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The content of phosphatidylserine (PS) was found to
be increased three times in the plasma membrane
outer leaflet of ras-transformed fibroblasts compared
o their nontransformed counterparts. In an attempt
o determine the mechanisms responsible for the en-
anced external appearance of PS, we investigated
he activities of aminophospholipid translocase and
he nonspecific lipid scramblase. Both transport sys-
ems could separately or in combination contribute to
S accumulation in the extracellular leaflet. Amin-
phospholipid transfer was assessed by measuring the
ate of NBD-PS internalization, and scramblase activ-
ty was estimated from the internalization of NBD-PC.
he results showed that the aminophospholipid trans-
ort was inhibited and the nonspecific transport was
timulated in ras-transformed cells. To assess which of
hese two transport systems was related to elevation
f PS external appearance, each of them was submit-
ed to reversible alterations and the content of PS was
easured simultaneously. Aminophospholipid trans-

ocase activity was inhibited by pyridyldithioethyl-
mine treatment and reversed by reduction with di-
hiothreitol. Scramblase activity was modulated by a
alcium repletion–depletion procedure. Calcium de-
letion was performed by cell incubation with
APTA-AM and EGTA as Ca21 intracellular and extra-
ellular chelators. Restoration of the intracellular
a21 was achieved by cell incubation with Ca21 and
a21-ionophore A23187. The results showed that the

changes in PS outer appearance did not correlate with
the uptake of NBD-PS but were closely related to
NBD-PC internalization, suggesting that the nonspe-
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ific bidirectional lipid transfer was the major trans-
ort system translocating PS to the outer leaflet in
as-transformed cells. © 2000 Academic Press

Key Words: phosphatidylserine; membrane asymme-
try; aminophospholipid translocase; lipid scramblase;
ras transformation.

The asymmetric distribution of the major phospho-
lipid classes between the two membrane leaflets is well
documented (1–3). Under normal conditions, the amin-
ophospholipids phosphatidylserine (PS)2 and phos-
phatidylethanolamine (PE) are concentrated predomi-
nantly in the inner membrane leaflet whereas the cho-
line-containing phospholipids phosphatidylcholine
(PC) and sphingomyelin are sequestered mostly in the
extracellular leaflet. The nonrandom distribution of PS
between the two membrane monolayers is maintained
by an ATP-dependent aminophospholipid translocase
(4) which transfers PS and PE to the inner leaflet. This
asymmetry can be abolished by another transport
mechanism performing nonspecific movement of phos-
pholipid molecules both inward and outward, referred
to as scramblase (5). Activation of phospholipid scram-
bling has been reported for erythrocytes (6), platelets
(7), and lymphocytes (8). This process can be induced
by elevation of the intracellular calcium concentration

2 Abbreviations used: PS, phosphatidylserine; PE, phosphati-
dylethanolamine; PC, phosphatidylcholine; NBD-PC, 1-oleoyl-2-
[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-
3-phosphocholine; NBD-PS, 1-oleoyl-2-[12-[(7-nitro-2,1,3-benzox-
adiazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phosphoserine; PDA,

pyridyldithioethylamine; HBS, Hepes-buffered saline; DTT, dithio-
threitol.
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296 MOMCHILOVA ET AL.
(6, 9), which inhibits the aminophospholipid inward
translocation in human erythrocytes (10). Stimulation
of the nonspecific lipid scrambling and/or inactivation
of the aminophospholipid inward transport can abro-
gate the normal transmembrane lipid distribution re-
sulting in some cells in accumulation of PS in the
extracellular leaflet. Enhanced surface exposure of PS
has been reported for apoptotic (11) and tumorigenic
(12) cells, as well as platelets and erythrocytes upon
activation (13, 14). Cells expressing PS in the outer
monolayer become susceptible to recognition and clear-
ance by the reticuloendothelial system (15).

In this study, we have investigated the external ex-
posure and transbilayer movement of PS in ras-trans-
formed NIH 3T3 fibroblasts in comparison with their
nontransformed counterparts. Our recent studies re-
vealed some major alterations in the lipid metabolism
and especially the aminophospholipid metabolism in
ras-transformed cells (16). Since ras oncogenes are as-
sociated with a variety of human cancers (17), studies
on the mechanisms which would make ras-expressing
cells susceptible to destruction are of special interest.
Our initial observations showed that the content of
externally exposed PS was about three times higher in
transformed compared to nontransformed cells. To dis-
criminate between the possible mechanisms underly-
ing these observations, we investigated the activities of
aminophospholipid translocase and the nonspecific
lipid scramblase, which could either separately or in
combination induce enhancement of PS content in the
outer membrane leaflet. The results showed that amin-
ophospholipid translocase was inhibited and scram-
bling activity was stimulated in the transformed cells.
To determine the relative contribution of the two tested
transport mechanisms in PS external appearance, both
of them were submitted to reversible alterations and
the level of PS was measured simultaneously. Amin-
ophospholipid translocase, which is susceptible to oxi-
dative injury, was inhibited by treatment with an oxi-
dizing agent, this inhibition being abolished by subse-
quent reduction, and scramblase activity was
modulated by a Ca21 depletion–repletion procedure.
The results showed that the alterations in PS outer
appearance correlated closely with the changes in
scramblase activity and not with the changes observed
for aminophospholipid translocase. Taken together,
these data suggest that the nonspecific bidirectional
lipid transfer was the major transport system respon-
sible for elevation of PS in the extracellular membrane
leaflet of ras-transformed fibroblasts.

MATERIALS AND METHODS

Materials. 1-Oleoyl-2-[12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)ami-
no]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC) and the cor-

responding phosphatidylserine analog (NBD-PS) were obtained from
Avanti Polar Lipids (Alabaster, AL). Pyridyldithioethylamine (PDA)
was synthesized according to the procedure of Connor and Schroit
(18). Culture medium, antibiotic/antimycotic solution, and serum
were from GIBCO BRL Life Technologies. BAPTA-AM was from
Calbiochem (San Diego, CA). The thrombin-sensitive chromogen
S2238 was from Kabi Laboratories (Franklin, OH). Bovine serum
albumin, dithiothreitol, prothrombin, factor Xa, Ca21-ionophore
A23187, Fura 2-AM, EDTA, EGTA, and all other chemicals (except
where otherwise stated) were from Sigma Chemical Co. (St. Louis,
MO).

Cell culture. NIH 3T3 fibroblasts transfected with activated hu-
man Ha-ras gene (19) and the parental cell line were a kind gift from
Dr. Channing J. Der (The University of North Carolina at Chapel
Hill, Chapel Hill, NC). The cells were cultured as described else-
where (20, 21). In brief, fibroblasts were grown in Dulbecco’s modi-
fied Eagle’s medium containing 400 mg/ml G418 (Geneticin), supple-
mented with 9% (v/v) fetal calf serum at 37°C in a humidified 5% CO2

atmosphere. To obtain cell suspension, the monolayers were har-
vested by treatment with 0.05% trypsin and resuspended by pipet-
ting in Hepes-buffered saline (HBS), 136 mM NaCl, 2 mM KCl, 0.5
mM MgCl2, 5 mM glucose, 10 mM Hepes (pH 7.4). HBS contained 1
mM CaCl2 in all experiments except in Ca21 depletion–repletion
procedures, in which Ca21 concentration is specified for each assay
(see below). For inhibition of aminophospholipid transferase activity,
fibroblasts were incubated in the presence of 2 mM PDA at 4°C as
described by Connor and Schroit (22). To reverse PDA-induced inhi-
bition, 10 mM dithiothreitol (DTT) was added during labeling with
fluorescent lipid analogs (see below). For calcium-depletion experi-
ments, the fibroblasts were incubated in Ca21,Mg21-free HBS con-
taining 20 mM BAPTA-AM and 1 mM EGTA for 30 min. Calcium
epletion was performed by incubation of cells in the presence of 500

mM CaCl2 and 2 mM Ca21 ionophore A23187 for 15 min. Prior to
labeling, the cells were incubated with 500 mM PMSF for 30 min at
37°C to prevent degradation of the inserted NBD lipid and cooled to
2°C to suppress endocytosis.

Labeling with fluorescent lipid analogs. Fluorescent labeling was
performed as described by Kok et al. (23), with modifications. Briefly,
C12-NBD-PS and C12-NBD-PC were dried under nitrogen, solubi-
lized in ethanol, and added to the cell suspension (10 nmol of fluo-
rescent lipid per 106 cells) in HBS under stirring. After the incuba-
ion, the fibroblasts were washed with ice-cold HBS to remove the
oninserted lipid analogs and incubated at 20°C for 45 min (results

n Table II and Fig. 2) or as indicated.
Back-exchange. The internalization of the phospholipid fluores-

ent analogs into the inner membrane leaflet was assessed by back-
xchange to serum albumin as described by Pomorski et al. (24), with
odifications. Exchangeable fluorescent lipids located in the outer
embrane leaflet can be removed, allowing quantitative determina-

ion of the lipid internalized into the inner monolayer, i.e., the lipid
raction, which could not be back-exchanged. In short, cells were
ncubated twice with 5% fatty acid free BSA on ice for 10 min,
ollowed by extensive washing with HBS and centrifugation at
2,000g. The pellets were solubilized in 2% Triton X-100 and the
mount of internalized phospholipid was determined by comparing
he fluorescence intensity before and after back-exchange to albu-
in. The fluorescence of the NBD-labeled lipids was measured at a
avelength of 535 nm (excitation wavelength 468 nm) on a Perkin
lmer spectrofluorimeter using 10-nm slit widths.
Prothrombin-converting activity assay. Prothrombinase activity

f fibroblasts was measured as described by Utsugi et al. (12), with
odifications. Briefly, fibroblasts were diluted in HBS to a final

oncentration of 2 3 105 cells/0.1 ml and incubated at 37°C in the
presence of 6 mM CaCl2, 6 nM factor Xa, 10 nM factor Va, and 5 mM
prothrombin at a final volume of 600 ml. The reaction was stopped
after 3 min by addition of 15 mM EDTA in 50 mM Tris–HCl. The

thrombin-dependent chromogenic substrate S2238 (0.5 mM) was
added and the rate of thrombin formation was calculated from the
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rate of chromogen formation monitored at 405 nm on a Pharmacia
LKB 4054 spectrophotometer. The rate of thrombin formation was
determined using a calibration curve obtained from measuring def-
inite amounts of thrombin. The initial rate of thrombin conversion
activity is directly proportional to the content of PS present on the
extracellular surface (25, 26).

Lipid analysis. Lipid extraction was performed with chloroform/
methanol according to the method of Bligh and Dyer (27). The or-
ganic phase obtained after extraction was concentrated and analyzed
by thin-layer chromatography. The phospholipid fractions were sep-
arated on silica gel G60 plates in a solvent system containing chlo-
roform/methanol/2-propanol/triethylamine/0.25% KCl (30:9:25:18:6
v/v) (28). The location of the separate fractions was visualized by
fluorescence or iodine staining. The spots were scraped and quanti-
fied by determination of the inorganic phosphorus (29).

Other procedures. The intracellular calcium concentration was
determined by the Fura-2-AM method exactly as described by Len-
non et al. (30). The protein concentration was estimated according to
he method of Lowry (31). Data are expressed as means 6 SE for two

or three independent experiments as indicated. Differences between
the means were analyzed by Student’s t test.

RESULTS

In this work, we investigated the differences in the
transmembrane distribution of PS and the mecha-
nisms underlying these differences in plasma mem-
branes of control and ras-transformed NIH 3T3 fibro-
blasts. The content of PS in the outer membrane leaflet
of ras-transformed cells was about three times the
control level as calculated by the prothrombin-convert-
ing assay (Table I). Since membrane-bound amino-
phospholipid translocase generally transfers amino-
phospholipids from the outer to the inner membrane
leaflet (4), we measured the degree of internalization of
NBD-labeled PS into the plasma membrane to assess
whether inhibition of this activity could be the reason
for the enhanced external appearance of PS. As evident
from Fig. 1, the internalization of NBD-PS into the
inner leaflet reached 80% in control cells and 70% in
ras cells after 1 h of incubation. In contrast, the inward
ranslocation of NBD-PC, which was used to measure
he nonspecific transmembrane translocation of phos-
holipids other than aminophospholipids, was higher
y 12% in the transformed cells (Fig. 1). So the elevated

TABLE I

Content of Phosphatidylserine in the Outer Membrane
Leaflet of Control and ras-Transformed Fibroblasts Treated

with PDA and DTT (ng/106 cells)

Treatment Control ras

None 17 6 2 52 6 4
PDA 19 6 3 55 6 5
PDA 1 DTT 19 6 3 54 6 4

Note. Data are expressed as means 6 SE of three experiments.
DA, pyridyldithioethylamine; DTT, dithiothreitol.
xternal appearance of PS in ras cells could be due
a
r

either to the observed partial loss of aminophospho-
lipid inward transport or to the stimulated nonspecific
bidirectional transfer of lipid molecules. To discrimi-
nate between these two mechanisms, the aminophos-
pholipid translocase was inhibited by incubation with
PDA before labeling (Table II). PDA is an agent initi-
ating thiol–disulfide exchange (18), which inhibits the
inward transport of aminophospholipids in erythro-
cytes (22). Our preliminary studies showed that PDA
inhibited efficiently the internalization of PS in fibro-
blasts as well. Such inhibition induced by oxidizing
agents can be reversed upon reduction with DTT (22).
PDA treatment reduced the inward translocation of
NBD-PS in both control and transformed cells (Table
II) but did not significantly alter the content of exter-
nally exposed PS in ras cells (Table I). NBD-PC inter-
nalization into fibroblast membranes did not seem af-
fected by PDA treatment (Table II) although PDA-
induced inhibition of scramblase has been reported in
platelets (14). Subsequent incubation of PDA-treated
fibroblasts with DTT recovered about 90% of the initial
inward translocation of NBD-PS (Table II). Appar-
ently, these manipulations of aminophospholipid

FIG. 1. Inward translocation of NBD-PS (upper panel) and
NBD-PC (lower panel) in control (open symbols) and ras-transformed
filled symbols) fibroblasts. Cells in suspension were labeled with
BD-PS and NBD-PC at 2°C, washed with HBS, and incubated at
0°C for the indicated time. The fraction of fluorescent phospholipid
n the inner leaflet was determined by back-exchange to serum

lbumin as described under Materials and Methods. The data rep-
esent the means 6 SE of three separate experiments.
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translocase activity were not accompanied by corre-
sponding changes in the content of PS in the outer
leaflet of ras fibroblasts (Table I), indicating lack of
correlation between aminophospholipid inward trans-
fer and PS external appearance.

The other transport mechanism which could contrib-
ute to enhancement of the PS level in the external
membrane leaflet is the nonspecific inward–outward
lipid transfer referred to as scrambling. The movement
of PC between the monolayers is usually due to this
scrambling, which is why NBD-PC was used to mea-
sure the nonspecific transfer activity (32). Our interest
was focused on scramblase also because of the elevated
degree of PC internalization observed in ras-trans-
formed cells (Fig. 1). Since it is well documented that
the nonspecific bidirectional lipid movement is largely
calcium dependent in different cell lines (10, 12), mod-
ulation of the intracellular calcium level seems a reli-
able way to assess the participation of phospholipid
scrambling in PS outward translocation. To test
whether calcium was essential for PS external appear-
ance, fibroblasts were incubated for 30 min in calcium-
free HBS containing BAPTA-AM and EGTA as intra-
cellular and extracellular Ca21 chelators, respectively,
and then submitted to measurement of PS in the outer
leaflet. The internalization of NBD-PS and NBD-PC to
the inner leaflet was measured simultaneously. The
intracellular Ca21 concentration in ras cells was 112
nM before depletion and 23 nM after incubation with
BAPTA-AM and EGTA as measured by the fura-2
method (30). Reduction of the intracellular calcium
resulted in a marked reduction of PS external expres-
sion in the transformed cells (Table III). Furthermore,
calcium repletion restored, although incompletely, the
content of PS in the outer leaflet of ras cells (Table III).
PS uptake was altered insignificantly (66 versus 71%)
upon calcium reduction in ras cells, demonstrating

TABLE II

Translocation of NBD-PS and NBD-PC to the Inner
Membrane Leaflet of Control and ras-Transformed

Fibroblasts Treated with PDA and DTT (%)

Treatment

Control ras

PS PC PS PC

None 81 22 68 34
PDA 23a 21 24a 32
PDA 1 DTT 74b 22 61b 33

Note. PS, phosphatidylserine; PC, phosphatidylcholine. NBD-PS
nd NBD-PC are fluorescent analogs of PS and PC. Data are means
f three separate experiments. Statistical significance was assessed
y comparing nontreated to PDA-treated (aP , 0.001) and PDA-
reated to (PDA 1 DTT)-treated (bP , 0.001) cells.
that calcium was not essential for PS uptake in both
control and transformed cells (Fig. 2). Control cells
were incubated in calcium-containing HBS since no
significant differences were observed in PS internaliza-
tion upon calcium omission (Fig. 2). However, PC
translocation to the inner leaflet showed a marked
calcium dependence in both control and ras cells (Fig.
3). In transformed cells, calcium depletion was accom-
panied by a 57% reduction of NBD-PC uptake (Fig. 3),
illustrating that the elevated rate of NBD-PC internal-
ization (Fig. 1) was due to stimulated calcium-depen-
dent lipid transport. Calcium repletion induced a com-
plete recovery of PC uptake in ras cells as compared to
ras cells not submitted to calcium depletion–repletion
procedures (Fig. 3).

We also investigated the metabolism of the inserted
phospholipid analogs after being internalized into the

TABLE III

Content of Phosphatidylserine in the Outer Membrane
Leaflet of Control and ras-Transformed Fibroblasts with

Altered Level of Intracellular Ca21 (ng/106 cells)

Ca21 modulation Control ras

None 17 6 2 52 6 4
Depletion 16 6 2 36 6 3a

Repletion 17 6 2 45 6 4b

Note. Results are means 6 SD of three separate experiments.
Statistical significance was assessed by comparing untreated to
Ca21-depleted cells (aP , 0.001) and Ca21-depleted to Ca21-repleted
ells (bP , 0.01).

FIG. 2. Internalization of NBD-PS in control (open bar) and ras-
ransformed (solid bars) fibroblasts submitted to a calcium depletion
2Ca21) and calcium repletion (1Ca21) procedure. Ca21 depletion
as performed by cell incubation with BAPTA-AM and EGTA and
a21 repletion was carried out by incubation in the presence of Ca21

and Ca21-ionophore A23187 as described under Materials and Meth-
ods. Internalization of NBD-PS was assessed after fibroblast incu-
bation at 20°C for 45 min. The data represent the means 6 SE of
three separate experiments. Differences were significant (P ,
0.001) between values measured in control cells (open bar) and
nontreated ras cells (first solid bar). Differences between values

21
observed for nontreated ras cells and ras cells submitted to Ca
depletion and Ca21 repletion were insignificant.
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299NONSPECIFIC LIPID TRANSPORT INDUCES PHOSPHATIDYLSERINE OUTER APPEARANCE
cells to determine whether they were hydrolyzed by
membrane-bound phospholipases (data not shown).
The results indicated that about 86% of the introduced
lipid remained unhydrolyzed throughout the period of
investigation, indicating that the fluorescent probes
measured in the inner membrane leaflet were mostly
phospholipids and not their hydrolytic products.

DISCUSSION

Nucleated cells are a complicated model to study
membrane asymmetry because the lipid analogs used
in such studies become metabolized or internalized to
the subcellular organelles, which hinders prolonged
measurements at physiological temperatures. Yet
many recent reports have been devoted to investigation
of lipid asymmetry on nucleated cells (24, 32). In the
present work, we studied the differences in PS trans-
membrane distribution and the transport mechanisms
responsible for these differences in control and ras-
transformed NIH 3T3 fibroblasts. Our previous inves-
tigations demonstrated significant alterations in the
aminophospholipid metabolism in ras cells (16, 21).

reliminary studies showed a 10% increase in the PE
evel present in the extracellular monolayer of trans-
ormed cells as measured with exogenous NBD-PE.
owever, the content of PS in the outer leaflet or ras

ells was about three times the content in control cells.
rdinarily, PS is located almost entirely in the cyto-
lasmic membrane monolayer and its outward trans-
ocation makes cells susceptible to macrophage recog-
ition and destruction (15). PS external appearance
as been observed in cells undergoing apoptosis (11), in
umorigenic cells (12), or upon cell activation (13, 14).
he predominant location of PS in the inner membrane
onolayer is maintained by an ATP-requiring amino-

FIG. 3. Internalization of NBD-PC in control (open bars) and ras-
transformed (solid bars) fibroblasts submitted to a calcium depletion
(2Ca21) and calcium repletion (1Ca21) procedure. Incubation condi-
tions are as in Fig. 2. The data represent the means 6 SE of three
separate experiments. * P , 0.001 compared to control nontreated
cells. ** P , 0.001 compared to ras-transformed nontreated cells.
hospholipid translocase (4), but the mechanisms re- l
ponsible for its appearance in the outer leaflet remain
nclear. It has been suggested that PS outward trans-

ocation is accompanied by both loss of aminophospho-
ipid translocase activity and elevation of the nonspe-
ific transbilayer movement of phospholipids (32). In
n attempt to clarify the mechanisms underlying the
ccumulation of PS in the outer leaflet, we investigated
he relative contribution of two membrane transport
ystems—the specific aminophospholipid translocase
nd the nonspecific lipid scramblase. The internaliza-
ion of NBD-labeled PS was measured to assess the
minophospholipid translocase activity and NBD-PC
as used as a marker of the nonspecific transport
etween the two membrane leaflets. As mentioned
bove, the higher PS appearance in the outer mono-
ayer could be due either to a loss of aminophospholipid
ranslocase activity, which would result in a reduced
ransfer of PS to the inner monolayer, or to an increase
f the nonspecific bidirectional lipid transport, which
ould relocate some PS molecules back to the outer

eaflet. Our results showed that the aminophospholipid
ransport was inhibited and the nonspecific bidirec-
ional translocation was stimulated in the transformed
ells, implying that each of them or both taken together
ould induce accumulation of PS in the outer leaflet. To
est which of these transport mechanisms was related
o PS accumulation in the outer leaflet of ras cells, both
ctivities were submitted to reversible alterations and
he corresponding changes in PS external appearance
ere monitored. To induce aminophospholipid transfer

nhibition, the cells were pretreated with PDA, which
nhibits the inward transport of aminophospholipids in
rythrocytes (18). Our preliminary studies proved that
DA was an effective inhibitor of PS inward movement

n fibroblasts as well. Thus, if loss of aminophospho-
ipid translocase activity was the major reason for the
ltered PS asymmetry in ras-transformed cells, this
nhibitor should increase additionally the appearance
f PS in the external membrane monolayer. The data
ndicated that although PDA treatment reduced the
ate of NBD-PS internalization in both control and
as-transformed fibroblasts, the content of PS in the
xternal leaflet was not significantly enhanced in PDA-
reated ras cells compared to nontreated ones. We
hose PDA to inhibit aminophospholipid translocase
ecause it triggers initiation of thiol–disulfide ex-
hange, which can be reversed upon reduction of the
isulfide bridges by DTT. The aim of these studies was
o determine whether opposite alterations of amin-
phospholipid translocase activity were accompanied
y corresponding changes in PS external appearance.
he results demonstrated that the inhibition and res-
oration of aminophospholipid translocase activity in
as cells were not followed by corresponding elevation
nd reduction of PS content in the outer membrane

eaflet (Tables I and II). These data suggest that the
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reduction of aminophospholipid inward translocation
observed in ras cells was not the major reason for PS
external appearance, implying the participation of a
different transport mechanism.

The other tested lipid transport system which could
contribute to PS appearance in the extracellular leaflet
is the nonspecific scramblase, which transports phos-
pholipid molecules in both directions between the two
membrane leaflets (5). There are many studies docu-
menting that scramblase is activated upon elevation of
the intracellular Ca21concentration in different cells
(6, 32). Our preliminary investigations showed a simi-
lar Ca21 concentration dependence of the nonspecific
ipid transport in fibroblasts as measured by internal-
zation of NBD-PC (data not shown). Hence, the stim-
lation of the nonspecific lipid transport by calcium
eems to be a common feature of various cell types.
alcium has been reported to inhibit aminophospho-

ipid translocase in erythrocytes (10), although data
eem to be controversial on this issue as far as other
ell types are concerned (32). To test the effect of in-
racellular calcium on the nonspecific lipid transport
nd PS outer appearance, transformed and nontrans-
ormed fibroblasts were submitted to a calcium deple-
ion–repletion procedure. Incubation of ras cells with
APTA-AM and EGTA as intracellular and extracellu-

ar Ca21 chelators, respectively, did not affect signifi-
cantly PS internalization (Fig. 2), but induced a de-
crease of PS appearance in the outer leaflet (Table III).
In addition, calcium depletion resulted in reduction of
PC internalization, illustrating that the nonspecific
calcium-dependent lipid transfer was suppressed. Res-
toration of the intracellular calcium by incubation in
the presence of Ca21 and Ca21-ionophore A23187 was
able to induce PS reappearance in the outer leaflet,
indicating clearly that the outward translocation of PS
was a calcium-dependent process and was most likely
performed by the nonspecific lipid scramblase. This
hypothesis is strongly supported by the correlation be-
tween PC internalization and the changes in PS outer
appearance (Fig. 3, Table III). Taken together, these
data suggest that the calcium-activated nonspecific
lipid transport is responsible for the outward translo-
cation of PS in ras-transformed cells. That loss of ami-
nophospholipid translocase activity was not the major
reason for PS external appearance in ras cells can be
seen by a simple comparison of Tables I and II. How-
ever, certain contribution of the reduced aminophos-
pholipid inward transfer observed in ras cells should
not be completely ruled out.

In this work, we investigated the role of two mem-
brane-bound transport systems, which could be re-
sponsible for the enhanced PS level in the outer mem-
brane leaflet of ras-transformed fibroblasts—the ami-
nophospholipid translocase and the nonspecific

bidirectional lipid scramblase. We suggest that the
nonspecific calcium-dependent inward–outward lipid
transport is predominantly responsible for the en-
hanced appearance of PS in the external leaflet of
ras-transformed fibroblasts. The higher expression of
PS in the outer membrane leaflet of ras-transformed
cells might as well be related to higher susceptibility to
macrophage recognition and subsequent destruction,
which makes studies on the mechanisms responsible
for PS transmembrane translocation particularly im-
portant.
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