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Chapter 1

Haemostasis and
Prothrombin Activation



General

The blood vessel wall is luminally lined by a layer of endothelial cells, which
separates coagulation factors and platelets from subendothelial vascular
structures. After injury, components from the subendothelium and connective
tissue are exposed to the blood and initiate the haemostatic process that
causes the impedance or the arrest of bleeding. During haemostasis,
components from the blood (e.g. blood platelets and coagulation factors) act
in close cooperation with the subendothelium of the damaged vessel wall
[1]. Circulating resting platelets come in contact with collagen and become
activated, which among others results in a release of several different
platelet proteins. The activated platelets subsequently adhere via receptors
to the subendothelium with the aid of adhesive proteins such as von
Willebrand factor, fibronectin, thrombospondin and different types of
collagen, which may be either present on the vessel wall or adsorbed from
plasma [1-3]. The adhering platelets then aggregate and form the so-called
primary haemostatic plug. Simultaneously the extrinsic pathway of blood
coagulation is initiated by the exposure of the integral membrane protein,
tissue factor, at the site of vascular injury [4,5]. Tissue factor [6] forms an
efficient enzyme complex with the circulating coagulation factor Vll(a) [7,8].
This complex converts coagulation factor X into the active serine protease
factor Xa, which on its turn converts prothrombin (factor II) into thrombin
(factor Ma). The final reaction of the highly ordered coagulation process is
the conversion of soluble fibrinogen into an insoluble cross-linked fibrin
network by thrombin. Fibrin consolidates the fragile primary haemostatic
plug of aggregated platelets and a stable thrombus is formed [see for a
review on blood coagulation refs. 9-11].

This thesis deals with a study of one reaction of blood coagulation, namely
the activation of prothrombin by the prothrombinase complex. The remaining
part of this introduction is therefore focused on the coagulation system and
especially on prothrombin activation.

Modern view of the coagulation cascade

In plasma blood coagulation factors are present as inactive precursors
(zymogens) of active serine proteases. In 1964 the reaction sequence of
blood coagulation was presented in a cascade model, which consisted of the
so-called intrinsic and extrinsic pathways [12,13]. Initiation of coagulation
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through the intrinsic pathway (contact activation) starts with the activation of
factor XII by prekallikrein in the presence of high molecular weight kininogen
[14,15]. This pathway is no longer considered to play an important role in
haemostasic plug formation. The classical coagulation cascade is
consequently reduced to the extrinsic pathway and involves the reactions
depicted in Figure 1. - ; , ; ; , ; c ̂  ;; ;

•/.'?

IX a < IXa

VII aTF IXaVflla

-» Xa <-

Prothrombin > Thrombln

Fibrinogen ^ Fibrin

Figure 1. Schematic representation of the extrinsic pathway of the blood
coagulation. Roman numerals indicate coagulation factors and the activated forms are
designated by subscipt "a", i.e. Vila , IXa , Xa , etc.; IXa is a nonenzymatic intermediate.
Each serine protease is shown in association with the appropriate cofactor protein on the
membrane surface. TF is the abbreviation for tissue factor and PL refers to the
procoagulant phospholipid surface.

The first proteolytic event in the extrinsic coagulation cascade is the
conversion of the zymogen factor X into the serine protease factor Xa. In the
initial phase, this reaction is catalyzed by a complex between tissue factor
and factor VII or factor Vila [16,17]. With respect to the initiation there are
two possibilities: (a) either factor VII itself possesses proteolytic activity [18]
or (b) a small fraction of factor VII circulates in plasma in an activated form
(factor Vila). Circulating factor Vila may in itself be harmless, since in the
absence of tissue factor, factor Vila is a very poor enzyme. In any event,
factor Xa formed in the initial phase of coagulation stimulates further factor X
activation by the conversion of factor VII into factor Vila. Factor Xa also
converts factor IX into the nonenzymatic intermediate factor IXa, which is a
good substrate for the tissue factor-VI la complex by which it is converted
into factor IXa [19]. Factor Xa is able to form trace amounts of thrombin from
the zymogen prothrombin and these early formed thrombin molecules can
activate factor VIII and factor V. FVIIIa and factor Va are cofactors that lack
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enzymatic activity, but which enormously stimulate blood coagulation by
accelerating factor X and prothrombin activation, respectively. Although
thrombin is the principal activator of Factor V and factor VIM, factor Xa can
also activate both these factors [20-22]. As soon as factor Va and factor
Villa are generated, the coagulation cascade becomes a very efficient
process. Factor X is not only activated by the tissue factor-Vila complex, but
also by the factor Vllla-IXa complex and the activation of prothrombin by
factor Xa is tremendously enhanced by the presence of Factor Va.

Regulation of the coagulation cascade

The sequence of reactions that constitutes the coagulation cascade requires
a unique and sophisticated regulatory system. On the one hand these
reactions must be initiated as a response to vascular injury, but on the other
hand the growth of the haemostatic plug must be strictly limited to the site of
vessel wall damage. In the blood there are anticoagulant systems, which
may counterbalance the procoagulant pathway and prevent undesired
thrombus formation.

Thrombin not only enhances its own formation, by activating the protein
cofactors factor Va and factor Villa, but indirectly also exhibits an
anticoagulant effect. On intact endothelium, thrombin forms a complex with
the membrane glycoprotein thrombomodulin [23]. This cell-bound thrombin-
thrombomodulin complex initiates the anticoagulant coagulation pathway by
converting protein C into activated protein C (APC) [23-25]. APC is able to
convert factor Va [26,27] and factor Villa [28] into inactive cofactors by
limited proteolysis. Via this reaction sequence, which has the characteristics
of negative feedback, thrombin also inhibits its own formation [for a review
paper see ref. 29].

Blood also contains a number of naturally occurring inhibitors that among
others act on thrombin and consequently slow down the generation of fibrin.
Antithrombin III appears to be the primary plasma inhibitor of thrombin [30],
but the inhibitory action of antithrombin III is also directed to factor IXa and
factor Xa [31]. The formation of the one to one antithrombin Ill-enzyme
complex is greatly enhanced by heparin. The action of antithrombin III
together with heparin results in a complete block of fibrin formation.

Another control mechanism is fibrinolysis, an enzyme system which is
capable of dissolving blood clots by degradation of the fibrin clot.
Plasminogen, which is the proenzyme of the fibrinolytic enzyme system, is
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converted into the active enzyme plasmin by several different types of
plasminogen activators [for a review see ref 32]. . ?

The prothrombinase complex and the formation of thrombin

Thrombin plays a key role in the process of blood coagulation. It is formed
after proteolytic cleavage of the zymogen prothrombin by the so-called
prothrombinase complex. This macromolecular enzyme complex is
composed of the serine protease factor Xa and the nonenzymatic protein
cofactor factor Va, which are reversibly associated on a membrane surface
in the presence of calcium ions.

Prothrombin (factor II) has a molecular weight of approximately 72,000
and is one of the six vitamin K-dependent proteins, which are involved in
blood coagulation [11,33]. Prothrombin circulates in plasma as a single-
chain glycoprotein at a concentration of approximately 3 uM. The complete
amino acid sequence is known [34]. In the prothrombin molecule three
functional domains can be recognized. Two of these domains are present in
the large activation peptide region of prothrombin. This part of the
prothrombin molecule exhibits a great affinity towards the accessory
components of the prothrombinase complex. The amino-terminal fragment 1
region contains 10 7-carboxyglutamic acid residues (Gla residues) [35],
which are involved in the Ca2+-dependent interaction of prothrombin with
phospholipid membranes [36-38] while the fragment 2 region is thought to
interact with the cofactor factor Va [39,40] and can bind to cc-thrombin
[41].The third domain is the carboxyl-terminal region and this domain, which
is homologous to other serine proteases, contains the active site.

The enzyme, factor Xa is a vitamin K-dependent glycoprotein with a
molecular weight of 44,000 that consists of a heavy chain (Mr 27,000) and a
light chain ( Mr 18,000) linked together via a disulfide bridge [42,43]. Factor
Xa belongs to the class of serine proteases and contains 12 7-
carboxyglutamic acid residues within the first 40 amino acids of the light
chain [44,45]. The active site of factor Xa is located on the heavy chain
[46,47].

The protein cofactor factor Va is a two subunit glycoprotein (Mr 180,000),
which is composed of a heavy chain (Mr 105,000) and a light chain (Mr
74,000) [48,49] associated via a calcium ion [50] . Factor Va can bind to a
membrane surface via the light chain in a calcium-independent manner. The
heavy chain of factor Va has affinity for prothrombin and factor Xa.
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:> The procoagulant membrane surface consists of a bilayer of phospholipid
molecules. When membranes contain negatively charged phospholipid
molecules (e.g. phosphatidylserine or phosphatidic acid) the stimulation of
prothrombin activation is greatly enhanced [for a review see chapter 5]. The
binding of the vitamin K-dependent coagulation factors, prothrombin and
factor Xa, is Ca2+-dependent and the interactions are mediated by -y-
carboxyglutamic acid residues [discussed in more detail in chapter 2]. Factor
Va binds to the membrane surface via the light chain through both ionic and
hydrophobic interactions.

The conversion of prothrombin into thrombin is the result of cleavage of
the Arg274-Thr275 and Arg323-lle324 bonds in the prothrombin molecule.
Two potential pathways of thrombin generation exist and, depending upon
the order of peptide bond cleavage in prothrombin, two intermediates
(prethrombin 2 and meizothrombin) can be formed during prothrombin
activation. The amounts of prethrombin 2, meizothrombin, and thrombin,
generated during the initial phase of prothrombin activation are strongly
dependent on the reaction conditions used under which prothrombin
activation is studied [for a review see ref. 51].

The rate of prothrombin activation by factor Xa is 10OO-fold increased, in
the presence of the accessory components factor Va or phospholipids plus
Ca2+-ions. Optimal stimulation of prothrombin activation (280,000-fold) is
observed when both factor Va and a procoagulant membrane surface plus
calcium ions are present. The protein cofactor Va performs two main
functions in prothrombin activation: (1) it promotes binding of factor Xa to
procoagulant membranes [9,52], and (2) it increases the catalytic activity of
factor Xa. The latter effect is thought to be caused by a factor Va-induced
conformational change of factor Xa which converts it into a better enzyme
[53]. The main function of the phospholipid membrane is to provide a surface
that promotes assembly of the factor Xa-factor Va complex and that
subsequently supports the interaction of the substrate prothrombin with
factor Xa /or with the factor XaVa-complex [10]. The major effects of the
accessory components are: (1) an increase of the kcat of prothrombin
activation by factor Va and (2) a decrease of the Km for prothrombin by
phospholipids plus calcium ions [54].

The mechanism and interactions involved in prothrombin activation serve
as a model for the activation of other vitamin K-dependent coagulation
factors (factor VII, factor IX, factor X and protein C). All these coagulation
factors are activated by a serine protease, which interacts with a protein
cofactor on a membrane surface and rapidly activates the specific substrate.
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However, unlike most other protease zymogens, the prothrombin molecule
contains a very large activation peptide region. About half of the prothrombin
molecule is removed as activation peptide during activation. In contrast to
the other vitamin K related proteinases, there are no disulfide bridges, which
after activation connect the Gla-containing region of prothrombin to the
active site-containing polypeptide chain. The enzyme thrombin may
therefore dissociate from the activation complex and diffuse to its different
substrates, whereas other vitamin K proteinases remain bound to the
phospholipid surface in a calcium-dependent manner mediated by the 7-
carboxyglutamic acid residues.

The present investigation

A wide variety of snake species contain potent prothrombin activators
[discussed in chapter 2]. Prothrombin activation by the snake venom
prothrombin activators is of special interest, since studies on such activators
may add information to our current knowledge of the mechanism of
prothrombin activation.
The purpose of this investigation is to gain more insight into the mechanism
of action of the prothrombinase complex by making use of snake venom
enzymes as prothrombin activators. In Chapter 2 a short review is presented
on snake venoms which contain activators of prothrombin. In Chapter 3 and
Chapter 4 the purification, characterization and biochemical properties of
two snake venom prothrombin activators are reported.

The influence of the phospholipid component of the prothrombinase
complex on the assembly and catalytic activity is investigated by varying
parts of the phospholipid molecules and so change the properties of the
membrane. An introduction to this theme is presented in Chapter 5. The
effects of certain membrane alterations on the assembly and the expression
of the activity of the prothrombinase complex are described in Chapters 6-8.

Chapter 6 concerns a study on the procoagulant properties of membranes
composed of mixtures of phosphatidylcholine and (phospho)lipid molecules,
with different polair headgroups.

The stimulation of prothrombin activation by membranes solely composed
of the neutral phospholipid phosphatidylcholine is described in chapter 7.

Chapter 8 summarizes the results of prothrombin activation on
procoagulant membranes with different physical properties (membrane
fluidity and packing density of the membrane).
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Chapter 2

Snake Venom Prothrombin Activators
A Division According to

Structural and Functional Properties



Introduction

Snake venoms are highly complex toxins that contain several biological
active substances. The nonenzymatic polypeptides such as neurotoxins and
cardiotoxins have been thoroughly characterized [1,2]. Neurotoxins, some of
which act together with snake venom phospholipases, affect the nervous
system and cardiotoxins depolarize heart muscle cells. The venoms of
several snake species also contain enzymes which interfere with the blood
coagulation mechanism, either via procoagulant, anticoagulant or fibrinolytic
effects (for a review see Pirkle and Markland, 1988 [3]) and [4]. Platelet
functions may also be affected by snake venom proteins, since some
venoms induce platelet aggregation and release reactions [5], whereas
others contain potent inhibitors of platelet aggregation [6].
The lethality of a venom appears to be due to the combined actions of
several of its components. It is of interest that snake bites with the highest
mortality rate always cause coagulation disorders [7].
There are many reports on snake venoms, that can activate coagulation
factors. During the last decades venom prothrombin activators from different
snake families have been intensively studied. Prothrombin activators have
been purified from the venoms of Elapidae [8], Crotalidae (Bothrops species
[9] ), Viperidae (Echis species [10] ), and Colubridae (D/sp/io/Zdus fypus
[11,12] and T/ie/otom/s /c/rf/and/ [13,14]).

Also venom prothrombin activators have been characterized, which cleave
peptide bonds in prothrombin, but which do not generate an active enzyme.
These venoms often contain one or more thrombin-like enzymes.
Thrombin-like enzymes have been purified from the venoms of Bothrops
species (BATROXOBIN or REPTILASE [15-17] and THROMBOCYTIN [18-20]), from the
venoms of >4gf/c/sfrocfon ca/Zg/nous [21] and Crofa/us afrox [22], yAg/c/sfrocton
acufus (ACUTIN) [23] and 8/f/s gabon/'ca (GABONASE) [24].
It has become clear that the various snake venom prothrombin activators
activate prothrombin via different pathways [3,4,25,26]. The purpose of this
chapter is to make a division of venom prothrombin activators according to
their structural and functional properties and compare them with the
mammalian enzymes factor Xa and thrombin.
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Prothrombin activation and the prothrombinase complex *f

The conversion of prothrombin to its active form thrombin is an essential
event in the process of blood coagulation. Under physiological conditions
this activation is catalyzed by the prothrombinase complex, that comprises
the serine protease factor Xa, the nonenzymatic protein cofactor Va, a
procoagulant membrane and calcium ions.

Although Factor Xa slowly activates prothrombin, the activation rate
increases 280,000 fold when the full prothrombinase complex is assembled.
To illustrate this difference, sixty molecules of thrombin are formed by the
complete prothrombinase complex in one second, while factor Xa alone
needs more than three days to produce one thrombin molecule. The
presence of the so-called accessory components appears to be very
important for efficient prothrombin activation since they greatly accelerate
the activation of prothrombin by the serine protease factor Xa. The
properties of prothrombin and the components of the prothrombinase
complex are discussed in more detail in chapter 1.

Different pathways of prothrombin activation

There are several peptide bonds in prothrombin that are susceptible to
proteolytic cleavage. Two peptide bonds in prothrombin can be cleaved by
the enzyme factor Xa and these are at position Arg274-Thr275 (site 2) and
Arg323-lle324 (site 3) [27] (Figure 1).

I COOH

s — s

Prothrombin

Figure 1. Schematic structure of prothrombin. The three peptide bonds susceptible to
proteolytic cleavage are indicated. The thombin or meizothrombin site is illustrated by
O(Argi56-Ser-|57), and the factor Xa cleavage sites are designated by © (Arg274-Thr275)
and e (Arg323-lle324). A is 7-carboxyglutamic acid.

When prothrombin is activated by factor Xa these peptide bonds can be
cleaved in random order and a combination of products can thus be formed.
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The actual product generation and the order of peptide bond cleavage
depends on the reaction conditions used (see below and ref. [28]).

The peptide bond Argi56-Seri57 (site 1, Figure 1) in the activation peptide
region of prothrombin can be cleaved by the feedback action of thrombin or
meizothrombin (an intermediate in thrombin formation) and is inhibited by
Ca2+-ions [27,29,30]. In thrombin at least two more bonds can be cleaved at
the carboxyl-terminus of this molecule by autocatalysis, which results in
thrombin derivatives with reduced procoagulant activity [31,32].

The different peptide bond cleavages in the prothrombin molecule are
separately described below and the physiological prothrombin activators
factor Xa and thrombin will be compared with the snake venom prothrombin
activators with respect to their activities in catalyzing the different peptide
bond cleavages.

The cleavage of the Arg-|56-Ser-|57 peptide bond of prothrombin

The cleavage of peptide bond Argi56-Ser-|57 is catalyzed by thrombin or
thrombin-like enzymes and results in the formation of fragment 1 and
prethrombin 1 (Figure 2).

5 —S

Fragment 1.2 Prelhfombin 2
(site 2 and 3)

Prothrombin Fragment 1 2 Thrombin

(site 3)
(site 3 and 2)

s — s

Meizothrombin

S — 5
Fragment 1 Prethrombin 1

Figure 2. Different pathways of prothrombin activation. The result of peptide bond
cleavages in prothrombin at different sites is shown and the name of the products
formed is given, A is y-carboxyglutamic acid and £ indicates active site exposure.
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Fragment 1 contains the Gla residues and prethrombin 1 contains fragment
2 and the active site domain, but is not yet catalytically active. Prethrombin 1
lacks 7-carboxyglutamic acid residues and is therefore a poor substrate for
the prothrombinase complex. Thus, the conversion of prothrombin into
prethrombin 1 slows down the activation of prothrombin and can be
regarded as a negative feedback reaction, which may reduce thrombin
formation in purified systems. However, this feedback reaction is
presumably not important under physiological conditions [30]. Thrombin not
only catalyzes the feedback reaction on prothrombin, but also acts on other
proteins that participate in blood coagulation e.g. factor V, factor VIII, factor
XIII, protein C and fibrinogen.

There are many reports on snake venoms that contain thrombin-like
activities, especially in snake venoms that belong to the Crotalidae families
[9]. Depending on their activity towards prothrombin, snake venom thrombin-
like enzymes can be divided in two groups: group 1 with two distinct
thrombin-like enzymes in one venom that together mimic the activity of
thrombin but individually exhibit only a part of its activity and group 2 with
one thrombin-like enzyme which possesses only a part of the thrombin
activity.

According to the above-mentioned division Bothrops venoms belong to
group 1. Many papers have been published on the thrombin-like activity of
Bothrops venoms, among which the two thrombin-like enzymes of Sofhrops
afrox, BATROXOBIN or REPTILASE [15-17] and THROMBOCYTIN [18-20], have been
the most extensively studied. The biological significance of distributing
essential functions of thrombin over two different protein molecules in snake
venoms is not understood. BATROXOBIN readily clots fibrinogen, but it does
not activate factor XIII or platelets [15]. THROMBOCYTIN causes platelet
aggregation, activates factor XIII and cleaves fragment 1 from prothrombin,
but has a low fibrinogen clotting activity [19]. THROMBOCYTIN and BATROXOBIN

are single chain glycoproteins with molecular weights of 36,000 and 32,000,
respectively, and both belong to the serine proteases [16,20].

Other snake venoms of the Crotalidae family contain one thrombin-like
enzyme and belong to group 2, /Jg/c/s/rocfon actvfus (ACUTIN) [33,34],
-Ag/c/sfrodon contortr/x [35], /4gr/c/sfroaton rftodostoma (ANCROD) [36] and
Crofa/us adamanteus (CROTALASE) [37]. These proteases are able to perform
thrombin-like activity on prothrombin and have no influence on any other
coagulation factor except fibrinogen. These venom serine proteases are
single chain proteins with a molecular weight of approximately 35,000.
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AcuTiN can also cleave the Lys44-Tyr45 peptide bond of prothrombin and
converts prothrombin into a molecule without Gla-domain [33,34].

The venom of S/'f/s gabon/ca (belonging to the Viperidae) contains one
thrombin-like enzyme which compared to other venom enzymes has a
unique combination of thrombin-like activities. The thrombin-like enzyme
from the venom of S/f/s gabon/ca (GABONASE, a single chain protein with a
molecular weight of 30,600) not only releases both fibrinopeptides A and B
from fibrinogen, but similar to thrombin, it also activates factor XIII [24]. This
combined action has so far not been observed for any other thrombin-like
venom enzyme. However, no experiments have been described on the
ability of this thrombin-like enzyme to cleave peptide bonds in prothrombin.

Venoms that catalyze the cleavage of the Arg274-Thr275 peptide
bond of prothrombin

The exclusive cleavage of the Arg274-Thr275 bond (site 2) of prothrombin by
factor Xa results in the formation of two products: (1) prethrombin 2, which is
an intermediate in thrombin formation with the same molecular weight as
thrombin (36,000), but which is not catalytically active, and (2) the activation
peptide fragment 1.2, which contains the 7-carboxyglutamic acid residues in
the fragment 1 and the factor Va binding site in the fragment 2 region of the
molecule (Figure 2).

Prethrombin 2 was only observed as a reaction product during prothrombin
activation by its physiological activator Xa in the absence of the protein
cofactor factor Va [38].

There are only a few examples in literature of snake venom prothrombin
activators whose action on prothrombin is restricted to peptide bond 2 and
hence give rise to prethrombin 2 formation. Proteolysis of prothrombin by
enzymes isolated from the venoms of Crofa/us adamanteus (CROTALASE) [35]
and from /4g/c/'sfrocton acufus (ACUTIN) [33,34], results in the formation of
prethrombin 2 as endproduct [33-35]. Both venom prothrombin activators are
also able to cleave the Argi56-Seri57 peptide bond of prothrombin
(described in the section above) and they are present in the group of
venoms, which contain one thrombin-like enzyme. It is remarkable that these
thrombin-like enzymes catalyze the cleavage of the peptide bond in
prothrombin at position Arg274-Thr275, since this peptide bond is normally
not cleaved by thrombin, but by factor Xa. Both venoms can be very useful in
the preparation and purification of prethrombin 1 and prethrombin 2, which
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occur as activation intermediates during thrombin formation by the
physiological activator factor Xa.

The crude venom of another Agkistrodon species, /Ujr/c/sfrodon ha/ys /?a/ys
and the crude venom of A/a/a na/a ox/ana also generate prethrombin 2 when
incubated with prothrombin [39]. Since these venoms contain a number of
procoagulant activities and the enzymes responsible for the peptide bond
cleavage in prothrombin have not yet been purified, no conclusions can yet
be made about their enzymatic nature.

Venoms that catalyze the cleavage of the Arg323-lle324 peptide
bond of prothrombin

The cleavage of the Arg323-lle324 bond (site 3) of prothrombin by factor Xa
gives rise to the formation of meizothrombin and results in exposure of the
active site (Figure 2). Meizothrombin has the same molecular weight as
prothrombin (72,000), but due to the peptide bond cleavage it is a two-chain
molecule that consists of the so-called F1.2-A (fragment 1.2 + A chain of
thrombin, Mr 41,000) and B-chain domains (Mr 31,000) linked via a disulfide
bridge. It has the capacity to split small oligopeptide substrates specific for
thrombin, but has a greatly reduced enzymatic activity on macromolecular
thrombin substrates such as fibrinogen or factor V [40-43].

A number of snake venoms only cleave prothrombin at site 3. These
enzymes are different from the physiological activator factor Xa and belong
to another class of enzymes, namely the metalloproteases. The most
intensively studied prothrombin activator of this group is that from the venom
of £c/7/s cannarus, [29,40,44-48]. The venom prothrombin activators from
other Echis species [39,49], from D/sp/7o//afus typus [11,12], Tfte/otorn/s
/c/rt/and/ [13,14] as well as two Bothrops species, Sotfirops afrox [50] and
Bofhrops nei/w/ed/ [51] also belong to this group. The structural and
functional properties of these four activators strongly resemble those
reported for the venom prothrombin activator from Ec/7/s cannaft/s. The
purification, and characterization of the snake venom prothrombin activator
from Sotfirops neuvwed/ is described in Chapter 3 of this thesis.
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Venoms that cleave both the Arg274-Thr275 and
peptide bonds of prothrombin

After cleavage of both the peptide bonds 2 and 3 prothrombin is converted
into two products i.e. the activation peptide fragment 1.2 and thrombin
(Figure 2). Thrombin consists of an A chain (49 residues) and a B chain (259
residues) that are attached to each other via a disulfide bond. Thrombin is a
very potent enzyme (serine protease) with a key position in haemostasis.
Apart from catalyzing the conversion of fibrinogen into fibrin, it also activates
factor V, factor VIM, protein C, factor XIII, blood platelets, and a variety of
other cells.

Depending on the order of bond cleavage, there are two pathways to form
thrombin from the zymogen prothrombin, i.e. via the intermediate
prethrombin 2 or via meizothrombin. Thrombin is subsequently formed when
factor Xa cleaves the second bond in either activation intermediate. The
major reaction product in the initial stage of prothrombin activation by factor
Xa is prethrombin 2, whereas meizothrombin is the major reaction product
when prothrombin is activated by the factor XaVa-complex [28,38].

The snake venom prothrombin activators that have the capacity to cleave
both peptide bonds all belong to the Australian Elapidae and are serine
proteases, like factor Xa. Prothrombin activation by venom activators from
the Australian Elapidae also appears to be stimulated by the accessory
components of the prothrombinase complex (phospholipids and factor Va).
Depending upon the effects of factor Va and/or phospholipids on venom-
catalyzed prothrombin activation, the snake venom prothrombin activators,
which can cleave prothrombin at site 2 and site 3, can be classified in two
groups. The Notechis-like prothrombin activators (e.g. /N/ofec/7/s scufafus,
A/otech/s ater n/ger, A/otech/s ater Aiumprireys/, Trop/ctec/7/s carinafus,
Pseudec/7/s porpr?yr/acus and Hop/ocepha/us stepftens/T) [52-54] strongly
resemble the physiological activator factor Xa. Prothrombin activation by
Notechis-like prothrombin activators is stimulated by both factor Va and
phospholipids. The Oxyuranus-like prothrombin activators (e.g. Oxyuranus
scute//afus, Oxyuranus m/cro/ep/ctofus and Pseucfonaya texf/7/s) [8,55-58] are
much larger proteins with molecular weights of approximately Mr 300,000.
Prothrombin activation by these venoms is only stimulated by the presence
of phospholipids and the rate of prothrombin activation is not further
enhanced by factor Va. It is shown that Oxyuranus-like activators consist of
a catalytic and a cofactor unit with properties identical to that of the factor
XaVa complex. In Chapter 4 of this thesis the purification and
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characterization of the prothrombin activator from /Votech/s scufafus sarfafus
is described and this venom activator is compared with a representative
prothrombin activator (i.e. the activator from Oxyuranus scufe//afus) from the
Oxyuranus group.

Concluding remarks

Procoagulant snake venoms are useful tools for the analysis of the
mechanism of the coagulation process. The use of snake venom enzymes in
fundamental haemostatic research has contributed significantly to the
understanding of the mechanism of coagulation factor activation. Only a
small part of the present knowledge of snake venoms is reviewed in this
chapter, namely the venom components that catalyze the cleavage of
peptide bonds in prothrombin. The purpose of this chapter is to outline the
mechanism of the different pathways of prothrombin activation and to
compare the venom prothrombin activators, that are responsible for the
different cleavages in the prothrombin molecule, with the physiological
enzymes.

From this inventory it appears that there are several classes of snake
venom prothrombin activators. Only two venom activators, that catalyze
peptide bond cleavages in prothrombin at the same sites as factor Xa, are
further discussed in this thesis (Chapter 3 and Chapter 4).
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Chapter 3

Structural and Functional
Characterization of a

Prothrombin Activator from
the Venom of

Bofftrops neuiv/ecf/



Summary

A prothrombin activator from the venom of Botorops netvw/ed/ was purified
by gel filtration on Sephadex G-100, ion-exchange chromatography on
DEAE-Sephacel and affinity chromatography on a Zn2+-chelate column. The
overall purification was about 200-fold, which indicates that the prothrombin
activator comprises about 0.5% of the crude venom. The venom activator is
a single-chain protein with an apparent molecular weight of 60,000. It readily
activated bovine prothrombin with a Km of 38 (iM and a Vmax of 120 [imol
prothrombin activated per min per mg of venom activator. Venom-catalyzed
prothrombin activation was not accelerated by the so-called accessory
components of the prothrombinase complex, phospholipids plus Ca2+ and
Factor Va. Gel-electrophoretic analysis of prothrombin activation indicated
that the venom activator only cleaved the Arg323-lle324 bond of bovine
prothrombin, since meizothrombin was the only product of prothrombin
activation. The activator did not hydrolyze commercially available p-
nitroanilide substrates and its prothrombin-converting activity was not
inhibited by benzamidine, phenylmethylsulfonylfluoride, dansyl-Glu-Gly-Arg-
chloromethyl ketone and soy-bean trypsin inhibitor. However, chelating
agents such as EDTA, EGTA and ophenanthroline rapidly destroyed the
enzymatic activity of the venom activator. The activity of chelator-treated
venom activator could be partially restored by the addition of an excess
CaCl2. These results indicate that the venom activator remarkably differs
from Factor Xa and that the enzyme is not a serine proteinase, but likely
belongs to the metalloproteinases. The structural and functional properties of
the venom prothrombin activator from Bofftrops neuvwedr are similar to those
reported for the venom activator from Ech/s carinafus.

Introduction

Many snake venoms have been identified to contain one or more
procoagulant activities. In the literature, there are several reports on venom
enzymes with fibrinolytic, thrombin-like activity, kallikrein-like activity as well
as on snake venoms that contain activators of prothrombin or factor X (for
review papers see Ref. [1] ). Activators of prothrombin have been isolated
from the venoms of a wide variety of snake species. There are, however,
large differences between the mechanisms by which these venom activators
activate prothrombin [2].
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It has been reported that the venoms of Botorops species contain several
proteins with procoagulant activities [3]. The venom from Botorops afrox
contains thrombin-like enzymes (BATROXOBIN, THROMBOCYTIN; [4,5]), a factor X
activator [6] and a prothrombin activator [7]. Our interest was to determine
the molecular properties of the Boffrrops prothrombin activator and its mode
of action in prothrombin activation. In this chapter, we describe the
purification and the structural and functional characterization of the
prothrombin activator from Bofftrops neuvwec//, a Boffrrops species whose
venom was reported to contain a considerable amount of prothrombin-
converting activity [3].

Experimental procedures

- fleagenfs. S2238, S2337, S2222, S2302, S2366 and 12581 were purchased
from AB Kabi Diagnostica. Chromozym TH was from Boehringer-Mannheim, and
CHaOCO-D-CHG-Glu-Gly-Arg-pNa. AcOH (a factor Xa substrate) was purchased
from Pentapharm, Basel. Dansyl-Glu-Gly-Arg-CH2CI was from Calbiochem.
Heparin (USP activity 175 units/ mg) was purchased from Organon. Ovalbumin,
human serum albumin (fatty acid free), bovine serum albumin, SBTI, EGTA,
benzamidine-HCI, /v-ethylmaleimide, PMSF, prestained molecular weight markers,
lyophilized crude venom from Bctfftrops neuw/ed/and 1,2-dioleoyl-sn-glycero-3-
phosphocholine were obtained from Sigma. EDTA, 2-mercaptoethanol and Triton
X-100 were from Merck. Agarose was from Kochlight. o-Phenanthroline was from
Baker, lodoacetamide was from Janssen Pharmaceutica. DEAE-Sephacel,
Sepharose 4B, Sephadex G-100 and calibration kits for gel electrophoresis were
purchased from Pharmacia. All reagents used were of the highest grade
commercially available.
Zn2+-chelate-Sepharose was prepared by coupling iminodiacetic acid to
Sepharose 4B according to the method of Porath et al. [8] followed by saturating
the material with ZnCl2 (1 mg/ml) and extensive washing with 50 mM Tris-HCI (pH
8.3)/400mMNaCI.
• Profe/ns. Bovine prothrombin was purified according to the method of Owen et
al. [9]. Thrombin was purified as described earlier [10], and bovine factor X was
purified according to Fujikawa et al. [11]. Factor Xa was prepared from factor X
after activation by RW-X [12]. Bovine antithrombin III was purified according to
Thaler and Schmer [13]. Factor V and factor Va were obtained as described by
Lindhout et al. [14]. The protein preparations were stored at - 80°C in 50 mM Tris-
HCI (pH 7.9), 175 mM NaCI, 0.5 mg/ml human serum albumin. Factor Va was
stored in the same buffer containing 5 mM CaCl2- Purified preparations of the
venom prothrombin activator were stored in a 50 mM Mes (pH 6.0) buffer
containing 400 mM NaCI.
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• Protein eoncenfraf/ons. The molar concentration of thrombin was determined
by active-site titration with p-PNGB [15]. Prothrombin concentrations were
determined by the same method after complete activation with Ec/7/s car/naftvs
venom. Factor Va concentrations were determined by kinetic analysis [14]. The
protein concentration of the purified prothrombin activator from Bofftrops neuw/ecf/
was determined according to Sedmak et al. [16] using bovine serum albumin as a
standard.
• P/iosp/Jo//p/cte and phosp/jo/ip/d ves/c/e preparaf/ons. Phosphatidyl-
serine was prepared from phosphatidylcholine by enzymatic synthesis [17]. Single
bilayer vesicles were prepared by sonication of mixtures of 25 mol%
phosphatidylserine and 75 mol% phosphatidylcholine as described before [10].
Phospholipid concentrations were determined by phosphate analysis [18].
• Assay system for measurement of profhromo/n acf/Vaf/on. The activation of
prothrombin by the venom activator from Bofhrops neuw/ed/ was followed by
measuring the generation of amidolytic activity (meizothrombin plus thrombin)
towards the chromogenic substrate S2238. Prothrombin was preincubated for 5
min at 37°C in a buffer containing 50 mM Tris-HCI (pH 7.9), 175 mM NaCI, and
0.5 mg/ml human serum albumin. When cofactors (phospholipid vesicles, factor
Va or CaCl2) were present, they were included in the preincubation mixture.
Prothrombin activation was started with the addition of appropriate dilutions of the
venom activator in the same buffer. After different time intervals, samples were
transferred to disposable cuvettes (1 cm pathlength) containing 235 |iM S2238 in
50 mM Tris-HCI (pH 7.9), 175 mM NaCI, 20 mM EDTA, and 0.5 mg/ml ovalbumin.
From the rate of change of the difference between the absorbance at 405 and 500
nm (AA 405-500 /min), determined on a SLM Aminco DW2-C spectrophotometer
operating in the dual-wavelength mode, the amount of prothrombin activated (i.e.,
thrombin plus meizothrombin formed) was calculated using a calibration curve
made with known amounts of active-site-titrated thrombin. In order to specifically
determine meizothrombin, the amidolytic activity was also measured with 4 nM
antithrombin III and 10 ug/ml of heparin in the cuvette (cf. Réf. 19). In that case,
samples from the prothrombin activation mixture were incubated for 1 min in the
cuvette with antithrombin III and heparin to inhibit thrombin prior to the addition of
S2238.
During its purification, the prothrombin activator from Bof/irops neuw/ed/ was
routinely assayed in reaction mixtures that contained 1 u.M prothrombin, 5 mM
CaCl2, and appropriate dilutions of samples containing venom activator.
Prothrombin activation was determined by measuring the amidolytic activity of
reaction aliquots taken after 3 min of activation time. In that case, the
prothrombin-converting activity of the venom prothrombin activator was expressed
in units, 1 unit being the amount of activator that activates 1 umol of prothrombin
in 1 min at 37°C under the assay conditions described above.
• Assay system for measuremenf of factor X acf/Vaf/on. During the puri-
fication of the prothrombin activator from Bofftrops neuw/ed/, column fractions
were also tested for the presence of a factor X activator. 3.3 uM Factor X was
preincubated for 5 min at 37°C in a buffer containing 50 mM Tris-HCI (pH 7.9), 175
mM NaCI, 10 mM CaCl2, and 0.5 mg/ml human serum albumin. Factor X
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activation was started with the addition of appropriate dilutions of venom activator
in the same buffer. After 3 min, the amount of factor Xa formed was determined in
a sample from the reaction mixture that was transferred to a cuvette containing
193 uM S2337 in 50 mM Tris-HCI (pH 7.9), 175 mM NaCI, 20 mM EDTA, and 0.5
mg/ml ovalbumin. The absorbance change determined at 405 minus 500 nm is a
measure for the amount of factor Xa present. The factor X-converting activity was
expressed in units, 1 unit being the amount of activator that activates 1 umol of
factor X in 1 min at 37°C under the assay conditions described above.
• Assay system for measurement of f/iromb/n-Z/to acffV/fy. The thrombin-like
activities of Bofftrops neuiv/èd/ were determined with the chromogenic substrate
S2238 in cuvettes that contained 50 mM Tris-HCI (pH 7.9), 175 mM NaCI, 20 mM
EDTA, 0.5 mg/ml ovalbumin, and 235 uM S2238. The rate of p-nitroaniline
formation was calculated from the absorbance change at 405 minus 500 nm, using
a molar absorption coefficient of 1.04. 10^ moM. I. cm"'' for p-nitroaniline. 1 unit
thrombin-like activity was defined as the amount of enzyme that forms 1 umol of p-
nitroaniline in 1 min at 37°C under the assay conditions described above.
• Ge/-e/ecfrop/)oref/c tecnn/gues. Gel electrophoresis of the purified
prothrombin activator was carried out in the presence of SDS [20] on tube- or slab
gels containing 10% acrylamide. Gel-electrophoretic analysis of prothrombin
cleavage by the purified prothrombin activator was carried out in the presence of
SDS on 10% polyacrylamide slab gels according to Laemmli [20]. Further
experimental details are given in the legends to the figures. The prothrombin
converting activity of the purified Bothrops activator could be directly detected in
the SDS-polyacrylamide gels using an agarose overlay method based upon the
procedure of Granelli-Piperno and Reich [21] and Wagner et al. [22]. The activity
of the venom activator in the gel was restored by removing the SDS from the gel
with a wash in distilled water containing 2.5% Triton X-100 followed by washing
out the Triton X-100 with distilled water only. Protein bands with prothrombin-
converting activity were detected by overlaying the gel with a 1-mm-thick agarose
gel layer (1.25% (w/v) agarose in 15 mM Tris (pH 7.9)/ 50 mM NaCI/ 5 mM CaCl2)
containing 0.5 uM prothrombin and 750 (iM S2238. Prothrombin activator bands
became visible as yellow zones in the agarose indicator-gel and were
photographed under dark ground illumination.

Results

Purification of the prothrombin activator from Sof/iops neutv/ed/

The prothrombin activator from Bofftrops neivw/ed/ was purified from the
crude venom by gel filtration on Sephadex G-100 (Figure 1), ion-exchange
chromatography on DEAE-Sephacel (Figure 2) and affinity chromatography
on a Zn2+-chelate column (Figures 3A and 3B). All purification steps were
carried out in the presence of benzamidine in order to prevent possible
proteolytic degradation of the venom activator. The prothrombin activator
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Figure 1. Sephadex G-100 elution profile of Sotfjrops neutv/ed/ venom. Crude venom
(1 g) was dissolved at 4°C in 30 ml 50 mM Hepes (pH 7.0), 500 mM NaCI and 10 mM
benzamidine. A small precipitate was removed by centrifugation for 15 min at 10,000 rpm
in a Beckman centrifuge. The supernatant was chromatographed in two 15 ml portions,
on a Sephadex G-100 column (2.5 x 100 cm) at a flow rate of 20 ml/h at 4°C. Elution of
protein was monitored at 280 nm (•). The eluted fractions were tested for their ability to
activate prothrombin (A) or factor X (•) and to hydrolyze S2238 (o) as described in
Experimental Procedures. The fractions indicated by the solid bar were pooled and
subjected to further purification.

Table 1. Purification of the prothrombin activator from the venom of Bofhrops
neuvv/ed;

Crude venom
Sephadex G-100
DEAE-Sephacel
Zn2+-chelate-
Sepharose I

Zn2+-chelate-
Sepharose II

Total
protein
(mg)

624
117
20

1.1

0.6

Spec. act.
(munits per
mg venom)

7
11
44

781

1400

Recovery

(%)

100
29
20

20

20

Purifi-
cation

1
2
6

112

200

Total protein was determined according to Sedmak et al. [16] using bovine serum
albumin as standard. Prothrombin activation was determined as descnibed in
Experimental Procedures.
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eluted from the Sephadex G-100 column almost simultaneously with an
activator of factor X and with the thrombin-like activity also present in the
venom. In order to remove the major part of the latter activities, only a small
fraction of the prothrombin activator was pooled and subjected to further
purification. This explains the rather low yield of the prothrombin activator
after gel permeation chromatography (Table 1). The prothrombin activator
did adhere to DEAE-Sephacel at low ionic strength and could be eluted from
the column with a linear salt gradient (Figure 2). The prothrombin-converting
activity eluted just in front of the factor X activator and the thrombin-like
enzyme (Figure 2). The fractions containing prothrombin activator were
pooled and applied to a Zn2+-chelate column. Both the prothrombin
activator and the factor X activator did bind to the Zn2+-chelate column at pH
8.3, whereas the thrombin-like enzyme did not adhere. The prothrombin

I
15 1

10 |

100 200 300

ELUTION VOLUME (ml)

o

o

Figure 2. DEAE-Sephacel column chromatography of the prothrombin activator
from Sofrtrops neuw/ed/. The pooled fractions containing prothrombin activator from
the Sephadex G-100 column (67 ml) were dialyzed against a 10 mM Tris-HCI (pH 7.5)
buffer containing 10 mM benzamidine and subsequently applied to a DEAE-Sephacel
column (1 x 20 cm) at a flow rate of 7 ml/h at 4°C and washed with the same buffer. At
the arrows indicated in the figure bound protein was eluted with a linear gradient of (2 x
60 ml) with starting buffer in the front chamber and the same buffer containing 200 mM
NaCI in the distal chamber (arrow 1 ) after which elution was finished with an additional
volume of the buffer with 200 mM NaCI (arrow 2). The eluted fractions were tested for
the presence of protein (•), prothrombin activator (A), factor X activator (o), and
thrombin-like activity (o), as described in Experimental Procedures. The prothrombin
activator eluted between 25 mM NaCI and 70 mM NaCI. These fractions (indicated by
the solid bar) were pooled and dialyzed against 50 mM Tris-HCI (pH 8.3)/ 400 mM NaCI.
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Figure 3. Affinity chromatography of the prothrombin activator of Bofftrops
neuw/ed/ on Zn2+-chelate-Sepharose. Panel A : The pooled fractions containing the
prothrombin activator from the DEAE-Sephacel column (see Figure 2) were applied to
Zn2+-chelate-Sepharose (1 x 12 cm) at a flow rate of 5 ml/ h at 4°C in 50 mM Tris-HCI
(pH 8.3)/400 mM NaCI. The column was subsequently washed (arrow 1) with starting
buffer followed by stepwise elution of bound protein with 50 mM Mes (pH 6.0)/ 400 mM
NaCI (arrow 2) and washing with the same buffer containing 50 mM EDTA to remove all
bound material (arrow 3). The eluted fractions were tested for their protein content (•)
according to Sedmak et al. [16], the prothrombin activator (A), the factor X activator (a),
and thrombin-like activity (o). The prothrombin activator containing fractions were pooled
as indicated by the solid bar. Panel B: The pooled fractions were dialyzed against 50 mM
Tris (pH 8.3)/ 400 mM NaCI and reapplied to Zn2+-chelate-Sepharose (1-12 cm) at a flow
rate of 5 ml/ h at 4°C. Elution was performed stepwise with buffers of decreasing pH. No
protein eluted with 50 mM Tris (pH 8.3), 50 mM Tris (pH 7.5) or 50 mM Hepes (pH 7.2).
Subsequently, the column was washed with 50 mM Hepes (pH 6.8, arrow 1) 50 mM Mes
(pH 6.4, arrow 2) and 50 mM Mes (pH 6.0, arrow 3) all containing 400 mM NaCI. The
fractions were tested for their protein content (•), for the presence of the prothrombin
activator ( A), and the factor X activator (•).
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activator and the factor X activator were eluted and separated by stepwise
elution with buffers of decreasing pH (Figures 3A and 3B). A summary of the
purification of the prothrombin activator from Botorops neuw/eaf/ /s shown in
Table 1. The purification was approximately 200-fold with an overall yield of
20%. The purified activator did not contain the thrombin-like protein or the
factor X activator, since it was not possible to detect either of these activities
in the final prothrombin activator preparations. From the increase in specific
activity, it can be calculated that the prothrombin activator comprises about
0.5% of the crude venom.

Structural properties of the prothrombin activator from Bofftrops
neutv/erf/
SDS-gel electrophoresis of the purified prothrombin activator under non-
reducing conditions showed one major protein band with an apparent
molecular weight of 60,000 (Figure 4).

U
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-—43.000
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Figure 4. Polyacrylamide gel electrophoresis of the purified prothrombin activator
from the venom of Sofrirops neuw/ed/. Gel electrophoresis of 20 ng of activator was
carried out on 10% gels in the presence of sodium dodecyl sulfate according to Laemmli
[20]. 5% 2-mercaptoethanol was present in the reduced sample (lane 2). The gels were
stained with Coomassie brilliant blue R250. The migration distance of molecular weight
markers, electrophoresed under the same conditions, is indicated in the figure.
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Upon reduction with 2-mercaptoethanol, the latter band migrated at the
same position. The protein band with a molecular weight of 60,000
contained the prothrombin-activating activity as shown by a direct
autographic method shown in Figure 5. The activity of the venom activator in
the SDS slab gel was restored by removing the SDS from the gel with a
wash in distilled water containing 2.5% Triton X-100 followed by washing out
the Triton X-100 with distilled water only. The prothrombin activator was
subsequently detected by overlaying the gel with an agarose-indicator gel
containing prothrombin and the thrombin substrate, S2238. At those places
where prothrombin is activated in the indicator gel, S2238 will be converted
and a yellow band becomes visible. When photographed against a dark
background, the yellow band becomes visible as a dark band in the agarose.

çr- — A B
! 180.000
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Figure 5. Localization of prothrombin-converting activity after SDS-polyacrylamide
gel electrophoresis of the purified venom prothrombin activator from Bof/irops
neuw/ed;. Purified venom activator was electrophoresed on a 10% acrylamide slab gel.
After electrophoresis, the SDS was removed from the polyacrylamide gel and the
prothrombin-converting activity was localized with an agarose-indicator gel containing
prothrombin, Ca2+ and S2238 as described in Experimental Procedures. Lane A:
prestained molecular weight markers; lane B: 0.3 ng purified venom activator. The
polyacrylamide slab gel overlayed with the agarose-indicator gel was photographed
under dark ground illumination. Molecular weights of the prestained markers are
indicated in the figure.

42 Chapter 3



Figure 5 shows that the prothrombin-converting activity migrated at 60,000
apparent molecular weight. A control overlay in which prothrombin was
omitted from the indicator gel showed no yellow bands. Since the
prothrombin-converting activity comigrated with the Mr 60,000 protein band
visible on the stained gels, we conclude that these proteins are one and the
same. Gradient gel electrophoresis under non-reducing conditions in the
absence of SDS and fast protein liquid chromatography (FPLC) on a
Superose 12 column confirmed the molecular weight of 60,000 (data not
shown). Therefore, the purified venom prothrombin activator from BcMrops
nei/w/'ecft /s a single subunit enzyme with a molecular weight of 60,000.

Catalytic properties of the purified venom activator

The purified venom activator readily activated prothrombin in the absence of
accessory components of the prothrombinase complex (Table 2).

Table 2. The effects of phospholipid, Ca2+, EDTA and factor Va on prothrombin
activation by the purified activator from the venom of Bof/irops net/iv/ed/

Prothrombin activator

Venom, EDTA
Venom, Ca2+
Venom, Ca2+, 10uMPL
Venom, Ca2+, 100nMPL
Venom, Ca2+, 200 (iM PL
Venom, Ca2+, 300 nM PL
Venom, Ca2+, Factor Va
Venom, Ca2+, Factor Va, 10 (j
Venom, Ca2+, Factor Va, 100
Venom, Ca2+, Factor Va, 200
Venom, Ca2+, Factor Va, 300

iMPL
UMPL
uMPL
u.M PL

V
(H mol prothrombin

activated/min
per mg venom)

1.85
2.94
2.95
2.40
2.29
2.29
2.95
3.02
2.61
2.35
2.39

Relative
rate

0.63
1.00
1.00
0.82
0.78
0.79
1.00
1.03
0.89
0.80
0.81

1.05 ^ prothrombin in 475 nl of 50 mM Tris-HCI (pH 7.9), 175 mM NaCI containing 0.5
mg/ml human serum albumin was incubated for 5 min at 37°C. When indicated in the
table, 0.26 mM EDTA or 2.1 mM CaCl2, 5.3 nM factor Va and/or various amounts of
phospholipid (PL) vesicles (25 mol% phosphatidylserine/75 mol% phosphatidylcholine)
were included in the preincubation mixture. Prothrombin activation was started with the
addition of 25 nJ (0.21 ng) purified prothrombin activator diluted in the same buffer
without CaCl2- Prothrombin activation was determined by measuring the generation of
amidolytic activity. The rate of activation was calculated as described in the Experimental
Procedures.
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Venom-catalyzed prothrombin activation was somewhat stimulated by Ca2+,
but was not affected by the presence of bovine factor Va. Phospholipids plus
Ca2+ even caused some decrease in the rate of prothrombin activation. A
possible explanation for the inhibitory effect of phospholipids might be that
prothrombin bound to the phospholipid surface is less readily activated by
the venom activator. The purified activator was also tested for its ability to
hydrolyze a number of commercially available chromogenic substrates.
S2222, S2337, S2238, S2302, S2366, Chromozym TH and the Pentapharm
Xa substrate in concentrations of 0.5 mM were incubated with 1.64 ng/ml
venom activator in 50 mM Tris-HCI (pH 7.9), 175 mM NaCI and 0.5 mg/ ml
human serum albumin. No p-nitroaniline formation was detectable, indicating
that the venom activator did not hydrolyze any of these chromogenic
substrates, and, therefore, did not possess significant amidolytic activity.

Identification of activation products formed during prothrombin activa-
tion

Since more than one peptide bond is available for proteolytic cleavage in
prothrombin, several reaction products can be formed during prothrombin
activation. Figure 6 shows a schematic diagram of prothrombin with its
proteolytic cleavage sites. Peptide-bond cleavage by prothrombin activators
generally occurs at position Arg274-Thr275 (site 2) and at position Arg323-
Ile324 (site 3). These cleavages result in the formation of prethrombin 2 plus
fragment 1.2 (cleavage at site 2), meizothrombin (cleavage at site 3), or
thrombin plus fragment 1.2 (cleavage at sites 2 and 3). Cleavage at site 3
results in the exposure of the active-site serine and conversion of
prothrombin into a catalytically active product (i.e., thrombin or
meizothrombin). Peptide bond 1 (Argi56-Ser-|57) is generally not cleaved by
prothrombin activators, but is susceptible to proteolytic cleavage by
thrombin, meizothrombin and other thrombin-like enzymes. In that case,
fragment 1 and prethrombin 1 (cleavage at site 1) or fragment 1 and
meizothrombin des fragment 1 (cleavage at site 1 and 3) are formed.

The fluorescent chloromethyl ketone, dansyl-Glu-Gly-Arg-CH2CI, can be
used to visualize thrombin ( Mr 36,000), meizothrombin ( Mr 72,000) and
meizothrombin des fragment 1 (Mr 48,000) after SDS-gel electrophoresis. At
high concentrations, this inhibitor alkylates the histidine of the catalytic triad
of thrombin and meizothrombin, and, due to its fluorescent properties, the
proteins that incorporate this inhibitor can be detected on gels after
electrophoresis. It is also possible to distinguish thrombin and meizothrom-
bin on a functional basis. Thrombin and meizothrombin have the same
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amidolytic activity towards commercially available chromogenic substrates,
but differ in their reactivity towards macromolecular substrates such as
fibrinogen or the antithrombin III - heparin complex [19]. Experimental
conditions can be chosen such that thrombin is readily inhibited by
antithrombin III plus heparin, whereas meizothrombin (or meizothrombin des
fragment 1) is not [19]. Determination of the amidolytic activity of reaction
aliquots treated with antithrombin III plus heparin allows calculation of the
amount of meizothrombin present (thrombin is inhibited), while the
amidolytic activity of nontreated aliquots is determined by the sum of
thrombin plus meizothrombin (cf. Réf. 19 and Experimental Procedures).

PT

PT1

F1+F2 %^P« | | H ^ ^ H PT2

F1.2

MT

F1 S J — ( Z Z H ^ H H MTdaa F1

Figure 6. Schematic diagram of prothrombin and possible prothrombin activation
products. Peptide bonds susceptible to proteolytic cleavage are indicated. Site 1
(Argi56-Ser-|57) is cleaved by thrombin-like enzymes, and sites 2 (Arg274-Thr275) and 3
(Arg323-He324) are susceptible to proteolysis by prothrombin activators. The reaction
products that can be formed during prothrombin activation are also indicated in the
figure. PT1, prethrombin 1; F1, fragment 1; T, thrombin; PT2, prethrombin 2; F1.2,
fragment 1.2; MT, meizothrombin; MT des F1, meizothrombin des fragment 1; F2,
fragment 2.

In a typical experiment designed to quantitate thrombin and/or
meizothrombin formation during venom-catalyzed prothrombin activation,
aliquots from the prothrombin activation mixture were tested for their
amidolytic activity towards S2238 in the absence and presence of
antithrombin III plus heparin (Figure 7A). At the same time, samples from the
reaction mixture were taken to follow the peptide bond cleavage pattern by
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polyacrylamide gel electrophoresis in the presence of SDS. Prior to

electrophoresis, these samples were treated with dansyl-Glu-Gly-Arg-ChteCI

in order to fluorescently label reaction products which have exposed their

active site. The reversible thrombin inhibitor, 12581, was included in the

prothrombin activation mixture to slow down autocatalytic removal of

fragment 1 from prothrombin and meizothrombin. • •
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Figure 7. Gel electrophoretic analysis of the time-course of prothrombin activation
by the purified venom activator. 3 nM prothrombin was activated at 37°C in a reaction
mixture containing 50 mM Tris-HCI (pH 7.9), 175 mM NaCI, 20 nM of the reversible
thrombin inhibitor 12581, 5 mM CaCl2 and 18.8 ng/ ml purified activator. At the time
intervals indicated, samples were withdrawn for determination of amidolytic activities
(panel A) and for SDS-gelelectrophoresis (panel B-E). Panel A: amidolytic activities were
determined in appropriately diluted samples using S2238 as described under Materials
and Methods. From the amidolytic activities determined in the absence and presence of
antithrombin III plus heparin, the amounts of total prothrombin activated (•) and
meizothrombin formed (•) were calculated. See text for further explanation. Panel B-E.
Samples (150 nl) withdrawn for gel electrophoresis were immediately added to 20 nl of
2 mM dansyl-Glu-Gly-Arg-CH2CI in 10 mM HCI and 5 nl of 350 mM EDTA. After 45 min
incubation at 37°C, a 75 nl aliquot was added to 25 nl of gel buffer containing 250 mM
Tris-HCI (pH 7.9), 5% SDS, and 50% (v/v) glycerol (gel B and D) and another 75 ul
aliquot was added to 25 (il of the same buffer containing 5% (v/v) 2-mercaptoethanol (gel
C and E). Prior to electrophoresis, the samples were kept for 1 h at 37°C. After
electrophoresis, the gels were photographed while illuminated with long-wave ultraviolet
light using a yellow filter and Polaroid type 55 film (D and E) and subsequently stained
with Coomassie blue (gel B and C). The lane at the far right of gel B contains a reference
mixture of prothrombin and prethrombin 1.

PT, prothrombin; PT1, prethrombin 1 ; Tb, B chain of thrombin.
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In Figure 7A, it is shown that the amidolytic activity generated during
prothrombin activation by the purified activator from Sofftrops neuw/ed/ was
almost completely résistent to antithrombin III plus heparin. This indicates
that there was no detectable thrombin formation and that meizothrombin is
the major reaction product formed during venom-catalyzed prothrombin
activation. The small difference between amidolytic activities determined in
the absence and presence of antithrombin III plus heparin is likely due to
some inhibition of meizothrombin by AT III plus heparin that occurs under the
assay conditions [19]. The generation of meizothrombin (or meizothrombin
des fragment 1) as reaction product was confirmed by SDS gel electro-
phoresis. On non-reduced Coomassie-blue-stained gels of the prothrombin
activation mixture, no thrombin was detectable. The only visible proteins
were those comigrating with prothrombin and prethrombin 1. Upon reduction,
there was a considerable decrease in staining intensity of the band
comigrating with prothrombin, complete disappearance of the band
comigrating with prethrombin 1, and the appearance of a band comigrating
with the B chain of thrombin. SDS gels of reaction aliquots that were treated
with dansyl-Glu-Gly-Arg-CH2CI showed incorporation of the fluorescent
inhibitor (i.e., active-site exposure) in products comigrating with prothrombin
and prethrombin 1 on non-reduced gels and with the thrombin B chain on
reduced gels. Such gel data are indicative for the presence of meizothrom-
bin and meizothrombin des fragment 1. Therefore, the gel-electrophoretic
data confirmed meizothrombin and meizothrombin des fragment 1 occurring
as the only reaction products during venom-catalyzed prothrombin
activation. The venom activator does apparently not produce thrombin, and
therefore lacks the ability to cleave the Arg274-Thr275 bond in prothrombin.
The presence of meizothrombin des fragment 1 presumably results from
autocatalytic cleavage of the Argi56-Seri57 bond releasing the fragment 1
region of meizothrombin.

Kinetic parameters of prothrombin activation by the purified activator
from Botorops neuiv/ed/

To quantitate the catalytic efficiency of prothrombin activation by the venom
activator, we determined the kinetic parameters (Km and Vmax) of venom-
catalyzed prothrombin activation. Since the rates of prothrombin activation
by the venom activator varied at different calcium concentrations, we first
determined the calcium-dependence of the reaction by measuring
prothrombin activation at different CaCl2 concentrations at a constant
amount of purified snake venom activator and prothrombin. Activation of
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prothrombin was followed by measuring the generation of amidolytic activity
towards the chromogenic substrate S2238. The venom activator from
6of/7fops neuiv/'ed/ did not have an absolute requirement for added calcium
ions (Figure 8). In the absence of calcium prothrombin, activation occurred
at 63% of the rate observed at optimal calcium concentration (2 mM).
Significant inhibition was observed at higher calcium concentrations.
Lineweaver-Burk plots of venom-catalyzed prothrombin activation were
determined at 2 and 25 mM CaCl2 (Figure 9). At 2 mM CaCl2, a Km of
38 nM and a Vmax of 120 u.mol of prothrombin activated per min per mg
venom were determined from the Lineweaver-Burk plot. Assuming a
molecular weight of 60,000, this corresponds to a turnover number (kcat) of
120 s -1 (i.e., mol prothrombin activated per s per mol of venom activator). In
the presence of 25 mM CaCl2, there was an increase in the Km (103 u.M),
while the Vmax was hardly affected (133 u.mol of prothrombin activated per
min per mg venom).

10 20 30 40

Figure 8. Calcium dependence of prothrombin activiation by the purified venom
activator. 1 |iM prothrombin was incubated at 37°C in a buffer containing 50 mM Tris-
HCI (pH 7.9), 175 mM NaCI, 0.5 mg/ml human serum albumin with varying amounts of
CaCl2. Activation was started by addition of purified venom activator (0.41 ng/ml) in the
same buffer. Prothrombin activation was determined by measuring the arnidolytic activity
generated after 2 and 4 min of incubation. Prothrombin activation without CaCl2 was
measured in the presence of 0.75 mM EDTA and was determined after 1 and 2 min
reaction time. Rates of prothrombin activation were calculated as described in
Experimental Procedures.
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Figure 9. Lineweaver-Burk plots of prothrombin activation by the purified venom
activator from Bofhrops neuw/ed/. Prothrombin activation at varying concentrations of
prothrombin was determined at 37°C in 0.25 ml of a reaction mixture containing 50 mM
Tris-HCI (pH 7.9), 175 mM NaCI, 0.5 mg/ ml human serum albumin 0.16 ng/ml purified
venom activator and 2 mM CaCl2 (•) or 25 mM CaCl2 (A). Prothrombin activation was
started by additron of purified venom activator. After 2 and 4 min, samples were taken
and the amounts of prothrombin activated were determined by measuring the amidolytic
activity generated. Rates of prothrombin activation were calculated as described in
Experimental Procedures. The Lineweaver-Burk plots were drawn after statistical
analysis of the data according to Eisenthal and Cornish-Bowden [23].

The decrease in the rate of venom-catalyzed prothrombin activation at
higher CaCl2 concentrations is, therefore, likely due to the fact that the
affinity of the venom activator for prothrombin decreases at increasing
CaCl2 concentrations.

The effect of proteinase inhibitors on the prothrombin-converting acti-
vity of the purified venom activator from Bof/irops newv/ed/

Table 3 summarizes the effects of a large number of proteinase inhibitors on
the catalytic activity of the purified prothrombin activator from the venom of
Bof/iops neuw/ed/. The prothrombin-converting activity of the venom activa-
tor was not affected by incubation of the activator with high concentrations of
soy-bean trypsin inhibitor, PMSF, dansyl-Glu-Gly-Arg-CH2CI, Pro-Phe-Arg-
CH2CI, iodoacetamide or A/-ethylmaleimide. Venom-catalyzed prothrombin
activation was also not inhibited by benzamidine at concentrations up to
10 mM. The sulfhydryl reagent, 2-mercaptoethanol, had a minor effect on the
catalytic activity of the venom activator. At high concentrations of
mercaptoethanol ( more than 10 mM ) significant inhibition occurred. Metal-
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Table 3. Effect of various inhibitors on prothrombin activation by the purified venom
activator

Inhibitor Relative
rate (%)

None 100
EDTA(0.1 mM) 21
EDTA (0.2 mM)
EGTA(O.imM) 45
EGTA (0.5 mM) 30
o-Phenanthroline (0.1 mM) 85
o-Phenanthroline (0.25 mM) 50
o-Phenanthroline (0.5 mM) 16
Benzamidine (10 mM) 93

PMSF(10mM) 102
Dansyl-Glu-Gly-Arg-CH2CI (2.5 u.M) " 95
Pro-Phe-Arg-CH2CI (6 u.M) 92
Soy-bean trypsin inhibitor (0.5 mg/ml) 94
2-Mercaptoethanol (1 mM) 100
2-Mercaptoethanol (2 mM) 88
2-Mercaptoethanol (10 mM) 71
2-Mercaptoethanol (25 mM) 68
/V-Ethylmaleimide (10 mM) 96
lodoacetamide (10 mM) 94

The purified prothrombin activator from the venom of Bofhrops neuvw'ed/ (205 ng/ ml)
was preincubated at 37°C in a total volume of 200 nl containing 50 mM Tris-HCI (pH 7.9),
175 mM NaCI, 0.5 mg/ ml human serum albumin, and amounts of inhibitor indicated in
the table. After 10 min, 10 nl of this mixture was transferred to 240 (il of a prothrombin
activation mixture (37°C) containing 50 mM Tris-HCI (pH 7.9),175 mM NaCI, 0.5 mg/ml
human serum albumin, 0.5 uM prothrombin, and 2 mM CaCl2- To determine the effects
of the chelating agents, 0.25 mM EDTA instead of 2 mM CaCl2 was present in the
prothrombin activation mixture. The reason for this is that the prothrombin-converting
activity of the chelator-treated venom activator restored during a prothrombin-activation
measurement when calcium is present. Prothrombin activation was determined by
measuring the amidolytic activity generated after 0.5, 1 and 2 min. With Pro-Phe-Arg-
CH2CI (an irreversible inhibitor of thrombin), the rate of prothrombin activation was
corrected for a minor inhibitory effect of Pro-Phe-Arg-CH2CI on the meizothrombin that is
formed as product of prothrombin activation. In the case of inhibition by benzamidine, the
inhibitor was present in the prothrombin activation mixture. 100% velocity was
determined by adding buffer instead of inhibitor to the venom activator in the
preincubation mixture. Rates of prothrombin activation were determined as described in
the Experimental Procedures.
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chelating agents readily inhibited the prothrombin-converting activity of the
venom activator. Incubation of venom activator with low concentrations of
EDTA caused a rapid loss of the ability of the venom protein to activate
prothrombin. EGTA and o-phenanthroline were somewhat less effective than
EDTA, although prolonged incubation with these chelating agents also
resulted in complete inactivation of the venom activator (data not shown). ?

The prothrombin-converting activity of chelator-treated venom activator
could be restored by the addition of excess CaCl2- A chelator-treated venom
activator preparation (preincubated 20 min with 0.1 mM EDTA) with no
detectable prothrombin-converting activity regained 40% of its native activity
after 20 min incubation in the presence of 2 mM CaCl2. Other divalent
cations were not (Hg2+, Mg2+, Cd2+ Ni2+ Mn2+ Cu2+ and Co2+) or less
(Zn2+, Ba2+ and Sr2+) effective in restoring the activity of the EDTA-treated
venom activator. After prolonged incubation of the venom activator with high
concentrations of EDTA, the prothrombin-converting activity could not be
restored anymore with divalent cations. This indicates that the reaction
sequence of chelator-induced inactivation of the venom activator is best
described by

chelator

E- Me -> E -> E *

in which E - Me is active prothrombin activator, E is non-active venom
activator whose prothrombin converting activity can be restored by divalent
cations and E * is inactive activator whose activity cannot be restored by
divalent cations.

Discussion

In this paper, we have described the purification and the structural and
functional characterization of a prothrombin activator from the venom of
Botorops neuw/'eaf/. The venom activator from Boffrrops neuw/eaf/ /s a single-
chain protein with an apparent molecular weight of 60,000. It readily
activates prothrombin in a reaction that is not affected by the presence of
phospholipids and factor Va, the non-enzymatic cofactors of the
prothrombinase complex. Gel electrophoretic analysis of venom-catalyzed
prothrombin activation shows that the venom activator can only cleave the
Arg323-He324 bond of bovine prothrombin, since meizothrombin (and
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meizothrombin des fragment 1) are the only products visible on a gel. The
presence of meizothrombin des fragment 1 likely resulted from autocatalytic
cleavage of the Argi56-Seri57 bond in meizothrombin producing fragment 1
and meizothrombin des fragment 1.

The catalytic efficiency of prothrombin activation by the venom activator is
rather high. From the kinetic parameters, a kcat / Km of 3.2.10 6 |vH .s -1
can be calculated. Especially the kcat of venom-catalyzed prothrombin
activation is high. The calculated value of 120 s.-i even exceeds the kcat
value reported for prothrombin activation by the complete prothrombinase
complex (factor Xa, factor Va, Ca2+, phospholipid) which is 35 s-1 [10] or
the kcat of prothrombin activation by the venom activator from Ec/7/s
carinafus which is reported to be 5 s '"• [24].

The venom activator is neither inhibited by the serine proteinase inhibitors
benzamidine, soybean trypsin inhibitor, PMSF and the chloromethyl ketones,
Dansyl-Glu-Gly-Arg-CH2CI and Pro-Phe-Arg-ChteCI, nor by thiol proteinase
inhibitors such as /V-ethylmaleimide and iodoacetamide. However, the
Bof/irops activator rapidly loses its ability to activate prothrombin when it is
incubated with metal-chelating agents such as EDTA, EGTA and o-phenan-
throline. These results indicate that the venom prothrombin activator from
Bofftrops neuw/ecf/ likely belongs to the metalloproteinases. Prothrombin-
converting activity of chelator-treated enzyme can be regained upon
incubation in the presence of excess CaCl2-

The structural and functional properties of this venom activator
considerably differ from those of factor Xa and from the factor Xa-like
prothrombin activators present in the venoms of A/otec/7/s scutafi/s [25] and
Oxyuranus scute//afus [26]. However, the Bof/irops activator strongly
resembles the prothrombin activators present in the venoms of Eĉ 7/s
carinafus [24,27] and D/sp/io//dus fypus [28,29]. These venom activators are
also single-chains proteins with apparent molecular weights of about Mr
60,000 [24-29] that convert prothrombin into meizothrombin [24] in a reaction
that is not affected by phospholipids and factor Va. Morita et al. [24] reported
that the venom activator from Ec/?/s cannafus was also strongly inhibited by
chelating agents. In their case, inhibition could not be reversed with excess
calcium ions, which means that there are some minor differences between
the Ecft/s and Bofftrops prothrombin activators.
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Chapter 4

Purification and Properties of
a Prothrombin Activator

from the Venom of
an Australian Elapid Snake,
A/otec/7/s sct/fafi/s sct/faft/s



Summary ^

The prothrombin activator present in the venom of the mainland tiger snake
(/Vofec/7/s scufafivs scufarusj was purified to homogeneity by gel
chromatography on Sephadex G-200 followed by ion-exchange
chromatography on SP-Sephadex. The venom activator has an apparent
molecular weight of 54,000. It consists of a heavy chain (Mr 32,000) and a
light chain (Mr 23,000) held together by one or more disulfide bridges. The
active site is located at the heavy chain region of the molecule. The venom
activator contains 8 7-carboxyglutamic acid residues/molecule. Gel
electrophoretic analysis of prothrombin activation indicates that the venom
activator is capable of cleaving both the Arg274-Thr275 and Arg323-He324
bonds of bovine prothrombin. The order of bond cleavage appears to be
random since prethrombin 2 and meizothrombin occur as intermediates
during prothrombin activation. Prothrombin activation by the venom activator
alone is very slow. This is explained by the unfavorable kinetic parameters
for the reaction (Km for prothrombin = 105 |iM, Vmax = 0.0025 nmol of
prothrombin activated per min/|xg of venom activator). Phospholipids plus
Ca2+ and Factor Va greatly stimulate venom-catalyzed prothrombin
activation. In the presence of 50 |iM phospholipid vesicles composed of 20
mol % phosphatidylserine and 80 mol % phosphatidylcholine, the Km drops
to 0.2 |iM, whereas there is hardly any effect on the Vmax- Factor Va causes
a 3,500-fold increase of the Vmax (8.35 nmol of prothrombin activated per
min/|jg of venom activator) and a 10-fold decrease of the Km (9-5 ^M). The
most favorable kinetic parameters are observed in the presence of both
50 |aM phospholipid and Factor Va (Km = 0.16 nM, Vmax = 27.9 nmol of
prothrombin activated per min/|jg of venom activator). These changes of the
kinetic parameters explain the stimulatory effects of Factor Va and
phospholipid on venom-catalyzed prothrombin activation. The venom
activator slowly converts the Factor Xa specific chromogenic substrates
CH3SO2-D-leucyl-glycyl-L-arginine-p-nitroanilide and /V-benzoyl-L-isoleucyl
-L-glutamyl-(piperidyl)-glycyl-L-arginyl-p-nitroanilide hydrochloride. Factor
Va causes a 7-fold stimulation of chromogenic substrate conversion by the
venom activator. This stimulation appears to be the result of the formation of
a tight 1:1 complex between the venom activator and Factor Va.
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Introduction ^i

One of the central reactions in blood coagulation is the activation of the
zymogen prothrombin into the active serine protease thrombin. Under
physiological conditions prothrombin activation is catalyzed by activated
Factor X (Xa). In order to achieve sufficiently high rates of prothrombin
activation /n wVo, the so-called accessory components Ca2+, phospholipid,
and the protein cofactor Factor Va have to be present. In recent years much
has been learned about the function of these accessory components in
prothrombin activation. Phospholipids stimulate prothrombin activation by
lowering the Km for prothrombin to levels below the plasma concentration
[1]. The role of Factor Va appears to be 3-fold: (a) Factor Va enhances the
kcat of prothrombin activation about 1000-fold [1,2], (b) it promotes the
binding of Factor Xa, to phospholipids [2,3], and (c) it causes a decrease in
the Km for prothrombin, which is most apparent when phospholipids are
used that have a low affinity for prothrombin [4,5]. The precise mechanisms
by which these changes in kinetic parameters are brought about remain,
however, to be established.

Many snake venoms have been described that contain strong
procoagulants. In those cases where the proteases responsible for the
procoagulant activity are purified, they can be very useful tools in studies on
the mechanism of individual coagulation reactions. It has been reported [6]
that the venom of the mainland tiger snake (7Vofec/7/s scufafus scufafusj
contains a strong procoagulant, the action of which can be attributed to
prothrombin activation. Since the venom activity on prothrombin is greatly
stimulated by the presence of phospholipid and Factor Va this activator can
be very useful in the further elucidation of the mechanism of action of
accessory components in prothrombin activation.

In this chapter we report the purification and characterization of the
prothrombin activator present in the venom of A/ofec/i/s scufafus scufafus.
The enzymatic properties of the venom activator were studied by
determining the effects of phospholipids and Factor Va on the kinetic
parameters and on the peptide bond cleavage pattern of venom-catalyzed
prothrombin activation.

Experimental procedures

• fteagenfs. Lyophilized crude venoms from A/otec/7/s scufafus scurafus, Russel's
viper as well as benzamidine-HCI, diisopropyl fluorophosphate (DFP), ovalbumin,
human serum albumin (fatty acid free), bovine serum albumin (grade V), soybean
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trypsin inhibitor and i^-dioleoyl-sn-glycero-S-phosphocholine (PC) were obtained
from Sigma. S2238, S2337 and 12581 were purchased from AB Kabi Diagnostica
and p-NPGB was from Nutritional Biochemicals. CBS 31.39 was obtained from
Diagnostica Stago, Paris, France. Dansyl-GGACK was from Calbiochem-Behring.
DEAE-Sephadex A-50, QAE Sephadex A-50, SP-Sephadex C-50, Sephadex G-
100, G-200 and CNBr activated Sepharose-4B were purchased from Pharmacia.
Soybean trypsin inhibitor, bovine Factor X and antibodies against bovine Factor X
were coupled to CNBr-activated Sepharose 4B according to the manufacturers
instructions. All reagents used were of the highest grade commercially available.
• Profe/ns. Bovine prothrombin was purified according the method of Owen et al.
[7], thrombin was purified as described earlier [1] and bovine Factor X was
purified as described by Fujikawa et al. [8]. Factor Xa was prepared from Factor X
that was activated with RW-X [9]. Factor V and Factor Va were obtained as
described by Lindhout et al. [3]. The protein preparations were stored at -80°C in
50 mM Tris-HCI, 175 mM NaCI, 0.5 mg/ml human serum albumin (pH 7.9) Factor
Va was stored in the same buffer containing 5 mM CaCl2.
Rabbit antibodies against bovine factor X were immunopurified on Factor X-
Sepharose and dialysed against 50 mM Tris (pH 7.9) and 175 mM NaCI.
- Profe/'n concenfraf/ons. The molar concentration of thrombin was determined
by active site titration with p-NPGB according to Chase and Shaw [10].
Prothrombin concentrations were determined by the same method after complete
activation with Ec/i/s car/narus venom. Factor Xa concentrations were determined
by active site titration [11]. The concentration of Factor Va was determined by
kinetic analysis [3]. The concentration of purified activator from /Vofecrt/s scurafus
scufafus was calculated from a protein determination according to Lowry et al.
[12] using bovine serum albumin as a standard and assuming a molecular weight
of 54,000 for the venom activator (see results).
• P/7Osp/)o//p/d and p/7osp/7O//p/d vesc/es preparations. Single bilayer
phospholipid vesicles were prepared by sonication of mixtures of 20 mole% 1,2-
dioleoyl-sn-glycero-3-phosphoserine (PS) and 80 mole% 1,2-dioleoyl-sn-glycero-
3-phosphocholine (PC) as described before [1]. Phospholipid concentrations were
determined by phosphate analysis [13].
- Assay system for measurements of profnromo/n acf/Vaf/on. Unless
otherwise indicated prothrombin activation by /Vofecft/s scufafus scufafus was
followed by measuring the generation of amidolytic activity towards the
chromogenic substrate S2238. Appropriate dilutions of the venom activator were
preincubated for 5 min in a buffer containing 50 mM Tris-HCI (pH 7.9), 175 mM
NaCI and 0.5 mg/ml human serum albumin at 37°C. When Factor Va,
phospholipid vesicles (20%PS/80%PC) or CaCl2 were present these were
included in the preincubation mixture. Activation was started with the addition of
prothrombin (prewarmed at 37°C) in the same buffer. After different time intervals
samples were withdrawn and transferred to disposable cuvettes (1 cm pathlength)
containing the thrombin specific substrate S2238. The final volume in the cuvettes
was 1 ml of 50 mM Tris (pH 7.9), 175 mM NaCI, 20 mM EDTA, 0.5 mg/ml ovalbu-
min and 235 uM S2238. Further prothrombin activation in the cuvette is prevented
by dilution and by the presence of EDTA. The amidolytic activity in the samples
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was determined by measuring the absorbance change on a SLM-Aminco DW2-C
spectrophotometer set in the dual wavelength mode at 405-500 nm. From a
calibration curve made with known amounts of active site-titrated thrombin the
amounts of activated prothrombin in the reaction mixture could be determined and
from these the rates of prothrombin activation were calculated. Further
experimental details are given in the legends to the figures.
• Procoagu/anf assay for f/iro/nWn formaf/on. In some experiments the
amount of thrombin formed during prothrombin activation was also determined in
a clotting assay. Thrombin containing samples (50 (il) from prothrombin activation
mixtures were transferred to glass tubes containing 300 ul fibrinogen (3 mg/ml in
50 mM Tris, 175 mM NaCI, pH 7.9) and 50 ul CaCl2 (80 mM). The clotting time
was measured and from a reference curve made with known amounts of active
site-titrated thrombin the molar thrombin concentration present in the reaction
mixture was calculated.

Results and Discussion

Purification and characterization of the prothrombin activator from
Wotec/7/s scufafus scufafus

The prothrombin activator from /votecAws scirtafus scufafus was purified from
the crude venom by gel filtration on Sephadex G-200 (Figure 1) followed by
SP-Sephadex ion-exchange chromatography. The fractions from the G-200
column containing the prothrombin activator were pooled and after dialysis
applied to a SP-sephadex column (2.2 x 30 cm) in 25 mM Mes (pH 6.5),
10 mM benzamidine at a flow rate of 15 ml/hr at 4°C. The activator adhered
to the resin and was eluted with a linear gradient of (2 x 250 ml) with starting

Table 1. Purification of the prothrombin activator of A/otech/s scufafus scufafus
venom

Total protein Specific Activity Recovery
( mg ) ( nmoles prothrombin (%)

activated /min /ug venom)

Crude venom 100 1.5 100
Sephadex G-200 7 12.9 60
SP-Sephadex 1.2 26.0 20

Total protein was determined according to Lowry et al. [12] using bovine serum albumin
as a standard. Prothrombin activation was determined as described in the legend to
Figure 1.
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Figure 1. Sephadex G-200 elution profile of Nofech/s scufafus scufafus venom.
Crude venom (100 mg) was dissolved in 4 ml 50 mM Tris (pH 7.6), 500 mM NaCI and 10
mM benzamidine and applied to a Sephadex G-200 column (3.3 x 90 cm) equilibrated
with the same buffer at a flow rate of 15 ml/hr at 4°C. Protein elution was determined by
monitoring the column at 280 nm. The eluted fractions were tested for their ability to
activate prothrombin (•) at 37°C in an activation mixture containing 50 mM Tris (pH 7.9),
175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml HSA, 0.4 nM prothrombin, 5 nM Factor Va, 50 ^M
phospholipids (20% PS/80% PC) and appropriate dilutions of column fractions. The
activation of prothrombin in these reaction mixtures was followed by measuring the
generation of amidolytic activity as described in the experimental procedures. The
prothrombin-converting activity was expressed relative to the peak fraction which was
taken as 100%.

buffer in the front chamber and the same buffer containing 250 mM NaCI in
the distal chamber. The activator eluted in a single peak at about 140 mM
NaCI. Benzamidine was present in the purification to avoid the appearance
of degradation products in the final material. The overall purification was
about 17-fold with a 20% yield (Table 1). From the gain in specific activity it
can be calculated that the activator comprises about 6% of the crude venom.

Figure 2 shows that the protein obtained was homogeneous as judged by
sodium dodecyl sulfate-gel electrophoresis. The nonreduced material
showed a single band at approximately Mr 54,000. This molecular weight
was confirmed by gel permeation chromatography on Sephadex G-200.
Upon reduction a heavy and a light chain of about Mr 32,000 and Mr 23,000
were seen, and we conclude that the purified protein consists of two
polypeptide chains held together by one or more disulfide bonds. The
purified activator could be completely inhibited with dansyl-GGACK, a
chloromethyl ketone inhibitor that specifically alkylates the histidine of the
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catalytic triad of Factor Xa-like enzymes [15]. Gels of the chloromethyl
ketone-inhibited venom activator showed that the fluorescent label co-
migrated with the heavy chain of the protease, demonstrating that the active
site is located on the heavy chain region of the molecule.

94.000

6 7000

4 3.0 0 0

3 0.0 0 0

2 0.1 0 0

14.4 0 0

• S H • 8 H

Figure 2. Polyacrylamide gel electrophoresis of purified and active site-labeled
prothrombin activator from the venom of /Vofech/s scutefus scufafus. Active site-
labeled activator was obtained by incubation of 1 ml of activator (50 ng) with 10 nM
dansyl-GGACK at 37°C for 10 min. Excess inhibitor was removed by extensive dialysis.
Gel electrophoresis of 8 ng of activator (lanes 2 and 3) and active site-labeled activator
(lanes 4 and 5) was carried out on 10% gels in the presence of sodium dodecyl sulfate
according to Laemmli [14].
5% p-mercaptoethanol was present in reduced samples (+SH). The gels containing
activator were stained with Coomassie Brilliant Blue R-250, and the gels containing the
active site-labeled activator were photographed under UV light using a yellow filter (cutoff
40 nm). Lane 1 shows a gel containing molecular weight markers.

Discontinuous gel electrophoresis under nondenaturing conditions showed
multiple bands migrating close together toward the anode (Figure 3). From a
similar gel, slices were made from which the prothrombin activator could be
eluted with a recovery of approximately 70%. The elution pattern (Figure 3)
shows that the venom activator co-migrated with the bands of the stained
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gel. Therefore, the prothrombin activator and the protein visible on the
stained gels are one and the same.

H '
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O

X >
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®

ti
Figure 3. Gel elution profile of the purified prothrombin activator. Discontinuous
gelelectrophoresis under non-denaturating conditions (in the absence of SDS) was
performed on 7% acrylamide gels according to Davis [16]. 9 ng activator was applied to
the gels and electrophoresis was performed from cathode towards anode. One gel was
stained for protein with 0.05% amidoblack and another gel was cut in 5 mm slices.
Protein was eluted from the slices by incubation with 0.5 ml 50 mM Tris (pH 7.9), 175 mM
NaCI, 5 mM CaCl2 and 0.5 mg/ml human serum albumin and shaking for 48 hr at 4°C.
The eluate was then diluted 1000-fold and 10 pi was added to 190 nl of the same buffer
containing 0.4 nM prothrombin, 5 nM Factor Va and 50 nM phospholipids (20% PS/80%
PC) at 37°C. The rate of prothrombin activation in the reaction mixtures (expressed in
arbitrary units) was calculated from the generation of amidolytic activity as described in
the experimental procedures.

Since prothrombin activation by the venom of A/ofecft/s scufafus scufafus /s
stimulated by phospholipids, we investigated whether the purified venom
activator contains 7-carboxyglutamic acid (Gla) residues. Gla residues are
carboxylated glutamic acid residues present in the peptide chains of vitamin
K-dependent coagulation factors (e.g prothrombin and Factor X) which are
responsible for Ca2+-dependent binding of these proteins to negatively
charged phospholipid surfaces. In Table 2 it is shown that the purified
activator from A/ofech/s scufafus scufafus contained approximately 8 Gla
residues/molecule of protein. These Gla residues were not detectable in an
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acid hydrolysate of the activator. This actually identifies the peak in the
chromatogram of a basic hydrolysate as Gla, since upon acid hydrolysis Gla
is decarboxylated and converted into glutamic acid [17]. The validity of the
Gla determination is shown by the fact that prothrombin, Factor X, and
prothrombin activation fragments gave Gla values in agreement with the
literature [19,20]. To our knowledge, this is the first report that a snake
species is capable of modifying glutamic acid into Gla in a blood coagulation
factor activator present in its venom.

Table 2. Values for the y-carboxyglutamic acid content of the purified prothrombin
activator from A/otec/r/s scufafus scufafus, prothrombin, Factor X, and prothrombin
activation products

Protein

Venom activator
Prothrombin
Factor X
Prothrombin fragment 1
Prethrombin 1

Gla content
%

2.0 + 0.5
1.7 ±0.4
2.4±0.5
5.311.4

0

Gla/protein
mol/mol

8 1 2
1 0 1 2
11 ± 3
8 1 2

0

The Gla content was determined by high performance liquid chromatography according
to the method of Kuwada and Katayama [18].

The effect of various inhibitors on the activation of prothrombin by A/ofec/7/s
scufafus scufafus and by Factor Xa is compared in Table 3. The venom
activator likely belongs to the class of serine proteases since it is inhibited
by diisopropyl fluorophosphate. The reversible competitive inhibitor
benzamidine caused similar inhibition of both the venom and Factor Xa. The
venom activator could be completely inhibited with the active site-directed
chloromethyl ketone dansyl-GGACK although the rate of inhibition was
about 10-fold less than that for Factor Xa. Soybean trypsin inhibitor was 400-
fold more effective in inhibiting bovine Factor Xa than the /Vofech/s scufafus
scufafus activator. Immunopurified rabbit anti-bovine Factor X antibodies
completely blocked prothrombin activation by Factor Xa but had no effect on
the activation by the A/ofec/i/s scufafus scufafus activator. Moreover,
passage of our prothrombin and purified venom activator preparations over
anti-bovine Factor X coupled to Sepharose did not affect the rates of venom-
catalyzed prothrombin activation. Therefore, it can be concluded that the
activation of prothrombin by A/ofech/s scufafus scufafus venom must be
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completely attributed to the activator, and we rule out the possibility that
prothrombin activation in our experiments may be catalyzed by Factor Xa
formed from trace amounts of Factor X that might be present in our
prothrombin preparations.

Table 3. Effect of various inhibitors on prothrombin activation by Factor Xa and the
venom activator from Wotec/7/s scufafus scufafus

Inhibitor

none
Benzamidine
Dansyl-GGACK
DFP
STI
STI
Anti-bovine Factor X

(2mM)
(0.1 u.M;10min, 0°C)
(50 mM; 60 min)

(80 ng/ml; 10 min)
(80 pg/ml; 10 min)
(10 ng/ml; 5 min)

Relative
Factor Xa

100
49.9

3.7
68.3
46.7

0.3
5.9

Rate (%)
Venom

100
33.5
21.5
73.5
98.2
32.3
100

Factor Xa (3.5 ng/ml) or the purified activator from the venom of /Vofec/7/s scufafus
scute/us (12.5 ng/ml) were preincubated at 37°C in a total volume of 100 nl containing
200 mM Tris (pH 7.9), 175 mM NaCI, 0.5 mg/ml HSA and amounts of inhibitor as
indicated. With the Dansyl-GGACK the preincubation was carried out on ice. After the
time intervals indicated the remaining enzyme activity was determined by transferring 10
Hi of this mixture to 490 nl of a prothrombin activation mixture (37°C) containing 50 mM
Tris (pH 7.9), 175 mM NaCI, 0.5 mg/ml HSA, 5 mM CaCl2, 0.4 ^M prothrombin, 5 nM
Factor Va and 50 nM phospholipid. To determine the effect of the reversible inhibitor
benzamidine 10 nl Factor Xa (3.5 ng/ml) or venom (12.5 ng/ml) were added directly to a
prothrombin activation mixture containing 2 mM benzamidine. The rate of prothrombin
activation was calculated from the generation of amidolytic activity as described in the
experimental procedures.

Venom-catalyzed prothrombin activation

To facilitate interpretation and discussion of the data on prothrombin
activation, a schematic diagram of the prothrombin molecule and its
activation is given in Figure 4. Two cleavages are necessary to convert
prothrombin into thrombin and these are at Arg274-Thr275 (site 1) and at
Arg323-lle324 (site 2). Both sites are available for proteolytic cleavage and,
depending upon the order of bond cleavage, two possible pathways of
activation exist. Thus, prothrombin activation by the venom of Ecrt/'s
cannafus leads to meizothrombin formation (pathway A, Ref. [21] ). Factor
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MEIZOTHROMBIN
FRAGMENT 1 PRETHROMBIN 1

FRAGMENT 1.2 PRETHROMBIN 2

Figure 4. Peptide bonds in bovine prothrombin susceptible to proteoiytic cleavage.

Xa-dependent prothrombin activation presumably occurs via pathway B,
since only prethrombin 2 has been observed as intermediate [7]. Cleavage
at site 2 results in the exposure of the active site since both meizothrombin
and thrombin have proteolytic activity, whereas prethrombin 2 does not.
Thrombin and meizothrombin have the same activity toward the
chromogenic substrate S2238 but meizothrombin has a much lower activity
toward fibrinogen than thrombin [22]. Thus, one can discriminate between
the formation of thrombin and meizothrombin by comparing the generation of
amidolytic and clotting activity.

Figure 5A shows that, upon activation of prothrombin with the purified
venom activator, amidolytic activity was generated much faster than clotting
activity. This indicates that during the activation process meizothrombin is
formed in excess of thrombin. Meizothrombin is also the main product in the
presence of phospholipid, Ca2+, and Factor Va since under these conditions
as well a considerable difference between the generation of amidolytic and
clotting activity was observed (Figure 5B).

The formation of meizothrombin during prothrombin cleavage by the
venom activator was confirmed in experiments in which we followed the
peptide bond cleavage pattern during prothrombin activation by sodium
dodecyl sulfate-gel electrophoresis.
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Figure 5. Generation of amidiolytic and clotting activity during prothrombin
activation by the purified activatior from the venom of A/otec/i/s scufafus scufafus.
Prothrombin was activated by the purified Activator from /VotecAw's sa/fafus scutetos in a
buffer containing 50 mM Tris (pH 7.9), 175 mM NaCI and 5 mM CaCl2 either in the
absence (A) or presence (B) of phospholipid and Factor Va. The amidolytic (A) and
clotting activity (•) were measured as described in the experimental procedures.
A: 20 nM prothrombin, 1.22 ng/ml purified venom activator.
B: 1 |iM prothrombin, 0.27 ng/ml purified venom activator, 50 (iM phospholipid

(20% PS/80% PC) and 5 nM «actor Va.

Figure 6 shows the time course of prothrombin cleavage by purified venom

in the presence of phospholipid, Ca2+, and Factor Va. The activation

products generated during the time course of prothrombin conversion by the

venom activator are indicated in the figured

On the nonreduced gel, thrombin and minor amounts of prethrombin 2 are

seen (the dark stained activation band is mainly thrombin, since fragment

1.2 stains rather poorly). This indicates that like Factor Xa, the venom

activator can cleave both the peptide bonds at site 1 and site 2 in the

prothrombin molecule (cf. Figure 4). However, there is an important

difference between prothrombin activation by Factor Xa and the purified

venom activator. During prothrombin activation by Factor Xa there is no

' A complicating factor in the analysis of gel cleavage patterns of prothrombin activation
is that the product of the reaction (thrombin) can cleave prothrombin at a third site (site 3
in Figure 4), giving rise to fragment 1 and prethrombin 1 [23]. Therefore, the reversible
thrombin inhibitor 12581 was present in the activation mixture to avoid appearance of
fragment 1 and prethrombin 1 by feedback proteolysis of thrombin on prothrombin or its
activation products. The presence of this inhibitor only slightly inhibited prothrombin
activation by the purified venom activator.
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detectable meizothrombin formation, whereas careful comparison of the
nonreduced and reduced gels obtained during venom-catalyzed prothrombin
activation indicates that substantial amounts of meizothrombin are formed.
Meizothrombin (cf. Figure 4) co-migrates with prothrombin on nonreduced
gels, whereas on reduced gels it produces two protein bands (prothrombin
fragment 1.2 covalently linked to the A chain of thrombin and the B chain of
thrombin). The considerable decrease of intensity of the prothrombin band
observed upon reduction and the concomitant increase of the B chain band
of thrombin is indicative of meizothrombin formation in this experiment.

O — » » • - — — PT

" - P T I

—PTt F 1.2

„ . . , PT2

0 5 10 20 30 4 5 60 90120 165 210 0 5 10 20 30 45 60 90 120165 210

INCUBATION T IME ( m i n ) - I N C U B A T I O N TIME ( m i n )

Figure 6. Gel electrophoretic analysis of prothrombin cleavage by the purified
venom activator in the presence of phospholipids and Factor Va. Purified venom
activator was incubated at 37°C with Factor Va and phospholipids (20% PS/80% PC) in
a buffer containing 50 mM Tris (pH 7.9), 175 mM NaCI, 5 mM CaCl2, and 200 nM I 2581.
After 5 min, the reaction was started with the addition of prothrombin prewarmed at 37°C
in the same buffer. The final concentrations reached were: 8.5 ng/ml activator, 5 nM
Factor Va, 50 nM phospholipid, 3 nM prothrombin, and 5 mM CaCl2- At the time intervals
indicated, 50 |il samples were withdrawn for gel electrophoresis in the presence of
sodium-dodecyl sulfate on 10% slab gels according to Laemmli [14]. After gel
electrophoresis, the gels were stained for protein with Coomassie Brilliant Blue R-250.
The lanes at the far right contain a reference mixture of purified prothrombin (3 ng),
prethrombin 1 (4 ng), and fragment 1 (2 ng). The identification of the band pattern is
shown. PT, prothrombin; PT1, prethrombin 1; F1.2, fragment 1.2; T, thrombin; PT2,
prethrombin 2; Tt>, B chain of thrombin; F1, fragment 1. A, nonreduced samples; B,
samples reduced with 5% p -mercaptoethanol.

The purified venom activator was also capable of cleaving prothrombin in
the absence of accessory components. In this case as well, meizothrombin,
thrombin, and prethrombin 2 were observed during prothrombin activation.
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Under these conditions, however, prethrombin 2 is formed in large excess of
thrombin and meizothrombin (gels not shown).

Kinetic parameters of prothrombin activation by the purified activator

The relative rate of prothrombin activation by the /Vofecri/s scutefus scufaftvs
activator is stimulated enormously by the presence of phospholipids plus
Ca2+ and Factor Va (Table 4)To gain more insight in the mechanism by
which these rate enhancements are brought about, we determined the effect
of accessory components on the kinetic parameters of venom-catalyzed
prothrombin activation at optimal amounts of CaCl2 and Factor Va.
Prothrombin activation was followed by generation of amidolytic activity
versus the chromogenic substrate S2238. That means that in these
experiments the conversion of prothrombin into thrombin as well as
meizothrombin was measured. It was verified that rates of prothrombin
activation both in the presence and absence of the accessory components
were linear with time and proportional to the amount of enzyme present.
Overall Michaelis-Menten kinetics were observed, and the kinetic
parameters (Km for prothrombin and Vmax) were obtained from Lineweaver-
Burk plots.

Table 4. Effect of phospholipid, Ca2+, and Factor Va on the rate of prothrombin ac-
tivation by the activator from the venom of /Votech/s scufafus scufafus

Activator

Venom
Venom, Ca2+
Venom, Ca2+,
Venom, Ca2+,
Venom, Ca2+,

PL
Va
PL, Va

V

pmol prothrombin
activated /min /ug venom

0.0089
0.0134

8.72
1268

26376

Relative
rate

1
1.5

9.8x102
1.4x10$
3.0x106

Prothrombin activation was determined as follows. Purified activator in appropriate
dilutions was incubated at 37°C in 300 nl of 50 mM Tris (pH 7.9), 175 mM NaCI, which
when indicated in the table also contained 6.7 mM CaCl2 and/or 6.7 nM Factor Va and/or
67 nM phospholipid (PL) (20% PS/80% PC). After 5 min, the reaction was started with
the addition of 100 nl of prothrombin (4 ^M, prewarmed at 37°C). Final concentrations
reached in the reaction mixture were 1 jiM prothrombin and when present, 5 mM CaCl2
and/or 5 nM Factor Va and/or 50 nM phospholipid. The experiment in which prothrombin
was activated by the venom activator alone was carried out in the presence of 5 mM
EDTA. The rate of prothrombin activation was calculated from the generation of
amidolytic activity as described under "Experimental Procedures."
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The kinetic parameters for prothrombin activation by the purified activator
in the absence and presence of accessory components are summarized in
Table 5. In the absence of components, the purified activator was a poor
enzyme, as judged by the very high Km for prothrombin (105 u.M) and a low
Vmax- The presence of 50 u,M phospholipid caused a 500-fold decrease of
the Km (0.2 u.M), whereas Vmax was hardly affected. Factor Va increased
the Vmax approximately 3500-fold and caused a 10-fold decrease in the Km-
In the presence of both factor Va and phospholipid, the kinetic parameters
were the most favorable (Km = 0.16 |iM, and Vmax 27.9 nmol of prothrombin
activated per min/u,g of venom activator).

Table 5. Kinetic parameters of prothrombin activation by the purified prothrombin
activator from the venom of Atofec/7/s scufafus scufafus

Prothrombin [Venom]
activator

nM

Venom, Ca2+ 27.2
Venom, Ca2+, PL 6.8
Venom, Ca2+, Va 0.0068
Venom, Ca2+, PL, Va 0.0027

The kinetic parameters of prothrombin activation were determined as follows. Purified
venom activator in appropriate dilutions, either in the absence or presence of Factor Va
and/or phospholipid (PL) vesicles (20% PS/80% PC), was preincubated at 37°C in 300 jil
of buffer containing 50 mM Tris (pH 7.9), 175 mM NaCI, 5 mM CaCl2, and 0.5 mg/ml
human serum albumin. After 5 min, prothrombin activation was started with the addition
of 100 ul of the same buffer (prewarmed at 37°C) containing varying amounts of
prothrombin. The final concentrations reached were: venom activator as indicated in the
table, 5 mM CaCl2, varying amounts of prothrombin and when present, 5 nM Factor Va
and/or 50 uM phospholipid. The rates of prothrombin activation were calculated from the
generation of amidolytic activity as described under "Experimental Procedures." The
kinetic parameters Km and Vmax were obtained from Lineweaver-Burk plots after
statistical analysis as described by Eisenthal and Comish-Bowden [24].

The effects of Factor Va and phospholipids on the kinetic parameters of
venom-catalyzed prothrombin activation are similar to the effects of these
accessory components on prothrombin activation by Factor Xa [1]. Factor Xa
in the presence of Factor Va and phospholipid can catalyze the activation of
approximately 3,000 prothrombin molecules/min [1,2,5]. For prothrombin
activation by the purified venom activator in the presence of phospholipid
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105
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9.5
0.16

Vmax
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and saturating amounts of Factor Va, the Vmax = 27.9 nmol of prothrombin
activated per min/u.g of venom activator. Assuming a molecular weight of
54,000 for the venom activator, this would correspond to a turnover number
of 1,500 molecules of prothrombin activated per min/mol of venom activator,
which is close to that observed for the Factor Xa-Factor Va complex. As for
Factor Xa-dependent prothrombin activation, the kinetic parameters for
prothrombin activation by the venom activator vary when the amount of
phospholipid in the activation mixture is changed (Table 6).

Table 6. Effect of phospholipid on the kinetic parameters of venom-catalyzed
prothrombin activation

Phospholipid
(fiM)

20
30
50

100
200

Km
(jiM)

0.109
0.161
0.205
0.443

1.06

Vmax
(nmoles prothrombin

activated /min /jag venom)

0.0036
0.0048
0.0056
0.0084
0.0127

The kinetic parameters of prothrombin activation were measured at different
concentrations of phospholipid (20% PS/80% PC) in the absence of Factor Va as
described in the legend to table 4.

A 10-fold increase of the phospholipid concentration causes a 10-fold
increase of the Km and a 3.5-fold increase of the Vmax- These large
changes brought about by the accessory components explain the effect of
these components on the relative rate of the reaction (Table 4). These
changes in the kinetic parameters can be satisfactorily explained by a model
in which phospholipid-bound prothrombin is activated by a phospholipid-
bound activator. In such a model [5]. the effective prothrombin concentration
available for interaction with the venom activator will be decreased at
increasing phospholipid concentrations due to prothrombin binding to the
excess of phospholipid surface present. Therefore, at higher phospholipid
concentrations more prothrombin will be required to saturate the
phospholipid-bound venom activator, which results in an increase of the
observed Km- The increase of Vmax at higher phospholipid concentrations is
explained by the fact that more activator participates in prothrombin
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activation under these conditions, since more activator is bound to the
phospholipid surface. •

Chromogenic substrate conversion by the purified venom activator

The purified venom activator was also able to cleave a number of
commercially available chromogenic substrates that were designed for
Factor Xa. Maximal activity was observed against the chromogenic
substrate CBS 31.39. However, bovine Factor Xa was approximately 120-
fold more active. Interestingly, the rate of chromogenic substrate conversion
by the venom activator was stimulated significantly in the presence of Factor
Va. In agreement with the literature we did not find a stimulatory effect of
Factor Va on the cleavage of chromogenic substrates by Factor Xa.

Factor Va ( nM )

Figure 7. Effect of Factor Va on the amidolytic activity of /Vofech/s scufafus
scufafus venom. The effect of bovine Factor Va on the rate of cleavage of the
chromogenic substrate CBS 31.39 was determined at 37°C in plastic disposable cuvettes
(1 cm pathlength) on a SLM- Aminco DW2-C spectrophotometer set In the dual wave-
length mode at 405-500 nm. Venom activator and Factor Va were incubated at 37°C in
950 ni 50 mM Tris (pH 7.9), 175 mM NaCI, 5 mM CaCl2 and 0.5 mg/ml HSA. After 5 min
50 |il CBS 31.39 was added and the absorbance change was recorded. The rate of p-
nitroanilide formation was calculated using a molar exctinction coefficient of 8,600 for p-
nitroanilide The final concentrations in the cuvette were: 2.7 nM venom activator, Factor
Va as indicated in the figure and 435 nM CBS 31.39.

Figure 7 shows that the rate of p-nitroanilide formation by the purified venom
activator (2.7 nM) increased linearly with increasing amounts of Factor Va
until at 3 nM Factor Va a plateau was reached. This indicates that a 1:1
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stoichiometric complex is formed between Factor Va and the purified
activator and that the affinity of venom activator for Factor Va is high. The
maximum stimulation that we observed with Factor Va was about 7-foJd.
Therefore, even in the presence of Factor Va, the rate of chromogenic
substrate conversion by the venom activator was still 17-fold lower than that
observed for Factor Xa

Comparison of the prothrombin activator from the venom of Notechis
scutatus scutatus with venom prothrombin activators from other
snakes belonging to the Australian Elapidae?

The catalytic activity of prothrombin activators from venoms of the Australian
Elapidae is greatly enhanced by the presence of accessory components
(phospholipids and/or factor Va) of the prothrombinase complex. These
venom prothrombin activators can be subdivided into two groups: (1) the
Notechis-like prothrombin activators from the venoms of /Vofecfr/s scutefus,
A/ofec/7/s ater n/ger, /Vofecfr/'s ater /lumpftreys/, Trop/ctec/ws cannafus,
Pseudec/i/'s porphyr/acus and Hop/ocepha/us Stephens//, which are greatly
stimulated by phospholipid, calcium ions as well as factor Va [25-27], and
(2) the Oxyuranus-like prothrombin activators from the venoms of Oxyuranivs
scufe/afus, Oxyuranus m/cro/ep/cfofus and Pseuc/onaya fexf/7/s which are
greatly enhanced by the presence of phospholipids and calcium ions alone
and are not further stimulated by factor Va [28-33]. The structural properties
of the venom activators of these two groups are considerably different. The
Notechis-like prothrombin activators strongly resemble factor Xa. The data
presented in this chapter show that the purified activator from /Votec/7/'s
scu/afus scufafus is a glycoprotein with an apparent molecular weight of
54,000 that consists of a heavy chain ( Mr 32,000) and a light chain ( Mr
23,000) linked to each other via a disulfide bridge. The active site is located
on the heavy chain, as in factor Xa. The Oxyuranus-like prothrombin
activators are not stimulated by factor Va and this appears to be due to their
remarkable structure. The purified activator from Oxyuranus sctyre//afus
scufe//afus is a large protein with a molecular weight of 300,000, which is
composed of a factor Va-like cofactor unit (two subunits of Mr 110,000 and
Mr 80,000) non covalently associated with a factor Xa-like enzyme unit (two

2 Data are taken from: Speijer H., Govers-Riemslag J.W.P., Zwaal R.F.A. and Rosing J.
(1986) J. e/o/. Chem. 261, 13258-13267
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disulfide linked polypeptide chains of Mr 30,000) [31,32]. All prothrombm

activators from the Australian Elapidae are greatly stimulated by the

presence of phospholipids. The purified prothrombin activator from A/otecfes

scufafus scutaft/s and from Oxyuranus scute//afus scute//afus both contain ^-

carboxyglutamic acid or Gla-residues and it is likely that these Gla residues

are involved in the binding of these proteins to the membrane surface.

Since the purified prothrombin activator from /Votec/7/s scufaft/s sct/fafts

resembles Factor Xa with respect to a number of essential catalytic

properties (interactions with phospholipids, Factor Va and prothrombin), it

would be interesting to compare the amino acid sequence of the venom

activator with that of Factor Xa in order to define from sequence homoiogies

the peptide regions in these protein molecules that are involved in the

above-mentioned interactions.
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Chapter 5

Membranes and
Blood Coagulation



Introduction

In vivo blood coagulation is mediated by highly specific proteolytic enzyme
complexes assembled on the surface of cellular membranes [1-4]. These so-
called procoagulant membrane surfaces can be provided by artificial
phospholipid vesicles [5-9], activated platelets [10-13], leukocytes,
lymphocytes, monocytes [14,15], endothelial cells [16,17] and cancer cells
[see ref 13 and references there in]. Assembly of the proteolytic enzyme
complexes on cellular or sub-cellular membranes is required for optimal
generation of thrombin. Studies with artificial membranes have been mainly
focused on the prothrombinase complex [7,18-20] and, to a lesser extent, on
the tissue factor - factor Vila [21,22] and factor Villa - factor IXa tenase
complexes [8,9]. It is generally accepted that the membranes in these
coagulation factor activating complexes act as a catalytic surface onto which
the proteins of the complexes bind [4]. These surface interactions lead to
increased rates of coagulation factor activation by raising the local enzyme
and substrate levels and promoting the interactions and reactions between
the participating proteins.

Chemical stuctures of phospholipid molecules

Every living cell is surrounded by a plasma membrane, which separates the
cell constituents from the external environment. The basic structure of a
biological membrane is a bilayer of phospholipid molecules. With the
exception of sphingomyelin, phospholipid molecules consist of a glycerol
backbone usually esterified to two fatty acyl side chains and a polar
headgroup, which in most cases is a small organic molecule that is linked
via a phosphate group to the glycerol backbone. This general structure of a
phospholipid molecule is shown in Figurei.

Phospholipid molecules have dual solubility properties, since they consist
of a hydrophylic part (the polar headgroup) and a hydrophobic part (the fatty
acyl side chains). Such molecules with dual-solubility properties are termed
amphipathic or amphiphilic. When phospholipid molecules, with two fatty
acyl side chains, are suspended in water they assemble into multilamellar
liposomes or hexagonal or micellar structures. When multilamellar
liposomes are subjected to sonication they transform into so-called small
unilamellar vesicles that consist of a single bilayer of phospholipid
molecules. The phospholipid molecules in small unilamellar vesicles orient
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in such a way that the polar headgroups face the surrounding aqueous
medium on either side of the membrane, and the nonpolar fatty acyl side
chains associate end to end in the nonpolar membrane interior.

-0-CH2

C-O-CH

H2C-O-P-O-X
H

o
(b)

Figure 1. Schematic illustration of a phospholipid molecule, (a). A phospholipid
molecule usually consists of a glycerol backbone, two fatty acyl side chains (indicated in
this figure with zigzag lines) and a polar headgroup. The polar headgroup consists of a
negatively charged phosphate group that may be esterified with an organic component
X. (b). This diagram is widely used to depict a phospholipid molecule. The circle
represents the polar headgroup of the molecule and the zigzag lines indicate the fatty
acyl side chains.

The organisation of lipids in a bilayer structure was proposed in the late
1960s and refined in 1972 by Singer and Nicolson in their fluid mosaic
membrane model [ref 23]. This bilayer structure fulfils the dual solubility
property of membrane phospholipids.

Figure 2. Arrangement of phospholipid molecules in a bilayer structure. The open
and closed circles represent the different polar headgroups facing the surrounding
aqueous medium. The fatty acyl side chains, which are illustrated by wavy lines, form the
nonpolar inner core of the membrane. This figure also includes membrane proteins.
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The chemical and physical properties of phospholipid membranes, which
appear to be very important for their role in blood coagulation can be altered
by variation of polar headgroups and by the chemical structure of the fatty
acyl side chains of the phospholipid molecules. The fatty acyl side chains
can differ in hydrocarbon chain length and may have different degrees of
unsaturation (Table 1). The polar headgroup can be negatively charged at
physiological pH like in phosphatidylserine, phosphatidylglycerol or phos-
phatidic acid, or may have a net neutral charge like in phosphatidylcholine or
phosphatidylethanolamine (Fig. 3).

Table 1. Fatty acyl side chains of phospholipids that are used in experiments
presented in this thesis

Name

Myristoyl
Palmitoyl
Palmitoleoyl
Stearoyl
Oleoyl
Linoleoyl
Linolenoyl

Fatty acyl side chains in biological systems usually contain an even number of carbon
atoms and the double bond of most unsaturated fatty acyl side chains has the cis
configuration

CHi
U +

COO CHtOH CH.-N-CH* NH»
+ l I I I

H.N-CH HÇOH CH, CHt QH OH
I I I I I I
ÇH, ÇH, CH, CH, H "^T~H^"
o o o o o OHN Î  H
H H H H H H OH

•arlna glycarol chollna athanolamlna hydrogan Inoaltol

Figure 3. Chemical stuctures of the most common headgroups X found in
phospholipid membranes related to blood coagulation. The site at which the
molecule is esterified with the phosphate group is indicated by the dashed line.
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Physical characteristics of phospholipid membranes

Studies of artificial phospholipid bilayers have provided a great deal of
information about the physical properties of biological membranes. The fatty
acyl side chains of the phospholipid molecules determine a number of
important physical properties of phospholipid membranes. In bilayers the
fatty acyl side chains may arrange in an ordered rigid state or in a
disordered fluid state. The arrangement of the bilayer, which appears to be
dependent on the chemical structures of the fatty acyl side chains,
determines the membrane fluidity. This physical condition of the membrane
depends on the temperature and is described by the phase transition
temperature (Tm). Below the transition temperature, membranes are in the
gel or solid phase and when the temperature is raised above Tm
membranes are in the liquid crystalline or fluid phase. The actual
temperatures at which phase transitions in biological membranes occur
depend on the length and on the degree of unsaturation of the fatty acyl side
chains of the lipid molecules that constitute the membrane. A high
concentration of unsaturated fatty acids generally results in bilayers with a
low phase transition temperature, whereas membranes which contain a high
concentration of saturated fatty acyl side chains usually have higher
transition temperatures.

Another important feature, determined by the fatty acyl side chains, is the
packing density of the phospholipid molecules in the membrane. Condensed
packing of phospholipid molecules occurs when saturated fatty acyl side
chains are present. However, when the membrane phospholipids contain
unsaturated fatty acyl side chains the hydrocarbon chains are bended at the
positions of the cis double bonds, which increases the distance between the
phospholipid molecules and results in a more loosely packed membrane.

Both the fluidity of the membrane and the packing density of the
phospholipid molecules in the membrane may be an important parameter for
its procoagulant activity. The influence of variation of the fatty acyl side
chains of phospholipid molecules on the prothrombin-converting activity of
membranes is reported in Chapter 8 of this thesis.
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Platelet procoagulant activity : - :>

Blood platelets (thrombocytes) are surrounded by an outer membrane, which
is composed of lipids and proteins. The most important function of the
platelet plasma membrane is to provide a permeability barrier between the
cell constituents and the external environment. The phospolipids in the
platelet membrane appear to be asymmetrically distributed, which means
that the inner and outer surfaces of the membrane bilayer contain different
proportions of various (phospho)lipids [24]. The outer leaflet of the plasma
membrane of non-activated platelets is primarily composed of the neutral
choline-containing lipids phosphatidylcholine (PC) and sphingomyelin,
whereas phosphatidylinositol (PI) and the aminophospholipids, phosphatidyl-
serine (PS) and phosphatidylethanolamine (PE) are predominantly confined
to the inner bilayer half of the membrane. This lipid composition in the
plasma membrane is such that the unactivated platelet is hardly able to
stimulate coagulation reactions. Lipid asymmetry is considered to be
maintained by restrictions on spontaneous transbilayer movement (flip-flop)
of phospholipids from one side of the membrane to the other. However,
when platelets become activated with collagen and thrombin the asymmetric
distribution of lipids is lost by a rapid transbilayer movement, of among
others, the negatively charged phosphatidylserine from the inner to the outer
leaflet of the plasma membrane, a process that results in the formation of a
procoagulant membrane surface [11,12,25].

Furthermore it is important to mention that platelet activation is accom-
panied by the formation and detachment of small membrane vesicles from
the platelet cell surface, a process which is called shedding [26]. These
microparticles have also lost their membrane lipid asymmetry and usually
some 25-30% of the total platelet procoagulant activity is associated with
these microvesicles [27-29].

In addition, it has been proposed that the procoagulant platelet membrane
surface also contains specific protein receptors, which participate in the
assembly of the coagulation factor activating complex on the platelet
membrane.

That the process of flip-flop does not occur spontanously, but is induced by
proteins which activate platelets (thrombin and collagen) and are generated
or exposed at the site of vascular injury, limits the exposure of a
procoagulant surface and haemostatic plug formation to a localized region
where platelet aggregation occurs.
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Kinetic aspects. The role of phospholipids in prothrombin acti-
vation ;

Procoagulant membranes function by providing a surface onto which the
factor Xa - factor Va complex and the substrate prothrombin will bind.
Through binding the local concentration of the different protein components
is increased, which promotes their interactions and results in an increased
velocity of prothrombin activation. The actual rate of prothombin activation
by the prothrombinase complex is determined by (a) the Km for prothrombin,
the affinity of the substrate for its enzyme, (b) the Vmax of prothrombin
activation, the maximal velocity of the reaction obtained under optimal
reaction conditions, when the enzyme is saturated with the substrate, and (c)
the Kd or dissociation constant for the factor Xa - Va complex on the
membrane surface. ••;•• -: v :

Phospholipids affect the Km for prothrombin. Prothrombin activation in free
solution is characterized by a high Km (9 |iM), which means that a very low
reaction rate is obtained under physiological conditions. In the presence of
membranes which contain anionic phospholipids, the Km for prothrombin
drops to values (-0.15 ^M) below the plasma concentration of prothrombin
and as a result the reaction rates increase and the activation of prothrombin
occurs optimal with respect to the substrate concentration [7,19,20,30].

The cofactor factor Va promotes the binding of factor Xa to the membrane
surface [31] and the binding of factor Xa to factor Va results in a 3,000-fold
increase of the Vmax [7,19,32,33]. The kinetic properties of the prothrom-
binase complex also apply to the other coagulation factor activating
complexes.

It seems necessary that procoagulant membrane surfaces have to contain
anionic phospholipids. Not only the surface charge of the membrane
appears to be important, but also the chemical structure of the polar
headgroups of the phospholipid molecules which constitute the membrane.
This is concluded from the fact that vesicles which contain the anionic
phospholipid phosphatidylserine show the highest prothrombinase activity,
and are the least susceptible to surface charge [34]. The influence of the
chemical structure of the polar headgroup of anionic lipids on the
prothrombin-converting activity of membranes is reported in chapter 6 of this
thesis.
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Protein-phospholipid interactions. A model for membrane-bound
prothrombin activation >v

The interaction of coagulation proteins with membrane phospholipids
appears to be essential for blood coagulation. Specific interactions between
these proteins and the membranes are dependent on critical features of both
the membrane and the protein. Artificial bilayers are more frequently used in
experiments than natural membranes because they can be assembled from
well-defined lipid mixtures.

The amino-terminal region of the vitamin K-dependent coagulation factors
contains the so-called 7-carboxyglutamic acids (Gla's), which interact with
the anionic phospholipids in the presence of calcium ions [18]. Prothrombin
binds to membranes composed of a mixture of phosphatidylserine and
phosphatidylcholine in an ionic strength independent manner [35] in contrast
to membranes containing other anionic phospholipids. A binding which is
insensitive to ionic strength variation indicates that the contribution of
electrostatic interactions is not important and this fact supports a chelation
model [36]. The chelation model proposed for the binding of vitamin K-
dependent proteins to phosphatidylserine-containing membranes is with
respect to its basic structure similar with the Calcium-EDTA complex and
contains 6 coordinate bonds. Two protein Gla residues and a hypothetical
ligand X supplied by the protein have been proposed to form a chelate-
complex with a calcium ion and with the phosphate, amino and carboxyl
groups of phosphatidylserine.

Membranes which contain negatively charged phospholipids are the most
effective procoagulant surfaces. Recently, it has been reported, however,
that membranes that are solely composed of the neutral phospholipid,
phosphatidylcholine, can under certain experimental conditions also
stimulate the activation of vitamin K-dependent coagulation factors
[21,22,37]. It has been suggested that only the activities of complexes with
integral membrane cofactor proteins can be increased by membranes that
are solely composed of the neutral phospholipid, phosphatidylcholine [4].
However, phosphatidylcholine membranes can also promote prothrombin
activation [38]. Phosphatidylcholines (sometimes called lecithins) are
zwitterionic phospholipids and membranes composed of phosphatidylcholine
are therefore also charged and contain equal amounts of negative and
positive charges, which results in a net neutral membrane. In chapter 7 the
role of membranes, solely composed of phosphatidylcholine, in prothrombin
activation is described.
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Chapter 6

The Prothrombin-Converting Activity
of Membranes with

Varying Polar Headgroups



Summary

Factor Xa-catalyzed prothrombin activation is strongly stimulated by the
presence of negatively charged membranes plus calcium ions. Here we
report experiments in which we determined the prothrombin-converting
activity of phosphatidylcholine (PC) membranes that contain varying
amounts of different anionic lipids viz. phosphatidylserine (PS), phosphatidic
acid (PA), phosphatidylmethanol (MePA), phosphatidylglycerol (PG),
phosphatidylethanol-amine (PE), phosphatidyl-p -lactate (PLac), sulfatides
(SF), sodium dodecyl sulfate (SDS) and oleic acid. All anionic lipids tested
were able to accelerate factor Xa-catalyzed prothrombin activation, both in
the absence and presence of the protein cofactor Va. This shows that the
prothrombin-converting activity of negatively charged membranes is not
strictly dependent on the presence of a phosphate group but that lipids which
contain a carboxyl or sulfate moiety are also able to promote the formation
of a functionally active prothrombinase complex. In the absence of factor Va,
the prothrombin-converting activity of membranes with MePA, PG, PE,
PLac, SF or SDS was strongly inhibited at high ionic strength, while the
activity of PS and PA-containing membranes was hardly affected by ionic
strength variation. This suggests that in the case of the ionic strength
sensitive lipids electrostatic forces play an important role in the formation of
the membrane-bound prothrombinase complex. For PS and to a lesser
extent for PA we propose that the formation of a coordinated complex
(chelate complex) with Ca2+ as central ion and ligands provided by the 7-
carboxyglutamic acid residues of prothrombin and factor Xa and the polar
head group of phospholipids is the major driving force in protein-membrane
association. Our data indicate that the anionic lipids used in this study can
be useful tools for further investigation of the molecular interactions that play
a role in the assembly of a membrane-bound prothrombinase complex.
Membranes that were solely composed of PC can also considerably
enhance prothrombin activation however only in the presence of factor Va
and when the measurements are performed at low ionic strength.

Introduction

The activation of prothrombin by the serine protease factor Xa is greatly
accelerated by the presence of negatively charged membranes plus calcium
ions and by the protein cofactor Va (for reviews see refs [1-3]). Negatively
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charged lipids are thought to promote prothrombin activation by
simultaneous binding of the protein components of the prothrombinase
complex, a phenomenon that facilitates factor Xa - factor Va complex
formation [4,5] and that causes an increased affinity (decreased Km) for the
substrate prothrombin [6]. Factor Va stimulates prothrombin activation by
enhancing the enzymatic activity (kcat) of factor Xa [4,6] and by providing
additional interactions with factor Xa [4,5] and prothrombin [7,8] that further
support the assembly of the prothrombinase-prothrombin complex.

Several laboratories have investigated the binding of the individual
proteins to various phospholipid preparations. Factor Va-membrane
interaction has been shown to require negatively charged phospholipids [9]
and it has been suggested that the association of factor Va with membranes
involves both non-ionic [9,10] and ionic forces [10,11]. In contrast to factor
Va binding, the association of the substrate (prothrombin) and the enzyme
(factor Xa) with negatively charged membrane surfaces requires Ca2+ ions.
Since both prothrombin and factor Xa contain 7-carboxyglutamic acid (Gla)
residues that bind Ca2+ ions [12-15] and since membranes with anionic
phospholipids also have a high affinity for Ca2+ ions [16-18] the formation of
prothrombin- and factor Xa-membrane complexes is apparently mediated by
calcium bridges between the proteins and anionic phospholipids.

The chemical and physical nature of the calcium-dependent binding of
Gla-containing proteins to negatively charged membranes is, however, not
yet fully understood. Both electrostatic attraction [19] and coordination
binding [3,20] have been suggested to be the driving force in protein-
membrane association. Electrostatic attraction may occur between the Gla-
containing protein domain, which becomes positively charged after calcium
binding, and the negatively charged membrane surface. Coordination
binding may result from the formation of chelate complexes of calcium ions
with ligands provided by the Gla-residues of the proteins and by the polar
head groups of anionic membrane lipids. It is possible, however, that both
electrostatic attraction and chelate formation are involved in membrane
binding of Gla-containing proteins and that the extent to which these forces
contribute to binding is dependent on the kind of anionic lipid present in the
membrane. Rosing et al. [21] suggested that coordination complex formation
is the major driving force for the binding of vitamin K-dependent proteins to
PS-containing membranes, while electrostatic attraction may significantly
contribute to protein binding to membranes which contain other anionic
phospholipids (e.g. PG [19]. Limited information is, however, available on
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protein binding characteristics and prothrombin-converting activities of
membranes that contain anionic lipids other than PS or PG.

In the present study we have investigated the prothrombin-converting
activities of negatively charged membranes that contain a wide variety of
different anionic lipids. In addition to anionic phospholipids, we have also
examined lipids that do not contain a phosphate group and which derive their
negative charge from a carboxyl (fatty acid) or a sulfate group (sulfatide,
SDS). This investigation has been carried out in order to obtain more
information on the chemical requirements of the polar head groups of
anionic lipids that are able to participate in the assembly of the
prothrombinase complex and to get more insight into the physical nature of
Ca2+-dependent interactions between vitamin K-dependent proteins and
negatively charged membranes.

Experimental procedures

• Afater/a/s. S2238 was purchased from AB Kabi Diagnostica, Stockholm,
Sweden. Dioleoyl-sn-glycero-3-phosphocholine, dioleoyl-sn-glycero-3-phospho-
methanol and oleic acid were obtained from Sigma, St. Louis, Mo, USA. Sulfatides
were purchased from Supelco Inc., Bellefonte, Pa, USA. Sodium dodecyl sulfate
was obtained from Bio-Rad Laboratories, Richmond, Ca, USA. Column materials
for protein purification (DEAE-Sephadex A-50, QAE-Sephadex A-50, SP-
Sephadex C-50, Sephadex G-100, Sephadex G-200 and Sepharyl S-300) were
obtained from Pharmacia, Uppsala, Sweden. Silica gel 60 plates for thin- layer
chromatography of phospholipids were from Merck, Darmstadt, Germany.
• Profe/'ns. Bovine prothrombin was purified as described by Owen et al. [22].
Bovine factor X was purified as described by Fujikawa et al. [23]. Bovine factor Xa
was prepared from factor X after activation with RVV-X [24]. RVV-X was purified
from the crude venom of Russell's viper by the method of Schiffman et al. [25].
Bovine factor Va was obtained according to the procedure of [5]. Prothrombin and
factor Xa were stored at -80°C in 50 mM Tris-HCI (pH 7.9) and 175 mM NaCI.
Factor Va was stored at -80°C in the same buffer with 5 mM CaCl2.
- Profe/n concenfraf/ons. The molar concentration of factor Xa was determined
by active site titration with p-NPGB [26]. Prothrombin concentrations were
determined with p-NPGB (cf. thrombin active site titration, [27] ) after complete
activation of prothrombin with the venom activator from Ec/i/s car/nafus. Factor Va
concentrations were determined by kinetic analysis [5].
• P/7osp/JO//p/d and pnosp/io//p/d preparations. 1,2-Dioleoyl-sn-glycero-3-
phosphoserine (PS), 1,2-dioleol-sn-glycero-3-phosphoglycerol (PG), 1,2-dioleoyl-
sn-glycero-3-phosphate (PA), 1,2-dioleoyl-sn-glycero-3-phospho-p -lactate
(PLac) and 1,2-dioleoyl-sn-phospho- ethanolamine (PE) were prepared from 1,2-
dioleoyl-sn-glycero-3-phosphocholine (PC) by enzymatic synthesis [28]. Single
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bilayer lipid vesicles were prepared as follows: lipid preparations, usually
dissolved in CHCI3/CH3OH (1/1, v/v), were dried under a stream of N2 and the
dried lipids were suspended in 50 mM Tris-HCI (pH 7.9), 20 mM NaCI at 4°C or
65°C (when oleic acid, sulfatides or SDS were part of the lipid mixture) and
vigorously vortexed for 1 min. The lipid suspensions were subsequently sonicated
for 10 min. at 4°C or 65°C using a MSE Mark II 150-W ultrasonic desintegrator set
at 8 urn peak to peak amplitude. Phospholipid concentrations were determined by
phosphate analysis according to the method of Bôttcher et al. [29]. Extraction of
total lipid from aqueous vesicle suspensions was carried out as described by
Reed et al. [30]. TLC analysis of lipids was performed at room temperature on
20 x 20 cm plates coated with 0.5-mm silica gel 60. Chloroform/metha-
nol/ammonia/water (95/50/5.5/5.5, v/v) was used as eluent and the lipids on the
TLC plate were subsequently visualised with iodine vapor.
• Assay sysfem for measuring rates of prof/jrom/)/n acf/Vaf/on. Phospho-
lipids, factor Xa and, if present, factor Va were incubated for 5 min. at 37°C in 50
mM Tris-HCI buffer (pH 7.9) containing 5 mM CaCl2, 0.5 mg/ml ovalbumin and
concentrations NaCI as indicated in the legends to the tables and figures.
Prothrombin activation was started by the addition of prothrombin that was
preincubated at 37°C in the same buffer. After different time intervals aliquots
from the reaction mixture were transferred to plastic disposable cuvettes
containing 235 u,M of the thrombin specific chromogenic substrate S2238 in 50
mM Tris-HCI (pH 7.9), 175 mM NaCI, 20 mM EDTA and 0.5 mg/ml ovalbumin. The
amount of thrombin present in the reaction mixtures was calculated from the
absorbance change (AA 405-500/min) measured on a dual-wavelength
spectrophotometer, using a calibration curve of chromogenic substrate conversion
by known amounts of active site-titrated thrombin. Rates of prothrombin activation
were usually expressed as moles of prothrombin activated per minute per mole of
factor Xa present in the reaction mixture.

Results

Effect of different anionic lipids on the prothrombin-converting activity
of PC membranes

Quantitative comparison of the ability of various anionic lipids to stimulate
prothrombin activation is a rather complex pursuit. The prothrombinase
activity measured in the presence of phospholipid vesicles is greatly affected
by the reaction conditions and depends among others on the prothrombin-,
phospholipid- and Ca2+ concentrations, the absence or presence of factor
Va, the mole fraction anionic lipid in the procoagulant membrane and on the
pH, temperature and ionic strength of the reaction medium. Reaction
conditions that are optimal for one kind of anionic lipid are not necessarily
optimal for other lipids. However, the major objective of the introductory
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experiment is to test whether an anionic lipid is able to promote prothrombin
activation or not. Therefore, reaction conditions were chosen that on the
basis of data in literature [8] were expected to favor lipid stimulation of
prothrombinase i.e. 0.5 u.M prothrombin, 100 u.M lipid vesicles containing 80
mole% of the neutral phospholipid PC and 20 mole% anionic lipid, pH 7.9,
37°C and low ionic strength. In this experiment, which was carried out both
in the absence and presence of factor Va, the following anionic lipids were
tested: a) phospholipids that contain a negatively charged phosphate moiety
(PA), esterified with groups without (MePA, PG) or with additional charges
(PS, PLac, PE"I), b) oleic acid, that contains a negatively charged carboxyl
group and c) sulfolipids (SF, SDS) that contain a sulfate moiety with a net
negative charge.

Table 1. Prothrombin activation on membranes containing 20 mole% of different
anionic lipids

Lipid composition rate of prothrombin acivation
(mol/min/mol Xa)

- factor Va factor Va

PS/PC 0.43 1720
Plac/PC 0.38 2470
PA/PC 0.34 2530
MePA/PC 0.15 2580
PG/PC 0.081 2460
PE/PC 0.040 2260
SF/PC 0.052 2180
SDS/PC 0.071 2120
PC 0.023 420
No Lipid 0.010 11

Prothrombin (0.5 nM) was activated in a reaction mixture containing
50 mM Tris-HCI (pH 7.9), 20 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 100 nM
phospholipid, 3 nM factor Xa or 5 pM factor Xa plus 5 nM factor Va. Lipid vesicles
contained 80 mole% PC and 20 mole% anionic lipid.

1lt should be emphasized that PE-containing membranes will be considerably
less negatively charged than membranes with the other anionic lipids. PE
contains a negative charge on the phosphate group and a positive charge on the
ethanolamine group (O-PO3--(CH2)2-NH3+). Since the amino group of PE will
have a pK_9 it can be calculated that at pH 7.9, at which prothrombinase activities
are measured, some 5% of the PE molecules will be negatively charged.
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In the presence of factor Va, all membranes containing anionic lipids were
able to accelerate factor Xa-catalyzed prothrombin activation (Table 1).
Compared to the rate of the reaction in free solution the anionic lipid-
containing membranes caused a more than 150-fold stimulation of
prothrombin activation. Membranes that were only composed of the neutral
phospholipid PC and that did not contain added anionic lipid showed a 40-
fold increase of prothrombin activation.

In the absence of factor Va, PC membranes hardly affected prothrombin
activation, while membranes with sulfolipids caused only a 6-fold stimulation
and membranes with oleic acid exhibited a 12-fold increase of the reaction
rate. The rate enhancements observed with anionic phospholipids were
strongly dependent on the polar head group of the phospholipid molecule.
Only 4-fold stimulation of prothrombinase was observed for membranes with
PE, while membranes containing PG or MePA caused some 10-foid rate
enhancement. Maximal stimulation (30-40 fold) of prothrombinase was
obtained with membranes that contain PS, PLac or PA.

To put the data presented in table 1 in a proper perspective, it should be
emphasized that the experimental conditions might not be optimal for all
anionic lipids and that the relation to one another might be different at other
reaction conditions. It is also important to mention that this experiment has
been carried out at a rather low ionic strength (I = 0.07) which especially
favors the prothrombin-converting activity of some of the lipids (see below).
However, irrespective of the reaction conditions, the data presented in Table
1 allow the conclusion that the prothrombinase activity on negatively
charged membranes is not strictly dependent on the presence of a
phosphate group (phospholipid), but that anionic lipids with sulfate- or
carboxyl groups can also promote prothrombin activation.

Prothrombin-converting activity of membranes with various anionic
lipids as a function of the total lipid concentration

It is now well established that membrane stimulation of prothrombinase
requires association of all reactants (prothrombin, factor Xa and factor Va)
with the procoagulant membrane. Titration curves of prothrombinase activity
as a function of the lipid concentration may, however, show an optimum in
the sense that low lipid concentrations proportionally stimulate prothrombin
activation until an optimal lipid concentration is reached after which a further
increase of the amount of lipid may even cause inhibition of prothrombin
activation. Such inhibition can be explained by substrate depletion caused
by binding of substrate to non-productive binding sites on the membrane
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(free-substrate model [8,31] or by dilution of reactants on an excess of lipid
surface (bound-substrate model [8] The actual shape of the titration curves
will be determined by the binding parameters (i.e. number of binding sites
and dissociation constants) that describe the interaction between the
coagulation factors and the procoagulant membranes.
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Figure 1. Prothrombin activation on membranes containing different anionic lipids
as function of the lipid concentration. Prothrombin (0.5 nM) was activated in a reaction
mixture containing 50 mM Tris-HCI (pH 7.9), 20 mM NaCI, 5 mM CaCl2, 0.5 mg/ml
ovalbumin, (0-200 nM lipid vesicles (80 mole% PC/20 mole% anionic lipid) and 3 nM
factor Xa (A) or 3 pM factor Xa plus 5 nM factor Va (B). The anionic lipids used were: PS
(•), MePA (•), oleic acid (A), and SF (y).
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The effect of variation of the total lipid concentration on prothrombin
activation was studied both in the absence (Figure 1A) and presence of
factor Va (Figure 1B) for membranes that contain either 20 mole% PS,
MePA, oleic acid or SF as anionic lipid. These lipids were taken as typical
examples of those tested in the experiment presented in Table 1. In the
absence of factor Va rather large amounts of lipid were required to obtain
significant stimulation of the prothrombinase complex. Optimal rates of
prothrombin activation were obtained at 50 nM PS/PC and at about 150 nM
phospholipid for PC vesicles with MePA, oleic acid or SF.

When factor Va is part of the prothrombinase complex, much less lipid
was needed to obtain optimal rates of prothrombin activation. For all anionic
lipids tested, saturation of prothrombinase activity was obtained at 10-20 ^iM
lipid. The shift in lipid requirement is apparently caused by factor Va and is
presumably the result of the ability of factor Va to promote the binding of
factor Xa [4,5] and prothrombin [8,32] to procoagulant membranes. Inhibition
of prothrombinase activity at high lipid concentrations was only observed
with PS. It is not surprising that this occurs with this anionic lipid since it is to
be expected that PS has the highest affinity for coagulation factors [6,33].

Prothrombin converting activity on membranes containing different
mole fractions of various anionic lipids

The ability of negatively charged membranes to enhance prothrombin
activation appears to be dependent on the amount of anionic lipid present in
the membrane [8]. At low mole fractions of anionic lipid the prothrombin-
converting activity of a membrane increases with the mole fraction anionic
lipid. At high mole fractions of anionic lipid, saturation can be obtained while
in some cases (PS-containing membranes in the presence of factor Va [8]
excess anionic lipid may even inhibit the prothrombin-converting activity of a
membrane.

In the present investigation we have determined the effect of variation of
the mole fraction of four typical anionic lipids (PS, MePA, SF and oleic acid)
on membrane stimulation of prothrombinase. In the absence of factor Va
there appear to be large differences between the various anionic lipids
(Figure 2A). With PS half maximal stimulation of prothrombinase was
obtained between 5 and 10 mole% anionic lipid. In case of MePA, SF and
oleic acid the membranes required much larger amounts of anionic lipid in
order to stimulate prothrombin activation. Surprisingly, high mole fractions
MePA produced membranes that exhibited a higher prothrombin-converting
activity than membranes that contained the same amount of PS.

Influence of polar headgroups 97



rm
in

/m
ol

(m
o

l
ra

tio
n

o

I

1.25

1.00

0.75

0.50

0.25

Oi

' A
— i 1 • > •

..,„..... / .

10 20 30 40 50

Anionic lipid (mole % )

Anionic lipid ( mole % )

50

Figure 2. Prothrombin activation on membranes containing different anionic lipids
as function of the mole percentage anionic lipid. Prothrombin (0.5 nM) was activated
in a reaction mixture containing 50 mM Tris-HCI (pH 7.9), 20 mM NaCI, 5 mM CaCl2, 0.5
mg/ml ovalbumin, 100 nM PC vesicles with varying mole% anionic lipid and 4 nM factor
Xa (A) or 3 pM factor Xa plus 5 nM factor Va (B). The anionic lipids used here: PS (•),
MePA (•), oleic acid (A), and SF (Y).

When factor Va is part of the prothrombinase complex, PS-containing
membranes were already optimally active at 5 mole% PS (Figure 2B).
Introduction of more PS resulted in inhibition of prothrombin-converting
activity. With the other anionic lipids (MePA, SF and oleic acid) saturation
curves were obtained which showed half maximal stimulation of
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prothrombinase at about 5 mole % anionic lipid and negligible inhibition at
high mole fractions anionic lipid.

The effect of variation of the salt concentration (ionic strength) on the
prothrombin-converting activity of membranes with different anionic
lipids

It has been suggested that ionic interactions between positively charged
protein domains and negatively charged lipids as well as specific Ca2+-
dependent chelate complex formation between 7-carboxyglutamic acid
residues and negatively charged lipids may be responsible for the
association of vitamin K-dependent coagulation factors with procoagulant
membranes [21]. Information about the contribution of ionic interaction to
protein-membrane binding can be obtained by variation of the ionic strength
of the reaction medium. Increases in ionic strength will cause increased
screening of the electrostatic potential of the interacting components, which
will result in decreased protein-membrane association [19].

The effect of variation of the ionic strength on factor Xa-catalyzed
prothrombin activation on membranes with different anionic lipids is shown
in Figures 3A and 3B. The prothrombin-converting activity of membranes
with PS and PA was hardly affected by increasing the ionic strength of the
reaction medium. Membranes with oleic acid exhibited intermediate
sensitivity while the prothrombin-converting activity of membranes with
MePA, PG, PE, PLac, SDS and SF was strongly inhibited at increasing ionic
strength. These results indicate that there may be rather large differences
between the contributions of ionic interaction and chelate complex formation
to the binding of vitamin K-dependent coagulation factors to membranes with
various anionic lipids.

When factor Va was part of the prothrombinase complex, variation of the
ionic strength had much less effect on the prothrombin-converting activity of
the various membranes. As a typical example this is shown in Figure 3C for
membranes that contain 20 mole% SDS. The presence of membrane-bound
factor Va apparently compensates for the electrostatic screening effects,
presumably by enabling additional interactions with prothrombin [8,32] and
factor Xa [4,5].

Prothrombin activation on membranes composed of PC

The data presented in Table 1 and Figure 2B indicate that membranes that
did not contain added anionic lipid and that were only composed of dioleoyl
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Figure 3. The effect of ionic strength variation on the prothrombin-converting
activity of membranes containing different anionic lipids. Prothrombin (0.5 nM) was
activated in a reaction mixture containing 50 mM Tris-HCI (pH 7.9), 20-400 mM NaCI, 5
mM CaCl2, 0.5 mg/ml ovalbumin, 100 nM lipid vesicles (80 mole% PC/20 mole% anionic
lipid) and 3 nM factor Xa (A-C) or 5 pM factor Xa plus 5 nM factor Va (C). (A) PS (•),
PLac ( A), oleic acid (A), PG (T) and PE (D). (B) PA (o), MePA (•), SF ( y ) and SDS
(•). (C) SDS with 3 nM factor Xa ( • ) , SDS with 5 pM factor Xa plus 5 nM factor Va (•) .
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Figure 4. Prothrombin activation on PC membranes as a function of the lipid
concentration. Prothrombin (0.5 (iM) was activated in a reaction mixture containing 50
mM Tris-HCI (pH 7.9), 20 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 5 pM factor Xa, 5
nM factor Va, and varying concentrations PC vesicles.

PC were able to cause significant stimulation of prothrombin activation,
provided that the reaction is carried out at low ionic strength and in the
presence of factor Va. Prothrombinase activity as a function of the
concentration of dioleoyl PC vesicles is shown in Figure 4.
Maximal rates of prothrombin activation (900 mol prothrombin
activated/min/molXa) were obtained at PC concentrations > 400 |iM and half
maximal rates of activation were observed at about 100 nM PC. The
prothrombin-converting activity of PC membranes may either be due to the
presence of trace amounts of anionic lipids contaminating PC preparations
or to the phosphocholine moiety of PC, which despite its net neutral charge,
may participate in the formation of a functionally active prothrombinase
complex.

TLC analysis of the dioleoyl PC preparations used in these experiments
and of the vesicles obtained after sonication of this PC in aqueous solution
indicated the presence of trace amounts (less than 1.5%) of contaminating
lipids (Figure 5). Spot 1 on the TLC plate was identified as lyso PC and spot
2 and 3 were as yet unidentified lipids. However, incorporation of lyso PC or
of the lipids present in spot 2 and 3 (obtained after extraction from the TLC
plate) at amounts 5 x of that present in the original PC preparation did not
further enhance the prothrombin-converting activity of PC vesicles which
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Figure 5. Thin layer chromatographic analysis of dioleoyl-PC. Lane A: 500 ng
dioleoyl-PC. Lane B: 10 ng of lyso-PC plus 5 ^g of oleic acid. Spot 4 is lyso-PC and spot
5 is oleic acid. TLC analysis was performed as described in the experimental procedures.

indicates that these contaminations were not responsible for the observed
prothrombinase activity. Since the occurrence of lyso PC may go together
with the presence the corresponding fatty acid and since fatty acids promote
the prothrombin-converting activity of membranes (Table 1, Figures 1 and 2)
we decided to determine whether fatty acids are present in our dioleyl PC.
Visual inspection of the PC on the TLC platelet (lane A, Figure 5) and
comparison with the fatty acid spot of a reference sample (spot 5, lane B)
indicates that there is no fatty acid detectable in our PC preparation. The
virtual absence of fatty acid was confirmed by gaschromatographic analysis
which showed that dioleoyl PC contained less than 0.2% fatty acid. From
these data we conclude that it is unlikely that fatty acid or one of the other
contaminations (spot 1,2 or 3) present in dioleoyl PC is responsible for the
prothrombin-converting activity of PC membranes.
These results indicate that the phosphocholine moiety of PC can indeed
promote the assembly of a functionally active prothrombinase complex.
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Previous studies on the role of negatively charged membranes in the
assembly of the prothrombinase complex have been carried out with
mixtures of neutral and anionic phospholipids. In this paper we show that the
presence of phosphate groups is no prerequisite for membranes to promote
prothrombinase complex formation. Incorporation of lipids with a carboxyl-
(oleic acid) or a sulfate group (SF, SDS) produced membranes which
considerably accelerated factor Xa-catalyzed prothrombin activation. The
prothrombin-converting activities of membranes with oleic acid, SF or SDS
were compared with the activities of membranes that derived their negative
charge from the presence of anionic phospholipids (PS, PA, MePA, P-Lac,
PE"" orPG).

In the absence of factor Va there were rather large differences between
the prothrombin-converting activities of different anionic lipids (Table 1).
Prothrombin activation rates obtained with the different lipids were strongly
dependent on the reaction conditions (total lipid concentration, mole %
anionic lipid and ionic strength of the reaction medium). The ability of the
different anionic lipids to enhance prothrombin activation by factor Xa
decreased in the order PS-PLac-PA-MePA-oleic acid-PG-SDS-SF-PE. The
prothrombin-converting activities of membranes containing MePA, PG, PE,
PLac, SDS and SF were considerably decreased when the ionic strength of
the reaction medium was raised (Figure 3). Prothrombin activation on
membranes with PS or PA was, however, hardly affected by ionic strength
variation. The ionic strength effects suggest that for the first group of lipids
electrostatic interactions between prothrombin, factor Xa and the membrane
significantly contribute to the assembly of a catalytically active
prothrombinase complex [19]. The observations with PS- and PA-containing
membranes suggest that with these anionic lipids electrostatic interactions
are less important and that coordination binding (chelate complex formation)
between Ca2+-ions and ligands provided by the Gla-residues of the proteins
and the polar head groups of membrane phospholipids is the major driving
force in protein-membrane association [20,21]. Ligands that may participate
in the formation of such a coordination complex are the phosphate-,
carboxyl- and/or the amino groups of the phospholipids [16] and the carboxyl
groups of the Gla-residues. Furthermore it is possible that the coordination
sphere of the Ca2+ ions may be completed by water or by ligands provided
by other amino acids present in the binding domains of prothrombin and
factor Xa. Taken together these data show that the different anionic lipids
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used in this study can be useful tools in further studies on the importance of j
different molecular interactions for the assembly of the prothrombinase
complex on procoagulant membranes. ?

When factor Va was part of the prothrombin activating complex the ?
differences between the various anionic lipids were much less pronounced. ,
In the presence of factor Va all anionic lipids exhibited excellent ;
prothrombin-converting activities (Table 1 ) and optimal rates of prothrombin ;
activation were already obtained at low total lipid concentrations (Figure 1)
and at rather low mole percentages anionic lipid (Figure 2). Ionic strength
variation also had much less effect on the ability of membranes to enhance ,
prothrombin activation by the factor Xa-Va complex. These observations
presumably reflect additional effects of factor Va on the assembly of the
prothrombinase complex on membranes with a low affinity for coagulation
factors [8], a phenomenon that is most likely explained by the fact that factor
Va can promote membrane binding of factor Xa [4,5] and prothrombin [32].

In this study we also observed that membranes composed of only PC
were not inert in prothrombin activation. At low ionic strength and in the
presence of factor Va, PC membranes exhibited considerable prothrombin-
converting activity. Although activity of PC membranes in extrinsic factor X
activation has been published [34], this is to the best of our knowledge the
first report on PC activity in prothrombin activation.

A more detailed investigation on the prothrombin-converting activity of PC
membranes is presented in chapter 7 of this thesis.
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Summary

Factor Xa-catalyzed prothrombin activation is greatly accelerated by
negatively charged phospholipids plus calcium ions. In 1990, we reported
that neutral phosphatidylcholine membranes also stimulated prothrombin
activation [1]. In the present study, we have performed a detailed analysis of
the prothrombin-converting activity of phosphatidylcholine membranes.
Stimulation of prothrombin activation by phosphatidylcholine vesicles was
particularly observed: (1) with phosphatidylcholines that contained
unsaturated hydrocarbon side chains, (2) in the presence of factor Va, (3) at
low ionic strength and (4) when Ca2+-ions were present in the reaction
medium. It is unlikely that the prothrombinase activity of phosphatidylcholine
preparations was due to contaminating anionic phospholipids. This is
concluded from the fact that thin layer chromatographic analysis showed that
dioleoylphosphatidylcholine (DOPC) contained less than 0.1 mole % anionic
phospholipid, and that incorporation of such amounts of anionic lipids in
DOPC membranes hardly increased their prothrombin-converting activity. At
low ionic strength and in the presence of factor Va and calcium ions DOPC
membranes accelerated prothrombin activation about 100-fold.
At ionic strength (I) 0.06, prothrombin activation on 100 |iM DOPC was
characterized by a Km for prothrombin of 2 uM, a Vmax of 3020 lla/min/Xa
and a K<j for factor XaVa complex formation at the membrane surface of 7.5
nM. Prothrombin activation on DOPC membranes was drastically reduced
when the ionic strength was increased. The inhibition at high ionic strength
could be explained by an effect on the K(j for XaVa complex formation which
increased from 7.5 nM at 1=0.06 to 100 nM at I =0.22.
Prothrombin-converting activity of PC membranes was only observed on
membranes which are composed of PC that contains unsaturated
hydrocarbon side chains. Membranes prepared from phosphocholine-
containing lipids with saturated hydrocarbon side chains such as dimyristoyl-
PC, dipalmitoyl-PC, distearoyl-PC and dioctadecylglycerophosphocholine
hardly accelerated prothrombin activation. These results indicate that the
phosphocholine moiety of PC can promote the assembly of a functionally
active prothrombinase complex provided that the nonpolar core of the
membrane contains unsaturated hydrocarbon chains.
Prothrombin activation on DOPC required Ca2+-ions and was dependent on
the presence of Gla domains in prothrombin and factor Xa. This indicates
that similar interactions may account for the assembly of prothrombinase
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complexes on phosphatidylcholine and on anionic lipid-containing
membranes. . ,.-,..,,,,-..,;.,..

Introduction

The enzyme complexes that convert the zymogens of vitamin K-dependent
coagulation factors into the corresponding serine proteases show a striking
resemblance with respect to composition, cofactor requirement and
mechanism of action [2,3]. Each complex consists of a vitamin K-dependent
serine protease that is associated with a non-enzymatic protein cofactor on a
suitable membrane surface. The same membrane surface also supports the
binding of the zymogen substrate which becomes activated after proteolytic
cleavage of one or more specific peptide bonds by the serine protease-
cofactor complex.

Most of our knowledge on the structural and functional properties of the
vitamin K-dependent enzyme complexes originate from studies of
prothrombin activation. This reaction is catalyzed by the so-called
prothrombinase complex that consists of the serine protease, factor Xa, the
protein cofactor, factor Va, Ca2+-ions and a phospholipid membrane.
Membrane surfaces that contain negatively charged phospholipids exhibit
the highest activity in prothrombin activation. The presence of negatively
charged phospholipids appears to be important for optimal binding of
prothrombin, factor Xa as well as factor Va (for a review see ref. [4] ).

Both prothrombin and factor Xa are vitamin K-dependent proteins which
contain 7-carboxyglutamic acid residues [5,6] that are involved in the Ca2+-
dependent binding of these proteins to the polar head groups of negatively
charged phospholipid molecules that form part of the membrane [7,8]. The
formation of the factor Va-membrane complex also requires negatively
charged phospholipids [9] and has been reported to involve both
hydrophobic [9,10] and electrostatic interactions [11,12].

A wide variety of negatively charged (phospho)lipids support the binding of
the prothrombinase proteins to the membrane [13] and accelerate
prothrombin activation [1]. It appears, however, that not every negatively
charged phospholipid serves equally well in the assembly and in the
expression of the catalytic activity of the prothrombinase complex. Van Rijn
et al. [14] demonstrated that phosphatidylserine (PS)-containing membranes
are much more effective in stimulating prothrombin activation than are
membranes containing phosphatidic acid (PA) or phosphatidylglycerol (PG).
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The remarkable procoagulant properties of PS have been suggested to be
due to specific interactions between the polar head group of PS and the
coagulation factors participating in prothrombin activation [15,16].

Although it is generally accepted that procoagulant membranes derive
their functional activity from the presence of negatively charged
phospholipids there are several reports in literature which demonstrate that
there is not an absolute requirement for negatively charged lipids. The
activations of factor X by the tissue factor-factor Vila complex [17,18],
protein C by the thrombin-thrombomodulin complex [19] and prothrombin by
the factor XaVa complex [1] are also enhanced by membranes that are
solely composed of phosphatidylcholine (PC).

Proper evaluation of the procoagulant activity of pure PC membranes and
comparison with negatively charged membranes is hampered by the fact
that the activities of PC in coagulation factor activation [1,17-19] were
studied with limited variation of the reaction conditions. In the present
investigation we have, therefore, compared the prothrombin-converting
activities of PC and PS/PC membranes under a wide variety of experimental
conditions in order to evaluate the specific contributions of neutral and
negatively charged phospholipids to the assembly and to the catalytic
activity of the prothrombinase complex. It is the first time that the kinetic
constants for DOPC membranes are reported.

Experimental procedures

• /Wafe/7a/s. S2238 was purchased from AB Kabi Diagnostica, Stockholm,
Sweden. p-NPGB was from Nutritional Biochemicals. Dioleoyl-sn-glycero-3-
phosphocholine (diCi8:iPC), dioleoyl-sn-glycero-3-phosphoserine (diC-|8:iPS),
dioleoyl-sn-glycero-3-phosphate (diCi8:iPA) and dioleoyl-sn-glycero-3-
phosphoglycerol (diC-|8:iPG) were obtained from Avanti Polar Lipids Inc.,
Alabaster, Alabama (USA). Dimyristoyl-sn-glycero-3-phosphocholine (diCi4:oPC),
dipalmitoyl-sn-glycero-3-phosphocholine (diCi6:()PC) and distearoyl-sn-glycero-3-
phosphocholine (diCi8:()PC) were supplied by Calbiochem, La Jolla, Ca, USA.
Dilinoleoyl-sn-glycero-3-phosphocholine (diCi8:2PC), dilinolenoyl-sn-glycero-3-
phosphocholine (diC-|8:3PC) and 1-stearyl-2-oleoyl-sn-glycero-3-phosphocholine
(Ci8:0PC/Ci8:iPC) were purchased from Applied Science Laboratories, Penn,
PA, USA.Dioctadecyl-rac-glycero-3-phosphocholine (diCi8:0-ether PC) was
obtained from Novabiochem, Lâufelfingen, Switzerland and sphingomyelin was
obtained from Koch-Light, England. Ovalbumin (grade V), chymotrypsin, Russell's
viper venom, Ecrt/s cannafus venom and benzamidine-HCI were obtained from
Sigma, St. Louis. Column materials for protein purification (DEAE-Sephadex A-50,
QAE-Sephadex A-50, SP-Sephadex C-50, Sephadex G-100, Sephadex G-200,
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and Sephacryl S-300) were purchased from Pharmacia, Uppsala, Sweden. Silica
gel 60 plates for thin-layer chromatography of phospholipids were from Merck,
Darmstadt, Germany.
• Prote/'ns. Bovine prothrombin and prethrombin 1 were purified according to
Owen et al. [20]. Bovine factor X was purified as described by Fujikawa et al. [21].
Bovine factor Xa was prepared from factor X after activation with RVV-X [22]. Gla-
domainless factor Xa was prepared as described by Morita and Jackson [23].
RVV-X was purified from the crude venom of Russell's viper [24]. Bovine factor Va
was obtained according to the procedure of Lindhout et al. [25]. Prothrombin and
factor Xa were stored at -80°C in 50 mM Tris-HCI (pH 7.9) and 175 mM NaCI.
Factor Va was stored at -80°C in the same buffer with 5 m M CaCl2.
• Profe/n concentrations. Prothrombin and prethrombin 1 concentrations were
determined with p-NPGB (cf. thrombin active site titration [26] ), after complete
activation of prothrombin with the activator from fcfr/s car/naftvs venom. The molar
concentrations of factor Xa and Gla-domainless factor Xa were determined by
active site titration with p-NPGB [27]. Factor Va concentrations were determined
by kinetic analysis [25].
• Pnospno//p/ds and pnospno//p/d î es/c/e preparations. Single bilayer lipid
vesicles were prepared as follows: lipid preparations, dissolved in
chloroform/methanol (1/1, v/v), were dried under a stream of N2. The dried lipids
were suspended in 50 mM Tris-HCI (pH 7.9) and 20 mM NaCI at room
temperature or 65°C (in the case of PC which contained saturated hydrocarbon
side chains) by vigorously vortexing for 1 min. The phospholipid suspensions
were subsequently sonicated for 10 min at 4°C or 65°C with a MSE Mark II 150-W
ultrasonic disintegrator set at 8 u.M peak to peak amplitude. Phospholipid
concentrations were determined by phosphate analysis according to the method
of Bôttcher et al. [28].
• Assay sysfen? for measuring rates of profnromb/n acf/Vation. Phospho-
lipids, factor Xa, and factor Va were incubated for 5 min at 37°C in 50 mM Tris-
HCI buffer (pH 7.52) containing, 0.5 mg/ml ovalbumin and concentrations of
CaCl2 and NaCI as indicated in the legends to the tables and figures. Prothrombin
activation was started by the addition of prothrombin that was prewarmed at 37°C
in the same buffer with 5 mM CaCl2- After appropiate time intervals aliquots from
the reaction mixture were taken and added to disposable cuvettes containing 235
|iM of the thrombin-specific chromogenic substrate S2238 in 50 mM Tris-HCI
(pH 7.9), 175 mM NaCI, 20 mM EDTA, and 0.5 mg/ml ovalbumin. The amount of
prothrombin activated was calculated from the absorbance change (AA 405-500
/min) measured on a dual-wavelength spectrophotometer, using a calibration
curve of chromogenic substrate conversion by known concentrations of active-
site-titrated thrombin. Rates of prothrombin activation were calculated from the
amounts of prothrombin that were activated in the aliquots taken from the reaction
mixture after different time intervals. Kinetic parameters for prothrombin activation
(Km. KdXaVa and Vmax) were obtained by fitting the data of experiments in which
the rate of prothrombin activation was measured as function of the prothrombin or
factor Va concentration to the Michaelis-Menten equation using the Enzfitter
computer program.
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• 7LC ana/ys/s of p/)osp/>af/dy/c/io//ne. Two-dimensional TLC analysis
of phospholipids was performed at room temperature on 20 x 20 cm plates coated
with 0.5 mm silicagel 60. The phospholipids were dissolved in chloroform/metha-
nol (1/1,v/v) and applied to the thin layer plate. Chloroform/methanol/ammonia
(25%) / water (95:50:5.5:5.5,v/v) was used as eluent in the first dimension and
chloroform/methanol/acetic-acid/water (90:40:12:2,v/v) was the eluent in the
second dimension. After chromatography the silica gel plates were thoroughly
dried and the phospholipids were visualized with iodine vapor. The amount of
phospholipid present in each spot was determined by removing the silica from the
plate, hydrolyzing the silica-bound phospholipid by destruction with 70% HCIO4 at
190°C and quantitating the liberated phosphate with the method of Bôttcher et al.
[28].

Results

Prothrombin activition on neutral and negatively charged membranes

The prothrombin-converting activities of neutral (DOPC) and negatively
charged (DOPS/DOPC) membranes were compared in an experiment in
which phospholipid-dependent prothrombin activation was examined both in
the absence and presence of factor Va at low and high ionic strength
(Table 1).

Table 1. The effect of DOPC and DOPS/DOPC on rates of prothrombin activation

rate of prothrombin activation^

phospholipid without factor Va with factor Va

20 mM NaCl 175 mM NaCI 20 mM NaCI 175 mM NaCI

no phospholipid 0.021 0.018 13 4
DOPC (100) 0.031 0.022 1181 87
DOPS/DOPC (20/80) 1.35 1.31 3317 3048

2 MM Prothrombin was activated in a reaction mixture containing 50 mM Tris-HCI
(pH 7.5), 20 mM NaCI or 175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 100 |iM
phospholipio vesicles, and 4 nM factor Xa without factor Va or 5 pM factor Xa plus 5 nM
factor Va.

profriromb/n acf/Vated per m/nute per mo/e factor Xa presenf /n frie reacf/on
m/xftvre.

The stimulatory effect of phospholipids on prothrombin activation by factor
Xa alone (i.e. without factor Va) appeared to be strictly dependent on the
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presence of negatively charged phospholipids. This can be concluded from
the fact that similar rates of prothrombin activation were observed in free
solution and in the presence of DOPC membranes, whereas negatively
charged membranes that contained 20 mole % DOPS in DOPC caused a
70-fold acceleration of factor Xa-catalyzed prothrombin activation. When
factor Va was part of the prothrombinase complex, DOPC membranes were
also able to accelerate prothrombin activation. Prothrombin-eofwertimj
activity of DOPC membranes was especially observed at low ionic strength*
conditions at which the activity of DOPC membranes was 35% of that of t i e
DOPS/DOPC membranes.

The data presented in Table 1 indicate that membranes solely composed
of dioleoyl-PC are able to stimulate the activation of prothrombsn. We
decided to investigate whether the fatty acyl side chain composition of PC
may be important in the formation of a functionally active prothFomtBnase
complex. To this end we have compared the prothrombin-converting activity
of a variety of phosphatidylcholines with fatty acyl chains of different length
and degree of unsaturation, and of phosphocholine-containing lipicte in which
unsaturated hydrocarbon side chains are attached to a sphingosine
(sphingomyelin) or a glycerol backbone (diCi8:0-ether-PC) by arrttdo- or
ether linkages, respectively.

In Table 2 we have summarized the prothrombin-converting activities of
the different phosphocholine-containing lipids. All lipid vesicles composed of
PC with unsaturated fatty acyl chains were able to cause considerable
stimulation of prothrombin activation, in the presence of factor Va. Vesicles
prepared from PC with one saturated and one unsaturated side chain (1-
stearyl-2-oleoyl-PC) or from egg PC, which is a mixture of PC molecules
with side chains of different length and degree of unsaturation, were less
active, but were still able to enhance prothrombin activation.
Phosphocholine-containing lipids with saturated hydrocarbon side chains
(diCi4;o PC, diCi6:0 PC, diC-|8:0 PC, sphingomyelin and diCi8:0-ether-PC)
hardly stimulated prothrombin activation. It could be argued that the lack of
prothrombin-converting activity of the latter group of membranes is due to
the fact that these membranes may be in the so-called gel phase. However,
under the experimental conditions membranes composed of diC-|4;o PC
were in the liquid-crystalline state since the transition temperature of this PC
is 23°C [29] and the prothrombin-converting activity of these membranes
was determined at 37°C. Assaying prothrombin activation at 50 °C, which is
also above the transition temperature of diCi6:0 PC (Tm = 41.5°C [30] ) did
not enhance the prothrombin-converting activity of membranes composed of
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PC with saturated hydrocarbon side chains (data not shown). These results
indicate that the phosphocholine moiety of PC can indeed promote the
assembly of a functionally active prothrombinase complex provided that the
PC molecules contain unsaturated hydrocarbon side chains.

Table 2. Prothrombin activation on vesicles composed of different choline-
containing phospholipids

rate of prothrombin
activation

phospholipid (mol/min/mol Xa)

no phospholipid ^ 10
dioleoyl-PC (diCi8:i PC) 410
dilinoleoyl-PC (diCi8:2 PC) 730
dilinolenoyl-PC (diCi8:3 PC) 738
1-stearyl-2-oleoyl PC (Ci8:0-Ci8:1 PC) 162
egg PC 95
dimyristoyl-PC (diCi4:fj PC) 13
dipalmitoyl PC (diCi6:0 PC) 41
distearoyl-PC (diCi8:0 PC) 23
diCi8:0-etherPC 28
sphingomyelin 26

Prothrombin (0.5 nM) was activated in a reaction mixture containing 50 mM Tris-HCI
(pH 7.9), 20 mM NaCI, 5 mM CaCl2, 0.5 mg ovalbumin, 100 nM phospholipid, 5 pM factor
Xa, and 5 nM factor Va.

The data presented in this section show that neutral membranes, that are
solely composed of phosphatidylcholine, effectively promote the assembly of
a functionally active prothrombinase complex when: (a) phosphatidylcholine
contains unsaturated hydrocarbon side chains , (b) factor Va is part of the
prothrombinase complex and (c) prothrombin is activated at low ionic
strength.

Since prothrombin-converting activity of DOPC membranes was only
observed in the presence of factor Va all data discussed in the remainder of
this paper pertain to experiments performed in the presence of factor Va.

TLC of DOPC preparations with prothrombin-converting activity

To rule out the possibility that the acceleration of prothrombin activition by
DOPC was due to the presence of trace amounts of contaminating anionic
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Figure 1. Two-dimensional TLC analysis of DOPC. Solvent I: chloroform/methanol/
ammonia (25%)/water (95:50:5.5:5.5, v/v). Solvent II: chloroform/methanol/acetic
acid/water (90:40:12:2, v/v). (A): 10 mg of DOPC. (B): 10 mg of DOPC plus 0.1 mole%
DOPS, plus 0.1 mole% DOPA, and 0.1 mole% DOPG. Spot 1 is DOPS, spot 2 is DOPG,
and spot 3 is DOPA. TLC analysis was performed as described under Experimental
Procedures.

phospholipids we have analyzed the purity of our DOPC preparation with
two-dimensional TLC (Figure 1A). In order to test the sensitivity of the TLC
method for the detection of traces of phospholipids we have also
chromatographed a DOPC sample to which we added 0.1 mole % DOPS,
0.1 mole % DOPG and 0.1 mole % DOPA (Figure 1B).
Comparison of the two chromatograms shows that the DOPC preparation
used in the prothrombinase experiments contained less than 0.1 mole %
anionic phospholipid, if at all.

We also ruled out the possibility that sonication of DOPC in aqueous
environment resulted in lipid hydrolysis which could introduce prothrombin-
converting activity in the resulting vesicles preparation. Prolonged sonication
(up to 2 hours) of the DOPC vesicles did neither increase the prothrombin-
converting activity of the vesicles nor did it change the TLC pattern of DOPC
extracted from the sonicated vesicle preparation (data not shown).
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Prothrombin activation on DOPC membranes containing trace amounts
of anionic phospholipids

Although we were not able to detect anionic phospholipids in procoagulant
DOPC preparations we felt that additional experiments were required to
exclude the possibility that traces of anionic phospholipids (< 0.1 mole %)
were responsible for the prothrombin-converting activity of DOPC vesicles.
To this end we have prepared DOPC vesicles containing between 0 and 0.5
mole % of added anionic phospholipid (DOPS or DOPA) and measured their
ability to accelerate prothrombin activation (Figure 2).

i

u
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O
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o 0.2 0.4

Anionic Lipid ( mole % )

Figure 2. Effect of low mole percentages anionic lipids on the prothrombin-
converting activity of DOPC membranes. Prothrombin (2 nM) was activated in a
reaction mixture containing 50 mM Tris-HCI (pH 7.5), 20 mM NaCI, 5 mM CaCl2, 0.5
mg/ml ovalbumin, 5 pM factor Xa, 5 nM factor Va and 100 ^M DOPC vesicles with
varying mole percentages anionic lipid. The anionic lipids used were DOPS (•) and
DOPA (• ) . Rates of prothrombin activation were determined as described under
Experimental Procedures.

These low concentrations of anionic phospholipids caused a small but
statistically significant stimulation of prothrombin activation which appeared
to be linearly dependent on the added mole percentage of anionic
phospholipid.
The equations that describe these linear relationships are
v = 9.23 x mole PSadded + v' (eq.1)
v = 7.94 x mole PAadded + V (eq. 2)
in which v is the observed rate of prothrombin activation and v' is the rate of
prothrombin activation determined on pure PC vesicles (6.41 nM/min). It can
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be argued that this activity of the PC vesicles (v') is actually due to an
unknown trace amount of PS or PA and that the actual rate of prothrombin
activation on pure PC vesicles should equal the rate of prothrombin
activation in free solution (0.07 nM/min). In that case it can be calculated
from eq. 1 or 2 that "pure" PC should contain 0.7 mole % PS or 0.8 mole %
PA in order to explain the observed prothrombin-converting activity of PC
vesicles. Since this is far above any PS or PA detectable in our DOPC
preparation by TLC (Figure 1) we conclude that the prothrombin-converting
activity of DOPC vesicles is not due to traces of anionic phospholipids but is
an intrinsic property of DOPC.

Effect of ionic strength variation on the prothrombin-converting activity
of DOPC and DOPS/DOPC membranes

In Table 1 it is shown that prothrombin activation on DOPC is strongly
inhibited at high ionic strength. In Figure 3 we have compared the ionic
strength sensitivities of the prothrombin-converting activities of DOPC and
DOPS/DOPC (5/95, M/M) membranes.
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Figure 3. Effect of ionic strength variation on the prothrombin-converting activity of
DOPC or DOPS/DOPC (5/95) membranes. Prothrombin (2 nM) was activated in a
reaction mixture containing 50 mM Tris-HCI (pH 7.5), 20-500 mM NaCI, 5 mM CaCl2, 0.5
mg/ml ovalbumin, 5 pM factor Xa, 5 nM factor Va and 100 nM DOPC (•) or 100 nM
DOPS/DOPC, 5/95, M/M (•). Rates of prothrombin activation were determined as
described under Experimental Procedures. Rates of prothrombin activation at 20 mM
NaCI were 6.4 nM/min (DOPC) or 17.4 nM/min (DOPS/DOPC).
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Prothrombin activation on DOPC vesicles appeared to be already inhibited
at rather low NaCI concentrations (50% inhibition at 90 mM NaCI) whereas
the activity of DOPS/DOPC vesicles was much more résistent to variation of
the NaCI concentration (50% inhibition at 450 mM NaCI). It is important to
note that at physiological ionic strength, which corresponds to [NaCI] = 150
mM, the prothrombin-converting activity of DOPC was already inhibited for
more than 90% and that in absolute terms the activity of the DOPC vesicles
was only 6% of that of the DOPS/DOPC vesicles (15.8 vs. 1.0 nM
prothrombin activated/min). *•«;* ». ..-

Calcium and Gla requirements of prothrombin activation on DOPC and
DOPS/DOPC membranes ^c-sà: :,r' : i

Stimulation of prothrombin activation by negatively charged membranes is
strictly dependent on the presence of calcium ions. It is generally accepted
that the calcium ions are required for bridging the Gla-domains of the vitamin
K-dependent proteins to the polar head groups of anionic membrane
phospholipids (see ref. [3], for a review)
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Figure 4. Ca2+-dependence of prothrombin activation on DOPC or DOPS/DOPC
(5/95) membranes. Prothrombin (2 pM) was activated in a reaction mixture containing 50
mM Tris-HCI (pH 7.5), 20-50 mM NaCI, 0-10 mM CaCl2, 0.5 mg/ml ovalbumin, 5 pM
factor Xa, 5 nM factor Va and 100 uM DOPC (•) or 100 nM DOPS/DOPC, 5/95, M/M (•).
The ionic strength of the reaction mixtures with varying CaCl2 concentrations was
adjusted with appropriate amounts of NaCI. Rates of prothrombin activation were
determined as descibed under Experimental Procedures.
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Prothrombin activation on DOPC membranes also required the presence of
calcium ions, but showed a calcium dependence that is somewhat different
from that observed for DOPS/DOPC membranes (Figure 4). 1 :
Whereas low Ca2+-concentrations (< 0.5 mM) already caused considerable
stimulation of prothrombin activation on DOPS/DOPC vesicles, the
prothombin-converting activity of DOPC vesicles was hardly stimulated and
required much higher CaCl2 concentrations. Another difference was the
gradual inhibition of prothrombin activation on DOPC membranes at [Ca2+]
> 5mM.

Ca2+-ions may enhance the prothrombin-converting activity of DOPC
membranes by at least 3 different mechanisms: (1) by promoting the binding
of prothrombin and/or factor Xa to the membrane surface in a manner similar
to that suggested for negatively charged membranes, (2) by mediating factor
Xa-Va complex formation, and (3) by increasing the catalytic activity of the
prothrombinase complex. With respect to the second possibility it is
important to note that it has been reported that Ca2+-ions are required for
factor Xa - Va complex formation in free solution [31]. If Ca2+-ions are
required for the binding of factor Xa and/or prothrombin to the DOPC
membrane surface (possibility 1) it is to be expected that stimulation of
prothrombin activation by DOPC would also be dependent on the presence
of Gla-domains in prothrombin and factor Xa. Indeed it was observed that

Table 3. Effect of DOPC membranes on rates of prothrombin activation. Determined
with Gla-Containing and Gla-Domainless Proteins

rate of prothrombin activation^
prothrombin activating complex prothrombin prethrombin 1

1) factor Xa, factor Va, Ca2+
2) factor Xa, factor Va, DOPC, Ca2+
3) factor Xa (-GD), factor Va, Ca2+
4) factor Xa (-GD), factor Va, DOPC, Ca2+

2 nM Prothrombin or 2 nM prethrombin 1 was activated in a reaction mixture containing
50 mM Tris-HCI (pH 7.5), 20 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, by (1) 0.2 nM
factor Xa plus 5 nM factor Va or (2) 5 pM factor Xa plus 5 nM factor Va and 100 nM
DOPC vesicles or (3) 0.2 nM factor Xa (-GD) plus 5 nM factor Va or (4) 0.2 nM factor Xa
(-GD) plus 5 nM factor Va and 100 nM DOPC vesicles. Rates of prothrombin activation
were determined as described under the Experimental Procedures.

^mo/es protf)ro/nb/n acfrVafec/ per m/nufe per mo/e /actor Xa presenf /n fr»e
reacf/on m/xfure.
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DOPC hardly stimulated activation rates of Gla-domainless proteins
(Table 3).
Neither the activation of prethrombin 1 by factor Xa nor the activation of
prothrombin by Gla-domainless factor Xa (factor Xa-GD, [23] ) was
stimulated by DOPC vesicles. These requirements for Ca2+-ions and Gla
domains suggest that Ca2+-dependent interactions between the Gla-
domains of prothrombin and factor Xa and the DOPC surface are essential
for the expression of the prothrombin-converting activity of DOPC vesicles.

Comparison of kinetic parameters for prothrombin activation on DOPC
and DOPS/DOPC membranes

Negatively charged membranes accelerate prothrombin activation by
decreasing the Km for prothrombin [32] and by promoting factor XaVa
complex formation at the membrane surface [25,33]. This effect of
phospholipids is illustrated by literature data summarized in Table 4.

Table 4.
activation

Effect of phospholipids on the kinetic parameters of prothrombin

Without phospholipid
DOPS/DOPC (5/95)
DOPC
DOPC

Salt concentration

175 mM NaCI
175 mM NaCI
20 mM NaCI

175 mM NaCI

Kd
(nM)

800-13003.6

0.28
7.5
100

Km
(uM)

9.0*
0.15

1.9
2.3

Vmax
(nM/min/

nMXa)

18603

3830
3020
3522 c

Prothrombin was activated in a reaction mixture containing 50 mM Tris-HCI (pH 7.5),
NaCI concentrations indicated in the table, 5 mM CaCl2, 0.5 mg/ml ovalbumin,
3 pM factor Xa, 100 nM DOPC vesicles, and 100 nM factor Va (Km and Vmax
determination) or varying concentrations factor Va (factor Va titration). The factor Va
titration (Kd determination) was performed at 2 nM prothrombin (see also Figure 5).
Rates of prothrombin activation were determined as described under Experimental
Procedures. The kinetic parameters were obtained by fitting double reciprocal plots of
rates of prothrombin activation versus the factor Va concentration (Kd) or the
prothrombin concentration (Km and Vmax) to the Michaelis-Menten equation using the
Enzfitter computer program

, Bostowc er a/./34y
* 20°C, P/yzd/a/ and Mann f3/y
c ca/cu/a/ed tor/FVay -> •», /.e. 2x oftserved Umax s/nce /FUay = 700 n/W =
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Prothrombin activation by the factor XaVa complex in free solution is slow
since it is characterized by a rather high Km for prothrombin (9 u.M, [34] and
by rather unfavorable parameters for factor XaVa complex formation (K<j =
800-1300 nM, [31,34]. The major effects of negatively charged
phospholipids are on the Km for prothrombin, which in the presence of 100 u.
M DOPS/DOPC (5/95, M/M) vesicles drops to 0.15 u.M, and on the Kd for
dissociation of the membrane bound factor XaVa complex which is 0.28 x
10'3 nM being 3000-fold lower than in free solution.

0.30

Figure 5. Influence of the ionic strength on the factor Va dependence of
prothrombin activation on DOPC membranes. A) Prothrombin (2 nM) was activated in
a reaction mixture containing 50 mM Tris-HCI (pH 7.5), 40 mM NaCI (•) or 175 mM NaCI
(•), 5 mM CaCl2, 0.5 mg/ml ovalbumin, 3 pM factor Xa and 100 (iM DOPC vesicles and
varying concentrations factor Va. Rates of prothrombin activation were determined as
described under Experimental Procedures. B) Double reciprocal plots of the same data.
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Table 4 also includes the results of a kinetic analysis of prothrombin
activation on DOPC membranes. At 20 mM NaCI the K<j for dissociation of
the membrane-bound factor Xa-Va complex is 7.5 x 10*3 ^M and the Km for
prothrombin is 1.9 u,M. These parameters (especially the Kd) are
considerably below those observed in free solution which provides an
adequate explanation for the stimulatory effect of DOPC membranes on
prothrombin activation.

At high ionic strength there was a more than 10-fold increase of the Kd for
factor XaVa complex formation (Figures 5A and 5B) which explains the
decreased prothrombin-converting activity of DOPC membranes at high salt
concentrations. The Vmax values for prothrombin activation in free solution
and in the presence of DOPC and DOPS/DOPC membranes are of the
same order of magnitude.

These data indicate that both DOPC and DOPS membranes accelerate
prothrombin activation by promoting the formation of the factor XaVa
complex and the interaction of this complex with its substrate prothrombin.
The similarity of the observed Vmax shows that membranes have a minimal
effect on the intrinsic catalytic activity of the factor XaVa complex.

Discussion

Although it has been thought for a long time that membrane-dependent
activation of vitamin K-dependent coagulation factors has an absolute
requirement for negatively charged phospholipids, there are now several
papers in literature in which it is shown that membranes solely composed of
phosphatidylcholine can also be functional in coagulation factor activation.
Factor X activation by the tissue factor-Vila complex [17,18], protein C
activation by thrombin plus thrombomodulin [19] and prothrombin activation
by the factor XaVa complex [1] have been reported to be more or less
stimulated by phosphatidylcholine. However, not much research has been
directed to the nature of the stimulation of coagulation factor activation by
neutral phosphatidylcholine membranes. In the present study we have
investigated the effect of phosphatidylcholine on prothrombin activation
under a wide variety of reaction conditions in order to further increase our
understanding of the mechanism by which prothrombinase can be stimulated
by this phospholipid.

It is shown that PC-dependent prothrombin activation is distinctively
observed: (a) in the presence of the protein cofactor, factor Va, (b) on
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phosphatidylcholines that contain unsaturated hydrocarbon side chains, (c)
at low ionic strength, (d) in the presence of Ca2+-ions and (e) with
coagulation factors (i.e. prothrombin and factor Xa) that contain a native Gla-
domain. When one or more of these conditions is not fulfilled the
prothrombin converting activity of phosphatidylcholine is greatly reduced or
even absent. '•;<>- *• -

Since the Ca2+ and Gla requirement for PC-dependent prothrombin
activation is also characteristic for stimulation of prothrombin activation by
negatively charged membranes [3,4] we felt that we should rule out a
scenario in which the stimulation of prothrombin activation by PC is actually
caused by traces of anionic lipids present in our PC preparation. In a
previous publication we have shown that PC vesicles prepared by sonication
contain less than 0.2% fatty acid [1]. In the present paper we show that we
can also not detect any appreciable amounts of PS, PA or PG in the DOPC
preparation used in our prothrombinase experiments. TLC analysis of the
DOPC reveals that it contains less than 0.1 % of these anionic
phospholipids. Kinetic analysis shows that even if such amounts of
negatively charged lipids were present in our PC preparation it could not
account for the observed rates of prothrombin activation on DOPC. Thus, we
conclude that the stimulation of prothrombin activation by membranes that
are solely composed of DOPC is due to an intrinsic property of the
phosphatidylcholine moiety.

The above mentioned requirements for DOPC-dependent prothrombin
activation shows many similarities with the requirements for prothrombin
activation on membranes that contain low amounts of negatively charged
phospholipids with low binding affinities for vitamin K-dependent coagulation
factors (e.g. PG). Prothrombin activation on membranes containing less than
10 mole % PG is only observed in the presence of factor Va [14] and is
strongly inhibited at increasing ionic strength [1]. On the basis of these
similarities we propose that the assembly of the prothrombinase complex on
PC membranes is the result of weak ionic and hydrophobic interactions. The
importance of weak ionic interactions is concluded from the fact that
prothrombin activation on DOPC membranes is strongly inhibited at
increasing ionic strength.

The involvement of additional hydrophobic interactions is indicated by the
the fact that prothrombin activation is only observed on PC membranes that
are composed of PC with unsaturated hydrocarbon side chains, a property
that is well-known to facilitate hydrophobic interaction between proteins and
membranes. The experiment, in which we determined the prothrombin-
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converting activity of different phosphocholine-containing lipids, indicated
that only PC molecules with unsaturated hydrocarbon side chains produce
membranes that are able to promote prothrombin activation.

The presence of unsaturated hydrocarbon chains with cis double bonds
may affect the packing density of the PC molecules in the membrane. It is to
be expected that the phospholipid molecules in membranes composed of
PC with unsaturated side chains will be more loosely packed than
phospholipid molecules in membranes composed of PC with saturated side
chains [35] and that coagulation factors that become embedded in the
membrane (i.e. factor Va) may better bind to loosely packed membranes.
Such a phenomenon may explain why prothrombin activation on PC
membranes requires PC with unsaturated hydrocarbon chains.

The fact that factor Va is required for the assembly and the expression of
the functional activity of the prothrombinase complex on PC membranes
indicates that coordinate binding of factor Xa and/or prothrombin with factor
Va [3,14] or even conformational cage formation [36] is required to
compensate for the weak binding affinities of the individual coagulation
factors.

The observed Ca2+ and Gla requirements suggest that the binding of both
prothrombin and factor Xa to DOPC is supported by the formation of Ca2+-
bridges between the Gla-domains of these proteins and the phosphocholine
moiety of the DOPC membrane. Although interactions between Ca2+-ions
and phospholipids are often implicated to be reserved for anionic
phospholipids it is important to note that it has been reported that Ca2+-ions
also bind to pure phosphatidylcholine bilayers in aqueous environment [37].
Thus it is plausible that DOPC-bound Ca2+-ions form the locus to which the
Gla-domains of prothrombin and factor Xa bind.

A comparison between the efficiencies by which phosphatidylcholine and
negatively charged membranes stimulate prothrombin activation can be
made on basis of the kinetic data presented in Table 4. Prothrombin
activation in free solution is characterized by rather unfavorable kinetic
parameters, i.e. a high Km for prothrombin of 9 |iM [34] and a high Kd for
dissociation of the factor Xa-Va complex of 800-1300 nM [31,34]. The
stimulatory effect of DOPC membranes appears to be due to effects on the
Km for prothrombin, which drops to 1.9 |u,M, and on the Kd for dissociation of
the factor XaVa complex which becomes 7.5 nM. DOPS/DOPC (5/95, M/M)
membranes exhibit even more favorable kinetic parameters i.e. a Km for
prothrombin of 0.15 ^M and a Kd for factor Xa-Va complex dissociation of
0.28 nM. These data implicate that at low ionic strength and high factor Va
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(> 15 nM) and prothrombin (> 5 u.M), DOPC and DOPS/DOPC membranes
exhibit equal prothrombin converting activities. At lower coagulation factor
concentrations and at increasing ionic strength DOPC gradually loses its
ability to stimulate prothrombin activation while the prothrombin-converting
activity of DOPS/DOPC membranes is hardly affected. The loss of the
prothrombin-converting activity of DOPC membranes at high ionic strength is
not caused by an effect on the Km for prothrombin, but appears to be due to
an effect on de K<j for dissociation of the factor XaVa complex which
increases from 7.5 nM at I = 0.06 to 100 nM at I = 0.22. From these values
for the kinetic parameters it is obvious that at high ionic strength the
prothrombin-converting activity of DOPC membranes will be negligible to
that of membranes composed of DOPS/DOPC for a wide range of
coagulation factor concentrations.

The major function of phospholipids in prothrombin activation is to provide
a membrane surface that promotes both the assembly of the factor XaVa
complex and the interaction of this complex with its substrate prothrombin
[3]. There are some reports in the literature in which it is suggested that
anionic membrane phospholipids also alter the catalytic activity of the
membrane-bound prothrombinase complex, and that different anionic
phospholipids may even do this to a different extent [38]. However, such a
lipid effect seems to be of limited importance if one considers the
observations of Boskovic et al. [34] who reported at saturating factor Va
concentration the same kcat values for prothrombin activation in the absence
and presence of phospholipids. Our data also indicate that anionic lipids per
se have a negligible effect on the intrinsic catalytic activity of the
prothrombinase complex since the same kcat values were obtained for
prothrombin activation on DOPC and DOPS/DOPC membranes.
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Chapter 8

Effect of Membrane Fluidity
and Fatty Acid Composition on

the Prothrombin-Converting Activity
of Phospholipid Vesicles



Summary " ' ""*,.'"^\

Vesicles composed of phospholipids with different fatty acyl side chains
have been utilized to examine the importance of the nonpolar membrane
region for the prothrombin-converting activity of procoagulant phospholipid
vesicles. Membranes composed of phosphatidylserine (PS) and
phosphatidylcholine (PC) with unsaturated fatty acyl side chains were more
active in prothrombin activation than membranes composed of
phospholipids with saturated fatty acyl chains. This phenomenon was
observed above the phase transition temperature i.e. on membranes in the
liquid-crystalline state. The prothrombin-converting activity of saturated
phospholipids approached the activity of unsaturated phospholipids at high
factor Va concentrations, which is indicative for a less favorable equilibrium
constant for prothrombinase assembly on membrane surfaces composed of
saturated phospholipids. The difference between saturated and unsaturated
phospholipids was annulled on membranes with high mole percentages PS.
This may result from a compensating contribution of electrostatic forces to
the binding equilibria involved in prothrombinase assembly. Additional
effects on the prothrombin-converting activity were observed when
membranes containing saturated phospholipids were studied below their
phase transition temperature. In agreement with Higgins et al. [1] we found
that the time required for the assembly of prothrombinase from membrane-
bound factor Xa and Va is considerably prolonged on solid membranes.
However, we also observed an effect of membrane fluidity on the steady-
state rate of prothrombin activation. Kinetic experiments at saturating factor
Va concentrations showed that the transition from the liquid-crystalline to the
gel state caused a more than 9-fold decrease of the kcat of prothrombin
activation without affecting the Km for prothrombin. This effect of membrane
fluidity on the catalytic activity of prothrombinase was accompanied by a
shift in the peptide bond cleavage pattern during prothrombin activation.
Meizothrombin and thrombin were the only detectable prothrombin activation
products on fluid membranes. A considerable reduction of meizothrombin
formation and additional prethrombin 2 generation were observed on
membranes in the gel phase. It is hypothesized that effects of membrane
fluidity on the proper juxtaposition of enzyme (factor Xa-Va) and substrate
(prothrombin) on the membrane may explain both the decreased kcat values
and the shift in the peptide bond cleavage pattern observed for prothrombin
activation on solid membranes.
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Introduction

The blood coagulation factor prothrombin is enzymaticaly converted into
thrombin by the so-called prothrombinase complex. Prothrombinase is a
multicomponent complex composed of the serine protease factor Xa that is
tightly associated with the protein cofactor Va on phospholipid membranes
in the presence of calcium ions (for a review see ref. [2]). It is well
established that optimal prothrombinase activity requires coordinate binding
of prothrombin, factor Xa and factor Va to the membrane surface.

The prothrombin-converting activity of procoagulant membranes is greatly
influenced by the chemical and physical properties of the membrane
phospholipids. The presence of anionic phospholipids is a prerequisite to
bind the participating proteins and to facilitate the reactions leading to
thrombin formation. Substantial knowledge is available on the effects of
anionic phospholipids on the protein-membrane interactions essential for
prothrombinase complex formation (for a review see ref. [3]). Prothrombin
and factor Xa are vitamin K-dependent proteins containing 7-
carboxyglutamic acid residues [4-6] that are involved in the Ca2+-dependent
binding of these proteins to the polar head groups of anionic membrane
phospholipids [7-9]. Equilibrium binding parameters have been reported for
the association of prothrombin and factor Xa with small unilamellar
phospholipid vesicles [10] and planar phospholipid layers [11-13]. The
interaction between factor Va and membranes also requires anionic
phospholipids [14] but is independent of the presence of added Ca2+-ions.
The formation of the factor Va-phospholipid complex may involve both
hydrophobic [14,15] and electrostatic interactions [16-19].

The effects of phospholipid concentration and composition on the catalytic
activity of the prothrombinase complex have been studied in detail for
membranes containing different anionic phospholipids [20-22]. It was shown
that membranes that contain the aminophospholipid PS as anionic
phospholipid exhibit the highest prothrombin-converting activity [22,23]. The
ability of membranes to accelerate prothrombin activation is, however, not
strictly dependent on the presence of amino and phosphate groups. This
can be concluded from the fact that negatively charged lipids that only
contain a phosphate (PA), sulfate (sulfatides or dodecylsulfuric acid) or
carboxyl group (oleic acid) also promote factor Xa-catalyzed prothrombin
activation [21].

The prothrombin-converting activity of membranes is not only dependent
on the chemical nature of the polar headgroup but is also affected by the
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chemical and physical properties of the nonpolar membrane region. Sterzing
and Barton [24] have shown that the procoagulant activity of membranes
composed of egg-yolk PC and bovine brain PS was greatly reduced upon
hydrogénation and they concluded that the liquid-crystalline phase is
essential for the expression of procoagulant activity. This was confirmed by
subsequent studies with vesicles composed of synthetic phospholipids in
which it was shown that the phase transition from the gel state to the liquid-
crystalline state is accompanied by a sharp increase of the clot-promoting
activity of the vesicles [25]. In a more recent study Higgins et al. [1]
investigated the effect of membrane fluidity on the catalytic properties of the
prothrombinase complex. They observed a considerable lag in the time
required for the assembly of the prothrombinase complex on membrane
surfaces in the gel state and concluded that lipid fluidity affects the rate of
assembly of the factor Xa-Va complex at the membrane surface.

Recently we observed that membranes solely composed of PC also
promote prothrombin activation provided that the PC molecules contain
unsaturated fatty acyl side chains and the reaction is studied at low ionic
strength [21]. The differences between the prothrombin-converting activities
of PC membranes with saturated and unsaturated side chains were not due
to fluidity differences since vesicles composed of DMPC or DPPC were also
not active above the phase transition temperature.

On the basis of these results we decided to perform a detailed study on
the effects of fatty acyl side chain composition of membrane phospholipids
on the prothrombin-converting activities of negatively charged phospholipid
vesicles. The assembly of the prothrombinase complex and the expression
of its catalytic activity were investigated on membranes composed of
unsaturated or saturated phospholipids both below and above the phase
transition temperature of the vesicles.

Experimental procedures

• /Wafer/a/s. S2238 and 12581 were purchased from AB Kabi Diagnostica,
Stockholm, Sweden. p-NPGB was from Nutritional Biochemicals. Dimyristoyl-sn-
glycero-3-phosphoserine (diCi4:rjPS), dioleoyl-sn-glycero-3-phosphoserine
(diC-|8:iPS), dilauroyl-sn-glycero-3-phosphocholine (diC-|2:0PC), dimyristoyl-sn-
glycero-3-phosphocholine (diCi4:rjPC), dipalmitoyl-sn-glycero-S-phosphocholine
(diCi6:oPC), dipalmitoleoyl-sn-glycero-S-phosphocholine (diCi6:iPC), dioleoyl-
sn-glycero-3-phosphocholine (diC-|8:iPC) and dierucoyl-sn-glycero-3-phos-
phocholine (diC22:iPC) were obtained from Avanti Polar Lipids Inc., Alabaster,
Alabama (USA). Dilauroyl-sn-glycero-3-phosphoserine (diCi2:oPS), dipalmitoyl-
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sn-glycero-3-phosphoserine (diCi6:0PS), dipalmitoleoyl-sn-glycero-3-phospho-
serine (diC-|6:iPS) and dierucoyl-sn-glycero-3-phosphoserine (diC22:iPS) were a
kind gift of Dr. P. Comfurius, Rijksuniversiteit Limburg, Maastricht, The
Netherlands. Benzamidine-HCI, ovalbumin (grade V), Russell's viper venom and
Ecrt/'s car/nafus venom were obtained from Sigma, St. Louis. Column materials for
protein purification (DEAE-Sephadex A-50, QAE-Sephadex A-50, SP-Sephadex
C-50, Sephadex G-100, Sephadex G-200, and Sephacryl S-300) were obtained
from Pharmacia, Uppsala, Sweden. Silica gel 60 plates for thin-layer
chromatography of phospholipids were from Merck, Darmstadt, Germany. Crude
porcine intestinal mucosal heparin (USP activity 175 units/mg) was purchased
from Organon, The Netherlands.
- Prote/ns. Bovine prothrombin and prethrombin 1 were purified according to
Owen et al. [26]. Bovine factor X was purified as described by Fujikawa et al. [27].
Bovine factor Xa was prepared from factor X after activation with RVV-X [28].
RVV-X was purified from the crude venom of Russell's viper by the method of
Schiffman et al. [29]. Bovine factor Va was obtained according to the procedure
of Lindhout et al. [30]. Bovine AT-III was purified according to Thaler and Schmer
[31]. Prothrombin, factor Xa and AT-III were stored at -80°C in 50 mM Tris-HCI
(pH 7.9) and 175 mM NaCI. Factor Va was stored at -80°C in the same buffer with
5 mM CaCl2-
• Prote/'n Concenfraf/ons. The molar concentration of factor Xa was determined
by active site titration with p-NPGB [32]. Prothrombin concentrations were
determined with p-NPGB (cf. thrombin active site titration, [33] ) after complete
activation of prothrombin with the venom activator from Ec/7/s car/nafus. Factor Va
concentrations were determined by kinetic analysis [30].
• Pnospno//p/'cfe and p/iosp/7o//p/d ves/c/e preparaf/ons. TLC analysis of the
phospholipid preparations was performed at room temperature on 20 x 20 cm
plates coated with 0.5 mm silica gel 60. Chloroform/methanol/ammonia/water
(95/50/5.5/5.5 v/v) was used as a eluent and the purity of the different
preparations was checked after visualization of the phospholipids on the TLC
plate with iodine vapor. Single bilayer phospholipid vesicles were prepared as
follows: phospholipid preparations, usually dissolved in CHCI3/CH3OH (1/1 v/v),
were dried under a stream of N2. The dried lipids were suspended in 50 mM Tris-
HCI (pH 7.9) and 175 mM NaCI at 65°C and vigorously vortexed for 1 min. The
phospholipid suspensions were subsequently sonicated for 10 min at 65°C with a
MSE Mark II 150-W ultrasonic disintegrator set at 8 uM peak to peak amplitude.
Phospholipid concentrations were determined by phosphate analysis [34].
• Assay system for measuring rates of profhrom/wn acf/vaf/on. Phospho-
lipids, factor Xa, and, factor Va were incubated for 5 min at the reaction
temperature in 50 mM Tris-HCI buffer (pH 7.52) containing 5 mM CaCl2, 0.5
mg/ml ovalbumin. Prothrombin activation was started by the addition of
prothrombin preincubated at the same temperature in the same buffer. After
different time intervals aliquots from the reaction mixture were transferred to
disposable cuvettes containing 235 uM of the thrombin-specific chromogenic
substrate S2238 in 50 mM Tris-HCI (pH 7.9), 175 mM NaCI, 20 mM EDTA, and
0.5 mg/ml ovalbumin. The amount of prothrombin activated was calculated from
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the absorbance change (AA 405-500/min) measured on a dual-wavelength
spectrophotometer, using a calibration curve of chromogenic substrate conversion
by known amounts of active-site-titrated thrombin. In order to specifically
determine meizothrombin, the amidolytic activity was also measured with 4 nM
AT-III and 10 ng/ml heparin in the cuvette [35]. In that case, samples from the
prothrombin activation mixture were incubated for 1 min in the cuvette with AT-III
and heparin to inhibit thrombin prior to the addition of S2238.
• Ge/ e/ecfrop/7oref/'c ana/ys/s o/prof/iromù/n acf/Vaf/on. Polyacrylamide gel
electrophoresis of prothrombin activation was carried out in the presence of SDS
on 10% polyacrylamide slabgels (6% stacking gel [36]) in a miniprotean II cell
from Bio-Rad. Aliquots (25 uJ) from the reaction mixtures were added to 10 u.l of
gel buffer containing 250 mM Tris-HCI (pH 6.9), 5% SDS, 50% (v/v) glycerol, and
5% (v/v) p-mercaptoethanol. Prior to electrophoresis, the samples were kept for
20 min at 37°C. After electrophoresis the gels were stained with Coomassie
Brilliant Blue R-250.

Results

Physical properties of the phospholipid vesicles used in this study

Variation of the hydrocarbon chain length and the introduction of cis double
bonds in the acyl side chains of membrane phospholipids greatly affects the
physical properties of small unilamellar vesicle membranes [37]. In Table 1

Table 1. Phase transition temperatures for phosphatidylserines and phosphatidyl-
cholines used in this study

phospholipid Tm (°C) phospholipid Tm (°C)

DiC-|2:C)PS
DiCi4:rjPS
DiCi6:0PS
DiCi8: iPS
DiC22:iPS

d
353
57*

-15.53

d

DiCi2:0PC
DiCi4:oPC
DiCi6: iPC
DiCi8:iPC
DiC22:iPC

23b,c

- 3 6 ^
-163

d

^ Tans ef a/.
k /.adbroofce and Chapman
c van Dyc/c ef a/. f397
^ Wo //feratore dafa were found for fhe pnase fransrf/on temperafures o^ fnese pnosp/70-
/(p;ds. From comparison of PS and PC and fhe re/af/on befween Vm and /affy acy/ s/de
cha/n /engifn rf ;'s /*e/y fnaf fhe pnase frans/f/on temperafures of fhese pnospho//p/ds w///
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we have summarized the transition temperatures for the gel -•liquid-
crystalline-phase transition of the phospholipids used in this study. Phospho-
lipids which contain fatty acyl side chains with a cis double bond
(diCi6:i,diC-|8:i, and diC22:i variants of both PS and PC) have low phase
transition temperatures. This means that the prothrombin-converting
activities of vesicles composed of these phospholipids can only be studied in
the liquid-crystalline state. DMPS, DMPC and DPPC have phase transition
temperatures of 35°C, 23°C and 41 °C, respectively, and phospholipid
vesicles composed of mixtures of DMPS with DMPC or DPPC will,
therefore, have phase transition temperatures below 41 °C. This means that
the prothrombin-converting activities of vesicles prepared from
DMPS/DMPC or DMPS/DPPC mixtures can be studied both below and
above their respective phase transition temperatures, which allows
determination of the effect of the gel -4 liquid -4 crystalline transition on
prothrombin activation. Vesicles composed of the other phospholipids
summarized in Table 1 have a phase transition outside the physiological
temperature range and reliable data on these vesicles can be only obtained
in either the liquid-crystalline or gel state.

It is unlikely that the different vesicle preparations will have identical
physical properties above their respective phase transition temperatures. It
has been reported that the introduction of a cis double bond in the
hydrocarbon chain of a phospholipid molecule not only decreases the
transition temperature but also increases the area per phospholipid molecule
in a phospholipid monolayer at an air-water interface [38,40]. Such a
phenomenon will likely affect the lipid packing in a vesicle membrane and it
is to be expected that the phospholipid molecules in for instance,
DMPS/DMPC or DPPS/DMPC vesicles will be more densily packed than in
DOPS/DOPC vesicles, even if these membranes are above their phase
transition temperature.

Effect of membrane fluidity on the time course of prothrombin activa-
tion

In 1985, Higgins et al. [1] reported that membranes in the gel phase
exhibited a considerable lag in thrombin formation, when prothrombin
activation was started with factor Xa or factor Va. They concluded that factor
Xa and factor Va separately bind to the membrane and have to diffuse
across the membrane surface in order to assemble into a catalytically active
prothrombinase complex. This diffusion was proposed to be considerably
slowed down on solid membranes which might explain the occurrence of a
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lag phase when prothrombin activation on such membranes was started with

factor Xa or with factor Va.

We also observed that time courses of prothrombin activation were

strongly dependent on the fluidity of the phospholipid vesicles and on the

order of addition of the prothrombinase proteins. Time courses of

prothrombin activation were analyzed at 45°C and 15°C on vesicles

composed of DOPS/DOPC or DMPS/DMPC.

5 3

.2 2
o

Figure 1. Time courses of prothrombin activation at different temperatures on
vesicles composed of saturated and nonsaturated phospholipids. Prothrombin
(1 nM) was activated in a reaction mixture containing 50 mM Tris-HCI (pH 7.5), 175 mM
NaCI, 2.5 mM CaCl2, 0.5 mg/ml ovalbumin, 10 pM factor Xa, 5 nM factor Va and 10 nM
DMPS/DMPC [20/80, M/M (A) ] or DOPS/DOPC [20/80, M/M (•) ] vesicles. Prothrombin
activation was started by simultaneous addition of factor Xa and factor Va at 45°C (A) or
15°C (B), or with prothrombin at 15°C (C). The amounts of prothrombin activated were
calculated from the generation of amidolytic activity towards the chromogenic substrate
S2238 as described under Experimental Procedures.
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When prothrombin activation was started with factor Xa or Va at 45°C,
where both vesicles were in the liquid-crystalline phase, there was no lag in
thrombin generation and the prothrombin-converting activities of both
vesicles were the same (Figure 1A). However, as shown in Figure 1B, there
was a rather large difference between these vesicles at 15°C. On
DOPS/DOPC vesicles, which were still in the liquid-crystalline phase at this
temperature, thrombin generation was linear in time and was slowed down
approximately 6-fold. On the DMPS/DMPC vesicles, which were in the gel
phase at 15°C, prothrombin activation showed a lag phase of more than 1
min. This lag phase was only observed when prothrombin activation was
started with factor Xa or with factor Va and was absent when the reaction
was started with prothrombin (Figure 1C). Under these conditions, time
courses of prothrombin activation were not affected by prolonged incubation
of factor Xa and factor Va with the phospholipid vesicles and did not deviate
from linearity when the reaction times were extended up to 30 min (data not
shown). This demonstrates that the time courses shown in Figure 1C
represent steady-state rates of prothombin activation. In contrast to Higgins
et al. [1] we observed that membrane fluidity affected the steady-state rate
of prothrombin activation. On membranes in the gel phase the steady-state
rate of prothrombin activation was about 7-fold slower than on membranes in
the liquid-crystalline state (Figure 1C).

Effect of membrane fluidity on steady-state rates of prothrombin acti-
vation

The effect of membrane fluidity on steady-state prothrombin activation was
further investigated by measuring the temperature dependency of the rate of
prothrombin activation on phospholipid vesicles with different phase
transition temperatures (Figure 2). To enable a proper determination of the
steady-state rate, prothrombin activation was started by the addition of
prothrombin to reaction mixtures in which factor Xa and Va had been
preincubated with phospholipid vesicles.
In this experiment, in which the reaction temperature was varied between
45°C and 0°C, steady-state rates of prothrombin activation were determined
on DOPS/DOPC, DMPS/DMPC and DMPS/DPPC vesicles which have
phase transition temperatures at about -16°C, 25°C and 40°C, respectively
(Table 1). There appeared to be a good correlation between the fluidity and
the prothrombin-converting activity of these membranes. At 45°C, all
membranes were in the liquid-crystalline state and were equally active in
prothrombin activation. The Arrhenius plot of the rate of prothrombin
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activation on DOPS/DOPC vesicles, which were in the liquid-crystalline state
over the whole temperature range, showed no discontinuity and gradually
decreased with a temperature coefficient (Q10) of about 1.6 (Figure 2).
Marked discontinuities were observed in the Arrhenius plots of the
prothrombin-converting activities of DMPS/DMPC and DMPS/DPPC
vesicles. Rates of prothrombin activation on DMPS/DMPC and DMPS/DPPC
vesicles showed an additional decrease with temperature beginning at 25°C
and 40°C, respectively. This discontinuity of the rate profile occurred in a
temperature range in which these vesictes are expected to undergo phase
transition from the liquid-crystalline to the gel state.

45

Temperature ( C)

30 15

1/T ( K ' 10 )

Figure 2. The effect of temperature on the steady-state rates of prothrombin activa-
tion on membranes composed of phospholipids with different phase transition tem-
peratures. 10 pM factor Xa and 5 nM factor Va were incubated for 5 min at varying
temperatures in a reaction buffer containing 50 mM Tris-HCI (pH 7.5 at the indicated
temperature), 175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin and 100 uM
phospholipid (PS/PC, 20/80, M/M). The phospholipid vesicles were prepared from
DOPS/DOPC (•), DMPS/DMPC (A) or DMPS/DPPC (•) mixtures. Prothrombin
activation was started by the addition of prothrombin to a final concentration of 1 nM.
Rates of prothrombin activation were determined as described under the Experimental
Procedures.

These data show that membrane fluidity not only affects the time required for
prothrombinase assembly but also affects the catalytic properties of the
prothrombin-converting complex.
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Effect of membrane fluidity on the kinetic parameters of prothrombin
a c t i v a t i o n .--• - , . . - « . - : , ••.--. v , . , • • - - = , - ; . ^ - v ; \ ; q . - - . - - - ^ . . : :•

In the previous paragraph we have shown that steady-state rates of
prothrombin activation were considerably decreased when the membrane
did undergo a phase transition from the liquid-crystalline to the gel phase.
Since the experiments presented in the previous paragraphs were performed
at single factor Va (5 nM) and prothrombin (1 u.M) concentrations, the effect
of membrane fluidity on the steady-state rate of prothrombin activation can
be (a) on the equilibrium constant for factor Xa-Va complex formation at the
membrane surface, (b) on the Km for prothrombin or (c) on the Vmax of
prothrombin activation.

To distinguish between these possibilities, we have performed a kinetic
analysis of prothrombin activation on DOPS/DOPC and on DMPS/DPPC
vesicles at 45°C and 15°C i.e., above and below the phase transition
temperature of the latter vesicles. In this experiment, DOPS/DOPC vesicles
were compared with vesicles composed of a mixture of DMPS and DPPC,
which in contrast to DMPS/DMPC mixtures showed essentially complete
miscibility in both the gel and in the liquid-crystalline state [25]. Information
on the equilibrium constant for the formation of the membrane-bound factor
Xa-Va complex was obtained by measuring the factor Va dependency of the
rate of prothrombin activation at limited factor Xa concentration [30]. The
concentrations of factor Va required for 50% saturation of prothrombin
activation (K-|/2Va) are summarized in Table 2. For vesicles containing 20
mole % PS the formation of the membrane-bound factor Xa-Va complex
appeared to be hardly influenced by membrane fluidity, and the K-|/2Va
values were considerably below the factor Va concentration of 5 nM present
in the experiments shown in Figures 1 and 2. This indicates that the low
steady-state rates of prothrombin activation observed on membranes in the
gel phase were not due to an effect of membrane fluidity on the equilibrium
constant for factor Xa-Va complex formation at the membrane surface.

In Table 2, we have also summarized the effect of temperature and
membrane fluidity on the kinetic parameters (Km and Vmax) of prothrombin
activation. The Km for prothrombin appeared to be neither influenced by the
temperature nor by the fluidity of the phospholipid vesicles. Km values
between 0.15 and 0.3 nM were determined at 15°C and 45°C on
DOPS/DOPC and DMPS/DPPS vesicles.

Variation of temperature had a considerable effect on the Vmax values
(Table 2). Lowering the temperature from 45°C to 15°C caused a 6-fold
decrease of the Vmax of prothrombin activation on the DOPS/DOPC
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vesicles. However, temperature had a much more pronounced effect on the
Vmax determined on DMPS/DPPC vesicles. Whereas at 45°C the same
Vmax values were obtained on DMPS/DPPC and DOPS/DOPC vesicles, the
Vmax determined at 15°C on the DMPS/DPPC vesicles, which are in the gel
phase, was 9-fold lower then the Vmax determined on the DOPS/DOPC
vesicles, which are in the liquid-crystalline phase at this temperature.

Table 2. Effect of membrane fluidity on the kinetic parameters of prothrombin
activation on DOPS/DOPC and DMPS/DPPC vesicles

reaction temp (

45

15

:°c)

DOPS/DOPC

Ki/2Va
(nM)

0.12 0,

0.14 0.

Km
(MM)

.30

.30

Vmax*

13.5

2.5

DMPS/DPPC

K1/2 Va Km Vmax*
(nM) (u.M)

0.29 0.22 11.9

0.13 0.16 0.27

Prothrombin was activated in a reaction mixture containing 50 mM Tris-HCI (pH 7.5),
175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 3 pM factor Xa, 100 ^M phospholipid
vesicles (DOPS/DOPC or DMPS/DPPC: 20/80, M/M) and 5 nM factor Va (in Km and
Vmax determination) or varying concentrations factor Va (in factor Va titration). The
factor Va titration (K-|/2Va determination) was performed at 1 nM prothrombin. Rates of
prothrombin activation were determined as described under Experimental Procedures.
The kinetic parameters were obtained from double reciprocal plots of rates of
prothrombin activation versus the factor Va concentration (K-|/2Va) or the prothrombin
concentration (Km and Vmax) after statistical analysis according to Eisenthal and
Comish-Bowden [41].

^ nanomo/arprof/iramb/n acf/Vated per m/nufe.

These results demonstrate that membrane fluidity affects the prothrombin-
converting activity by decreasing the catalytic activity of the prothrombinase
complex as represented by the decrease of the Vmax at the transition from
the liquid-crystalline to the gel phase.

Effect of lipid-phase transition on the catalytic properties of the pro-
thrombinase complex

To obtain further information on the effect of membrane fluidity on the
catalytic activity of the prothrombinase complex, we have performed
experiments with prethrombin 1 as substrate for prothrombinase.
Prethrombin 1 is a prothrombin derivative that lacks the fragment 1 domain
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responsible for prothrombin binding to procoagulant membranes [7,42].
Comparison of the activity of the membrane-bound prothrombinase complex
with prothrombin and prethrombin 1 as substrate may discriminate between
effects of membrane fluidity on steps involved in the interaction of
prothrombin with the membrane (association, dissociation and proper
juxtaposition of enzyme and substrate) and direct effects on the catalytic site
activity (conformation of the active site) of the membrane-bound factor Xa-
Va complex. The results presented in Table 3 demonstrate that membrane
fluidity does not affect the prothrombinase activity on prethrombin 1.

Table 3. Effect of membrane fluidity on rates of prothrombin and prethrombin 1
activation

substrate

prethrombin 1

prothrombin

DOPS/
DOPC

50

3527

rate of prothrombin/prethrombin 1
activation 3 at

45°C

DMPS/
DPPC

62

3324

DOPS/
DOPC

236

654

15°C

DMPS/
DPPC

218

73

1 nM prothrombin or prethrombin 1 was activated in a reaction mixture containing 50 mM
Tris-HCI (pH 7.5), 175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 100 nM PS/PC
(20/80, M/M) vesicles, different factor Xa concentrations (2 pM - 100 pM) and 5 nM
Factor Va. The phospholipid vesicles were composed of PS and PC with fatty acyl side
chains indicated in the Table. The factor Xa concentrations were adapted to the rates of
prothrombin or prethrombin 1 activation determined under the various reaction
conditions.

^ /vanomo/ar profriromb/n or prefriromb/n ? acf/Vafed per m/'nu/e per nanomo/ar /actor Xa
present ;r> frie reacf/on

Rates of prethrombin 1 activation on DOPS/DOPC and DMPS/DPPC

vesicles were the same both above (45°C) and below (15°C) the phase

transition temperature of the DMPS/DPPC vesicles. In this table, we have

included rates of prothrombin activation determined on the same vesicles in

order to reconfirm the reduced prothrombin-converting activity of

phospholipid vesicles in the gel phase (DMPS/DPPC vesicles at 15°C).

From the fact that rates of prethrombin 1 activation were not affected by

membrane fluidity, we conclude that the phase transition from the liquid-
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crystalline to the gel phase does not affect the intrinsic catalytic activity of
the membrane-bound factor Xa-Va complex.

One peculiarity observed in the experiment presented in Table 3 needs
further attention and that is the effect of temperature on prethrombin 1
activation. To our surprise the rate of prethrombin 1 activation was increased
4-fold when the reaction temperature was lowered from 45°C to 15°C. For
this phenomenon we have as yet no good explanation.

Gel electrophoretic analysis of prothrombin activation

Three different reaction products can be formed during factor Xa-catalyzed
prothrombin activation i.e. the inactive reaction intermediate prethrombin 2
and the enzymatically active products meizothrombin and thrombin. When
prothrombin is activated by factor Xa in the absence of factor Va
prethrombin 2 is the major initial reaction product and relatively small
amounts of thrombin and meizothrombin are formed [20,35]. When factor Va
is part of the prothrombinase complex there is no detectable formation of
prethrombin 2 and in the initial phase of prothrombin activation meizothrom-
bin and thrombin are the only reaction products formed [20,35,43].

To test whether the effect of membrane fluidity on the Vmax of prothrombin
activation might be explained by an effect on the product generation pattern,
we have followed time courses of prothrombin activation by gelelectro-
phoretic analysis and with amidolytic assays that allow separate quantitation
of thrombin and meizothrombin [35]. This experiment was performed in the
presence of the reversible thrombin inhibitor 12581 in order to prevent
autocatalytic degradation of prothrombin and its activation products by
thrombin.

In Figure 3A it is shown that in the presence of fluid vesicles
(DOPS/DOPC at 15°C) meizothrombin was the main reaction product in the
early phase of prothrombin activation.
After approximately 15 min, meizothrombin began to disappear, while
thrombin formation continued. The amidolytic data were confirmed by
gelelectrophoretic analysis (Figure 3B). The transient band on the gels at the
migrating distance of fragment 1.2-A is indicative for the formation of
meizothrombin as temporary reaction intermediate [43]. The only other
products observed on the gel were fragment 1.2 and the B-chain of
thrombin. This cleavage pattern confirms earlier observations on product
generation during prothrombin activation by the factor Xa-Va complex on
DOPS/DOPC vesicles at 37°C.

142 Chapter 8



An important shift in the peptide bond cleavage pattern occurred when
prothrombin was activated on phospholipid vesicles in the gel phase.

B

PT

F1.2a
F1.2

5 10 20 30 60 90

«
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O
a
c
jâ
o

r r

F1.2
PT2

,• y

2 5 10 20 30 60 90

Figure 3. Effect of membrane fluidity on time courses of product generation during
prothrombin activation. Prothrombin (3 |iM) was activated at 15°C in a reaction mixture
containing 50 rnM Tris-HCI (pH 7.5), 175 mM NaCI, 5 mM CaCl2, 1 nM factor Xa, 10 nM
factor Va, 20 nM 12581 and 100 nM phospholipid vesicles composed of 20 mole% DOPS
and 80 mole% DOPC (A, B) or 20 mole% DMPS and 80 mole% DPPC (C, D). At the time
intervals indicated, samples were withdrawn for the determination of total prothrombin
activated ( • ) and meizothrombin (•) and thrombin (•) formed (A, C) and for
gelelectrophoretic analysis (B, D). Quantitation of thrombin and meizothrombin and
gelelectrophoretic analysis were performed as described under Experimental
Procedures. PT, prothrombin; F1.2A, fragment 1.2 + A chain thrombin; F1.2, fragment
1.2; PT2, prethrombin 2; TB, B-chain of thrombin.

Whereas the product generation patterns during prothrombin activation on
DOPS/DOPC and DMPS/DPPC vesicles at 45°C were the same and
identical to those observed on DOPS/DOPC vesicles at 15°C (data not
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shown) there was hardly any meizothrombin formation during prothrombin
activation on DMPS/DPPC vesicles in the gel phase i.e. at 15°C (Figure 3C).
Minor amounts of meizothrombin were formed, and thrombin was the major
enzymatically active prothrombin activation product during the complete time
course of activation. Inspection of the gel (Figure 3D) not only confirmed the
slow rate of meizothrombin formation (there was no fragment 1.2-A visible
on the gel) but also showed that considerable amounts of prethrombin 2
were formed during prothrombin activation by the factor Xa-Va complex on
membranes in the gel phase. To the best of our knowledge, this is the first
time that prethrombin 2 is observed as reaction product during prothrombin
activation by the complete prothrombinase complex.

These data indicate that membrane fluidity affects the individual rate
constants of the peptide bond cleavages that occur during prothrombin
activation. On membranes in the gel phase, there is reduced meizothrombin
formation and generation of prethrombin 2 as prothrombin activation
intermediate becomes possible.

The influence of fatty acyl side chain saturation on the prothrombin-
converting activity of phospholipid vesicles in the liquid-crystalline
state

Recently we reported that membranes solely composed of the neutral
phospholipid PC were able to accelerate prothrombin activation by the factor
Xa-Va complex. Prothrombin-converting activity on PC vesicles was only
observed at low ionic strength (I < 0.05), high factor Va concentrations and
when the membranes were composed of PC that contained fatty acyl side
chains with one or more unsaturated bonds [21].

To test whether this effect of fatty acyl side chain saturation is also
observed on negatively charged membranes, we have compared the
prothrombin-converting activities of a number of different membranes
composed of either saturated or unsaturated phospholipids (Table 4). To
avoid effects of membrane fluidity on the prothrombinase activity the
reaction temperature (45°C) was above the phase transition temperature of
the various vesicles studied in this experiment.
Prothrombin activation was performed at physiological ionic strength
(I = 0.2) on membranes containing 5 mole % PS. The factor Va
concentration present in the activation mixture was 0.5 nM in order to ensure
-80% incorporation of factor Xa into the membrane-bound factor Xa-Va
complex in the case of DOPS/DOPC (5/95, mol/mol) vesicles. In Table 4, it
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Table 4. Effect of fatty acyl side chain saturation on the prothrombin-converting
activities of fluid phospholipid vesicles

phospholipid rate of prothrombin activation*

'DiCi2:0PC
'DiCi4:oPC
'DiCi6:0PC

diCi6: iPS/DiCi6: iPC
diCi8 : iPS/ DiCi8:iPC
diC22:iPS/DiC22:iPC

143
24
43

2551
3304
3823

1 |iM prothrombin was activated activated in a reaction mixture containing 50 mM Tris-
HCI (pH 7.5), 175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 100 nM phospholipid
vesicles, 0.5 nM factor Va and 40 pM factor Xa (experiment saturated phospholipids) or
2 pM factor Xa (experiment unsaturated phospholipids). The phospholipid vesicles were
composed of 5 mole % PS and 95 mole % PC with fatty acyl side chains indicated in the
Table. The trivial names of the phospholipids used in this experiment are given in the
Materials section of the Experimental Procedures.

* /vanomo/ar prof/7rom£>/n acf/Vated per m/nute per nanomo/ar factor Xa presenf /n /Aie
reacf/on m/xfi/re.

5 10 15 20

Phosphatidylserine ( mole % )

Figure 4. Prothrombin activation on membranes composed of saturated and
unsaturated phospholipids as a function of the PS content. Prothrombin (1 nM) was
activated at 45°C in a reaction mixture containing 50 mM Tris-HCI (pH 7.5), 175 mM
NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 100 nM phospholipid vesicles, 1 pM Xa and 0.5
nM factor Va. The phospholipid vesicles were prepared from DOPS/DOPC (•) or
DMPS/DPPC (•) mixtures containing mole percentages DOPS or DMPS indicated in the
figure. Rates of prothrombin activation (nanomolar per minute) were determined as
described under Experimental Procedures.
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is shown that PS-containing vesicles composed of unsaturated phospho-
lipids exhibit a considerable higher prothrombin-converting activity than
vesicles composed of saturated phospholipids. Thus it appears that fatty
acyl side chain saturation is also an important parameter for the
prothrombin-converting activity of membranes above the phase transition
temperature.

In Figure 4 it is shown that this effect is especially observed on
membranes with low amounts of negatively charged phospholipid (PS).
On vesicles composed of dioleoylphospholipids optimal rates of prothrombin
activation were already obtained between 2.5 and 5 mole % DOPS.
Substantially higher mole percentages PS were required on membranes
containing saturated phospholipids i.e. vesicles composed of DM PS and
DPPC. On these membranes a plateau value for the prothrombin-converting
activity was obtained at 20 mole % DMPS.

Kinetic analysis of prothrombin activation at different factor Va
concentrations provided an explanation for the different PS requirements of
prothrombin activation on membranes composed of saturated and non-
saturated phospholipids (Table 5).

Table 5. Assembly and catalytic activity of prothrombinase on membranes with
unsaturated and saturated phospholipids

mol % PS
in vesicle

2u
15
10

7.5
5

DOPS/DOPC

Ki/2Va
(nM)

0.12
0.09
0.13
0.12
0.12

Vopt*

4.31
4.14
4.15
3.95
3.89

DMPS/DPPC

Ki/2Va
(nM)

0.29
0.39
1.20
5.33

19.45

Vopt*

4.23
4.27
3.48
3.64
3.19

Prothrombin (1 pM) was activated at 45°C in a reaction mixture containing 50 mM Tris-
HCI ( pH 7.5), 175 mM NaCI, 5 mM CaCl2, 0.5 mg/ml ovalbumin, 100 uM phospholipid
vesicles, 1 pM Xa and varying concentrations of factor Va. The phospholipid vesicles
were composed of DOPS/DOPC or DMPS/DPPC mixtures with mole percentages DOPS
or DMPS indicated in the table. Rates of prothrombin activation were determined as
described under Experimental Procedures. K1/2 and Vopt were obtained from double
reciprocal plots of rates of prothrombin activation versus the factor Va concentration after
statistical analysis according to Eisenthal and Comish-Bowden [41].

^ /Vanomo/arprof/iramb/n acf/vafed per m/nufe.
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On vesicles containing dioleoylphospholipids, half maximal rates of
prothrombin activation were obtained at factor Va concentrations (K1/2) of
about 0.1 nM, independent of the mole percentage DOPS in the membrane.
Much higher concentrations factor Va were required for haffmaximal
stimulation of prothrombin activation on DMPS/DPPC vesicles and the K1/2
appeared to be a function of the mole percentage DMPS. At high mole
percentages PS the K1/2 values on DMPS/DPPC and DOPS/DOPC vesicles
were of the same order of magnitude whereas reduction of the PS content
caused a considerable increase of the K-|/2Va observed on DMPS/DPPC
vesicles. The K-|/2Va for factor Va determined on vesicles containing 5 mole
% DMPS in DPPC was about 150-fold higher than the Ki/2Va observed on
vesicles composed of 5 mole % DOPS in DOPC.

The rates of prothrombin activation (Vopt) calculated for saturating factor
Va concentrations were independent of the phospholipid composition of the
membrane. This means that on membranes with a low surface charge fatty
acyl side chain saturation of phospholipids has a considerable influence on
the formation of the membrane-bound factor Xa - Va complex (see also
discussion).

Discussion

The prothrombin-converting activity of procoagulant membranes appears to
be critically affected by the kind of (phospho)lipids that constitute the
membrane. The importance of the polar head group of the phospholipid
molecules was recognized long ago [44] and was afterwards related to the
ability of membranes to bind the proteins (substrate, enzyme and protein
cofactor) of the different coagulation factor-activating complexes. However,
the membrane interior or hydrophobic core of the membrane also appeared
to be an important parameter for the procoagulant activity of a membrane.
Hydrogénation of fatty acyl side chains of phospholipids greatly reduced
their procoagulant activity [24,25]. This effect appeared to be related to the
phase transition of the membranes and it was established that membranes
in the liquid-crystalline state exhibit a higher procoagulant activity than
membranes in the gel state. In a later study with purified proteins Higgins et
al. [1] demonstrated that the decreased prothrombin-converting activity of
membranes in the gel state was at least partially due to a prolongation of the
time required for the assembly of the prothrombinase complex.
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Our studies confirm these observations [1] on the occurrence of lag phases
in thrombin generation when prothrombin activation is started with factor Xa
or factor Va on phospholipid membranes in the gel state. Such a pre-steady-
state interval indicates that membrane fluidity affects the time required for
the assembly of the membrane-bound factor Xa-Va complex. On
membranes below the phase transition temperature complex formation is
apparently slowed down due to retarded lateral diffusion of factor Xa and
factor Va, a process that appears to be an essential step in factor Xa-Va
complex formation [45].

In contrast to Higgins et al. [1] we observed that membrane fluidity also
affected the steady-state rate of prothrombin activation. Membranes in the
gel state exhibited steady-state rates of prothrombin activation that were
considerably below those observed on liquid-crystalline membranes (Figure
1C). This effect of membrane fluidity on the expression of the catalytic
activity of the prothrombinase complex appeared to be related to the phase
transition of the membrane phospholipids. Above their phase transition
temperatures the prothrombin-converting activities of DOPS/DOPC,
DMPS/DMPC and DMPS/DPPC vesicles were the same. When the reaction
temperatures were lowered from 45 to 0°C steady-state rates of prothrombin
activation on DOPS/DOPC vesicles gradually decreased with a Qio of 1.6.
Arrhenius plots of steady-state rates of prothrombin activation on
DMPS/DPPC and DMPS/DMPC vesicles showed clear discontinuities
beginning at 40°C and 25°C, respectively, which is close to their respective
phase transition temperatures. Below the phase transition temperature, the
steady-state rates of prothrombin activation on the DMPS/DPPC and
DMPS/DMPC vesicles were considerably lower than those determined on
the fluid DOPS/DOPC vesicles.

Kinetic analysis showed that the Km for prothrombin and the K-|/2Va for
Xa-Va complex formation were hardly affected by the phase transition of
membrane phospholipids (Table 2). The reduced steady-state rates of
prothrombin activation appeared to be due to an effect of membrane fluidity
on the Vmax of prothrombin activation. Since the kinetic parameters were
determined at a factor Va concentration » K-|/2Va for Xa-Va complex
formation it can be assumed that all factor Xa present was complexed with
factor Va and participated in prothrombin activation. This allows the
calculation of kcat values from the experimentally determined Vmax- From
the kinetic data obtained on DOPS/DOPC and DMPS/DPPC vesicles at
15°C it can be calculated that the kcat for prothrombin activation drops from
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14 s"^ on membranes in the liquid-crystalline state to 1.5S"1 on membranes
in the gel state. • ;' >; : >;--<<:;i v - - • ^ ;

Experiments with prethrombin 1 showed that the phase transition did not
affect prothrombinase-catalyzed activation of this substrate. This indicates
that the phase-dependent decrease of the kcat of prothrombin activation is
not due to an effect of membrane fluidity on the intrinsic catalytic activity of
the prothrombinase complex. However, prethrombin 1 is a prothrombin
derivative that does not bind to phospholipid and that will react with the
prothrombinase complex directly from solution. In this respect it differs from
prothrombin which, due to its phospholipid binding properties, may also have
an interaction with the membrane surface that contributes to prothrombin-
prothrombinase complex formation. On the basis of these observations we
propose that membrane fluidity affects the phospholipid-dependent
interaction between prothrombin and the factor Xa-Va complex (see below).

The effect of membrane fluidity on the activity of the prothrombinase
complex may be related to the observed shift in the product generation
pattern during prothrombin activation on membranes in the gel phase.
Prothrombin conversion into thrombin requires the cleavage of two peptide
bonds and dependent on the order of cleavage meizothrombin or
prethrombin 2 may occur as reaction products. Analysis of product
generation during prothrombin activation by the complete prothrombinase
complex (factor Xa, factor Va, Ca2+ and phospholipid) on fluid membranes
showed that thrombin and meizothrombin were the only detectable reaction
products which confirms earlier observations [35,46]. However, on
membranes in the gel phase there is a considerable reduction of
meizothrombin formation and prethrombin 2 occurs as reaction product
(Figure 3), indicating that membrane fluidity has an effect on the peptide
bond cleavage and product generation patterns during prothrombin
activation.

These data suggest, but do not prove, that membrane fluidity affects the
pathway of prothrombin activation in such a way that thrombin formation on
fluid membranes occurs via meizothrombin and on liquid-crystalline
membranes via prethrombin 2 as reaction intermediate. It should be
emphasized, however, that definite conclusions with respect to enzyme-
bound reaction intermediates cannot be drawn from steady-state kinetic
studies like those reported in the present paper [47]. This would require a
combination of a more detailed steady-state and pre-steady-state approach.

The effects of membrane fluidity on the catalytic activity of prothrombinase
and on the product generation pattern may have a common cause. It is likely
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that one of the functions of membranes in prothrombin activation is to
properly juxtapose the enzyme (factor XaVa) and substrate (prothrombin) for
efficient catalysis [48]. It is tempting to speculate that membrane fluidity may
affect the juxtaposition of the proteins of the prothrombinase complex in such
a way that there is a less favorable orientation for catalysis on membranes in
the gel phase. The changes in the product generation pattern may also
result from a different positioning of the active site of the prothrombinase
complex relative to the peptide bonds that have to be cleaved in
prothrombin.

We have also determined the effect of fatty acyl side chain saturation in
fluid membranes by comparing the prothrombin-converting activities of
vesicles composed of saturated or unsaturated phospholipids above the
phase transition temperature. The prothrombin-converting activity of liquid-
crystalline membranes containing 20 mole% PS was hardly affected by the
saturation of the fatty acyl side chains of the phospholipids. However, greatly
reduced rates of prothrombin activation were observed on membranes that
contained a low mole percentage PS and that were composed of
phospholipids with saturated fatty acyl side chains (Table 4, Figure 4). The
low prothrombin-converting activities of such membranes appeared to be
due to a much higher factor Va requirement for full incorporation of factor Xa
in the ternary Xa.Va.PS/PC complex (Table 5). This indicates that on
membranes with a low surface charge (i.e. low mole percentage of PS) the
equilibrium constants for factor Xa-Va complex formation are less favorable
for membranes containing saturated phospholipids. Formation of a
membrane-bound factor Xa-Va complex involves three distinct steps: (1)
binding of factor Xa and (2) factor Va to distinct membrane sites and (3)
diffusion of membrane-bound factor Xa and Va and subsequent
prothrombinase formation [45]. At present we do not know which of these
steps is actually affected by fatty acyl side chain saturation of membrane
phospholipids. The fact that diminished factor Xa-Va complex formation is
only observed on saturated membranes with a low surface charge points,
however, in the direction of factor Va. Binding of factor Va may involve
electrostatic [16,17,19] and hydrophobic interactions [14,15] and penetration
of factor Va into nonpolar membrane regions [49,50]. Membrane penetration
and hydrophobic interactions may be prevented on membranes composed of
phospholipids with saturated fatty side chains in which the phospholipid
molecules are more densily packed than in membranes composed of
phospholipids with fatty acyl side chains that contain one or more cis double
bonds [38,40]. This may result in a decreased affinity of factor Va for
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membranes composed of saturated phospholipids. The fact that the
decreased affinity for factor Va was much less pronounced on membranes
with higher mole percentages PS (Table 5) may result from an increased
contribution of electrostatic interactions to the overall binding equilibrium.
This hypothesis can be tested by measuring the effect of fatty acyl side
chain saturation on the individual steps required for prothrombinase
assembly (protein-membrane association and dissociation steps and
prothrombinase formation from membrane-bound constituents).
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The conversion of prothrombin into thrombin is the pivotal reaction in blood
coagulation. This reaction is catalyzed by the prothrombinase complex, that
comprises the enzyme factor Xa, the protein cofactor Va, a procoagulant
phospholipid surface and calcium ions. The proteins, prothrombin, factor Xa
and factor Va bind with high affinity to procoagulant membranes. This
binding increases the local concentration of the proteins on the membrane
surface, which promotes the formation of the enzyme-cofactor-substrate
complex and results in an increased rate of prothrombin activation.

Both the proteins and the procoagulant membrane have to meet specific
requirements in order to enable the protein-membrane interactions
responsible for the assembly of a functionally active prothrombinase
complex. This thesis concerns a study of the importance of protein-
membrane interactions for both the assembly and the activity of the
prothrombinase complex. In the first part of this thesis the question is
approached through the protein components of this complex and the second
part of the thesis is focused on the significance of the physical- and chemical
properties of the membrane surfaces for their activity in prothrombin
activation.

In chapter 3 the structural and functional characterization of a prothrombin
activator purified from the venom of the snake species Sofftrops neuw/ec// is
described. This venom enzyme appears to be an effective prothrombin
activator, which only cleaves the Arg323-lle324 peptide bond in the
prothrombin molecule thus converting it into meizothrombin. The activity of
the venom prothrombin activator is not influenced by the presence of the
accessory components of the prothrombinase complex, phospholipids and
factor Va. The prothrombin activator is single chain protein with an apparent
molecular weight of 60,000. It is a metalloproteinase and, therefore, belongs
to a different class of proteolytic enzymes than the physiological prothrombin
activator factor Xa, which is a serine protease. The venom activator from
Bof/irops neuw/ed/ appears to be structurally and functionally similar,
however, to the prothrombin activators present in the venoms of FC/J/S

carinafus and D/spho//dus fypus.

Chapter 4 concerns the purification and characterization of the prothrombin
activator from the venom of /Votec/i/s scutefus. This enzyme strongly
resembles factor Xa. This venom prothrombin activator can cleave both the
Arg323-lle324 and Arg274-Thr275 bonds of prothrombin and is, therefore,
able to convert prothrombin into thrombin. The formation of two different
intermediates (prethrombin 2 and meizothrombin) is observed. This shows
that the venom activator can activate prothrombin via two pathways, which
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are distinguished by the order at which the Arg323-lle324 and Arg274-Thr275
bonds are cleaved during prothrombin activation. The prothrombin activator
from A/otec/7/s scufafus has a molecular weight of 54,000. Like factor Xa, this
venom activator consists of a light chain and a heavy chain linked to each
other by a disulfide bridge. The activator is classified as a serine protease
since its prothrombin-converting activity is inhibited by soy-bean trypsin
inhibitor, diisopropylfluorophosphate and dansyl-GGACK chloromethyl
ketone. The venom activator from /Votec/w's scutefus scufafus is stimulated
by the accessory components factor Va and phospholipids. The stimulating
effect of phospholipids has led to the discovery of 7-carboxy-glutamic acid
residues (Gla's) in the polypeptide chain of the snake venom prothrombin
activator. The mechanism by which this venom activator binds to
procoagulant membranes may therefore be similar to that by which vitamin
K-dependent coagulation factors bind. It also indicates that this snake
possesses a carboxylation system which converts the amino acid Glu into
Gla in a posttranslational modification.

The presence of 7-carboxyglutamic acid residues in the polypeptide chains
of coagulation factors is essential for the binding of these proteins to the
phospholipid surface. But the procoagulant membrane also has to meet a
number of requirements. Membranes, which contain the negatively charged
phosphatidylserine have the highest prothrombin-converting activity. The
high activity of phosphatidylserine-containing membranes in prothrombin
activation is attributed to the important role of the amino group of
phosphatidylserine in the binding of the vitamin K-dependent coagulation
factors to the membrane. The formation of a chelate complex, with a
structure that resembles the calcium-EDTA complex, has been proposed as
a model for the vitaminK-dependent protein-Ca2+-membrane complex when
the procoagulant membrane contains phosphatidylserine.

This model is supported by the experiments that are reported in chapter 6.
In this chapter the influence of the chemical structure of the polar headgroup
of the phospholipid molecules on prothrombin activation is described. Not
only the surface charge appears to be important for the binding of
coagulation factors, but also the chemical nature of the negatively charged
phospholipid molecule. Membranes, which derive their negative charge from
phospholipid molecules with different polar headgroups, e.g. phosphatidyl-
glycerol, phosphatidylethanolamine and phosphatidic acid have a less
stimulating effect upon prothrombin activation than membranes which
contain phosphatidylserine. In chapter 6 it is also shown that the stimulating
effect of negatively charged membrane surfaces on prothrombin activation is
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not strictly dependent on the presence of a phosphate group. Membranes
which contain a carboxyl- or a sulfate group instead of a phosphate group as
anionic moiety are also able to promote the formation of a functionally active
prothrombinase complex. However, the prothrombin-converting activity of
these membranes is inhibited at high ionic strength and the stimulation of
prothrombin activation by these membranes is less than in the case of
membranes which contain phosphatidylserine. Both higher lipid
concentrations and a higher anionic lipid content are required for optimal
activity. It has been postulated that electrostatic interactions between
prothrombin, factor Xa and the membrane significantly contribute to the
assembly of a catalytically active prothrombinase complex on membranes
which contain anionic lipids other than phosphatidylserine. In the presence of
factor Va, the structure of the negatively charged (phospho)lipid molecule
becomes less important and the sensitivity towards ionic strength variation is
less. Factor Va apparently compensates for the weak electrostatic protein-
lipid interactions, presumably by additional interactions with prothrombin and
factor Xa.

For many years it has been assumed that procoagulant membanes derive
their functional activity from the presence of negatively charged
phospholipids. The experiments presented in chapter 7, however,
demonstrate that neutrally charged surfaces can also exhibit prothrombin-
converting activity. Stimulation of prothrombin activation by neutral
phosphatidylcholine membranes is particularly observed: (1) at low ionic
strength, (2) in the presence of factor Va, (3) when the phosphatidylcholine
molecules contain unsaturated fatty acyl side chains and, (4) in the presence
of calcium ions. Both the activation of prethrombin 1 by factor Xa and the
activation of prothrombin by Gla-domainless factor Xa are not stimulated by
DOPC vesicles. The dependence on calcium as well as the requirement for
the presence of Gla-domains in the vitamin K-dependent coagulation factors
suggests that calcium dependent interactions between the Gla-domains of
prothrombin and factor Xa and the DOPC surface are essential for the
expression of the prothrombin-converting activity of DOPC membranes.

In chapter 8 the effect of variation of the physical properties of the
procoagulant membranes on prothrombin activation is described. The
composition of the hydrophobic part of the membrane, which is formed by
the fatty acyl side chains of the phospholipid molecules, determines the
fluidity of the membrane. Fluid membranes exhibit a higher prothrombin-
converting activity than solid membranes both in the initial and steady state
phase of prothrombin activation. In the initial phase of prothrombin
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activation, a considerable lag in thrombin formation is observed on solid
membranes (chapter 8). This lag phase is caused by the slower assembly of
the factor XaVa complex on solid membranes. Compared with fluid
membranes, prothrombin activation on solid membranes is not only impeded
in the initial phase of prothrombin activation but also in the so-called steady
state phase. From determination of the kinetic parameters it appears that
this is due to a decrease of kcat of prothrombin activation on solid
membranes. The decrease of the kcat is, however, not due to an effect of
membrane fluidity on the active site of factor Xa since the activation of
prethrombin 1 is stimulated to the same extent on solid and fluid
membranes. Gelelectrophoretic analysis of product formation during
prothrombin activation on solid membranes shows that the main reaction
product formed is prethrombin 2. This observation is in contrast with
prothrombin activation on fluid membranes on which only meizothrombin is
formed as prothrombin activation intermediate. These data demonstrate that
membrane fluidity influences the order of peptide bond cleavage in the
prothrombin molecule. Solid membranes apparently cause a shift in the
pathway of prothrombin activation. The non-active prethrombin 2 is formed
and this results in a decreased rate of thrombin formation on solid
membranes. A possible explanation for the observed shift in the pathway of
prothrombin activation may be that the proteins involved in the prothrombin
activation do not properly juxtapose after binding to a solid membrane,
which may result in a decreased rate of thrombin formation.

The fatty acyl side chains of the phospholipid molecules not only
determine the fluidity of the membrane, but also influence the packing
density of a membrane. The distance between the phospholipid molecules in
a membrane is increased when cis double bonds are present in the fatty acyl
side chains. PS/PC membranes which are in the liquid crystalline phase (i.e.
above the phase transition temperature) and which contain a low percentage
PS, exhibit less prothrombin-converting activity when the phospholipid
molecules contain saturated fatty acyl side chains. The reduced activity of
saturated membranes appears to be caused by impeded factor XaVa
complex formation. This difference between saturated and non-saturated
membranes dissappears either by introducing more PS in the membrane or
by increasing the factor Va concentration. Since factor Va binding to
membrane surfaces involves both hydrophobic and electrostatic interactions
this suggests that a) the hydrophobic interaction of factor Va with the inner
core of the membrane is hampered on membranes composed of
phospholipid molecules with saturated fatty acyl side chains and that b) this
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effect disappears on membranes with more phosphatidylserine is due to an
increased contribution of electrostatic interactions, which compensate for the
weak hydrophobic interactions.
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De omzetting van protrombine in trombine is de centrale reactie in de
bloedstolling. Deze reactie wordt gecatalyseerd door het protrombinase-
complex, wat bestaat uit het enzym factor Xa, de eiwit cofactor Va, een
stollingsbevorderend fosfolipide-oppervlak en calcium ionen. De eiwitten
protrombine, factor Xa en factor Va binden met hoge affiniteit aan
stollingsbevorderende membranen. Deze binding verhoogt de locale
concentraties van de eiwitten aan het membraanoppervlak wat de vorming
van het enzym-cofactor-substraatcomplex bevordert en wat resulteert in een
verhoogde snelheid van protrombine-activering.

De specifieke eiwit-lipide interacties stellen zowel voorwaarden aan de
eiwitten als aan het stollingsbevorderende oppervlak. Dit proefschrift
behandelt een studie naar het belang van eiwit-membraan-interacties voor
protrombine-activering in modelsystemen en naar het werkingsmechanisme
van het protrombinase complex. In het eerste gedeelte van het proefschrift
vindt benadering van de vraagstelling plaats via de eiwitcomponenten van
dit complex en in het tweede deel wordt ingegaan op het belang van de
fysische en chemische eigenschappen van membraanoppervlakken voor
hun activiteit in de protrombine-activering.

In hoofdstuk 3 van dit proefschrift wordt de structurale en functionele
karakterisering beschreven van een protrombine-activator uit het gif van de
slang Bofhrops neuw/ed/. Dit blijkt een effectieve protrombine-activator te
zijn, die uitsluitend de peptidebinding Arg323-lle324 in het protrombine-
molecuul kan splitsen. Onder invloed van dit enzym wordt protrombine
omgezet in meizotrombine en verdere activering stopt op dit niveau. De
activiteit van deze protrombine-activator uit slangegif wordt niet beïnvloed
door de aanwezigheid van de cofactoren van het protrombinasecomplex,
fosfolipiden en factor Va. De protrombine-activator bestaat uit een
polypeptideketen en heeft een relatief molecuulgewicht van ongeveer
60.000. Het is een metallo-protease en derhalve behoort het tot een andere
enzymklasse als de fysiologische protrombine-activator factor Xa, wat een
serineprotease is. De protrombine-activator van Bofhrops neuvwed/' blijkt
echter zowel structureel als functioneel grote overeenkomst te vertonen met
de protrombine-activatoren aanwezig in de giffen van Ec/i/s carinafus en
D/sp/7o//dus typus.

Hoofdstuk 4 behandelt de zuivering en karakterisering van de protrombine-
activator uit het gif van de slang A/otech/s scutefus scufafus. Dit enzym
vertoont grote overeenkomst met factor Xa. Deze protrombine-activator kan
protrombine zowel op de Arg323-lle324 als op de Arg274-Thr275 plaats
splitsen en kan protrombine dus omzetten in trombine. Twee verschillende
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tussenprodukten kunnen worden aangetoond: pretrombine 2 en
meizotrombine. Dit houdt in dat er twee activeringsroutes gevolgd kunnen
worden, die bepaald worden door de volgorde van splitsing van de
peptidebindingen tijdens de activering van protrombine. De protrombine-
activator van A/ofecfr/s scirfaftvs scutefus heeft een molecuulgewicht van
54.000 en bestaat evenals factor Xa uit een lichte en uit een zware keten,
die geassocieerd zijn via een zwavelbrug. Op grand van remming door een
trypsineremmer, door diisopropylfosfofluoridaat en door het chloromethyl-
keton dansyl-GGACK is geconcludeerd dat dit enzym, evenals factor Xa, tot
de serineproteasen behoort. De gifactivator van A/otec/7/s sa/fafcvs scutefrvs
wordt gestimuleerd door aanwezigheid van de cofactoren factor Va en
fosfolipiden. De stimulering door fosfolipiden heeft geleid tot de ontdekking
van 7-carboxyglutaminezuurresiduen (Gla's) in de eiwitketen van de
slangegif protrombine-activator. Het bindingsmechanisme van de vitamine
K-afhankelijke stollingsfactoren geldt daarom misschien ook voor de binding
van deze gifactivator aan het oppervlak. Tevens houdt het in dat deze slang
een carboxyleringssysteem bezit dat het aminozuur Glu via een
posttranslationele modificatie omzet in Gla.

De aanwezigheid van 7-carboxyglutaminezuur in de eiwitketen van
stolfactoren blijkt essentiëel te zijn voor de binding van deze eiwitten aan
fosfolipiden. Maar ook het stollingsbevorderend oppervlak moet aan een
aantal eisen voldoen. Membranen, die het negatief geladen fosfatidylserine
bevatten, vertonen de hoogste protrombinase-activiteit. De unieke
stimulering van protrombine-activering door fosfatidylserine bevattende
membranen wordt toegeschreven aan een belangrijke functie van de amino-
groep van fosfatidylserine in de binding van vitamine K-afhankelijke
stollingsfactoren aan het fosfolipide-oppervlak. De vorming van een
chelaatcomplex, welke overeenkomst vertoont met de structuur van het
calcium-EDTA-complex, is voorgesteld als model voor het vitamine K-
afhankelijke eiwit-Ca2+-membraancomplex voor het geval dat
fosfatidylserine deel uitmaakt van het stollingsbevorderend oppervlak.

Dit model wordt ondersteund door de experimenten die gerapporteerd
worden in hoofdstuk 6. In dit hoofdstuk wordt de invloed beschreven van de
chemische structuur van de polaire kop van de fosfolipidemoleculen waaruit
het membraan is opgebouwd op protrombine-activering. Niet alleen de
lading van het membraanoppervlak maar ook de chemische structuur van de
negatief geladen fosfolipidemoleculen blijkt van belang te zijn voor de
binding van de stolfactoren. Membranen die negatief geladen zijn door de
aanwezigheid van fosfolipidemoleculen met verschillende polaire koppen,
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zoals fosfatidylglycerol, fosfatidylethanolamine of fosfatidezuur zijn minder
effectief in protrombine-activering dan fosfatidylserine-bevattende membra-
nen. In hoofdstuk 6 wordt tevens aangetoond dat de stimulerende werking
van negatief geladen membraanoppervlakken op de activering van
protrombine niet noodzakelijkerwijs afhankelijk is van de aanwezigheid van
een fosfaatgroep. Membranen met lipidemoleculen, die in plaats van een
fosfaatgroep een carboxyl- of een sulfaatgroep bevatten, zijn ook in staat de
vorming van een functioneel actief protrombinase-complex te bevorderen.
De protrombine-activering op deze membranen is echter ionsterkte gevoelig
en veel minder effectief dan PS-bevattende membranen. Tevens zijn zowel
een hogere lipideconcentratie als een hoger percentage van deze
anionische lipiden vereist voor optimale procoagulante activiteit. Er is
gepostuleerd dat electrostatische interacties tussen protrombine, factor Xa
en het membraan een belangrijke rol spelen in de assemblage van een
catalytisch actief complex op membranen die een ander anionisch lipide
bevatten dan fosfatidylserine. In aanwezigheid van factor Va, wordt de
structuur van het negatief geladen (fosfo)lipidemolecuul echter minder
belangrijk en neemt de zoutgevoeligheid ook sterk af. Factor Va
compenseert klaarblijkelijk voor de zwakke electrostatische eiwit-lipide-
interacties, mogelijk door additionele interacties met protrombine en factor
Xa.

Jarenlang is men er vanuit gegaan dat stollingsbevorderende
oppervlakken hun functionele activiteit verkrijgen door de aanwezigheid van
negatief geladen fosfolipiden. Het onderzoek beschreven in hoofdstuk 7
toont echter aan dat neutraal geladen oppervlakken ook in staat zijn de
omzetting van protrombine in trombine te bevorderen. Stimulering van
protrombine-activering door neutrale phosphatidylcholinemembranen treedt
met name op: (1) bij lage ionsterkte, (2) in aanwezigheid van factor Va, (3)
wanneer de phosphatidylcholinemoleculen onverzadigde vetzuurstaarten
bevatten en, (4) in aanwezigheid van calcium-ionen. Zowel de activering van
pretrombine 1 door factor Xa als de activering van protrombine door factor
Xa zonder Gla-domein worden echter niet gestimuleerd door
phosphatidylcholinevesicles. De calcium-afhankelijkheid in combinatie met
de noodzakelijke aanwezigheid van Gla-domeinen in de vitamine K-
afhankelijke stolfactoren wijst erop dat calcium-afhankelijke interacties
tussen de Gla-domeinen van protrombine en factor Xa en het
phosphatidylcholine oppervlak essentieei zijn voor de expressie van
protrombine-activering op PC-membranen.
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In hoofdstuk 8 wordt het belang beschreven van de fysische
eigenschappen van de stollingsbevorderende oppervlakken voor de
protrombine-activering. De samenstelling van het hydrofobe deel van het
membraan, gevormd door de vetzuurstaarten van de fosfolipidemoleculen,
bepaalt de vloeibaarheid van het membraan. Vloeibare membranen
vertonen een hogere activiteit in protrombine-activering dan vaste
membranen. In de beginfase van protrombine-activering op vaste
membranen (hoofdstuk 8), wordt een toenemende omzettingssnelheid
waargenomen. Deze blijkt veroorzaakt te worden door een vertraagde
vorming van het factor Xa-factor Va complex op vaste membranen. In
vergelijking met vloeibare membranen is protrombine-activering op vaste
membranen niet alleen langzamer in de initiële fase, maar ook in de
zogenaamde steady state fase. Uit bepaling van de kinetische parameters
blijkt dat de kcat op vaste membranen is verlaagd. Deze verlaging van de
kcat is echter niet het gevolg van een direct effect van membraan-
vloeibaarheid op het actieve centrum van factor Xa. Pretrombine 1 activering
wordt door vaste en vloeibare membranen namelijk evenveel gestimuleerd.
Analyse van produktvorming tijdens protrombine-activering op vaste
membranen met behulp van gelelectroforetische technieken laat zien dat er
voornamelijk pretrombine 2 gevormd wordt. Dit is in tegenstelling tot
protrombine-activering op vloeibare membranen waarop in de initiële fase
meizotrombine gevormd wordt. Deze resultaten tonen aan dat
membraanvloeibaarheid van invloed is op de volgorde van splitsing van de
peptidebindingen in het protrombinemolecuul. Membranen in de vaste fase
veroorzaken een verandering van de activeringsroute van protrombine. Het
niet actieve pretrombine 2 wordt gevormd, en dit heeft een verlaging van de
trombinevormingssnelheid op vaste membranen tot gevolg. Een mogelijke
verklaring voor de verandering van de activeringsroute zou kunnen zijn dat
de bij de protrombine-activering betrokken eiwitten na binding aan een vast
membraan niet de juiste positie ten opzichte van elkaar innemen, hetgeen
een verlaging van de trombinevormingssnelheid van het enzym tot gevolg
kan hebben.

De vetzuurstaarten van de fosfolipidemoleculen beïnvloeden niet alleen de
vloeibaarheid, maar ook de pakkingsdichtheid van een membraan. De
onderlinge afstand van de fosfolipidemoleculen in een membraan wordt
verhoogd wanneer er cis-dubbele bindingen in de vetzuurstaarten aanwezig
zijn. Vloeibare PS/PC-membranen, die een laag percentage PS bevatten,
geven minder stimulering van protrombine-activering wanneer de
vetzuurstaarten verzadigd zijn. De factor XaVa complexvorming blijkt
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bemoeilijkt te zijn op verzadigde membranen met een laag percentage PS.
De lagere snelheid van protrombine-activering op verzadigde membranen
kan worden verhoogd, wanneer er meer PS geïntroduceerd wordt in het
membraan of wanneer de factor Va concentratie in het activeringsmengsel
verhoogd wordt. De factor Va binding aan het membraan is zowel
afhankelijk van hydrofobe- als ionogene interacties. Membranen opgebouwd
uit fosfolipide-moleculen met verzadigde vetzuurstaarten lijken de interactie
van factor Va met het hydrofobe binnenste van het membraan te
bemoeilijken. De invloed van de verzadigingsgraad van het membraan op
de protrombine-activering neemt echter af, wanneer het PS-gehalte van het
membraan wordt verhoogd. Dit effect is mogelijk te verklaren door een
toenemende bijdrage van electrostatische interacties die de verminderde
hydrofobe interacties compenseren.
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