is the mitochondrial target
of PKC-δ-induced apoptosis (22). PLS3 is phosphorylated
by PKC-δ at threonine 21 (51), and phosphorylation increases
the lipid flip-flop activity of PLS3 (24). Cell death
enhancers such as AD198 (51) and PEP005 (52) induce
PKC-δ and PLS3 activation to enhance tBid targeting and
induction of cytochrome c release to cause cell death. Cell
death induced by either UV irradiation or TRAIL treatment
is also associated with a significant elevation of the level
of mitochondrial diacylglycerol (DAG) (39, 53), a critical
activator of PKC-δ. Activation of PKC-δ subsequently
facilitates caspase 8 cleavage and enhances cell death (39).
At the same time, activated PKC-δ in mitochondria could
also induce PLS3 phosphorylation and activation to trigger
CL changes in mitochondria and further enhance the
process of cell death.

In conclusion, PLS3 is a mitochondrial enzyme that
regulates translocation of lipid between mitochondrial inner
and outer membranes. By enhancing translocation of CL to
the mitochondrial surface, PLS3 enhances targeting of tBid
to mitochondria. Subsequently, tBid further activates PLS3
and forms a positive feedback loop. Bcl-2 serves as a
negative regulator, and PKC-δ serves as the positive regulator
of this positive feedback loop formed by PLS3, CL, and tBid.
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