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FPREFAaCE

The articles comprising the contents of
this thesis have been published in a time
span of ten years. I want to emphasize that
discussions as they appear in the different
chapters are writtem in the context of the
then existing knowledge. In the general
discussion of this thesis an attempt is made
to integrate these views into a model
describing the present views on regulation of
phospholipid asymmetry in platelet plasma
membranes. .

The first part of the following introduc-
tion is meant to provide some relevant
background information on platelets, coagula-—
tion and the involvement of platelet mem-
branes in coagulation. In the second part an
outline iz presented of the questions leading
to the experiments described in each of the
different chapters. :






INTRODUCTION

Platelet function and morphology.

Platelets are the smallest c¢ells present in the
circulation. They are disk-shaped with s diameter of about
2 microns. In the unstimulatbted form, platelets are
non-adherent to each other or the vessel wall, but capable
of sticking to both if properly activated. Platelets play
a role in a variety of processes, such as inflammation,
wound-healing and impmunological reactions. Their main
function, however, lies in their pivotal role in the
haemostatic process.

Platelets are formed in the bone-marrow as fragments
of megakaryocytes. They have no nucleus, thus being
virtually unable to synthesize proteins, and have an
average lifetime of about 8 days. Their ultrastructure
was studied extensively by means of electron microscopy
{for a comprehensive review, see Ref. 1)}. A schematic view
of the main morphological features of the platelet is
presented in Fig. 1. The cell is surrounded by a plasma
membrane, showing several deep inveginations (open
canalicular system)}, which increase the surface area and
give the platelet a characteristic spongelike appear-—
ance.

Equatorial cross section

Fig.1: Horphology of the unstivnulated discoid platelet.

In the coytosol several kind of storade compartments
can be detected. Some of these have a secretory function
({dense bodies, e-granules and Ilysosomes), while others
(mitochondria) provide the platelet with the necessary
metabolic energy, the source of which is formed by
numerous glyvcogen granules. In the equatorial coross
section a ring of microtubuli is wvisible, which upon
activation of +the platelets migrates to the center of the
cell by means of depolymerization-polymerization cycles
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penultimate stage of the ecascade. These phenomena, which
are strictly surface-related, are stimulatory in nature.-—
However, also involvement in negative feedback of coagula-
tion is possible. For instance, inasctivation of factor Xa
by the plasms protein antithrombin II1I is prevented by
binding of factor Xe to the platelet murface [26]. On the
other hand, the inactivation of factor Va by activated
protein C is enhanced by binding +to the platelet surface
[27]. Apart from these properties of platelets which are
directly related to their surface, a wide wvariety of
compounds involved in coagulation iz released from
the storage gdranules upon atimulation [19]. In this
thesis, however, attention is focuszed on the role of
platelets in the catalysis of factor Xa and thrombin
formation.

RBole of lipid in Xa and thrombin formation.

Both factor Xa and throwbin are formed through limited
proteolysis of their zymogens by a complex of an enzyme, a
protein cofactor and the substrate assembling at a
suitable membrane phospholipid surface. Factor IX,
factor X and prothrombin are members of the family of
proteins that undergo a posttranslational, vitamin K
dependent carboxylation in the liver. Several glutamic
acid residues near the HN-terminus of these proteins are
carboxylated +to gamma-carboxyglutamic acid [28]. Binding
of these proteins to a lipid surface occours by formation
of calcium bridges between the negatively charded gamma-
carboxyglutamic acid residues of the proteins and negative
charges present in the lipid surface. In the case of
factor Xa generation, the enzyme factor IXa associates
with the cofactor VIIIa at a phospholipid surface, forming
so-called tenase complex. This complex efficiently brings
about the limited proteolysis needed to form the active
enzyme Xa from its symogen, factor X. A similar complex
existe for formation of thrombin from its precursor,
prothrombin. In this case factor Xa iz the enzyme and Va
the cofactor, together forming the prothrombinase complex
after binding to a lipid surface has taken place. Although
the effect of platelets and lipids on the reaction of the
prothombinase complex is mainly considered in this thesis,
it should be kept in mind that the tenase complex is
affected in a similar fashion.

The function of lipids in coagulation can in a first
approximation be desceribed as surface-catalysis, involving
an increase in the local concentration of proteins by
binding to a phospholipid surface and, hence, stepping up
the reaction. Another reason for the increase in reaction
velocity is the juxtaposing of the molecules, induced by
their binding to a surface, which leads to a higher ratio
of productive collisions between enzyme and substrate
[29,30].

In vitro, this surface can be composed of any mixture

10



of phospholipids containing net negatively charged polar
head groups, although the catalytic efficiency is certain-
ly dependent on the kind of lipid molecule bearing such
charge. Comparing the activities of lipids containing
different polar headgroups, it was shown [31] that optimal
catalytic efficiency can be achieved by the use of
phosphatidylserine {P5). Although any lipid surface
carrying a negative charge is capable of stimulating
thrombin formation, binding affinity to PS-containing
surfaces is favoured presumably because a six-coordinated
complex with calcium can be formed, involving the phos-
phate, amino and carboxyl groups of PS on the one hand and
the two carboxyl groups of gamma-carboxyglutamic acid plus
another electron—-donating group of the protein on the
other. The resulting strong binding of clotting factors to
a PS~containing phospholipid surface explains the potent
catalytic effect of phosphatidylserine in blood coagula-
tion, relative to other anionic phospholipids. It should
be wmentioned that neutral phospholipids can play a
modulating role in the procoagulant efficiency of a
lipid surface once PS is present [32].

Lipid organization of the platelet plasma membrane.

Platelets, like other cells, are protected from their
environment by a plasma membrane in which asymmetry
prevails with respect to both proteins and phospholipids.
For erythrocytes as well as for platelets it was shown
[{33-37] that the outer monolayer of the plasma membrane
consists primarily of the neutral choline containing
lipids phosphatidylcholine” (PC) and sphingomyelin (Sph)
and part of the phosphatidylethanolamine (PE) which is
present on both sides of the membrane. The negatively
charged lipids phosphatidylserine (PS) and phosphatidylin-
ositol (PI} are almost exclusively located in the inner
leaflet of the membrane. This asymmetry meansz that the
outer surface of the c¢ell is almost completely devoid of

negatively charged phospholipids, thus hardly being
able to stimulate the enzymatic conversion of factor X and
prothrombin.

We have shown that activation of platelets by the
combined action of collagen and thrombin, as likely occurs
at the site of vascular injury, gives rise to progressive
randomization of phospholipids in the membrane bilayer
[38]7. Thus, the original asymmwetric distribution of lipids
is lost upon activation, leading to exposure of PS8 at the
platelet outer surface. The activated platelet thus
acquires the capability to increase the rate of factor Xa
and thrombin formation, thereby also restricting the
clotting process to the site of injury, where platelet
activation occurs. The question arises which molecular
mechanisms in platelets are responsible for the transfor--
mation of an inert cell into a body capable of accelera-—
ting coagulation by several orders of magnitude.

11



] '_pi

1

e BN

White, J.G; (1887}
in "Haemostagis and Thrombosis" (Bloom, A.L., Thomas,

" D.P., eds.} pp. 20-46. Churchill Livingstone, New York.

| 5]

&

10
11
12
13

14

15

16
17
18
18

20
21
22

Steiner; M, Ikada, Y. (1879)
J. €lin, Invest. B3, 443-448.
Kenney, D.M., Chao, F.C. (1980)
J. Cell Physiol:. 103, 389-398.

“White; J.Gy, Reo, G.H.R. (18983}

Am. "J: Pathol. 112, 207-217.

Skear, R:yJ. (1981)

in Res. Monographs Cell Tissue Physiol, 5, "Platelets
in Biology and Pathology, vol 2" (Gordon, J.L.,ed.)
pp. 321-8348. Elsevier/North Holland Biomedical Press.
White, J.6G. (1984)

in "The .cell biology of the secretory process’” (Cantin,
M., &d.) pp. 541-564. Karger, New York.

Crawford, M. (1985)

Adv. Exp. Med. Biol. 192, 1-13.

Kager-Glanzmann, R., Jakabova, M., George,J.N.,
Lugcher, E.F, (1978)

Biochim. Biophys. Acta 512, 1-12.

Menashi, 5., Davis, C., Crawford, N. (1982)

FEBS Letters 140, 298-302.

Baumgartner, H.R., (1877)

Thromb. Haemost. 37,1~186.

Hawiger, J. (1987)

Ann. N.Y. Acad. Sci. 508, 131-141.

Chiang, T.M., Kang, A.H. (1982}

J. Biol. Chem. 287, 7581-75886.

Sakariassen, K.5., Bolbhuis, P.A., Sixma, J.J. (1979)
Nature 279, 636-638.

Nieuwenhuis, H.K., Sakariassen, K.S., Houdijk, W.P.,
Nievelstein, P.F., Sixma, J.J. (1986)

Blood 68; 632-695.

Fox, J.E.B., Phillips, D.R. (1883)

Semin, Haematol. 20, 243-2860.

Zucker, M.B,, Nachmiasz, V., T. (1985)

Arteriosclerosisg 5, 2-18.

MacKFarlane, R.G. (1984)

Nature 202, 498-489.

Davie, E.W., Ratnoff, 0.D. (1984)

Beience 145, 1310-1312.

Bevers, E.M., Rosing, J., Zwaal, R.F.A. (1987)

in "Platelets in Biology and Pathology II1" (Maclntyre,
Gordon, eds.) pp. 127-160 Elsevier Science Publishers
(Biomediecal division).

Walsh, P.N., Griffin, J.H. (1981)

Blood 57, 106-118.

Kodama. K., Kato, H., Iwanaga, S. (1985)

J. Biochem. 97, 139. '

Ozterud, B., Harper, E., Rapaport, 5.I., Lavine, K.K.
(1979} Scand. J. Haematol. 22, 205.

14



23
24

25

26
27
28
29
30
31
32

33

34
35
36
37
38
39
40

41

42
43
44
45
46

47

Miletich, J.P., Jackson, C.M., Majerus, P.W. (1977)
Proc. Natl. Acad. 8ci. USA 74, 4033.

Kane, W.H., Lindhout, M.J., Jackson, C.M., Majerus,
P.W. (1980) J. Biol. Chem. 255, 1170.

Rosing, J., van Rijn, J.L.M.L., Bevers, E. M., van
Dieijen, G., Comfurius, P., Zwaal, R.F.A. (1985)
Blood 65, 319

Ellis, V., Scully, M.F., Kakkar, V.V. (1884)
Biochemistry 23, 5882.

Harris, K.W., Esmon, C.T. (1985)

J. Biol. Chem. 260, 2007.

Suttie, J.W., Jackson, C.M. (1977)

Physiol. Rev. 57, 1-70.

Rosing, J., Tans, G., Govers-Riemslag, J.W.P., Zwaal,

R.F.4&., Hemker, H.C. (1980} J. Biol. Chem. 255,274-283.

vanh Dieijen, G., Tans, G., Rosing, J., Hemker, H.C.
{(1981) J. Biol. Chem. 2586, 3433-3442.

Rosing, J., Speijer, H., Zwaal, R.F.A (1988)
Biochemistry 27, 8-11.

Zwanl, B.F.A., Bevers, E.M., Comfurius, P. (1986}

in “New Comprehensive Biochemistry vol 13: Blood
Coagulation" (Zwaal, R.F.A., Hemker, H.C., eds.) pp.
141-169. Elsevier, Amsterdam.

Zwaal, R.F.A., Roelofsen, B., Comfurius, P., van
Deenen, L.L.M. (1875}

Biochim. Biophys. Acta 408, 83-96.

Chap, H.J., Zwaal, R.F.A., van Deenen, L.L.M. (1977)
Biochim. Biophys. Acta 467, 146-164.

Perret, B., Chap, H., Douste-Blazy, L. (1979)
Biochim. Biophys. Acta 556, 434-436.

Zwaal, R.F.A. (1978) ’

Biochim. Biophys. Acta 518, 163-205.

Schick, P.K. (1979) Semin. Haematol. 16, 221-233.
Bevers, E.M., Comfurius, P., van Rijn, J.L.M.L.,
Hewker, H.C., Zwaal, R.F.A. (1982}

Bur. J. Biochem. 122, 429-438.

Tans, G., wvan Zutphen, H., Comfurius, P., Hemker, H.C.
Zwaal, R.F.A. (1879) Bur. J. Biochem. 95, 449-457.
Cullis, P.R., de Kruijff, B. (1979}

Biochim. Biophys. Acta 559, 399-420.

de Kruijff, B., Verkleij, A.J., van Echteld, C.J.A.,
Gerritsen, W.J., Mombers, C., Noordam, P.C., de Gier,
J. {(1979) Biochim. Biophys. Acta 555, 200-208.
Mauco, G., Chap, H., Simon, M.F., Douste-Blazy,

L. (1978) Biochimies 80, 8653-861.

Allen, D., Low, M.G., Finean, J.B., Michell, R.H,
(1975) Biochim. Biophys. Acta 413, 309-318.

Chap, H., Douste-Blazy, L. (1974}

Eur. J. Biochem. 48, 351-356.

Mombers, C., de Gier, J., Demel, R.A., van Deenen,
L.L.M. (1980} Bicchim. Biophys. Acta 603, 52-82.
Bato, S.B., Ohnishi, $. (1983)

Eur. J. Biochem. 130, 19-25.

Maksymiw, R., Sui, 8.-F., Gaub, H., Sackmann, E. (19886)

Biochemistry 26, 2983-2990,



48
49
50
51
52
53
54
55

56

59
60
61

62

Rybicki, A.C., Heath, B., Lubin, B., Schwartz, R.S.
(1988) J. Clin. Invest. 81, 255-280.

Haszt, C.W.M., Plaga, G., Kamp, D., Deuticke, B. (1978)

Biochim. Biophys. Acta 508, 21-32.

Lubin;, B., Chiu, D., Bastacky, B., Bonelofsen, B., van

Deenen, L.L.M. (1881) J. Clin. Invest. 67, 1643-1649,
Haest, C.W.M. (1982}

Bioschim. Biophys. Acta 694, 331-352.

Phillips; D.R., Jakabova, M. (1877}

J. Biol. Chem. 252, 5802-5605,

White, G.C. (1980}

Biochim. Biophys. Acta 631, 130-138.

MoGowan, E.B., Yeo, K.T., Detwiler, T.C. (1883)
Archi, Biochem. Biophys. 227, 287-301.

Fox, J.E.B., Phillips, D.R. (1983)

Semin. Heematol. 20, 243-260.

Seigneuret, M., Devaux, P.F. (1984)

Proc., Natl. Acad. Sci. USA 81, 3751-3755.

Daleke, D.L., Huestis, W.H. (1985)

Biochemistry 24, 5406-5416.

Tilley, L., Cribier, 8., Roelofsen, B., Op den Kamp,
J. A F., van Deenen, L.L.M. (198886}

FEBS Letters 184, 21-27.

Martin,O0.C., Pagano, RH.E. (1987)

J. Biol. Chem. 262, 5880-5888.

Williamson, P. Antia, R., Bchlegel, R.A. (1987)
FEBS Letters 194, 21-27.

Connor, J., Schroit, A.J. (1888)

Biochemistry 27, 848-851.

Bevers, E.M., Tilly, R., Senden, J., Comfurius, P.,
Jwaal, R.F.A. (1989) Biochemistry 28, 2382-2387.

16



CHAaFPFTER 1

THE ENZYMATIC SYNTHESIS OF PHOSPHATIDYLSERINE
AND PURIFICATION BY CM-CELLULOSE COLUMN CHROMATOGRAPHY.

Summary .

Phosphatidylserine has been prepared from
phosphatidylcholine by a one-step transphos -
phatidylation reaction catalyzed by phospho-
lipase D in the presence of L-serine. The
resulting mixture of phosphatidylserine and
phosphatidic acid is easily and rapidly
separated by CM-cellulose column chromato-—-
graphy using stepwise elution with solvents
containing an increasing percentage of
methanol in chloroform. The overall yield of
the procedure 1is 40-50% dependent on the
scale of the preparation. CM-cellulose column
chromatography proved to be extremely useful
in separating phospholipid mixtures obtained
by phosphatidyltransferase reactions of
phospholipase D and is also suitable for
fractionation of other lipid extracts.
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Introduction.

Az discumsed in the introduction of this thesis,
phosphatidylserine plays a crucial role in blood coagula-
tion. Since the total chemical synthesis of this phospho—
lipid ‘is a complicated and time consuming task [1-5],
ites role in a wvariety of membrane processes has mainly
been studied using preparations obtained by tissue
extraction. This results in a mwixture of phosphatidyl-
serine gpecies with respect to the fatty acid compo-
gition. In order to be able to prepare phosphatidyls-
erine with defined fatty acids quikly and easily, we
reavaluated its enzymetic synthesis using the base-exchan-—
ge reaction catalyzed by phospholipase D.

Phospholipase D (phosphatidylcholine phosphatidohydro-
lase, EC 3.1.4.4) hydrolyses the terminal phosphate
diester bond of glycerophospholipids with production of
phozphatidic acid. It has also been shown to catalyze the
transfer of the phosphatidylgroup from phosphatidylcholine
to various primary alcohols [6-10]. Until now, however, no
significant transfeéerase activity has been observed using
L-gerine as the acceptor molecule. Upon reinvestigation of
the transferase activity of phospholipase I we found that
conversion of phosphatidylcholine into phosphatidylserine
can occur at elevated temperature using saturated solu-—
tions of serine. The resulting mixture of phosphatidyl-
serine and phosphatidic acid is easily and rapidly
separated by CM-cellulose column chromatography. This
column iz eluted step-wise with solvents containing
increasing percentages of methanol in chloroform.

The overall yield of the procedure is 40-50%, depend-—
ing on the scale of the preparation. CM-cellulose chroma-
tography proved to be extremely useful in separating
rhospholipid mixtures obtained by phosphatidyltransferase
reactions of phospholipase D and is also suitable for the
fractionation of other lipid extracts.

Egg phosphatidylcholine was prepared from egg vyolk as
described by Singleton et al. [11]. Two synthetic phospha—
tidylcholines were prepared az described before [12]: 1,2~
dimyristoyl-sn--glycero-3-phosphochol ine (14:0/14:0-phos~
phatidylcholine) and 1,2-dielaidoyl-sn-glycero—3-phospho-—
choline (18:lc<- /18" le--phosphatidylcholine).

Phospholipase D was partially purified from the inner,
vellowish-white leaves of savoy cabbage by heat treatment
and acetone precipitation according to the method of
Davidson and Long [13]. After acetone treatment the
precipitate was suspended in water (approximately 20 ml
per 400 g of cabbage leaves) and immediately lyvophili-
zed. The white powder obtained was stored at -200 C.

For routine assays of enzymatic activity, hydrolysis
of egg yolk lipoprotein was measured by continuous

18



titration of the acid produced, using a Radiometer
automated titrator with ecurve recording. The egg yolk
lipoprotein substrate was prepared by homogenizing the
yolk of one egg in 100 ml destilled water. After centrifu-
gation at 27.000 x g for 30 minutes the supernatant was
collected and sodium dodecylsulphate was added +to a final
concentration of 6.66 wmg/ml. The assay was performed
using 15 ml of the lipoprotein solution (containing
approximately 1 mg/ml lipid phosphorus) to which 1 ml of
1M CaCl: was added prior to the addition of enzyme. This
results in a marked increase in turbidity. The enzywmatic
reaction was carried out at 37 ¢ for 5 minutes ab
pH 5.6. The consumption of Q.02N NaQH was usually linear
for at least 10 minutes. One unit of phospholipase D is
defined as the amount of enzyme which liberates 1 pmol of
titratable H* per minute at 37 ¢. In spite of the
turbidity of the reaction mixture, the number of units
appeared to be comparable with the number of international
units (I1.U.) found in the substrate-decrease assay as
described previously [14]. The phospholipase D prepara-
tion from savoy cabbage usually showed an activity of
approximately 1 I.U. /mg dry weight., The activity decreased
by some 20% per month upon storage at -20= C.

The transphosphatidylation reaction cocatalyzed by
rhospholipase D was carried out in the presence of
L-serine either with egd phosphatidylcholine or with the
synthetic lecithins I1,2-dimyristoyl-sn-glycero-3-phospho-
choline or 1,2-dielaidoyl-sn-glycero-3-phosphocholine. The
phosphatidylcholines ware diszsolved in diethylether
{distilled from P=20s to remove traces of alcohol) at a
concentration of 20 mg/ml. L-serine (Merck) was first
lyophilized from a 108 {(w/v) agueocus soclution to remove
traces of methanol and subsequently dissolved at 450 € in
different concentrations up to saturation (46% w/v} in 100
mM acetate buffer (pH 5.6) containing 100 mM CaClz. Phos-
pholipase D was added to the serine solution at 45 C to a
final concentration of 1 I1.0U./ml. An equal wvolume of tho
phosphatidylcholine s=olution in ether was added and the
incubation flask was immediately closed, to minimize ether
evaporation. Incubation was carrried out at 45 C with
stirring to ensure complete mixing of both phases. Usual-
ly, additional portiong of phospholipase D equal to the
starting amount were added after 30 and 60 minutes.
Incubation was stopped after 90 minutes by addition of two
volumes (with respect to the volume of the acetatebuflfer)
100 mM EDTA. Ether was evaporated ab room temperature
under a stream of nitrogen and the aqueous layer was mixed
with 4.3 wvolumes of chloroform/methanol (5:8, v/v) and
stirred for 30 minutes [15]. This single phase mixture wag
filtered through a glass filter G-2 to remove precipitated
serine. The filtrate was stirred for 10 minutes after
addition of 1 volume of water and 3.7 volumes of chloro-
form. In this extraction procedure "volumes” refer +to the
volume of acetate buffer plug EDTA solution. After
centrifugation (10 min., 1000 x g} the lower chloroform
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layer was collected and evaporated +to dryness under
reduced pressure. After removing traces of water by
repeatedly adding absolute ethanol end evaporating, the
regidue was dissolved in chloroform. Similar incubations
were carried out at 37 € in which serine was replaced by
other primary alcohols. Ethsnolamine, glycerol, methanol,
or ethanol were used to establish optimal conditions
leading to the highest vyields of the respective phospho-
glyocerides.

Preswollen CM-cellulose (CM-52, sodium form, Whatman)
was suspended in methanol and decanted several times to
remove - small fibers snd effectively replace water by
organic solvent. Columns were packed as described by
Rouser et al. [16] for DEAE-cellulose. On top of the bed a
glass wool plug and some glass beads were placed in order
to prevent disturbance of the adsorbent during solvent
changes. Prior to applying the lipids, methanol was
removed by eluting the column with at least 10 bedvolumes
of chloroform. A rapid separation of phosphatidylserine
from phosphatidic acid, phosphatidylmethanol, unconverted
phosphatidylchol ine and traces of free serine was carried
out as follows.

The lipid solution in chloroform was applied to the
column in a concentration up bo 50 mg/ml with a maximum
load of 5 mg total lipid per ml bedvolume. After elution
with 3 bedvolumes of chloroform, phosphatidic acid
{together . with traces phosphatidylwmethanol and residual
phosphatidylcholine) was eluted with 20 bedvolumes of 20%
methanol in chloroform (v/v). Phosphatidylserine was
subsequently eluted with 6 bedvolumes of chloroform/metha—
noel {(l:1, wv/v) and any free serine was removed by elution
with 10 bedvolumes pure methanol, resulting in regenera-
tion of the column. The column can be used repeatedly
with reproducible performance. Since the cellulose can
easily be operated at flowrates of 250 ml/hour without
affecting the separation, the procedure is extremely rapid
and can usually be performed within 2 days. Stopping
elution overnight during the separation procedure has no
influence on the final resolution. No differences in
separation were observed when the procedure was scaled up
to separate 1 gram of the phospholipid mixture.

For analytical purposes, the phospholipids were
separated by two-dimensional thin-layer chromatography
using the procedure of Broekhuyse [17], and quantitated as
phosphorus by a modification of the procedure of Fiske and
Subbarow [18]. Differential scanning calorimetry was
carried out as described by van Dijck et al. [19].

In agreement with previous investigations [8,9],
90-95% of prhosphatidylcholine can be converted into
phosphatidylmethanol, phosphatidylethancl, phosphatidyl-
ethanolamine and phosphatidylglycerol at optimal concen-
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trations of the acceptor molecule. The remaining
converted into phosphatidic acid (Fig:1).
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Higher concentrations of the acceptor lead to (partial)
inactivation of phospholipase D and result in an incom-
plete conversion of phosphatidylcholine under the condi-
tiong employed. On the other hand, the percentage conver-
gion of phosphstidylcholine into phosphatidylserine shows
a linear iocrease with the serine concentration up to the
saturation point (48%, w/v at 45 (), where some 45% of
the phosphatidylcholine is converted into phosphatidyl-
serine, the remainder being hydrolysed to phosphatidic
acid. Raising the pH to 8.5 increases +the solubility of
gerine to 55% (w/v}). Incubating at this pH with a 10 times
higher concentration of phospholipase D results in a
conversion of about 55% of phosphatidylcholine into
phosphatidylserine. However, due +to the large amount of
phospholipase D required to produce complete conversion of
phosphatidylcholine at pH 8.5, this pH is of no practical
value in relatively large scale preparations of phospha-
tidylserine. No significant change in percentage conver-
sion into phosphatidylserine was found with the three
phosphatidylcholine preparations used. Moreover, no
differences in fatbty sacid composition were observed
between the phosphatidylcholines and the phosphatidyl-
serines produced after transphosphatidylation. Also the
ratio of phosphatidylseérine to phosphatidic acid was not
found to be dependent on the incubation time.

Separation of phosphatidylserine from the resulting
mixture after transphosphatidylation could easily and
rapidly be achieved by CM-cellulose column chromatography,
using chloroform/methanol mixtures as eluent. Other
adsorbents, such as silica gel [20] or DEAE-cellulose [16]
were found to be unsatisfactory in this respect. The
recovery of phosphatidylserine from the column appeared to
be 95-100% and the lipid was pure as judged by two-dimen-—
sional thin-layer chromatography. Differential scanning
calorimetry of +the two phosphatidylserines prepared from
dimyristoyl-lecithin and dielaidoyl-lecithin, was carried
out on samples hydrated in a buffer of pH 7.5, containing
40 wM Tris/acetate and 100 mM NaCl. The heating scans
revealed sharp phase transitions at 35 C for dimyristoyl-
phosphatidylserine and at 22.%° (€ for dielaidoylphospha-—
tidylserine, confirming the notion that the phosphatidyl-
gerines are essentially pure. It should be mentioned that
other investigators [21] have shown that both temperature
arnd enthalpy of the phase transition of synthetic phospha-
tidylserines are dependent on pH and ionic strength,
making a comparisonh with other phospholipids premature at
the present state of knowledge.

By using a stepwise elution with solvents containing
increasing percentages of methanol in chloroform, separa—
tion of other phospholipid mixtures can be succesfully
achieved. The percentage of methancl at which certain
lipids start to elute from the column is given in
Table I. Small differences in the methanol concentration
at which elution starts, still permits substantial separa-—
tion.
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TABLE I

METHANOL CONCENTRATION IN CHLOROFORM REQUIRED TO ELOTE
PHOSPHOLIPID FROM CM-CELLULOSE (SODIUM-FORM)

Yol¥ methanol _Lipids eluted

O Free fatty acid, cholesterol, di- and
tri-acylglycerol

3 Diphosphatidyliglycerol

4 Phosphatidylcholine

L) Sphingomyelin, phosphatidyl{m)ethanol,
monoglucosyldiacylglycerol, TNBS-PE

9 Phosphatidylethanolamine

12.5 Phosphatidic acid

15 Diglucosyldiacylglycerol

20 Phosphatidylglycercl

23 Lysophosphatidylcholine

30-35 Phosphatidylserine

35-50 Phosphatidylinositol

100 followed by O Regeneration

For example, mixtures of equal amounts of phosphatidyl-
choline and sphingomyelin can be separated to such an
extent that approximately 80% of each phospholipid is
obtained in pure form. BSome sphingomyelin starts to leave
the column after prolonged elution with 4% of methanol,
where the tail of the phosphatidylcholine Iraclhion
elutes. As soon as this occurs, elution is continued with
5% of methanol, first resulting in a mixture of sphingo-
myelin and the remaining phosphatidylcholine, followed by
the appearance of pure sphingomyelin. Although this
gseparation is gquantitatively inferior to separabtion on
giliciec acid, the procedure is considerably more rap-
id. Complete separation between two phospholipid classes
can easily be obtained when the interval of methanol
concentration exceeds 2 vol¥, making the method extremely
useful for phospholipid pixtures obtained from phospholip-
ase D catalyged base-exchange reattions. In general, a
smaller elution volume is required when lipids sre eluted
at a higher methanol concenltration than strictbly necesg-
ary.

The basis for lipid separation on CM-~cellulose iz not
completely understood. Separations by ion—exchange
chromatography denerally proceed through lon-eéxchange
reactions and hydrogen bond equilibria. It is likely that:
in chloroform, which has a very low dielectric constant,
repulsion between negative charges is minimal since little
or no dissociation of ion-pairs occurs. This would allow
unspecific adsorption, possibly also hydrogen-bonding of
phospholipids to CM-cellulose. Increasing the dielectric
constant by addition of methanol will also increase the
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repulsion of graduslly dissociating negative charges,
resulting in elution of the lipids when repulsion exceeds
counteracting adsorption.

Finally, it is concluded that conversion of phospha-—
tidylcholine into phosphatidylserine by phospholipase D
catalyzed transphosphatidylation followed by rapid
purification on CHW-cellulose columns allows the prepara-—
tion of a wide wvariety of phosphatidylserines from
aynthetic phosphatidylcholine analogs. This enables a
systematical investigation on the role of phosphatidyl-
serine in biomembranes and lipoproteins.
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APPFPEND I X
TO CHarFTER 1

ENZYMATIC SYNTHESIS OF PHOSPHATIDYLSERINE
BY USE OF A ONE-PHASE SYSTEM.

Supmary.

A modification of the phospholipagse D
catalyzed synthesis of phosphatidylserine is
described, which allows the handling of small
gquantities of lipid without the need for an
ether-water system.

By wusing octylglucoside +to disperse the
lipid during the enzymatic conversion it was
possible to reduce the volume of the reaction
mixture to 50 <100 M1, The amount of lipid
that can be handled in such swall volumes is
in the order of micrograms. This facilitates
the synthesis of phogsphatidylserine from rare
or expensive phosphatidylcholine species.
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Iotroduction,

In 1977 we deseribed [1] the enzymatic conversion of
phosphatidylcholine {(PC) into phosphatidylserine (PS). The
reaction, a base-exchange catalyzed by phospholipase D
(phosphatidylcholine phosphatidohydrolase, E:C. 3.1.4.4),
ig carried out at 45°€C in a two phase system composed of a
solution of PC in diethylether and a saturated solution of
serine in ascetatebuffer. The purpose of developing this
procedure was to prepare PS species with a defined fatty
acid composition, starting from commercially available PC
gpecies and avoiding the laborious total chewical syn-—
thesis of P§

Since then, increasing Iinterest has arisen in PS
molecules containing groups whose fate can be easily
asseassed by various physical and chemical methods. For
instance, in research aimed at elucidating mechanisms
underlying transbilayer movement and the maintenance of
phospholipid asymmetry in biological membranes, wvarious
labeled PS species are used. Some recent examples are the
incorporation of radiolabeled PS in erythrocytes, followed
by enzymatic degradastion to determine the fraction which
remainsg in the outer monolayer upon prolonged incubation
[23. A similar technigue employs a fluorescent analog of
PS, where the fraction of label still present in the outer
monolayer 1is assessed by exchange with phospholipid
vesicles [3]. Phosphatidylserine containing a spin-label
was used in several cells to evaluate their capacity to
transport exogenously added aminophospholipids +to the
inner monolayer of the c¢ells by an energy-dependent
translocating system [4-6]. Radio-iodinated, photoactivat-
able lipid was used in an attempt to identify erythrocyte
membrane proteins involved in such a phospholipid trans-
port over the plasma membrane [7,8].

These labeled lipids are in general available only in
small amounts and are rather expensive. To prepare PS from
the respective phosphatidylcholines by the use of a
two-phage system consisting of water and ether layers,
incubated at a temperature well above the boiling point of
ether, limits the minimal wvolume that can be handled
conveniently. When small amounts of PC are used, the
overall yield of the procedure will be lower, mainly
because of adsorption problems.

We found that ether could be replaced by detergent as
a smolute for the lipids, which makes it possible to
perform the synthesis in a one-phase system at microscale
{volumes less than 1 ml). In such a system the lipids are
presented to the phospholipase in the form of a mixed
micel of 1lipid and detergent. Using a proper detergent
this micellar structure is such that the phospholipase D
can modify the PC molecules at a rate comparable to that
found in an etherwater system.
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Materials and Methods.

Phosphatidylcholine {(from egg yolk), sodiumdodecylsul-
fate (SDS), sodiumdeoxycholate (DOC), Triton X-100 and
octylglucopyranoside were obtained from Sigma. Phospholip-
ase I was partially purified from the inner leaves of
Savoy cabbage as described [17. A1l other reagents were of
the highest grade available.

Incubations were carried out by first drying PC in a
glass tube by a stream of nitrogen. The PC was three times
solubilized in pure chloroform and dried agasin, to remove
traces of methanol or ethanol which could give rise to
unwanted side-products like methyl- or ethyl-phosphatidic
acid {1]. To the dry PC a solution is added, containing
calcium, acetate, detergent and serine. This solution is
prepared at 55°C by mixing IM CaCl=, 1M Na-acetate, deter-
gent, L-serine and water. Final concentrations are 0.1M
Ca®=", 0.1M acetate, 50% w/v serine and 2% w/v detergent.
The resulting pH is between 5.4 and 5.8. The reaction is
started by adding phospholipase D to the mixture in a
ratio of 1 International Unit (I.U.)} per 10 mg of lipid
{the I.0. is defined as the amount of enzyme which
converts 1 Mmool of substrate per minute at 37(). Ex-
traction, purification and analysis by two-dimensional
thin-layer chromatography of the resulting lipid mixtures
were performed as described before [1]. When PS species
are synthesized which are relatively water-soluble, it is
preferable to use an one-phase extraction procedure as
described by Reed et al. [9] to avoid loss of material by
partitioning of lipid over two phases. Briefly, after
complexing calecium by EDTA, to .,the resulting solution five
volumes of methanol are added,  followed by five volumes of
chloroform. After stirring for ten minutes the mixture is
centrifuged to remove insoluble material. The supernatant
is evaporated and dried by repeated evaporation from
absolute ethanol. Finally, the lipid is extracted from
the dried material with pure chloroform and purified by
CM-cellulose chromatography.
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Regults and Discussion.

He cowmpared the detergents sodiumdodecylsulfate,
sodiumdeoxycholate, Triton X-100 and octylglucoside in
their capscity to replace diethylether as a solute for PC
in the enzymatic synthesis of PS.

TABLE 1

Conversion of PC to PS in the presence of detergents.

Detergent Inc. time PC degradation PS formation
{hours}) (£} (%)
TX-100 3 - -
sSDS 3 50 25
pocC 1 45 15
2 87 29
3 94 21
4 96 25
Octylglucoside 1 67 25
2 a3 41
3 a5 46
4 96 45

In all cases a detergent concentration of 2% (w/w}) is used, In-
cubations were carried out for the time Indicated in the
table, Degradation s expressed as the fraction of lecithin
converted. The asount of PS formed Is expressed as fraction of
the amgunt of lecithin present at zero time.

Of these detergents, octylglucoside proved to be the most
effective, both with respect to the percentage of PC
transformed intoe PS in  the reaction and to the reaction
velocity (Table I). We found that when 10 mg/ml of PC is
uged, at least 1¥ w/v of octylglucoside is needed to allow
complete conversion of PC under +the conditions employed
{Table II). This 1is in line with the wvery high critical
micellar concentration of octylglucoside, which implies a
monomeric concentration of several mg/wml, leaving very
little detergent +to allow formation of mixed micels
of detergent and lipid when less than 10 mg/ml octylgluco-
side is present. Based on the sudden increase in light
scattering which is observed when increasing amounts of PC
are dispersed 1in a solution of octylglucoside, up to
25 mg/ml of PC can be solubilized in the form of mixed
micels when 2% w/v octylglucoside is used (data not
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shown), before bilayer structures are formed in which PC
cannot efficiently be converted by phospholipase D.

TABLE 11

Effect of occtylglucoside concentration
on the efficiency of PC conversion.

Octylglucoside PC degradation PS formation
(% w/v) (%) (%)
0.5 56 17
1 95 41
2 95 38
5 95 39

Incubations were carried out for three hours. Octylglucoside
concentrations are expressed as welight per volume. Degradation
and PS5 foreation are expressed fn the sawme way as stated in the
legend to Table I.

In conclusion, a method is described for the enzymatic
synthesis of PS in a one-phase system, using octylgluco-
side to diperse the lipids. One advantage of this system
is that small quantities of expensive and rare species of
PC ecan be handled in smwall wvolumes, thereby reducing
logses from adsorption during the procedure. Also it is
likely that more polar PC species with a lower solubility
in ether, like short chain lecithins or species containing
bulky polar droups, will be more efficiently converted Lo
PS5 using this method compared to the two-phase system.
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CHAFRPTER 2

ON THE RELATION BETWEEN MEMBRANE ASYMMETRY
AND BLOOD COAGULATION.

Summary.

Various mixtures of phospholipids were
tested on their ability to shorten the
clotting time of plasma in a Stypven assay.
Also, different types of sealed or non-sealed
erythrocyte membranes were used. It is shown
that only lipid mixtures containing PS, and
membrane preparations in which the cybtoplas-
mic side is exposed (i.e. lysed cells or
insideout sealed vesicles) are able to
shorten the c¢lotting time. A physiological
relation between membrane phospholipid asym—
metry and the regulation of haemostasis is
proposed.

33



Introduction.

Although there is compelling evidence that membrane
components are non-randomly distributed between the two
surfaces, the physioclogical significance of wmembrane
asymmetry has so far remained obscoure. Since the exterior
surface of blood cell membranes is presumably devoid of
negatively charged phospholipids which have a regulatory
role in blood clotting, a possible function of lipid
asymmetry in the coagulstion process can be anticipated.
We describe here experiments devised to show that the
asymmetric distribution of membrane phospholipids in blood
cells may =serve a bioclogical purpose, by contributing to
maintain the delicate balance between regulating hemosta-—
wig and esvoiding thrombosis.

The main function of phospholipids in blood coagula—
tion iz to provide a catalytic surface on which various
coagulation factors interact, thus increasing their local
concentrations. For example, the final lipid-activated
step in the coagulation process 1is the conversion of
prothrombin in thrombin by the prothrombinase complex,
which requires at least four components in addition to
prothrombin, the proteins factor Xa and Va, calcium-ions
and phospholipids [{1]. Of these components, only factor Xa
is able to convert prothrombin into thrombin by limited
proteclysis [1-56], but its individual action is consider—
ably slower than with the conmplete prothrombinase complex
[6].

In situ, the platelet plasma membrane presumably
provides the phospholipid-water interface (platelet factor
3}, which is required to accelerate the coagulation
process [7]. It has been shown [8-10] that the clot-promo-
ting activity of phospholipids in vitro is not attribub-—
able to a certain phospholipid eclass, but to a specific
negative charge of the phospholipid surface. In particu—
lar, negatively charged phospholipids such as phosphati-—
dylserine and phosphatidylglycerol (when properly diluted
with neutral phospholipids like lecithin or phosphatidyl-
e¢thanolamine) exhibit maximal activation of the coagula-
tion process [11,12]1.

It is generally accepted that membranes are highly
agsymmetric structures both with respect to their proteins
and their lipids [13-18]. It was shown that the non-random
distribution of phospholipids between the interior and
exterior half of the platelet plasma membrane is similar
to that of the - erythrocyte membrane [17]. In both mem-
branes, phosphatidylserine is apparently nearly exclusive-
ly located in the coytoplasmic surface, whereas the outer
monolayer of both membranes consists of neutral phospho-
lipids, particularly sphingomyelin. The other two ma jor
phospholipid classes, phosphatidylcholine and phosphati-
dylethanolamine are present on both membrane sides though
not to the same extent. We report here on the possible
implications of blood cell membrane asymmetry for the
coagulation process. Since methods are readily available
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to prepare different types of sealed and non-sealed
erythrocyte ghosts, this type of membrane has been used in
the present study rather than the platelet surface
membrane which is more difficult to manipulate.

Methods.

Blood from healthy wvolunteers was c¢ollected in 0,13
mol/liter sodium citrate (9 wvol blood + 1 vol citrate).
Red cells, non-sealed ghosts and resealed right-side out
ghosts were prepared as described before [18]. Inside-out
sealed ghost vesicles were prepared according to Steck
[19]. Platelet poor plasma was obtained by centrifugation
of the blood for 10 minutes at 5000g. Phosphatidylcholine
(PC} and phosphatidylethanolamine (PE) were preparéed from
edg yolk [20]. Sphingomyelin was isolated from bovine
brain [21]. Phosphatidylserine was isolated from pig brain
[22]. Liposomes were prepared by mixing together the
proper amounts of lipids as solutions in chloroform. After
evaporation of the organic solvent by a stream of nitro-
gen, a solution of NaCl (0.9% w/v} was added. By vortexing
for % minutes in the presence of two glass beads, lipo-
gsomes were formed with a final lipid concentration of 4
mmol /liter. The coasgulant activity of these preparations
was determined by their ability to shorten the clotting
time on recalcification of ’normal’ human platelet poor
plasma in the presence of Russell’s viper venom.

Coagulation assays were performed as Tfollows: 0.1 ml
of platelet poor plasma was incubated at 372C for 30
seconds with 12 ng of Russell’s viper venom (RVV). Upon
recalcification this amount gave a blank coagulation time
of 100 seconds. After incubation with RVV 0.1 wml of
various dilutions of the different lipid or cell prepara-
tions were added, followed by 0.1 ml CaCl= (25 mmol/1i~
ter). A stopwatch was started simultaneously with the
addition of CalCl:. The time required for the formation of
a firm fibrin clot was determined by the arrest of a
rotabting metal wire (2 mm length, ocut from a regular paper
alip), driven by a magnetic stirrer. This method gave the
same clotting times as observed using a traditional Kolle
hook, but the standard deviations are smaller and usually
below 1%. For the presentation of coagulant acltivity of
membranes and lipids we report directly the clotting
times, rather than attempt to convert these to some
arbitrary units of activity. It is realized thal such
clotting times are a complex function of lipid activity,
but no real advantage is gained by using conventional
log-log calibration curves obtained by serial dilution of
plasma. In view of the wide range of final phospholipid
concentrations used, the wvalues on the abscissa are
plotted logarithmically.
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Results

When only the outside of the erythrocyte membrane is
expozed {(either intact cells or resealed right-side out
ghosts) no significant reduction of the blank clotting
time is observed over a wide range of lipid concentrations
{fig.1). On +the other hand, when either the membrane
interior (inside-out wesicles} or both membrane sides
(non-sealed - ghosts) are exposed, a +two— to threefold
reduction of the ceagulation time is observed at optimal
eoncentrations .
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At higher lipid concentrations clotting time increases.
This iz consistent with the view that excess of lipid will
result in a dilution of coagulation factors at the lipid
surface [23]. The results suggest that only the phospho-
lipids at the membrane interior have prococagulant activi-
ty, also since inside-out ghost vesicles are slightly more
active than non-sealed ghosts.

This hypothesis was further investigated by testing
liposomes with the same phospholipid composition as
present in the outer half and inner half of human red cell
membranes and pig platelet plasma membranes (Table 1, data
ealoculated from refs 17 and 24). Handshaken liposomes were
used rather than sonicated vesicles, to avoid artificially
induced phospholipid asymmetry which is known to occur in
mixed vesicles as a result of charge differences and
packing properties [25]. It should be noted, however, that
ugsing multilamellar liposomes only 10-15% of the lipids
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TABLE I

Mole ratios of phospholipids in liposomes simulating
outer and inner half
of erythrocyte and platelet plasma membrane

Red cell membrane Platelet plasmamembrane

OQuter half Inner half OQuter half Inner half
PC 44 186 26 34
Sph 44 10 52 4
PE 12 47 20 28
PsS O 28 2 34

are available at +the outer surface [26]. As shown in
fig. 2, liposomes having the same composition as present
in the outer membrane half of either red cell membranes or
platelet plasma membranes do not reduce whatever the blank
clotting time.

Fig. 2 Effect of liposomes
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On the other hand, liposomes with the same phospholipid
composition as the ioner half of red cell or platelet
plasma membranes produce a threefold reduction of the
coagulation time at optimal concentrations. The amount of
lipid required is higher than with ghosts, since only a
fraction of the total lipid is available at the surface of
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handshaken liposomes.

1t is realized that the measurement of procoagulant
activity of the lipide is not performed at one particular
transitory stage of the blood clotting process, in spite
of the presence of Russell’s wviper venom which is known to
activate both feactor X and factor V [27]. Nevertheless,
the results strongly sugdest that the outer surface of
blood cells is devoid of phospholipids which are active in
blood © ecosgulation, mainly due to the absence of any
gignificant amount of phosphatidylserine. This phospho-
lipid " cowmprises about 30% of the phospholipids at the
membrane interior, representing a concentration which has
been shown +to be optimal in activating prothrombin by the
prothrombinase complex [11].

The presence of procoagulant phospholipids only at
cytoplasmic surfaces of blood cells is not only consistent
with phospholipid asyvmmetry in membranes, but might also
represent an important mechanism both in avoiding thrombo-
gig and in regulating hemostasis. It could be judged as
potentially dangerous to have procoagulant phospholipids
at the outer surface of blood cells, which may bring about
a ’permanent’ condition of hypercoagulability. This fact
itself could provide a physiological reason for an
asymmetric rhospholipid distribution in blood cell
membranes. On the other hand, after disruption of the
vessel wall the sequence of platelet adhesion, release
reaction and ADP-induced platelet saggregation, presumably
accounts for the primary arrest of bleeding. Provided that
rlatelet factor 3 activity becomes available during this
Process, its exposure should come after the release
reaction, since no phosphatidylserine can be labelled from
the outside during the release reaction [28]. Moreover, it
has been demonstrated that only a small fraction of lipid
procoagulant activity becomes available during release
reaction as compared with the activity obtained upon lysis
[29,30].

This raises the question whether during or after
formation of the primary hemostatic platelet plug, either
{(partial) 1lysis or an as yet unknown mechanism which
translocates phosphatidylserine through the plasma
membrane is necessary to provide a catalytic surface for
interacting coagulation factors.
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CHARrFTER X

THE WNATURE OF THE BINDING SITE FOR PROTHROMBINASE
AT THE PLATELET SURFACE
AS REVEALED BY LIPOLYTIC ENZYMES.

Summary.

The nature of the receptor for the
prothrombinase complex at the surface of
non-activated platelets was investigated by
measuring the platelet prothrombin converting
activity with a chromogenic substrate
assay, after treatment of the platelets with
various phospholipases or three different
proteclytic enzymes. Platelet prothrombin
converting activity decreased only after
treatment with those phospholipases which are
able to hydrolyse phospholipids in the intact
platelet and also have the capability to
degrade negatively charged phospholipids,
phosphatidylserine and phosphatidylinositol.
Those phospholipases which do hydrolyse
phospholipids in the intact platelet but have
no activity towards phosphatidylserine (amd
phosphatidylinositol} produce an increase
in the platelet prothrombin converting
activity.

Proteolytic treatment of platelets with
trypsin, chymobrypsin’ or papain did not
result in a decrease of prothrombin conver-—
ting activity. It is concluded that negative--
ly charged phosphatidylserine and possibly
phosphatidylinositol are involved in the
prothrombin converting activity of non-acti-
vated platelets. Any involvement of platelet
membrane proteins in a recepbor for the
components of the prothrombinase complex
could not be demonstrated.
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Introductiocn.

The conversion of prothrombin into thrombin by
factor ¥a -in the presence of factor Va and Ca®* is
khown to ocour efficiently on negatively charged phospho-—
lipid - surfaces “[1} Mixtures ' of phosphatidylserine apd
phosphatidylcholine have been shown +to produce a drop in
the apparent K. for prothrombin from far above to far
below the physiological concentration of 2 ¢M [2]. In
platelets, the negatively charged phospholipids, i.e.
phosphatidyleerine and phosphatidylinositol, are predo—
minantly  confined +t¢ the inner leaflet of the plasma
menbrane  and  to o intracellular membranes [3-5]. These
lipids under ¢ertain conditions become available on the
exterior surface after platelet activation, which can
explain . the higher  procoagulant activity of activated
cells [(6-8]. )

It wam wuggested by Miletich et al. [9-11] and
Dahlbsck and BStenflo [12] that factor Va serves as the
raceptor for factor Xa at the platelet surface. Approxima-—
tely 200-300 binding sites for factor Xa were found at the
surface of thrombin-achbiveted platelets that bave under-—
gone the release reaction. Moreover, it was demonstrated
that the binding sites for the factor Va/factor Xa complex
are already present at the outer surface of unstimulated
platelets [13]. Activation of platelets by thrombin
appears to be required only to release factor Va from the
platelets which then serves as the receptor for factor
Xa. The nature of the factor Va/factor Xa binding site is
at present unknown, but the finding of a patient deficient
in these sites has led to the sudgestion that some protein
component is probably required [14].

In view of the fact that it cannot be excluded that
minor amounts of - phosphatidylserine are present at the
membrane exterior [4-8)] and participate in prothrombin
conversion, the ‘influence of different phospholipases on
the prothrombinactivation sites is of interest. Phospho-
lipases A= have been shown by WVerheij et al. [15] to
exhibit anticoagulant properties in clotting assays that
are sensitive to negatively charged phospholipids. This is
due to hydrolysis of phospholipids which can only occur
with those phospholipases having an appreciable penetra-
tion power in highly packed monomolecular lipid films.
Moreover, only phospholipases with high penetration power
have been shown toc be able to attack phospholipids in
intact red cells [16,17] and platelets [4].

In this study, we have compared the effect of a number
of highly purified phospholipases on the platelet pro-
thrombin converting activity (in the presence of factor
Va), using a chromogenic substrate assay avoiding platelet
activation by the thrombin formed. Furthermore, the
influence of proteolytic treatment of platelets on their
prothrombin-converting activity has been tested. The data
have implications for the involvement of small amounts of
phosphatidylserine in the prothrombin-activation sites at
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the outer surface of nonstimulated platelets.

Phospholipase preparations.

The following phospholipases were purified according
to Zwaal et al. [18]. Phospholipase &= from Naja naja
venom (Koch Light), phospholipase A= from bee venom {Apis
mellifica) (Koch Light), phospholipase A from Crotalus
adamanteus (Koch Light), phospholipase € from Bacillus
cereus, phospholipase € from Clostridium welchii and
sphingomyel inase Cc from Staphylococous aureus. ALl
phospholipases were diluted to a final concentration of
0.5 I1.0./ml in 50 X (v/v} dlycerol. The international
unit (I.U.}) is defined as the as amount of enzyme which
degrades 1 H¥mol of substrate per minute at 37 C.
Phospholipids.

Brain phosphatidylserine and egg phosphatidylcholine
were purchased from Sigma. Phosphatidylethanolamine wasg
synthesized from phosphatidylcholine as desceribed before
[18]. Sphingomyelin was from Koch Light. All lipids used
were chromatographically pure.

Protein preparations.

Bovine prothrombin was prepared according to the
method of Owen et al. [19]. Prothrombin concentrations
were calculated from the absorbance at 280 nm using an
extinction coefficient of 15.5 for a 10 mg/ml solubion in
al ocm cuvet, and 72 kD for the molecular weighl of
prothrombin [19]. Bovine factor Xa was prepared from
factor X= by RVV-X as described by Fujikawa ot al. [20].
Factor Xa concentrations were calculated after titration
of active sites according Lo Swith [21]. Factor V was
isolated as described by Esmon [22] and modified by
Lindhout [23]. Factor V (0.3 mg/ml} was activated with
RVV-V (1 pg/100 pg factor V) and the specific activity of
the activated preparation was 500 units/mg, measured
according to Kappeler {[24]. One wunit is defined asg the
amount of factor V present in 1 ml normal bovine plaswmos.
The concentration of factor Va was calculated assuming a
molecular weight of 330 kD for factor V [28].

Iscolation of platelets.

Fresh blood was drawn fronm healthy male volunteers,
who had not taken any medication for al least a week. As
anticoagulant acid-citrate-dextrose (0.18 M glucose, O.08
M trisodium citrate, 0.052 M citric acid) was used in a
ratio of one volume for every five volumes of blood. Pla-
telet rich plasma was obtained after centrifugation al
120g for 10 minutes. Platelets were isolated by centrifug-
ation (1400 g, 15 min.) and the pellet was gently resus-
pended in a calciumfree Hepes buffer pH 6.2 containing 137
mM NaCl, 2.68 mM KC1, 10 npM Hepes, 1.7 mM MgCla, 25 mM
glucose and 0.08% fatty-acid free human serum albumin.
Cells were washed twice and finally resuspended in the
same buffer at pH 7.4. Platelet concentration was deter-
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mined with a Coulter Counter and adjusted to a count of
5 % 10 .ml~*. #11 platelet handling was carried out
at room temperature.

Measurement of thrombin formation after phospholipase
treatment of platelets and lipid vesicles.

Platelet suspensions of 2 ml were incubasted in plastic
cuvettes at 37 £ under stirring in a spectrophotometer.

Prior +to +the addition of 40 pl phopholipase (final
concentration 0.01 I.0./mly 60 pl 0.1 M CaCle was added.
At different time intervals during the phospholipase
treatwent, 35 Pl of a mixture containing 30 nM factor Xa
and 60 nM factor Va were added to the cuvette. 2 minutes
after the addition of the factors Xa and Va, 100 pl
chromogenic substrate (5-2238, 5 »pM) was added. Thrombin
formation was started by adding 40 pl 44 VM prothrombin to
the cuvette. The absorbance change was redistered as a
furiction of time. Because all phospholipases were dissol-
ved in 50% (v/v) glycerol, measurements of thrombin
formation using control platelets, were performed after
addition of 40 pl 50% glycerol in stead of the phospho-
lipage solution.

Prothrombin converting activity of pure phospholipid
vesicles and the effect of various phospholipase treat-
ments on this activity was determined under the same
conditions as wused for platelets. Phospholipid vesicles
(1 ¥M phospholipid) were prepared by sonication [26]. They
were composed of 26% phosphatidylcholine, 20% phosphati-
dylethanolamine, 2% phosphatidylserine and 52% sphingo-
myelin., This composition is comparable to the phospholipid
composition of +the outer leaflet of +the platelet plasme
membrane [6].

Besults,

Addition of factor Xa, factor Va and prothrombin to
intact platelets in the presence of Ca® -ions results in
the formation of thrombin which in turn can activate
platelets to aggregate and release their granule con-
tents. It will be c¢lear that platelet activation by
thrombin thus formed, should be avoided. Addition of the
chromogenic substrate (specific for thrombin) 5~2238 will
rause competition between this substrate and platelets for
thrombin. Indeed we found that addition of 5-2238 to
washed human platelets effectively inhibits aggregation
and release induced by thrombin (data not shown). The
inhibitory effect of 5-2238 towards factor Xa is of little
importance here, since in all experiments the starting
ratio of facbtor Xa to 8-2238 is the same. Moreover,
less then 10% of the chromogenic substrate is converted
during measurements of prothrombin-~converting activity.

The advantage of this competitive inhibitor is that
the amount of thrombin formed by the prothrombinase
complex can still be measured. In the incubation system
desoribed here, the complete prothrombinase complex is
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present, together with the substrate used to determine the
apount of thrombin formed. In this system the change in
absorbance at 405 nm is a linear function of the square of
time, because both the formation of thrombin by the
prothrombinase complex and the conversion of 5-2238 are
linear with time. The rate of thrombin formation in these
experiments was therefore calculated from a plot of
absorbance versus the square of time, and a calibration
curve with known amounts of active site titrated thrombin.

The effect of prolonged incubation of six different
rhospholipases on the prothrombin converting activity of
washed human platelets is shown in Fig. 1.

Fig. 1 Time course of

platelet prothrombin

converting activity during
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Based on the effect they exert on the prothrombin-conver—
ting activity of non-stimulated platelets, these phospho-
lipases can be divided into three droups. There are those
rhosphol ipases that lower the platelet procoagulant
activity (phbospholipase A= from bee venom and the game
enzyme from Naja naja snake venom). There are phospholip-
ases which do not affect the platelet prothrombin convert-
ing activity {phosphol ipase C from Bacillus cereus
and phospholipase &= from Crotalus adamanteus). Finally
there is the group of phospholipases able to increase the
prothrombin~converting activity {sphingomyelinase from
Staphylococcus aureus and phospholipase C from Clostridium
welchii. Extemsive lysis of the platelets occurs upon
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tresbment with phospholipase ¢ from C. welchii, which is
the peason why in this cese an incubation period of less
then 5 minutes waz tahen.

In order to obtain further indications concerning the
significance of phospholipids in the prothrosbin conver-—
ting ‘activity of non-stimulated platelets, the effect of
the above mentioned phospholipases on the prothrombin con-
verting activity of vesicles composed of phospholipids
pregsent in the outer monolayer of the platelet plasma
wmepbrane was studied. These wvesicles which wimick the
platelet outer surface as far as phospholipids are
comeerned, were treated with phospholipases for 30 minutes
and the resulting prothrombin converting activity is
compared with the activity of platelets after 30 minutes
incubstion with these phospholipases. The data are
given in Table 1. With the exception of phospholipase A=
from C. adamanteus and phospholipase C from B. cereus, the
changes in prothrombin-converting activity of the vesicles
produced by the action of the different phospholipases are
very similar to the effects observed on intact platelets.

TABLE I

The effect of different phospholipaseson the prothrombin
converting activity of platelets and phospholipid vesicles
which mimic the outer surface of the platelet membrane.
Results are given Tor prothrombin converting activity
after 30 min phospholipase treatment.

Phosphol ipase Source Prothrombin converting
activity in
platelets vesicles
b 4 %
None - 100 100
Phospholipase A C. adamanteus 86 5
N.naja 8 3
bee wvenom 13 2
Phosphol ipase C B. cereus 103 8
C.welchii > 300~ 250
Sphingomuel inase 5. aureus 380 1000

= Prothrowbin converting activity after 5 min phospho-
lipase treatment.

It wshould be emphasized here that the phospholipid
composition of the vesicles may differ from that of the
outer monolayer of the platelet, because it is not
feasible to determine the amount of phosphatidylserine in
the outer leaflet within a range of accuracy of only a
few percent [4,5]. Therefore the absolute activities of
both preparations c¢annot be compared. For this reason the
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data in Table 1 are expressed as percentages.

To see whether platelet-membrane proteins are also
involved in the formation of the prothrombinase complex at
the platelet surface, we also compared the prothrombin
converting activity of platelets treated with Sepharose—
coupled trypsin, chymotrypsin and papain. None of these
proteolytic enmymes gave a reduction of the prothrombin
converting activity. Although this does not exclude that a
membrane protein receptor plays a role in the formation of
the prothrombinase complex at the platelet surface, the
involvement of such a protein seems to be unlikely unless
it is stable to, or protected against, proteclytic attack
by these enzymes.

Four out of six phospholipases wbhich were used in this
study are able to hydrolyse phospholipids in intaclt plate-
lets, namely both phospholipases A= from Naja nsaja and bhee
venom, phospholipase € from Clostridium welchii and
sphingomyelinase. The other two phospholipases used,
prhospholipase A: from Crotalus adamanteus and phospholip-
agse C from Bacillus cereus cannot attack phospholipids in
intact platelets. Why certain phospholipases are able to
hydrolyse phospholipids in the intsct cells whereas others
are not, was explained by Chap et al. [4] in analogy Lo
the work on the erybhrocyte [16,17]. Only those phospho-
lipases which are able to atbtack wmwonolayers of choline
containing phospholipids with a surface pressure above 310
PN/cm are able to excert their action towards intact
platelets. The inability of phospholipase A- Trom C. sada-
manteus and phospholipase C from B. cereus +to hydrolyse
platelet phospholipids is reflected in the failurée of
these enzymes to affect the plateéelet prothrombin conver-
ting activity. On the other hand, of the four phospholip-
ases which can act on the intact platelet, two éngymes
produce a decrease in platelet prothrombin converting
activity {(phospholipases A= Trom N. naja and bee vepnom),
while the othér two phospholipases (C.welchii phospho-
lipage C and sphingomyelinase) bring about an increase
in the platelet prothrombin converting achbivity.

The different effects of these phospholipases on the
platelet prothrombin converting activity are explained by
the difference in substrate specificity of these enzymes
towards phospholipids. The glycerophospholipids (phospha-
tidylcholine, phosphatidylethanolamine, phosphatidylserine
and phosphatidylinositol} are all proper substrates for
the two phospholipase A= enzymes. Only these two enaymes
cause a decrease in platelet prothrombin-converting
activity. In contrast, sphingomyelinase and phospholipase
C from C. welchii have somewhat different substrate
specificities. However, these enzymes have in common that
they do not hydrolyse negatively charged phosphatidylser-
ine. Sphingomyelinase can only attack sphingomyelin. The
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C. welchii enzyme degrades all phospholipids {(including
sphingomyelin) except phosphatidylserine and very pparly
hydrolyses phosphatidylinositol. It is conclud?dﬂ that a
decresse in platelet prothrombin converting activity only
peeurs after treastment with those phospholipases that are
able to hydrolyse negatively charged phospholipids in the
intact platelet membrane. B

The increase in prothrombin converting activity
observexd after treatment with two of the phospholipases
might have several explanations. Significant lysis of tpg
platelets during incubation with the enzyme of C. welchii
iz partially respowsible for the large increase in
prothrombin-converting activity. This iz due to the
exposure of the nmembrane inner surface in which the
mwa jority of negatively charged phospholipids is present
[4,5]. Another phenomwenon, +treanslocation of phosphatidyl-
serine, leading to enhancement of prothrombin conversion,
independent of cell lysis, is deseribed in chapter 6.
However, the inereased prothrombin-converting activity
found as a result of +treatment by sphingomyelinase
cannot be explained by lysis, since the cytoplasmic enzyme
lactate dehydrogenase is not detectable in the supernatant
after incubation. From the experiments demonstrating the
asymmetric distribution of phospholipids over the platelet
plasma membrane [4,5] we conclude +that incubation of
prlatelets with sphingomyelinase does not lead to eXposure
of phosphatidylserine at the outer surface of the cells,
ag will ocecur upon incubation with the C. welchii phospho-—
lipase C [chapter 8]. Two other possibilities may explain
the increased rate of thrombin formation during sphingo-
myelinase treatment. First, the action of sphingomyelinase
leads to the formation of ceramide droplets in the
membrane as a result of phase separation between the
glycerophospholipids and the product of sphingomyelin
degradation as was demonstrated by Verkleij et al. [271.
This leads +to an increase in the vrhosphatidylserine
concentration in the segregated phospholipid regions of
the platelet outer monolayer which will affect the binding
congtants of the different components of the prothrombin-
ase complex. A second explanation is that the formation of
ceramide results in a decreased packing density of the
lipids in the platelet membrane. This may affect the
binding properties of especially factor Va with the
membrane. It was sugdested by Bloom et al. [28], +that the
interaction of factor Va with a phospholipid is considered
to be hydrophobic which requires penetration of factor Va
into the phospholipid bilayer. Further investigations have
shown that the decrease in sphingomyelin per sé might be
the major ecause for the increase in platelet prothrombin
converting activity after sphingomyelinase treatment. Us—
ing sphingomyelin vesicles containing 10% PS (mol/mol),
prothrombinase activity was shown to increase 5-8 fold
upon replacing Sph by PC [29].

‘T?a_effemts on the prothrombin-converting activity of
artificial membranes which mimic the outer surface of the
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platelet plasma membrane are essentially the same as those
observed for platelets. Only under those comditions where
negatively charged phosphol ipids are hydrolysed, a
decrease in prothrombin-converting activity oceurs. Io
contrast to the results seen with platelets, phospholipase
A= from C. adamanteus as well as the phospholipase © from
B. cereus decrease the prothrombin converting activity of
these phospholipid vesicles. However, in this case both
enzymes are able to degrade phospholipids (including
rhosphatidylserine) presumably due to the different
packing density of the phospholipids caused by the high
curvature of the surface of small phospholipid vesicles.
The increase in prothrombin converting activity of the
phospholipid vesicles caused by incubation with sphingo-
myelinase or phospholipagse € from €. welchii may be
explained by a local increase of phosphatidylserine
concentration 1in the segregated phospholipid regions
and/or a decrease in packing of the residual phospholipids
ag a result of the formation of ceramides and diacylgly-
cerol, respectively.

Combining the results obtained with platalets and
phospholipid wvesicles, we conclude that the negatively
charged phospholipid phosphatidylserine {(and possibly also
phosphatidylinositol} play an  esgential  role in  the
activation of prothrombin by factors Xa and Va  on Lho
surface of non-stimulated platelets. It should be emphas-
ized that the products of hydrolysis of phosphalidylserine
by phospholipase A= are lysophosphatidylserine and fatby
acids. Both these compounds were shown by Verheij et
al. [15] to have no procoagulant activity.

It should be mentioned that the loss of platelet
prothrombin-converting activity is not the result of a
shielding effect caused by the binding of phospholipase A
to the surface of the platelet or phospholipid vesicle.
Inactivation of phospholipase A= (either from N. naja or
from bee wvenom) with p-bromophenacylbromide [307, does
not change the prothrombin converting activity of plale-
lets, nor that of phospholipid vesicles (data not shown).
p-Bromophenacylbromide destroys the active cenbre but notl
the phospholipid binding-site of phogpholipase Ax [31]
indicating that the hydrolytic activity rather than tho
binding of the enzyme Lo a phospholipid surface s
responsible for the loss in  prothrombin coanvertingg
activity. We conclude that negatively charged phosg
lipids, presumably small amounts of phosphalidylserine
localized at the cell outer surface, are responsible lor
the observed prothrombin converting activity of non stimpu
lated platelets. Whether the binding of factor Xa and
factor Va is exclusively dependent on bhe presence of
these negatively charged phospholipids cannol boe copcluded
from the present data because rates of throwbin formabion
have been measured which also requires the binding of
prothrombin. However, the involvement of platelet
membrane proteins in the formation of the prothrombinaso
complex at the platelet surface could not be demonstrated.
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CHAFRPTER 49

CHANGES IN MEMBRANE PHOSPHOLIPID DISTRIBUTION
DURING PLATELET ACTIVATION.

Sumpary.

Exposure of phospholipids at the outer
surface of activated and conbtrol platelets
was studied by incubation with a mixture of
phospholipase A= from Naja naja and bee
venom, solely or in combination with sphingo-
myelinase from Staphylococcous aureus, using
conditions under which c¢ell lysis remained
below 10%.

Incubation with phospholipase A= alone
revealed a markedly increased susceptibility
of the phospholipids in platelets activated
by a mixture of collagen plus thrombin, by
the SH-oxidizing agent diamide, or by calcium
ionophore A23187, as compared to conbrol
platelets or platelets activated separately
by collagen or by thrombin.

Collagen plus thrombin, diamide and
ionophore treated platelets revealed an
increased exposure of phosphatidylserine at
the outer surface accompanied by a decreased
exposure of sphingomyelin, as could be
concluded from incubations with a combination
of phospholipase A= and sphingomyelinase.
These alterations were much less apparent in
platelets activated either by thrombin or by
collagen alone.

The increased exposure of phosphatidyl-
serine in activated platelets iz accompanied
by an increased ability of the platelets to
enhance the conversion of prothrombin
+to thrombin by coagulation factor Xa, in the
presence of factor Va and calcium.

It is concluded that the altered orienta-
tion of +the phospholipids in the plasma
membrane of platelets activated by collagen
plus thrombin, by diamide, or by calcium
ionophore, is the result of a transbilayer
movement. Moreover, the increased exposure of
phosphatidylserine in platelets stimulated by
the combined action of collagen and thrombin
might be of considerable importance for the
hemostatic process.
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Phospholipids in the plasma mewbrane of human plate-
lets are not homogeneously distributed between both halves
of the membrane bilayer [1-37. In a resting, non-activated
platelet, the ocuter surface of the membrane is character—
ized by the presence of neutral phospholipids, particular-
1y phosphatidylcholine and sphingomyelin. The negatively
charged platelet phospholipids, phosphatidylserine and
phosphatidylinositol, are almost exclumively present in
the inner leaflet of the bilayer. We have previously shown
that activation of platelebs by simultsneocus action of
thrombin and collagen changes +the distribution of the
lipids in +the plasmsa membrane in such a way that a
substantial amount of the negatively charged phospbhatidyl-
gerine becomes exposed at the membrane outer surface [4].
This property of activated platelets is of significant
importance for their role in the hemostatic process, since
negatively charged phospholipids markedly ernheance several
reactions of the coagulation cascade. Im this study we are
dealing with the converzion of prothrombin into thrombin
by a complex of factor Xa, factor Va and calciumions. How-
ever, the above mentiomed stimulatory effect of phospho-
lipids also governs the conversion of factor X into
factor Xa by a complex of factor IXa, factor VI1Ia and
calcium-ions [H-127.

Non-activated platelets have a low capacity to
stimulate the formation of factor Xa or thrombin, because
of the nearly absolute absence of negatively charged
phospholipids at the outer surface of the membrane. Simul-
taneous activation of platelets by collagen and thrombin
results in a large enhancement of the rate of factor Xa or
thrombin formation [4,13]. This increased activity has
been ascribed to the increased exposure of negatively
charged phosphatidylserine, which makes the platelet
asurface more suitable for the formation of prothrombin and
factor Xa activeting complexes.

In our previous experiments, exposure of phosphatidyl-
merine at +the outer surface of activated platelets was
demonstrated using phospholipase A& from Naja naja or bee
venom [4]. However, only the phospholipids of platelets
activated by the combination of collagen and thrombin can
be hydrolyzed by these lipolytic enzymes. The phospho—
lipids of unactivated platelets or platelets activated by
collagen or thrombin alone are hardly susceptible towards
phospholipase A=. Thus, from incubations with phospholip-
ase A= alone it cannot always be concluded whether
activated platelets have an increased exposure of nega-—
tively charged phospholipids. However, phospholipids of
unactivated platelets do become available for hydrolysis
by phospholipase A. when sphingomyelinase {(from Staphylo-
coccus aureus) is also present [1]. Therefore, the
accessibility of phospholipids of activated platelets to a
combination of phospholipase A= and sphingomyelinase was
investigated to establish whether a correlation exists
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between exposure of phosphatidylserine sasnd platelet
prothrombin converting activity after activation of the
platelets by collagen, thrombin or a combination of these
agents. Since platelets treated with the calcium ionophors
A23187 alsc show a dramatic incresse in prothrombin- and
factor X-activating capacity [14], it was of interest to
investigate whether these platelets also show alterations
in the phospholipid distribution across the membrane.
Moreover, Haest et al. [15,16] have found that treatment
of erythrocytes with the SH-oxidizing agent diamide
results in an increased accessibility of the aminophospho-
lipids. Therefore, it was investidated whether this agent
is also able to alter the phospholipid arrangement in the
platelet membrane and if +this is accompanied by an
increase of +the prothrombin converting activity of these
platelets.

Fatty acid free human serum albumin, nicotinamide—
adenine nucleotide, reduced form (NADH), indomethacin and
diamide were obtained fron Sigma. Dithiothreitol and
o-phenantroline were from Baker. Collagen {(type 1) was
from Hormon Chemie {(Munich) and the calcium ionophore
A23187 from Calbiochem. Venoms from the snake Naja naja
and +the bee Apis mellifica were purchased from Koch
Light. Chromogenic substrate H-D-phenylalanyl-L-pipecolyl-
argdinine-p-nitroanilide (5-2238) was from Kabi Diagnostica
{Stockholm, Sweden). Methylphosphatidic acid was prepared
according to the method described in this thesis [17]. Co-
agulation factors Xa, Va, prothrombin and thrombin were
purified as described elsewhere [4]. Phospholipases A=
from N. naja and bee wvenom and sphingomyelinase from
Staphylococcus saureus were purified according to Zwaal
et al. [18]). The Intermnational Unit (I.U.) is defined as
the amount of enzyme which hydrolyses one mieromole of
substrate per minute under optimal conditions.

A S ] (ALY ¢35

Because relatively large amounts of platelets were
required, a method was developed to isolate platelets from
buffy costs obtained from the local hospital. The buffy
coats were prepared from blood of healthy donors which was
collected into the anticoagulant acid citrate dextrose
{0.052M citric acid, 0.08M trisodium c¢itrate, 0.18H
glucose, one part of the anticoagulant ACD for every five
parts of blood). For isolation of the platelets these
buffy coats were diluted with five volumes of s Hepes
buffer pH 6.6, containing 137 mM NaCl, 2.68 mM KC1, 10 oM
Hepes, 1.7 oM MgCl-=, 25 mM glucose and 0.05% (w/v) fatty
acid free human serum albumin (HSA). After centrifuga-
tion for 15 minutes at 200 g, the plateletrich upper phase
was recentrifuged at 1000 g to obtain a platelet pellet.
This pellet was resuspended in Hepes buffer pH 6.6, and
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one volume of ACD was added +to fourteen volumes of the
platelet suspension. The platelets were washed twice
and finally resuspended in the same Hepes buffer, adjusted
to pH . 7.5, this time without addition of ACD. Platelet
concentration was determined with a Coulter counter. The
washed  -platelet  preparetions contained less than one
percent leukocytbes or erythroecytes. 411 platelet handling
wag carried out at room temperature.

Phospholipase treatment of platelets.

Stirred platelet suspensions (10 ml}, at a concentra—
tion of 3 ..10°/ml, were activated with various stimula-
tors in -the presence of 3 wmM CaClz at 37=C. After 15
winutes, an additional amount of CaCle {final concentra-
tion 10 wmM) as well as o-phenantroline (final concentra-
tion 1 pg/ml) were added, followed by a mixture of 36
I.0. phospholipase A= from N.Naja and 26 I.U. phospholip-
age A from bee venom. In some experiments sphingomyelin-
ase (3.5 1.0.Y was added 5 minutes after the addition of
the phospholipases A=. At various time intervals, phospho-
lipase activity was inhibited by addition of 1 ml 0.2M
EDTA. Prior to addition of EDTA a sample of 1 ml was taken
to measure the amount of platelet lysis. It should
be noted that for every time point of the phospholipase
trestment a geperate incubation was required, since
platelet aggregation as a result of the activation
procedure makes homogeneous subsampling unreliable.

Platelet lipids were extracted according +to the
procedure of Bligh and Dyer [18]. Methylphosphatidic acid
(250 pg) was asdded as an external standard, prior to the
extraction procedure. Phospholipid analysis was carried
out by twodimensional thin layer chromatography followed
by phosphorous determination as described earlier [20]. To
evaluate phospholipid degradation in intact cells only,
corrections were made for phospholipid breakdown in the
population of lysed cells, assuming that the phospholipids
of the lysed c¢ells are completely degraded. Only those
experiments where lysis did not exceed 10% were taken into
aonalderatlun

Lﬂctate d@hydroaenaae act1v1ty in the supernatant was
used as a paramebter for platelet lysis and was measured
according to the method of Wroblewski and La Due [21]. In
the zamples containing diamide, the measurements were
carried out in the presence of excess dithiothreitol
{twice the concentration of diamide). The amount of
platelet lysis was determined from a calibration curve
made with different dilutioms of a platelet preparation
whmch was 1ysed completely by sonlmatlon for 3 mlnutes.

Probhrombln canvertlng activ1hy was measured as
described before [4]. Final concentrations in the reaction
mixture were: 5 . 10* platelets/ml, 15 nM factor Xa, 30
nM factor Va, 4 MM prothrombin and 6 mM CaCle. Samples (25
H1l) for measuring the amount of thrombin formed were taken
30 & and 80 & after addition of prothrombin and assayed in
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a cuvette containing 1 ml buffer (50 mM Tris, 120 mM NaCl,
2 mM EDTA, pH 7.5) and. 0.25 mM S52238. From the rate of
change in absorbance at 405 nm, the amount .of thrombin was
calculated using a calibration curve made with known
amounts of activesite titrated thrombin.

Results.

Exposure of phospholipids at the platelet outer
surface was studied using a mixture of two phospholipases
#= (the enzymes from M. naja and bee venom} solely or in
combination with sphingomyelinase from 8. aureus. An
essential requirement for such a study is that all
phospholipids are suitable substrates for the enzymes used
and that the amount of enzyme and time of incubation are
sufficient %o guarantee complete degradation in lysed
cells. Therefore, lysed platelets obtained by sonication
for 3 minutes were incubated with a mwixture of phospholip-
ase A= (N. naja and bee venom) and sphingomyelinase, and
rhospholipid hydrolysis was measured. As shown in Fig. 1,
all phospholipid classes with the exception of phosphati-
dylinositol are almost completely degraded within %
minutes under the conditions employved.

Fig. 1 Phosphalipid
hydrolysis in platelet
lysate by ophospholipase
= and sphingomyelinase.
At different time inter-
vals part of the incuba-
tion was stopped with EDTA
and analyzed for phospho-
lipid hydrolysis.
B, phosphatidylcholine
Ay phosphatidylethanol-
apine
@, phosphatidylserine
O, phosphatidylinesitol
O, sphingoryelin

-

PHOSPHOLIPID HYDROLYSIS (%)

L LE] t14 48

TIME (min}

Since hydrolysis of phosphatidylinositol is incomplete,
this phospholipid was not considered in further experi-
ments. The results in Fig. 1 can be obtained by incubation
of lysed platelets with phospholipase A and sphingomye—
linase separately or in combination. In contrast, very
little phospholipid hydrolysis ocours  when intact,
non—activated platelets are treated with phospholipase Ae
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albﬂé {Table 1I}. This is also the case wvhen platelets are
activated either by thrombin or by collagen; less then 6%
of the +total phospholipids is hydrolyzed by phospholipase
Bes .

TABLE I
Non lytic. degradation of phospholipids in
sctivated platelets by exogenocus phospholip-
ase. b (N.naja plus bee venom}

Platelet activetor ¥ Total phospholipids
hydrolyzed
None , 2.2 £ 1.4
Thrombin (2 nM) 5.8 £ 2.1
Collagen (10 pg/ml}) 4.9 £ 3.0
Thrombin + collagen 20.4 * 2.1
Diamide (5 mM) 18.2 * 3.1
3.1

AZ23187 (1 WM) 46. 8

Platelets (3 ., 109/al) were activated with various
agents for 15 min. At that time phospholipase Az was
added, dnd the incubation was continued for another
45 =»in., Velues have been corrected for platelet
lysis, uwhich was lower than 8. Data are the average
{aean % S8D) frow six experiments. For experimental
details see Haterjals and Hethods.

However, when platelets are activated by a mixture of
collagen and thrombin, by the SH-oxidizing compound
diamide, or by the caleium ionophore A23187, increased
amounts of phospholipid become susceptible towards
exogenously added phospholipase A without signifi-
cant lysis of the cells. The increased accessibility of
platelet phospholipids towards phospholipase A= indicates
that changes in the membrane strucbure have ocourred as a
result of these activation procedures. Activation of
platelets for 15 minutes with the agents listed in Table
I, does not cause detectable changes in overall phospho-
lipid composition of the platelets. Platelet release
reaction and agdregation occur +to a similar extent with
all activators except diamide, with which neither release
nor aggregation is observed (data not shown). It should be
noted that sphingomyelinase treatment of non-activated as
well as activated platelets results in all cases in
gignificant degradation of sphingomyelin, without cell
lysgis. The amount of sphingomyvelin degradation is the same
whether sphingomyelinase is added alone or in combination
with phospholipase A= (see below).

In order to obtain more detailed information on the
exposure of phospholipids at the outer surface of plate—
lets and to compare the effect of various activating
agents on this exposure, a mixture of phospholipase A= and
sphingomyelinase was used. However, the use of this
combination of enzymes increases the risk of platelet
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lysis, particularly if the platelets are activated prior
to the addition of phospholipases. Therefore, careful
examination of platelet lysis daring treatment with the
combination of phospholipase #: and’ sphingomyelinase is
essential. With non-activated ' platelets 'and plstelets
activated either by thrombin, collagen “or diamide;
breakdown of phospholipid levels off at a moment where
platelet 1lysis is still less then 10%, and neither
phospholipid breskdown nor cell-lysis “increase upon a
further 30 minutes incubation. & different picture was
obtained using platelets triggered with c¢ollagen plus
thrombin, or with the ionophore A23187. Fig. 2 shows the
hydrolysis of total phospholipid as a function of time
together with the 1lysis pattern during phospholipase
treatment of platelets that have been activated with
collagen plus thrombin. - '

Fig., 2 Tatal platelet 1oo
ITipid hydrolysis and cell

lysis during treatment

with phosphaolipase Az and 18
sphingomyelinase. Plate- “{ [ »
fets were activated for 15

gin with throwbin (2 i)
~plus collagen (10 pg.nll}.
Incubations were stopped

by addition of EDBTA.

®, phospholipid degrada-

tion 2

O, platelet lysis,

Further detalls are given

in Haterials and Hethods. LS *
[} },‘19 20 w 40 ,‘IQ‘

TIWE {min} -

L1 o o

PERCENTAGE
.
L

. R8T

Phospholipid hydrolysis does not reach a plateau in this
incubation. During the first 30 minutes of phosphalipase
treatment, there is a small increase in cell lysis. At
this time, phospholipid hydrolysis ‘approximates H50%. Pro<
longed incubation gives rise to a sudden increase in cell
lysis as well as phospholipid dedgradation; ‘suggesting that
extensive destruction of cell structure occurs. A similar
time~course for hydrolysis and lysis * was obtained after
rhospholipase treatment of platelets activated by AZ3187. -

Besides total phospholipid - ‘hydrolysis, we also
determined the hydrolysis of each phospholipid - clags upon
platelet incubation with a combination of sphingomyelinage
and phospholipase A=. The data are sumparized in Table I1.
For control platelets and platelets activated by collagen,
thrombin, or diasmide, the hydrolysis of - ‘edch phospholipid
class levelled off after 30 minutes; wvalues at t=45 min
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are presented in this table.

TABLE II )
Hon-lytic degradation of phospholipids by phospholipase A=
{N.nanja and. bee venom) and sphingomyelinase (5.aureus} in
activated human platelets.

The values are expressed as gpercentage of total 1lipid phosphorous
fwean t BDJ, The nusmbers in parenthesis refer to the percent degrada-
tion of the corresponding lipid class, n= number of experinents. PS,
phosphatidylseriney PC, phosphatidylcheline; PE, phosphatidylethansl-
asiney SH, sphingosyeliny total PL, total phospholipid.

Phospholiptd  Hydrolysis

coaposition
in=12) Control  Throsbin Collagen  Throabin + Diaside A23187
vollagen

{n=?) {n=9} {p=9} {n=12] {n=7) {n=7}
PE 10,9 2 0.7 0.5R0.414)  LLBELOOIS) 2,132,0019) 5.040.3049) 5.310.4(49) B8.240.7(7%)
PC o 3B.3 % 0.4 A.BELLBUIT) 12.924.6038) 14,434,3037) 15,140, 6141) 15.580,5044) 19.241.5(50)
PE 26,8 1 0.8 0809471 SR LU 5.985.9422) 16.080.9060) 10,3:0,1(38) 23.340.8(87)
S 19.0 £ f.4 12,081, 5063) 13,283,8(69) 12.420.6185) H,321.5(43) 8.620.2(45) 14,320.4(75)

Total

PL  95.0= 2.0 2,4 328168 348t 467 M5 2T WTE0T K50 LLE

= Phosphatidylinositol (Pl) is omitted for reasons explained
in Results,

The data for platelets activated by collagen plus thrombin
or by A23187 were takem at a +time of phospholipase
treatment just before the sudden rise in platelet lysis
{e.g. in Fig. 2 at 3% min). The percentages of lipid
dedgradation are corrected for cell lysis assuming complete
hydrolysis of the phospholipids in the lysed cell popula-
tion. Treatment of control cells with a combination of
phospholipase A and sphingomyelinase leads to a hydroly-
sis of 21% of total phospholipid which is in agreement
with the findings of Perret et al. [3]1. The hydrolyzed
phogpholipid fraction is mainly composed of the choline
containing phospholipids, sphingomyelin and phosphatidyl-
choline. Activation of platelets by collagen or by
thrombin prior to addition of phospholipases results in an
increased phospholipid hydrolysis. The amount of sphingo—
myelin hydrolysed in these platelets is not different from
that in control platelets, bubt an increased dedradation of
glycerophospholipids is observed. However, +the small
quantities of phosphatidylserine and phosphatidylethanol-
amine that are hydrolyzed together with the large standard
deviations make it difficult +to discern whether there is
indeed an increased susceptibility towards phospholipase
A=. Remarkably deviating patterns of phospholipid hydro-
lysig are found for platelets activated by collagen plus
thrombin, diamide or AZ23187. Apart from a further increase
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in the extent of total phospholipid hydrolysis (even to a
maximum of 65% for platelets activated by A23187), the
most striking feature is the significant increase in
breakdown of phosphatidylserine and phosphatidylethanol-
amine in these platelets.

A clear picture of the effects of the different
platelet stimulators on the exposure of phospholipids at
the membrane outer surface is obtained when the composi-
tions of the hydrolyzed phospholipid fractions are
compared. These compositions, which are calculated from
the data in Table 1I, are presented in Table III. Compared
to control platelets, there is an increase in phospha-
tidylserine and phosphatidylethanolamine accompanied by a
decrease in sphingomyelin in the hydrolyzed phospholipid
fraction, when platelets are activated by a mixture of
collagen plus thrombin, by diamide, or by A23187.

TABLE III

Composition of phospholipid fractions hydrolyzed by
phospholipase A= and sphindomyelinase treatment of
activated human platelets.

Values are expressed as percentage of the hydrolyred fraction of total
phosphalipid (mean * 5D}, Data are calculated from Table Il by setting
the hydrolyzed total phespholipid fractian at 100%. PI is not taken
into account for reasons explained In the Results section.

Control Throabin Collagen Throsbint Dianide A23187
tollagen
P8 2.422.4 4,9 1.2 5,04 5.8 11.280.9 13.444.0 {2681,
P 31.0%8.0 39.3114.2 414414, 4 »33.983.4 39.01.4 29,5425
PE  9.54.4 15.5¢ 9.9 17,0411, " 36.0£2.0 25,840.5 35.8t1.4
SN 57.1%9.7 40,2414.3 35,62 6.4 18,743, 4 21,7804 22,0801

It is not clear why the standard deviations for the
vhospholipid hydrolysis of throsbin or collagen treated
platelets are relatively high. Therefore it remains
uncertain whether alterations in phospholipid orientation
also occur in these platelets.

The effect of warious platelet activetors on the
ability of platelets +to enhance the conversion of pro-
thrombin into thrombin by factor Xa was investigated using
a chromogenic substrate assay to wmeasure the rate of
thrombin formation. The results are presented in Table
IV. It has previously been demonstrated that the rate of
thrombin formation is strongly enhanced in the presence of
a negatively charged phospholipid surface, in particular
one containing phospheatidylserine [5-8]. Therefore, the
corresponding values for phosphatidylserine hydrolysis by
exogenous phospholipases are also presented in this table,
since the rate of thrombin formation may represent a
measure of phosphatidylserine exposure at the outer
surface. It is obvious from this comparison that an
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increased exposure of phosphatidylserine corresponds to an
increased rate of thrombin formation.

TABLE IV

Comparison between prothrombin converting activity of
activated bumsn platelets and exposure of phosphatidyl-
gerine. :

Rate of thrombin formation wWes weasured after & I3 min activation
period in a .systes conwtaining 5.8 . 10 plateletssal, factor Xa
(45 nH), tactor V¥a (30 nH) and prothrowbin (4 pH) in the presence of
& uM calciuechloride.

Bate of thrombin Percentage of PS

formation (nM/Min) exposed*
Ho stimulator 34 4
Thrombin (2-20 nM} 41 15 (p=0.05}
Collagen {(10pg/ml) 157 19 {p=0.10}
Thrombin+eoll agen 352 46 (p<0.001})
Dianide (5HmM) 356 49 {p<0.001})
A23187 (1uM) 793 78 (p<0.001)

Lysed platelets 1170 96 (p<0.001}

= Differences with respect to non~stisulated platelets were
tested by two-sided Student’'s t-test, p values are given
in parenthesis. Consult Table 11 for corresponding
standard deviations.

B The increased vrate of throabin formation of collagen
activated platelets could be the result of a cowmbined
action of the added collagen and the throsbin that is
formed during the assay [4].

Platelet activation leads to morphological and
metabolical changes. In particular, the enhanced turnover
of phosphatidylinositol is one of the primary metabolice
events that take place in the membrane during platelet
sctivation [22-27]. However, little evidence is available
indicating that the plasma membrane is subject to structu-—
ral alterations. Using fluorescent probes, Nathan et al.
[28] have found indications for chenges in microwviscosity
of phospholipids in the mewbrane of human platelets after
activation by thrombin. Changes in the distribution of
membrane phospholipids have been reported by Schick et
al. [{29], who found Iincreased labeling of phosphatidyl-
ethanolamine by trinitrobenzenesulfonic acid (THBS) after
triggering of platelets by thrombin. We have previously
shown [4] that activation of platelets simultaneously by
collagen and thrombin results in an increased susceptibi-
lity of phospholipids towards exogenously added phospho—
lipase A=. This was not observed for platelets activated
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by either one of these activators separately. The increas-—
ed susceptibility of phospholipids - is also apparent
following treatment of platelets with diamide or A23187.
Differences in availability of phospholipids for phospho-
lipase A= in platelets activated by various means may
reflect differences in structural organization of the
membrane. In this respect, the difference between plate-
lets activated by a combination of collagen and thrombin
compared to platelets activeted by either of these two is
striking, since no differences are observed in the extent
of platelet aggregation and release.

The activity of phospholipase A: bowards platelet mem=
branes is significantly facilitated if sphingomyelin is
degraded at the same time by the action of sphingomyelin-
ase [1,3]. When platelet lysis is carefully controlled,
this allows the study of the exposure of all individual
phospholipid classes at the outer surface of activated
platelets in a similar manner as was described for
unstimulated platelets by Perret et al. [3]. The amount of
phospholipids +that can  be degraded wunder non-lytic
conditions can be directly influenced by the extent of
platelet aggregation and especially release resulting from
the activation procedure. Intact unstimulated platelets
contain several types of intracellular membranes such as
granule membranes, mitochondrial membranes and membranes
of the dense tubular system. As was elegantly demonstrated
by Perret et al. [3], B57% of the total platelet phospho-
lipids are present in the plasma membrane of unstimulated
human platelets. Consequently, complete degradation of the
outer leaflet of the plasma membrane would be reflected in
28% hydrolysis of the total’ phospholipid content of the
cell. During the platelet release reaction as a result of
platelet activation, granule mesmbranes are thought to fuse
with the plasma membrane. This would result in an increa-—
sed amount of phospholipids that can be hydrolyzed. As-
suming that as a result of the release reaction, 60% of
the intracellular membranes have fused with the plasma
membrane, approximately 80% of the platelet phospholipids
would be present in the plasms membrane. Thus, complete
hydrolysis of the outér leaflet of theée plasma wmembrane of
the activated platelets would result in 40% hydrolysis of
total phospholipids. On the other hand, platelet aggrega-
tion forms a complicating factor since it may prevent
efficient action of phospholipases, restricting the total
amount of phospholipid hydrolysis.

The following remarks can be made concerning the data
for total phospholipid hydrolysis from Table II. Total
phospholipid hydrolysisz of intact unstimulated platelets
amounts to 21%, which 1is in close agreement to the 25%
reported by Perret et al. [3]. In the absence of aggrega-
tion or release this implies a very substantial hydrolysis
of the phospholipids present in the cuter leaflet. Activa-
tion of platelets by thrombin or collagen induces release
as well as aggregation. The observed hydrolysis of 32.8%
and 34.8%, respectively, are higher than observed with
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control platelets as a result of the release reaction, but
lower than the expected 40%, presumably due to platelet
aggregation. Activation of platelets with collagen plus
thrombin results in. release . and eaggregation +to a similar
extent as is induced by the activators separately, but the
phospholipid hydrolysis is higher (44.5%). In the case of
diamide treatment of pletelets, there is neither aggregda-—
“tion wnor release which’® would predict a phospholipid
hydrolysis of at most 28%. The observation that almost 40%
of the phospholipids are hydrolyzed in these cells, under
non-lytic conditions, indicates that more than half of the
plasma - menbrane phospholipids have been degraded. The
greatest amount of hydrolysis is observed with platelets
activated by the caleium ionophore A23187; 865% of the
total phospholipids are hydrolyzed by phospholipase A=
and sphingomyelinase under non=lytic conditions. Activa-
tion by A23187 leads +to substantial release and agddrega-
tion, although the size of the agdgredates produced by
A23187 is much smaller than those induced by collagen or
thrombin. Since phospholipid dedradation in ionophore
trested platelets exceeds the expected 40%, hydrolysis is
apparently not restricted to half of the membrane phospho-
1ipids. Considering that the data have been corrected for
rhospholipid degradation in the population of lysed cells
and that the plasma membrane is impermeable to phospholip-
ases, the extent of phospholipid degradation observed with
platelets that are activated by collagden plus thrombin,
diamide or A23187, can be explained if one assumes a
transbilayer movement -of phospholipids (flip-flop). From
the present date, it is difficult to ascertain whether the
exposure of phospholipids is significantly changed upon
platelet activation by either collagen or thrombin, due to
the relatively. large standard deviations. Transbilayer
movement of phospholipids does apparently not occur in
control platelets, which indicates that the action of
phospholipases as  such, does not necessarily induce
~flip-flop in these membranes. On the other hand it caonot
be exocluded that phospholipase treatment induces flip-flop
inh platelets that bave been activated by collagen plus
thrombin, by diamide or by ionophore. Howewer, if exposure
of phosphatidylserine at the platelet outer surface
would be a result of the phospholipase treatment as such,
one would expect a delay in the onset of hydrolysis of
this phospholipid directly after addition of phospholip-
agse. Since neither phosphatidylserine nor the other
phospholipids show any such lag period in hydrolysis,
phospholipase induced flip-flop seems unlikely. On the
other hand it is wvery well possible that transbilayer
‘movement of the phospholipids continues during incubation
with phospholipase. Therefore it cennot be distinguished
whether the hydrolyzed phospholipids are continuously or
transiently exposed at the outer surface during the time
course of the pbhospholipase incubation.

As we have shown previously [4]. the increased
phospholipid hydrolysis in platelets activated by collagen
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plus  thrombin cannot be explained by the action of
endogenous phospholipases. Also platelet treatment with
A23187 or diamide does not produce significant phospho-
1ipid breakdown on a percentage basis.

Transbilayer movement of phospholipids due to the
activation of platelets could explain the increased
expogure of phosphatidylserine and phosphatidylethanol-
amine. To balance this process, sphingomyelin seewms to
move from the outer to the inner leaflet of the plasma
membrane. There is no large change in the orientation of
phosphatidylcholine. Particularly after treatment with
diamide, +the phospholipid composition of the hydrolyzed
fraction is very similar ‘to the total phospholipid
composition, sugdesting a total randomization of the
phospholipids over both membrane halves. Transbilayer
movement of phospholipids has been reported [15,16] to
occur in erythrocytes trested with diamide or tetrathion—
ate. Approximately 50% of the phosphatidylethanolamine and
30% of the phosphatidylserine became accessible to
exogenous phospholipase A= without hemolysis. The effect
was correlated with a gignificant cross-linking of
spectrin which was proposed to play a role in maintaining
the asymmetric phospholipid orientation in the erythrocyte
membrane. Although treatment of platelets with diamide
also results in a significant cross-linking of membrane
proteins as was observed by polyacrylamide gel electro—
phoresis {data not shown), it is not clear whether in all
cases exposure of phosphatidylserine at the platelet outer
surface is dependent on a similar mechanism, since
cross—linking of membrane proteins was not observed
following treatment with cdllagen plus thrombin, or
A23187.

The increased exposure of phosphatidylserine at the
outer surface of activated platelets may be of consider-
able importance for the hemostatic process. Unstimulated
platelets have little phosphatidylserine exposed at their
outer surface. This lack of negatively charged phogpho-
lipids is reflected in a relatively poor ocapacity of
resting platelets to stimulate the formation of thrombin
from prothrombin by factor Xa, factor Va and calcium., The
rate of thrombin formation is critically dependent on the
presence of a negatively charded phospholipid surface to
which factors Xa, Factor Va and the substrate prothrombin
can bind [4-13]. Those platelet activators that induce
increased exposure of phosphatidylserine at the outer
surface of the membrane as measured by exogenously added
rhospholipases, also induce the platelets to become more
active in enhancing the rate of thrombin formation. Re-
markable in this respect is the relationship betbtween the
amount of phosphatidylserine exposed and the rate of
thrombin formation.

The mechanism by which transbilayer movement of
phospholipids in the platelet membrane can take place is
not well understood. Although phospholipid flip-flop was
demonstrated to be an extremely slow process in vesicles
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of pure phosphatidylecholine ([30], rapid flip-flop in
artificial and natural wmembranes has been reported
(review, ref.31). One possible mechanism for transbilayer
movement of phospholipids is the existence or introduction
of intrabilayer inverted micelles ~as described by Cullis
and de Kruijff [32,33]. These structures can be formed
with those lipids having s conieal shape, "such as diacyl-
glycerols and phosphatidic acid, that do not adopt bilayer
gtructures. The formation of these lipids has been
suggested to play a +triggering role for various cellular
responges bo exogenous stimuli by altering membrane
physiecal states [32,;341. In this respect, it is tempting
to speculate that intermediates of the phosphatidyl-
inositol-cyele, which is activated during platelet
stimulation [22-27};, produce local bilayer disturbances
that enable transbilaver movement of phospholipids. Ex—
periments described in chapter 8 have demonstrated that
the introduction of diglycerides in the platelet membrane
by the action of phospholipase C from Clostridium welchii
causes an increased exposure of phosphatidylserine at the
outer surface of the plasma membrane. Whether or not
differences in the activation of the phosphatidylinositol-—
cycle exist as a result of different platelet activation
pProcedures remains to be investigated.
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CHiaaFRFTER &

PLATELET PROTHROMBIN CONVERTING ACTIVITY IN
HEREDITARY DISORDERS OF PLATELET FUNCTION

Summary.

Prothrombinase activities of platelets
have been measured in diluted platelet-rich
plasma wusing a chromogenic substrate assay
and purified coesgulation factors. No abnor—
malities in prothrombinase activities were
found for platelets from patients with
storage pool disease {dense-body deficiency};
grey platelet syndrome, and Glanzmann’s
thrombasthenia. It is concluded that neither
release of dense bodies and a-granules nor
aggregation of platelets are essential
prerequisites for exposure of a procoagulant
surface. Platelets from patients with
Bernard-Soulier syndronpe, however, have
approximately 10-fold higher prothrombinase
activities in the non-stimulated form than
normal non-stimulated platelets. The increas-
ed prothrombinase activities cannot be
completely asceribed to an increase in
platelet size. It is sugdested that the
increased prothrombinase activity reflects an
increased exposure of phosphatidylserine at
the outer surface of non-stimulated Bernard-
Soulier platelets, earlier described by
Perret et al. {(Thromb. Res.{1983) 31,
529-537).
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Platelet procoagulsnt activity is expressed in at
least two . seguential reactions of the coagulation cas-—
cade: the activetion of factor X by a complex of factors
IXa, VIIla end calcium (intrinsic factor X activation}) and
the conversion of prothrombin to thrombin by a complex of
factors Xa, Va and calcium, also referred +to as the
prothrombinase complex [1-3]. The essential role of
platelets in both reactions is to provide a catalytic
surface to which the coagulstion factors can bind. This
regults din  &n increased local concentration of these
proteins, thus leading to an increased rate of factor Xa
or thrombin formation [4,5]. The catalytic efficiency of
the platelet surface is significantly greater when
platelets are . stimulated by the combined action of
collagen and thrombin. We have demonstrated that an
inereased exposure of negatively charged phosphatidyl-
serine at the outer surface of the platelet plasma
membrane is responsible for the increased rate of factor
Xs and thrombin formation [6,7]. Negatively charged
rhospholipids are essential for a direct interaction of
factors Va and VIIIa with the membrane, as well as for the
Ca=* -mediated binding of the vitamin-K dependent coagula—
tion factors. :

Platelet stimulation by collagen and thrombin induces
release of granule contents and platelet agdregation.
Since procoagulant activity is expressed particularly as a
result of simultaneous action of collagen and thrombin,
the possibility cannot be excluded that either release of
granule contents or aggregation, or both, form an essen—
tial prerequisite for expression of this activity. On the
other hand, however, it is known from previous work that
the release reaction or aggregation as such is not
sufficient, since platelets stimulated by thrombin or by
ADP hardly evoke a procoagulant surface [2,6,7]. The
present study was undertaken to investigate which platelet
functions or structures in particular membrane glyco-—
proteing or different types of granules, are reqguired for
the generation of a procoagulant surface. To this end,
platelets from patients with different platelet disorders
were studied with respect to their ability to enhance the
rate of thrombin formation in a system using purified
coagulation factors Xa, Va and prothrombin and a chromo-
genic substrate, specific for thrombin.

Collagen type 1 was obtained from Hormon Chemie,
Munich. Coagulation factors Xa, Va and prothrombin were
purified as decribed by Rosing et al. [4]. Thrombin was
derived from prothrombin after activation with factor Xa
according to Rosing et al. [4]. Thrombin specific chromo—
genic substrate H-D-phenylalanyl-L-pipecolyl-arginine—
p-nitroanilide dihydrochloride (S5S2238) was obtained from
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AB- Kabi Diagnostics, Stockholm. Fatty eacid free human
gserum albumin was from Sigma Chemical Co., St Louis.
Platelet handling.

Fresh blood was taken by venipuncture and was colleo—
ted in 0.1 vol. of sodium citrate (3.8 ¥ w/v). Platelet
rich plasma (PRP)} was obtained by centrifugation at 120 g
for 15 minutes at room temperature. PRP from Bernard-
Soulier patients was obtained by allowing whole blood to
sediment at 1 g for one hour at room temperature in tubes
tilted at an angle of 45°. In order to avoid platelet
damage or platelet activation as much as possible,
platelets were not washed, but PRP was diluted 50-fold in
a buffer containing 137 oM NaCl, 2.7 mM ECl, 2 mM MgCl=,
10 mM Hepes, 5 mM glucose and 0.056% {(w/v) fatty-acid free
human serum albumin, pH 7.5. Platelet count was determined
by light-~microscopy or with a Coulter counter. All
platelet handling was carried out at room btemperature in
gsiliconized glass or in plastic tubes.

Prothrombi ass

To study the influence of platelets on the conversion
of prothrombin to thrombin by factors Xa and Va, platelets
must be isolated and washed to remove plasma coagulation
factors and other components which might interfere with
the coagulation assay. This procedure increases the risk
of platelet activation and platelet damage which inevi-
tably will affect <the procoagulant activity [1,6]1. In
order to avoid this problem, which might be particularly
important for abnormal platelets, the prothrombinase assay
was modified using a 50-fold diluted PRP instead of washed
platelets. This does not significantly change the pro-
coagulant activities relative fo washed platelets at the
same platelet count; thus the contribution of the 50-fold
diluted plasma coagulation factors may be neglected. Fur-
thermore, this modification has the advantage of saving
time-consuming washing procedures which enables a rapid
screening of the procoagulant activity. It should be
emphasizged, however, that using this assy procedure,
activation of B50-fold diluted PRP with collagen for 10
mwinutes in the presence of 3 nM calcium leads +to the
formation of approximately 5 oM thrombin even before the
prothrombinase assay is started. This amount of thrombin
makes an estimstion of +the prothrombinase activity of
platelets, stimulated by collagen alone, ambiguous since
platelets in diluted PRP will in fact be activebed by
collagen plus the thrombin that is formed in the diluted
plasma.

Meassurement of platelet prothrombin converting
activity was carried out as described before [1,6]. Brief-
1y, 290 pl1 50-fold diluted PRP was activated in the
presence of 18 pl 75 mM CaCl= by 15 #l collagen (250
pg/ml)y and 5 pl 200 nM thrombin at 37 € with continuous
stirring. 10 minutes after activation, 50 pl of a freshly
prepared mixture containing 30 nM Xa and 60 nM Va was
added. The enzymatic reaction was started 2 minutes later
by the addition of 125 Ml 16 PM prothrombin. The solution
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of prothrombin contained 14 mwM CaCle to give a final
calcium concentration in the assay of 6 mM. After 1 minute
a sample was teken and immediately diluted in a buffer
containing 120 mM NaCl, 50 mM Tris and 2 mM EDTA (pH 7.5)
to gtop the veaction. The amount of thrombin formed
was assessed by adding chromogenic substrate to this
mixture and messuring the change in absorbance at 405 on
per minute, produced by the action of throwbin on S2238.
The concentration of thrombin was calculated from a
calibration curve made with known amounts of active-zite
titrated thrombin. All mpeasurements were done in tripli-
cate (at least) in a standardized time scheme and were
completed within one bhour after obtaining the plasma from
the blood samples.

Because of differences in individual activities within
each group of patients, ranges of activity are presented
pnext to mean values and standard deviations. To allow
comparison of the data of different patients all prothrom—
binase activities are calculated for a standard platelet
count of 10* cells per ml (final concentration in the
assay system). Since prothrombinase activity is dependent
on the amount of suitable phospholipid surface, maximal
prothrombinase activity of a complete lysed platelet
preparation (obtained by 3 minutes sonication of the
50~fold diluted PREP) was also measured.

Patients/cage histories.

Three unrelated patients with storage pool disease
were studied. The diagnosis of storage pool disease relied
on the basis of a normal platelet count, a prolonged
bleeding time (Simplate II, General Diagnostics), agdreda—
tion abnormalities that were indicative for a secretion
defect and abnormal levels of total ATP an ADP measured in
ethanol extracts with the luciferine-luciferase assay. The
platelets of the patients contained a normal amount of
B-thromboglobulin and a normal amounts of B-N-glucuro-
nidase (E.C. 3.2.1.31) and B-N~acetylglucosaminidase
{E.C. 8.2.1.30) indicating thet the patients platelets
ware only deficient in dense granules. One patient has
been diagnosed previously as Hermanski-Pudlak syndrome
[(8,91.

Three patients with a grey platelet syndrome were
investigated. Biological data have already been reported
for two patients [10] and were similar for a third
patient. Thus, platelet count was decreased. Platelet
agdregation and release of **{-serotonin were markedly
reduced after collagen and thrombin stimulation. ADP,
arachidonic acid and ionophore A23187 mediated aggregation
were apparently normal.

Qf the thrombastenic patients we have studied one
patient with type I and two patients with type II throm-
bastenia as defined by Caen [11]. The levels of glycopro-
teins IIb/I1Ia varied from undetectable +to 208 of the
normal value as reported by Nurden and Caen [12]1. In these
three patients platelet aggregation im response +to ADP,
adrenaline, collagen, arachidonic aecid, ionophore and
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thrombin was absent and bleeding time was considerably
prolonged.

Five unrelated patients with Bernard-Soulier syndrome
were studied. Two patients were desaribed previously
[13,14]1. Disgnosis was made on the basis of thrombocoybo—
penia with large platelets, prolonged bleeding time,
absence of platelet sgglutinstion with ristocetin despite
normal von Willebrand factor related properties. Normal
aggregation with collagen, epinephrine and ADP were seen
except for two patients who showed subnormal collagen or
ADP  induced aggregation. Lack of glycoprotein Ib was
already described for two patients [15] and was also
established for the other three patients by two-dimension-
al gel electrophoresis of membrane proteins labeled by
1257 with Iodogen.

esult

Table I summarizes the results obtained from patients
with storage pool deficiences and Glanzmann’s thrombasthe-
nia. The results obtained with Bernard-Soulier platelets
are presented in Table II.
Storage pool disease. and gre latelet syndrome.

Three patients with a-granule deficiency (grey
rlatelet syndrome) and +three patients with dense body
deficiency were studied. Basal prothrombinase activities
of both types of abnormal platelebts were similar to normal
platelets.

TABLE I
Prothrombinase activities df pathological platelets.
Huebers in parentheéeses refer to the range of activities found.

Prothrosbinase activity (oM throsbin / min / 10% cells per al)

Culiagwn +

Thrasbin throsbia Lysed
Disorder Won-stimel ated stisulated stisulated platelets
Control (n=13) 5.542.0 12.744.90 70.5417.1 EETIE
{2, 4-7.0) {B.5~18.7) {52.7-89.3) {343-715)

Storage pool 3.841.7 14.1%1.8 54,1515, 5 4714123
disease (n=3) 1.8-4.8) £12.3-15.81 {34.8-66.7) {393-613)
Brey platelet J.184.7 21.748.8 §9. 4440, 9 5162242
syndrose (n=3) {0.1-8.5) {14.4-31.4) 64,9-145,3) {416-885)
Blanzsann's 5.842.7 12.143.4 59.5t16.8 381487
throsbasthenia (n=4) {2.8-8.4) {9.9-17.0} 42,7-78,2} {244-470)
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Stimulation by thrombin resulted in slightly higher
activities of the grey platelets compared to dense body
deficient platelets, the latter beind not significantly
different from thrombin stimulated normal platelets.
Stimulation of both types of pletelets with collagen plus
thrombin leads to prothrombinase activities that largely
overlap the range found for the corresponding normal
platelets, although the range of activity of grey plate-
lets is in the high end the activities of dense body
deficient platelets are in the low region of the normal
range. MNevertheless, the conclusion seems +to be Jjustified
that neither release of a-granules, nor release of dense
bodies is required for exposure of prothrombinase activity
induced by collasgen plus thrombin. It should be noted that
although both abnormal platelets lack one +type of granule
and thus a certain amount of granule membrane phospho-
lipids, the expected decrease in phospholipid content is
not reflected in the prothrombinase wvalues of lysed
platelets

Prothromblnaﬁe actlvxtleﬁ of platelets from patients
with Glanzmann’s thrombasthenia are indistinguishable from
those of normal platelets, either in the stimulated or in
the non-stimulated form (Table I). Maximal prothrombinase
activity obtained after complete lysis was found to be in
the same range as observed for control platelets, sugdest-
ing that there is ne difference in phospholipid content or
overall phospholipid composition of thrombastenic plate—
lets. Washed suspensions of thrombastenic platelets were
used to check aggregation induced by thrombin or the
combined action of collagen plus thrombin. This was
confirmed to be seriously impaired. It is concluded that
aggregation is not a prerequisite for exposure of phospha—
tidylserine at +the platelet outer surface, leading to an
1noreaﬂ@d prothromblnase act1v1ty

Thﬁ rﬂmult@ obtﬂlned Wlth plateleﬁs frum patients with
Bernard-~Soulier syndrome are presented in Table II. The
most remarkable feature of the platelets from this group
of patients was the high level of the basal prothrombinase
activity. In all five patients that were examined, the
prothrombinase activity of the non-stimulated platelets
was approximately 10-fold higher than that of non-stimula-—
ted normal platelets. Because of the large size of
Bernard-Soulier platelets, PRP had to be obtained by
gsedimentation of whole blood for 1 hour at 14, which could
be of influence on the procoagulant activity of the
platelets. However, no difference in prothrombinase
activity of normal platelets was found, whether PRP was
obtained by sedimentation at 1g or by centrifugation at
120g. Furthermore, the possibility that Bernard-Soulier
platelets, because of their abnormal size, are more
readily activated or lysed, merely as a result of stirring
during the prothrombinase assay, was checked by comparing
prothrombinase activities after an incubation period of 10
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minutes. No significant difference in sctivity of sbtirred
agd non-stirred diluted PRP could be detected (data not
shown ).

TABLE IT
Prothrombinase activities of Bernard-Soulier platélets.
Activities are given as n¥ throwbin / win / 10® cells per ul.

Hon~ Throebin Collagen + throsbin Lysed

Patient stinulated stisulated stisul ated platelety
1 38.0¢7.6 56,0216, 3 129.5¢7.8 670869

2 21.9212.9 33.5810.8 98.1210.8 1239188

3 38.0814.4 $3.853.3 193, 5483.5 1238878

L] 9. 6418.0 109.8449.4 141.8481.3 14738127

3 45.8421.1 94,9414.0 121.8453.5 102958
Hean 42.8£17.4 77.5431,7 140,9£37.2 11304302
& i7.443.5 34.6211.0 B0, b%h. 4 10271112
Cantrol 5.582.0 12,744,0 70,817, S21£146

* Way-Hegglin anomaly.

Stimulation by thrombin gives a two-fold increase of the
procoagulant activity of resting Bernard-Soulier plate-
lets, an increase that is slightly less than seen with
normal platelets. An even smaller increase compared with
the increase seen with normal platelets is found when
stimulation is earried out ,by the combined action of
collagen plus thrombin. Prothrombinase activity of normal
platelets increases from 5.5 to 70.% nM Ila/min upon
stimulation with collagen plus thrombin. In comparison,
the activity of Bernard-Soulier platelets increases from
42.8 to 140.9 oM Ila/min upon stimulation (Table I1I).
Finally, & large difference was found between the pro-
thrombinase activities of the lyvsed platelets, which were
on the average two-fold higher for the Bernard-Soulier
platelets as compared to the contreol platelets.

Since procoagulant activity is deépendent on the amount
of suitable phospholipid surface [2,4,57, the increased
prothrombinase activity of Bernard-Soulier platelets could
be due to an increased size reported for these platelets
{16,17]. On one occasion we had the opportunity to measure
the mean platelet wvolume of preparations from three
Bernard-Soulier patients. The wvalues are given in Table
I, including the corresponding wvalues of the prothrom-
binase activities of the nonstimulated platelets. The
non—spherical shape and the existence of invaginations
make it impossible to calculate a mean platelet surface
area from the data in Table III. However, an increase in
volume is accompanied by a relatively smaller increase in
surface area of the platelet. Thus, the increased pro-
thrombinase activities of non-stimulated Bernard-Soulier
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platelets, being some 10-fold higher than with control
plateélets, cannot be ascribed exclusively to an increased
membrane surface area, this area being less than two-fold
larger than that of control platelets.

TABLE III
Comparison between mean platelet volume and
prothrombinase activity
of three Bernard-Soulier patients.

Patient Prothrombinase activity Mean platelet

nM Ila/min/{10%cells/ml) volume {(Pm™)
Control 5. 5+2.0 7.9
1 46.8%21.1 14.8
2 38.0*14. 4 13.8
3 69.6x18.0 15.2

From the c¢ase histories of the five Bernard-Soulier
patients, it appeared that four of them underwent splenec—
tomy. Im order +to see whether this could be of any
influence on the platelet procoagulant activity, the
prothrombinase activity of platelets from two healthy
persons who were splenectomized after a traffic accident,
was investigated. Procoagulant activities of these
platelets, either non~stimulated or stimulated by collagen
and/or thrombin, fell completely within the range of
activity of normal platelets (data not shown).

One patient with May-Hegglin anomaly was investigated
since this syndrome was described to be accompanied by the
presence of giant platelets [18]. Indeed, the prothrombin-
ase activity of the lysed platelet suspension suggests an
inereased amount of phospholipid per platelet, similar to
the Bernard-Soulier platelets (Table I1). The procoagulant
activity of the non-activated platelets from this parti-
cular patient also appeared +to be several times higher
than the normal range. The same was found after stimula-—
tion by thrombin. The maximal prothrombinase activity of
80.6 oM Ila/min found after stimulation by collagen plus
thromhin, however, was not very different from that found
for normal platelets (52.7 -~ 84.3 nM Ila/min).

From several of the patients described above, we have
also been able to measure the factor X-activating capacity
of the platelets according to van Dieijen et al. [5]. Sim-
ilar results to those obtained for prothrombinase activit-
ies were found in all cases (data not shown).
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This paper describes the procosgulant activity of
pathological platelebts measured as the ability of plate—
lets to enhance the rate of thrombin formabion by the
action of factors Xa and Va on prothrombin. The assay,
which was originally developed for washed platelets,
appeared +to be eqgually wvalid when performed in PRP,
diluted sufficiently to allow neglectance of the plasma
coagulation factors in comparisom with the concentrations
of the purified factors Xa, Va and prothrombin that are
added to the system.

No large abnormalities were found in prothrombinase
activities of storage poul deficient platelets. Thus,
exposure of a procoagulant surface does not require
release of dense bady or w-granule contents. This confirms
the observation that stimulation of normal platelets by
throwbin alone does not lead to a large increase in
prothrombinase activity, which supports the idea that the
expression of a procoagulant surface is not a result of
the fusion of granule membranes with the plasma membrane
occurring during the release reaction [1,8,7].

The major defect of platelets from patients with
Glanzmann’s thrombasthenia is the lack of saggregation in
response to several agonists. The primary cause of this
defect is the absence of membrane glycoproteins IIb and
ITIa [12,15,19}. The observation that the prothrombinase
activity of these platelets does not differ from normal
platelets, either in the stimulated or in theée non-stimula-
ted form, allows the conclusion that glycoproteins Ilb and
ITIa are not directly involwved in the exposure of this
activity. Moreover, it can be - concluded that aggregation
is not required for the expression of prothrombinase
activity. This seems to be in contrast with findings of
Hardisty and Hutton [20,211 and Walsh [22] who found a
severely impaired platelet factor 3 (PF3) activibty in
thrombasthenic platelets. Also based on observations with
different pathological platelets, it was concluded that
PF3 activity was merely a reflection of platelet aggre-
gability [21]. However, the PF3 assay used by these
authors is not only dependent on the exposure of pro-
coagulant phospholipids, but is also influenced by other
factors as has been discussed previously [1,68]. Therefore,
some caution should be exercised when comparing platelet
prothrombinase activities obtained by a BStypven assay
{PF3) or by the more defined assay used here, which is
only dependent on the exposure of a procoagulant sur-
face. In conclusion, the bleeding severity in thrombas-—
thenia is presumably not due to a defect in prothrombinase
activity. The most important determinant for this bleeding
disorder is the decreased or absent fibrinogen binding to
these platelets as described by Lee et al. [23].

Aberrant prothrombinase activities were found for
Bernard-Soulier platelets. This was particularly manifes-
ted in the prothrombinase activities of non-stimulated
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platelets which sappeared +to be approximately 10-fold
higher than found for normal platelets. Bermard-Soulier
platelets are predominantly characterized by their larde
gize [16,17] and the absence of membrane glycoproteins Ib,
V and IX [14,24,25,26]. Although GP Ib is considered to be
the high saffinity binding site for thrombin and GP V the
surface substrate that is cleaved by thrombin [{27], the
prothrombinase activity of PBernard-Soulier platelets can
sBtill be increased upon treatment with thrombin, though to
a somewhalt smaller extent than in normal platelets. Maxi-
mal prothrombinase activity after stimulation with
collagen plus thrombin is only two-fold larger than for
normal platelets. This probably reflects the increased
size of Bernard-Soulier plstelets, which can also be seen
from a comparison between the prothrombinase activities of
lysed normal platelets and lysed Bernard-Soulier plate-
lets. This is in agreement with the observation of Perret
et al. [28] that Bernard-Soulier platelets have an
increased phospholipid content. However, the difference in
size or phospholipid content is insufficient to explain
the  increased activity of non-stimulated Bernard-Soulier
platelets {(see Table II). The most likely explanation for
the increased basal prothrombinase activity can be
obtained from the work of Perret et al. [28] who found an
abnormal phospholipid organization 1in Bernard-Soulier
platelets. Specifically they found an increased exposure
of phosphatidylserine {(and phosphatidylethanolamine) at
the platelet outer surface at +the expense of sphingo-
wyelin. We have previously shown that an increased
prothrombinase activity is accompanied by an exposure of
phosphatidylserine at the platelet outer surface [7].

The altered phospholipid distribution in Bernard-Soul-
ier platelet membranes - could have several possible
causes. A lack of dlycoprotein Ib could be responsible for
s change in phospholipid organization. Several investigat-
ore [29,30,31] recently showed +that glycoprotein Ib is
associsted with cytoskeletal structures and thus forms a
site of interaction between oytoskeleton and plasma
menbrane. We have found that platelet cytoskeletal
proteins might be involved in maintenance of the asym-
metric phospholipid distribution [32] as was also demon—
strated for the red eell membrane [33]. A defect in
membrane-cytoskeletal interaction due +to lack of glyco-
protein Ib could lead to an altered membrane architecture
and hence to & different phospholipid distribution in
Bernard-Soulier platelets. Another possible explanation
arises from the work of Chevalier et al. [34] who showed
that Bernard-Scoulier platelets have an abnormal distribu-—
tion of intramembranous particles which are considered to
be integral membrane proteins that are wvisualized by
freege-fracture electron microscopy. The significantly
decreased number of particles in the outer fracture face
might indicate an inereased protein-free phospholipid
surface which could lead +0 an increase in possible
binding sites for the prothrombinase complex. Finally, it
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is possible that the altered phospholipid asyometry
reflects a partly activated state of the platelets induced
during circulation, due %o an increased susceptibility
towards activators. This might be caused by the increased
platelet size. In this respeckt, it is of interest to
mention that a positive relationship between platelet
procoagulant activity and platelet size has been obzserved
in a number of psatients with diabetes mellitus [35]. Our
qbsarvatiom with the one May-Hegglin patient is not
inconsistent with this notion.
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CHAFTER &

" STIMULATION OF PROTHROMBINASE ACTIVITY OF PLATELETS
AND ERYTHROCYTES BY SUB-LYTIC TREATMENT
WITH PHOSPHOLIPASE C FROM CLOSTRIDIUM WELCHII:

Summpary.

Treatment of platelets or red cells with
small amounts of phospholipase € from
Clostridium welchii enables both cells, prior
to the onset of lysis, to stimulate prothrom-
bin conversion by factor Xa and Va in the
presence of calcium. Phospholipase C treat-
ment of both cells also exposes significant
amounts of phosphatidylserine at the outer
surface. The level of phosphatidic acid
formed from diglycerides produced by phospho-
lipase C action, is similar to that formed in
activated platelets upon triggering the
phosphatidylinositol cycle. A possible
involvement of this cycle in the activation
of platelets +to become more procoagulant is
discussed.
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We have previocusly =shown that stimulation of human
blood platelets by the cowbined action of collagen plus
thrombin leads to increased exposure of phosphatidylserine
in the outer leaflet of the plasma membrane, presumably
resulting from an induced transbilayer movement of
phospholipids [1,2]. This activaton procedure enables the
platelets to ephasnce +the conversion of prothrombin to
thrombin by the coagulation factors Xa and Va in the
pragence  of calcium. This catalytic effeet is caused
by increassed complex formation of coagulation factors and
negatively charged polar headgroups in the membrane
phospholipid surface [3-5]. Both in platelets and erythro-
cytes phogphatidylserine is the major negatively charged
phospholipid present, but it is virtually absent from the
exterior gsurface of the membrane  [6-8]. Its exposure at
the outer surface as can occur during platelet activation,
may serve to stimulate the coagulastion process [, 10].

It has been shown by Mauco et al. [11] for human
platelets and by Allan et al. [12] for human erythrocytes
that introduction of diglycerides in the membrane by
action of phospholipase ¢ from Clostridium welchii results
in the formation of phosphatidic acid, which sudgests a
transbilayer movement of diglycerides to +the inner
monolayer of the membrane where diglyceride kinase and ATP
are available [12,13]. We have previously demonstrated
[14] that incubation of platelets with phospholipase C
from C. welchii results in an increase of their ability to
enhance the conversion of prothrombin to thrombin by the
factor Xa-Va complex. At that time we suspected the known
lytic effect of phospholipase C from C. welchii [6,11,12]
to be responsible for this phenomenon since lysis results
in exposure of the inner leaflet of the plasma membrane
where phosphatidylserine is located, while this lipid is
not degraded by phospholipase C [6]. We now show, however,
that before the onset of lysis, phospholipase ¢ treatment
of red cells and platelets enables both cells to stimulate
prothrombin conversion and that this effect can be
asceribed to an increased exposure of negatively charged
phospholipid at the cell outer surface.

Phospholipase C from Clostridium welchii and phospho—
lipagse A= from HNaja naja were purified according to
Iwaal et al. [6]. Blood coagulation factors Va, Xa and
prothrombin were prepared as described in Rosing et
al. [3].

Blood was drawn from healthy male volunteers and
collected in acid-citrate-dextrose (0.052 M citric acid,
0.08 M trisodium e¢itrate, 0.183 M glucose, 1 vol of ACD to
5 vols of blood). Platelet-rich plasma and erythrocytes
were separated by centrifugation at 200 g for 15 minutes
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at room temperature. Erythrocytes were washed three times
in 0.9% NaCl (w/v) by centrifugation at 1000 g for 10
minutes. Platelets were pelleted from platelet-rich plasma
by centrifugation at 600 g for 15 minutes. The platelet
pellet was carefully resuspended in a buffer containing
136 mM NaCl, 2.7 oM KCl, 2.0 oM MgCl=, 25 mM glucose, 10
oM Hepes and 0.08% (w/v) fatty-acid free human serum
albumin, pH 6.6 (Hepes buffer). The platelets were
washed twice in this buffer by centrifugation at 600 g for
15 minutes. Before each centrifugastion 1 vol of ACD was
added to 15 wvols of platelet suspension. Finally the
platelets were resuspended in Hepes buffer pH 7.5. Before
adding phospholipase C, platelets and erythrocytes were
diluted in Hepes buffer pH 7.5 to a cell count of 5%10¥ /ml
using & Coulter counter. Ca®* was added to a final
concentration of 3 mM.

Hemolysis of erythrocytes was measured as the release
of hemoglobin, determined by the optical density at 418
nmw. Platelet lysis was measured as the leakage of lactate
dehydrogenase [15].

Phospholipids were extracted from erythrocybes and
platelets according to Bligh and Dyer [168], separated by
two—dimensional thin layer chromatography and analyzed as
phosphorous as described earlier [6]. Methyl-phosphatidic
acid, prepared from egdg phosphatidylcholine [17], was used
as external standard.

The rate of thrombin formation in the presence of red
cells or platelets was measured essentially as described
before [1]. Briefly: to 300 Hl of a cell suspension, 13 p1
75 mM CaCle: and 50 ¢#1 of a mixture containing 30 nM factor
Xa and 60 nM factor Va were added. After a period of 2
minutes to allow equilibration of the clotting factors at
the cell surface, the enzymatic reaction was started by
addition of 125 pl 16 pM prothrombin. After 1 minute a
sample was taken and immediately diluted in a buffer
containing 120 mM NaCl, 850 wM Tris and 2 mM EDTA (pH 7.5)
to stop the reaction. The amount of thrombin formed was
determined by measuring the change in absorbance at 405 nm
per unit time, produced by the action of thrombin on the
chromogenic substrate S2238 (AB Kabi Diagnostica, Sweden),
using a calibration curve made with known amounts of
active-site titrated thrombin.

Figure 1 shows that upon incubation with phospholipase
C from C. welchii (0.01 I.U./ml}) both platelets and
erythrocytes show an increasing ability +to enhance
thrombin formation before significant lysis of the cells
occurs. To confirm that this activity can be ascribed to
the appearance of negatively charged phospholipids at the
outer surface of the cells, phospholipase C-treated cells
were subsequently subjected to treatment with phospho-
lipase A= from N. naja.
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Fig.t: Prothrombinase activity of thuman vred cells ( O ) and
platelets ( @ ) induced by phospholipase C (L. welchiil treat-
pent. Dashed lines represent lysis of erythrocytes ( A ) and
platelets (M),

Q.01 IW/el phospholipase C 1isx added at ¢=0 (I J¥ is defined as
the amdunt of enzyme able to degrade ! vypaole of substrate per
minute at I7=C under optimal conditians [61).

Sinege the incubation with phospholipase C alone causes
lysis after 30 minutes to both erythrocytes and platelets,
cell suspensions (25 ml, 2%10° cells/ml, 10 mM Cs®* )} were
first incubated during 10 minutes with phospholipase C
from C. welchii (0.01 IU/ml). After this preincubation
period phospholipase A= from N naja (3 IU/ml) was added.
Lysis remained below 10% for both cell preparations during
15 mivutes following +the addition of phospholipase A=,
while the lysis rapidly increased upon further incuba-
tion. Samples for lipid analysis were taken 15 minutes
after addition of phospholipase A=. Lipid degradation was
stopped by adding EDTA (final concentration 15 mM) and
o-phenantroline (final concentration 2 mM). Prior to lipid
extraction and analysis methyl-phosphatidic acid was added
as external standard.

Az shown in Table 1, preincubation with phospholipase
C allows extensive degradation of phosphatidylserine by
subsequently added phospholipase A-. Some 35 to 40% of the
phosphatidylserine in both cells can be hydrolyzed while
cell lysis remains below 10%. It should be emphasized that
phosphatidylserine is no substrate for phospholipase C
from €. welechii and also that this phospbolipid is not
degraded upon incubation of platelets [1] or red cells [61
with phospholipase A= alone. Since in intsch erythrocytes
and platelets phosphatidylserine is almost exclusively
located in the inner leaflet of the plasma membrane [6-81,
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the data suggest that substantial amounts of phosphatidyl-
serine become exposed at the exterior surface of plat&lets
and erythrocytes during phospholipase C treatment.

TABLE I
Degradation of phospholipids in human platelets and
erythrocybes by the combined action of
phospholipase C (C.welchii) and phospholipase A= {(N.naja)

Phospholipid Erythrocytes Platelets
Phosphatidylserine 33-39 35-43
Sphingomyelin 29-40 27-~33
Phosphatidylcholine 15-27 25-40
Phosphatidylethanolamine 18-21 1619

Range of degradation obtained Trowm 4 separate experiments Is
expressed as percentage of the asount of each lipid class
present In non-treated cells, Data are corrected for cell lysis
assuwing complete phospholipid degradation in the population of
the lysed cells., Lysis was always below 10%.

Phosphatidylserine fis only degraded by phospholipase Az, since
it is no substrate Yor C.welchii phospholipase €. Sphingomyelin
is no substrate for phospholipase Az, its degradation being
salely caused by phospholipase C. Phosphatidylcholine and
phosphatidylethanolanine are attacked by both enzywes.

However, the amount of phosphatidylserine degraded by
phospholipase A= cannot be directly interpreted as the
actual amount of this lipid exposed at the outer surface.
Cell 1lysis, which inevitably © occurs, may precede a
complete degradation of the outer monolayer. Moreover,
appearance of phosphatidylserine in the outer leaflet
presumably results from a transbilayer movement and it is
likely that this process proceeds during phospholipase A=
treatment. Also, it cannot be excluded that transbilayer
movement is influenced by the phospholipase A treatment
per sé.

The increased exposure of negatively charged phospha-
tidylserine at the outer surface of both cells following
phospholipase C treatment can explain their abilibty to
enhance prothrombin conversion. It may also be possible
that the formation of phosphatidic acid, resulting from
diglyceride kinase action on diglycerides formed by
phosphol ipase C, contributes to this effect [18]. However,
under our experimental conditions, treatment of both red
cells and platelets with 0.01 IU of phospholipase C for 10
minutes results in the formation of 2-4% of phosphatidic
acid (expressed as percentage of total lipid phospho-
rous). This amount is insufficient to fully explain the
enhancement of prothrombinase activity, even assuming that
all phosphatidic acid formed in the inner leaflet would be
subject to transbilayer movement.

It has been shown that didlyceride formation in
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bacterial menbranes induces phospholipid flip-flop
[19,20]. Our results suggest that transbilayer movement of
phospholipids {particularly phosphatidylserine) occurs
after formation of diglycerides and phosphatidic acid in
blood cell membranes. A possible involvement of ceramides
formed from sphingomyelin by phospholipase C action can be
ruled out, since treatment of the cells with sphingomye-
linagse does not lead to an increased exposure of phospha-—
tidylserine towards exogenously added phospholipase A=
[6,8). Also, sphingomyelinase treatment of red cells and
platelets does not increase +their ability to enhance
prothrombin  conversion to levels comparable to those
obtained after phospholipase C treatment [14].

pDiglycerides and phosphatidic acid can produce local
disturbances in the bilayer structure by the formation of
intra~-bilayer inverted micelles, which can induce transbi-
layer movement of phospholipid [21]. Also, changes in
physical properties of artificial membranes have been
degscribed [22] upon replacing phosphatidylinositol by
diglycerides. In situ, diglycerides and phosphatidic acid
can be formed in many cells from phosphatidylinositol by
the action of phosphatidylinositol-specific phospholipase
C and diglyceride kinase [23]. In activated platelets,
this can lead to a phosphatidic acid level close to 2% of
total lipid phosphorous [24-26]1, which is very similar to
the amount of phosphatidic acid formed during a 10 minutes
incubation of the cells with 0.01 1IU/m}l of phospholip-
ase C. Therefore, diglycerides and phosphatidic acid
formed in the Pl-cycle of activated platelets may produce
perturbations of the bilayer structure which could play a
role in evoking transbilayver movement of phospholipids,
leading to an increased exposure of phosphatidylserine in
the outer leaflet. Thiz process is of physiological
importance ince it would switch on the platelets to
become more procoagulant.
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CHAaPTER 7

THE INVOLVEMENT OF CYTOSKELETON IN THE REGULATION
OF TRANSBILAYER MOVEMENT
OF PHOSPHOLIPIDS IN HUMAN BLOOD PLATELETS.

Summary.,

Activation of human platelets by different
activators resulted in a different extent of
degradation of the cytoskeletal proteins
actin-binding protein and myosin, as well as
of +the non—-cytoskeletal protein P235. The
highest extent of proteolysis was observed
with Ca-ionophore AZ23187 and decreased on
going from A23187 > collagen plus thrombin >
collagen > thrombin = ADP. The same order of
potency has been found previously (BBA, 736
(1983 b567-66) for the ability of platelet
activators to induce exposure of aminophos-—
pholipids in the outer leaflet of the
platelet plasma wmembrane, and to stimulate
platelets to become procoagulant. Degradation
of cytoskeletal proteins as a result of
platelet stimulation by collagen plus
thrombin was prevented in the presence of
dibutyryl cAMP or EDTA but not in the
presence of aspirin. This also runs in
parallel with platelet - procoagulant acti-
vity. Moreover, platelets from a patient with
a partial deficiency in platelet procoagulant
activity revealed a diminished extent of
degradation of oytoskeletal proteins upon

 platelet stimulation by collagen plus
thrombin. It is concluded that alterations in
eytoskeletal organization upon platelet
stimulation may lead +to alterations in the
orientation of (amino)phospholipids in the
plasma membrane, and may therefore play a
regulatory role in the expression of platelet
procoagulant activity.
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Introduction.

The asymmetric distribution of phospholipids between
the imner end the outer laver of the platelet plasma
membrane is disturbed when platelets are treated with
calcium ionophore A23187, SH-oxidizing agent diamide, or
when platelets are stimulated by the combined action of
collagen and thrombin [1,2]. These treatments result in an
increagsed exposure of aminophospholipids in the outer
leaflet of the plesma membrane, resulting from an induced
transbilayer movement of phospholipids. Consequently,
these platelets become able +to enhance the converzion of
coagulation factor X to Xa by a complex of coagulation
factors IXa and VIIIa, and of prothrombin to thrombin by a
complex of coagulation factors Xa and Va [1-3]. Both
catalytic effects are caused by complex formation of
coagulation factors and negatively charged phospholipid
headdgroups provided by the increased exposure of phospha-
tidylserine [4,5].

The non-random orientation of phospholipids in resting
platelets resembles that in red cells [6-9]. The origin of
this asymmetry and the mechanisms responsible for its
regulation are still open to econjecture, but recent
studies with red eells have indicated that interactions
between the major oytoskeletal protein spectrin and
anionic phosphatidylserine way contribute to the mainten-—
ance of the orientation of this phospholipid in the inner
leaflet of the membrane bilayer [10-13]. Oxidation of
gpectrin SH-groups by diamide [10], or decoupling of
spectrin frow +the bilayver in spicules from irreversibly
gsickled erythrocytes [13], results in increased exposure
of aminophospholipids (including phosphatidylserine} at
the outer surface of the erythrocyte. Also in platelets,
treatment with diamide has been shown to produce extensive
cross—-linking of cytoskeletal proteins (including actin-~
binding protein, heavy chain myosin and actin) [14, 151,
and this may result in a dramatic reorientation of amino-
phospholipids by a mechanism similar to that operating in
diamide trested red cells [2,12]. Another distinct
posgibility to enhance transbilayer movement of phospho-
lipids in platelets iz by alteration of the cytoskeleton
gtructure upon activetion. In this respect, it is of
interest that co¢ytoskeletal organization differs between
platelets activated by thrombin or by calcium ionophore
[16,17]. Platelets contain a calcium-dependent protease
[18, 18] that produces almost complete breakdown of
actin-binding protein (as well as of the non-cytoskeletal
protein P238) when platelets are activated by A23187,
whereas activation by thrombin does not result in dedra-—
dation of cytoskeletal proteins as judged from one-dimen-—
sional polyacrylamide gel electrophoresis [i8]. In a
recent study using two-dimensional polyscrylamide gel
electrophoresis, Fox et al. [20] were able to show limited
calecium-dependent proteolysis of actin-binding protein
upon stimulation of platelets with thrombin.
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In view of the finding that the amount of phosphati-
dylserine exposed at the platelet outer surface depends on
the activation procedure [2], we were interested to study
whether this would correlate with calcium-dependent
proteolysis of cytoskeletal proteins. For this purpose, we
used one-dimensional polyacrylamide gel electrophoresis
for convenient comparison between the gels. Moreover, two
of the known products of caleciun-dependent proteclysis
(M-, 48 kD and 135 kD) are not found on two-dimensionsal
gels, presumably because they have isoelectrie points
beyond the range of +the Ampholines usually employed
[20]. On one-dimensional gels, however, the degradation
fragment of M- 100 kD iz wusually  not observed, perhaps
because it comigrates with w-actinin (M- 105 kD) [19].

aterials and | ]

Human platelets were isolated from freshly drawn blood
and washed by centrifugation as  described previously
[2]. All steps in the washing procedure were carried out
in plastic tubes at room temperature. Prior to  the
activation procedure, washed platelets were resuspended at
a concentration of 2*%107 platelets/m)l in Hepes buffer (pH
7.5)- containing 137 mM NaCl, 2.7 mM KC1l, 2 mM MgCl., 10
oM Hepes and 5 oM glucose. Stirred platelets suspensions
were made 3 mM  in calcium  (unless otherwise stated) and
activated with different stimulators at 37 C. After a b
minutes activation period, platelets were spun down at
1000 g for 2 minutes. Platelet pellets were dissolved in
2% 8DS (w/v), 5% BRB-mercaptoethanol {(v/v) and 1 mM EDTA.
Electrophoresis was carried out as described by Laemmli
[31] wusing 7.5% polyacrylamide gels with a 4% stacking
gel. Gels were stained with Coomassie Brilliant Blue.
Cytoskeletal preparations were made essentially as
described by Rosenberg et al. [32]. Briefly, to a platelet
preparation {control or activated) was added 1/10%" vol of
a solution containing 10¥ Triton X-100, 100 mM EDTA, pH
7.5. After stirring for 10 mnminutes in ice, the samples
were centrifuged at 1000 g for 10 minutes. The pellets
were treated as described above for total platelet
preparetions.

Fig. 1 shows the protein patterns of control plate-
lets, and platelets activated for & minutes with thrombin,
collagen, collagen plus thronbin, calcium ionophore
A23187, and ADP. On the basis of their apparent molecular
weights and by comparison with previous gtudies [16-20],
actin-binding protein, P235, heavy chain myosin, e-actinin
and G-actin were identified. In concordance with previous
investigators using a similar one-dimensional polyacryl-
amide gel electrophoresis [16,17], A23187 produced virtual
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complete  breakdown of actin-binding protein and the
protein P235 and the formation of four major degradation
products of M- 180 kD, 135 kD, 93 kD and 48 kD (Fig. 1,
lane E).

Fig.ls Protein patterns froa activated platelets. Lane A,
non-stinulated plateletsy lane B, stisulated with 2 nf thronbiny
Tane €, stipulated with 10 pg/mnl collagen (Horaon Chemie,
Hunichdp lane [, stimulated with 2 oM throwbin plus 10 pg/ul
eollageny lane E, stimulated with | yH calcium-ionophore A23187}
lane F, stimulated with 10 pH ADP.

Platelet activation, sample preparation and electrophoresis nere
carried out as described in the text.

The cytoplaseic protein P235 is Jocated betweenr ABP and ayosin.
The arrowheads designate the four major degredation products.
Indicated on the right side are the positions of the molecular
weight standards catalase (232 kD), lactate dehydrogenase (140
kD), phaspherylase B (94 kD), bovine serue albumin (47 kD) and
ovalbuein (43 kD).

Evidence has been obtained that calcium-dependent proteo-
lysis of actin-binding protein results in the formation of
fragments M- 200 kD and 93 kD, while P235 is dedraded to
fragments of M- 200 kD and 48 kD {21]1. Treatment of
platelets with A23187 also revealed an essentially
complete breakdown of heavy chain myosin, an effect which
has not been recognized before. In this respect it is of
interest to mention that platelet myosin was shown
to be cleaved by endogenous proteases during myosin
isolation, to give separable rod (M- 130 kD) and head
{M- 100 kD} polypeptides [22]. Therefore, it is possible
that the degradation fragment M- 135 kD observed in
ionephore treated platelets represents the rod fragment of
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myosin.

In contrast to the effect of A23187, platelet activa-
tion by thrombin <{even ‘st & concentration of 20 nM)
produced no visible calcium-dependent proteolysis (Fig. 1.
lane B}, although limited breakdown has been shown to
appear on two-dimensional gels [20]. Stimulation of
platelets by collagen seemed to be somewhat more effective
than thrombin in that wminor formation of the four degrada-—
tion fragments (M- 1890 kD, 135 kb, 93 kD and 48 kD)
cccurred (Fig. 1, lane C). No change in the extent of
degradation was observed when the collagen concentration
ranged from 4 to 40 Hg/ml or when the activation period
varied from Z to 15 wminutes. Simultansous activation of
platelets by collagen plus thrombin produced much more
polypeptide degradation (Fig. 1, lane D)}, than treatment
of platelets with either of these stimulants separately.
It is evident that activation by collagen plus thrombin
resulted in substantial formation of the same four
degradation products as observed upon platelet activation
by ionophore. Also, a decrease in actin-binding protein,
P235 and presumably also in heavy chain myosin ig apparent
in gels of collagen plus throwbin activated platelets. In
general, the degradation patterns were highly reproducib-
le, provided that platelet activation was performed at
concentrations below 10* platelets/ml under stirring to
praoduce aggregation. At higher platelet concentrations,
the appearance of +the degradation products was usually
less reproducible, particularly in the preparations
activated by collagen or by collagen plus thrombin. It is
well known that the higher the platelet concentration, the
larger are the aggregates formed. It is therefore conceiv-
able that +this will reduce the fraction of platelets in
direct contact with collagen, as more platelets will be
agdgregated by released ADP. Activation of platelets by ADP
in the presence of extracellular calcium did not preoduce
any of the proteolysis fragments (Fig. 1, lane F).

Fig. 2 shows that formastion of the four degradation
fragments induced by activation of the platelebs with
collagen plus thrombin was essentially the same irrespec-
tive of whether platelets were activated for 1 or for 15
minutes (Fig. 2, lanes B and C). However, when platelets
were treated first with dibutyryl cAMP (Fig. 2, lane D) or
when extracellular calcium is replaced by EDTA (Fig. 2,
lane E)} none of the dedradation fragments were formed.
Pretreatment of the platelets with aspirin did not prevent
the formation of the four degradation fragments when
platelets are subsequently activated by ocollagen plus
thrombin (Fig. 2, lane F). We have previously shown that
the appearance of phosphatidylserine at the platelet outer
surface as induced after platelet stimulation by the
combined action of collegen plus thrombin is abolished in
the presence of dibutyryl cAMP or EDTA, but ig not
prevented in the presence of aspirin (23].
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Fig.?: Effect of different platelet function inhibitors on
protein patterns frow collagen plus throebin activated plate-
lets, Lane A, non-stiwelated plateletsy lane B, stimsulated with
collagen plus throsbin for I winj; lane C, for 15 pinj lanes
B,E,F preincubated Tor § win with inhibitors, followed by a
stinulation with collagen plus throebin for § wming lane D
dibutyryl cAMP (3 aK); lane E, ! wM EDTA in the absence of
calciuwy lanme F, aspirin (fwg/wll}. Further experimental detalls
are described in the legend to Fig.l.

Fig. 3 shows the protein composition of the cytoskeletons,
obtained as the Triton-insoluble residues. The main
proteins in these preparations are actin-binding protein
{M- 250 kD), heavy chain myosin (M- 200 kD), e-actinin (M-
1085 kD) and ackin (M- 43 kD), which is in agreement with
other investigators [22]. In addition it was confirmed
that a prominent polypeptide of M- 56 kD is recovered in
the cytoskeleton of thrombin-activated platelets [24].

Yields of oyvtoskeletons were negligible with ionophore
treated platelets which may reflect extensive calcium—
dependent proteolysis of cytoskeletal proteins. Relative
to heavy chain myosin, the largest reduction of actin-
binding protein was observed with platelets activated by
collagen plus thrombin (Fig. 3, lane E), apart from
ionophore treated platelets of which not enough meterial
could be collected. Of the four degradation products
observed in protein patterns of the platelet preparations
after activation by collagen plus thrombin (Fig. 3, lane
F}, only the polypeptide of M- 135 kDIl was (presumably
partly) recovered in the corresponding Triton-insoluble
residue (Fig. 3, lane E). We did not observe that the
highest molecular weight fragment (M- 190 kD) remained
associated with the cytoskeleton, as did Truglia and
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S@racher {181 after treatment of platelet preparations
w;th highly pirified ecalcium—dependent protease from
platelets. The reasons for this discrepancy are nob known,
but could easily be due to differences in experimental
conditions.

32 K

~HOK
-84 K
-G

“~43K

Fig.3:i Protein patterns of cytoskeletons from (activated)
platelets. Lane A, ‘total protein pattern from non=stisulated
plateletsy lane B, cytoskeletans -of non-stinulated platelets;
lane C, cytoskeleton after thrombin (2 ni) stinulation; lane D,
cytoskeleton after stirulation with collagen (10 pg/all); lane E,
cytoskeleton after stimulation with collagen plus thrombinj lane
F, total protein patéern after stinulation with collagen plus
throwbin, Cytoskeletons were prepared as described in the text.
For further experivental details see Fig.l.

The results clearly indicate that the extent of calcium-
dependent proteolysis upon platelet avtivation depends on
the activator: A23187 > collagen plus thrombin > collagen
» thrombin = ADP. It is remarkable that both the amount of
phosphatidylserine exposed at the outer surface and the
concordant ability of platelets to gtimulate prothrombin-—
ase activity is similarly dependent on the platelet
activator (Fig. 4). In addition, we recently studied
platelets from a patient earlier described by Weiss et
al. [25]1 to have a deficiency of platelet procoagulant
activity. These platelets appeared to have @& reduced
capability to promote both prothrombin- and factor
X-activation after stimulation by ecollagen plus thrombin,
and this was accompanied by reduced exposure of phospha-—
tidylserine at the platelet outer surface [26].

95



j200
Fig.4: Relation betueen sonioatad
prothrosbin converting
activity and exposure of 1008
phosphatidylserine in
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platelets. Fach . point
represents @ different
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indicated, Contr.,
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This plot is a  graphic
representation of ~ data
froe Ref.2.
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It is of interest that these platelets also revealed a
diminished calcium~dependent proteolysis upon stimulation
with collagen plus thrombin (Fig. 5, compare lane D with
B). - -

Fig.5: Platelet protein ABP=
patterns frow a patient
with a bleeding disorder.
Lanes A and B are from a
control denor, lanes £ and
D froe the patient. Llanes
A and €, non-stisulated
platelets, lanes B and D, o~ ACTININ=
platelets stimulated with -
collagen plus throebin,

. Gl - 232K
MYOSIN=
-

=140 K

-394 K

Further experivental
details are given in
Fig.l. L -

ACTIM=

i A B C D
In particular, the formation of degradation fragments
M- 135 kD and 93 kP was found to be strongly reduced
compared to identically activated normal platelets.
Treatment of the patients plabtelets with Ca-ionophore
A23187 produced the same extent of proteolysis as found
with ionophore-treated normal cells. This strongly
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suggests that the patients platelets are not (partly)
deficient in caleciumdependent protesse, but that they have
s decreased ability to raise the cytoplasmic calceium
concentration wpon activation. Also, it is likely that
activation of normal platelets by collagen plus thrombin
produces a higher increase in cytoplasmic caleium concen-
tration than activation by either of these agonists
separately. Dibutyryl cAMP prevents calcium—dependent
proteolysis by suppressing cytoplasmic calcium concentra-
tions. The inhibitory effect of EDTA strongly indicates
that extracellular calcium has to be taken up in order to
attain cytoplasmic calcium levels, sufficiently high to
stimulate Ca®™ -dependent protease activity.

It is conceivable that degradation of cytoskeletal
proteins is accompanied by alterations in cytoskeletal
organization which result in a detachment of the cyto-
skeleton from the interior half of the lipid bilayer
membrane. In =0 far as direct interactions between
cytoskeletal proteins and phosphatidylserine exist in
platelets {(which will be demonstrated in chapter 8 of this
thesis), a decoupling might facilitate transbilayer
movement of phosphatidylserine similar to that postulated
for red cell membranes [12,13]. It should be emphasized,
however, that loss of phospholipid asymmetry does not
automatically have to occur upon decoupling of cytoskele-—
ton from +the membrane. It has been demonstrated that
spectrin—-free microvesicles obtained from jionophore-
treated red cells retain their asymmetric phospholipid
distribution, unless incubated for 16 hours at 37=C [27].
It is therefore more likely that decoupling of the
eytoskeleton from the lipid bilayer is a prerequisite for
the rapid transbilayer movemeht to ocour, the rate of
which would be dependent on structural alterations in the
membrane bilayer itself .to . form -sites: that allow for
transbilayer reorientation [28-30].
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CHAaFRrFTER &8

_INTERACTION BETWEEN PHOSPHATIDYLSERINE AND
ISOLATED CYTOSKELETON OF HUMAN BLOOD PLATELETS:

Summary .

Binding experiments were performed to demonstrate a
direct interaction between cytoskeletons from human
blood platelets and phosphatidylserine. A centrifu-
gation technique employing radiolabeled phosphati-
dylserine-vesicles and Triton X=100 insoluble
residues from unstimulated human platelets was used
to assess the binding. Interaction between cybo-—
skeleton and phospholipid is demonstrated to be
specific for phosphatidylserine. No binding was
observed for phosphatidylcholine. The binding of
rhosphatidylserine was saturable and dependent on
the concentration of cytoskeleton used. The inter-
action betwsen phosphatidylserine and the cytoskele—
ton appeared to be completely reversible.

The existence of a reversible and specific interac-—
tion between phosphatidylserine and the cytoskeleton
of unstimulated platelets would sugdest a role for
the cytoskeleton in the maintenance of the asymme-
tric distribution of this lipid in the plasma
membrane. We have previously shown ({(Comfurius et
al., Biochim. Biophys. Acta 815, 143-148) +that in
activated platelets a stfong correlation exists
between degradation of platelet cytoskeletal
proteins by the endogenous calciumdependent protease
{calpain) and exposure of phosphatidylserine at
their outer surface. Newvertheless, hydrolysis of the
igsolated cytoskeleton by calpain did not result in a
change in the parameters of the binding between
phosphatidylserine and cytoskeleton. Also, sulfhyd-
ryl oxidation of the ecytoskeleton by diamide did not
affect its binding properties for phogphatidylser—
ine, in spite of the fact that diamide treatment of
platelets results in exposure of phosphatidylserine
at the outer surface.

Exposition of phosphatidylserine upon activation of
platelets cannot be directly ascribed to a change in
affinity or number of binding sites of the modified
cytoskeleton as measured in model systens. However,
it cannot be excluded that topological rearrande-
ments of the cytoskeleton as occur within the cell
during plsatelet activation lead to a decreased
contact between cytoskeleton and lipid, irrespective
of the binding parameters.
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The existence of transbilayver asymmetry of phospho—
lipide in the plasma membrane of different cells is
wall established [for a review see Ref. 1]. This asymmet-
ric distribution leads to an outer monolayer of the plasma
membrane enriched in phosphatidylcholine (PC} and sphingo—
myelin and an inner monolayer containing the majority of
phosphatidylethanolamine and wvirtuaslly all phosphatidyl-
serine (PS). The ability of platelets +to expose PS at
their outer surface upon activation, is related to their
function in blood coagulation [2]. In particular, the
rates of two segquential enzymatic reactions of the
coagulation cascade (the conversion of factor X into Xa
and the formation of thrombin from its precursor prothrom-
bin) are greatly enhanced by the availability of a
negatively charged phospholipid surface containing PS [31.

With respect to the mechanisms responsible for
maintaining the agsymmetric 1lipid distribution, attention
has been focussed on the possibility of a direct interac-
tion between phospholipids end proteins present in the
cell interior. In the cytoplasm of cells a protein network
is present, referred to as the cytoskeleton, part of which
is located near the plasma membrane [for recent reviews
see HRefs. 4-71. Since 1977 several studies on human
erythrocytes have indicated the existence of an interac-—
tion between phospholipids and components of the cyto-
skeleton [8-15]1. Furthermore, Heest et al. [16] and Franck
et al. [17] showed that treatment of erythrocytes with the
SH-oxidizing agent diamide, which causes extensive
crosslinking of cytoskeletal proteins, leads to an
enhanced transbilayer movenent of phospholipids. In
erythrocytes from patients with sickle cell anaemia,
polymerization of haemoglobin during deoxyvdenation is
thought to induce a mechanical decoupling between membrane
and cytoskeleton [18]), resulting in an enhanced rate of
flip~flop of phosphatidylcholine [19] as well as exposure
of PS5 at their outer surface. The latter is most manifest
in isolated membrane vesicles that are pinched off from
protrusions of the c¢ell body during reversible sickling
[18]. Also after treatment of platelets with dilauroyl-
lecithin, formation of right-side out membrane vesicles is
observed, exposing PS at their outer surface [20]. These
vesicles appeared to be essentially devoid of hbhigh
molecular weight cytoskeletal proteins, spectrin for
erythrocybe~ and myosin for platelet— derived vesicles
regpectively. For intact platelets we found a striking
correlation between modification of the cytoskeleton and
exposure of PS at the outer surface of the plasma mem—
brane. Transbilayer phospholipid asymmetry as measured
using phospholipases, is reapidly lost upon stimulation by
certain platelet agonists [21]. This reorganization of
phospholipids is strictly correlated with the breakdown of
cytoskeletal proteins by the endogenous Ca®" —dependent
protease (calpain) [22-24].
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The ‘aim of +the present study was to investigate
whether direct interactions between phosphatidylserine and
the cytoskeleton of unstimulated platelets can bhe demon-~
strated and to what extent modifications of the cyto-
skeleton as induced by calpain or diamide can be held
responsible for a reorganization of the lipids in the
plasma membrane upon platelet activation.

aterials and Me .

1, 2-dioleoylphosphatidyl-[**C]-serine (1.11 GBg/mmol)
and 1, 2-dipalmitoylphosphatidyl—~{**C]l-choline (3.7
GBq/mmol)} were obtained from Amersham International 0.K..
Phosphatidylserine was purified from brain extract type
IIT (Sigma) using CM-cellulose column chromatography as
described before [257. Egg yvolk phosphatidylcholine
{Sigma} was used without further purification. Platelet
calpain (calcium—dependent protease, EC 3.4.22.17) was
partially purified according to Fox (28). Ficoll was from
Pharmacia Fine Chemicals. Diamide (azodicarboxylic acid
bis[dimethylamide]) and HEPES (4-(2-hydroxyethyl)-l-pipe-
razine ethanesulfonic acid) were obtained from Sigma
Chemical Co.. All other reagents were of the highest grade
commercially available.

‘ i atele

Blood was collected from healthy volunteers. ACD was
used as anbticoagulant (0.052M citric acid, O0.08M triso-
diumcitrate, ©O.183M glucose, 1 part ACD for 5 parts of
blood). Platelet rich plasma (PRP) was obtained by
centrifugation at 150g for 15 min. After addition of 2%
{(v/v) of ACD to the PRP, 'platelets were sedimented by
centrifugation at 750g for 15 min. The platelet pellet was
washed twice in Hepes buffer pH 6.6 (136mM NaCl, 2.7oM
KCl, 2mM MgClz, 10mM HEPES, 5mM glucose and 0.5 mg/ml
fatty acid free human serum albumin). Before each centri-
fugation 5% {(v/v) ACD was added to prevent aggregation
during sedimentation. Finally the platelets were resuspen-
ded in Hepes buffer pH 7.4 and the count was ad justed to
2 5%10% /ml using a Coulter counter.

33 ]
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latelet oytoskeletons were essentially prepared as
described by Fox ([26]. Briefly, washed platelets were
cooled on ice and made 10mM in EDTA. After addition of
Triton X-100 to a final concentration of 1% (w/v) the
suspension was stirred on ice for 30 minutes. Cytoskelet-—
ons were collected by ultracentrifugation (4°C, 30 min.,
100,000g). Pellets were washed once with 1% (w/v) Triton
in buffer A (136mM NaCl, 2.7mM KC1, 10mM HEPES, 1mM EDTA,
pH 7.4). Another two washes with buffer A followed to
remove the Triton. Finally the preparation was resuspended
in buffer A in half the volume of the oridinal platelet
suspension. The preparstion was sonicated until homoge-
neous by visual inspection. This suspension is arbitrarily
set to contain 5%107 cytoskeletons per ml based on the
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agsumption +that one oytoskeleton is isolated from each
platelat
: ibion . of p ] ipid vesic

Phospholipid veﬁleles were prepared by direct probe
sonication at room temwperature in buffer A at a concentra-—
tion of 500 pM. Labeled species were added before sonica-—
tiom in . a concentration of 37 kBgq per Hmole of total
lipid. After sonication the suspension was centrifuged for
30 min. at 100,000 (room temperature). Lipid concentra—
tion in the supernatant was determined as phosphorous
[27]

It appeﬂred that after preparing phospholipid vesicles
by sonication, it wazs not possible to obtain a non—-sedi-
mentable fraction by taking the supernatant of a pre—-cen—
trifuged sample. Also from that supernatant a substantial
fraction {(20-40%) was sedimented under the experimental
conditions. Centrifugation of sonicated wvesicles for 30
minn. at 100,000 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/ml (10% w/v Ficoll)
results in a completely even distribution of the vesicles
over the length of the tube. Centrifugation of cytoskel-
eton in 10% Ficoll resulted in essentially complete
gedimentation (more than 95%)} of the oytoskeletal pro-
teins.

Binding experiments were carried out using a Beckmann
TL-100 ultracentrifuge equipped with a rotor for 200 Ml
tubes. In capped incubation wvessels the desired dilutions
of phospholipid and cytoskeletons were mixed by vortexing
with a 25% solution (w/v) of Ficoll in buffer A, suffi-
cient to reach a final concentration of Ficoll of 10%
(w/v). After incubation for 30 min. at room temperature
200 p1l of the mixture was transferred to a centrifuge tube
and spun for 30 min. at 100,000g. To assess the unbound
fraction of phospholipid 100 Kl of the supernatant is
trangferred to a vial for ligquid scintillation counting.
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5 1% ion,

Cytoskeleton 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 cybto-
skeleton is shown in Fig. 1.

100

Fig.l: Phospholipid L
vesicles {(25pH) were
incubated with increasing so
asounts of cytoskeleton. -
Bound lipid was determined . A
by neasuring the radicac- so |
tivity rewaining Iin the g
supernatant after centri- 0
fugation for IO min at a “of
100.000 g. o
A, phosphatidylserine =
®, phosphatidylcholine, 20

0 b A, i "

o ] 16 18 20 28

CYTOSKELETONS/mi (#1077}

Binding is specific for PS compared to PC-vesicles which
do not bind over the whole range of cytoskeleton concen-—
trations tested. ’

Fig.2: Cytoskeleton in two
concentrations Was
incubated with different
concentrations of phospha-
tidylserine wesicles. The
cancentration af bound
lipid Wa s peasuyred as
described in Fig.l.

®, 5 ¥ 10% cytosk./nl

A, 5% 107 cytosk./ml.

LIFID BOUND (micromol/l}

o 20 40 80 1] 100

LIPID ADDED {micromol/l)
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The binding curves obtained using two concentrations
of cytoskeleton and wvariable amounts of lipid are shown in
Fig. 2, demomstrating that binding is saturable, which
strongly suggests that aspecific smedimentation of lipid im
negligible. When *°C-P5 in PS-vesicles is replaced by
t4c-PC the same binding ocurve 1is obtained. Replacing
t4C-PC in PC-vesicles by *<C-PS alsc does not affect the
binding, i.e. no binding is observed. This indicates that
binding involves intact wvesicles, rather than monomeric
lipid. Since the cytoskeletal preparastion 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 trenslate the data into an apparent Rd
or number of binding sites.

The reversibility of the binding of PS is shown in
Fig. 3. When 10 JPM labeled phospholipid is preincubated
with cytoskeleton (5%107 /ml) for 30°, about 65% of the
labeled lipid can be sedimented. Addition of increasing
amounts of non-labeled PS8 to this mixture results in
progressive displacement of label from the cytoskeleton.

Fig.3s 3uperszedition of

labeled phaspholipid (PS) 1.8
by BXCBSY non-labeled
P8, Cytoskeletans (5%107/
el) were incubated for 30
win with [0 pH labeled PS-
vesicles., Subsequently
non-labeled PS-vesicles
were added In increasing
concentration. Incubation
was carried on for another
30 win, The amount of
bound labeled P8 Was
determined as described in
the legend to Fig.l.

The dashed line represents
the calcuiated concentra~ L . "
tion of bound labeled P3, o S0 100 180 200 280

HOT LIPE) BOUND (micromsl/l)

taking inte account that COLD' LIPID ADOED {micromol/l
binding 15 not saturated

at 10 pN phospholipids and
assuring complete equilibration between the labeled and non-
labeled pools.

However, if non-labeled PC is wused, no change in the
amount of bound PS is observed (not shown). Since addition
of 10 PM of lipid is not saturating for this amount of
cytoskeleton (see Fig. 2), addition 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-labeled pools. Comparing the two lines in
Fig. 3 (the dashed line representing the calculated
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displacement of label) shows that virtually all labeled PS
equilibrates with added non-labeled PS, demonstrating the
complete reverszibility of the binding. ‘ o

Previously we have shown that PS—exposure at the outer
surface of activated plsatelets is strictly ecorrelated with
modification of the cytoskeleton [20, 22-24]. Conditions
leading to exposure of PS appesred to involve degradation
of cytoskeletal proteins by endogencus calpain, which
becomes activated by a considerable rise in intracellular
Ca®™* —concentration as for instance effected by Ca-iono-
phore or stimulation by the combined action of collagen
plus thrombin. Moreover, when platelets are made permeable
for leupeptin, a specific inhibitor of calpain, activity
of this protease was diminished during platelet activation
in parallel with a lower amount of PS becoming exposed at
the platelet outer surface [24]. Furthermore, intracel-
lular modification of coytoskeleton by meanz of the
sulfhydryl oxidizing compound diamide also results in
exposure of PS at the platelet outer surface [21].

Isolated cytoskeleton from unstimulated human plate-
lets was treated with calpain or diamide to study the
effect of these treatments on the PS5 binding properties of
the cytoskeleton.

Fig.4: Titration of
podified cytoskeleton with
PS~vesicles. 5%107/nl
cytoskeletons were used
after podification with
calpain (@), dianide (A}
aor non-treated (wu},

The conditions For the
calpain treatment were
chosen to produce 50%
degradation of wmyoesin as
judged by gelelctrophore-
s5is, Diawide treatment was
for 1§ win with 5 a8l
dianide. The appunt of
bound Iipid was determined . . _
as described In the legend o 20 40 P 0 100
te Fig.l.

LIPID BOUND (icromol/l)

LIPID ADDED (micromol/l)

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 erosslinking by diamide could be confirmed by
gelelectrophoresis (not shown), no chandge in binding
characteristics of Ps could be observed (Fig. 4).

This indicates that flip-flop of PS5 during stimulation
of the platelet cannot be the consequence of a loss of
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P5-binding capacity of the oytoskeleton after modifica-
tion, as measured in model systems. However, the present
results do not exclude a possible role of the cytoskeleton
in the regulation of PS asymmetry within the cell. At
least two possibilities remain:

i. Loss of affinity for P3 only occurs during modification
of the cytoskeleton. Although this cennot be approached by
the present technique, experiments described recently by
Verballen  [28] seem +to support this notion. Based on
observations using the fluorescent membrane probe tri-
methylamponiun—diphenylhexatriene (TMA-DPH) it was shown
thet the oecurence of fast flip-flop is restricted to the
timeperiod during which calpain is active and cytoskeletal
proteins are in the process of being degraded.

ii. Modification of the cytoskeleton in intact platelets
induces a change in its three-dimensional structure
resulting in a mechanical decoupling of membrane and
cytoskeleton, irrespective of a potential affinity for
P5. Such a phenomenon was demonstrated by Spangenberg et
al. [29] who showed that wupon treating platelets with
dismide, crosslinking of proteins leads to a contraction
of the cytoskeleton, thereby becoming concentrated in the
center of the cell.

Another possible mechanism involved in maintaining the
asymmetric disribution of PS is the presence of a trans-—
porting system (translocase), specific for aminophospho-—
lipids, az was demonstrated in erythrocytes by Seigneuret
and Devaux [30]. The existence of a phospholipid trans-—
locase 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 exogenously added
aminophospholipids from the outer to the inner monolayer
of a plasma membrane. The process was shown to be ATP-dep-—
endent and sgensitive to sulfhydryl oxidizing agents. Re-—
cently we obtained evidence [39] that the translocase
pregzent in human platelet plasma membranes is also capable
of transporting endogenous 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 existence of an
aminophospholipid translocating entity and the present
observation that an interaction between PS and cytoske-
letal proteins could be present in intact platelets, are
consigtent with the model proposed by Williamson et al.
[40]. On theoretical grounds they reach the conclusion
that maintenance of the asymmetric distribution of
rhospholipids c¢an best be explained by the action of a
translocase, in conjunction with a direct interaction
between PS8 and cytoskeleton, reducing the amount of free
lipid being available for spontaneous transbilaver
movement. :

However, the rapid transbilayer movement of phospha-—
tidylserine as occurs during platelet activation is not
directly related to a change in the binding parameters of
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the PS-cytoskeleton interaction after medification of the
cytoskeleton. This transbilayer movement is not restricted
to PS5 alone, but involves the other phospholipids as well
[21]. Therefore, it cannot be excluded that this process
is caused by gdross structural rearrangements of both
membrane and cytoskelebton, in which potential interactions
between PS and cytoskeletal proteins are only of secondary
importance.
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Cerneral i scussi Cr .

It will be clear from the contents of this thesis that
the present ideas about regulation of phospholipid
asymmetry have been developed during the last ten years.
In 1977, little was known about spontaneous or induced
flip~flop in natural and artificial phospholipid mem-
branes. At that time, transbilayer movement of phosphos
lipids was considered +to be a wvery unlikely event,
occurring with half-times in the order of several days in
lipid wvesicles [1,2], to several hours in intact erythro-
cytes [3-5]. In fact, the very concept that phospholipids
have an asymmetric distribution in biclogical mwembranes
was not postulated until the early seventies, namely by
Bretscher [8,7]. Since then, this membrane phospholipid
asymmetry has been demonstrated in a wide variety of cells
using different techniques whereby one or both membrane
sides were reacted with group-specific resdents, lipid
transfer proteins or phospholipases (for reviews, see
Refs. 8 and B9). Both for erythroeytes [10,11] and plate-
lets [12-141 it was shown that the membrane asymmebtry is
most pronounced in case of sphingomyelin and P8, whiech are
mainly confined to the outer and inner leaflets of the
membrane respectively. The other two major lipids, PC and
PE, have a less extreme though still non-random distribu-
tion over both halves of the membrane.

A physiological role for +the asymmetric distribution
of membrane phospholipids was postulated by Zwaal [15,16],
based on the catalytic properties of negatively charged
phospholipids in blood coagulation. It was proposed that
platelets, by exposing a surface containing nedatively
charged phospholipids during ¢ell activation in reponse to
vascular injury, can play a role in the regulation of
ecoagulation. Localization of negatively charged (pro—
coagulant)} PS in the inner mewbrane leaflet of unstimala-
ted platelets thus is essential in preventing untimely
acceleration of clotting reactions. Obviously, this
applies to all blood cells and cells lining the wveasel
wall. Indeed, comparing intact cells with completely lysed
preparations on their ability to stimulate the rate of
thrombin formation; it was shown that not only erythro-
eytes and platelets, but also intact leukocytes and
endothelial cells, are virtually devoid of eatalytic
potency [17], which implies a similar asyometric distribu-
tion of PS8 in all these cells.

Apart from the role lipid asymmetry plays in regula-
ting haemostasis, it has also been suggested that it is
instrumental in the removal of cells from the circula-
tion. It was shown that enhanced binding of erythrocytes
to endothelisl cells [18] and recognition by nacrophages
[18,20], correlates with surface exposure of PS8 in
erythrocytes. These cells are, therefore, rapidly cleared
from the circulation [21]. Those erythrocytes which bind
to endothelial cells alsoc demonstrate binding of the
anionic fluorescent dye Merocyanine 540. This dye was
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found to be a reporter of decreased packing density
in phospholipid bilayers [22]. It also binds strongly to
fluid-phase 1lipid vesicles, but much less avidly to
gel-phase wvesicles. Based on the premise that packing
density is decressed when membrane asymmebtry is lost [23],
binding of this probe has been used to test several
agpecty of phospholipid asymmetry. For instance, it was
shown that in lymphocytes the asymmetric distribution of
lipids develops during maturation of +the cells. Mouse
thymocytes were sable to bind Merocyanine 540 (MC540),
indicating a loosely packed outer monolayer, while mature
cells which enter the circulation were unable to bind
MC540 [24]. This suggests a reorganization in the lipid
distribution over the plasma membrane, leading to a more
tightly packed outer monolayer in mature cells (in a state
congisting primarily of PC and Sph). Also, erythroid
precursor cells and cells transformed to a leukemic
phenotype by wviral infection, arresting them at the
proerythroblast stage, were able +to bind MC540 [25]. The
suggestion that membrane lipid asymwetry is not wet
completely established in immature cells was confirmed by
the work of Rawyler et al. using phospholipases [26,27].
They found » partial asyswetry to occur in erythroid
precursor cells, with PE and PC still being randomly
digtributed over the membrane, although PS and Sph are
already mainly present in the leaflet to which they are
confined in the mature erythrocyte. In addition +to these
studies showing generation of lipid asymmetry during
cellular maburation, also changes in membrane lipid
distribution resulting in loss of lipid asymmetry were
asgessed using MC540 (vide infra).

At present, transbilayer movement of lipids (flip-
flop), which for a long time has been considered to be a
rare phenomenon, is thought to occocur at considerably
increased rates whenever the regular bilayer structure is
distorted [28]. Among the processes implicated in the
acceleration of flip-flop in artificial lipid vesicles are
insertion of transmembrane proteins [29], gel to liguid-
crystalline phase transition [30], difference in surface
pressure between the +two monolayers [31] and Lformation
of nop-bilayer structures [32]. These non-bilayer struc—
tures can be formed when lipids are present that have a
agonical molecular shape, i.e. a small polar head group
relative to the cross-section of the acyl chains, such as
diglyceride, phosphatidiec acid, cardiolipin and unsatu-
rated PE. Instead of bilayer structures these lipids tend
to form hexagonal phases, the spallest unit of such a
shructure being the intrabilayer inverted micelle [32]. In
these inverted micelles, +the lipids experience fast
isotropic motion, which can readily be detected by
1P NMR. Also by means of freeze-fracture electron
microgcopy these structures can be visualized as lipidic
particles ([33]. Inverted micelles are thought to be
involved in both enhanced transbilayer movement of lipids
and fusion processes as ocecur in endo- and exocytosis
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gze]. For platelets [34] snd also for erythrocytes [351,
it has been shown that denerabion of diglycerides in the
outer monolayer of the membrane by treatwent with exoges
nously added phospholipase € from C. welchii leads to
spbsaquent formation of phosphatidic acid. Conversion of
dlglyoer?de to phosphatidic acid is carried out by the
enzyme diglyceride kinase in the presence of ATP. 8Since
pabh this enzyme and ATP are only present in the cell
interior, the formation of phosphatidic acid suggests that
flip~-flop of diglycerides must have taken place. It has
been demonstrated [386] that enhanced flip-flop is not
restricted to diglycerides, since both in platelets and in
erythrocytes treatment with phospholipase € from C. wel-
chii induces exposure of PS at the outer surface of the
plasma membrane as well.

Enhanced flip-flop of phospholipids not direatly
connected with formation of pon-bilayer structures has
been observed under seweral conditions. For erythrocytes
it has been suggested that treatment with the SH~oxidizing
agent diamide leads +to altered mpembrane asymmebry as
detected by availability of the lipids for exogenous
phospholipases [37]. However, it has been foumnd [38] that
diamide treatment causes destabilizmation of the bilayer
rather than a stationary change in phospholipid distribu-
tion. This is indicated by an enhanced flip-flop rate of
PC [39,40], as well as by increased binding of MCH40 [411,
suggesting a more disordered wmembrane. The observation
that membrane destabilization by SH-oxidizing agents is
accompanied by sulfhydryl oxidation of the cyboskeletal
protein spectrin  led to the proposal [42] that the
cytoskeleton might be dinvolved in the regulation of
membrane phospholipid asymmetiy. This concept was SuUppor—
ted by the findings of Mombers et al. [43,44] who demonst-—
rated interaction between PS5 and spectrin by studying
the effect of spectrin on the phase transition of lipid
vesicles and +the penetration of spectrin into lipid
monolayers. In ultrastructural gstudies [45] and a study
employing differential scanning ealorimetry, monolayers
and microfluorescence [46], the interaction between
spectrin and PS5 was confirmed. However, not only spectrin,
but also other proteins of eytoskeletal origin were found
to interact with phospholipid. The erythrocyte protein
band 4.1 was proved to bind to PS vesicles through a
centrifugation technique [47,48], an interaction which
appeared to be reduced upon phosphorylation of the protein
[49]. Also e«—actinin [501, profilactin [51] and vineulin
[52] appeared to interact directly with phospholipids.

With platelets, further evidence for the pa&wible
involvement of the cytoskeleton in regulation of lipid
asymmetry oCcan be obtained from experiments showing
flip-flop of lipids upon modification of +the cytoskeleton
[53-55]. For example, activation of platelets by the
combined action of colladen plus thrombin or by the
ealcium—ionophore A23187 gives rise to surface exposure of
PS. Concomitant with the flip-flop of PS5, degradation of
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cytoskeletal proteinsg by calpain was observed [53]. The
same phenomenon occurred when platelets were treated with
local sansesthetics (dibucain or tetracain} [54] or with
fluoride—ions [55). In addition, studies with erythrocytes
reveal increasing evidence that disturbances of the
cytoskeleton can give rise to enhanced flip-flop rates
of phospholipide, if not to loss of phospbolipid asymmetry
[41,56-59]. These observations support the notion that
cdytoskeleton-1ipid interactions play a role in the
regulation of membrane lipid asymmetry.

Recently, another mechanism wag discovered which
supposedly plays an important role in the generation and
regulation of membrane lipid asymmetry. In 1984, Seigneur-
et and Devaux [60] introduced spin-labeled phospholipids
in erythrocytes and followed the fate of these molecules
by measuring the amount of spin-label which could be
reduced by external ascorbate. The non-reducible fraction
likely represents the lipids which have been translocated
to the imnner leaflet of the membrane. The transport of
lipid from outer to inner monolayer was also assessed from
shape changes occurring in the cells upon incorporation of
exogdenous lipid. They showed that after incorporation of
lipids the etythrooytes crenated immediately. When
spin-labeled PS8 or PE was added, the initially formed
echinocytes revergsed their shape to discoid and even to
stomatocytes, which can be taken to imply transport of
material from the outer +to the inner leaflet of the
bilayver. This process was accompanied by a lower amount of
gspin-label that could be reduced from the outside. The
inward transport of phospholipids inferred from these
observations was shown to be rather specific for amino-
phospholipids (with a preference for PS over PE) and to be
dependent on the presence of hydrolyzable ATP.

The spin-labeled phospholipid analogues used in these
studies contain a six-carbon acyl chain at the two-posi-
tion to which a nitroxide group is attached and have the
advantage of being readily incorporated in the membrane. A
disadvantage may be the structural divergence from the
native lipid molecules, inducing the risk of not truely
reporting the transport properties of endogenous lipid.
However, similar experiments were performed by other
groups, using differently labeled phospholipids. Tilley et
al. [61}] incorporated radio-labeled long-chain phospho-
lipids into erythrooytes by means of a transfer protein
and used phospholipases +to determine the fraction which
remains availablé for degradation at the exterior surface.
The fate of incorporated lysophospholipids was measured by
Bergmann et al. [62]. Daleke and Huestis [63] used a range
of phospholipids with different acyl chain length and
recorded changes in erythrocyte morphology to assess the
transport of the incorporated lipids. All these studies
esgentially confirmed the first observations with spin-
labeled phospholipids, i.e. an ATP-dependent transport
system for phospholipids is present, which selectively
translocates PS and to a lesser extent PE from the outer
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to the inner leaflet of the red cell pembrane. Further—
more, & transport system with the same characteristics
was found in plasma membranes of other cells: lymphooybes
[64], cultured fibroblasts [65] and platelets [667. #Apart
from its ATP-dependence, this transport was also shown to
be inhibited by modification of free SH-groups [63, 64,67,
B8] or by increase in cytosolic calcium concentration
[67,69]. Also, competition between PS and PE for the same
translocation site was demonstrated [B87], as well as
competition between sterecisomers [65]. These observations
lead to the conclusion that this outward-inward translo-
case activity is produced by one or more membrane pro-
teins and functions as a lipid pump in the generation and
maintenance of membramne phospholipid asymmetry.

A mechanistic model, adapted from Williamson et
al. [70] is depicted in Fig. 1, which in all cells could
be responsible for the maintenance of the asymmebtric
distribution of phospholipids.

|
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p A A
’ | CYTOBKELETON

Fig.1r Schematic vrepresentation of dnvolvement of translocase
and cytoskeleton in the maintenance of PS asysmetry.

Frow left #o right the following processes are depicted. Yhe
dashed circle represents spontanepus Tlip~flop, occurfing with a
rate constant ke, Any PS5 molecule which amigrates te the outer
wonolayer by spontanecus flip-flop is transported back to the
inner monolayer through the action of the ATP-~dependent trans-
locase, This transpert is characterized by a vrate constant
ky. The amount of PS5 available for spontaneous flip-flop is
reduced by binding to the cytoskeleton,

The major difference with the model as proposed by Hilliamson et
al. [70] is that they opropose & bidirectional flippase, both
inmward and outward transport occurring with the same rate
constant.,

This model takes into account direct interactions bebtween
amino-phospholipids and the cytoskeleton, as well as the
existence of an amino-phospholipid translocase. The
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asympelric distribution of phospholipids in the plasma
membrane of ecells iz maintained by the action of the
translocase. Any PS or, to a lesser extent, PE molecule
which migrates by spontaneous flip-flop to the outer
leaflet of the wembrane is trensported back to the inside
at the expense of ATP hydrolysis. The amount of lipid
experiencing this spontaneous flip-flop is restricted by
interaction with eytoskeletal proteins, thereby reducing
the asmount of ATP needed to maintain asymwmetry. The major
difference with the theoretieal model proposed by William—
son .is that we reject the need for outward transport to be
ATP-dependent, since any disturbance of the bilayer
allowing flip~flop implies (net) transport of asymmetri-
cally distributed lipid species driven by the concentra—
tion gradient. It c¢an be envisaged that inward transport
of P8 and PE is coupled +to outward transport of Sph and
PC, in order to maintain the balance of material between
the two leaflets of the membrane.

Also in resting platelebts, the asymmetric distribution
of the phospholipids is thought to be maintained by this
mechanism. This view is supported by experiments demon-
strating the existence of a translocase capable of
transporting exogenously incorporated PS5 and PE  to the
inner leaflet [686,71]. Also endogenous PS, first exposed
at the platelet outer surface as the result of activation,
can be transported back to the inner leaflet of the
membrane [72]. Moreover, interaction of PS5 with the
platelet cytboskeleton coould be proved, in contrast to PC,
which does not bind [73].

However, to explain the involvement of platelets in
the hemostatic process, these mechanisms are of limited
use because - they focuss on the maintainance of lipid
asymmebry and not on the reverse process that can ococur
during platelet activation. Platelets contribute to the
formation of a clot by becoming procoagulant, which
involves exposure of PS at their outer surface [15]. This
is inextricably correlated with degradation of {cytoske-
letal) proteins by calpain [53-55]. In s=pite of this
correlation, it was not possible to show any influence of
either sulfhydryl oxideation or proteoclytie digestion of
the cytoskeletal proteins on their affinity for PS—vesic-
les in vitro [73]. This may exclude a possible role for a
change in binding parameters in the process of PS-expos-
ure. However, involvement of topological rearrangements of
the oyboskeleton occurring within the platelets after
activation cannot be excluded to play a role in PS
exposure. The concept of involwvement of the cytoskeleton
other than by a change in the binding to P8 is supported
by experiments described by Verhallen {[74]1. Using the
fluorescent membrane probe trimethylammonium-diphenyl-
hexatriene (TMA-DPH), Verhallen showed that only during
the periocd of time platelet calpain is active accelerated
flip~flop of the probe is observed. In unstimulated
platelets, the probe is transported to the inner leaflet
of the membrane with an apparent halftime of about 60-9C
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minutes. However, if the translocation Trate of the probe
is measured during activation by a calcium-ionophore; the
halftime is in the order of seconds rather than minubes,
the whole process of fast flip-flop being completed within
30 seconds. This transient burst of flip-~flop of the probe
iz inextricably correlated with the rapid breakdown of
cytoskeletal proteins snd exposure of PS. In this context,
it may be worth mentioning that platelets from a patient
puffering from a moderately severe bleeding disorder asm
described by Weiss et al. [7%] showed a diminished
breakdown of cytoskeletal protein upon stimulation by the
combined action of c¢ollagen and thrombin [53], btogether
with a decreased exposure of P5 and a reduction of their
potency to enhance the formation of factor Xa and of
thrombin [76].

Based on the above correlations between modification
of the cytoskeleton and the rate at which loss of lipid
asymmetry can occur, and taking into account the model
previously proposed by Verhallen  [74], the follewing
mechanism is postulated for the platelets’ ability to
present a procoagulant surface at which elotting factors
can interact (Fig. 2)}.

Hypothsticsl model for the induction of trenasient fip~flop
during oytoskelston modification.

fF-Ac!In Calpain | PS-binding site
aftack

Cyltoskelatal protein metwork

Fig.2: A hypothetical wodel s depicted of ohe of several
poassible wechanismws leading to formation of hydrophilic pore-
like structures, Via these pores the asysmmetric distribution of
PS is lost by diffusfon, driven by the concentration gradient.
PS molecules are represented by shaded circles. Further detafls
are described in the text.

Intercalated between the lipids of the inner leaflet of
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the plasma membrane is a hydrophobic part of a protein of
the cytoskeleton (Fig. 2A). Bemoval of this peptide chain
from its position by enzymatic degradation, by oxidetive
treatment with diemide (shown to concentrate the cytoskel-
eton in the center of the cell [T77]), or by osmotic
swelling of the cell membrane, will result in a difference
in materisl present in both monolayers and hence, in a
difference in lateral pressure between the two leaflets of
the membrane (Fig. 2B). This condition is visualized to
favour transbilayver wmovement, possibly via non-bilayer
gtructures  [28,31]. As suggested earlier by Verhallen
[74), the pressure difference is anmihilated by formation
of a pore-like structure (Fig. 2C). Through these pores
the available surface for lipid diffusion increases, which
favours dissociation of lipids bound +to protein. As a
result, the lipidg will dilute over the total area of
gurface available, producing a randomization of lipids
over the two monolayers before closing of the pores when
the pressure difference is terminated by net transport
{(Fig. 2D}).

Although this is a highly speculative model, several
aspects are prone to experimental wverification. For
instance, a protein which is intercalated in the interior
leaflet of the membrane should be subject to labeling with
hydrophobic photoaffinity readents, but only before
gtimulation of the platelet, not afterwards. Also, as
already stated by Verhallen ({74}, the formation of pores
in the bilayer during fast flip-flop could be detected as
an increased permeability of the cells to uncharged polar
gsolutes or small ions.
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SUIMMAaRY .

Since long it is known that blood cells as well as other
cell types possess a plasma membrane which is composed of
a bilayer of phospholipids. These phospholipids are
non-randomly distributed over the +two halves of the
bilayer, the monolayers. Choline-containing species are
predominantly located in the outer wmonblayer, while
amino-phospholipids mainly reside in the inner monolayer.
This asymmetric distribution is correlated with the
process of blood coagulstion since several reactions of
the cosgulation cascade are speeded up in the presence of
a suitable phospholipid surface and the lipid which is
most active in stimulating clotting reactions, phospha-
tidylserine, is in all cells almost exclusively present in
the inner monolayer. Thus, these c¢ells are virtually
ineffective in stimulating coagulation (chapter 2}. One
cell type, namely the blood platelet, ism capable of
undergoing a massive transport of the procoagulant lipid
phosphatidylserine from 1inmer +to outer monolayer upon
stimulation. Such a stimulation occurs when the endo-
thelial cells, which are lining vessel walls, are damaged,
thereby exposing subendothelial structures to the blood-
stream. To collagen fibrils, which are present in the
subendothelium, blood platelets adhere and become activa-
ted. If these platelets are at the same time triggered by
the first traces of thrombin, formed as the result of
initiation of the coagulation cascade, they become
procoagulant. In this form they very efficiently catalyze
several reactions of the coagulation cascade, resulting in
a strong positive feedback. It is shown that generation of
a procoagulant surface is the result of transbilayer
movement (flip-flop) of phosphatidylserine (chapter 4). No
protein receptors could be demonstrated to play a role in
binding of c¢lotting factors to the platelet surface,
gsupporting the notion that the procosgulant nature of the
platelet surface is determined solely by phospholipids
{chapter 3). Also platelet aggregation and release
reaction were shown not to be involved in the generation
of procoagulant activity {(chapter §5).

To our present knowledge platelets can be activabed to
become procosgulant in two deneral ways: on the one hand
by an increase in intracellular calcium concentration, on
the other by modification of internal free SH-groups.

Both phenomena appear to produce a common result: modifi-
cation of the intracellular protein matrix, the cyto-
skeleton. When intracellular calcium increases, as for
instance effected by Ca-ionophore, proteclytic digestion
by the endogenous Ca-dependent enzyme calpain leads to
disruption of the cytoskeletal structure. Incubation of
the cells with diamide, which crosslinks free SH-groups,
results in changes in the topology of the cytoskeleton. [t
is shown that a correlation exists between modification of
the cytoskeleton and the occurrence of PSS flip-flop
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{chapter 73} which hasz been confirmed using wvarious
experimental setups.

However, although a direct interaction is demonstrated
between iscolated coytoskeleton and PS-vesicles in binding
experiments, it appeared impossible to show a change in
the binding parameters of this interaction after modifying
the cyboskeleton with either calpain or diamide (chapter
8). The latter observation excludes +the possibility that
flip~flop of PS takes place as a mere result of changes in
the c¢ytoskeleton leading to a loss in its capacity to
interact with this lipid.

This thesis ends with the presentation of a putative model
which endeavours +to explain the role of the cytoskeleton
in both the maintenance of phosphatidylserine asymmetry in
cells and the rapid loss of thiz asymmetric distribution
by flip=flop, which is suggested to be a property unique
to blood platelets.
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SAMENVEaT T IRNNG .

Het is -regds lang bekend dat cellen, waaronder ook de
cellen die in het.bloed voorkomen, omgeven worden door eén
plasmamegb?gam die is opgebouwd uit een dubbellaag van
phospholipiden. Deze phospholipiden 2ijn niet willekeurig
verdgeld over de twee helften van de bilaag, de monalagen.
QhollmEMhogdende lipiden =zijn voornamelijk gelokalizeerd
in de buitenste momnolaag, terwijl de amino-houdende
phmspba&ipidem de meerderheid wvan de binnenste monolasg
91tmakﬁn. Deze asymmetrische verdeling staat rechtstresks
in verband met het bloedstallingsproces aangezien wer-
schillende reakties wvan de stollingskaskade wversneld
worden door de aanwezigheid van een geschikt phospholipid-
oppervlak en het lipid wat het meest aktief is in het
stimuleren van de stollingsreakties, phosphatidylserine,
in alle cellen gelokalimesrd iz in de binnenste mono lasg .
Als gevolg hiervan zijn cellen niet akbtief in de stol-
ling (hoofstuk 2). Eén celtype, namelijk de bloedplaatjes,
ig in astast, ns aktivatie, een mnassaal trangsport te
bewerkstelligen van hel procoagulante lipid phosphatidyl-
sarine van de binnenste naar de buitenste monolaag van de
celmembraan. Een dergelijke stimulatie wvan het bloed-
plaatje treedt op wanneer de endotheelcoellen, die de
vaatwand bekleden, beschadigd worden. Bloedplaat jes
hechten aan collageenvezels in het onderliggende subendo-—
theel en worden daardoor deaktiveerd. Als dene plaat jes
tezelfdertijd worden gestimuleerd door de eserste spoortjes
thrombine, die ontstaan als gevolg van het stimuleren van
de stolling, worden ze procoagulant. In deze toestand =zijn
zij in staat zeer efficient vérschillende reacties van de
stollings cascade +te stimuleren, wat resulteert in een
sterke positieve terugkoppeling. Er wordt asangetoond dat
het ontstaan wvan een procoagulant oppervlak het gevolg is
van transbilaag bewedging (flip-flop) wvan phosphatidyl-
gerine (hoofdstuk 4y. Er kon geen aanwijzing worden
gevonden voor een eventuele betrokkenheid wvan eiwit
receptors in de binding wvan stolfaktoren asn het opperviak
van bloedplaatjes, wat het idee ondersteund dat het
procoagulante karakter van een celopperviak uvitsluitend
wordt bepaald door de daarin aanwezige phospholipiden
{hoofdstuk 3). Ock van de aggregatie van bloedplastjes en
de releasereaktie werd aangetoond dat deze niet nood-
zakelijk zijon voor de vorming van een procoasgulant
oppervlak (hoofdstuk 5}).

Voor zover nu bekend is, kunnen plaatjes op twee algemene
manieren geaktiveerd worden zodanig dat een procoagulant
oppervlak wordt devormd: enerzijds door verhoging van de
interne calciumconcentratie, anderzijds door modificatie
van intracellulaire vrije SH-groepen.

Beide fenomenen blijken te leiden tot een demeenschappe-
1ijk resultaat: de intracellulaire eiwitmatrix, het
cytoskelet, wordt gdemodificeerd. Als de intracellulaire
calciumconcentratie toeneemt, zoals b.v. wordt verocorzasakt
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door een Ca-ionophoor, zal door aktivatie van het endogene
Ca—-afhankeli jke enzym calpaine proteoclytische afbraak van
cytoskelet eiwitten leiden tot ontbinding van de structuur
van het cytoskelet. Inkubatie van de cellen met diamids,
sen reagens wat crosslinking wvan SH-groepen teweeghrengt,
resulteert in veranderingen in de rulmbelijke structuur
van het cytoskelet. Er wordt asangetoond dat er een
korrelatis bestast tussen modificatie wvan het cytoskelet
en het optreden van PS flip—-flop (hoofdstuk 7)), wat onder
diverse experimentele omstandigheden later bevestigd kon
wordern.

Toch, hoewel in bindingsexperimenten een direkte interak-
tie gedemonstreerd wordt tussen geisoleerd cytoskelet en
P3-vesicles (hoofdstuk 8), bleek het onmogelijk een
verandering in de eigenschappen van deze interaktie aan te
tonen na modificatie wvan het coytoskelet met hetzilj
calpaine of diamide. Deze laatste observatie gluit uit
dat flip~flop van PS +ijdens aktivatie wvan bloedplaatjes
een rechtstreeks devolg is van een verandering van de
capaciteit van het cytoskelet om PS5 te binden.

Dit proefschrift besluit met het poneren van een model dat
poogt de rol te verduidelijken van het cytoskelet in zowel
het handhaven van de asymmetrische verdeling van phospha-—
tidylserine als ook het wverlies van asymmetrie, wat een
fenomeen is dat mogelijk slechts in bloedplaatjes voorkomt.
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