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Induction of Apoptosis by Phosphatidylserine

Kayoko Uchida,*>f Kazuo Emoto,* David L. Daleke,s Keizo Inoue,' and Masato Umeda*1'

'Department of Inflammation Research, The Tokyo Metropolitan Institute of Medical Science (RINSHOKEN), 3-18-
22 Honkomagome, Bunkyo-ku, Tokyo 113-8613; ^Department of Health Chemistry, Faculty of Pharmaceutical
Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8654; and*Department of Biochemistry and
Molecular Biology, Indiana University, Bloomington, IN47405, USA

Received for publication, November 27, 1997

Treatment of Chinese hamster ovary (CHO) cells with phosphatidylserine (PS) caused cell
death in a dose-dependent manner. Other phospholipids, such as phosphatidylcholine,
phosphatidylethanolamine, phosphatidylinositol, and phosphatidic acid, had no effect on
cell viability. The cells incubated with PS became round and underwent a dramatic
reduction of cellular volume while maintaining the membrane containment of cellular
contents. The PS-treatment induced chromatin condensation and extensive DNA fragmen-
tation, with a pattern characteristic of internucleosomal fragmentation on agarose gel
electrophoresis. These results indicate that PS-treatment induces apoptosis of CHO cells.
This apoptosis-inducing activity was highly specific for PS, and neither of the synthetic PS
analogs l,2-diacyl-sra-glycero-3-phospho-D-serine (D-PS) and 2,3-diacyl-sn-glycero-l-
phospho-L-serine induced apoptosis. Analysis using fluorescence-labeled phospholipids
showed that both PS and D-PS were taken up equally and then transported to intracellular
membranes, suggesting that the PS-specific induction of apoptosis was not the result of its
specific internalization. These observations suggest that certain molecules which may
recognize the stereo-specific configuration of PS are involved in the apoptotic process
triggered by PS.
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Phosphatidylserine (PS) is a major anionic lipid component
of mammalian cell membranes. Recent studies have shown
that PS contributes to many regulatory processes of
biological responses. It is well known that PS is an essential
cofactor for the activation of protein kinase C (2-3) and
blood coagulation {4, 5). PS has also been shown to regulate
the activities of various enzymes such as Na+/K+-ATPase
(6), diacylglycerol kinase (7), B-Raf protein kinase (8), and
dynamin GTPase (9), and the channel functions of recep-
tors for acetylcholine {10) and glutamate {11). Using a
CHO-K1 cell mutant defective in PS biosynthesis, Kuge et
al. {12) showed that PS plays an essential role in cell
viability.

In eukaryotic plasma membranes, aminophospholipids
such as PS and phosphatidylethanolamine (PE) reside in
the inner leaflet of plasma membranes {13-16) and are
translocated to the outer leaflet in the early stages of
apoptosis, which allows phagocytes to recognize and engulf
the apoptotic cells {17-19). The transbilayer movement of
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Abbreviations: CHO, Chinese hamster ovary; PS, phosphatidylser-
ine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PA,
phosphatidic acid; PI, phosphatidylinositol; lyso-PS, lysophosphatidyl-
serine; PKC, protein kinase C; D-PS, l,2-diacyl-sn-glycero-3-phos-
pho-D-serine; C6-NBD, 6-[(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino]-
capyroyl; C6-NBD-PS, l-palmitoyl-2-C6-NBD-sra-glycero-3-phospho-
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membrane phospholipids is regulated partly by an enzyme,
aminophospholipid translocase, which catalyzes the trans-
port of PS and PE from the outer to the inner leaflet of
plasma membrane {20, 21). In CHO cells, exogeneously
supplied PS was shown to be incorporated, translocated to
the inner leaflet of plasma membrane, then transported to
intracellular organellae such as the Golgi apparatus and
mitochondria {22-24). This internalization of exogenous
PS was thought to be catalyzed by translocase, since the
endocytotic pathway for exogenous phospholipids is not
well developed in CHO cells {25, 26).

Recently, Endo et al. showed that excess PS exogenously
added to CH0-K1 cells was cytotoxic to the cells, while the
same amount of phosphatidylcholine (PC) had no effect
(27). They showed that cell surface aminophospholipid
translocase was responsible for the uptake of exogenous PS
and isolated mutant cells defective in the cell surface
translocation of PS. However, the process by which exo-
genous PS induces cell death and whether the cytotoxic
effect is specific for PS remain to be determined. In this
study, we showed that PS induces apoptosis in CH0-K1
cells and that PS-induced apoptosis is highly specific for
l,2-diacyl-sn-glycero-3-phospho-L-serine (natural PS).
Other closely related PS analogs, such as 1,2-diacyl-sra-gly-
cero-3-phospho-D-serine (D-PS) and2,3-diacyl-src-glycero-
1-phospho-L-serine, showed no effects on cell growth,
suggesting the existance of cellular machinery specifically
recognizing the structure of PS in the apoptotic pathway.
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MATERIALS AND METHODS

Materials—Egg phosphatidylcholine was prepared by
chromatography on aluminium oxide neutral and Iatro-
beads. Phosphatidylserine (from bovine brain), phospha-
tidylethanolamine (from Escherichia coli), phosphatidyl-
inositol (from bovine liver), phosphatidic acid (from egg
yolk), lysophosphatidylserine, and l-palmitoyl-2-C6-NBD-
phosphatidylserine (C6-NBD-PS) were purchased from
Avanti Polar Lipids (Birmingham, AL). 1,2-Acyl-sre-gly-
cero-3-phospho-D-serine and l-palmitoyl-2-C6-NBD-sra-
glycero-3-phospho-D-serine were synthesized as described
previously (28). Other synthetic PS analogs were syn-
thesized as described previously {29).

Cell Culture—CHO-K1 fibroblasts were grown in Ham's
F12 medium supplemented with 10% newborn calf serum,
100 U/ml penicillin, 100 /xg/ml streptomycin, and 2 mM
L-glutamine (Gibco, Grand Island, NY) at 37°C in a 5%
CO2/95% air incubator.

Preparation of Phospholipid Suspensions—Phospho-
lipids in chloroform solution were thoroughly dried in a
glass tube under a stream of nitrogen, resuspended in
phosphate-buffered saline (PBS), then sonicated three
times on ice for 5 min. The suspensions were then sterilized
by passage through a 0.22-;um pore filter. In the case of
phosphatidylethanolamine, the lipid was resuspended in
growth medium and then sonicated for 10-20 min.

Measurement of Phospholipid Cytotoxicities—Cells were
plated in 96-well plates at l x l O 4 cells/well in 0.1 ml of
medium. After 2 days, phospholipid vesicles were added.
Cells were incubated for additional periods at 37°C. Media
were then changed to a medium containing 300 //g/ml XTT
(sodium 3'- [l-(phenylaminocarbonyl)-3,4-tetrazolium] -
bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate
(Boehringer Mannheim) and the cells were incubated for an
additional 4 h. Viable cell numbers were estimated by
measuring A492.

DNA Isolation and Gel Electrophoresis—DNA was
prepared using a standard method (30). In brief, 5xlO5

cells were washed with cold PBS, suspended in 200 //I of
lysis buffer (1% SDS, 0.5 mg/ml RNase, 0.5 mg/ml Pro-
teinase K, 10 mM Tris-HCl, 1 mM EDTA, pH7.4), and
incubated for 30 min at 37°C. Then 300 //I of Nal solution
(6M Nal, 13 mM EDTA, 0.5% sodium-AMauroylsarco-
sinate, 10 mg/ml glycogen, 26 mM Tris-HCl, pH 8.0) was
added to the lysate, and the mixture was incubated for 15
min at 60°C. The lysates were precipitated overnight with
500 jil of isopropanol at 4°C, then centrifuged at 20,000X
g for 15 min. Pellets were washed with isopropanol twice,
air-dried, and dissolved in TE buffer (10 mM Tris-HCl, 1
mM EDTA, pH7.4). Electrophoresis was performed in
1.8% agarose for 1 h. DNA was visualized by staining with
ethidium bromide under UV light and photographed.

Analysis of Fluorescence-Labeled Phosphatidylserine
Uptake by CH0-K1 Cells—Monolayer cultures were rinsed
twice with Hanks' buffered saline (HBS) and further
incubated in cold HBS for 5 min. The cells were then
incubated with HBS containing 20 /xM C6-NBD-phosphati-
dyl-L-serine or C6-NBD-phosphatidyl-D-serine vesicles for
30 min on ice. The cells were washed with cold HBS three
times, then incubated at 37°C for various periods. The
monolayers were washed with cold HBS containing 2% fetal

calf serum (FCS) and incubated with the same solution for
10 min, three times, to remove C6-NBD-lipids from the cell
surface (back-exchange procedure). The cells were harvest-
ed by scraping, and the lipid fractions were extracted by the
method of Bligh and Dyer (32). The relative fluorescence of
the lipid extracts was measured using a Fluorescence
Spectrophotometer F-2000 (HITACHI), and the absolute
amounts of fluorescent lipids were determined from the
calibration curve.

Fluorescence Microscopy—Cells were incubated with 3
juM C6-NBD-phosphatidyl-L-serine or C6-NBD-phosphati-
dyl-D-serine as described above. After the back-exchange
procedure, the cells were photographed under fluorescence
microscopy using a Zwiss Axioplan microscope equipped
with Planneofluar 100 X objective.

RESULTS AND DISCUSSION

Exogenously Added Phosphatidylserine Induces Apopto-
sis in CHO-K1 Cells—Treatment of CHO-K1 cells with
phosphatidylserine (PS) caused cell death in a dose-depen-
dent manner (Fig. 1 A). This cytotoxic effect was specific for
PS and other phospholipids, such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylino-
sitol (PI), and phosphatidic acid (PA), had no effect on cell
viability. It is rather unlikely that PS-induced cell death
was due to lysophosphatidylserine (lyso-PS), as either a
contaminant of the PS preparation or the result of conver-
sion of PS by phospholipase A2, since even an higher
concentration of lyso-PS was required to induce cell death
(Fig. 2A). The PS-treated cells showed different mor-
phological features from those treated with lyso-PS: cells
incubated with lyso-PS underwent extensive membrane
fragmentation and swelling, while those incubated with PS
became round and underwent a dramatic reduction of
cellular volume while maintaining the membrane contain-
ment of cellular contents (Fig. 2B). PS-treatment induced
chromatin condensation and segregation (Fig. 3A) and an
extensive DNA fragmentation with a pattern characteristic

3.0

phospholipid concentration (1(H M)

Fig. 1. Effects of exogenous phospholipids on viability of
CHO-K1 cells. Cells were plated in 96-well plates at 1 x 10' cells/
well in 0.1 ml of medium. After 2 days, cells were incubated with
various concentrations of phospholipid vesicles for 24 h at 37°C.
Media were then changed to a medium containing 300jug/ml XTT
reagent, and the cells were incubated for an additional 4 h. Viable cell
numbers were estimated as described in "MATERIALS AND
METHODS." Data are means±SD (n = 3). m, PS; 1, PC; q, PE; n, PI;
a, PA.
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of internucleosomal fragmentation on agarose gel electro-
phoresis (Fig. 3B). Neither chromatin condensation nor
DNA fragmentation was observed in lyso-PS treated cells
(Fig. 3B). Furthermore, PS-induced cell death was effec-
tively inhibited by 100/^M ionic zinc or a Ca2+-chelater,
such as 400 //M ethyleneglycol-bis(B-aminoethyl)-
N,N,N',iV'-tetraacetic acid (EGTA), both of which are
known to inhibit endonuclease (data not shown) (32). These
observations indicate that PS induced apoptosis in CHO-K1
cells. The apoptosis-inducing activity of PS was also
observed in other cell lines, such as Balb 3T3 (mouse
fibroblast cell line) and GOTO (human neuroblastoma cell
line) (data not shown).

Structure-Activity Relationship in the Apoptosis Induc-
ing Activity—To explore the molecular mechanisms in-
volved in apoptosis, we first examined the structural
requirements for the PS-induced apoptosis. As shown in
Fig. 4, the PS-induced apoptosis was highly specific for PS.
Synthetic PS analogs such as l,2-diacyl-sra-glycero-3-phos-
pho-D-serine (D-PS), l,2-diacyl-sn-glycero-3-phospho-homo-
serine (P-H-S), l,2-diacyl-s/i-glycero-3-phospho-serine
methyl esther (PS-O-Me), and 2,3-diacyl-sn-glycero-l-
phospho-L-serine (sn-2,3-PS) failed to induce the apoptosis
(Fig. 4). Endo et al. (27) have shown that exogenous PS is
internalized mainly by a protein called flippase and that the

0.0 1.0 2.0 3.0

phospholipid concentration (10"4 M)

(B)
control + PS + lyso-PS

Fig. 2. Effects of lyso-PS on viability and morphological
features of CHO-K1 cells. (A) Cells were plated in 96-well plates at
1x10* cells/well in 0.1ml of medium. After 2 days, cells were
incubated with various concentrations of phospholipid suspensions for
24 h at 37'C. Media were then changed to a medium containing 300
fig/ml XTT reagent, and the cells were incubated for an additional 4
h. Viable cell numbers were estimated as described in "MATERIALS
AND METHODS." Data are the means±SD (n = 3). m, PS; 1,
lyso-PS. (B) Semiconfluent cells, growing on a glass coverslip, were
incubated with 200 ^M PS or lyso-PS for 24 h and photographed. Bar
represents 10 //m.

transbilayer movement of PS on the plasma membrane is
an important step in the cytotoxic action of PS. This
observation raised the possibility that flippase on plasma
membranes may selectively internalize PS, while other
phospholipids including the synthetic PS analogs, may not
be internalized as effectively as PS. To examine this
possibility, we studied the uptake of fluorescence-labeled
PS analogs of PS (apoptotic) and D-PS (non-apoptotic).
Figure 5A shows that fluorescence-labeled PS and D-PS
were taken up equally and then transfered to intracellular
membranes (Fig. 5B), suggesting that the PS-specific
induction of apoptosis was not the result of its specific
internalization. These results suggested that certain mole-
cules which may recognize the stereo-specific configuration
of PS are involved in the apoptotic process triggered by PS.

Nishijima et al. showed the PS content in CH0-K1 cells
to be strictly regulated and that exogenously added PS was
incorporated into cells and utilized for membrane biogene-
sis, resulting in the suppression of endogenous PS forma-
tion (34). Analysis of cellular phospholipid composition
revealed the PS content to have increased to three times the
control level in the PS-treated apoptotic cells (Table I),
implying that the aberrant increase in cellular PS content
may cause malregulation of cellular signaling pathways,
leading to apoptosis of the cell. Recently, Bratton et al.
showed that PS is translocated to the outer leaflet of plasma
membrane in a calcium-dependent manner when apoptosis
is induced (44). It is presently unknown whether the
accumulation of PS in the outer leaflet leads to apoptosis.

(A)

(B) 1 2 3

(bp)

Fig. 3. Induction of apoptosis by PS in CH0-K1 cells. (A)
Morphological features of nuclei in PS-treated cells. Cells were
incubated with 200 //M of PS vesicles for 12 h at 37"C. The cell nuclei
were stained with Giemsa reagent. Bar represents 10 //m. (B) DNA
fragmentation. Chromosomal DNA was prepared from untreated
CHO-K1 cells (lane 1), and cells incubated 200 /*M PS (lane 2) or with
200 ̂ M lyso-PS for 12 h (lane 3). DNA was separated by electro-
phoresis in a 1.8% agarose gel.

Vol. 123, No. 6, 1998

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


1076 K. Uchida et al.

It is well known that PS is an essential cofactor for
protein kinase C (PKC) activation and that PKC recognizes
the stereo-specific configuration of the serine residue of PS
(35-37). Our preliminary results showed that PKC in-
hibitors such as H-7 (38) and calphostin C (39) slightly
enhanced PS-induced apoptois, while an activator of PKC,
phorbol 12-myristate 13-acetate (40), inhibited apoptosis,
suggesting that PKC inactivation rather than activation is

2
is

PS
D-PS
P-H-S
PS-O-Me
sn-2,3-PS

0.0 1.0 2.0 3.0

phospholipid concentration (10~4 M)

1,2-acyl-sn-glycero-3-phospho-R ( L-P-R )

L-serine
(PS)

O-serine
(D-PS)

homoserlne
(P-H-S)

R =

serine methyl ester
(PS-O-Me)

NHJ

2,3-acyl-sn-glycero-1-phosphoserine
(sn-2,3-PS)

Fig. 4. Effects of PS analogs on cell viability. Cells were plated
out in 96-well plates at 1X104 cells/well in 0.1 ml of medium. After
2 days, cells were incubated with various concentrations of PS analogs
for 24 h at 37°C. Media were then changed to a medium containing 300
//g/ml XTT reagent, and the cells were incubated for an additional 4
h. Viable cell numbers were estimated as described in "MATERIALS
AND METHODS." Data are means±SD (n=3). m, 1,2-diacyl-sn-
glycero-3-phospho-L-serine (PS); 1, l,2-diacyl-sn-glycero-3-phospho-
D-serine (D-PS); q, l,2-diacyl-sn-glycero-3-phospho-homoserine (P-
H-S); n, l,2-diacyl-s/i-glycero-3-phospho-serine methyl ether (PS-
O-Me); A, 2,3-diacyl-sn-glycero-l-phospho-L-serine (sn-2,3-PS).

involved in the apoptotic process. Ceramide is a cruicial
mediator of apoptosis induced by various ligands such as
tumor necrosis factor a,y-interferon, interleukin-1, and
Fas activation. This ceramide-mediated apoptosis was
shown to be inhibited by the simultaneous additon of PKC
activators (41, 42), implying that PS activates the cer-
amide-mediated apoptotic pathway. However, the inhibi-

(A)
.£ 400

O Ce-NBD-PS
• Ce-NBD-D-PS

(B)
Ce-NBD-PS Ce-NBD-D-PS

Fig. 5. Cellular uptake of fluorescent lipids in CHO-Kl cells.
(A) Cells were incubated with 20 ,xM C6-NBD-PS or C6-NBD-D-PS
for 30 min on ice, then washed and incubated at 37'C for various
periods. The cells were then washed with cold HBS containing 2%
fetal calf serum (FCS) and subjected to back exchange procedure at
4°C. The cells were harvested by scraping, and the lipid fractions were
extracted. The amounts of fluorescent lipids were measured as
described in "MATERIALS AND METHODS." (n = 2). (B) Cells were
incubated with 3//M C6-NBD-PS or C6-NBD-D-PS as described
above. After the back-exchange procedure, the cells were photogra-
phed under fluorescence microscopy using a Zwiss Axioplan micro-
scope equipped with Planneofluar 100 x objective. Bar represents 10

TABLE I. Phospholipid compositions of CHO-Kl cells grown with or without phosphatidylserine. Cells were seeded at 1 x 106 cells/
100-mm-diameter dish and incubated at 37"C. After 2 days, the medium was replaced to fresh medium with or without 200 //M PS. After an
additional 12 h, the cellular phospholipids were extracted and analyzed by two-dimensional thin layer chromatography as described (34). To
quantitate the individual phospholipids, the phosphate in each spot on a chromatogram was determined chemically (43). Values are the mean±
SD of three independent experiments. SM, sphingomyelin. Others include phosphatidylglycerol, phosphatidic acid, and cardiolipin.

PS supplement

+

PS
7.2±0.6

18.9±0.2

PC
54.0±0.1
51.0±0.8

Percentage of total
PE

16.1 + 1.1
19.4±0.7

phospholipids
PI

8.2±0.1
2.1±0.3

SM
9.9±1.1
6.4 + 0.7

Others
4.6+0.4
2.2±0.2
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tors of interleukin-1 converting enzyme (ICE)-like prote-
ases (Caspase), such as tosyl-L-lysine chloromethyl ketone
(TLCK) and tosyl-L-phenylalanine chloromethyl ketone
(TPCK) which inhibit ceramide-mediated apoptosis, had no
effect on PS-induced apoptosis (data not shown), suggesting
that the PS-induced apoptotic pathway is distinct from that
mediated by ceramide. Further studies are required to
clarify the molecular mechanisms underlying PS-induced
apoptosis.
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