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The Plasma Membrane Is the Site of Selective
Phosphatidylserine Oxidation During Apoptosis:
Role of Cytochrome ¢
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ABSTRACT

Phosphatidylserine (PS) externalization, a functional end point of apoptosis that triggers phagocytic recogni-
tion of dying cells, may be modulated by oxidative stress in biological membranes. We previously observed se-
lective oxidation of PS during apoptosis, but the intracellular location and molecular mechanisms responsible
for PS oxidation remain to be described. Peroxidation in individual classes of cellular phospholipids was mon-
itored in whole cells and various subcellular fractions obtained from HL-60 cells undergoing apoptosis in re-
sponse to tert-butyl hydroperoxide (.--BuOOH) after metabolic acylation of phospholipids with the oxidation-
sensitive fluorescent fatty acid, cis-parinaric acid. Nonrandom selective oxidation of PS was observed in whole
cells, as well as in plasma membrane. PS in mitochondria appeared selectively resistant to oxidation during
apoptosis. All phospholipids in nuclear membranes appeared resistant to oxidation after £-BuOOH treatment.
Selective PS oxidation was accompanied by cytochrome ¢ release and PS externalization. PS oxidation and ex-
ternalization were followed by caspase activation and other end points of apoptosis. HL-60 cells “loaded” with
exogenous cytochrome ¢ by mild sonication showed selective oxidation of PS in both the absence and presence
of t-BuOOH. Cytochrome c/hydrogen peroxide could effectively oxidize purified PS but not phosphatidyl-
choline in a cell-free model system. Selective plasma membrane-based PS oxidation and subsequent external-
ization during oxidant-induced apoptosis may be mediated through the redox activity of cytochrome c.
Antioxid. Redox Signal. 6,209-225.

INTRODUCTION

APOPTOSIS, OR PROGRAMMED CELL DEATH, is essential for
normal tissue development, immunologic selection, and
response to tissue injury. Apoptosis permits the orderly elimi-
nation of cells when they are damaged beyond repair or no
longer functionally required (28). Several biochemical and mor-
phological end points of apoptosis have been described, includ-

ing chromatin condensation and fragmentation, internucleo-
somal DNA cleavage, and redistribution of plasma membrane
phospholipids (1). This latter effect, typified by the disruption
of normal plasma membrane phospholipid asymmetry and re-
location of phosphatidylserine(PS) to the external surface, serves
an important role to signal recognition, phagocytosis, and elim-
ination of apoptotic cells by macrophages, thus minimizing
inflammation during apoptosis (68). The early externalization
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of PS on the surface of the cell membrane appears to be an al-
most universal phenomenon in cells undergoing apoptosis
(22,44), although several instances of apoptosis in the absence
of PS exposure have also been observed (21, 24, 36, 37).

The execution of apoptosis requires the active initiation and
propagation of specific biochemical events that give rise to
the end points described above. Several processes, including
changes in mitochondrial permeability transition (41, 53, 81),
release of cytochrome ¢ from mitochrondria to cytosol (31,
40, 61, 80), and caspase activation (17, 51), have been specif-
ically assigned to the execution of apoptosis. Aminophospho-
lipid translocase (APT) is a membrane-bound enzyme whose
normal role is to transport aminophospholipids from the outer
to the inner monolayer of plasma membrane (8, 16, 79). Inhi-
bition of the surveillance function of this enzyme during apopto-
sis is considered a prerequisite for PS externalizationin plasma
membrane (43). Activation of phospholipid scramblase, another
membrane-bound enzyme that transports multiple phospho-
lipids, including PS, in both directions is also probably im-
portant for the occurrence of PS externalization (7). The factors
that govern the regulation of these plasma membrane-local-
ized processes during apoptosis and their precise relationship
to mitochondrial changes and caspase activation remain to be
described.

Oxidative stress, in general, and lipid peroxidation, in par-
ticular, have been implicated as part of the final common path-
way of apoptosis (10, 13, 38, 60). We have previously shown
that selective oxidation of PS in cells was an early event dur-
ing apoptosis, preceded PS externalization, and was inhibited
by overexpression of the antiapoptotic gene, bcl-2 (18). These
observations have led us to speculate that selective oxidation
of PS occurs by an apoptosis-dependent mechanism different
from random oxidative stress and that PS oxidation may, in
some way, participate in its subsequent externalization within
the membrane. This idea is supported by the fact that selec-
tive oxidation of PS during apoptosis was resistant to pro-
tection by the vitamin E analogue, 6-hydroxy-22,5,7,8-penta-
methylchromane (19).

One important prediction of this hypothesis is that selec-
tive oxidation of PS occurs in the plasma membrane, where
oxidized PS on the external surface of the plasma membrane
may be a preferred ligand for receptor interaction with phago-
cytic macrophages (36, 37). In addition, the APT is sensitive
to oxidative and nitrosative modification of its SH groups
(14, 20, 29), and it is therefore tempting to speculate that ox-
idative stress may also play a role in translocase inhibition
and the subsequent loss of phospholipid asymmetry. Either
oxidized PS may fail to be recognized by APT, and thus es-
cape its surveillance function, or reactive oxidative products
of PS may covalently modify APT within the active/catalytic
site and serve to “poison” the enzyme.

Here we show that apoptosis following exposure of HL-60
cells to the oxidant, fert-butyl hydroperoxide (--BuOOH), is
accompanied by selective oxidation of PS. We examined the
subcellularlocalization of PS oxidationand observed that most
of this oxidation of PS occurs within the plasma membrane.
We further hypothesized that PS oxidation would be coinci-
dent with the mitochondrial release of the potentially redox-
active hemoprotein, cytochrome c¢; therefore, we also examined
the ability of cytochrome c itself to mediate selective oxida-
tion of PS.
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MATERIALS AND METHODS

Reagents

All tissue culture media (RPMI-1640 and L-15) and addi-
tives were obtained from GibcoBRL (Gaithersburg, MD, U.S.A.)
except fetal bovine serum, which was from Sigma (St. Louis,
MO, U.S.A.). Fatty acid-free human serum albumin (hSA),
butylated hydroxytoluene, cytochrome ¢ purified from horse
heart, dithiothreitol, phenylmethylsulfonyl fluoride (PMSF),
antipain, Ponceau S, and Hoechst 33258 and 33342 dyes were
also from Sigma. 1-Palmitoyl-2-arachidonylsn-glycero-3-phos-
phocholine and 1-palmitoyl-2-arachidonyl-sn-glycero-3-phos-
pho-L-serine were from Avanti Polar Lipids (Alabaster, AL).
Chloroform, hexane (HPLC grade), 2-propanol (HPLC grade),
and Tween 20 were purchased from Aldrich Chemical Co.
(Milwaukee, WI, U.S.A.). cis-Parinaric acid (PnA) was pur-
chased from Molecular Probes, Inc. (Eugene, OR, U.S.A.). The
purity of each lot of PnA was determined by UV spectrometry
using the molar extinction g,,, = 80 mM~! cm~!in ethanol. Anti-
cytochrome ¢ monoclonal antibody (clone 7H8.2C12) and sec-
ondary horseradish peroxidase-conjugated goat anti-mouse
IgG-specific polyclonal antibody were obtained from PharMin-
gen (San Diego, CA, U.S.A.). The caspase-3 assay kit was from
Clontech (Palo Alto, CA, U.S.A.). Polyacrylamide, sodium do-
decyl sulfate, and nitrocellulosemembrane were purchased from
Bio-Rad (Hercules, CA, U.S.A.). SuperSignal™ West Pico chemi-
luminescence assay system was from Pierce Chemical (Rock-
ford, IL, U.S.A.). Pepstatin A, leupeptin, and Liqui-gel were
purchased from ICN Biochemicals, Inc. (Aurora, OH, U.S.A.).
Proteinase K, ribonuclease (RNase) T1, and RNase A were from
Boehringer-Mannheim (Indianapolis, IN, U.S.A.). All other
chemicals and reagents were molecular biology grade.

Cell culture and treatment

HL-60 cells were grown in RPMI 1640 medium supple-
mented with 12% fetal bovine serum at 37°C under 5% CO,
atmosphere. The density of cells at time of collection was 0.5
X 100-1.0 X 106 cells/ml. Cells were rinsed once with L-15
medium supplemented with glucose (2 mg/ml) (pH 7.4), re-
suspended in the same medium to give a final cell density of
2 X 10¢ cells/ml. Cells were then incubated (37°C) in the
presence or absence of --BuOOH (150 uM) for the indicated
times after which cells were collected for various assays. For
the analysis of early lipid peroxidationevents, BHT (10 uM) was
added after 20 min of incubation in order to quench --BuOOH
action and prevent lipid peroxidation during isolation of sub-
cellular fractions. Cells were incubated an additional 40 min
prior to harvest. In the experiments utilizing cytochrome c,
the protein was incorporated into cells as described below be-
fore addition of ~-BuOOH.

Incorporation of cytochrome c into HL-60 cells

Cytochrome ¢ was incorporated into HL-60 cells by mild
sonication. Cells (1 X 107 cells/ml) were suspended in 25
mM HEPES buffer (pH 7.4) containing 115 mM NaCl, 5 mM
KCl, 1 mM MgClz, 5 mM NaH2P04, and 10 mM glucose.
Cells were then gently sonicated in an FS3 water bath sonica-
tor (Fisher Scientific, Pittsburgh, PA, U.S.A.) for 8§ s at 4°C in
the presence of 1 mM cytochrome c. After sonication, the
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cells were incubated for an additional 10 min at 37°C. Cells
were then centrifuged at 1,000 g for 10 min and washed twice
with 25 mM HEPES buffer (pH 7.4), and the amount of incor-
porated cytochrome ¢ was determined spectrophotometrically
using ef¢d = 15.3 X 103 M- cm~! (9). Viability of cells after
these procedures was >95% as judged by Trypan Blue exclu-
sion. For lipid peroxidation experiments using these cells, the
percentage of PnA oxidation was determined relative to con-
trol cells that were sonicated in the absence of cytochrome c.

Nuclear morphology and DNA cleavage

Nuclear morphology was assessed using Hoescht 33342
fluorescent staining as previously described (18, 19). The per-
centage of apoptotic cells was determined by counting at least
300 cells scored as either normal or apoptotic. Apoptotic nu-
clei were identified based upon their characteristic condensed
and fragmented appearance.

Low-molecular-weight DNA fragmentation was determined
using conventional gel electrophoresis as described previ-
ously (18, 19). Aliquots of 1 X 10¢ cells were collected after
treatment. Cell pellets were lysed and digested with Proteinase
K (1 mg/ml, final concentration) followed by RNase A and
RNase T1. Samples were electrophoresed in 2% agarose gels,
stained with ethidium bromide, and evaluated under UV illu-
mination.

Cytochrome c release from mitochondria in
HL-60 cells

t-BuOOH-treated HL-60 cells were harvested by centrifu-
gation at 700 g for 10 min. The cell pellets were resuspended
with buffer containing 20 mM HEPES-KOH (pH 7.5), 10 mM
KCl, 1.5 mM MgCl,, 1 mM sodium EDTA, 1 mM sodium
EGTA, 1 mM dithiothreitol, 0.1 mM PMSF, and 250 mM
sucrose. The cells were homogenized with 10 strokes of a
Potter—Elvehjem homogenizer, and the homogenates were
centrifuged at 700 g for 10 min. The supernatants were cen-
trifuged at 100,000 g for 1 h at 4°C, and the resulting pellets
and supernatants were used for cytochrome ¢ measurement
by western blotting.

Samples containing 10 ug of protein were separated on 12%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gels and transferred to nitrocellulose membranes (0.2 um;
Bio-Rad). Ponceau S staining was applied to verify that an
equal amount of protein was present in each lane. The mem-
branes were blocked with 5% nonfat milk in 50 mM Tris-HCl
(pH 7.5), 200 mM NacCl, 0.05% Tween 20 for 1 h and subse-
quently exposed to primary anti-cytochrome ¢ antibody (1:100).
After washing, the membranes were exposed to horseradish
peroxidase-linked goat anti-mouse IgG secondary antibody
(PharMingen) for 1 h. Cytochrome ¢ bands were visualized
using the SuperSignal West Pico chemiluminescence assay
system (Pierce Chemical) and exposure to autoradiographic
film. Image capture and subsequent analyses were performed
using Fluor-S Multilmager (Bio-Rad) and Multi-Analyst Soft-
ware (Bio-Rad).

Subcellular fractionation

Isolation of mitochondria, microsomes, plasma
membrane, and lysosomes. HL-60 cells metabolically
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labeled with PnA (see below) were incubated with or without z-
BuOOH as described below and washed once with serum-free
L-15 medium supplemented with glucose. Cells (1 X 108
cells/ml) were disrupted by homogenizationfor 5 min at 4°C in
hypotonic buffer containing 10 mM Tris-HCI (pH 7.4), 5 mM
NaCl, 5 mM KCl, and 2 mM EDTA (5 strokes/min) in a glass/
Teflon homogenizer. Cell lysis was confirmed by examination
under a microscope. After disruption, the homogenate was im-
mediately combined with an equal volume of 30 mM Tris-HCI
buffer (pH 7.4) containing 195 mM NaCl, 5 mM KCl, 2 mM
EDTA, and 0.5 M sucrose in order to achieve a final concentra-
tion of 0.25 M sucrose, 20 mM Tris-HCI, 100 mM NaCl, 5 mM
KClI, and 2 mM EDTA. Unbroken cells and nuclei were sepa-
rated by centrifugationat 1,000 g for 7 min at 4°C. The crude
mitochondrial fraction, containing plasma membrane, mitochon-
dria, and lysosomes, was isolated from postnuclear supernatant
by centrifugation at 12,000 g for 10 min at 4°C. Supernatant
obtained after this centrifugation was used for isolation of mi-
crosomes by centrifugationat 100,000 g for 1 h at 4°C. Plasma
membranes were isolated from the crude mitochondrial frac-
tion by centrifugation over a discontinuous sucrose gradient
(0.6-1.0 M) at 50,000 g for 1 h at 4°C. After centrifugation,
fractions of plasma membrane and mitochondrialysosomes
were collected at the 0.8 M and 1.0 M layers of sucrose, respec-
tively. Mitochondria were isolated from lysosomes in a single
30-min centrifugation at 50,000 g using a hybrid Percoll-
metrizamide gradient as described by Storrie and Madden (72).
For high-speed ultracentrifugations, an L7 centrifuge (Beck-
man Instruments, Inc., Fullerton, CA, U.S.A.) equipped with
fixed-angle and swinging bucket rotors was used for nongradi-
ent and gradient centrifugations, respectively.

Isolation of nuclei. Nuclei were separated from the
crude nuclear fraction by centrifugationas described by Ishikura
et al. (30). Unbroken cells and nuclei were washed once with
hypotonic buffer containing 10 mM Tris-HCI (pH 7.9), 24 mM
KCI, 10 mM MgCl,, and 1 mM dithiothreitol. After centrifuga-
tion, the pellet was suspended in hypotonic buffer, kept on ice
for 5 min, and then homogenized (10 strokes) in a glass/Teflon
homogenizer. Nuclei were collected by centrifugationat 1,000
g for 7 min at 4°C, washed once in hypotonic buffer, and sus-
pended in buffer containing 40% glycerol, 20 mM HEPES (pH
7.6), 2 mM MgCl,, and 2 mM dithiothreitol. Nuclei were puri-
fied by centrifugationthrough 2.2 M sucrose in 5 mM Tris-HCI
(pH 7.0) containing 5 mM MgCl, at 50,000 g for 1 h at 4°C.

Characterization of subcellular fractions

Assays for a variety of organelle-specific marker enzymes
were performed as described below. Analysis of the plasma
membrane marker, Na+, K+-ATPase, was performed as described
previously (30). NADPH cytochrome ¢ reductase activity, a
microsomal marker, was measured spectrophotometrically
(32). Succinate nitroxide oxidoreductase for mitochondria
was assayed using the free radical 2,2,6,6-tetramethylpiperi-
dine-N-oxyl (TEMPO) as the electron acceptor and measur-
ing the decrease of TEMPO signal intensity with electron para-
magnetic resonance. The reaction mixture contained 0.1 mM
succinate, 4 pM TEMPO, 1 mM KCN, 0.1 mM coenzyme Q,,,
and 1 mg of organelle protein per 82 pl in 30 mM phosphate
buffer (pH 7.6). Lysosomal 3-galactosidase activity was mea-
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sured according to the procedure of Storrie and Madden (72)
using 4-methylumbelliferyl-3-D-galactopyranoside as a sub-
strate. DNA was assayed fluorometricallyusing Hoechst 33258
(12). Protein concentration was measured by the Bradford
assay (Bio-Rad) in 96-well microtiter plates using bovine serum
albumin as a standard.

Lipid peroxidation

Incorporation of PnA into HL-60 cell phospho-
lipids. Cells were rinsed with L-15 medium supplemented
with glucose (2 mg/ml) (pH 7.4). PnA was incorporated into
HL-60 cell phospholipidsby incubation of cells (2 X 10° cells/
ml) in L-15 medium in the presence of PnA-hSA complex (2
ug of PnA/106 cells) for 2 h at 37°C in the dark under aerobic
conditions. The complex was prepared as described previously
(66). At the end of the incubation period, the cells were washed
first with L-15 medium containing hSA (0.5 mg/ml) and then
again with L-15 without hSA to remove unincorporated PnA.
PnA-loaded cells were treated with --BuOOH or loaded with
cytochrome c as described above.

Lipid extraction and high-performance thin-
layer chromatography (HPTLC) analysis. Totallipids
were extracted from intact HL-60 cells or fractions of subcellu-
lar organelles using a slightly modified Folch procedure as pre-
viously described (34, 66). Lipid extracts were dissolved in
0.2 ml of 2-propanolhexane/water (4:3:0.16, by volume). The
phospholipid classes in the extracts were separated by two-
dimensional HPTLC on silica G plates (5 X 5 cm; Whatman).
The plates were first developed with a solvent system consisting
of chloroform/methanol/28% ammonium hydroxide (65:25:5,
by volume). After the plate was dried with a forced air blower
to remove the solvent, the plates were developed in the second
dimension with a solvent system consisting of chloroform/
acetone/methanol/glacial acetic acid/water (50:20:10:10:5, by
volume). The phospholipids were visualized by exposure to io-
dine vapor. The phospholipid spots identified by iodine stain-
ing were scraped off the plates and transferred to tubes. Lipid
phosphorus in total extracts as well as in the individual spots
was determined using the method described by Bottcher et al.
(6). The identity of each phospholipid was previously established
by comparison with the R; values measured using authentic
standards.

PnA oxidation in specific phospholipid classes.
Lipid extracts were separated by HPLC as previously described
(34, 66). A 5-mm Supelcosil LC-Si column (4.6 X 250 mm)
equilibrated with a mixture of 1 part solvent A [2-propanol/
hexane/water (57:43:1, by volume) and 9 parts solvent B [2-
propanolhexane/40 mM aqueous ammonium acetate (57:43:10)]
(pH 6.7) was used for chromatography.The column was eluted
during the first 3 min with a linear gradient from 10% solvent
B to 37% solvent B. Isocratic elution with 37% solvent B was
then performed for 12 min, followed by 8 min of a linear gradi-
ent from 37% to 100% solvent B. Lastly, the chromatography
run was continued for 22 min with isocratic elution at 100%
solvent B. A solvent flow rate was maintained at 1 ml/min
throughout. The separations were performed using a Shimadzu
HPLC (model LC-600; Kyoto, Japan) equipped with an in-line
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configuration of fluorescence (model RF-551) and UV-VIS
(model SPD-10AV) detectors. The effluent was monitored by
fluorescence of PnA by emission at 420 nm after excitation at
324 nm. Fluorescence data were processed and stored in digital
form with Shimadzu EZChrom software. The identity and lo-
cation of specific phospholipidsin the eluate were established
by collecting each of the peak fractions and subjecting them to
HPTLC analysis as described above. The PnA content of indi-
vidual lipid species is expressed both relative to total lipid phos-
phorus recovered in the entire lipid fraction (relative activity)
and relative to the amount of the specific phospholipid itself
determined by parallel analysis by HPTLC (specific activity).

Fluorescamine labeling of externalized
aminophospholipids

Cells were labeled by fluorescamine as described by Fadok
et al. (22). HL-60 cells (1 X 108) were suspended in 4 ml of
fluorescamine labeling buffer [150 mM NaCl, 5 mM KCI, 1
mM MgCl,, I mM CaCl,, 5 mM NaHCO,, 5 mM glucose, 20
mM HEPES (pH 8.0)]. Fluorescamine was dissolvedin dimethyl
sulfoxide and added to cells (200 uM, final concentration).
The mixture was gently shaken for 30 s at room temperature
after which 4.5 ml of 40 mM Tris-HCI (pH 7.4) containing
100 mM NaCl was added and cells were centrifuged at 1,000
g for 10 min. The cell pellet was resuspended in 3 ml of 40
mM Tris-HCI buffer (pH 7.4), and lipids were extracted as de-
scribed above. Lipids were analyzed by two-dimensional
HPTLC as described above. Individual spots corresponding
to fluorescamine-modified PS and phosphatidylethanolamine
(PE) (mPS and mPE) were localized by exposing the plate to
UV light, and unmodified phospholipids were visualized fol-
lowing exposure of the plate to iodine vapor. PS, mPS, PE,
and mPE spots were scraped from the plate, and the phospho-
rus content of each spot was determined as described above.
The amount of derivatized mPS and mPE was expressed as a
percentage of the total PS and PE (unmodified plus modi-
fied), respectively, recovered from the plate based on phos-
phorus assay.

Oxidation of phosphatidylcholine (PC)/PS
liposomes by cytochrome c in the presence
of hydrogen peroxide (H,0,)

Multilamellar dispersions of 1-palmitoyl-2-arachidonyl-
sn-glycero-3-phosphocholine or 1-palmitoyl-2-arachidonyl-sn-
glycero-3-phospho4i-serine (2 mg/ml) were incubated in 50 mM
phosphate buffer (pH 7.4) containing cytochrome ¢ (5 uM),
ascorbate (500 pM), H,O, (400 uM), and deferoxamine (100
uM) for 1 h at 37°C. At various times, aliquots of reaction
mixtures were taken for phospholipid extraction by the Folch
procedure as described above. The lipid oxidation products
contained in phospholipid extracts were estimated spectro-
photometrically at 232 nm and 205 nm using a Shimadzu UV-
VIS spectrophotometer UV160U (Kyoto, Japan). The forma-

tion of conjugated dienes was estimated as the ratio of A ,,/A

232°7 72057

Statistical evaluation

Data are expressed as means + SEM. Changes in variables
for different incubations were analyzed by either Student’s ¢
test (single comparisons) or one-way ANOVA for multiple
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comparisons. If the ANOVA revealed significant changes,
then multiple unpaired Student’s ¢ tests were performed to es-
tablish differences between various groups. Differences among
means were considered significant when the value was p = 0.05.

RESULTS

t-BuOOH induces apoptosis in HL-60 cells

Nuclear morphology. Nuclear condensationand frag-
mentation is an established biomarker of apoptosis. These
morphological changes can be observed as small, bright stain-
ing nuclei, often very rounded and sometimes fragmented into
distinct sections. HL-60 cells were incubated with --BuOOH
(150 uM), and nuclear morphology at various times was then
assessed by Hoechst 33342 staining. HL-60 cells treated with
t-BuOOH acquired a nuclear phenotype characterized by chro-
matin condensation and fragmentation typical of apoptosis.
This apoptotic morphology was observed in nearly 20% of the
cells after 2 h of --BuOOH exposure and increased to 79% 4 h
after exposure (Fig. 1A).

DNA fragmentation. Another hallmark of apoptosis
is the characteristic fragmentation of DNA into discrete frag-
ments corresponding to internucleosomal cleavage (180-200
bp “ladders”). Figure 1B shows that treatment with --BuOOH
also induces internucleosomal DNA cleavage. DNA fragmenta-
tion could first be discerned following 2 h exposure to -BuOOH,
and the formation of 180-200 bp DNA “ladders” was clearly
evident at 4 h post exposure. Internucleosomal DNA cleavage
could not be observed at any time point in the control untreated
cells.

Caspase-3 activation in HL-60 cells. Caspase-3has
been defined as a key proteolytic enzyme involved in the execu-
tion of apoptosis induced by many stimuli (46, 49, 51, 75). We,
therefore, measured the ability of ~BuOOH to induce caspase-3
activity in HL-60 cells. Cell extracts were prepared at various
times following treatment of HL-60 cells with +-BuOOH. Cas-
pase-3 activity in cell extracts was determined by the cleavage of
DEVD-AFC to yield the fluorescent product 7-amino-4-trifluo-
romethylcoumarin. As shown in Fig. 1C, ~-BuOOH resulted in a
time-dependentincrease in caspase-3 activity in HL-60 cells. The
activity after 2 h of exposure to -BuOOH was about five times
greater than that observed in extracts prepared from cells with-
out treatment. A significant difference between control and -
BuOOH-treated cells could be observed as early as 1 h after treat-
ment. A trend toward caspase-3 activation following incubation
alone under serum-free conditions was observed; however, -
BuOOH produced ssignificantly greater activation of caspase-3 as
compared with control incubations at 1- and 2-h time points.
Camptothecin, a well-known inducer of apoptosis in these cells,
produced increments in caspase activity similar to ~-BuOOH
under these conditions (data not shown). These results indicate
that apoptosis following ~-BuOOH occurs concurrently with the
activation caspase-3.

Externalization of PS in HL-60 cells. We nextde-
termined the ability of --BuOOH to produce PS externaliza-
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tion, another well-known biomarker of apoptosis. For this we
utilized the chemical modification of externalized aminophos-
pholipids by fluorescamine,a cell-impermeablereagent capable
of reacting with primary amines. Following treatment, cell lipids
were extracted and resolved by HPTLC as described in Materi-
als and Methods. The distinct spots corresponding to fluo-
rescamine-modified (mPE and mPS) and unmodified PS and
PE were scraped, and determination of phosphorus content in
these individual spots was performed. The amounts of mPE
and mPS were quantified relative to the total PE and PS (modi-
fied plus unmodified), respectively. As shown in Fig. 1D, <1%
of PS was accessible to fluorescamine on the surface of control
untreated cells. Treatment with --BuOOH (2 h), however, pro-
duced a 10-fold increase in the amount of PS available to fluo-
rescamine. The amount of PE on the outer monolayer of cell
membrane was not significantly different between untreated and
treated cells and represented 10.7% and 11.8% of the total PE,
respectively. Thus, marked specific externalizationof the amino-
phospholipid, PS, occurs during ~-BuOOH-induced apoptosis
of HL-60 cells.

Release of cytochrome c from mitochondria.
The release of cytochrome ¢ from mitochondriais an early event
in apoptotic cells, and it is known that caspase-3 is activated, in
part, in a process that is dependent on release of cytochrome ¢
from mitochondria (42, 61). We next determined whether #-
BuOOH treatmentresults in the accumulation of the mitochon-
drial protein cytochrome ¢ within the cytosol. Figure 2A shows
a typical immunoblot used to detect cytochrome c in the cyto-
solic fractions obtained from HL-60 cells treated with t-BuOOH.
Treatment with camptothecin (10 pM) was used as a positive
control in these experiments. The signal of 13-kDa cytochrome
¢ was increased in the cytosol at 2 h following --BuOOH treat-
ment (lane 1, control; lane 2, --BuOOH). Similar results were
obtained following exposure to the positive control, campto-
thecin (lane 3). Quantitative analysis of three separate experi-
ments (Fig. 2B) revealed a statistically significant accumula-
tion of cytochrome ¢ in cytosolic extracts corresponding to
approximately a two-fold increase following ~-BuOOH and three-
fold increase following camptothecin. These data clearly show
that apoptosis following treatment of HL-60 cells with --BuOOH
is accompanied by the release of cytochrome ¢ from mitochon-
dria to cytoplasm.

Phospholipid oxidation during t-BuOOH -
induced apoptosis

To assess site-specific oxidation of phospholipids during
oxidant-induced apoptosis, we used our previously described
method based on metabolic incorporation of the oxidation-
sensitive fluorescent fatty acid, PnA, into cellular phospho-
lipids and assessment of fluorescence loss in individual phos-
pholipid classes following resolution by HPLC (34, 66). This
method provides an extremely sensitive way to measure low
levels of lipid oxidation in specific phospholipid classes in
live cells that is independent of various phospholipid repair
mechanisms. Furthermore, we have now extended this assay
here by using subcellular fractionationto ascertain in what par-
ticular cellular compartments various lipid oxidation events
occur.
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FIG. 1. ¢t-BuOOH apoptosis in HL-60 cells. (A) --BuOOH induced time-dependent formation of apoptotic nuclei in HL-60
cells. Cells were incubated in L-15 medium in the presence or absence of --BuOOH (150 uM) at 37°C for various times as indi-
cated. Cells were stained using Hoescht 33342 and nuclei visualized as described in Materials and Methods. The percentage of
cells with apoptotic nuclei typified by chromatin condensation and fragmentation was determined in at least 300 cells/sample.
Data represent means + SEM obtained from three observations per time point. (B) --BuOOH induced time-dependent appear-
ance of internucleosomal DNA cleavage in HL-60 cells. Cells were incubated in L-15 medium in the presence or absence of #-
BuOOH (150 uM). Aliquots of cells were removed at various times and DNA was extracted as described in Materials and Meth-
ods. DNA samples corresponding to 1 X 106 cells were subjected to gel electrophoresis in 2% agarose and then stained with
ethidium bromide. Molecular-weight standards are included in the leftmost lane for reference. Note the time-dependent forma-
tion of 180-200 bp DNA “ladders” in the -BuOOH-treated cells, but not in the control cells. Data represent a typical experi-
ment that was repeated three times with essentially identical results. (C) --BuOOH induces caspase-3 activation in HL-60 cells.
HL-60 cells were treated with 150 uM -BuOOH in phenol red- and serum-free RPMI 1640 medium for 2 h at 37°C. Control
cells were left untreated in the same media. Camptothecin (10 uM) was used as positive control. Extracts from 1 X 10°¢ cells
were prepared and assayed for caspase-3 activity using a commercially available kit (Clontech). Data represent means + SEM
obtained from three separate experiments. Each experiment was performed using duplicate samples. *Statistically significant
difference (p < 0.05) relative to time zero point and #statistically significant difference (p < 0.05) relative to the same time point
from untreated control by one-way ANOVA followed by Tukey’s multiple comparisons test. (D) Accessibility of PS and PE to
fluorescamine following r~-BuOOH treatment. HL-60 cells were incubated in the presence or absence of -~-BuOOH (150 uM) for
20 min at 37°C and then reacted with fluorescamine as described in Materials and Methods. The percentages of total PS and PE
modified by fluorescamine were determined by phosphorus analysis of both the native and modified phospholipid spots after
two-dimensional HPTLC. Data represent the means = SEM (n = 6). *Statistically significant difference (p < 0.005) between
treated and untreated cells by Student’ 7 test.
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FIG. 2. Mitochondrial release of cytochrome c release into
cytosol following ~-BuOOH. (A) Typical immunoblot analysis
of cytochrome ¢ in cytosolic fractions isolated from HL-60
cells treated for 2 h with 150 uM -BuOOH (lane 2) and with 10
UM camptothecin (lane 3), and nontreated control cells (lane 1).
Camptothecin was used as positive control. (B) Quantification
of the optical density of cytochrome ¢ immunoblots. All data
are means + SEM from three independent experiments, *p <
0.05 versus untreated control cells.

Subcellular fractionation. Various subcellular frac-
tions were obtained as described in Materials and Methods.
These included plasma membrane, mitochondria, microsomes,
nuclei, and lysosomes. To assess the relative purity of these
various fractions after isolation, we used the following enzyme
activities as specific markers for various subcellular organ-
elles: Na*,K+-ATPase for plasma membrane, NADPH cyto-
chrome ¢ reductase for microsomal fraction, succinate nitroxide
oxidoreductase for mitochondria, and 3-galactosidase for lyso-
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somes. DNA content was also measured as a marker for nuclei.
Table 1 shows the comparison of these various markers in the
various subcellular fractions obtained following our isolation
procedure. Na+,K+-ATPase was obviously enriched in the plasma
membrane fraction where its specific activity (in nanomoles of
NADH consumed per minute per milligram of protein) was
~50-fold greater than that observed in whole cells and 30-fold
greater than that observed in the microsomal fraction. Trivial
or no detectable Na+t,K+-ATPase was observed in the remain-
ing subcellular fractions. NADPH cytochrome ¢ reductase was
readily measured in the microsomal fraction (40.4 nmol of cy-
tochrome ¢ reduced/min/mg of protein) and enriched eight-fold
compared with whole cell homogenates. NADPH cytochrome
¢ reductase was not detected in the plasma membrane or nu-
clear fractions. Succinate nitroxide oxidoreductase could be
detected only in the mitochondrial and microsomal fraction.
The origin of this activity in the microsomal fraction could rep-
resent significant contamination of the microsomal fraction by
mitochondria; however, there still remains a substantial differ-
ence in the expression of the microsomal marker, NADPH cy-

0 tochrome ¢ reductase, between these two fractions. In addition,
Control t-BuOOH Camptothecin DNA content, which could reflect, in part, the small pool of
mitochondrial DNA within the cell, is 10-fold enriched in the

Treatm mitochondrial fraction compared with microsomes. The bulk

of DNA representing the nuclear chromatin content is clearly
recovered in the nuclear fraction. 3-Galactosidase, a lysosome
marker, was relatively enriched in the lysosomal fraction com-
pared with whole cell extracts (50.8 versus 4.4 nmol of 4-
methylumbelliferone produced/min/mg of protein). Significant
B-galactosidase could also be measured in the plasma mem-
brane fraction (22.7 nmol of 4-methylumbelliferone produced/
min/mg of protein) and presumably represents an incomplete
separation of lysosomes from the plasma membrane fraction.
We conclude from these enzymatic and DNA data that our sub-
cellular fractionation procedure yielded fractions that were ad-
equately enriched in plasma membrane, mitochondria, micro-
somes, nuclei, and lysosomes in order to be used to address
the relative intracellularlocations of specific phospholipid oxi-
dations.

Selective oxidation of PS during t-BuOOH apop-
tosis. To determine if selective oxidation of PS occurred
during apoptosis induced by -BuOOH cells, metabolically la-

TABLE 1. CHARACTERIZATION OF SUBCELLULAR FRACTIONS OBTAINED FROM HL-60 CELLS

NADPH cytochrome Succinate nitroxide
NA+/K*-ATPase c reductase oxidoreductase DNA B-galactosidase
Plasma membrane 102.5+£11.7 <0.5 <0.3 <0.02 22.7+1.6
Mitochondria 0.1+0.1 2.0+0.1 13.3£1.6 0.26 £0.02 1.5+0.9
Microsomes 33£20 404+84 11.2+4.6 0.03 +0.00 18.1+1.5
Nuclei <0.5 <0.5 <0.3 4.31+£0.47 8.1+0.4
Lysosomes <0.1 6.0£6.0 <03 <0.02 50.8+17.1
Intact cells 2222 5207 <0.3 0.09 £0.00 44+£03

Enzyme activities are expressed as specific activity defined, respectively: Na*/K+-ATPase, NADPH cytochrome ¢ reductase,
succinate nitroxide oxidoreductase, (3-galactosidase, ouabain-sensitive nmol of NADH consumed/min/mg of protein; nmol of cy-
tochrome ¢ reduced/min/mg of protein; pmol of TEMPO reduced/min/mg of protein; nmol of 4-methylumbelliferone pro-
duced/min/mg of protein. DNA content is expressed as mg of DNA/mg of protein.
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TABLE 2. PHOSPHOLIPID COMPOSITION OF INTACT CELLS AND VARIOUS SUBCELLULAR FRACTIONS ISOLATED FROM HL-60 CELLS

DPG PE PC SPH PI PS LPC
Intact cells Control 39+0.3 274+04 50.5+0.9 59+£0.5 6.7+£0.3 51+£04 0.3+0.1
t-BuOOH 4.4+0.2 26.7+0.3 49.2+0.3 6.9+£0.5 6.5+0.5 5.6+0.2 0.5+0.1
Plasma membrane Control 34+04 30.1+£0.3 42.0+1.2 9.9+0.5 6.3+0.9 8.2+0.6 0.0+£0.0
t-BuOOH 33+0.6 319+0.3 39.5+1.7 11.3+£0.5 4.6+0.5 79+£04 1.3+0.3*
Mitochondria Control 59+0.2 269+1.3 52.9+0.6 2.8+0.6 79+0.6 3.1+£04 0.6+0.2
t-BuOOH 6.1+04 277+03 52.7+1.2 3.6+0.7 6.3+£0.8 1.8+£0.1 1.7+£0.8
Microsomes Control 3.0+£0.3 273+£0.2 45.9+0.8 8.8+04 6.7+£0.3 7.6+0.5 0.5+0.1
t-BuOOH 3.1+0.3 27.8+0.3 47.6+1.3 8.8+0.2 59+1.0 6.0+0.7 0.8+0.1%
Nuclei Control 1.9+£0.1 245+04 649+1.6 4.0+0.3 6.1£0.5 22+0.1 0.0£0.0
t-BuOOH 2.4+03 25.1+£0.6 59.3+£0.5 32+0.3 6.6+0.2 2.0+0.3 1.4+0.5%
Lysosomes Control 7.2+0.7 29.7+1.1 42014 79+04 6.6+£0.1 6.4+0.3 04+£0.2
t-BuOOH 6.6+0.6 299+1.2 37.5+1.1 8.9+0.7 7.6+0.5 7.4+0.7 1.9+£0.6

Data represent means + SEM (n = 3) and are given as % of total phospholipids.
*p < 0.05, compared with untreated control.

beled with PnA were treated with 150 uM -BuOOH for 20 min
in L-15 medium supplemented with glucose. It was first im-
portant to determine if --BuOOH induced any changes in the
phospholipid content or distributionin HL-60 cells. Table 2 com-
pares the relative distribution of various phospholipid classes
derived from control and -BuOOH-treated HL-60 cells. Two
major phospholipids, PC and PE, represent about 50% and
25%, respectively, of the total phospholipidsisolated from in-
tact whole cells. The rank order of abundance for other phos-
pholipids is phosphatidylinositol (PI) > sphingomyelin (SPH)
> PS > diphosphatidylglycerol(DPG) > lysophosphatidylcholine
(LPC). When cells were treated with ~-BuOOH, no change in
content of different classes of phospholipids in cells was
found.

HL-60 cells readily incorporated PnA into the major phos-
pholipid classes. The specific and relative incorporationof PnA
into various phospholipid classes obtained from whole cells
is shown in Table 3. When PnA content in whole cell-derived
phospholipids was normalized relative to the amount of total
lipid phosphorus, approximately 80% was found in PC and

17% was found in PE, reflecting the overall abundance of
these phospholipids within cells (see Table 2). The specific
content of PnA normalized to the amount of phosphorus in
each phospholipid class ranged from 228.9 ng/mg of phos-
phorus in the PC fraction to 3.1 ng/mg of phosphorus in the
SPH fraction. Note that despite the fact that PE is approxi-
mately five times more abundant relative to PS, the specific
activity of PnA in PS is nearly 70% of that in PE (60.3 ng/mg
of lipid phosphorus in the PS fraction versus 88.7 ng/mg of
lipid phosphorus in the PE fraction). These differences most
likely reflect differences in the metabolic turnover rate of each
phospholipid class, as well as the overall composition of en-
dogenous saturated and polyunsaturated fatty acids within
individual phospholipid classes. The relative molar ratios of
incorporated PnA:phospholipid for various lipid classes de-
rived from whole cells were 1:39 for PC, 1:99 for PE, 1:146
for PS, 1:744 for DPG, 1:1,584 for PI, and 1:2,909 for SPH.
Hence, only a very small fraction of each class of phospho-
lipid becomes labeled with PnA and, thus, does not likely per-
turb the biophysical properties of cell membranes.

TABLE 3. INCORPORATION OF PNA INTO PHOSPHOLIPIDS OF INTACT CELLS AND VARIOUS SUBCELLULAR
FRACTIONS ISOLATED FROM HL-60 CELLS

DPG PE PC SPH PI PS
Relative incorporation (ng of PnA/ug of total lipid phosphorus)
HL-60 cells 39+1.1 197.6 £ 17.0 940.0+£41.0 1.5+0.1 3.0+£0.5 25025
Plasma membrane 54+02 175.2+£3.5 662.8+13.0 1.8+0.1 1.6+0.1 50.0+04
Mitochondria 5.1+0.2 192.8+£4.6 924.0£28.6 1.2+0.1 4.4+0.2 109+0.7
Microsomes 4.7+0.1 218.8+2.2 933.0£53.0 1.7+£0.1 2.8+0.1 40.2+0.6
Nuclei 4.6+0.2 232.0+4.9 1,052.0+16.8 1.0x£0.1 1.5£0.2 10.1+£0.5
Lysosomes 3.1+£0.3 95.6+3.5 426.0+16.6 0.8+0.1 2.6+0.1 19.8+1.0
Specific incorporation (ng of PnA/ug of lipid phosphorus in phospholipid fraction)
HL-60 cells 97.4+29.0 721.0+£62.0 1,861.0+81.0 25.5+£23 455+7.1 490.0£55.0
Plasma membrane 158.9+5.6 582.0+12.0 1,578.0+32.0 16.2+1.2 82.4+9.7 609.2+54
Mitochrondria 86.9+3.5 717.0£17.2 1,747.0+£54.2 44.4+23 559+1.3 353.0+£22.9
Microsomes 155.4+£4.0 801.4+8.1 2,115.0+£57.0 19.7+£0.6 41.4+£2.1 5285+7.8
Nuclei 243.0+12.1 745.0£15.6 1,631.0+26.1 24.9+0.7 24.0+£3.8 457.0+£23.7
Lysosomes 43.4+4.0 322.0+11.9 1,014.0£39.5 10.0+£0.3 40.0+ 1.7 309.0+15.5

Data represent means + SEM (n = 6).
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Figure 3 shows that significant oxidation of PnA was ob-
served in SPH, PE, PS, and PC derived from whole cells. No
significant oxidation of PnA was observed in DPG or PI. In
keeping with our previous observations during oxidant-induced
apoptosis (18-20), we observed that PS was by far the most
sensitive to oxidation following exposure to -BuOOH; nearly
60% of PnA-labeled PS was oxidized. The oxidation of PE, PC,
and SPH did not exceed 24% and was similar among each class.

Subcellular distribution of lipid peroxidation.
HPTLC analysis of phospholipids isolated from various sub-
cellular fractions revealed a largely similar profile to those ex-
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tracted from whole cells (Table 2). PC ranged from about 40 to
60% of the total phospholipidin the various fractions, with the
greatest proportion recovered from nuclei. PE represented
~25-30% of total phospholipid in any fraction. Plasma mem-
brane had a relatively high content of SPH, as did the lysoso-
mal and microsomal fractions. SPH is known to be enriched in
plasma membranes (71) and, accordingly, nuclei and mitochon-
dria containedrelatively little SPH. Small differences were also
observed for PS where its distribution appeared to parallel that
of SPH. Mitochondria and lysosomes were characterized by an
elevated amount of DPG; its content in these fractions was two-
fold higher compared with other subcellular fractions. PI content
was approximately the same in all the subcellular fractions. Es-
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t-BuOOH induced phospholipid oxidation in whole cells and subcellular fractions isolated from HL-60 cells. HL-

60 cells were treated with PnA (2 pg of PnA/10° cells) in serum-free L-15 supplemented with glucose for 2 h at 37°C. PnA-
labeled cells (2 X 100 cells) were incubated in the presence of --BuOOH (150 pM) for 20 min at 37°C. Lipid oxidation was termi-
nated by addition of 10 uM BHT, and cells were further processed as described in Materials and Methods. Lipids extracted from
whole cells and subcellular organelles were resolved by HPLC and unoxidized PnA measured in each peak using an in-line fluo-
rescence detector. Data are means = SEM (n = 6). *Significant difference (p < 0.05) relative to untreated controls. Cells, intact
HL-60 cells; PM, plasma membrane; MS, microsomes; MT, mitochondria; LS, lysosomes.
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sentially no significantdifference in the pattern of distribution
of the major phospholipid classes was observed between sub-
cellular organelles isolated from control cells and cells treated
with -BuOOH. A small, but significant increase in content of
LPC in plasma membrane, microsomes, and nuclei isolated from
t-BuOOH-treated HL-60 cells was observed. It is known that
oxidative stress can provoke hydrolysis of oxidized phospho-
lipids as part of a deacylationfeacylation repair mechanism
(50). To minimize any artifactual loss of PnA labeling due to
phospholipidhydrolysis during cell fractionation, we maintained
strict Ca2*-free conditions during the isolation procedure to in-
hibit Ca2*-dependent phospholipases. The paucity of LPC in all
organellefractions from untreated cells suggests that negligible
phospholipidremodeling occurred during the isolation process.

Table 3 shows the content of PnA-labeled phospholipids in
organelles normalized both to the amount of total phospho-
lipid (relative content) and to the amount of lipid phosphorus
in the particular phospholipid fraction (specific content). Table
3 clearly shows that when PnA labeling is expressed relative
to total phospholipid phosphorus, the majority of PnA (~80%
of total incorporated PnA) was incorporated into PC. This is
similar to that observed in phospholipids derived from whole
cells and reflects the relative abundance of this phospholipid
in cells and organelles (see Table 2). Similarly, incorporation
of PnA into PE ranged from 16.9% to 19.5% of total incorpo-
ration over various fractions. The most notable difference ap-
peared with PS, where the incorporation of PnA was greatest
in plasma membrane (nearly 6% of total PnA incorporated
into this fraction) compared with other organelles. The rank
order for PnA incorporation into PS for the remaining frac-
tions was microsomes (3.3%) > lysosomes (3.6%) > mitochon-
dria (1%) > nuclei (0.8%). The incorporation of PnA into DPG,
PI, and SPH does not exceed 1% in subcellular fractions
(Table 3).

If PnA incorporation is expressed relative to the phospho-
rus content of the specific lipid fraction, substantial differ-
ences in the specific activity of labeled phospholipids can be
observed both between individual phospholipid classes and
for a given phospholipid class between various organelles.
For example, the highest specific activity in all fractions was
achieved in PC and ranged from 40 to 100 times greater com-
pared with incorporation into SPH. The specific activity of
PS varied two-fold with the greatest specific activity clearly
achieved in the plasma membrane fraction. The lowest rates
of PnA incorporation into any phospholipid class were ob-
served in the lysosomal fraction. As noted with whole cells,
these differences probably reflect differences in synthesis/
turnover rates in various phospholipids, as well as differences
in fatty acid composition. Furthermore, differences observed
between various organelle fractions may also reflect differ-
ences in rates of transport between intracellular sites of phos-
pholipid synthesis and the various intracellular organelles.

Figure 3 shows the extent of PnA oxidation within various
phospholipid classes observed in various subcellular fractions
and its comparison with that observed in whole cells. It is
clear that there are notable differences between various sub-
cellular fractions in terms of their sensitivity to oxidation of
specific phospholipids. First, the nuclear fraction was remark-
ably resistant to oxidation following -BuOOH because no
significant decrement in fluorescent content of PnA could be
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detected in any phospholipid measured (data not shown). In
general, the degree of PnA oxidation within PC, PE, and SPH
from plasma membrane, microsomes, lysosomes, and mito-
chondria essentially resembled that observed in whole cells
with ~20% being oxidized in all fractions. Exceptions to this
were a 38% loss of PnA in PE derived from plasma membrane
and lysosomes and a minimal (<6%) oxidation of SPH in mi-
crosomes. Therefore, these lipids, for the most part, were uni-
formly oxidized throughout most membrane compartments, a
result that suggests a random lipid peroxidation process. In
contrast, the amount of PnA oxidized in PS was much greater
in plasma membrane where 57% of the fluorescence was lost
following r~-BuOOH. In addition, microsomal and lysosomal
membranes also exhibited degrees of PS oxidation similar to
that seen in whole cells with 43% and 50% oxidation, respec-
tively. Moreover, PS within mitochondria was essentially re-
sistant to oxidation, despite the fact that significant oxidation
of PC, PE, and SPH could be observed in this fraction. Hence,
the pattern of PS oxidation did not resemble the random pro-
cess observed with the other major phospholipid classes. No
oxidation of PI could be observed in any subcellular fraction,
an observation similar to that seen in whole cells, and only
modest oxidation of DPG was measurable in the plasma mem-
brane (22.6%) and microsomal (11 %) fractions.

The specific rate of PnA oxidation within each of the phos-
pholipid classes was calculated and the results presented in
Table 4. For PC, the oxidation rate was approximately the same
in plasma membrane, microsomes, mitochondria, and lyso-
somes, and estimated to be 9.5, 9.9, 9.3, and 7.3 pmol of
PnA/ug of PC phosphorus/min, respectively. In contrast, the
rate of PS oxidation was 1.5 to two times greater in plasma
membrane (7.7 pmol of PnA/ug of PS phosphorus/min) as
compared with other organelles. It is noteworthy that the rate
of PnA oxidation in PS approximates that observed in PC de-
spite the fact that the specific activity of PnA incorporation is
approximately fourfold less in PS. Plasma membrane PE was
oxidized with a rate of 5.1 pmol of PnA/ug of PE phosphorus
and was also 1.5- to twofold higher compared with that in mi-
crosomes, mitochondria, and lysosomes. The rate of PnA oxi-
dation in DPG and SPH from all organelle fractions was much
lower that observed for PS, PE, and PC and most likely re-

TABLE 4. OXIDATION RATE OF PNA-LABELED PHOSPHOLIPIDS
IN INTACT CELLS AND SUBCELLULAR FRACTIONS ISOLATED
FROM HL-60 CELLS

Rate of PnA oxidation (pmol/wg of
phosphorusin specific fraction/min)

Subcellularfraction PC PS PE DPG SPH
Whole cells 8.8 6.2 3.2 0.2 0.1
Plasma membrane 9.5 7.7 5.1 0.2 <0.1
Microsomes 9.9 5.0 3.5 0.4 0.1
Mitochrondria 9.3 0.2 34 0.4 0.2
Lysosomes 7.3 34 2.7 <0.1 <0.1

The rate of -BuOOH-induced oxidation of PnA was calculated
as the difference between the specific PnA content of phospho-
lipids in --BuOOH-treated cells and that in control cells divided
by 20 min.
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flects the relatively low incorporation of PnA into these phos-
pholipid classes. Similarly, the oxidation rate of PnA in PI did
not exceed 0.25 pmol of PnA/ug of PI phosphorus/min in any
organelle fraction (data not shown).

Cytochrome c-induced oxidation of phospholipids

Our study demonstrated that apoptosisinduced by z-BuOOH
in HL-60 cells is associated with the release of cytochrome ¢
from mitochondria into cytosol. As cytochrome c is a redox-
active hemoprotein, we hypothesized that selective oxidation
of PS may be mediated via the cytochrome c. To investigate
the relationship between a release of cytochrome ¢ and oxida-
tion of PS, we measured the ability of exogenous cytochrome
¢ to induce selective oxidation of PS in intact HL-60 cells.
Using cells metabolically labeled with PnA, we incorporated
cytochrome c into cells using gentle sonication and measured
PnA oxidation in specific phospholipid classes after 20 min
of incubation at 37°C. Cells were then incubated in the pres-
ence and absence of ~-BuOOH (150 uM) to determine if it
was necessary to provide an oxidant such as --BuOOH to per-
mit initiation of cytochrome c/Fe-based redox activity. The
percentage of PnA oxidation was determined relative to con-
trol cells that received the sonication treatment, but in the ab-
sence of cytochrome c. Figure 4A shows that cytochrome ¢
alone incorporated into cells by mild sonication produced ox-
idation primarily in PS, where up to 20% of PS was oxidized
at these conditions. The oxidation of other phospholipids did
not exceed 8%. When cytochrome c-loaded cells were chal-
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lenged with 150 uM t-BuOOH (Fig. 4C), an increase in oxida-
tion of all phospholipids was observed, but PS showed more
oxidation compared with other phospholipids. --BuOOH treat-
ment of sonicated cells without incorporated cytochrome ¢
(Fig. 4B) resulted in intermediate levels of lipid oxidation
again with PS predominating similar to that seen earlier with
naive HL-60 cells. The amount of incorporated cytochrome ¢
was estimated spectrophotometrically (extinction coefficient,
ered = 15.3 X 103 M-! em~!) and calculated to be 0.44 £ 0.03
nmol/mg of protein (mean + SEM, n = 5). Endogenous cy-
tochrome c in control cells was essentially undetectable under
these conditions.

We next tested our hypothesis in a cell-free model system
to assess directly the potential of cytochrome ¢ to mediate ox-
idation of select phospholipids. Multilamellar dispersions of
1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphoserine or with
1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine were
prepared and then incubated with ascorbate and H,0, for 1 h
at 37°C. The extent of lipid peroxidation was then assessed by
measuring the ratio of absorbance at 232 nm to absorbance at
205 nm, reflecting the formation of lipid hydroperoxides with
conjugated dienes. Figure 5 shows the time-dependent forma-
tion of conjugated dienes in PS and PC under these incubation
conditions. Incubation of PS with cytochrome ¢ in combina-
tion with ascorbate/H,0, produced a robust fatty acid oxida-
tion that was detected as early as 5 min and was increased over
10-fold after 1 h of incubation (Fig. 5, solid bars). No oxida-
tion was observed in PS after incubation with ascorbate/H,0,
alone, thus demonstrating the dependence of this effect on
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FIG. 4. Effect of cytochrome ¢ on t-BuOOH-induced phospholipid oxidation in HL-60 cells. HL-60 cells were treated with
PnA (2 pug of PnA/10¢ cells) in serum-free L-15 medium supplemented with glucose for 2 h at 37°C. Cytochrome ¢ was incorpo-
rated into PnA-labeled cells by mild sonication as described in Materials and Methods. PnA-labeled cells (1 X 10¢ cells) loaded
with cytochrome ¢ were incubated in the presence (C) or absence (A) of ~BuOOH (150 uM) for 20 min at 37°C. (B) Control cells
sonicated without cytochrome ¢ and treated with z~-BuOOH. Lipids were extracted and resolved by HPLC as described above. The
percentage of oxidized PnA in each phospholipid class was determined relative to the PnA content in phospholipids from control
untreated cells that were sonicated in the absence of cytochrome c. Data represent means + SEM. *Significant difference (p <
0.05) relative to all other phospholipidsas compared by Student’s # test. **Significant difference (p < 0.05) relative to PI, PE, and
PC, respectively,oxidized in the presence of cytochrome ¢ alone or --BuOOH alone.
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FIG. 5. Cytochrome ¢ mediates in vitro oxidation of PS,
but not PC. Multilamellar dispersions of PS or PC were pre-
pared using 1-palmitoyl-2-arachidonyl-sn-glycero-3-phospho-
choline or 1-palmitoyl-2-arachidonyl-sn-glycero-3-phospho-L-
serine as described in Materials and Methods. PC (open bars)
and PS (closed bars) lipid dispersions were incubated with 5 uM
cytochrome ¢, 500 pM ascorbate, 400 uM H,0,, and 100 uM
deferoxamine in 50 mM phosphate buffer (pH 7.4). Hatched
bars represent PS incubated with all components except cyto-
chrome c. Oxidation of PS and PC was assessed by measuring
conjugated diene content (A,,,/A,;) in the total phospholipid
extracts obtained at various times after incubation. *Significant
difference (p < 0.05) compared with time O value using Stu-
dent’s 7 test.

cytochrome ¢ (Fig. 5, hatched bars). This effect was specific
for PS because cytochrome c-mediated oxidation of PC in the
presence of t-BuOOH was not observed under identical con-
ditions despite the similar composition of the polyunsaturated
fatty acid in the sn-2 position (Fig. 5, open bars).

DISCUSSION

t-BuOOH-induced apoptosis is associated with
selective oxidation of PS in the plasma membrane

Oxidative stress and the formation of various reactive oxy-
gen species have been implicated as components of the final
common pathway leading to the execution of apoptosis fol-
lowing exposure to tumor necrosis factor, growth factor with-
drawal, various oxidants, and numerous other insults (10, 13,
38, 60, 78). We have recently reported that apoptosis follow-
ing exposure to paraquat (18),2’,2-azo-bis-2,4-dimethylvaleroni-
trile (an azo initiator of peroxylradicals) (19), or other stimuli
(45, 69, 70) was associated with the selective oxidation of PS
in several cell types. The significance of this phenomenon is
underscored by the facts that PS oxidation was resistant to a
vitamin E analogue and was attenuated by overexpression of
bcl-2 (18, 19). These measurements, however, were performed
using phospholipid extracts from whole cells and, hence, we
could not directly assess the cellular localization where spe-
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cific phospholipids were oxidized. Here we show that PS was
again selectively oxidized above other phospholipids during
t-BuOOH-induced apoptosis in HL-60 cells and, most impor-
tantly, that the plasma membrane was a favored site of PS ox-
idation.

It was clear that the greatest degree of overall oxidation was
observed within the plasma membrane compartment (Fig. 3,
Table 4). In addition, the “extra” oxidation relative to other
compartments was largely contributed by enhanced oxidation
of aminophospholipids, PS and PE. Interestingly, these two
lipids are concentrated on the inner face of the cell membrane
so the preferential oxidation is not simply a matter of prefer-
ential exposure of the plasma membrane to extracellularly
applied r~-BuOOH. Furthermore, many other intracellular com-
partments showed comparable rates of PC oxidation, indicat-
ing that diffusion does not severely limit the distribution of
t-BuOOH to internal cellular locations.

It needs to be emphasized that --BuOOH by itself does not
possess significant oxidant activity, but initiates reactive oxy-
gen species only by concerted action with specific catalysts,
most notably, hemoproteins, iron-sulfur proteins, or other tran-
sition metal-containing proteins within cells (33). The abun-
dance of these proteins in membrane-bound electron transport
systems (mixed function oxidases, NADH/NADPH oxidore-
ductases, mitochondrial respiration) renders the lipids in cell
membranes particularly sensitive to oxidative attack follow-
ing ~-BuOOH. One would predict, however, that oxidation
would occur relatively randomly and that extent and rates of
oxidation would primarily follow the relative abundance of each
phospholipid class. This is clearly not the case here. The “ran-
dom” pattern of oxidation observed in the mitochondria is
unusual because only in this organelle does the rate of oxida-
tion of each phospholipid follow its relative abundance (PC >
PE >> PI = PS = DPG = SPH), with little, if any, oxidation
being detected in the latter four phospholipids. In contrast,
the pattern of oxidationin plasma membrane reveals a greater
than expected oxidation of PS compared with other phospho-
lipids. One explanation is that the specific intracellular iron-
containing catalysts are not randomly distributed and in some
way can direct the selective oxidation of specific phospho-
lipid species. A notable hemoprotein is cytochrome ¢, whose
cellular distribution changes during apoptosis and may allow
its interaction with distant targets (see below). A similar ef-
fect is observed in microsomes and lysosomes, whose loca-
tion would also allow potential interaction with cytochrome ¢
only during apoptosis.

It has been demonstrated that aminophospholipid rearrange-
ment within the plasma membrane takes place during the early
stages of apoptosis (22, 44,73, 79). This results in PS, and to
some extent PE, translocation from the inner to the outer
leaflet of membrane. Regulation of PS exposure in apoptosis
does not appear to involve the participation of nuclear activ-
ity (22, 62). Oxidation of PS in plasma membrane may be
functionally linked with PS externalization and subsequent
phagocytosis. One of the putative cognate receptors on the
surface macrophages that recognizes apoptotic cells appears
related to “scavenger” receptors specific for oxidized low-
density lipoprotein and, thus, suggests that oxidized PS on the
surface of apoptotic cells may provide a better recognition
signal than native PS (56, 74).
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We have speculated that PS oxidation may also modulate
the translocation process itself (35). Apparently, the accumu-
lation of aminophospholipids (PE and PS) on the cell surface
results from the concerted regulation of two particular mem-
brane-boundenzymes termed phospholipid scramblase and APT
(3,4,7,79). Activation of the normally inactive phospholipid
scramblase results in the bidirectional random movement of
all phospholipid species within the membrane bilayer. In ad-
dition, inactivation of the constitutively active APT is also re-
quired to inhibit its surveillance function and permit PS accu-
mulation on the cell surface. One possibility is that oxidized
PS represents a substrate that is not recognized by APT. In ad-
dition, intimate association of the APT protein with reactive
species of PS formed during the lipid peroxidation reaction
could lead to functional modifications of its transporting ca-
pabilities. APT activity has previously been shown to be sen-
sitive to oxidation and thiol modification (14, 29, 47). We
have recently suggested that thiols in APT may represent hy-
persensitive targets during membrane-based oxidative/itrosative
stress in HL-60 cells (20).

Lipid oxidation in other organelles

PnA oxidationin various phospholipid classes obtained from
lysosomes and microsomes in general appeared to mimic the
profile observedin whole cells and in plasma membrane. Large
amounts of PS appeared to be oxidized, but not to the same
extent as in plasma membrane. Other phospholipids appeared
to be oxidized in a random manner that correponds to their
relative abundance. Membranes derived from nuclei and mi-
tochondria showed some notable differences, and these are
discussed in detail below.

Nuclei. Cell nuclei appeared relatively resistant to oxi-
dation of any phospholipid class following ~-BuOOH. Our
assay does not depend on the composition of endogenous un-
saturated fatty acids in this membrane, and PnA incorporation
into major phopholipidsin the nucleus was comparable to that
observed in whole cells and other subcellular compartments.
Therefore, the lack of oxidation observed cannot arise from lack
of appropriate substrates in this region. The reason for low oxi-
dation remains unknown, but most likely reflects a relatively
low distribution of metal-containing proteins responsible for
initiation of ~-BuOOH-dependent oxidative stress. It is also
possible that lipoprotective antioxidant mechanisms are partic-
ularly enriched within the nuclear membrane and serve to miti-
gate lipid peroxidation within this region. Given the close prox-
imity to DNA and the need to preserve genetic material from
oxidative damage, it may be important to minimize oxidative
stress within the region.

Mitochondria. Changes in mitochondrial function, in-
cluding their being a locus of oxidative stress, are now accepted
as importantduring the execution of apoptosis (53). They serve
as the source of cytochrome c that interacts with Apaf-1 and
ATP to form the procaspase-activating apoptosome (11, 83);
however, the mechanisms regulating cytochrome c¢ release and
generation of reactive oxygen species remain obscure. Activa-
tion of the permeability transition pore and subsequent depo-
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larization of mitochondria are often observed early in apopto-
sis and have been implicated in the release of cytochrome ¢
(53, 81).

In our study here, mitochondria did not show any prefer-
ence for lipid oxidation in general above that seen in other or-
ganelle fractions, suggesting that they were not greater sources
of reactive oxygen species than any other cellular location
under these conditions. As mentioned above, the profile of
lipid oxidation suggests a random process governed primarily
by the relative abundance of each phospholipid class. PS was
only minimally oxidized in keeping with the redistribution of
cytochrome ¢ away from mitochondria and into cytosol (see
below). Thus, gross collapse of mitochondrial integrity with
massive generation of oxidative stress was not apparent at this
time. Similarly, Green and co-workers have quite elegantly
demonstrated that cytochrome ¢ release occurs independently
of mitochondrial permeability transition (5), and collapse of
inner mitochondrial transmembrane potential is not required
for apoptosis (23).

The unique phospholipid, DPG or cardiolipin, is of special
interest in these studies because mitochondria are especially
rich in DPG. We indeed observed a twofold enrichment of
DPG in our mitochondrial fraction compared with other frac-
tions besides lysosomes. Although inefficiencies in separat-
ing lysosomes and mitochondria may lead to significant mito-
chondrial contamination within the lysosomal fraction, it is
important to emphasize that the mitochondrial fraction was
relatively free of 3-galactosidase activity and, thus, compara-
tively pure. Using the fluorescent probe nonyl acridine orange
(NAO), some workers have reported an early decrease in mi-
tochondrial content of intact cardiolipin early in apoptosis (57,
76). It has been proposed that this loss represents oxidation of
cardiolipin, a modification that could disrupt its high-affinity
binding for cytochrome ¢ and possibly aid in its release from
mitochondria (67). In contrast, we failed to observe any changes
in cardiolipin content or oxidation of PnA incorporated in mi-
tochondrial DPG despite the fact that oxidation could be ob-
served in other phospholipids (PC and PE). It should be pointed
out that NAO binds to the alcoholic moieties in the CL polar
head group and provides no information regarding the oxida-
tion of fatty acid residues of the phospholipid (52). Our PnA
assay, however, clearly measures oxidation of the unsaturated
fatty acids representing the most likely physiologicalsubstrates
during lipid peroxidation. Caspase activation was clearly evi-
dent by 1 h post exposure, suggesting that cytochrome c re-
lease had already occurred at an earlier time. Thus, oxidation
of cardiolipin is not required (despite its being extremely sen-
sitive to oxidative attack) for the events leading to plasma
membrane PS oxidation or its externalization as measured by
fluorescamine labeling during apoptosis.

Cytochrome ¢ may mediate selective PS oxidation
in apoptosis

Cytochrome c release from mitochondriahas recently been
implicated as a component of apoptotic signaling (31, 39, 40,
61, 80). The mechanism of action in this role, however, has
not been fully defined. The presence of iron within a heme
moiety in cytochrome ¢ suggests that this protein could cat-
alyze the formation of reactive oxygen species (58). Although
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it has been shown that the redox activity of cytochrome c is
not required for its interaction with Apaf-1 and subsequent
activation of caspase-3 (27, 40), these studies have not specif-
ically addressed the effects on PS oxidation and externaliza-
tion. As PS externalization can be biochemically dissociated
from other end points of apoptosis (7, 82), we hypothesized
that phospholipids could be targets for the redox action of cy-
tochrome ¢ action during apoptosis.

Cytochrome c is a basic protein that interacts with high af-
finity with anionic phospholipids, most notably PS (2, 15,
54). In fact, apocytochrome ¢/PS interactions have been im-
plicated in the mitochondrial import of cytochrome ¢ (2, 54,
64, 65). Numerous studies have demonstrated the potential of
cytochrome c to catalyze peroxidation of different phospho-
lipids in both liposomes and membrane fractions (25, 59).
Combined, these data suggest that cytosolic cytochrome ¢ may
be involved in specific interaction with PS located in the cy-
tosolic leaflet of the plasma membrane and be responsible for
selective PS oxidation during apoptosis. It is particularly in-
teresting that PS and PE showed the most robust oxidation in
plasma membrane where they are primarily located on the inner
membrane face and, thus, would be ideal targets for cytochrome
c-dependent oxidation during apoptosis. In addition, these events
appear to occur simultaneously within the first 20 min to 1 h
of apoptosis induction following t-BuOOH.

We attempted to correlate more closely the appearance of
cytochrome c in the cytosol temporally with the observed ox-
idation of PS using our western blot technique. We could not,
however, consistently detect enhanced accumulation of im-
munologically reactive cytochrome c in the cytosolic fraction
before the 2-h time point. It is possible that this immunologi-
cal approach lacks the sensitivity to detect low levels of cy-
tochrome c¢ released at early time points. This idea is sup-
ported by the fact that caspase-3 activation, presumably a
cytochrome c-dependent effect, could be detected 1 h earlier
than the appearance of cytochrome c in the cytosol (Figs. 1C
and 2). It is known that exquisitely small amounts of cy-
tochrome c are sufficient for assembly of the functional apop-
tosome (48). It may also be that similarly minute amounts of
cytochrome c are adequate to provide the catalytic activity nec-
essary to oxidize phospholipids in the vicinity of cytochrome
¢ binding to plasma membrane. In addition, the pool of cyto-
chrome ¢ released from mitochondria and bound to PS-rich
plasma membrane would be ignored in analysis of the cytoso-
lic fractions. Moreover, cytochrome ¢ binding to PS or vari-
ous protein partners can modulate its tertiary structure and thus,
potentially, its immunoreactivity (55). Caspase-dependent en-
hancement of cytochrome ¢ immunoreactivity has recently been
reported in Drosophila during the early phases of apoptosis
(77). Therefore, it is clear that further studies using more sen-
sitive and specific methods to assess cytochrome c traffick-
ing and its functional activity during apoptosis are warranted.

We were able to recapitulate site-selective oxidation of PS
in cells when cytochrome ¢ was incorporated intracellularly
using gentle sonication. Although some oxidation of PS was
observed in the presence of cytochrome ¢ alone (which prob-
ably reflects some basal redox cycling inherent in the pres-
ence of an aerobic environment), oxidation of PS, as well as
other phospholipids, was greater in the presence of the or-
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ganic peroxide -BuOOH. Therefore, it is proposed that heme
iron in cytochrome ¢ and endogenous peroxides can interact
to produce oxidative stress by initiation of alkoxyl or hydroxyl
radicals and/or formation of the reactive oxoferryl complex,
both of which are capable of initiating lipid peroxidation (25,
26, 58, 59). It is known that mitochondria produce a variety
of free radicals, including superoxide and H,O,, while under-
going permeability transition (63) or upon release of cytochrome
¢ (10). It, therefore, appears that all the required substrates for
the proposed reactions are available within proximity of the
inner plasma membrane surface. The fact that selective PS ox-
idation was observed in the presence of --BuOOH alone in no
way precludes our hypothesis because we demonstrate here
that exposure to -BuOOH induces apoptosis in HL-60 cells,
an event that presumably involves mitochondrial release of
endogenous cytochrome c.

We show using a cell-free model system that cytochrome ¢
can indeed catalyze the oxidation of polyunsaturated fatty
acids contained in phospholipids. Most notably, the ability of
PS to undergo oxidation markedly surpassed that of PC, de-
spite the fact that the fatty acid profile in each phospholipid
was identical. Therefore, the specificity of its action must have
been determined by the nature of the polar head groups and
most likely reflects an electrostatic interaction between the
anionic phospholipid, PS, and the basic amino acids contained
in cytochromec.

In conclusion, we show that -~-BuOOH-induced apoptosis
in HL-60 cells is accompanied by early release of cytochrome
¢ and the selective oxidation and externalization of PS. It ap-
pears that a significant proportion of the PS oxidized was
within the plasma membrane, where we postulate that PS oxi-
dation can modulate PS externalization. Lastly, we demon-
strate the potential of cytochrome ¢, a proapoptotic mediator
released from mitochrondria, to catalyze PS-specific oxida-
tion. Future studies will address the biochemical mechanism
by which cytochrome ¢ directs site-specific lipid oxidation in
cells, as well as delineate the relationship between PS oxida-
tion and its subsequent externalization.
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