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Abstract

Wehave previously reported that the normal membrane phos-
pholipid organization is altered in sickled erythrocytes. More
recently, we presented evidence of enhanced transbilayer move-

ment of phosphatidylcholine (PC) in deoxygenated reversibly
sickled cells (RSC) and put forward the hypothesis that these
abnormalities in phospholipid organization are confined to the
characteristic protrusions of these cells. To test this hypothesis,
we studied the free spicules released from RSCby repeated
sickling and unsickling as well as the remnant despiculated
cells.

The rate of transbilayer movement of PC in the membrane
of deoxygenated remnant despiculated cells was determined by
following the fate of "4C-labeled PC, previously introduced into
the outer monolayer under fully oxygenated conditions using a

PC-specific phospholipid exchange protein from beef liver. The
rate of transbilayer movement of PC in the remnant despiculated
cells was significantly slower than in deoxygenated native
RSCand was not very much different from that in oxygenated
native RSCor irreversibly sickled cells. The free spicules had
the same lipid composition as the native cell, but were deficient
in spectrin. These spicules markedly enhanced the rate of
thrombin formation in the presence of purified prothrombinase
(Factor Xa, Factor Va, and Ca2+) and prothrombin, indicating
the exposure of a significant fraction of phosphatidylserine
(PS) in the outer monolayer. This effect was not observed
when the spicules in this assay were replaced by normal
erythrocytes, deoxygenated native RSC, or a deoxygenated
sample of RSCafter repetitive sickling/unsickling.

The results are interpreted to indicate that the destabilization
of the lipid bilayer in sickled cells, expressed by the enhanced
flip-flop of PCand the exposure of PS in the outer monolayer,
occurs predominantly in those parts of the membrane that are

in spicular form.

Introduction

The phospholipids in the erythrocyte membrane are organized
across the bilayer in a nonrandom fashion. Almost all choline
containing phospholipids are localized in the outer monolayer,
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while the major part of phosphatidylethanolamine (PE)' and
all of the phosphatidylserine (PS) reside in the inner layer (1,
2). The asymmetric distribution of phospholipids is not per-
turbed by the transbilayer movement of the phospholipids,
which is common to most natural membranes (2). Although
the translocation rate of phosphatidylcholine (PC) over the
bilayer is relatively fast (half-time [tJ] = 13-24 h) in comparison
with the 120-d lifespan of the human erythrocyte (3-6), the
asymmetric distribution of PC is maintained throughout.

From model experiments (7, 8) as well as from studies on
either chemically modified normal erythrocytes (4, 9-13) or
abnormal erythrocytes (6, 14-16), evidence is accumulating
that this remarkable arrangement and slow transbilayer move-
ment of the phospholipids are stabilized by the membrane
skeleton.

Among the above mentioned abnormal erythrocytes, which
are characterized by either a lesion in their membrane skeleton
or a defect in intracellular components affecting the structure
of this network (17, 18), sickled erythrocytes have been studied
most extensively in this respect. When these cells are induced
to sickle, increased amounts of PE and PS become accessible
to phospholipid-localizing reagents (14, 15), which is most
likely the consequence of enhanced transbilayer mobilities of
phospholipids as established for PC (6). These alterations are
abolished as soon as the cells are unsickled by reoxygenation,
indicating that they are closely related to the sickling process.

In a previous communication, we postulated that the
abnormalities in phospholipid organization in the membrane
of the deoxygenated reversibly sickled cells (RSC) could be
confined to those parts of the membrane that belong to the
characteristic spicular protrusions (6). This hypothesis was;
partly based on the suggestion of Allan and co-workers (19,
20) that during the process of sickling, filaments of polymerized
hemoglobin protrude through the skeletal network, thereby
breaking its interaction with the membrane bilayer and resulting
in the long terminal spicules of the sickled erythrocyte. There-
fore, it may be assumed that in those areas of the membrane
the phospholipid molecules no longer experience the constraints
of the skeleton and an enhanced transbilayer mobility may
occur, which ultimately results in an altered distribution of
phospholipids across the bilayer.

To test the above hypothesis, we studied some aspects of
the phospholipid organization in both isolated free spicules

1. Abbreviations used in this paper: ISC, irreversibly sickled cells; PA,
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; PS, phosphatidylserine; RSC, reversibly sicklable cells; SM,
sphingomyelin.
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and remnant "despiculated" cells that were obtained from
RSC, subjected to a series of sickling and unsickling cycles
(19, 20). The transbilayer mobility of PCwas used as a marker
for the (in)stability of the lipid bilayer in the remnant despic-
ulated RSC and the results were compared with those from
similar experiments involving native RSCand ISC, both under
oxygenating and deoxygenating conditions.

Conventional methods could not be applied to the isolated
spicules to get information on the organization of their phos-
pholipids. However, the relationship which has been shown to
exist between prothrombinase-enhancing activity of a mem-
brane surface and the presence of PS therein (21-23) was used
as an alternative to characterize the altered phospholipid
organization in the isolated spicules.

The results obtained from both entirely independent types
of experiments indicate that the destabilization of the lipid
bilayer is indeed confined, for the greater part, to those areas
of the membrane which form part of the extremities protruding
from the sickled RSC.

Methods

Chemical materials. Egg PC, egg PE, bovine brain sphingomyelin
(SM), and bovine brain PS were obtained from Sigma Chemical Co.
(St. Louis, MO), and cholesterol from Merck Co. (Darmstadt, Federal
Republic of Germany). Phosphatidic acid (PA) was prepared from egg
PC by hydrolysis with phospholipase D. Egg [methyl-"C]PC was
synthesized according to Stoffel (24) using ["4C]methyliodide from The
Radiochemical Centre Ltd. (Amersham, United Kingdom). Glycerol
[3H1trioleate was also purchased from The Radiochemical Centre Ltd.
Penicillin and streptomycin were from Seromed (Berlin, Federal Re-
public of Germany). Percoll was obtained from Pharmacia Fine
Chemicals (Uppsala, Sweden) and Biosolv from Beckman Instruments
(Fullerton, CA). PC-specific exchange protein was purified from beef
liver according to Kamp and Wirtz (25), while the phospholipase A2
from Naja naja, bee venom, and pig pancreas were purified by the
methods of Zwaal et al. (1), Shipolini et al. (26), and Nieuwenhuizen
et al. (27), respectively. Coagulation Factor Xa, Factor Va, prothrombin,
and thrombin were isolated and purified as described by Bevers et al.
(28). Chromogenic substrate H-D-phenylalanyl-L-pipecolyl-L-arginine-
p-nitroanilide (S2238) was from Kabi Diagnostica (Stockholm, Sweden).

Biological materials. After informed consent, whole blood from
homozygous sickle cell patients and healthy individuals was collected
in heparinized tubes. The cells were pelleted by centrifugation for 5
min at 2500 g and after removal of the buffy coat by aspiration,
washed twice by suspending them in four volumes of isotonic buffer,
pH 7.4, containing 90 mMKCI, 45 mMNaCl, 44 mMsucrose, 10
mMglucose, and 10 mMTris/HC1; this is referred to as "buffer"
throughout.

ISC-fractionation. Subpopulations of sickle cells were obtained
using the method of Murphy (29). The bottom fraction (5% of total)
appeared to be highly enriched in ISC (>60%) as identified under
oxygenated conditions by criteria described by Eaton et al. (30). The
remainder of the cells was considered to be the RSC fraction, which
were poor in ISC (<5%).

Release of spicules. RSCwere "despiculated" by repetitive sickling
and unsickling of the cells, following the method described by Allan
et al. (19). A 33% suspension of RSC in buffer was gently agitated in
a waterbath at 370C. To prevent bacterial growth, the incubation
mixture contained streptomycin (0.27 mg/ml) and penicillin (270 IU/
ml). The cell suspension was first exposed to an atmosphere of nitrogen
for I h, during which the cells gained their sickled shape. They were
subsequently reoxygenated by exposure to room air for 30 min. This
cycle was repeated twice to complete the despiculation process. When
a fourth sickling/unsickling cycle was performed, no additional release
of spicules could be detected. The despiculated (remnant) cells were

pelleted by centrifugation for 5 min at 500 g, washed three times, and
kept under nitrogen throughout the experiment.

Isolation of spicules. The original supernatant, as well as those
obtained after the washings, contained the fragmented cell material.
This material was recovered by centrifugation for 10 min at 31,000 g.
The pellet contained the free spicules as well as ghost membranes
originating from lysed cells. Since the complete absence of ghost
membranes is essential in our studies, the spicules were further isolated
on a density gradient (10 ml, p = 1.025-1.1125 g/ml) which was
prepared by centrifugation of a 30% isotonic Percoll solution for 30
min at 31,000 g using a Sorvall SS-34 fixed-angle rotor (DuPont
Instruments-Sorvall Biomedical Div., Newtown, CT) (31). A suspension
of the spicule-containing fraction was layered on top of the gradient
and centrifugation was performed for 10 min at 31,000 g using the
same rotor.

Phospholipase A2 treatment. Washed intact erythrocytes (150 ul
packed cells) were suspended in 5 vol of a buffer with the following
composition: 90 mMKCG, 45 mMNaCI, 10 mMCaCl2, 0.25 mM
MgCI2, 22 mMsucrose, 10 mMTris/HCl, pH 7.4, which also
contained phospholipases from Naja naja and bee venom, each at a
concentration of 40 IU/ml. After incubation at 37°C for 1 h, cells
were collected by centrifugation and further action of the phospholipases
was terminated by resuspending the cells in 0.5 ml buffer containing
100 mMEDTA. The cells were lysed by adding a cold 10 mMEDTA
solution saturated with CO2. After I h at 4°C, the ghost membranes
were spun down at 4,500 g for 30 min and stored at -20°C until lipid
extraction and analysis were performed. The extent of hemolysis was
determined at the end of each incubation by comparing the hemoglobin
content in the supernatant of each sample to that of a 100% hemolyzed
control.

Lipid analysis. Erythrocyte lipids were extracted using the method
of Rose and Oklander (32) and finally dissolved in 2.5 ml CHCI3/
CH30H(2:1, vol/vol). A sample of I ml was used for the fractionation
of lipids by two-dimensional thin-layer chromatography described by
Broekhuyse (33). The phosphate content of the individual phospholipid
spots, visualized by iodine vapor, was measured by the method of
Rouser et al. (34). The content of cholesterol recovered from the thin-
layer plates was measured according to Zlatkis et al. (35). When
radioactivity in the PC and lyso-PC fractions had to be determined, a
l-ml sample of the above lipid extract was separated by one-dimensional
thin-layer chromatography using chloroform:methanol:25% ammonia:
water (90:54:5.5:5.5, vol/vol) as developing system. Spots corresponding
to PC and lyso-PC were scraped from the plates and transferred into
counting vials. The scintillation medium added was toluene, containing
2,5-diphenyloxazole (5 g/liter), methyl- I,4-bis[245-phenyl-oxazo-
lyl)]benzene (0.25 g/liter) and Biosolv (2%, vol/vol). Radioactivity was
measured by '4C-single channel ratio methods. The 3H/'4C-dual label
method was used to determine total 3H- and "C-radioactivity in 0.2
ml of the total lipid extract.

Determination of ["4CJPC flip-flop in the erythrocyte membrane.
Flip-flop of PCwas determined by following the transbilayer equilibra-
tion of ["4C]PC, which was previously introduced into the outer
monolayer. The procedure used is summarized below; full details are
described elsewhere (5, 6). Erythrocytes were suspended in buffer
containing PC-specific exchange protein and vesicles that were composed
of equimolar amounts of cholesterol and phospholipid (97% egg PC
and 3% egg PA, molar ratios). These vesicles contained trace amounts
of egg [methyl-"4C]PC (91 uCi/mmol of vesicle PC) and glycerol
[3H]trioleate (0.91 mCi/mmol of vesicle PC), the latter as a nonex-
changeable marker. During incubation at 37°C, the protein replaces
part of the native PC in the outer monolayer of the intact erythrocyte
with ['4C]PC originating from the vesicles. After 1 h, vesicles and
protein were washed away and the residual cells resuspended in buffer.
The redistribution of the radioactive PCover the bilayer was measured
at timed intervals during a subsequent incubation at 37°C for up to 8
h. To discriminate between radioactive PC in both halves of the
membrane bilayer, intact cells were incubated with phospholipase A2
under nonlytic conditions. The enzyme selectively hydrolyzes only
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those PC molecules situated in the outer monolayer, which were
subsequently analyzed as lyso-PC. The rate constant for the transbilayer
equilibration of PC (g) was determined from the slope of the straight
line, which results when the relative specific radioactivity of the lyso-
PC, expressed as (SAt-SA,,.)/(SAO-SA,,:,), is plotted semilogarithmically
vs. time of incubation. From the rate constant (g), the half-time (t1) of

PC equilibration was calculated as 0.693/g (5). SA, is the specific
radioactivity of lyso-PC produced by phospholipase A2 treatment of
intact cells started at time t. SA2,, is the specific radioactivity of lyso-
PC at infinite time of incubation at 370C when complete equilibration
would be reached. This value is identical to the specific radioactivity
of the entire PC pool of the intact cell. SAO is the specific radioactivity
of lyso-PC at zero time. Before their use in these calculations, the
analytical data were corrected for contamination of the erythrocytes
with the ['4C]PC/cholesterol vesicles, making use of the nonexchangeable
marker. Contamination never exceeded 2% of the total erythrocyte
phospholipids.

Determination of procoagulant activity by thrombin formation. The
capacity of the spicules, various erythrocytes, cell fractions, and phos-
pholipid vesicles to enhance the rate of thrombin formation was
determined in an assay using highly purified coagulation factors and a
chromogenic substrate. Full details and background of this procedure

are published by Bevers et al. (28). All material to be tested was
incubated at concentrations corresponding to 1 MMtotal phospholipid
at 370C, under continuous stirring, with highly purified components
of the prothrombinase complex at final concentrations of 4 AM
prothrombin/Factor II), 0.5 nM Factor Xa, 1.0 nM Factor Va, and 3
mMCaC12 in an isotonic buffer, pH 7.9. After 1 min, a sample of 25
M1 was taken and the conversion of prothrombin to thrombin terminated
by adding this aliquot to 1 ml of a buffer containing 50 mMTris, 120
mMNaCI, 2 mMEDTA, and 0.249 mMS2238 as chromogenic
substrate. The amount of thrombin formed was determined from the
change in absorbance at 405 nm using a calibration curve recorded
with known concentrations of active-site titrated thrombin.

Results

Production and isolation offree spicules and remnant despic-
ulated cells. Sickle cells that had been subjected to three
deoxygenation-reoxygenation cycles exhibited a morphology
as shown in Fig. 1 a when incubated under nitrogen. In
general, they had a deformed cell body with short stubby
protrusions, but were devoid of the long characteristic spicules
that are found when native sickle cells are deoxygenated for

Figure 1. Scanning electron micrographs of various types of sickle cells and released membrane structures. Erythrocytes and released membrane
structures were incubated in buffer, sampled, and fixed in 10 vol of 0.4% formaldehyde in isotonic buffer for 30 min at room temperature. The
fixed cells were subsequently incubated in 1% osmium tetraoxide dissolved in buffer for 30 min, dehydrated with graded ethanol, and finally
suspended in isopropanol. Erythrocytes and released membrane material were air-dried on glass coverslips and covered with a thin layer of coal
and gold. The figure shows (a) deoxygenated despiculated RSC, (b) deoxygenated native RSC, (c) oxygenated ISC, (d) spicules, and (e) purified
microvesicles. Bars indicated represent a length of 5 MM. Magnification factors of a, b, and c are identical to that of e.
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the first time (Fig. 1 b). Although the morphology of many of
the deoxygenated, despiculated cells (Fig. 1 a) resembled that
of ISC (Fig. 1 c), remnant cells, in contrast to ISC, revert to
their original discoid shape upon reoxygenation. These repeated
sickling cycles did not lead to the formation of permanently
deformed cells as reported by others (36, 37). However, the
sickle/unsickle cycles did induce the release of membrane
material in the form of rodlike structures and microspheres
(Fig. 1 d). In agreement with others (19, 20, 36-39), we
consider this membrane material to be representative of the
terminal spikes on the sickled cell (Fig. 1 b, d), which were
shed from the cell body after reoxygenation. Exposure to room
air for longer periods induced further fragmentation of these
free spicules into microvesicles (Fig. 1 e) due to depolymeriza-
tion of the enclosed hemoglobin S gel. These microvesicles are
also referred to as "spicules."

Release of cell material was virtually complete after the
third sickle/unsickle cycle. Remnant cells with short, stubby
protrusions were pelleted by low-speed centrifugation (5 min
X 500 g) and washed twice. The low-speed supernatant con-
tained, besides spicules, ghost membranes, which could be
easily removed by Percoll gradient centrifugation as described
in Methods. The majority of the spicules, collected as micro-
vesicles, appeared in a sharp band near the bottom of the tube
(p = 1.080 g/ml), whereas the ghost membranes remained on
top of the gradient (p = 1.025 g/ml). The morphology of a
representative sample of isolated microvesicles is shown in Fig.
1 e.

Protein and lipid composition. Fig. 2 shows the densitometric
scans of the protein profiles after separation by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis from native sickle
cell membranes (A) and the total protein complement of the
isolated spicules (B). As in normal erythrocytes, bands 1, 2,
and 3 form the major protein components of the sickle cell
membrane, whereas the spicules were largely devoid of the
protein bands 1 and 2 (spectrin). The ratio of spectrin to band
3 in the spicules is no more than 10% of that in the native
cells. The major protein component of the spicule fraction
was hemoglobin, since whole spicules were applied to the gels
in these fractionations. The phospholipid composition of spic-
ules was similar to that of the native sickle erythrocyte (Table
I). Cholesterol/phospholipid ratio (mole/mole) in the spicules
(0.85±0.03) was also very similar to that in the whole sickle
cells (0.82±0.04).
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Table I. Phospholipid Composition of
Intact Sickle Cells and Released Spicules

Molar ratios of phospholipids

Phospholipid Sickle cells Spicules

SM 25.5±1.8 25.9±0.6
PC 30.2±1.6 31.4±1.5
PE 26.8±1.4 25.3±0.5
PS 14.9±1.6 14.1±0.9
PA 2.0±1.1 3.2±0.7

Data represent means±SD from duplicate analyses of two different
samples.

Transbilayer mobility of PC. Flip-flop of PC was studied
by following the transbilayer equilibration of ['4C]PCj previously
introduced into the outer monolayer of oxygenated RSCand
despiculated sickle cells. The equilibration of the radioactive
PC was determined by measuring the specific radioactivity of
PC in the outer layer converted into lyso-PC by phospholipase
A2 treatment of the intact cells. The time-dependent change
in the relative specific radioactivity of the PC in the outer
monolayer of oxygenated and deoxygenated RSC, as well as
that of deoxygenated despiculated sickle cells, is shown in Fig.
3. In agreement with our earlier observations (6), transbilayer
mobility of PC in oxygenated discoid sickle cells appeared to
be a slow process; the corresponding half-time value for this
process can vary between 15 and 20 h. However, when RSC
were sickled for the first time, the translocation of PC over
the bilayer was considerably enhanced. This is indicated by
higher rates at which the specific radioactivity of the PC in the
outer monolayer decreased. The results shown in Fig. 3 again
confirm our earlier observations. Half-time values for the PC
flip-flop in deoxygenated RSCrange from 3 to 6 h. Comparing
the slopes of the corresponding lines in Fig. 3, it appears that
the flip-flop rate of PC in the deoxygenated despiculated cell
is similar to that in the oxygenated native RSC.

The slope of the lines depicted in Fig. 3 represents the rate
constants of the transbilayer equilibration of PC in the three
samples. These rate constants are shown in Fig. 4, for deoxy-

1.00 '' Figure 3. Transbilayer mobil-
0o0 _ \> S _ ity of PC in various types ofRSC. Transbilayer move-

,0.60 - ment of PC was determined
IK + <by introducing ['4C]PC mole-
8 \ cules into the outer mono-

,,,0.40 _ \ layer and following the equil-
IK _ \. ibration of the radioactively

labeled molecules over both
I I I halves of the bilayer. The

0 2 4 6 8 10 amount of the ['4C]PC pres-
TIME (Hours) ent in the outer monolayer

was determined as lyso-PC
after a nonlytic treatment of the cells with phospholipase A2. The
relative specific radioactivity (SA) of this lyso-PC calculated as (SA,-
SA,, )/(SAo-SA,,,,) is plotted semilogarithmically vs. time for oxygen-
ated RSC(-), deoxygenated RSC(-), and deoxygenated despiculated
RSC(A).
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Figure 5. Prothrombinase ac-
tivity of sonicated phospho-
lipid/cholesterol (1:1, mole/
mole) vesicles containing PC,
SM, and PE at molar ratios of
38:32:30, respectively, and in-
creasing concentrations of ei-
ther PS (o) or PA (.). Concen-
trations of PS or PA are given
as mole percent of total phos-
pholipid. In all cases, the vesi-
cle concentration used in the
assay system corresponded to I
,gM of total phospholipid. For
further details, see Methods.

and oxygenated RSC, deoxygenated despiculated RSC, and
deoxy- and oxygenated ISC, respectively. A difference can
hardly be observed in the rate constant for PC flip-flop in ISC
when incubated under either deoxy- and oxygenated conditions.
Furthermore, the rate constant in both of these cases is
considerably lower than that for PC flip-flop in deoxygenated
native RSC and closely resembles that for the process in
deoxygenated despiculated RSC (Fig. 4). In this context, it is
worth drawing attention to the fact that the morphology of
the ISC is quite similar to that of the deoxygenated despiculated
RSC in that both cell types lack the long terminal spicules
characteristic for deoxygenated native RSC (compare Figs. 1
a, b, and c).

The above method cannot be applied to determine the rate
of PC flip-flop in the released spicules because these spicules
hemolyze extensively when incubated with phospholipase A2.
Even a tenfold lower bee venom phospholipase A2 concentration
than that used for intact erythrocytes gives rise to >30%
hemolysis of the spicules. Remarkably, similar hemolysis oc-
curred with porcine pancreas phospholipase A2. The latter
phospholipase is unable to hydrolyze the phospholipids in
intact erythrocytes (1, 40).

Prothrombinase-enhancing activity. The observation that
spicules lyse in the presence of phospholipase A2 did not allow
for its use to assess the transbilayer distribution of glycero-
phospholipids in these spicules. However, it has been demon-
strated that the presence of PS in a lipid surface is an important
prerequisite for the effective formation of the prothrombinase
complex (22, 41). Hence, an in vitro incubation system
involving highly purified clotting Factor Xa, Factor Va, and
prothrombin in the presence of Ca2" has been developed and
has been shown to be a reliable marker for the presence of PS
in the exterior surface of natural and artificial membrane
systems (22, 28, 41). The amount of thrombin formed, as
determined by a chromogenic substrate, can therefore be
related to the amount of PS present in the membrane surface
(22, 41). The fact that the formation of thrombin indeed
specifically depends on the presence of PS is further substan-
tiated by the experiments depicted in Fig. 5. Sonicated phos-
pholipid/cholesterol (1:1, mole/mole) vesicles containing PC,
SM, and PE at molar ratios corresponding to those in the
spicules (Table I) did not promote the formation of thrombin
to any appreciable extent. However, when the phospholipid
fraction of these vesicles was supplemented with increasing
quantities of PS, increasing rates of thrombin formation were

observed. The rate of thrombin formation reached a plateau
value of -270 nM/min at 14 mole percent PS. Under the
conditions used, this procoagulant activity of PS could not be
mimicked by another negatively charged phospholipid such as
PA. Even when the latter phospholipid was present at a
concentration as high as 20 mol percent, the rate of thrombin
formation was as low as 10 nM/min (Fig. 5).

Normal erythrocytes, native RSC(both under oxygenating
and deoxygenating conditions), RSC repeatedly subjected to
the sickling/unsickling procedure, and the isolated spicules
released from these cells were used as lipid source in the above
assay system. The results of these experiments, which were
carried out at a concentration of 1 uM of total membrane
phospholipid, are summarized in Table II. All of the intact
erythrocytes, either normal cells, oxygenated or deoxygenated
RSC, induced thrombin formation at a rate as low as 2-3
nM/min. Even a suspension of RSC subjected to repeated
sickling/unsickling and still containing the released spicules
displayed this low degree of thrombin-forming activity. Normal
erythrocytes, RSC, or isolated spicules, each of them disrupted
by sonication, promoted the formation of thrombin at rates
ranging from 260 to 270 nM/min (Table II); these rates are
comparable with those recorded for the artificial lipid vesicles
containing PS at concentrations of 12 mole percent or more
(Fig. 5). Spicules, used at the same total phospholipid concen-
tration of 1 MM, induced a thrombin formation at a rate of
66 nM/min (Table II).

Table II. Catalytic Activity of Sickle Cell Membrane
Preparations in the Formation of Thrombin

Rate of thrombin formation
(nM/min±SD)

Intact Sonicated

Normal RBC 3.0±0.2 263.7±17.8
Oxygenated RSC 2.1±0.8 272.6±15.5
Deoxygenated RSC 2.9±0.9
Deoxygenated, Reoxygenated

RSC* 2.6±1.0 -
Spicules§ 65.8±3.1 273.1±13.6

* RSCsubjected to repeated sickling/unsickling; the suspension con-
tained the released spicules which account for only 2-3% of the total
membrane lipid material.
§ Mostly in the form of microvesicles (see text).
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Discussion

Previous studies have shown that the process of sickling of
RSC is accompanied by changes in the organization of the
lipid bilayer (6, 14, 15). It has been suggested that these
changes may take place predominantly in those parts of the
membrane that are in spicular form rather than in the overall
surface of the membrane of the sickled RSC (6). This view is
supported by the observation of Allan et al. (19) that the
spicules that are released from RSCs by repetitive sickling/
unsickling are essentially devoid of the skeletal proteins. There-
fore, the sickling/unsickling procedure used by Allan et al.
(19) provides a unique opportunity to study both the free
spicules and remnant despiculated RSCseparately.

Remnant cells are easily isolated by low-speed centrifuga-
tion. The free spicules, present in the low-speed supernatant,
are contaminated with ghost membranes, which can be removed
completely by centrifugation on a Percoll density gradient.
This procedure produces a homogeneous preparation within a
relatively short period of time compared with other methods
used to isolate microvesicles (42, 43). In agreement with the
observations of others (19, 38, 39), the spicules thus isolated
as microvesicles were largely deficient in spectrin (Fig. 2), the
major protein of the membrane skeleton, whereas the choles-
terol/phospholipid ratio as well as the relative quantity of
individual phospholipids were very similar to that in the
original cell.

In view of the hypothesis that the enhanced transbilayer
movement of PC observed in sickled RSCoccurs only in their
spicules, it was expected that this acceleration would be absent
or less obvious in the remnant despiculated cells. Our experi-
mental results show that this is indeed the case. The dramatic
increase in transbilayer mobility of PCwhich takes place upon
deoxygenation of native RSC is no longer observed in the
deoxygenated remnant cells (Figs. 3 and 4). Interestingly, the
rate of transbilayer movement of PC in the deoxygenated,
remnant despiculated RSC appeared to be comparable with
that in ISC, the latter incubated either under oxygenating or
deoxygenating conditions. The deoxygenated remnant RSC,
which still show marked morphological deformation, resemble
the permanently deformed ISC in that they lack spicules.
Therefore, this supports the hypothesis that the considerably
accelerated transbilayer movement of PC observed in deoxy-
genated native RSCoccurs predominantly in these protrusions.
Furthermore, it may be suggested that the existence of a
permanently perturbed membrane skeleton in ISC accounts
for the slightly enhanced transbilayer movement of PC that is
observed even when these cells are oxygenated (Fig. 4).

Direct evidence for our hypothesis would be provided by
demonstrating that the PC molecules in the bilayer of the
isolated free spicules experience high flip-flop rates. Unfortu-
nately, such studies could not be performed since these spicules
experience considerable lysis when incubated with phospholi-
pase A2, a treatment which is indispensable in the technique
we use for the determination of PC flip-flop rates. In previous
studies, we used the protein-mediated exchangeability of PC
to detect its enhanced transbilayer mobility in the membrane
of abnormal erythrocytes (4, 6). The procedure for despiculation
and subsequent isolation of the free spicules in a pure form,
however, finally yields <1% of the total membrane material,
which is much too low for the application of this alternative
method.

Another feature of the destabilized membrane bilayer of
the sickled RSCappeared to be an enhanced accessibility of
the amino-phospholipids for phospholipase A2 ( 15). As already
mentioned above, this enzyme causes considerable lysis of the
free spicules and therefore, could not be used to determine
phospholipid sidedness in their membrane. Thus, we took
advantage of the fact that the presence of negatively charged
phospholipids on a membrane surface is essential for the
formation of the prothrombinase complex (22, 41). From the
results shown in Fig. 5, it is obvious that, in the chromogenic
substrate assay we used, the formation of thrombin is entirely
dependent on the presence of PS.

Intact normal erythrocytes and oxygenated or deoxygenated
RSC did not give rise to the formation of any appreciable
amounts of thrombin when incubated at concentrations cor-
responding to 1 ,uM of total phospholipid (Table II). Disruption
of those cells by sonication, thereby exposing the PS in their
membranes to the assay medium, induced the formation of
thrombin at rates (Table II) which are similar to those induced
by the artificial lipid vesicles containing >12 mole percent of
PS. The same level of activity was observed with sonicated
spicules. However, unlike the intact native erythrocytes, intact
free spicules also enhanced the rate of thrombin formation,
indicating the presence of PS in the outer half of their
membranes.

Although it may be tempting to use the calibration curve
shown in Fig. 5 to determine the concentration of PS present
at the outer surface of the spicular membrane, it should be
realized that this curve has been recorded using artificial lipid
vesicles composed of pure lipids. Therefore, the rate of thrombin
formation of 66 nM/min determined for the free spicules may
not necessarily mean that the phospholipid fraction in the
outer layer of the spicular membrane contains 2.5 mole
percent of PS. It should be noted that at a complete random
distribution of PS over both halves of the bilayer, this value
would be 14% (compare Table I). However, the relationship
between the amount of PS present at the outer surface of a
membrane and its procoagulant activity is very complex (44),
and therefore, it may not be possible to directly compare the
activity of the free spicules, still containing many of the other
constituents of the RSCmembrane, with that of a membrane
system composed of pure lipids only. Nonetheless, our exper-
imental results show that a significant fraction of PS is present
in the outer half of the membrane of the spicule. In contrast
to the free spicules, deoxygenated RSC and even the RSC
subjected to repetitive sickling/unsickling, did not show any
appreciable procoagulant activity when incubated at the same
total phospholipid concentration (Table II). These observations
support our hypothesis that the abnormality in the phospholipid
organization in the sickled RSCis confined to those areas of
the membrane which are in spicular form. Since 2-3% of the
total membrane area is in spicular form, one cannot expect
the total procoagulant activity of the above RSC fractions to
be more than one-thirtieth of that observed in case of the free
spicules. This is indeed what we observed (Table II). This
interpretation may also explain the apparent discrepancy con-
cerning the procoagulant activity of the deoxygenated RSC in
the present study as compared with a previous one (45) using
the Russell's viper venom assay which had been performed at
total phospholipid concentrations of at least two orders of
magnitude higher than that used in the chromogenic substrate
assay.
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The spicules released from sickle cells have been identified
in the plasma of patients with sickle cell disease (19, 39),
suggesting that the events we have characterized in vitro may
have significance in vivo. In particular, the hypercoagulable
state observed in sickle cell disease (45) may be, in part,
secondary to the procoagulant activity of these spicules. Fur-
thermore, it is possible that these lipid vesicles block the
monocyte/macrophage system and contribute to the immune
deficiency associated with this disease (46). Recently, Tanaka
and Schroit (47) have demonstrated that liposomes containing
PS inhibit monocyte recognition of PS-loaded erythrocytes. It
is possible that the spicules that circulate in the plasma of
sickle cell patients block the monocyte/macrophage system.
Under normal conditions, one might expect that these lipid/
hemoglobin structures would be rapidly removed from the
circulation. Therefore, we speculate that spicule formation and
their release from sickled cells may contribute to the clinical
manifestations associated with this disease.

The absence of an enhanced PC flip-flop in the deoxygen-
ated, remnant despiculated RSCand the inased procoagulant
activity of the released spicules provides evidence that the
destabilization of the lipid bilayer predominantly occurs in the
protrusions of the sickled cell. In fact, it also supports our
earlier suggestions (6) that the abnormalities in the organization
of amino-phospholipids (particularly PS), which we have pre-
viously reported to exist in sickled cells (14, 15), may represent
enhanced accessibility to nonpenetrating probes as a conse-
quence of changes in the transversal dynamics rather than a
static redistribution of these phospholipids across the bilayer
of the entire membrane in these cells. Since the destabilization
of the membrane bilayer of the spicules may be caused by a
break in the interaction between the cytoplasmic monolayer
and the membrane skeletal network, our results are consistent
with the idea that the coupling between this skeleton and the
bilayer is essential for a stable asymmetric phospholipid orga-
nization.
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