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ER endoplasmatic reticulum
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HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid])

HPTLC higli perfonnance thin layer chromatography

NBD 7-nitro-2,l,3-benzoxadiazol-4-yl

PC phosphatidylcholine

PDA pyridyldithioethylamine

PDS dioleoylphosphatidyl-l>serine

PE phosphatidylethanolamine

PIP2 phosphatidylinositol 4,5-bisphosphate

PLS dioleoylphosphatidyl-L-serine

PMSF phenylmethane sulfonyl fluoride
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Sph sphingomyelin



Contents
• • ' - - - • . -• - - ^ " i ' • ' • • ' • • ' • •

1 General introduction . .. .. ..,._ . , ; . , . 9

1.1 The plasma membrane, phospholipids and phospholipid asymmetry 9

1.2 Biochemical methods used to assess phospholipid asymmetry ,. , 11

1.3 Regulation of phospholipid (a)symmetry 14

1.4 Physiological implications of abrogation of plasma membrane phospholipid

asymmetry 17

1.5 Outline of this thesis j^<23,

. 1.6 References . ,, , _;,.,; .,, .24

2 Contribution of different phospholipid classes to the prothrombin converting ?,.. » ^ ,

capactity of sonicated lipid vesicles ^ ,̂  31

3 Assembly of the prothrombinase complex on lipid vesicles depends on the

stereochemical configuration of the polar headgjoup of phosphatidylserine 39

4 Thapsigargin amplifies the platelet procoagulant response caused by thrombin 31

5 Calcium-induced transbilayer scrambling of fluorescent phospholipid analogs in

platelets and erythrocytes 63

6 Continuous analysis of the mechanism of activated transbilayer lipid movement in

platelets 75

7 The complex of phosphatidylinositol 4,5-bisphosphate and calcium ions is not

responsible for Ca" -induced loss of phospholipid asymmetry in the human erythrocyte:

a study in Scott syndrome, a disorder of calcium-induced phospholipid scrambling 91

8 Reconstitution of phospholipid scramblase activity from human blood platelets 109



9 General discussion and concluding remarks • | j -7

9.1 Sensitivity of the prothrombinase assay to detect surface-exposed PS | j -7

9.2 Aminophospholipid translocase activity Ug

9.3 Ca-'-induced phospholipid scrambling in blood platelets | j g

9.4 Ca'*-induced phospholipid scrambling in erythrocytes J20

V 9.5 Microvesicle formation and its relation to phospholipid scrambling ' [21

' . ' 9 . 6 Further characteristics of the phospholipid scramblase 122

9.7 References 123

Summary ' ' 127

S a m e n v a t t i n g ""••' • ' • • ' • • ^ j

List of publications 125
C u r r i c u l u m V i t a e f " - • ; - , ' ; - , • . 7 . , • ^ ^

Dankwoorden •- • ^ ^



General Introduction

I. I The plasma membrane, phospholipids and phospholipid

asymmetry

The plasma membrane of mammalian cells forms a dynamic barrier between the cell's interior

and its exterior. Biological membranes are mainly composed of phosphoglycerides,

sphingolipids, proteins and cholesterol. The phosphoglycerides plus sphingomyelin, a type of

sphingolipid that contains phosphorus, are classified as phospholipids. The structural basis of

the plasma membrane is formed by these phospholipids. A phospholipid molecule consists of

two long lipophilic acyl chains and a hydrophilic head group. The phospholipids in animal

cell plasma membranes can be divided into several major classes, a classification which is

based on the nature of the lipophilic part of the molecule and the hydrophilic head group (Fig.

1): sphingomyelin (Sph), phosphatidylcholine (PC), phosphatidylethanolamine (PE), and

phosphatidylserine (PS). Because of the presence of an amino group in both PE and PS, these

phospholipids are also referred to as aininophospholipids. *

In the three dimensional space of the plasma membrane, the phospholipids are oriented

with their lipophilic chains toward each other, in this way forming a planar sheet composed of

two layers: the plasma membrane bilayer (Fig. 2).

The membrane proteins, which mainly exert transport-, recognition- and structural

functions, are found to be associated with the membrane bilayer in several ways. Proteins are

either embedded in or loosely attached to one of the two leaflets of membrane bilayer, or the

protein contains a lipophilic part with which it crosses the bilayer. In the latter case, the

protein is called an integral membrane protein. It has been known for long that membrane

proteins are distributed in an asymmetric manner over both layers (or leaflets) of the plasma

membrane [2].

As first proposed by Bretscher [3], the various classes of phospholipids also show an

asymmetric distribution with respect to the two leaflets of the plasma membrane bilayer. This

membrane phospholipid asymmetry was quantified in human erythrocytes one year later [4]

(Fig. 3A). According to these reports, the choline-containing phospholipids (Sph and PC) are

concentrated in the outer leaflet, whereas the aininophospholipids (PS and PE) are mainly

confined to the inner leaflet. Soon thereafter, phospholipid asymmetry was shown for porcine

blood platelets [5] (Fig. 3B). Ever since these original publications, plasma membrane

phospholipid asymmetry has been detected in a wide variety of eukaryotic cell types (see for

review [6]), which makes it likely that phospholipid asymmetry is an ubiquitous characteristic

of mammalian cells.

The next sections deal with the methods of determination of phospholipid (a)symmetry in

erythrocytes and blood platelets, as applied in the studies presented in this thesis.
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palmitic acid and oleic acid esterified at the C1 aud C2 positiou. respectively. Via the phosphate moiety at the C3
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found
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F/g. /£>. In C6-NBD conjugated phospholipids the fatty acid at the C2 position of the glycerol
backbone is replaced by the nioiety shown here.

1.2 Biochemical methods used to assess phospholipid

asymmetry

Phospholipids can be labeled in several ways. The most common labeling method used in

studies on transbilayer phospholipid movement is conjugation of a reporter group via a short

(usually a C6 or C12) fatty acid at the C2 position of the glycerol moiety of

glycerophospholipids (Fig. 1A) or at the amino group of the sphingosine backbone of

sphingomyelin (Fig. 1C). In case of NBD-phospholipids, the fluorescent group 7-nitro-2,l,3-

benzoxadiazol-4-yl (Fig. ID) and in case of spin labeled phospholipids, the paramagnetic

group 4-doxylpentanoyl is the reporter moiety.

When added to a cell suspension, NBD- or spin labeled phospholipids rapidly incorporate

into the outer plasma membrane leaflet. Alternatively, phospholipid vesicles which contain

trace amounts of either labeled phospholipid can be added to cells resulting in net transfer

(without fusion of the vesicles with the plasma membrane [7]) of the labeled phospholipid to

the cell's outer leaflet [8]. The next steps in the distribution of the labeled phospholipid

depends on the type of phospholipid probe used and the presence of specific transport

mechanisms for that type of phospholipid In numerous reports it has been shown that NBD-

or spin labeled phospholipids adopt a distribution over both leaflets of the plasma membrane

which closely resembles that of the corresponding endogenous phospholipid classes [9-13].

These findings provide validity for the use of such labeled phospholipids as reporter

molecules of endogenous phospholipids in living cells.

Since only the NBD-phospholipids have been used in the reports presented in this thesis,

some details will be given on the method used for the determination of the leaflet distribution

of NBD-phospholipids. As described by the group of Schroit [14], bovine serum albumin

(BSA) can be used to extract NBD-phospholipids from the outer membrane leaflet Because
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carbohydrate chains
integral
membrane protein

Fig. 2. Schematic presentation of the plasma membrane bilayer. Hiospholipid molecules are oriented with their
fatty acid parts towards each other, thus forming two leaflets. The various associations of membrane proteins are
depicted while no discrimination is made between the orientation of the various types of phospholipid molecules over
both leaflets. Figure adapted froin [ 11.

of its size, BSA is not able to cross the intact plasma membrane bilayer to extract inner leaflet

NBD-phospholipids. An aliquot is taken of the labeled cells and, after mixing with a buffer

containing BSA and a centrifugation step, the fluorescence of the cellular fraction is

compared to that of an aliquot which has not been exposed to BSA. The ratio of the two

fluorescence levels gives the amount of NBD-phospholipid which cannot be extracted by

BSA and thus has moved from the outer to the inner plasma membrane leaflet during the time

between labeling and sampling.

A second method was introduced recently [15] and comprises the addition of the reducing

agent sodium dithionite directly to (an aliquot of) the labeled cell suspension. Due to the

capability of dithionite to almost instantaneously reduce the nitro group of the NBD-moiety to

a non-fluorescent amino group, the fluorescence signal of any NBD-phospholipid present in

the outer plasma membrane leaflet is abolished. When applied to blood platelets (the activity

of anion transporters present in erythrocytes renders these cells permeable to dithionite), this

method allowed us to measure inward to outward movement of NBD-phospholipids at high

time resolution (see Chapter 6). , ... :.-•-,• .»•-•:- ,,• < .;*:? • • , , . - - •
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Annex in V is a protein originally isolated from human placenta. It can be detected in the

cytosol of almost all cell types (see [16] for a review on its characteristics). Although its

physiologic role (exerted either intra- or extracellularly) still remains to be established,

annex in V revealed anticoagulant capacities iw v/Yro [17], which later could be attributed to its

binding to PS in the presence of extracellular calcium [18]. Since then, flow cytometric

assays using labeled amiexin V have been successfully used for the detection of PS in the

outer plasma membrane leaflet of various cell types, including human blood platelets [19,

20], and human erythrocytes [21,22]. ... . ..... <v

50
TPL TPL

Sph PC

PE

INSIDE

Sph

PC
PE

F/g. i . Proposed distribution of
phospholipids between inner and outer lcallel
of the plasma membrane of the human
erythrocyle (A) and the porcine blood platelet
(B). Abbreviations: Tl'I.. total phospholipid:
Sph. sphingomyelin. I"C phosphatid\ ldiolmc.
PE. phosphalidylethanolumine: PS. phospha-
tidylserine: PI. phosphatidylinosilol. Figure
redrawn from [4] (A) and |5) (B).

This method makes use of the enzyme complex in the penultimate step of the blood

coagulation cascade (see section 1.4 and Fig. 4). consisting of coagulation factors Xa and Va,

phospholipids and calcium. In the assay, purified coagulation factors Xa, Va and prothrombiii

(usually of bovine origin) are added to a cell suspension in the presence of Ca-*-ions [23].

Once assembled at the cellular surface, the hydrolytic activity of the complex as exerted on its

substrate prothrombiii can be monitored by determining the rate of thrombin formation. As

the pnncipal phospholipid involved in binding of the complex could be identified as PS, this

rate of thrombin formation (referred to as 'prothrombinase activity') was shown to be a very

sensitive method to detect PS present ui the outer plasma membrane leaflet [24, 25].
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1.3 Regulation of transmembrane phospholipid distribution 1

Because of virtual lack of internal membranes, the erythrocyte has become the model cell for

studies on phospholipid asymmetry in biological membranes. The regulation of phospholipid

asymmetry in the erythrocyte has been the subject of intensive research since the 1980s.

Because the bulk of phospholipid synthesis in the progenitor cell of the erythrocytes, the

colony-fonning unit erythroid stem cell, occurs at the cytoplasmic leaflet of the endoplasmatic

reticulum (ER) it can be anticipated that the ER shows an asymmetric phospholipid

distribution. It has been argued that this putative asymmetry is abolished by a so called

'flippase', a putative protein which would act by facilitating the transbilayer movement of all

classes of phospholipids [26-28]. A recent report supports these findings but shows, however,

that this protein-mediated and adenosine trisphosphate (ATP)-independent event affects

phosphoglycerides much more than sphingophospholipids (Sph) [29]. This raises the

possibility that the ER bilayer is almost symmetric and suggests that the observed

phospholipid asymmetry of the plasma membrane is a phenomenon which is regulated at the

level of the plasma membrane itself.

At the level of the plasma membrane, several proteins have been described to be involved

in the regulation of phospholipid transbilayer asymmetry. These will be shortly introduced in

the following sections. •'•'• 5 c ^ ' ;•

The characterization, first in the human erythrocyte, of an enzymatic activity termed

'aminophospholipid translocase' [9, 12], which selectively transports aininophospholipids

from the outer to the inner leaflet of the plasma membrane bilayer, has contributed

significantly to an explanation for the aminophospholipid asymmetry observed.

Aminophospholipid translocase activity has the following characteristics: besides PS also PE

is transported, though at a slower rate and to a lower final level [9]; it is dependent on ATP [9,

30] with a stoichiometry of approx. 1 mole of ATP hydrolyzed per mole of PS or PE

translocated [31] It is temperature sensitive [8] and depends on free sulfhydryl groups (e.g.

the oxidizing agent diamide was shown to inhibit the translocase; its activity could be partly

restored by subsequent treatment with the reducing agent dithiothreitol [12]). • '• "'

Since its characterization in human erythrocytes. aminophospholipid translocase has been

found in a wide variety of cell types, amongst others in: human platelets [32, 33]; porcine

lymphocytes [34]; cultured human fibroblasts [8], the human lymphoina cell line DO 11.10

(as a model for T-lymphocytes) [35], the human promyeloid cell line NB-4 (as a model for B

lymphocytes; unpublished results) and the human erythroleukemia cell line K562 [36];



cultured Chinese hamster ovary cells [37], cultured bovine aortic endothelial cells [38]; sheep

[39], bovine [40], and trout [41] sperm cells.

Attempts made to identify the aminophospholipid translocase, have resulted in

contradictory propositions. The group of Schroit reported that a 32-kDa polypeptide -

associated with the Rh blood group complex - was responsible for the transbilayer movement

of PS [42, 43]. In contrast, the group of Devaux ascribed PS transporting activity to a 120-

kDa Mg- -ATPase [44]. Alternatively, a 'composite' model was proposed [45], in which the

active PS transporting mechanism may reside in the 6-7 membrane spanning 32-kDa

polypeptide, while the 115-kDa Mgr -ATPase would supply the metabolic energy for the

process.

While its activity is assumed to prevail during the total life span of the cell,

aminophospholipid translocase in erythrocytes [46] is strongly inhibited by elevated

intracellular concentrations of free Ca-'-ions ([Ca-*],), the latter event being regarded an

ubiquitous phenomenon of cellular activation. This activation-induced inhibition of

aminophospholipid translocase activity might offer an attractive explanation for the loss of

plasma membrane phospholipid asymmetry observed during cell activation. However, several

groups have shown that simple inhibition of aminophospholipid translocase does not result in

loss of phospholipid asymmetry [47, 9,48,49, 22].

The existence of an inside to outside phospholipid transporting mechanism in human

erythrocytes - referred to as phospholipid floppase - has been proposed [50]. This floppase,

which is rather slow as compared to aminophospholipid translocase. showed no specificity for

either PC, PE or PS, and was dependent on ATP and free sulfhydryl groups. From results of

labeling techniques employing lodoazido lipid analogs, it could be deduced that the activity

was associated with 32-kDa Rhesus polypeptides. While no information is available on its

activity towards Sph, it has been hypothesized that, in conjunction with the

aminophospholipid translocase, this transporter participates in the maintenance of

phospholipid asymmetry [50] According to this view, the major phospholipid classes are

subject to the relatively slow floppase-based transport from the inner to the outer leaflet,

while, of these phospholipids, only PS (and to a minor extent also PE) is being rapidly

transported back to the inner leaflet by the aminophospholipid translocase, leading to a

dynamic equilibrium state of phospholipid asymmetry.
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Numerous studies performed on the role of structural proteins belonging to the cytoskeleton

have suggested that an intact cytoskeleton might be critically involved in the maintenance of

membrane phospholipid asymmetry (see e.g. [47, 51, 52]). It has been hypothesized that the

cytoskeleton exerts membrane stabilizing influence and specifically interacts with

aminophospholipids leading to the concentration of these phospholipids in the inner leaflet.

Deduced from these suggested roles of the cytoskeleton, Ca-~-induced loss of phospholipid

asymmetry observed after platelet activation (see below) was proposed to be due to the action

of calpain, an intracellular protease which is activated by Ca-' and very rapidly cleaves

several cytoskeletal proteins [53, 54]. As a result of calpain-induced cleavage, the structural

integrity of the plasma membrane and the PS-binding capacity of putative cytoskeletal

proteins may be affected in a way that would favor loss of phospholipid asymmetry.

Nowadays, however, the role of the cytoskeleton in the regulation of phospholipid

asymmetry is not considered to be very important. This notion is based on several

observations: e.g. (1) 'right side out' erythrocyte ghosts, virtually devoid of cytoskeletal

proteins, maintain phospholipid asymmetry over relatively long time periods [55, 56], and

can lose this asymmetry upon Ca- -influx [57]; and (2) heat denaturation of spectrin does not

lead to extensive lipid randomization [58].

Still, as definite evidence is lacking, a functional role - however small - of the cytoskeleton in

the regulation of phospholipid asymmetry cannot be ruled out.

During blood platelet activation, the plasma membrane phospholipid asymmetry is (partially)

lost [24, 59], resulting in exposure of PS at the platelet surface. The process via which this

loss in asymmetry is accomplished - which comprises an increased rate of both inward and

outward phospholipid movement - was shown to be induced by increased cytosolic Ca-' [52],

and is not restricted to blood platelets. Upon appropriate treatment (all having a rise in [Ca-~]j

in common), erythrocytes [57, 60] lymphocytes [61, 62], and endothelial cells [63] express

this characteristic, albeit at a much slower rate than that observed in blood platelets Because

during the event of PS-exposure all major classes of phospholipids are subject to increased

transbilayer movement(s), the term 'scrambling" has been introduced [64]. Though the

phospholipid composition of the plasma membrane outer leaflet of activated blood platelets

has been described some time ago [59], the way by which this phospholipid distribution at the

final stage of activation is reached and the actual mechanisms involved were not known.



Unraveling the characteristics of the mechanism(s) involved in phospholipid scrambling has

been the major goal of the work presented in this thesis.

1.4 Physiological implications of abrogation of plasma

membrane phospholipid asymmetry

As might be clear from the above, quiescent blood cells show an asymmetric transbilayer

phospholipid distribution. Loss of this asymmetry leads to a situation which can be

considered a rather dramatical change regarding the distribution of aminophospholipids: from

a stage during which essentially no PS (and only 20 % of the total PE) is being exposed, a

stage can be reached where almost 50 % of the PS is available at the outer surface. In the next

sections, possible physiological consequences of increased PS-exposure will be evaluated.

/?o/e ofs^/T^ce exposec/ PS //? /wemostef/c processes

Physiological aspects of the blood circulation

As the flow of blood through the body is essential for functionality of the organs, this flow

needs to be tightly controlled. Because loss of large amounts of blood could directly endanger

the function of organs, it is of utmost importance to diminish and eventually stop the blood

loss in case an injury has ruptured a blood vessel. This process is brought about by the system

of haemostasis' which can be seen as the highly coordinated action of vascular muscle cells,

endothelial cells, blood platelets, and blood clotting factors. The vascular muscle cells are able

to contract upon stimulation, which leads to vasoconstriction [65] and thus results in an

immediate decrease in blood flow through the injured area. The main role for (injured)

endothelial cells in haemostasis may be in providing a variety of stimuli to other cells and to

blood clotting factors (see next section) which are in the direct vicinity of the injured vessel

wall. A further localization of the haemostatic process is contributed by the blood platelets.

Blood platelets rapidly adhere to the collagen fibers, via receptors [66]. Collagen fibers are

part of the subendothelium which, in the undamaged situation, is shielded from the circulation

by a continuous layer of endothelial cells. Upon adhering to collagen fibers, blood platelets

become activated and start to aggregate, in this way formuig a primary haemostatic plug. If

kept in place at the site of the lesion, this plug, though fragile, is capable of diminishing the

leakage of blood from the vessel. However, interactions between the aggregate and the vessel

wall may be weak and for definite occlusion of the lesion to take place, the plug of adhering

from the Greek words x6 ilud; the blood, and i"| o t io io : the arrest
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cells and fibers needs to be strengthened by the formation of an insoluble fibrin meshwork

(the secondary haemostatic plug or blood clot). Only after the formation of a stabilized blood

clot at the site of the lesion, tissue repair may effectively take place ultimately leading to

restoration of the damaged vessel wall. In the next section, the blood coagulation process,

which is responsible for the formation and consolidation of the fibrin meshwork, will be

introduced. :

The coagulation cascade

As early as 1964 the mechanism responsible for blood coagulation was described as a

sequence of enzyme reactions [67, 68]. The choice for the descriptive terms "cascade" or

"waterfall sequence", respectively, by these researchers was supported by further research on

the individual components which became available as a result of ever ameliorating

purification methods (reviewed in [69]). According to the original descriptions mentioned

above, blood coagulation factors circulate in the blood plasma as the inactive precursors

(zymogens) which become activated by limited proteolysis. Most of the blood coagulation

factors are indicated by Roman numerals, and the activated factors are designated by addition

of the subscript "a"; e.g. the zymogen factor VII may become activated to the factor Vila. Not

all activated clotting factors are true enzymes, e.g. the factors Va and Villa are called protein

cofactors as they have no catalytic properties of their own but can take part in enzyme

complexes, hereby rendering these complexes highly effective in catalyzing proteolysis of

other clotting factors Damage to the vascular system not only causes the aggregation of blood

platelets at the site of the injury but simultaneously induces the activation of the first enzyme

of the coagulation cascade, factor Vila, via the extrinsic pathway (exfrras/'c, as one

component. Tissue Factor, is supplied by the subendothelium, which lies outside (e.vrra) the

blood vessel's lumen). Alternatively, contact activation starts with the activation of factor XII

to Xlla, a pathway designated intrinsic (/w/r/w.v/c, as the individual components are present in

the lumen of the blood vessel). The next step in the sequence of reactions is the activation of

(an)other clotting factor(s) by the previous one. Because each enzyme is capable of

converting multiple substrate molecules, the cascade of reactions is highly amplified. The

extrinsic and intrinsic pathways converge at the level of factor Xa (Fig. 4). The final result of

the coagulation cascade is the conversion of soluble fibrinogen into insoluble fibrin by

throinbin. This fibrin will be further crosslinked resulting in a strong fibrin network which

will reinforce the primary platelet plug to form the secondary plug, localized at the site of the

injury. "•• "•• ' • " • • * » ^ - ' - ^ • ' • - • " ^ < - - •' •••: ' - " - ^
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fig. •/. Simplified scheme of part of the blood coagulation cascade, showing enzyme reactions that are
dependent on the presence of Ca"*-ions and a phospholipid surface. Thin solid arrows indicate stimulation, thin dashed
arrows inhibition, and thick solid arrows conversion. Activated clotting factors are designated with the subscript 'a'.
Abbreviations: PL. phospholipid; TF. Tissue Factor protein.

Control of the coagulation cascade: role for PS exposure

Obviously, the enzyme reactions of the coagulation cascade need to be tightly controlled. On

the one hand, unpaired function, or absence, of some clotting factors results in bleeding

tendencies. On the other hand, increased activity of some of the components or the lack of

successful negative feedback reactions leads to thrombotic diseases.

The enzyme reactions of the coagulation cascade that are dependent on the presence of

phospholipids and calcium are depicted in the scheme of Fig. 4. Of these reactions,

stimulating (positive feedback) reactions are the formation of Xa by the intrinsic tenase

complex (factors IXa and Villa), and the formation of thrombin by the prothrombinase

complex (factors Xa and Va). It has been known for quite some time that platelet membranes

can stimulate blood coagulation processes m v;7/-o. An important determinant of this

stimulation could be identified as negatively charged phospholipids present in the platelet

membrane [70]. The most reactive of these, PS [71, 72], which in resting blood platelets is

hardly detectable at the outer surface (Fig 3B), was shown only to become exposed in the

platelet plasma membrane outer leaflet after appropriate activation of the blood platelets [24,

59]. Studies perfonned on synthetic phospholipid vesicles have indicated that incorporation of

PS molecules in the vesicular membrane resulted in the appearance of high affinity binding

sites for factor Xa, which was most evident when factor Va was present in the reaction

mixture too [73-75], The presence of a membrane surface containing PS enables these

clotting factors to encounter each other at the lipid-water interface, leading to efficient

formation of the prothrombinase complex. • i •••.•..-,,•-. r ,•:
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Aside from stimulatuig reactions in the coagulation cascade, negative feedback (inhibitory)

reactions play important roles. Control of the coagulation cascade is exerted by the presence

in blood of enzyme inhibitors such as antithrombin III and Tissue Factor Pathway Inhibitor.

Furthermore, the reactions by which activated protein C inactivates the factors Va and Villa

[76-78] may represent efficient control of thrombin on its own formation (see Fig.4). /« v//ro,

these negative feedback reactions of activated protein C - which were shown to occur

simultaneously with the positive reactions on the membrane surface of activated blood

platelets [79] - also require phospholipids, chiefly PS, incorporated in a phospholipid bilayer

[80-83],

These observations strongly suggest a modulating effect of PS exposure on in v/vo

haemostasis and lend credit to the hypothesis that the regulation of phospholipid asymmetry

in blood platelets and other blood cells is an important factor in haemostatic processes [71].

This notion is further supported by the observation that a decreased surface exposure of PS

leads to a bleeding disorder (Scott syndrome, see next section).

The Scott syndrome -

In 1979, a case report was published by Weiss and coworkers [84] describing a female

patient who had an until then unexplained bleeding tendency. Routine laboratory tests

showed no deficiencies in clotting factors nor in platelet count, platelet aggregation release.

However, decreased platelet factor 3 activity (formerly used to indicate platelet procoagulant

activity) and a lower prothrombin consumption were observed. Further tests performed on the

patient's isolated platelets, led to the characterization of this syndrome (which was termed

after the surname of this patient) as a defect in the blood platelets' capacity to express a

procoagulant phospholipid surface upon stimulation [85]. Later studies showed that also the

patient's erythrocytes [86] and lymphocytes [87] were affected in their capacity to express

procoagulant activity upon stimulation with Ca- -ionophore. Only recently more subjects - all

members of one family - were described to suffer from the Scott syndrome [88]. ?«*.=?>-1 • .

- In a number of studies on the mechanisms governing plasma membrane phospholipid

(a)symmetry, presented in this thesis, we were able to use Scott syndrome blood cells for

comparison. . . . . . . . . . .

Role of PS exposure in cell recognition and apoptosis . . . ., . ..... ..>. = ,

The first hypotheses that PS might be involved in processes of cell recognition were raised by

the group of Schroit [89] and that of Juliano [90]. Both groups showed that inclusion of PS in

liposomes increases the phagocytotic uptake of these liposomes either by rat or mice alveolar

macrophages w vi/m [89] or by human blood monocytes [90] In addition, the first group

extended their studies to the /w v/vo situation by showing that the injection of liposomes into

the bloodstream of mice only led to their rapid accumulation in the lungs if PS was included

into the liposomes [89]. Further experiments with autologous erythrocytes which had



incorporated PS in the outer leaflet showed that the murine spleen accumulated thirty times

more of the labeled cells than the liver /« v/vo [91], and macrophages were shown to bind the

altered cells ;« vi/ro [92]. These authors anticipated the involvement of a 'PS receptor' in the

targeting of PS-containing particles to tissues of the reticuloendothelial system (see [93] for a

review). This hypothesis was further strengthened by the observation that isolated murine

thymocytes and murine-derived cytotoxic T lymphocytes (from a cell line) which expressed

increased amounts of PS (as evidenced by shortening of;« vtfro clotting assays), bound to and

were subsequently phagocytosed by immobilized murine macrophages, whereas control cells

did not bind [61]. Evidence that PS was involved came from observations that cell binding

could be inhibited by preincubation with [92] or inclusion of [61] vesicles containing PLS,

the naturally ocurring stereoisomer of PS, and not by vesicles composed of PDS, its non-

physiologic counterpart [61]. -••••••

Alternatively, several reports claim that the binding capacity of actively phagocytosing

cells, can be attributed to the vitronectin receptor (the o^B, integrin) [94] or a receptor for

sialosaccharides [95]. Neither of these receptors have been shown to directly bind PS. Other

reports have claimed that the 'PS-receptor' is represented by the receptor molecule CD36

together with the scavenger receptor Bl [96] or by the receptor for oxidized low density

lipoprotein [97, 98]. The finding that within the cell population of murine macrophages

subgroups exist that vary in the type of receptor used for recognition of damaged cells [99],

makes it conceivable that the recognition of cells leading to their clearance is a process in

which more than one recognizing molecular entity is involved. Regardless of these as yet

unclear facts concerning the molecular entities on the recognizing cell, surface exposure of

PS by the cell to be recognized presently is an accepted characteristic in the process of cell

recognition In relation to this, a putative role for surface exposed PS might be associated with

a cellular process known as programmed cell death.

During the total span of life, the body must get rid of aged or otherwise unwanted cells. As

uncontrolled cell rupture would lead to the release of intracellular material into the

surrounding extracellular space which in turn would lead to inflammatory processes, the

unwanted cells need to be engulfed by other cells before rupture takes place. The process via

which individual cells commit suicide, was recognized to play an important role in physiology

and was termed 'apoptosis' -. Recent tecliniques in the field of apoptosis research comprise the

use of various well-defined cultured cell types. Exploiting the characteristic that these cells

can be driven to start apoptosis by providing well-defined stimuli, these studies showed that,

independent on what kind of apoptotic stimulus is given, PS becomes exposed at the outer

leaflet of the plasma membrane during the first stages of the apoptotic process [35, 101].

" from the Greek words rino, not far from, and i"| TITCOOIO, the collapse [100]
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* Taken together, surface exposed PS appears to play a major role in the process of cell

recognition. It is tempting to speculate that, being one of the earliest events in apoptosis, PS

exposure by the unwanted or otherwise damaged cell forms an early signal for the rapid

removal by other cells. In this respect, regulation of phospholipid asymmetry by cells - either

nucleated or anucleated, and both in circulation and tissues - might represent a cellular

function that discriminates between life and death of the cell.

1.5 Outline of this thesis •••=..•

The object of our investigations has been to characterize the transbilayer movements of

phospholipids in plasma membranes of erythrocytes and blood platelets.

Given the changes in phospholipid composition of the outer leaflet that may result from

phospholipid scrambling (i.e. increase in PS and PE, decrease in Sph), we were interested in

the contributions these phospholipid classes may have on the procoagulant activity as

detected by the protlirombinase assay. To this end, we measured protlirombinase activities of 1

artificial lipid vesicles, composed of the different major classes of phospholipids, with a

variable amount of PS. From this study, presented in Chapter 2, we concluded that PE

enhanced and Sph diminished the sensitivity of the prothrombiiiase assay for PS. When both

phospholipids were present, the stimulatory influence of PE dominated.

In the study presented in Chapter 3, we investigated the influence of the stereocheinical

configuration of the serine head group of the PS molecule on the activity of the

prothrombiiiase complex. The conclusion that the binding of the prothrombinase complex is

stereoselective for the physiologically occurring L-configuration is suggestive for the

important physiologic role of PS

To gain further insight in the role of intracellular Ca- -ions with respect to transbilayer

phospholipid movement and the generation of microparticles in human blood platelets, the

experiments described in Chapter 4 were carried out. We were able to show that not the

addition of either tlirombin or thapsigargin (a tumor promotor which iiiliibits the re-uptake of

Ca-'-ions into the dense tubular system), but only a combination of the two gave rise to rapid

loss of phospholipid asymmetry and the concomitant formation of microvesicles.

In the study described in Chapter 5, using fluorescently labeled phospholipids, we

extended the earlier observations in human erythrocytes [102], to human blood platelets and

showed that in both cell types, after appropriate activation, all major classes of phospholipids

are subject to enhanced transbilayer movement. These observations lend support to the view

that the 'scrambling entity' [64] expresses no specificity towards the type of phospholipid.

Further studies were performed to clarify the mechanism(s) responsible for the loss of

plasma membrane phospholipid asymmetry that may occur after cellular activation. The

reducing capacity of sodium dithionite towards the NBD moiety of NBD-labeled



phospholipids, was used to develop a new test system that conftwwow.v/v monitors movement

of these phospholipids from the inner to the outer leaflet of blood platelets (Chapter 6) We

were able to support the notion [33] that phospholipid scrambling strongly depends on

intracellular Ca-~-ions, and to show that this Ca-*-induced transbilayer movement is

bidirectional and insensitive to the type of phospholipid headgroup. Furthermore, the lipid

scrambling activity possessed sensitivity to the sulfhydryl reagent PDA, suggesting the

involvement of a protein.

Experiments were designed to test the hypothesis raised by Sulpice et al. [103] that a

complex of the phospholipid phosphatidylinositol 4,5-bisphosphate and calcium ions would

be responsible for the activation-induced transbilayer movement of PS observed in human

erythrocytes (Chapter 7). Based on the experimental data this hypothesis was rejected.

Further evidence for the protein nature of phospholipid scrambling activity was obtained

from reconstitution studies presented in Chapter 8. Small unilamellar phospholipid vesicles in

which one particular blood platelet plasma membrane protein fraction was reconstituted were

found to exhibit Ca^-induced phospholipid transbilayer movement.

In the final Chapter 9, implications of the results described in this thesis are discussed in

the context of related findings in literature.

The order of appearance of the experimental Chapters in this thesis slightly differs from the

chronological order in which the studies were performed and published. Therefore, in some

Chapters reference to both earlier and later Chapters may occur.
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Abstract • i

The influence of different neutral phospholipids and cholesterol on the procoagulant

properties of sonicated vesicles containing phosphatidylserine was studied, using the

prothrombinase assay. When incorporated into membranes composed of phosphatidylcholine

and phosphatidylserine, a stimulating effect of phosphatidylethanolamine and an inhibiting

effect of sphingomyelin was observed. Cholesterol slightly increased the activities of all

vesicles tested.

In lipid vesicles with a composition mimicking that of the outer leaflet of the plasma

membrane of the activated platelet, the inhibitory effect of sphingomyelin was overruled by

an overall stimulatory effect of phosphatidylethanolamine, suggesting an accessory role for

phosphatidylethanolamine in the procoagulant properties of activated platelets.

Introduction ,.=,',.,„., ' ' , ^ ^ , . ,',.,...'.,' .! ' ,. . .

The various phospholipid classes in the plasma membrane of resting blood platelets show an

asymmetric distribution over both halves of the bilayer [1, 2]: only traces of the negatively

charged phospholipid phosphatidylserine (PS) and approximately one fifth of the

phosphatidylethanolamine (PE) can be detected in the outer leaflet, whereas the neutral
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phospholipids, phosphatidylcholine (PC) and sphingomyelin (Sph), are abundantly present in

the outer leaflet. " ' ' v- •- :

This phospholipid asymmetry can be (partially) lost upon activation of the platelet, as for

instance occurs after stimulation with collagen plus thrombin or with Ca-ionophore. Loss of

phospholipid asymmetry following Ca-"-influx into cells has also been shown for

erythrocytes [3], lymphocytes [4], endothelial cells [5], and cardiomyocytes [6], supporting

the notion that it represents an ubiquitous characteristic of mammalian cells. PS which

becomes surface-exposed, fulfills at least two important physiological functions: (i) it

promotes binding and catalysis of two enzyme complexes of the blood coagulation cascade,

the tenase and the prothrombinase complexes [7], and (ii), it forms a signal for rapid removal

of cells by macrophages [8] Regarding the latter, it is of interest to mention that the observed

surface exposure of increased amounts of PS in apoptotic cells [4], may serve a function in

removal of these cells, possibly by means of the recently characterized PS receptors on

phagocytic cells [9, 10],

Since loss of phospholipid asymmetry is not due to the increased transbilayer movement

of one particular phospholipid class (e.g. PS) but involves all major phospholipid classes, the

process was tentatively called 'phospholipid scrambling' [11].

The appearance of PS during cell activation can be monitored in a sensitive way by use of

the prothrombinase assay [12], in which purified coagulation factors are added to the cell

suspension. The prothrombinase complex consists of the serine protease factor Xa and the

protein cofactor, factor Va, assembled in a C a-'-dependent manner on a phospholipid surface

containing anionic phospholipids [13, 14]. After assembly, the enzyme complex is able to

convert prothrombin into thrombin with a high catalytic efficiency [15].

It is generally accepted that the PS content is the major factor which determines the

catalytic properties of a membrane with respect to activation of factor X or prothrombin [15].

Moreover, binding of coagulation factors VIII [16] and V [17] to PS-containing membranes

was shown to be stereoselective for the naturally occurring L-configuration of the serine

headgroup Reports on the contribution of phospholipid classes, other than PS, to the

procoagulant activity of membranes remain scarce. An inhibiting effect of Sph on the

prothrombinase activity of PS-containing membranes has been suggested earlier [18].

Recently, an accessory role for PE was also shown for the activity of activated protein C as

measured on PS-containing vesicles [19].

Given the composition of the outer leaflet of the plasma membrane of the resting platelet

and the changes that may occur during activation, we investigated the contribution of each of

the various phospholipid classes to the prothrombinase activity of PS-containing sonicated

phospholipid vesicles. In addition, we studied the prothrombinase activity of vesicles with

phospholipid compositions similar to the phospholipid composition of the outer plasma

membrane leaflet of both the resting- and the activated blood platelet.
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M a t e r i a l s a n d M e t h o d s • • . - • - ^ - ^

/teagew/s Human serum albumin (product # A-1887) was from Sigma Chem. Co. (St. Louis,

MO). The thrombin-specific cliromogenic substrate S2238 was from Chromogenix

(Stockholm, Sweden)

/Vo/e/zu All coagulation factors were purified from bovine blood as described elsewhere

[12, 15] and kept in buffer composed of 50 mM Tris-HCl, 120 mM NaCl, pH 7.4,

supplemented with 3 mM CaCl; and 0.5 mg/mL human serum albumin at -70 °C until use.

Z,//;K/S The following lipids were obtained from Sigma: 1,2-dioleoyl-sn-glycero-3-

phosphatidylcholine (DOPC) (product # P1013); sphingomyelin (Sph) (from bovine

erytlirocytes, product # SI 131). l,2-Dioleoyl-sn-glycero-3-phosphatidylethanolamine

(DOPE) and l,2-dioleoyl-sn-glycero-3-phosphatidylserine (DOPS) were from Avanti Polar

Lipids (Alabaster. AL). Cholesterol was from Baker (J.T. Baker Chemicals, Deventer, The

Netherlands). All lipids were dissolved in chloroform:methanol 1:1 and stored at -20 °C in

tightly sealed glass tubes.

P/KK/J/JO/Z/JK/ ves/c/es Phospholipid vesicles were prepared by mixing appropriate amounts

of stock solutions. The lipids were dried under a stream of nitrogen. The dried lipid film was

suspended in 1 mL Tris buffer (120 mM NaCl, 50 mM Tris-HCl, pH 7.4), at a concentration

of 250 uM of phospholipid and sonicated for 8 mm at 45 °C using a MSE Mark II 150 W

ultrasonic desintegrator set at 9 urn peak to peak amplitude.

/Vo//;ro/w6j«a.s«; ossov The prothrombinase assay was performed at 37 "C in a system

containing 2 uM phospholipid, 0.1 nM factor Xa, 10 nM factor Va, 3 mM CaCl,, 0.5 mg/mL

human serum albumin, and 1 (iM prothrombin (all final concentrations). The amount of

thrombiii fonned was measured with thrombiii specific chromogenic substrate as described

[11]. Each data point shown is the mean of 3 individual experiments. An error bar represents

the standard deviation. If not visible, it lies within the symbol.

Results and Discussion

Prothrombinase activities were measured under conditions at which the rate of thrombin

formation is strongly dependent on the mole fraction of PS in the vesicles (2 uM

phospholipid, 0.1 nM factor Xa, 10 nM factor Va) [15].

The results of the titrations of DOPS in vesicles composed of pure DOPC, pure Sph, or

DOPC containing 30 mole % DOPE are shown in Fig. 1. The curve of the DOPC vesicles

shows a steep increase in activity between 2 and 4 mole % of DOPS and a plateau is reached

between 6 and 8 mole % DOPS. When Sph vesicles were used, prothrombinase activities

were considerably lower. Activity was only detected when DOPS exceeded 6 mole % and no

plateau in activity was reached over the range 0-10 mole % DOPS. On the other hand, the
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presence of 30 mole % DOPE, an amount comparable to that detected in the outer plasma

membrane leaflet of activated blood platelets [2], caused a considerable increase in the

prothrombinase activity relative to vesicles composed of DOPC/DOPS:

gG 8

FIG. 1 Effect of SphM and DOPE on the
prothrombinase activity of phosphohpid vesicles
containing increasing amounts of DOPS. DOPS was
titrated (at the expense of DOPC) in vesicles
composed of pure DOPC (O). pure SphM (CD), or
DOPC with 30 mole % DOPE ( • ) .

0 2 4 6 8 10

DOPS content (mole %)

an approximately threefold lower mole % DOPS was required to obtain half maximal activies

while no appreciably difference in maximal activities was observed.

To further detail the effects of DOPE or Sph, on the prothrombinase activity of sonicated

vesicles, we performed measurements on vesicles composed of DOPC with a fixed amount of

DOPS and a variable amount of either DOPE or Sph (at the expense of DOPC). As shown in

Fig. 2, upon gradual replacement of DOPC by DOPE in vesicles which contain 2 mole %

DOPS, an increase in activity was observed, which was already apparent at relatively low

0 15 ?C 45 D0 75.

FIG. 2 Effect of Sph and DOPE on the
prothrombinase activity of phospholipid vesicles
containing contstant amounts of DOPS. Gradual
replacement of DOPC by DOPE ( • ) or by Sph (•) in
vesicles containing 2 or 10 mole % DOPS.

. i-',i respectively. .. ,„ . , . . , ,..,. . . .

.'/'•* '-*;-v ••! ..'4;i.^ J

added DOPE or SphM (mole %)
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DOPE concentrations. At 15 mole % DOPE this stimulating effect was half of that observed

with vesicles containing 40 mole % DOPE. As vesicles composed of more than 40 mole %

DOPE in DOPC have been reported to adopt the hexagonal (H,,) phase rather than the bilayer

structure [20], vesicles with DOPE contents higher than 40 mole % DOPE were not tested.

To study the effect of the replacement of DOPC by Sph, vesicles containing 10 mole %

DOPS were used in order to have sufficient thrombin formation to allow accurate

measurements. Substitution of DOPC by Sph in these vesicles (Fig. 2), caused a decrease in

protlirombinase activity: the presence of approx. 60 mole % Sph resulted in a 50 % reduction

of the activity.

Besides phospholipids and membrane proteins, the platelet plasma membrane also

contains cholesterol. To study the effects of cholesterol on the prothrombin converting

capacity, this lipid was incorporated in all series of Figure 1 at a ratio of phospho-

lipidxholesterol 2:1 (mole:mole). Incorporation of cholesterol in vesicles composed of either

DOPC/DOPS or DOPC/DOPE/DOPS caused only a minor increase in protlirombinase

activity of these vesicles (Fig. 3, A and B, respectively).

200
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100
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60

40
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Z :

/ /

/ «
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0 2 4 s 8 10
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FIG. 3 Effect of cholesterol on the prtxhrombinase activity of phosphohpid vesicles. Cholesterol was
incorporated mto vesicles at a ratio of phosphoUpid: cholesterol 2:1 (mole:mole). Titrations of DOPS in DOPC (panel
A). DOPC with 30 mole % DOPE (panel B). or in Sph (panel C) Without cholesterol (O). with cholesterol (•) .

A somewhat larger increase of activity was observed when cholesterol was included in

vesicles composed of Sph/DOPS (Fig. 3C). Considering the known association of cholesterol

and sphingoinyelin [21], it cannot be excluded that lateral phase separations of these lipids

occur, leading to local alterations in the availability of DOPS that favor the binding of the

coagulation factors. Alternatively, cholesterol might act as a spacing molecule, which could

favor binding of the components of the protlirombinase complex. It should be mentioned that
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the Sph used has a phase transition temperature of about 20°C [22], which eliminates a

l i q u i f y i n g e f f e c t o f c h o l e s t e r o l o n S p h . • > * i ; «•: - • .: - • -'••• • : ••-...••-•-•.••. . v i L m s -,--.•

Platelet activation may lead to alterations in the phospholipid composition of the outer

membrane leaflet: after activation (e.g. by treatment with collagen plus tlirombin, or Ca-

ionophore) the phospholipid composition of the outer plasma membrane leaflet closely

resembles that of the total platelet lipid composition [2]. Thus, PS (and substantially more PE)

becomes exposed, while PC and Sph show a net inward movement [23, 24]. As the influence

of neutral phospholipids (Fig. 1), can be either inhibiting (Sph) or stimulating (DOPE), we

questioned what would be the effect of a PS titration in vesicles with a composition

resembling that of the outer leaflet of the activated platelet. To that end, we performed

measurements on vesicles composed of DOPE/Sph/DOPC 27/19/54 (mole %) with

increasing DOPS content (at the expense of DOPC). The resulting curve (Fig. 4) is very

similar to that of the titration of DOPS in DOPC with 30 mole % DOPE (Fig. 4, dashed

curve). ' ; •

c
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FIG. 4 Effect of increasing mole fractious of
DOPS in phospholipid vesicles simulating the outer
membrane leaflet of activated blood platelets. DOPS
was titrated in vesicles composed of DOPE/Sph
/DOPC 27/19/54 (mole %). Dashed curve represents
activity of titration in DOPC/DOPE (cf. Fig. 1).

In summary, the data from this study indicate that the effect of Sph on the prothrombinase of

mixtures of DOPC/DOPS is inhibitory, while that of DOPE is stimulating. However, when

both Sph and DOPE are present, the inhibitory effect of Sph is largely abolished (cf. Fig. 1

and 4). Considering the changes in lipid composition of the outer leaflet of the plasma

membrane that occur when platelets are activated, the decrease in Sph and concomitant

increase in PE content will augment the effect of surface-exposed PS to the catalytic

properties of the platelet membrane. The present results also indicate that cholesterol has only

minor modulating effects with respect to the prothrombinase activity. The highly stimulatory

effects of PE on the procoagulant properties of PS imply a physiologic role for PE in

promoting the activity of procoagulant platelet membrane surfaces, that nevertheless has an

absolute requirement for PS. . . .
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Abstract

The conversion of prothrombin into thrombin is an imperative step in the sequence of

reactions leading to the formation of a hemostatic plug. This reaction is catalyzed by the

prothrombinase complex, composed of factors Xa and Va, which is assembled on a

phospholipid surface through Ca-mediated interactions with the lipid polar headgroups. In

this article we describe experiments indicative for a major role of the stereochemical

configuration of phosphatidylserine in the binding of the prothrombinase complex to a

phospholipid surface Using two stereoisomers of phosphatidylserine, i.e.

L-o-glycerophosphoryl-L-serine (PLS) and L-a-glycerophosphoryl-D-serine (PDS), we

demonstrate that membranes containing PLS are appreciably more favorable than membranes

containing PDS in promoting assembly of the prothrombinase complex and catalysis of

prothrombin conversion. Ellipsometric analysis of the binding of factor Va and factor Xa to a

surface composed of phosphatidylcholine and 10 mole % of either PLS or PDS reveals that the

apparent A.',, for factor Va increases about 25-fold when substituting PDS for PLS. For factor

Xa a 5-fold increase in A',, was observed on replacing PDS for PLS. When PLS is replaced by
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phosphatidyl-B-lactate (PLac), a phospholipid resembling PS but lacking the amino-group, a

similar decrease in prothrombinase activity is found as observed with PDS, implicating the

importance of both the amino-group and the stereo configuration of the serine moiety for the

assembly of the prothrombinase complex. The much higher efficiency in supporting

prothrombinase of membranes containing PLS as compared to those containing PDS or PLac,

is further illustrated by their higher capacity to retain their catalytic properties upon changes

in surface charge. Unlike PLS, the incorporation of positively charged stearylamine leads to a

considerable reduction in prothrombinase activity when PDS or PLac are used as anionic

phospholipid. Taken together, these findings demonstrate the important and unique character

of phosphatidyl-L-serine as procoagulant phospholipid.

Introduction

The prothrombinase complex is known to consist of a serine protease, factor Xa, and a protein

cofactor. factor Va, assembled in a tight complex at phospholipid surfaces containing anionic

phospholipids (Zwaal, 1978, Mann et al., 1990). Formation of the complex is strictly

dependent on the presence of calcium ions. After assembly, the enzyme complex is able to

convert prothrombin into thrombin with high catalytic efficiency (£„»/£„, "* 2.5 X 10* NT's"',

van Rijn et al., 1984). The high efficiency of the complete prothrombinase complex is

explained by a decrease of the A'̂  for prothrombin upon binding of the proteins to the lipid

surface and an increase of the /.^, brought about by factor Va (Nesheim et al., 1979, Rosing

et al., 1980). A chelate model has been suggested for the interaction of the vitamin K

dependent proteins with a lipid surface containing phosphatidylserine (PS), in which calcium

ions are thouglit to form a coordinate complex with Y-cart>oxyglutamic acid (gla) residues of

the proteins and negatively charged headgroups of PS (Rosing et al., 1988). The presence of

three fixed charges localized in the polar headgroup of PS would allow the formation of such

a stable chelate complex and thereby explain the exceptional quality of PS as component of a

procoagulant surface.

The aim of the present study was to explore in more detail the specific requirements of the

serine moiety of PS to allow optimal binding and activity of the components of the

prothrombinase complex For that purpose we synthesized PS with either the L- or the

D-isomer of serine in the polar headgroup. in order to probe for possible stereo-specificity in

the binding and activity of prothrombinase. To assess the importance of the amino-group of

the serine moiety of PS, the anionic phospholipid phosphatidyl-B-hydroxypropionate

(phosphatidyl-B-lactate. PLac) was synthesized and its procoagulant activity was compared

with both stereoisomers of PS. The procoagulant activity of these lipids, i.e.

dioleoylphosphatidyl-L-serine (PlS), dioleoylphosphatidyl-D-serine (PDS) and

dioleoylphosphatidyl-C-lactate (PLac) was compared in a prothrombinase assay system with
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purified coagulation proteins under different reaction conditions. Also, using ellipsometry.

direct binding of factors Va and Xa to planar phospholipid surfaces containing the above

mentioned phospholipids was investigated, to assess the apparent dissociation constants of

these proteins.

Experimental Procedures

l,2-Dioleoyl-.v«-glycero-3-phosphocholine (DOPC), Phospholipase D from

Streptomyces S/JCCKW, «-octyl-B-D-glucopyranoside, L- and D-serine, 3-hydroxypropionitrile

and stearylamine were all purchased from Sigma Chem. Co. (St. Louis, USA). The

thrombin-specific chromogenic substrate S2238 was obtained from AB Kabi Diagnostica,

Stockholm, Sweden.

/Vo/e//w. Bovine prothrombin was purified as described by Owen et al. (1974). Bovine factor

Xa was a kind gift of Dr. Rosing (Department of Biochemistry, Univiversity of Limburg) and

was prepared according to Fujikawa et al. (1972). Bovine factor Va was obtained from Dr.

Wagenvoord (Department of Biochemistry, University of Limburg) and was purified

according to Lindhout et al. (1982).

Z,//>K/S. B-Hydroxy-propionic acid (B-lactate) was prepared from the propionitrile as described

by Read (1927). Briefly, in a round-bottom flask with mechanical stirrer, 1.75 mol

3-hydroxypropionitrile was added slowly to 250 mL 8 M NaOH under continuous stirring

while keeping the temperature below 30 °C. The mixture was left overnight at room

temperature. After refluxing for 4 h, 200 mL of H;O was added followed by slow addition of

125 mL 50% (v/v) l-LSO., while keeping the temperature below 35 °C. The

3-hydroxypropionic acid was extracted from the acidic solution with six portions of 150 mL

of ether. The combined ethereal extracts were dried under reduced pressure until a sirupy

liquid remained which contains approximately 75% B-lactate, the remainder being mainly

water. PLS, PDS and PLac were synthesized from DOPC by phospholipase D catalyzed

base-exchange using the bacterial enzyme from Streptomyces .?/>ec;i?.v, which results in higher

yields as compared to cabbage phospholipase D (Juneja et al., 1989) Synthesis was carried

out as described before (Comfurius et al., 1990). Briefly: DOPC was dried in a glass tube.

L-serine, D-serine or p"-lactate were dissolved in a concentration of 40% (w/v) in a solution

containing 0.1 M CaCU and 0.1 M sodium acetate (final concentrations) and added to the

dried DOPC. 2% B-D-octylglucoside (w/v) was added to disperse the lipid. Thereto the

mixture was stirred for approximately 5 min. Then phospholipase D was added to a final

concentration of 5 ug/mL. The mixture was stirred for two h at 45 °C. Extraction of the lipid,

purification, and quantification, were carried out as described before (Comfurius et al., 1990).

Overall yields amount to at least 75% for all lipids. The lipids were found to be more than 99

% pure by two-dimensional thin layer chromatography using chloroform/methanol/
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ammonia/water (95/50/5.5/5.5, v/v/v/v) in the first, and chloroform/methanol/acetic

acid/water (90/40/12/2, v/v/v/v) in the second direction. Moreover, migration of PDS in these

solvent systems was found to be indistinguishable from that of PLS.

/Ve/jarof/ow q/' /%O.S/>/;O///>K/ I "<?.sic/e.s. Phospholipid vesicles were prepared by mixing

appropriate amounts of stock solutions in chloroform/methanol 1:1 (v/v) and drying the lipid

under a stream of nitrogen. The dried lipids were suspended in Tris/NaCl buffer (50 inM Tris,

120 mM NaCl, pH 7.5) at a concentration of 250 uM and sonicated for 10 min at 4 °C with a

MSE sonicator set at 6-|im amplitude. .

/Vo//;ro/M/>7>;<«<? AMOV. The prothrombinase assay was performed at 37 °C in a system

containing Tris/NaCl buffer (50/120 mM pH 7.5), 3 inMCaCK and 0.5 mg/mL human serum

albumin. Phospholipid vesicles, coagulation factors Xa, Va and prothrombin were present in

concentrations indicated in the legends to the figures. After an incubation of 5 min to allow

assembly of the factor Xa/Va complex, reactions were started by the addition of prothrombin.

At different time intervals samples were transferred to a cuvette containing Tris/NaCl/EDTA

buffer (50/120/2 mM pH 7.9). The amount of thrombin formed was determined by measuring

the change in absorbance per minute after addition of 200 uM S2238. The AA/min was

converted to nM thrombin using a calibration curve made with known amounts of

active-site-titrated thrombin.

£////wo/weft-/c A/easwre/neM/ q/" /Vo/ei'w Zfr/ufrng /o P/a/iar /V?as/j/io/»/>/c/ /fr'/overe. Planar

bilayers were deposited on silicon slides (Wacker Chemie) as described (Giesen et al., 1991).

Briefly, silicon slides were thoroughly cleaned, treated with chromic sulphuric acid for 24 h

and rinsed extensively with water before use. The planar phospholipid bilayer was deposited

on the slide by immersion in a stirred suspension of sonicated phospholipid vesicles (30 uM).

Binding of blood coagulation factors Va and Xa to these planar bilayers was measured as

described before (Corsel et al., 1986). The experiments were performed in Tris/NaCl buffer

(50/120 mM, pH 7.5) containing 3 mM CaCl-. and 0.5 mg/mL bovine serum albumin. Protein

adsorption was started by addition of protein to the trapezoidal cuvette (5 mL) and the protein

was allowed to adsorb until equilibrium was attamed (approximately 10 min for factor Va and

5 min for factor Xa on a surface of 10 mole % Pl.S in PC). At regular time intervals (20 min

for factor Va and 10 min for factor Xa) the protein concentration in the cuvette was increased

and the protein adsorption at the end of the interval was measured. For factor Va the

concentrations used were 1, 2, 4, 8, 16 and 32 nM, and for factor Xa 100, 200, 400, 600 and

1000 nM. The experiments were analyzed using the relation:

r^ = r « c ^ / ( A , + c u ) ;"./"'*'!..'. \. ..... ( i )

which, for independent binding sites, gives the amount of bound protein (!"„,) as function of

the concentration of unbound protein (C^) , the maximal protein adsorption (Gmax) and the
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dissociation constant (A'<̂ . For PLS/PC (10/90) the adsorption at the highest protein

concentration approached F ^ , allowing values for A'̂  and F , ^ to be estimated from

experimental data of F«, versus C ^ using a least squares fit. For PDS and PLac, however, the

adsorption at the highest protein concentration remained too far below F,,,^ to estimate this

parameter from the data. Therefore, A.",, was estimated by a least squares fit of formula 1 to the

experimental data using the value of F , ^ obtained from PLS/PC.

Results

.-Jc/rv/rv o/S/ereoiso/wers o/PS. To compare the two stereoisomers of PS, a

series of prothrombinase measurements were carried out using lipid mixtures composed of

dioleoyl-PC and increasing amounts of either of the isomers of dioleoyl-PS (Pl.S or PDS).

Since the total amount of PS ui blood platelets, which are the most relevant cells for providing

a procoagulant surface under physiological conditions, approximates 10 mole % (Perret et al.

2 4 6 8 10
[PS] (mole %)

2 4 6 8 10
[PS) (mole %)

2 4 6 8
[PS] (mole %)

/: Prothrombinase activity of a pbospholipid surface as a function of the mole-fraction anianic phospholipid:
• : PLS. • : PDS. Data shown are from a representative experiment out of four independently so performed Reaction
conditions differ between panels A. B and C as follows:

[PL] [Xa] [Va] [PT]

A

B

C

25 fiM

2.5 nM

25 uM

10 nM

0.5 nM

2pM

1 nM

2nM

4uM

4uM

4uM

1979, Bevers et al. 1983), this amount of PS was taken as a maximum for the artificial lipid

vesicles used in this study. First, prothrombinase activity was measured in the absence of
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factor Va. This required both a high lipid concentration (25 uM) and a high factor Xa

concentration (10 nM) in order to have sufficient thrombin formation to allow accurate

measurements. As shown in Figure 1A, in the absence of factor Va there is a clear difference

between both stereoisomers of PS: at 10 mole % an almost five-fold difference in rate of

thrombin formation is observed in favour of the naturally occurring L-form.

In the presence of factor Va, thrombin formation is strongly increased, requiring different

reaction conditions to prevent substrate depletion. Therefore, prothrombinase measurements

were performed at 2.5 uM total phospholipid and 0.5 nM factor Xa in the presence of 1 nM

factor Va. Under these conditions the difference in catalytic properties between PLS and PDS

is even more pronounced (Figure IB). Up to 5 mole %, prothrombinase activity of vesicles

containing PLS is at least 10-fold higher than the activity observed with PDS containing

vesicles. Above 5 mole % of PLS no further increase in rate of thrombin formation is found.

In contrast, for vesicles with PDS prothrombinase activity still increases up to 10 mole %. At

20 mole %, the prothrombinase activity of vesicles with PDS amounts approximately 80 % of

the activity of PLS containing vesicles (data not shown). In the experiment depicted in Figure

1C, a thousandfold excess of factor Va (2 nM) over factor Xa (2 pM) was used in the

presence of a high lipid concentration (25 (iM) to ensure maximal binding of factor Xa to the

lipid surface. Even under those conditions the difference between the two isomeric forms of

PS remains, albeit to a lesser extent than observed under the conditions used in Figure IB.

Similar differences were obtained between vesicles containing PLS and PLac (data not

shown). ,

A7/?e//c Parameters o//Vof/iro/n&/>j .-Jc/Zvan'on. To evaluate possible changes in the binding

parameters of the y-carboxyglutamic acid (gla) containing coagulation factors, prothrombin

titrations were performed with vesicles containing 5 mole % of PS using the reaction

conditions described in each of the three panels of Figure 1. The results are summarized in

Table 1. No appreciable differences in the apparent A'̂ , for prothrombin were observed

between a lipid surface containing either Pl.S or PDS, when protlirombinase activity was

measured in the absence or presence of factor Va. The somewhat higher A'̂ 's observed under

conditions used in Figure IB possibly reflect competition between the Xa/Va complex and

prothrombin for the limited number of binding sites. In contrast, the apparent / "^ seems to

be dependent on the stereochemical configuration of PS; in all cases a higher J „,„ is found for

vesicles with PLS, being most pronounced (some 20-fold) under conditions used in Figure

IB. However, when excess of factor Va over factor Xa is employed, there is only 33%

difference in the apparant f "^ value between PDS- and PLS containing vesicles, suggesting

that the observed differences in the apparent I '„, ,̂  reflect changes in the amount of factors

Xa/Va bound, rather than an actual difference in /L,.
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Table 1: For Lipid Mixtures Containing 5 mole % Pi S or PDS, A'̂  and I ̂  Values

Were Estimated from Prothrombin Titrauons"

A B C

lipid

PLS

PDS

A'm

(jiM)

0.31

0.24

(max

(uM/mm)

0.4

0.1

A'm

(uM)

1.20

0.79

f'tnax

(nM/min)

523

25

Am

(uM)

0.26

0.22

(max

(nM/min)

606

4.1

* The characters above the columns refer to the reaction conditions as described in the

legend to Figure 1. A ,̂ values are expressed as uM PT and J '^ as nM Da/min.

Foc/or f « 77/rof/owx hi order to evaluate whether extent of binding of factors Xa/Va depends on the

nature of the polar headgroup of the aruonic lipid. titrations with factor Va were carried out using vesicles

with 5 mole % Pl.S or PnS. In addition, prothrombiiiase activity as a function of the

concentration of factor Va was measured using vesicles in which PS was replaced by PLac, in

order to obtain iiifonnation on the importance of the amino-group of serine. The results are

given in Figure 2. Lines shown were fitted to the data using the formula of a rectangular

hyperbola, i.e. v = a.v / (x + i ) , with the parameters o and A representing the maximal

prothrombinase activity (.-J^) attainable under these conditions, and the concentration of

factor Va required to approach half. 1,^, respectively. From these fits it can be calculated that

there is no appreciable difference between the .!„,,„ using the different lipids: 3.5 nM thrombin

formed per minute for PLS. versus 3.1 and 3.0 nM per minute for Pl.S and PLac, respectively.

In contrast, the concentration of factor Va at which half-maximal activity is reached, is clearly

dissimilar for the various lipid surfaces. This concentration, which is 0.2 nM factor Va for a

PLS containing surface increases to 4.4 and 6.0 nM resp. when PDS or PLac are used as

anionic phospholipid. suggesting differential binding of factors Va and Xa

B;W;«g £..v/>c?r7/Me«tt {'.s;>7£ £V///tfo/wtVrv. In the experiments described above, enzymatic

activities have been measured which reflect the binding properties of all the components of

the prothrombinase complex. With the purpose to compare the binding of the individual

factors Va and Xa to the different anionic phospholipid surfaces, apparent A'j's were

determined using ellipsometry. To obtain meaningful values for the comparison of the

r ••
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10 20
IFWorvalOM

2: Prothrombinase activity as a function of the factor
Va concentration using 5 mole % auiouic phospholipid in
DOPC. Activities were measured with 25 uM PL. 2 pM factor
Xa and 4 uM prothrombin. Data shown are from a
representative experiment out of five independently so
performed. • : PLS. • : PDS. A; PLac.

binding parameters, in particular for factor Xa, these experiments were carried out with

phospholipid mixtures containing 10 mole % of anionic phospholipid. The results presented

in Table 2 indicate that mainly factor Va, but to a lesser extent also factor Xa, is sensitive to

the stereochemical configuration of the polar headgroup of PS and also to the presence of the

aminogroup which is lacking in PLac. An increase in the apparent A.',, factor Va of more than

one order of magnitude was found when Pl.S is replaced by either PDS or PLac. A similar but

much smaller change in apparent A.',, is observed for the binding of factor Xa. It is unlikely

that the differences between Pl.S- and a PoS-containing surfaces are caused by putative

differences in surface charge, since the electroforetic mobilities in agarose gels of vesicles

containing equal amounts of Pl.S or PDS, carried out according to Rosing et al. (1988), are

indistinguishable over a wide pH range (data not shown).

£//t'c7 «/" .S'wr/flcc CTjargi' OH />ro//ww»/>/>wKt' .-Jcf/V/'iv. The binding of proteins to various

phospholipid surfaces was further evaluated by measuring the eifect of a change in the overall

surface charge of the lipid vesicles on the prothrombinase activity. As previously shown,

addition of increasing amounts of stearylamine. a positively charged lipid compound, will

cause a change in the net surface charge of phospholipid mixtures containing anionic

phospholipid (Rosing et al. 1988). Figure 3 shows the effect of various concentrations of

stearylamine on the prothrombin converting activity of lipid mixtures containing 5 mole % of

anionic phospholipid. Unlike vesicles containing PLS, vesicles containing PDS or PLac

undergo a gradual decrease in their capacity to stimulate prothrombinase activity upon

increasing the stearylamine concentration. The effect on 5 mole % PDS is more pronounced

than on 5 mole % PLac. possibly reflecting the difference in net charge between the two

molecules. Since PLac has two negative charges at pH 7 5 it requires 10 mole % of

stearylamine to reach electroneutrality, while 5 mole % of stearylamine is sufficient to
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neutralize the PDS which has only one negative charge. As can be seen from Figure 3, the

extent of inhibition at electroneutrality appears to be very similar for PDS or PLac containing

vesicles.

IStoaryiamine] (mole %)

F/£M/v i : Influence of addition of different amounts of
slearylaniine to a phospholipid surface composed of 5
mole % of various aniouic phospholipids in PC.
Activities were measured using 25 uM PL. 2 pM factor
Xa. 2 nM factor Va and 1 uM PT. Data shoun are from
a representative experiment out of three independently so
performed. Activities are expressed as percentage of the
reaction rate without stean lamine. Rales measured as
100% are 150. 60 and 55 nM fJa formed in .10 ruin,
respectively for PLS. PDS and PLac. • : PLS. • ; PDS.
• : PLac.

Discussion

Althougli negatively charged phospholipids in general greatly accelerate the activation of

prothrombin by the serine protease factor Xa , there is a clear difference in catalytic potency

between the various anionic phospholipids, phosphatidylserine being by far the most

favourable. The relative contributions of the various parts of the phosphatidylserine polar

headgroup to the assembly of the prothrombinase complex have been investigated earlier. The

poor ability of phosphatidylethanolamine to promote prothrombinase activity (Gerads et al.,

1990) illustrates the essential requirement of the carboxylgroup of the serine moiety Direct

information on the importance of the amino-group was obtained from experiments with PLac,

a phospholipid that differs from PS only by lack of the amino-group (Rosing et al.. 1988)

Despite the fact that this phospholipid contains two negative charges at physiological pH, its

procoagulant properties were shown to be rather poor in comparison to PS. A possible

explanation for the unique position of PS among the procoagulant phospholipids was given

by the suggestion that this lipid allows the formation of a coordination complex in which

calcium is chelated by gla-residues of the proteins and the polar headgroup of PS (Resnick &

Nelsestuen, 1980; Rosing et al., 1988; Gerads et al., 1990).

While this model suggests contributions of both the amino- and carboxylgroup of the

serine moiety of PS to the binding and catalytic properties of prothrombinase, the present data

provide evidence that also the three-dimensional orientation of the amino- and

carboxyl-group of PS is of crucial importance. In this respect, it is important to point out that
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PLS and PDS employed in this study are related as diastereomers, and are not true mirror

images of each other (i.e. enantiomers). However, there are reasons to assume that the actual

polar, hydrophilic surface of lipid vesicles composed of L-a-glycerophosphorylcholine and

either L-a-glycerophosphoryl-l.-serine (PLS) or L-a-glycerophosphoryl-D-serine ( PDS) can

be considered as true mirror images, since the chiral center of the a-carbon atom of the

glycerol backbone is not directly exposed to the outer lipid surface. Moreover, insertion of the

D-o form of PS into the L-a form of PC might result in packing differences that disturb the

mirror image. Ideally, this will be overcome by using the D-a form of PC as well. However,

this could affect possible hydrophobic interactions that may occur upon binding of factor Va

to the membrane, which make it ambiguous to attribute binding differences only to the

stereochemical configuration of the polar headgroup of PS. It is well known that the pA""s of

the amino- and carboxyl-group of PS differ from those of free serine, most likely due to the

vicinity of the phosphate group in the polar head group of PS. While it could still be argued

that the physico-chemical properties of the two diastereomers of PS containing either l> or

L-serine may be different, these differences (if existing) are unlikely to play a role. The

chromatographic behavior of PLS and PDS using conventional acidic and basic solvent

systems is identical, and, more relevant, the electrophoretic mobility of PC-PLS and PC-PDS

vesicles is indistinguishable which strongly suggests that possible charge differences (if

present) are unrelated to the observed differences in binding and catalytic properties of the

prothrombinase complex.

Comparison of the apparent dissociation constants obtained with ellipsometry show clear

differences in the interaction of coagulation factors Va and Xa with a lipid surface containing

PLS or PDS (or PLac). The relative differences in binding found by this technique are in good

agreement with the functional differences observed in the prothrombinase assay. The

approximately 5-fold lower protlirombinase activity on vesicles with 10 mole % of PDS in

comparison to PLS measured in the absence of factor Va, is consistent with the decreased

affinity of factor Xa for this surface. In view of the proposed chelate complex model, this

finding strongly suggests that the mutual position of the amino- and carboxyl-group of PS is

an important ingredient for the proper formation of the calcium-mediated complex of PS with

the gla-residues of factor Xa. Although this would also predict a difference in affinity of the

substrate prothrombin between a PDS- or Pl.S-containing lipid surface, this is not reflected in

the apparent A'̂  for prothrombin.

It has been suggested that addition of factor Va to the prothrombinase system tends to

decrease differences between anionic lipids, presumably because of increased binding of both

factor Xa and prothrombin in the presence of factor Va (Nesheim et al., 1979; Lindhout et al.,

1982; van de Waart et al., 1984). Nevertheless, our data show that at low mole % of PS and

nanomolar concentration of factors Va and Xa considerable differences in prothrombin

converting potential between PlS and PDS are present, which can at least in part be overcome

by conditions that favour binding of coagulation proteins. Thus, increasing the lipid
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concentration (thus the number of binding sites), and lowering the factor Xa concentration

while keeping the factor Va concentration constant (thus increasing the fraction of added

factor Xa bound to the vesicles), tends to decrease the difference between Pl.S and PDS. Also,

increasing the number of binding sites for factors Xa/Va by increasing the PS mole %

decreases the difference between PLS and PDS.

This strongly suggests that also the binding of factor Va is affected by the stereochemistry

of the polar headgroup of PS. The experiments in which prothrombinase activity is measured

as a function of the factor Va concentration (see Figure 2) lend further support to the notion

that the affinity of factor Va for PLS is much higher than for PDS or PLac. This was

confirmed by direct binding measurements using ellipsometry. Comparison of the binding

data obtained with ellipsometry actually indicate that the binding of factor Va to PS is much

more affected by the stereochemical configuration of the serine moiety of the polar headgroup

than the binding of factor Xa. In thennodynamic terms, a 25-fold difference in A',, of factor Va

between lipid surfaces containing either 10 mole % of PLS or PDS may be rather small,

especially when it is realized that this effect is contributed by many PS molecules. However,

in physiological terms it seems much more important when one considers that blood platelets

contain approximately 10 mole % of PS, and that the plasma concentration of factor V (the

precursor of factor Va) is about 20 nM, i.e. above the A',, for naturally occuring PLS

containing membranes and considerably below the A',, for membranes containing PDS. In

addition, the weaker binding and activity of prothrombinase in the presence of

PDS-containing membranes approximates that of other negatively charged phospholipids,

particularly to that of PLac that compared to PS lacks the ammo group and, therefore, has two

net negative charges in stead of one.

Interaction of factor Va with anionic phospholipid surfaces has been proposed to involve

both nonionic (Bloom et al., 1979; Pusey et al., 1982) and ionic forces (Pusey et al, 1982; van

de Waart et al., 1983). This binding, which is mediated by the light chain of factor Va, does

not require calcium ions. The much higher affinity of factor Va for Pl.S relative to PDS or

PLac containing membranes presumably implies a specific three point charge organization in

the binding region of the factor Va light chain which contributes to a better interaction with

the phosphate-, amino- and carboxyl-group of the polar head group of naturally occurring

PLS. The specificity of this interaction may be further illustrated by the observation that even

a change in the net charge of the lipid surface from negative to positive, by incorporation of

excess stearylamine, hardly influences the activity of PLS while strongly lowering the

procoagulant activity of PDS or PLac containing vesicles.

In conclusion, we have obtained evidence that the prothrombinase reaction is sensitive to

the stereochemical configuration of the serine-moiety of PS. PS-molecules that have I-serine

as part of their polar headgroup bind factors Va and Xa more favourably than PDS (or PLac),

which is reflected by differences in the catalytic properties of membranes containing these



lipids. It is likely that the observed differences in the apparent f^ are solely due to

differences in enzyme bound, rather than to changes in /.„,. Recently. Gilbert and Drinkwater

(1993) have presented evidence that binding of coagulation factor VIII to phospholipids is

stereospecific with respect to PS. Although these authors did not compare actual rates of

factor X activation on PLS and PDS containing lipid surfaces, it is to be expected that also the

tenase activity is stereoselective with respect to the serine head group of PS. Together, these

results illustrate the unique position of the naturally occurring phosphatidyl-L-serine as

procoagulant lipid in biological membranes. It can be conjectured that if naturally occurring

coagulation proteins would have been built from D-amino acids in stead of l.-amino acids, a

biological membrane containing phosphatidyl-D-serine would have been the most favourable

procoagulant surface. In this respect it is of interest to mention that a functional D-amino acid

protease has been synthesized with reciprocal chiral specificity (Del Milton et al., 1992).
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Summary

The platelet procoagulant response involves an increase in surface-exposed

phosphatidylserine, which allows binding and assembly of enzyme complexes of the

coagulation pathway resulting in acceleration of the clotting process. This response essentially

requires the presence of extracellular Ca-', and varies in extent with the type of agonist used.

In the present paper we demonstrate that the moderate procoagulant response of human

platelets caused by tlirombin is strongly amplified by the presence of thapsigargin, an

inhibitor of the microsomal Ca- -ATPase. Thapsigargin, like thrombin, has only a weak effect

on procoagulant activity. The large increase in procoagulant activity observed with the

combined action of these two agonists is associated with increased shedding of microvesicles

from the platelet plasma membrane as well as with inhibition of transport of a fluorescent-

labeled analog of phosphatidylserine from the outer to the inner leaflet of the plasma

membrane by the aminophospholipid translocase. The latter two observations support current

concepts regarding the mechanism of development of procoagulant activity.

Although the synergistic effect of thapsigargin on thrombin-induced procoagulant activity

is at least in part due to the high levels of intracellular [Ca-] evoked by these agonists, the

data clearly indicate that a rise of the intracellular [Ca-] is insufficient to completely explain
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this response. The present findings suggest that additional factors control expression of

procoagulant activity upon stimulation of platelets by thrombin.

Introduction

In addition to the major platelet responses including shape change, aggregation and secretion,

the platelet procoagulant response forms an essential contribution to the normal hemostatic

process. This response involves surface exposure of anionic phospholipids, mainly

phosphatidylserine, which, in its rum, promotes efficient assembly of enzyme complexes of

two sequential coagulation reactions, the activation of factor X to Xa and the conversion of

prothrombin to thrombin [1, 2]. The extent to which platelets become procoagulant is

dependent on the type of activator(s): maximal response is caused by the non-physiological

calcium ionophore, while the combined action of collagen and thrombin appears to be the

most potent physiological stimulus. Thrombin, though considered as being one of the

strongest platelet agonists regarding aggregation and secretion, has only a moderate effect on

platelet procoagulant activity, which is even less than the response evoked by collagen

[3].The platelet procoagulant response was demonstrated to have an absolute requirement for

extracellular Ca-*-ions [4]. Stimulation of platelets with Ca -lbnophore in the presence of

well defined extracellular Ca-* concentrations revealed half maximal procoagulant response at

15 |iM Ca- Moreover, these studies suggested a direct relationship between the intracellular

Ca-* concentration ([Ca-'],) and the extent of procoagulant activity.

The aim of the present study was to determine in more detail the thrombin-induced

procoagulant response of platelets in relation to changes in [Ca-*],. To manipulate the

intracellular Ca-*-levels during stimulation with thrombin, we have used thapsigargin, an

inhibitor of the Ca-'-ATPase present in dense tubular system membranes [5, 6, 7]. Added in

nanomolar concentrations, this compound has been shown to elevate [Ca-*], and to cause a

depletion of the intracellular Ca-* stores in platelets [8, 9, 10]. It is demonstrated that

thapsigargin increases the platelet response to thrombin in a synergistic way. Furthermore,

the results indicate that rise in [Ca-*], is not the exclusive factor which controls expression of

procoagulant activity in platelets. . . .

Materials and Methods

Calcium ionophore A23187 was obtained from Calbiochein-Hoechst (San Diego, CA).

Thapsigargin was from Sigma Chemical Company (St. Louis, MO) and fura-2 acetoxymethyl

ester from Molecular Probes (Eugene, OR). The prostacyclin analogue Ilomedine (ZK-

36374) was from Schering (Weesp, The Netherlands). The coagulation factors thrombin.
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prothrombin, Xa, and Va were purified from bovine blood as described before [1]. The

thrombin-specific chromogenic substrate S2238 was from AB Kabi Diaguostica (Stockliolm,

Sweden). The monoclonal fluorescein isothiocyanate (FITC)-conjugated mouse anti-human

platelet glycoprotein Ib, AN51, was purchased from DAKO (Glostmp, Denmark). 7-

Nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-labeled (18:1) analogues of phosphatidylcholuie and

phosphatidylserine were obtained from Avanti Polar (Alabaster, AL).

Washed human platelets were obtained from freshly drawn blood from healthy volunteers by

differential centrifugation, as described before [3]. Platelets were resuspended in HEPES

buffer composed of 136 mM NaCl, 2.7 mM KC1, 2 mM MgC12, 10 mM Hepes, 5 mM

glucose, and 0.5 mg human serum albumin per mL, adjusted to pH 7.4. Shortly before the

incubations, CaCl, was added to a final concentration of 3 mM. Platelets ( 2 x 1 0 /mL) were

incubated at 37° C under stirring conditions unless stated otherwise. One minute before the

addition of thrombin (4 nM final concentration), thapsigargin was added to the platelets from

100-fold concentrated stock solutions in dimethylsulfoxide. Control incubations without

thapsigargin were carried out in the presence of 1% (v/v) solvent.

To separate platelet-derived microvesicles from remnant platelets, cell suspensions were

centrifuged at 850 x g for 20 min, after which aliquots were tested for procoagulant activity in

the prothrombinase assay (see below). This method used to separate microvesicles from

remnant platelets has been validated before [11].

Platelet procoagulant activity was determined by measuring the rate of conversion of

prothrombin to thrombin by the enzyme complex factor Xa-factor Va, and was expressed as

prothrombinase activity. The conditions for this assay which has been described in more

detail elsewhere [1], were as follows: 5 x 10* platelets per mL, 3 mM CaCl,, 3 nM factor Xa,

6 nM factor Va and 4 uM prothrombin (all final concentrations) The chromogenic substrate

S2238 was used to determine the amount of thrombin formed. From all values obtained, the

prothrombinase activity of platelet-free buffers was subtracted.

Platelet suspensions in 0.22 urn filtered HEPES buffer were incubated at 37° C for 10 min,

without stirring. Subsequently, 100 uL of the suspension was stained by addition of 10 (iL

1:10 diluted FITC-conjugated monoclonal antibody AN51 in the dark at room temperature for

20 min. The stained samples were diluted 1:10 in filtered HEPES buffer and analyzed in a

Becton-Dickinson F AC Star flow cytometer. Light scatter and fluorescence channels were set

at logarithmic gain. In order to resolve platelet-derived microvesicles from background light
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scatter, acquisition was gated so as to include only those particles distinctly positive for FITC-

conjugated AN51. Thus only the cell material expressing the platelet-specific membrane

glycoprotein Ib was included for analysis. •

In each incubation, forward and side (right angle) light scatter profiles of 10,000 events

were plotted and analyzed using the Becton-Dickinson F AC Star analysis program. A vertical

line was set at the lower limit of the platelet region in the dot plot of untreated platelets

according to Sims et al. [12] The region at the left-hand side of this vertical line was

operationally defined as the platelet microvesicle region.

Platelets were pretreated with the various agonists for 10 min before translocase activity was

measured. Briefly, platelet suspensions (in the absence of human serum albumin) were

rapidly mixed with NBD-phosphatidylcholine or NBD-phosphatidylserine (1 jiM final

concentration) and incubated at 37" C. Translocase activity of stimulated or non-stimulated

platelets was measured using the back-exchange procedure described by Connor et al. [13].

Briefly, platelets (10*/mL) were rapidly mixed with NBD-phosphatidylcholine or NBD-

phosphatidylserine (1 nM final concentration) and incubated at 37° C. At different time

points, 100 jiL aliquots of platelet suspension were mixed on ice with either 1 mL HEPES

buffer (pH 7.5) (to determine total fluorescence) or 1 mL of the same buffer supplemented

with 1% (w/v) bovine serum albumin (to remove NBD-lipid from the outer cell membrane

monolayer) and centrifuged for 3 min at 12,000 x g. After solubilizing the pelleted cells in 1

mL of 1% (w/v) Triton X-100, NBD fluorescence was measured (X^ 472 mn, A.̂ , 534 nm).

The NBD-lipid remaining in the cellular fraction after extraction with bovine serum albumin

was considered to be translocated to the cytoplasmic leaflet of the cell membrane.

/o/7

Platelet rich plasma was incubated with 3 (iM (final concentration) fura-2 acetoxymethyl

ester at 37° C for 45 min. After washing, the platelets were resuspended in HEPES buffer.

Fluorescence of the stirred suspension was measured in a thennostatted (37° C) cuvette

chamber using a Shimadzu RF-5001PC spectrofluorophotometer (Shimadzu Europe,

Duisburg, Germany). The wavelength of the excitation light was alternatively switched

between 340 and 380 nm, and the emission was recorded at 510 nm. Agonists were added as

above. [Ca-], was calculated from the ratio of emitted light at 340 nm excitation over that at

380 nm excitation according to Grynkiewicz et al. [14], Fluorescence ratio's were

independent on the amount of fura-2. Fluorescence was corrected for the background

fluorescence of platelet-free buffers. Calibrations were carried out at least in triplicate.

Neither thrombin nor thapsigargin did interfere with the calibration outcome. Platelet
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aggregation was low because of the low cell count and the low stirring rate and did not

significantly influence the fluorescence measurements

It should be noted that platelets used for FACScan analyses as well as for

aminophospholipid translocase measurements were activated at a concentration of 10*/ml,

whereas for prothrombinase activity and [Ca-"], measurements, a concentration of 2 x 107ml

was used. Although this might give rise to different results, we believe that the values

obtained for platelets at 1 OVml at most represent an underestimation because of the lower

thapsigargin:platelet ratio.

Results

Due to its [Ca~^],-increasing effect, thapsigargin is able to induce platelet aggregation and

platelet secretion in the absence of added agonists as was previously demonstrated [15]. We

therefore first investigated the action of thapsigargin on the prothrombinase activity of

quiescent platelets in the presence of 3 mM CaCl,. A stimulatory effect of nanomolar

concentrations of thapsigargin on platelet prothrombinase was detected When examined in

detail, however, this effect appeared not to be caused by the incubation with thapsigargin

alone, but to result from a post-activation effect caused by the thrornbin generated during the

prothrombinase assay. The prostacyclin analogue Ilomedine (ZK-36374) at a concentration of

1 u.M was found to completely abolish this postactivation step. Ilomedine caused an

instantaneous arrest of the generation of platelet procoagulant response induced by a variety

of agonists (data not shown). Therefore, in each of the following experiments, 1 (iM

Ilomedine was added after the platelet activation procedure but prior to the prothrombinase

assay.

Fig. 1 shows representative dose-response curves of prothrombinase activity of platelets

as a function of the concentration of thapsigargin in the presence and absence of thrombin. In

the absence of thrombin, prothrombinase activity increased only moderately with increasing

thapsigargin concentration. However, in combination with thrombin, a synergistic and dose-

dependent action of thapsigargin on platelet prothrombinase activity could be observed.

SO 100 150 200

[thapsigargin] (nM) .

F/JJ. / . Dose response curve of the effects of thapsigargm and
thapsigargin phis throuibin on platelet prolhrouibinasc activity.
Platelets were incubated with various concentrations of
thapsigargin lor 1 inin. after which thnnnbin (4 uM final
concentration) or buffer was added. Aller 10 niin of further
mcubalinu. prothrombinase activity of the platelet suspension
was determined O. thapsigargin: A. thapsigargin plus thronibin.
The data are from a single experiment, representative of 4
experiments thus performed. Note that the point of curve A on
the ordinate represents activation of platelets by thrombin alone.
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•<?>. The time-dependent generation of platelet protlirombinase activity caused by thapsigargin

plus thrombin is depicted in Fig. 2. The combined action of the two compounds resulted in a

rapid development of platelet protlirombinase activity which became half maximal at 1 min

and reached a plateau level after approximately 10 min. The appearance of microvesicles,

detected as protlirombinase activity in the 850 x g supernatant of the activated platelet

suspension, followed a similar time course. Flow cytometric analysis (Fig. 3) showed that

platelets treated with thapsigargin plus thrombin resulted in more microvesicles than

observed with either reagent alone, being consistent with the data of the prothrombinase assay

(cf. Fig. 2).

5 lu 15 20

time after thrombin addition (min)

/"7g. 2. Generation of prothrombinase activity by thapsigargin
plus thrombin in platelets and platelet-derived ruicrovesicles.
Platelets (lO'/mL) were incubated with 100 nM thapsigargin for
1 min alter which thrombin was added to a final concentration of
4 nM. At the time points indicated, samples were taken,
supplemented with 1 uM Iloniedine. aud used for the
determination of prothrombinase activities in total suspension
(A) aud in 850 x g supematants (O). Results of one
representative experiment, of 3 thus performed, are shown. Data
are expressed as nM thrombin formed per min by 5 x 10°
platelets/ml or by the supernatant originating from 5 x 10°
platelets/ml.
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f7?. .?. Flow cytometric analysis of variously treated platelets. Platelets (10'/niL) were treated with buffer (panel A). 4
nM thromhui (panel B). 100 uM thapsigargin (panel C) and 4 nM thrombin plus 100 nM thapsigargin (panel D)
without stirring for 10 min. Stained and diluted samples were analyzed by How cytometry. IX* plots of forward light
scatter versus sideward light scatter of 10.000 FlTC-positive events (platelets plus platelet-derived microvesicles) are
shown. The region lett of the vertical hue in the dot plots is an operalioualized region in which platelet-derived
microvesicles are located (see Materials and Methods). In each panel, the numbers of events detected in the
uiicrov esicle region are depicted as percentages of the corresponding total events. FSC-Heignt. forward light scatter.
SSC-lleight. side (right angle) light scatter, both arbitrary units.
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Since the extent of phosphatidylserine exposure at the platelet outer surface and thus the

prothrombinase activity evoked by a variety of agonists is thought to be controlled by an

aminophospholipid translocase in the plasma membrane [11, 16], we have determined its

activity under the conditions used here. The results of these experiments are presented in Fig.

4, which shows the fraction non-exchangeable NBD-phosphatidylserine as a function of time

for non-activated platelets and for platelets treated with thapsigargin, throtnbin or

thapsigargin plus tlirombin. Treatment of platelets with thapsigargin resulted in minor

inhibition of overall inward transport of NBD-phosphatidylserine, whereas thrombin caused

an increase in translocase activity as was previously observed [ 17]. In contrast, the combined

action of thapsigargin and tlirombin led to almost complete inhibition of NBD-

phosphatidylserine transport and became comparable to the level observed for the NBD-

phosphatidylcholine analogue. The level of non-exchangeable NBD-phosphatidylcholine was

not affected by the various platelet treatments used (not shown).
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time alter NBD-lipid addition (min)

/•)'£. V. Aniinophospholipid translocasc activity in platelets.
Aniinophospholipid transli>casc activity of quiescent
platelets (O) and platelets treated with 100 nM
thapsigargin ( • ) . 4 11M thrombin (A), or thapsigargin phis
thrombin ( • ) was measured as nuu-exchangeahic NBD-
phosphatidylserine (see Methods). Non-exchangeable
NBD-phosphatidylcholine as a control tor aspeciiic uptake
is represented by the hue with closed circles.

The time-dependent effect caused by thapsigargin and thrombin, either alone or in

combination, on [Ca-], in fura-2-loaded platelets is presented in Fig. 5 Activation by

thrombin resulted in a rise in [Ca-*], from 120 nM to 310 nM followed by a relatively slow

decrease to 220 nM after 10 min of incubation. This value appeared to be lower than the

values between 400 and 1000 nM [Ca-], that have been reported for platelets activated with

thrombin [e.g. 18, 19]. It should be emphasized, however, that those studies have been

performed in buffers containing 1 mM Ca- or less. We found that lowering the extracellular

CaCl; concentration from 3 to 1 mM caused a twofold increase in thrombin-induced rise in

[Ca-% up to levels of 700 nM. Despite the lower Ca-' response caused by thrombin, we have

chosen to perform the experiments in the presence of 3 mM CaCl-, in order to avoid a sudden

change in CaCL. concentration during the prothrombinase assay, which requires 3 mM CaClj

for optimal activity.
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Activation by thapsigargin and thapsigargin plus tlirombin caused rises in [Ca-], which,

during 10 min of treatment, gradually levelled off at 1 and 3.2 uM, respectively. The time

required to reach these levels coincided with the time at which the procoagulant response

became maximal (cf. Figs. 2 and 5). The effect of different concentrations of thapsigargin,

either alone or in combination with tlirombin on [Ca-], of fura-2-loaded platelets was

investigated and plotted against the prothrombinase activities obtained from incubations

perfonned in parallel with unloaded platelets from the same blood donors (Fig. 6). The extent

of prothrombinase activity was found to increase with increasing [Ca-*],. However, in the

presence of thrombin this increase was much more pronounced, in particular at [Ca-*],

exceeding 1 (iM. Similar findings were obtained when thapsigargin was used in combination

with collagen (data not shown).
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Fi£ 5.. [Ca*~]< measurements in platelet suspensions.
Fura-2-loaded platelets were treated with thrombin (4
nM final cooccntralion) (trace 1). 50 nM thapsigargin
(trace 2). or thapsigargin followed by thrombin (trace
3). Fluorescence parameters were assessed during the
time indicated on the abscissa. Ratios of fluorescence
(̂ •uu«iA>«««iJ ^ e shown. |Ca*'], was calculated and is
shown in nM tor the time interval 9-10 min after the
last addition.

[Ca>+}(nM)

Fig 6.. Relation between platelet procoagulant activity
and [Ca''],. Fura-2-loaded platelets and unloaded
platelets from the same donor were preincubated with
different concentrations of thapsigargin for 1 min.
Where indicated, thrombin (4 nM final concentration)
was added and 10 min later [Ca**], and prothrombinase
activity were measured For each thapsigargin
concentration, the mean (Ca'*], value of three
representative individual incubations is plotted against
the mean prothrombinase activity of three individual
incubations with unloaded platelets. From letl to right,
per curve. s\mbols indicate 0. 30. 50. 70. 100. and
200 nM thapsigargin. O. thapsigargin: A. thapsigargin
plus tlirombin.
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Discussion

The two halves of the plasma membrane of quiescent platelets have distinctly different

phospholipid compositions: choline-containing phospholipids predominate the outer leaflet

whereas the aminophospholipids preferentially occupy the cytoplasmic leaflet [20, 21]. As a

consequence, the quiescent platelet does not provide a suitable surface to promote assembly

of the factor X and prothrombin activating enzyme complexes. Upon stimulation the

asymmetric distribution of lipids can be disturbed, resulting in exposure of procoagulant

phosphatidylserine at the membrane outer surface [3]. Moreover, this process has been

shown to be accompanied by shedding of procoagulant microvesicles from the platelet plasma

membrane [22, 23]. Counteractive in the process of forming a procoagulant surface is the

presence of a putative integral membrane protein which is able to transport selectively

aminophospholipids from the outer to the inner leaflet at the expense of ATP [11]. Inhibition

of this so-called aminophospholipid translocase therefore will contribute to the exposure of

procoagulant phosphatidylserine [see refs. 16 and 24 for recent reviews on mechanisms

involved in regulation of lipid asymmetry). Although a direct causal relation between

phosphatidylserine exposure, microvesicle formation and inhibition of aminophospholipid

translocase activity remains to be proven, it is clear that all three phenomena are associated

with temporary alterations in [Ca^~],.

Among the variety of platelet agonists, Ca-'-ionophore induces a maximal procoagulant

response, by causing a rapid equilibration between internal and external Ca- In agreement

with this, Ca-"-ionophore also gives rise to extensive microvesicle formation and complete

inhibition of aminophospholipid translocase activity [17]. This would suggest that elevation

of [Ca"*], is an important determinant for the platelet procoagulant response. In contrast to

Ca-*-ionophore, thrombin - even at high dose - is much less potent in generating procoagulant

activity. Increased rather than inhibited aminophospholipid translocase activity as well as a

low extent of microvesicle formation upon stimulation of platelets with thrombin is consistent

with this finding. In the present study we have found that the effects of thrombin on platelet

procoagulant activity and on [Ca-*], are both strongly amplified when the platelets are

pretreated with thapsigargin. In line with this, the amount of microvesicles formed was

appreciably larger, while aminophospholipid translocase activity was found to be almost

completely inhibited. Support for the observed synergism between thapsigargin and thrombin

in eliciting procoagulant activity comes from recent observations with the fluorescent probe

l-(4-(trimethylainmonio)phenyl)-6-phenyl-l,3,5,-hexatriene, that underwent increased

transbilayer movement when platelets were activated by thrombin in the presence of

thapsigargin [25].
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An intriguing finding of the present study is the relationship between the level of [Ca-"],

and the extent of procoagulant activity of the platelets. Although, in general, a high [Ca-*], is

associated with an increased procoagulant activity of the platelet, a predictive value of [Ca-*],

with respect to the concomitant procoagulant response is ambiguous. The results depicted in

Fig. 6 clearly indicate that different prothrombinase activities can be observed at identical

[Ca^~],, strongly suggesting that additional cellular component(s) control the lipid organization

in the platelet plasma membrane. In this respect it is of interest to mention that the activity of

the aminophospholipid translocase, as one of the regulatory components of membrane lipid

asymmetry, is not only modulated by [Ca-],, but is also affected by sulfhydryl reactive

compounds [26]. An attractive explanation for the observed discrepancy, therefore, is the

oxidation state of the platelets, which is dependent on the kind of activator(s) used.

Differences in oxidation state might account for the differences in expression of procoagulant

activity at one single level of [Ca-*],. Recently, Del Principe et al. reported that, thrombin, in

contrast to collagen, may induce Ca-~-mobilization without intermediate formation of H;O,

[27]. Such an oxidative effect of collagen might explain why this agonist, though less

effective in rising cytosolic Ca-', evokes a larger procoagulant response than tlirombin and

acts in a synergistic manner with thrombin [1, 3]. It remains to be investigated, however,

whether the combined effect of thapsigargin plus thrombin on platelets induces more cellular

oxidation than either reagent alone.
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Abstract "

The non-random distribution of phospholipids in the plasma membrane of human platelets

and erythrocytes is at least partially maintained by the ATP-dependent aminophospholipid

translocase. but can be disturbed by a calcium-induced scrambling of lipids. Using

fluorescent NBD-phospholipid analogs, we demonstrate that in both cells the

aminophospholipid translocase has a slightly higher preference for the naturally occurring I-

isomer of the polar headgroup of phosphatidylserine as compared to the D-isomer. Calcium-

induced outward movement of internalized phosphatidylserine probe, however, is not affected

by the stereochemical configuration of the serine headgroup and is virtually identical to both

the inward and outward movement of the phosphatidylcholine probe The data also indicate

that both in platelets and red blood cells the calcium-induced transbilayer movement is

bidirectional and involves all major phospholipid classes, with reorientation rates of

sphingomyelin being appreciably lower than that of the other phospholipid classes. While our

results largely support earlier observations on red cells, they clearly differ from a recent study

on platelets which suggested that calcium-induced scrambling is restricted to

aminophospholipids and would not involve cholinephospholipids. The present results indicate

that the same mechanism is responsible for calcium-induced lipid scrambling in red blood

c e l l s a n d p l a t e l e t s . • - « • . " « " ' •'• *;••'• •--.-''• '•-•^••- ^ ^ H * ; « - • • . - . < - - • , . ; - - - ;• • , . , « « . < ; , , « ; , -. , r * ^ - .
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Introduction

A characteristic feature of blood cell membranes is that the various phospholipid classes are

distributed in a non-random fashion over both halves of the bilayer. In quiescent cells, the

choline containing phospholipids, phosphatidylcholine (PC) and sphingomyelin (Sph),

preferentially reside in the outer leaflet, whereas the aminophospholipids,

phosphatidylethanolamine (PE) and phosphatidylserine (PS), are predominantly present in

the inner leaflet [1,2]. Maintenance of membrane phospholipid asymmetry is controlled by an

aminophospholipid translocase, a putative integral membrane protein which selectively

transports PE and PS from the outer to the inner leaflet of the plasma membrane at the

expense of ATP [3-10]. In addition, interaction of aminophospholipids, in particular PS, with

the membrane skeleton may contribute to the maintenance of phospholipid asymmetry [11-

16], but the importance of this contribution has been disputed [17-19].

Although the non-random distribution of lipids is maintained throughout the life span of

the cell, certain conditions may give rise to an appreciable loss of lipid asymmetry in red

blood cells and platelets [20-25]. The mechanisms which govern this scrambling process are

poorly understood. An increase of the cytoplasmic calcium concentration seems to be an

essential requirement. The tight coupling between loss of lipid asymmetry and shedding of

microvesicles from the plasma membrane has led to the suggestion that membrane fusion

processes during microvesicle formation are responsible for lipid scrambling [22,23]. This

hypothesis has been challenged, however, by several investigators who proposed that lipid

scrambling may be the cause rather than the effect of microvesicle formation [25-27]. While

it has been suggested that Ca-induced rearrangement of the lipids is mediated by a membrane

protein [27,28], it has recently been proposed that this process depends on the interaction of

calcium with phosphatidylinositol 4,5-bisphosphate, and does not require the involvement of

a specific membrane protein [29].

Lipid scrambling serves an important physiological function: in platelets this process leads

to exposure of anionic phosphatidylserine molecules that provide binding sites for the

assembly of enzyme complexes essential for the blood clotting process [2,30]. In addition,

surface exposure of phosphatidylserine also fonns a signal for rapid removal of cells by

macrophages [31,32].

Transbilayer movement of phospholipids in cells can be studied by means of exogenously

added lipid probes which are readily incorporated in the plasma membrane. The use of spin-

labeled and fluorescent phospholipid analogs in human erythrocytes has revealed that Ca-

induced transbilayer movement permits diffusion of all major phospholipid classes and does

not distinguish between the two types of probes [24]. In contrast, studies with human

platelets employing spin-labeled probes have suggested that ionophore-activation results in a

sudden transmembrane outflux of aminophospholipids which is not counterbalanced by a
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reciprocal influx of cholinephospholipids [25]. While this may suggest that the mechanism of

transbilayer reorientation in platelets is different from that in red cells, this is difficult to

reconcile with observations on Scott syndrome, a bleeding disorder where Ca-induced

scrambling of the lipids is equally deficient in both platelets and erythrocytes [33]. The

purpose of the present study was to assess, under comparable conditions, the in- and outward

transbilayer movement of different fluorescent phospholipid analogs in platelets and

erythrocytes following Ca-influx. With respect to the transbilayer movement of PS, we also

investigated the influence of the stereochemical configuration of the serine headgroup. ^

M a t e r i a l s a n d m e t h o d s * ' - • ; - • ' - .^ - • - - • • • • ; < - . : < • < ^ , -

Calcium ionophore A23187, ionomycine, fatty acid-free human- and

bovine serum albumin, D-serine and thapsigargin were from Sigma Chemical Company (St.

Louis, MO). The thrombin-specific chromogenic substrate S2238 was from AB Kabi

Diagnostica (Stockholm, Sweden).

Z,jpi</.s l-Oleoyl-2-(6-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino)caproyl-.?«-glycero-3-

phosphocholine (18:1/C6-NBD-PC), l-palmitoyl-2-(C6-NBD)-.vw-glycero-3-pliosphocholine

(16:0/C6-NBD-PC), and the corresponding phosphatidyl-l-serine analogs (18:1/C6-NBD-

PLS and 16 :0 /C6-NBD-PLS) were obtained from Avanti Polar (Alabaster, AL). The two

phosphatidylserine analogs containing the D-isomer of serine (18:l/C6-NBD-Pl)S and

16 :0 /C6-NBD-PDS) were synthesized by base exchange of the corresponding NBD-PC

probes catalyzed by phospholipase D from Streptomyces i/«?c/ej [36] in the presence of

ocrylglucoside as described before [37]. NBD-sphingomyelin (NBD-Sph) was obtained from

Molecular Probes Inc. (Eugene, OR).

/5o/o//o« q/Ve//.v Human blood from healthy volunteers was freshly drawn on acid-citrate-

dextrose (ACD). Washed platelets were obtained by differential centrifugation, as described

before [20]. Platelets were resuspended in Hepes buffer composed of 136 mM NaCl, 2.7 mM

KC1, 2 mM MgCl, 10 mM Hepes, 5 mM glucose, adjusted to pH 7.4 with NaOH, and used

within 4 hours at a concentration of 2 • lOVml. Washed erythrocytes were obtained by

differential centrifugation, resuspended in a Tris buffer composed of 50 mM Tris and 120

mM NaCl, adjusted to pH 7.5 with HC1, and used within 24 hours at a concentration of 2 •

lO'/ml. Shortly before activation of the cells, CaCK was added to a final concentration of 3

mM in the case of platelets or 1 mM in the case of erythrocytes. Platelet activation by

thapsigargin plus tlirombin was performed as described before [39]. All experimental

procedures with platelets were performed in Hepes buffer, and those with erythrocytes in Tris

buffer.

JVBD-/>/jcw/>//o/j/>i</s/itt//e.s Transbilayer movement of NBD-labeled phospholipids was

measured using the back-exchange procedure described by Connor and Schroit [7]. Briefly,
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NBD-labeled phospholipids were added to a final concentration of 1 |iM from 1000-fold

concentrated stock solutions in dimethyl sulfoxyde or ethanol to cell suspensions of 2 •

lOVml, corresponding to approx. 1.25 mole % of the endogenous platelet- and red cell

phospholipids. To determine the amount of total fluorescence at a given time point after

addition of the NBD-phosphohpid, 100 ul aliquots of cell suspension were mixed with 1 ml

buffer (pH 7.5). To remove NBD-phospholipid from the outer cell membrane monolayer, 1

ml of the same buffer supplemented with 1 % (w/v) bovine serum albumin was used. After

centrifugation for 3 min at 12,000 x g, pelleted cells were solubilized in 1 ml of 1 % (w/v)

Triton X-100. NBD fluorescence was measured (Xex 472 run, X^ 534 nm) on a Shimadzu

RF-5001PC spectrofluorometer (Shimadzu Europe, Duisburg, Germany). NBD-signal

remaining in the cellular fraction after extraction with bovine serum albumin was considered

to be present at the cytoplasmic leaflet of the cell membrane and is referred to as percentage

of non-exchangeable NBD-phospholipid after comparison with the total fluorescence at the

same time point. In experiments with activated cells, inward movement (flip) of lipid probes

was measured by adding the probes just before the activation procedure. To determine

outward movement (flop), quiescent cells were preloaded with NBD-lipid for time periods

indicated, and subsequently washed with 1 % BSA to remove residual probe from the

external leaflet after which the activation procedure was started.

For unknown reasons, the fluorescence intensity of the NBD-lipid probes incorporated in

platelets decreased in time. A two hour incubation resulted in approx. 70 % loss of

fluorescence intensity, independent of the type of lipid probe used. This loss could be reduced

to approx. 5 % in 2 h, by pretreating the platelets with 200 uM phenylmethylsulfonyl fluoride

during the first washing procedure. This treatment did not affect the functionality of the

platelets as verified by their response to thrombin. Loss of fluorescence intensity was not

observed with erythrocytes.

Results ,.' . .. ........ , . . . - .

Inward transport of NBD-PS is dependent on the activity of the aminophospholipid

translocase. a putative integral membrane protein, demonstrated in a variety of cells,

particularly in red blood cells and platelets In order to investigate whether the stereochemical

configuration of the serine moiety of phosphatidylserine affects the transport kinetics of this

protein, we have compared the inward movement of NBD-labeled phosphatidyl-L-serine

(NBD-Pl.S) and its D-stereoisomer ( N B D - P D S ) in platelets and erythrocytes. Fig. 1 shows the

percentage non-exchangeable NBD-lipid as a function of time in quiescent human platelets.

A small but consistent difference in the extent and rate of transport was observed between

18:l/C6-NBD-PlS and 18:1/C6-NBD-PDS. The equilibrium distribution of the 18:1/C6-
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N B D - P L S was constantly found to be higher (85 %) than that observed for the PDS-analog

(75 %). Halftimes of translocation were reproducibly found to be slightly faster for NBD-Pl.S

(approx. 3 min) than for N B D - P D S (approx. 4 min), although this difference did not reach

significance. We have previously shown that in comparison to the 18:1 derivative, the rate of

inward transport of 16:0/C6-NBD-PS is lower both iii platelets and in erythrocytes [9]. When

the 18:1 analogs of both stereoisomers were replaced by their respective 16:0 analogs, a

similar difference in transport between the L- and D-isomer was found (data not shown). As

expected, minor amounts of NBD-labeled choline-phospholipids were found to migrate to the

inner monolayer: 15 % of the NBD-PC and 10 % of the NBD-Sph were found to be non-

exchangeable after 60 min incubation (Fig. 1).

15 Xi

INCUBATION TIME (mm)

f"/£. 7. Inward translocalion of 18:1/C6-NBD-
phospholipids hi quiescent human blood platelets. 18:1 /C6-
NBD-phospholipids were added to platelet suspensions (2 •
lO'/nil) to a final concentration of 1 nM. At different time
points, percentage of non-exchangeable NBD-phospholipid
(NBD-PL) was determined as described in Materials and
Methods. Symbols: • . NBD-PLS: O. NBD-PDS: D.
NBD-PC. A. NUD-Sph. Data shown are from a single
experiment representative of live independent experiments
so performed

The inward movement of the same NBD-phospholipids in erythrocytes is shown in Fig. 2.

18 :1 /C6-NBD-PLS was translocated with a halftime of 14 min, which is in good agreement

with the literature [7,9,39]. However, the rate of inward transport of the 18:1/C6 N B D - P D S

was found to be considerably lower than that observed for the L-isomer: the time required for

half maximal translocation was estimated to be 36 min. Also, a consistent difference in the

10 JO 30 40 50 tO ! 2 H n

INCUBATION TIME (mm)

tffc. 2. Inward translocation or 181/C6-NBD-
phosphohpids in washed human erythrocytes. Experimental
procedures were the same as for Fig 1. S\-mbols: • . NBD-
PLS: O. NBD-PDS: D. NBD-PC; A! NBD-Sph. Data
shown are from a single experiment representative of four
independent experiments so performed.

equilibrium distribution was observed: 83- 85 % of the N B D - P L S was present in the inner

leaflet after overnight incubation, versus 74-79 % of the NBD-PDS. A very similar difference
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between PLS and PDS inward transport in erythrocytes was found when the palmitoyl

derivatives of the NBD-analogs were compared (data not shown). In addition, Fig. 2 shows

the passive diffusion of NBD-PC and NBD-Sph over the bilayer. At equilibrium (after

overnight incubation), approx. 25 % of the NBD-PC and 4 % of the NBD-Sph were non-

exchangeable, closely reflecting the distribution of the endogenous PC and Sph.

Platelet activation has been shown to result in surface exposure of PS, the extent of which

depends on the platelet activation procedure [20,30]. Although platelet activation by tlirombin

causes minor exposure of PS, a pretreatment of the platelets with the Ca-ATPase inhibitor

thapsigargin strongly amplifies the platelet procoagulant response, indicating substantial loss

of PS asymmetry [39]. In contrast to platelet activation by thrombin alone, this condition was

also found to inhibit aminophospholipid translocase activity in platelets. To monitor outward

movement during activation, platelets were first loaded with 18:1/C6 NBD-PS for 40 min

resulting in 75-85 % of the probe being internalized (cf. Fig. 1). Residual NBD-PS present in

the outer leaflet was removed by BSA extraction in order to start platelet activation with 100

% of the NBD-PS inside. When these platelets were activated by sequential addition of

thapsigargin and thrombin, approx. 40 % of both stereoisomers of NBD-PS became

externalized with a halftime of about 2 min (Fig. 3). In unstimulated platelets or platelets

treated with either thrombin or thapsigargin, the spontaneous outward movement of the probe

was less than 5 % in 30 min, presumably because the aminophospholipid translocase is not

inhibited under these conditions [39]. No appreciable difference in rate or extent of exposure

was found between the two stereoisomeric forms of NBD-PS during platelet activation.

Ill 20 30

INCUBATION TIME (min)

Fig. i. Activation-induced scrambling of 18.1/C6-NBD-
phospholipids in human platelets. For measuring outward
movement, platelets were loaded with NBD-PLS or NBD-
PDS for 40 min and residual probe was removed from the
outer leaflet by BSA extraction prior to platelet activation as
described in Materials and Methods. For measuring inward
movement. NBD-PC or NBD-Sph were added directly
before starting platelet activation. Platelet activation was
started by adding 100 uM thapsigargin followed by 4 nM
thrombin in Hepes buffer containing 3 mM Ca". Symbols:
• . NBD-PLS. O. NBD-PDS; D. NBD-PC: A. NBD-Sph.
Data presented are from two separate experiments,
representative of four experiments thus performed

Since the passive diffusion rates of NBD-PC and NBD-Sph are very low (cf. Fig. 1),

prolonged incubation times with concomitant loss of platelet function would be required to

accumulate sufficient amounts of the probes at the inner leaflet for studying outward
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movement during cell activation. Therefore, the inward movement of NBD-PC and NBD-Sph

was investigated during thrombin activation of thapsigargin-treated platelets. Whereas in

quiescent platelets less than 10 % of the 18:1/C6-NBD-PC and 5 % of the NBD-Sph

migrated to the inner leaflet, the activation procedure led to a rapid inward movement of

approx. 40 % of the NBD-PC and about 30 % of the NBD-Sph. Also, the rate of inward

migration of the two probes was clearly different with a half time of 2-3 mm for NBD-PC and

about 7 min for NBD-Sph.

Activation of platelets with the Ca-ionophore ionomycin (or A23187) also resulted in

rapid exposure of previously internalized 18:1/C6-NBD-PS to approx. 40 %, with no

appreciable difference between the two stereoisomers (data not shown). Likewise, increased

inward movement of NBD-PC and NBD-Sph was observed under these conditions, with the

same difference in halftimes as observed for the activation procedure with thrombin plus

thapsigargin. Identical results were obtained when the 18:1/C6 NBD-lipids were substituted

by the corresponding 16:0/C6-NBD-lipid analogs, indicating that scrambling of these probes

during cell activation was not dependent on the acyl chain.

Treatment of erythrocytes with ionophore in the presence of extracellular calcium is also

known to cause loss of lipid asymmetry [21,23,24], although this process occurs less rapidly

and to a lesser extent as compared to platelets. As depicted in Fig. 4, a gradual exposure of

previously internalized 18:l/C6-NBD-analogs of PLS, PDS and PC was observed after

addition of calcium ionophore to red cells, without appreciable difference in rate or extent of

outward movement. Approx. 33 % of the internalized NBD-lipids became exposed at the

outer surface in 60 min. Furthermore, 16:0/C6-NBD lipid analogs exhibited the same

behavior as the corresponding 18:1/C6-NBD lipids (data not shown) When erythrocytes

were treated with Ca-ionophore in the presence of NBD-Sph or NBD-PC, both probes moved

Z o IS Xi <5 60
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Fi£. •/. Activation-induced scrambling of 181/C6-NBD-
phospholipids in human erythrocyles. For measuring outward
movement, red cells were loaded overnight with NUD-PLS.
NBD-PDS or NBD-PC and residual probe was removed tiom
the outer leaflet by BSA extraction prior to addition of .1 uM
Ca-ionophore in the presence of 1 mM CaClj as described in
Materials and Methods. For measuring inward movement.
NBD-PC or NBD-Sph were added directly before addition of
ionophore and calcium. Symbols: • . NBD-PLS: O. NBD-
PDS: • . NBD-PC: A. NBD-Sph. Please note that in the case of
NBD-PC. both inward- (lower curse) and outward movement
(upper curve) are depicted. Data presented are trom two
separate experiments, representative of three experiments thus
performed.

to the inner leaflet but at different rates (Fig. 4). Whereas inward movement of NBD-PC

reaches approx. 30 % after 45 min, inward movement of NBD-Sph barely reaches 20 % after

60 min. It is also obvious from Fig. 4 that rate and extent of inward movement of NBD-PC is
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similar to rate and extent of outward movement of both NBD-PS and NBD-PC. Although

aminophospholipid translocase activity is inliibited by increased levels of intracellular

calcium [40], it is not clear whether this inhibition is instantaneous. Therefore, the inward

movement of NBD-PS upon activation with ionophore was not considered in these studies.

Discussion

The first evidence for the existence of a protein-mediated inward transport of

aminophospholipids was found in erythrocytes by Seigneuret and Devaux [3]. Meanwhile,

aminophospholipid translocase activity has been demonstrated in a variety of cells [41] and

many of its properties have been elucidated, although the identity of the protein is still a

matter of debate. Important evidence for the protein nature of the transporter came from a

study by Martin and Pagano [6] showing the inability to transport the unnatural D-isomers of

the glycerol backbone of PS and PE. The present paper demonstrates that the stereospecificity

of the serine headgroup of PS is less critical, although the extent, and in the case of red cells

also the rate, of N B D - P D S inward transport was consistently found to be lower than that

observed for the L-isomer. These results suggest that there is a slight preference of the

aminophospholipid translocase for the naturally occurring form of PS, although it cannot be

excluded that minor structural differences in headgroup conformations exist between the two

diastereomers of PS [42] that contribute to the observed difference in inward translocation. It

was recently suggested that both PS-diastereomers translocate equivalently across human

erythrocyte membranes [43]. However, these authors assessed lipid translocation by

monitoring erythrocyte morphology changes which may not be sensitive enough to discern

minor differences.

Calcium-loading of platelets and erythrocytes results in loss of lipid asymmetry as was

shown previously [20,21.24,44]. Contrary to the aminophospholipid translocase activity, the

calcium induced transbilayer movement was not selective for the stereochemical

configuration of the polar headgroup of PS. The present findings also demonstrate that during

activation of platelets or ionophore-treatment of red cells, scrambling of lipids as visualized

by fluorescent lipid probes, is not restricted to PS but involves the other phospholipid classes

as well. The data are consistent with previous findings which showed an increased

bidirectional movement of trimethylammoniuin-diphenylliexatriene (TMA-DPH) in the

membrane of activated platelets [45], and confirm earlier studies in platelets where

phospholipases were used to establish changes in lipid asymmetry following activation [20],

While the latter studies suggested that all the phospholipids, including Sph, tended to adopt a

more random distribution over both membrane leaflets, it should be emphasized that the

approach with phospholipases is not suited to monitor actual rates of transbilayer movement

of the lipids.
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This aselective character of the scrambling process has been previously observed in

erythrocytes, irrespective of whether spin-labeled lipid analogs or fluorescently labeled lipids

were used to monitor this process [24]. The present data obtained with NBD-lipids show that

under virtually identical conditions both erythrocytes and platelets scramble their membrane

lipids with similar specificity, suggesting that the same mechanism is operative in both cells.

In agreement with the findings of Williamson et al. [24] on erythrocytes, we observed that

both in platelets and red cells the inward rate of transbilayer movement of Sph is appreciably

lower than the outward rate of PS, the latter being approximately equal to the flip-flop rate of

PC. It is tempting to speculate that at least during the initial stage of cell activation, the lower

flip rate of Sph may produce a mass imbalance in favour of the outer leaflet which leads to the

eversion of plasma membrane that could facilitate the formation of microvesicles shed from

thesurface. i i. . . , , ; • - .:

The present results obtained with human platelets clearly differ from those of Basse et al.

[25] who reported that Ca-ionophore-induced platelet activation led 40-50 % of the

internalized spin-labeled PS-probe to become externalized, which was not counterbalanced

by a roughly equal inward migration of the PC-probe. From the present data, it can be

concluded that the behavior of NBD-PS in platelets closely resembles that of the spin-labeled

PS, but there appears to be a clear discrepancy regarding the inward movement of the PC

probes. This could be due either to different properties of the lipid probes or to differences in

experimental conditions. Differences in translocation between fluorescent- and spin-labeled

probes have been observed for PE Whereas spin-labeled PE is rapidly transported by

aminophospholipid translocase in human erythrocytes, NBD-PE is not [38]. However, this

analog was not employed in this study even though it has been observed in ionophore treated

red cells that transbilayer scrambling of NBD-PE is not appreciably different from that of

spin-labeled PE [24] Therefore, it seems unlikely that the different observations of Basse et

al. [25] are due to a markedly different behaviour of spin-labeled lipids compared to

fluorescent lipid analogs. It should be mentioned that the present study employs physiological

platelet concentrations of 2 • 10*/ml, whereas Basse et al. [25] used a 10 times higher cell

concentration which in our hands gives rise to a considerable and rapid decrease in pH (due to

excessive lactate production) when buffered with 10 inM Hepes. Also, activation of 2 • 10"

platelets/ml with 1 uM ionophore may not be that efficient as activation of platelets at 2 •

lOVml, particularly if the platelet suspension at the higher concentration would be more

acidic. Whether or not this would influence transbilayer scrambling of lipid analogs remains

uncertain.

Provided that NBD-lipids are indeed reliable reporters of the Ca-induced scrambling of

endogenous phospholipids, the present observations are fully consistent with the observations

on a patient with a moderately severe bleeding disorder (Scott syndrome), where scrambling

of the lipids and thus exposure of procoagnlant PS is equally deficient in the platelets and the

red blood cells [33]. Although the actual mechanism of the scrambling process remains open,
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it seems very unlikely that both platelets and erythrocytes would be affected if the

mechanisms were different. •.- - . . , . - . — . ,
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Abstract

Dithionite reduction of fluorescent (NBD) phospholipids was used as the basis of a

continuous assay of transbilayer lipid movement to the cell surface during platelet activation.

This assay reveals that virtually all of previously internalized phosphatidylserine passes

through the external leaflet of the membrane within 90 s after activation with Ca"' and

ionophore or with tlirombin and thapsigargin. We demonstrate that this lipid scrambling is

reversible, bidirectional, and insensitive to the lipid headgroup. Prolonged activation

gradually results in inactivation of the scramblase The assay also reveals that activation of the

scrambling activity is sensitive to the sulfhydryl reagent pyridyldithioethylamuie, suggestuig

the involvement of a protein in the process of activated transbilayer lipid scrambling.
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Introduction ,

In erythrocytes, lymphocytes and platelets, the two leaflets of the plasma membrane bilayer

differ in composition, with the aminophospholipids phosphatidylserine (PS) and

phosphatidylethanolamine (PE) concentrated in the inner leaflet, and the neutral

phospholipids sphingomyelin (Sph) and phosphatidylcholine (PC) concentrated in the outer

leaflet (for reviews, see Schroit and Zwaal, 1991; Williamson and Schlegel, 1994; Devaux

and Zachowski, 1994). This asymmetric transbilayer lipid distribution is regulated by two

opposing processes. Under normal conditions an ATP-dependent aminophospholipid

transporter (Seigneuret and Devaux, 1984) transports PS and PE to the inner leaflet,

maintaining asymmetry. This asymmetry can be abolished by a second mechanism which

increases the rate of both inward and outward transbilayer movement of all the above

phospholipids. This scrambling is pronounced during platelet activation, where it was first

detected (Bevers et al.. 1982, 1983), but it also occurs in erythrocytes (Williamson et al,

1985, 1992; Schwartz et al.,1985; Chandra et al., 1987) and lymphocytes (Fadok et al., 1992;

Schlegel et al., 1993). The process is induced by increased cytosolic Ca-' (Williamson et al,

1985; Verhoven et al, 1991; Verhallen et al., 1987); although the aminophospholipid

translocase is inhibited under these conditions (Bitbol et al., 1987), inhibition of this

transporter by itself does not result in rapid lipid rearrangement (Haest, 1982; Comfurius et

al., 1990; Connor and Schroit, 1990; Henseleit et al., 1990). While the aminophospholipid

translocase activity has been tentatively assigned to a 115 kDa protein, the Mg-ATPase of the

erythrocyte membrane (Morrot et al., 1990) or ATPase II of chromaffin granule membranes

(Moriyama and Nelson, 1988), the nature of the scramblase activity remains unknown.

The identification and characterization of both of these activities has depended heavily on

the use of phospholipid analogs, particularly spin- and fluorescent-labeled probes, whose

distribution between inside and outside can be determined because external probe is

susceptible to extraction. While the behavior of these two classes of lipid probes is similar,

but not precisely equivalent in aminophospholipid translocase assays (Colleau et al., 1991;

Williamson et al., 1992), they behave identically in assays of the erythrocyte scramblase

(Williamson et al., 1992). Such probes, in combination with assays of membrane

procoagulant activity (as a measure of surface-exposed endogenous PS) and merocyanine 540

binding assays (as an indicator of decrease in lipid packing density accompanying the loss of

asymmetry) have allowed identification and characterization of the two activities in a variety

of cell types (Williamson and Schlegel, 1994). The paradigm is platelets and erythrocytes

treated with Ca"7ionophore where the scramblase is clearly distinguished from the

translocase by its bidirectionality, energy independence and opposite response to elevation of

intracellular Ca- (Comfurius et al., 1990; Williamson et al., 1992; Smeets et al., 1994).

Equivalent scrambling of all types of phospholipids has been observed (Williamson et al.,

.a,
•Ji
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1992; Smeets et al., 1994), although one report has suggested that the activation of platelets

results in preferential extemalization of PS and PE (Basse et al., 1993). The Ca- -induced

increased lipid movement in erythrocytes is much slower than that in platelets (Smeets et al.,

1994), but the existence of a bleeding disorder in which lipid scrambling in both platelets and

erythrocytes is impaired (Rosing et al., 1985a; Sims et al., 1989; Bevers et al., 1992) suggests

that the scrambling mechanism is similar or related in both cell types. .->•;..• .i >.;

The ability of sodium dithionite to rapidly abolish the fluorescence of NBD has recently

been used to determine the location of NBD-labeled phospholipid probes in Chinese hamster

ovary cells (Mclntyre and Sleight, 1991), DIDS-treated erythrocytes (Pomorski et al., 1994),

and lipid vesicles (Gruber and Schindler, 1994, Balch et al., 1994). Here we demonstrate the

use of dithionite to assess the transbilayer distribution of NBD-labeled phospholipids in

human platelets. In particular, dithionite offers the unique capability of being able to assay

inside to outside probe movement COW/IMI/OMJ/V, thus providing a powerful tool for studying

the scramblase in platelets. Using this assay, we have found evidence for the reversibility,

bidirectionality, and nonspecificity of the platelet scramblase. Importantly, we provide a first

clue as to the nature of the scramblase by showing that the scramblase itself, or the

mechanism by which it is activated, is sensitive to the sulfhydryl oxidizing agent

pyridyldithioethylamine (PDA).

Experimental Procedures

Calcium ionophore ionomycin, thapsigargin and bovine serum albumin

(BSA) were obtained from Sigma (St. Louis, MO). l-Oleoyl-2-[12-[7-nitro-2,l,3-

benzoxadiazol-4-yl)-amino]caproyl]-.9«-glycero-3-phosphocholine (NBD-PC) and the

corresponding phosphatidylserine analog (NBD-PS) were obtained from Avanti Polar Lipids

(Alabaster, AL). N-[6-[(7-nitro-2-l,3-benzoxadiazol-4-yl)amino]hexanoyl]sphingosyl-

phosphocholine (NBD-Sph) was obtained from Molecular Probes (Eugene, OR). Thrombin

was purified from bovine blood as previously described (Rosing et al., 1985b).

Pyridyldithioethylamine (PDA) was synthesized according to Connor and Schroit (1988) All

other reagents were of the highest grade commercially available.

/so/afen q/T/<i/e/e/.s. Washed human platelets were isolated by differential centrifugation

of freshly drawn human blood, according to Bevers et al. (1983), with minor modifications.

Briefly, platelets were pelleted and washed in Hepes buffer composed of 136 mM NaCl, 2.7

mM KC1, 2 mM MgCU, 10 mM Hepes and 5 mM glucose (pH 6.6). Because the subsequent

labeling of platelets with NBD-phospholipids is blocked by the presence of albumin, this

component was omitted from the washing buffer and the buffer in which the platelets were

finally resuspended (Hepes buffer, pH 7.5). Phenylmethane sulfonyl fluoride (PMSF) appears

to prevent the degradation of internalized NBD-lipids by an unknown mechanism; therefore.
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the platelet suspension was incubated with 500 (iM PMSF for 30 min at 37 °C prior to

labeling with the lipid probe.

LaA<?//>yj q/'f/flte/e/.? M'///i .VBD-P/7o.v/>/»o/ipids. PMSF-treated platelets resuspended in

Hepes buffer to a cell concentration of 2 x lOVmL were labeled with 1-2 uM NBD-

phospholipid (corresponding to approx 1.25-2.5 % of the endogenous lipids) by adding probe

from a concentrated stock solution in dimethylsulfoxide or ethanol (filial concentration of

solvent was kept below 0.5 %). To study outward movement of NBD-PS, platelets were

labeled for 45 min at 37 °C which resulted in 85-90 % internalization of the probe.

Incorporation of these lipid analogs, in which the fluorescent NBD-group is linked via an

acyl-chain to the glycerol backbone, did not affect platelet reactivity, unlike the N-substituted

NBD-PS which have been reported to cause platelet activation (Martin et al. 1985). :••

2tocvt-e*cAawge o/F/worescewf /.>/>/</ Proves. Transbilayer movement of NBD-phospho-

lipids was measured using the BSA back-exchange procedure described by Connor et al.

(1992). Aliquots of cells were removed at the indicated time intervals and placed on ice in the

presence and absence of 1 % BSA. Pellets obtained after 3 min of centrifiigation at 12000g

were solubilized in 2 mL of 1 % (w/v) Triton X-100 and the amount of internalized lipid was

determined by comparing the fluorescence intensity associated with the cells before and after

back exchange. Fluorescence of NBD-phospholipids was measured at a wavelength of 534

nm (A,̂  = 472 nm) on a Shimadzu RF-5001 PC Spectrofluorimeter (Shimadzu Europe,

Duisburg, Germany)

D/Y/HO/J/'/C .-I.MOV'5. Detection of NBD-lipid present in the platelet outer leaflet was

based on reduction of the NBD-group by the dithionite ion, resulting in a loss of fluorescence

intensity, as described previously (Mclntyre and Sleight, 1991). A discontinuous procedure

was followed to compare the dithionite assay with the BSA extraction assay as depicted in

Figure 1: 50 ul of the samples taken at the time intervals for the BSA extraction assay (see

above) were diluted in 2 mL Hepes buffer and fluorescence intensity was measured before

and 1 min after addition of sodium dithionite (from a freshly prepared 1.0 M stock solution in

1.0M Tris, pH 10) to a final concentration of 5 mM. .

A continuous assay based on reduction of the NBD-probe by dithionite was carried out as

follows: 50-100 ul NBD-phospholipid labeled platelets were diluted in 2 mL Hepes buffer

and placed in the fluorometer at 37 "C under continuous stirring. Dithionite was added to a

final concentration of 5 inM, either before or after activation of the platelets as indicated in the

text. Fluorescence intensity was sampled at 534 nm (>.„ = 472 nin) at 0.5 s intervals. Blank

values were obtained after addition of Triton X-100 to a final concentration of 1 % making all

NBD-label accessible to dithionite. .. ,.
• " . • - ' . ' ; • • - • ; • ; ' - . ? • • - • > f U - ' " • • • " " • • • • ' • • . . . . - • • • • " • ;
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Data were fitted to the equation: r -

I(t) = (Io- BlkKAe-""'" + Be**'*>) + Blk

where I(t) is the fluorescence intensity as a function of time ( t ) , !„ is the intensity at time 0

(tO), Blk is the residual fluorescence after addition of Triton X-100, A and B are the fractions

of the label in the pools whose intensity decays at rates /t7 and £2. Fits were carried out using

the curve fitting packages of Sigmaplot (Jandel Scientific) on MS-DOS machines or

Deltagraph (Delta Point, Inc.) on Macintosh machines, with similar results. Simple

exponential fits were obtained by setting /t2 = 0. Addition of a nondecaying fraction did not

improve the quality of thefits. -;.:,-• ;»,

,\/«ce//a«eoM5. Platelet function after labeling with NBD-lipid was tested by measuring

aggregation and release of ATP using a lumi-aggregometer (Clironolog Corp.). Degradation

of NBD-lipids was detected after extraction according to Reed et al. (1960) followed by

separation on HPTLC plates (solvent system: chloroform, methanol, acetic acid, water

90:40:12:2 (v/v))

Results

Commonly, translocation of phospholipids is measured by introducing a marked phospholipid

into the exterior leaflet of the plasma membrane, allowing time for translocation, and then

determining the fraction that remains extractable from the exterior leaflet. An NBD-labeled

lipid offers the alternative of measuring the fraction of the probe which is accessible to

reduction to a nonfluorescent form by sodium dithionite. To determine whether these assays

were equivalent when applied to platelets, uptake of NBD-PS by the aminophospholipid

translocase was measured using both assays. As shown in Figure 1, NBD-PS rapidly

becomes inaccessible both to extraction with BSA-containing buffers and to reduction with

sodium dithionite. The kinetics are similar in the two cases with greater than 80 % of the PS

probe internalized by 30 min. Over a similar time period, NBD-PC remains accessible to both

reagents (data not shown), in agreement with previous studies of the specificity of the

translocase. In sum, these two methods can be applied to platelets for the determination of

transbilayer lipid distribution, and for the assay of aminophospholipid activity with equivalent

results.

Intenialization of NBD-PS brings the probe into contact with the intracellular milieu,

where it becomes accessible to the metabolic machinery of the cell. In platelets, internalized

NBD-PS is rapidly metabolized, as evidenced by a dramatic decrease in cell-associated

fluorescence with time (data not shown). This degradation can be blocked, however, by

pretreating the platelets with 500 uM PMSF. Even 24 h after internalization, thin layer
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chromatography indicated that > 95 % of the fluorescence was recovered as NBD-PS (data

not shown) from platelets treated in this way Incorporation of the NBD-probes did not affect

platelet function; no appreciable difference in thrombin-induced shape change, aggregation

and release of granule contents (ATP) was observed after one h incubation of the platelets

with NBD-PS or NBD-PC.

F/gwn?/: Uptake of NBD-PS in unstiniulaled
platelets: comparison between back-exdiange and
discontinuous dithionite assay. 2x10* platelets/ml. were
incubated with 2 nM NBD-PS. and at intervals samples
were taken to determine the amount of NBD-PS present in
the outer leaflet either by extraction with BSA (•) or
reduction by dithionite ( • ) . as described in Experimental
Procedures. --•• •

In contrast to erythrocytes (Pomorski et al., 1994), dithionite does not readily penetrate the

plasma membrane of platelets. As shown in Figure 2, addition of dithionite to platelets which

have internalized NBD-PS causes an initial 10 % reduction in fluorescence, followed by a

decay of 5-8 %/min. Measurements of this decay as a function of dithionite concentra tion

suggest that it represents roughly equal contributions from the basal "flop" rate of NBD-PS to

the cell surface and from the penetration of dithionite to the cell interior (data not shown).

Measurements of the decay as a function of illumination showed that photobleaching of the

NBD moiety during continuous monitoring was neglibible (data not shown), presumably

because dissolved (X in the medium is eliminated by the addition of dithionite.

Upon activation, the normal asymmetric lipid distribution in the platelet plasma

membrane is randomized, allowing NBD-PS to appear on the cell surface (Smeets et al.,

1994). To determine whether this apparent increase in the rate of PS "flop" could be observed

directly as an increase in the rate of dithionite reduction of previously internalized NBD-PS,

platelets were treated with Ca- and the Ca~~ ionophore ionomycin and fluorescence

monitored. As shown in Figure 2, addition of ionomycin alone had no effect on lipid

movement, as long as EGTA was present in the external medium Also the addition of Ca-\

by itself, to the medium had little or no effect on the rate of PS "flop". Addition of the two

agents together, however, resulted in a dramatic increase in the rate of NBD reduction. Since

treatment of platelets with ionophore and Ca-" will cause activation of endogenous

phospholipases, we have analyzed by HPTLC the probe reisolated from platelets after
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treatment with Ca-~ and ionophore for 30 min. More than 95 % of the recovered fluorescence

was found to comigrate with intact NBD-PS, indicating that phospholipase activation is not a

significant contributor to the observed increase in rate of NBD reduction. The same result was

obtained when NBD-PC was used instead of NBD-PS

Detailed analysis of the decay curve revealed several interesting features. As shown in

Figure 2, the decay was not adequately modelled by a simple exponential decay curve, as

would be expected if all the internalized probe had equal access to the "flop" sites. Adequate

fits were obtained using a model in which the decay includes a fast component which results

in externalization of one fraction of the label, and a slower component which affects the

remainder. Fits to the curve using this two part model indicated that the fast component

represents a roughly 40-fold increase in PS flop to the external surface (from 0.0018 to 0.078

s"'), with about 60 % of the probe participating in this fast exchange. The slow component, in

contrast, had an apparent rate constant which was slightly higher (0.0076 vs 0.0018 s"') than

that of the decay observed before activation with Ca-7ionophore.

Continuous assay for outward movement of NBD-PS
in unstiniulaled platelets and platelets treated with ionoinycin in
the presence of extracellular Ca'*. detected as a decay of the
fluorescence signal in the presence of dithionite in the medium
Platelets were incubated with NBD-PS for 45 mm to allow probe
internalization. Samples were diluted in 2 ml. Hepes buffer
containing 0.1 mM EGTA and fluorescence recording was started.
5 mM dithionite was added at arrow 1. followed by ionomycin (1
uM) either without ( • ) or with ( • ) 0.5 mM Ca'* at arrow 2. Lines
represent curve tils using a mono-exponential (dashed line) or a
double-exponential equation (solid line). For reasons of clarity the
actual data points are shown at 5 s intervals.

«0 120

incubate* lime (ICC)

To determine in more detail how cytoplasmic Ca-~ affects NBD-PS movement, probe

externalization was measured as a function of Ca-' concentration (Figure 3). When analyzed

using the two component model as described above, the data showed that increasing Ca"'

concentrations from 50 |iM to 3 mM induced a monotonic increase in the apparent rate

constant for the fast component, with a plateau after about 1 inM (Figure 3A). Surprisingly,

the size of the pool of label with access to this fast pathway was maximal at the lowest Ca-*

concentrations, and fell to 30 % of the total NBD-PS at Ca- concentrations above 1 mM

(Figure 3B). • - . , • •
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Ca'-depeudence of the scrambling of NBD-PS in human platelets activated with
ionomycin. Outward movement of NBD-PS in platelets treated with icnomycm in the
presence of varying concentrations of extracellular Ca'* was measured continuously using the
dithionite assay. Fluorescence decay curves were analyzed by double exponential fit. (A)
decay constant of the fast NBD-PS pool as a function of Ca'' concauration: (B) size of the
fast NBD-PS pool (as a percentage of the total NBD-PS) as a function of Ca'* concentration.

Activation of platelets with Ca"7ionophore is accompanied by secretion of granular contents,

known as the platelet release reaction (White, 1983; Holmsen and Weiss, 1979), a process

that involves rapid fusion of internal membranes with plasma membranes. To determine

whether this process contributes to the increased rate of NBD-PS reduction, platelets were

activated with thrombin, which results in the same extent of granule release but little increase

in platelet procoagulant activity in comparison to activation with Ca- and ionophore (Bevers

et al., 1983; Thiagarajan and Tait, 1991; Dachary-Prigent et al., 1993). As shown in Figure 4,

thrombin by itself had little effect on the rate of NBD-PS extemalization, indicating that

Outward movement of NBD-PS in
platelets activated for 3 min with thrombin (8 nM)
(curve A), thapsigargin (50 nM) (curve B) or a
combination of thrombin and thapsigargin (curve C)
measured by the dithionile assay. Dithionite added at
arrow.
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secretion and its associated fusion events do not contribute to any appreciable extent to

surface exposure of PS When platelets are preincubated with thapsigargin (an inhibitor of the

endoplasmic reticulum Ca-ATPase) prior to aetivation with thrombin, an elevated rate of

probe externalization was observed, in agreement with previous findings demonstrating loss

of lipid asymmetry under these conditions (Smeets et al., 1993). These results argue strongly

that the assay is directly measuring activation of the phospholipid scramblase in platelets.

Within the resolution of the assay (several seconds), the activation of the scramblase by

Ca-Vionophore is immediate (Figure 2). To determine whether scramblase activity can be

inactivated, Ca-' was removed from the cells by addition of EGTA to the medium with

ionophore still present. As shown in Figure 5, the slope of the reduction curve begins to

flatten within about 10 s after the addition of EGTA, finally reaching a level comparable to

that observed prior to the initial activation (0.006 vs 0.002 s ' for the reaction shown). Upon

readdition of Ca-' to the cells, increased lipid movement was reactivated, indicating that

activation/inactivation of the scramblase is reversible and dependent on the continued

presence or absence of Ca-*. Indeed, although only limited time is available before all the

probe is externalized, other experiments indicated that the scramblase continues to respond

through at least two full cycles of activation and inactivation (data not shown).
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V
Inhibition and reactivation of the lipid

scrambling process in platelets. NBD-PS labeled
platelets were diluted in Hepes bufier containing 0.1
inM EGTA. dithiouite (5 mM) and iouomyciu (1 nM)
were added and one niin later fluorescence recording
was started. At arrow 1. Ca'' was added to a final
concentration of 1 mM. causing initiation of the
scrambling process. At arrow 2. addition of 2 mM
EGTA caused arrest of the scrambling process, which
could be reactivated at arrow 3 by renewed addition of
Ca'* ( 5 mM). Addition of detergent (arrow 4) led to
complete abolition of the fluorescence signal.
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The data in Figures 2 and 5 indicate that the vast majority of internalized NBD-PS becomes

accessible to dithionite within 90 s of platelet activation by Ca'Vionophore. By its nature,

however, this experiment cannot reveal the net exposure of PS on the cell surface since

reinternalization of probe, by whatever means, goes undetected once the probe reaches the

surface and is rendered nonfluorescent; in fact, the net exposure is determined by the balance

of the rates of internalization and externalization processes. Additional information on this

balance can be obtained by activating in the absence of dithionite so that externalized probe
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remains fluorescent, inactivating the scramblase, then adding dithionite to measure

externalized probe. As shown in Figure 6, addition of EGTA 30 s after activation with

Ca**/ionophore (long enough for >90 % of the label to move to the external leaflet and

become reduced when dithionite is present) resulted in the net exposure of about 40 % of

internalized NBD-PS, indicating that the rate of NBD-PS flip to the interior during activation

must have roughly equalled the rate of NBD-PS flop to the surface. This experiment also

rules out the possibility that accessibility of NBD-PS to reduction by dithionite was due to

Ca~7ionophore-induced cell lysis, since access of dithionite to the cell interior would have

rendered all probe non-fluorescent. Consistent with the data in Figure 5, the scrambling

process can be reactivated upon re-elevation of Ca'\ as indicated by the rapid reduction of the

resistant NBD-PS. However, as illustrated in Figure 6, the rate at which NBD-PS becomes

externalized upon readdition of Ca"' decreases when the time of the first scrambling process

is extended from 30 s to 30 min. In fact, curve analysis shows that the second scrambling

process after 30 s prescrambling (curve A in Figure 6) involves a pool of 35 % with a rate

constant of 0.033 s"' (t,-. = 21 s), while the remaining NBD-PS is externalized at a rate of

0.007 s'' (t,., = 100 s). When second scrambling is initiated after 30 min prescrambling (curve

B in Figure 6), decay can be described by only one pool with a rate constant of 0.004- 0.005

s"'(t,2 =138-175 s).

Reactivation of NBD-PS scrambling after an
initial phase of CV*-induced scrambling. Lipid scrambling
was induced for 30 s or 30 min by ionoimcin and Ca'' (1
fiM and 0.25 mM. respectively) followed by 0.5 mM
EGTA. Fluorescence recording was started and dithionite (5
mM) was added at arrow 1: lipid scrambling was
reactivated upon readdition of Ca'' to a final concentration
of 1 mM (arrow 2). Curve A: 30 s preactivation with
ionomycin and Ca''. Curve B: 30 min preactivation.

It should be noted that the high rate of outward movement of NBD-PS indicated by these

experiments is unlikely to be due to the well-known sensitivity of the aminophospholipid

translocase to inactivation by elevated Ca"' (Bitbol et al., 1987). This point can be addressed

more directly, however, by using as probes NBD-labeled derivatives of PC and Sph, lipids

that are not internalized by the translocase. The experiment shown in Figure 6 was repeated

with platelets whose outer leaflet was labeled with NBD-PC, except that ionophore was
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omitted during incubation with Ca-*. After addition of EGTA, the NBD-PC probe remained

confined to the cell surface, as evidenced by its complete sensitivity to dithionite reduction

(Figure 7), which is consistent with the well-known low rate of spontaneous PC flip in

platelets. In contrast, when ionophore was included during the incubation with Ca"'. a large

fraction of NBD-PC or NBD-Sph became inaccessible to dithionite added after addition of

EGTA, indicating that both are flipped to the cell interior. The size of the resistant fraction

was comparable in both cases to that observed in the same experiment with cells prelabeled

with NBD-PS, confirming that activation of lipid movement is bidirectional, and suggesting

that Ca-Vionophore-induced PC and Sph equilibration is essentially complete by two min of

incubation, as it is for PS. The rate of inward movement of Sph, though, was found to be

slower than for PC (data not shown). It is unlikely that this different rate is a consequence of a

preference for PC for the scramblase, because both internalized NBD-PC and NBD-Sph

reappeared on the surface after readdition of Ca-* to reactivate the scramblase, with the same

kinetics as observed for NBD-PS (Figure 7), confirming that the activation-induced lipid

movement is bidirectional and non-specific. The slower inward movement of Sph therefore is

more likely to be due to its interactions with components in the external leaflet of the platelet.

for instance, cholesterol (Demel et al., 1977).

~ Ionophore/Ca'* induced movement of NBD-
PC as monitored by the continuous assay with
dithionile. 2 x 10' platelets/mL were labeled with
NBD-PC (2 uM) for 60 min. Aliquots of 50 ul were
diluted in 2 niL Ilepes buffer, and Ca" (0.5 mM) with
or without ionomycin (1 uM) was added. After oue
min. 1 mM EGTA was added to arrest lipid
scrambling: 3 miu later, fluorescence recording was
started and 5 mM dithionite was added al arrow 1.
Curve A: Ca'* but no ionoinycin: curve B: iononrycin
and Ca'\ The resistant fraction of NBD-PC could be
externalized upon readdition of Ca'' (arrow 2). Curve
C: Same experiment as described for curve 2 using
NBD-Sph as a probe.

The nature of the scrambling mechanism is presently unknown, although several mechanisms

have been proposed and refuted (Comfurius et al., 1985, 1989, 1990, Sims et al., 1989;

Wiedmer et al., 1990; Williamson et al., 1992; Bratton, 1994; Sulpice et al., 1994). To

address the issue of whether protein(s) are involved, the effects of the permeant sulfhydryl

oxidizing agent PDA on activation-induced scrambling was investigated. As shown in Figure

8, pretreatment of NBD-PS-labeled platelets with 1 mM PDA for 2 min dramatically

inhibited Ca-7ionophore-induced lipid movement. Inhibition was both concentration-
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dependent, reaching a maximum at about 0.5 mM PDA, and time-dependent, being complete

by 2-3 min (data not shown). At longer times of incubation with PDA, an increase in

Ca'Vionophore-independent probe externalization was observed (data not shown), which may

reflect membrane damage and help account for the development of procoagulant activity

previously observed in PDA-treated platelets (Comfurius et al., 1990; Bevers et al., 1989).

Inhibition could be reversed by addition of dithiothreitol (DTT), albeit at rather a high

concentration (20 mM), resulting in partial restoration of the scrambling process.

Concentrations of DTT below 5 mM were ineffective in restoring scramblase activity,

suggesting that the sulfhydryl-reactive site in the scrambling mechanism is not as accessable

to the highly water soluble DTT as it is to the more hydrophobic PDA.

. Inhibition of Ca'*-induced scrambling of NBD-
PS by PDA. Platelets were labeled with 2 uM NBD-PS
for 1 h. After addition of 5 mM dithiouite. lipid
scrambling was induced by ionomycin (1 uM) and Ca'*
(1 mM). Curve A: control platelets: curve B: platelets
pretreated with 0.5 mM PDA for 2 min: curve C: platelets
pretreated with 0.5 mM PDA for 2 min followed by 20
mM DTT for 10 min.

Discussion

Reduction of NBD by sodium dithionite has previously been shown to be a rapid, accurate,

and reliable method for determining the transbilayer distribution of NBD-phospholipid

analogs in lipid bilayers (Mclntyre and Sleight, 1991; Pomorski et al., 1994; Gruber and

Schindler, 1994; Balch et al., 1994). Application of the method to living cells, however, can

be problematic, for example if the membrane is permeable to the anion as is the case for

erythrocytes (Pomorski et al., 1994). The evidence presented here shows that such limitations

do not restrict the application of dithionite to platelets: in discontinuous assays, dithionite

reduction reports the same distribution of NBD-phospholipids as the more conventional BSA

extraction assays.

After about 30 min of incubation, about 90 % of the NBD-PS probe added to the external

leaflet of the platelet plasma membrane becomes inaccessible to both BSA and dithionite,

reflecting the action of the aininophospholipid translocase in these cells. The most sensitive
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assays for PS, detection of prothroinbinase activity (Rosing et al., 1985b) and binding of

annexin (Thiagarajan and Tait, 1991; Dachary-Prigent et al., 1993), indicate that the plasma

membrane surface is virtually free of PS. The small fraction of this fluorescent probe which

remains accessible may reflect the lower efficiency of its inward movement compared to

endogenous or spin-labeled phospholipids (Colleau et al, 1991; Williamson et al, 1992) or to

die presence of nontransportable impurities in the probe preparation. The ability to label

platelets with a stable pool of internal NBD-phospholipid is the key to developing an assay

for continuous measurements of phospholipid flop and thereby phospholipid scrambling

activity of platelets. As suggested by previous studies carried out at lower time resolution

(Smeets et al., 1994; Basse et al., 1993), the scramblase activity is very prominent in platelets:

after induction by Ca"7ionophore, the activity develops immediately and as demonstrated in

the present study, exposes at least transiently 90 % or more of previously internalized probe

in a headgroup non-specific manner, suggesting that virtually all of the endogenous plasma

membrane lipids reach the surface over this timescale. The capacity for this high rate of

transbilayer lipid movement, at least 20-fold higher than that observed in maximally

stimulated erythrocytes (i.e. with Ca-'/ionophore), is consistent with the functional

importance of this movement in platelets for the formation of a procoagulant surface, as

opposed to erythrocytes where surface exposure of PS is likely pathologic and to be avoided

(Schroit and Zwaal, 1991; Williamson and Schlegel, 1994; Devaux and Zachowski, 1994).

Although more active, in other respects the scramblase in platelets appears to closely

resemble its erythrocyte counterpart. The acceleration of transbilayer diffusion is

bidirectional, and affects neutral as well as aminophospholipids similarly, implying that the

increase in procoagulant activity is not the consequence of specific movement of

aminophospholipids from the cell interior (Basse et al, 1993). The mechanism appears to be

dependent on the continued presence of Ca-", and is reversibly inactivated when Ca~" is

removed. Even within the higher time resolution of the dithionite assay, activation is virtually

immediate, being complete within seconds after elevation of cytoplasmic Ca-".

The actual kinetics of PS externalization are more complex than the simple exponential

decay which would characterize the basic flop from the inside to the outside of the cell. In

fact, the actual kinetics might be expected to include several complicating components,

including competition between reduction and flip back to the cell interior and the presence in

the population of unresponsive or slowly responsive cells. The fast and slow components

could reflect diffusion of probe from (residual) internal membranes to the plasma membrane

or from different pools of the probe in the plasma membrane itself. The decrease in the pool

size at very high internal Ca-' concentrations lends some support to the latter view (Figure

3B).

Reinitiation of the scrambling process after prolonged preincubation with Ca-7ionophore

(Figure 6) results in only a small increase in the rate of fluorescence decay which can be

described by a mono-exponential function, in contrast to reinitiation after a preincubation of
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30 s where the decay process is still best described by a double exponential function.

Although the reason is at present unclear, the difference could reflect gradual inactivation of

the scramblase over the longer time period of elevation of Ca*\ especially since the rate of

decay after long preactivation is actually lower than the slow component found after 30 s

preincubation with Ca-/ionophore. Inactivation of the scramblase by calpain, the major Ca-*-

activated protease in platelets is unlikely, because preincubation of platelets with calpeptin, a

membrane permeable inhibitor of this protease, was without effect (unpublished

observations). Further experiments will be required to dissect out the contribution of these

and other such complicating mechanisms to the kinetics which are actually observed. -•: •»

The nature of the mechanism by which the lipids are scrambled has been a puzzle for

some years. Several mechanisms have been proposed, including release of

aminophospholipids from cytoskeletal interactions (Williamson et al., 1982; Comfurius et al.,

1985; Comfurius et al., 1989), accelerated transbilayer movement through non-bilayer

structures created at the site of membrane fusion events (Wiedmer et al., 1990), and formation

of Ca^-PIP, complexes which promote or facilitate transbilayer movement of phospholipids

(Sulpice et al., 1994). Evidence against all of these mechanisms has been developed

(Williamson et al., 1992; Comfurius et al., 1990; Bevers et al., submitted). While it may be

argued that lipid degradation products resulting from phospholipase activation could enhance

transbilayer lipid movement, this is unlikely because lipid scrambling is not observed in

thrombin-activated platelets.

The obvious possibility that lipid scrambling is mediated by the formation of a protein-

based flip-site has not been refuted, but has been difficult to support, in part because the lipid

headgroup non-specificity of the mechanism makes it similar to transbilayer movements

produced by membrane perturbants such as ethanol (Schwichtenhovel et al., 1992). The

evidence presented here for the sensitivity of the platelet scramblase to the sulfhydryl oxidizer

PDA is the first to positively implicate a protein in this process. The large difference in

concentration of oxidizer (PDA) required for inhibition (0.5 mM) and of reducer (DTT)

required to partially restore activity (20 mM) suggests that the SH-reactive site of the

scramblase is located in the core of the membrane where it would be accessible to the more

hydrophobic PDA. This inhibitory effect of PDA on lipid scrambling has previously been

overlooked, perhaps in part because the oxidizing agent induces lipid movement at higher

concentration or after more prolonged incubations (Comfurius et al., 1990), thereby masking

its ability to block induction of the scramblase. The demonstration of sensitivity to sulfhydryl

oxidation may be helpful in the development of procedures for reconstituting the activity,

which are likely to be essential in identifying the protein or proteins that support it.
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Abstract j ; ^ . . ...... ,. .

Elevation of cytoplasmic Ca-* levels in human erythrocytes induces a progressive loss of

membrane phospholipid asymmetry, a process that is impaired in erythrocytes from a patient

with Scott syndrome. We show here that porcine erythrocytes are similarly incapable of Ca-*-

induced redistribution of membrane phospholipids. Since a complex of phosphatidylinositol

4,5-bisphosphate (PIP,) and Ca- has been proposed as the mediator of enhanced transbilayer

movement of lipids (J fl/o/ CTre/w 269:63-/7,7 99-/), these cell systems offer a unique

opportunity for testing this mechanism. Analysis of both total PIP-, content and the metabolic-

resistant pool of PIP-, that remains after incubation with Ca-* ionophore showed no

appreciable differences between normal and Scott erythrocytes. Moreover, porcine

erythrocytes were found to have slightly higher levels of both total and metabolic-resistant

PIP, in comparison with normal human erythrocytes. Although loading of normal

erythrocytes with exogenously added PIP, gave rise to a Ca-*-induced increase in

prothrombinase activity and apparent transbilayer movement of nitrobenzoxadiazolyl (NBD)-

phospholipids, these PIP,-loaded cells were also found to undergo progressive Ca-*-

dependent cell lysis, which seriously hampers interpretation of these data. Moreover, loading

Scott cells with PIP-, did not abolish their impaired lipid scrambling, even in the presence of a

Ca-* ionophore. Finally, artificial lipid vesicles containing no PIP, or 1 mole percent of PIP,

were indistinguishable with respect to transbilayer movement of NBD-phosphatidylcholine in

the presence of Câ *. Our findings suggest that Ca-*-induced redistribution of membrane

phospholipids cannot simply be attributed to the steady-state concentration of PIP,, and imply

that such lipid movement is regulated by other cellular processes.

Introduction

It is well recognized that the two leaflets of the plasma membrane of many mammalian cells

have a distinctly different lipid composition: the outer leaflet is mainly composed of choline-

containing lipids, whereas the inner leaflet is dominated by aminophospholipids [1,2]. This

membrane lipid asymmetry is at least partially the result of the action of an adenosine

triphosphate (ATP)-dependent aminophospholipid translocase, which transports

phosphatidylserine (PS) and phosphatidylethanolamine (PE) from the outer to the inner

leaflet of the membrane [2, 3]. Because of the slow spontaneous lipid movement between the

two leaflets of the plasma membrane, this lipid distribution may be stable for hours or even

days following inhibition of the aminophospholipid translocase. By contrast, lipid asymmetry

is rapidly abolished upon elevation of intracellular Ca-' in erythrocytes or platelets or - in the

case of platelets - by stimulation with collagen plus thrombin [1]. A major consequence of

this process of lipid scrambling (flip-flop) is the surface exposure of PS which promotes
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blood coagulation and serves as a recognition signal for reticuloendothelial cells [1]. It is clear

that the effect of Ca-* is not simply caused by its ability to inhibit the aininophospholipid

translocase, but thus far the nature of the scrambling mechanism has been elusive. Recently,

Sulpice et al [4] proposed that phosphatidylinositol 4,5-bisphosphate (PIP,) combines with

Ca-* to mediate the redistribution of lipids in the erythrocyte membrane. Varying the PIP,

content of erythrocytes and inside-out vesicles derived from erythrocytes, they reported a

dose-dependent scrambling of spin-labeled phosphatidylcholine (PC), PS, PE and

sphingomyeliii, upon addition of Ca- or a 10-fold higher concentration of Mgf". .... •

In 1979, Weiss et al [5] described a patient with a rare bleeding disorder associated with

an isolated deficiency of platelet procoagulant activity, presently referred to as Scott

syndrome. Subsequent studies revealed that upon activation, these platelets show a decreased

exposure of PS [6], a decreased number of binding sites for factors Va [7] and Villa [8], and

a markedly impaired capacity to generate plasma membrane microparticles [9]. Interestingly,

erythrocytes in this syndrome are also defective in expression of procoagulant activity and

formation of microvesicles in response to elevated intracellular Ca-' levels [10]. The

discovery that even resealed gliosts derived from Scott erythrocytes were defective in the

development of prothrombinase activity implied that the lesion resided in the plasma

membrane or a tightly associated (cytoskeletal) component [10].

In 1977, Allan and Michell [11] showed that porcine erythrocytes lack the ability to

produce microvesicles upon treatment with Ca-* ionophore. In the present study, we show

that porcine erythrocytes resemble Scott erythrocytes in their inability to rearrange

phospholipids in response to elevation of cytoplasmic Ca-'. We have used both Scott and

porcine erythrocytes to determine whether a deficiency in Ca- -induced lipid rearrangements

results from a deficiency in the PIP, content of the membrane. We have also investigated

whether exogenously added PIP, can correct this scrambling defect and whether introduction

of PIP, into a protein-free reconstituted lipid vesicle induces a Ca- -dependent enhancement

of transbilayer phospholipid movement.

Materials and Methods

.\/o/ena/.s. Bovine serum albumin (BSA: globulin and fatty acid free), ionomycin and

PIP, (sodium salt) were obtained from Sigma Chemical Co (St Louis, MO). PIP was

dissolved in chlorofonn:inethanol:water (7:2:0.15) to a stock concentration of 0.666 mmol/L

Coagulation factors Xa, Va and prothrornbin were prepared as described by Rosing et al [ 12];

thrombin-specific chromogenic substrate S2238 was from AB Kabi Diagnostica (Stockholm,

Sweden). l-Oleoyl-2-(6-7-nitrobenz-2-oxa-l,3-diazol-4-yl)ainino)-caproyl-.?n-glycero-3-

phosphocholine (NBD-PC) and l-01eoyl-2-(6-7-nitrobenz-2-oxa-l,3-diazol-4-

yl)amino)caproyl-.?77-glycero-3-phosphoserine (NBD-PS) were obtained from Avanti Polar
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Lipids (Alabaster, AL). l,2-Diacyl-sn-glycero-3-phosphocholine from egg (egg-PC) and 1,2-

Diacyl-sn-glycero-3-phosphoserine from bovine brain (brain-PS) were from Sigma.

Cholesterol was from Baker (Deventer, The Netherlands). Sodium orthovanadate was from

Janssen Chimica (Geel, Belgium). All other reagents used were of analytical grade.

Pre/raraA/OM am/ P/P,-/oa<//«g o/erw/irocv/es. Blood, collected in acid-citrate-

dextrose, was obtained from healthy volunteers and from patient MS, and shipped at 4°C by

air express to both Milwaukee and Maastricht. Immediately upon receipt, erythrocytes were

washed and loaded with PIP-, essentially according to Sulpice et al [4]: cells were washed

three times in buffer A (145 mmol/L NaCl, 2 mmol/L KC1, 10 mmol/L glucose, 10 mmol/L

phosphate buffer, pH 7.4). After evaporation of solvent, PIP, was dispersed to a final

concentration of 20 and 50 (imol/L in buffer A, containing 1 mmol/L EGTA and 1 mmol/L

EDTA. Erythrocytes were added to a final hematocrit of 2.5 % and were allowed to

incorporate PIP, for 10 minutes at 37 °C. Subsequently, cells were washed once in buffer A

(containing EGTA and EDTA) and twice in HEPES buffer (55 mmol/L NaCl, 90 mmol/L

KC1, 10 mmol/L glucose, 0.1 mmol/L EGTA, 10 mmol/L HEPES, pH 7.4) and resuspended

at 2 % hematocrit. Incorporation of PIP, was determined by monitoring the morphological

index of samples according to Ferrell et al [13]. Lysis was continuously assayed by pelleting

cells and measuring the absorbance of the supernatant at 418 run. Porcine blood, collected on

acid-citrate-dextrose, was obtained from the local slaughterhouse and erytlirocytes were

washed as described above for human red blood cells.

A/m?wrewew/0//>mwrc/7«ove/wew/o/\V#D/>Aos/>/»0/7/>tt/s. Inward movement of NBD-PC

and NBD-PS was assayed using the "back-exchange" procedure described by Connor and

Schroit [14]. To a suspension of erythrocytes at a hematocrit of 2.5 % in HEPES buffer

containing 2 mmol/L MgCl,, NBD phospholipids were added from a 1 mmol/L stock solution

in dimethylsulfoxide (DMSO), to obtain a final concentration of 1.0 u.mol/L (= 1 % of the

endogenous lipid content). Lipid probe was allowed to equilibrate between membrane and

fluid phase for 2 minutes at 37 °C. Incubations at 37 °C were initiated by addition of 1

mmol/L CaCl, and - where indicated - 5 umol/L ionomycin. At different time intervals,

samples were taken and mixed with 0.1 volume of 10 % BSA in HEPES buffer in precooled

tubes. After centrifugation the complete pellet was dissolved in 2 mL 1 % Triton X-100 and

fluorescence intensity was measured (\^ 472 nm, A^ 534 nm). This fluorescence signal,

expressed as a percentage of the total fluorescence signal (i.e., obtained by processing

corresponding samples in the absence of BSA), was considered to represent NBD

phospholipids residing in the erythrocytes and is referred to as percent non exchangeable

NBD phospholipid. Where indicated, 2 mmol/L sodium o-vanadate was added prior to

addition of NBD-PS, to block aminophospholipid translocase activity.

6>w/n«nc/ /wove/wen/ q/ .\7i£)/>/jo.?/»/?o///>;c/s />v //on- ty/o/ne/rv. Flow-cytometric moni-

toring of transbilayer movement of NBD-PS and NBD-PC in PIP^ -loaded erytlirocytes was
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monitored by modification of methods previously described [15]. To monitor outward

movement of NBD-PS, erythrocytes suspended to 2 x lOVmL in buffer A were first loaded

with 1 umol/L NBD-PS by incubation at 37-°C for 1 hour. The cells were washed and

incubated in the presence of 2 minol/L sodium o-vanadate for 15 minutes at 37 °C in order to

inhibit the aminophospholipid translocase. Vanadate (2 inmol/L) was present during all

subsequent steps. The cells were loaded with 50 uinol/L PIP, as described above, and

suspended in HEPES buffer to 10*/mL. The samples were divided in half and at time zero

received either 0.1 mmol/L EDTA plus 0.1 mmol/L EGTA, or 2 mmol/L CaCl, plus 2

mmol/L MgCl, At the times indicated in figures, 5 ul aliquots were diluted into 5 ul of

HEPES buffer in the presence or absence of 2 % BSA. After 2 minutes incubation time to

extract NBD-PS from the outer membrane leaflet, samples were immediately analyzed in a

FACScan flow cytometer (Becton Dickinson, San Jose, CA). The light scatter and

fluorescence channels were set at logarithmic gain. Five thousand events from each sample

were analyzed for forward and right angle light scatter and for fluorescence caused by NBD-

PS using a 530/30 bandpass filter in the FL1 channel. A similar protocol was employed to

monitor outward movement of NBD-PC, except that erythrocytes were first loaded with 1

umol/L NBD-PC by overnight incubation at 37 °C. In eacli case, the amount of NBD-lipid

distributed in the inner leaflet of the plasma membrane at each time point was derived from

the erythrocyte- (or erythrocyte microparticle-) associated NBD fluorescence, measured for

samples extracted with albumin, and expressed as a percentage of the total membrane-

associated NBD derived from the NBD fluorescence of matched samples incubated in the

absence of albumin.

The activity of phosphatidylinositol-4-kinase and phosphatidylinositol 4-phosphate 5- kinase

in lysates of Scott and normal erythrocytes was determined from the measured rates of

incorporation of ATP-(Y-'"P) into phosphatidylinositol-4-phosphate (PIP) and PIP,. Washed

erythrocytes were suspended to 2.5 x 107mL in an ice cold solution containing 100 mmol/L

KC1, 20 mmol/L sodium citrate, 10 mmol/L D-glucose, 25 mmol/L HEPES, 10 mmol/L

MgCl, 1 mmol/L EGTA, 50 umol/L dithiothreitol, 20 uL leupeptin, 5 ug/mL antipain, 100

umol/L o-vanadate, 1 mmol/L benzamidine, 1 mmol/L phenylmethylsulfonyl fluoride, 3 %

vol/vol glycerol (pH 7.4) and sonicated (10 seconds) on ice. Aliquots (100 uL) of these

lysates were distributed into microfuge tubes at 37 °C, and kinase reactions started by addition

of 50 ul of 0.5 mmol/L L-a-phosphatidylinositol, 0.5 mmol/L L-a-phosphatidylserine, 2.5

mmol/L Mĝ  -ATP [containing 2 uCi ATP-(y-'-P): New England Nuclear (NEN), Boston,

MA]. At various tunes, the reactions were stopped by addition of 400 ul 1 N HC1. The

phospholipids were then extracted with 800 ul volumes of 50:50 (vol/vol)

chloroform:methanol, the organic phase collected, and back extracted with 400 ul volumes of

50:50 (vol/vol) methanol: IN HC1. To quantitate incorporation of "P into PIP and PIP,, 5 ul

of each organic phase was spotted on CDTA-treated 0.2-mm 20-cm x 20-cm silica 60 (Altech
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Assoc, Inc. Deerfield, IL) thin-layer chromatography plates, and resolved iii a solvent phase

containing 65 % n-propanol, 35 % 2N acetic acid. Unlabeled phosphatidylinositol (PI), PIP

and PIP, (Sigma; 10 ug each) served as standards. Radioactivity in PIP and PIP,fractions was

quantitated by photon counting (AMBIS 4000; Ambis Inc, San Diego, CA).

/Vor/»ro/w&;mwe a5.sav. Prothrombinase activity of erythrocytes was measured as described

previously [10]. Briefly, erythrocytes taken from the same incubation used to measure NBD

phospholipid movement were diluted to a final concentration of 1 x 10 /mL in TRIS-buffered

saline (TBS; 50 mmol/L TRIS; 120 mmol/L NaCl, pH 7.4), containing 0.5 mg/mL of BSA

and incubated at 37 °C with 3 nmol/L factor Xa and 6 nmol/L factor Va for 2 minutes in the

presence of 3 inmol/L CaCL Thrombin formation was initiated by addition of 4 (imol/L

prothrombin and additional CaCl, (final concentration, 3 mmol/L). Exactly 1 minute after

addition of prothrombin, an aliquot of the suspension was transferred to a cuvet containing 50

mmol/L TR1S-HC1, 100 mmol/L NaCl, 2 mmol/L EDTA, pH 7.9. Thrombin activity was

determined using chromogenic substrate S2238 at 150 (imol/L. The rate of thrombin

formation was calculated from the time-based change in absorbance at 405 ran, using a

calibration curve generated with active-site titrated thrombin. It should be noted that in

experiments with NBD-PS, this lipid probe did not affect the prothrombinase activity

(probably because upon dilution of the cells in BSA-containing TBS buffer, the probe is

rapidly sequestered by the protein).

/w/)/Jt'.\Yracf/fWflMc/tyc'/t'rm/«fl/;owo/'P/P,cow/e«/. Five milliliters of packed erythrocytes

were lysed in 300 milliliters of 10-fold diluted TBS containing 0.5 mmol/L EGTA.

Erythrocyte membranes were pelleted by centrifugation for 15 minutes at 30,000g and

washed twice to remove hemoglobin. Lipids were extracted after the procedure described by

Sulpice et al [4]: 5 milliliters of packed membrane material was extracted with 18.75

milliliters of chloroform/methanol/conc HC1 (20:40:1 vol/vol) at room temperature for 30

minutes with continuous stirring. Phase separation was obtained by addition of 6.25 milliliters

of chloroform and an equal volume of water and stirring for 15 minutes at room temperature,

after which the mixture was centrifuged for 15 mins at 800g. The lower organic phase was

collected and dried under vacuum using a rotavapor. Thin-layer chromatography was

performed using a modification of the procedure described by Mallinger et al [16].

Prefabricated thin-layer plates (20 x 20 cm; Merck, Darmstadt, Germany) were impregnated

with 1 % potassium oxalate dissolved in methanol/water (3:2) containing 2 mmol/L EDTA

and dried for 1 hr at 120"C. Lipid extracts from 2 to 5 milliliters of packed membrane material

were applied as a 3-cm-wide spot, and plates were developed in one dimension using a

solvent system of chlorofonn/methanol/4.3 mmol/L NH,OH (90:65:20 vol/vol) that allowed

good separation of PIP, from the other phospholipids. After detection by iodine vapor, spots

were scraped from the plate and lipid phosphorus was determined using the method of Pries

et al [17]. PIP; content was expressed as mole percent of total phospholipid.
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q/7z;>/d vesi'c/es vr///i and VTI7/IOW/ P/P, owe/ assov' /or invranc/ movcwcM? q/WSD-

pf. Aliquots of egg-PC, brain-PS, and cholesterol, dissolved in chloroform, were

mixed at a molar ratio of 18:2:5, and subsequently dried under a stream of nitrogen at room

temperature. Lipids were dispersed at 37 °C in a buffer composed of 50 mmol/L KC1, 50

mmol/L TRIS-HC1, 0.5 mmol/L EGTA, pH 8.0, to obtain a final phospholipid concentration

of 10 mmol/L; in some preparations PIP, was included at a final concentration of 1 mole

percent (of phospholipid). The dispersed lipids were extruded 10 times through a filter with a

pore size of 0.1 urn (Millipore Corp, Bedford, MA), resulting in the formation of unilamellar

vesicles.

To test for leakiness, 0.2 mole percent (of phospholipid) of NBD-PC was included in the

mixture before dispersion in buffer to incorporate label on both sides of the membrane. These

vesicles were diluted 400-fold in buffer in the presence or absence of 1 mmol/L CaCK

Distribution of the probe between the two leaflets of the membrane was determined by

comparing fluorescence intensity (A^ 472 nm, A „, 534 nm) before and after addition of

dithionite (final concentration, 10 mmol/L) according to Mclntyre and Sleight [18].

To assay for inward movement, 0.2 mole percent NBD-PC was added to the extruded

vesicles from a stock solution in DMSO (to a final DMSO concentration of 1 %) and the

vesicles were placed at 37 °C in the presence and absence of 1 mmol/L CaCK. At different

time intervals, aliquots were diluted 400-fold in buffer and residual fluorescence intensity was

read after addition of dithionite.

Results

Defective Ca-*-induced lipid scrambling in erytlirocytes and blood platelets from Scott

syndrome was originally observed as an impaired surface exposure of endogenous PS,

reflected by the absence of development of prothrombinase activity and factor Xa-Va binding

sites [6,7,10]. The inability of Scott erytlirocytes to develop prothrombinase activity has been

confirmed (Fig 1A). As another illustration of defective scrambling, the outer leaflet of

erythrocytes was labeled by exogenously added fluorescent-labeled pliospholipid analogs, and

Ca-"-induced tTansbilayer movement of the probes measured (Fig IB). When labeled normal

erythrocytes were incubated with ionophore in the presence of 1 mmol/L Ca*\ » 50 % of

NBD-PS moved to the inner leaflet. However, uptake of this lipid analog in Scott erythrocytes

was less than 10 %. Identical results were obtained with NBD-PC (data not shown). The

absence of inward movement of NBD-PS in Scott erytlirocytes upon elevation of intracellular

Cannot only reflects an impaired scrambling of lipids, but also clearly demonstrates that Câ *

inhibits the amiiiophospholipid translocase activity in these cells, as was previously found for

normal erytlirocytes [19].



98 CViap/er 7

0 15 30 45
Incubation time (min)

0 15 30 45
Incubation time (mm)

F;# /. Time course of Ca'-induced appearance of protlironibiuase activity (A) and inward movement of NBD-PS (B)
in normal human erythrocytes ( • ) . erythrocytes froni patient MS with Scott Syndrome ( • ) . and porcine erytkrocytes
(A). NBD-PS (1 umol/L) was added to 2 x 10' cells/niL and allowed to incorporate in the outer leaflet for 2 minutes
Subsequently. 5 umol/L iononiycin and 1 mmol/L Ca'* were added after which samples were taken al different time
intervals to assay for prothronibinase and inward movement of NBD-PS as described in Materials and Methods.
Prothrombinase activity is expressed per 10' cells/mL. Inward movement of NBD phospholipid is expressed as a
percentage of the total amoiml whidi is not extractable by BSA. In this experiment, no vauadalc was added since
aininophospholipid translocase activity is efficiently inhibited by the influx of Ca'*-ions as a result of the ionophore
action. Data are train a single experiment, representative of results obtained in four experiments.

Because porcine erythrocytes resemble Scott erythroctyes in their inability to produce

microvesicles upon treatment with Ca~ ionophore [11], lipid scrambling was also examined

in porcine erythrocytes and found to be greatly impaired (Fig 1, A and B). By contrast,

transport of PS from outer to inner leaflet of the plasma membrane was normal in untreated

Scott and porcine erythrocytes (data not shown), indicating no defect in the

aminophospholipid translocase in these cells.

The proposal that a complex of Ca" and PIP, is responsible for inducing lipid scrambling

was based on increased Ca- -induced redistribution of spin-labeled probes in erythrocytes and

erythrocyte-derived inside-out vesicles supplemented with PIP- [4]. Because an increase in

intracellular Ca-* induces phospholipase C-catalyzed hydrolysis of PIP,, the authors further

postulated that only the metabolic-resistant pool of PIP, can be responsible for scrambling.

Accordingly, we investigated the PIP,-content of Scott and porcine erythrocytes before and

after treatment with Ca- ionophore to establish whether the abnormal behavior of these cells

can be explained by reduced levels of this particular phospholipid species. As shown in Table

1, the total PIP,-content in Scott erythrocytes is virtually identical to that of normal

erythrocytes. Treatment of the cells with Ca-* ionophore caused a 60 % reduction in PIP,

content, but no significant difference was found between Scott and normal erythrocytes. In

addition, the total PIP, content of porcine erythrocytes and the residual PIP,-content after

incubation with Ca- ionophore were found to be slightly higher than the corresponding levels

of PIP, in Scott and normal erythrocytes (Table 1).

In agreement with the results obtained for PIP, levels in erythrocytes, measurement of the

enzymatic activities of phosphatidylinositol 4- and phosphatidylinositol 4-phosphate 5-kinase
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in broken cell preparations of erytlirocytes showed no differences between control and Scott

cells (data not shown). =. . ,-, , . , ,. ...,, , ,.*

Total- and Metabolic-Resistant PIP, Content of Human and Porcine
Erythrocytes

Human

(n=12)

Scott Porcine
S y n d r o m e . . .-••.

(n=4)* (n=5)

Total PIP, 0.66 ±0.29 0.61 ±0.18 0.88 ±0.35

Metabolic-
Resistant 0.25 ±0.06 0.24 ±0.07 0.36 ±0.04

Data are expressed as mole percent of total phospholipid

• Values represent the average ± SD of PIP. analysis performed on four different erythrocytes samples from

patient MS. The average values ± SD for normal human and porcine erythrocytes are derived froni analysis on

samples from different individuals.

* The metabolic-resistant pool of PIP; was determined in ionophore-treated erythrocytes: erythrocytes at 2.5 %

hematocril were incubated with 5 umol/L ianomycin in TBS curtaining 1 uunol/L CaCl,. Lipid extractioi and

PIP, analysis were subsequently performed as described in materials and methods.

To determine whether loading Scott erythrocytes with PIP, could correct their defect in Ca-"-

induced lipid scrambling, cells were loaded with 50 (imol/L PIP, for 10 min. Using change in

cell morphology as a qualitative index of incorporation of PIP, [13], the rate of incorporation

of Scott erytlirocytes was not appreciably different from that of normal erythrocytes, althougli

the final extent of deformation was slightly less for Scott cells , likely because these cells were

less deformed than the normal controls at the beginning of the incubation (data not shown).

Inward movement of NBD-PC and NBD-PS was measured as the disappearance of BSA-

extractable probe, and outward movement of endogenous PS was measured as an increase in

procoagulant activity of the cells. To prevent inward transport of PS by the

aminophospholipid translocase, cells were pretreated with vanadate. Figure 2, A and B show

that addition of Ca- (extracellular; no ionophore) to normal erythrocytes loaded with PIP,

caused an increase in the apparent inward movement of NBD-PC and NBD-PS: ~ 35 % of

NBD-PS and 45 % of the NBD-PC were resistant to extraction by BSA after 45 minutes

incubation in the presence of Ca-*. In contrast, addition of Ca-* to PIP,-loaded Scott

erythrocytes resulted in uptake of only 15 % of NBD-PC, while NBD-PS uptake leveled off

at less than 8 %. In the absence of extracellular Ca-', no appreciable movement of either
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probe in either type of cell was observed. Similarly, incubation of PIP,-loaded normal

erythrocytes with Ca~* for 45 minutes resulted in protlirombinase activity of almost 500 mnol

thrombiivL'-min"', whereas this activity in Scott erythrocytes was found to be much lower (a

125 nmol thrombnrL '•min'. Fig 2C). However, it was consistently found that apparent

movement of the fluorescent lipid probes and expression of protlirombinase activity were

closely correlated with loss of membrane integrity, as judged from the release of hemoglobin

in the cell supernatant (Fig 2D). Loss of membrane integrity was only observed after addition

of Ca~\ was time- and temperature-dependent, and was independent of cell hematocrit,

presence of NBD-probes, and different PIP, preparations. Although reduced cell lysis was

observed at lower concentrations of added PIP;, a corresponding reduction in apparent

movement was always observed using either assay. No conditions were found that resulted in

NBD phospholipid scrambling or development of protlirombinase activity in the absence of

hemolysis.

15 30 45
Incubation time (min)

0 15 30 45
Incubation time (min)

F/# 2. Time course of inward movement of NBD-PS (A), inward movement of NBD-PC (B). development of
protkrouibinase activity (C) and cell lysis (D) after addition of Ca'* (in the absence of iouophore) to normal
erythrocytes and erythrocytes from patient MS with Scott syndrome, unloaded or loaded with 50 uniol/L PIP, for 10
minutes at 37 "C. Aller the PIP,-loading procedure. 1 uniol/I. NBD-PS or NBD-PC was added to 2 x 10'cells/mL.
In case of NBD-PS. cells were preincubaled with 2 mniol/L sodium o-vauadate before addition of the lipid probe to
block aminophospholipid translocate mediated inward movement of this lipid. Two minutes after addition of the
NBD lipid. CV was added to a final concentration of 1 mmol/1. and samples were taken at different time intervals to
measure prothrombinase acti\ity (expressed per 10" cells/niL). NBD lipid movement (expressed as percentage of
total amount of NBD lipid that is not extractable by BSA) and cell lysis (expressed as percentage of total hemoglobin
present in the supernatant after ceutifugalion of the cells. • . normal erythrocytes. not loaded with PIP,; O. Scott
erythrocyles . not loaded with PIP,: • . PIP.-loaded normal enthrocytes : • . PIP .-loaded Scott erythrocytes. Data
are froin a single experiment, representative of two experiments, performed on two different occasions.
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When Ca~* was added to PIP,-loaded erytlirocytes iii the presence of ionophore, a significant

development of prothrombinase activity (Fig 3A) and inward transport of NBD-PC (Fig 3B)

was observed, but this was also accompanied by extensive lysis of the cells (80 % hemolysis

in 45 min; Fig 3C). In comparison, Scott erytlirocytes were considerably less able to develop

procoagulant activity, and less NBD-PC migrated to the inner leaflet of the membrane.

However, the action of ionophore on these PIP;-loaded cells also resulted in considerable

membrane damage, with 40 % hemolysis occurring in 45 min. This extensive cell lysis

hampers reliable interpretation of the data.

.600

Incubation time (min) Incubation time (min)

30 45

incubation time (min)

Fig i. Time course of development of prothronibinase activity (A), inward movement of NBD-PC (B) and cell lysis
(C) of PIPj-loaded normal erythrocytes ( • ) and erytkrocyles from patient MS with Scott syndrome ( • ) incubated with
ionophore and Ca*'. Cells (2 \ lOVml.) were loaded 50 umol/L PIP, for 10 minutes, washed, and incubated with 1
umol/L NBD-PC for 2 minutes. Subsequently, ionophore and CaCl, were added to a final conceolration of 5 umol/L
and 1 mmol/L. respectively.

To gain further insight into the role that induced hemolysis might play in the apparent

scrambling of membrane phospholipids by the Ca~'-PIP, complex, flow cytometry of PIP,-

treated erythrocytes was used to monitor the transmembrane movement of NBD-PS in both

the intact erythrocytes and lysed ghost membranes In these experiments, NBD-PS was

loaded into the inner membrane leaflet of erythrocytes. After addition of vanadate to prevent

inward transport of PS during subsequent steps, erythrocytes were loaded with 50 (imol/L

PIP, for 10 minutes at 37 °C. As shown in Fig 4, addition of Ca-' to PIP, -loaded erythrocytes

initiated a distinct change in particle scatter arising from the erythrocytes (events falling

within the gate of forward and side scatter shown in Fig 4]. Additionally, this treatment

resulted in the appearance of new particles (erythrocyte membrane-derived microparticles)
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with distinctly reduced forward and side angle scatter, falling outside the erythrocyte gate

shown in Fig 4. Comparison of PIP; -loaded erythrocytes from Scott syndrome and normal

10

<D
10

A /*-, B /—a

10 10

Forward Scatter

F;g i(. EtTecl of PIP; plus Ca'* on the particle light scatter properties of erythrocytes. Scott and normal control
erythrocytes (2 x lOVmL) were loaded with 1 fimol/L NBD-PS for 1 hour at 37 °C. washed in the presence of 2
nimol/l. vanadate and subsequently loaded with 50 uinol/L PC; for 10 minutes at 37 "C At time 0. CaCl jand MgCl j
(final concentration. 2 mmol/1.) were added, and samples were diluted and analyzed by flow cytoinetry at the indicated
times as described in Materials and Methods. Dot plots denote forward (abscissa) versus side angle scatter (ordinate)
for control (A and C) and Scott enlhrocytes (B and D) at time 0 (A, B) and 1 hour (C. D). Polygons denote gates used
to discriminate intact from damaged erythrocyles.

controls revealed that the Scott cells were distinctly less sensitive to this effect of the Ca-*-

PIP, complex. In all experiments performed under the conditions of Fig 4, the appearance of

erythrocyte-membrane derived particles was accompanied by the release of hemoglobin into

the supernatant of the Ca^~-PIP;-treated erythrocytes (not shown) suggesting that these

particles represent ghosts and membrane vesicles, derived from lysed cells. Consistent with

this interpretation, we found that the change in light scattter depicted in Fig 4, mimicked that

observed when erythrocytes were osmotically lysed by suspension in hypotonic medium (data

not shown). No PIP,-induced changes in particle light scatter were observed in the absence of

Ca"'. To determine whether the apparent movement of NBD-PS from inner to outer leaflets

initiated by interaction of Ca-* with PIP, (Fig 2) reflected scrambling of lipids across the

membranes of intact erythrocytes or reflected loss of phospholipid asymmetry in lysed ghost

membranes, extractable inner leaflet NBD-PS was monitored in each population by gating

selectively on the intact erytlirocytes and lysed ghost membranes using the forward and side

angle light scatter gates depicted in Fig 4. As illustrated in Fig 5. this analysis showed that

addition of Ca-' to PIP;-loaded erythrocytes caused little to no scrambling of NBD-PS in the

intact erytlirocytes, whereas virtually all of the extractable NBD-PS could be accounted for by
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a loss of phospholipid asymmetry in the lysed membrane fraction. Similar results were

obtained when the outward movement of NBD-PC was monitored under these conditions (not

shown). As shown in Figs 4 and 5, in PIP,-loaded Scott cells virtually all Ca-'-induced lipid

scrambling was attributable to the lysed ghost population. Inspection of these data also

confirms that the reduced phospholipid scrambling observed for Scott erythrocytes was the

consequence of decreased lysis of Scott versus normal cells initiated by Ca-' plus PIP, (see

Fig 2).

• & • • -

F/g 5. Time course of outward movement of NBD-PS in
PIP,-loaded cells. Scott erytkrocytes ( • ) and erythrocytes
form two normal controls (O. v) were loaded with NBD-
PS and PIP, as described for Fig 4. At time 0. CaClj and
MgClj (final concentration. 2 inuiol/1.) were added, samples
were diluted in the presence and absence of BSA. and cell
associated NBD-fluorescence was determined by flow
cyloinetry at the indicated times as described in Materials
and Methods. The residual nieinbrane-associated NBD-PS
is plotted for the total population (A), and for each of two
gated populations corresponding to intact erythrocytes (B)
and enthrocue-derived membrane vesicles (C). Gate used
to discriminate intact erythrocytes Iron) membrane vesicles
is depicted in Fig 4.

Incubation T i m (hr)

The extensive lysis observed upon addition of Ca- to PIP,-loaded erythrocytes raises the

possibility that any lipid scrambling resulting from PIP,/Ca- is masked by the sensitivity of

the erythrocytes to the presence of this detergent-like lipid To investigate this possibility in a

protein-free membrane, unilamellar lipid vesicles composed of PC, PS and cholesterol

(18:2:5 molar ratio) were prepared with or without 1 mole percent PIP,, and the transbilayer

movement of NBD-PC examined. To monitor membrane integrity of these artificial lipid

vesicles, NBD-PC was first incorporated into both sides of the bilayer and fluorescence

intensity measured before and after addition of dithionite, which rapidly reduces NBD in the

external leaflet to the corresponding nonfluorescent amine derivative [18]. In the presence or

absence of PIP, with or without Ca-*, 47 % to 50 % of the NBD-PC was resistant to

dithionite, indicating that neither Ca-" nor PIP, nor a combination of the two cause extensive

destabilization of the bilayer because dithionite was not able to gain access to NBD-PC

residing in the inner leaflet. To measure transbilayer movement, NBD-PC was added only to
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the external leaflet of vesicles prepared with or without PIP,, and development of resistance to

dithionite reduction determined. As shown in Figure 6, NBD-PC moved to the vesicle interior

with roughly linear kinetics at a rate of somewhat less than 10 %/h and was unaffected by

inclusion of Ca** in the incubation medium, the presence of PIP, in the vesicles, or a

combination of both. ' ' • > ...j

F/g 6. Inward movement of NBD-PC in extruder vesicles
composed of phosphalidyldioline. phosphatidylserinc and
cholesterol (18:2:5) containing no (open symbols) or 1 mole
percent PIP; (closed symbols) in the presence (circles) and
absence (squares) of Ca'*. Inward movement is expressed as
the fraction of NBD-PC that is resistant to quenching by
dithionite.

Discussion

In these experiments, we demonstrate that (1) PIP,-loading of the erythrocyte membrane can

result in a Ca**-dependent transmembrane movement of NBD-PC and NBD-PS. These

results are comparable to those previously obtained using spin-labeled probes [4], (2) A lipid

scrambling effect of the Ca-*-PIP, complex was always observed in conjunction with

increased cell lysis. NBD-lipids in PIP.-loaded erythrocytes that do not undergo hemolysis

exhibit little to no rearrangement of these phospholipids through interaction of Ca-' with

outer leaflet PIP,. (3) The lytic action of the Ca-"-PIP, complex obeys similar kinetics and

concentration dependence as observed for the apparent scrambling of membrane

phospholipid. Furthermore, hemolysis does not occur in PIP,-loaded cells in the presence of

EGTA. (4) Ca-'-induced hemolysis of PIP,-loaded erythrocytes was observed in the absence

of NBD lipids, indicating that the lytic property of PIP, was unrelated to the fluorescent probe

used to monitor phospholipid movement. Therefore, we conclude that the apparent

transmembrane movement of phospholipids that arise through interaction of Ca-* with PIP,-

loaded cells is related to induced lytic breakdown of the membrane, rather than a process of

accelerated transmembrane lipid movement specifically mediated by a Ca-'-PIP, complex, as

was recently proposed [4] Under conditions of cell lysis, such apparently accelerated

movement of membrane phospholipids could arise through lipid rearrangement during

membrane rupture, the exposure of inner leaflet PS in membranes that do not reseal, or lipid

movement catalyzed by elevated intracellular Ca-\ due to increased permeability of the PHV

loaded membrane to this ion. In this context it is of note that PIP,-loaded Scott cells are

relatively resistant to this action of externally-added Ca- This suggests that lipid scrambling
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observed under these conditions reflects interaction of Ca-* that leaks across the PIP,-

membrane with intracellular component(s) that normally serve to mediate transmembrane

lipid rearrangement, and not a direct scrambling of lipid mediated through interaction of

external Ca- with external PIP,.

Porcine erythrocytes, like Scott erytlirocytes, are defective in their response to Ca-" influx,

neither shedding microvesicles nor redistributing their membrane lipids. However, unlike

Scott syndrome porcine platelets are indistinguishable from nonnal human platelets in their

ability to scramble lipids upon activation (E.M.B., unpublished observation, September

1994). Such tight association between inicrovesicle formation and loss of lipid asymmetry led

to the proposal that membrane fusion events occurring as part of the shedding process are

responsible for transient disturbances of the bilayer structure, allowing lipids to equilibrate

over both membrane leaflets [9,20,21]. There is now evidence that microvesicle formation

might be the result rather than the cause of lipid scrambling, possibly facilitated by unequal

rates of inward and outward movement of lipids [22-24].

The absence of Ca~°-induced loss of lipid asymmetry in Scott and porcine erythrocytes

might result from active transport of scrambled aminophospholipids from the outer to the

inner membrane leaflet. However, ATP-dependent aminophospholipid translocase activity in

Scott and porcine erythrocytes was not different from that observed in normal human

erythrocytes, and was also normally inhibited by intracellular Ca-'. A second mechanism,

mediation by Ca-* in association with PIP, of scrambling of phospholipids [4], was also tested

using several approaches: measuring PIP, content, loading cells with PIP, and using model

vesicles containing PIP;,. We found the level of PIP, in Scott and porcine erythrocytes was the

same or higher than the level found in normal human erythrocytes. In addition, the metabolic-

resistant pool was also normal or elevated in these cells. These results imply that the simple

combination of PIP, and Ca"" in erytlirocytes does not constitute the scramblase. a conclusion

consistent with the fact that the PIP, pool in platelets is 5 to 10 times smaller than in

erythrocytes [16], even though Ca-"-induced lipid scrambling ui platelets is much faster [1].

A similar conclusion can be drawn from artificial vesicles prepared with PIP,. At a level of 1

%, roughly that found in the erythrocytes, and higher than that present after elevation of

cytoplasmic Ca-" (Table 1), Ca-* is incapable of accelerating transbilayer lipid movement.

In conclusion, the present data do not lend support to the view that the mechanism of

Ca-"-induced redistribution of lipids in the membrane of erythrocytes is exclusively mediated

by the action of Ca-* ions on the (metabolic resistant) pool of PIP, Although a role for PIP, in

accelerating transbilayer lipid movement is not ruled out by these experiments, there is no

strong experimental reason to postulate such a role. The absence of Ca- -induced

phospholipid scrambling despite normal cellular PIP, levels in Scott and porcine erythrocytes

suggest the involvement of other membrane components as essential prerequisite to catalyze

this process.
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Abstract

Cellular activation, accompanied by elevation of cytoplasmic Ca"* levels, can induce a

progressive loss of membrane phospholipid asymmetry, resulting from increased tTansbilayer

movement (flip-flop) of phospholipids. While this process has been demonstrated in a variety

of different cells, it is most active in blood platelets. In order to test whether this lipid

scrambling process is mediated by a membrane protein, platelet membranes were solubilized

in cholate and fractionated by anion exchange chromatography, and fractions were

reconstituted into phospholipid vesicles by detergent dialysis in the presence of small

amounts of fluorescent (NBD) phospholipids. Using dithionite reduction to monitor the

transbilayer location of NBD phospholipids, it was shown that addition of Ca-* and

ionomycin to vesicles reconstituted with a particular fraction results in transbilayer movement

of the fluorescent phospholipid analogs from the vesicle's inner to outer leaflet. Lipid vesicles

reconstituted in the absence of membrane protein, or reconstituted with another platelet
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membrane protein fraction, were devoid of this activity. Heating the active fraction or

incubating it with pronase or the SH reagent pyridyldithioethylainine markedly diminished

the ability of the vesicles to translocate fluorescent phospholipid analogs across the bilayer ui

response to Ca'^ and ionophore. These results argue that a membrane protein (or proteins)

from blood platelets is required to catalyze Ca-"-induced transbilayer movement of

phospholipids, suggesting its (or their) involvement in the loss of lipid asymmetry that can

occur during cellular activation.

Introduction

Transbilayer phospholipid asymmetry is a well-known characteristic of mammalian plasma

membranes: the outer leaflet of the lipid bilayer is rich in the cholinephospholipids,

sphingomyelin and phosphatidylcholine (PC), whereas the aminophospholipids,

phosphatidylethanolamine and phosphatidylserine (PS) preferentially reside in the inner

leaflet (Bretscher, 1972; reviewed in Schroit & Zwaal, 1991; Zachowski, 1993, and

Williamson & Schlegel, 1994). The existence of an ATP-dependent aminophospholipid

translocase, which concentrates aminophospholipids in the inner membrane leaflet

(Seigneuret & Devaux, 1984; Daleke & Huestis, 1985; Connor & Schroit, 1988), suggests

that the orientation of these lipids is a critical aspect of cell function. Whereas phospholipid

asyminetry is generally maintained during the life span of a cell, cellular activation can induce

rapid transbilayer movement of the lipids (flip-flop) and randomization of the phospholipid

distribution, as was first demonstrated for blood platelets (Bevers e/ «/., 1983). This lipid

scrambling process results in surface exposure of PS which promotes blood coagulation

(Zwaal ef o/., 1978; Rosing e/ a/., 1985), as well as cell-cell recognition and phagocytosis

(Schroit t?/ a/., 1985; Schlegel & Williamson, 1987; Fadok e/ a/., 1992; Verhoven e/ a/.,

1995). Since rapid loss of phospholipid asymmetry is not induced by simple inhibition of

aminophospholipid translocase, it has been suggested (Zwaal <?/ a/., 1993) that a separate

activity (phospholipid scramblase) mediates rapid flip-flop of all the major phospholipid

classes in response to elevation of intracellular Ca~* levels (Williamson e/ a/., 1992; Smeets e/

«/., 1994). We describe here the reconstitution of a membrane protein fraction from human

platelets with properties of this phospholipid scramblase activity. • •

Materials and Me thods ' "*"•" "• '• • -

.\/t'/w/>row /Vo/c/m. Human platelets, isolated as described previously (Bevers e/ o/.,

1983), were suspended in TEMS-buffer (50 inM Tris, 0.2 inM EGTA, 1 mM Mgr", 120 mM

NaCl, pH 7.5) at a concentration of 5xlO7mL. PMSF and EGTA were added to this

suspension to a final concentration of 0.5 mM. Platelets were subjected to three cycles of
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freezing and thawing. Membrane material from 10" platelets was collected by centrifugation

(10 min, 10 000 g). Pellets were solubilized in TEMS containing 5% cholate (w/v) and 0.5%

Triton X-100 (w/v). The detergent insoluble membrane skeleton (mainly composed of

myosin, MW 220 kDa, and actin, MW 43 kDa) was removed by centrifugation. Solubilized

material was applied to a QAE ion exchange column of 20 mL (Dowex AG 1-X8. Bio-Rad),

equilibrated with TEMS containing 5% cholate (TEMS-cholate). After elution of nonbound

protein with TEMS-cholate, a linear NaCl gradient was applied, from 0 to 3 M NaCl in

TEMS-cholate, total volume 100 mL. Optical density at 280 nm was recorded.

#eco/w/;7w/;o« /Vora/wn;. A lipid stock solution in chloroform/methanol (1/1; v/v)

containing 9 mM PC (Sigma, from egg yolk), 1 mM PS (Sigma, from bovine brain), 2.5 mM

cholesterol, and 20 uM NBD-PS (or NBD-PC, both obtained from Avanti Polar Lipids,

Alabaster, AL) was prepared [NBD-PS: 2-(12-(7-nitrobenz-2-oxa-l,3-diazol-4-

yl)amino)dodecanoyl-l-oleoyl-5w-glycero-3-phosphoserine]. 100 (iL of this solution was

dried by flushing with nitrogen. 1 mL of a QAE-coluinn sample was added to the lipid film.

After solubilization, the mixtures were allowed to equilibrate at 37 "C for 60 min. The

samples were dialyzed overnight in the dark against 25 mL of TEMS at room temperature,

followed by two times 3 h against 1 L of TEMS. Finally, to all samples was added 1 g of

washed Bio-Beads SM2 (obtained from Bio-Rad and prepared by washing with methanol

followed by extensive washing with distilled water) to remove traces of cholate and Triton X-

100. The tubes were rotated overnight in the dark. Resulting vesicles were examined by

cryoelectron microscopy as described (Frederik e/ «/. 1991).

Mwj/re/wew/ o/'6'craw6/flsc. )c7;v<7V. The amount of NBD lipid residing in or appearing at

the outer surface of reconstituted vesicles was assessed using the membrane impermeable

reducing agent sodium dithionite (Na,S,O,,) which converts the NBD group to the

nonfluorescent 7-aminoderivative (Mclntyre & Sleight, 1991). To 2 mL of TEMS in a

fluorimeter cuvette (37 °C) was added 50 uL of the vesicle suspension was added, giving a

final lipid concentration of approximately 25 (iM. lonomycin was added to a final

concentration of 0.5 uM, followed 30 s later by 7.5 mM dithionite After 60 sec to allow

reduction of the NBD groups present in the outer leaflet, recording of the residual fluorescent

signal was begun. After 1 min, either calcium (1 mM final concentration) or EGTA (0.2 mM)

was added. The traces shown were obtained by subtracting the values for fluorescence

intensity (sampled at 2 s intervals) in the absence of Ca- (I,*"™) from the corresponding

values obtained after the addition of Ca"' to a final concentration of 1 mM (1/ ') and then

reducing the original initial fluorescence (If,) by the resulting difference (in formula: I, = Io -

{I,ai _ ĵ BjTAjy jjjg resulting curves represent the Ca-'-inducible change in the rate of NBD

reduction, interpreted as outward movement of NBD-PS or NBD-PC.

£/ec/ro/>/jores«. SDS-PAGE was carried out according to the procedure of Laemmli (1970),

using 1.5 mm slab gels. Briefly, total membrane material was solubilized in sample buffer
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[100 mM Tris, 5 mM EDTA, 2% SDS (w/v), 5 mM dithiothreitol, 10% glycerol (w/v), pH 8].

Samples from the QAE-column were extensively dialyzed against distilled water to remove

cholate and treated with Bio-Beads SM2 to remove last traces detergent including Triton X-

100. After dialysis, the proteins were concentrated by precipitation with 4% (w/v)

tnchloroacetic acid, followed by solubilization in and dialysis against TEMS. To 100 uL of

these samples was added 25 uL of five times concentrated sample buffer prior to

electrophoresis. ••• . • • . •• .-.

Results and Discussion

Human platelet membranes were solubilized in sodium cholate and fractionated by anion-

exchange chromatography (Figure 1A). SDS-PAGE of the different column fractions

revealed that most of the platelet membrane proteins with a molecular weight above 43 kDa

are present in fraction I, whereas the active (see below) fraction III is clearly enriched in

proteins between 20 and 50 kDa (Figure IB). Pooled fractions were reconstituted into defined

lipid vesicles, containing 2 mole % of the fluorescent lipid analog NBD-PS, followed by

extensive dialysis and treatment with Bio-Beads to remove detergent. In all cases, this

protocol resulted in formation of unilamellar vesicles with a diameter of approx. 20-40 run

(Figure 2).

20 30 40
Fraction number

Start Fr. I Fr. Ill

/•'/£!//•«• /: Fracliouation of platelet plasma membrane proteins. Panel A. elution with NaCl gradient ot bounu proteins
from a QAK column (salt gradient is shown as the dashed hue). Protein content was measured by the optical density at
280 nm: scramblase activity is measured as initial change in fluorescence intensity as described in Materials and
Methods. Pooled fractions are indicated by Roman numerals. Panel B. gel electrophorelic pattern of total membrane
proteins before solubilization (start), protein not bound to the QAE-column (Fr. I), and the proteins in the active
fraction (Fr. HI).
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2: Recoustituted vesicles visualized by
cryoelectrcn microscopy.

— Bar represents 50 nm

The presence of Ca-*-inducible scramblase activity in the reconstituted vesicles was tested by

measuring the movement of NBD-PS from the inner leaflet to the vesicle surface induced by

the addition of Ca-* and the Ca- ionophore ionomycin. The method used was based on the

principle (Mclntyre & Sleight, 1991) that the fluorescent NBD moiety in phospholipids in the

external leaflet can be reduced to the non-fluorescent 7-amino derivative by reaction with

dithionite, a membrane impermeant anion. After reconstitution, about 30% of the added

NBD-PS was in the internal leaflet of impermeable vesicles, as judged by its resistance to

externally added dithionite. In vesicles without protein, this resistant probe is slowly reduced

in the continued presence of dithionite (Figure 3), presumably reflecting a combination of

slow probe migration to the vesicle surface and slow penetration of the dithionite to the

vesicle interior. As also shown in Figure 3, in vesicles reconstituted with one of the fractions

from the QAE column (fraction III), addition of Ca-* in the presence of ionomycin induces an

instantaneous elevation in the rate of reduction of the fluorescent signal, suggesting that the

rate of NBD-PS movement to the surface is elevated. This increase in the rate of probe

reduction was insensitive to the concentration of external dithionite (data not shown),

indicating that it does not reflect more rapid penetration of the dithionite into the vesicle

interior. Identical treatment of the vesicles with ionophore in medium lacking Ca"' does not

induce an increase in the rate of NBD-PS reduction. Also, treatment with Ca-* and ionomycin

of vesicles reconstituted with protein fractions other than fraction III does not appreciably

induce this activity (Figure 3).

It has been recently proposed that a complex between Ca- and the metabolic-resistant

pool of phosphatidylinositol 4,5-bisphosphate (PIP-2) mediates Ca-'-induced lipid scrambling

in erythrocyte membranes, without involvement of a membrane protein (Sulpice e/ a/., 1994).

However, addition of 1 mole % of PIP-2 to the lipid mixture prior to reconstitution with the

various protein fractions had no effect on the observed activity, suggesting that this lipid was

neither the source of the observed activity, nor a required cofactor. This agrees with findings

on intact cells which also exclude a role for PIP-2 in the process of lipid scrambling (Bevers

e' a/., 1995). To test whether the active principle in fraction HI is a protein, the mixture was
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F/gi/re i: Ca'*-dependent reduction in fluorescent
signal of reconstituted vesicles. Trace A. no protein
reconstituted. Trace B. non-boirad protein from the
QAE column (fraction I) reconstituted. Trace C. top
traction of the activity profile (fraction HI)
reconstituted. For details see Materials and Methods.

subjected to heat treatment or incubation with pronase prior to die reconstitution procedure.

In both cases, the capacity to induce rapid surface exposure of NBD-PS following addition of

ionomycin was markedly reduced (Figure 4). In addition, treatment of fraction III with the

SH-reactive compound PDA resulted in a marked inhibition of the scrambling activity (Figure

4), which is consistent with observations on platelets where treatment with PDA also resulted

in a substantial but not complete loss of scrambling activity (Williamson <?/ a/., 1995). The

present observations strongly suggest that the activity in fraction III is a protein. Moreover,

when the protein-to-lipid ratio during reconstitution is changed, a corresponding change in

the scrambling activity is observed (data not shown) The observation that surface exposure of

NBD-PS in vesicles containing fraction III does not occur to any appreciable extent in the

presence of Ca"" without ionomycin, suggests that this protein is largely reconstituted in the

same orientation as in platelet membranes.

In both erythrocytes (Williamson tv «/.. 1992) and platelets (Smeets ef <?/., 1994;

Williamson c/ «/., 1995) the Ca-'-induced scrambling activity, unlike aminophospholipid

translocase, is ATP-independent and moves zwitterionic lipids at the same rate as PS. To test

whether the activity in fraction III shares this property, the reconstitutions were carried out

with lipid mixtures containing NBD-PC instead of NBD-PS. Addition of ionomycin in the

presence of Ca- resulted in externalization of this lipid as well, at rates similar to those seen

with NBD-PS, indicating that the lipid-translocating activity in the reconstituted vesicles, like

the /w .5(VM activity, does not discriminate between these lipid classes.

The decrease in fluorescence signal in about 8 min, which results from addition of

Ca-7ionophore to vesicles reconstituted with fraction III, varies between 10 and 25% of the

starting signal in different experiments (cf. Figure 3 and 4). This observation implies that the

level of activity is lower than that found in the original platelet membrane, where Ca--
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dependent lipid movement has been shown to result in an almost complete scrambling of

lipids within 2 mill, as evidenced by the ability of the activated platelets to catalyze blood

coagulation (exposure of endogenous PS) or externalize previously internalized NBD-PS

(Comfurius e/ o/., 1990; Williamson e/ a/., 1995). Moreover, storage of the fractions prior to

reconstitution, even in the presence of protease inhibitors and thiols, leads to loss of activity

(after reconstitution) over a period of 48 lir, suggesting that a substantial amount of the

activity may have been lost during isolation. However, reconstitution of the active protein

fraction in lipid vesicles results in partial protection against inactivation.

F/gwre V: Effects of heat, proteolysis. or blocking of
SH-groups on scramblase activity. Prior to
reconstitutiou. samples of the most active traction from
a QAE column procedure (fraction HI) were treated in
different ways. Trace A. no protein reconstituted. Trace
B. fraction IU incubated for 60 rnin at 37 °C. Trace C.
fraction IU incubated for 60 ruin with 5 mM PDA at
37 °C. Trace D. fraction m incubated for 60 inin at
100 °C. Trace E. fraction m incubated for 60 ruin at
37 °C with 0.1 nig of pronase/mL. The samples were
reconstituted immediately after treatment and
scramblase activity was measured as described in
Materials and Methods.

Attempts to further purify the protein have thus far resulted in inactive preparations.

Moreover, the electrophoresis patterns of fractions II and IV (not shown) have a

heterogeneous character and exhibit considerable overlap with the protein pattern of fraction

III (Figure IB), thus precluding assignment of scramblase to a specific protein band. Also, it

cannot be excluded that active scramblase is composed of different protein subunits that may

appear in separate fractions upon further purifications. However, the methods described form

the basis for further isolation and molecular characterization of the protein(s) responsible for

scramblase activity. An improved understanding of this activity will be essential to elucidating

the mechanisms and consequences of the activation of lipid scrambling that occurs in

activated blood platelets (Bevers <?/ a/., 1983), Ca-*-loaded normal erythrocytes (Williamson

e/ fl/., 1992), diabetic erythrocytes (Wilson e/ o/., 1993), apoptotic lymphocytes (Fadok e/ a/.,

1992; Verhoven <?/ a/., 1995), and tumorigenic cells (Connor e/ a/., 1989). It will also be of

interest to learn whether the scramblase is involved in the genetic defect in lipid scrambling in

blood platelets underlying Scott Syndrome, a bleeding disorder (kojima e/ «/., 1994; Toti <?/

a/., 1996)
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General discussion and concluding remarks

Central to this thesis were investigations performed to gain insight into the mechanism(s)

governing plasma membrane asymmetry in resting blood cells and the mechanisms

responsible for the ra/j/c/ loss of phospholipid asymmetry, or 'scrambling', in activated blood

cells. In the following sections, some implications of these studies will be discussed.

9.1 Sensitivity of the prothrombinase assay to detect surface-

,,̂ ,,. exposed PS , , ,

We showed that the incorporation of PE in sonicated lipid vesicles containing small amounts

of PS resulted in an increased sensitivity of the prothrombinase assay, whereas the

incorporation of Sph led to a major decrease in sensitivity (Chapter 2). Both in resting and in

activated blood platelets (or other blood cells), PE and Sph are readily available in the outer

leaflet of the cell's plasma membrane. Our data predict that a small change ( in the order of

0.1 mole %) in surface exposure of PS would be efficiently monitored by the prothrombinase

assay. Also, this finding may have implications for other methods designed to detect or

quantify the amount of surface-exposed PS in suspensions of cells. When sonicated vesicles

are considered, a difference in sensitivity arises between the prothrombinase assay and the

binding of fluorescently labeled recombinant Annexin V [1]. In that report, Annexin V was

only able to label sonicated vesicles that contained a minimum of 4 mole % PS (incorporated

in vesicles composed of PC/PE/Sph in a ratio of 4:3:2 plus cholesterol). In comparison to the

data presented in this thesis (Chapter 2, Figure 4), this represents a significantly lower

sensitivity.

In several other recent publications the auxiliary role of PE in enzyme reactions, that

require PS, has been recognized: formation of prothrombinase complexes on laminar

phospholipid surfaces under flow conditions [2]; binding of factor VIII to PS-containing lipid

vesicles [3]; activity of Tissue Factor/factor Vila complex [4]; and the inactivation of factor

Va by activated protein C [5].

It can be concluded that /« v//ro studies, that compare test results of PS-containing lipid

vesicles with those obtained in a cell suspension, might be more meaningful, if, in addition to

PC and PS, PE and Sph are included in the lipid mixture.

Studies in which we used PS with its serine headgroup either in the physiologic I. or the non-

physiologic D configuration, further revealed that the assembly of the prothrombinase

complex depends on the stereochemical configuration of the serine headgroup of PS (Chapter

3). This finding further sustains the reported pivotal role of three fixed charges in the polar

headgroup of PS for the formation of a stable 'Ca-*-chelated" prothrombinase complex [6], by
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pointing out that not only the presence of these charges but also their spatial positions account

for the rather unique procoagulant nature of PS.

Comparable stereoselectivity has been reported for the binding of factor VIII to PS-

containing membranes [7], the binding and engulfing of PS containing phospholipid vesicles

by macrophages [8], and the activation of protein kinase C by diacylglycerol [9].

9.2 Aminophospholipid translocase activity

The prominent role of the aminophospholipid translocase in the maintenance of phospholipid

asymmetry over both leaflets of the plasma membrane of mammalian cells has become

widely accepted. We confirmed the inhibitory effect of increased levels of Ca-~ on

aminophospholipid translocase activity in erythrocytes [10] and blood platelets [11], and we

also observed that the translocase in these cells expresses a slightly lower activity towards the

non-physiologic PDS than towards the physiologically occurring PLS (Chapter 4).

Stereoselectivity has also been shown for the aminophospholipid translocase in cultured

human fibroblasts [12] but this concerned the stereoconfiguration at the level of the f$-carbon

atom of the glycerol backbone (only the L-isomer was transported).

The activity of aminophospholipid translocase in cultured bovine aortic endothelial cells

was recently reported to require the continuous presence of basic fibroblast growth factor in

the culture medium [13], suggesting that its expression is under tight biological control.

Interestingly, in yeast cells (in which aminophospholipids are also concentrated in the inner

leaflet of the plasma membrane [14]) a transient exposure of PS (but not of PE) was

detectable during the early logarithmic phase of cell growth [15]. This temporary loss of PS

asymmetry in yeast cells was found to be associated with an increase in membrane surface

potential [14]. Only very recently aminophospholipid translocase activity in yeast cells has

been shown [16]. These investigators also showed that a yeast cell line lacking the Jr52 gene,

is not able to translocate PS from outer to inner leaflet. Moreover, they found that the product

of this particular yeast gene showed homologies to a 115-kDa Mg-ATPase isolated from

bovine chromaffin granule membranes (identified as a putative aminophospholipid

translocase [17]) On the other hand, homology of the c/ra2 protein to Ca-ATPases has been

reported [ 18] and yeast cells lacking the c/rs2 gene express defective assembly of ribosomes,

rendering them vulnerable to temperatures below 23° C [19]. Thus, it might be argued that

this particular yeast cell line used by these investigators is affected at the level of proper

synthesis of more than one protein. Obviously, this is not in support of the suggestion that the

product of the </r.O gene is directly involved in aminophospholipid translocase activity. This

could be tested, however, by measuring whether the t/rs2 protein is capable of transporting

aminophospholipids when reconstituted in lipid vesicles.
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9.3 Ca**-induced phospholipid scrambling in blood platelets

The activation-induced increase in the intracellular concentration of free Ca""-ions as a

prerequisite for the loss of phospholipid asymmetry has been described [20]. However, by

using an inhibitor of microsomal Ca-~-ATPase. thapsigargin, we showed that levels of [Ca-'],

do not simply correlate with loss of phospholipid asymmetry in human blood platelets

(Chapter 4). Furthermore, the moderate procoagulant response caused by thrombin could be

amplified by a short pretreatment of the blood platelets with thapsigargin. Effects of thrombin

on platelet membrane receptors might be responsible for additional cellular activation steps

required for the loss of asymmetry. In apparent contrast to our results, treatment of blood

platelets with thapsigargin as the only activator has been shown to result in the loss of

phospholipid asymmetry [21]. However, thapsigargui concentrations used by these

investigators were considerably higher than those used in our experiments.

We developed an assay to measure the transbilayer movement of NBD-labeled phospholipids

in blood platelets in a cow//m/oi« manner, using the reducing agent dithionite (Chapter 6).

Recent experiments in our laboratory have shown that this method can also be applied to

erytlirocytes, provided that transport of dithionite to the cells interior is prevented by

blocking the anion transporter (band 3) with 5 ^M 4,4'-diisothiocyanostilbene-

2,2'disulphonic acid (DIDS). Higher concentrations of DIDS used by other investigators to

block dithionite transport via band 3 [22], inhibit Ca-~-induced scrambling also. With blood

platelets no DIDS is required, and the novel assay revealed that the scrambling activity in

blood platelets is very high, is reversible (chelating Ca- -ions during the uiitial phase of

scrambling resulted in leveling off of the process, subsequent re-addition resulted in its

restoration; Chapter 6, Fig. 5), acts in a bidirectional way, and involves all major classes of

phospholipids alike. These characteristics could be employed to target NBD-PC and NBD-

Sph - which in the resting cell are confined to the outer leaflet - to the inner leaflet. The

finding that all major classes of phospholipid probes are subject to scrambling had already

been demonstrated for erythrocytes [23] and was additionally shown for blood platelets in

Chapter 5, employing the BSA back exchange method. This method, however, has a lower

time resolution than the dithionite assay. Also NBD-PS with the serine headgroup in the non-

physiologic D configuration (Chapter 5) and NBD labeled glucosyl- and galactosyl-

cerebrosides (unpublished observation) were subject to transbilayer movements during blood

platelet activation and at similar rates.

Furthermore, using the dithionite-based assay, we obtained suggestive evidence that a

protein is involved, because the sulfhydryl reagent PDA was able to inhibit the rate of

scrambling in a time- and dose-dependent manner.
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A discrepancy between our data on phospholipid scrambling and those of the group of

Bienvenue [24, 25] exists on the level of what classes of phospholipid are subject to

scrambling in activated human blood platelets. Using both NBD- and spin-labeled

phospholipids, these authors postulated that transbilayer movement is restricted to

aininophospholipids upon blood platelet activation, and not accompanied by appreciable

inward movement of choline-phosphohpids. Possible explanations for this discrepancy,

which predominantly concerned differences in buffers, reporter groups, and platelet

concentration used, have already been given in Chapter 5. Moreover, these authors did not

include PMSF in their experiments to prevent probe degradation by cellular phospholipase

A2. Based on fluorescence measurements, they estimated some 10-20 % hydrolysis of the

probes during the time course of the experiments. This is, however, a serious underestimation

as they did not realize that the NBD-C6 fatty acid (liberated by phospholipase A2) has a tliree

times lower fluorescence recovery than the parent NBD-phospholipid (EM. Bevers,

unpublished observation). Thus, the actual amount of probe hydrolysis in the experiments of

Bienvenue and coworkers [24, 25] may have reached some 50 % of the total probe added,

which renders interpretation of their data impossible.

9.4 Ca**-induced phospholipid scrambling in erythrocytes

In general, erythrocytes are considered not to be very important in supporting phospholipid

dependent coagulation reactions /« vivo. Nevertheless, limited surface exposure of PS has

been observed in senescent erythrocytes [26, 27] and in erythrocytes from patients with

Sickle Cell Disease [28, 29], or Diabetes Mellitus [30]. Moreover, treatment of human

erythrocytes ;n v/7ro with Ca-'-ionophores' leads to phospholipid scrambling and

microvesicle formation, though at appreciably lower rates than observed for blood platelets

(see e.g. [31]). This ionophore-induced lipid scrambling in erythrocytes was confirmed using

NBD-phospholipids (Chapter 5) and could not be attributed to PIP, (Chapter 7), the

phospholipid which, in conjunction with Ca- -ions, was proposed to catalyze scrambling of

lipids [32]. As m red cells from Scott syndrome, we found that erythrocytes from pigs were

also devoid of scramblase activity, which (again) could not be attributed to PIP, as normal

levels of PIP, were found in porcine erythrocytes (Chapter 7). Conversely, porcine blood

platelets behaved identical to human blood platelets, which might suggest that functional

scramblase activity is lost from the porcine erythroid stem cells during differentiation,

whereas it stays intact in the megakaryocytes.

' from the Greek words I6v: electrically charged particle (M. Faraday, 1791-
1867), and (pe'peiv, to carry
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9.5 Microvesicle formation and its relation to phospholipid

scrambling

Shedding of microvesicles from the platelet or erythrocyte plasma membrane has been shown

to accompany the loss of phospholipid asymmetry [33, 34, 31, 35]. These microvesicles are

equally well procoagulant and carry many of the membrane proteins found in the original

cell. In addition, these shed microvesicles also promote activated protein C catalyzed

inactivation of factor Va [36]. Indeed, in the studies published in this thesis all activation

processes which induced the loss of phospholipid asymmetry in both blood platelets (Chapter

4) and erythrocytes (Chapter 7) similarly induced microvesicle formation. The interesting

question arises, whether the loss of phospholipid asymmetry and the formation of

microvesicles are separate events regulated by independent mechanisms, or that the

mechanisms are one and the same, or possibly, that one event provokes the other.

Components that may be involved are the (plasma) membrane skeleton and the protease

calpain. As already pointed out in Chapter 1 (section 1.3.3), this protease becomes active

upon platelet activation and very rapidly cleaves several cytoskeletal proteins [37, 38]. Based

on a variety of studies, it was hypothesized that, as a result of calpain-induced cleavage, the

stnictural integrity of the plasma membrane is affected in a way that would favor both loss of

phospholipid asymmetry and the release of microvesicles alike. Although in our hands both

cellular events seemed to be linked, some activation procedures have been shown to lead to

only one of both; e.g. the treatment of blood platelets with 2,5-di-/e/7-butyl-1,4-

benzohydroquinone resulted in high levels of PS exposure with no accompanying

microvesicle formation nor calpain activity [21], and incubation of erythrocytes with lipid

vesicles composed of dilauroylphosphatidylcholine led to the shedding of microvesicles

without loss of plasma membrane phospholipid asymmetry [39, 40]. These observations,

combined with functional reconstitution experiments in the absence of an intact cytoskeleton

or calpain (Chapter 8), strongly suggest that microvesicle formation and phospholipid

scrambling are caused by separate mechanisms. With respect to a possible connection

between the two mechanisms, we raised the possibility (Chapter 5) that scrambling of

phospholipids may facilitate the formation of microvesicles by creating a mass imbalance

between outer and inner leaflet during the initial stages of the scrambling process.

Thougli used as a method in our studies (Chapter 2), there appears to be a caveat to the use of

flow cytometry for quantifying platelet microparticles. Based on electron microscopic

observations [41, 35], (biochemical means to determine the amount of phospholipid shed by

the activated blood platelets [31], and the size ratio of blood platelet to microparticle, one can

calculate that the average activated blood platelet sheds a minimum of 50 microvesicles per
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cell. Under optimal conditions, the flow cytometer analysis thus would count 50 events in the

microparticle gate for each 1 event in the (remnant) platelet gate. This ratio of positive events

over both gates, however, is not found in reports using cytometric analyses, even though the

apparatus would theoretically be able to count sufficiently labeled particles no matter what

size. This discrepancy may be caused by a population of small sized microvesicles which

cannot bind sufficient reporter molecules to allow detection. • - -,.-.:•.•.,..

9.6 Further characteristics of the phospholipid scramblase

Regarding the characteristics presently known, phospholipid scramblase shows no functional

similarity to the recently identified multidnig resistance (MDR) P-glycoproteins. These 140-

170 kDa membrane proteins are capable of transporting lipids and lipid-soluble substances

(i.e. cytotoxic drugs; rendering the cell resistant to the drug used) out of the cell [see for

review 42], When the gene of one of the forms of human MDR P-glycoprotein or its related

gene from mice was expressed in yeast [43] or overexpressed in cultured murine fibroblasts

[44], an ATP-dependent transport activity specific for PC was observed (from inner to outer

leaflet of the plasma membrane). This specificity for PC, independency on Ca-*-ions, low

velocity (12% PC transported after 6 hours), and its requirement for ATP, make it unlikely

that the MDR P-glycoproteins are related to phospholipid scramblase.

The Ca-*-induced scrambling of phospholipids in blood platelets and erythrocytes has been

generally regarded as an event which does not require cellular energy (i.e. ATP) [see e.g. 45].

Interestingly, Martin and Jesty [46] reported that the Ca- -induced loss of phospholipid

asymmetry in human erythrocytes was abrogated after overnight ATP-depletion of the cells.

In our hands, only a more rigorous depletion (>24 hours in the absence of glucose) resulted in

a reduced (but not completely absent) scrambling capacity. Activity could be restored by

incubation in glucose, leading to repletion of cellular ATP levels (EM. Bevers, unpublished

observations). It should be recalled that no ATP is involved in the reconstitution experiments

described in Chapter 8. Thus, while scramblase activity does not require hydrolyzable ATP,

these observations may suggest that this lipid transporter (or, indirectly, a regulating unit

required for its function) is phosphorylated in its active form. ' * *-" ^ ¥ ^ " -

The reconstitution method we developed may form a basis for future research on

phospholipid scramblase In combination with further (genetic) studies, e.g. on individuals

suffering from Scott syndrome [47] as well as in attempts to clone the protein, this method

will undoubtedly aid in the eventual identification of this lipid transporter.
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Summary

The mammalian plasma membrane shows an asymmetric phospholipid distribution: the

choline containing phospholipids phosphatidylcholine (PC) and sphingomyelin (Sph) are

concentrated in the outer leaflet, whereas the aminophospholipids phosphatidylserine (PS)

and phosphatidylethanolamine (PE) are mainly confined to the inner leaflet. The role of

plasma membrane phospholipid asymmetry in physiology can be illustrated by the processes

that are accelerated once PS becomes exposed at the cell's surface, as the result of cellular

activation.

From its discovery, first in erythrocytes some 25 years ago, important parts of the concept

of phospholipid asymmetry have been unraveled. Nowadays, the essential role for the

aminophospholipid translocase in establishing the asymmetry with respect to the

aminopliospholipids has been widely accepted. On the other hand, though, the loss of

phospholipid asymmetry that may occur during cellular activation, forms a topic which

largely remained unclarified.

In the work presented in this thesis, the mechanisms responsible for the maintenance and

the loss of phospholipid asymmetry in the plasma membrane of blood cells were addressed.

Chapter 1 summarizes the present knowledge on plasma membrane phospholipid asymmetry

and gives an introduction to the methods of investigation employed throughout this thesis.

The phenomenon of activation-induced transbilayer movement of phospholipids, or

'scrambling" is introduced. In some experiments aimed at clarifying the mechanisms involved

in lipid scrambling, we were able to employ Scott Syndrome blood cells. This syndrome is

characterized by a moderately severe bleeding disorder resulting from an unpaired capacity of

the patient's platelets and other blood cells to scramble their plasma membrane phospholipids

upon activation. Among the physiological implications related to loss of phospholipid

asymmetry - of which exposure of PS is often considered to be the most important

consequence - are blood coagulation, cellular recognition and apoptosis. Most evident is the

role of PS exposure in the process of blood coagulation, where it results in creation of binding

sites for enzyme complexes on the surface of the membranes of the cells involved, in this way

exerting site-restricted control. In addition, PS exposure is thought to be critically involved in

the removal of apoptotic cells. At the end of Chapter 1 the outline of this thesis is given.

Because the activity of the prothrombinase complex (factor Xa, Va, fosfolipid plus Ca-*) is

dependent on the presence of PS, this reaction can be used to monitor PS exposure on cells ;n

W/ro, as an indication for the loss of lipid asymmetry. As a further validation of this method,

phospholipid vesicles with a well defined composition served as a model in which the

potential contribution of other phospholipid classes and cholesterol to the prothrombinase

activity could be investigated. Incorporation of PE in vesicles composed of the 'inert carrier

lipid* PC plus small amounts of PS, resulted in a clearly higher sensitivity of the
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prothrombinase assay (Chapter 2), regardless of the presence of cholesterol. Incorporation of

Sph, on the other hand, led to lower sensitivities. The results provide a further support for the

prothrombinase -assay as a valuable method to detect very low amounts of surface PS in

phospholipid vesicles and in cell suspensions alike, but imply that possible changes in

distribution of PE and Sph should be addressed as well. In Chapter 3 we studied the influence

of the chirality of the serine moiety of PS on its prothrombinase supporting (i.e. factor Xa-

and Va-binding) capacities. Higher binding affinities (low A",, values) for both factor Va and

Xa were found with the physiologically occurring phosphatidyl-L-serine (PLS) than with

phosphatidyl-D-serine (PDS). This difference in binding affinity applied principally to factor

Va, and was further illustrated by the fact that the activity (i.e. binding) of the prothrombinase

complex to PDS-containing membranes could be inhibited by changing the surface charge of

the membrane, whereas this change hardly affected prothrombinase activity of PLS-

containing membranes. Phosphatidyl-lactate (a phospholipid resembling PS but lacking the

amino group) behaved similar to PDS. Taken together, these data illustrate the unique

procoagulant activity exerted by the naturally occurring PLS in biological membranes.

Activation-induced scrambling of phospholipids in blood platelets and erythrocytes is a

phenomenon that requires an influx of Ca^-ions from the extracellular environment. To

investigate to what extent a given elevated concentration of intracellular Ca^-ions ([Ca-*],) is

related to the loss of asymmetry in blood platelets, the studies described in Chapter 4 were

carried out. As described previously, thrombin (factor Ila) has only a very moderate effect on

the procoagulant response of blood platelets, whereas other activation-related phenomena,

such as shape change, secretion and aggregation are readily induced by this protease. An

inhibitor of an intracellular Ca-*-pump. thapsigargin, added alone or in combination with

thrombin, was used to vary the [Ca-*], in platelets while at the same time the procoagulant

response and the shedding of microvesicles from the plasma membrane was monitored.

Elevated levels of [Ca"*], were not always accompanied by elevated prothrombinase activities.

We therefore concluded that determining the level of [Ca-*], is unsuitable for predicting the

accompanying level of lipid scrambling or that of microvesicle formation. Experiments in

which platelets were pretreated with thapsigargin and subsequently activated with thrombin.

revealed that these agonists work in a synergistic way to induce lipid scrambling.

Conflicting reports in the literature regarding the identity of the phospholipid classes that are

subject to Ca-*-induced scrambling, led us to carry out the experiments reported in Chapter 5.

Transbilayer movements of fluorescently labeled phospholipids (NBD-PC, N B D - P L S , NBD-

P D S , and NBD-Sph) were studied in blood platelets and erythrocytes. In both cell types,

aminophospholipid translocase showed a slightly higher activity towards N B D - P L S , as

compared to the i)-isoiner. However, scramblase activity in both cell types showed no definite

preference for any of the different types of NBD-phosphohpids, an exception being the (outer
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to inner leaflet) movement of NBD-Sph which was somewhat slower than that of the other

lipids tested. The lower level of NBD-Sph movement was most evident during the initial

stages of phospholipid scrambling. On the basis of this lower velocity of NBD-Sph

movement, we hypothesized that imbalances in lipid mass between inner and outer leaflet

may occur, in its turn facilitating the formation of microvesicles. .-• .. .

Since the 'BSA back-exchange" method does not allow short-term evaluation of transbilayer

movements of NBD-labeled phospholipids (NBD-PL), a method to analyze transbilayer

movement of NBD-PL in blood platelets in a co«f;wwo«.s manner was developed (Chapter 6).

The key to this assay is the dithionite-ion, which is capable of reducing the nitro moiety of the

NBD group into an amino moiety, hereby abolishing NBD-fluorescence. When present in a

platelet suspension loaded with NBD-PL, the relatively membrane impermeable dithionite

instantaneously reduces each NBD-PL present or appearing in the outer leaflet, thus offering

an estimate of inner to outer movement of NBD-PL, provided that fluorescence is measured at

small time intervals. The assay confirmed that the appearance of NBD-PS at the platelets

surface after appropriate activation is a rapid process indeed (virtually all of the inner leaflet

NBD-PS becomes exposed within 90 s). Furthermore, using this assay we demonstrated that

lipid scrambling is reversible, bidirectional and insensitive to the lipid headgroup. Moreover,

since the scrambling process appeared to be inhibited by the sulphydryl reagent pyridyldithio-

ethylamine (PDA), a suggestion as to the protein nature of the scrambling entity was

obtained.

The experiments presented in Chapter 7 were carried out to check whether the complex of

phosphatidylinositol 4,5-bisphosphate (PIP,) with Ca^-ions could be directly responsible for

lipid scrambling in erythrocytes upon treatment with Ca"7ionophore, as had been recently

reported in the literature. Our experiments disaffirmed this concept.

More evidence for the protein nature of scramblase activity is presented in Chapter 8. Using

anion exchange column chromatography to separate cholate-solubilized platelet plasma

membrane proteins, followed by detergent dialysis to reconstitute proteins of individual

fractions into phospholipid vesicles supplemented with trace amounts of NBD-PL, we were

able to assign phospholipid scrambling activity to a distinct protein fraction. Treatment of the

active protein fractions with pronase or PDA, or exposure to heat, followed by reconstitution

led to lower scrambing activity. From these results we argued that a membrane protein (or

proteins) from blood platelets is required for the loss of asymmetry that may occur as a result

of platelet activation Improvement and extension of studies using this protocol on various

blood cells, including those from patients suffering from Scott syndrome, combined with the

availability of (genetic) data on these patients may form the basis for identification of

components responsible for the mechanism that we termed scramblase.
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Samenvatting ' • -'*

De plasmameinbraan van zoogdiercellen vertoont een asymmetrische verdeling van de

fosfolipiden: de choline-bevattende fosfolipiden phosphatidylcholine (PC) en sphingomyeline

(Sph) bevinden zich voomamelijk in de buitenste monolaag (leaflet), terwijl de

aminofosfolipiden phosphatidylserine (PS) en phosphatidylethanolamine (PE) zich

daarentegen voomamelijk in de binnenste leaflet bevinden. De fysiologische rol van deze

asymmetrische plasma membraan fosfolipiden verdeling kan geillustreerd worden aan de

hand van de processen welke aanmerkelijk worden versneld indien PS tot expressie komt aan

de oppervlak van de celmembraan als gevolg van cel-activatie.

Belangrijke aspecten bij het begrip fosfolipiden asymmetrie zijn sinds het eerste moment

van ontdekking, ongeveer 25 jaar geleden in rode bloedcellen, bekend geworden.

Tegenwoordig wordt de onmisbare rol van de aminofosfolipiden translocase in het creeren

van de asymmetrie met betrekking tot aminofosfolipiden alom aanvaard. Echter, het verlies

aan fosfolipiden asymmetrie dat kan optreden gedurende cel-activatie, vormt hierbinnen een

gebied dat nog grotendeels onbekend is gebleven. •J--

De studies die besclireven staan in dit proefsclirift pogen nadere aspecten aan het licht te

brengen omtrent de mechanismen verantwoordelijk voor het behoud- en het verlies van

fosfolipiden asymmetrie in de plasma membraan van bloedcellen.

In Hoofdstuk 1 wordt enerzijds een samenvatting gegeven van de huidige kennis over plasma

membraan fosfolipiden asymmetric anderzijds worden de experimented methoden en

technieken geintroduceerd, zoals die zijn gebruikt in de individuele studies van dit

proefsclirift. Transbilaag beweging van fosfolipiden, welke optreedt als gevolg van cel-

activatie en ook wel "scrambling" wordt genoemd, wordt besclireven. In enkele experimenten

gericht op het verduidelijken van de mechanismen betrokken bij lipiden scrambling hebben

we gebruik kunnen maken van cellen van een patient lijdend aan Scott syndroom. Dit

syndroom wordt gekenmerkt door een matig emstige bloedingsneiging veroorzaakt door de

verminderde capaciteit van de bloedplaatjes en andere bloedcellen om him plasma membraan

fosfolipiden te scramblen wanneer ze worden geactiveerd. Bloedstolling, cellulaire

herkenning en apoptosis behoren tot de fysiologische implicates van verlies aan fosfolipiden

asymmetric waarbij de expressie van PS vaak het meest opmerkelijk is. Overduidelijk is de

rol die expositie van PS speelt bij de bloedstolling, waardoor bindingsplaatsen op de

betrokken cel-oppervlakken ontstaan ten behoeve de assemblage van enzym complexen.

Hierdoor wordt een plaats-gebonden controle van het hemostase proces gewaarborgd. Aan

het einde van Hoofdstuk 1 wordt het verdere overzicht van het proefsclirift gegeven.

Omdat de activiteit van het prothrombinase enzym complex (stolfactor Xa en Va, fosfolipiden

*n Ca-*) in hoge mate afhankelijk is van de aanwezigheid van PS, kan deze activiteit gebruikt

worden om bij cellen in vi/ro PS expositie te detecteren. Deze test kan daardoor dienen als
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schatting van een verlies aan lipiden asymmetrie. AJs verdere validering voor deze test-

methode werden fosfolipiden vesicles met een goed gekarakteriseerde samenstelling als

model gebmikt, met als doel om de mogelijke bijdragen van andere fosfolipiden klassen

(andere dan PS) aan de gemeten prothrombinase activiteit vast te stellen. Het bijvoegen van

PE aan vesicles samengesteld uit het inerte carrier lipide PC en kleine hoeveelheden PS

resulteerde in een duidelijk hogere gevoeligheid van de prothrombinase test (Hoofdstuk 2).

Dit effect trad op ongeacht de aanweziglieid van cholesterol. Het toevoegen van Sph, echter,

leidde tot een lagere gevoeligheid. De resultaten betekenen een verdere steun voor de

prothrombinase test als waardevolle methode om lage concentraties PS te detecteren in zowel

fosfolipiden vesicles als in suspensies van cellen, maar houden tevens in dat mogelijke

veranderingen in transbilaag verdeling van PE en Sph in acht moeten worden genomen. In

Hoofdstuk 3 bestudeerden we de invloed van de chiraliteit van het serine-deel van PS op zijn

prothrombinase ondersteunende (factor Xa en Va bindende) capaciteit. Voor het fysiologisch

voorkomende phosphatidyl-L-serine (PLS) werden hogere bindingsaffiniteiten (lage kd

waarden) gevonden dan voor phosphatidyl-D-serine (PDS). Dit verschil in bindings affiniteit

had vooral betrekking op factor Va, en kon verder geillustreerd worden door het feit dat de

activiteit (binden) van het prothrombinase complex op PDS-bevattende membranen geremd

kon worden door verandering van de lading van het oppervlak. Dit effect trad nauwelijks op

bij binding aan Pl.S-bevattende membranen Phosphatidyl-lactaat (een fosfolipide dat lijkt op

PS maar dat de aminogroep mist) gedroeg zich gelijk aan PDS. Samenvattend, illusteren onze

gegevens het unieke bloedstollings-bevorderende gedrag van het fysiologische PLS, aanwezig

in biologische membranen.

Het activatie-geindiiceerde scramblen van fosfolipiden in bloedplaatjes en rode bloedcellen is

een verschijnsel dat een influx van Ca- -ionen vanuit het extracellulaire milieu vereist. De

studies beschreven in Hoofdstuk 4 werden uitgevoerd om te zien in hoeverre een gegeven

verhoging van de intracellulaire Ca- concentratie ([Ca-],) gerelateerd kan worden aan het

verlies van fosfolipiden asymmetrie. Reeds eerder werd beschreven dat thrombine (factor Ha)

een tamelijk klein effect heeft op de bloedstollings-bevorderende capaciteiten van

bloedplaatjes, hoewel andere activatie verschijnselen, zoals vormverandering, secretie en

aggregatie zeer gemakkelijk worden geinduceerd door dit eiwit splitsend enzym. Een remmer

van een intracellulaire Ca- -pomp, genaamd thapsigargine, hetzij alleen, hetzij in combinatie

met thrombine, werd gebruikt om veranderingen in [Ca"'], te bewerkstelligen. Tegelijkertijd

werden de bloedstollings-bevorderende activiteit gemeten van de bloedplaatjes en de mate

waarin zij microvesicles van him plasma membraan afsnoeren. Gestegen [Ca-*], waarden

werden niet altijd vergezeld door gestegen prothrombinase activiteiten. We concludeerden

dan ook dat de bepaling van een [Ca-], waarde niet geschikt is om het bijbehorend verlies aan

fosfolipiden asymmetrie of het aantal afgesnoerde microvesicles te voorspellen. Experimenten

waarbij bloedplaatjes, na een voorbehandeling met thapsigargine, werden geactiveerd met
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thrombine wezen uit dat deze twee agonisten synergistisch werkten op het scrambler) van

lipiden.

Het bestaan van tegenstellingen in de literatuur, daar waar het betreft welke klassen

fosfolipiden participeren in het proces van Ca~ -geinduceerde scrambling, heeft ons de

experimenten in Hoofdstuk 5 doen uitvoeren. De transbilaag bewegingen van fosfolipiden

moleculen gemerkt met een fluorescente groep (NBD-PC, NBD-Pl.S, N B D - P D S en NBD-

Sph) werden bestudeerd in bloedplaatjes en rode bloedcellen. In beide celtypen vertoonde de

aminophospholipid translocase een grotere activiteit voor N B D - P L S dan voor de l>isovonn.

Scramblase activiteit daarentegen, vertoonde geen defmitieve voorkeur voor een van de

verschillende NBD-fosfolipiden, hoewel er hierop een uitzondering bestond: de (inwaartse)

beweging van NBD-Sph was een weinig trager dan dat van de andere geteste lipiden. Deze

lagere snelheid van NBD-Sph beweging was het duidelijkst waarneembaar tijdens de

beginfasen van fosfolipiden scrambling en vormde de basis van de door ons geponeerde

stellmg dat hierdoor een verschil tussen binnen- en buitenste leaflet kan optreden, voor wat

betreft lipiden massa's, hetgeen op zijn beurt het afsnoeren van microvesicles zou kunnen

vergemakkelijken. • . J.-TV '.<.•••••..,

Omdat de 'BSA back-exchange" methode geen korte termijn bepalingen van transbilaag

bewegingen van NBD-fosfolipiden (NBD-PL) toestaat, werd een methode ontwikkeld om de

transbilaag beweging van NBD-PL in bloedplaatjes op een continue manier te meten

(Hoofdstuk 6). De testmethode benist op het dithionite ion. Dit ion is in staat om de nitro-

groep van het NBD label te reduceren tot een amino-groep en hierdoor gaat de NBD-

fluorescentie verloren. Het relatief membraan ondoorlaatbare ion reduceert. na toevoeging

aan een tevoren met NBD-PL geincubeerde suspensie van bloedplaatjes, onmiddellijk het

aanwezige NBD-PL in de buitenste leaflet, of het hierin tevoorschijn komende NBD-PL. Op

voorwaarde dat de fluorescentie gemeten wordt met (voldoende kleine) tussenpozen, kan de

assay een schatting van de snelheid van uitwaartse beweging van NBD-PL opleveren.

Resultaten van de tests bevestigden dat de expositie van NBD-PS aan het oppervlak van

geactiveerde bloedplaatjes inderdaad een snel proces is (vrijwel al het NBD-PS dat zich in de

binnenste leaflet bevindt, wordt geexponeerd binnen 90 seconden) Gebniikmakend van deze

methode, konden we voorts laten zien dat lipiden scrambling omkeerbaar is, in twee

richtingen werkt en niet gevoelig is voor de soort kop-groep van het fosfolipid. Bovendien

verkregen we een eerste aanwijzing dat mogelijk een eiwit betrokken is bij lipiden

scrambling, omdat het SH-reagens pyridyldithioethylamine (PDA) de lipiden scrambling

bleek te remmen.

Recentelijk werd in de literatuur gerapporteerd dat het complex van phosphatidylinositol

4,5-bisphospliate (PIP;) met Ca- -ionen direct verantwoordelijk was voor lipiden scrambling

in rode bloedcellen, na behandeling met Ca"7ionofoor Uitgevoerd met als doel deze
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hypothese te testen, wezen onze experimenten uit dat dit complex a//ee« niet

verantwoordelijk kan zijn voor lipiden scrambling (Hoofdstuk 7). .it*..

Hoofdstuk 8 voegt bewijs toe aan de hypothese dat lipiden scrambling geregiileerd wordt door

een eiwit. We gebruikten kolommen met anionen wisselaars om bloedplaatjes

membraaneiwitten. tevoren opgelost in cholaat, in fracties te scheiden. Reconstitute van

eiwitten uit de verschillende fracties in lipiden vesicles met hierin tevens kleine hoeveelheden

NBD-PL werd gerealiseerd door het detergens te verwijderen door middel van dialyse. De

hieruit voortkomende set experunenten stelde ons in staat om lipiden scrambling activiteit aan

een bepaalde eiwit-fractie toe te schrijven. Behandeling van deze actieve fractie met pronase

of met PDA, of het blootstellen aan hitte, leidde - na reconstitutie - tot een afgenomen lipiden

scambling activiteit. We beredeneerden, gezien deze resultaten, dat de aanwezigheid van een

(of meerdere) bloedplaatjes membraaneiwit(ten) vereist is voor verlies van fosfohpiden

asymmetrie dat op kan treden na bloedplaatjes activatie. Verbeteringen van dit protocol

enerzijds en uitbreidingen naar andere celtypen, waaronder bloedcellen van patienten met

Scott syndroom anderzijds, zouden - samen met het beschikbaar komen van (genetische)

gegevens van deze patienten - een basis kunnen vormen voor de identificatie van de

componenten die verantwoordelijk zijn voor het mechanisme dat we scramblase hebben

genoemd. •.•••••"•• •. • • - . • - . t ? > . - - - . . <-.,>$=*
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