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Chapter 1

General Introduction

The mechanism by which the blood is maintained fluid within the vessels and
which also prevents excessive blood loss, is known as haemostasis. The complexity
of the haemostasis system is an important subject of investigation. Two basic
processes have been identified: the activation and aggregation of blood platelets,
which constitute the cellular component of the haemostatic plug, and the coagulation
system which leads to the formation of the fibrin network that stabilizes the
haemostatic plug (1).

Flowing blood makes of haemostasis a dynamic event that influences the
interaction between the vascular wall, blood platelets and components of the
coagulation system (2). Studies with platelets have demonstrated that local flow
conditions influence the deposition and growth of platelet aggregates on the vascular
surface. Nevertheless, as far as the blood coagulation process, most investigations
have been conducted in static systems. Although these studies have revealed
important findings on the reaction mechanisms of blood coagulation, they neglected
the physiological transport processes induced by flow. That is, in static systems,
where clotting factors are bound to phospholipid vesicles, product formation is
mostly a function of the reactant concentrations, but not a function of the dynamic
aspects of flow, such as transport phenomena and shear forces (3).

Aim of this study
The objective of our investigations was to obtain a quantitative description of

thrombin formation and its regulation at a macroscopic surface under well-defined
flow conditions. For that purpose we used the tubular flow reactor developed by
Gemmell et al (4) and a previously described method (5) for the assembly of the
prothrombin converting complex, prothrombinase, consisting of the serine protease
factor Xa and the non-enzymatic cofactor factor Va, at the phospholipid coated inner
wall of a glass capillary.

Survey of this thesis
A general overview on the haemostatic processes is presented in chapter 2-Part

1. Chapter 2-Part 2 gives a short description of the principles of mass transport from
a perfusion solution towards the wall of the capillary that contains an immobilized
enzyme and the transport of reaction products from the catalytic surface to the bulk
solution.
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In chapter 3 we describe flow experiments that resulted in either a kinetically
controlled regime of thrombin production or a diffusion controlled regime. Under the
former conditions, the rate of thrombin production reflects the amount of
prothrombinase present in the capillary, whereas in the diffusion controlled situation
the rate of transport of prothrombin to the catalytic surface limits the rate of thrombin
production. Under the conditions of the well-defined kinetically controlled regime,
we were able to analyze the rate of thrombin production as a function of the substrate
concentration near the catalytic surface. These experiments revealed a catalytic
efficiency of the prothrombinase complex at a macroscopic surface that was much
higher than found for small unilamellar phospholipid vesicles in static suspension.
We also demonstrated that the true K„, and k^, were not influenced by the wall shear
rate.

In chapters 4 and 5 we present the results of a study on the kinetics of inhibition
of prothrombinase by antithrombin and antithrombin-heparin in the tubular flow
reactor. Chapter 4 reports on the inhibition under kinetic and diffusion-controlled
situations using heparins with different chain length: unfractionated heparin, low
molecular weight heparin and the synthetic pentasaccharide heparin. In this study we
observed that prothrombin protects prothrombinase from inhibition by antithrombin.
More detailed experiments (chapter 5) showed that prothrombin simply competes
with antithrombin for prothrombinase. Half-maximal protection was found with 5
nM of prothrombin, which in fact is the true K„, of prothrombin activation at the
catalytic surface (chapter 3).

Chapter 6 describes hitherto unrecognized phenomenon: prothrombin contributes
to the assembly of the prothrombinase complex. This study demonstrated
unequivocally that, at phospholipid membranes with low phosphatidylserine content,
the presence of prothrombin is required to form a stable prothrombinase complex.
Consumption of prothrombin resulted in the dissociation and thus loss of
prothrombin converting activity of the prothrombinase complex.

In view of the subtle changes in the membrane that may influence the assembly
of prothrombinase and thus the procoagulant properties, we initiated a study on
prothrombin activation at the surface of adherent platelets under flow conditions.
Chapter 7 reports the data of a study in which platelets were adhered to a fibrinogen-
coated coverslip mounted in a parallel plate chamber. Perfusion of these adherent
platelets with solutions of factor Xa, factor Va and prothrombin revealed that stable
prothrombinase complexes could be assembled. But the aspect of the binding of
fluorescent labeled annexin V as well as enzyme kinetic consideration indicated that
when platelets adhere to immobilized fibrinogen they provide a surface with
procoagulant patches (hot spots) on which prothrombin converting complex
assembles.

10
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Chapter 2

Introduction

Part 1: Haemostasis

The primary function of haemostasis is to confine blood in the vascular system
by assuring the arrest of bleeding. The haemostatic process is confronted to a
difficult dilemma: on the one hand it should respond to lesions appearing in the
vascular system with the formation of a haemostatic plug and on the other hand the
growth of this haemostatic plug must be limited to the site of injury. Furthermore,
procoagulant activity that escapes into the circulation away from the haemostatic
plug must be managed.

Haemostatis can be described as the close cooperation between the following
systems:
• Formation of the primary haemostatic plug following the interaction between

damaged blood vessel and circulating platelets: adherence, shape change and
aggregation of platelets.

• Blood coagulation: stabilization of the primary haemostatic plug by a fibrin
network.

• Regulation of blood coagulation:localisation of the enzymatic reactions at the
site of injury and inhibition of thrombus growth.

The primary haemostatic plug
Resting platelets are discoid cells with a diameter varying between 2 and 4

microns and a thickness of about 0.5 micron. They are anucleate and produced by
cytoplasmic fragmentation of megakaryocytes. The site of platelet formation is still a
subject of investigation. However, the bone marrow is thought to be the principal site
of platelet production (1,2).

These smallest cells present in the circulation are under normal condition not
able to adhere on vascular endothelium or to each other (3). Upon vessel injury, a
part of the endothelium lining is damaged and subendothelial structures are exposed.
Among them are different types of collagen, basement membrane and microfibrils.
Of the various plasma proteins that are necessary for platelet adhesion, von
Willebrand factor (VWF) appears to be the most important. Mediated by VWF,
platelets adhere to the exposed microfibrillar structures of the subendothelium. The
VWF binds to a specific receptor, glycoprotein Ib (GP Ib) on the plasma membrane
of resting platelets (4). Under the combined action of collagen, traces of thrombin



(formed earlier in the coagulation) and adenosine-5'-diphosphate (ADP), the adhered
platelets become activated. This activation is characterized by a morphological
change of the platelet from a discoid to an irregular spherical form followed by the
development of pseudopodia. Then, platelets rapidly spread out over the damaged
surface. At the same time, these activated platelets secrete the content of their storage
granules. Two types of granules are secreted: a-granules which contain a number of
proteins involved in haemostasis, like fibrinogen, VWF, factor V etc., and dense
bodies rich in low molecular weight compounds like calcium ions and ADP.

This release of potent agonists results in the stimulation, activation and
aggregation of other platelets present in the neighborhood of the injury. The
interaction of platelet agonist with a primary receptor induces conformational
changes in GPIIb-IIIa (5), leading to the exposure of high affinity binding sites for
fibrinogen (inside-out signaling) (6). Together, receptor and adhesive proteins are
involved in the bridging of platelets to each other. A large platelet aggregate is
formed which covers the injured surface and consequently stops the loss of blood.
However, at this stage haemostasis is not yet complete: the primary haemostatic plug
has to be stabilized. At the same time as the platelets adhere to the site of injury, the
blood coagulation system is initiated, resulting in the formation of thrombin which
converts the soluble plasma protein fibrinogen into fibrin. The polymerized fibrin
strands are crosslinked by factor XHIa and form the insoluble fibrin network that
stabilizes the platelet plug.

Blood coagulation
The different clotting factors present in the blood are designated by Roman

numbers from I to XIII. These proteins that circulate as precursors (zymogen), i.e. in
an inactive form, are converted to serine proteases or co-factors by limited
proteolysis. Activated coagulation factors are symbolized by addition of "a".

Overview of the mechanisms. The first event is the simultanous activation of factor
X and factor IX (Fig. 1). These reactions are catalyzed by the tissue factor-factor Vila
complex. After vascular injury, the plasma protein factor VII or its activated form
factor Vila binds to a transmembrane glycoprotein, tissue factor (TF), present on cell
surfaces (7,8). This association results in the tissue factor-factor VH(a) complex.
Then tissue factor is able to exert two cofactor effects: firstly, it increases the
sensibility of factor VII to potent activators like factor Xa, factor IXa and factor Vila
(9,10) and secondly, it enhances the efficiency of factor Vila in activating its
substrates, factor X and factor IX (11-13). Factor Xa generated by the tissue factor-
factor Vila complex converts a low but sufficient amount of prothrombin to
thrombin. Thrombin then converts the factors V and VIII to factors Va and Villa to



essential cofactors for prothrombin and factor X activation, respectively (14.15).
These activations require the presence of a suitable membrane to which the enzyme-
cofactor complexes can bind (16-18). Such a procoagulant surtace is generated by
thrombin when it induces in platelets adhered to collagen the exposition of
procoagulant phospholipids at their outer surface by the so-called flip-flop
mechanism (19,20).
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Figure 1. Schematic view of (he blood coagulation proces*
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The generation of factor Xa by the tissue factor-factor Vila complex is readily
shut off by the inhibitor Tissue Factor Pathway Inhibitor (TFPI). However,
additional amounts of factor Xa are generated by the factor VIHa-factor IXa complex
(21-23). The importance of this route for factor X activation in vivo, is shown by
patients with hemophilia A (deficiency of factor VIII) or hemophilia B (deficiency of
factor IX) whom are confronted with serious bleeding problems. It was recently
shown that thrombin-mediated factor XI activation can take place in plasma (24).
Activated factor XI in turn converts factor IX into the serine protease factor IXa,
This alternative pathway for factor IX activation is thought to support the
reinforcement loop of factor Villa-factor IXa-mediated factor X activation (25).

In a final step, the equimolar complex of factor Xa and factor Va at a cell
membrane, the so-called prothrombinase complex, converts prothrombin to thrombin
(26-29). Subsequently thrombin converts fibrinogen into soluble fibrin monomers.
Fibrin monomers polymerize spontaneously to form fibrin strands. Then, under the
influence of factor XHIa, generated from factor XIII by thrombin, those fibrin
strands are cross-linked to form an insoluble fibrin network which consolidates the
primary haemostatic plug (20,30).

Membrane surface in blood coagulation. As seen in Fig. 1, key reactions of blood
coagulation are catalyzed by enzymatic complexes bound to a phospholipid surface
(31,32). Proteins like factor VII, factor IX, factor X and prothrombin are vitamin K-
dependent clotting factors. These proteins contain within their aminoterminal region
glutamic acid residues which, in a post-ribosomal (vitamine K dependent) process,
are carboxylated to y-carboxyglutamic acids (Gla-residues). This so-called "Gla-
domain" assures the binding of these coagulation factors to procoagulant membranes
via calcium bridges between the Gla-domain and the negatively charged
phospholipids present in these membranes (33).

It has been demonstrated that membranes containing negatively charged
phospholipid are suitable surfaces for the blood coagulation system. Those studies
were performed with either small unilamellar phospholipid vesicles (16,17,34-36) or
planar phospholipid surfaces (37-40) as well as with platelets (19.41,42). Although,
these investigations focussed on different enzymes like the factor Va-factor Xa . the
tissue factor-factor Vila and the factor Villa-factor IXa complexes, the conclusions
were the same: a) due to their high affinity for anionic phospholipid. the membrane
binds the protein cofactors Villa and Va (TF is a transmembrane protein), which in
turn act as receptors for the serine protease factor Vila, factor IXa and factor Xa,
respectively and their substrates factor IX. factor X. and prothrombin, respectively
(18). and b) phospholipid membranes increase the catalytic efficiency of the enzyme
complexes, mainly because of a dramatic decrease in K„,.
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This procoagulant surface is provided by activated platelets. When a platelet
becomes activated the membrane loses its assymetric distribution of lipids. The
negatively charged phospholipids. like phosphatidylserine. are transferred by a rapid
transbilayer movement (flip-flop) from the inner to the outer leaflet of the membrane
(19,43.44). It is important to mention that it is generally believed that a potent
procoagulant surface can also be provided by microparticles shedded by activated
platelets (45-47). However, Sword « a/ (45) demonstrated that, released
microvesicles from VWF-adherent and thrombin-stimulated platelets did not show
procoagulant activity. Nevertheless, specific binding of the coagulation factors on
the negatively charged phospholipid membrane of aggregated platelets, allows a
space localization of the coagulation processes to the close vicinity of the
haemostatic plug.

The prothrombinase complex. As already mentioned, one of the final steps of
blood coagulation is the association on a negatively charged membrane surface of
the serine protease factor Xa and the protein cofactor factor Va (fig. 1). to form the
prothrombin converting complex (26-29).

Prothrombin (factor II) is a vitamin K-dependent protein with a molecular
weight of 71.6 kDa and a plasma concentration of about 2.5 U.M. It is a single-chain
glycoprotein with a tertiary structure divided in three domains. The amino-terminal
fragment 1 region or "Gla domain", contains 10 y-carboxyglutamic acid residues.
Those Gla residues are involved in the calcium-dependent interaction of prothrombin
with a negatively charged membrane. The fragment 2 domain interacts with factor
Va. The carboxy-terminal domain contains the peptide sequence that will form the
thrombin active site after the factor Xa-catalyzed cleavage of prothrombin (26).
Factor Xa is also a vitamin K-dependent glycoprotein with a molecular weight of 44
kDa that consists of a heavy chain of 27 kDa and a light chain of 18 kDa. Those two
chains are linked together via a disulfide bridge. The light chain contains the Gla
residues and therefore assures the association with negatively charged surfaces. The
active site of factor Xa is positioned on the heavy chain (49). Factor Va has a
molecular weight of 180 kDa. It is formed by two Ca**-associated glycoprotein
chains: a heavy chain of 105 kDa and a light chain of 74 kDa. Factor Va binds via
the light chain, in a calcium-independent manner, to negatively charged membranes,
whereas the heavy chain has affinity for factor Xa and prothrombin (50).

Factor Xa alone is a very slow activator of prothrombin. Formation of the factor
Xa-factor Va complex on membranes containing anionic phospholipids is required
for optimal prothrombin activation (51). Moreover, the highest prothrombinase
activities have been reported for factor Va-factor Xa complexes associated with
membranes that contain phosphatidylserine.
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The phospholipid membrane not only provides a surface for the assembly of the
factor Va-factor Xa complex but also promotes the interaction between the substrate
prothrombin and the enzymatic complex. Factor Va interacts with both factor Xa and
prothrombin (17,50), thereby also promoting the binding and interaction between the
enzyme and its substrate (18,52). This results in an increase of kcat of about 3,000-fold
(53). Furthermore, the interaction of the substrate prothrombin with the membrane is
responsible for a dramatic decrease in the Km, namely from more than 2 u\M in the
absence of phospholipid (17,53) to 170 nM on small unilamellar phospholipid
vesicles (20-30 nm) and 3 to 5 nM on planar macroscopic phospholipid surfaces
(39,54). This marked difference was attributed to the ability of both enzyme and
substrate to bind membranes, which raises the local prothrombin concentration in the
proximity of the enzyme complex. Compared to free prothrombin, phospholipid-
bound protein very efficiently diffuses on the catalytic surface which increases the
number of successful collisions between the enzyme and its substrate. In case of a
planar macroscopic surface, the large surface area surrounding the prothrombinase
complex is able to collect a high amount of prothrombin that subsequently diffuses to
the enzyme; the membrane which acts as a funnel (39) becomes a very efficient
procoagulant surface which may explain the large decrease of K„ (39,54). |

Regulation of blood coagulation.
The different reactions involved in the mechanism of blood coagulation must be

regulated and limited to the site of injury. As mentioned before, activated platelets
provide a procoagulant surface which is normaly not accessible for clotting factors.
The availability of a negatively charged surface is restricted to the site of injury.
Furthermore, an efficient regulatory system, composed of anticoagulant proteins,
exists in order to prevent undesired thrombus formation in the circulatory system.

in/u'6(/ion. Thrombin activates protein C which, in turn, inactivates the
cofactors Va and Vila. Thrombin forms a complex with the membrane glycoprotein
thrombomodulin, present on endothelial cells. The cell-bound complex thrombin-
thrombomodulin converts protein C to its activated form (APC). Then, APC provides
its anticoagulant function by limited proteolysis of factor Va and factor Villa (55-
57). Activated protein C. which is a vitamin K-dependent serine proteinase,
functions as a potent anticoagulant in the presence of protein S (58), another vitamin
K-dependent protein, and in the presence of calcium ions and a negatively charged
surface. Some doubt has been raised concerning the cofactor function of protein S.
Moreover, it was demonstrated that protein S could participate in another inhibitory
action: inhibition of the prothrombinase complex (59). However, the physiological
importance of protein S in the regulation of blood coagulation is clearly
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demonstrated by the relationship between the increased risk of recurrent venous
thromboembolism and its deficiency. Identical symptoms were found for patients
who presented resistance to the anticoagulant action of APC (60). It was shown that,
in most of cases, the APC resistance was caused by a genetic mutation of factor V
(61). resulting in a mutated factor Va, which is less sensitive than normal factor Va
to APC-mediated inactivation (62).

Tissue factor-factor Vila activity is regulated by tissue factor pathway inhibitor
(TFPI). Since tissue factor-factor Vila is thought to be the major initiator of the
blood coagulation in vivo (7.21,22) this inactivation supports the idea that further
maintenance of sufficient concentrations of factor Xa is supplied by the factor Villa-
factor IXa complex pathway (Fig. 1). This makes TFPI a physiologically important
factor in blood coagulation. TFPI has a molecular weight of 42 kDa and a plasma
concentration of about 1.2 nM. It is a glycoprotein consisting of three tandems
Kunitz-type inhibitor domains, a negatively charged N-terminus and a positively
charged C-terminus (63). The inhibitory activity of TFPI occurs in two steps: first
TFPI binds to the active site of factor Xa resulting in an inactivated factor Xa and
second, the factor Xa-TFPI complex inhibits tissue factor-factor Vila complex by
forming a quaternary Xa/TFPl/VIIa/TF complex (21,64, 65).

/nacfi'vafion o/ f/iromèin a/i</ /acfor AÖ. The serine proteases factor Xa and
thrombin are in the plasma inactivated by antithrombin, a-.-macroglobulin and ot|-
antitrypsin. However, with 64% of the antithrombin activity, antithrombin is
considered as the principal plasma antiprotease (66). It is a single-chain glycoprotein
of the serpin family, synthesized in the liver with a molecular weight of about 60
kDa. This inhibitor is present in plasma at concentration of 2 (iM (20,67,68). The
importance of antithrombin in vivo is indicated by occurrence of antithrombin
deficiency, which is often associated with increased risk of thrombosis (69).
Antithrombin neutralizes the activity of thrombin and factor Xa by formation of a 1:1
stoichiometric complex. The anticoagulant activity of antithrombin is significantly
enhanced by heparins. Heparins are polysaccharides composed of sulfated
glycosaminoglycans: repeating disaccharide units of D-glucosamine residues and
uronic acid (D-glucuronic or L-iduronic acids) (70). It is thought that the interaction
between heparin, with a minimum of 5 monosaccharides, and antithrombin is
performed in two steps: initial formation of the complex, followed by a
conformational change in antithrombin that stabilizes the complex (68). Only
heparins with a specific pentasaccharide sequence are able to induce a
conformational change in antithrombin, which leads to an increased affinity of
antithrombin for factor Xa (20,71). However, for an increased inactivation of
thrombin. the heparin molecule must be also composed of a minimal length of 18



monosaccharide units (molecular weight of 5.4 kDa (72). In this case, heparin acts as
a surface that promotes the interaction between antithrombin III and thrombia
Moreover, an increase of the heparin size induces an increase in rate of both
inactivation of thrombin and factor Xa (73,74). Therefore, unfractionated heparin
(UFH), with a mean molecular weight of 15 kDa was shown to have a higher
anticoagulant specific activity than low molecular weight heparin, LMWH (mean
molecular weight of 4 to 6 kDa). After the formation of the antithrombin-serine
protease complex, the heparin molecule is liberated and participates in a new
inhibition cycle.

Because thrombin is formed by the activation of prothrombin via the factor Xa-
factor Va complex, several studies were conducted on the effects of factor Va and
phospholipid on the kinetic of inhibition of factor Xa by antithrombin. It was
demonstrated that phospholipids (unilamellar phospholipid vesicles) and factor Va
protect factor Xa from inactivation (75-78). Moreover, this protection was even more
important when prothrombin activation was performed in a tubular flow reactor (79).
Our studies on macroscopic surfaces, using the same flow system, demonstrated that
the substrate prothrombin efficiently competes with antithrombin and antithrombin-
hcparin for the prothrombinase complexes (80,81).

Part 2: Transport phenomena in the flow reactor.

Blood coagulation is initiated on cell surfaces. These macroscopic surfaces are
exposed to flowing blood which makes the blood coagulation processes to be
influenced by dynamic events (82-85). Indeed, at an injured surface area,
contractions of the vessel induce turbulences, changes in fluid transport rates and
local shear forces.

In this study we used a tubular flow reactor to investigate the conversion of
prothrombin at a macroscopic surface under flow conditions (Fig.1). The next
section, therefore is aimed to provide the reader with the principles of transport
phenomena in capillaries with immobilized enzymes at the wall.

When pressure forces a fluid into a round tube, a parabolic velocity profile
develops as a result of frictional forces, known as the viscous drags, exerted by the
wall on the flowing fluid. These frictional effects reduce the flow nearby the wall
close to zero, while it reaches a maximum at the tube axis. Inversely, although the
velocity is greatest in the middle of the tube, maximum shear forces are exerted at the
wall. Wall shear rate (y*). the derivative of the parabolic flow profile, is zero at the
middle and maximum at the wall:

20



[1]

With Q the volumetric flow rate (ml/s) and r the internal radius of the tube (cm).

Figure 1. The tubular flow reactor

The enzyme is attached to the inner wall of the tube and therefore, can be only
supplied with substrate by diffusion towards and at the surface. For simplification, it
is convenient to assume that a diffusion layer (boundary layer), is established at the
inner surface of the tube (see Fig.2). Due to the catalytic activity of the enzyme and
diffusion-limited transport, the substrate concentration near the catalytic surface will
be lower than in the perfusion solution. A typical substrate concentration gradient is
then established between the bulk solution and the catalytic surface: the
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concentration of substrate is constant in the central part of the tube , but gradually
decrease to the wall

substrate concentration
profile

catalytic «urface v X 4 Diffusion

| layer

Figure 2. The diffusion layer

Under such condition the mass transfer rate of the substrate to the surface has to
be considered when one examines the catalytic efficiency of an immobilized enzyme.
The maximum rate of substrate transport toward the catalytic surface (V,) can be
calculated from:

Vs=AQ [2]

with the mass transfer coefficien:

*/L)'" [3]

where Q, is the concentration of protein in the bulk (pmol/ml), D is the diffusion
coefficient of the protein (cm"/s), y» the wall shear rate (s"', equation 1) and L the
tube length (cm).

In a diffusion-controlled situation all the substrate transfered to the surface is
converted into product by the immobilized enzyme. In this case the depletion of
substrate near the surface is nearly complete and the rate of its conversion is equal to
its transport rate towards the catalytic surface (equation 2).

In a kinetic-controlled situation, the rate of substrate conversion is smaller than
the rate of supply of substrate towards the surface. Under such conditions, the rate of
product formation (J) is given by the Michaelis-Menten kinetic equation:
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Co is the substrate concentration near the surface and is always smaller than the
substrate concentration in the bulk (Q,) because of transport limitations and substrate
conversion:

0 0,-J/A {5]

A detailed theoretical treatment of these two limiting conditions concerning the
prothrombin activation by the prothrombinase complex, is developed in chapter 3.
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Chapter 3

Prothrombin Activation by Prothrombinase in a Tubular Flow Reactor.
Didier Billy. Han Spcijcr, George Willems. H. Coenraad Hemker, and Theo LJndhout. 1995. J. Biol.

Chem. 270: 1099-1034.

Summary
Thrombin production by the phospholipid bound complex of blood clotting

factors Xa and Va (prothrombinase) was studied in a tubular flow reactor. The inner
wall of a glass capillary was coated with a phospholipid bilayer of 25%
phosphatidylserine and 75% phosphatidylcholine. Prothrombinase was assembled on
this bilayer by perfusion with a mixture containing an excess of factor Va (2 nM) and
a limiting amount of factor Xa (1-100 pM), either in the absence or presence of
prothrombin. The rate of assembly of prothrombinase in the presence of prothrombin
appeared to be limited by the transfer rate of factor Xa to the phospholipid surface. A
good agreement was found between the predicted mass transfer coefficient for factor
Xa and the observed pre-steady state rate of thrombin production. The eventually
obtained steady state rates of thrombin production were proportional to the
prothrombin concentration and independent of the surface density of
prothrombinase. The observed rate of thrombin production was in excellent
agreement with the predicted mass transfer rate for prothrombin. Transport limited
prothrombin conversion was observed for prothrombinase densities exceeding 1
fmol/cm\ which corresponds to 0.05% occupation of available binding sites. The
kinetic parameters of the reaction were determined at low prothrombinase densities
(0.02-0.04 fmol/cm'). Even in this situation the Michaelis-Menten equation had to be
corrected for substrate depletion near the catalytic surface. We hereto employed an
accurate approximation of the mass transfer coefficient. The kinetic parameter kc«
was 60 s ' the intrinsic Km had a surprisingly low value of 3 nM. Both parameters
were not influenced by the wall shear rate.

Introduction
The process of blood coagulation encompasses a complex system of enzymatic

reactions in flowing blood at the surface of damaged blood vessels. One of the final
steps in this process is the conversion of prothrombin to thrombin (1,2). The
activator of prothrombin is a multicomponent complex that consists of the serine
protease factor Xa and the non-enzymatic cofactor factor Va. In the presence of
calcium ions, the complex of factor Xa and factor Va assembles on a membrane
containing negatively charged phospholipids, i.e. phosphatidylserine (3,4). These
membranes become available when blood platelets are activated (5,6). Other cells
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like monocytes and endothelial cells have also been reported to support prothrombin
activation by providing such a procoagulant surface (7,8).

Prothrombin activation at a macroscopic surface under flow conditions has been
studied in our laboratory. We previously reported on prothrombin activation in a
tubular flow reactor (9). The findings of that study seemed to contrast the findings on
prothrombin activation at planar phospholipid bilayers (10,11). That is, during
continuous flow through the tubular flow reactor, the rate of thrombin production
appeared to be dependent on the prothrombin concentration in the bulk solution upto
about 1 uM. Studies with an uniformly accessible surface, as offered by the rotating
disc, however, showed that the concentration of prothrombin in the bulk solution thai
is required for the half maximum rate of prothrombin conversion was about 7 nM (10).

In the present paper we describe the results of a kinetic study on prothrombin
activation in a tubular flow reactor. Our major goal was to identify the experimental
settings, with respect to flow rate, substrate concentration and prothrombinase
surface density, that allow us to derive kinetic parameters from the thrombin
production data. Hereto we explored the conditions that gave rates of thrombin
production proportional with the true catalytic activity of prothrombinase and thus
independent of the rate of transfer of prothrombin from the bulk solution to tht
catalytic surface. We, therefore, have carefully evaluated the transport limit in the
flow reactor and used the theoretical considerations of mass transfer given by Brown
(12). Our findings support previous proposals that at a macroscopic phospholipid
surface, prothrombin activation by prothrombinase is extremely efficient because
very low concentrations of prothrombin (a few nM) are required to obtain half-
maximal velocity of thrombin production (10,11). We also addressed the question
whether the catalytic efficiency of prothrombinase was influenced by the wall
rate, as has been reported for factor X activation in a flow reactor (13,14).

Experimental Procedures
Afa/eria/j. Fatty acid free bovine serum albumin (BSA) was from Sigma. St

Louis, Mo. The chromogenic substrate for thrombin, S2238, was from Chromogenix,
Möhldal. Sweden. All chemicals used were of the highest grade commercially
available.

Pror?»>i5. Human factor Xa, human prothrombin and bovine factor Va were
prepared and quantified as described (9). Bovine factor Va was further purified on a
Mono S column (Pharmacia Biotech. Uppsala, Sweden) as described by Rosing et al
(15). Briefly, after loading the column with bovine factor Va, a linear gradient of
0.05-1 M NH4CI was applied. Factor Va activity was eluted in two peaks at 0.45 M
and 0.75 M NH4CI. Throughout this study we used factor Va eluted at the higher :
c o n c e n t r a t i o n . ••'""-•'• '•• • '
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n o//>/io.ï/?/i0///?ü/-a>ar«/ capi7/an>5. The glass capillaries (0.65 mm
and 0.29 mm internal diameter and 127 mm length) obtained from Brand AG.
Wertheim. Germany were boiled for 10 min in a 1:1:5 solution of NH»OH (25%).
H:O: (30%) and H;O for 10 min and rinsed in deionized water. They were then
boiled in a 1:1:6 solution of HC1 (37%). H.O: (30%) and H.O for 10 min and rinsed
in deionized water. The clean and hydrophilic capillaries were kept at 4"C in
deionized water. Before use the capillaries were dried under a stream of Nv The
capillary was filled with a suspension of unilamellar phospholipid vesicles composed
of 75 mol% egg phosphatidylcholine and 25 mol% brain phosphatidylserine.
prepared as described before (15). After 20 min of incubation with the 1 mM
phospholipid suspension, the capillary was rinsed with Tris-buffer (50 mM Tris-HCl.
175 mM NaCl. and 0.5 mg BSA/ml. pH 7.9) containing 3 mM CaCl: at a flow rate of
1.2 ml/min for 2 min to remove non-bound phospholipid (9.13).

77i* y7oH- syjrem. The flow system was as described by Contino et al (16).
Briefly, the phospholipid-coated capillary is attached to a Hamilton gas-tight syringe.
The flow is controlled by a syringe pump (Harvard Apparatus Co.. Massachusetts.
USA). An XYZ translation table (Isel, Eiterfelt, Germany) is used to collect samples
(typically 30 ul) from the tip of the flow reactor into disposable cuvettes (Sarstedt,
Nümbrecht. Germany) containing 20 mM EDTA in Tris-buffer. Thrombin was
measured in the cuvette after the addition of the chromogenic substrate S2238 as
previously described (9). All procedures were performed at 37°C.

Defermi/ianon o//acror Xa-^ow/w/ JO r/ie sur/ace o/ r/ie /7ow reacfor. The
amount of factor Xa bound to the phospholipid bilayer in the flow reactor was
determined at the end of each experiment. To this end the capillary was rinsed with
Tris-buffer containing 3 mM CaCU and factor Va (2 nM) at a flow rate of 30 ui/min
for 5 min to remove prothrombin and thrombin. The capillary was then eluated with
Tris-buffer containing 5 mM EDTA at 30 ul/min for 5 min. The effluent was
collected and assayed for factor Xa. The factor Xa containing samples were diluted
in Tris-buffer containing 3 mM CaCh. An aliquot (30 ul) of the dilution was added
to a cuvette containing 108 ul of Tris-buffer containing 1.4 nM factor Va, 14 uM
phospholipid (25%PS/75%PC) and 3 mM CaCb. Thrombin production was started
by the addition of 12 ul of a 5 uM prothrombin solution and stopped after 4 min by
the addition of 390 ul of 20 mM EDTA in Tris-buffer. The amount of thrombin
formed was determined by adding 60 ul of S2238 (2.5 mM) and reading of the
optical density at 405 nm. Reference curves were constructed from known amounts
of factor Xa.

/n /ra/isporr /rom per/wsro/j 50/u/Jon ro r/ie cafa/>r/c surface as ra/e
<?ƒ r/jrom^in pro^ucf/on. The transfer of prothrombin by convection and

diffusion to the capillary wall becomes easily rate limiting (17,18). This results in
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depletion of the prothrombin in the solution near the wall and thus a steady state
concentration C(r,z) is established, which depends on the radial co-ordinate r and on
the axial co-ordinate z. The concentration C(r,z) is a solution of the convective
diffusion equation (17,18):

S'C 15C 5 'CÏ „„ f. r ' "15C 1
with D the diffusion constant of the protein, Vf the mean fluid flow velocity and R
the radius of the capillary. At the entrance of the capillary, z=0, C is equal to the
perfusion concentration Q,: J

C(r,0)=Cb [Eq.lb]

and at the capillary wall the diffusional flux must balance the conversion rate:

"

with V„, the maximal conversion rate per unit area and K„, the Michaelis constant.
Diĵ ws/on confro/tai /jror/iromftm conversion. For high values of V„, i.e. for

high densities of prothrombinase at the capillary wall, maximal thrombin production
and therefore maximal mass transfer of prothrombin by convection and diffusion is
attained. According to boundary condition (Eq.lc), this corresponds to a
concentration at the wall that approaches zero. The boundary condition (Eq.lc) thus
can be replaced by

C(R,z)=0 [Eq.ld]

A convenient and simple approximate solution of the boundary value problem
(Eq.la, lb. Id) was derived by Leveque (19) using the assumption that the boundary
layer of substrate depletion is small compared to the capillary diameter. With this so
called Leveque approximation the total mass transfer, J, (mol/s), is given by:

™ ' V [Eq.2]
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where D is the diffusion constant of the substrate (cm*/s), Q the volumetric flow rate
(cnr/s). L the length of the capillary (cm) and C& the substrate concentration at the
inlet (mol/cm*). The total mass transfer can thus expressed as the mass transfer
coefficient A, (cm'/s) times the substrate concentration, Q,. It should be noted that
the mass transfer rate J,, expressed in mol/cm*/s, depends on the distance z
downstream from the capillary inlet:

= A.Q, [Eq.3]
ft

with Co the solution of boundary value problem (Eq.la, lb. Id) with Q,= 1 and A, the
local mass transfer coefficient (cm/s) which declines steeply in the downstream
direction.
For low flow rates and relatively long capillaries of small diameter the depletion
layer, however, spans the entire capillary and the Leveque approximation becomes
invalid. The depletion at the end of the capillary can be estimated by Equation 2 as:

= l-J/(QCb)= 1-5 .4D^Q-*V [Eq.4]

For a capillary with R= 0.032 (cm), L= 12.7 (cm), a diffusion constant D= 10*
(cm^/s) and a flow rate Q= 5x10"* (cm'/s) this amounts to Cend/Cb= 0.53 and Equation
2 will overestimate the transport rate by about 20%. Errors of this size can be
avoided by employing the semi-analytical approximate solution to the full problem
(Eq.la, b, d) as presented by Brown (12, and Equation 15 and Table I therein). The
equation, which allows the calculation of the total mass transfer coefficient A, for a
given flow rate and diffusion coefficient, is rather unwieldy. We, therefore, should
like to confine ourselves to refer the reader to the paper of Brown (12). Table I lists
the numerical values calculated on basis of Brown's semi-analytical approximate
solution for the total mass transfer coefficient. A,, for prothrombin and factor Xa
under the flow conditions used in our experiments. Also given are the mass transfer
coefficients calculated on basis of the Leveque approximation (19). It is apparent
that prothrombin transport is overestimated by 10-30% in the latter approximation.

/n/ermed/a/e Ifcinefics o/ pror/irom£/>t converijo/i. For lower surface
concentrations of prothrombinase a partial depletion of prothrombin near the
capillary wall is obtained, i.e.Cb>C(R,z)>0, and in this situation the thrombin
generation rate is determined by the solution of the boundary value problem (Eq.la,
lb. lc). Due to the non-linearity in the boundary condition (Eq.lc) this boundary
value problem is intractable for analytical solutions for general distributions of
enzyme activity V„(z) and requires a numerical treatment (18). The special situation,
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however, that the enzyme activity on the capillary wall is proportional to the local
mass transfer rate:

oz
[Eq.51

with P as proportionality constant, allows a simple solution of this problem. It it
easily verified that

C(r,z)= (C„-Cw)Co(r,z)+Cw [Eq.6]

with C* the substrate concentration at the capillary wall (independent of z) and Q
the solution of (la. lb, Id) with Q,= 1 satisfies Equation la and the boundary
condition (Eq.lb). Boundary condition (Eq.lc) is equivalent to second order
equation in C«, which is independent of z:

(C-C.)D ^o(R.z) , po *C°<*'*> C / ( C + K . ) [Eq.7]
8z Sz

Integration of this expression over the inner surface of the capillary results in

J,= A,(Cb-Cw)= V„C«/(Cw+K J [Eq.8]

with J, the total thrombin generation (mol/s) and V„ the maximal thrombin
production rate (mol/s) of the capillary. Equation 8 allows the following explicit
solution:

Jr= 0.5A,[Q-»-K„+V JA,-\|UCb-Kn,-V JA,)=+4K„Cb} ] [Eq.9]

Non-linear regression of this equation to measured thrombin production rates as
function of the perfusion concentration Cb of prothrombin then allows the
determination of the parameters V„, and Km.

Results
Rate of thrombin production as a function of the surface prothrombinase

density. Phospholipid-coated capillaries were perfused with solutions containing
factor Va (2 nM), prothrombin (0.2 uM) and varying amounts of factor Xa (5-50
pM). It was expected that ongoing perfusion would result in assembly of increasing
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amounts of prothrombinase at the inner wall of the phospholipid-coated capillary
which in turn results in increasing rates of thrombin production.

Fig. 1 illustrates that the time to reach the steady state levels of thrombin
production, decreased with increasing amounts of factor Xa in the perfusion solution.
Evidently, because a molar excess of factor Va over factor Xa was used, the rate of
assembly of the prothrombinase complex at the macroscopic surface, is limited by
the transport of factor Xa and/or preformed factor Xa-factor Va complexes from the
bulk solution to the surface. The initial part of the thrombin generation curve,
therefore, reflects the rate of formation of prothrombinase activity at the
phospholipid biiayer and this rate will increase with increasing amounts of factor Xa
in the perfusion mixture.

10 IS 20

Time, min

Figure 1. Rate of thrombin production as a function of factor Xa concentration, Phospholipid coated capillaries (internal

diameter of 0.32 mm) were perfused at 30 ul/min (wall shear rate 20 s ' ) with Tris-buffer containing prothrombin (0.2 uM),

factor Va (2 nM), 3 mM C a d , and varying concentrations of factor Xa: 5 pM ( • ) , 10 pM (A) and 20 pM (O).

It is also evident from Fig. 1 that the rate of thrombin formation reached a steady
state value independent of the amount of factor Xa present. Under the flow
conditions used and with 0.2 uM prothrombin in the perfusion solution, the
maximum rate of thrombin formation was 1.5 pmol/min. Table I predicts a maximal
mass transfer of 2.2 pmol prothrombin/min for a prothrombin concentration of 0.2
uM. Therefore an obvious explanation for the identical steady state levels is that in
each experiment the prothrombin converting capacity of the capillary wall ultimately
exceeded the transport limit. The alternative explanation that in all experiments the
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prothrombinase concentration at the wall surface reached a maximal value was
refuted by determination of the prothrombinase densities attained in these
experiments. The amount of phospholipid-bound factor Xa at the end of the
perfusion increased linearly with the factor Xa concentration in the perfusion
mixture. Thus, 0.34, 0.65 and 1.13 fmol factor Xa per cm^ was bound after 28 min
perfusion with a mixture containing 0.2 uM prothrombin, 2 nM factor Va and 5, 10
or 20 pM factor Xa, respectively. Thus, despite widely different surface densities of
prothrombinase we observed identical rates of thrombin production. It is important to
note that when factor Xa was perfused in the absence of factor Va, no factor Xa
could be detected in the EDTA-effluent of the capillary. Thus, the amount of
prothrombinase in the phospholipid-coated capillary is represented by the amount of
factor Xa found in the EDTA effluent.

TaMc I. The imal m m transfer coefficient A. for the capillary now reactor The mass transfer coefficient A, WJS

calculated according to Brown (12. cf. Equation IS) with Dp= 9.3 10 em'/s. and D,:= 10.4 10 ' cm7s. for the diffusion

constants for prothrombin and factor Xa. respectively. The diffusion constants were calculated from known values at 20°C

(10, 24). R and Q are the radius of the capillaries and thevolumetric flow rale, respectively, used in our experiments.

Protein

prothrombin

prothrombin

factor Xa

R

cm
0.0325

0.0145

0.0325

Q

30
440
30

A,

/iWnin

10.8
30.7
11.4

A,'

13.8
33.6
14.6

' The mass transfer coefficient as determined according to Equation 2.

Since the rate of thrombin production seemed to be limited not by the
prothrombinase binding capacity of the phospholipid-coated capillary, but by the rate
of supply of substrate to the catalytic surface, we expected to find that the steady
state rate of thrombin production should be proportional to the concentration of
prothrombin in the perfusion solution (see Equation 2). Thus, phospholipid-coated
capillaries were perfused with varying concentrations of prothrombin in the presence
of fixed amounts of factor Xa (50 pM) and factor Va (2 nM). The steady state rates
of thrombin production are presented in Table II as a function of the prothrombin
concentration. It is seen that the rate of thrombin production increased linearly with
the prothrombin concentration. Table II also gives the rate of transport of
prothrombin to the catalytic surface as a function of the prothrombin concentration in
the perfusion solution. These values were calculated as described under
Experimental Procedures. The mass transfer coefficient was taken from Table I. The
close agreement between experimental rate of thrombin production and the rate of



prothrombin transport to the catalytic surface strongly indicates that the system
employed behaves as predicted by the hydrodynamic theory.

Tabk II. T l m y " [imimrf production of thrornbin in the capillary flow reactor. The thrombin production was measured

in a capillary of 12.7 cm length and a radius of 0.0325 cm as described under "Experimental Procedures" The flow rale

was 30 ul/min and the transport limit was calculated as the mass transfer coefficient (A,) times the prothrombin

concentration with,X= 10.8 pl/min (Table I)

Prothrombin Thrombin production Transport limit

O2 2.6 2.2

05 5.0 5.4
IX) 10.5 10.9
2̂ 0 [9*> 21.8

Steady State Rate of Thrombin Production as a Function of Prothrombinaie
Surface Density. Phospholipid-coated capillaries were first perfused with factor Va
(2 nM) and varying concentrations of factor Xa (2.5-100 pM) during 10 min at a
flow rate of 30 ul/min to obtain controlled amounts of prothrombinase.
Subsequently, the prothrombinase-containing capillaries were perfused with
prothrombin (0.5 uM) in the presence of factor Va (2 nM). An increase of the factor
Xa concentration in the first perfusion solution from 2.5 to 25 pM gave an increase
of the steady state rate of thrombin production upon perfusion with 0.5 uM
prothrombin. Pre-perfusion of the phospholipid capillaries with factor Xa
concentrations higher than 25 pM did not result in higher rates of thrombin
production. To assess the amount of prothrombinase in the capillary, we rinsed the
capillary at the end of the perfusion experiment with EDTA and assayed the effluent
for factor Xa activity. Fig.2 clearly shows that whereas the amount of factor Xa
bound to the inner wall of the phospholipid coated capillary increased proportionally
with the factor Xa concentration of the first perfusion mixture, that also contained a
fixed amount of factor Va (2 nM), the steady state rate of thrombin production did
not further increase when the factor Xa (prothrombinase) surface density was greater
than 0.6 fmol factor Xa/cm*. We note that the maximum steady state rate of thrombin
production in this experiment was 2.5 fold higher than the maximum rate found
when a phospholipid-coated capillary was perfused with a mixture that contained
factor Xa, factor Va and prothrombin as shown in Fig. 1. This difference in rates of
thrombin production is readily explained by a 2.5 fold difference in prothrombin
concentration of the perfusion solutions. It is apparent that under the conditions of
this experiment (wall shear rate of 20 s ' and prothrombin concentration of 0.5 uM)
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the rate of thrombin production becomes independent on the amount of phospholipid
bound enzyme when the prothrombinase density exceeded 0.6 fmol/cm^. sj

2.0

20 40 60 80

Factor Xa, pM

100

Figure 2. Rato of thrombin production as a function of prothrombinasc density. Capillaries were first perfused with Tns*

buffer containing factor Xa, «t the concentrations indicated, factor Va (2 nM) and 3 raM CaCl2. Steady state rates of

thrombin production ( • ) were determined by perfusion with 0.5 pM prothrombin and 2 nM factor Va. At the end of the

perfusion experiment the amount of phospholipid-bound factor Xa (A) was determined by rinsing the capillary witb

EDTA containing Tris-buffer. The wall shear rate was 20 s ' . Further experimental conditions were as described undo

"Experimental Procedures".

Determination of the Kinetic Parameters of Thrombin Production by
Prothrombinase in the Flow Reactor. To assess the kinetic parameters of
prothrombinase bound to a macroscopic phospholipid bilayer under flow,
phospholipid-coated capillaries were first perfused with 0.5 pM factor Xa in the
presence of 2 nM factor Va during 10 min at a wall shear rate of 20 s ' . This pre-
perfusion resulted in about 0.02 fmol prothrombinase per cm" which was assumed to
be sufficiently low to avoid significant depletion of prothrombin near the catalytic
surface (Fig.2). Subsequently, the capillaries were perfused with varying
concentrations of prothrombin in the presence of factor Va (2 nM) and rates of
thrombin production were determined from the steady state levels of thrombin at the
outlet of the flow reactor. At the end of each perfusion experiment, factor Xa was
quantitatively recovered from the flow reactor to establish the prothrombinase
surface density. Fig.3 gives the rates of thrombin production obtained from perfusion
experiments in which a capillary with a prothrombinase density of 0.014 fmol/cm'



was perfused with increasing prothrombin concentrations (2-80 nM) at a wall shear
rate of 20 s ' and another capillary (0.018 frnol prothrombinase/cm*) at a wall shear
rate of 3000 s ' . The different wall shear rates were obtained by using capillaries with
an internal diameter of 0.65 mm at a flow rate of 30 ul/min and capillaries with an
internal diameter of 0.29 mm at a flow rate of 440 ul/min.

I

|

10 20 30 40 50 60

Prothrombin, nM

70 80

Figure 3. Rate of thrombin production as function of prothrombin concentration, shear rale and prothrombinase density

Capillaries containing phosphohpid bound prothrombinase, 0 014 fmol/cm' ( • ) and 0 0I8 fmolcm"(A) were perfused

with Tns-bufTer containing the indicated concentrations of prothrombin. 2 nM factor Va and 3 mM CaClj. at a wall

shear rate of 20 s ' ( • ) and 3000 s ' (A) . The solid lines represent the result of a non-linear fit to the Michealis-Menten

equation The estimated kinetic parameters are listed in Table III.

The data as shown in Fig.3 were analysed by a non-linear fit to a rectangular
hyperbola to obtain apparent K„ and V„« values.The calculated data points are
presented by the solid line. The same experiment was performed with a 2-3 fold
higher prothrombinase density in the flow reactor. Table III summarizes the apparent
kinetic constants that were determined under the different experimental conditions.
A large variation in K„ as well as ku, is seen. Note-worthy is the high K„ when a
small-diameter capillary with a high prothrombinase density is perfused with
prothrombin at a low wall shear rate. This difference is readily explained by
depletion of prothrombin near the catalytic surface. That is, when thrombin production
is partly limited by the transport of prothrombin to the catalytic surface, higher
prothrombin concentrations in the perfusion solution are required to saturate half the
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prothrombinase in the flow reactor. Kinetic parameters should be calculated from the
steady state rate of thrombin production and the prothrombin concentration near the
catalytic surface. Therefore, K„, and kcai values were obtained by fitting observed
rates of thrombin production and prothrombin concentrations in the perfusion
solution to Equation 9 (see Experimental Procedures). The intrinsic kinetic
parameters thus obtained are also listed in Table III. From these data we conclude
that both K„, and k^, are independent of the experimental conditions such as the
prothrombinase density and the wall shear rate. Of particular interest is the low K„, of
3nM.

ol the proihrombin concentration was measured in a capillary of 12.7 cm length at the indicated capillary radius (R) , floi

rate (Q) and surface enzyme density (E,). The mass transfer coefficient A is expressed in ()jl/cm*/min) in order to

facilitate comparison between different capillaries. Further details are described in the text.

Kinetic parameters
Experimental conditions

Apparent Intrinsic

Ew R Q A K„, kc., K„ kc

fmol/cm
0.014
0.018
0.047
0.035

cm
0.0325
0.0145
0.0325
0.0145

ul/min
30

440
30

440

ui/cm /min
4.2

26.6
4.2

26.6

nM
6.6
3.9

75.4
4.6

s'
57.5
67.5
138.0
54.2

nM
1.3
2.8
3.1
2.0

s'
51.6
66.5
74.4
49.8

Discussion
We have characterized the kinetics of prothrombin activation by the complex of

factor Va and factor Xa assembled at the macroscopic phospholipid surface of a
tubular flow reactor. The present study confirms an earlier observation from our
group (10.11) that on macroscopic lipid bilayers the Michaelis constant, Km, is much
lower than reported for prothrombin activation at the surface of unilamellar vesicles
with a radius of 20-30 nm. It was noticed that the Km decreased with increasing
phospholipid area per molecule of the factor Xa-factor Va complex. Indeed the K,
was depressed by a factor of 4 when large unilamellar vesicles (radius of 60-80 nm)
were used. Moreover, it was shown that on planar phospholipid bilayers, with an
area of 1 pm* per prothrombinase complex, the K„ was 6-7 nM and thus 25-fold
smaller than the Km (170 nM) on small unilamellar vesicles. This marked difference
was attributed to an efficient collection of prothrombin from solution by »
macroscopic surface, whereas the K„ on small unilamellar vesicles represents an
apparent value reflecting the limited transport rate of prothrombin from solution to



the vesicle (10.11). The phospholipid bilayers in these studies were present on a slide
opposite a stirring bar or on a rotating disc. Especially the latter system has the
advantage that it presents an uniform accessible surface, with a uniform mass
transfer coefficient over the entire surface. The capillary flow system used in the
present study, has the advantage of an extremely stable and well defined fluid flow.
Another advantage is the high surface/volume ratio (0.05 cm7ul) of the capillary. Its
potential disadvantage is the steep decline of the mass transfer rate in the down
stream direction (Equation 3). This could complicate the analysis of the intermediate
enzyme kinetics. This potential disadvantage is however largely circumvented by the
transport limited assembly of prothrombmase (see below), which implies a local
prothrombinase activity proportional to the mass transfer coefficient and therefore
the applicability of Equations 8 and 9 (see Experimental Procedures) for the analysis
of the experimental data.

Our initial experiments, in which the phospholipid-coated capillary was
perfused with a solution of factor Xa. factor Va and prothrombin showed that at a
shear rate of 20 s ' the rate of thrombin production became independent of the
prothrombinase density at the surface when that density was greater than 1 fmol/cm*
and the prothrombin concentration of the perfusion solution was 0.5 pM. From
reported binding data (20-22) we could calculate a maximum binding capacity of our
phospholipid bilayer between 2 and 10 pmol prothrombinase/cm^. Thus, a fractional
occupation of about 0.05% is sufficient to enter a regime of thrombin production that
is controlled by the mass transfer rate of prothrombin. From the data shown in Fig. 1
we also could estimate the rate at which prothrombinase was assembled during the
initial phase of the thrombin production curve. If we assume a turnover of 60 s '
(Table III) then the initial slopes of thrombin production indicate rates of
prothrombinase formation of 0.05, 0.10 and 0.18 fmol/min with respectively 5. 10
and 20 pM factor Xa in the perfusion mixtures. As a matter of fact these rates of
prothrombinase formation are in good agreement with the mass transfer of 0.01 fmol
factor Xa/min/pM factor Xa in the perfusate (Table I).

The validity of our theoretical considerations regarding the thrombin production
data in the flow reactor became also evident from the excellent agreement between
the observed steady state rates of thrombin production under diffusion-control led
conditions (high prothrombinase density and low wall shear rate) and the calculated
mass transfer of prothrombin as shown in Table II. We like to note that the theory
was developed for reactions at a homogeneously catalytic surface like that of
platinum. The fact that catalysis at a macroscopic surface with a very low enzyme
density follows the same theory is compatible with the notion that the lateral
diffusion of reactants at the surface exceeds the flux of reactants towards the
apparent non-homogeneously catalytic surface (11).
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-.?'••?;«. When capillaries with prothrombinase density below 0.6 fmol/cm* were
perfused with 0.5 uM prothrombin at a wall shear rate of 20 s ' , the steady state rate
of thrombin production became a linear function of the surface density of
prothrombinase (Fig.2). Yet, we have to emphasize that this observation does not
exclude prothrombin depletion at the catalytic surface. As outlined under
Experimental Procedures, thrombin production causes a partial dependency of the
rate of thrombin production on the mass transfer rate of prothrombin to the catalytic
surface. This is clearly demonstrated by the results presented in Table III. The
apparent K„ for prothrombin is much higher at a low shear rate and high
prothrombinase density than the Km determined under conditions where much less
depletion of prothrombin near the catalytic surface was expected. The apparent
difference in K„ disappeared when the prothrombin concentration was corrected for
depletion of prothrombin near the catalytic surface (Equation 9). The results as
summarized in Table III, show that both the V ^ , and K„, did not vary with the shear
rate. In this respect prothrombinase bound to a macroscopic surface seems to behave
differently from the factor X converting complex, tissue factor-factor Vila.
Nemerson and co-workers reported that the V,™, of factor X activation in a tubular
flow reactor increased with increasing wall shear rate (13,14).

Whereas the kc«i value for prothrombin activation in the tubular flow reactor is
in accordance with those reported for prothrombin activation by prothrombinase in i
vesicle system (3,4), we found a much lower K„,. However, the value. 3 nM, is in
close agreement with the K„ value (6 nM) determined for phospholipid bilayers on >
r o t a t i n g d i s c ( 1 0 ) . *,: • :--.• :;.r-j,<u.<i,<, -•••:•;»• • '•"•...

The Michaelis constant observed for macroscopic lipid bilayers, which is about
thousand fold lower than the plasma concentration of prothrombin, might have
interesting implications for the regulation of thrombin generation in v/vo. This low
value of K„, implies the existence of two control regimes: i) for low surface densities
of prothrombinase, with V ^ , below the mass transfer coefficient times the plasma
concentration of prothrombin. the thrombin generation is completely determined by
the amount of prothrombinase and ii) for high surface concentrations of
prothrombinase the thrombin generation rate is completely determined by the
transport limit and thus by the plasma concentration of prothrombin. The two
regimes might also have consequences for the inhibitor-regulated thrombin
production. Because of the high catalytic efficiency of prothrombinase for
prothrombin. inhibition by pseudo-substrates, like antithrombin. is hardly to be
expected. However, when thrombin production is limited by the supply of substrate,
inhibition by pseudo-substrates has to be expected, but will not result in a reduced
rate of thrombin production. In this respect, it is of interest to see that these transport
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phenomena have the very same implications for other surface-bound reactions
involved in blood coagulation, like the activation of factor X (23).
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Chapter 4

Inhibition of Prothrombinase by Antithrombin-Heparin at a Macroscopic
Surface.
Han Speijer. Didier Billy. George Willems. H. Coenraad Hemker and Theo LJndhout. 1995
Thrombosis and Haemostasis. 73: 648-653.

Summary
The antithrombin-dcpendcnt inhibition of prothrombinase. assembled at a

macroscopic surface, was studied under flow conditions utilizing a tubular flow
reactor that consists of a phospholipid-coated glass capillary. Prothrombinase
activity was determined from steady-state rates of thrombin production upon
perfusion with prothrombin and from factor Va-associated factor Xa activity present
in the flow reactor. The prothrombinase density was maintained at a low level (0.03
fmol/cm*) to assure that the rate of thrombin production reflected the amount of
prothrombinase present in the capillary. Perfusion of the flow reactor with
antithrombin resulted in an exponential decrease of prothrombinase activity in time.
The second order rate constant (8.5x10* M 'min') is comparable with the rate of
inactivation of free factor Xa. Inhibition was much faster when antithrombin was
complexed with heparin. The second order rate constants of inhibition decreased
with decreasing heparin chain length: 9.6x10\ 4.5x10^ and 0.39x10^ M'min ' for
unfractionated heparin, low molecular weight heparin and synthetic pentasaccharide
heparin. respectively. In the presence of prothrombin (0.2 uM), however, the
heparin-dependent rate of inhibition of prothrombinase was about 50-fold lower. The
heparin-independent inhibition of prothrombinase by antithrombin (4 uM) in the
presence of prothrombin (0.2 uM) was virtually negligible. At a 70-fold higher
surface density of prothrombinase (2 fmol/cm^) prothrombinase activity was much
faster inactivated. The rate of thrombin production, however, was not affected. In
conclusion, at low prothrombinase densities, prothrombin efficiently protects
prothrombinase from inhibition. At high densities, prothrombinase is much less
protected but the higher rate of prothrombinase inactivation has no consequences for
the thrombin production because of the transport-limited regime.

Introduction
Upon vessel wall damage, blood coagulation is triggered, leading to a number

of proteolytic reactions which finally result in the formation of fibrin. One of the
central reactions in the cascade of coagulation reactions is the factor Xa-catalyzed
activation of prothrombin. The rate of this thrombin-forming reaction is enhanced
dramatically by the non-enzymatic cofactor factor Va, calcium ions and phospholipid
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surfaces (1-3). /n v/vo, the phospholipid surface is thought to be provided by
activated blood platelets or damaged cells present at the site of injury (4-6). In this
way propagation of blood coagulation may be restricted to the region of the damaged
vessel wall. Termination of the process of thrombin generation is thought to be
caused by the thrombin-mediated elimination of the cofactors Va and Villa (7) and
by the inactivation of the serineproteases factor Xa and thrombin by the plasma
inhibitor antithrombin (8,9). The latter reactions are dramatically enhanced by
heparin (10-13), a widely used anticoagulant drug. Yet, inhibition of clot-bound
thrombin and factor Xa are hardly affected by heparin (14-16). H

A number of studies have demonstrated that phospholipids and factor Va
protect factor Xa from inhibition by antithrombin-heparin (17-23). This protection
was even more pronounced when the reaction was studied in a tubular flow reactor
(24). Recent work from our laboratory (25) has indicated that the catalytic efficiency
of prothrombinase in a tubular flow reactor is about two orders of magnitude higher
than in a vesicle system. Consequently, inhibition of prothrombinase in a tubular
flow reactor could be subject to protection by substrate competition. On the other
hand, however, it has also to be expected that because of the extremely high catalytic
efficiency of prothrombinase at a macroscopic surface, prothrombin activation can
become easily diffusion-controlled (25). Prothrombin concentrations near the
catalytic surface then fall to values below the K„ value and protection by
prothrombin will be abolished.

In this report, we present the results of a kinetic study on the inhibition of
prothrombinase by antithrombin and heparin in a tubular flow reactor. Using
different enzyme surface densities, we studied inhibition under conditions where the
catalytic activity of prothrombinase sets the pace and under conditions where
transport of prothrombin to the catalytic surface limits the reaction rate. As long as
thrombin formation was not significantly limited by the transport rate of
prothrombin, no inhibition of prothrombinase by plasma concentrations of
antithrombin was observed. Only in the presence of heparin significant inhibition of
thrombin generation was found.

Experimental Procedures
A/ü/end/j. S2238. chromogenic substrate for thrombin, was obtained from

Chromogenix (Mölndal, Sweden). Bovine serum albumin (fatty acid-free), ege
phosphatidylcholine (PC) and brain phosphatidylserine (PS) were from Sigma (Si
Louis. USA). Glass capillaries with a length of 127 mm and an internal diameter ot
0.65 mm (42 ul volume) were obtained from Brand AG (Wertheim , Germany). The
4"* International Standard for Heparin (UFH) was a gift from the National Institute
for Biological Standards and Control (Potters Bar, UK). Its potency was stated a>



193 I.U. per mg. The low molecular weight heparin (LMWH). enoxaparin (98 anti-
Xa lU/mg), was obtained from Rhöne-Poulenc Rorer, France. The synthetic
pentasaccharide heparin (1140 anti-Xa IU/mg) was from the Choay Institute (Paris,
France). The molar concentrations of heparin species with high affinity for
antithrombin were determined in each of the preparations by stoichiometric titration
of antithrombin (26). The molar amounts of antithrombin high affinity material in 1 g
of UFH, LMWH and pentasaccharide were 35 umol. 29 umol and 470 umol,
respectively. Bovine factor Va, human prothrombin. human factor Xa and human
antithrombin were purified and quantified as described (23.27).

F/OH' reactor. The preparation of phospholipid-coated capillaries and the flow
system were as described previously (25). Briefly, the capillary (0.65 mm internal
diameter and 127 mm length) was filled with a suspension of unilamellar
phospholipid vesicles composed of 75 mol% egg phosphatidylcholine and 25 mol%
brain phosphatidylserine in Tris-buffer (50 mM Tris-HCl, 175 mM NaCl. 0.5 mg/ml
bovine serum albumin, pH 7.9). After 20 min of incubation with the 1 mM
phospholipid suspension, the capillary was rinsed with Tris-buffer containing 3 mM
CaCl; at a flow rate of 1.2 ml/min for 2 min to remove non-bound phospholipid. The
phospholipid-coated capillary was attached to a Hamilton gas-tight syringe. The flow
was controlled by a syringe pump (Harvard Apparatus Co., South Natick,
Massachusetts, USA). An XYZ translation table (Isel AG, Eiterfelt, Germany) was
used to collect samples (typically 30 ul) from the tip of the flow reactor into
disposable cuvettes (Sarstedt, Nymbrecht, Germany) containing 20 mM EDTA in
Tris-buffer. Thrombin was measured in the cuvette after the addition of the
chromogenic substrate S2238. All procedures were performed at 37°C.

/n/wbmon o/pror/rrombmaje acr/v/ry. The phospholipid-coated capillaries were
perfused with a mixture of factor Xa and factor Va (2 nM) for 10 min at 30 ul/min
(shear rate 20 s ') to bind a fixed amount of prothrombinase. The factor Xa
concentration in the perfusion mixture was varied to obtain prothrombinase surface
densities of about 0.03 and 2 fmol/cml The thrombin production was measured by
perfusion of the capillaries with factor Va (2 nM) and prothrombin (200 nM).
Samples (30 ul) of the effluent were collected every minute into cuvettes containing
500 pi Tris-buffer containing 20 mM EDTA. After addition of 60 ul chromogenic
substrate S2238 (2.5 mM) thrombin was measured as described (25). Inhibition of
prothrombinase was studied by perfusion with a mixture containing factor Va (2 nM)
and varying amounts of antithrombin or antithrombin-heparin, either in the absence
or presence of 200 nM prothrombin.

Dererm/narjofj o//acror Xa acnv/fV' ftouna" ro r/ie $wr/ace o/ r/ie p/ioip/io//p/rf-
coarea" cap;7/anes. The residual factor Xa activity bound to the phospholipid bilayer
was determined at the end of an inhibition experiment. The capillaries were washed
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for 5 min at 30 ul/min with Tris buffer (50 mM Tris-HCl, 175 mM NaCl, and 0.5 mg
BSA/ml, pH 7.9) to remove thrombin and were subsequently perfused for 5 min at 30
ul/min with a Tris-EDTA buffer (50 mM Tris, 175 mM NaCl, 5 mM EDTA, 0.5
mg/ml BSA) to remove all bound factor Xa. The factor Xa activity present in the
effluent was determined via a bioassay as described (25).

£$ècr o/ rransporr //mir on r/i£ fóniric* o/ /?ror/irom£i>i acn'varion m r/i^ /7ow
r«ac/or. Thrombin generation by prothrombinase bound to macroscopic surfaces
easily becomes limited by the transfer of prothrombin from bulk solution to the
catalytic surface. Efficient conversion of the prothrombin at the surface results in
depletion of the protein in the solution near the surface. The transport of protein to
the wall of the tubular flow reactor, J (pmol/min), is proportional to the difference
between the protein concentration Cb (pmol/ml) in the bulk solution and Q
(pmol/ml), the protein concentration near the capillary wall (28):

J= A(C-Q>) [1]

with the transport coefficient A (cm^/min) as a function of the geometry of the
capillary, the volumetric flow rate, the kinematic viscosity of the fluid and the
diffusion coefficient of the protein. For the flow rate of 30 ul/min and the capillary
(length 12.7 cm and inner diameter of 0.065 cm) used in this study, the transport
coefficient for prothrombin equals 0.0108 cmVmin (25).

The resulting thrombin production is further determined by the intrinsic
conversion kinetics J,„i, (pmol/min) which depends on the concentration of
prothrombin (Co) at the capillary wall, on the amount of prothrombinase bound to the
phospholipid bilayer in the capillary (E), the turnover number of the enzyme (k«)
and the Michaelis constant (K„):

J,n,r= kc„ECo/(K„+Co) [2]

In a previous study (25) we showed that equations 1-2 allow an adequate description
of observed prothrombin conversion kinetics with values k<*=3600 min ' and K„= 3 nM.

Results
Inhibition of prothrombin activation by antithrombin. Phospholipid-coated

capillaries were perfused with factor Xa (1 pM) and factor Va (2 nM) for 10 min at
30 ul/min. These capillaries were then perfused with prothrombin (0.2 uM) and
factor Va (2 nM). The average steady state thrombin concentration at the outlet was
12±O.2 nM (n= 5) and resulted from a steady state rate of thrombin production at the
wall of the capillary of about 0.36 pmol/min. This steady state rate of thrombin

48



production is well below the transport limit. AQ,= 2.2 pmol/min (see Experimental
Procedures). We previously demonstrated that under these conditions thrombin
production is proportional to the prothrombinase activity (25). The prothrombinase
concentration as measured from the amount of factor Xa bound to the phospholipid
surface in the tubular flow reactor was 0.09±0.01 fmol (mean±SD. n= 5).

N 30 4030

Time, min

Figure 1. Inhibition of prothrombinase bv anlithrombin. Prothrombinase-conUining capillaric» were prepared by

perfusing phospholipid-coated capillaries with 1 pM factor Xa and 2 nM factor Va for 10 mm Prolhrombinase densities

were 0.037 fmol/cm' Then ihrombin production was started by perfusion with prothrombin (0 2 pM) and factor Va (2

nM) After 16 min the perfusion mixture was changed to a mixture containing 2 nM factor Va (A), and 2uM antilhrombin

and 0 2 pM prolhrombin (O); 4 uM antilhrombin and 0.2 pM prothrombin; ( • ) . 2 uM antithrombin; or ( • ) . 4 uM

antithrombin. After 24 min the perfusion was continued with prothrombin (0.2 uM) and factor Va (2 nM). Thrombin

concentrations at the outlet are plottedi><r5uj the perfusion time. Flow rate was 30 ul/min with a wall shear rate of 20 i'.

As shown in Fig. 1, perfusion with prothrombin (0.2 uM) and factor Va (2 nM)
resulted after 7 min in a stable level of thrombin formation. When perfusion was
continued with a mixture containing prothrombin (0.2 uM), factor Va (2 nM) and
antithrombin (2 uM), thrombin levels at the outlet of the capillary decreased. The
disappearance of the amidolytic activity was due to neutralization of formed
thrombin by antithrombin. We emphasize that the absence of thrombin activity at the
outlet of the capillary because of inactivation by antithrombin during its residence
time of more than 1 min in the capillary does not necessarily mean that the level of
active thrombin is reduced at the site of its production. Continuation of the perfusion
with prothrombin (0.2 uM) and factor Va (2 nM) resulted in the same thrombin level
as before the inhibition step. Perfusion of the capillary at the end of the experiment
with EDTA and determination of factor Xa activity in the effluent demonstrated the
same molar concentration of factor Xa (0.034 fmol factor Xa/cm*) as in an untreated
capillary (0.037 fmol factor Xa/cm*). Increasing the antithrombin concentration in



the inhibitory perfusion step to 4 uM did not affect the thrombin generating capacity,
nor the amount of factor Xa (0.034 fmol factor Xa/cm') bound to the phospholipid !
layer in the capillary. These results thus indicate that prothrombinase inhibition j
during prothrombin activation by antithrombin is negligible small.

However, when prothrombin was omitted from the perfusion mixture during the
perfusion with factor Va and antithrombin, we found that upon perfusion with 2 and
4 uM antithrombin the factor Xa activity in the capillaries decreased from 0.037 fmol
factor Xa/cm* to 0.020 fmol factor Xa/cm* and 0.012 fmol factor Xa/cmV
respectively. These values paralleled the reduction of the thrombin activity at the
outlet of the capillary (Fig. 1).

2 3 4

Antithrombin, uM

Figure 2. Effect of antithrombin concentration on prothrombinase inhibition. Prothrombinase-containing capillaries wot j

prepared as described in the legend to Fig. I. To assess the inhibition of prothrombinase by antithrombin in the absence of

proihrombin. the capillaries were first rinsed by a 5-min perfusion with factor Va (2 nM). followed by 8 min perfusioi

with anlithrombin and factor Va (2 nM). Then the capillaries were rinsed again with factor Va (2 nM) and percentage of

residual prothrombinase activity (O). was determined as bound factor Xa activity (see Experimental Procedures).

Inhibition of prothrombinase by varying antithrombin concentrations was also examined during proihrombin activation

Residual prothrombinase activities ( • ) were determined by comparing the steady state of thrombin production before and

alter an 8-min perfusion with antithrombin . prothrombin (0.2 (iM) and factor Va (2 nM). Alternatively, inhibition of

proihrombinase in these capillaries was also assessed from the amount of factor Xa activity that could be eluted with Trifr

EDTA (•>. Wall shear rate was 20 s'.

Fig.2 summarizes the residual prothrombinase activities as assessed from the
steady state of thrombin production and factor Xa measurements, after perfusion
with varying amounts of antithrombin either in the absence or presence of 0.2 uM
prothrombin. It is clearly shown that during prothrombin activation, prothrombinase
bound at the phospholipid surface in the flow reactor was virtually insensitive to
inhibition by antithrombin. In the absence of prothrombin. prothrombinase
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inactivation by antithrombin is much faster and increased with the antithrombin
concentration.

In order to obtain quantitative data on prothrombinase inhibition in the flow
reactor, inhibition by antithrombin in the absence of prothrombin was measured as
function of the perfusion time with inhibitor. Capillaries containing prothrombinase
at a surface density of 0.022 fmol/cm* were perfused with antithrombin (0.5 uM) and
factor Va (2 nM) for different time periods. The extent of inhibition of
prothrombinase was assessed from the factor Xa activity that was eluted from the
capillaries with EDTA. As expected for pseudo-first order kinetics a linear
relationship was found between the logarithm of residual factor Xa activity and the
perfusion time (data not shown). A replot of the pseudo first order rate constant of
inhibition v?r;u.s the antithrombin concentration (Fig.3) yields a second order rate
constant of prothrombinase inhibition of 0.85x10* M 'min'. For prothrombinase
inactivation during prothrombin activation the extent of inhibition was too small to
allow estimation of this rate constant with acceptable accuracy. Only a upper limit
can be given. In the presence of 0.2 uM prothrombin the second order rate constant
of prothrombinase inhibition is less than 2x10' M'min ' .

0 1 2 3 4

Antithrombin, |iM

f> f" * 3. Rale constant of prothrombinase inhibition as a function of the anmhrombin cgnttniftJifffl Prothrombinase-

conuimng capillaries were prepared as described in the legend to Fig I Pseudo first order rale constants of

prothrombinase inhibition by antithrombin in the absence of prothrombin were calculated from the data in Fig 2 Further

details are described in the text

Inhibition of prothrombin activation by antithrombin/heparin. In similar
experiments as described before for antithrombin alone, we perfused capillaries
containing prothrombinase (0.035 fmol/cm") with prothrombin (0.2 uM) and factor
Va (2 nM) to establish the initial prothrombinase activity of the capillary.
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Subsequently, antithrombin (0.5 uM) and varying concentrations of heparin were
included in the perfusion mixture for 8 min. Residual prothrombinase activity was
measured by continuation of the perfusion with prothrombin and factor Va after the
inhibition step. At the end of each experiment the capillaries were perfused with
EDTA to determine the amount of residual factor Xa activity. We verified, as
described for antithrombin alone, that the inhibitory reaction followed pseudo fint
order kinetics.

0.5 1.5 2

Heparin, jig/ml

2.5

Flgur» 4. Rite constant of prothrombtnase inhibition as a function of the antithrombin/hepann concentration

Prcihrombinase-containing capillaries were prepared as described in the legend to Fig. 1. Pseudo-first order rale constants

of prothrombinase inhibition by antithrombin in the presence of varying amounts of UFH (0). LMWH (•) and

pentasacchande (A) were calculated as described in the text.

Fig.4 shows the rate constant of inhibition as a function of the heparin
concentration. The hepanns studied were unfractionated heparin (UFH), the low
molecular weight heparin (LMWH) enoxaparin and the synthetic heparin
pentasaccharide which contains the antithrombin binding site. Because the
antithrombin concentration (0.5 uM) was far above the reported dissociation
constant of the heparin-antithrombin complexes (10 nM), we assumed that all
antithrombin high affinity heparins were complexed with antithrombin (26,29).
Indeed, the rate constant of the UFH catalyzed reaction increased linearly with the
heparin concentration up to 3 ug/ml (100 nM antithrombin high affinity material)
The inhibitory activity of the LMWH expressed per mol of antithrombin high affinity
material was about half that of UFH. Interestingly, no further increase in the rate
constant was seen with pentasacchande above 1 ug/ml. This amount of pentasaccharide



corresponds to a molar concentration of 0.5 |iM and above this concentration all
antithrombin (0.5 uM) is saturated with the synthetic heparin.

The second order rate constants of inhibition of prothrombinase were calculated
from the initial slopes of the plots as shown in Fig .4 using the molar concentration of
heparin as determined by stoichiometric titration with a known amount of
antithrombin. We found that the rate constant for the inhibition reaction between
prothrombinase and antithrombin-UFH. either in the absence or presence of 0.2 uM
prothrombin. was about 30-fold higher than the rate constant of the inhibition
reaction with antithrombin-pentasaccharide (Table I).

Rale ConsiantiSE

Presence of prothrombin Absence of prothrombin

AT
AT-H5

AT-LMWH

AT-UFH

<0.002
0.061 ±0.001

0.69±0.01

2.1±0.1

O.O85±O.O02

3.9±0.4

45±4

96±10

H5. pentasacchande

AT. antithrombin

Prothrombinase inhibition during transport limited prothrombin activation. We
next examined the inhibition of prothrombinase by antithrombin/heparin under
conditions where thrombin production was limited by the transport of prothrombin to
the catalytic surface. To this end, the amount of prothrombinase in the capillary was
increased from 0.09 to 5.2 fmol prothrombinase. With this surface density of
prothrombinase the intrinsic rate of thrombin production amounts
kc„.[prothrombinase]= 18.7 pmol/min, which is about 9 fold higher than the transport
limit at a prothrombin concentration of 0.2 uM: J= 2.2 pmol/min (see Experimental
Procedures). After assembly of prothrombinase, the thrombin production of the
capillary was measured during perfusion with factor Va (2 nM) and prothrombin (0.2
uM). Next, the capillary was perfused with 0.5 uM antithrombin and heparin
concentrations as indicated in Fig.5. Finally, the remaining prothrombinase activity
was assessed by determination of the thrombin production during perfusion with
prothrombin (0.2 uM) and factor Va (2 nM). At the end of the experiment the
amount of non-inhibited prothrombinase in the capillary was determined.
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0.2 0.4 0.6

Heparin, u,g/ml
0.8

Flgun 5. Inhibilion of prothromhinase hv intilhrombin-UFH under transport-limited conditions of prothrombii

activation. Capillanes containing 5 2 fmol prothrombinase were prepared by perfusing phospholipid-coaied capillaries

with 0.1 nM factor Xa and 2 nM factor Va for 10 mm at a wall shear rate of 20 s '. The capillaries were then perfused fa

10 min with 0.5 uM antithrombin and UFH at the indicated concentrations and with a wall shear rate of 20 s ' The

residual prothrombinase activity was assessed as described in the text Symbols indicate: ( • ) . thrombin productiot

expressed as percentage of the uninhibited steady state ihrombin production and (A), remaining factor Xa activity bond

to the capillary as a percentage of factor Xa activity bound to the uninhibited capillanes.

Fig.5 shows that under these conditions the inhibition of prothrombinase in the
flow reactor had almost no effect on thrombin generation. It is evident that more than
80% of the prothrombinase had to be inactivated to decrease the rate of thrombin
production below the mass transfer rate of prothrombin. This is consistent with oui
theoretical analysis that the initial amount of prothrombinase was 9-fold the amount
at which prothrombin activation becomes transport limited. Half-maximal decrease
of prothrombinase was found with 0.14 ug/ml UFH, which equals 5 nM of heparin
species with high affinity for antithrombin. It is apparent that in the diffusion-
controlled situation, when prothrombinase is only partially saturated with
prothrombin, factor Xa is much less protected from inhibition by antithrombin/
heparin. Interestingly, at heparin concentrations higher than 0.2 ug/ml the rate of
inhibition of prothrombinase slowed down. It is apparent that sufficient
prothrombinase was inactivated to enter a kinetically-controlled situation. That is.
the rate of ihrombin production became lower than the rate of prothrombin transport
to the surface and full protection of prothrombinase by prothrombin is then feasible.
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Discussion
We studied the inhibition by antithrombin-heparin of thrombin production in a

tubular flow reactor containing prothrombinase assembled on a macroscopic
phospholipid surface. It is demonstrated that under experimental conditions where
thrombin production is proportional with the surface density of prothrombinase,
antithrombin is a very poor inhibitor of prothrombinase during prothrombin
activation. Even at a concentration of antithrombin that exceeds the plasma
concentration and a prothrombin concentration that is only one-tenth of the plasma
concentration, inhibition of prothrombinase after an 8 min perfusion is almost
negligible. The rate constant of inhibition by antithrombin was estimated to be lower
than 2x10* M 'min"'. We showed that this protection from inhibition is caused to a
large extent to the presence of prothrombin, because in the absence of prothrombin
we measured a much higher second order rate constant of antithrombin-dependcnt
prothrombinase inhibition (0.85x10' M 'min '). This rate constant is somewhat lower
than the reported rate constant of factor Xa inhibition of 1.2x10* M 'min ' (30).
Unfortunately, inhibition studies on factor Xa bound to the phospholipid layer in the
flow reactor could not be performed because factor Xa readily dissociates from the
surface in the absence of factor Va (25). We thus could not establish whether the
interaction between factor Va and factor Xa at the phospholipid surface also
contributes to the protecting effect on factor Xa inactivation. An alternative
explanation for the observed protection could be that antithrombin near the surface
becomes neutralized by locally high concentrations of thrombin (24). However, at an
antithrombin concentration of 0.5 uM the maximal mass transfer equals 5.5 pmol/min
(equation 1) which is more than 10 fold higher than the thrombin production of 0.4
pmol/min at the surface. This makes that depletion of antithrombin near the surface
is highly unlikely.

Heparin, in the absence of prothrombin, caused a significant acceleration of
prothrombinase-antithrombin reaction at the macroscopic surface. Rate constants of
inactivation were proportional with the heparin concentration, indicating a second
order reaction of prothrombinase with heparin-antithrombin complexes. The second
order rate constant for the reaction between prothrombinase and antithrombin-UFH
heparin, antithrombin-LMWH and antithrombin-pentasaccharide complexes were
9.6x10^ M'min '. 4.5x10^ M 'min ', and 0.39x10' M 'min"', respectively. It is of
interest to see that the anti-prothrombinase activity of heparin decreased with
decreasing heparin chain length. We examined whether this difference between
pentasaccharide and unfractionated heparin was the result of an antithrombin-
independent effect of the heparins on prothrombinase activity and found that the
steady-state rate of thrombin production was not affected by heparin in the absence
of antithrombin (data not shown). Earlier studies (31) from our laboratory with factor
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Xa in the presence of Ca*\but in the absence of factor Va and phospholipids
revealed about the same differences, namely rate constants of 2x10^ M'min ' , and
2x10^ M'min ' , for UFH and pentasaccharide-antithrombin complexes, respectively.

As demonstrated for the heparin-independent inhibition reaction, prothrombin
protects prothrombinase also in the heparin-stimulated inhibition reaction. The
second order rate constants of inhibition for UFH and pentasaccharide in the
presence of 0.2 jiM prothrombin were about 50-fold lower compared to those in the
absence of prothrombin (Table I). The difference in anti-prothrombinase activity
between UFH and pentasaccharide reported here for prothrombinase bound to a
macroscopic phospholipid surface during prothrombin activation appears to be of the
same magnitude (30-fold) as found for prothrombinase in the absence of
prothrombin. At present we have no explanation for this marked difference in anti-
prothrombinase activity. However, our findings suggest a role for heparin-
prothrombinase interactions, in addition to the pentasacchande-induced antithrombin
conformational change, as contributors to heparin acceleration of the antithrombin-
prothrombinase reaction (30).

It is of interest to note that because of the competition between prothrombin and
antithrombin for the active center of prothrombinase, saturation of the enzyme with
substrate determines to what extent the enzyme is sensitive to the inhibitory action of
antithrombin. This was nicely demonstrated for conditions where the enzyme is only
partially saturated with substrate, because of substrate depletion near the surface
(Fig.5).

Collectively, our observations suggest that thrombin formation by prothrombinase
at a macroscopic surface such as thrombi can hardly be regulated by heparin-
antithrombin complexes for two reasons: i) when prothrombinase is saturated with its
substrate prothrombin, high concentrations of heparin are needed to cope with the
protective effect of prothrombin and ii) when prothrombinase activity is limited by
the supply of prothrombin, prothrombinase is readily inactivated by heparin-
antithrombin complexes but thrombin formation remains unaffected.
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Chapter 5

Inhibition of Prothrombinase at Macroscopic Lipid Membranes: Competition
between Antithrombin and Prothrombin.
Didicr Billy. Han Speijer. Theo Undhout. H. Coenraad Hemkcr and George Willems, 1995.

Biochemistry 34: 13699-13704.

Summary
The kinetics of inhibition of prothrombinase during prothrombin conversion by

antithrombin and antithrombin-heparin complexes was studied in a tubular flow
reactor. Prothrombinase was assembled at a macroscopic phospholipid membrane,
composed of 25 mol% phosphatidylsenne and 75 mol% phosphatidylcholine,
deposited on the inner wall of a glass capillary, by perfusion with a factor Xa-factor
Va mixture. Measurement of thrombin production allowed estimation of the amount
of prothombinase present at the capillary wall. Perfusion with a mixture of
prothrombin and antithrombin or antithrombin-heparin complexes caused a
progressive decline of the prothrombinase activity. The rate of inactivation steeply
decreased with increasing prothrombin concentrations, indicating competitive
inhibition. Analysis of competitive inhibition data requires estimation of the time-
dependent substrate concentration, Co, near the prothrombin converting surface using
earlier developed transport theory [Billy D. et al. (1995) J. Biol. Chem. 270. 1029-
1034]. It appears that the inhibition rate is proportional to the fraction of enzyme,
Km/(K„,+Co), not occupied by substrate. The value of K„, of prothrombinase
estimated from the dependence of the inhibition rate on the prothrombin
concentration (K„,= 2-3 nM) is in excellent agreement to the value estimated from the
substrate conversion rate (K„= 3 nM). Therefore inhibition of prothrombinase by
antithrombin and antithrombin-heparin complexes is fully competitive with the
substrate: prothrombin. Our results show that prothrombinase assembled on
macroscopic lipid surfaces by virtue of its low Km value is protected for inhibition
due to highly effective competition of prothrombin with antithrombin for the active
site of factor Xa.

Introduction
The activation of prothrombin to thrombin is a central reaction of the blood

coagulation that finally results in the formation of a hemostatic plug f 1,2). Effective
activation of prothrombin requires prothrombinase, the complex of the serine
protease factor Xa and cofactor Va assembled on a phosphatidylserine containing
phospholipid membrane (3-5). The spatial propagation of the coagulation activation
reactions is restricted by the requirement of phosphatidylserine containing
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membranes, in vivo presumably provided by activated platelets and vascular lesions
(2,6-8). Furthermore the coagulation is down-regulated in time by several
inactivation reactions. The cofactors Va and Villa are eliminated by activated protein
C (9), that becomes available during thrombin generation. The extrinsic pathway is
inhibited by tissue factor pathway inhibitor (10). The serine proteases of the blood
coagulation are primarily inhibited by antithrombin (11,12). This protein, with a
plasma concentration of about 2 uM forms equimolar complexes with serine
proteases. The principal targets of antithrombin are factor Xa and thrombin. Heparin,
widely in use as anticoagulant drug, up to 1000-fold enhances the rate of inactivation
of these enzymes by antithrombin (13-15).

Kinetics of prothrombin conversion by prothrombinase bound to macroscopic
phospholipid surfaces has recently been studied in our laboratory both on uniformly
accessible surfaces, i.e. the rotating disc, and in the tubular flow reactor (16-19). It
was shown that analysis of kinetics requires a careful account of mass transfer to the
catalytic surface. The most important observation was the huge catalytic efficiency
of prothrombinase bound to planar bilayers because of the extremely low value of
the Michaelis constant (K„,= 3 nM), which is nearly two orders lower than found for
prothrombinase bound to small vesicles (5,17). This could imply that inhibition of
prothrombinase bound to macroscopic lipid membranes by pseudo-substrates like
antithrombin can be easily counteracted by the presence of prothrombin. Indeed a
recent study demonstrated a nearly complete protection from antithrombin-mediated
inhibition by prothrombin (20).

This paper reports a detailed kinetic study on the competitive effect of
prothrombin on the inactivation of prothrombinase by antithrombin. Our main goal
was to elucidate to what extent the protection of prothrombinase could be attributed
to competition between prothrombin and antithrombin for the active site of factor
Xa. By restriction of our measurements to low densities of prothrombinase at the
capillary wall we could use the earlier developed transport theory to estimate the
prothrombin concentration at the catalytic surface. Our data show unequivocally that
the inhibition of prothrombinase by antithrombin is fully competitive with
prothrombin.

Experimental Procedures
A/d/eria/j. Glass capillaries with an inner diameter of 0.65 mm and a length of

127 mm (volume of 42 |il) were obtained from Brand AG (Wertheim, Germany). 1.2-
Dioleoyl-j«-glycero-3-phosphatidylcholine (DOPC) and 1,2-Dioleoyl-^n-glycero-3-
phosphatidylserine (DOPS) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL.). S2238. chromogenic substrate for thrombin. was obtained from
Chromogenix (MolndaJ. Sweden). Bovine serum albumin was from Sigma (Si



Louis, MO). The 4* International Standard for Heparin (UFH) was a gift from the
National Institute for Biological Standards and Control (Potters Bar, UK). Its
potency was stated as 193 U.mg '. The molar concentration of the heparin with high
affinity for antithrombin. as determined by stoichiometrie titration with antithrombin
(21). was 35 mmol.g"'. Bovine factor Va, human prothrombin. human factor Xa and
human antithrombin were purified and quantified as described (22,23).

77ie/7<?H' reac/or. The glass capillaries were cleaned and rendered hydrophilic
as described (19). In order to deposit a phospholipid bilayer on the capillary wall, the
glass capillary was filled and incubated for 20 min with a suspension of unilamellar
phospholipid vesicles (25 mol% DOPS-75 mol% DOPC) in Tris-buffer (50 mM Tris-
HC1, 175 mM NaCl, pH 7.9). To remove non-bound phospholipid, the capillary was
rinsed at a flow rate of 1.2 ml.min' with Tris-buffer containing 3 mM CaCh and 0.5
mg.ml' bovine serum albumin. The phospholipid-coated capillary was connected to
a syringe and the flow was controlled by a syringe pump (Harvard Apparatus Co.,
South Natick, MA, USA). An XYZ translation table (Isel, Eiterfelt, Germany) was
used to collect samples from the tip of the flow reactor into disposable cuvettes
(Sarstedt, Niimbrecht, Germany). All procedures were performed at 37°C.

ZnAi&ifion o/ p/iojp/io/ipio'-fcoKrta' pror/irom/Hnase. All perfusions were
performed at 37°C and pH 7.9 in Tris-buffer containing 50 mM Tris-HCl. 175 mM
NaCl, 3 mM CaCh and 0.5 mg.ml' bovine serum albumin. Prothrombinase was
assembled at the capillary wall by perfusion with a solution containing 1 pM factor Xa
and 1 nM factor Va for 10 min at a flow rate of 30 (ilrain ' (wall shear rate of 20 s ').
Then the thrombin production was measured by perfusion with a mixture containing
1 nM factor Va and prothrombin. Samples of 60 p.1 effluent were collected, each 2
min, into cuvettes containing 500 uL Tris-buffer containing 20 mM EDTA. The
amount of thrombin in the sample were measured spectrophotometrically after
addition of 60 u.1 of the chromogenic substrate S2238 (2.5 mM). The inhibition of
prothrombinase was studied by perfusion with a mixture containing antithrombin or
antithrombin-heparin, 1 nM factor Va and various concentrations of prothrombin.

Da/a a/ia/vjjs. In a previous study (19) we showed that the thrombin production
Jiu (pmol.min') in a capillary flow reactor containing an amount E (pmol) of
prothrombinase can adequately be described by Michaelis-Menten kinetics in terms
of k<« ( 3600 min''), K „ ( 3 nM) and the prothrombin concentration Co (nM) near the
lipid membrane at the capillary wall:

J.u= kcECo/(Co+Km) CD
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The concentration Co is lower than the concentration Cb in perfusion buffer at the
inlet of the capillary due to the limited rate of mass transfer of protein from solution
to the capillary wall:

Co=Q,-WA [2]

with A the mass transfer coefficient (1 min"'), which depends on the capillary
dimensions, the fluid flow rate, the kinematic viscosity of the fluid and the diffusion
constant of the protein (19,24). For the experimental conditions used in this study a
theoretical value of A= 10.8 ulrrun ' can be calculated (19). For high densities of
prothrombinase on the capillary wall the depletion of prothrombin is nearly
complete, i.e. Co= 0. and thrombin production becomes entirely transport rate limited
Jiu=ACb. Using this notion we determined the value of the mass transfer from
measurements of the thrombin production at high surface density of prothrombinase
(0.75 fmol), which is attained after a 60 min perfusion with 2 pM factor Xa, 50 pM
factor Va and 50-200 nM prothrombin. This resulted in a value 9.8±O.25u,l.min'
(mean±S.E.M., n= 10) for the mass transfer coefficient A.
The eq. 1 -2 can be used to predict the thrombin production for a given amount E of
prothrombinase and a given prothrombin concentration Cb. Alternatively, one can
estimate the amount of prothrombinase present in the capillary from the steady state
thrombin production:

E= (J„Ac.,)(K„+Q,)/Co [3]

The applicability of the eq.2-3 for the assessment of the amount of
prothrombinase is limited to low densities, i.e. situations with a thrombin production
below 90% of the transport limit. The calculation of Co near the transport limit
involves large relative errors, because Jn»/A approaches Cb- The eq.2-3 were used to
measure the decline of prothrombinase bound to the capillary by assessment of the
steady state rate of thrombin production before and after exposure to antithrombin-
prothrombin mixtures.

Analysis of competitive inhibition of prothrombinase in the flow reactor is
complicated by the depletion of the substrate near the capillary wall. For purely
competitive inhibition only the fraction of the enzyme not occupied by the substrate
is susceptible to inhibition. According to eq.1 the fraction of enzyme not occupied by
substrate depends on the substrate concentration, Co. near the wall and is equal to

). The disappearance rate of the enzyme E thus is given by:

d/dt E= -k,„hl E KJ(Co+KJ {4]
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with k,„h the second order rate constant of inhibition of the unprotected enzyme and I
the concentration of the inhibitor. As consequence of the progressive inhibition of
the enzyme, the concentration Q». however, is not constant but increases in time,
because a lower thrombm production results in a higher value of Co according to eq
2. Therefore the term k,^, 1 K„/(Co+Km) is not constant and the decay of enzyme is
not exponential. Formal integration of eq.4 results in the expression

-ln(E«/Eo)= krt I te[(l/t,)J[ K„/(Co(T)+K„)dT] [5]

for the residual enzyme activity Ee after exposure time t« to the inhibitor. The term in
square brackets represents the mean value of the protection factor, Km/(Co+K„,),
during the inhibition step. Evaluation of this term would require intermediate values
of Co(t), which are difficult to obtain because inhibition measurements only provide
values of E and Co at the start, t= 0, and the end, t= t», of the perfusion with inhibitor.
It appears, however, that the approximation K„/({Co(0)+Co(U]/2+Kn,) of the mean
value of the protection factor provides sufficient accuracy (see below). Insertion of
this approximation in eq.S results in the following simple modification of the
classical formula for competitive inhibition:

-ln(Ee/Eo)= k,„h 11, K„/([Co(O)+Co(t«)]/2+K j ]

Rearrangement of this equation results in

-I W/ln(Ee/Eo)= l/(KJc,„h)[Co(0)+Co(t«)]/2+l/k,nh [6]

Data thus can be analysed in a plot of -I t/ln(Ee/Eo) versus [Co(0)+Co(t«)]/2. The
validity of the approximation of eq.6 was assessed by numerical simulations of eq.4.

For known values of the rate constants. A, kc»„ K„, k,„h, and the prothrombinase
density E the value of Co can be calculated using eq.1-2:

Co= 0.5[Cb-K„-kc„E/A+V((Cb-K„-kc„E/A)'+4CbK J ] [7]

Equation 4, therefore, can be solved numerically for given values of the rate
constants and a given prothrombinase density E„ at the start of the exposure to the
inhibitor. Such numerical simulations showed that the error in the parameters Km and
k,ah caused by the approximation used in eq.6 amounted to less than 4% of the
estimated values.

«3
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Results
Inhibition of prothrombin activation by antithrombin. Our experimental

approach requires the estimation of Co, the concentration of prothrombin near the
capillary wall. This is only possible for thrombin productions below 90% of the
transport limit. It was calculated using eq.1-2 that this condition is satisfied for all
values of the prothrombin concentrations in the perfusate if the amount of
prothrombinase bound to the capillary remains below 0.09 fmol. We choose to target
at a prothrombinase content of 0.08 fmol. This amount of prothrombinase can be
assembled by perfusion (30 piLmin ') for 10 min with mixture containing 1 pM factor
Xa and 1 nM factor Va.

0.1

H j u r t 1 Inhibition of prothrombinase activity bv antithrombin Fixed amounts of prothrombinase were assembled on the

capillary wall in a perfusion with I pM factor Xa and 1 nM factor Va for 10 mm. Prothrombinase activity was measured

upon perfusion with 50 nM prolhrombin and I nM factor Va. After 20 mm the perfusion mixture was changed to a

solution containing 2 uM antithrombin, 50 nM prothrombin and I nM factor Va and the perfusion was continued for 6,

10. 16. 20. 30 and 40 mm Following this inhibition step remaining prothrombinase activity was determined by a second

perfusion with 50 nM prothrombin and I nM factor Va for 20 mm. Volumetric flow of the perfusions was 30 ui.min

(wall shear rate of 20 s '). Experiments were performed at 37°C and pH 7.9 in buffer, containing 50 mM Tns-HCI. 175

mM NaCI. 0 5 mg.ml' BSA and 3 mM CaCb

After this perfusion the prothrombinase activity in the capillary was measured
from the steady state thrombin production upon perfusion with prothrombin (50 nM)
and factor Va (1 nM) for 20 min. Fig. 1 shows that the thrombin production reached
within 10 min a stable level of O.27±O.OO1 pmol min ' (mean±S.D., n=7). Thus a



reproducible amount of 0.08410.0004 fmol prothrombinase. calculated according to
eq.2-3, is assembled at the capillary wall. The measured thrombin formation is about
50% of the transport limit, 0.49 pmol min ' at 50 nM prothrombin. Next, the
prothrombinase was exposed to antithrombin for various times by continuation of the
perfusion with a mixture containing antithrombin (2 pM). prothrombin (50 nM) and
factor Va (1 nM). The thrombin concentration, measured at the outlet of the
capillary, dropped to a low level, presumably because most of the thrombin
generated is inactivated by antithrombin during the residence time of more than 1
min in the capillary. Finally, residual prothrombinase activity was measured during a
second perfusion with prothrombin (50 nM) and factor Va (1 nM). The thrombin
generation was restored to a new steady-state level of thrombin production lower
than the initial rate of thrombin production. It is apparent that the residual
prothrombinase activity decreases with increasing duration of the antithrombin
perfusion. Residual thrombin production after 6 min exposure was 90% and
decreased to 58% after 40 min exposure. Control experiments showed that in
absence of antithrombin the thrombin production remained stable during 50 min
(residual production >99% of the initial steady state production).

100

40

Time, min

Figure 2. Extent of prothrombinase inhibition bv antithrombin is function of inhibition lime The residual amount of

prothrombinase bound to the capillary was calculated using eq 2-3 from the thrombin production thown in Fig I Also

indicated is the best fitting curve, according to the competitive inhibition model (eq.4) with fixed value of K" 3 nM

The thrombin production rates presented in Fig. 1 permit the quantification of
the amount of prothrombinase remaining in the capillary after inhibition using eq.2-3.
Fig.2 shows a plot of the residual prothrombinase activity as function of the
inhibition time. An exponential fit to these data results in an apparent first order rate
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constant of prothrombinase inhibition k»pp= 0.017 min', which corresponds to a
second order rate constant of 0.008x10* M'min"'. In contrast, a fit of the model for
competitive inhibition to these data, according to eq.4 and 7, using a fixed value for
Km= 3 nM (19), resulted in a value k,„h= 0.085x10* M 'min ' for the second order rate
constant of inhibition. This ten-fold higher value, which is in excellent agreement
with the value 0.085x10* M'min ' found for inhibition by antithrombin in absence of
prothrombin (20), reflects the effective protection of prothrombinase by
prothrombin: the prothrombin concentration Co at the capillary wall, calculated
according eq.2, in these experiments varied during the antithrombin perfusion
between 23 nM, at the start, and 34 nM, at the end. This corresponds to an average
fractional occupation, Co/(Km+Co), of the prothrombinase of about 90%, resulting in
a 90% protection of the prothrombinase for inhibition by antithrombin in the model
for competitive inhibition, c.f. eq.4.

Analysis of competitive inhibition of prothrombinase by antithrombin. In order
to obtain quantitative data on the effect of prothrombin on prothrombinase inhibition
in the flow reactor, experiments as shown in Fig.1 were performed for several
prothrombin concentrations (0-200 nM). The inhibition step consisted of a perfusion
during 10 min with a mixture containing Factor Va (1 nM) , prothrombin and
antithrombin (0-4 uM). The initial and residual amount of prothrombinase bound to
the capillary, Eo and E,, were quantified by using eq.2-3 from the initial and final
steady-state level of thrombin production, respectively. These experiments
unequivocally showed that the inhibition kinetics of prothrombinase depends on the
prothrombin concentration present in the perfusion mixture. For 10 nM prothrombin
the apparent second order rate constant of inhibition was 0.061x10* M'min"', while
at 200 nM prothrombin the apparent second order rate constant was 30-fold lower
(0.002x10* M'min''). A fit with the model for competitive inhibition to these data
with a fixed Km value of 3 nM resulted in a value 0.079x10* M'min ' for the true
second order inhibition constant k,„h.

The previous results indicate competition between antithrombin and
prothrombin for the active site of the prothrombinase complex. In the analysis of
these data with the competitive binding model we, however, used the K„ value as
obtained from the kinetics of prothrombin conversion. In order to analyse the data
with the model for competitive inhibition and to identify the Km value independently
using eq.6. we performed additional experiments at low prothrombin concentrations
(0-30 nM) and an antithrombin concentration of 4 uM during the 10 min lasting
inhibition perfusion. The results are presented in Fig.3, as the plot of -I t«/ln(E^Eo)
versus the average concentration Co at the capillary wall, c.f. eq.6. According to this
equation data should represent a straight line with a slope l/(Km k,„h) and an intercept
at the vertical axis of l/k,„h, with Km the Michaelis constant and k,„h the true second
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order rate constant of inhibition. The good agreement between data and the model of
competitive inhibition in eq.6 is apparent. The best fitting straight line results in
values Km= 2.5 nM and kj„h= 0.055x10*" M'min ' . A fit of eq.1 to the steady state
thrombin generation measured prior to the inhibition step as function of the
prothrombin concentration resulted in a Km value of 3.2 nM. This excellent
agreement between these independently determined Km values corroborates the
validity of the competitive inhibition model.

-5 10

Prothrombin, nM

Figure 3. Competitive prothrombinase inhibition bv antithrombin. The experimental protocol for the measurement of

prothrombinase inhibition, as described in Fig. 1. was executed for several prothrombin concentration» and an

antithrombin concentration of 4 (iM during the 10 min inhibition step Shown is a plot of -Ityin(E^E,) versus the mean

prothrombin concentration. Q(OV2+Co(l.y2. at the capillary wall during the perfusion with the protfirombin-anlithrombin

mixture. The straight line is the best fit of the model (eq.6) to these data with estimated values k*** 0 055x10* M 'mm '

and K„= 2.5 nM

We further addressed the question whether inhibition of prothrombinase by
antithrombin-heparin complexes also is fully competitive. In perfusion experiments
the inhibition step was performed with a mixture containing antithrombin (0.4 )jM)
and unfractionated heparin (0.05 ug.rru"'). The antithrombin concentration was
chosen 10 fold lower than in the previous experiments in order to minimise the
inhibitory effect of antithrombin alone. Yet, the concentration of 0.4 (lM is
sufficiently high to justify the assumption that all heparin is associated with
antithrombin (21). The concentration of heparin-antithrombin complexes is 1.75 nM.
The results, presented in Fig.4, show a good agreement between the data and the
model of competitive inhibition. The best fitting straight line, corresponds to the
values Km= 2.0 nM and k,„h= 128x10* M 'min '. Thus, also the heparin-dependent
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inhibition of prothrombinase in the presence of prothrombin can be described by a
simple competition model.

0.00

0 5

Prothrombin, nM

10

Klsurr 4 Cnnwietitivc rjrolhromhinmg inhibition bv antithrombin-hcpann complexes. Inhibition experiments wen

performed as described in the legend of Figure 3 0 4 uM antithrombm and 0.05 mg l ' heparin; i.e 1=1.75 nM of hepann-

intilhrombin complexes and 398 nM antithrombm Shown is a plot of -Il/liKE^E,,) versus the mean prothrombin

concentration. Co(Oy2+Co(t,)/2, at the capillary wall during the inhibition step. The straight line is the best fit of the

model (eq.6) to these data with estimated values t*= 128x10* M ' m i n ' and K«,= 2.0 nM.

Discussion
The present study demonstrates that the nearly complete protection by

prothrombin of prothrombinase for inhibition by antithrombin and antithrombin-
heparin, reported earlier (20,25), is completely explained by the competition of both
proteins for the active site of factor Xa. This finding stresses the significance of the
extremely high catalytic efficiency of prothrombinase complex assembled on
macroscopic phospholipid bilayers. The low value of the Michaelis constant, K„,= 3
nM. on these surfaces, nearly two orders of magnitude lower than found for small
unilamellar vesicles, results in highly effective protection by prothrombin of the
prothrombinase complex for active site directed inhibitors like antithrombin.

The simple formalism as presented in eq.1-3 could be developed because
prothrombinase assembly in the flow reactor is transport rate limited (19). This
circumstance enabled us to simplify the description of mass transfer of prothrombin
from solution to the wall of the flow reactor as given in eq.2 in terms of a mass
transfer coefficient and a uniform (site independent) concentration Q> at the capillary
wall. By using this formalism we could show that the kinetics of thrombin
production conforms to simple Michaelis-Menten kinetics. In this paper we extended
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this formalism to enable the analysis of competitive inhibition, cf. eq.4-7. Our
experimental approach exploits the facility to assemble reproducible amounts of
prothrombinase on the wall of the flow reactor by a perfusion with a mixture of
factor Va and factor Xa, that remains bound and stable even during perfusions
lasting more than 50 min. Therefore, the rate of prothrombinase inactivation can be
calculated from the amount of residual prothrombinase after exposure to a perfusion
with antithrombin or antithrombin-heparin.

A point of concern for the interpretation of our data could be the competition
for antithrombin between locally produced thrombin and factor Xa assembled in the
prothrombinase complex at the capillary wall. One prothrombinase complex
produces about 3000 thrombin molecules per min and the consumption of
antithrombin by this thrombin potentially could result in depletion of antithrombin at
the wall. Such depletion would result in a decreased inactivation rate of
prothrombinase with increasing thrombin production and therefore would present a
trivial alternative explanation for the observed decreasing rate of inhibition with
increasing prothrombin concentration near the catalytic surface. However, the
maximal thrombin production in this study was below 0.3 pmol min' and
antithrombin consumption at the capillary wall is thus less than 0.3 pmol min '.
Using eq.2 it is calculated that the antithrombin concentration at the capillary wall is
at most 31 nM (<1.5%) below the bulk concentration of 2-4 uM. For the
antithrombin-heparin complexes (concentration 1.75 nM) the same reasoning would
erroneously suggest a massive depletion. In the steady state, however, no net heparin
consumption takes place at the capillary wall as heparin from the antithrombin-
heparin-thrombin complexes is released and «associates with antithrombin.
Therefore thrombin production only results in a small (<7% at 0.4 U.M antithrombin)
depletion of antithrombin at the capillary wall.

Limited protective effects of phospholipids and factor Va on the inhibition of
factor Xa by antithrombin and antithrombin-heparin have been reported earlier (26-
29). A somewhat larger reduction of the inhibition rate , namely 4-8-fold compared
to factor Xa, was reported for factor Xa assembled in prothrombinase during
thrombin generation (23,30). These experiments were performed with
prothrombinase assembled on small unilamellar vesicles in the presence of 0.5-1.5
mM prothrombin. The limited protection observed in these earlier studies is
compatible with competitive inhibition, because of the relatively high value of K„
(0.1-0.2 mM) found for small vesicles (5.17). Also in clotting plasma the inhibition
rate of prothrombinase is significantly lower than that of free factor Xa (31).

Interestingly, the inhibition rate found in the present study for prothrombinase
not occupied by prothrombin is comparable to the inhibition rate reported for free
factor Xa in the presence of Ca**. For inhibition by antithrombin we observed a true

69



Chapter 5

second order rate constant of 0.06x10* M'min ' , which is only 50% lower than the
value, 0.12 x 10* M 'min ', reported for free factor Xa (32) The value k,„h= 130x10'
M'min ' for antithrombin-heparin (UFH) is even closer to the value k,„h= 180x10*
M'min ' calculated by interpolation from the rate constants kj„h= 260x10* M 'min'
at 1.5 mM CaCb and 120x10* M'min ' at 4 mM CaCb found for free factor Xa (33).

Prothrombin activation is a more intricate process than most enzymatic
reactions analysed in studies on competitive inhibition. First, the extremely high
catalytic efficiency (kc*/Km= 2x10'° M's ' ) of prothrombin activation by prothrombinase
bound to the macroscopic lipid membrane (19) is considerably higher than the
diffusion limit (about 2-3x10* M 's ', ref. 17) for solution mediated substrate supply.
By comparison of the kinetics of prothrombin activation on small and large vesicles
and on planar membranes in this earlier study we demonstrated that the value of K.„
decreases with increasing membrane area surrounding the prothrombinase. It was
concluded that the fluxes of prothrombin from solution to the membrane and on the
membrane towards the prothrombin converting complex, both regulated by the
resulting prothrombin concentration in solution near the membrane, govern the
kinetics of prothrombin conversion. The membrane acts as a funnel that facilitates
the collection of prothrombin that once bound to the membrane is efficiently
delivered to the prothrombinase by lateral transport (17). Secondly, processing of
prothrombin by prothrombinase involves two successive proteolytic cleavages
(6,34). Despite the gross simplification associated with the application of the simple
Michaelis-Menten model several studies have shown a good agreement between
model and measured activation kinetics both on vesicles (4,5,17) and on planar
bilayers (17-19). The present study extends this observation: identical values for K„
were obtained from kinetics of prothrombin conversion and from the prothrombin
dependent kinetics of prothrombinase inhibition. This confirms the notion that the
Michaelis constant reflects the binding of prothrombin to factor Xa in the
prothrombinase complex.

Comparison of pentasaccharide and UFH revealed that the latter heparin on
molecular basis is about 30-fold more effective as an inhibitor of prothrombinase
(20). This suggests a role of heparin-prothrombinase interaction in the enhanced
inhibition in addition to the pentasaccharide. Despite this conjectured interaction our
data show that inhibition of prothrombinase by heparin-antithrombin complexes is
also fully competitive, with a similar value of the Michaelis constant. K„= 2 nM,
estimated from the inhibition kinetics.

The observation that inhibition of prothrombinase by antithrombin is fully
competitive with prothrombin conversion is probably physiological relevant. With a
value of the Michaelis constant K„,=3 nM nearly 700 to 1000-fold below the plasma
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concentration, our observation indicates a complete protection of prothrombinase
during the initial phase of activation of the coagulation cascade.
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Chapter 6

Prothrombin Contributes to the Assembly of the Factor Va-Factor Xa Complex
at Phosphatidylserine-containing Phospholipid Membranes.
Didier Billy, George Willems, H. Coenraad Hemker, and Thco Lmdhout, 1995. J. Biol. Chem. 270:
26883-26889.

Summary.
The activation of prothrombin is catalyzed by prothrombinase. a complex of

factor Xa and factor Va assembled on a negatively charged phospholipid membrane.
We used a tubular flow reactor to identify the relative contributions of factor Va,
prothrombin and the negatively charged phosphatidylserine to the assembly of
prothrombinase. Perfusion of phospholipid-coated capillaries with a mixture of
factor Xa, factor Va and prothrombin resulted in a steady-state rate of thrombin
production that increased with (i) the phosphatidylserine content of the phospholipid
bilayer , (ii) the factor Va concentration and. most interestingly, (iii) the prothrombin
concentration of the perfusion solution. Incorporation of 20 mol% phosphatidylethanolamine,
a phospholipid with poor ability to promote prothrombinase activity, into a 5 mol%
phosphatidylserine membrane also increased the steady-state rate of thrombin
production. Direct measurements of the amount of prothrombinase in the flow
reactor demonstrated that increased catalytic activities were the result of an increased
steady-state amounts of membrane-associated prothrombinase. Thus, similar turnover
numbers of prothrombin activation (3100 min') were calculated, irrespective of the
phosphatidylserine content of the membrane. We established for membranes with
low phosphatidylserine content (<10 mol%) a linear relationship between the
prothrombinase activity and the arithmetical product of the factor Va concentration
in the perfusion solution and the prothrombin concentration near the catalytic
surface. Our results indicate that in addition to factor Va also prothrombin is
essential to the assembly of prothrombinase at macroscopic surfaces with low
phosphatidylserine content. The data further suggest that the prothrombin
concentration near the surface, controlled by the prothrombinase activity and mass
transfer, is an important regulator of the prothrombinase surface density.

Introduction
Prothrombinase, the enzyme complex that converts prothrombin into thrombin,

is composed of the serine protease factor Xa. the protein cofactor factor Va, and
phospholipids (1,2). Kinetic studies have indicated that the reversible protein-
phospholipid and protein-protein interactions in the prothrombinase complex all
contribute to the 10̂  fold increase in the catalytic efficiency of factor Xa (3-6). It is
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generally accepted that the interaction of factor Xa with factor Va enhances the
turnover number of factor Xa about 3000-fold (5) and that the interaction of
prothrombin with the membrane is responsible for a dramatic decrease in the K„, for
prothrombin activation, namely from =90 fiM in the absence of phospholipid (5) to
about 3 nM in the presence of a planar membrane (7,8).

Negatively charged phospholipids are essential constituents of membranes that
support prothrombin activation (9,10). Optimum prothrombinase activity has been
reported for membranes that contain at least 10 mol% phosphatidylserine (11-14). It
is rationalized that this dependency is the result of the lower binding affinity of
membranes with low phosphatidylserine content for the protein constituents of the
enzyme complex (factor Xa and factor Va) as well as for of its substrate prothrombin
(15-17). Consequently, membranes with a low phosphatidylserine content require
higher concentrations of fluid phase factor Va to incorporate the same amount of
factor Xa into membrane-associated prothrombinase than membranes with a high
phosphatidylserine content (11,18,19). The reported k„, values therefore do not
always reflect the true catalytic ability (13,14).

Because factor Va aJso interacts with phospholipid-bound prothrombij) (20,2J)
one cannot a priori exclude the possibility that prothrombin contributes to the
stability of the prothrombinase complex. The consequence of such an effect is that
increasing amounts of factor Xa will be incorporated into the prothrombinase
complex with increasing prothrombin concentrations (22). It has been shown,
though, that prothrombin does not contribute to the assembly of prothrombinase at
membranes with 25 mol% phosphatidylserine, under conditions that were considered
as physiologically relevant with respect to the factor Va and factor Xa concentrations
(19). However, no information is available about the role of prothrombin under
conditions that are less optimal for prothrombinase assembly, e.g. low
phosphatidylserine content and non-saturating conditions with respect to reactant
concentrations. Such a situation might prevail when coagulation takes place at the
surface of activated platelets or other cells in flowing blood (23). Interestingly, a
stabilizing effect of a substrate on its membrane-bound cofactor-enzyme complex
has been reported, namely that of factor X on the tissue factor- factor Vila complex
(24).

In the present study, we used a tubular flow reactor to assess the contribution of
prothrombin to the assembly of prothrombinase and the kinetics of prothrombin
activation at low phosphatidylserine membranes. In earlier studies with
prothrombinase in a tubular flow reactor we demonstrated that the kinetics of
prothrombinase assembly and the kinetics of thrombin production can be adequately
described using a simple model for mass transport for immobilized enzymes (8).
Therefore, the tubular flow reactor may have some clear advantages over the
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experimental settings using unilamellar phospholipid vesicles. Firstly, the prothrombin
concentration near the catalytic surface can be easily calculated from the flow
conditions, the concentration of prothrombin in the bulk solution and the thrombin
production in the flow reactor. Secondly, the amount of prothrombinase in the flow
reactor can be readily estimated from the amount of phospholipid-bound factor Xa.
This paper reports in detail on the relative contributions of prothrombin, factor Va
and the phosphatidylserine content to the assembly of prothrombinase and their
implications for the kinetics of prothrombin activation.

Experimental Procedures
A/afer/a/i. 1,2-Dioleoyl-sn-glycero-3-phosphatidylserine (DOPS), 1,2-Dioleoyl-

sn-glycero-3-phosphatidylcholine (DOPC) and 1,2-Dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). S2238, the chromogenic substrate for thrombin, was obtained from
Chromogenix (Mölndal, Sweden). Bovine serum albumin (BSA) was from Sigma
(St. Louis, MO). Bovine factor V and factor Va were prepared and quantitated as
previously described (18V HumaD p/olhromhij? was purified A? dftscvjiwd vC5> A"»d
the molar concentration was determined after complete activation with £C/IIJ

carinafu* venom (Sigma, St. Louis, MO) by active site titration with p-nitrophenyl
p'-guanidinobenzoate hydrochloride (pNPGB) (26). Human factor Xa was prepared
by activation of purified factor X (27) with the factor X activating protein from
Russell's Viper venom (Sigma, St. Louis, MO) and isolated as described for bovine
factor Xa (28). The molar concentration was determined by active site titration with
pNPGB (29). Small unilamellar vesicles of mixed phospholipids were prepared as
described before (30). Throughout this paper, the mixed phospholipids are described
with their mol% of the negatively charged phospholipid; the remainder of the
phospholipid is DOPC.

77j£ y7ow reacror. The capillary flow reactor used in this study has been
described (8). Briefly, microcapillary tubes (length of 127 mm and inner diameter of
0.65 mm) obtained from Brand AG (Wertheim, Germany), were cleaned and coated
with a bilayer of phospholipids. Thereafter, the phospholipid-coated capillaries were
perfused with a reaction mixture containing factor Xa, factor Va and prothrombin in
Tris-buffer (50 mM Tris-HCl, 175 mM NaCl, 3 mM Cacb, pH 7.9, containing 0.5 mg
BSA/ml). Samples (60 ul) were collected at the outlet of the flow reactor into
cuvettes containing 500 ul of 50 mM Tris-HCl, 175 mM NaCl, 20 mM EDTA, 0.5
mg BSA/ml, pH 7.9 and assayed for thrombin after addition of 60 ul of S2238 (2.4
mM) as described (8). The rate of thrombin production in the flow reactor, pmol
thrombin/min, is calculated from the thrombin concentration at the outlet (P) and the



volumetric flow rate (Q): v= PQ. All experiments were performed at 37°C and at a
flow rate of 30 u\l/min (wall shear rate of 20 s ') .

Dere/Tmna/ion o//?ror/iromoj>ia.je rfeniirv' in r/ie/7ow reactor. At the end of a
perfusion experiment, the capillaries containing 42 pi perfusion solution were
emptied in 42 ul of 50 mM Tris-HCl, 175 mM NaCl, 5 mM EDTA, 0.5 mg BSA/ml,
pH 7.9 and thoroughly rinsed with the combined solutions. An additional rinse with
42 pi of Tris/EDTA-buffer was performed to assure a quantitative recovery of
phospholipid-bound factor Xa. After dilution of the eluant, 30 ul was added to a
cuvette with 420 ul Tris-buffer that contained factor Va (0.6 nM), phospholipid
vesicles (25 mol% DOPS/ 75 mol% DOPC, 12 uM), and the chromogenic substrate
S2238 (0.24 mM). After 4 min at 37°C, 50 ul prothrombin (5 uM) was added. The
progress curve of optical density at 405 nm was analyzed according to a quadratic
function to yield the amount of factor Xa present in the sample. Reference curves
were prepared from known amounts of factor Xa. The amount of phospholipid-
bound factor Xa was obtained by subtracting the known amount of factor Xa in the
perfusion solution present in the capillary from the measured amount of factor Xa in
the sample. Control experiments revealed that the amount of factor Xa-bound to the
membrane but not complexed with factor Va was negligible. Capillaries with 10
mol% DOPS/90 mol% DOPC were perfused with factor Xa (2 pM) and prothrombin
(200 nM) in the absence of factor Va. The total amount of factor Xa in the capillary
at the end of the perfusion did not differ significantly from the amount that was
present in the fluid phase of the capillary.

fó'Rirtc? /or //»£ rra/ijporf-//m/ferf prof/jrom&m convers/o/i. The rate of
conversion of prothrombin to thrombin by membrane-bound prothrombinase equals
the rate at which prothrombin can be supplied from the bulk solution to the catalytic
surface (32):

V= A(Cb-Co) [1]

where A is the mass transfer coefficient, Cb is the prothrombin concentration in the
bulk solution, and Co is the prothrombin concentration near the catalytic surface. The
mass transfer coefficient is a function of the geometry of the capillary, the volumetric
flow rate, the kinematic viscosity of the fluid and the diffusion coefficient of the
protein. For a flow rate of 30 ul/min and the capillary (length 12.7 cm and inner
diameter of 0.065 cm) used in this study, the mass transfer coefficient. A, for
prothrombin equals 0.01 cnrVmin (cf. Ref. 8).

The maximum rate of prothrombin activation.

V™=AQ> [2]



is thus obtained when the membrane-bound enzymatic activity causes a total
depletion of the prothrombin concentration near the surface (Co= 0). For intermediate
situations when the rate of prothrombin activation is smaller than the prothrombin
mass transfer rate, the prothrombin concentration at the capillary wall can be
calculated from Equation 1:

Results
The assembly of prothrombinase from perfusion mixtures containing factor Xa.

factor Va and prothrombin. Phospholipid-coated capillaries were perfused (30
ml/min) with Tris-buffer containing 2 pM factor Xa, 50 pM factor Va and 100 nM
prothrombin. Fig. 1 shows that the rate of thrombin production increased until a
steady-state was reached of 0.2 pmol/min for the membrane containing 5 mol%
DOPS and a maximum of 1 pmol/min for the membrane containing 25 mol% DOPS.
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Figure 1. Thrombin generation in a tubular flow reactor Capillaries coated with a phospholipid membrane containing S

mol* DOPS 95 mol* DOPC <O) and 25 m o l * DOPS-75 m o l * DOPC ( • » were perfused with Tru-buffer containing

factor Xa (2 pM). factor Va (50 pM). and prothrombin (100 nM) The perfusion was performed at a flow rate of 30

Ml/min (wall shear rate of 20 s ' ) at 3TC The rate of thrombin production is plotted versus the perfusion time.

Measurement of the amount of factor Xa bound to the phospholipid bilayer in
the flow reactor at the end of the perfusion experiments showed that 0.06 fmol and
0.66 fmol prothrombinase were assembled at the 5 mol% and 25 mol% DOPS
membranes, respectively. The turnover numbers of prothrombin activation are thus
2970 min' and 1500 min', respectively. As pointed out under Experimental
Procedures, the steady-state rate of thrombin production under the conditions of the
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experiment cannot exceed I pmol/min (Equation 2). Therefore, it is reasonable to
assume that in the latter case the transport-limited supply of prothrombin causes the
lower turnover number. Interestingly, the turnover number measured for the 5 mol%
DOPS membrane is close to the kc* previously reported for 25 mol%
phosphatidylserine membranes (8).

An other interesting feature of the flow experiment with the 5 mol% DOPS
membrane is that in spite of a continuous perfusion with a mixture of 2 pM factor
Xa, 50 pM factor Va and 100 nM prothrombin not more than 0.06 fmol of
prothrombinase could be assembled. Based on reported binding parameters for the
factor Va-factor Xa complex (cf. Ref.13), we estimated that the binding capacity of
the 5 mol% DOPS membrane is at least 10* fold higher. It is apparent that an
equilibrium was established between membrane-associated prothrombinase and the
reactants in the perfusion solution.

The steadv-state rate of thrombin production as a function of the DOPS content
of the membrane. Capillaries with phospholipid bilayers that contained varying
mol% DOPS (2-10 mol%) were perfused with factor Xa (2 pM), factor Va (50 pM)
and prothrombin (100 nM). The perfusion was continued until a steady-state rate of
thrombin production was reached. At the end of the perfusion, we measured the
amount of prothrombinase present in the capillary. Fig.2 shows the relationship
between the rate of thrombin production and the amount of prothrombinase as a
function of the DOPS content of the membrane. It is apparent that both the steady-
state rate of thrombin production and the amount of prothrombinase increased
equally with the DOPS content of the membrane. As a result, the turnover number
(3100 min ') did not change with the DOPS content of the membrane. We note that
in all experiments the steady-state rate of thrombin production was below the
transport-limited rate of 1 pmol/min. The results obtained so far indicate that if the
thrombin production reaches a steady-state, the amount of prothrombinase in the
flow reactor is in equilibrium with the reactants in the perfusion solution. It is
concluded that under these conditions the thrombin production is proportional to the
amount of prothrombinase assembled at the phospholipid-coated capillary wall.

The steadv-state rate of thrombin production as a function of the factor Va
concentration. From earlier studies on the assembly of prothrombinase activity on
vesicles it is known that membranes with a low DOPS content need higher factor Va
concentrations to assembly the same amount of prothrombinase found with
membranes of high DOPS content (4,18).

To examine the contribution of factor Va to the assembly of an equilibrium
concentration of prothrombinase in the flow reactor, phospholipid (5 mol% DOPS)-
coated capillaries were perfused with Tris-buffer containing 2 pM factor Xa, 100 nM
prothrombin and varying concentrations of factor Va (0.01-2 nM) until a steady-state
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Figure 2. The steady-state rale of thrombin formation as function of the POPS content of the membrane Capillaries

with membranes of varying DOPS content were perfused as described for Fig 1 Lower panel gives the sleadyilale rale

of thrombin production ( • ) and the amount of prothrombirutse in the capillary at the time the steady-state of thrombin

production was obtained ( 0 ) as a function of the DOPS content of the membrane The upper panel gives the turnover

number of prothrombin activation calculated from rale of thrombin production and prolhrombinase concentration

500 1000
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Figure 3. The steadv-sme rate of ihrombin formation as function of the factor Va concentration in the perfmion

solution Phosphohpid-coaied (5 mol% DOPS-95 mol* DO PC) capillaries were perfused with Tm-buffer containing 2

pM factor Xa. 100 rtM prothrombin. and varying factor Va concentration»
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rate of thrombin production was reached. The steady-state rate of thrombin
production increased with the factor Va concentration in the perfusion solution until
a maximum of 0.9 pmol/min (Fig.3). This value is close to the transport rate limit of
1 pmol thrombin/min.

The steady-state rate of thrombin production as a function of the prothrombin
concentration and the POPS content of the membrane. To investigate the
contribution of prothrombin to the assembly of prothrombinase at a macroscopic
phospholipid surface, capillaries coated with membranes of varying DOPS content
(5-10 mol%) were perfused with mixtures that contained factor Xa (2 pM), factor Va
(50 pM) and varying prothrombin concentrations (50, 100 and 200 nM). The steady-
state rate of thrombin production increased with increasing prothrombin
concentration in the perfusion solution and with increasing DOPS content of the
membrane (Table I).

Table I. Effect of Prothrombin and Lipid Composition on the Assembly and Catalytic Activity of Prothrombinase.

Phospholipid
composition

Prothrombin
concentration

Rate of thrombin
production

Membrane-associated Turnover
prothrombinase rate

PSPC 5:95

PSPC 6:94

PSPC 7:93

PSPC 8:92

PSPC 10:90

nM
50
100
200

50
100
200

50
100
200

50
100
200

100
200

pmol/min
0.09
0.19
0.31

0.10
0.45
0.59

0.13
0.36
0.85

0.25
0.46
0.90

0.87
1.44

fmol
0.024
0.055
0.11

0.026

0.09
0.21

0.033
0.14
0.28

0.1
0.14
0.31

0.29
0.45

min
3700
3400
2800

3800
3000
2800

3900
2600
3000

2500
3200
2900

3000
3200
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It is important to note that the observed rates of thrombin production were well
below the transport limited rate of prothrombin conversion. The increase of the
steady-state rates of thrombin production with increasing prothrombin concentration
and increasing DOPS content was due to an increased assembly of prothrombinase
(Table I). It appeared that the turnover numbers calculated from the rate of thrombin
production and the prothrombinase content of the flow reactor did not vary
significantly with the prothrombin concentration and the DOPS content of the
membrane. As a matter of fact, the turnover numbers thus obtained were close to the
values earlier reported (8) for membranes with 25 mol% phosphatidylserine.

The steady-state rate of thrombin production as a function of the prothrombin
and factor Va concentration. We already demonstrated that the amounts of
prothrombinase assembled at the time that a steady-state rate of thrombin production
was reached, increased with the DOPS content of the membrane as well as with the
factor Va and prothrombin concentration in the perfusion solution. Next we designed
experiments to unravel the relative contributions of factor Va and prothrombin to the
assembly of membrane-associated prothrombinase. Fig.4 shows the thrombin
production in capillaries containing 5 mol% DOPS as function of the prothrombin
concentration.
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Figure 4. The steadv-stale rate of ihrombin formation as function of the prothrombin concentration in the perfusion

solution. Capillaries that contained a phospholipid bilayer composed of 5 molft DOPS-95 mol<7c DOPC were perfused

with Tris-buffer containing 2 pM factor Xa. prothrombin at the indicated concentrations and. from bottom to top, 10. 20,

100, 300, 1000 and 2000 pM factor Va. The steady-state rates of thrombin production are plotted versus the

prothrombin concentration in the perfusion solution. The dotted line represents the transport-limited rale of thrombin

production under the conditions of the flow experiment.
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It is apparent that at fixed factor Xa and factor Va concentrations the rate of
prothrombin activation increased linearly with the prothrombin concentration in the
perfusion solution. The slopes of these lines clearly increased with increasing factor
Va concentrations in the perfusion solution. The interesting question that remains to
be answered is whether the slopes of the lines depicted in Fig.4 increased linearly
with the factor Va concentration. If so, then factor Va and prothrombin contribute
equally to the assembly of the prothrombinase complex.

0.02 •

Ê 0.01

I

0 50 100 150 200 250 300

Factor Va, p M

Figure 5. Effect of factor Va on the steady stale rate of thrombm production normalized for the prothrombin

concenir«|inn in the perfusion solution or near the surface. The slopes of the lines of Fig 4, with the exception of those

obtained with I and 2 nM factor Va. are plotted versus the factor Va concentration in the perfusion solution (closed

squares). The closed circles are the slopes of the same rates of thrombin production plotted versus the corresponding

prothrombin concentration near the surface, calculated using Equation 3.

From Fig.5 it is clearly seen that the slopes of the lines of Fig.4 do not increase
linearly with the factor Va concentration in the range of 10 to 300 pM (closed
squares). However, as noted under Experimental Procedures (Equation 3), the
presence of prothrombinase can easily cause a sever depletion of prothrombin near
the catalytic surface. As a matter of fact. Equation 3 predicts that with a constant
prothrombin concentration in the perfusion solution (Q,), the prothrombin
concentration near the surface (Co) will decrease in parallel with the factor Va
dependent increase of the rate of thrombin production. The slope of the lines shown
in Fig.4, therefore, should be corrected for the true prothrombin concentration, i.e.
Co- The closed circles in Fig.5 are the result of this correction. It is now clearly seen
that the rate of thrombin production, normalized for the prothrombin concentration
near the catalvtic surface, linearlv increased with the factor Va concentration. The
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observed linear relationships indicate that for a constant amount of factor Xa in the
perfusion solution, the equilibrium amount of membrane-associated prothrombinase
is proportional to the arithmetical product of the factor Va concentration in the bulk
solution and the prothrombin concentration near the surface.

(

0.3

0.2

0.1

n

) 2 4

10 mol* DOPS

6

^ ^
^ ^

8 10

0.2 0.4 0.6

[FVa].[FII]. nM
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Figure 6. Dependency of prothrombinase density at membranes with varying POPS on the arithmetical product of the

factor Va concentration in the perfusion solution and the prothrombin concentration near the lurfact. Capillaries with 2.

5 and 10 m o l * DOPS membranes were perfused with 2 pM factor Xa. $-100 pM factor Va and $0-200 nM

prothrombin. The amounts of prothrombinase at the steady-state phase of thrombin production and (he prothrombin

concentration near the surface were calculated from the steady-state rates of thrombin production and prothrombin

concentration in the perfusion solution, respectively. Further details are given in the lent

In order to substantiate our notion, we measured in similar experiments, as
shown in Fig.4, the steady-state rates of thrombin production at membranes with 2, 5
and 10 mol% DOPS membranes as a function of the factor Va and the prothrombin
concentration. The amount of prothrombinase was obtained from the steady-state
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rates of thrombin production divided by the previously determined (Fig.2) turnover
number of 3100 min '. In an attempt to obtain accurate data we selected experimental
conditions, i.e. factor Va and prothrombin concentrations in the perfusion solution,
that gave less than 70% depletion of the prothrombin near the catalytic surface in the
steady-state phase of the experiment. Fig.6 shows for the different membranes the
relationship between the amount of prothrombinase associated with the membrane
and the arithmetical product of the factor Va concentration in the bulk solution and
the prothrombin concentration near the surface. The slopes of the lines (±SE),
obtained by linear regression analysis, are (1.4±0.1)xlO^, (2.9±0.4)xl0"^ and
(3.7±0.5)xlO' fmol/nM* for the membranes with 2, 5 and 10 mol% DOPS,
respectively.

The effect of phosphatidvlethanolamine on the assembly of prothrombinase.
Natural membranes contain relatively large amounts of phosphatidyl-ethanolamine
(DOPE), a phospholipid that by itself does not stimulate prothrombin activation, but
that might modulate the procoagulant activity of phosphatidylsenne (33). To
investigate the contribution of DOPE to the kinetics of thrombin production, we
incorporated 20 mol% DOPE in the phospholipid bilayer of the flow reactor that
contained 5 mol% DOPS and perfused the capillary with 2 pM factor Xa, 50 nM
factor Va and varying prothrombin concentrations (50-100-200 nM)

50 100 150 200

Prothrombin, nM

Figure 7. The dependency of the steady state rut of thrombin production on the presence of Dhosphatidv'-'h«nnl»nMe

in 3 molSt DOPS membranes Capillaries were coated with phospholipid bilayers composed of 5 molS DOPS-95

DOPC ( • ) . 5 m o l * DOPS-20 mol* DOPE-75 mol"» DOPC (A) . 25 m o l * DOPS-75 m o l * DOPC ( • ) and 20 mol»

DOPE-80 m o l * DOPC (A). Perfusion was performed with Tns-buffer containing factor Xa (2 pM). factor Va (SO pM>.

and prothrombin concentrations as indicated The doited line represents the transport-limited rate of thrombin

production under the conditions of the flow experiment.
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Fig.7 gives the steady-state thrombin production in capillaries coated with
membranes of 5 mol% DOPS-95 mol% DOPC. 5 mol% DOPS-20 mol% DOPE-75
mol% DOPC, and 25 mol% DOPS-75 mol% DOPC as a function of the prothrombin
concentration in the perfusion solution. As expected, the lowest steady-state rate of
thrombin production was observed with 5 mol% DOPS membranes. The thrombin
production at membranes containing 25 mol% DOPS was close to the transport-
limited rate as predicted by mass transfer coefficient and prothrombin concentration.
Incorporation of 20 mol% of DOPE in the 5 mol% DOPS membrane apparently
resulted in an increase of the steady-state rate of thrombin production. The rate of
prothrombin activation became indistinguishable from those seen with 25 mol%
DOPS. Membranes that contained only DOPE as the anionic phospholipid, e.g. 20
mol<7c DOPE/80 mol% DOPC. did not support prothrombin activation.

Discussion
The relative contributions of protein-phospholipid interactions and protein-

protein interactions to the overall stability of the prothrombinase complex and their
consequences for the catalytic efficiency of the enzyme have been extensively
studied (14,34,35 and references therein). The experimental design with a flow
reactor, as presented here, enables however a straightforward study of
prothrombinase assembly and kinetics of prothrombin activation. The clear
advantage over a system with small unilamellar phospholipid vesicles is the readily
controlled delivery of the individual components of the prothrombinase complex,
factor Xa and factor Va and the substrate prothrombin, to the planar (macroscopic)
phospholipid bilayer and, most importantly, the possibility of a direct determination
of the amount of prothrombinase assembled on the macroscopic surface.

Initially, we wanted to determine the kinetics of prothrombin activation by
known amounts of assembled prothrombinase as a function of the DOPS content of
the membrane as previously described (8). However, pilot experiments revealed that
perfusion of capillaries with mixtures of factor Va and factor Xa in case the
membrane contained a low DOPS content, resulted in surprisingly low and unstable
levels of membrane-associated prothrombinase. In contrast, when prothrombin was
added to the factor Xa-factor Va mixtures, increasing amounts of thrombin appeared
at the outlet of the capillary until a steady-state was reached. We hypothesized that
with decreasing affinity of factor Xa and factor Va for DOPS membranes,
prothrombin by virtue of its affinity for both factor Va and factor Xa, significantly
promotes the stability of the prothrombinase complex (cf. ref. 15-17,36).

To verify our notion we examined the assembly of prothrombinase at
membranes with varying DOPS content from perfusion solutions that contained ,
factor Xa (2 pM), factor Va (50 nM) and varying concentrations of prothrombin We



observed in all perfusion experiments that the thrombin production in the flow
reactor reached a steady-state rate well below the transport-limit. From direct
prothrombinase measurements we learned that the amount of membrane-associated
prothrombinase in the flow reactor dramatically decreased with the DOPS content of
the membrane. Increasing prothrombin concentrations in the perfusion solution,
however, did increase the membrane-bound amount of prothrombinase. Although the
turnover values, calculated from the steady-state rate of thrombin production and the
corresponding amount of prothrombinase (Fig.2 and Table I), varied between 2500
and 3900 min', it is reasonable to conclude that no gross differences were observed
for the catalytic activities of the prothrombinase assembled at the membranes that
varied in DOPS content from 2 to 10 mol% and prothrombin concentrations that
varied between 50 and 200 nM. The turnover numbers here obtained are close to the
previously reported kcat value of 3600 min' for 25 mol% phosphatidylserine
membranes (8).

The observation that similar kinetics of thrombin production were found with a
limited steady-state amount of membrane-associated prothrombinase indicates that
the prothrombinase complex only remains assembled at the membrane of the fllow
reactor when it is fully occupied with its substrate prothrombin. That is,
prothrombinase that is not acting on its substrate will dissociate from the membrane.
Consequently, under these conditions the kinetic parameter Km, defined as the
prothrombin concentration that is required to obtain half-saturation of the enzyme,
looses its meaning.

Regarding the relative contributions of factor Va and prothrombin to the
stability of the complex, we present evidence that with a constant amount of factor
Xa in the perfusion solution, the amount of membrane-associated prothrombinase is
proportional to the arithmetical product of the factor Va concentration in the
perfusion solution and the prothrombin concentration close to the catalytic surface
(Fig.5). The proportionality constant of this relationship, which probably reflects the
protein-protein and protein-phospholipid affinities, decreases 2000 fold when the
DOPS content of the membrane increases from 2 to 10 mol%. Only a 10-fold
difference was seen between 5 mol % and 10 mol% DOPS membranes.

Prothrombinase-catalyzed conversion of prothrombin into thrombin is a multi-
step reaction rather than a single product (thrombin) reaction. It has been reported
(37) that the prothrombin concentration and the composition of the phospholipid
membrane has an effect on the relative amounts of thrombin and meizothrombin
formed. That is, higher prothrombin concentrations and higher DOPS content favor
the formation of meizothrombin. The question has thus to be raised whether a change
in the ratio of meizothrombin over thrombin also could affect the stability of the
prothrombinase complex. However, it is rather difficult to see how meizothrombin is
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produced in the absence of a fully assembled prothrombinase. We also like to point
at an other item of the present study that needs to be considered in the extrapolation
of our results to the physiological situation. Throughout this and our previous study
(8), we have used bovine factor Va. However, pilot experiments in which we used
human factor Va (a kind gift of Dr. Jan Rosing) in stead of bovine factor Va, showed
no marked differences in the amount of prothrombinase assembled on a 5 mol%
DOPS membrane.

It was recently reported that phosphatidylethanolamine (DOPE) incorporated
into phospholipid vesicles containing DOPS and DOPC dramatically enhances
activated protein C inactivation of factor Va (38). Smirnov and Esmon also
stipulated that the incorporation of DOPE into DOPS-DOPC vesicles did not affect
the kinetics of prothrombin activation by prothrombinase. However, it should be
stressed that their conditions of prothrombin activation were almost optimal with
respect to the procoagulant surface (high DOPS content), factor Va and prothrombin
concentration. Our observations regarding the role of prothrombin in the assembly of
prothrombinase and the proposed modulating role of DOPE stimulated us to examine
the effect of DOPE on prothrombinase assembly under the conditions of the present
study. It is of interest to see that the incorporation of phosphatidylethanolamine (20
mol%) into a membrane that contained 5 mol% DOPS had a dramatic effect on the
assembly of the prothrombinase complex (Fig.7). Prothrombinase densities were
obtained that resulted in transport-limited catalysis for the prothrombin
concentrations used (50-200 nM) and became indistinguishable from membranes that
contained 25 mol% DOPS. When the same experiment was performed with
membranes that contained 20% DOPE but no DOPS, no detectable amounts of
thrombin could be measured. Apparently, phosphatidylethanolamine is an important
regulator of the procoagulant activity in membranes with low phosphatidylserine
content. It is apparent that only for low DOPS membranes with limiting amounts of
factor Va and prothrombin, DOPE contributes to the assembly of prothrombinase
which in turn results in an increased catalytic efficiency of prothrombin activation.

In summary, studies on the prothrombinase assembly from a perfusion solution
to planar phospholipid membranes that contained varying mol% DOPS have
provided evidence that the steady-state prothrombinase surface density is a function
of the prothrombin concentration. Because the prothrombin concentration near the
surface is controlled by convection and diffusion and the catalytic activity of that
surface, prothrombinase seems to regulate its assembly via the prothrombin
concentration near the surface.
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Chapter 7

Prothrotnbin Conversion under Flow Conditions by Prothrombinase Assembled
on Adherent Platelets.
Didicr Billy. Johan W.M Heemskerk. H. Coenraad Hemker and Theo Lindhout.

Summary
Prothrombin activation by prothrombinase was investigated on platelets adhered

onto a fibrinogen-coated coverslip mounted in a flow chamber. Once bound to the
fibrinogen, platelets in the presence of plasma gradually changed their morphology:
they developed pseudopods, spread over the surface and finally transformed into
spherical structures. This last morphologic change required the presence of calcium
and was accompagnied by the exposure of procoagulant phospholipid as detected by
the capability of the platelets to bind FITC-labeled annexin V. Prothrombinase
complexes were allowed to assemble on these adhered platelets by perfusion with
factor Xa (2 pM) and varying prothrombin (100-200 nM) and factor Va (50-500
pM) concentrations. The obtained steady-state rate of thrombin formation increased
with the prothrombin concentration but not with the factor Va concentration.
Perfusion of the adherent platelets with factor Xa (1 pM) in presence of an excess of
factor Va (1 nM), followed by a perfusion with prothrombin (100 nM) and factor Va
(1 nM), resulted also in a stable steady-state rate of thrombin formation, indicating
that factor Xa-factor Va complexes could be assembled in the absence of
prothrombin. Collectively, these results demonstrate the efficient ability of the
procoagulant surface of adherent platelet to support the assembly of functional and
stable prothrombinase complexes.

Introduction
At sites of vascular injury, adhesion of platelets to the damaged vessel wall is a

first step in the haemostatic process. Under conditions of high shear stress, platelet
adhesion to immobilized von Willebrand factor on exposed subendothelial matrix is
mediated by the platelet membrane glycoprotein GPIb-IX complex (reviewed in ref.
1). At this initial stage, platelets may still retain their discoid shape or extend a few
pseudopods. In a more advanced stage platelets spread on the surface and more
platelets will be recruited on the initially adhered platelets leading to the formation
of platelet aggregates (2). Spreading and aggregation are thought to be mediated by
the activation of the fibrinogen receptor, the glycoprotein GPIIb/IIIa complex, at the
plasma membrane of the platelet (3).

These morphological changes are accompagnied by a whole range of
intracellular responses, finally resulting in the exposure of aminophospholipids at the
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platelet plasma membrane, which promotes assembly of the membrane-dependent
enzymatic complexes of the blood coagulation system (4). The prothrombinase
complex, consisting of the serine protease factor Xa, the cofactor protein factor Va,
adsorbed via calcium ions to the membrane, is one of them. The assembly of this
complex, on the membranes of activated platelets in suspension has been thoroughly
studied (S).

At present, however, no information is available with respect to the assembly of
prothrombinase and its enzymatic activity on adherent platelets under conditions that
mimic the in vivo situation. To the best of our knowledge, there is only one report on
the assembly of the prothrombinase, under static conditions, on human platelets
adhering to glass surfaces coated with von Willebrand factor. It was demonstrated
here, that both unstimulated and thrombin-stimulated adherent platelets could expose
procoagulant surfaces supporting the assembly of the factor Xa-factor Va complex
(6). In a accompanying paper, it was shown that release of microvesicles into the
solution was induced by the addition of thrombin. However, in contrast to what was
found with microvesicles shed from activated platelets in suspension, microvesicles
from von Willebrand factor adherent platelets did not show increased procoagulant
activity, compared to the unstimulated adherent platelets (7).

We previously reported on the assembly of prothrombinase on artificial
phospholipid surfaces and on the efficiency of prothrombin activation at such
catalytic surfaces under flow conditions (8.9). We observed that the phospholipid
composition of the membrane was critical to the assembly but not to the intrinsic
catalytic activity of the enzymatic complex. To study this process on a more
physiological membrane surface, we investigated prothrombin activation on adherent
platelets on fibrinogen-coated coverslips mounted in a parallel plate chamber.
Adhesion of platelets in platelet-rich plasma to the fibrinogen-coated glass and
subsequent morphological changes were followed in time with phase-contrast
microscopy. In addition, the appearance of procoagulant sites on the surface of
adherent platelets, i.e. the exposure of anionic phospholipids at the plasma
membrane, was monitored with a fluorescence-imaging system using fluorescein-
labelled annexin V (10). To directly study the ability of adherent platelets to support
prothrombinase assembly and prothrombin activation, the parallel plate chamber was
also perfused with solutions of factor Va, factor Xa and prothrombin in varying
concentrations and thrombin formed was measured in the effluent.

Experimental Procedures
Mafêrïa/j. S2238. a chromogenic substrate for thrombin, was obtained from

Chromogenix (Molndal. Sweden). Bovine serum albumin (fatty acid-free) and
bovine fibnnogen (fraction I. type IV) were from Sigma (St. Louis, USA). Bovine



factor Va, human prothrombin and human factor Xa were purified and quantified as
described (11,12). Fluorescein-labelled annexin V (FITC-annexin V) was a product
of Nexins Research BV (Rotterdam, the Netherlands).

P/are/ef ric/i p/asma. Human platelets were obtained from blood, freshly drawn
from healthy volunteers. The blood was collected on 0.13 M trisodium citrate, nine
parts of blood to one part of citrate solution. Then, platelet-rich plasma (PRP) was
obtained after centrifugation of the blood (room temperature) at 200g during 15 min.

F/ow c/iamfor. The parallel plate chamber was a modification of the perfusion
chamber described by Sakanassen et al (13). In a block of poly(methyl methacrylate)
with dimensions of 75x27x7.5 mm, a central hole was made with a depth of 0.2 mm,
a width of 5.0 mm and a length of 42.5 mm. The two inlets of the flow chamber (1
mm internal diameter) gradually tapered off over a length of 7 mm to the rectangular
cross section of the central hole at an angle of 20°. A coverslip made from glass
microscope slide of 50x24 mm served as the roof of the flow chamber. The coverslip
surface in contact with the perfusion fluid was 2 cm* and the flow cell volume was
approximately 60 ul. Experiments were performed at a flow rate of 30 u\l/min, which
corresponded to a calculated shear rate, y, of 15 s ' , according to:

-FÓQ/bd* [1]

where Q is the volumetric flow rate (cm^/s), b (cm) the width and d (cm) the depth of
the slit.

The rate of transport of prothrombin to the catalytic surface. J (pmol.s '), can be
calculated from the expression (14):

J = 1 . 4 8 Q ' * d * V V ^ Q , [2]

where, under the conditions of the experiment, Q = 0.5.10'* cm\s' , d = 0.02 cm, b =
0.5 cm, L = 4.25 cm, D = 6.2 10 ^ cm'.s' and a varying fluid phase concentration of
prothrombin, Cb (pmol.cm^).

/magmg system. A combined fluorescence imaging and microphotometric
system was constructed basically as described before (15). but equipped with
excitation as well as emission filter-wheels, and with a bright-field video camera to
record phase-contrast images (Applied Imaging, U.K.). This system, connected to an
inverted fluorescence microscope, was used for the continuous detection of
phospholipid-bound fluorescein-labelled annexin V on adherent platelets. The
recorded fluorescent images were stored on a personal computer and the phase-
contrast images on a video tape. The optical configuration of the system was in such
a way that both types of images could directly be compared.



i/nmoftt/izario/i. Glass coverslips (5x24 mm; Menzel-Glaser, Germany)
were cleaned with a solution containing equal volumes of ethanol (96 v/v %) and
HC1 (37 v/v %) and rinsed with deionized water and 0.9 w/v % NaCl (saline
solution). The cleaned coverslips were coated with 10 mg/ml fibrinogen in saline
solution for 40 min at room temperature (15). The coverslips were then extensively
rinsed with saline solution and mounted in the flow chamber. Citrated PRP was
exposed to the fibrinogen-coated glass coverslip at room temperature for 40 min. To
remove the non-adherent platelets, the flow chamber was then perfused with Hepes-
buffer (10 mM Hepes, 136 mM NaCl, 2.7 mM KC1, 2 mM MgCfe, 3 mM CaC^, 0.5
mg/ml BSA and 0.1 U/ml apyrase, pH 7.45) at 300 ^il/rnin during 10 min. The
adherent platelets were then incubated in the Hepes-buffer for additional 40 min to
allow spreading and formation of procoagulant membrane surfaces.

Procoagufo/tf actoerertf /?/atefew. Procoagulant sites at the surface of adherent
platelets were identified by their ability to bind FITC-annexin V (10). Platelets
bound to fibrinogen-coated coverslips were incubated with 0.6 u\M FITC-annexin V
in Hepes-buffer for approximative^ 20 min at room temperature. Fluorescence was
examined by the fluorescence imaging system (see above).

77ie yZow system. The flow chamber containg adherent platelets on immobilized
fibrinogen was attached to a Hamilton gas-tight syringe. The flow rate was
controlled by a syringe pump (Harvard Apparatus Co., South Natich, MA). At the
outlet of the flow chamber samples of 30 (il were collected into cuvettes containing
20 mM EDTA. Thrombin was measured in the cuvettes after the addition of the
chromogenic substrate S2238, as described previously (16). . •',;.• ' i

/Issav /or procoagM/a/zr /nemèranei af f/ie owr/ef o/ r/ze /7ow c/iamèer. Samples
of 100 u.1 were collected at the outlet each minute in cuvettes containing 340 fj.1 Tris-
buffer (50 mM Tris-HCl, 175 mM NaCl, 3 mM CaClo and 0.5 mg/ml of BSA, pH
7.9). Then, 135 u.1 of a mixture containing factor Xa, factor Va and chromogenic
substrate S2238 was added. After 5 min of incubation at 37°C, generation of
thrombin was started by the addition of 25 |xl prothrombin. The final concentrations
of the reactants were 0.1 pM factor Xa, 0.5 nM factor Va, 0.2 mM S2238 and 0.5 ^M
prothrombin. The progress curve of the product of the reaction between thrombin
and the chromogenic substrate, pNA, was monitored in a photometer at 405 nm and
analyzed by the quadratic function (17): „.....,

:.- v . : - . :-/•• •: --,;:•:.::, . ' ü t : O D = b t V c t + a -• • - - ' > . . ; « . ~ - , - : ^:; ::•• ' v . ' '

; ; • > . ; • . • . . • • * - * • : • : . - : - : ; r ' v : f e • * : : • ' - ; ^ : ~ ^ •.' ' > ; i . . \ . S - i ; ; : - . . • • • ; - • . • . ' • : • - ^ - ' . . . , ' ^ \ • • • ; • • . ;

where OD is the optical density at 405 nm, t is the time, b is the arithmetical product
of the rate constant of thrombin generation and the rate constant of pNA production,
and c is the rate constant of spontaneous pNA production. The parameter b is
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proportional to the amount of procoagulant lipid in the assay. Reference curves were
constructed utilizing mixed phospholipid vesicles composed of 25 mol%
phosphatidylserine and 75 mol% phosphatidylcholine. The amount of phospholipid
in the effluent of the flow chamber was expressed as the phospholipid molar
concentration.

Results and Discussion
Platelet adhesion to immobilized fibrinogen. Fibrinogen-coated coverslips,

mounted in a parallel plate chamber, were exposed to citrated PRP (about 4x10*
platelets/ml) and the morphological changes of the platelets were followed by video
recording of the phase-contrast images. Fig. 1 shows the time course of adherence
and shape change as monitored by phase contrast. Initially, discoid platelets adhered
to the surface and developed one or two pseudopods (Fig.lA). It is important to note
that even at a rather low wall shear rate of about 20 s ' no platelet adhesion was
observed. Static conditions were required to obtain a platelet-covered surface. After
20 min of incubation most of the adherent platelets started to spread at the surface,
resulting in the appearance resembling a fried egg (data from scanning electron
microscopy analysis, not shown). Finally, a stage was reached in which all platelets
were fully spread (Fig.IB). The flow chamber was then perfused at 300 (il/min with
calcium-containing Hepes-buffer for 10 min to remove the non-adhered platelets.
This perfusion step with calcium-containing solution and an additional incubation
(40 min) under static conditions resulted in a further morphological change. The
adherent spread platelets transformed to a spherical appearance with small globular
structures of higher contrast attached to the surface, as indicated by the arrow in
Fig.lC.

Most of our observations are in agreement with current notions about the
interactions of platelets with immobilized fibrinogen. Thus, whereas unactivated
platelets do not bind to soluble RGD-containing adhesive proteins like fibrinogen
they adhere to fibrinogen-coated surfaces (18). There is some evidence that the
immobilization of fibrinogen results in a conformational change of the molecule
which, in turn, leads to the exposure of a dodecapeptide site that is more easily
accessible for GPIIb-IIIa on the surface of unstimulated platelets (19,20). The
binding of immobilized fibrinogen to GPIIb-IIIa in resting platelets then initiates a
number of additional events such as the exposure of secondary high-affinity binding
sites for fibrinogen and the activation of second messenger pathways (21). As a
result of all these signal transduction processes, platelets develop pseudopods and
spread over the surface.
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Figure 1. Changes in platelet morphology dunne adhesion

A fibrinogen-coated glass coverslip was exposed to citrated

1'RP (-4x10* platelets/ml). Platelet adhesion and morphological

changes were monitored by phase contrast light microscopy

A, 10 min incubation: B. 40 min incubation, and C. after

wash of the non-adherent platelets for 10 nun. at 300

uJ/min, with Hepes-buffer (3 mM CaCh) and 20 n u

incubation.



Annexin V binding to adherent platelets. To examine whether the adherent
platelets also exhibited procoagulant sites, we exposed the coverslip to fluorescein-
labelled annexin V. Fig.2 (left panel) shows that spread platelets attached to the
immobilized fibrinogen were unable to bind annexin V in presence of calcium-
buffer. The right panel of Fig.2 indicates that once the spread became spherical,
annexin V did bind to the platelet surface, indicating the translocation of
phosphatidylserine from the inner leaflet to the outer leaflet of the plasma membrane.
Earlier work has shown that the increase in cytosolic [Ca^*] is crucial for the
appearance of this procoagulant response (22).

Figure 2. Appearance of procoapilanl surfaces. After exposure of citrated PRP to immobilized fibrinogen. the platelet-

containing coverslip was nnsed with Hepes-buffer and then incubated with 0 6 (JM FTTC-annexin V in Hepei-buffer (3

mM CaCh) Ruorescence micrographs were taken from the coverslip at the indicated time points of incubation Platelet

morphology at these lime points was exactly as shown in Fig IB and FiglC. respectively.

Thrombin generation at the surface of adherent platelets. We next investigated the
assembly of the factor Xa-factor Va complex and thrombin generation at adherent
platelets that showed the typical spherical structures (blebs). Prior to that, the
coverslip with adherent platelets was extensively washed to remove detached
platelets and/or released microvesicles. Hereto, the parallel plate chamber was
perfused with calcium-containing Hepes-buffer at 300 |il/min. Samples were
collected at the outlet and assayed for the presence of procoagulant phospholipid. A
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typical result is depicted in Fig.3. It is shown that the amount of procoagulant
membranes (platelets and/or microvesicles) in the effluent of the flow chamber was
relatively high at the start of the perfusion, but gradually decreased with perfusion
time. After about 10 min, significant amounts of procoagulant phospholipids were no
longer detectable. We want to emphasize that the molar amount of procoagulant
phospholipid indicated by the vertical axis in Fig.3, is calculated from a reference
curve utilizing mixed phospholipid vesicles of a composition that has been shown to
be optimal for prothrombinase activity (23). Since the composition of the membrane
structures in the effluent is unknown, we can only conclude that after 10 min of
perfusion the effluent is sufficiently devoid of procoagulant activity to assure that the
only source of the procoagulant surface is the coverslip with adherent platelets.

3 4 5 6

Perfusion time, min

10

Figur* 3. Wash-out of unbound procoagulant surfaces. After a 40 mm incubation of adherent platelets on fibnnogen-

coated coverslip in presence of Hepes-buffer. the flow chamber was perfused at 100 |il/min with Hepes-buffer. Samples

were collected at the outlet and assayed for procoagulant phospholipids The phospholipid concentration was calculated

from a reference curve using phospholipid vesicles with maximal procoagulam activity (25mol% phosphatidylsenne and

75mol% phosphaudylcholinc).

The parallel plate chamber was then perfused at 30 (il/min with a solution
containing factor Xa (2 pM), prothrombin (50 and 200 nM) and factor Va (50 and
500 pM). Fig.4 depicts the rates of thrombin production as a function of the
perfusion time. Initially, the rate of thrombin production increased until an apparent
steady-state rate was reached. It is seen that the apparent steady-state rate increased
with the prothrombin concentration, but not when the factor Va concentration was
increased from 50 to 500 pM.
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Time. min

Figure 4. Rate of thrombin formation at the surface of adherent platelets. Row chambers containing adherent platelet*

on a fibnnogen-coated coverslip were perfused at 30 jil/min (shear rate of IS $"') with Hepes-buffer (3 raM CaClj)

containing 2 pM factor Xa, 50 pM factor Va and SO nM prothrombin ( • ) . 2 pM factor Xa, SO pM factor Va and 200 nM

prothrombin ( • ) or with 2 pM factor Xa. 500 pM factor Va and 200 nM prothrombinf A) .

In the presence of 2 pM factor Xa and 50-500 nM factor Va, the apparent steady
state rates of thrombin production were 0.35 pmol/min and 1.2 pmol/min for 100 and
200 nM prothrombin, respectively. Our previous work with artificial phospholipid
membranes (25 mol% phosphatidylserine and 75 mol% phosphatidylcholine), carried
out under identical conditions in a capillary flow reactor, has indicated that the
apparent steady-state rate of thrombin production increased with the prothrombin
concentration only when the transport of prothrombin towards the catalytic surface
was rate-limiting. Under the flow conditions used and with 50 and 200 nM
prothrombin in the perfusion solution, the transport limited rate of thrombin
production is expected to be 0.57 and 2.3 pmol/min, respectively (see Experimental
Procedures, Eq.2). Evidently, the experimental steady-state levels of thrombin
production in the experiments with platelets are not in accordance with the predicted
values. We could think of two explanations: a) prothrombin promotes the assembly
of the factor Xa-factor Va complex at the adherent platelet surfaces and b)
prothrombinase is present in patches of high local concentration. The first possibility
is unlikely, because an increase in the factor Va concentration did not increase the
apparent steady-state rate of thrombin production. This suggests either a saturation of
all the procoagulant sites by prothrombinase complexes or a transport-limited
situation. With respect to the second explanation (b), the calculation of the mass
transfer rate of prothrombin assumes that the procoagulant sites are homogeneously
distributed (100% coverage) over the flow chamber surface. The staining of the
coverslip with FITC-annexin V (Fig.2) already indicated a patch wise distribution of



the procoagulant sites. In that case, we expect that the transport-limited steady state
rate of thrombin production is a function of the surface coverage and thus below the
theoretical values of 0.57 and 2.3 pmol/min for 50 and 200 nM prothrombin,
respectively. This also implies that it will be difficult to prepare these procoagulant
surfaces with a high reproducibility with respect to the number of procoagulant sites.

Assembly of the prothrombinase complex in the absence of prothrombin. We
have demonstrated previously (9) that the assembly of prothrombinase on
phosphatidylserine-containing membranes is dependent upon the mol percentage of
phosphatidylserine. That is, below 10 mol% phosphatidylserine and jufcoprmw/
concentrations of factor Va (10 to 300 pM), the presence of prothrombin is required
to allow the assembly of significant amounts of prothrombinase. To investigate if
procoagulant platelets support the assembly of prothrombinase in the absence of
prothrombin, we perfused activated platelets adhered to immobilized fibrinogen with
factor Xa (1 pM) and factor Va (1 nM) during 10 min at a flow rate of 30 uJ/min.
Subsequently, the flow chamber was perfused at the same flow rate with prothrombin
(100 nM) in the presence of factor Va (1 nM).

20 40 60

Time, min

Figur* 5. Rile of thrombin formation «Her prt-perfusion with factors Xa and Va. Adherent platelets on immobilized

fibnnogen were first pre-perfused with factor Xa (1 pM) and factor Va (1 nM) at 30 jil/min (shear rate of IS $ ') for 10

mm Then, the flow chamber was perfused at the same flow rate with prothrombin (100 nM) and factor Va (1 nM) for

60 mm, followed by a 60 mm perfusion with Xa (.I pM), factor Va (1 nM) and prolhrombin (100 nM).

Fig.5 shows that the rate of thrombin formation increased until a steady state
rate of approximately 0.16 pmol/min was reached. Continuation with a perfusion
mixture containing factor Xa (1 pM). factor Va (1 nM) and prothrombin (100 nM)
did not significantly increase the final level of thrombin formation. This latter result
indicates that the exposed procoagulant sites were already saturated after the pre-
perfusion with 1 pM factor Xa and 1 nM factor Va. Moreover, we can conclude that
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Chapter 7

prothrombinase can be fully assembled at the surface of procoagulant adherent
platelets in the absence of prothrombin.

Stability of the prothrombinase complexes at the surface of adherent platelets. A
flow chamber containing a fibrinogen-coated coverslip with adherent platelets was
pre-perfused with 1 pM factor Xa and 1 nM factor Va for 10 min at 30 u,l/min. Then
it was perfused with 100 nM prothrombin in presence of 1 nM factor Va for 60 min.
After 20 min, the rate of thrombin formation reached a stable steady-state of about
0.45 pmoL/min (Fig.6). This steady-state level was twice as high as in the previous
experiment, which could be explained by the predicted variability in the number of
procoagulant sites. To further investigate the stability of the assembled
prothrombinase complex the chamber was then perfused with only factor Va (1 nM)
for 20 min, followed by a perfusion with 100 nM prothrombin and 1 nM factor Va. It
is seen that a slightly lower (=10%) steady-state rate of thrombin production was
obtained. This latter result indicates that the procoagulant surfaces exposed by
adherent platelets are highly efficient in the assembly of stable prothrombin-
converting complexes.

80

Time, iron

120

Figure 6. Stability of the prothrombinasc complexes. After a pre-perfusion with factor Xa (I pM) and factor Va (1 nM)

during 10 nun al 30 |il/min. the flow chamber containing a fibnnogen-coated coverthp with adherent platelet! wat

further perfused with prothrombin (100 nM) and factor Va (I nM) dunng 60 nun. Then, (he flow chamber w u perfused

for 20 mm with 1 nM factor Va, followed by a second perfusion with prothrombin (100 nM) and factor Va (1 nM).

Conclusions.
The interaction of platelets in platelet-rich plasma with fibrinogen-coated glass

surface led to adhesion of the platelets, morphological changes indicative of
activation and exposure of procoagulant surfaces. Since it was possible to assemble
factor Xa-factor Va complexes on the surfaces of these platelets in the absence of



prothrombin, this study demonstrates that the exposed procoagulant surfaces had
properties different from those of membranes with a low phosphatidylserine content
(<; 10 mol%), as studied in chapter 6. Our present findings suggest that activated
platelets on immobilized fibrinogen generate procoagulant sites containing a
percentage of phosphatidylserine exceeding 10 mol% and/or containing
phosphatidylethanolamine which enhances the binding affinity of the membrane for
the factors constituting the prothrombinase complex. In addition, the prothrombinase
complexes on the surface of activated platelets, appear to be of a remarkable stability
and capable to convert flowing prothrombin during a periode of at least two hours.
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Chapter 8

General Discussion

We investigated the activation of prothrombin by the complex of factor Xa and
factor Va assembled at a macroscopic phospholipid membrane coated on the interior
of a glass capillary. In our first experiments the membrane was composed of 75
mol% phosphatidylcholine and 25 mol% phosphatidylserine. Our aim was to
characterize the kinetics of prothrombin activation by membrane-bound prothrombinase
under well-defined flow conditions and controlled prothrombinase surface densities.
We demonstrated that, the observed steady-state rates of thrombin formation were
either a function of the prothrombin concentration in the perfusion solution or of the
prothrombinase density (chapter 3).

To investigate these two extreme situations, we used an important property of
the flow reactor, namely the possibility to accurately control and assess the
prothrombinase surface. When the shear rate was 20 s ' and the prothrombin
concentration in the perfusion solution was 500 nM, we observed that below 0.6
fmol prothrombinase/cm^ the rate of thrombin formation was proportional with the
surface density of prothrombinase. This observation is characteristic of a kinetically-
controlled situation where the rate of prothrombin conversion is lower than the mass
transport rate of prothrombin to the surface-bound prothrombinase. At higher
prothrombinase density thrombin production becomes transport-limited. This
diffusion-controlled situation was already observed for a prothrombinase density that
exceeded 1 fmol/cm^; an enzyme density that represents only 0.05% of the available
prothrombinase binding sites at the phospholipid bilayer in the capillary.

In order to assess kinetic parameters, phospholipid-coated capillaries were
prepared with prothrombinase densities sufficiently low to minimize transport-
limited prothrombin conversion. Even at the lowest prothrombinase densities used in
our experiments (around 0.02 fmol/cm*), depletion of prothrombin near the catalytic
surface was expected. Using a mathematical model (chapter 3) we corrected our
experimental data for the depletion of prothrombin near the catalytic surface. An
important parameter in this theoretical treatment is the mass transfer coefficient. The
validity of the model was confirmed by the excellent agreement between mass
transfer coefficients determined from our experimental data and the predicted values
(table II. chapter 3).

The capillary flow system is characterized by a non-uniformly accessible
catalytic surface. Due to the conversion of prothrombin molecules by prothrombinase
complexes bound to phospholipid bilayer, the concentration of the substrate depletes
in the downstream direction. Since, in our model, the transport rate of the reactants to
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the macroscopic surface is dependent on the protein concentration (chapter 2;
equation 2), the mass transfer rate of prothrombin to the macroscopic surface,
between the capillary inlet and the end, is not a constant but decreases in the down
stream direction. However, this depletion of prothrombin was shown to be a function
of the prothrombinase activity and could therefore easily corrected for the
determination of the true kinetic parameters (chapter 3, equation 2 and 8). The k^
value of about 60 s ' obtained is close to the reported kc», for prothrombin activation
in a phospholipid vesicles system (60-65 s"', ref. 1). However, the intrinsic K„
(corrected for depletion of prothrombin near the catalytic surface) of 3 nM is much
lower than the calculated intrinsic Km values in vesicle suspensions (170 nM, ref.2).
Using an uniformly accessible macroscopic phospholipid Willems et al. (3) found a
Kn, value of 6 nM. This makes us to believe that, in spite of some uncertainties with
respect to the theoretical treatment, the tubular flow reactor is a valuable tool for
deriving kinetic parameters from immobilized enzymes like the prothrombinase
complex.

For the apparent discrepancy between the Km values reported for vesicles and
macroscopic membranes the following explanation can be given. At a macroscopic
surface with 0.02 fmol prothrombinase per cm* it can be calculated that one
prothrombinase complex is surrounded by a relatively large enzyme-free area. OnJy
0.001% of the maximum binding capacity of the phospholipid bilayer was occupied
by prothrombinase. This free surface is able to collect prothrombin molecules.
Because the rate of transport by lateral diffusion is much faster than the rate of
transport in the unstirred diffusion layer near the surface, saturation of
prothrombinase with substrate is more readily achieved. Thus, less prothrombin
molecules are needed for half saturation of the enzymatic complex, resulting in a
lower Km. In contrast, the half saturation of the prothrombinase complexes assembled
on a phospholipid vesicle is limited by the diffusion rate of the prothrombin from the
solution to those catalytic surfaces (2).

The intrinsic kinetic parameter as determined in the tubular flow reactor were
not dependent on the shear rate. Thus, although the macroscopic surface influences
the catalytic efficiency of bound prothrombinase complexes, dynamic effects
resulting from an increase of shear rate do not affect its intrinsic enzymatic activity.

//i vivo, blood coagulation also occurs on macroscopic procoagulant surface.
Such membrane surfaces are provided by activated platelets, or by a damaged
membrane derived either from damaged-cells of the endothelium or sub-
endothelium. Therefore, the low value of the intrinsic K„ observed for a macroscopic
lipid bilayer (1000-fold lower than the plasma concentration of prothrombin), might
have implications for prothrombin activation under physiological conditions. At
earlier stages of the coagulation process, in presence of the first traces of factor Va,
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the surface density of prothrombinase is probably very low. This may result in an
initial thrombin generation kinetically controlled by the amount of prothrombinase
present on the catalytic surface. Later, the bound prothrombinase concentration
increases while the prothrombin concentration near the surface depletes. Such a
condition may imply thrombin formation limited by the transport rate of the plasma
prothrombin towards the catalytic surface, i.e. dependent on the shear rate. This can
be interpreted as an autoregulation of the thrombin generation. Since the intrinsic
characteristics of the prothrombinase (k^t and Km) on macroscopic surface appeared
to be independent of the shear rate, these two situations could be true in all types of
vessels that form the circulatory apparatus (microcapillaries, veins, arteries).

The low value of the intrinsic K„ observed for a macroscopic lipid bilayer
might have an additional implication for prothrombin activation under physiological
conditions. That is, it is expected that inhibition of prothrombinase by the plasma
protein anti thrombin is influenced by the presence of prothrombin. We therefore
investigated the anti-prothrombinase activity of antithrombin and antithrombin-
heparin under the conditions as described in chapter 3. We found that under kinetic-
controlled prothrombin activation, the inhibition of prothrombinase by antithrombin
(plasma concentration of about 2 u,M) was almost negligible. This was true even at a
prothrombin concentration that was only one-tenth of the plasma concentration. A
comparison between prothrombinase inhibition rate constants in the presence and
absence of prothrombin revealed that prothrombin very efficiently protects
prothrombinase from inhibition by antithrombin.

On a macroscopic surface, due to the high catalytic efficiency (low K„) of
prothrombin conversion, such protection of factor Xa is not surprising, in a kinetic-
controlled situation, with prothrombin concentration greatly exceeding the intrinsic
K„, value, virtually all active sites of prothrombinase (factor Xa) are continuously
occupied with prothrombin. Indeed, we could demonstrate that prothrombin simply
competes with antithrombin for the active site of factor Xa (chapter 5).

As expected, inhibition of prothrombinase was more effective when
antithrombin was associated with heparin. We showed that the molar anti-
prothrombinase activity of antithrombin-heparin decreased with decreasing heparin
chain length, in the order: unfractionated heparin (UFH)> low molecular weight
heparin (LMWH)> pentasaccharide. The UFH as well as the synthetic
pentasacchande that we used, contains the antithrombin binding sequence. This
specific sequence of five monosaccharides is necessary for the interaction with
antithrombin. However, we noticed, in presence and in absence of prothrombin, a
significant difference between their anti-prothrombinase activities. UFH was about
30-fold more efficient on a molar basis than the synthetic pentasaccharide. This
suggests a specific interaction between UFH and surface-bound prothrombinase, in
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addition to the antithrombin conformational change that can be induced either by the
pentasacchande or by the UFH. In presence of heparins, the inhibition of
prothrombinase by antithrombin was fully competitive with prothrombin (chapter 4
and 5).

During diffusion controlled prothrombin activation immobilized
prothrombinase is not saturated with prothrombin. In such a situation, antithrombin-
hepann complexes can easily inhibit non-occupied prothrombinase. However, all
molecules of prothrombin that are transported to the catalytic surface are
immediately converted to thrombin. Thus, in spite of a decreased prothrombinase
density at the macroscopic surface, the rate of thrombin production at the outlet of
the flow reactor did not change (chapter 4). This situation remains until the
prothrombinase concentration on the surface has decreased to a value low enough to
abolish significant depletion of prothrombin. When such a situation is reached, the
rate of inactivation of prothrombinase will decrease drastically, because antithrombin
has to compete again with prothrombin for the active site of factor Xa.

As already mentioned above, »n v/vo we can also expect the passage from
control regime to another one, but in reversed order: at earlier stages of coagulation
prothrombin activation is kinetic-controlled; at later stages, transport of prothrombin
may become rate-limiting. Therefore, extrapolating our results to physiological
conditions, we can assume that prothrombinase is completely protected from
inhibition during prothrombin activation in the initial phase of coagulation.
Moreover, even in a transport limited situation where part of prothrombinase is not
protected by prothrombin and thus easily inactivated, the addition of heparin-
antithrombin complexes would have only minor effects on thrombin production
because only the non-functioning prothrombinases are scavenged. Nevertheless.
heparins are common drugs for treatment and prevention of thrombotic and
thromboembolic diseases. In vue of our results, we hypothesize that non-membrane-
associated factor Xa and thrombin may be the in vivo targets for the inhibitory
activity of heparin-stimulated antithrombin. Such inhibition could, for example, act
as a control mechanism of feedback reactions, especially those induced by thrombin.
i.e promotion of exposure of procoagulant sites (activation of platelets) and
activation of factors V and VIII. Thus, antithrombin and antithrombin-heparin may
be involved in the regulation of the assembly of prothrombinase complex rather than
in the inactivation of prothrombinase.

Another potential interesting regulator of prothrombinase assembly is its
substrate, prothrombin. Prothrombin may be involved in the assembly of the
prothrombinase complex, because it interacts with factor Va and factor Xa and the
membrane, so that additional binding energies arise from these interactions could
have a significant contribution to the stability of the prothrombinase complex.
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especially at surfaces with relative low affinity for each of the prothrombinase
components.

We noticed, that when factor Xa was perfused in the absence of factor Va, no
phospholipid-bound factor Xa could be detected. This means that, although factor Xa
is transferred to the macroscopic surface and able to laterally diffuse on the
membrane, it needs interaction with factor Va to be firmly bound to the phospholipid
membrane. Factor Va plays the role that it may also play in vivo, on natural cell
surfaces. That is, the cofactor provides an anchor for the membrane-bound serine
protease factor Xa. However, in case of a membrane with a low phosphatidylserine
content (PS<10 mol%), similar perfusions resulted in low and unstable levels of
membrane-associated prothrombinase (chapter 6). Thus, a decrease of the
phosphatidylserine amount in the bilayer, appeared to be accompanied by a decrease
in affinity of factor Xa and factor Va for the phospholipid membrane.

In chapter 6 we show that, at low phosphatidylserine, a mixture of fixed factor
Xa and factor Va concentrations and varying prothrombin concentration gives
steady-state rates of thrombin production that were proportional with the
prothrombin concentration in the perfusion solution. Direct measurements of
membrane-bound prothrombinase demonstrated that these increased catalytic
activities were the result of an increased amount of membrane-bound
prothrombinase.

Increase of the amount of bound-prothrombinase was also observed with either
an increase of the phosphatidylserine content of the membrane (2 to 10%) or an
increase of the factor Va concentration in the perfusion solution. Our results suggest
a linear relationship between the amount of prothrombinase bound to the membrane,
the factor Va concentration in the fluid phase (bulk) and the prothrombin
concentration near the catalytic surface (wall), in presence of a constant amount of
factor Xa:

[prothrombinase]= K [Va]<buik, [prothrombin](„»n)

The proportionality constant K reflects both the affinity of the proteins for the
membrane as well as the protein-protein affinities. We showed that K is a function of
the phosphatidylserine composition of the membrane and increased with increasing
phosphatidylserine content.

Under such particular situation (membranes with a low PS content), the
substrate prothrombin appeared to be essential for the stability of the prothrombinase
complex on the membrane. This suggests that prothrombinase not occupied by
prothrombin will immediately dissociate. Thus under conditions where supply of
substrate becomes limited because of high prothrombinase density, prothrombinase
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will dissociate until an equilibrium is established between membrane-associated
prothrombinase and the reactants present on the catalytic surface. A situation which
can be illustrated as follows:

Xa Va PT

I
XaVaPTXaVa + PT

I lltl'If HIIHIf Mill Mil IIIHIIIHI111111111111 Ml

photpholipid membrane
iiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

* PT: proihrombin and I la thrombin

The platelet membrane contains a relatively large amount of
phosphatidylethanolamine (4). Although this neutral phospholipid by itself does not
stimulate prothrombin activation, it has been suggested that it might modulate the
procoagulant activity of phosphatidylserine (5). Therefore, we also investigated
prothrombinase assembly on membranes containing phosphatidylethanolamine (PE).
Membranes that contained only phosphatidylethanolamine and phosphatidylcholine
did not promote the assembly of prothrombinase. Interestingly, membranes
composed of 5 mol%PS, 20 mol%PE and 75 mol%PC were indistinguishable from
membranes containing 25 mol% PS and 75 mol% PC with respect to assembly of
prothrombinase and prothrombin activation, indicating that incorporation of PE into
a membrane with low phosphatidylserine content increases the affinity of factor Xa
and factor Va for the surface. Thus, although, phosphatidylethanolamine does not
directly participate in the binding of the prothrombinase complex it apparently
promotes the assembly of the complex on membranes with a low PS content.

To verify the physiological relevance of our finding we investigated the
prothrombinase activity on native platelets. Chapter 7 describes experimental results
on prothrombin activation by prothrombinase complexes on immobilized platelets.
We demonstrated that activated platelets, after their adhesion to immobilized
fibrinogen, exposed procoagulant surfaces with higher affinity for prothrombinase
that synthetic membranes with low phosphatidylserine content. It is tempting to
speculate that phosphatidylethanolamine contributes to the procoagulant properties
of activated platelets. Since during haemostasis, catalytic macroscopic surfaces are
provided by activated platelets, it is likely that, in vivo, platelets represent an
efficient support for the assembly of prothrombinase.
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Resumé

Le sang joue un röle essentiel dans Ie maintien de 1'équilibre physiologique.
Continuellement en mouvement au sein de son système vasculaire, il irrigue les
tissus de 1'organisme en leur apportant tous les elements indispensables a leur
metabolisme et en assurant 1'évacuation de leurs déchets vers les organes qui les
éliminent. Il est done important que le sang demeure confine dans son appareil
circulatoire. C'est ainsi qu'a tout accident vasculaire, 1'organisme répond
immédiatement par un mécanisme de defense qui lutte contre 1'écoulement du sang
hors d'un vaisseaux sanguin. L'hémostase est 1'ensemble des phénomènes
physiologiques qui participent a la prevention et è 1'arrêt des hémorragies.

Processus rapide et efficace, l'hémostase doit être localisée et non extensive. Sa
localisation est assurée par 1'afflux immédiat des plaquettes circulantes, suivi de leur
adhesion, sur le site d'une brèche vasculaire. Ce mécanisme appelé /i^mrwrase
primairÉ' conduit a 1'agrégation de plaquettes, focalisant ainsi les reactions
enzymatiques de la coagM/ar/on sur les membranes de ces mêmes plaquettes activées.
Mécanisme amplifié par de nombreuses reactions enzymatiques séquentielles, la
coagulation aboutit è la formation de la thrombine, qui transforme le fibrinogène
piasmatique soluble en fibrine insoluble. Cette fibrine en polyménsant constitue
l'armature finale du caillot hémostatique. Enfin, devant être non extensive et
exclusivement localisée au site de la paroi vasculaire lésée, l'hémostase est
efficacement limitée par les inhibiteurs plasmatiques de proteases.

Nos recherches presentees dans ce mémoire ont eu pour objet 1'étude de la
pr0r/!r0mfcj>ia.ïe, complexe enzymatique responsable de la conversion de la
prothrombine en thrombine. La prothrombinase est constituée par 1'association du
facteur Xa, 1'enzyme, et du cofacteur-facteur Va sur une surface phospholipidique en
presence de 1'ion calcium.

Le sang étant continuellement en mouvement, le mécanisme de la coagulation,
et par conséquent celui des reactions enzymatiques, est influence par des
phénomènes dynamiques induits par le flux sanguin. Pour cette raison nous avons
développé un système experimental afin de permettre une investigation des capacités
enzymatiques de la prothrombinase dans des conditions de flux controle. Brièvement
exposé, notre système appelé 'tubular flow reactor" est constitue d'une micro-pipettc
en verre dont la paroi interne a été recouverte d'une double couche
phospholipidique. Sur cette surface procoagulante. composée de phosphatidyl-
sérines et de phosphatidyl-cholines, est assemble le complexe prothrombinase. Son
activité enzymatique est mesure par la thrombine générée, a 1'aide d'un substrat
chromogénique spécifique. Le flux au travers du réacteur est assure par la perfusion
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des elements protéiques a 1'aide d'une seringue reliée a une pompe qui permet un
controle précis du debit.

Notre première investigation fut d'établir précisément les limites de notre
système. Nous avons ainsi démontré qu'a 1'intérieur du réacteur, dans des conditions
déterminées, c'est a dire pour un flux de 30 (il/min et a 37°C, la production de
thrombine pouvait aisément être limitée par la vitesse du transport de la
prothrombine présente dans la phase fluide vers la surface catalytique. Cette situation
est caracténsée par Ie fait que la quantité de molecules de prothrombinase adsorbée
sur la membrane phospholipidique est capable de convertir plus de prothrombine
qu'elle n'en rec.oit, et ceci, dans les conditions de notre investigation, bien qu'un seul
site sur vingt soit occupé par un complexe prothrombinase. Done, de fac,on a pouvoir
analyser Ie reel potentiel enzymatique de la prothrombinase, Ie réacteur fut préparé
avec un nombre de molecules de prothrombinase suffisamment bas pour exclure
toute situation limitée par la concentration de prothrombine perfusée. Dans de telles
conditions, nous avons pu determine Ie K„, et la constante catalytique, kc»t (turnover),
de la prothrombinase en faisant varier la concentration en substrat. Nous avons ainsi
determine une constante K„, de 3 nM et un k<:„ de 60 s ' . Des experiences réalisées è
différents flux ont démontré que Ie "turnover" de la prothrombinase était insensible
aux variations de debit dans Ie réacteur.

Dans un système clos utilisant des vésicules phospholipidiques en suspension
comme supports procoagulants, Ie Km de la prothrombinase est approximativement
de 0.2 (J.M. II apparait done que notre système experimental d'étude de la
prothrombinase. permet a 1'enzyme d'atteindre une meilleure perfection cinétique.

L'efficacité de la prothrombinase dans Ie réacteur étant connue, nous avons
ensuite étudié dans des conditions identiques de flux et de composition de la
membrane phospholipidique, 1'action inhibitrice de 1'antithrombine (inhibiteur
plasmatique de la thrombine et du facteur Xa). associée ou non a de 1'héparine, sur
son comportement enzymatique. Maitrisant parfaitement les limites de notre système,
nous avons pu analyser la cinétique de cette inhibition dans des conditions
expérimentales oü la production de thrombine était proportionnelle a la densité de
prothrombinase adsorbée sur la membrane phospholipidique. Nous avons démontré
qu'en / 'akwice <te pror/iro/nfeine, 1" anti thrombine se révélait être un inhibiteur
efficace du factor Xa. associé au factor Va sur la membrane phospholipidique. Nous
avons également pu montrer. que dans des conditions identiques, i'addiüon
d'héparine accélérait. comme prévu, et dune fac,on significative, la vitesse
d'inhibition de la prothrombinase. L'utilisation d'héparines de différents poids
moléculaires pour catalyser 1'action inhibitrice de 1'antithrombine, fut également
étudiée. Il ressort de ces experiences que dans notre modèle d" investigation, une
étroite correlation existe entre la longueur de la chaine saccharidique des héparines et
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la constante d'inhibition. Ainsi, 1'efficacité "anti-prothrombinase" du complexe
antithrombine-héparine augmente avec Ie poids moleculaire de 1'héparine.

Etudiée également en presence Je prorArom&me, la prothrombinase s'est
révélée être beaucoup moins accessible a Faction inhibitrice de rantithrombine. A
des concentrations d'antithrombine supérieures a sa concentration plasmaüque, ou
bien stimulée par 1'addition d'héparine, 1'antithrombine, durant la conversion de la
prothrombine - c'est a dire lorsque Ie substrat occupe Ie site enzymatique de
1'enzyme - n'était plus qu'un faible inhibiteur de la prothrombinase. Une étude plus
détaillée nous a permis de démontrer que la prothrombine protégeait Ie facteur Xa,
par sa presence sur Ie site même d"intervention de 1'antithrombine. Ce résultat,
traduit dans Ie langage cinétique comme étant une competition entre 1'antithrombine
et la prothrombine, est indiscutablement lié au faible K„, de 3 nM décrit
précédemment.

La presence de la prothrombine s'est aussi révélée essentielle pour I'association
et la stabilité de la prothrombinase. Phénomène vérifié sur une membrane
phospholipidique constituée de la phosphatidyl-choline, et d'une faible proportion
(inférieure a 10 mol%) de phosphatidyl-sérine. La phosphatidyl-sérine étant Ie
principal element phospholipidique determinant la capacité procoagulante de la
membrane, une baisse de sa concentration entraine directement une baisse de
1'affinité du facteur Xa et du facteur Va pour la membrane. Cependant, nous avons
démontré que la prothrombine, pendant Ie processus de sa conversion, pouvait
activement participer au renversement de cette tendance en stabilisant Ie complexe
prothrombinase. Ce phénomène apparemment caractéristique d'une membrane avec
un faible contenu en phosphatidyl-sérine est apparu aboli par 1'incorporation de
phosphatidyl-éthanolamine dans la membrane. Bien que la phosphatidyl-
éthanolamine soit un lipide neutre incapable de promouvoir 1'activité de la
prothrombinase, il semble qu'elle participe néanmoins activement a promouvoir
1'assemblage de ce complexe enzymatique. Cet effet étant mesurable uniquement sur
une membrane avec un faible contenu en phosphatidyl-sérine, il est probable que la
phosphatidyl-éthanolamine joue un róle de catalyseur dans 1'affinité des elements
protéiques de la prothrombinase avec la phosphatidyl-sérine.

Enfin pour étendre notre étude a des conditions se rapprochant du modèle
physiologique, nous avons étudié 1'activité du complexe prothrombinase a la surface
des plaquettes sanguines. Brièvement. ce nouveau système est compose d'une fine
lame de verre recouverte par un film de fibnnogène. Cette lame est ensuite déposée a
1'intérieur dune chambre a flux ("flow chamber"). Après incubation, les plaquettes
se fixent sur Ie fibrinogène immobilise et, a la suite d'une succession de changementó
morphologiques, exposent un ensemble non-uniforme de surfaces procoagulantes.
Nous avons observe que seules les plaquettes adhérées présentant une forme
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circulaire, exposaient des sites procoagulants et que 1'apparition de ces formes
caractéristiques était dependant du calcium. Pour mesurer 1'activité de la
prothrombinase a la surface de ces plaquettes activées, nous avons perfuse la
chambre a flux avec du facteur Xa, du facteur Va et de la prothrombine. en presence
de l'ion calcium. Ce système a révélé que les plaquettes adhérées sur Ie fibrinogène
exposaient des surfaces procoagulantes de grande affinité avec la prothrombinase.
Sachant qu'une plaquette activée, en plus de la phosphatidyl-sérine, expose entre
autres de la phosphatidyl-éthanolamine, il est tentant de comparer ce résultat avec
celui trouvé dans Ie système precedent. Il est en effet probable que comme dans Ie
cas d'une "membrane synthétique", la phosphatidyl-éthanolamine contribue
activement aux propriétés procoagulantes de la plaquette activée. ». - > ;

En conclusion, cette étude a permis une mesure quantitative de 1'activité de la
prothrombinase, sur une surface macroscopique, soumise a la dynamique d'un flux.
Elle a également démontré, que dans certaines conditions Ie substrat prothrombine
pouvait jouer un röle protecteur ou stabilisateur du complexe prothrombinase. Enfin,
elle a confirmé que les plaquettes activées pouvaient exposer de performantes
surfaces procoagulantes, supports physiologiques pour la formation de thrombine.

• • ' " *
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Samenvatting

Bloed voorziet, onafgebroken in beweging binnen zijn vaatstelsel, alle weefsels
van het organisme van de onmisbare elementen voor hun stofwisseling en voert de
afbraakprodukten af naar de organen die het vervolgens verwijderen. Het is dus
belangrijk dat het bloed binnen het vaatstelsel blijft. Daarom wordt iedere aanval op
de integriteit van de bloedvaten onmiddellijk door het organisme beantwoord met
een verdedigingssysteen dat bloedverlies probeert tegen te gaan. Het geheel van de
fysiologische verschijnselen dat deelneemt in het voorkomen en stoppen van
bloedingen wordt haemostase genoemd.

Omdat bloedstelping een snel en efficient proces is, moet de haemostase
gelocaliseerd blijven tot die plaatsen waar dit nodig is en zich niet uitbreiden naar
plaatsen waar bloedstelping een verstopping van het vaatstelsel veroorzaakt.
Localisatie van het proces van haemostase wordt in eerste instantie bewerkstelligd
door de in de bloedcirculatie aanwezige cellen en wel de trombocyten
(bloedplaatjes). Trombocyten hechten zich aan de wand van het beschadigde
bloedvat. Dit mechanisme, primaire haemostase geheten, leidt tot een lokale
samenklontering van trombocyten en doet de bloeding stoppen. Vervolgens treedt
een tweede verdedigingssysteem in werking: de bloedstolling. Aan het oppervlak van
de verkleefde bloedplaatjes wordt door een serie opeenvolgende enzymatische
reacties trombine gevormd. Trombine zet het oplosbare plasma eiwit fibrinogeen om
in het onoplosbare fïbrine. Een netwerk van fibrinedraden zorgt voor een stevige
verankering van de bloedplaatjesprop aan de beschadigde vaatwand. Onder normale
omstandigheden beperkt de fibrinevorming zich tot de plaats van de beschadiging,
omdat in het plasma verschillende remstoffen van de fibrinevorming aanwezig zijn.

Onze onderzoekingen, gepresenteerd in dit proefschrift, hadden het
prothrombinase, een enzymatisch complex dat verantwoordelijk is voor de omzetting
van protrombine in trombine, als onderwerp. Het protrombinase wordt gevormd door
de complexvorming van serineprotease geactiveerd factor X (factor Xa) en de
cofactor-factor Va op een fosfolipide-oppervlak. Om de situatie in stromend bloed zo
goed mogelijk na te bootsen hebben we een experimenteel systeem ontwikkeld
waarmee we de vorming en het funktioneren van het protrombinase onder goed
gedefinieerde stromingscondities konden bestuderen. Kort uiteengezet beslaat ons
systeem uit een glas-capillair waarvan de binnenwand is bedekt door een dubbele
fosfolipidenbilaag. Door dit capillair met de fosfolipide-membraan kunnen we
oplossingen van verschillende samenstellingen laten stromen om de vorming en
enzymatische aktiviteit van het prothrombinase complex te bestuderen. »j ,>•

Ons eerste onderzoek betrof het nauwkeurig vaststellen van de grenzen van ons
systeem. We hebben aangetoond dat aan de fosfolipide-laag (in het glascapillair) de
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productie van trombine zeer snel beperkt wordt door de snelheid waarmee het
substraat van het prothrombinase complex, protrombine, van de vloeistof fase naar
het catalytisch oppervlak kan worden getransporteerd. Deze situatie wordt
gekenmerkt door het feit dat de hoeveelheid fosfolipid-gebonden protrombinase
sneller protrombine omzet dan er aangevoerd kan worden. Om de werkelijke
enzymatische capaciteit van het protrombinase te kunnen analyseren, werd de
fosfolipide laag in het glascapillair bezet met zeer weinig protrombinase (0.1
fmol/cm*) zodat de snelheid waarmee protrombine wordt omgezet evenredig is met
de hoeveelheid protrombinase en niet beperkt wordt door het transport van
protrombine naar het catalytisch oppervlak.

Onder deze omstandigheden hebben we voor prothrombinase bepaald hoeveel
protrombine nodig is om een half-maximale snelheid van trombinevorming te krijgen
(K„) en wat de de catalytische constante (kc«) is. We vonden een 100-keer lagere K„,
(3 nM) dan werd gerapporteerd voor microscopische fosfolipide-oppervlakken
(vesicles). De k ,̂, (60 s ') was in beide systemen vergelijkbaar. We vonden dat de
stromingscondities geen effect hadden op de catalytische efficiëntie van het
protrombinase aan macroscopische oppervlakken, zoals in het glascapillair.

De bijzonder efficiënte omzetting van protrombine door het protrombinase aan
macroscopische fosfolipide-oppervlakken, bracht ons er toe om het effect van
protrombine op de remmende werking van antitrombine op het protrombinase
complex te bestuderen. Omdat we eerder de beperkingen van ons stromingsmodel in
een glascapillair hadden bestudeerd, konden we deze remming bestuderen onder
omstandigheden waarin de productie van trombine evenredig was met de
protrombinase dichtheid op het fosfolipiden-oppervlak. We hebben aangetoond dat,
in afwezigheid van protrombine, antitrombine zich ontpopte als een effectieve
remmer van het factor Xa in complex met factor Va op het fosfolipide-membraan.
We hebben ook kunnen aantonen dat, onder identieke omstandigheden, de
toevoeging van heparine de snelheid van inactivering van protrombinase, door
antitrombine. zeer sterk verhoogt. Hierbij kwam tevens naar voren dat er een nauwe
correlatie bestaat tussen de lengte van de heparine keten en de catalytische werking
van heparine op de inactivering van het protrombinase door antitrombine; de
antiprotrombinase-activiteit van het antitrombine-heparine complex neemt toe met
het molecuulgewicht van heparine. Evenzo interessant was de vinding dat
protrombine het protrombinase beschermt tegen de inactivering door antitrombine-
heparine. Bij de plasmaconcentratie van prothrombine werd protrombinase niet
geïnactiveerd door een plasma concentratie aan antitrombine.

Een meer gedetailleerde studie toonde aan dat de bescherming door protrombine
berust op een competitie tussen protrombine en antitrombine voor het actieve
centrum van protrombinase. Omdat zeer geringe hoeveelheden protrombine (ca.3nM)
reeds een half-maximale bezetting van het protrombinase bewerkstelligen, is het

1Y4



CTuytfw *

voor antitrombine zeer moeilijk om ook aan het actieve centrum van protrombinase
te binden.

De aanwezigheid van protrombine is ook essentieel gebleken voor de vorming
van het protrombinase complex op een fosfolipide-membraan met een laag
fosfatidylserinegehalte (< 10 mol %). De affiniteit van zowel factor Va als factor Xa
voor een fosfolipide-membraan neemt sterk af met het fosfatidylserine gehalte. Bij
een beperkende hoeveelheid factor Xa en factor Va vonden we dat de aanwezigheid
van protrombine in sterke mate bijdroeg tot de vorming van het protrombinase. Als
verklaring hiervoor nemen we aan dat door de affiniteit die protrombine heeft voor
factor Va, factor Xa en fosfolipiden, protrombine kan optreden als een extra
verankering van het factor Xa-factor Va complex aan een fosfolipide-membraan met
lage affiniteit voor factor Xa. Deze rol van protrombine heeft tevens tot gevolg dat
de hoeveelheid protrombinase mede bepaald wordt door de hoeveelheid protrombine
in de nabijheid van protrombinase. Omdat protrombinase het protrombine omzet in
trombine, zal een toename in protrombinase een afname in de hoeveelheid
protrombine betekenen en dus resulteren in een afname van de hoeveelheid
protrombinase.

We vroegen ons af of dit zelfregulerend vermogen van protrombinase ook op
fosfolipidelagen, met een fysiologisch relevante samenstelling, aanwezig zou kunnen
zijn. Toevoegen van het in natuurlijke membranen voorkomende fosfatidylethanolamine
aan membranen met een gering gehalte aan fosfatidylserine, zorgden voor
fosfolipide-membranen met een hoge affiniteit voor protrombinase. Het gevolg is dat
protrombine van weinig belang meer is voor protrombinase complexvorming aan
dergelijke fosfatidylethanolamine bevattende membranen. We hebben deze
bevinding getoetst in een experimentele opzet met geactiveerde bloedplaatjes die we
hebben laten hechten aan een met fibrinogeen bekleed glasplaatje waarover een
oplossing van factor Va, factor Xa en/of protrombine stroomt. Met deze opzet
hebben we aangetoond dat het oppervlak van de gehechte bloedplaatjes op het
geimmobiliseerde fibrogeen een grote affiniteit heeft voor het protrombinase. Met
geringe hoeveelheden factor Va en factor Xa kan er voldoende protrombinase
gevormd worden voor een significante trombinevorming aan dergelijke fysiologisch
relevante macroscopische oppervlakken.
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