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Interaction between phosphatidylserine
and the isolated cytoskeleton of human blood platelets
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Bmdmg expenments were performed to d

a direct i

Lipid asymmetry: Calpain: Diamide; Cytoskeleton; (Human platelet)

PR Lol

y fi rom human blood

an ine. A ifugati hini using radiolabel h i i les and Triton

X-100 insolubl i from imulated human pl was used to assess the binding, Interaction between

X and ipid is to be specific for phasphalldylserlne. No binding was observed for

phosphandylcholme. The bmdmg of phosphatidyl: and dep on the of cyto-

! used. The i hosphatidylserine and the kel d to be Hetel: ibl

The existence of a reversible and specific i ion b hosphatidylserine and the cytoskel of imulated

platelets would suggest a role for the kel in the of the ic distrib of this lipid in the

plasma b We have p ly shown (Ci et al. (1985) Biochim. Bmphys Acta 815, 143-148) that in
p a strong exists ion of plnelet ytoskel proteins by the end

Ici i in) and exp ine at their outer surface. Nevertheless,

llydrolysls of the isolated cytoskeleton by calpain did not result in a change in the pummeters of the binding between

phosg aml.y

kel Also, sulfhydryl
ies for phosphatidylser
phosphaudylsenne at the outer surface. E iti

, in spite of the hcl lllat diamidy of
of

of the cytoskel by diamide did not affect its binding

results in exposure of

idylserine upon acti of pl cannot be directly

ascribed to a change in affinity or number of bmdlng slées of the modified cytoskeleton as measured in model systems.

However, it cannot be that gl of the kel as, oceur within the ceill during
platelet lead to a d d contact b ! and lipid, irrespective of the binding parameters.
Introduction coagulation cascade (the conversion of factor X into Xa
and the ion of ik bin from its p pro-

The exi of transbil y of phospho- hrombin) are greatly enh d by the availability of a
lipids in the plasma membrane of different cells is well negatively charged phospholipid surface ining PS

established (for a review, see Ref. 1). This asymmetric
distribution leads to an outer monaclayer of the plasma
membrane enriched in phosphatidylcholine (PC) and
sphingomyelin and an inner monolayer containing the
majority of phosphatidylethanotamine and virtually all
phosphatidylserine (PS). The ability of platelets ta ex-
pose PS at their outer surface upon activation, is related
to their function in blood coagulation [2}. In particular,
the rates of two sequential enzymatic reactions of the

Abbreviation: PRP, platelet-rich plasma.
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[31

With respect to the mechanisms responsible for
maintaining the asymmetric lipid distribution, attention
has been focussed on the possibility of a direct interac-
tion hospholipids and p present in the
cell interior. In lhe cytoplasm of cells a protein network
is present, referred 10 as the cytoskeleton, part of which
is located near the plasma membrane (for recent re-
views, see Refs. 4-7). Since 1977 several studies on
human erythrocytes have indicated the existence of .an
interaction k hospholipids and p of
the cytoskeleton [8-15]. !-‘unhermore. Haest et al. [16]
and Franck et al. [17] showed that treatment of erythro-
cytes wnh the SH-o:udlzmg agent d|arrude, which causes
of k proteins, leads to

of phospholinid

an enh d hil
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In erythrocytes from patients with sickle cell anaemia,
polymerization of haemoglobin during deoxygenation is
thought to induce a mechanical decoupling between
and cy (18}, Iting in an en-
hanced rate of flip-flop of phosphatidylcholine [19] as
well as exposure of PS at their outer surface. The latter
is most manifest in isolated membrane vesicles that are
pinched off from protrusions of the cell body during
reversible sickling [18]. Also after treatmeni of platelets
with dilauroylphosphatidylcholine, formation of right-
side out membrane vesicles is observed, exposing PS at
their outer surface [20]. These vesicles appeared to be
essenual]y devoid of high molecular weight cytoskeletal
trin  for erythrocy and myosin for
platele(-denved vesicles, respectively. For intact plate-
lets we have found a striking correlation between mod-
ification of the cytoskeleton and exposure of PS at the
outer surface of the plasma b Tr: il
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addition: of 2% (v/v} of ACD to the PRP, platelets were
sedimented by centrifugation at 750 X g for 15 min. The
platelet pellet was washed twice in Hepes buffer pH 6.6
{136 mM NaCl. 2.7 mM KCl 2 mM MgCl,, 10 mM
Hepes. 5 mM glucose and 0.5 mg/ml fatty acid free
human serum albumin). Before each centrifugation 5%
(v/v) ACD was added ta prevem aggregation dunng

ion. Finally the pl were din
Hepes buffer pH 7.4 and the count was adjusted to
2.5-10° fml using a Coulter counter.

Preparation of cytoskeletons

Platelet cytoskeletons were essentially prepared as
described by Fox [26]. Briefly, washed platelets were
cooled or. ice and made 10 mM in EDTA. After ad-
dition of Triton X-100 to a final concentration of 1%
(w/v) the suspension was stirred on ice for 30 min.

asymmetry as measured uring phospholipases. is rapidly
lost upon shmnlauon by certam platelet agonists [21].

Cytoskeletons were collected by ultracentrifugation
{4°C. 30 min, 100000 X g). Pellets were washed once
with 1% (w/v) Triton in buffer A (136 mM NaCl. 2.7
mM KCl, 10 mM Hepes, 1 mM EDTA, pH 7.4).
Another two washes with buffer A followed to remove
the Triton. Finally the preparalion was resuspended in
buffer A in hall the volume of the original plawiet
suspension. The preparalmn was sonicated until homo-

This of phaspholipids is strictly corre-
lated wnth the breakd of keletal p by the
d Ca®*.dependent protei {calpa n) [22-
24).
The aim of the present study was 0 mvesllgate
whether direct i F hatidylserine
and the cytoskel of i d platelets can be

demonstrated and to what extent modlﬁcanons of the
cytoskeleton as induced by calpain or diamide can be
held responsible for a rer jzation of the lipids in the

plasma membrane upon platelet activation.

Materials and Methods

1,2-Dioleoylphosphatidyl['*CJserine (1.11 GBq/
mmotl) and 1,2-dipalmitoylphosphatidyl[** Clcholine (3.7
GBq/mmol) were obtained from Amersham Interna-
tional, U K. Phosphatidylserine was purified from braia
extract type III (Sigma) using CM-cellulose column
chromatography as described before [25]. Egg yolk
phosphatidylcholine (Sigma) was used witho1t further
purification. Platelet calpain (calcium-dependent pro-
teinase. EC 3.4.22.17) was partially purified

2 by visual insp . This is arbi-
trarily sct to contain 5 - 10° cytoskeletons per ml based
on the assumption that one cytoskeleton is isolated
from each platelet.

Preparation of phospholipid vesicles
Pho:phollpld vesicles were prepared by direct probe
ion at room p in buffer A at a con-
centration of 500 pM. Labeled specnes were added
‘before sonication in a of 37 kBa p.;
pmole of total lipid. After sonication the suspension
was centrifuged for 30 min at 100000 X g (room tem-
perature). Lipid concentration in the supernatant was
determined as phosphorus [27).

Binding assay
It appeared that after preparing phospholipid vesicles

to Fox [26]. Ficoll was from Pharmacia Fine Chemn:als
Diamide (azodicarboxylic acid bis[dimethylamide]) and

by i it was not possible to obtain a di
mentable fracuon by tnkmg the supernatant of a pre-

Hepes(4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) were obtained from Sigma Chemical Co. All other
reagents were of the highest grade commercially availa-
ble.

Isolation of platelets

Blood was collected from healthy volunteers, ACD
was used as anticoagulant (0.052 M citric acid, 0.08 M
trisodium citrate. 1183 M glucose, 1 part ACD for 5
parts of blood). Platelet-rich plasma (PRP) was ob-
tained by centrifugation at 150 x g for 15 min. After

ifuged sample. Also from that supernatant a sub-
stantial fraction (20-40%) was sedimented under the
experimental conditions. Centvifugation of somicated
vesicles for 30 miu at 100000 X g in buffer A induces a
phospholipid gradient in the tube, resulting in about
80% of the lipid being present in the bottom 20% of the
tube. Increasing the density of the medium to 1.035
g/mt (10% w/v Ficoll) results in a completely even
distribition of the vesicles over the length of the tube.
Cemnfugauun of cytoskeleton in 10% Ficoll resulted in

i di (more than 95%) of

the cytoskcle!al proteins.
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Binding experiments were carried out using a Beck-
mann TL-100 vitracentrifuge equipped with a rotor for
‘00 nl tubes. h caypcd incubation vessels the desired

of p hoiipid and cy were mixed
vy vnnexmg with a 25% solution (w/v) of Ficoll in
buffer A, sufficient to reach a final concentration of
Ficoll of 10% (w/v). After incubalion for 30 min at
room temperature 200 u! of the mixture is transferred
to a centrifuge tube and spun for 30 min at 100000 X g.
To assess the unbound fraction of phospholipid 100 p{
of the supemnatant is transferred to a vial for liquid
scintillation counting.

Results and Discussion

Cytoskel of unstimulated platelets is able to bind
PS in a concentration-dependent manner. The fraction
of bound lipid as a function of the concentration of
cytoskeleton is shown in Fig. 1. Binding is specific for
PS compared to PC-vesicles which do not bind over the
whole range of cytoskeleton concentrations tested.

The binding curves obtained using two concentra-
tions of cytoskeleton and variable amounts of phospho-
lipid as shown in Fig. 2, demonstrate that binding is
satorable, which strongly suggests that aspecific sedi-
mentation of lipid is negligibte. When '“C-PS in PS-
vesicles is replaced by '*C-PC the same binding curve is
obtained. Replacing “C-PC in PC-vesicles by '4C-PS
also does not affect the binding, ie., no binding is
observed. This indicates that binding involves intact
vesicles, rather than monomeric lipid. Since the cyto-
skeleta)l preparation consists of a mixture of proteins
and since it is unclear how many lipid molecules of a
vesicle actually participate in binding, no attempt was
made to translate the data into an apparent K, or
number of binding sites.

The reversibility of the binding of PS is shown in Fig,
3. When 10 M labeled phospholipid is preincubated
with cytoskeleton (5 - 167 /ml) for 30 min, about 65% of
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af hound lipid was measured as described in the legend to Fig. 1. ®,
ml; &, 5-107 ml.

with differ-

the labeled lipid can be sedimented. Addition of in-
creasing amounts of non-labeled PS to this mixture
results in progressive displacement of label from the
cytoskeleton. However, if non-labeled PC is used, no
change in the amount of bound PS8 is observed (not
shown). Since addition of 10 M of lipid is not saturat-
ing for this amount of n (see Fig. 2), additi
of extra non-labeled PS will, apart from displacing
labeled PS, also occupy residual free binding sites,
Taking this into account, one can calculate the amount
of label which should be replaced by non- labeled species,
assuming complete equilibration of labeled and non-
fabeled pools. Companng the lwn lmes m Flg 3 (the
dashed line rep the of
label) shows that virtually all labeled PS equilibrates
with added non-labeled PS: demonstrating the complete
reversibility of the binding.

“HOT" LIPID BOUND (micromolsi)

o %0 100 150 200 260

"COLD* LIPID ADDED (mioromol/)
Fig. 3. Supersedition of labeled phosphohpld {PS) by excess
fabeled PS. C: (5-107/ml) were for 30 min
with 10 oM labeled PS-vesicles. Subsequently non-labeled PS-vesicles
were added in increasing concentralion, Incubation was carried on for
another 30 min, The amount of bound labeled PS was determined as
described in he legend to Fip. 1. The dashed lire represents the

the ing in the after il ion for
30 min at 100000 g. &, P i ine; @, ph i i

of bound labeled PS, taking into account
1hat binding is not saturated at 10 uM phaspholipid and assuming a
complete equilibration of the labeled and the non-labeled pools.



Treviously we have shown that PS-exposure at ihe
outer surl’ace of activated platelets is strictly correlated
with modi ion of the keleron [20.22--24]. Con-
ditions leading to exposure of PS appeared 10 involve
degradation of cytoskeletal proteins by endogenous
calpain, which becomes activated by a considerable rise
in intracellular Ca?*-concentration as for instance ef-
fected by Cal* ionophore or stimulation by the com-
bined action of collager plus thrombin. Moreover. when
platelets are made permeable for leupeptin. a specific
inhibitor of calpain, activity of this proteinase was
diminished during platelet activation in parailel with a
lowe: amount of PS becoming exposed at the platelet
cuter surface [24]. Furthermore, intracellular modifica-
tion of cytoskeleton by means of the sulfhvdry! oxidiz-
ing compound diamide also results in exposure of PS at
the platelet outer surface [21).

Isolated cytc from imulated human
platelets was treated with calpain or diamide to study
the effect of these treatments on the PS binding proper-
ties of the cytoskeleton. To enable detection of either a
change in affinity or a decrease in the number of
binding sites, a lipid titration was carried out at a fixed
concentration of cytoskeleton. However, though the
protein degradation by calpain as well as the cross-
linking by diamide could be confirmed by gel electra-
phoresis (not shown), na change in binding character-
istics of PS could be observed (Fig. 4). This indicates
that flip-flop of PS during stimulation of the platelet
cannot be the consequence of a loss of PS-binding
capacity of the cy 1 after dift as mea-
sured in mode] systems. However, the present results do
not exclude a possible role of the cytoskeleton in the
regulation of PS asymmeiry within the cell. At least two
possibilities remain:

(i) Loss of affinity for PS only occurs during modifi-
cation of the cytoskeleton. Although this cannot be

e

LIPID BOUND (micromol/l)
s

° 20 40 [ a0 100

LIPID ADDED (micramol/l)
Fig. 4. Tirration of modified cytoskeleton with PS-vesicles. 5107
cytoskeletons per ml were used after modification with either calpain
{a) or diamide (@). The conditions for the calpain were chosen to
produce 50% degradation of myosin as judged by gel electrophoresis.
Diamide t-eatment was for 15 min with 5 mM diamide. The amount
of bound lipid was determined as described in the legend to Fig, 1.
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appioached by the present lechniyue, experiments
described recently by Verhallen [28] seem to support
this notion. Based on observations usmg (he fluorescent
b probe tri hyl ph
triene {TMA-DPH) it was shown that the occurrence of
fast flip-flop is vestricted 1o the timepericd during which
calpain is active and cytoskeletal proteins are in the
process of heing degraded.

(i) Modification of the cytoskeleton in intact plate-
lets induces a change i in n: three-dimensional structure
resulting in a meck ling, of t and
cytoskeleton, irrespective of a pote—mal affinity for PS.
Such a phenomenon was demonstrated by Spangenberg
et al. [29] who showed that upon treaiment of platelets
with diamide. crosslinking of proteins leads to a con-
traction of the cytoskelcton, therebv becoming con-
centrated in the center of the cell.

Another possible mechanism involved in maintaining
the asymmetric distrubution of PS is the presence of a
transporting system (translocase). specific for amino-
phospholipids. as was demonstrated in erythrocytes by
Seigneuret and Devaux [30). The existence of a phos-
pholipid translocase in erythrocytes was later confirmed
[31-35] and was also shown to be present in other cells,
including platelets [36-38]. This mechanism, thought to
consist of a protein, is capable of transporting exoge-
nously adde2 aminophospholipids from the outer to the
inner monolaver of a plasma membrane. The process
was shown to be ATP-dependent and sensitive to suif-
hydryl oxidizing agents. Recently we obtained svidence
[39] that ihe translocase present in human platelet
plasma membranes is also capable of transporting en-
dogenous PS-exposed at the platelet outer surface as a
result of an activation procedure-back to the inner
leaflet of the membrane.

Both the experiments showing the existeice of an
amino-phospholipid translocating entity and the present
observation that an interaction between PS and cyto-
skeletal proteins could be present in intact plaiclets, are
consistent with the model proposed by Williamson et al.
[40). On theoretical grounds they reach lhe conciusion
that i of the ibution of
phospholipids can best be explai by the action of a
translocase, in conjunction with a direct interaction
between PS and cytoskeleton, reducing the amount of
free lipid being available for spontaneous transbilayer
movement.

However. the rapid transbilayer movement of phos-
phatidylserine as occurs during platelet activation is not
directly related 10 2 change in the binding parameters of
the PS-cytoskeleton interaction after modification of
the cytoskel This transbil is not
restricted to PS aione, but mvolves the other phospho-
lipids as well [21]. Therefore, it cannot be excluded that
this process is caused by gross structural rearrange-
ments of both membrane and cytoskeleton, in which
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potential interactions between PS and cytoskeletal pro-
icins are only of secondary importance.
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