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In previous publications, we have shown, by using spin-labeled derivatives, that the translocation of
phosphatidylserine and phosphatidylethanolamine from the outer to the inner monolayer of human erythro-
cyte membrane is a protein-mediated phenomenon, which requires hydrolisable Mg2*-ATP. The inhibition
by intracellular Ca>* (0.2 pM) or by extracellularly added vanadate (50 M) was reported (Seigneuret, M.
and Devaux, P.F. (1984) Proc. Natl. Acad. Sci. USA 81, 3751-3755; Zachowski, A., Favre, E., Cribier, S.,
Hervé, P. and Devaux, P.F. (1986) Biochemistry 25, 2585-2590). The present article gives further insight
into the effects of intracellular and extracellular ions on the aminophospholipid translocation in human
erythrocytes. By measuring the cell ATP concentration, we now show that the inhibitory effect of
intracellular calcium on spin-labeled aminophospholipid translocation is partly due to the ATP depletion,
which follows the increased consumption by the calcium pump. However, a direct inhibitory effect of
cytosolic Ca’* on the aminophospholipid translocase can be demonstrated by measuring the initial rate of
aminophospholipid translocation in the presence of variable amounts of intracellular calcium, at fixed ATP
concentrations. Moreover, the transmembrane equilibrium distribution of phosphatidylserine and phos-
phatidylethanolamine are affected differently by Ca’*: when cytosolic Ca>* concentration is increased,
alteration of phosphatidylethanolamine distribution begins as soon as the inward translocation is affected by
Ca®™* (approx. 50 nM), whereas phosphatidylserine distribution remains unchanged within a large inhibitory
range of cytosolic Ca’* concentrations and decreases above 0.2 uM of free Ca?* within the cytosol.
Decrease of the intracellular Mg?* concentration below its physiological value (approx. 2 mM) results in the
inhibition of aminophospholipid inward transport, whereas increase of Mg?™* concentration does not modify
this transport. If Mn?* is substituted for Mg?*, part of the aminophospholipid translocation is maintained,
whereas if Co?* is substituted for Mg?*, the rapid translocation is completely abolished. Concentrations as
high as a millimolar of extracellular Ca’*, Mg2* or Mn’* have no effect on the aminophospholipid
translocation. The less usual cations Cr’*, Fe?*, Cu®*, Sn’* and Eu®* are also uneffective. With
extracellular Ni>* or Co?*, some inhibition can be observed, half inhibition by Ni?* corresponding to 500
#M. Vanadyl (VO?"), on the other hand, is a potent inhibitor of the aminophospholipid translocation when

Abbreviations  PS. phosphatidylserine, PE. phosphatidyl- sulfomc acid EGTA, (ethylenebis(oxyethylenenitrilo))tetra-

ethanolanune, (0.2)PS. 1-palmitoyl-2-(4-doxylpentanoyl)phos-
phatidylserine. (0.2)PE, 1-palmitoyl-2-(4-doxvlpentanoyl)phos-
phatidylethanolamuine, (0,2) refers to the general nomenclature
of spin labeled chains, 0 and 2 being, respectively, the number
of methylene groups after and before the labeled position on
the acyl chain Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-

acetic acid, EDTA, ethylene diaminetetraacetic acid. DMSO,
dimethylsulfoxide, DIDS, 4.4’-dusothiocyanostilbene-2.2"-ds-
sulfonic acid
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applied on the extracellular surface, half-inhibition being reached around 30 pM. Finally, the effect of
vanadate (VO; ™) was also investigated. Half-inhibition by extracellularly added vanadate was found at 50
M. However, pretreatment of the cells by a blocker of the anion carrier band 3 partly prevented the
inhibitory property of vanadate. This suggests that vanadate effectively acts from the cell interior.
Comparison between ionic regulation of the aminophospholipid translocation in human erythrocytes and the
influence of ions on cell shape indicates that the asymmetry of phospholipid distribution is probably a major

determinant in the control of the normal discoid shape.

Introduction

The phospholipid distribution between the two
leaflets of the erythrocyte membrane 1s asymmet-
ric [1,2]. This 1s due, at least partly, to the selective
translocation of phosphatidylserine and phos-
phatidylethanolamine, from the outer to the inner
leaflet by an ATP-dependent carrier protein [3,4].
The active transport of aminophospholipids was
discovered in 1984 using spin-labeled analogues of
naturally occurring phospholipids [3]. Spin-labeled
phospholipids with a short 8 chain (C;), bearing a
doxyl group at the fourth position, incorporate
rapidly and quantitatively into the erythrocyte
outer leaflet; their reorientation within the mem-
brane can be assessed by selective chemical reduc-
tion of the probes located on one membrane half.
Using this technique, we showed large differences
between the rates of transmembrane diffusion of
aminophospholipids and of choline derivatives. A
requisite for the rapid diffusion of aminophospho-
lipids is the presence of ATP within the cells. The
ATP requirement was confirmed by other labora-
tories using non-spin-labeled lipids [5,6]. The pro-
teic nature of this selective inward translocation
was demonstrated by its inhibition by protein
reagents such as AN-ethylmaleimide or vanadate,
known inhibitors of ATPase. In order to produce
and maintain phospholipid asymmetry, 1t is not
necessary to postulate the existence of other en-
zymatic activities specific for phosphatidylcholine
and sphingomyelin. A counter-diffusion process
can explain the stable seggregation between the
aminophospholipids and the choline-containing
phospholipids. The enzymatic activity, ‘amino-
phospholipid translocase’ [4], may be present not
only 1n erythrocytes and their precursors, the re-
ticulocytes [7], but also in a great variety of cells,
such as platelets [5,8], lymphocytes [9] and fibrob-
lasts [10].

The important role of two divalent cations was
outlined in the previous studies. First, in resealed
ghosts [3], the rapid aminophospholipid transloca-
tion requires the presence of Mg?*, together with
ATP. Secondly, this process is almost completely
inhibited by micromolar amounts of free intracell-
ular Ca’* [4]. In the present article, the role of
intracellular and extracellular cations on the rates
of translocation and the equilibrium distribution
of aminophospholipid analogues 1s further
analyzed. We have also reinvestigated the inhibi-
tory properties of vanadate anions and have shown
that vanadyl cations which can be formed sponta-
neously from vanadate reduction are also potent
inhibitors. However, inhibition by the two
vanadium derivatives proceed by different path-
ways.

Materials and Methods

Buffers. Two buffers were used: 140 mM
NaCl/10 mM Hepes (pH 7.4) (buffer A) and 70
mM KCl/70 mM NaCl/1 mM EGTA/10 mM
Hepes (pH 7.4) (buffer B). In some experiments, 1
or 2 mM EDTA was added to buffer A, or 20 mM
inosine to buffer B (pH was adjusted to 7.4
whenever necessary). When the effect of Mn?* or
Co®* was investigated, special attention was payed
to the absence of residual amounts of other diva-
lent cations. Buffer A was thus made with highly
purified NaCl and its pH adjusted with highly
purified NaOH (Normatom Prolabo, Paris,
France).

Erythrocytes. Fresh human blood was obtained
from healthy volunteers or from a local blood
bank (Hopital Cochin). Blood collected in EDTA
was washed three times in 3 vol. of buffer A, by
centrifugation at 1000 X g, and, for intracellular
cation studies, once with 3 vol. of buffer B. The
washed erythrocytes were stored on 1ice and used
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within 6 h. All samples contained 5 mM of duso-
propylfluorophosphate to minimize the hydrolysis
of the spin-labeled phospholipids [9].

Spin-labeling Scheme 1 presents the spmn-
labeled phospholipids used. The polar head group,
R, 1s serine or ethanolamine, and the molecules
are termed (0,2)PS or (0,2)PE These spin-labels
were prepared enzymatically from the correspond-
ing phosphatidylcholine spin-label [11], the latter
being synthetized as described in Ref. 12. Mem-
brane labeling was carried out as described in Ref.
3. The ESR spectra were recorded with a Vanan
E109 spectrometer. The transverse orientation of
the spin-labeled phospholipids was assayed at
0°C, by ascorbate reduction of the labels exposed
on the outer leaflet according to the method de-
scribed 1in Ref. 3. Since several of the 10ons tested
were paramagnetic, spectra were stored when nec-
essary and a baseline subtraction carried out. At
the maximum ion concentration used (approx. 1
mM), no spin-spin interaction took place between
the paramagnetic cations Mn** or Ni** and the
nitroxide probes. On the other hand, vanadyl ad-
ded in the extracellular space was an efficient
quencher of the spin-labels exposed on the outer
face. As a result, the ESR signal observed 1n the
latter case was directly associated with the amount
of label on the inner layer.

Control of dwalent cation cytosolic content.
Erythrocytes were incubated, prior to spin-label-
g, i buffer B at a 20% hematocrit in presence of
20 uM calcium ionophore A23187 (from a 5 mM
stock solution 1n DMSO/ ethanol (2: 1, v/v)). The
high K* concentration of buffer B (70 mM) was

CH,- (CH,),,- COO-CH,

CH,- C- (CH,), - COO - CH
o

=0

-OR

CH, -O -

O—v

(02)PS R:CHz-(fH-I\THS
coo"
(02)PE R=(CHy),-NH,

Scheme I

used to prevent the net loss of cell potassium and
cell shrinkage under the effect of added Ca’".
Various amounts of CaCl, were added in the
icubation medium, so as to reach extracellular
concentrations ranging between 0 and 1 mM. The
cytosolic free calcium concentration may be com-
puted by assuming: (1) that the affinity constant of
the EGTA for Ca®* in buffer B 1s 1.32- 10" M}
and (1i) that for the high 1onophore concentration
we used, [Ca**], and [Ca®*], are the steady-state
concentrations of iomized calcium in the cytosol
and incubation medium, respectively, r = 1.5 being
the ratio of the intracellular and extracellular pro-
ton concentration [13]. Examples of respective val-
ues of [Ca’*], and [Ca®*}],, computed according
to the above assumptions are given in Table 1.

For magnesium monitoring. extracellular con-
centrations ranging between 0 and 4 mM were
obtained by adding MgCl, to similar cell suspen-
stons as described above. Conversely, in order to
achieve Mg>" depletion, we used erythrocyte sus-
pensions at 20% hematocrit in buffer A containing
2 mM EDTA and 20 pM 1onophore A23187

When the effects of Mn?* and Co®* were
investigated, two procedures were employed: (1)
0.1-1 mM of CoCl, or Mn(acetate), was added to
an erythrocyte suspension at 20% hematocrit 1n
buffer A with 20 uM 1onophore A23187. (1) The
cells were first Mg?*-depleted as described above,
the suspension then washed twice 1n buffer A, and
Mn and Co salts added under the same conditions
as n (1).

Unless otherwise specified, all samples with
1onophore and varymg amounts of added salts
were 1ncubated 10 mun at 37°C. The cells were
then centrifuged at 4°C and either spin-labeled or
used for intracellular ATP and magnesium con-
centration measurements.

Measurements of ntracellular magnesium con-
centranion. 20 pl packed erythrocytes were first
separated from theirr incubation medium by
centrifugation in Mg**-free di-n-butylphthalate.
The supernatant was carefully removed and the
cells were hemolysed 1n 50 vol of 0.4% Mg?**-free
trichloroacetic acid. Magnesium concentration 1n
the resulting solution was measured by atomic
absorption spectrometry (Instrumentation
Laboratory 457).

Measurements of cellular ATP content Cell ATP
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COMPUTED VALUES OF [Ca?*], (EXTRACELLULAR FREE CALCIUM CONCENTRATION) AND [Ca?*], (IN-
TRACELLULAR CALCIUM CONCENTRATION), FOR GIVEN CONCENTRATIONS OF ADDED CALCIUM CHLORIDE

IN BUFFER B WITH IONOPHORE

CaCl, (mM)

01 0.2 03 05 07 09 1
[Ca?*], (M) 0008 0018 0031 0076 0177 0.678 8.7
[Ca?* ], (uM) 0018 004 007 0.17 04 152 196

was extracted with 0.1% trichloroacetic acid and
measured by the firefly luminescence test [14]. The
test kit was purchased from LKB-Wallac (LKB-
Wallac ATP assay kit). The photon emussion was
measured on a Lumacounter M2080.

Control of extracellular 10ns. 1 vol. of pelleted
cells was added to 1 vol. of buffer A supplemented
with the desired ion concentration from a 10-fold
concentrated solution in buffer A. After 15 min
mcubation at room temperature with the 1oms,
samples were cooled at 4°C, centrifuged and
spin-labeled. For vanadate, the incubation medium
contained 1 mM EDTA in order to chelate any
vanadyl cation formed. For the investigation of
vanadyl, in some experiments after incubation
without EDTA and centrifugation, samples were
resuspended 1n 10 vol. of buffer A, containing 1
mM EDTA, 1n order to chelate all vanadyl ions on
the extracellular medium. After 15 min incubation
the latter samples were centrifuged again and
spin-labeled.

Treatment with DIDS. Washed erythrocytes
were resuspended at a 25% hematocrit in buffer A
containing 0.3 mM DIDS (Sigma). After 45 min at
37°C, cells were centrifuged before use. A control
incubation without DIDS was run in parallel.

Binding of radioactive vanadyl to erythrocytes. 1
vol. of pelleted erythrocytes was added to 1 vol. of
buffer containing various amounts of VOZ2*.
[“V]Vanadyl (Amersham) was used as a tracer.
After 15 min incubation at room temperature, the
cell suspension was centrifuged and an aliquot
was sampled from the supernatant for scintillation
counting, The pellet was resuspended 1n a 10-fold
excess of buffer (without VO?*), centrifuged again
and an aliquot of the supernatant counted. This
procedure was repeated once.

Membrane solubilization and chromatography. 6

ml of washed, pelleted erythrocytes were added to
6 ml of 1 mM VOSO, (contaming **VO?*) in
buffer A and incubated for 15 mun at room tem-
perature. The suspension was centrifuged and the
cells lysed in 10 vol. of 10 mM Tris (pH 7.4). The
final pellet was brought to 1% (w/v) SDS and
applied onto a 1 X 46 cm Sepharose 6B-prepacked
column (Pharmacia), equilibrated in 1% SDS /10
mM Tris (pH 7.4). The elution rate was 4.5 ml per
h and 0.6-ml fractions were collected at room
temperature. Absorbance spectra (220-320 nm)
were recorded with each fraction for protein assay.
An aliquot of each fraction was sampled for scin-
tillation counting,.

Results

Effects of ntracellular diwalent cations on the
aminophospholipid translocation

Intracellular calcium. The ESR signal of nonre-
ducible (0.2)PS and (0,2)PE, corresponding to the
fraction of label present at the inner face of the
bilayer, was measured after different incubation
periods. In Fig. 1(a), the nonreducible fraction of
(0,2)PS is plotted as a function of incubation time
for three concentrations of added calcium, =0
being the instant when the spin-labels are mixed
with the erythrocyte suspension. 1 mM of added
calcium (ie., 19.6 uM of intracellular Ca®") in-
hibits almost completely the active translocation
process. As already reported [4], in the presence of
ionophore A23187, the translocation of the
amunophospholipid analogues is slowed down by
the addition of calcium. Fig. 1(b) 1s the control
experiment with Ca’*, but without ionophore:
extracellular calcium has no effect on (0,2)PS
translocation.

Even though (0,2)PE 1s transported at a slower
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Fig 1 Non-reducible (0.2)PS fraction versus incubation time of the erythrocytes with the spin label Incubations were carned out at

0°C (a) The incubation medium contains 1 mM EGTA and ionophore The added calcium concentrations are 0 (O), 05 (00) or 1

mM (a) (b) The incubation medium 1s the same as 1n (a), but 1t does not contain 1onophore The added calcium concentrations are 0
(O), 1(a)and 14 mM (=)

rate than (0,2) PS for each fixed amount of added
calcium, the inhibitory effect of calcium is the
same for (0,2)PE and (0,2)PS. This is shown in
Fig. 2, wherein the initial rates of transport of
each label for any concentration of added calcium
are referred to the rate of the same label at 0 mM
added calcium. The mtial rates of translocation
were deduced from the 1nitial slopes of the curves
which are instanced 1n Fig. 1.

Effect of intracellular calcium on the equilibrium
distribution of the spin-labeled amunophospholipids
The data plotted 1n Fig. 3 show that the effect of
intracetlular calctum on the equlibrium distribu-
tion 1s not the same for (0,2)PS and (0,2)PE. The
fraction of (0,2)PS which is found at the inner face

of the membrane 1s not significantly modified by
calcium loading up to approx. 0.5 mM added
calcium (i.e, 0.17 uM intracellular Ca’"). For
higher calcium concentrations, the fraction of PS
on the inner layer decreases regularly from ap-
prox. 80% to a value below 50%. Conversely, the
fraction of (0,2)PE which 1s located at the inner
layer decreases monotonically, without any
threshold of added calcium. Note that this differ-
ent response to calctum occurs, although no dif-
ferences in calcium inhibition of the nitial veloci-
ties was observed (see above).

Intracellular Ca’* and ATP concentration. The
cell ATP concentration was measured under the
same experimental conditions as above. Data are
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Fig 2 Imtal rate of translocation of (0,2)PS (O) and (0,2)PE

(a) versus added calcium at fixed concentration of EGTA and

ronophore Data were referred to the imitial rate observed in
cells incubated with 10nophore but without added calcium

shown in Fig. 4, where we have also plotted the
ATP concentrations within erythrocytes incubated
in buffer B with 20 mM inosine. The intracellular
ATP concentration in the absence of inosine 1s
dramatically decreased for added calcium con-
centrations above 0.5 mM, whereas 1t increases
again above 0.8 mM of added calcium. In inosine-
fed erythrocytes, the fall of ATP concentration
takes place above 0.7 mM. Thus, the inhibitory
effect of calcium on phospholipid translocation in
erythrocytes without 1nosine (Figs. 1 and 2) might
be due at least partly to a decrease of intracellular
ATP.

Intracellular calcrum at fixed intracellular ATP
concentration. Ca?* nhibits translocation and
diminishes ATP levels; 1ts effect on translocation
1s more than just the result of lowered ATP. We
base this on the following (1) The intracellular
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Fig 3 Non-reducible (0,2)PS (O) and (0.2)PE (a) fractions at
mncubation tume £, versus added calcium concentration. 1, 1s
a ume sufficient to reach approximately the asymptotes of the
curves of Fig 1 Incubations were carried out at 0°C mn a
medium contaiming EGTA and ionophore The curves are
least-square fitted polynomals. Concentration of Ca’* above
07 mM cannot be tested because 7., becomes of the order of
magmtude of the hemolysis time in the incubation The data in
this figure were obtained from two separate experiments with
blood from the same donor Similar expeniments were carried
out with blood from other donors The value of the asymptotic
non-reducible spin-label fractions at zero calcium concentra-
tion varnied between 80 and 90% for PS and between 60 and
80% of PE, according to the donor However, for each blood
sample, the curves indicated the same charactenstic depen-
dence with intracellular concentration, although the data can-
not be reported on these curves because of the vanation of the
control levels

ATP concentration does not vary significantly for
added calcium concentrations ranging between 0
and 0.4 mM (Fig. 4), whereas the 1nitial velocity of
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Fig 4 Intracellular ATP concentration (in mmol per liter of

packed erythrocytes) versus calcium added The values were

obtamed for red cells n a medium contaiming EGTA and
ronophore, with (a) or without (@) 20 mM inosine

translocation decreases 1n the same range (Fig. 2).
(ii) Inosine-loaded red cells (Fig. 4) maintain a
constant intracellular ATP level up to 0.7 mM of
added calcium. Yet, Table II shows that, even
though the ATP level is maintained by inosine
feeding, an inhibitory effect of calcium on phos-
pholipid translocation persists. In a control
experiment (not shown) we have verified that in-
osine alone has no effect on (0,2)PE translocation.
(1) Our conclusion concerning an intrinsic calcium
inhibitory effect was reinforced by attempts to
reverse 1t. Red cells were first incubated in the
presence of 1onophore and 0.7 mM calcium. Then
calcium was removed from the cytosol by washing
the cells in buffer B and incubating them for 10
min at 37 ° C with 1onophore. The results concern-
ing 1nitial rates of (0,2)PE translocation are shown
in Table II1. They first show that calcium removal

TABLE 11

INITIAL RATE OF (0,2)PS OUTSIDE-INSIDE TRANSLO-
CATION FOR RED CELLS IN BUFFER B WITH (+) OR
WITHOUT (-) ADDITION OF 20 mM INOSINE IN THE
PRESENCE OF IONOPHORE AND EITHER 0 OR 07 mM
OF ADDED CaCl,

The results of ATP concentration are given+an estimated
maccuracy (about 10%) ¥, 1s the mitial rate of (0,2)PS translo-
cation for the sample under consideration V,(0) 1s the mtial
rate of (0,2)PS translocation for the control sample. The 1nac-
curacy 1s esimated from the standard deviations computed by

mean-square fit of the kinetic curves instanced in Fig. 1

CaCl, (mM)
0 07
Inostne + - +
ATP (mM) 1331013 034005 1354014
V./ V(0 1 04401 077401
TABLE II1

INITIAL RATE OF (0,2)PE TRANSLOCATION FOR RED
CELLS INCUBATED IN BUFFER B IN THE PRESENCE
OF IONOPHORE AND 07 mM OF ADDED CALCIUM,
WITH (yes) OR WITHOUT (no) SUBSEQUENT REMOVAL
OF THE ADDED CALCIUM

See Table II, for description of V,/V,(0). The intracellular
ATP concentrations were not measured on the same blood
sample as the imtial rate of (0.2)PE translocation, but identical
experimental conditions were used.

CaCl, (mM)
0 07
Removal yes no yes
V,/V,(0) 1 016+01 059401
ATP (mM) 14+014 0264005 033+005

1s not sufficient for ATP regeneration. Neverthe-
less, calcium removal allows one to recover a
significant rate of (0,2)PE translocation. This
demonstrates that for a low but constant cell ATP
level (here about 0.3 mM), the presence of as little
as 0.4 pM Ca’" in the cytosol (corresponding to
0.7 mM added CaCl,) inhibits almost completely
the outside-inside translocation of the amuno-
phospholipid analogues.

In Fig. 5, the initial velocities of outside—inside
(0.2)PS translocation are plotted versus (0,2)PS
concentration for 0 and 1 mM of added calcium.
Here, the ATP level of erythrocytes with 0 mM



calcium has been adjusted to the same level (ie.,
0.75 mM ATP) as that of erythrocytes with 1 mM
calcium, by incubating the former in buffer A
without ionophore, during 3 h at 37° C. The initial
rates are much lower for red cells incubated with
calcium than for controls. The maximum velocity
(V,,) and the apparent affinity (K ) of the trans-
location were computed by using the Woolf-
Hofstee linearization, for both samples. This led
to V,,=4.5+0.2 nmol of (0,2)PS/h per mg of
membrane proteins and K, =16+ 1.4 pM for 0
mM added calcium, whereas ¥, = 0.87 + 0.3 nmol
of (0,2)PS/h per mg of membrane proteins and
K,=30+19 pM for 1 mM calcium. Notwith-
standing considerable inaccuracies, intracellular
calctum loading decreases V,,, while it does not
change K, significantly.

Intracellular Mg>*. The intial rate of (0,2)PS
translocation has been measured for several in-
tracellular magnesium concentrations (Table IV).

(nmol /mg prot /h)

Vi

(0 2)PS concentration (uM)

Fig 5 Imual rate of (0,2)PS translocation as a function of the

amount wncorporated 1n the erythrocyte membrane (expressed

m pmol (0,2)PS per | of packed erythrocytes), for two con-

centrations of added calcium 1n the incubating medium con-

tamning EGTA and ionophore 0 (®) and 1 mM (a) The curves

were drawn using the Michaelis-Menten law, with parameters
V,, and K, asindicated in the text
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Under our experimental conditions, no ATP de-
pletion occurs, 1rrespective of the magnesium con-
tent of the cells. The initial rate of translocation is
a steep but saturable, increasing function of the
cell magnesium content. The saturation occurs 1n
the vicinity of the physiological concentration of
intracellular magnesium. Note that red cells are
partially magnesium-depleted under the condi-
tions used for calctum loading (i.e., 10 min of
incubation at 37°C, with EGTA and imophore).
Other measurements (not shown) demonstrated
that this partial magnesium depletion does not
depend on the amount of added calcium in the
incubation medium.

Intracellular Mn’ " and Co”* The imtial rate of
(0,2)PS translocation has been measured when
etther Mn?* or Co’* are introduced in the in-
tracellular medium (Table V). In the presence of 1
mM of either Mn>* or Co’*, without preliminary
extraction of Mg?*, the imitial rate of
aminophospholipid translocation 1s partially in-
hibited, to about one-third of the control. But
when preliminary extraction of Mg?* 1s per-
formed, the behavior of Mn**-loaded erythrocytes
departs from that of Co’*-loaded ones. Mn**
loading of the cells enables one to recover part of
the transport activity which vanishes after Mg?**
depletion (initial velocity in Mg?*-depleted —
Mn?*-loaded cells: about one-sixth of the control).
On the contrary, Co** loading of the cells does
not yield any recovery of the transport activity of
Mg?*-depleted cells. These differences are not
accounted for by any significant difference in the
cell ATP content.

Effects of extracellular 1ons on the aminophospholi-
pid translocation

Parnal inhibition by multivalent cations. Many
cations, when present at 500 pM 1 the extracellu-
lar medium, do not affect the reorientation of
(0,2)PS 1n the red cell membrane. These are: Ca’*,
Mg?2*, Mn?*, Cr3*, Fe?*, Cu’*. Sn** and Fu’™.
On the other hand, we have found some effect of
Co** and Ni?*. With the latter ion, the half-in-
hibition was obtained with approx. 500 uM (see
Fig. 6); while 500 uM Co** corresponded to 20%
inhibition.

Effect of vanadyl (VO’"). Externally added
vanadyl is an effective inhibitor of the
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TABLE IV

INITIAL RATES OF TRANSLOCATION OF (0,2)PS ACCORDING TO THE INTRACELLULAR MAGNESIUM CONTENT

Red cells were incubated 10 mun at 37 ° C 1n buffer A with (+) or without ( — ) 1onophore, with different chelators (EGTA or EDTA),
and with or without added MgCl, The concentrations of ATP and magnesium are expressed in mmol per liter of packed erythrocyte
The corresponding measurements are not performed on the same samples, but under identical experimental conditions For
description of V,/V,(0) see Table II nd, not determined (The intracellular magnesium concentration was not measured after
incubation with 1onophore and EDTA 2 mM However, 1t 1s known that under such conditions the red cells are severely

Mg* *-depleted)

Chelator None 1 mM EGTA 2 mM EDTA 1 mM EGTA

Ionophore - + + +

MgCl, (mM) 0 0 0 04
[Mg2*], (mM) 21 +£002 1284002 nd 261+002
ATP (mM) 116+012 139+014 1274013 1284013
V,/VA0) 1 0611008 004+003 099401

amunophospholipid translocation. Fig. 7 shows the
dose-response curve. Half-inhibition of the 1nitial
rate 1s obtained around 30 pM. Yet the concentra-
tion range where the inhibition occurs 1s large.
between 10 and 500 pM. We suspect that several
mechamsms are involved. In particular, vanadyl
could be partially oxidized into vanadate (VO; ),
which in turn could be transported in the cell
interior by band 3 protemn. Addition of DIDS,
which is known to partially inhibit the 10n uptake
by band 3 protein [15], does not modify the dose-
response curve obtained with vanadyl (not shown).
On the other hand, when erythrocytes are washed
in EDTA-containing medium after the preincuba-
tion with VO?7, the inhibition curve 1s drastically
modified (see the dotted curve in Fig. 7). A resid-
ual inhibition of the ammophospholipid transloca-
tion still exists, but 50% inhibition requires ap-
prox. 1 mM VO?”. This represents a 40-fold in-

TABLE V

crease when compared to the concentration
required for 50% inhibition in the absence of
EDTA.

At 100 pM VO?*, the inhibition of the
aminophospholipid translocation rate was assayed
with (0,2)PS and (0,2)PE as well. The percentage
of activity remaining was 1dentical for either sub-
strate.

Effect of vanadate (VO] ™). Addition of vana-
date to the incubation medium of erythrocytes led
to a strong inhibition of the aminophospholipid
translocation. The dose-response curve is shown 1n
Fig. 7. Half-inhibition occurs at approx. 50 uM
In order to assess the action of vanadate from the
cell interior, erythrocytes were pre-treated with
DIDS. Addition of 200 pM vanadate to the
DIDS-treated cells indicated a residual transloca-
tion activity of 27% of the onginal activity, to be
compared to a complete mnhibition 1n the control

INITIAL RATES OF TRANSLOCATION OF (0,2)PS, WHEN Mn?* OR Co?* IS INTRODUCED IN THE RED CELL

CYTOSOL

Red cells were incubated 10 mun at 37° C in buffer A, in the presence of 1onophore and of either 1 mM Mn (acetate), or CoCl, Two

situations were investigated in one of them, preliminary extraction of intraceilular Mg

2+

with EDTA was performed, while in the

other 1 mM, Mn?* or Co?* was added directly nd . not determned

No Mg2* extraction

Mg 2" extraction

CoCl, - - + - - +

Mn(Ac), - + - - + -
V,/V(0) 1 027+0.07 03 +01 004+003 0.16+005 003+003
ATP (mM) 0981010 093+0.09 092+009 nd 0.92+009 076+008
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Fig 6 Imiual rate of translocation of (0,2)PS versus extracellu-

lar nickel 1on concentration (logarithmuc scale) Data were

referred to the imtial rate 1in a control without added ions (*)

represents the mhibition obtained with 500 pM CoCl, in the
incubation medium

run without pretreatment with DIDS. This partial
recovery of the activity 1s in accordance with a
partial (approx. 60%) inhibition of vanadate up-
take after treatment by DIDS [15]. Control of
vanadate chemucal stability within erythrocytes
was carried out by ESR spectroscopy. For that
purpose, pelleted cells were lysed by sonication
and vanadate to vanadyl conversion was moni-
tored by the intensity of the ESR spectrum associ-
ated with vanadyl ions bound to hemoglobin [15].
At 20°C, 20% of the vanadate was converted to
vanadyl in 15 min; at 4° C, 8% of conversion only
was measured in 1 h.

Vanadyl binding to erythrocyte membranes. We
have carried out a few experiments with radioac-
tive [ V]vanadyl to determine tentatively to which
proteins the 1ons bind. After the binding step, the
cells were lysed and the membrane were solubi-

8] N0 10 100 1CCOo

Vanady | 1uM) Vanadate (uM)

Fig 7 Inhibition of (0.2)PS translocation by vanadyl (left

panel) or vanadate (right panel) 1ons Concentrations (logarith-

muc scale) correspond to the amounts imtially added in the

incubation medium For vanadyl 10ns, cells were washed 1n a

buffer without (O) or with (a) EDTA before translocation
assay

lized prior to gel chromatography on a Sepharose
6B-Cl column. The vast majority of the radioactiv-
ity was recovered at the elution volume, suggesting
that the main binding of VO?* takes place on the
phospholipids. However, along with protein elu-
tion, radioactivity could be detected, peaking at
components of relatively low molecular weight
(under 50000).

Discussion

Biological relevance of the use of spin-labeled phos-
pholipids

It has been shown in previous publications [3,4]
that the spin-labeled analogues used in the present
investigation distribute themselves spontaneously
across the erythrocyte bilayer according to their
polar head group. The equilibrium distribution of
those phospholipid analogues is identical to that
of endogenous phospholipids [1,2]. The sponta-
neous redistribution of exogenous phospholipids
1n erythrocytes was confirmed recently by using
long-chain radioactive phospholipids [6]. The
translocation rates of paramagnetic aminophos-
pholipids may be influenced by the presence of a
short B8 chain bearing the nitroxide group. Yet it
should be emphasized that the translocation rates
of endogenous phospholipids cover a wide range,
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for they depend on the length and saturation of
the fatty acid chains involved [16]. Thus, we con-
sider that the spin-labeled aminophospholipids
used herein are reliable reporters of ion influence
on the translocation rates of naturally occurring
aminophospholipids.

Role of intracellular Ca”*

Intracellular Ca** inhibits the translocation of
both aminophospholipids (PS and PE). Half-
inhibition 1s obtained at a concentration of 0.2
uM: however, the inhibitory effect of calcium
begins taking place for intracellular Ca** con-
centrations as low as 40 nM. As a comparison, the
sodium pump requires 20 uM Ca** for 50% activ-
ity decrease [17]. The physiological concentration
of intracellular free calcium is approx. 20 nM in
erythrocytes [18], but at least 60% of the total cell
calctum 1s bound and may be hberated by phos-
phorylation of phosphatidylinositol [19]. Thus, the
red cell has a pool of bound calcium which might
be released through certain metabolic events, and
mught inhibit the aminophospholipid translocase
accordingly This 1s lhikely to occur during cell
ageing: the old cells are known to contain more
calcium than the young ones [20].

The decrease 1n the outside—inside aminophos-
pholipid translocation rate under intracellular
Ca’* loading 1s associated with a modification of
the equilibrium distribution of the phospholipid
analogues across the membrane (Fig. 3). William-
son et al. [21] reported a loss of the transmem-
brane phospholipid asymmetry 1n ghosts in the
presence of 5-10 uM Ca’".

We have observed that the inhibition of
aminophospholipid translocation rate yields a
detectable change of (0,2)PS distribution only if
this rate decreases by more than 50% of 1ts control
value, whereas (0,2)PE transbilayer distribution is
modified as soon as the translocation rate 1s
shightly inhibited. This difference in behavior be-
tween the two amunophospholipids may be
accounted for if we assume that the steady-state
transmembrane distribution of the phospholipids
results from an equality between the number of
molecules transportd inwards and the number of
molecules transported outwards. A simple model
of such process has been presented in Ref. 22. In
this model the mmward and outward translocation

rates are k&, and k, respectively, and the transbi-
layer equilibrium distribution for a given phos-
pholipid species 1s gp. Although the model does
not take into account the saturability of the in-
ward transport [4], 1t leads to reasonable orders of
magnitude for the relations between k,, k, and
gp. Most 1importantly, 1t explains the mechanisms
underlying the difference in behavior of the two
aminophospholipids. Indeed. according to the
model, when k /k,= 1. gp is very sensitive to any
variation of either k, or k,; on the other hand.
when k,/k_ > 1, gp 1s almost invariable in a wide
range of variation of this ratio. These predictions
are consistent with our measurements. Under our
experimental conditions, the ratio k /k, is much
greater than 1 for (0,2)PS whereas 1t 1s close to 1
for (0.2)PE.

The differences between PS and PE distribu-
tion changes induced by tracellular calcium
loading suggest that the primary ‘flywheel’ of
phospholipid asymmetry regulation 1s PE. It is
only when cell metabolism 1s radically altered,
leading among other consequences to considerable
increase of the cytosohc calcium level, that PS
phystological distribution mught be disturbed.

Fig. 3 reveals that the intracellular fraction of
aminophospholipid analogues decreases below 50%
when more than 0.4 pM of free calcium is present
in the cytosol. If the phosphohpid distribution is
random 1n the absence of active translocation, one
must conclude that the outer leaflet corresponds
to a larger area. This 1s indeed the case with high
intracellular calcium, since most cells are then in
the echinocytic shape and the echinocytes are as-
sociated with a larger external area [23]

To study the mechanism by which intracellular
calcium inhibits the aminophospholipid transloca-
tion, it was necessary to show that the imhibitory
effect of calcium loading is not the mere conse-
quence of ATP depletion. The red cell calcium
pump 1s stimulated by intracellular Ca’™. Some
experimental conditions lead to ATP consumption
by the calcium pump, thereby decreasing the
intracellular ATP concentration [17,24]. Fig. 4
shows that this is the case in some of our experi-
mental conditions, since we observe a deep
minimum of cell ATP concentration for approx.
0.8 mM of added calcium. The biphasic phase of
the ATP curve for erythrocytes incubated with



1onophore and various quantities of added calcium
was reported and discussed in Ref. 24. The primary
interest of this curve, in this report, is to indicate
that aminophospholipid translocase mnhibition by
calcium is partly due to ATP depletion.

We have given evidence of the existence of a
direct inhibitory effect of calcium. In particular,
the aminophospholipid translocation rates with
and without added calcium were compared under
conditions such that cell ATP concentrations were
brought to equality. This intrinsic calcium effect is
probably due to an inhibition of the ATPase activ-
1ty of the putative aminophospholipid translocase,
rather than to a modification of the affinity of the
aminophospholipids for their outer binding site on
this protem: indeed calcium acts only when its
concentration 1s increased in the intracellular
medium. Moreover, the apparent K of the phos-
pholipids for the carrier is not sigmificantly
changed by calcium loading, whereas the maxi-
mum velocity V,,, which depends both on the
number of carrier protemn copies and on their
turnover rate, is decreased. The inhibition of the
ATPase activity of the carrier by calcrum, and of
1ts turnover accordingly, might be due to substitu-
tion of Ca-ATP for Mg-ATP, which is the physio-
logical substrate of the aminophospholipid trans-
locase [3]. This is unlikely since it would imply
that the affimity of Ca-ATP for the aminophos-
pholipid Mg?*-ATPase is several orders of magni-
tude greater than that of Mg-ATP; in the experi-
ments the concentration of Ca-ATP formed is not
sufficient to change significantly the Mg-ATP
levels. Alternatively, the mhibition mught be due
to a Ca’" activation of intracellular proteases,
leading to the destruction of the amunophospho-
lipid carrier. However, this is also unlikely since
the inactivation by Ca®* is reversible. This was
demonstrated by our experiments showing that
when calcium 1s extracted from the loaded cells,
they recover a normal aminophospholipid trans-
port activity, account being taken of the decrease
of the ATP concentration they experienced during
preliminary incubation with ionophore and
calctum. Finally, the intrinsic inhibitory effect of
calcium on the aminophospholipid outside—inside
translocation might be related to the fact that
Ca?* affects lateral phase separation in phos-
phatidylserine-contaming membranes [25]. Alter-
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ations of PS surface concentration in the vicinity
of the extracellular moiety of the aminophos-
pholipid translocase could modify its functioning.
But again this hypothesis 1s ruled out by the data
in Fig. 1(b), showing that no inhibition of (0,2)PS
translocation 1s observed when calcium 1s added
without 1onophore.

In conclusion, the inhibitory effect of Ca®* on
the aminophospholipid translocation is probably a
direct effect on the ATPase site of the carrier.

Role of intracellular Mg**, Mn’™* and Co®*

Mg?* was found to be essential for the
amunophospholipid translocation to take place.
The functioning of the aminophospholipid carrier
thus bears close analogy with other membrane
carriers, such as the calcium pump, which requires
Mg2* at some stage of its reaction cycle [26].
Decrease of cell magnesium content below the
control value decreased the aminophospholipid
translocation rate, whereas increasing this content
at constant ATP level did not enhance the translo-
cation rate. This result may have a physiological
meaning: 1t was demonstrated that red cell mag-
nesium content decreases with erythrocyte age [27].
Thus fact, together with cell calcium increase, might
provoke disruption of phospholipid asymmetry 1n
aged red blood cells, which in turn 1s able to
induce recognition and phagocytosis by macro-
phages [28].

Mn** and Co’* are both inhibitors of the
aminophospholipid translocation when they are
introduced 1n the intracellular medium. However,
the inhibitory power of these divalent cations 1s
much weaker than that of Ca®*. A difference
between the effects of Mn>" and Co’* was found
when preliminary extraction of Mg?* was carried
out. Mn?" yields partial recovery of the transport
activity which was lost as a consequence of Mg*™*
extraction, whereas Co®" has no such property.
These observations are consistent with the follow-
ing interpretation: (1) Mn?* and Co?* inhibit the
aminophospholipid transport at mullimolar levels
because they substitute to Mg*>" on ATP (which is
itself millimolar in normal cells), and thus give rise
to non-negligible amounts of Mn-ATP or Co-ATP.
(i) Mn-ATP is a substrate of the aminophospho-
lipid carrier ATPase (still much less efficient than
Mg-ATP) whereas Co-ATP is not a substrate at
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all. The differences between Co’* and Mn** will
be further discussed below (see the discussion on
the factors influencing cell morphology).

Effects of vanadium derwatives

Most 10ns added on the extracellular face of
erythrocyte membranes which contain no 1ono-
phores have little effects on the aminophospholi-
pids translocation. Ni>* and Co’* have a small
mhibitory effect but only at a high concentration
(approx. 1 mM). On the other hand, vanadium
derivatives are rather potent inhibitors, since
mhibition takes place around 20 uM concentra-
tion. Under physiological conditions vanadium 1s
found under two oxidation states: V(V) (vanadate,
VO;") and V(IV) (vanadyl, VO**). When red
cells are 1ncubated with vanadate,
aminophospholipid translocation 1s inhibited 1n a
dose-dependent manner, especially in the con-
centration range 20-100 pM. This mmhibition 1s
partly prevented by pre-treatment of the erythro-
cytes by DIDS, which suggests that vanadate acts
from the cell interior, possibly by the substitution
of phosphate by vanadate. This was demonstrated
for (Na*+ K*)-ATPase [29] and other phos-
phatases [30]. Indeed, pentavalent vanadium can
adopt a trigonal bipyramidal structure resembling
the transition state of the phosphate group during
ATP hydrolysis [31]. Thus, inhubition by vanadate
suggests that a phosphorylated intermediate exists
during the turnover of the protein.

The effect of vanadyl ions on the aminophos-
pholipid translocase was also investigated. When
compared to the dose response curve obtained
with vanadate, the curve resulting from VO?**
addition 15 significantly different: inhibition by
vanadyl 1s more pronounced at low dose but less
important at high doses. Thus, it seems unlikely
that the two states of vanadium use the same
pathway to inhuibit the amimophospholipid translo-
cation. However, 1t 1s most probable that VO
added to the cells as soluble 1ons 1s transformed
during incubation nto nsoluble hydrolysed com-
plexes [32].

In the literature, few reports deal with enzyme
inhibition by vanadyl ions. Yet several enzymes
whose substrate 1s phosphorylated appear to be
sensitive to the presence of this cation; examples
are alkaline phosphatase, adenylate cyclase and

ribonuclease while other enzymes such as (Na™ +
K ")-ATPase are quite insensitive to V(IV) [30]. It
must be emphasized that vanadyl mhibits translo-
cation of PS and PE to the same extent, although
these two substrates exhibit different apparent K,
values for the aminophospholipid translocase [4].
Thus, vanadyl behaves as a non-competitive
mhibitor of the translocation system with an ap-
parent inhibition constant of approx. 25 uM (50%
inhibition). Possibly, vanadyl acts through an 1n-
teraction on the lipid phase [33]: 1n fact, we have
shown that [**V]vanadyl binds mostly to the lipids.

Cell morphology, 1ons and aminophospholipid trans-
location

Several authors have studied the influence of
intra- or extracellular 1ons on erythrocyte mor-
phology It 1s tempting to try to correlate ion
influence on cell morphology and ion influence on
the aminophospholipid translocation.

The alteration of the normal biconcave disk-
shape of human erythrocytes or ghosts by n-
tracellular Ca?* 1s a well-documented fact [34].
The reason for such calcium-induced shape change
has been extenstvely discussed: 1t is still unknown
whether the crenating effect of calcium on red cell
shape is related to its action on lipids or cyto-
skeletal proteins. Many authors have tended to
promote as an explanation of this phenomenon
the transmembrane potential [35], or the Gardos
effect [20]. But 1t has been demonstrated that the
calcium-induced shape change can equally be ob-
tained without modifying either the transmem-
brane potential or the intracellular K* content
[36]. Looking at the literature, the effects of in-
tracellular calcium on red cell shape may be di-
vided to two groups' (1) leaky ghosts incubated
with any cations crenate. Ca”* 1s only more effi-
cient than monovalent cations [36]. (1) Ghost
crenation induced by salts can be reverted if Mg-
ATP is present at the inner face of the membrane,
but addition of 1 mM Ca*", leading to Ca-ATP,
prevents shape reversion by Mg-ATP, which 1s
independent of spectrin phosphorylation [37].

An attempt to give a coherent explanation of
the effects of calctum on ghost shape as described
in Ref. 37, becomes possible at this point: (i) The
lysis of erythrocytes, which 1s the first stage in the
preparation of ATP-depleted white ghosts, results



in a partial loss of phospholipid asymmetry [38].
(ii) As long as the ionic strength of the incubating
medium of the ghosts is low (lysis buffer), the
state of the spectrin layer does not allow the
bilayer to bend; but when the ionic strength is
restored to higher levels a crenated shape 1s gener-
ated [39]. (i) The addition of Mg-ATP to the
incubation medium allows aminophospholipid
translocation to take place, and recovery of both
physiological phospholipid asymmetry and dis-
cocyte shape are obtained.

An important argument strengthening the pre-
vious 1nterpretation is afforded by our data con-
cerning the effect of divalent cations other than
Mg?*. When calcium is added, or when Co-ATP
is substituted for Mg-ATP, the aminophospholipid
translocase is inhibited and no recovery of asym-
metry occurs. Thus, 1t can be understood that,
under these conditions, crenated ghosts cannot
revert towards the discocyte pattern [37]. On the
other hand, substitution of Mn-ATP for Mg-ATP
allows recovery of discocyte shape [37]. This closely
parallels our findings concerming the possibility to
substitute Mn** for Mg?* as a substrate for the
ATPase of the aminophospholipid carner. One
must notice at this point that the previous divalent
cation substitution pattern, which is 1dentical for
both the shape recovery process and the
aminophospholipid translocation, is quite unusual.
In particular, it is completely different from the
divalent cation substitution pattern of spectrin or
lipid phosphorylation: in the latter processes, Co-
ATP and not Mn-ATP can be substituted for
Mg-ATP [37].

Finally, the inhibition of aminophospholipid
translocation by vanadate parallels the inhibition
of the ATP-dependent shape change of human
erythrocytes as reported by Patel and Fairbanks
[37]. Schrier et al. [40] have also reported an
inhibition by vanadate of the red cell endocytosis
produced by high concentrations of Mg-ATP. It 1s
tempting to suggest that the latter phenomenon
(red cell endocytosis) occurs after stomatocyte for-
mation when an excess of lipids (PS and PE)
continues to reach the inner layer, this 1s what one
expects when the ATP concentration 1s increased
above the physiological value.
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