








The disappearance of band 2.1 seems to corre-
late with the appearance of a new polypeptide of
molecular weight approx. 180000. Earlier studies
have suggested that this polypeptide is formed by
proteolysis of band 2.1 [12], but a polypeptide of
similar molecular weight is known to result also
from a limited degradation of spectrin by Ca2+_
dependent proteinases [18]. As we observed no
loss of spectrin at relatively lower Ca2+ concentra-
tions (up to 50 ILM), formation of the new poly-
peptide from spectrin appears less likely, at least
at these concentrations.

Another membrane protein which appears to
be sensitive to the Ca2+-induced changes is poly-
peptide 4.1. Its intensity was not affected up to
100 ILM external Ca2+ concentration, but above
this concentration the intensity of the polypeptide
decreased with an increase in the external level of
Ca2+. Our data, however, does not allow us to
conclude whether the observed loss of polypeptide
4.1 is due to its irreversible cross-linking with
spectrin [16] or its degradation by Ca2+-depen-
dent proteinases [18].

Effect of Ca 1+ loading on the erythrocyte membrane
phospholipid organization

Membrane phospholipid organization in the
Ca2+-loaded erythrocytes was analysed using bee
venom and pancreatic phospholipases A 2' Mero-
cyanine 540, and fluorescamine as the external
membrane probes. Fig. 3 shows that pancreatic
phospholipase A 2 hydrolysed PE and PS in the
Ca2+-loaded erythrocytes but not in the control
cells. The amount of degraded PS increased with
the intracellular Ca2+. About 25% PE and 28% PS
were cleaved by this enzyme in the red cells that
were preihcubated with 1.5 mM Ca2+ in the pres-
ence of ionophore A23187. These results were
consistent with our observation that bee venom

phospholipase A2 failed to attack PS in the intact
control erythrocytes, but it readily hydrolysed this
aminophospholipid in the Ca2+-loaded cells (Fig.
3). However, both the enzymes were found to
degrade almost completely (85-100%) the various
glycerophospholipids in the unsealed erythrocyte
ghosts, under identical conditions.

To examine whether the 30 min enzyme treat-
ment, used in the above studies, is optimal for
affecting the maximum phospholipid hydrolysis,
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Fig. 3. Membrane phospholipid hydrolysis by pancreatic (A)
and bee venom (B) phospholipases Az in human erythrocytes
preincubated with variable concentrations of Caz+ in the
presence of ionophore A23187. Preincubations with CaH and
ionophore were carried out for 3 h at 370 C. The phospholi-
pase treatment was done for 30 min. 0, PC; ., PE; x. PS.
Values shown are mean:i: S.D. of 4-6 determinations. Hemoly-
sis during enzyme reactions was less than 3%. Unsealed ghosts
prepared from normal human erythrocytes were also treated
with both bee venom and pancreatic phospholipases Az in
identical conditions. Bee venom phospholipase Az hydrolysed
almost completely (98-100%) all the glycerophospholipids (PC,
PE and PS), whereas pancreatic phospholipase A z degraded
89.0:i:2.1% PC, 83.5:i: 1.9% PE and 100% PS under these

conditions.

we determined the extent of phospholipid de-
gradation after treating the red cells with both
pancreatic and bee venom phospholipases A 2 for
varying periods of time. Fig. 4 shows that the
extent of phospholipid hydrolysis increased with
the incubation time up to 30 min, but after this
period it remained virtually constant, at least upto
60 min. This indicates that 30 min enzyme treat-
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Fig. 4. Time-dependent hydrolysis of membrane phospholipids
by pancreatic (A) and bee venom (B) phospholipases A 2 in
human erythrocytes preincubated with 1.5 mM Ca2+ plus
ionophore A23187 for 3 h. 0, PC; ., PE; x, PS. Values

shown are mean:t S.D. of 3-5 determinations.

ment is sufficient to effect the maximum phos-
pholipid hydrolysis under our experimental condi-
tions.

These results demonstrate that accessibility of
the membrane glycerophospholipids to both bee
venom and pancreatic phospholipases A 2 is
markedly enhanced upon loading the erythrocytes
with Ca2+. About 20% PE and 0% PS were cleaved
by the phospholipases in the intact control cells,
whereas in identical conditions these enzymes
could readily degrade 20-30% PE and 7-30% PS
in the Ca2+-loaded erythrocytes, depending on the
cytoplasmic Ca2+ concentration. To establish fur-
ther that the extent of the membrane aminophos-
pholipid hydrolysis in erythrocytes depends on the
intracellular Ca2+ levels, we examined the accessi-
bility of the membrane glycerophospholipids to
both bee venom and pancreatic phospholipases A 2
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Fig. 5. Membrane phospholipid hydrolysis by pancreatic (A)
and bee venom (B) phospholipases A2 in human erythrocytes
preincubated with 25 pM Ca2+ plus ionophore A23187 for
variable periods of time. The hydrolysis was carried out for 30
min at 370 C. 0, PC; ., PE; x, PS. Values shown are

mean:t S.D. of 3-6 determinations.

in human red cells preincubated with 25 ILM Ca 2+,
in the presence of ionophore A23187, for varying
periods of time (up to 60 min). Fig. 5 shows that
the erythrocyte membrane phospholipid hydroly-
sis increased with the preincubation time. Since
we have shown that 60 min incubation time is

required for effecting the maximum Ca2+ loading
(Fig. 1), it may be inferred that the above ob-
served time-dependent increase in the phospholi-
pid hydrolysis is due to increase in the cyto-
plasmic Ca2+ levels.

The observed enhanced hydrolysis of mem-
brane aminophospholipids in Ca2+-loaded eryth-
rocytes is not due to penetration of the phos-
pholipases into these cells, since these enzymes in
identical conditions could degrade significantly
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higher amounts of the various glycerophospholi-
pids in the unsealed erythrocyte ghosts (Fig. 3).
This was further confirmed by determining the
residual amounts of cell-associated pancreatic
phospholipase A2 after the enzyme treatments.
Erythrocytes were loaded with 1.5 mM Ca2+, and
both the loaded and control cells incubated with
125I-Iabeled pancreatic phospholipase A2 essen-
tially under the conditions as given in Materials
and Methods. The enzyme-treated washed cells
were counted for radioactivity and then lysed with
distilled water. The lysates were centrifuged at
100000 X g (60 min), and the radioactivity de-
termined in both the pellet and supernate. About
0.4 and 0.25% of the total 1251were found to be
associated with the control and Ca2+-loaded cells,
respectively. Of these amounts, approx. 70% 1251
was present in the pellet and approx. 30% in the
supernate of both the types of cells. From these
findings, we infer that the phospholipases did not
penetrate into the Ca2+-loaded erythrocytes, and
that only the external glycerophospholipids were
hydrolysed in both the control and loaded cells,
under our experimental conditions.

Phospholipases have been extensively used to
ascertain the membrane phospholipid organiza-
tion in human erythrocytes (reviewed in Ref. 34).
Although the degree to which these enzymes hy-
drolyse the various glycerophospholipids in intact
cells has usually been correlated with the extent of
their localization in the outer monolayer [1,34], it
has recently been suggested that the phospholi-
pase treatment of the modified erythrocytes may
induce reorganization of the membrane phos-
pholipids [28,35]. It is therefore difficult to
ascertain whether the Ca2+ loading in the
erythrocytes leads to partial migration of PE and
PS to the external monolayer or simply enhances
the flip-flop rates of the various phospholipids,
without altering the transbilayer lipid distribution.
To distinguish between these two possibilities, we
analysed the erythrocyte membrane phospholipid
organization by means of Merocyanine 540 [9]
and fluorescamine [28] as the external membrane
probes.

Merocyanine 540 staining has been claimed to
be a very reliable method for assaying the transbi-
layer phospholipid asymmetry in mammalian
erythrocytes and their derivatives [9,36-38]. It has

..
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Fig. 6. Merocyanine 540 staining of human erythrocytes prem-
cubated with variable concentrations of Ca2+ in the presence
of ionophore A23187. Preincubation was done for 3 h at
370 C. (A) Cells preincubated with ionophore only, (B) cells
preincubated with 25 11M CaH plus ionophore, (C) cells
preincubated with 0.5 mM CaH plus ionophore, (D) cells

preincubated with 1.5 mM CaH plus ionophore.

been suggested [9] that this dye in the presence of
serum (or plasma) stains only those red cells which
have an abnormal transbilayer phospholipid dis-
tribution, Therefore, we examined the Merocy-
anine 540 labeling of both the control and
Ca 2+-loaded erythrocytes.Fig. 6 shows that Mero-
cyanine 540 failed to stain the control erythro-
cytes, but it readily labeled the Ca2+-loaded cells.
The intensity of this staining appeared to increase
with the intracellular Ca2+ concentration. These
findings are consistent with our observation that
phospholipase A rcatalysed membrane glycero-
phospholipid hydrolysis is increased with the cyto-
plasmic Ca2+ levels. Therefore, it would appear
that Ca2+ loading in human erythrocytes probably
induces an alteration in the transbilayer organiza-
tion of the membrane phospholipids.

To confirm further the above suggestion, we
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Fig. 7. Labelingof PE by fluorescaminein humanerythro-
cytes. The PE labeling was carried out at 15-200 C. 0, Labeled
PE in fresh cells; e, labeled PE in cells preincubated with
ionophore A23187; D, labeled PE in cells preincubated with 0.5
mM CaH and ionophore for 3 h at 37°C; 8, labeled PE in
unsealed erythrocyte ghosts. Values shown are mean:tS.D. of
3-5 determinations. The amounts of labeled PS in CaH-loaded

erythrocytes and unsealed ghosts could not be detennined
accurately, as the spot corresponding to this lipid did not
completely separate from the phosphatidylinositol on the TLC

plates.

finally employed fluorescamine as the amino
group-specific chemical probe for analysing the
PE distribution in both the control and Ca2+_
loaded erythrocytes, since this reagent has recently
been claimed to be the probe of choice to study
the membrane phospholipid asymmetry [28]. Our
results are shown in Fig. 7. The amounts of PE
labeled in the control cells were similar to those
observed in the fresh erythrocytes, but these
amounts were appreciably greater in the Ca 2+_
loaded cells. This increase in the PE labeling was
not due to penetration of the probe. into the
Ca2+-loaded erythrocytes, as in identical condi-
tions we observed enormously higher labeling of
this aminophospholipid in the unsealed erythro-
cyte ghosts. Similarly, the greater PE labeling in
the control erythrocytes, as compared to the fresh
cells, at 2 JLmolfluorescamine/JLmol phospholipid
concentration was not due to permeation of the
reagent across the membrane, but could be attri-
buted to the ionophore-induced changes in the
lipid-protein interactions within the membrane bi-
layer [39].

The above results clearly show that loading of
the human red cells with Ca2+ leads to alterations

in transbilayer distribution of the membrane
glycerophospholipids. This is quite in accordance
with the earlier studies which showed that Ca2+_
loaded red cells can elicit an increased rate of
clotting when added as a reagent in the Russel's
Viper Venom clotting time assay, and bind more
acidic phospholipid-containing liposomes [40].
Also, it corroborates the previous conclusions
which were drawn by using bee venom phos-
pholipase A2 [40] or Merocyanine 540 [36] as the
external membrane probe. Our results on Mero-
cyanine 540 labeling, however, differ from those
of Williamson et al. [36], in that these authors did
not observe fluorescence up to 3 mM external
Ca 2+ concentration. This may primarily be attri-
buted to the differences in the experimental condi-
tions, especially the Ca2+ loading time, used in the
two studies. A difference in Ca2+ loading time
would influence the ATP levels as well as the
extent of membrane protein degradation [14],
which in turn may affect the Merocyanine 540
staining efficiency. Also, the staining efficiency
may have been influenced by the differences in the
conditions used for Merocyanine 540 labeling.

Discussion

The present study demonstrates that an in-
crease in the erythrocyte cytoplasmic Ca 2+ level
induces marked alterations in the transbilayer
organization of the membrane phospholipids. This
change was accompanied by changes in cell shape,
membrane protein composition, intracellular ATP
levels and transglutaminase activity. The degree to
which these changes were induced in erythrocytes
depended on the cytoplasmic Ca2+ concentration.

Alterations in the membrane phospholipid
organization were apparent even upon loading the
red cells with up to 25 JLM Ca2+ (Fig. 5). How-
ever, at these Ca2+ concentrations spectrin did not
appear to cross-link with other membrane proteins
(Fig. 2), nor did we observe significant activation
of the transglutaminase. Therefore, we suggest that
changes in the phospholipid organization are in-
duced, not by the transglutaminase activation, but
by some other Ca2+-dependent biochemical
event(s). This finds further support from our ob-
servation that pancreatic phospholipase A2 could
readily degrade 59.8::!:1.2% PC, 25.7::!:1.5% PE
and 11.5:!: 1.3% PS in the red cells that were
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loaded with 25 ILM Ca2+ in the presence of
cystamine (10 mM), whereas the same enzyme in
identical conditions failed to hydrolyse the
erythrocytes preincubated with A23187 and
cystamine in the absence of Ca 2+.

Another Ca2+-induced biochemical event is
known to be the activation of the red cell pro-
teinases [15-18]. As compared to transglutami-
nase, these enzymes become active presumably at
lower Ca2+ concentrations, and degrade several
membrane proteins including spectrin, anion
channel protein, ankyrin and polypeptide 4.1
[12,16,18]. Since ankyrin appears to be the most
sensitive membrane protein to proteolytic cleavage
[12,16,41], it may be inferred that this protein,
together with spectrin, probably plays an im-
portant role in stabilization of the erythrocyte
membrane phospholipid asymmetry. This is con-
sistent with our finding that at 25 ILMCa2+ load-
ing concentration the intensity of band 2.1 was
slightly decreased, with a concomitant increase in
intensity of the 180000 molecular weight band
(Fig. 2).

Enhanced cytoplasmic Ca 2+ levels besides
activating the transglutaminase and proteinases,
also activate the erythrocyte protein kinase C
[42,43]. It has been shown that this kinase is
responsible for Ca2+-dependent phosphorylation
of the polypeptide 4.1 [19]. Since phosphorylated
4.1 protein is known to have reduced binding with
spectrin-actin [19,44], it is expected that Ca2+
loading in erythrocytes should result in a decreased
binding of cytoskeleton to the membrane bilayer
[45,46], which in turn may cause destabilization of
the membrane phospholipid asymmetry [47].

In conclusion, this study suggests that ankyrin
and 4.1 protein may play an important role in
stabilization of the erythrocyte membrane phos-
pholipid asymmetry. As these proteins are prim-
arily responsible for attaching spectrin to the
membrane bilayer [45,46,48], our suggestion is
consistent with the existing belief that diffusion of
PE and PS to the outer monolayer is restricted
mainly by their interactions with cytoskeletal pro-
teins, especially spectrin [2-11].
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