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Abstract

We previously reported that during death receptor-mediated
apoptosis, cardiolipin (CL) relocates to the cell surface, where
it reacts with autoantibodies from antiphospholipid syndrome
sera. Here, we analysed the intracellular distribution of CL and
its metabolites during the early phase of cell death signalling
triggered by Fas stimulation in U937 cells and mouse liver. We
found a redistribution of mitochondrial CL to the cell surface
by using confocal microscopy and flow cytometry. Mass
spectrometry revealed that CL and its metabolites relocated
from mitochondria to other intracellular organelles during
apoptosis, with a conversion into non-mitochondrial lipids.
Concomitantly, cytosolic Bid relocated to the light mem-
branes comprised in fraction P100, including the plasma
membrane and associated vesicular systems. A direct Bid—CL
interaction was demonstrated by the observation that CL and
monolysoCL coimmunoprecipitated with Bid especially after
Fas stimulation, suggesting a dynamic interaction of the
protein with CL and its metabolites.
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Introduction

Apoptosis or cell death represents a key process in the
homeostasis of the immune system’-? that is accompanied by
characteristic ultrastructural modifications, including cell
shrinkage, membrane blebbing, nuclear chromatin condensa-
tion and DNA laddering."™ In addition, apoptosis has been
reported to induce changes in the remodelling of membrane
lipids.>® Physiologically, phosphatidylcholine (PC) and sphin-
gomyelin (SM) are almost exclusively located in the outer
leaflet of the plasma membrane, while phosphatidylserine
(PS) and 70% of phosphatidylethanolamine (PE) are located
in the inner leaflet of the plasma membrane.® Apoptosis-
induced changes in the intracellular location of phospholipids
are well documented for PS, which is translocated to the outer
leaflet of the plasma membrane as a consequence of
downregulation of the ATP-dependent aminophospholipid
translocase and an activation of a nonspecific lipid scram-
blase.>™

The negatively charged lipid cardiolipin (CL), which is
normally confined to the mitochondrial inner membrane,'® has
also been shown to undergo alterations in its traffic and
remodelling during apoptosis.®'"'? In particular, it has been
reported that CL moves to the outer leaflet of inner
mitochondrial membrane in apoptotic cells' and, in another
cell system, becomes exposed onto the cell surface.'
Changes in CL distribution appeared to occur prior or
concomitantly to membrane exposure of PS, but after the
onset of an overproduction of reactive oxygen species
(ROS)."" The importance of lipid traffic in apoptosis is
highlighted by the observation that Bid, a proapoptotic protein
of the Bcl-2 family that is involved in death receptor-mediated
death in many cell types,'®>'® displays lipid transfer activity
between endoplasmic reticulum (ER) and mitochondria.'”
The preferential interaction with negatively charged phospho-
lipids such as phosphatidylglycerol (PG) and its derivative
CL'"'® has suggested that Bid may be involved in the
metabolic cycle of CL.2

We have evaluated this possibility in light of our previous
observation that CL becomes exposed on the surface of cells
undergoing apoptosis,'? which has been documented also
using o-CL antibodies selected from patients with the antipho-
spholipid antibody syndrome (APS).'® In particular, we
studied how Bid, which is required for mediating mitochondrial
membrane damage during Fas-induced apoptosis, '®'® might
be involved in the intracellular transport of CL (as well as its
metabolites) and potentially account for its relocation onto the
plasma membrane of Fas-stimulated cells. We thus under-
took a detailed study of the cellular events occurring early after
Fas stimulation of a sensitive cell line (U937), with specific
attention to the intracellular redistribution of Bid and mito-
chondrial lipids. We report here novel data demonstrating that
CL and its metabolites relocate from mitochondria to other
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intracellular organelles, and that during apoptosis CL is
degraded and converted into non-mitochondrial lipids.

Results

CL relocates to the plasma membrane of U937
cells during Fas-mediated apoptosis

Apoptosis induces significant changes in the lipid composition
of mitochondrial membranes,® 1223 which invariably in-
clude a decrease in CL — see McMillin and Dowhan?® for a
review. One possibility to explain the early decrease in
mitochondrial CL is enhanced remodelling with increased
traffic to other intracellular organelles, where degradation or
recycling may occur.22® In line with this possibility, we
previously observed that cells undergoing death receptor-
mediated apoptosis presented with CL on their plasma
membrane.’® As this observation implied relocation of CL
outside mitochondria, presumably via other intracellular
membranes like endosomes, we studied in more detail the
immunoreactive presence of CL in cells undergoing Fas-
mediated apoptosis.

We analysed first the distribution of CL in U937 cells by
scanning confocal microscopy after double staining with a
specific anti-CL antibody'? and Mito Tracker Green FM as a
mitochondrial marker (Figure 1). As expected, untreated
U937 cells showed anti-CL staining confined to the cytoplasm,
with pronounced granularity and without significant staining of
the cell surface (Figure 1a, panel 1). Induction of apoptosis by
treatment with an anti-Fas agonist for 1 h changed the cellular
distribution of anti-CL reactivity, with an uneven surface
distribution of the staining that appeared to cluster around
plasma membrane (Figure 1a, panel 2). In untreated cells, the
merged image of anti-CL staining and mitochondria labelled
with Mito Tracker Green FM showed a pronounced coloca-
lization, as revealed by brown—yellow areas, resulting from the
overlap of green and red fluorescence (Figure 1c, panel 1).
However, apoptosis signalling following Fas stimulation led to
a significant decrease in this colocalization, with several areas
around the plasma membrane showing an enhanced and
distinct red fluorescence specific for the staining with anti-CL
antibodies (Figure 1c, panel 2). Hence, confocal microscopy
analysis confirmed previous findings'? that Fas-mediated
apoptosis was accompanied by early change in the intracel-
lular distribution of immunoreactive CL molecules, which
clustered around the plasma membrane while displaying a
reduced colocalization with mitochondria.

Anti-CL reactivity and mitochondrial parameters
during Fas-induced apoptosis

To complement the single-cell data with confocal microscopy,
we carried out flow cytometry analysis using a variety of
mitochondrial probes in combination with anti-CL staining and
metabolic manipulation of intracellular processes (Figure 2).
Cytofluorimetric analysis of surface staining with the affinity-
purified human anti-CL antibodies showed a time-dependent
reactivity of U937 cells (Figure 2a). The increase in cell
surface staining with anti-CL IgG was evident after 20 min of
Fas stimulation (+68.6+5.2%) and was highly significant
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Figure1 Confocal analysis of «-CL antibodies and Mito Tracker staining on the
surface of U937 cells. U937 cells were directly stained with Mito Tracker Green
FM for 2 h at 37°C; apoptosis was induced by incubating U937 cells (5 x 10%mi),
with 100 ng/ml anti-Fas mAb for 1h. Cells were permeabilized with ice-cold
acetone and incubated with human affinity-purified anti-CL antibody for 1 h at 4°C
and then with PE-conjugated anti-human IgG. The images were acquired with a
scanning confocal microscope, collected at 512 x 512 pixels and processed with
the Leica confocal software 4.7. Lane A1: untreated cells stained with anti-CL;
lane A2: anti-CD95/Fas-treated cells stained with anti-CL; lane B1: untreated
cells stained with Mito Tracker Green FM; lane B2: anti-CD95/Fas-treated cells
stained with Mito Tracker Green FM; lane C1: dual immunolabelling of anti-CL
and Mito Tracker Green FM in untreated cell; lane C2: dual immunolabeling of
anti-CL and Mito Tracker Green FM in anti-CD95/Fas treated cells. Colocalization
areas are stained in yellow

after 40 min of incubation (+71.8+6.1%, P<0.001 versus
control cells). This time course appeared comparable to that
of PS exposure during death receptor-mediated apoptosis, as
detected by Annexin V binding (Figure 2b). Interestingly, anti-
CL staining was almost completely blocked by previous
incubation of the cells with 20 uM nordihydroguaiaretic acid
(NDGA) or 100 uM z-ValAlaAsp-fluoromethylketone (z-VAD-
FMK) (Figure 2c). These findings strongly suggest that CL
exposure on the cell surface is related to a complex process
involving NDGA-sensitive enzymes, for instance lipoxy-
genases, as well as caspases. Activation of caspases is
fundamental for PS exposure on the plasma membrane,>”
but the possible role of NDGA-sensitive reactions in the same
process has not been documented before.

Owing to the predominant mitochondrial localization of CL2®
and its propensity to peroxidative damage following the
increase in ROS associated with apoptosis induction,?'~2%
we thought of interest to verify whether progressive exposure
of CL on the cell surface correlated with extra production of
mitochondrial ROS. Increase in the cellular level of ROS has
been reported to occur early after activation of death
receptors.?” In this study, we used reduced Mito Tracker®
red that detects with high-sensitivity ROS — including lipid
hydroperoxides — produced by mitochondria,?”?® but re-
sponds also to mitochondrial membrane potential, a para-
meter of mitochondrial function that is compromised during
apoptosis progression.®?2?® Therefore, we complemented
ROS measurements with TMRE, a probe that specifically
responds to membrane potential.?® ROS production progres-
sively increased after Fas stimulation of U937 cells, with a log
increase in Mito Tracker® fluorescence already after 40 min
(Figure 2d, left panel). Incubation of cells with NDGA
significantly decreased ROS production (Figure 2d), appar-
ently correlating with the inhibition of anti-CL staining
(Figure 2c). Under the same conditions, mitochondrial
membrane potential was unaffected, either in the absence
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Figure 2 Cytofluorimetric analysis of anti-CL reactivity and mitochondrial
parameters in anti-Fas-treated U937 cells. Apoptosis was induced by incubating
the cells (5 x 105/ml) with anti-Fas (CD95) IgM mAb, 100 ng/ml for 0, 20 min,
40 min and 1 h. (a-b) Time course of CL expression on cell plasma membrane
after treatment with anti-Fas. The cells were stained with affinity-purified aCL and
subsequently incubated with FITC-conjugated goat anti-human IgG (a) or,
alternatively, with FITC-conjugated Annexin V (b). Histograms represent log
fluorescence versus cell number, gated on cell population of a side scatter/
forward scatter (SS/FS) histogram. Cell number is indicated on the y-axis and
fluorescence intensity is represented in three logarithmic units on the x-axis. (c)
Specific inhibitors block exposure of CL on the surface of apoptotic cells. The
figure shows cytofluorimetric analysis of U937 cells treated with anti-Fas agonist
Ab for 1h in the absence or presence of 20 uM NDGA or 100 uM z-VAD (see
Materials and Methods). (d) Mitochondrial ROS production increases during Fas-
induced death in U937 cells. The figure shows cytofluorimetric analysis of U937
cells treated for 40 min with anti-Fas agonist Ab in the absence or in the presence
of 20 uM NDGA and subsequently loaded for 15 min with 500 nM reduced Mito
Tracker Red™ CM-H2XRos. (e) Membrane potential profile of mitochondria
during Fas-induced death in U937 cells. The figure shows cytofluorimetric
analysis of U937 cells treated with anti-Fas agonist for 1 or 2 h, in the absence or
in the presence of preincubation with 20 «M NDGA, and subsequently loaded for
15 min with 40 nM TMRE. The dashed histogram refers to the data obtained after
full uncoupling of membrane potential with the FCCP ionophore

or presence of NDGA (Figure 2e). TMRE fluorescence was
barely affected up to 1h of Fas stimulation, and clearly
decreased only after 2 h of Fas stimulation (Figure 2e). At the
same time, evident signs of cell death were detected, for
example, DNA fragmentation.'? Since we were interested to
study the changes of mitochondrial CL that occurred early
after Fas activation and before gross alteration of mitochon-
drial function, we subsequently restricted our studies to 1 h of
Fas stimulation. Of note, z-VAD-FMK treatment had no
significant effect on ROS production nor mitochondrial
membrane potential up to 1h after Fas stimulation (not
shown).

MS analysis of membrane lipids in U937 cells

To provide an analytical basis to the intracellular distribution of
CL that was detected with anti-CL antibodies (Figures 1 and 2
and Sorice'?), we studied in detail the lipid composition of
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subcellular fractions obtained from untreated and Fas-
activated U937 cells. After extraction of phospholipids using
standard protocols,'®?° we applied nanospray mass spectro-
metry (nanoES-MS) analysis in positive mode, which allows
for recognition of minor species present in lipid extracts of
cells and can resolve the various molecular forms of natural
CL and their metabolites such as monolysocardiolipin,
MCL.2%3" The top panel in Figure 3a shows the characteristic
ES-MS spectrum of a mitochondrial lipid extract from
untreated (control) cells in the 1100—-1600 mass-to-charge
(m/z) range and illustrates the presence of multiple forms of
MCL and CL.3'" Of note, standard lipid extraction with the
Folch method'22%3" does not completely remove mitochon-
drial CL because of its avid binding to mitochondrial proteins.
Consequently, MS profiles of mitochondrial lipids reflected the
bulk of CL complement, the quantitative aspects of which
could be evaluated with limited accuracy owing to the lack of
appropriate molecular standards.

Our MS analysis identified various MCL species displaying
substantial intensity in resting mitochondria (Figure 3), there-
by underlining the physiological relevance of MCL in
mitochondrial lipid remodelling.8233'=3% This incompletely
understood process®23 involves a continuous deacylation and
reacylation of MCL intermediates that ensures maturation of
newly synthesized CL, which is predominantly constituted by
short and saturated fatty acids (e.g. tri-palmitoyl,oleoyl-2Na
CL, 1424 m/z - present as a minor peak in Figure 3a), into its
mature unsaturated forms like tri-linoleoyl,palmitoyl-3Na CL
(1492 m/z — present as a major peak in Figure 3a) and tri-
linoleoyl,oleoyl-3Na CL (1518 m/z) — see also references
Degli Esposti et al.®! and Xu et al.>* These highly unsaturated
species are predominant in the mitochondria of untreated
U937 cells (Figure 3a, top panel), similarly to the distribution of
CL species that is typical in mammalian heart and liver.%3!

Stimulation of Fas for 1 h induced a dramatic alteration of
the MS profile in the CL region of mitochondrial lipid extracts,
as shown in Figure 3a (second panel) and b. Most of the
dominant CL species that were present in control mitochon-
dria were not observed in the Fas-stimulated cells, with the
notable exception of the peaks, 1464 and 1438 m/z,
presumably corresponding with di-palmenyl,di-linoleoyl-3Na
CL and tri-palmenyl,linoleoyl-3Na CL. Interestingly, the same
CL species were detected also in the P100 fraction of both
untreated and Fas-stimulated cells (Figure 3a, bottom
panels), suggesting that they represented lipid molecules that
resisted apoptosis-mediated degradation, possibly trafficking
between different organelles. Their presence in fraction P100,
which contained only a small proportion of mitochondria as
verified by mitochondrial markers (see Figure 6 below), also
indicated that these lipids could be formed (or actively
remodelled) outside mitochondria. Of note, equivalent CL
species have been reported to be predominant in mitochon-
dria of Jurkat cells resistant to Fas-induced apoptosis.?°

It was apparent that a considerable proportion of the CL
species that had disappeared from the mitochondrial extract
had been converted into corresponding MCL species, the
level of which strongly increased in the mitochondrial extract
of Fas-stimulated cells (Figure 3a). For instance, the two most
intense peaks in the CL region of mitochondria from Fas-
treated cells corresponded with peaks that could be attributed
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Figure 3 MS analysis of intracellular lipids before and after Fas stimulation of U937 cells. (a) The MS profile of lipid extracts from mitochondria (washed P10 fraction)
and P100 fraction was analysed in positive mode. The lipid extracts were obtained from untreated and Fas-stimulated (1 h) U937 cells. Analysis was extended to the
mass region encompassing all the MCL and CL species and the relative intensities are expressed in percentage versus the highest intensity peak. The content of
phospholipids in the extract was very similar as determined from lipid phosphorus and internal standards. (b) Different MS profiles of mitochondrial lipids were observed

after Fas stimulation and PLA2 treatment

to the sodium and potassium di-salt of tri-linoleoyl-MCL (1249
m/z) and di-linoleoyl,palmenyl-MCL (1223 m/2) (thick arrows
in Figure 3a). These MCL species were present in low levels
also in untreated cells, where the spectrum of other MCL
species reflected the spread of mature CL species (Figure 3a,
top panel). A similar pattern of CL decrease with parallel
increase of derivative MCL species also occurred in mouse
liver after Fas stimulation, but without strong peaks attributed
to the potassium salts of CL metabolites®' — presumably due
to the limited availability of K in mitochondria isolated from
primary tissues in comparison with those isolated from living
cells. At difference with mouse liver, MS analysis indicated a
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profound and rapid loss of the major CL species present in
mitochondria, even before major biochemical changes could
be detected (Figures 1 and 3a). A principal reason for this
difference is that transformed lymphoid cells, like U937,
contain much less CL in their mitochondria than hepatocytes
and other primary cells.®® Consequently, U937 cells in culture
may be much more tolerant to CL depletion than primary
tissues —the damage that CL loss induces in oxphos enzymes
being compensated by glycolysis, which is predominant in
lymphoid cells of this kind. Moreover, our data suggest that CL
loss in apoptotic mitochondria originates from conversion into
MCL as well as redistribution to other organelles.



P100 fractions contained also MCL species that were not
detected in control mitochondria, especially those corre-
sponding to the peaks with 1278 and 1292 m/z (indicated by
thin arrows in Figure 3a). These ‘out of mitochondria’ species
could correspond with di-linoleoyl,arachidoyl-3Na MCL (1278
m/z), di-linoelyl,docosahexaenoyl-Na/K MCL (1292 m/z) and
also di-oleoyl,docosahexaenoyl-3Na MCL (1306 m/z), which
represent likely intermediates in the remodelling of CL species
with poly-unsaturated fatty acids®*>® (of note, docosahex-
aenoyl refers to a very long and unsaturated fatty acid,
C22:6). Hence, the presence of significant levels of such
MCL species in membranes other than those of mitochondria
provided new direct evidence that CL metabolites are
remodelled outside mitochondria in living cells, confirming
earlier reports of efficient reacylation of lysocardiolipins in ER
membranes.®23% Strikingly, Fas-mediated apoptosis pro-
duced a major alteration of the MCL profile in mitochondria
but not in ER and other light membrane organelles. In fact,
Fas stimulation induced only minor differences in the MCL
profile of P100 fractions, contrary to mitochondria (Figure 3a).

CL may be converted into other negatively
charged lipids during Fas-mediated apoptosis

We examined the following possibilities to explain the Fas-
induced changes in the MS profile of cellular CLs (Figure 3a):
(1) enhanced activation of mitochondrial phospholipase A2
(PLA-2); (2) increased hydroperoxidation; (3) conversion into
other negatively charged lipids like PG or PI. To evaluate the
first possibility, we compared the MS profile of mitochondrial
lipid extract from Fas-treated cells with that of control
mitochondria treated in vitro with PLA-2 and extended the
analysis to the region encompassing the expected size of di-
lysocardiolipin, DCL (Figure 3b). The MS profile of Fas-
treated mitochondria (middle panel in Figure 3b) was
completely different from that of PLA-2-treated mitochondria
(bottom panel in Figure 3b). In particular, the dominant peaks
of MCL salts were not observed in PLA-2-treated mitochon-
dria, which conversely showed distinct peaks attributable to
DCL species, for example 977 and 989 m/z (corresponding to
oleoyl,linoleoyl-2Na DCL and di-oleoyl-Na/K DCL, respec-
tively). These peaks had a reduced intensity, if any, in the
mitochondrial extracts of untreated or Fas-stimulated cells
(Figure 3b). Although these results were obtained with a harsh
modification of mitochondrial lipids that may not represent a
physiologically relevant situation, they suggested that the
changes occurring after Fas stimulation were not comparable
to those expected for an activation of endogenous PLA-2.
Indeed, we could not detect an evident increase in the activity
of mitochondrial PLA-2 (as well as in acidic PLAse of extra-
mitochondrial fractions) after 1h of Fas treatment of U937
cells, likewise in mouse liver.®’

The second possibility was consistent with the increase in
ROS production that was seen in U937 cells (Figure 2c).
Owing to the strong effect of NDGA on these ROS (Figure 2c¢),
we considered that NDGA-sensitive enzymes such as
lipoxygenases could account, either directly or indirectly, for
the degradation of CL that we observed by MS analysis. We
thus stimulated cells and mouse liver with Fas agonist in the
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presence of NDGA concentrations that were effective in
reducing ROS production (Figure 2) and compared the CL
profile of mitochondrial lipid extracts with respect to those from
cells and tissue treated with Fas agonists alone (Figure 4a).
Clear results were obtained in mouse liver, in which over 50%
inhibition of lipoxygenase activity (not shown) did not prevent
CL conversion into MCL, which on the contrary appeared to
increase with respect to Fas-treated mitochondria (Figure 4a).
Hence, NDGA-sensitive enzymes like lipoxygenase, which
might be responsible for lipid peroxidation during Fas-
mediated apoptosis,® appeared not to be involved in the
Fas-stimulated process of rapid degradation of mitochondrial
CL. We also noted that NDGA treatment led to increased
levels of other lipid species in mouse mitochondria (e.g. that
with 960 m/z, Figure 4a), which were tentatively identified as
Na salts of phosphorylated PI (PIP, see below). These
inositides are normally associated with membrane traffic
and NDGA is known to produce gross alteration of Golgi
structure and traffic under the conditions used here®”
Consequently, the observed effects of NDGA may derive
also from alteration of membrane traffic involving the Golgi
apparatus.

The possibility that apoptosis enhanced the metabolism of
negatively charged phospholipids was then explored in depth.
It has been previously reported that apoptosis is associated
with alteration in the metabolism of PG,2% and in Jurkat T
cells resistance to Fas-mediated death correlates with
increased levels of PG in mitochondria.2° Early work also
showed that endo-lysosomal lipids like lyso-bis-phosphatidic
acid (LBPA) and its acyl derivative semi-LBPA (SLBPA)
redistributed in mitochondria during serum withdrawal — a
model of apoptosis that was originally considered to produce
‘cell degeneration’.3%4° We thus evaluated whether increased
levels of PG and/or LBPA could be detected in our subcellular
fractions of Fas-stimulated cells. The prominent peak at 859.6
m/z that increased after Fas stimulation (Figure 4b,c) was
initially considered to derive from the oleoyl,docosahexae-
noyl-K species of either PG or LBPA.*'*? However, the lipid
species associated with this peak was strongly reduced after
treatment with PLA-2 (Figure 3b), while LBPA is known to be
resistant to PLA-2 degradation.*' Anincrease in mitochondrial
Pl was also determined using TLC (not shown), which led to
the possibility that the 859 m/z peak derived from a dominant
PI species, palmitoyl,oleyl-Na (Figure 4b). After comparison
with the published data of Han et al.,*® we realized that the
species 859 and 887 m/z may also correspond with triacyl-
glycerol moieties.

Accumulation of triglycerides has been documented to
occur in cells undergoing apoptosis or in pathological
conditions associated with cell death.*? Interestingly, our data
suggested that the lipid(s) of the 859/887 m/z signature
accumulated in mitochondria by redistribution from other
cellular compartments, since the equivalent peak in fraction
P100 correspondingly decreased after Fas stimulation
(Figure 4b).

De novo biosynthesis of Pl is linked to that of PG and CL by
the common precursor diacylglycerol (DAG),2® the concen-
tration of which has been shown to increase during Fas
signalling.***® Indeed, after 1h of Fas stimulation, we
observed a significant increase in the basal levels of major
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Figure 4 MS analysis of mitochondrial lipids after metabolic manipulation. (a)
Mouse liver mitochondria were incubated ex vivo with Fas agonist Jo-2 mAb for
1 h either after preincubation with 20 M NDGA (top panel) or the absence of the
inhibitor (bottom panel). The inset shows the MS profile of untreated liver, cf.
Degli Esposti et al®' (b) Changes in the relative intensity of the peaks attributed
to negatively charged phospholipids plus triacyl-glycerols (TAG) were detected in
various fractions of U937 cells. We envisage that the prominent peak 859 m/z
that increased in fraction P10 after Fas stimulation derives from a mixture of PI
(PO-PI-Na identifies the specific paImltoyI oIeoyI species and POL-TAG,
palmitoyl,iinoleoyl,oleoyl-TAG, cf. Han et al.*®), while the peak at 873 m/z
derives from di-linoleoyl-PGP (L2-PGP-Na), possibly isobaric with either
arachidoyl,docosanoyl-PG (AD-PG-K) or AD-LBPA-K. (c) Quantitative evaluation
of PG derivatives was performed by MS analysis as in Figure 3 following the
increase in the major peak with m/z= 873 and various APG/SLBPA species
confirmed by fragmentation analysis (1009, 1036 and 1060 m/z, cf. (a) with
respect to the internal reference of a CL species that changed little during Fas-
mediated apoptosis in U937 cells, namely 1464 m/z (Figure 3a). For mouse liver
mitochondria (MLM), the data were computed using a mixture of internal and
external standards, and were normalized to the intensity of the tri-linoleoyl-oleoyl
CL species, 1518 m/z, which was present in all lipid extracts (a). Results are the
average of n=4 measurements

DAG species with 581.4 m/z (stearoyl,palmitoyl) and 607.4 m/
z (oleoyl,linoleoyl) in U937 cells, which mirrored a strong
decrease in mitochondrial PC (but not PE, data not shown).
These results would appear to be consistent with the reported
increase in PC-PLC activity during death receptor-mediated
cell death.***® The activation of PLC could impact on CL
remodelling by degrading it into DAG and phosphorylated PG
(PGP), a transient intermediate of PG and CL biosynth-
esis.?®46 |n support of this, we noted the appearance or
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increase of MS signatures in the mitochondrial extract of Fas-
stimulated cells that could be attributed to PGP species, in
particular the peaks with 873 m/z (di-linoleoyl-Na PGP,
Figure 4b) and 903 m/z (oleoyl,stearoyl-2Na PGP, Figure 3b,
left). In both U937 cells and mouse liver, the increase in PGP
species was restricted to mitochondria and appeared to level
after 1 h of Fas activation (Figure 4b,c and data not shown),
consistent with the intermediate nature of this lipid®® and the
transient stimulation of PGP synthase following apoptosis
induction.?®

Fas activation increases non-mitochondrial lipids
in mitochondrial membranes

While focusing on the mass region encompassing PGP lipids,
we realized that a diad of MS signatures with 960 m/zand 983
m/zthat appeared after prolonged Fas activation could not be
attributed to PG-related lipids. Following the recent descrip-
tion of PIP lipids in mouse cells,*” these peaks were assigned
to PIP species, either PI3P or PI14P with a complement of 36 : 4
acyl groups. PIP lipids are produced in various signalling
pathways and are fundamental in endocytosis and membrane
traffic,*” but they have not been associated with mitochondrial
fractions before, especially during cell death. However, the
increase in PIP-attributable peaks was always preceded by
the appearance of other prominent peaks in the 1000—1100
m/z region that could not be related to phosphorylated
inositides, also because they showed a different digit and
isotopic species distribution with respect to the 960/983 diad
(Figure 4).

The novel MS peaks in the 1000—1100 m/z region have not
been reported in mammalian cells before, but resembled the
lipid species described as bacterial acyl-phosphatidylglycerol
(APG).*® APG are stereoisomers of SLBPA, an unusual lipid
that has been reported to accumulate in mitochondrial
fractions of dying cells*® and to be present at significant
levels in Golgi membranes.*® Consistent with this observa-
tion, we noted that equivalent APG/SLBPA peaks appeared in
the mitochondrial lipid extracts of liver and U937 cells early
after Fas activation. After MS-MS analysis, we attributed
these peaks to the following oleoyl species of APG: di-
palmitoyl-Na (1009 m/z); palmitoyl,oleoyl-Na (1035 m/z);
oleoyl,linoleoyl-Na (1058 m/z); di-oleoyl-Na (1060 m/z); and
oleoyl,stearoyl-2Na (1086 m/z). The intensity of these APG/
SLBPA lipids increased along the progression of Fas-induced
apoptosis, especially after the increase in PGP species
(Figure 4 and data not shown). The results obtained in mouse
liver mitochondria (Figure 4a,c), which were much more
purified that those obtained in U937 cells, confirmed that APG/
SLBPA derivatives, that may function as LBPA precur-
sors*"%% had accumulated in mitochondrial membranes
following Fas signalling. Indeed, this accumulation occurred
concomitantly with the rapid degradation of CL (Figure 3),
thereby suggesting that death signalling stimulated conver-
sion of CL into (S)LBPA, as previously reported when mixing
isolated mitochondria and lysosomes.®' We also considered
the possible alternative assignment of the 1009, 1035, 1060
m/z peaks to by-products of hydroperoxidative breakdown of
MCL and CL, similar to those described in the lipids of Tangier



disease patients.30 However, we excluded this alternative on
the basis of the results obtained with NDGA treatment during
Fas-mediated death, which increased the levels of the lipid
species with 1009 and 1058 m/z (Figure 4a).

Independent confirmation of MS data was provided by
chromatographic analysis of the phospholipid extract from
both untreated and Fas-stimulated cells. In particular, HPTLC
analysis revealed that the same spots containing CL in the
extract of the P100 fraction were more prominent in cells
treated with Fas than in control cells (Figure 5a). To ascertain
this observation further, we refined the MS analysis in the CL
region of P100 extracts (Figure 5b). Clearly, intermediate and
mature CL species increased in fraction P100 of Fas-
stimulated, but not untreated cells. These species included
(Figure 5b): di-palmitoyl,di-oleoyl-2Na (1450 m/z) — an
intermediate in remodelling that was clearly present in
untreated mitochondria (Figure 3a); di-palmitoyl,oleoyl,lino-
leoyl-Na/K (1480 m/z); tri-linoleoyl,palmitoyl-3Na (1492 m/z) a
most prominent species in the mitochondria of untreated cells
(Figure 3a); di-linoelyl,oleoyl,palmitoyl-Na/K (1504 m/z); di-
linoelyl,di-oleoyl-3Na (1520 m/z); and also significant traces of
di-linoelyl,oleoyl,arachidoyl-3Na (1544 m/z) — a highly un-
saturated CL species that rapidly disappears in mouse liver
after Fas activation.®" The presence of these CL species did
not derive from an increased contamination of the P100
fraction with mitochondria, as documented by the comparable
levels of Cox-1V, a specific marker of the inner mitochondrial
membrane (Figure 5¢). Consequently, redistribution of CL
species to light membranes of other organelles was partially
responsible for the loss of the same lipids in apoptotic
mitochondria (Figure 3a). In Figure 5d we present a scheme,
cf. Xu et al,** encompassing the observed changes in CL and
related lipids.

Subcellular distribution of Bid and other proteins
during Fas-mediated signalling

Studies with recombinant Bid indicated that its proapoptotic
association with mitochondria could involve interaction with
CL and its metabolites like MCL'®3" Since we observed a
relocation of CL on the plasma membrane of Fas-stimulated
U937 cells,'® as well as in fraction P100 (Figures 4 and 5), we
investigated whether endogenous Bid showed comparable
changes in its intracellular distribution after Fas stimulation of
U937 cells. Although 1h stimulation was insufficient for
producing evident caspase cleavage of Bid into p15 tBid (cf.
Degli Esposti et al.®"), it induced a significant change in the
intracellular distribution of full length (f.l.) Bid (Figure 6a). In
untreated cells Bid was largely cytosolic, but associated in
part also with membranes of either the P10 or P100 fraction
(top panels in Figure 6a). After 1h of Fas stimulation, the
membrane association of Bid clearly increased, while its
relative level in the cytosolic S100 fraction decreased (bottom
panels in Figure 6a). Hence, Bid had redistributed from
cytosol to membrane systems following Fas signalling in U937
cells, as previously found in mouse liver.?'

Interestingly, Fas stimulation induced an increased asso-
ciation of Bid not only with the mitochondria-enriched fraction
P10 but also with the light membranes of fraction P100,
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consistent with an increase of CL and its metabolites in the
latter fraction (Figures 4 and 5). As P100 fractions contained
other membrane systems associated with the cell surface, for
instance endocytic vesicles, we could not exclude that the
relocation of Bid observed after Fas stimulation derived in part
from association to membrane vesicle systems close to, but
not coincident with the plasma membrane. Considering also
the reported internalization of Fas following ligation and
activation,® we extended the characterization of our
subcellular fractions to protein markers specific for the
endocytotic pathway. Markers of endo-lysosomal organelles
such as cathepsin D (Figure 6a) and Lamp-1 (M Degli
Esposti, unpublished data) showed some increased
presence in fraction P10 of Fas-treated cells, but in U937
cells this increase was limited and did not seem to correlate
with lipid changes (e.g. unaltered distribution of LBPA),
nor with a relative decrease in the content of
mitochondrial markers like VDAC/porin (Figure 6a) and Cox
IV (Figure 5c).

To verify whether the increased association of Bid with light
membranes included also some relocation to the plasma
membrane (i.e. is essentially contained within the P100
fraction), we isolated and purified plasma membranes in both
untreated and anti-Fas-treated U937 cells as reported ear-
lier."2 Western blot analysis revealed that a band correspond-
ing to f.I. Bid was clearly evident in Fas-stimulated cells,
whereas no equivalent band was observed in the plasma
membrane preparations from untreated cells (Figure 6b).
Thus, it was found that Bid had relocated in part also to the
plasma membrane following Fas activation and early death
signalling, similarly to surface relocation of CL,'? confirmed
here using anti-CL antibodies (Figure 6c).

CL and MCL coimmunoprecipitate with Bid after
induction of Fas-mediated apoptosis

Accumulating evidence indicates that Bid interacts with CL
and its metabolites®'”183" However, demonstration that
endogenous Bid binds to CL in vivo is lacking. Following our
observations of a similar dynamic relocation of Bid and CL to
intracellular membranes after Fas stimulation ((Figures 3-6),
we tested whether association of Bid with CL could be verified
by immunoprecipitation of the protein. Thus, we immunopre-
cipitated endogenous Bid from the P100 fraction of untreated
and anti-Fas-treated cells and performed lipid extraction of the
precipitated material. The phospholipids extracted from the
Bid immunoprecipitates were then analysed by HPTLC
followed by either iodide detection or anti-CL immunostaining.
While no lipid was detected in control immunoprecipitates
obtained with an irrelevant goat IgG (Figure 7a, lane 2), the
immunoprecipitates from untreated cells contained only a very
low level of CL (Figure 7a, lane 3), as verified by comigration
with its standard. However, Bid immunoprecipitates from Fas-
stimulated cells contained substantial levels of lipids, pre-
dominantly consisting of CL and MCL, as verified by TLC
analysis (Figure 7a, lane 4) with respect to standards
(Figure 7a, lane 1). TLC immunostaining with anti-CL
antibodies further confirmed the identity of the lipid bands
(not shown).
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Figure 5 TLC versus MS analysis of intracellular lipids changes during Fas-induced apoptosis. (a) Separation of MCL and CL in fraction P100 extracts. Apoptosis was
induced by incubating the cells (5 x 10%/ml), with anti-Fas mAb for 1 h. Phospholipids were extracted from subcellular fractions and equal amounts of lipid phosphorus
were separated by 2D-HPTLC as described in Materials and Methods. The panels show a section of the 2D-HPTLC containing the selected lipids. (b) MS profiling of the
CL region in mitochondria (top panel) and P100 fraction before (middle panel) and after 1h of Fas stimulation (bottom panel) evidences the increase of mature CL
species in light membranes. The small arrows point to CL species that significantly increase in fraction P100 after Fas stimulation (see text). (¢) Western blotting of
fractions P10 and P100 was performed with a monoclonal antibody against subunit IV of cytochrome c oxidase (COX-IV), a specific marker of the inner mitochondrial
membrane. (d) Proposed scheme of CL remodelling, adapted from Xu et al.,3* including the novel lipids species observed here (Figures 3 and 4)
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Figure 6 Bid redistributes between different intracellular membranes during
Fas-induced apoptosis. (a) Detection of Bid in subcellular fractions of untreated
or Fas-stimulated cells. P10, P100 and S100 fractions were separated by SDS-
PAGE and probed with anti-Bid or with anti-VDAC/porin or anti-cathepsin D at
4°C overnight. (b) Detection of Bid in purified plasma membrane of untreated or
Fas-stimulated cells. Equal protein loading of plasma membrane fractions were
probed with anti-Bid at 4°C overnight. (¢) The content of CL in the same fractions
used in (b) was determined by immunodetection with purified anti-CL antibodies.
On the basis of enzyme marker activities, the lysosomal and mitochondrial
contaminations of the plasma membrane preparations were estimated to be 4.0
and 1.1%, respectively

Western blot analysis was conducted to verify the immu-
noprecipitation of Bid protein (Figure 7b). More Bid was
present in the immunoprecipitate from the P100 fraction of
Fas-stimulated than from that of untreated cells (Figure 7b),
consistent with increased Bid association to light membranes
following Fas stimulation (Figure 6a). However, the increase
in the immunoprecipitated protein could not account for the
much larger increase in coimmunoprecipitated CL nor for the
presence of MCL, which was not detected in the immunopre-
cipitate of control cells (Figure 7a). Consequently, our results
provide strong evidence supporting the concept that Bid
interacts, in vivo, with CL and its metabolites like MCL.%'
Importantly, this interaction is strongly enhanced, either
statically or dynamically, by Fas-mediated apoptosis.

Discussion

Although the fundamental aspects of cell death pathways are
now outlined," uncertainties remain in the identification of the
early steps that are responsible for the involvement of
mitochondria and other intracellular organelles following
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Figure 7 Bid immunoprecipitates contain increased levels of CL after CD95/
Fas triggering. Detection of phospholipid molecules in the Bid inmunoprecipitate.
Fraction P100 from U937 cells, either untreated or Fas stimulated, was
immunoprecipitated with an anti-Bid antibody. The immunoprecipitates were
subjected to phospholipid extraction and analysed by monodimensional HPTLC
analysis, followed by staining by exposure to iodide vapours. Lane 1, CL and
MCL standard; lane 2, phospholipid extract of the immunoprecipitate obtained
with an irrelevant IgG from Fas-treated cells; lane 3, phospholipid extract of Bid
immunoprecipitate obtained from untreated cells; lane 4, phospholipid extract
from the Bid immunoprecipitate obtained from Fas-treated cells. (b). Western
blotting of Bid in immunoprecipitates obtained from fraction P100 as in (a); the
unextracted precipitates were separated by SDS-PAGE and probed with the anti-
Bid Ab at 4°C ovemight. Lane 1, immunoprecipitate with an irrelevant IgG from
untreated cells; lane 2, immunoprecipitate obtained with an irrelevant IgG from
Fas-treated cells; lane 3, Bid immunoprecipitate from untreated cells; lane 4, Bid
immunoprecipitate of Fas-treated cells as in (a)

ligation of death receptors like Fas®*® Herein, we have used
the so-called type Il cells, in which Fas ligation inefficiently
activates caspase 8 and mitochondria are required to amplify
the caspase cascade through the release of apoptogenic
factors.m? Bid and other proteins of the Bcl-2 family are
established regulators of death signalling and act directly on
mitochondrial membranes to facilitate the release of apopto-
genic factors."®® Interaction with mitochondrial lipids, and
especially CL, has been proposed to be instrumental in the
proapoptotic action on mitochondria®'”®® and in vitro studies
have sustained this view.'®3'%® The present data contribute
further in vivo evidence in support of the concept that Bid
interacts with CL and its metabolites (Figure 7) while changing
its intracellular distribution early after stimulation of Fas
(Figure 6, cf. Degli Esposti et al.'”®') — and before gross
perturbation of mitochondria (Figure 2). The parallel redis-
tribution of mitochondrial CL and cytosolic Bid to the light
membranes comprised in fraction P100 suggests a dynamic
interaction of the protein with CL and its metabolites, con-
sistent with the documented increase in the metabolism and
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remodelling of CL and other lipids during apoptosis®-23:31:38

and the lipid transferase activity of Bid."” Of particular
significance is the finding that CL and MCL coimmunopreci-
pitate with Bid in Fas-stimulated cells (Figure 7) and that Bid
relocates also to the plasma membrane (and/or associated
membrane systems), likewise CL (Figure 6).

Our work provides novel evidence to advance the under-
standing of the traffic and remodelling of CL, a complex
process of which we know very little at present. An early
report®® showed that both MCL and DCL were efficiently
reacylated in microsomes (i.e. fraction P100), while later
works reported that MCL reacylation is also undertaken by
isolated mitochondria, %3334 where the native lipid is synthe-
sized via DAG and PGP precursors.?® The fact that CL
synthase is restricted to the inner mitochondrial mem-
brane'®23 has led to the common assumption that CL is
associated only with this membrane®*?® However, active
remodelling of nascent CL into its mature, highly unsaturated
forms that are predominant in tissues and cells (Figures 3 and
5B, cf. McMillin and Dowhan,?® Eichberg,*® Schlame and
Rustow,®® and Xu et al.**) fundamentally occurs in the outer
membrane, where it could be transferred by a phospholipid
scramblase.®* In addition, CL translocation to the outer
mitochondrial membrane may involve an increase in the rate
of transbilayer diffusion, promoted by an activated form of
Bax, as observed in artificial Iiposomes.55 Moreover, CL
degradation occurs efficiently in lysosomes,?®%® where it
provides the precursors for the biosynthesis of LBPA.5%"

Our novel MS data indicate that substantial levels of MCL
are present in the light membranes of fraction P100 of U937
cells, where limited contamination by inner membrane
components was detected (Figures 5d and 6a and data not
shown). Increased levels of mature CL species were also
observed in this fraction after 1h of Fas stimulation
(Figure 5b), concomitantly with an increase of non-mitochon-
drial lipids like APG/SLBPA (and PIP) in the mitochondria-rich
fraction P10 (Figure 4). Of note, the surface exposure of CL
and MCL in Fas-treated cells shows similarity with that
recently described for the phospholipid-binding protein
annexin | in Jurkat T cells, which is also blocked by z-
VAD.®®" Blocking caspases with a broad spectrum inhibitor
like z-VAD might interfere with the normal traffic of mem-
branes that is responsible for rearrangement of the plasma
membrane and associated endocytic vesicles, as documen-
ted for the Fas receptor itself.>

Detailed studies with specific membrane markers showed
some redistribution or mixing of extra-mitochondrial orga-
nelles with mitochondria, for example, enhanced levels of
Lamp-1 were detected in fraction P10 after Fas stimulation in
mouse liver (M Degli Esposti, unpublished results). However,
in U937 cells, the substantial changes in membrane lipids
such as the appearance of APG/SLBPA species in mitochon-
dria were more significant that those expected from the limited
contaminations by endo-lysosomal membranes, suggesting
the participation of catalytic processes. We are currently
investigating these catalytic processes linking CL degradation
to SLBPA biosynthesis in order to identify the enzyme(s)
responsible, and also to verify potential connections with the
endocytic traffic of vesicles that could be stimulated by Fas
activation,?3:31:52.58
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Materials and Methods

Cells culture and apoptosis induction

Human pro-monocytic U937 cells were cultured in RPMI 1640 medium
(Gibco-BRL, Life Technologies Italia, Milano, Italy) containing 10% foetal
calf serum (FCS) at 37°C in a humified 5% CO, atmosphere. Apoptosis
was induced by incubating cells at a concentration of 5 x 10° per mlin a
serum-free medium supplemented with insulin (5 ug/l) and transferrin
(5 ug/l), and by adding anti-Fas (CD95) IgM MoAb (clone CH11, Upstate
Biotechnology, Lake Placid, NY, USA) at 100 ng/ml for up to 2h, as
described previously.12 After treatment, cells were collected and prepared
for other procedures as described below.

Antibodies

Human anti-CL (IgG «CL) antibodies were purified by affinity
chromatography from a patient with the APS, according to McNeil
et al.,>® and were selected on the basis of their specific binding to CL, as
demonstrated by TLC immunostaining. ' Reactivity showed specificity
for CL and MCL, since no significant reaction was detected with other
negatively charged lipids like PS and phosphatidylinositol (PI), nor with
LBPA or Bo-glycoprotein I. Affinity-purified normal human IgG (from blood
donors) were used as a control. Commercial antibodies for Bid, cathepsin
D, EEA1, Lamp1, cytochrome ¢ and subunit IV of cytochrome oxidase
were obtained from R&D Systems Inc. (Minneapolis, MN, USA), Santa
Cruz Biotechnologies (Santa Cruz, CA, USA), Upstate Biotechnologies
(Lake Placid, NY, USA), BD-PharMingen and Molecular Probes (Eugene,
OR, USA).

Analysis of CL localization by scanning confocal
microscopy

U937 cells were directly stained with Mito Tracker Green FM (Molecular
Probes) for 2 h at 37°C and then stimulated with Fas for 1 h at 37°C, as
reported above. Both untreated and Fas-stimulated cells were stained for
anti-CL antibodies with a protocol involving permeabilization with ice-cold
acetone, soaking in balanced salt solution (BSS) (Sigma, St Louis, MO,
USA) and blocking with 2 % BSA in PBS."2 After washing three times with
PBS, cells were incubated for 1h at 4°C with either human purified 1gG
oCL or with control human IgG in PBS containing 1% BSA. Phycoerythrin
(PE)-conjugated anti-human IgG (Jackson ImmunoResearch, West
Grove, PA, USA) were then added and incubated at 4°C for 30 min. In
parallel experiments, cells were stained with purified IgG «CL before
fixation. Fixation procedures did not affect CL staining on the cell
surface.'? After incubation, the cells were washed three times with PBS
and then resuspended in 0.1 M Tris-Cl, pH 9.2, containing 60% glycerol
(v:v). The images were acquired with a Leica TCS SP2 confocal laser
scanning microscope, usually with a x 40 objective. Acquisition of single
FITC-stained samples in dual fluorescence scanning configuration did not
show contribution of green signal in red. Images were collected at
512 x 512 pixels and processed with the Leica confocal software 4.7.

Immunofluorescence and flow cytometric analysis

Indirect immunofluorescence was used to visualize CL on the plasma
membrane of U937 cells. Samples of 10° cells/ml were incubated in the
presence of 20 uM of the lipoxygenase inhibitor NDGA (Sigma)®® or
100 uM of the pan-caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethyl ketone (z-VAD-fmk) (Calbiochem)®' for 15min before



treatment with anti-Fas for 20-120 min, and subsequently divided in
aliquots for parallel staining with anti-CL antibodies and mitochondrial
markers. For CL staining, cells were fixed in PBS containing 4%
formaldehyde for 1h at 4°C. After washing three times with PBS, cells
were incubated with human purified IgG «CL for 1 h at 4°C. PS exposure
was measured directly by the binding of FITC-conjugated Annexin V using
the Apoptest binding kit, containing annexin V-FITC and binding buffer.
Fluorescence intensity was analysed with an Epics XL-MCL cytometer
(Coulter Electronics, Hialeah, FL, USA), as previously reported.'? In
separate experiments, cells were directly stained with anti-CL antibodies
before fixation. For mitochondrial markers, cells were washed in PBS and
subsequently loaded with either 40 nM tetramethyl-rhodamine-ethyl-ester
(TMRE) or 500 nM reduced Mito Tracker Red@® CM-H2XRos (both from
Molecular Probes) for 15 min, as described.?®

Subcellular fractions

Subcellular fractions were isolated from U937 cells essentially as
previously reported.'” Control untreated cells and cells treated with the
agonist anti-Fas antibody (100 ng/ml for 1 h) were rinsed with cold isolation
buffer (0.25 M Mannitol, 1 mM EDTA, 10 mM K-Hepes, 0.2% BSA, pH 7.4)
containing a cocktail of protease inhibitors (Sigma), resuspended in 1 ml of
the same buffer and homogenized vigorously. After a brief centrifugation
at 600 x g in the cold, pellet and supernatant were combined,
rehomogenizated and centrifuged at 800 x g for 10min at 4°C. The
pellet was discarded and the supernatant was further centrifuged at
10000 x g for 10 min at 4°C. The pellets (P10) were washed three times
with assay buffer (0.12M Mannitol, 0.08 M KCI, 1 mM EDTA, 20 mM K-
Hepes, pH 7.4, containing a cocktail of protease inhibitors) and then
resuspended in the same buffer. The supernatant was further centrifuged
at 100000 x g for 1h at 4°C to obtain the cytosolic supernatant (S100)
and the light membrane pellet (P100), which was dissolved in assay buffer.
Mouse liver was Fas activated with the Jo-2 agonist antibody (BD-
PharMingen) and subfractionated as described previously."” Fractions
were stored at —70°C until processed for phospholipid analysis and
Western blotting.

Plasma membrane fraction from U937 cells was isolated by sucrose
gradient centrifugation as reported previously.'2%2 The purity of plasma
membrane preparations was evaluated with enzyme marker activities,®?
including nucleotidase and alkaline phosphodiesterase that showed about
45-fold enrichment compared with the whole homogenate.” On the
contrary, NADPH-cytochrome c¢ reductase and glucose-6-phosphatase
showed a significant decrease of their specific activities in the plasma
membrane fraction compared to the initial homogenate — not shown, cf.
Sorice et al.'? As a routine marker of mitochondria, we used the specific
assay of cytochrome oxidase following ferrocytochrome ¢ oxidation.? The
same marker enzymes were used, together with Western blotting, to verify
the relative content of plasma membrane, ER, endo-lysosomes and
mitochondria in the various subcellular fractions, the protein content of
which was measured with the Bio-Rad protein assay.'”

Lipid extraction and analysis by MS

Extraction of lipids from subcellular fractions was undertaken with
chloroform:methanol®%® as follows. In total, 2-5mg of any subcellular
fraction was treated with 1 ml methanol and subsequently with 2ml of
chloroform. After vigorous mixing for 5min, samples were further mixed
with 0.5ml of 0.15M NaCI*® and the organic phase was separated by
centrifugation, dried under nitrogen, dissolved in chloroform, and
recentrifuged to remove any insoluble material. Phospholipids were
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separated using high-performance thin layer chromatography (HPTLC)
with silica gel plates 10 x 10 cm (Merck, Darmstadt, Germany).'®'° The
HPTLC plates were developed in the first dimension with a solvent system
of chloroform/methanol/ammonium hydroxide (80 : 20 : 2, v/v/v), and in the
second dimension with a solvent system containing propanol/water/acetic
acid (80:10:10; v/v/v), as reported in referenece Fischer et al% Lipids
were stained by exposure to iodide vapours.'?1®

Detailed analysis of the lipids extracted from subcellular fractions was
carried out by nanospray - Time-of-flight (ToF) mass spectrometry
essentially as described earlier.2%-31438568 Analyses were performed on
a Q-ToF | instrument (Micromass, Manchester, UK). A volume of 2—4 ul
from each sample was introduced into the mass spectrometer in
nanospray gold-coated needles (Micromass). The instrument settings for
the MS mode were the following: capillary potential 900V, sample cone
47V, extractor 0V, and collision offset 4 V. The MS data were acquired in
continuum mode over the range of 100-2000 m/z. All data were acquired
and processed using MassLynx v.3.4 software. For comparative analysis,
we used both nonphysiological lipids such as Bis-BODIPY FL®C,;-PC
and endogenous lipids that were found to remain essentially unaltered
either after prolonged Fas-induced apoptosis or treatment with
phospholipase A2, for example, palmitoyl-SM, m/z=703.6 in its
protonated form.%!

Western blot analysis of Bid distribution in
subcellular fractions

Subfractions or whole-cell lysates were diluted with assay buffer
containing protease inhibitors and adjusted to a final protein concentration
of 0.5-1mg/ml with concentrated SDS-sample buffer. Protein samples
(usually 20 ug/ml) were separated by SDS-polyacrilamide gel electro-
phoresis (SDS-PAGE) and blotted in PBS containing 0.05% Tween-20
(PBST) with anti-Bid (R&D Systems AF860) at 4°C overnight, or, as
subcellular markers, with anti-VDAC/porin (N18 Santa Cruz Biotechnol-
ogies), anti-cathepsin D, anti-Cox IV and a monoclonal anti-transferrin
receptor (a kind gift of Phil Woodman, University of Manchester), as
reported previously.'” Blots were visualized by chemiluminescence
reaction, using the ECL Western detection system (Amersham
Biosciences). Protein loading was evaluated also by India ink staining.”

Detection of lipids in Bid immunoprecipitates

Since a considerable proportion of endogenous Bid is associated with light
membranes,'” we used the P100 fraction to determine whether specific
lipids coimmunoprecipitated with the Bid protein. P100 fraction from
untreated or anti-Fas-treated cells (about 1.5 x 10%) were resuspended in
a buffer containing 20mM Tris-Cl, pH 7.5, 0.15M NaCl, 1 mM EDTA,
0.02% NaNs, 10mM NaF, 1 mM Na-ortho-vanadate, 0.25mM PMSF,
1 ug/ml aprotinin, 1 ug/ml leupeptin and 1 ug/ml chymostatin. The
mixtures were rocked at 4°C for 30 min and, after a brief centrifugation
at 3000 x g for 5 min to remove insoluble material, were precleared with
Protein G-sepharose (Sigma) by centrifugation at 12 000 x g for 30 s and
then incubated with 10 ug of goat anti-Bid (R&D Systems) per mg of
protein for 2h at 4°C. At the end of the incubation, protein G-sepharose
(Sigma) was added and the mixture was rocked in the cold for an
additional 1 h. As a negative control, immunoprecipitation was performed
with an irrelevant goat 1gG (from Sigma). A major portion of the
immunoprecipitate was subjected to phospholipid extraction according to
the method of Folch®® and separated by HPTLC in a single dimension by
using a solvent system of chloroform/methanol/acetic acid/water
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(100:75:7: 4, viviviv). Phospholipids were stained by exposure to iodide
vapours and also immunostained with the purified human «CL IgG as
previously reported." In order to check the immunoprecipitation of
endogenous Bid from the subcellular fraction, an aliquot of the
immunoprecipitate was separated by electrophoresis and Western blotted
as above.
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