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Preface 
There is no doubt about it; blood coagulation has come of age as a biochemical 

subject. If you were not aware of this, we hope that this book will convince you. 
If you knew it already, even though working in a different field, you may feel that 
biochemical information was too fragmentary and welcome this book for that rea- 
son. It is quite remarkable that, despite the flourishing development in the last 
10-15 years, the biochemistry of blood coagulation has still remained a rather ex- 
otic field. Nevertheless, it has proven to be a very rewarding field for the biochem- 
ist ro study. Fundamental problems in lipid-protein interaction, in heterogeneous 
biocatalysis, or in oxidative carboxylation, were recognized and solved in coagu- 
lation biochemistry, while many biochemists did not encounter these problems or 
did not experience situations that made it possible to tackle them. We feel that the 
solutions found are of interest to every biochemist, particularly to those interested 
in membranes and in enzymes. Perhaps also the fact that coagulation is a very im- 
portant chapter of medicine is partly responsible for the reluctance of many 
biochemists to study it. Indeed two out of three middle aged man in the western 
world will die from thrombotic disorders, or to put it in simple terms from an ex- 
cess of thrombin production. This may make the subject so loaded with medical 
connotations that many biochemists shy off. They should not, if only for scientific 
reasons. 

We have enjoyed editing this book. As most of the workers in the field still know 
each other it was not too difficult to assemble a list of the best possible authors. 
We were happy to see that most of them accepted to contribute to this mono- 
graph. We were less happy to see that in a single instance we did not receive a 
manuscript, not even for a considerable time after the deadline. Fortunately, oth- 
ers were quite willing to take their place and on the whole we feel that we have 
brought together an international set of specialists that cover the subject in a com- 
prehensive and authoritative way. We thought that the editors task should not go 
as far as to impose much uniformity in style of presentation. We encouraged the 
authors to present not only the latest news in the field, but also to express - where 
appropriate - their personal views. We ourselves were quite amused to find well 
balanced overviews (the majority), besides articles that are clearly written with the 
intention to stand out the authors’ own work; to find strictly scientific reports of 
what can be considered as established knowledge (again the majority), besides more 
venturesome articles. Despite - or may be because of - these different ap- 
proaches we feel that the reader who has finished this book will have obtained a 
pretty good insight in the biochemistry of blood coagulation as we know it at this 
moment. 

Maastricht 
November 1986 

V 

R.F.A. Zwaal 
H.C. Hemker 
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CHAPTER 1 

Blood coagulation as a part of the 
haemostatic system 

MARIA C.E. VAN DAM-MIERAS and ANNEMARIE D.  MULLER 

Department of Biochemistry, Limburg State University, Beeldsnijdersdreef 101, 
6200 MD Maastricht (The Netherlands) 

1 .  Introduction 

Haemostasis is the collective noun for the interrelated processes that cause the 
cessation of the flow of blood through a damaged vessel wall. The main compo- 
nents of the haemostatic system are: the blood platelets, the humoral coagulation 
enzymes, the layer of endothelial cells that lines the blood vessels, the subendo- 
thelial structures and the smooth muscle cells that support the vessels. 

In order to understand the basic mechanisms of haemostasis and the relation- 
ships between the different processes involved (see Section 3) it may be useful to 
start with a short description of the evolution of the haemostatic process. 

2. The evolution of the haemostatic system 

When in a simple, unicellular organism the plasma membrane is ruptured the 
flow of cytoplasma is stopped by a ‘surface precipitation’ reaction. In this surface 
reaction calcium ions and sulphydryl groups of the membrane are involved [l]. 

In invertebrates the development of the means for wound closure can be fol- 
lowed [2,3]. In very primitive animals like coelenterates there is no regular cir- 
culation of a body fluid and no clotting process is found. When body cavities de- 
veloped they became populated by amoebocytes; these cells can aggregate at a site 
of injury. The further evolution of a vascular system was associated with the de- 
velopment of vascular contraction and with the ability of intravascular amoebo- 
cytes to extrude long pseudopodia which entrap other cells at the point of vascular 
injury. Later, amoebocytes evolved which could release a clottable protein to form 
a coagulum similar to the fibrin meshwork in mammals. This polymerization proc- 
ess is catalysed by a transglutaminase (like factor XIII) [4]. The coagulation proc- 
ess in these invertebrates appears to be a relatively simple process without the cas- 
cade system of coagulation enzymes found in mammals. In summary the 
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invertebrate haemostasis consists of an amoebocytic cellular process, a vascocon- 
strictive process and an extracellular coagulation process. The same three proc- 
esses can be recognized in vertebrate haemostasis. The fact that human blood 
platelets contain and secrete fibrinogen, factor V, von Willebrand factor and fac- 
tor XI11 might reflect the evolutionary process [5,6]. 

Invertebrates are relatively simple organisms in which close connections exist 
between the defense reactions of the organism, the haemostatic process and the 
tissue repair mechanisms; the amoebocyte is involved in all these processes. When, 
for instance, the horseshoe crab (Lirnulus polyphemus) is wounded, the wound is 
closed by an ‘aggregation-like’ interaction between the amoebocytes that circulate 
in the coelomic fluid. When the horseshoe crab is infected by bacteria a ‘coagu- 
lation-like’ defense reaction is seen. The substances involved in this defense re- 
action are secreted by the amoebocytes [l]. As a result of the reaction the foreign 
invader is trapped into a meshwork and eliminated by proteolytic, lysosomal en- 
zymes secreted by the amoebocytes. This type of defense mechanism is also found 
in cells of the monocyte/macrophage series [7,8,9]. 

In the course of the evolution, organisms became larger and warmblooded. In 
order to guarantee an efficient blood supply throughout the organism the verte- 
brates developed a closed vascular system in which the blood flows under a higher 
pressure. Concomitant with this process specialized haemostatic and immune sys- 
tems developed; the blood of vertebrates contains different specialized cells that 
all originate from a pluripotent stem cell [lo] (see Table 1). 

The nonmammalian vertebrates contain nucleated thrombocytes that activate the 
clotting process. These cells can be stimulated by thrombin and collagen. The stem 
cell-thrombocyte system of the nonmammalian vertebrates further evolved to the 
stem cell-megakaryocyte-thrombocyte system found in mammals and humans [4]. 
In this system the megakaryocytes in the bone marrow do not divide, but instead 
the diploid stem cell is transformed into a polyploidic cell by the process of en- 
domitotic polyploidization [ 111, The endomitotic polyploidization results in a se- 

TABLE 1 

The differcntiation of human blood cells 

Pluripotent stem cell Committed stem cell Circulating cell 

erythrocyte 
neutrophilic granulocyte 

eosinophilic granulocyte 
basophilic granulocyte 
thrombocyte 

/wT lymphocyte 
lymphoid stem cell Y B  lymphocyte 

haematopoietic stem cell 
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lective gene amplification, a concomitant increase in the production of functionally 
important proteins and in an increase in the amount of cytoplasma. This process 
is stimulated by colony-stimulating factors occurring in plasma. In this way thou- 
sands of platelets can be formed from a single megakaryocyte and the efficiency 
of the haemostatic system increases concomitantly. The degree of polyploidization 
of the megakaryocytes is not fixed, however, but can be influenced by external fac- 
tors. Therefore, the stem cell-megakaryocyte-platelet system enables an adapta- 
tion of the haemostatic potential to the demand of the organism. 

The appearance of a closed vascular system in which the blood circulates under 
pressure was also accompanied by the development of the highly efficient clotting 
system found in mammals [3,12,13]. This system consists of a number of coagu- 
lation enzymes which circulate in the blood in an inactive zymogen form. These 
zymogens can be activated into the active proteolytic enzymes by the cleavage of 
specific peptide bonds. The clotting enzymes have the amino acid serine at their 
active centre [12,14] and therefore can be classified as serine proteases. Damage 
to the vascular system not only causes the aggregation of blood platelets at the site 
of injury but simultaneously induces the activation of the first enzyme of the co- 
agulation cascade. The activated enzyme activates a second enzyme and so forth. 
The successive reactions take place at the surface of the activated blood platelets 
[15]. The final result of this process is the conversion of soluble fibrinogen into a 
fibrin meshwork. It will be evident that the sequential steps in the coagulation cas- 
cade yield a large amplification, ensuring a rapid fibrin formation in response to a 
trauma. In this way rapid reinforcement of the fragile platelet plug by a fibrin 
meshwork is achieved and furthermore the clotting process is localized at the site 
of injury. The free circulation of activated clotting factors in the blood would of 
course create a very dangerous situation and therefore a number of naturally oc- 
curring inhibitors of these proteolytic enzymes is present in the blood (cf. Ch. 9A 
and B). These inhibitors neutralize the activated clotting factors that ‘escape’ from 
the site of injury almost immediately [13]. 

In vertebrates the processes of haemostasis, immune defense and tissue repair 
are no longer carried out by a single multifunctional type of cell but by a set spec- 
ialized cells. In spite of the differentiation of the individual cells, close functional 
relationships between the different types of blood cells are recognized in the proc- 
esses of tissue repair and immune defense [2,16,17]. 

3. The human haemostatic system 

When damage to a blood vessel occurs the defect must be sealed through the 
coordinated action of platelets, clotting factors, endothelial cells and the vessel 
musculature. The relative contribution of these different components to the hae- 
mostatic process depends on the extent of the damage and the localization of the 
process. 
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(a) The role of vasoconstriction 

The vascular contraction during the haemostatic process can be brought about 
by neurogenic vasospasm, precapillary sphincter constriction and humoral vaso- 
spastic phenomena [2]. Neurogenic phenomena occur when during injury of the 
arterial or the venous wall, pain stimuli from the injured area lead to vasocon- 
striction by reflex mechanisms through sympathic fibres. The capillaries do not 
possess smooth muscle layers but closure of the capillary bed after local haemor- 
rhage can be effected by the precapillary sphincter. Finally, humoral vasoconstric- 
tive agents like serotonin, kinins and thromboxane A, are generated during the 
haemostatic response to injury. 

Vasoconstriction may be an effective process to stop a bleeding in the capillary 
bed, but is not sufficient for a successful achievement of haemostatis in arterioles 
and venules. In these vessels the critical step is the immediate reaction of the blood 
platelets with subendothelial structures which become exposed when damage to 
the vessel occurs [18]. At the same time the coagulation system is also activated 
[19]. Constriction of the wall of the injured vessel will assist in closing the defect 
but is not sufficient. Haemostasis in arteries and veins, in which the blood pressure 
is higher, generally requires outside intervention. 

(b)  The role of platelets 

When platelets are exposed to subendothelial structures they rapidly adhere to 
these structures and are involved in a further sequence of reactions [20]. Mostly 
the adhering platelets undergo release reactions. In the primary release the con- 
tents of the cytoplasmic dense bodies, which include adenine nucleotides and ser- 
otonin, are released into the surrounding medium. The release of ADP from ad- 
herent platelets stimulates new platelets to aggregate and serotonin is a mediator 
of vasoconstriction. Usually a second release reaction occurs during which the 
contents of the a-granules are freed into the surrounding medium. Stimulated 
platelets also produce thromboxane A2, a very potent platelet-aggregating agent. 

It has been known for a long time that upon activation of the platelets the plate- 
let surface becomes procoagulant and that the coagulation reactions which ulti- 
mately lead to fibrin formation proceed with increased velocity on this surface (cf. 
Ch. 6). During the last decade it has been shown that platelets contain a number 
of plasma coagulation factors (von Willebrand factor, fibrinogen, factor V and high 
molecular weight kininogen), as well as plasma protease inhibitors (a2-macroglob- 
ulin, a,-antitrypsin and C1 inhibitor). The presence of these factors in platelets 
suggests a close interaction between platelets and coagulation factors. 

Von Willebrand factor is important for the adherence of platelets to damaged 
endothelium (cf. Ch. 2B). The factor has been identified in plasma [21], endo- 
thelial cells, megakaryocytes and platelets [22]. In platelets von Willebrand factor 
i s  localized in the a-granules [23,24] and is secreted upon stimulation of the plate- 
lets by ADP, collagen and thrombin [24,25]. The platelets contain 10-25% of the 
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von Willebrand factor present in blood. Under normal physiological conditions von 
Willebrand factor does not readily interact with human platelets. However, inter- 
action between von Willebrand factor and subendothelium is thought to produce 
a conformational change in this protein which enables recognition of von Wille- 
brand factor receptors on the platelet surface in this way causing platelet adhesion. 
The secretion of von Willebrand factor upon the stimulation of platelets with 
thrombin may enhance the formation of the platelet plug. Thus, von Willebrand 
factor is important for the adherence of platelets to the site of injury. Platelet 
adhesion results in platelet stimulation and this leads, among others, to the pro- 
duction of metabolites of arachidonic acid, particularly thromboxane A, [27]. This 
potent platelet agonist stimulates further platelet aggregation and secretion of 
granule contents. The secreted compounds support platelet aggregation and pro- 
thrombin activation. 

The platelet a-granules also contain fibrinogen [28] and factor V [29]. The po- 
tential platelet contributions to the total plasma levels are only 1.5% and 12% re- 
spectively [30,31], but during the release reaction a high local concentration of these 
factors at the platelet surface can be reached. Fibrinogen is an essential cofactor 
for platelet aggregation [32,33]; platelet stimulation can result in a rapid reversible 
binding of fibrinogen to receptors on the platelet surface. Factor V and thrombin- 
activated factor V (= factor V,) bind to the platelet membrane and serve as a 
membrane receptor for coagulation factor X ([34,35] and Ch. 2A). This close co- 
operation between platelets and clotting factors results in the production of a fi- 
brin-reinforced platelet plug localized at the site of the vascular defect. 

The presence of high molecular kininogen in blood platelets also points to an 
involvement of platelets in the contact phase of coagulation but the mechanism of 
this interaction is still less clear (see also Ch. 5A). The same is true for the func- 
tion of the protease inhibitors present in platelets although a modulation of the 
coagulation enzyme-platelet interaction can be supposed. 

(c) The role of coagulation factors 

It has been described above that the clotting cascade reactions leading to fibrin 
formation proceed with increased velocity at the surface of stimulated platelets. 
Platelets are not the first trigger for the activation of the coagulation cascade, how- 
ever. The activation of the plasma-clotting factors starts when tissue factor ex- 
posed in the damaged area activates factor VII (cf. Ch. 5B); the collagen-induced 
activation of factor XI1 seems less important for the cessation of traumatic bleed- 
ing. The coagulation enzymes will be described in greater detail. below. 

( d )  Tissue repair and fibrinolysis 

As soon as the bleeding is stopped the tissue repair process starts. The fibrin 
meshwork, and the cellular debris are removed by fibrinolytic and phagocytic 
processes and at the same time the healthy adjacent cells are stimulated to undergo 
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division. Neutrophils and with the progression of time also macrophages are at- 
tracted towards the damaged area by chemotactic factors released during the hae- 
mostatic process [36-381. The phagocyting cells release lytic enzymes and take up 
cellular debris by phagocytosis. 

The fibrinolytic system is activated by tissue-type plasminogen activator released 
from the endothelium (cf. Ch. 8). This proteolytic enzyme activates plasminogen, 
the zymogen of the fibrinolytic enzyme plasmin, bound to the fibrin-platelet plug 
thereby confining the fibrinolytic process to the site of injury [39-41]. The phys- 
iological role of the factor XII- and kallikrein-dependent plasminogen activation 
is less clear. The fibrinolytic enzymes that enter the circulation after resolution of 
the fibrin meshwork are rapidly inactivated by the fibrinolytic inhibitors present in 
the blood [4246] .  

(e) The involvement of endothelial cells 

The layer of endothelial cells that constitutes the inner surface of the blood ves- 
sels must not be considered as an ‘inert container’ but as an active participant in 
both the haemostatic and the fibrinolytic process. This active role of endothelial 
cells appears from the following: 
- When endothelial cells are stimulated by among others thrombin and (acti- 

vated) platelets the cells synthesize thromboplastin and expose this activator of 
the coagulation cascade on their surface [47,48]. 

- Endothelial cells synthesize the clotting cofactors V and VIII [49-511 and can 
support the activation of factor X and prothrombin [52]. 

- Endothelial cells synthesize prostacyclin [53]. 
- A cofactor for antithrombin I11 is present on the endothelial cells (heparan sul- 

phate?) and this factor catalyses the inhibition of active clotting factors by an- 
tithrombin I11 in vivo (cf. [54-571 and Ch. 9A). Because of the large vol- 
ume/surface ratio this process is probably not very important in larger vessels. 
However, it can be important in the microcirculation where the volume/surface 
ratio is much smaller. 

- Thrombomodulin, another cofactor present on the surface of the endothelial cell, 
binds thrombin, thereby increasing the velocity of protein C activation by 
thrombin (cf. [58,59] and Ch. 9B). The activated protein C inactivates the co- 
agulation cofactors V, and VIII, [60-62] thereby slowing down the thrombin 
generation. Protein C stimulates the fibrinolytic process, probably by decreasing 
the activity of the inhibitor of the plasminogen-activating enzyme [63,64]. 

- The presence of an intravascular thrombus stimulates the endothelial cell to  se- 
crete a plasminogen activator [65]. 
Thus it can be concluded that the physiological state of the blood is determined 

by a closely regulated interplay of platelets, humoral coagulation factors, fibrino- 
lytic factors, and endothelial cells. 
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4. The coagulation cascade 

The blood coagulation enzymes occur in plasma as inactive zymogens that can 
be activated in a series of consecutive reactions. The reactions in which the so- 
called vitamin K-dependent coagulation factors (VII, IX, X and 11) are involved 
proceed at lipid/water interfaces (cf. Ch. 3) and the 'quality of the interface' is one 
of the parameters that determine the reaction velocity of this process. The affinity 
of the vitamin K-dependent clotting factors for lipid/water interfaces is caused by 
the presence of carboxylated glutamic acid residues in the protein molecule; vi- 
tamin K is a cofactor in the carboxylation process (cf. [66] and Ch. 4). 

In the coagulation cascade the product of the first reaction functions as an en- 
zyme in the second reaction, the product of the second reaction functions as an 
enzyme in the third reaction, and so on. A description of this cascade process is 
given in Fig. 1. In this scheme the bold lines represent the 'classical' division of 
the coagulation cascade in an intrinsic and an extrinsic pathway and the connecting 
lines show points of interaction between both pathways (see below). 

The ordered and controlled interplay of the coagulation cascade reactions is ac- 
complished by the high degree of specificity of the coagulation enzymes and by a 

EXTRINSIC PATHWAY INTRINSIC PATHWAY 

contact with non- endothelial surface tissue damage 

kallikrein -prekallikrein 

HMwK\ 1H.W" 

XI1 

H M W K ~  

thromboplastin 

I XI1 L X I I ,  . 
""""I x I --+XI a 3VI la**  ~ 

IX-%lXa VIII-+VIIIa / 
\ x ---+xa 

- VII 

I fibrinogen ---*Iibrin monomers 

1 
1 XIII,+--XIII 

soluble fibrin polymer 

fibrin meshwork 

Fig. 1. The coagulation cascade. PL, phospholipid; HMWK, high molecular weight kininogen. 
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system of positive and negative feedback mechanisms. The majority of the coag- 
ulation factors are serine proteases. Factors V, and VIII, do not possess intrinsic 
enzymatic activity, but they form complexes with factors X, and IX, respectively. 
This markedly stimulates the activities of the latter enzymes (cf. Ch. 2 and 3).  

The ultimate visible effect of coagulation is the conversion of soluble fibrinogen 
into insoluble fibrin by thrombin. However, this is not the only function of this 
enzyme; other functions of thrombin in the haemostatic process are: 
- the activation of blood platelets: thrombin causes platelets to aggregate, and - 

in conjunction with collagen - to make available the phospholipids necessary for 
the coagulation process (the procoagulant lipid/water interface); 

- the activation of (co)factors V and VIII; 
- the activation of protein C ,  a vitamin K-dependent proteinase that inactivates 

- the activation of factor XIII; factor XIII, is a transglutaminase that stabilizes the 

It has been described recently that thrombin, especially in the presence of plate- 
lets, increases the thromboplastin exposure on cultured endothelial cells [67], The 
physiological significance of this in vitro finding remains to be determined. 

Present evidence suggests that the coagulation process is autocatalytic and self- 
limiting and that thrombin plays a central role. As the generation of active coag- 
ulation factors is explosive and is initiated by a local injury of the vessel wall, whilst 
the inhibitors of these proteolytic enzymes are present in the whole vascular sys- 
tem, the active coagulation enzymes can only exist at the site of injury for a short 
period of time (during which their formation proceeds much faster than their in- 
activation). 

factors V, and VIIIa; 

polymeric fibrin meshwork by covalent cross-linkage of the polymers; 

(a) The serine proteases of blood coagulution 

The blood coagulation enzymes are serine proteases with a trypsin-like specific- 
ity for arginyl bonds. The clotting enzymes are structurally and mechanistically ho- 
mologous to trypsin and chymotrypsin but they have a much higher degree of 
specificity than the digestive enzymes. 

The mechanism of action of the digestive serine proteases chymotrypsin, trypsin 
and elastase has been studied extensively by a combination of kinetics, chemical 
modifications and crystallographic studies [68-701. An imporant feature of the serine 
proteases is the charge relay system in the active site of the enzyme. According to 
the system described by Blow et al. [68] for chymotrypsin, Ser-195, His-57 and Asp- 
102 are linked by a hydrogen bond network and the oxygen atom of Ser-195 par- 
ticipates as a strong nucleophile during catalysis (the numbers refer to the num- 
bering system in chymotrypsin). 

The different steps of a proteolytic reaction catalysed by a serine protease are 
given in Fig. 2. In the first step of the reaction sequence the enzyme forms a non- 
covalent complex, the so-called Michaelis complex, with the substrate (in the re- 
action scheme the noncovalent bonds are represented by a dot (.)). In the second 
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2 l  R2- N H2 
? + n  N H  

I \  I \  
H R2 R2 

S E  ES tetrahedral acyl enzyme 
(Michaelis) Intermediate + 

complex s 

0 0- 0 0 
II I II II 

R,-C-O-E + 0-H R,-C-O-E Rl-C * 0-E Rl-C + 0 - E  

AH /I 
I 1  
on H 

I o---A' I n  n 
I 
H 

E tetrahedral p2 5 acyi e n z y m e  S2 
intermediate 

Fig. 2. Schematic representation of the subsequent steps in a reaction catalysed by a serine esterase. 
S,  substrate; E, enzyme; ES, noncovalent enzyme-substrate complex; P, product; EP, noncovalent en- 
zyme-product complex. 

step a tetrahedral intermediate between the enzyme and the substrate is formed 
as a result of a nucleophilic attack of the hydroxyl group of Ser-195 on the sub- 
strate. In the third step of the reaction, the destabilized carbon-nitrogen bond is 
broken; this gives rise to an acyl enzyme intermediate and an amine product that 
diffuses away. In the next reaction steps the acyl enzyme is split by the reverse of 
the three steps described above. The acyl enzyme reacts with a water molecule to 
form a tetrahedral complex and subsequently internal bond shifts lead via a non- 
covalent complex to the free enzyme and the second product. 

The serine residue in the active site of the enzyme derives its nucleophilic reac- 
tivity from the fact that it is in the optimum position to attack a tetrahedrally dis- 
torted carbonyl carbon atom in the substrate. The distortion in the substrate mol- 
ecule is induced by the binding to the enzyme and the His-Asp couple functions 
to facilitate a transfer of a proton either from the attacking serine residue to the 
leaving group in the acylation step or from an attacking nucleophile (water in the 
reaction scheme above) to the serine residue during deacylation [69]. All of the 
serine proteases for which the X-ray structural studies have been carried out have 
the following features in common (69) (see also Fig. 3): 
- the extended polypeptide-binding site on the acyl group side of the susceptible 

peptide bond; 
- a number of sites for binding, with greater or lesser specificity, the side chains 

of a polypeptide substrate; the side chain specificity is suitably modified from 
one member of the family to another; 

- a site for binding the substrate on its leaving group side; 
- a site for binding the carbonyl oxygen atom of the susceptible peptide bond when 

the carbonyl group is in a tetrahedral configuration; 
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Fig. 3.  Schematic representation of the functional domains in a serine esterase (chymotrypsin) 

- the reactive serine side chain, which forms a covalent bond with the carbonyl 
carbon atom of the susceptible peptide bond and the charge relay system in which 
Ser-195, Asp-102 and His-57 participate [68]. 
As far as we know, no X-ray diffraction studies of the blood coagulation en- 

zymes have been published until now. Recently Furie et al. [71] have developed 
three-dimensional computer models of the trypsin-like domains of bovine factor 
IX,, factor X, and thrombin based upon the known tertiary structure of bovine 
chymotrypsin and trypsin and the sequence homology between the coagulation en- 
zymes and the digestive proteases. It was suggested from this study that the cores 
of the proteins are highly conserved but that in contrast the surface structures are 
defined by amino acids that vary from those of trypsin. As a general rule, the charge 
distribution, topography and hydrophobic grooves on the surfaces of the different 
coagulation enzymes are highly individualized. This presumably explains the very 
high substrate specificity that characterizes each of these enzymes. 
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(b) The physiological course of the coagulation process 

As was mentioned above the coagulation process can be triggered either by the 
contact between blood and subendothelial structures or by the release of throm- 
boplastin from damaged vessels. At present, much is known about the individual 
reactions of the intrinsic and the extrinsic pathways, especially because during the 
last years highly purified coagulation factors have become available. A ‘confron- 
tation’ between theoretical studies of the individual reactions of the coagulation 
cascade and clinical observations has shown that the familiar picture of an intrinsic 
and an extrinsic pathway of coagulation joining at the factor X activation step is 
far too simple and that close connections must exist between both pathways. 

How must we explain the clinical observations that patients lacking factor VIII 
or factor IX (haemophilia patients) show severe bleeding problems, patients hav- 
ing factor VII levels as low as 2% may show only a mild bleeding tendency and 
patients lacking factor XI, factor XII, prekallikrein or high molecular weight kin- 
inogen have no abnormal bleeding tendency? Already in 1961 Biggs and Nossel 
[72] showed that the amount of thrombin generated by diluted thromboplastin is 
lower in factor VIII- and factor IX-deficient plasmas and in 1965 Josso and Prou- 
Wartelle [73] postulated that factor VII can activate factor IX. This means that 
factor X can be activated either directly by factor VII and tissue thromboplastin 
or indirectly by factor IX, (together with factor VIII,), which in turn has been ac- 
tivated by factor VII. The activation of factor IX by the factor VII-thromboplastin 
complex has been firmly establish by later studies [74-771. These studies appear to 
support a vital role for a thromboplastin-triggered pathway. 

The current view on the starting mechanism of coagulation is based on the ob- 
servation that the zymogen factor VII has a non-negligible enzymatic activity 
[78,79]. Once it becomes absorbed onto tissue thromboplastin, the activity of fac- 
tor VII is enhanced enough to start the coagulation process (see also Ch. SB). 
However, it has been observed that a more active two-chain factor VII, can be 
formed from the single-chain factor VII. This activation of factor VII can be ac- 
complished by contact factors, factor IX, and factor X, [80-861. Once factor VII, 
is formed the coagulation reactions proceed with an increasing velocity due to the 
‘reinforcement loops’ in the cascade pathways. 

References 

1 Belamarich, F.A. (1975) Progr. Haemostas. Thromb. 3, 191-209. 
2 Mason, R.G. and Saba, H.I. (1978) Am. J .  Pathol. 92, 774811. 
3 Archer, R.K. (1981) in: Recent Advances in Blood Coagulation (Poller, L. ,  Ed.) pp. 211-226, 

Churchill, London. 
4 Schneider. W., Scharf. R.E., Hagen-Aukamp, Ch. and Winkelmann, M. (1983) Arzneim.-Forsch. 

(Drug Res.) 33 (11). 1351-1354. 
5 Walsh, P.N. (1982) in: Hemostasis and Thrombosis: Basic Principles and Clinical Practice (Colman, 

R.W., Hirsh, J . ,  Marder, V.Z. and Salzman, E.W., Eds.) pp. 404-420, Lippincott, Philadelphia, 
PA. 



12 

6 Niewiarowski, S. and Varma, K.G. (1982) in: Hemostasis and Thrombosis: Basic Principles and 
Clinical Practice (Colman, R. W., Hirsh, J . ,  Marder, V.J. and Salzman. E. W.,  Eds.) pp. 42 1-430, 
Lippincott. Philadelphia, PA. 

7 J6kay, I. and Karczag, E. (1973) Experientia 29, 334-335. 
8 Edgington, T.S. (1983) Nouv. Rf. HCmatol. 25, 1-6. 
9 Geczy, C.L. and Hopper, K.E. (1981) J .  Immunol. 126, 1059-1065. 

10 Begeman, H. and Rastetter, J .  (1979) Atlas of Clinical Hematology, pp. 28-29. Springer, Berlin. 
11 Williams, N.  and Levine, R.F. (1982) Br. J .  Haematol. 52, 173-180. 
12 Davie. E.W., Fujikawa, K., Kurachi, K. and Kisiel, W. (1979) Adv. Enzymol. 48, 227-318. 
13 Rao, A.K., Schmaier, A.H. and Colman, R.W. (1982) Pathobiol. Ann. 12, 35-64. 
14 Nemerson, Y. and Zur, M. (1979) in: The Chemistry and Physiology of the Human Plasma Proteins 

15 Zwaal, R.F.A. and Hemker, H.C. (1982) Haemostasis 11, 12-39. 
16 Weksler, B.B. (1983) Clin. Lab. M. 3, 667-676. 
17 Roit, I. (1982) Essential Immunology, Blackwell, Oxford. 
18 Jaffe, R.H. (1976) in: Platelets in Biology and Pathology (Gordon, J.L., Ed.) pp. 261-292, Elsev- 

19 Bsterud, B. (1984) Scand. J .  Haematol. 23. 337-345. 
20 Zucker, M.B. and Nachmias, V.T. (1985) Arteriosclerosis 5, 2-18. 
21 Sixma, J.J . ,  Kater, L., Bouma. B.N., Schmitzl, F., de Graaf, S. and Trit, C. (1976) J. Lab. Clin. 

Med. 87, 112-119. 
22 Piovella, F. ,  Nalli, G. ,  Malamani, G.D., Majolino, I., Frassonis, F., Sitar, G.M., Ruggeri, A , ,  

Delloboro, C. and Scari, E.  (1978) Br. J .  Haematol. 39, 209-213. 
23 Nachman, R.L. and Jaffe, E.A. (1975) J. Exp. Med. 141, 1101-1112. 
24 Zucker, M.B., Broekman, M.J. and Kaplan, K.L. (1979) J .  Lab. Clin. Med. 94, 675-682. 
25 Koutts, J . ,  Walsh, P.N., Plow, E.F., Fenton, J.W., Bouma, B.N. and Zimmerman, J.S. (1978) J .  

26 Hawiger, J . ,  Fujimoto, T. and Ohara, S. (1981) Thromb. Haemostas. 46, 24. 
27 Haluschka, P.V., Dollery, C.T. and MacDermot, J .  (1983) Q.J. Med. 52, 461470. 
28 Kaplan, K.L., Broekman, J . ,  Chernoff, A., Lesnik, G.R. and Drillings, M. (1979) Blood 53,604418. 
29 Chesney, C.M., Pifer, D. and Colman, R.W.L. (1981) Proc. Natl. Acad. Sci. (U.S.A.) 78,5180-5184, 
30 Keenan, J.P. and Solum, N.O. (1972) Br. J .  Haematol. 23, 461-466. 
31 Tracy, P.B., Peterson, J.M., Nesheim, M.E. and Katzman, J.A. (1981) Thromb. Haemostas. 46, 

32 Mustard, J.F. and Packham. M.A. (1970) Pharmacol. Rev. 22, 97-187. 
33 Bang, N.U., Heidenreich, R.O. and Trygstad, C.W. (1972) Ann. N.Y. Acad. Sci. 201, 28CL299. 
34 Kane, W.H., Lindhout, M.J., Jackson, C.M. and Majerus, P.W. (1980) J .  Biol. Chem. 255, 

35 Tracy, P.B., Neshheim, M.E. and Mann, K.G. (1981) J .  Biol. Chem. 256, 743-751. 
36 Ryan, G.B. and Majbo, G. (1977) Am. J .  Pathol. 86, 185-276. 
37 Carr, I .  (1973) The Macrophage. A Review of Ultrastructure and Function, Academic Press, Lon- 

38 Bar-Shavit, R., Kahn, A.,  Fenton, J.W. and Wilner, G.D. (1983) J .  Cell. Biol. 96, 282-285. 
39 Collen, D.  (1980) Thromb. Haemostas. 43, 77-89. 
40 Mullertz, S. (1984) Sem. Thromb. 10, 1-5. 
41 Miles, L.A. and Plow, E.F. (1985) J .  Biol. Chem. 260, 4303-4311. 
42 Aoki, N. and Harpel, P.C. (1984) Sem. Thromb. 10, 24-41. 
43 Wiman, B. and Collen, D. (1977) Eur. J .  Biochem. 78, 19-26. 
44 Kruithof, E.K.O., Ransijn, A. and Bachrnan, F. (1983) Progr. Fibrinolys, 6, 362-366. 
45 Chmielewska, J. ,  RHnby, M. and Wiman, B. (1983) Thromb. Res. 31, 427-436. 
46 Erickson, L.A., Ginsberg, M.H. and Loskutoff, D.J. (1984) J.  Clin. Invest. 74, 1465-1472. 
47 Cazenave, J.P., Klein-Soyer, C. and Peretz, A. (1982) Nouv. R.J. HCmatol. 24, 167-171. 
48 Johnsen, U.L.H., Lyberg, T., Galdal. K.S. and Prydz, H. (1983) Thromb. Haemostas. 49, 69-72. 

(Bing, D.H., Ed.) p. 145, Pergamon, New York. 

ier/North-Holland, Amsterdam. 

Clin. Invest. 62, 1255-1263. 

89. 

1170-1184. 

don. 



13 

49 Cerveney, T.J., Fass, D.N. and Mann, K.G. (1984) Blood 63, 1467-1474. 
50 Jaffe, E.A. (1982) Ann. N.Y. Acad. Sci. 401, 163-170. 
51 Reinders, J.H., de Groot, P.G., Dawes, J . ,  Hunter, N.R., van Heugten, H.A.A., Zandbergen, J., 

52 Stern, D.M., Nawroth, P.P., Kisiel, W., Handley, D.,  Drilling, M. and Bartos, J. (1984) J .  Clin. 

53 Willems, C.H., van Aken, W.G., Peuscher-Prakke, F.M., van Mourik, J.A., Dutilh, C. and ten 

54 Bounassisi, V. (1973) Exp. Cell. Res. 76, 36S368. 
55 Busch, C. and Owen, W.G. (1982) J. Clin. Invest. 69, 726-729. 
56 Owen, W.G. (1982) Arch. Pathol. Lab. Med. 106, 209-213. 
57 Lollar, P. and Owen, W.G. (1980) J. Clin. Invest. 66, 1222-1230. 
58 Esmon, C.T. and Owen, W.G. (1981) Proc. Natl. Acad. Sci. (U.S.A.) 78, 2249-2252. 
59 Owen, W.G. and Esmon, C.T.J. (1981) J .  Biol. Chem. 256, 5532-5535. 
60 Kisiel, W., Canfield, W.M., Ericsson, L.H. and Davie, E.W. (1977) Biochemistry 16, 58245831. 
61 Walker, F.J., Sexton, P.W. and Esmon, C.T. (1979) Biochim. Biophys. Acta 571, 333-342. 
62 Vehar, G.A. and Daine, F.W. (1980) Biochemistry 19, 401-410. 
63 van Hinsberg, V.W.M., Bertina, R.M. van Wijngaarden, A,,  van Tilburg, N.H., Emeis, J.J. and 

64 Sakata, Y., Curriden, S., Lawrence, D.,  Griffin, J.H. and Loskutoff, D.J. (1985) Proc. Natl. Acad. 

65 Kwaan, H.X. (1984) Sem. Thromb. Haem. 10, 71-79. 
66 Stenflo, J., Femlund, P., Egan, W. and Roepstorff, P. (1974) Proc. Natl. Acad. Sci. (U.S.A.) 71, 

67 Brox, J.H., Bsterud, B., Bjmklid, E. and Fenton, J.W. (1984) Br. J. Haematol. 57, 239-246. 
69 Blow, D.M., Birktoft, J.J. and Hartley, B.S. (1969) Nature (London) 221, 337-340. 
69 Kraut, J. (1977) Annu. Rev. Biochem. 46, 331-358. 
70 Stryer, L. (1981) Biochemistry, pp. 157-183, Freeman, San Francisco, CA. 
71 Furie, B., Bing, D.H., Feldman, R.J., Robinson, D.J., Burnier, J.P. and Furie, B.C. (1982) J. Biol. 

72 Biggs, R. and Nossel, H.L. (1961) Thromb. Diath. Haemorrh. 6, 1-14. 
73 Josso, F. and Prou-Wartelle, 0. (1965) Thromb. Diath. Haemorr. Suppl. 17, 35-44. 
74 Bsterud, B. and Rapaport, S.I. (1977) Proc. Natl. Acad. Sci. (U.S.A.) 74, 5260-5264. 
75 Zur, M. and Nemerson, Y. (1980) J. Biol. Chem. 25, 5703-5707. 
76 Jesty, J. and Silverberg, S.A. (1979) J. Biol. Chem. 25, 12337-12345. 
77 Marlar, R.A. and Griffin, J.H. (1981) Ann. N.Y. Acad. Sci. 370, 325-335. 
78 Jesty, J .  and Nemerson, Y. (1974) J. Biol. Chem. 249, 509-515. 
79 Nemerson, Y. (1983) Haemostasis 13, 150-155. 
80 Altman, R.  and Hemker, H.C. (1967) Thromb. Diath. Haemorrh. 18, 525-531. 
81 Kisiel, W., Fujikawa, K. and Davie, E.W. (1977) Biochemistry 16, 4189-4149. 
82 Radcliffe, R., Bagdassarian, A., Colman, R. and Nemerson, Y. (1977) Blood 50, 611-617. 
83 Radcliffe, R. and Nemerson, Y. (1975) J. Biol. Chem. 250, 388-395. 
84 Selgihsohn, U.,  Kasper, C.K., Bsterud, B. and Rapaport, S.I. (1979) Blood 53, 828-837. 
85 Nemerson, Y. (1976) Thromb. Haemostas. 35, 96.100. 
86 Muller, A.D., van Deijk, W.A., Dkvilke, P.P., van Dam-Mieras, M.C.E. and Hemker, H.C. Br. 

Gonsalves, M.D. and van Mourik, J.A. (1985) Biochim. Biophys. Acta 844, 306-313. 

Invest. 74, 191CL1921. 

Hoor, F. (1978) J.  Mol. Med. 3, 195-201. 

Haverkate, F. (1985) Blood 65, 444-451. 

Sci. (U.S.A.) 82, 1121-1125. 

2730-2733. 

Chem. 257, 3875-3882. 

J. Haematol. 62. 367-377. 



R.F.A. Zwaal and H.C. Hemker (Eds.) ,  Blood Cougukufion 
0 1986 Elsevier Science Publishers B . V .  (Biomedical Division) 

15 

CHAPTER 2A 

Nonenzymatic cofactors: factor V* 
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1. Early history 

The existence of factor V was deduced by Owren in Norway in 1943 when he 
studied a patient that had a bleeding diathesis which could not be accounted for 
by virtue of the known coagulation factor deficiencies [1,2]. Owren correctly de- 
duced that the missing factor enhanced the rate of thrombin formation, and that 
it appeared to circulate in plasma as a less active species which could be converted 
to a more active form by the action of thrombin. Owren named the absent factor, 
factor V, and was perhaps prescient to adopt the roman numeral identification sys- 
tem for this coagulation factor. As a consequence, factor V is one of the few fac- 
tors for whom the nomenclature has endured from discovery to the present. 

The pioneering work of Seegers and coworkers [3] identified that factor V (ac- 
celerator globulin) was an essential cofactor in the conversion of prothrombin to 
thrombin. The work of Papahadjopoulos and Hanahan [4] and Cole and cowork- 
ers [ 5 ]  showed that the physiologically significant activator of prothrombin was a 
complex of two proteins, factor X,, factor V (factor Va), phospholipids and cal- 
cium ions. 

A number of investigators have provided useful purification procedures which 
provided functionally active factor V ,  however the isolation of homogenous prep- 
arations of factor V eluded investigators for nearly 40 years following Owren's dis- 
covery [6]. During this interval, factor V earned the nickname, 'labile factor' be- 
cause of its notorious property of losing activity during storage under virtually all 
conditions. In retrospect, attempts at the isolation of homogenous factor V were 
plagued by the fact that factor V itself is an inactive or barely active cofactor that 
requires activation by thrombin or factor X, before activity is expressed. In ad- 

* Supported by HL-17430 and HL-34575 
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dition, the product of activation, factor V,, is immensely susceptible to proteolytic 
inactivation by a regulatory biochemical mechanism involving activated protein C 
and protein S [7-91. Thus, in many early investigations, the activity difference be- 
tween factor V and factor V, was not addressed. In retrospect, studies of the iso- 
lated proteins have shown that factor V, is (at least) 400 times more active than 
factor V, hence, an activity assay has the potential of giving enormously mislead- 
ing results. For example, let us suppose one conducted a step of purification of 
factor V from 1 ml of plasma (1 unit) and the isolation step on one hand resulted 
in the activation of factor V to factor V,, but on the other hand resulted in a 99.8% 
loss in total factor V. The investigator, using a non-discriminate activity assay, 
would conclude an 80% yield of activity based upon a one-stage factor V assay. 

The isolation procedure developed in my laboratory for factor V was based upon 
the operational hypothesis that factor V was a procofactor, and would require ac- 
tivation by thrombin in order to express activity [10,11]. Consequently, steps of 
isolation were followed by measurements of factor V, activity, both before and after 
treatment with thrombin. The various steps of purification were optimized with re- 
spect to total yield of factor v, (after thrombin activation) and to the activation 
quotient, the ratio of factor V, activity before and after treatment with thrombin. 

Homogenous preparations of bovine factor V have been reported by this labo- 
ratory, Esmon [12] and by Dahlback [13]. Other investigators have reported es- 
sentially minor modifications to these isolation techniques. Human factor V has 
proven to be more difficult to isolate as a homogenous, single-chain form, than 
bovine factor V. We have had our best results for isolation of human factor V us- 
ing a monoclonal antibody technique [14,15]. Kane and Majerus [16] have re- 
ported a human factor V isolation technique using conventional chromatographic 
procedures. Factor V has also been isolated from baboon, canine and porcine 
plasmas by our laboratory. 

2. Factor V biosynthesis 

In human blood, factor V is divided among two principal compartments: the 
blood plasma and the platelet [17,18]. A small fraction of factor V is also con- 
tained within the white cell populations in human blood [19]. Surveys of plasma 
factor V, based upon both radioimrnunoassay and bioassay techniques indicate a 
mean of about 7 pg of factor V/ml of plasma after correction for hematocrit. In 
addition, the platelet compartment contains on the average approximately 2-3 
pg/ml of whole blood after correction for hematocrit. In the bovine species, how- 
ever, the factor V appears to be almost totally contained within the plasma com- 
partment. 2-3% of bovine factor V is found within platelets while the remaining 
factor V is in plasma. In addition, bovine plasma contains between 4 and 5 times 
the amount of factor V found in human plasma [20]. When isolated, both bovine 
and human factor V have approximately the same specific activity (1500 unitdmg) 
[17]. One should exercise great caution when comparing results for bovine and hu- 
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man factor V, with respect to the plasma standard used in the assay. A human 
factor V-deficient plasma standard, standardized with human plasma, will result in 
a quite different factor V activity value than a human deficient plasma assay stand- 
ardized with bovine plasma. One unit (factor V/lml) of bovine factor V in a hu- 
man plasma deficient assay will equal approximately 5 human units. 

Two sources have been identified as the potential sites of synthesis of the plasma 
factor V pool. Our laboratory has shown that bovine aortic endothelial cells grown 
in culture synthesize and secrete factor V [21]. In contrast, human umbilical vein 
endothelium synthesizes but does not secrete factor V [22,23]. Thus, all blood ves- 
sels are not equivalent with respect to factor V synthesis and secretion. Factor V 
synthesis has also been demonstrated in human hepatocellular carcinoma cell line 
(HepG2) [23]. However, it is not known whether normal (nonmalignant) liver cells 
are also capable of synthesizing factor V. 

The other major site of factor V synthesis appears to be within the bone marrow 
stem cell pool. Human platelets, as pointed out previously, contain approximately 
20% of the total factor V in blood. This factor V appears to be located in the a- 
granules [24]. Immunohistochemistry, as well as synthesis studies, indicate the ma- 
jor stem cell product containing factor V is the differentiated megakaryocyte 
[25,26]. Both human platelet and plasma factor V cross-react equivalently with 
antisera that we have produced in burros immunized with plasma factor V [17]. 
However, recent data from our laboratory indicate that our collection of mono- 
clonal antibodies produced against human plasma factor V react differently with 
platelet factor V. Thus, it is not clear at the present time that platelet factor V and 
plasma factor V are completely identical with respect to molecular detail. It is also 
not clear that the functions of platelet factor V and plasma factor V are indeed 
identical. A family with defective platelet factor V, but normal plasma factor V, 
has been observed to express a significant bleeding diathesis [27], suggesting a spe- 
cial role for platelet-secreted factor V in the hemostatic process, at least under the 
circumstances of certain hemostatic challenge. We have also observed an individ- 
ual with high-titer autoantibody to factor V, who appeared to be protected from 
bleeding by the factor V present in the platelet compartment alone [28]. Hence, 
a great deal more work is required to elucidate the relative function of the various 
synthetic routes for factor V and the presentation of factor V from both platelets 
and plasma in the expression of hemostatic competence. 

3. Factor V structure 

Factor V is a relatively unusual plasma protein. It is a large, single-chain mol- 
ecule, with a molecular weight of 330000 [10,29]. Our initial observation that fac- 
tor V had such a large molecular weight led to intensive investigations of its mo- 
lecular architecture using hydrodynamic procedures. Extensive sedimentation 
equilibrium and sedimentation velocity studies, carried out under native, and re- 
duced-denatured conditions, confirm the fact that the 330 000-dalton molecule 
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represents the covalent unit of factor V. The sedimentation coefficient of a mol- 
ecule (9.2 S) suggests that the molecule is highly asymmetric. Gel filtration studies 
indicate that the Stokes radius of the factor V molecule is in the range of 91-95 A 
[12,29]. These data are also consistent with a highly asymmetric molecule; a glob- 
ular protein with a Stokes radius of 90 A, would be expected to have a molecular 
weight between 7 X lo5 and 1 X lo6. Recently electron micrographic studies from 
two laboratories have indicated that the factor V molecule is a multi-lobed irreg- 
ular structure, containing 3-4 globular domains [30,31]. The study from Mosse- 
son’s laboratory made use of scanning-transmission electron microscopy of un- 
stained preparations of factor V. These techniques also made possible mass analysis 
of the imaged particles. These image data are consistent with a molecular weight 
of 330000. 

4. Proteolytic cleavages of the factor V molecule 

At least 3 proteases associated with blood clotting can cleave the factor V pep- 
tide chain. The sites of these peptide cleavages are identified for bovine factor V 
in Fig. 1. Both thrombin [32] and factor X, [33] are capable of activating factor V 
to factor V,. The activation of bovine and human factor V to factor V, has been 
extensively studied by our laboratory and by Suzuki and colleagues [34]. The sites 
of cleavage identified in Fig. 1 for thrombin cleavage of factor V are consistent 
with the data by all laboratories mentioned for both the human and the bovine 
molecule. There are, however, differences in reports with respect to the order of 
bond cleavage during human and bovine factor V activation. It is not known at the 
present time whether the various differences observed reflect species differences, 
differences in the preparations or differences in activation conditions used by the 
various laboratories which have studied these phenomena. 

CLEAVAGE PATTFRN OF BOVINE FACTOR V 

Xa 
IIa IIa APC 

PAP 

+ 9 4 K 4  7 4 K 4  

Fig. 1 .  Schematic representation of the cleavage sites of bovine factor V by 4 proteases. The thrombin 
(IIa) cleavages yield activated factor V composed of 2 subunits, one of M, = 94000 from the amino 
terminus of factor V, and one of M, = 74000 from the carboxyl terminus. Factor X, cleaves factor V, 
at one position in each subunit, as does activated protein C (APC). Both cleave the light chain at the 
same position, while each attacks at a different position in the heavy chain. The APC cleavage in the 
heavy chain is associated with the inactivation of factor V, by APC. Factor V, bound to the surface of 
platelets exhibits a cleavage of the heavy chain by a platelet-associated protease (PAP). 
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(a) Factor X ,  and activated protein C cleavage of factor V 

Since uncleaved factor V possesses little or no cofactor activity in the prothrom- 
binase complex prior to its activation by thrombin [33,35], it becomes relevant to 
ask the question of how the initial factor V, becomes available to serve in the ac- 
tivation of prothrombin to thrombin. We have used monoclonal antibodies specific 
for factor V, [36] and dansylarginine N-(3-ethyl-l,5-pentanedyl) amide, a potent 
inhibitor of thrombin [37] to show conclusively that factor V can also be proteo- 
lytically activated to a fully active species by factor X,. The rate of this reaction is 
small compared to the rate of activation of factor V by thrombin; however, it is 
potentially quite significant since the initial level of active prothrombinase enzyme 
(V,:X,) would be explicitly related to the level of factor X, available. The sites of 
factor X, cleavage of factor V have not been specifically identified. However, 
studies conducted with factor V, indicate that factor X, cleaves both the NH2-ter- 
minal-derived D chain (heavy chain), and the C-terminal-derived E chain (light 
chain) of bovine factor V, [38]. These two peptide chains of factor V, are also 
cleaved by activated protein C (cf. [38-40] and Ch. 9B). In the case of the light 
chain, or E chain of factor V,, activated protein C and factor X, give rise to iden- 
tical products. However, activated protein C cleaves the heavy chain of factor V, 
to give rise to a 70 000 and 24 000 molecular weight peptide while factor X, cleaves 
the 94 000-dalton chain NH2-terminal peptide of factor V, (heavy chain) to give 
rise to 45 000 and 56 000 molecular weight products. In the case of factor X, cleav- 
age, the rate of cleavage of the E chain is fast while, for activated protein C the 
rate of cleavage of the D chain is fast. Inactivation of factor V, by activated pro- 
tein C appears to correspond to cleavage of the NH2-terminal D chain, and can be 
blocked by prior complex formation of factor V, with factor X, [38,41]. 

(b) Platelet protease cleavage of factor V 

Two platelet-related cleavages of factor V/factor V, have been reported. Kane 
and coworkers [42] have reported that high concentrations of a platelet lysate, when 
incubated with factor V gave rise to numerous polypeptide chains, and an increase 
in factor V, activity. Subsequent treatment of the extract-treated factor V, with 
thrombin gave rise to full factor V,-like activity. 

Our laboratory has identified a protease associated with the intact bovine plate- 
let which is capable of inducing significant cleavages in platelet-bound factor V [43] 
and factor V, [38]. This platelet-related cleavage is restricted to the heavy chain 
of factor V, and gives rise to a 90000-dalton product. The cleavage appears to oc- 
cur at the carboxyl terminus of the 94000 chain. This cleavage does not appear to 
influence the expression of proteolytic activity of prothrombinase with respect to 
prothrombin as a substrate. The surface-bound protease cleaves factor V to yield 
peptides indistinguishable from the 94 000-dalton heavy chain of factor V, with ad- 
ditional proteolysis giving rise to the 90000-dalton peptide. The platelet-associated 
protease cleavage of factor V and V, is blocked by EDTA, pepstatin and leupep- 
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tin. In addition, if platelets are pretreated with prostaglandin El to block platelet 
activation, the platelet membrane protease activity is not expressed. Present data 
also indicate that the substrate for this platelet protease is membrane-bound factor 
V or V, and not the proteins in solution. The significance of this platelet reaction, 
which appears to be quite specific, has not yet been elaborated. 

5.  Homologies of factor V and factor VII I  

Our laboratory was fortunate to develop a murine monoclonal antibody to hu- 
man factor V which binds to factor V with high affinity but which can be displaced 
at high ionic strength [14]. Human factor V in our laboratory is routinely isolated 
using this monoclonal antibody for immunoaffinity isolation. Dr. David Fass, my 
associate at the Mayo Clinic, utilized similar techniques to prepare monoclonal an- 
tibodies against the partially purified porcine factor VIII coagulant protein, which 
could be used for the isolation of active factor VII1:C [44]. 

Factor V and factor VII1:C appear to be homologous in terms of their function 
as cofactors in reactions involving vitamin K-dependent enzymes and vitamin K- 
dependent substrates (see Ch. 2B). As isolated from plasma, porcine factor VII1:C 
appears to be represented as a two-chain protein with molecular weights of 166000 
and 76000 which remain associated in the presence of a divalent cation [44,45]. 
From the gene sequence of factor VIII:C, it is clear that a high molecular weight 
precursor gives rise to these plasma fragments [46,47]. Treatment of the isolated 
porcine factor VI1I:C with thrombin gives rise to an 82000 molecular weight chain 
obtained from the NH2-terminus of the 166000 peptide and the 69000 chain de- 

Factor Vlll 

285 

cI  -------------- --------------I 

5;? 

Fig. 2. A schematic representation of the process of factor VIII activation. The present physical data 
obtained on porcine factor VIII indicate that the isolated molecule is composed of 2 chains of apparent 
molecular weights 166OOO and 76000 with Ca2' involved in the noncovalent association of these chains. 
A hypothetical precursor is shown by a dotted line with an apparent molecular weight of 285000. The 
products obtained from the two chains of the isolated factor VIII molecule upon thrombin treatment 
are illustrated at M, values of 82000 and 69000, and are associated in the presence of calcium ion. The 
open segments at the NH,-termini of each of these chains represent regions of the peptides that are 
homologous to factor V, (from Mann, K.G. (1984) Membrane-bound enzyme complexes in blood co- 
agulation, in: Progress in Hemostasis and Thrombosis (Spaet, T.H., Ed.) Vol. 7, pp. 1-23, reprinted 
by permission of the publisher, Copyright 1984 by Grune and Stratton, Inc., New York). 
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Fig. 3. The activation of factor V represented schematically. Procofactor factor V is cleaved by throm- 
bin first to give rise to 2 intermediate peptide chains that are noncovalently associated in the presence 
of calcium ion. These chains are subsequently cleaved to give rise to 2 polypeptide chains, D and E, 
that are obtained from the NH,- and COOH-terminal of the parent molecule, respectively. These two 
chains are noncovalently associated with the process involving calcium ion. The open areas indicated 
at the NH,-termini of the D and E chain represent areas that have been shown to be homologous to 
similar areas of the factor VIII, peptide chains (from Mann, K.G. (1984) Membrane-bound enzyme 
complexes in blood coagulation, in: Progress in Hemostasis and Thrombosis (Spaet, T.H., Ed.) Vol. 
7, pp. 1-23, reprinted by permission of the publisher, Copyright 1984 by Grune and Stratton, Inc., 
New York). 

rived from the carboxyl terminus of the 76000 molecular weight chain. This scheme 
of activation is represented in Fig. 2. 

The scheme of thrombin activation of bovine factor V that we have observed is 
represented in Fig. 3. Under the conditions that we have employed, thrombin first 
cleaves the 330000 molecular weight factor V procofactor giving rise to 2 peptide 
chains, C and D, with apparent molecular weights of 150000 and 205000 based 
upon gel electrophoresis in SDS. These two chains remain noncovalently associ- 
ated [48]. Cleavage of the 150000 molecular weight chain gives rise to a 94000 
molecular weight peptide from the NH2-terminus, and at this point factor V, ac- 
tivity is expressed. Subsequent cleavage of the 205000-dalton chain gives rise to a 
COOH-terminal fragment of molecular weight 74000 (component E) and these two 
chains remain noncovalently associated in the presence of divalent cations. Suzuki and 
coworkers [34] have reported that in the activation of human factor V the cleavage 
which gives rise to component D occurs first, while Esmon [49] has reported that ac- 
tivation of bovine factor V by the Russell's viper venom coagulant protein gives rise 
to the cleavage which would give rise to component E as the first product. 

Sequence studies of the NH,-terminals of peptides liberated from factor V upon 
activation with thrombin and the peptides derived from factor VII1:C activation 
by thrombin, indicated that these two proteins were remarkably homologous with 
respect to amino acid sequence. The NH2-terminal sequences of the bovine factor 
V, heavy and light chains and the respective porcine factor VIII homologues rep- 
resented in Fig. 4 are indeed homologous to one another, even though the factor 
V and factor VIII of two different species are represented. In addition, sequences 
within the respective chains show significant internal homology, giving evidence of 
internal duplication in the structure of factor V and factor VIII [50,51]. When 
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Fig. 4. The 4 amino acid sequences given are aligned to the sequence occurring in the 166-, 130-, and 
82-kDa polypeptides of the porcine factor VIII with serine (parentheses denote tentative assignment) 
as the initial residue. The 74-kDa chain of bovine factor V has, as the first relative residue in this align- 
ment, the asparagine found in position 5 of the polypeptide. The 94-kDa bovine factor V chain and 
the 69-kDa porcine factor VIII chain have been similarly juxtaposed as indicated in the figure (re- 
printed with permission of Fass, D.N. et al. (1985) Internal duplication and sequence homology in fac- 
tors V and VIII, in: Proc. Natl. Acad. Sci. (U.S.A.) 82, 1688-1691). 

computer searches were performed on the sequences in factor V and factor VIII, 
it was observed that the two molecules share homology with another plasma pro- 
tein, ceruloplasmin (cf. [52] and Ch. 2B). Ceruloplasmin is a blue, copper-con- 
taining protein in blood that has a molecular weight of about 150000. This unex- 
pected observation with respect to homology prompted a search for copper in factor 
V. Atomic absorption and atomic emission analyses of the factor V isolated either 
by conventional techniques for the bovine species, or by monoclonal antibody 
techniques for the human factor V, gave evidence of 1 g atom of copper ion/mole 
of factor V [53]. Ceruloplasmin exhibits amine oxidase activity, however, initial 
studies have indicated that factor V does not possess this activity, at least when 
challenged with sample substrates. Ceruloplasmin does not possess cofactor activ- 
ity in the prothrombinase complex. However, it is interesting to speculate that the 
presence of copper ion in the factor V/factor V, molecule, indicates a potential 
oxidase-related enzymatic role for factor V in addition to its cofactor role in pro- 
thrombinase. 

6. Factor Vlfactor V ,  metal and lipid interactions 

The dependence of factor V, activity on metal ions was observed well prior to 
the isolation of the molecule [54]. Equilibrium binding studies of calcium ion in- 
teraction with factor V conducted by our laboratory, indicate that factor V con- 
tains two relatively simple calcium-binding sites which do not interact and which 
have an association constant of 5 X M. In addition, factor V contains one 
very tightly bound calcium ion with a Kd of less than lo-' M [55] .  As pointed out 
previously, copper has also been implicated in factor V structure however the rel- 
ative participation of copper ion and calcium ion for the maintenance of the over- 
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all structure of the molecule has not been elaborated. Guinto and Esmon have re- 
ported calcium-binding data for bovine factor v, (561. These investigators found 
one calcium-binding site for the two peptides in factor V, with an association con- 
stant of 2.4 x M. This site was not displayed by either of the isolated peptide 
chains. 

Treatment of factor V, with EDTA is accompanied by a time-dependent loss in 
factor V procofactor activity which can be restored after reincorporation of metal 
ion [12,55]. Addition of a variety of metal ions can result in restoration of factor 
V, activity. These include manganese, calcium, cobalt, chromium and cadmium. 
In the presence of added metal ion, dissociated light and heavy chains of factor V, 
reassemble to form the active factor V, molecule. The exact nature of the metal 
ion interaction associated with chain-chain association, has not been deduced; nor 
does there appear to be a significant spectral or fluorescence change associated with 
peptide chain interactions. However, monoclonal antibodies have been produced 
which will recognize the apo-factor V but not the metal ion-containing form [36]. 
This observation suggests that a limited conformational change may occur upon 
removal of the metal ion. Recently, we have performed high-resolution protein 
NMR experiments on factor V and factor V, after treatment with EDTA (Wood- 
worth and Church, unpublished observations). These studies indicate significant 
chemical shifts, particularly associated with histidine and tyrosine residues which 
may be related to the metal ion-binding ‘pocket’ of the molecule. 

The early work of Papahadjopoulos and Hanahan [4] indicated a factor V in- 
teraction with phospholipids. Quantitative interpretation, however, of the associ- 
ation of factor V and factor V, with phospholipids, has been rather controversial. 
Three laboratories have reported factor V- and factor V,-binding data with each 
laboratory using different physical techniques for measurement [57-61]. Qualita- 
tively, the data appeared to be similar, however the quantitative data are not. We 
have used light-scattering techniques to show that both factor V and factor V, bind 
to acidic phospholipids [57,58]. The binding we have observed is independent of 
added metal ion, and has a significantly higher affinity than that observed for the 
vitamin K-dependent proteins (- M). Further, from conventional and quasi- 
elastic light-scattering data we have observed binding which is independent of ionic 
strength up to 1 M salt. Further our studies have shown that the association of fac- 
tor V, with phospholipids is quantitatively dependent upon the 74 000-dalton E 
chain of factor V, [58,59]. Data from our laboratory have also shown that this same 
chain corresponds to the platelet-binding site of factor V, [62]. 

Data reported by Nelsestuen’s laboratory [60] indicate a significantly lower dis- 
sociation constant for factor V, binding to phospholipids (-lo-’’ M). In this in- 
stance, the investigators used kinetics of association and dissociation of factor V, 
with phospholipids to estimate the dissociation constant. Studies by van de Waart 
and coworkers [61] have used a non-equilibrium technique of sedimentation of large 
vesicles from suspension, followed by activity measurements of the fraction of fac- 
tor V, bound and free. These investigators reported a Kd in agreement with our 
laboratory. Their data also are consistent with the lipid-binding component of fac- 
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tor V, residing in the 74 000-dalton carboxyl terminal-derived E chain; however 
their data suggest that the binding is ionic strength dependent. 

Overall then, there is qualitative agreement with respect to factor V and factor 
V, binding requiring acidic phospholipids and with the binding site residing in the 
74000-dalton (light) chain. However, the quantitative details of the binding inter- 
action remain controversial. 

7. Factor V,  binding to factor X ,  prothrombin and activated protein C 

The study of the protein interactions in the prothrombinase complex has been 
elaborated by a variety of techniques. Papahadjopoulos and Hanahan [4] and Cole 
and coworkers [5] used sedimentation techniques to establish qualitatively the in- 
teractions amongst the proteins in prothrombinase. The availability of the pure 
proteins in more recent years has made it possible to quantitatively estimate dis- 
sociation constants, stoichiometry and peptide chain specificities of the pro- 
tein-protein interactions associated with factor V and factor V,. Most of the meas- 
urements currently available are kinetic in origin, and depend upon the expression 
of prothrombinase activity toward prothrombin or a synthetic peptide substrate 
[11,18,35,61,63-65]. Thus many of the reports give rise to only ‘apparent’ K ,  and 
n data. Equilibrium binding studies of peptide association have been performed 
using light-scattering techniques (57,581 as well as fluorescence polarization utiliz- 
ing active site [65-67] modified factor X, and active site modified activated protein 
C [68]. Affinity chromotography utilizing immobilized protein has also been used 
to assess protein-protein interactions [69]. Direct platelet-binding studies have also 
been performed under equilibrium conditions using radiolabeled proteins and an 
oil centrifugation technique [20,70,71]. 

For studies in which evaluation of stoichiometry is possible, all data are con- 
sistent with the molar stoichiometry of 1 mole of factor V, bound per 1 mole of 
factor X,. In addition, all studies are consistent with this complex being described 
by a dissociation constant of approximately lo-’’ M indicating a very high affinity 
between factor V, and factor X, and a lipid or platelet receptor. Published kinetic 
data suggest that the interaction between factor X, and factor V, in the absence 
of lipid is of the order of M [72]. Light-scattering experiments performed in 
our laboratory suggest the dissociation constant between factor V, and factor X, 
in the absence of lipid is -lo-’ M. 

Two studies from our laboratory implicate the 74000-dalton E chain of factor 
V, in the factor X,-binding process. We have made use of a covalently modified 
fluorescent factor X, derivative to study interactions of factor X, with factor V,. 
Factor X, has been modified at the active site histidine with 1,5-dansyl-glutamyl, 
glycyl, arginyl-chloromethyl ketone (dansyl-EGR-X,) and the interactions of this 
inactivated enzyme with factor V,/phospholipid have been evaluated. Monoclonal 
antibodies, directed against the light chain of factor V, but not antibodies toward 
the heavy chain of factor V,, have the property of blocking the binding of dansyl- 
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EGR-X, to lipid-bound factor V, [66]. In studies with platelets, we were able to 
show that platelet-bound factor V,, treated with EDTA to remove the heavy chain, 
results in platelet-bound light chain. This product is still capable of binding factor 
X, from solution in the presence of calcium ion [62]. In both of these studies, the 
74000-dalton E chain of factor V, is implicated as both the lipid-binding chain of 
factor V, and also as a significant contributor to factor X, binding. These studies, 
however, do not exclude contributions of the 94000-dalton D ( heavy) chain to 
factor X, binding. In this regard, van de Waart and coworkers [61] and Esmon 
[69] have not been able to show binding of the light chain of factor V, to factor 
X, bound to agarose. 

The heavy chain of factor V, has been implicated in the binding of prothrombin 
[69]. Binding of the factor V, 94000-dalton heavy chain to prothrombin immobi- 
lized on agarose was shown to be calcium independent. Factor V did not bind to 
this column, and the binding of the heavy chain of factor V, to the immobilized 
prothrombin was not influenced by EDTA. 

We have recently developed a fluorescent chloromethyl ketone reagent which 
can be used to study the binding of activated protein C to factor V, bound to a 
membrane. This reagent, 2,5-dansyl-EGRCK, labels the active site histidine in ac- 
tivated protein C and gives an excellent polarization signal when activated protein 
C binds the lipid or to lipid-containing factor V, [68]. In contrast to the binding of 
factor X, to factor V,, but consistent with the binding of prothrombin to factor V,, 
the binding of activated protein C to factor V, is independent of calcium ion. The 
studies of the isolated chains of factor V, indicated that the binding interaction is 
quantitatively associated with the light chain of factor V,, and that the interaction 
of activated protein C with either factor V, or factor V, light chain occurs with a 
1 : 1 stoichiometry. 2,5-dansyl-EGR-activated protein C has also been studied with 
respect to its binding to factor V. In contrast to prothrombin, the labeled activated 
protein C also binds to a nonactivated factor V. 

8. Factor V,-related complex interaction on natural membrane 
surfaces 

Membranes composed of synthetic phospholipids provide convenient models for 
the study of complex assembly related to prothrombin activation, however the most 
likely natural surfaces for assembly of these complexes are peripheral blood cell 
membranes. We have studied the interaction of factor V,, factor X, and pro- 
thrombin with platelets, monocytes and lymphocytes [18-20,701. In addition, 
Rogers and Schuman have reported prothrombinase complex assembly on vascu- 
lar endothelial cells in culture [73]. Equilibrium binding measurements have been 
performed for bovine and human factor V and factor V, with platelets [20,71]. For 
the bovine system, binding is saturable with respect to both factor V and factor 
V,, and totally reversible. Thus, binding data for bovine platelets can be treated 
quantitatively. 
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Bovine platelets, either collected in inhibitors such as prostaglandin El or in- 
tentionally activated by thrombin, express the same number of binding sites for 
factor V and factor V,. A single class of sites is seen for factor V with approxi- 
mately 1000 sites. For factor V,, 2 classes of sites are seen; a high-affinity class, 
which numbers approximately 1000, and a lower-affinity class, with approximately 
4000 sites. 

For human platelets, the equilibrium binding studies are made complex by the 
fact that human platelets are not saturable with respect to factor V or factor V,. 
When saturable binding is not observed in equilibrium binding measurements, 
quantitative interpretation of the equilibrium binding data is not feasible. 

We have used kinetic studies to estimate the number of human platelet-binding 
sites for the prothrombinase complex. For the activation of prothrombin to occur 
at physiologically relevant concentrations of prothrombin and factor X, (- lop6 M 
and M, respectively), factor V, and a membrane receptor are obligate for 
expression of activity. Because of this, we deduced the functional level of the fac- 
tor V,/factor X, interaction with the platelet surface, using the titration of the rate 
of activation of prothrombin as a mechanism of interpretation of the binding sites 
and binding site interactions. Using bovine platelets, a functional assessment of 
factor V,-binding sites indicated that only the high-affinity sites determined from 
equilibrium binding experiments were related to the functional expression of 
prothrombinase activity. Equilibrium binding measurements which made use of 
labeled factor X, and labeled factor V, indicated an interaction stoichiometry of 
1:l. Thus, the kinetic data could be interpreted in terms of the number of receptor 
sites on the platelet for factor X,-factor V, binding [70]. 

As pointed out previously, true equilibrium binding studies for factor V, bind- 
ing to human platelets have been made impossible because of the nonsaturable na- 
ture of this binding. In addition, the high content of factor V present in human 
platelets and secreted to a variable extent during platelet experiments complicates 
estimates of platelet factor V binding. Semi-quantitative estimates from binding 
measurements by Kane and Majerus indicate 2000-3000 factor V,-binding sites for 
human platelets. Quantitative assessment of functional binding sites using a ki- 
netic approach indicate approximately 3OOO factor V,-factor X,-binding sites which 
participate in prothrombin activation. The number of sites expressed in a func- 
tional prothrombinase titration of factor V, binding to human platelets, was not 
influenced by platelet activation by thrombin or thrombin plus collagen (with mix- 
ing but without continuous stirring). However, the ultimate specific activity ob- 
tained per site was influenced by prior activation of platelets with thrombin. Thus, 
one could conclude that: (a) the formation of factor V,-factor X,-binding sites on 
the platelet, was not influenced by the state of platelet activation, however (b) the 
ultimate expression of activity by that site did depend upon platelet activation. 
Human monocytes express approximately 16 OOO factor V,-factorX,-binding sites 
of high affinity. based upon kinetic-functional titration assays, and these cells may 
provide a significant role in fibrin deposition during inflammation. 

Recently, we have had the opportunity to study both factor V, and factor X, 
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binding, using the kinetic method, in an individual who is factor V antigen defi- 
cient, both in plasma and in platelets [18]. In these experiments, the functional 
stoichiometry of the human platelet factor V,-X, interaction could be confirmed 
as 1:l. 

Data from our laboratory, and from that of Majerus indicate that the factor 
V,-factor X, complex assembles on the surface of unactivated platelets. The bind- 
ing interaction of these complexes with platelets is not altered by platelet activa- 
tion, however, the maximum activity per site appears to require platelet activation 
and inhibitors of the latter do result in a lower overall turnover number per com- 
plex. Recent data from Hemker’s laboratory have concluded that platelet activa- 
tion with agents such as thrombin and collagen separately, result in similar num- 
bers of binding sites as those reported by our laboratory [74]. However, this group 
also reports that with multiple stimuli and vigorous stirring, platelets will express 
additional factor V,-factor X, receptors (see Ch. 6 for recent summary on this 
topic). We have reproduced the experiments reported by these investigators, and 
find that the time course of expression of the additional receptor sites, does not 
coincide with the time course normally associated with the ‘standard’ events as- 
sociated with platelet activation i.e., pseudopod formation, release of dense gran- 
ules, and aggregation. Rather, the increase in sites reported by these coworkers, 
occurs at a significant interval following the afore-mentioned events of platelet ac- 
tivation and thus represents further activation and shear-related prothrombinase 
sites on platelets. The exact relevance of the various prothrombinase receptors on 
platelets awaits further studies. 

9. The prothrombinase complex 

Based upon binding interactions produced from both kinetics and equilibrium 
measurements of binding a hypothetical working model of the prothrombinase 
complex in cartoon form was developed in 1979 and is shown in Fig. 5 [75]. Al- 
though this model is presently ‘long in the tooth’ it still represents a reasonable, if 
incomplete representation of prothrombinase. The factor V, molecule is shown 
bound to phospholipid forming the receptor on the membrane surface for the fac- 
tor X, protease. The requirement for activation of factor V for binding is implied 
by the fissures in the model, and factor X, is represented by a two-domain protein 
bound both to factor X, and to the phospholipid surface. The substrate, prothrom- 
bin, is represented as a three-domain molecule composed of prothrombin frag- 
ment 1,  prothrombin fragment 2, and prethrombin 2. The prothrombin is repre- 
sented as binding to phospholipids through the ycarboxyglutamic acid-containing 
region (fragment 1). This interaction somehow involves calcium ions and these are 
represented schematically as attachment sites for the phospholipid surface. It should 
be pointed out, however, that the exact nature of vitamin K-dependent protein in- 
teraction with acidic phospholipids involving calcium ions is not well understood, 
and may or may not involve ion bridging. The prothrombin fragment 2 domain has 
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Fig. 5 .  The hypothetical model of the prothrombinase complex. Factor V, is shown as a relatively hy- 
drophobic protein binding to the phospholipid bilayer and forming the receptor for 1 molecule of factor 
X,. Factor X, is shown represented to interact both with factor V,, and through its ycarboxyglutamic 
acid-containing region, with the phospolipid surface itself. A molecule of prothrombin with its 3 do- 
mains, prothrombin fragment 1, fragment 2, and prethrombin 2, is shown associated with factor V,, 
factor X,, and the phospholipid surface, the latter occurring through the Gla-containing fragment 1 
region. The interaction between prothrombin and factor V, is represented through the fragment 2 re- 
gion. Calcium ions, represented by small black dots, are shown associated with factor X;factor v,, 
prothrombin.factor V,, and factor V, D and E chain interactions. Calcium ions are shown represented 
also in the interaction at Gla of the fragment 1 region of prothrombin and the NH2-terminal segment 
of factor X, with the phospholipid membrane. Prothrombin molecules are represented also, in solution 
both as dimers and monomers. Prothrombin molecules are represented also binding directly to the 
phospholipid membrane (from Nesheim, M.E., Hibbard, L.S.,  Tracy, P.B. et al. (1980) Participation 
of factor V, in prothrombinase, in: The Regulation of Coagulation (Mann, K.G. and Taylor Jr.,  F.B., 
Eds.) p. 145, ElsevierNorth-Holland, New York, reprinted by permission of the publisher, Copyright 
1980 by Elsevier Science Publishing Co. Inc., New York). 

been implicated by a number of kinetic studies as that through which factor V, 
participates in prothrombin activation. It is therefore shown in close proximity to 
the factor V, molecule. As represented, factor X, is bound to membranes by a tight 
interaction (K,, = lo-'' M) while prothrombin is interacting both with the assem- 
bled enzyme cofactor complex and with the lipid membrane directly. 

A number of key features of this model are apparent. First of all, the model 
implies that at factor X, concentrations potentially present in a clotting situation 
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(-lO-x-lO~y M) all factor X, would be bound as long as sufficient receptors 
(membrane and factor V,) were available. Thus, the enzyme would be fixed at a 
cellular site. Secondly, both prothrombin and the factor V,-factor X, complex in 
the cartoon are binding to acidic phospholipid. Thus, there is a potential for com- 
petition of prothrombin and enzyme (factor V,-factor X,) at fixed membrane 
composition and concentration since both enzyme and substrate can compete for 
the same surface. Thirdly, as represented, the binding site is represented by a pure 
phospholipid membrane without receptor proteins. While this is without question, 
and by design the situation which occurs with synthetic phospholipid vesicles, it 
remains uncertain whether additional receptor proteins in the platelet membrane 
are involved in the formation of a similar complex on cell surfaces. 

10. Prothrombinase activity 

If one assumes physiologic concentrations of factor V and prothrombin, and es- 
timates that in coagulation between 1 and 10% of the coagulation factor X may 
be activated, one could compare the rate of prothrombin activation in the pres- 
ence of a complete catalyst (X,-V, lipid complex) to that for factor X, alone with 
all reagents at ‘physiologic concentrations’. In this illustration, phospholipids are 
used, platelets substitute equivalently, and the assumption here is that sufficient 
membrane-binding sites are available in the system and are not limiting. Under 
this set of conditions, the turnover rate for prothrombin, per mole of factor X,, in 
the presence of saturating V,, receptor sites and calcium ion, would be approxi- 
mately 1200 moles of thrombin/min/mole of factor X,. If one were to delete any 
constituent from this reaction mixture, the reaction rate would fall dramatically. 
This is illustrated in Table 1, which represents the measured rate under the con- 
ditions discussed in the preceding section. Table 1 illustrates why Owren’s patient 
bled in 1943 because of a lack of factor V. In the absence of factor V, low9 M 
factor X,, converts prothrombin to thrombin at a rate which is approximately 

TABLE 1 

Relative rates of prothrombin activation in the presence of various combinations of the components of 
the ‘prothrombinase’ complex 

Components present” Relative rateb 

xa 1 
X,, Ca2+ 2 
X,, Ca2+, phospholipid 22 
X,, Ca”, V, 356 
X,, Ca”, phospholipid, V, 278 OOO 

a Proteins are present at potential physiological concentration; prothrombin - 
-lo-* M, factor X, -lo-’ M. Phospholipid is present at a concentration adequate to saturate the 
reaction. 

M, factor V, 

Relative rates are expressed in comparison to factor X, by itself. 
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1/10000 rate that would occur in the presence of saturating levels of factor V,. 
Deletion of a membrane receptor (lipid) results in a 1000-fold change in rate while 
deletion of both would decrease the rate by approximately 5 orders of magnitude. 
Under the set of conditions described in Table 1, virtually all the factor X, and factor 
V, will be bound to the membrane receptor and only a fraction of the prothrombin 
would occupy phospholipid-binding sites. However, owing to the tremendous relative 
preponderance of prothrombin in the system ( M), approximately half the sur- 
face of each phospholipid vesicle would be covered by substrate molecules while only 
10% would be covered by enzyme (factor V,-factor X, complexes). 

An attractive rationalization for the dramatic increase in rate (3 x 105) of a 
complete prothrombinase complex over an equivalent concentration of factor X, 
alone at potential plasma concentrations of constituents relates to the changes in 
specific activity and co-concentration of enzyme and substrate. Since both enzyme 
and substrate are condensed in a relatively small element of the total volume of 
solution, the relevant ‘K,’ relates to local concentration [63,76,77] (see also Ch. 
3 for an extensive discussion). Work from our laboratory using prothrombin, with 
no lipid-binding capacity, obtained from warfarinized animals indicates that the in- 
trinsic K, of prothrombin, without lipid-binding capacity for factor X,-factor V, 
bound to a membrane surface is approximately 12 p M  (781. Since in the experi- 
ments described, the nominal concentration of prothrombin is approximately 1 pM, 
it is approximately 10% of K,. However, in the region of bound enzyme, the con- 
centration of prothrombin, owing to lipid binding, is quite in excess of the appar- 
ent K,, and the membrane-bound enzyme is saturated by the local environmental 
concentration of prothrombin. The second major feature of catalyst formation in- 
volves intrinsic alterations in the enzyme factor X,, the substrate prothrombin, or 
both, and brings about a significant alteration in the catalytic rate constant; in other 
words, a ‘k,,,’ effect. 

Work from Rosing and coworkers suggests that the principal effect of lipid on 
prothrombinase is to reduce the ‘apparent K,’ for the reaction while the effect of 
factor V, is to stimulate the k,,, for the reaction [76]. A more complete discussion 
of the influence of lipid binding on the apparent K ,  and k,,, of this reaction can 
be found in ref. 77 and in Ch. 3. 

One unique feature alluded to earlier, for reactions in which membrane-bound 
enzyme acts upon membrane-bound substrate, deals with competition of enzyme 
and substrate for membrane-binding sites. We have constructed a computer model 
to evaluate the influence of binding factors X,, V,, and prothrombin and lipid con- 
centration on the observed rate and/or K ,  observed for a given set of reaction 
conditions [77]. As suggested by the prothrombinase model in Fig. 4, both the fac- 
tor V,-X, complex and prothrombin should compete for the same lipid site and 
thus, one should see for this reaction, characteristic competition and inhibition by 
excess enzyme or excess substrate as one or the other displaces the membrane- 
bound counterpart from the surface. This model has also been tested in terms of 
lipid concentrations since one would predict that increasing the concentration of 
surface could in fact inhibit the reaction by dispersing enzyme and substrate. This 
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is indeed observed for normal (10 Gla) prothrombin and not observed for Gla- 
deficient prothrombin [78]. 

Two peptide bonds are cleaved in prothrombin to give rise to thrombin and 
hence, there are two potential mechanisms in terms of order of bond cleavage which 
could give rise to active thrombin. In factor V-free systems, the predominant re- 
action appears to go through prothrombin fragment 1-2, prethrombin 2 as a first 
cleavage i.e., cleavage at Arg,,,-Thr,,, followed by cleavage of prethrombin 2 at 
A~g ,~~- I l e~ , ,  to give rise to thrombin [79]. Current data obtained for a fully satu- 
rated factor X,-factor V, complex indicate that the predominant intermediate seen 
for the prothrombinase catalyst corresponds to meizo-thrombin with the first 
cleavage occurring at  Arg322-Ile323, and the subsequent cleavage giving rise to a- 
thrombin and fragment 1.2 by virtue of cleavage at Arg2,,-Thr2,,. This change in 
reaction order may relate to an altered mechanism of the reaction and this may 
give rise to the observed change in k,,, for thrombin production [go]. 

11. The cell membrane receptor for factor V ,  

Although phospholipids provide a convenient source upon which to construct 
synthetic models of prothrombinase, a growing body of data suggest that the platelet 
receptor for the factor V,-factor X, complex may involve something more than 
phospholipids per se. Studies of one of Dr. Harvey Weiss' patients have suggested 
that this individual had a platelet prothrombinase defect even in the presence of 
a surplus of factor V, and factor X,, thus implicating the lack of expression of a 
receptor on the surface of the platelets for the factor V,-X, complex (cf. [81] and 
Ch. 6). This observation suggests that some protein may be absent which is re- 
quired to assemble the entire receptor. Secondly, we have prepared monoclonal 
antibodies to factor V, which have no effect on binding of factor V, to phospho- 
lipid vesicles, but inhibit factor V, binding to platelets. In addition, data (at least 
from our laboratory) suggest a gross difference in the capacity and affinity with 
which lipids bind to factor V, as compared to the affinity of the receptor of bovine 
platelets for factor V,. All of these studies are circumstantial; they can be ex- 
plained by a variety of phenomena besides the existence of a specific protein re- 
ceptor, which either participates in or organizes a lipid receptor for the factor 
V,-factor X, complex (see Ch. 6 for a balanced discussion). Recently, we' have 
conducted experiments which suggest that there is another explicit difference be- 
tween the factor V,-factor X, complex on platelets as a prothrombinase catalyst, 
and the factor V,-factor X, complex on phospholipids. Since factor X,, factor V, 
and prothrombin compete for the same phospholipids, one can show substrate- 
competitive inhibition for prothrombinase formed on a synthetic phospholipid ve- 
sicle. However, this same competition is not shown for prothrombinase formed on 
the surface of the cell. These data strongly suggest that in contrast to prothrom- 
binase assembly on phospholipids where both prothrombin and the factor V,-factor 
X, complex bind to the same 'receptors' (phospholipids), enzyme (factor V,-factor 
X,) and substrate (prothrombin) bind to different receptors on the cell surface. 
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12. Concluding remarks 

Factor V, was the first cofactor isolated to homogeneity. This isolation has led 
to a rapid growth of physical data related to the activation of factor V, to factor 
V,, the regulation of factor V, activity by activated protein C and protein S, the 
binding of factor V, to a variety of cell types, and the participation of factor V, in 
the prothrombinase complex. Many of the observations that have been made for 
factor V, and factor V,-factor X, interactions have their equivalent in factor 
IX,-factor VIII, interactions, including isolation of factor VIII:C, activation of 
factor VIII:C, function of factor VII1:C and sequence homology with factor VII1:C. 
Whether similar homologies can be expected with respect to the complexes in which 
thrombomodulin and tissue factor participate remains for further study. 
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CHAPTER 2B 

Nonenzymatic cofactors: factor VIII 
PHILIP J .  FAY, STEPHEN I.  CHAVIN, DOMINIQUE MEYER’ and 

VICTOR J.  MARDER 

Hematology Unit, Department of Medicine, University of Rochester School of Medicine 
and Dentistry, Rochester, New York (U.S.A.) ,  and ‘Institut de Pathologie Cellulaire, 

INSERM, U 143, Hbpital de BicPtre , Paris (France) 

1 .  Introduction 

The critical role of factor VIII in hemostasis is vividly illustrated by the severe 
hemorrhagic disorder of classic hemophilia that results from its deficiency, whether 
congenital or acquired. Interest in the structure, function and metabolism of this 
coagulation protein has been commensurate with its biochemical and clinical im- 
portance, although progress has been painstakingly slow because of the unavail- 
ability of pure protein. This limitation is the result primarily of its very low plasma 
concentration of less than 100 ng/ml and its apparent high sensitivity to protease 
degradation. Recently, progress has occurred in two directions that has allowed 
for a significant increase in experimental observation. First, relatively pure prep- 
arations have been obtained from blood, especially by use of highly specific anti- 
bodies to factor VIII. Second, recombinant DNA technology has been successfully 
applied, and new insights are now provided for the structure of factor VIII as well 
as for its gene. As a result of these advances, our understanding of factor VIII will 
certainly accelerate in the next several years. This chapter will summarize our cur- 
rent appreciation of the biochemistry, immunology, function and metabolism of 
newly synthesized and circulating forms of factor VIII, and will also consider its 
striking similarity to factor V and its unique characteristic of binding to von Wil- 
lebrand factor (vWF). Since factor VIII has until recently been purified mostly in 
its complexed form with vWF, some ambiguity in terminology exists in the liter- 
ature, especially in the outmoded designation of vWF as ‘factor VIII-related an- 
tigen’. In this chapter, we define factor VIII as an entity entirely distinct from vWF, 
which has its own unique molecular structure, biologic function, genetic control 
and, in its absence or malfunction, disease states. 
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TABLE 1 

Molecular weight of purified factor VIII 

Report Species Purification Molecular weight 
Fold Spec. act. Intact Component polypeptides 
( x plasma) (Ulmg) M, Technique Untreated After thrombin 

Vehar and Davie [l] 

Knutson and Fass [3]; 
Lollar et al. 14) 

Fulcher et al. [6,21] 

Rotblat et al. [lo]; 
Vehar et al. Ill] 

Purified bovine 320000 4500 250000-300000 Gel filtration 93 000 75 000 doublet 
88 000 38 000 
85 000 

Purified porcine 300 000 6 000 242 000 

Purified human 164000 2300 - 

Purified human 300000 4000 365 OOO 
(single chain) 

Summation of poly- 166000 69 OOO 
peptide chains 130000 44000 

82 000 35 000 
76 000 76 000 

122000-188000 92000 (54000; 
(-6 polYPeP- 44000) 

tides) 
72 000 92 000 

80 000 71 000 
79 000 

Non-reduced dena- 210000 
turing gel electro- 170000 
p h o r e s i s 150000 

120000 - 
90000 
8oooo 
70 OOO 



Fay et al. [7,8] Purified human 1400000 20000 230 000 

Hoyer and Trabold [13] Partially purified - - 
human 

Weinstein et  al. [14,15] Plasma (human) - - 

Gel filtration 155 000 90OOO (51 000; 
146000 38 000) 
120000 
90000 
82 000 75 000 
80 000 73 OOO 

285 OOO Gel elution and su- - 116000 (70000) 
crose density gra- 
dient 

240 OOO Electrophoreses of 180000 100000 (80000) 
(single chain) immune complex 120000 

100 000 
(single chain) 

Vehar et al. [ll] Cloned human - - 265 OOO Amino acid compo- Single chain - 
sition 

Toole et al. [17] Cloned human - - 267 000 Amino acid compo- Single chain - 
sition 

w 
4 
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2. Biochemistry 

(a) Purijication and molecular weight of polypeptide chains 

Until the report by Vehar and Davie in 1980 [l] ,  preparation of active factor 
VIII contained mostly fibrinogen and von Willebrand protein with relatively little 
factor VIII protein. Vehar and Davie utilized bulk quantities of bovine plasma as 
starting material and conventional fractionation and chromatographic techniques 
to achieve a preparation with specific activity about 300 000-fold higher than plasma. 
SDS-urea-polyacrylamide gel electrophoresis (SDS-PAGE) of the final prepara- 
tion showed only 3 polypeptides of equal staining intensity, with M ,  of 93 000, 88000 
and 85 000 (Table 1). Although these chains apparently were not disulfide-linked, 
one of the purification steps involved disulfide bond reduction and therefore the 
polypeptides originally may have been disulfide bonded. Fass et al. [2,3] and Lol- 
lar et al. [4] reported a similar degree of purification for porcine factor VIII. By 
use of an immunoadsorbant column of anti-factor VIII monoclonal antibody cou- 
pled to agarose, they obtained a preparation consisting of 4 polypeptides, of which 
the smallest ( M ,  76000) had the greatest staining intensity. Amino acid sequence 
analysis indicated that the 3 largest polypeptides derived from the same amino ter- 
minal portion of the protein, and that the polypeptides of M ,  130000 and 82000 
were proteolytic products of the M ,  166000 polypeptide [5] .  The smallest chain ( M ,  
76000) had a distinctly different amino terminal sequence, suggesting its origin from 
a different portion of the molecule. The data were considered to be compatible 
with a two-chain molecule, in which 1 of the 3 larger polypeptides was bound to 
the smallest, presumably by a non-covalent bond. 

Fulcher and Zimmerman [6] purified human factor VIII by application of ther- 
apeutic concentrates to  an anti-von Willebrand protein monoclonal immunosor- 
bant column and elution of column-bound factor VIII with a 0.25 M calcium chlo- 
ride-containing buffer to dissociate it from the antibody-bound protein. 
Electrophoresis of this preparation identified at least 6 faintly staining bands of M ,  
9000CL188000, and a major doublet of M ,  79000, 80000. Fay et al. [7] purified 
human factor VIII to a specific activity of 20000 U/mg (about 1.4 x 106-fold higher 
than plasma) by means of chemical fractionation, filtration and anion exchange 
chromatography, and have identified polypeptides of M ,  155 000, 146 000, 120000 
and an 82000/80000 doublet. A polypeptide of M ,  100000 that was present in an 
earlier preparation [8,9] could be separated in the last purification step from the 
factor VIII coagulant activity. 

Rotblat et al. [lo] described a human factor VIII preparation produced by a 
combination of chemical and immunological techniques, in which cryoprecipitate 
was adsorbed to a specially modified insoluble polymer (polyelectrolyte E5), then 
eluted and applied to an anti-vW protein monoclonal antibody imrnunosorbant 
column. Factor VIII was eluted with calcium, then directly adsorbed on an anti- 
factor VIII monoclonal antibody column; eluted factor VIII had a specific activity 
of about 4000 U/mg and some preparations showed a very high molecular weight 
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polypeptide of about 365 000. This preparation was analyzed by Vehar et al. [ll] 
by two-dimensional thin-layer chromatography, and polypeptides of M ,  210 000, 
170000, 150000, 120000, and 90000 all had remarkably similar fingerprint pat- 
terns, in distinction to polypeptides of M ,  82000 and 80000. The same conclusion 
as reached by Fass et  al. was drawn, namely that the polypeptides greater than 
80000 were all derived from the amino terminal portion of the molecule by pro- 
gressive cleavages at the C-terminal part of the peptide, and each was bound to a 
small polypeptide chain of 80000. The occasional presence of a very high molec- 
ular weight polypeptide by Rotblat et al. [lo] suggests that a single high molecular 
weight precursor factor VIII polypeptide may exist which undergoes proteolysis 
during purification. Separation of the putative two-chain protein by calcium-che- 
lating agents into large plus small polypeptide chains suggests that a calcium bridge 
holds the two chains together as a complex [12]. 

(b) Total molecular weight 

Molecular weight estimates or measurements of undissociated factor VIII prep- 
aration have indicated a large molecule of 250000 or greater. Hoyer and Trabold 
[13] used a partially purified preparation of human factor VIII and calculated the 
molecular weight of the active moiety by measurement of the Stokes radius after 
gel filtration and the sedimentation coefficient by sucrose density gradient centrif- 
ugation. The calculated value was 285000 (Table l), but the preparation was not 
pure enough or sufficiently concentrated to detect subunit polypeptide chains of 
the factor VIII protein. Vehar and Davie [l] estimated the size of bovine factor 
VIII at 250 000-300 000 using gel permeation chromatography, and this value was 
in reasonable agreement with the sum of the 3 individual polypeptides (266000) 
that they identified in the preparation. Fass and colleagues [3] surmised that the 
molecular size of a 2-chain molecule would be approximately 242 000, representing 
the largest of the peptides ( M ,  166000) plus the small peptide ( M ,  76000). Fay and 
colleagues [8] used HPLC gel filtration and found that the activity eluted at the 
position of approximately 230 000, compatible with the 2-chain polypeptide model 
of Fass et al. [3]. Weinstein et al. [14,15] used a method of electrophoretic analysis 
of a complex of human factor VIII with radiolabeled anti-factor VIII Fab, using 
non-reducing conditions in the presence of SDS. On the assumption that no more 
than one Fab fragment binds to each factor VIII molecule, the molecular weight 
of factor VIII was estimated to be 240000 in both plasma and factor VIII concen- 
trates. They also noted single-chain molecular weight species of M ,  180000, 120000 
and 100000. The highest single polypeptide chain observed under conditions of 
SDS-PAGE was that of Rotblat et al. [lo] ( M ,  365000), but this single-chain moiety 
was not a predominant species and was probably easily degraded to smaller deriv- 
atives by protease digestion during preparation. 

An accurate determination of the amino acid content of the intact factor VIII 
species was obtained from cloned human factor VIII, as reported by Vehar et al. 
[11,16] and Toole et al. [17] in November 1984. The dramatic success of cloning 
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technology (discussed below) allowed for a molecular weight determination based 
upon amino acid sequence analysis alone, with virtual agreement between the two 
studies of 265 000 and 267 000. The molecular size of the cloned factor VIII does 
not include a contribution by carbohydrate, since this portion of the protein has 
not yet been determined. Nevertheless, this value agrees with most of the deter- 
minations by physico-chemical analysis of purified plasma factor VIII. Although 
the intact factor VIII molecule probably is significantly larger than 265 000, the 
predominant circulating form of factor VIII in plasma appears to be a 2-chained 
molecule of approximately 250000. All of the preparations reported to date pos- 
sess the required properties of being potentiated by both thrombin and factor X,, 
and of being inactivated by both activated protein C and human acquired anti- 
bodies to factor VIII. 

(c) Carbohydrate content 

Most of the carbohydrate in the factor VIII-von Willebrand protein complex is 
part of the von Willebrand protein rather that the factor VIII since the latter com- 
prises less than 1% of the total protein [18-201. Nevertheless, there is evidence 
that factor VIII also is a glycoprotein. Purified bovine factor VIII binds to con- 
canavalin agarose and can be eluted with a-methylglucopyranoside [ 11 and fur- 
thermore, the polypeptides in a purified preparation of human factor VIII react 
with periodic acid-Schiff stain after electrophoresis in denaturing polyacrylamide 
gels [21]. The carbohydrate of factor VIII probably does not influence coagulant 
activity, since Sodetz et al. [22] showed that neuraminidase and Pgalactosidase had 
no effect on the factor VIII clotting activity. More recently, Fay et al. [9] depleted 
carbohydrate with a mixture of endoglycosidases and exoglycosidases without sig- 
nificant change in clotting activity. Furthermore, activity of sugar-depleted factor 
VIII could still be potentiated by thrombin and the decay rate of activity after such 
activation was the same as untreated factor VIII. 

(d)  Disulfide and calcium bridges 

Thus far, evidence in support of the 2-chain structure of factor VIII has been 
indirect, with no clear-cut demonstration of disulfide or calcium bridges holding 
the two polypeptide chains together. However, the role of calcium in the integrity 
of factor VIII structure is strongly implied by the sensitivity of coagulant activity 
to storage in citrated plasma in contrast to its stabilization in heparinized plasma 
[23] or in buffer containing physiological levels of calcium ions [24]. The presence 
of homologies in factor VIII with ceruloplasmin (see below) suggests that copper 
or other divalent metal ion-binding sites may be present in factor VIII although 
not necessarily as a bridge between the two polypeptide chains. 

Agents which react with free sulfhydryl groups have little or no effect on factor 
VIII activity [25-271 and even reduction of some disulfide bonds with low concen- 
trations of dithiothreitol followed by alkylation does not affect factor VIII activity 
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[26,27]. With higher concentrations of reducing agents (2.3-3.9 mM) followed by 
alkylation, factor VIII levels are reduced by up to 73%, coincident with a reduc- 
tion in size of the molecule, as measured by changes in gel filtration behavior [26]. 
These results suggest that disulfide bonds play an as yet uncertain role in main- 
tenance of the structure of factor VIII, perhaps more with regard to intrachain 
bonds than with bridges between the two polypeptide chains. The best evidence 
yet available for the non-covalent nature of bridges between two chains of factor 
VIII is that of Fass and colleagues [12], based upon the differential elution of poly- 
peptide chains from immunoabsorbant anti-factor VIII columns in the presence or 
absence of calcium-chelating agents. 

(e )  Protease (thrombin) cleavage 

Changes in polypeptide size and overall molecular weight of factor VIII have 
been noted after thrombin exposure (Table l ) ,  such experiments usually per- 
formed in association with measurements of factor VIII activity, its potentiation 
or loss. The considerable controversy regarding the association of such activity 
changes with structural changes (considered below) is to some degree a reflection 
of the differences and heterogeneity of factor VIII preparations and the complex 
changes that follow thrombin exposure. Hoyer and Trabold [13] showed a con- 
version from an M, 285000 molecule to a species of M, 116000 in association with 
thrombin activation of activity, followed by a decrease in molecular size to M, 70000 
in association with thrombin inactivation of factor VIII. McKee et al. [28,29] 
showed similar changes in gel filtration behavior followed by the exposure of par- 
tially purified factor VIII to thrombin. Weinstein and Chute [ 151 demonstrated 
thrombin-induced conversion of a single polypeptide chain of M, 240 000 to an M, 
100000 species and subsequent one of M, 80000, also in association with initial 
potentiation and ultimate inactivation of factor VIII function. Gel electrophoretic 
analyses of highly purified bovine factor VIII [l] showed conversion of 3 polypep- 
tide chains of 93 000, 88 000 and 85 000 to a doublet of about 75 OOO and a small 
polypeptide of 38 000, but the relationship between the resultant polypeptides and 
the parent chains is not certain. Lollar et al. [4] showed that the larger polypep- 
tides of porcine factor VIII were cleaved to chains of 69000,44000 and 35 000, but 
that the initial polypeptide of 76000 was unchanged. Fulcher et al. [6,21] indicated 
that polypeptides of 100000 or greater were all converted to a chain of 92000 which 
was subsequently split approximately in half (54000 and 44000), and that the 
doublet of 79000/80000 was converted to a smaller doublet of 71000/72000. Data 
by Fay et al. [7] most closely approximate that of Fulcher and Zimmerman, with 
a polypeptide of 90000 deriving from the larger chains and conversion of the 
doublet moiety to a smaller doublet after loss of mass of approximately 10000. 

Thus, there does appear to be some general agreement that the larger of the 
two polypeptides that constitute factor VIII is progressively converted to a moiety 
of M, slightly under 100000, which is then clipped approximately in half, while the 
smaller polypeptide chain is retained after thrombin treatment as a moiety only 
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slightly reduced from the untreated form. The corresponding changes in undisso- 
ciated factor VIII molecules after thrombin treatment will require further correl- 
ative studies. 

3. Gene cloning 

Recently, two groups have successfully cloned the human factor VIII gene. Both 
Genentech [11,16,30], in collaboration with Tuddenham and Genetics Institute [ 171, 
with Fass, used similar methods for the DNA cloning and expression of active fac- 
tor VIII and report similar results. Using information obtained from the amino acid 
sequence of portions of purified, plasma-derived factor VIII, specific oligonucleo- 
tide probes were constructed and used to probe a genomic library containing DNA 
derived from an individual with 4 X-chromosomes. The factor VIII gene was very 
long, consisting of about 186 kb, equivalent to about 0.1% of the X-chromosome. 
DNA sequence analysis of the cloned gene revealed 26 exons (coding sequences) 
ranging in size from 69 to 3106 base pairs and introns (intervening DNA se- 
quences) which range in size from 207 to 32400 base pairs. The complete gene se- 
quence consists of about 9 kb of exon and 177 kb of intron sequences. 

Genomic clones of exon sequences provided a probe with which to identify a 
tissue source for factor VIII mRNA. Analysis of human liver mRNA demon- 
strated the presence of a single mRNA of about 9 kb specific for the factor VIII 
probe. An mRNA of this size could encode for a single-chain factor VIII precur- 
sor of about M, 300000. The isolated mRNA in turn was used to construct a cDNA 
library. Selected cDNA and genomic exon DNA fragments were assembled and 
ultimately gave rise to a full-length factor VIII cDNA clone. This sequence sub- 
sequently was inserted into a plasmid capable of transcribing heterologous se- 
quences upon transfection into mammalian cell cultures. Monkey kidney cells 
served as the host for the Genetic Institute clone whereas hamster kidney cells were 
used by Genentech. 

A predominant 9-kb RNA from transfected, but not from control untransfected 
cells, hybridized to an oligonucleotide probe specific for factor VIII , thus indicat- 
ing the transcription of the factor VIII DNA sequences. Monoclonal antibodies 
directed against both N- and C-terminal sequences of plasma-derived factor VIII 
showed a 300-fold increase in factor VIII cross-reactivity in the recombinant cells, 
indicating translation of the factor VIII mRNA into protein. To determine if the 
recombinant factor VIII was functionally active, protein secreted into the medium 
by the transfected cells was partially purified using an anti-factor VIII monoclonal 
antibody immunosorbant column, similar to that employed for the purification of 
plasma-derived factor VIII. The immunoaffinity-purified protein shortened the 
clotting time of plasma from a hemophilia A patient. The levels of secreted factor 
VIII were about 0.01 and 0.07 unitdm1 for the Genetics Institute and Genentech 
preparations, respectively. The recombinant factor VIII activity was neutralized 
by anti-factor VIII monoclonal antibodies as well as by antibody from a patient 
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Fig. 1. Line diagram illustrating the salient features of the recombinant factor VIII precursor protein. 
Asparagine-linked glycosylation sites and cysteine residues are potential, not proven sites of carbo- 
hydrate additions and disulfide bridges, respectively. Domain structures show boxes indicating the tri- 
plicated domains ('A') homologous to ceruloplasmin as well as a different duplicated domain ('C') and 
a unique 'B' domain. The molecular weights of the thrombin-derived fragments were determined by 
SDS-polyacrylamide gel electrophoresis. The M ,  value is calculated from the actual amino acid com- 
position shown in parentheses. The position of cleavage of the M ,  90000 polypeptide has not been de- 
termined. (Reproduced with permission from Nature; Vehar et al. (1984) [ll]). 

with factor VIII inhibitor, and was potentiated by thrombin and inactivated by ac- 
tivated protein C. Genentech also showed that the recombinant protein bound to 
immobilized von Willebrand protein, a high molecular weight plasma protein pre- 
sumed to serve in vivo as a carrier for factor VIII. The bound factor VIII could 
be eluted with high concentrations of calcium ions, as is the case with the plasma 
factor VIII. These functional results confirm that the factor VIII cDNA codes for 
an active factor VIII protein which possesses many of the characteristics described 
for plasma factor VIII. 

The sequence of the cDNA clone indicates that the mature protein contains 2351 
amino acids from the initiator methionine to the terminating tyrosine residues and 
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begins with a hydrophobic, secretory leader peptide sequence of 19 amino acids 
(Fig. 1). This corresponds to a molecular weight of 264763 [ll] or 267039 [17] 
(Table 1). Searches for internal homologies in the amino acid sequence, derived 
from the DNA sequence, revealed 3 types of domain structures: a triplicated ‘A’ 
unit of about 350 amino acids located at positions 1-329, 380-711 and 1649-2019; 
a unique ‘B’ unit of about 926 amino acids at position 712-1648; and a duplicated 
‘C’ unit of about 160 amino acids located at the carboxy terminus of the molecule. 
The A domain has remarkable sequence homology with sequences of ceruloplas- 
min [11,17,31], a plasma protein that functions in copper transport, and amino acid 
sequence analysis identified a structure consisting of 3 contiguous domains sharing 
about 30% homology [32,33]. While no copper has been identified in the structure 
of factor VIII, the sensitivity of factor VIII to chelating reagents and the stabili- 
zation of factor VIII activity by calcium ions suggest that metal ions are important 
for the maintenance of factor VIII structure. Most of the 23 cysteine residues of 
the mature factor VIII polypeptide are contained in the A and C domains. The 
determination of disulfide bridging in ceruloplasmin predicts two types of arrange- 
ments for the A domain of factor VIII. The disulfide structures depicted in the C 
domains are based on the assumption that linkages form between the two cysteine 
residues within each domain. The B domain is extremely rich in potential aspar- 
agine-linked glycosylation sites (19 of 25) thus suggesting that this region may con- 
tain a large amount of carbohydrate side chains (Fig. 1). 

Exposure of plasma-derived factor VIII to thrombin results in activation of fac- 
tor VIII clotting activity and the appearance of new polypeptides. Information made 
available by the cDNA sequence has allowed for the analysis of the cleavage se- 
quences and mapping of fragments. The most consistent sequences found at 
thrombin sites are arginine-serine or arginine-alanine. Only some of these poten- 
tial sites are cleaved, suggesting the involvement of secondary structure in throm- 
bin specificity. The cleavage which liberates the M, 80000 polypeptide occurs at 
an arginine-glutamic acid sequence, and is probably not a thrombin-generated 
fragment. The precursor factor VIII protein therefore may be cleaved to the free 
M ,  80000 by a protease other than thrombin. This is consistent with the purifica- 
tion of plasma-derived factor VIII containing 2 polypeptide chains, a heavy chain 
of approximately M ,  200000 (or a fragment derived from this chain) and a light 
chain of M, 80000. Thrombin activation of factor results in the appearance of an 
M ,  90000 polypeptide (residues 1-740) resulting from the removal of the B do- 
main or its fragments. Thrombin subsequently cleaves the M, 90 000 polypeptide 
to products of M ,  50000 and M ,  43000; this site is located at the junction of the 
A1 and A 2  domains. Thrombin further cleaves the M ,  50000 polypeptide to prod- 
ucts of M, 30000 and 20000. The M ,  80000 polypeptide is cleaved after residue 
1689 to an M ,  73000 fragment thereby releasing an M ,  4500 peptide. This peptide 
contains a single glycosylation site and is highly acidic, containing 15 acidic resi- 
dues and only 4 basic residues out of 41 amino acids. 

Thus, the abundant information provided by the gene-cloning success has not 
only helped to explain the polypeptide chain structure of purified plasma factor 
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VIII and its thrombin cleavage products, but it has highlighted dramatic new ob- 
servations, such as the ceruloplasmin homology, and extends the potential for un- 
derstanding function and especially for producing therapeutic material in quantity. 

4.  Immunological aspects 

The availability of purified factor VIII has provided the means for producing large 
quantities of heterologous antibodies, both polyclonal [6] and monoclonal 
[21,34-391, all of which have been applied effectively for purification and assay of 
factor VIII. Even without these relatively new tools, the use of human anti-factor 
VIII antibodies obtained from hemophiliacs or previously normal individuals with 
factor VIII inhibitors have been used to develop sensitive in vitro assays for meas- 
uring small quantities of factor VIII. The techniques have involved neutralization 
of function by antibody [40] or very sensitive radiometric assays [39-42] that use 
radiolabeled and immunopurified antibody either in solid phase [39,41] or liquid 
phase by precipitation of immune complexes [41,42]. The sensitivity of these im- 
munoradiometric assays is 0.014.03 U/ml, considering normal plasma to contain 
1 U/ml. The assays have been utilized to study factor VIII content of normal and 
hemophilic samples and especially to compare protein concentration with coagu- 
lant activity. 

Factor VIII antigen is present in serum but at a level only approximately 70% 
of that present in plasma [39,40,43]. The antigen retains reactivity in the immu- 
nologic assays at 37 or 4°C but is destroyed at a temperature of 56°C or at a pH 
of 4 or less. The concentration of factor VIII antigen is increased in the presence 
of EDTA [44] and decreased in the presence of phospholipid [45,46]. There is ex- 
cellent correlation in most plasma samples between the concentration of factor VIII 
antigen and functional coagulant activity, in normals as well as in plasma from most 
patients with classical hemophilia or von Willebrand’s disease [41]. About 70-90% 
of patients with severe hemophilia A and less than 1% of coagulant activity have 
undetectable levels of plasma factor VIII antigen. About 1630% of severe he- 
mophiliacs have less than 1% activity but higher levels of factor VIII antigen 
(1-10%) and 1 patient with undetectable activity has been reported with normal 
amounts of factor VIII antigen [47]. Patients with mild to moderate hemophilia 
usually have slightly more immunoreactive material than clotting activity. Those 
hemophilic patients who have greater amounts of antigenic material than relative 
clotting activity have been designated as A +  or CRM+ [38,41,48]. 

Factor VIII antigen assays have made it possible to measure this antigen in fetal 
blood [49], thereby allowing for prenatal diagnosis of classical hemophilia. Since 
amniotic fluid has no detectable factor VIII antigen, small amounts of fetal blood 
obtained at 18-20 weeks of gestation, even when mixed with small amounts of am- 
niotic fluid, can be used to determine the plasma factor VIII level [49,50]. 
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5. Function 

(a) Coagulation 

The majority of the plasma-clotting proteins are serine proteases, with two ma- 
jor exceptions being factors V and VIII. These coagulation cofactors seem to lack 
enzymatic activity and are thought to be non-catalytic components involved 
respectively in the formation of factor X, and thrombin [51]. Regarding factor VIII, 
Bsterud and Rapaport [52] used antisera that specifically inhibited either factor VIII 
or IX and showed that factor IX, and factor VIII formed a bimolecular complex, 
both components of which were needed in order to achieve optimal activation of 
factor X. 

Purified factor IX,, in the absence of factor VIII, converts factor X to factor X,; 
however, the addition of factor VIII increases the maximum velocity (VmaX) of the 
reaction [53-561. The major effect of phospholipid in this reaction is to lower the 
K ,  for factor X from 299 p M  to 0.057 p M  [57]. In the absence of phospholipid, 
the K ,  for factor X is 1000 times higher than the plasma concentration of factor 
X, and the reaction would proceed very slowly or not at all; in the presence of the 
optimal amount of phospholipid, the K ,  is low enough for the reaction to proceed 

-::FACTOR X 
=FACTOR IX, 
Z FACTOR VIII, 
IDlsuLFlDE BRIDGE 

Fig. 2. Schematic representation of the factor X activating system (‘tenase’) consisting of factors IX,, 
VIIIa, calcium and phospholipid. The phospholipid is shown as a typical membrane hilayer, with the 
polar head groups of each leaf oriented outward, and the aliphatic fatty acid chains directed internally. 
The factor VIII, is represented as two polypeptides held together by two divalent calcium bridges, al- 
though the exact number of such bridges has yet to be determined. The binding of factors IX, and X 
to factor VIII has yet to he demonstrated directly, although there is indirect evidence of interactions 
between factor IX, and factor VIII,. Once the activation peptide is cleaved from factor X,, the active 
protease presumably is released and goes on to form a prothrombinase complex. 
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efficiently at the physiological concentration of factor X, provided that factor VIII 
is present as well (see Ch. 3). This effect of phospholipid probably is due largely 
to binding of factors VIII (or VIII,), IX, and X to the lipid surface, thereby in- 
creasing their effective concentrations (Fig. 2). These results and conclusions are 
analogous to those presented for the prothrombinase complex [58,59], although 
the mechanism(s) by which factors VIII, and V, can increase markedly the max- 
imum velocity of generation of factor X, and thrombin, respectively, are not known. 

The possibility that factor VIII has enzymatic activity was suggested by Vehar 
and Davie [60], who showed that prior treatment of partially purified factor VIII 
with diisopropyl fluorophosphate (DFP) affected its level and stability. The known 
inhibitory effects of DFP on factors IX,, X, and thrombin did not explain the loss 
of activity and it was proposed that this might have been the result of acylation of 
a reactive serine in factor VIII molecule, i.e. that factor VIII may be a serine pro- 
tease. Attempts in other laboratories to reproduce this observation have not been 
successful [28] and, therefore, supportive evidence for the proposal that factor VIII 
is a serine protease is not yet available. Nevertheless, if one assumes that factor 
VIII has an M, 200000, and a plasma concentration of approximately 100 ng/ml 
[1,8], then the molar concentration is approximately 0.5 nM, about 200-fold lower 
than that of factors IX or X. The low molar ratio of factor VIII relative to factor 
X is compatible with the hypothesis [60] that one molecule of factor VIII interacts 
with many of factor IX and/or factor X, that is, that the mechanism has catalytic 
as well as stoichiometric features. 
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Fig. 3 .  Potentiation and inactivation of factor VIII coagulant activity by thrombin. Purified human fac- 
tor VIII (4 U/ml) was incubated with 12.5 (o),  2.5 ( 0 )  or 0.25 (m) U/ml of human thrombin (kindly 
provided by Dr. John Fenton, Albany Medical Center) and the changes in factor VIII activity were 
monitored using a one-stage assay. The inset shows the linear relationship of the extent of coagulant 
activity potentiation to the unit ratio of thrornbin:factor VIII. The values of ‘activation’ indicate the 
ratio of coagulant activity at peak potentiation relative to activity prior to thrombin interaction, plotted 
against the unit ratio of thrombin to factor VIII. 
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(b) Modulation of coagulant activity by thrombin 

Factor VIII coagulant activity is potentiated by thrombin, then diminished to a 
level below that existing before thrombin exposure and finally eliminated. Al- 
though this effect occurs with an enzyme:substrate ratio as low as 150 [1,6,14], 
the data suggest that activation more closely resembles a stoichiometric rather than 
a catalytic reaction [3,8,28,61]. For example, a ratio of thrombin:factor VIII of 0.07 
(unit:unit) results in a 5-fold potentiation, higher ratios produce a 50-fold poten- 
tiation (Fig. 3) and also result in a more rapid rate of inactivation. Thus, the higher 
the molar ratio of thrombin to factor VIII the greater will be the enhancement of 
activity. Although most investigators suggest that activation and inactivation each 
occur by proteolysis of the factor VIII substrate, other evidence suggests that the 
inactivation step is independent of a proteolytic cleavage. Switzer and McKee [28] 
showed that dansyl-arginine-4-ethylpiperadine amide (DAPA), a rapid competi- 
tive inhibitor of thrombin, has essentially no effect on the loss of thrombin-en- 
hanced factor VIII activity. Additionally, rapid removal of factor VIII, from con- 
tinued exposure to a thrombin-agarose resin did not alter the rate of decay of 
activity from that expected with continued thrombin exposure. Detailed kinetic data 
reflecting the effect of thrombin inhibitors on potentiation and inactivation of fac- 
tor VIII were reported by Hultin and Jesty [62]. They noted that thrombin-poten- 
tiated factor VIII activity decreased in the presence of either the competitive in- 
hibitor DAPA or either of two irreversible inhibitors, diisopropylfluorophosphate 
(DFP), or hirudin, and that the initial period of decay was even more rapid than 
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Fig. 4. Hypothetical mechanisms regarding the potentiation and inactivation of factor VIII coagulant 
activity by thrombin. The terms 'no-clip', 'one-clip', and 'two-clip' indicate proteolytic events that are 
postulated to occur during potentiation andor inactivation of factor VIII coagulant activity but do not 
necessarily indicate the cleavage of single peptide sites at each step. Factor VIIIi (altered), the product 
of the 'no-clip' pathway, would be cleaved by thrombin to factor VIII, (cleaved, altered) in an event 
unrelated to changes in functional activity. 
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in the absence of the inhibitor. They concluded that only the initial potentiation 
step depends upon the concentration of thrombin, whereas inactivation was the 
result of a first-order decay reaction, perhaps because factor VIII, is intrinsically, 
or conformationally unstable. More recently, Lollar et a]. [4] have succeeded in 
stabilizing the thrombin-potentiated level of porcine factor VIII in the presence of 
both factor IX, and phospholipid. It is postulated that such stabilization of activity 
prevents the loss of conformational integrity of the potentiated factor VIII mole- 
cule by formation of the complex between phospholipid, factor IX, and factor VIII, 
(Fig. 2). 

Three molecular mechanisms relating to the thrombin-mediated potentiation and 
inactivation of factor VIII activity are illustrated schematically in Fig. 4. The most 
widely accepted mechanism for potentiation is that of limited proteolysis of factor 
VIII. Subsequent inactivation may proceed by either a second proteolytic event 
which yields a more highly degraded molecule (‘two-clip’ model), but this expla- 
nation does not explain the failure of thrombin inhibitors to impede the rate of 
inactivation following the initial potentiation step. If this ‘two-clip’ pathway were 
correct, inhibitors would be expected to stabilize the potentiated factor VIII moiety 
by preventing or slowing down the second cleavage. A more attractive possibility 
is that potentiated factor VIII is intrinsically unstable and inactivation results from 
the loss of required confirmation, perhaps that which holds the two polypeptide 
chains together (‘one-clip’ model). The ‘no-clip’ model proposed by Hultin and 
Jesty [62] suggests that thrombin and factor VIII form a bimolecular complex which 
possesses enhanced clotting activity, and inactivation results from dissociation of 
this active complex. While this model was proposed to explain the failure of 
thrombin inhibitors to stabilize potentiated factor VIII, it also offers an explana- 
tion for the stoichiometric ratio of thrombin and factor VIII which seems to be 
required for maximal potentiation. The evidence to date favors the ‘one-clip’ 
model. ’ 

The relationship of potentiation and inactivation of factor VIII activity with the 
observed changes in polypeptide chain structure of purified factor VIII exposed to 
thrombin (Table 1) is still uncertain. The ‘one-clip’ model would suggest that 
thrombin converts the higher molecular weight polypeptides to an intermediate sue 
during the potentiation step, possibly in association with the loss of a small peptide 
from the light chain, but that further changes in the polypeptide chains do not oc- 
cur during the inactivation step. The model proposed by Fulcher et  al. [21] is that 
of a ‘two-clip’ pattern in which potentiation is associated with accumulation of the 
M ,  92000 moiety from the heavier chains, and inactivation is associated with 
cleavage of this moiety to the M, 54000 and 44000 species. Other studies of par- 
tially purified factor VIII or factor VIII in plasma suggest a two-step proteolytic 
process [13,15]. 

A related question is whether ‘native’ factor VIII has intrinsic clotting activity 
or whether proteolysis converts an inactive factor VIII to one with coagulant ac- 
tivity. Experiments by Switzer et a]. [63] showed that blood collected directly into 
protease inhibitors had less intrinsic factor VIII activity but could be potentiated 
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to a greater degree by thrombin than could factor VIII prepared in the absence of 
inhibitors. The experiments were interpreted tu indicate that factor VIII circulates 
as a relatively inactive precursor and that maximal clotting activity was expressed . 
after limited proteolytic activation by thrombin or another serine protease, com- 
patible with the ‘one-clip’ or ‘two-clip’ mechanism shown in Fig. 4. 

(c) Interactions with other clotting proteins (Table 2)  

The specific thrombin inhibitor, hirudin, partially inhibits factor X activation by 
a mixture of factors VIII and IX,, but has no inhibitory effect on factor X acti- 
vation by factor IX, when factor VIII is absent [53,55]. One possible explanation 
for this failure of the thrombin inhibitor to block factor VIII-dependent activation 
of factor X is that more than one activator exists, only one of which is blocked by 
hirudin. Further evidence of the multiplicity of catalytic and cofactor pathways in- 
volved in factor X activation is indicated by the presence of and duration of a lag 
phase prior to developing maximum factor X, generation by factors IX, and VIII 
[1,54]. The elimination of the lag phase by preincubation of factors VIII and IX, 
prompted the suggestion by Vehar and Davie [l] that the effect of factor IX, on 
the lag phase was the result of a different mechanism from that of factor X, or 
thrombin. The role of factor VIII in the activation of factor X, is therefore com- 
plex, given the interaction and feedback mechanisms between thrombin and factor 
X, as well as other possible physiological activators that may participate in the re- 
action. Just as feedback potentiation of factor V by thrombin is important for the 
action of the prothrombinase complex (factor X,-prothrombin-factor V,-calcium) 
[58,64,65], factor X, may be important in feedback potentiation of factor VIII in 
the generation of factor X, by the ‘tenase’ complex (factor IX,-factor X-factor 
VIII,-calcium). The mechanism of potentiation of factor VIII activity by factor X, 
is probably similar to that of thrombin, based upon similar rates of potentiation 

TABLE 2 

Plasma serine proteases that affect factor VIII coagulant activity 

Protein Action Probable mechanism 

Thrombin 

Factor X, 

Activation 
Inactivation 

Activation 
Inactivation 

Limited proteolysis 
Intrinsic instability 

Limited proteolysis 
Intrinsic instability 

Factor IX, Activation Not known 

Activated protein C (C,) Inactivation Limited proteolysis 

Protein S Accelerates protein C, inactiva- Enhances phospholipid binding 
tion of Drotein C. 
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and inactivation [1,8] as well as studies of protease inhibitors which failed to sta- 
bilize factor X,-potentiated factor VIII coagulant activity, as has been noted for 
thrombin [62]. 

Modulation of enhanced factor VIII procoagulant activity is also achieved by in- 
teraction with the activated form of protein C [66]. This plasma protein is an im- 
portant inhibitor of blood coagulation that is converted from an inactive zymogen 
by the thrombin:thrombomodulin complex on endothelial surfaces [67,68], and re- 
quires calcium and phospholipid for efficient inactivation of factor VIII, (and fac- 
tor V,) coagulant activity (cf. [1,8] and Ch. 9B). Several studies have shown pro- 
teolytic cleavages of the factor VIII polypeptide chains, specifically the M, 93 000 
moiety of bovine factor VIII [ l]  and the M, 92000 polypeptide of human factor 
VIII [69]. A second vitamin K-dependent serine protease, protein S [70], en- 
hances the rate of factor V, inactivation by activated protein C [71,72], presum- 
ably by stoichiometric interaction that enhances the binding of activated protein C 
to phospholipid vesicles (cf. [72] and Ch. 9B). Presumably, protein S also en- 
hances factor VIII, inactivation by activated protein C. 

6 .  Biosynthesis and metabolism 

Determination of the site of biosynthesis of factor VIII prior to the application 
of monoclonal antibody and recombinant DNA technology was based primarily 
upon physiological experiments such as epinephrine stimulation and transplanta- 
tion experiments in animals, which produced somewhat ambiguous thought-pro- 
vocative suggestions, reviewed comprehensively by Webster et  al. [73] and Bloom 
[74]. That the liver is the major organ of factor VIII synthesis was further sug- 
gested by studies of rat liver perfusion, using normal or von Willebrand protein- 
deficient plasma, which demonstrated a significant shortening of clotting time in 
the perfusate that was inhibited by cyclohexamide and/or actinomycin. The result 
indicated hepatic synthesis, but did not distinguish whether such synthesis oc- 
curred in the hepatocyte or other cells of the liver. 

Using immunochemical techniques with anti-human factor VIII antibody, Kelly 
et al. [75] reported the presence of factor VIII protein in liver, spleen and kidney 
extracts from guinea pigs and suggested that the hepatocyte was the major source 
of factor VIII. However, Stel et al. [76] and van der Kwast et al. [77] used mouse 
monoclonal antibodies against human factor VIII to study cryostat sections of in- 
tact liver and found factor VIII in the hepatic sinusoidal endothelial cells as well 
as in non-lymphoid mononuclear cells of lung, spleen and lymph nodes, but not in 
the hepatic parenchymal cell. Neither of these studies demonstrated factor VIII 
coagulant activity or distinguished between de novo synthesis and factor VIII stor- 
age. 

The most definitive information yet available comes from successful molecular 
cloning of factor VIII [17,30]. By means of in vitro hybridization techniques with 
factor VIII DNA probes, factor VIII mRNA has been detected in extracts from 
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hepatocyte and non-hepatocyte liver cells as well as from spleen, kidney and pla- 
centa, but not in peripheral blood cells. This demonstration of an active factor VIII 
gene and its mRNA transcription in different tissues suggests but does not prove 
that factor VIII is translated in several types of cell. Still, the liver appears to be 
the major organ for factor VIII synthesis. The recent report providing evidence 
that factor V is definitely synthesized by endothelial cells [78] suggests that new 
technology or more strenuous study of factor VIII biosynthesis by endothelial cells 
may also demonstrate that this cell is the source for plasma factor VIII as well. 

The concentration of factor VIII in plasma is regulated primarily by genes lo- 
cated on the X-chromosome (see discussion on gene cloning above), but genetic 
control of von Willebrand protein concentration also influences factor VIII levels, 
primarily by virtue of its factor VIII transport property (see below). In addition 
to these genetic controls, a number of pathologic conditions and pharmacologic 
agents can cause transient changes in the level of factor VIII, including pregnancy, 
chronic liver disease, physical exertion, hypoxia, adrenergic agents, vasopressin and 
disseminated intravascular coagulation (DIC) [73,74]. 

Following intravenous infusion of factor VIII, the increased level of clotting ac- 
tivity shows approximately two phases of decay, an initial decrease during the first 
several hours which was presumed to be due to equilibration with extravascular 
pools, followed by a longer linear phase with a half-time of 8-12 h [79]. This half- 
time occurs in normals and hemophiliacs and is the same with plasma, cryoprecip- 
itate or factor VIII concentrate. Factor VIII protein and factor VIII coagulant ac- 
tivity disappear at the same rates, indicating that disappearance is most likely due 
to removal of the protein rather than inactivation. The survival of factor VIII may 
be shortened by the presence of antibodies against factor VIII, although overall 
consumption in the course of active hemostasis or hypercatabolic states such as after 
surgery does not significantly change the decay rates [79,80]. Infusion of factor VIII 
into patients with von Willebrand’s disease results in a much longer survival with 
little or no decrease in concentration at 24-48 h. In addition, a small secondary 
rise in factor VIII level may occur at 18-24 h after injection. It is not known whether 
these differences between hemophiliacs and von Willebrand disease patients are 
due to differences in transport and catabolism of the exogenous factor VIII, to re- 
lease of stored factor VIII, or to induction of synthesis of factor VIII consequent 
upon the infusion. 

7. Comparison with factor V 

Factors V and VIII appear to share structural and functional features (see also 
Ch. 2A). Both serve cofactor roles in the intrinsic clotting cascade, interacting with 
an activated vitamin K-dependent protein, phospholipid and calcium to activate a 
second vitamin K-dependent protein, factor X, or thrombin for factors VIII and 
V respectively (see Ch. 3). 
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Precursor factor V purified from bovine [81,82] or human [83] plasma is a sin- 
gle-chain glycoprotein of M, 330 OOO, similar in size to the largest single-chain fac- 
tor VIII isolated from plasma [lo], and is compatible with the precursor deduced 
from amino acid sequence of the recombinant molecule, to which carbohydrate is 
probably added [11,17] (Table 1). While the entire sequence of factor VIII is known 
[11,17], only limited portions of the factor V sequence have been determined and 
therefore the full extent of sequence similarity of these two proteins has not been 
determined 1841. 

Factors V and VIII are cleaved at several sites by thrombin to generate the ac- 
tivated forms. Human factor V, [83] consists of an M, 105 000 amino-terminal-de- 
rived fragment that is non-covalently bound to an M, 7100&74000 doublet de- 
rived from the carboxy terminus. Internal fragments of M, 150000 and 71 OOO are 
activation peptides that contain a high proportion of carbohydrate. The amino- and 
carboxy-terminal fragments are linked by calcium ions and are separable by treat- 
ment with EDTA, and the separated fragments, which are individually inactive, 
can be recombined in the presence of calcium or manganese ions with restoration 
of functional activity. 

These results are remarkably similar to those postulated and observed for factor 
VIII. Thrombin cleavage of factor VIII generates an amino-terminal-derived heavy 
chain (M, 90000) and a carboxy-terminal-derived light chain (M, 80000) [ll] with 
an internal region of factor VIII containing most of the asparagine residues which 
potentially carry sugar linkages [11,17]. When treated with EDTA, the factor VIII 
polypeptides are dissociated and activity is lost [3], suggesting a similar calcium 
bridge, although recombination of the dissociated fragments or regeneration of ac- 
tivity with calcium have not been successful. Factors V and VIII are substrates for 
activated protein C, which cleaves factor V [85,86] and factor VIII [1,8,69] to yield 
inactive forms. 

Although there exist both structural and functional similarities between factors 
V and VIII, subtle differences also exist. Thrombin-activated factor V (V,) is a 
relatively stable cofactor, whereas the activity of factor VIII, is labile in the ab- 
sence of phospholipid and factor IX,. Factor V is present in human plasma at a 
much higher concentration, approximately 18 yglml or about 55 nM [83] in Com- 
parison to estimates of factor VIII plasma concentration of about 50-200 ng/ml or 
0.2-1 nM [1,8]. This latter concentration is 50-200-fold lower than that for factor 
V and may indicate significant functional or regulatory differences between the two 
clotting proteins. 

8. Relationship with von Willebrand factor 

Factor VIII probably exists in plasma primarily in a non-covalent complex with 
von Willebrand factor, representing no more than 1% of the total mass of this 
complex, with about 10-15% of factor VIII circulating in free form. The evidence 
for the existence of such a factor VIIUvon Willebrand factor complex is mostly in- 



54 

direct, derived from clinical, immunological and biochemical data. Clinically, there 
is excellent correlation between factor VIII coagulant activity and von Willebrand 
factor activity in normal individuals as well as in most patients with von Wille- 
brand’s disease, in contrast with a lack of correlation between factor VIII and any 
of the other coagulation or carrier proteins. Polyclonal or monoclonal antibodies 
specific for von Willebrand factor bind factor VIII in addition to von Willebrand 
factor [87-891, presumably by way of the bimolecular interaction between them, 
and this property has been used for the purification of human factor VIII [6,10]. 
The non-covalent complex is further indicated by gel filtration experiment in which 
physiologic ionic strength buffers elute factor VIII together with von Willebrand 
factor in the void volume fractions after agarose gel filtration. Analysis of normal 
plasma by SDSagarose gel electrophoresis indicates that 60-70% of factor VIII 
is present in complex with the largest molecular weight multimers of von Wille- 
brand factor [W]. The complex can be separated into component parts by high ionic 
strength buffers, a high concentration of calcium, detergents or traces of thrombin 
[91-941, and reassociation of the component parts in vitro may occur with resto- 
ration of proper ionic strength conditions [95,96] or in vivo following the infusion 
of von Willebrand factor-free factor VIII fraction into patients with hemophilia A 
[97]. The non-covalent association of factor VIII and von Willebrand factor is also 
disrupted by EDTA (24,441 and the resultant inactive factor VIII moieties sub- 
sequently elute as a smaller protein. Thus, calcium may play a role not only in the 
non-covalent binding of the presumed 2-chained structure of factor VIII but also 
in the stabilization of the quaternary structure of factor VIII/von Willebrand fac- 
tor complexes. Although the major function of von Willebrand factor is to pro- 
mote the adhesion of platelets to subendothelial matrix or to each other [98], this 
protein appears to play an important role as a carrier protein for factor VIII and 
possibly as a mechanism for stabilizing its coagulant activity. 

9. Conclusion 

Our understanding of factor VIII has finally reached the tangible level of 
straightforward protein chemistry, now that sufficient quantities of purified ma- 
terial are available. With the added impetus of cloned material for study and ul- 
timately treatment, the expectation is for rapid elucidation of fine-point details of 
immunology, structure-function relationships, binding sites to von Willebrand fac- 
tor, cell biosynthesis, genetic control and plasma regulation. Previously elusive in- 
sights to this most important clotting protein are now attainable. 
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CHAPTER 3 

Multicomponent enzyme complexes of blood 
coagulation 

G. TANS and J. ROSING 

Department of Biochemistry, University of Limburg, Biomedical Centre, Maastricht 
(The Netherlands) 

1 .  Introduction 

A large number of plasma proteins have been discovered to participate in the 
process of blood coagulation. Upon initiation of blood coagulation various pro- 
teins and enzymes interact with each other in a sequential fashion described in a 
scheme that is known as the blood coagulation cascade [1,2]. This cascade system 
summarizes the sequence of reactions that eventually leads to the formation of a 
fibrin clot. All enzymatically active coagulation factors that participate in the blood 
coagulation cascade belong to the class of serine proteases and show considerable 
homology with trypsin and chymotrypsin, the proteolytic enzymes of the digestive 
tract [3,4]. The in vivo activity of blood coagulation factors is controlled by the 
fact that they circulate in the blood as non-enzymatic precursors (zymogens) of 
serine proteases. When needed the zymogens of the coagulation factors are con- 
verted into an enzymatically active form by limited proteolysis, a process which 
occurs according to a mechanism basically similar to that described for the acti- 
vation of the zymogens of the gastrointestinal proteinases. 

In one important aspect coagulation factor activations differ from the activa- 
tions of trypsinogen and chymotrypsinogen. Compared to the rates by which the 
proteases of the digestive tract activate their corresponding zymogens the serine 
proteases of the blood coagulation cascade have a remarkably low activity towards 
their natural zymogen substrates. Therefore, during blood coagulation additional 
components (protein cofactors, metal ions and so-called procoagulant surfaces) are 
needed to sufficiently speed up in vivo rates of coagulation factor activation. Thus 
apart from the enzyme the catalytic units of coagulation-factor-activating com- 
plexes consist of more components which together ensure efficient reaction. 

In this chapter we will treat the current concepts concerning the assembly and 
molecular mechanism of the multicomponent enzyme complexes of blood coagu- 
lation. Especially the prothrombin-activating complex will be dealt with in detail 
since this is the best documented example and its molecular mechanism is most 
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likely representative for the other enzyme complexes that participate in the blood 
coagulation cascade. 

2. Mechanism of zymogen activation by serine proteases 

Activation of coagulation factors occurs through proteolysis of one or more pep- 
tide bonds in the zymogen molecule, a reaction that is catalyzed by another active 
coagulation factor. Since most enzymatically active coagulation factors belong to 
the class of serine proteases it is not surprising that their proteolytic action is thought 
to adhere to that of the well known serine proteases chymotrypsin and trypsin. The 
molecular mechanism of peptide bond cleavage by serine proteases is depicted in 
Fig. 1 [3,5-lo]. The first step is the formation of a noncovalent complex between 
enzyme and substrate (the so-called Mchaelis complex). In all serine proteases with 
known three-dimensional structure the active site serine is hydrogen bonded to a 
histidine residue which in its turn is hydrogen bonded to an aspartate residue. This 
line-up of Ser-His-Asp, called the catalytic triad or charge-relay system, greatly 
facilitates the next step in the reaction sequence that is the formation of a covalent 
intermediate (tetrahedral intermediate) through nucleophilic attack of the active 
site serine on the carbonyl group of the peptide bond that has to be cleaved. This 
intermediate has a very short lifetime and rapidly dissociates into the acyl enzyme 
and the first product (Pl). The final step is hydrolysis of the acyl enzyme inter- 
mediate which results in the dissociation of the second product (P2). 

3. Activation of zymogens of blood coagulation factors 

A schematic representation of the zymogens that are activated during blood co- 
agulation is shown in Fig. 2. The carboxy-terminal region of the coagulation fac- 
tors is highly homologous to trypsin [ 11-20] and it is thought that the generation 

MIchaoIis Tetrahedral Acylenzyme Enzymo 

complex complox + PI + pz 

Fig. 1. Mechanism of peptide bond cleavage by serine proteases. 
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Fig. 2. Zymogens activated during blood coagulation. 

of the active site is analogous to the active site formation during trypsinogen ac- 
tivation. Thus the cleavage of a peptide bond in these zymogens generates a new 
amino terminus at or near the end of the region homologous to trypsin. This new 
peptide chain changes its conformation and the active site becomes exposed. Thus 
activated clotting factors are two chain molecules which consist of a trypsin-like 
chain with molecular weights ranging from 30000 to 40000 dalton, that contains 
the active site and a second domain that appears to contain the structural infor- 
mation for specific interactions with accessory components such as cofactor rec- 
ognition, metal ion-binding sites and surface-binding sites. 

A typical feature of the zymogen activations in the coagulation cascade is that 
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I I 
I SURFACE I 

Fig. 3. Schematic model for multicornponent enzyme complexes of blood coagulation. 

the enzyme-substrate interactions are very inefficient. On the one hand this pre- 
vents undesired activation of the circulating zymogens but on the other hand it is 
the reason for the fact that accessory components are needed to sufficiently speed 
up the reaction rates of in vivo coagulation factor activation. Fig. 3 shows a sche- 
matic representation of the basic assembly of the enzymexofactor-substrate com- 
plexes that participate in blood coagulation. Most coagulation reactions are con- 
fined to a negatively charged surface and for optimal activation all proteins involved 
(i.e. enzyme, substrate and protein cofactor) have to bind to the procoagulant sur- 
face. For this binding sometimes the divalent metal ion Ca2+ is required. Based 
on the nature of the participating surface the enzyme complexes of blood coagu- 

TABLE 1 
Multicomponent enzyme complexes in coagulation 

Enzyme Substrate Cofactors 

x a  I1 V,, Ca2+, phospholipid 
IX, X VIIIa, Ca2+ phospholipid 
VII, x, IX Thromboplastin, Ca2+ a 

Activated protein C V,, VIII, Protein S, Ca2+, phospholipid 

11. Protein C Thrombornodulin, endothelial cell surfaceb 

XII, Prekallikrein, XI HMWK, surface' 
Kallikrein XI1 HMWK. surfacec 
~ ~ 

a Thromboplastin contains a protein cofactor (tissue factor apoprotein) and phospholipid. 
Endothelial cells stimulate this reaction rather poorly in in vitro experiments 1281 but it is thought 
that in the microvascular circulation the stimulation will be much greater since the concentration of 
endothelial cells in the microvascular bed of the capillaries is much higher than can be reached in in 
vitro cultures. 

A wide variety of substances is known to function as procoagulant surface in contact activation re- 
actions. 
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lation can be divided into different groups with similar characteristics (Table 1). 
The assembly of the enzyme-substrate complex in the activations of vitamin K- 

dependent clotting factors takes place on phospholipid membranes that contain 
negatively charged phospholipids (for a review see ref. 21). In vivo this surface is 
likely provided by activated platelets (cf. [22-251 and Ch. 6). Vitamin K-depend- 
ent clotting factors contain the so-called y-carboxyglutamic acid residues that are 
formed upon post-ribosomal carboxylation of specific glutamic acid residues pres- 
ent in the amino-terminal region of these proteins (see Ch. 4). The y-carboxyglu- 
tamic acid residues are essential for calcium-dependent binding of these proteins 
to phospholipid. Except for the activation of factor IX by factor XI, the activa- 
tions of the vitamin K-dependent clotting factors have an absolute requirement for 
a protein cofactor since in the absence of cofactors the reaction rates are too low 
to be important in vivo. Thus in prothrombin activation, factor V, is the protein 
cofactor; in factor X and IX activation by factor VII, the reaction rate is enhanced 
by tissue factor apoprotein and factor X activation by factor IX, is stimulated 
enormously by activated factor V1II:C. The activities of factors V, and VIII, are 
controlled by activated protein C since this enzyme can proteolytically degrade these 
cofactors in a reaction stimulated by protein S ,  Ca2+ and phospholipid (cf. [26,27] 
and Ch. 9B). Finally, the activation of protein C by thrombin is greatly enhanced 
by the protein cofactor thrombomodulin and the endothelial cell surface [28-301. 
Recently, it was reported that factor V, can also act as a cofactor in the activation 
of protein C by thrombin [31]. 

The proteins involved in contact activation require for optimal interaction a sur- 
face different from phospholipids. A wide variety of substances such as glass, ka- 
olin, dextran sulfate, bacterial lipopolysaccharides and sulfatides have been shown 
to stimulate contact activation reactions (for recent reviews see refs. 32-34). Many 
of these compounds do, however, not occur in the human body. Procoagulant sur- 
faces of potential physiological importance are cerebroside sulfates (sulfatides) 
[35,36], lipopolysaccharides from bacteria [3740] and sulfated glycosaminogly- 
cans such as chondroitin sulfate and heparin [41,42]. The presence of a sulfate group 
seems to be essential for the procoagulant activity of the surface. Only one protein 
cofactor, high molecular weight kininogen (HMWK), appears to be involved in 
contact activation (43-q. The presence of this cofactor stimulates the reciprocal 
activation of prekallikrein and factor XI1 and HMWK is also involved in the ac- 
tivation of factor XI by factor XII, in plasma. 

4.  Activation of vitamin K-dependent coagulation factors 

In this section we will review the current concepts of the molecular mechanism 
of activation of the vitamin K-dependent coagulation factors by multicomponent 
enzyme complexes. We will focus on the activation of prothrombin because a large 
amount of data is available concerning this reaction. Although prothrombin acti- 
vation is a somewhat more complex reaction than the activations of other vitamin 
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K-dependent coagulation factors the prothrombinase complex is generally thought 
to be a useful example for the other multicomponent enzyme complexes. 

(a) Prothrombin activation 

Prothrombin is the zymogen precursor of thrombin, the serine protease respon- 
sible for the conversion of fibrinogen to fibrin. When the activation of purified 
prothrombin by factor X, is followed on SDS gels a rather complex pattern of ac- 
tivation products is observed. This is caused by the fact that a number of peptide 
bonds in the prothrombin molecule are susceptible to proteolytic cleavage (Fig. 
4). It was not until 1974 that work of different laboratories [49-61] culminated in 
the complete description of the peptide bond cleavages that occur during factor 
X,-catalyzed prothrombin activation [62-67]. 

It appears that the cleavage of two peptide bonds in prothrombin is necessary 
for thrombin formation. These are at the positions Arg274-Thr275 (site 1) and 
Arg323-Ile324 (site 2). Both peptide bonds are available for proteolytic cleavage in 
the native prothrombin molecule. Prothrombin activation by the venom of Echis 
carinatus leads to meizothrombin 168,691 a reaction product in which only the 
Arg323-Ile324 bond has been cleaved. During factor X,-catalyzed prothrombin ac- 
tivation prethrombin 2 has been observed as an intermediate which indicates that 
the Arg274-Thr275 bond is also accessible to proteolytic cleavage. A complication 
in the analysis of prothrombin activation is that the reaction product thrombin can 
act on prothrombin near the amino-terminal region at position Arg,,,-Ser,57 (site 
3) resulting in fragment 1 (the fragment containing the ycarboxyglutamic acid res- 
idues) and prethrombin 1. In human prothrombin an additional fourth peptide bond 
in the A chain region of thrombin can be cleaved [70]. 

3 1 2  

v- 
a-s 

-- 
I--I 

MEIZOTHROMEIN 9-5 FRAGMENT 1 PRETHROMBIN 1 

FRAGMENT 1,Z PRETHROMBIN 2 

?Y 
5-5 

THROMBIN 

?- 
6-S 

THROMBIN 

Fig. 4. Peptide bonds in prothrombin susceptible to proteolytic cleavage. 
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TABLE 2 

Effect of accessory components on the rate of prothrombin activation by factor X, 

Activating mixture Relative rate 

a b C 

X,, Ca2+ 
X,, Ca", PL 
X,, Ca2+, V, 
X,. Ca2+. V.. PL 

1 1 1 
51 50 10 

318 350 155 
1 640 19 OOO 121 OOO 

~ ~~ 

a, from Jobin and Esnouf [72]; b, from Esmon et al. [66]; c ,  from Nesheim et al. [73] (compare also 
ch. 2A). 
PL, phospholipid. 

The cleavage at site 2 is a prerequisite for the exposure of the active site since 
prethrombin 2 has no proteolytic or amidolytic activity whereas both meizothrom- 
bin and thrombin have. The substrate specificity of the latter two differs, however. 
Both enzymes are equally active on small oligopeptide substrates such as S 2238 
but thrombin is much more active than meizothrombin on the natural substrate 
fibrinogen [71]. 

The physiologic pathway by which thrombin is formed from prothrombin is cur- 
rently still unsure. Thrombin can either be generated via meizothrombin (pathway 
A) or prethrombin 2 (pathway B). In 1974 Esmon et al. [67] suggested that path- 
way B describes the most plausible sequence of reactions during factor X,-cata- 
lyzed prothrombin activation either with or without accessory components. This 
proposal was based on the observation that substantial amounts of prethrombin 2 
were generated during prothrombin activation, whereas meizothrombin, the in- 
termediate in pathway A was not detectable. It should be emphasized, however, 
that the gel electrophoretic techniques employed in this kind of study do not allow 
the detection of low amounts of intermediates. Steady-state concentrations of in- 
termediate (e.g. meizothrombin) equal to or even below the concentration of en- 
zyme present can be kinetically compatible with a catalytic pathway via such an 
intermediate. Since such low amounts of meizothrombin would have escaped de- 
tection we feel that it is as yet not unequivocally proven whether A or B describes 
the actual pathway of prothrombin activation*. 

Over the past 20 years a lot has been learned concerning the molecular mech- 
anism and assembly of the various constituents of the prothrombinase complex. 
Jobin and Esnouf [72] were among the first to quantitatively assess the effects of 
accessory components on the relative rates of prothrombin activation (Table 2). 
They observed that the addition of each accessory component caused rate en- 
hancements of 1 or 2 orders of magnitude. Their data were later confirmed by the 
groups of Jackson in 1974 [66] and Mann in 1979 [73]. The magnitude of the effect 

* While this Chapter was in print it has been reported that meizothrornbin indeed occurs as a transient 
intermediate during Factor X,-catalyzed prothrombin activation (J. Rosing, R.F.A. Zwaal and G. 
Tans (1986) J .  Biol. Chem. 261, 4224-4228). 



TABLE 3 

Effect of accessory components on the kinetic parameters of prothrombin activation 

Activator K m  V,", 
OLM) ( 1Ia/min/Xa) 

x a  131 0.61 
X,, CaZ+ 84 0.68 
X,, Ca2+, PL 0.058 2.25 
X,, Ca2+, V, 34 373 
X,, Ca2+, V., PL 0.21 1919 

~ 

Data from Rosing et al. [74]. 
Prothrombin activation was determined at pH 7.5 at 37°C with or without 5 mM CaCI,, saturating 
amounts of factor V, and 7.5 pM phospholipid (PL) vesicles (PSIPC, 50/50; mole/mole). 

of accessory components in these studies differs considerably. This is most likely 
caused by the use of different phospholipid and protein concentrations. The im- 
portant information contained in these experiments is that phospholipids plus Ca2+ 
and factor V, accelerate prothrombin activation in a multiplicative way independ- 
ent of each other. In 1980 Rosing et al. [74] showed that the effects of accessory 
components on the relative rates of thrombin formation could be correlated with 
changes in the kinetic parameters of prothrombin activation (Table 3). The low 
rate of prothrombin activation by factor X, alone appears to  be due to the fact 
that the reaction has very unfavorable kinetic parameters. In the absence of phos- 
pholipids and factor V, prothrombin activation is characterized by a high K ,  for 
prothrombin and a very low V,,,. The stimulatory effect of phospholipids is due 
to a dramatic decrease of the K, for prothrombin, whereas the rate enhancements 
by factor V, are caused by an increase of the Vma. The physiological importance 
of these changes in kinetic parameters is obvious. Since the plasma prothrombin 
concentration is 2 pM, phospholipids lower the K ,  to values considerably below 
the plasma prothrombin level. This means that under physiological conditions sat- 
uration of factor X, with prothrombin is achieved and factor X, acts at maximal 
catalytic capacity. Factor V, subsequently enhances the V,,, of prothrombinase to 
a level at which thrombin is formed at a rate sufficiently high to account for rapid 
clot formation. The effects of phospholipids and factor V, on the kinetic param- 
eters of factor X,-catalyzed prothrombin activation give a satisfying explanation 
for the earlier observed rate enhancements and for their physiological require- 
ment. However, more detailed kinetic and binding studies were necessary to ob- 
tain insight in the mechanism by which the accessory components cause these 
changes of kinetic parameters. 

( i )  The role of phospholipids in prothrombin activation 
It is generally thought that the phospholipid bilayer serves as a surface onto which 

the proteins bind. Already in 1967 Jobin and Esnouf [72] interpreted the stimu- 
latory effect of phospholipid on the relative rates of prothrombin activation as being 
due to a proper localization of the interacting proteins on the phospholipid surface 
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and Hemker et al. [75] reported experiments that supported this concept. It was 
proposed that binding of the proteins to phospholipid results in increased surface 
concentrations of the reactants which facilitates interactions between the various 
proteins that participate in prothrombin activation. The early experiments also led 
to the conclusion that prothrombinase consists of a phospholipid-bound complex 
of factor X, and factor V,. A decennium later more quantitative data regarding 
the formation of the prothrombinase complex became available. It was shown that 
the stimulatory effect of phospholipids in prothrombin activation is actually 2-fold: 
(a) phospholipids promote the interaction between factor X, and factor V, and fa- 
cilitate the formation of a factor x,-V, complex and (b) phospholipids promote 
the interaction of the factor X,-V, complex with its substrate prothrombin as judged 
by the decrease of the K,. 

In 1979 Nesheim et al. [73] inferred from kinetic data the Kd for the interaction 
between factor V, and factor X, in the presence of phospholipid. They estimated 
a Kd of 7.3 x lo-'' M and concluded that a phospholipid-bound complex between 
factor X, and factor V, with 1: l  stoichiometry is formed (see also Ch. 2A). The 
K ,  value was subsequently confirmed by direct binding measurements using a flu- 
orescent factor x, derivative [76]. Lindhout et al. [77] also used a kinetic approach 
to determine the effect of phospholipid on the interaction between factor X, and 
factor V,. In the absence of phospholipid a Kd of 3.3 X M and a 1:l  stoichi- 
ometry was found. The presence of phospholipid promoted complex formation since 
apparent Kds as low as lo-" M were observed. This stimulatory effect of phos- 
pholipid on the formation of the factor X,-V, complex was dependent on the pres- 
ence of negatively charged phospholipids in the membrane bilayer. In addition 
factor X, has to contain y-carboxyglutamic acid residues since Skogen et al. [78] 
reported that the interaction of Gla-domainless factor X, with factor V, was not 
stimulated by phospholipids. Finally, in an independent study, Morisson [79] de- 
termined a value of 5.9 x lo-'' M for the apparent dissociation constant of hu- 
man factor X, with bovine factor V, in the presence of phospholipids. 

The effect of phospholipid on the K ,  is dependent on the amount of phospho- 
lipid present since at increasing phospholipid concentrations increasing values for 
the K,  for prothrombin were observed (Table 4). So a model for the mechanism 
of action of phospholipids in prothrombin activation has to explain the drastic drop 
of the K, for prothrombin and the subsequent increase of the K, at higher phos- 
pholipid concentrations. Since both prothrombin and factor X, have affinity for 
phospholipids it was suggested that an increased concentration of reactants at the 
phospholipid-water interface facilitates the formation of the enzyme-substrate 
complex which explains the observed decrease of the K ,  in the presence of phos- 
pholipid [74]. In this what is called the 'bound substrate model', the K,,, is deter- 
mined by the local concentration of prothrombin at the membrane surface [73]. In 
this model one can easily explain why the K ,  increases at increasing phospholipid 
concentrations. At higher phospholipid concentrations more prothrombin-binding 
sites are available hence more prothrombin has to be added to attain the local sub- 
strate concentration at which surface-bound factor X, enzyme works at 1/2 V,,,. 
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TABLE 4 

The effect of the phospholipid concentration on the K, for prothrombin 

Phospholipid concentration K m  

(PM) (PM) 
4 0.062 
8 0.090 

16 0.14 
40 0.23 
80 0.46 

240 1.08 

Data from Rosing et al. [74]. 
The phospholipid vesicles contained 50 mole% PS and 50 mole% PC. 

Nesheim et al. [80,81] presented a mathematical model, in which the protein con- 
centrations in a shell surrounding the vesicle determine the molecular interactions. 
This model, which is essentially the same as the ‘bound substrate model’, could be 
used to satisfactorily simulate the effect of phospholipid vesicles (25% PS/75% PC) 
on the rates of prothrombin activation. 

In 1978 Nelsestuen [82], however, proposed an alternative model which we will 
call the ‘free substrate model’ in which the prothrombinase complex is viewed as 
a dissociable three-component enzyme (X,-V,-phospholipid) that acts on soluble 
prothrombin. In this model the decreased K ,  (interpreted as an increased affinity 
of prothrombinase for prothrombin) is explained [82,83] to be the result of addi- 
tive free energies of prothrombin-factor V, and prothrombin-phospholipid inter- 
actions occurring at the active site of prothrombinase. The increase in K, at in- 
creasing phospholipid concentrations is explained by the fact that prothrombin 
binding to the bilayer decreases the amount of soluble prothrombin available for 
interactions with the enzymatic unit of the prothrombin-activating complex. 

The fundamental difference between the two models is that in the bound sub- 
strate model lateral diffusion of prothrombin in a shell surrounding the phospho- 
lipid surface is an essential step in the formation of the enzyme-substrate complex 
whereas in the free substrate model the enzyme-substrate complex is formed by 
direct interaction of soluble prothrombin with the enzymatic unit. 

The bound substrate model predicts that V,,, and K, are directly related to the 
binding parameters of, respectively, factor X, and prothrombin for phospholipid. 
Vesicles with increased affinity for factor X, bind more factor X,, hence more fac- 
tor X, will participate in prothrombin activation and higher V,,, values will be ob- 
served. Vesicles with a high affinity for prothrombin will yield low K ,  values since 
small amounts of prothrombin are required to obtain the prothrombin density at 
the phospholipid surface at which half of the phospholipid-bound factor X, is sat- 
urated. 

These predictions were tested in experiments in which the kinetic parameters of 
prothrombin activation were determined with vesicles that contained various 
amounts of different kinds of negatively charged phospholipids [84,85]. In Table 
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TABLE 5 

Kinetic parameters of prothrombin activation for membranes containing various amounts of different 
negatively charged phospholipids 

Membrane phospholipid composition K, 
(FM) 

-Factor V ,  
PS/PC (25175, M/M) 
PNPC (25/75, M/M) 
PG/PC (25/75, M/M) 
PSPC ( 5/95, M/M) 

0.11 
0.10 
1.81 
1.63 

2.56 
2.78 
0.17 
0.32 

+Factor V, 
PSlPC (25/75, MIM) 0.14 4050 
PNPC (25/75, M/M) 0.11 4184 

PS/PC ( 5/95, M/M) 0.057 4330 

Data from Van Rijn et al. [85]. 
The phospholipid concentration in this experiment was 50 FM. 

PGPC (25/75, M/M) 0.04 3345 

5 it is shown that in the absence of factor V, the K ,  and V,,, indeed correlate 
with the binding affinities of the phospholipid membranes for factor X, and pro- 
thrombin. Vesicles with a high affinity (PS-PC and PA-PC) for vitamin K-de- 
pendent coagulation factors have a low K, and high V,,,, whereas vesicles with a 
low affinity (PG-PC or PS-PC vesicles with low PS content) have unfavorable ki- 
netic parameters. The kinetic parameters determined in the presence for factor V, 
do, however, not reflect differences in binding parameters for factor X, and pro- 
thrombin. The V,,, is hardly dependent on the type of acidic phospholipid present 
in the membrane bilayer. Since these experiments were carried out at saturating 
factor V, concentrations the constant V,,, can be attributed to the fact that factor 
V, promotes the binding of all added factor X, to the phospholipid vesicles. More- 
over, the K, does not correlate with the binding parameters of prothrombin for 
the phospholipid vesicles. Membranes containing PG or a low mole percentage PS, 
which have the lowest affinity for prothrombin, have the most favorable K ,  for 
prothrombin, whereas vesicles with a high affinity (PS-PC and PA-PC) have the 
most unfavorable K,. From these experiments it is obvious that in the presence 
of factor V, and phospholipid vesicles with a low affinity for prothrombin the K ,  
for prothrombin and the rate of prothrombin activation are not determined by the 
prothrombin density at the phospholipid surface. Therefore, it was concluded that 
the mechanism of action of phospholipid in prothrombin activation in the absence 
and presence of factor V, cannot be described in one unique model. In the pres- 
ence of factor V, prothrombin activation is most adequately explained in the free 
substrate model. The effect of phospholipids on the K, for prothrombin in the ab- 
sence of factor V, cannot be satisfactorily explained in either of the two models. 
Although the K ,  for prothrombin measured in the absence of factor V, varied 
parallel with the binding affinity of prothrombin for phospholipid (a requirement 
of the bound substrate model), Van Rijn et al. [85] were not able to reconcile the 
observed K, with known binding parameters of prothrombin for phospholipid. 
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(ii) The role of factor V ,  in prothrombin activation 
Kinetic studies of prothrombin activation have shown that the effects of factor 

V, are 2-fold: (a) factor V, causes a 2000-fold increase of the V,,, of prothrombin 
activation [73,74] and (b) factor V, lowers the K, for prothrombin, an effect that 
is most apparent on procoagulant surfaces with low affinity for prothrombin [84,85]. 

The increase of the Vmax by factor V, is the result of a number of additive ef- 
fects. Part of the stimulation is caused by the fact that factor V, promotes the 
binding of factor X, to negatively charged phospholipid surfaces (vide supra). 
Hence in the presence of factor V, more factor X, molecules are bound to the 
phospholipid surface and, therefore, more factor X, molecules will participate in 
prothrombin activation. In kinetic measurements this will cause an increase of the 
observed V,,,. A second contribution of factor V, to  the increase of the V,,, was 
put forward on the basis of experiments in which prothrombin activation with pro- 
thrombin-activating mixtures of different compositions was subjected to gel elec- 
trophoretic analysis [74]. When factor X, converts prothrombin in the absence of 
factor V, mainly prethrombin 2 is formed irrespective of whether phospholipids 
plus Ca2+ are present or not. With the complete prothrombinase complex (factor 
X,, factor V,, phospholipid and Ca2+) thrombin is the main end product and no 
prethrombin 2 is detectable. For the explanation of these findings it will be helpful 
to consider Fig. 5, which depicts a minimal mechanism for the conversion of pro- 
thrombin into its activation products. The main pathway occurring during pro- 
thrombin activation in the absence of factor V, is that giving rise to prethrombin 
2 (steps 1, 2 and 5 )  and only a small fraction of prothrombin is directly converted 
into thrombin (steps 1, 2, 3, 4 or 1, 2', 3', 4). Factor V, changes the pathway of 
prothrombin activation from one resulting in prethrombin 2 into one producing 
thrombin. 

Two alternatives can be put forward to explain this effect of factor V, on the 
pathway of prothrombin activation: 

(1) Factor V, prevents the dissociation of prethrombin 2 from the prothrom- 
binase complex altering the pathway from 1, 2 and 5 to 1, 2, 3 and 4.  The increase 

, X, + MT 

5 . t  

X,.MT 

'r <' 
4 2 x  

X,+PT -1, X,.PT Xa.T 2 X,+ T 

Xa.PT2 

5l 
X a +  PT2 

Fig. 5 .  Possible reaction schemes of prothrombin activation. Xa, factor X,; PT, prothrombin; FT?, 
prethrombin 2; T,  thrombin; MT, meizothrombin. 
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in intermediate complex concentration which consequently occurs also increases 
the rate of thrombin formation. 

(2) Factor V, changes the pathway of activation from one in which prethrombin 
2 occurs as intermediate (1, 2, 3, 4) into one with meizothrombin as intermediate 

Based on the estimation of the rate constants of prethrombin 2 formation (with- 
out factor V,) and thrombin formation (with factor V,) Tans et al. [86] concluded 
that apart from such a possible shift in pathway, factor V, must also increase at 
least one forward rate constant in the prothrombin activation pathway. This was 
indeed shown to be the case by Nesheim and Mann in 1983 (cf. [87] and Ch. 2A). 
From kinetic experiments with prothrombin and prothrombin activation interme- 
diates they concluded that factor V, causes a 3000-fold increase of the k,,, of factor 
X,-catalyzed cleavage of the Arg323-Thr324 bond (step 2’ or step 3 in Fig. 5). 

It is as yet unknown how factor V, enhances that k,,, of peptide bond cleavage. 
Factor V, can exert its action through factor X, by making it a better enzyme with 
increased catalytic power or via prothrombin by making it a better substrate for 
factor X,. In the latter case it would be possible that factor V, changes the con- 
formation of prothrombin in such a way that the peptide bonds to be cleaved by 
factor X, become more susceptible. 

The effect of factor V, on the K ,  for prothrombin presumably has physiological 
importance. Factor V, causes a profound decrease of the K ,  when prothrombin 
is activated at procoagulant surfaces with a low affinity for prothrombin. It has been 
proposed that activated blood platelets provide the phospholipid surface at which 
in vivo prothrombin activation takes place. Since activated platelets expose rela- 
tively small amounts of acidic phospholipids [88] factor V, will likely play an im- 
portant role in the formation of the enzyme-substrate complex at the platelet sur- 
face. 

There are several possibilities for the mechanism by which factor V, can pro- 
mote the interaction of prothrombin with the prothrombinase complex. This can 
be accomplished by: 

(1) a direct interaction of prothrombin with factor V,, probably through its frag- 
ment 2 region, that provides additional free energy for prothrombin binding to the 
enzymatic complex or 

(2) a factor V,-induced clustering of negatively charged phospholipid molecules 
in the enzymatic domain which creates a membrane surface with a higher affinity 
for prothrombin or 

(3) factor V,-induced increase of a rate constant in the pathway of prothrombin 
activation that simultaneously increases the k,,, and decreases the K,. 

The first possibility is supported by direct binding studies of Van de Waart et al. 
[89] who showed that factor V, promotes the binding of prothrombin to negatively 
charged phospholipid surfaces. Insufficient quantitative data prevent, however, 
correlation of the effect of factor V, on prothrombin binding to phospholipids with 
the effect of this cofactor on the K,. With respect to the second possibility Mayer 
and Nelsestuen [90] reported that factor V, causes a lateral phase separation (clus- 

(1, 2’, 3’, 4). 
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tering) of negatively charged phospholipids in membranes. Although they sug- 
gested that this lateral phase separation may be an important process in the for- 
mation of the prothrombinase complex, they did not present evidence that this 
phenomenon can contribute to the binding of prothrombin to the membrane sur- 
face. For the understanding of the last possibility it is helpful to consider the sim- 
plified reaction scheme for serine proteases: 

K, k3 

E+S E . 5  E A  It € + A  

F: 

For such a reaction sequence the kinetic parameters are k,,, = (k2.k3)/(k2 + k,) 
and K, = (K, - k3)/(k2 + k3) .  It is obvious that under certain conditions an in- 
crease of a single rate constant (k2) by factor V, can cause both an increase of k,,, 
and a decrease of the K,. Whether this occurs depends on the individual rate con- 
stants the values of which are presently unknown. 

(b) Factor X activation 

The activation of factor X in plasma can be accomplished via the so-called ex- 
trinsic and intrinsic pathways (cf. Ch. 5A and 5B). Extrinsic factor X activation is 
catalyzed by factor VII,, a reaction stimulated by the presence of thromboplastin. 
Thromboplastin consists of phospholipids and a protein cofactor (tissue factor 
apoprotein) which is an integral membrane glycoprotein. Factor IX, is the enzyme 
responsible for intrinsic factor X activation and this reaction is greatly stimulated 
by negatively charged phospholipids and the protein cofactor factor VIII,. The 
cleavage of one and the same peptide bond by both factor VII, and factor IX, re- 
sults in the activation of factor X [92,93]. Thus the mechanism of factor X acti- 
vation is simpler than that of prothrombin activation in which reaction two peptide 
bonds are cleaved. Consequently, enhancements of the rate of factor X, formation 
by the accessory components must be explained within this one pathway. We will 
briefly discuss the role of these accessory components in the activation of factor X 

TABLE 6 

The effect of tissue factor on the kinetic parameters of factor MI.-catalyzed factor X activation 

KIn kc,, 

(PM) (Isec) 

Without tissue factor" 4.87 3.95 x 10-4 
With tissue factorb 0.45 1.15 

Data from Silverberg et al. [98]. 
Experiment carried out in the presence of 10 mM benzamidine with rabbit brain cephalin as phos- 
pholipid source. 
Experiment carried out in the presence of 10 mM benzamidine with bovine brain thromboplastin 
as source of phospholipids and tissue factor apoprotein. 
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and how it relates to the concepts described in the previous paragraph. 
Evaluation of kinetic data in extrinsic factor X activation is complicated by the 

fact that tissue factor apoprotein is an integral membrane protein for which only 
recently the purification has been reported [94]. Since this protein only functions 
when reconstituted with phospholipid [95-971 it is difficult to separate the contri- 
bution of the protein cofactor from that of the lipid component. Therefore, no full 
picture is available yet on the kinetics of factor X activation by factor VII, but the 
data reported thus far appear similar to prothrombin activation. Silverberg et al. 
[98] in 1977 reported a combined 10-fold drop in K ,  and a 3000-fold increase in 
k,,, of factor VI1,-catalyzed factor X activation upon reconstitution of phospho- 
lipids with tissue factor (Table 6). The magnitude of the increase in V,,, caused 
by the presence of tissue factor is about the same as the effect of factor V, on pro- 
thrombin activation. Therefore, it seems reasonable to assume that the role of tis- 
sue factor apoprotein in factor X activation is similar to the role of factor V, in 
prothrombin activation. 

The K ,  for factor X is dependent on the amount of phospholipid present and 
increases with increasing phospholipid concentration [99,100]. Nemerson et al. [99] 
suggested that this increase in K, was due to binding of factor X to the excess 
phospholipid-binding sites not adjacent to the enzymatic unit of the factor 
VI1,-tissue factor-phospholipid complex. In other words it was proposed that the 
enzymatic unit of the extrinsic factor X activator acts on soluble factor X accord- 
ing to a so-called substrate model (vide supra). 

With respect to intrinsic factor X activation it was shown by van Dieijen et al. 
[loll that in the absence of accessory components the rate of factor X, formation 
by factor IX, is extremely slow. Phospholipids plus CaCI, stimulate the reaction 
rate but the resulting rate of activation is still too low to have physiological im- 
portance [101-1031. The presence of factor VIII, finally results in reaction rates 
that are sufficiently high to be important in vivo [101-1061. Table 7 shows that the 
effect of the accessory components on the kinetic parameters of the reaction is 
similar to that in prothrombin activation. Phospholipids stimulate factor X acti- 
vation by causing a dramatic decrease in the K ,  for factor X. Like in prothrombin 

TABLE 7 

Kinetic parameters of intrinsic factor X activation 

Composition of factor X activator K, Vmax 

IX, 299 0.0022 
IX,, CaCI, 181 0.0105 

IX,, CaCI2, VIIIa, PL 0.063 500 

(PM) (X,/min/IX,) 

IX,, CaCI,, PL 0.058 0.00247 

Data taken from van Dieijen et al. [loll. 
Factor X activation was determined at pH 7.9 at 37°C with or without 7.5 mM CaCI,, 11 clotting 
units factor VIII/ml and 10 pM phospholipid (PL) vesicles (PSPC, 25/75; mole/mole). 
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activation the K ,  is dependent on the amount of phospholipid present and in- 
creases with increasing phospholipid concentrations [ 1011. The data obtained thus 
far on the effect of phospholipid (in the absence of factor VIII,) do not allow con- 
clusions as to whether phospholipid-bound or soluble factor X is the substrate for 
factor IX, bound to the phospholipid vesicles (see also discussion in the previous 
section). Using binding parameters for factor X obtained under identical condi- 
tions as used in the kinetic experiments [lo71 it was shown that the effects of phos- 
pholipid on K ,  could be quantitatively accounted for either in a model in which 
bound factor X is the substrate or in a model in which the bound enzyme acts on 
soluble factor X [108,109]. 

The mode of factor VIII, is most probably the same as that of factor V, in 
prothrombinase. There is no doubt that the major function of factor VIII, is to 
increase the V,,, of factor X, formation. The estimates may vary in the different 
studies [101,11&112] but van Dieijen et al. [loll showed that when saturation with 
factor VIII, is achieved the V,,, is increased 200000-fold. Part of this increase by 
factor VIII, is likely due to stimulation of factor IX, binding to the phospholipid 
bilayer which ensures efficient participation of all enzyme present in the reaction 
mixture. This is supported by the finding that phospholipid-dependent factor X ac- 
tivation becomes saturable at much lower concentrations of factor IX, in the pres- 
ence of factor VIII, [109,110] than in the absence of this cofactor [109]. However, 
this cannot explain the total V,,, increase since it was estimated that even when 
all factor IX, participates in factor X activation still factor VIII, will cause an in- 
crease in V,,, of approximately 6000-fold [loll.  Thus apart from stimulating the 
binding of factor IX, to phospholipid, factor VIII, increases the V,,, by increasing 
one or more forward rate constants in the reaction sequence of peptide bond 
cleavage in factor X. The presence of factor Vlll,, like factor V,, also can result 
in a decrease in K ,  for factor X [11&112]. The estimates on the magnitude of the 
effect of factor VIII, on the K ,  vary in the different studies from almost no effect 
[loll to a 10-fold decrease [110]. These differences are, however, likely caused by 
differences in experimental conditions. 

It appears, therefore, that the mode of action of factor VIII, is almost identical 
to the mode of action of factor V, in the prothrombinase complex. No data are as 
yet available on whether the factor IX,-factor VII1,-phospholipid complex acts on 
soluble factor X as a substrate. However, in view of the data obtained in pro- 
thrombin activation this seems likely to be the case. 

(c) Other multicomponent enzyme complexes involved in the activation of vitamin 
K-dependent coagulation factors 

A number of other enzyme complexes in which vitamin K-dependent coagula- 
tion factors are involved play a role in blood coagulation. These are less well doc- 
umented than the complexes that have been discussed thus far. We will, however, 
briefly discuss these complexes in relation to prothrombin and factor X activation. 

The role of the accessory components tissue factor apoprotein and phospholipid 
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in the activation of factor IX by factor VII, appears similar to the role of these 
components in factor X activation by factor VII,. During factor IX activation two 
peptide bonds are cleaved in the zymogen and an internal activation peptide of 
9000 dalton is released [113]. Both cleavage sites appear available for proteolytic 
cleavage [113,114] and only one results in the exposure of the active site [114-1161. 
Thus in these aspects factor IX activation is more similar to prothrombin activa- 
tion than to factor X activation. Thus far kinetic data for factor IX activation have 
been obtained by measurement of the release of the activation peptide and con- 
sequently in these experiments, therefore, the final reaction product (factor IXap) 
is quantitated. The kinetic parameters of factor IX activation by factor VII, in the 
presence of thromboplastin have been determined and compared with those of 
factor X activation [99,100,117]. Both reactions show low K,s for the substrate 
and high kCats. Like in factor X activation the K ,  for factor IX is a function of the 
amount of phospholipid present and increases when at constant tissue factor apo- 
protein concentration the amount of phospholipid is raised [ 1001. 

The activations of prothrombin and factor X appear to be under control of neg- 
ative feedback reactions in which other vitamin K-dependent enzyme complexes 
are involved. Activated protein C is a vitamin K-dependent serine protease with 
anticoagulant [26,27,118-1231 and profibrinolytic properties [124,125]. The anti- 
coagulant effect of activated protein C is caused by the fact that this enzyme pro- 
teolytically degrades factor V, [121,126,127] and factor VIII, [128,129]. In these 
reactions CaCI2, phospholipid and another vitamin K-dependent protein cofactor 
(protein S) act as accessory components in order to speed up reaction rates suffi- 
ciently [26,27]. The activation of protein C itself is also accomplished by a multi- 
component enzyme complex consisting of thrombin, a protein cofactor (throm- 
bomodulin) and most likely the endothelial cell surface (cf. [28-301 and Ch. 9B). 

5 .  Contact activation reactions 

Detailed information concerning the molecular mechanism of the contact acti- 
vation reactions has become available over the past 10 years but the picture is still 
far from complete (cf. Ch. 5A). This has in part been due to the fact that purifi- 
cation procedures for the proteins involved have become available only fairly re- 
cently. It has also been difficult to find well defined (both chemically and physi- 
cally) substances promoting contact activation. Contact activation requires a 
different procoagulant surface than the activation of the vitamin K-dependent 
clotting factors. The best known activators are glass, kaolin and dextran sulfate. 
These are, however, not present in the human body and therefore, recent atten- 
tion has been drawn to the contact activation-promoting activity of sulfatides 
[35,36], lipopolysaccharides from bacteria [3740] and heparin [41,42,130] all of 
which have potential physiological significance. The most potent activator appears 
to be sulfatides, a sulfated glycosphingolipid, which forms membrane bilayers when 
dispersed in aqueous environment. 
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Fig. 6.  Zymogen activations during contact activation. 

A serious complication in obtaining quantitative data on the various reactions 
occurring during contact activation is that a number of feedback mechanisms fea- 
ture prominently. The knowledge gained thus far is schematically summarized in 
Fig. 6. During the initial stages of contact activation the zymogens factor XI1 and 
prekallikrein are involved in a so-called reciprocal activation mechanism in which 
kallikrein activates factor XI1 into factor XII, which in its turn activates prekalli- 
krein. Factor XII, is the central enzyme in contact activation since (1) it activates 
prekallikrein into kallikrein, (2) it can activate its own zymogen factor XI1 into 
factor XII,, and (3) factor XII, is responsible for the activation of factor XI. 

It is well accepted that the presence of the negatively charged surface and the 
protein cofactor HMWK are essential for optimal contact activation. Thus like in 
the reactions of the vitamin K-dependent coagulation factors the proteins involved 
in contact activation somehow have to assemble on a surface for optimal interac- 
tion. However, the relative importance of the various interactions remains to be 
established. 

(a) Factor XI1 activation 

Factor XI1 activation is by far the best documented reaction of contact activa- 
tion. We will primarily discuss the mode of action of the procoagulant surface in 
this reaction. The zymogen factor XI1 (80000 MW) is activated through cleavage 
of a single peptide bond within a disulfide bridge resulting in a two-chain molecule 
with a light chain of 28000 MW that contains the active site. Various other forms 
of activated factor XI1 have been described in the literature. We will, however, 
not discuss these here and refer to Ch. 5A on contact activation and to recent re- 
views [32-341. Two reactions contribute to factor XI1 activation and these are the 
activation by kallikrein [131-1391 and autoactivation [140-1481. For the latter re- 
action the 80000 MW form of factor XI1 (a-factor XII,) appears to be responsible 
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[ 142,1451. In the absence of a procoagulant surface kallikrein dependent activation 
is very slow (kcat/& = 1.57 x 103/M/sec [cf. 1481, and autoactivation is not de- 
tectable [145]. In the presence of surface both reactions are readily detectable since 
the surface considerably speeds up the reaction rates. 

Autoactivation of factor XI1 has long been a controversial issue. This appears 
to have been caused by the fact that factor XI1 from different species was used. 
Autoactivation was first suggested to occur for rabbit factor XI1 by Wiggins and 
Cochrane [140] and subsequently for human factor XI1 by Silverberg et al. [142]. 
Bovine factor XII, however, appears to be incapable of autoactivation [149]. Re- 
cently, by means of a rigorous kinetic analysis, combined with the use of specific 
inhibitors, Tans et al. established the mechanism for autoactivation of human fac- 
tor XI1 in the presence of sulfatides [145] and this was subsequently confirmed also 
to occur in the presence of dextran sulfate by Tankersley and Finlayson [146]. For 
optimal autoactivation both enzyme (factor XII,) and substrate (factor XII) have 
to bind to the surface. This is suggested by the fact that the second order rate con- 
stant of autoactivation is dependent on the amount of surface present and de- 
creases with increasing surface [ 1451 and by the fact that addition of p-factor XII, 
(also known as HFf, the 28000 MW form of activated factor XI1 that lacks the sur- 
face-binding site) does not contribute to autoactivation [ 142,1451. 

Only recently the first quantitative data concerning factor XI1 activation by kal- 
likrein have become available. Tankersley and Finlayson [146] showed that the 
presence of dextran sulfate resulted in a drop in K,,, of at least 15-fold and a 500- 
fold increase in k,,,. Thus dextran sulfate increased the catalytic efficiency of kal- 
likrein-dependent factor XI1 activation approximately 10 000-fold. Moreover, the 
kallikrein-dependent reaction was much more efficient than autoactivation sug- 
gesting that the presence of kallikrein is essential for optimal contact activation in 
plasma. Tankersley and Finlayson did not evaluate these changes in K ,  and k,,, 
in terms of a molecular mechanism. More information concerning the molecular 
mechanism of factor XI1 activation was obtained, however, by careful comparison 
of the kinetics of factor XI1 activation by kallikrein and the isolated light chain of 
this enzyme [148]. Kallikrein is a two-chain molecule with a light chain that con- 
tains the active site [150]. Van der Graaf et al. [150] showed that the light chain 

TABLE 8 

Comparison of the catalytic activities of kallikrein and its light chain 

Substrate Rate constants (/M/sec) 

Kallikrein Light chain 

S 2302 1.45 x 106 1.34 X 106 

Factor XI1 - sulfatides 1.57 x 103 1.51 x lo) 
Factor XI1 + sulfatides 5.39 x 106 4.17 x 10'' 

Data from Rosing et al. [148]. 
S 2302 is H-D-Pro-Phe-Arg-p-nitroanilide. 



78 

of kallikrein can be separated from the heavy chain by mild reduction and alkyl- 
ation without loss of enzymatic activity towards the small peptide substrate S 2302 
(see also Ch. 5A). The light chain of kallikrein appears to contain all the necessary 
information for recognition and cleavage of various macromolecular substrates 
[ 150-1521. The only difference between kallikrein and its isolated light chains was 
found when these two enzymes were compared in their ability to shorten the aPTT 
of prekallikrein-deficient plasma [ 1501. In this clotting assay kallikrein turned out 
to be considerably more procoagulant than its light chain. An explanation for this 
phenomenon was given in a recent study by Rosing et al. [148]. In this study kal- 
likrein and its light chain were compared in their ability to activate factor XI1 both 
in the presence and absence of sulfatides. In the absence of surface kallikrein and 
its light chain are equally effective in factor XI1 activation although they have a 
very low catalytic efficiency (1.57 X l@/M/sec at the optimal pH 7.0). Table 8 shows 
that the stimulation of factor XI1 activation due to the presence of surface was vastly 
different for the two enzymes. The light chain-dependent reaction was stimulated 
only 30-fold as compared to a 3000-fold stimulation of the rate of factor XI1 ac- 
tivation by kallikrein. Binding studies indicated that this difference is due to the 
fact that kallikrein has affinity for the surface whereas the light chain has not. Ros- 
ing et al. [148] further observed that both kallikrein-dependent factor XI1 activa- 
tion in the presence of sulfatides and the binding of kallikrein to sulfatides were 
considerably reduced when either the pH or the ionic strength was increased. Since 
the light chain-dependent reaction was much less affected by variations of pH and 
ionic strength they concluded that in the kallikrein-dependent reaction surface- 
bound factor XI1 is activated by surface-bound kallikrein, whereas in factor XI1 
activation by the light chain, surface-bound factor XI1 is activated by soluble light 
chain. 

The data reported thus far concerning factor XI1 activation by kallikrein in the 
presence of negatively charged surfaces are consistent with a model in which the 
stimulatory effect of surface is built up of two distinct additive effects (Fig. 7): 

(1) Binding of factor XI1 to the negatively charged surface renders it more sus- 
ceptible to proteolytic cleavage. This hypothesis was put forward earlier by Griffin 
[ 1391 and it explains the stimulation of light chain-dependent activation of factor 
XI1 in the presence of a surface and part of the stimulation of kallikrein. 

(2) The surface, through the fact that both enzyme (kallikrein) and substrate 

LIGHT 
KALL CHAIN 

1 2 3 

Fig. 7.  The effects of negatively charged surfaces in factor XI1 activation. 
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(factor XII) have binding affinity, greatly facilitates the formation of productive 
enzyme-substrate complexes which increases the rate of factor XII, formation. 

The mode of action of the protein cofactor, high molecular weight kininogen, 
in factor XI1 activation remains to be established. For optimal factor XI1 activa- 
tion in plasma the presence of this cofactor is essential [43-45, 153-1551. HMWK- 
kininogen forms a tight 1:l complex with prekallikrein in plasma [156-1591 and 
binds with the same affinity to kallikrein [la]. Since it has been shown that HMWK 
stimulates binding of prekallikrein and factor XI to negatively charged surfaces 
[161,162] it is generally thought that this cofactor acts as a carrier bringing pre- 
kallikrein (or kallikrein) to the surface for interaction with factor XII, or factor 
XI1 (161-1631. This can explain the stimulation by HMWK of factor XI1 by kal- 
likrein in the presence of kaolin [136,139,154,155,161-1681. However, further sub- 
stantiation of such a hypothesis in terms of rate constants has not been reported 
yet. On the contrary, Espana and Ratnoff [169] recently found that HMWK did 
not stimulate factor XI1 activation by kallikrein in the presence of sulfatides, el- 
lagic acid or dextran sulfate. At high concentrations of HMWK they even ob- 
served inhibition of factor XI1 activation. An interesting alternative explanation 
for the mode of action of HMWK has been put forward by Schapira et al. [170,171]. 
These authors reported that HMWK protected kallikrein from inhibition by C1- 
inhibitor and a,-macroglobulin. Others, however, have failed to find a substantial 
protective effect of HMWK on the inhibition of kallikrein by these inhibitors 
[151,152]. Since it is well known that the interactions of contact activation factors 
can be extremely sensitive to pH and ionic strength it seems that more experi- 
mental standardization is required in order to reconcile these different views con- 
cerning the mode of action of HMWK in factor XI1 activation. 

(b) Prekallikrein and factor XI activation 

The enzyme responsible for the activation of these zymogens is factor XII, 
[131,172-1851. Both reactions occur optimally in the presence of a negatively 
charged surface and the protein co-factor HMWK. The role of these accessory 
components is generally thought to be the same throughout all the reactions of 
contact activation. Thus it is assumed that the proteins need to bind to the surface. 
a-Factor XII, readily binds via a binding region located in the heavy chain of the 
molecule [138] and HMWK is thought to be responsible for efficient binding of the 
substrates factor XI and prekallikrein [156,161,162]. 

It appears without question that binding of the enzyme factor XII, is essential. 
Although p-factor XII, (the form of factor XII, lacking the binding site for the 
surface) is capable of efficient interaction with prekallikrein the most favorable ki- 
netic parameters for prekallikrein activation reported yet are obtained with a-fac- 
tor XII, as enzyme in the presence of dextran sulfate [146]. Moreover, p-factor 
XII, is also a very poor activator of factor XI and consequently has negligible pro- 
coagulant activity. 

The mode of action of HMWK in these reactions is still poorly understood. Es- 
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sentially the same hypotheses as discussed in the previous section have been put 
forward to explain the effect of HMWK on prekallikrein and factor XI activation. 
It is generally thought that HMWK facilitates the binding of the reactants to the 
surface. Recently Sugo et al. [167] reported kinetic parameters of bovine prekal- 
likrein activation by bovine factor XII, in the presence of kaolin. The remarkable 
acceleration of the reaction in the presence of HMWK was caused by a reduction 
of the K, for prekallikrein from 1 pM to 40 nM which indicates that HMWK 
strongly promotes the formation of the factor XI1,-prekallikrein complex at the 
kaolin surface. 

6.  Concluding remarks 

In this chapter we have reviewed the mechanistic data that have become avail- 
able over the past years concerning the multicomponent enzyme complexes that 
are involved in blood coagulation. The enzymes that participate in these com- 
plexes have a very low catalytic activity towards their natural substrates since with- 
out exception substrate conversion by the enzyme alone (in the absence of acces- 
sory components) is extremely slow. This is reflected by the unfavorable kinetic 
parameters observed for these reactions. K,s as high as 100 pM and kcats of less 
than 1 turnovedmin are no exception. Yet when the complexes are complete the 
catalytic efficiency (kCat/K& for substrate conversion can be increased many orders 
of magnitude and become as high as 107-108/M/sec which is close to the values 
found for diffusion-limited reactions [91]. Thus the multicomponent enzyme com- 
plexes show almost the highest efficiency possible for enzyme-catalyzed reactions. 
The mechanism by which the accessory components bring about this enormous in- 
crease of catalytic efficiency has been the subject of this chapter. At the risk of 
oversimplification we like to summarize in this last section the current views on the 
mode of action of the multicomponent enzyme complexes of blood coagulation. 

The most important contribution of the procoagulant surface is to promote the 
interactions between the proteins involved. For this stimulatory effect the proteins 
must be able to bind to the surface. The stimulation by surface is caused by the 
fact that the proteins have both an affinity for the surface and for each other which 
ensures efficient interaction at the surface. Thus the surface stimulates coagulation 
factor activation by facilitating enzyme-substrate complex formation which is re- 
flected in a large drop in K, and it promotes the formation of enzyme-cofactor 
complexes which ensures that all enzyme present participates optimally in the re- 
action. The advantage of such a mechanism for the physiological situation is ob- 
vious since coagulation factor activation can only take place at those sites where 
this procoagulant surface is exposed and where apparently reaction is needed. The 
surface involved in contact activation appears to have an additional stimulatory ef- 
fect by rendering the substrate more susceptible to proteolytic cleavage upon bind- 
ing to the surface. Thus in contact activation both an increase of k,, and a de- 
crease of K ,  can be expected in the presence of surface. 
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The function of the cofactor appears to be the result of three effects. The co- 
factor causes a decrease in the K,,, for the substrate which is most apparent in the 
presence of surfaces with a low affinity for the proteins involved. In these cases 
the cofactor also serves as a binding site for the enzyme to the surface which en- 
sures that all enzyme participates in coagulation factor activation. The main func- 
tion of the cofactor is, however, to cause an increase in the k,,, of substrate con- 
version by the enzyme which must be the result of a large increase in one or more 
forward rate constants in the reaction pathway. How the cofactor brings about this 
enhancement is presently unknown. It is as yet also unclear whether the same 
mechanisms hold for the mode of action of the contact activation cofactor high 
molecular weight kininogen. The magnitude of the rate enhancements brought 
about by this cofactor in the various contact activation reactions is much less than 
those observed for for example factors V, and VIII, in prothrombin and factor X 
activation. Moreover, some disagreement exists whether or not this cofactor pro- 
tects the active enzymes against the inhibition of natural plasma inhibitors. There- 
fore, more data will have to become available in the future to gain more insight 
into the mode of action of this cofactor in the reactions of the contact activation 
system. 
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CHAPTER 4 

The role of vitamin K in the post- 
translational modification of proteins 

C. VERMEER 

Department of Biochemistry, University of Limburg, P.O. Box 616, 6200 M D  Maastricht 
(The Netherlands) 

1 .  Introduction 

Vitamin K was discovered by Henrik Dam when he tried to  investigate the ef- 
fect of a cholesterol-free diet on chickens [l]. He observed that after about 1 month 
the chicks had developed hemorrhages and that blood, taken from the animals ex- 
hibited a prolonged coagulation time. The addition of purified cholesterol to  the 
food did not reverse these effects and it turned out that, together with the cho- 
lesterol, a fat-soluble vitamin had been extracted from the food. This vitamin was 
called Koagulations-vitamin (coagulation vitamin) or shortly: vitamin K. Until re- 
cently blood coagulation was the only process in which vitamin K was thought to 
be involved. 

The bleeding symptoms provoked by vitamin K-deficiency were similar to those 
described for a hemorrhagic disease in cattle [2] and which were found to be caused 
by feeding the animals with improperly cured sweet clover hay. The active com- 
pound in the clover was identified as dicumarol (4-hydroxycoumarin) [3], which is 
present in a chemically bound and thus inactive form in the fresh plants, but which 
may be liberated during the curing of the clover. In its free form dicumarol acts 
as an antagonist of vitamin K. During the subsequent years numerous coumarin- 
derivatives have been synthesized and tested for their anticoagulant potency. The 
drugs most frequently used nowadays include besides dicumarol: phenprocoumon 
(3-(l-phenyl(propyl)-4-oxycoumarin), difenacoum (3-[3-p-diphenyl-l,2,3,btetra- 
hydronaphth-l-yl]-4-hydroxycoumarin) and brodifacoum (3-[3-(4l-bromodi- 
phenyl-4-yl)-1,2,3,4-tetrahydronaphth-l-yl]-4-hydroxycoumarin. All these com- 
pounds serve as anticoagulants either in the form of rodenticides or for the 
treatment of patients in order to antagonize undesired blood coagulation during 
thrombogenic episodes. 

In this chapter we intend to review our present knowledge concerning the way 
of action of vitamin K and vitamin K antagonists. We hope to  make the readers 
clear that these drugs affect the synthesis of many proteins and that the blood co- 
agulation factors form only a minor part of this group. 
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2. The secretion of proteins 

Protein biosynthesis starts with the attachment of an mRNA to a ribosome. Pro- 
teins destined to remain in the cell are synthesized on free cytoplasmic ribosomes, 
whereas secretory proteins are exclusively formed on ribosomes bound to the rough 
endoplasmic reticulum (RER). The question remains: how does the mRNA dis- 
criminate between the cytosolic and the membrane-bound ribosomes. Recently the 
course of events leading to the secretion of a protein has been discovered [4-71 
and a summary is given in Fig. 1. After the binding of a ribosome to the mRNA 
the latter is translated and a growing amino acid chain emerges from the ribo- 
some. Secretory proteins - at least those investigated until now - differ from the 
cellular proteins in that they are synthesized in the form of precursors consisting 
of the amino acid residues found in the mature protein and, in addition, a signal 
sequence. This signal sequence is formed by 15-30 strongly hydrophobic amino 
acids at the amino-terminal side of the growing peptide chain, so it is the first part 
of the protein to be synthesized. After the amino acid chain is 60-70 residues long, 
the signal sequence extends far enough from the ribosome to be recognized by the 
signal recognition particle (SRP). The SRP then binds to the ribosomal complex, 
thus causing an immediate stop of any further polypeptide chain elongation. 

A second protein involved in the process of protein secretion is located in the 
RER membrane. It is designated by some authors as ‘docking protein’ (DP) be- 
cause it is able to recognize the SRP-ribosome complex and to mediate in its bind- 
ing to the RER. It is not yet sure whether this interaction leads to a conforma- 
tional change of SRP or to its removal from the ribosomal complex, but the result 
of the action of DP is the reinitiation of protein synthesis, whereby the hydropho- 
bic signal sequence rapidly penetrates into the phospholipid membrane, thus fa- 
cilitating the transport of the growing protein through the membrane to the lu- 
minal side of the endoplasmic tubuli. Here are located the enzymes required for 
the post-translational modifications such as glycosylation, hydroxylation, disulfide 
bond formation, vitamin K-dependent carboxylation and the proteolytic degra- 
dation of the signal sequence by a highly specific enzyme, named signal peptidase. 
Secretory proteins may undergo one or more of these modifications during their 
trip down the lumen of the endoplasmic reticulum to the Golgi apparatus, via which 
the proteins are secreted into the extracellular environment. Since also the pro- 
teins present in the outer cellular membrane are secreted via this pathway (they 
only remain bound to the Golgi membranes during exocytosis) they are generally 
regarded as secretory proteins. Obviously not all proteins undergo all possible 
modifications and the way in which the various post-translational enzyme systems 
are able to discriminate between the different proteins (or parts of the same pro- 
tein) is still a matter of investigation. 
The molecular biology of the blood coagulation factors in particular has been 

studied by the.groups of Davie and MacGillivray. Employing techniques such as 
immunoprecipitation of polysomes, the mRNA from human liver was enriched in 
its messenger content coding for either factor IX or prothrombin. Complementary 
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Fig. 1. The synthesis of secretory proteins. Step 1: initiation of protein synthesis and synthesis of the 
signal sequence. Step 2: recognition of the signal sequence by SRP, binding of SRP to the protein- 
synthesizing complex and concurrent blockade of further polypeptide chain elongation. Step 3: binding 
of the ribosome/SRP complex to the RER-bound docking protein (DP) and subsequent re-initiation of 
the protein synthesis. Step 4: transport of the growing polypeptide chain through the RER membrane 
and subsequent post-translational modification. Step 5 :  termination of the protein biosynthesis and dis- 
sociation of the protein-synthesizing complex. Transport of the mature protein to the outer cellular en- 
vironment. 

DNA (cDNA) was then synthesized from the enriched mRNA and converted into 
double-stranded cDNA and incorporated into E. coli plasmid DNA. In this way 
cDNA libraries were prepared and screened for factor IX [8] and prothrombin [9]. 
When searching for human factor IX-cDNA Kurachi and Davie [8] identified a 
plasmid containing a cDNA insert of 1466 base pairs, 138 of which coded for a 
‘leader sequence’. Furthermore the cDNA contained 1248 base pairs coding for 
the 416 amino acid residues of the mature protein, a stop codon and 48 pairs of 
non-coding sequence at the 3’ end. The previously mentioned leader sequence 
coded for 46 amino acid residues, which are assumed to constitute the signal se- 
quence (found in all secretory proteins) and a ‘pro’-sequence of about 10 amino 
acid residues length, which is located between the signal and the mature protein. 

In a subsequent investigation Degen et al. [9] isolated a cDNA of 2005 base pairs 
coding for human prothrombin. The cDNA just missed the start of the signal se- 
quence, 27 amino acids of which were coded for, followed by a pro-sequence and 
the 579 amino acids of prothrombin. A non-coding region of 97 base pairs and a 
poly A tail of 27 base pairs were found at the 3’ end of the genome. 

Apart from the fact that these experiments demonstrate that the vitamin K-de- 
pendent coagulation factors behave just as the other secretory proteins do, they 
also inform us about the presence of a pro-insert in between the signal sequence 
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and the mature protein. The function of this pro-insert is not yet clear, but it might 
be involved in the recognition of the growing polypeptide chain by the enzymes 
involved in the post-translational modification reactions. 

3. The carboxylation of glutamic acid residues 

Vitamin K-dependent carboxylase is involved in the conversion of glutamic acid 
(Glu) residues into ycarboxyglutamic acid (Gla) residues [ 10-121. The structures 
of these compounds are represented in Fig. 2. Gla may be regarded as a malonic 
acid derivative, which is stable in base but labile in hot acid. This property ex- 
plains why Gla had not been detected earlier during amino acid analysis, since all 
techniques employed include the acid hydrolysis of the peptide bonds. Only after 
alkaline hydrolysis Gla residues may be identified, for instance by HPLC analysis 

Gla residues were discovered in prothrombin and initially it was assumed that 
this new amino acid exclusively occurred in the classical ‘vitamin K-dependent’ co- 
agulation factors. Later on Gla residues were also detected in other hepatic pro- 
teins (the proteins C, M, S and Z) [14-171 as well as in proteins not related to 
blood coagulation such as proteins in bone (osteocalcin), dentin, renal stones, 
hardened atherosclerotic plaque and spermatozoa [ 18-22]. Gla residues have even 
been demonstrated in non-mammalian tissues such as corals [23] and the chorioal- 
lantoic membrane of chicken eggs [24] so that it may be concluded that the vita- 
min K-dependent carboxylation reaction is widely spread in nature. Although the 
functions of the various Gla-containing proteins may vary to a great extent, the 
only function that could have been attributed to the Gla residues is the strong and 
selective binding of Ca*+. 

When carboxylase is blocked in vivo by the administration of vitamin K antag- 
onists, precursors of the Gla-containing proteins accumulate in the RER [12] and 
when the blockade is prolonged, the non-carboxylated proteins may be excreted 
into the extracellular environment. In their excreted form these proteins are des- 
ignated as descarboxy proteins. These descarboxy proteins are indistinguishable 
from the corresponding normal proteins with respect to their carbohydrate con- 
tent. Therefore it is assumed that the vitamin K-dependent carboxylation does not 

~ 3 1 .  

H H 
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H2N-F - COOH H,N-:-COOH 

H-C I - H H - 7 - H  
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Fig. 2. Structures of Glu and Gla. 
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influence other post-translational modifications. The hypothesis that blood plasma 
from anticoagulated patients contained abnormal coagulation factors was put for- 
ward as early as in 1963 [25] but it lasted until 1974 before the nature of the ab- 
normality could be identified as the absence of Gla [10,11]. Recently it was shown 
that also a non-hepatic protein (osteocalcin) is excreted in its descarboxy form 
during oral anticoagulant treatment [26]. 

The first in vitro carboxylating enzyme systems were developed in homogenates 
from rat and cow liver [27,28]. Carboxylase appeared to be present in the rough 
microsomal fraction and the enzyme could be solubilized with the aid of deter- 
gents such as Lubrol, Triton X-100 and CHAPS. When the microsomal fraction 
was prepared from the livers of animals which had been treated previously with 
vitamin K antagonists, the accumulated protein precursors (which are present in 
the same fraction as is carboxylase) could serve as a substrate for carboxylase in 
vitro, provided that the reaction mixtures were supplemented with vitamin K and 
NaHI4CO3. Under these conditions I4CO2 is incorporated into the endogenous 
substrate proteins, which may subsequently be separated from the bulk of bicar- 
bonate by trichloroacetic acid precipitation. 

Although the use of this system has several advantages (e.g. the correct sub- 
strate is complexed to carboxylase in such a way that it is readily carboxylated upon 
adding vitamin K), two drawbacks of the system are that (a) during the purifica- 
tion of carboxylase the substrate may be lost, which inevitably will lead to the loss 
enzyme activity and (b) kinetic studies may require that the substrate is present in 
varying and well-defined amounts. Therefore also exogenous substrates have been 
developed. Two groups of exogenous substrates may be distinguished. In the first 
place there are the synthetic substrates, which all resemble a short Gla-containing 
amino acid sequence in one of the coagulation factors, but in which Gla has been 
replaced by Glu. Examples of these substrates are Phe-Leu-Glu-Glu-Val (se- 
quence homology with bovine factor prothrombin and factor x) [29], Phe-Leu-Glu- 
Glu-Leu (sequence homology with bovine factor VII and protein C) [30] and Phe- 
Leu-Glu-Glu-Ile (sequence homology with rat prothrombin) [31]. A second group 
of substrates is formed by the ‘natural’ substrates, which are derived from descar- 
boxy proteins or from in vitro decarboxylated Gla-containing proteins. Examples 
of these substrates are fragment-Su, which is a proteolytic split product of descar- 
boxyprothrombin and which consists of the amino acid residues 13-29 [32], and 
decarboxylated osteocalcin [33]. Whereas the synthetic substrates are character- 
ized by relatively high K, values (4-6 rnM) in the in vitro carboxylating systems, 
the K, values for fragment-Su and decarboxylated osteocalcin were found to be 
500-1000 times lower. Remarkably, purified descarboxy coagulation factors or in 
vitro decarboxylated coagulation factors are very poor substrates for carboxylase. 
This may be caused by the absence of the leader sequence, which possibly plays a 
role in the binding between carboxylase and carboxylatable substrates. Alterna- 
tively the low affinity between decarboxylated coagulation factors and carboxylase 
may be the result of the presence of carbohydrates attached to asparagine residues 
shortly after the Gla-containing region in the various coagulation factors. In vivo 
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these carbohydrates are thought to be attached to the protein backbone after the 
carboxylation reaction has taken place and in vitro they might hamper the correct 
binding between carboxylase and its substrate. 

4.  Occurrence of carboxylase 

Prothrombin was the first protein in which Gla residues were detected [10,11]. 
Soon afterwards the abnormal amino acid was also identified in the other ‘vitamin 
K-dependent’ blood coagulation factors. Since no other proteins were known to 
be synthesized in a vitamin K-dependent way, carboxylase was generally assumed 
to be uniquely involved in the production of the 4 blood coagulation factors. Con- 
sequently it was thought that carboxylase occurred exclusively in the liver. During 
the last few years, however, vitamin K-dependent enzyme systems have also been 
identified in non-hepatic tissues such as testis, kidney, lung, spleen, pancreas, thy- 
roid, vessel wall and bone [34,35]. Bone carboxylase resides in the osteoblasts (361. 
No carboxylase has been found in white blood cells. It has been demonstrated that 
at a low intake of vitamin K-antagonists the degree of inhibition of hepatic car- 
boxylase is similar to that of the non-hepatic enzyme systems [37]. Also kinetic 
constants such as the K,,, for vitamin K and the Ki for vitamin K antagonists were 
similar in all systems examined. It is highly probable therefore, that during the 
treatment of patients with vitamin K antagonists (oral anticoagulant therapy) not 
only the synthesis of the blood coagulation factors is inhibited, but also the syn- 
thesis of the various non-hepatic Gla-containing proteins. In the light of these 
findings it is surprising, that the frequent clinical use of coumarin derivatives has 
revealed only very few side effects. Those reported thus far include skin necrosis 
and the so-called ‘fetal warfarin syndrome’ (chondrodysplasia punctata) [38]. 
Whereas skin necrosis is only seldomly observed, numerous cases of the fetal war- 
farin syndrome have been reported in the literature. The defect is induced when 
women take coumarin derivatives during the first trimester of pregnancy and it is 
characterized by bone abnormalities in the developing fetus. These abnormalities 
are caused by the excessive and irregular precipitation of calcium phosphate in the 
rapidly growing parts of the bone [39]. In the calcified areas the growth is stopped 
in an irreversible way. Women who need anticoagulant treatment and who have a 
strong wish for progeny are generally treated therefore with heparin during the first 
3 months of pregnancy. 

Finally, a beneficial side effect of coumarin derivatives seems to be their anti- 
metastatic activity in a number of experimental tumors [40]. Since vitamin K-de- 
pendent carboxylase has been found in isolated human tumors as well as in cul- 
tivated tumor cells [41], it seems probable that in some cases Gla-containing 
proteins mediate in the metastasis of tumors. The mechanism of this antimeta- 
static action is still unclear at this moment. 

Besides that carboxylase has been found in a wide variety of tissues also its re- 
action products (the Gla-containing proteins) have been detected in many differ- 
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ent species such as mammals, birds, swordfish and corals. The function of most of 
these proteins is still unclear, but those that have been characterized to some ex- 
tent may be classified as follows. 

(A) The phospholipid-binding proteins. Except the 4 classical ‘vitamin K-de- 
pendent’ coagulation factors, also the coagulation-inhibiting proteins C [ 141 and S 
[ 151 belong to this category. The function of these proteins is detailed in Ch. 3 and 
9B. A considerable sequence homology has been found between all these proteins 
as well as another Gla-containing protein, protein Z [17]. Therefore it is to be ex- 
pected that also protein Z is a member of this group. The phospholipid-binding 
proteins all contain 10-12 Gla residues per molecule. Although in vitro they rap- 
idly bind to insoluble barium and calcium salts, in vivo they exclusively occur dis- 
solved in blood plasma. In the presence of calcium ions these proteins have a high 
affinity towards negatively charged phospholipid surfaces, the binding to which 
highly stimulates their enzymatic activity [42]. 

(B)  The calcium salt-binding proteins. These proteins have no detectable affinity 
towards negatively charged phospholipids [43] and in vivo they are predominantly 
found in the matrix of calcified tissues. The member of this group most extensively 
studied is osteocalcin, a Gla-rich protein found in bone [18,44] and it is among the 
6 most abundant proteins in man. It comprises over 25% of the non-collagenous 
proteins in bone and it contains 49 amino acid residues, the sequence of which is 
known. Three of them are Gla-residues. As was pointed out above, the absence 
of normal osteocalcin leads to the excessive precipitation of calcium phosphate in 
rapidly growing bone tissue. Moreover, in vitro studies have demonstrated (1) that 
osteocalcin has a very high affinity for hydroxylapatite and (2) that low concen- 
trations of osteocalcin are able to efficiently stop the growth of calcium phosphate 
crystals from supersaturated solutions of calcium and phosphate [45]. 

Other Gla-containing proteins have been found in dentin [19], in renal stones 
[20], in hardened atherosclerotic plaque [21] and in corals [23]. The biological 
function of none of these proteins is fully understood, but a plausible hypothesis 
is that they are formed to regulate or to reduce the deposition of insoluble calcium 
salts in the various tissues. A similar function has been proposed for proteins pres- 
ent in the soluble matrix of mollusc shells [46]. 
(C) The calcium-transporting proteins. An example of these proteins is found in 

the chorioallantoic membrane of chicken’s eggs which is required for the Ca2+ 
transport from the egg shell to the developing embryo. In the embryo the Ca2+ is 
used for the de novo synthesis of bone tissue [24]. When fertilized eggs are in- 
jected with warfarin no Gla residues are formed in the transport protein and hence 
the Ca2+ transport through the membrane comes to a halt. Consequently the min- 
eralization of the chicken’s bones is very poor. Possibly also the protein synthe- 
sized by renal carboxylase belongs to the calcium-transporting proteins, but at this 
moment we have no experimental evidence to confirm this suggestion. 

(D) Other Gla-containing proteins. Several proteins of unknown function have 
been detected, for instance the sperm Gla protein [47] and a number of tumor Gla 
proteins [41]. None of these proteins has been characterized to such an extent that 



94 

it can be placed in one of the three categories mentioned above or a well-defined 
separate class. 

5. Purification of carboxylase 

Since the discovery of carboxylase many attempts have been undertaken to  pu- 
rify the enzyme. The methods employed include the use of various detergents, 
chaotropic agents, ion exchange and size exclusion columns, sulfhydryl binding and 
hydrophobic columns as well as affinity chromatography on carrier-bound heparin 
or lectins. None of these methods has been very successful, however. The proce- 
dures leading to an increased specific activity of carboxylase will be shortly dis- 
cussed below. 

(A) Removal of contaminating microsomal proteins. Canfield et al. (481 devel- 
oped a procedure for the specific extraction of a number of rat liver microsomal 
membrane proteins. By this procedure the total carboxylase activity increased over 
40-fold, indicating that an inhibitor of carboxylase was removed. In parallel about 
60% of the microsomal proteins were removed by the extraction, so that a 150- 
fold increase of specific carboxylase activity was obtained. The preparation thus 
obtained was called complex A and did not contain reductase activity. 

(B)  Isolation of the enzymelsubstrate complex. Also using livers from warfarin- 
treated rats, Olson et al. [49] tried to purify the carboxylase-bound prothrombin 
precursors on a heparin affinity column. Since resin-bound heparin is frequently 
used for the isolation of normal coagulation factors it was expected that also the 
coagulation factor precursors would have some affinity towards heparin. In fact the 
enzymehubstrate complexes could be bound and subsequently eluted with a re- 
covery of about 10%. The total purification was lOO-fold, but it is not sure whether 
this is due to the removal of the inhibitor reported by Canfield et al. (see above) 
or to the elimination of 99% of the contaminating proteins. 

A slightly different approach was followed by De Metz et al. [50] who first de- 
termined the identity of the accumulated substrate for carboxylase in the livers of 

Fig. 3.  Structure of solid-phase carboxylase (SPC). From left to right: 1 ,  a Sepharose bead; 2, antibody 
against plasma coagulation factor, 3, hepatic coagulation factor precursor; 4, carboxylase. 
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warfarin-treated cows. It resulted that about 60% of the carboxylatable material 
consists of factor X precursors, whereas only 25% could be identified as prothrom- 
bin precursors. Consequently purified antibodies against normal bovine factor X 
were covalently linked to Sepharose and used for the extraction of en- 
zymehbstrate complexes from solubilized microsomes. By this method part of the 
carboxylase activity could be bound to the Sepharose beads. After washing away 
the non-bound material a preparation resulted which was designated as solid-phase 
carboxylase. The structure of solid-phase carboxylase is represented in Fig. 3. Solid- 
phase carboxylase is able to incorporate I4CO2 into endogenous as well as exog- 
enous substrates and in contrast to solubilized carboxylase it is very stable. Later 
on Olson et al. [49] prepared in a similar way a solid-phase carboxylase from rat 
liver using Sepharose-bound antibodies to rat prothrombin. 

(C)  Column chromatography. Using a new detergent (CHAPS), Girardot has 
recently described that carboxylase could be isolated from the crude microsomal 
fraction by low-pressure chromatography on ion exchange and size exclusion col- 
umns [51]. The enzyme preparation still contained an endogenous substrate for 
carboxylase but no reductase and no cytochrome P450 or P420. The degree of pu- 
rification was 400-fold and the enzyme activity eluted in the inclusion volume of 
an AcA 34 column, thus indicating that the M ,  is lower than 350000. This is the 
smallest size obtained for the active enzyme complex thus far. Unfortunately the 
purification procedure described by this group has not yet been confirmed by other 
laboratories. 

6.  The mechanism of the carboxylation reaction 

In the liver 3 forms of vitamin K have been detected: vitamin K quinone (K), 
vitamin K hydroquinone (KH,) and vitamin K 2,3-epoxide (KO). Calculations 
based on the daily requirement for vitamin K relative to the formation of Gla, as 
measured by its excretion, show that each molecule of the vitamin must be recy- 
cled several thousand times before it is metabolized further and excreted [52]. 
Therefore it has been proposed several years ago, that the 3 forms of vitamin K 
are interconverted into each other in a cyclic way as is depicted in Fig. 4. Enzymes 
are required for each step and they will be discussed in more detail consecutively. 

Step 1: The conversion of KH, to KO. In 1974 Willingham and Matschiner de- 
scribed a microsomal enzyme system which was called ‘vitamin K epoxidase’ and 
which converts KH, to KO [53]. Since that time it has been proposed frequently, 
that the oxidation of KH, provides the energy required for the ycarboxylation of 
glutamyl residues [ 121. The evidence that the carboxylation is coupled somehow 
to the epoxide formation is now overwhelming so that any hypothesis concerning 
the role of vitamin K must consider the relationship between these two activities. 
Both reactions mainly occur in the rough endoplasmic reticulum of liver tissue 
[54,55] and both require the reduced vitamin as a substrate [56]. The K ,  values of 
both enzyme activities for O2 are closely similar and increasing the number of car- 
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G I ~  + ca, + 0, 

Fig. 4. The vitamin K cycle. The carboxylation reaction is driven by the conversion of KH2 to KO 
(step 1). In steps 2 and 3 KO is reduced to K and KH, respectively. Step 3 is catalyzed by a DTT- 
dependent as well as by an NADH-dependent reductase. 

boxylation events by increasing either the pentapeptide substrate for carboxylase 
or adding Mn2+ leads to a simultaneous increase of KO formation [52]. In addi- 
tion, the partly purified solid-phase carboxylase is stimulated about 5-fold by the 
addition of certain organic solvents. This stimulation is accompanied by a parallel 
increase of the KO formation [57]. At saturating CO, concentrations a 1:l ratio 
was found between the number of Gla residues formed and the amount of KO 
formed. However, at decreased CO, concentrations or in the presence of CN- the 
two reactions are uncoupled and far more KO is formed than CO, is incorporated 
[58]. The direct vitamin K antagonist 2-chloro-3-phytyl-l,6naphthoquinone (chloro- 
K) is an effective inhibitor of both, carboxylase and epoxidase, but the commonly 
used coumarin derivatives (vide supra) inhibit only at very high concentrations. 
Their physiological site of action seems to be restricted to the reductases, which 
are involved in steps 2 and 3 of Fig. 4. 

Step 2: the reduction of KO to K. The enzyme involved in this step is KO-re- 
ductase and this system is extremely sensitive to coumarin anticoagulants [59]. The 
hypothesis that KO reductase is the physiological site of action of these drugs is 
also supported by the observation that in warfarin-resistant rats this reductase has 
undergone a mutation by which it has become less sensitive to warfarin. In vitro 
the reducing equivalents required for this reaction are provided by dithiols such as 
dithiothreitol, but their physiological counterpart has not yet been discovered. 

Step 3: the reduction of K to KH,. Two K reductases are involved in this step, 
an NADH-dependent one and a DTT-dependent one. Similarly to KO reductase, 
the DTT-dependent K reductase is strongly inhibited by coumarin derivatives [60]. 
The NADH-dependent system, on the other hand, is relatively insensitive to these 
drugs. The NADH-dependent reductase (DT-diaphorase) has been found in the 
microsomal membranes as well as in the cytosol. The D7T-dependent system oc- 
curs exclusively as a membrane-bound activity. It is not known if some of the var- 
ious reducing systems are identical or partly identical. 

Obviously the scheme represented in Fig. 4 does not give any detailed infor- 
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mation concerning the mechanism of the carboxylation reaction. Investigations 
concerning this point are badly hampered by the fact that the enzyme system has 
not yet been obtained in a purified form. Using the crude microsomal system Jones 
et al. [61] demonstrated that CO, and not HCOP3 is the active species in the car- 
boxylation reaction. This seems to be logic, since the hydrophobic nature of the 
endoplasmic reticulum will protect C 0 2  against hydration, thus permitting a suf- 
ficient supply of the correct substrate during the carboxylation reaction. The im- 
portance of the hydrophobic environment for carboxylase was demonstrated by De 
Metz et al. [62]. Using the partly purified solid-phase carboxylase these authors 
showed that phosphatidylcholine is present in the enzyme complex and that neu- 
tral phospholipids are an absolute requirement for carboxylase activity. How the 
CO, is exactly exchanged with a proton of glutamic acid is still a matter of debate. 
Most of the models proposed until now include the formation of radicals via vi- 
tamin K hydroquinone. Whereas Friedman et al. [63] and Larson et al. [64] as- 
sume that the proton abstraction precedes the addition of the carboxyl group, De 
Metz et al. [65] proposed a concerted reaction mechanism, via which the proton 
abstraction, the CO, addition and the KO formation all occur by a simple electron 
shift after the reaction components have been properly aligned on carboxylase (Fig. 
5 ) .  In the latter model the uncoupling of the carboxylation and epoxidation, which 

OH OH 

Fig. 5. Proposed mechanism for the carboxylation reaction. In a first step vitamin K is converted into 
a hydroperoxide. The breakage of the peroxide bond is the driving force for the removal of the 'y-C 
hydrogen, which is then replaced by C02. The function of carboxylase is the proper alignment of the 
various reaction components. 



is seen at low CO, concentrations, would occur when CO, is replaced by H20. In 
fact it remains questionable whether both models are really different from each 
other. 

7. Nutritional aspects of vitamin K 

The vitamin K requirement of the human is met by a combination of our dietary 
intake and the synthesis of the intestinal microflora. Vitamin K1 (phylloquinone) 
is present in the plant sources whereas vitamin K, (menaquinone) is produced via 
the microbiologic synthesis. To what extent menaquinone contributes to the pro- 
duction of Gla residues is not sure, but several arguments favor the assumption 
that phylloquinone is the most important form of vitamin K. In the first place only 
phylloquinone has been detected in human plasma (66,671. Secondly, cholates are 
required for the passage of vitamin K through the intestinal wall, but at the place 
of the intestinal flora, cholates are hardly present. And last but not least the dis- 
covery of vitamin K was made by experiments which clearly demonstrated that a 
serious vitamin K deficiency occurs after the vitamin has been omitted from the 
food [l]. For all these reasons we think that phylloquinone is the most important 
form of vitamin K. 

TABLE 1 

Vitamin K content of fresh vegetables 

Vegetable Vitamin K, (~g/IOO g) 

Shearer et al. [68] Langenberg [69] 
Potato <1 - 
Turnip <1 - 
Mushroom <1 - 

Celery 5 - 

Carrot 5 11 
Tomato 6 - 
Leek 10 18 
Cucumber 15 - 
Red cabbage 19 - 
C a u I i fl o w e r 27 25 
Peas 39 - 

Butter beans 46 53 
Cress 88 - 
White cabbage 83-127 - 
Lettuce 12a-128 - 
Green cabbage 52-189 216 
Broccoli 147 - 
Brussels sprout 177 175 

Kale 724 817 
Spinach 415 385 
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Unfortunately the natural concentration of vitamin K in food and body fluids 
(plasma, milk) is very low and its detection therein is not an easy task. Recently 
two groups have developed assay procedures based on high-performance liquid 
chromatography (HPLC) and they have investigated the amount of vitamin K in 
various vegetables [68,69]. Although slightly different techniques were employed, 
there is a fair agreement between their results. The most common foodstuffs in- 
vestigated are listed in Table 1. 

It is know for many years that the concentration of the ‘vitamin K-dependent’ 
coagulation factors in the newborn is rather low (about 50% of normal) and the 
idea that neonates are partially vitamin K deficient has been widely, although not 
universally accepted [70,71]. Because of the recently developed techniques for vi- 
tamin K detection the interest in this subject has strongly revived. It was dem- 
onstrated by Shearer et al. [66] that a difference exists between the physiological 
vitamin K concentration in maternal (0.2 ng/ml) and in cord plasma (not detect- 
able). When 1 mg of vitamin K was given intravenously to the mothers shortly be- 
fore delivery, the levels in all mothers rose from 0.2 to about 75 ng/ml. The level 
of vitamin K in the cord plasma was only slightly affected (about 0.1 mg/ml in 4 
of 6 babies and not detectable in 2 babies). Therefore, a placental barrier seems 
to exist which causes the level of vitamin K in neonate plasma to be lower than 
that in adults. It is not yet sure whether the enzymatic activity of hepatic carbox- 
ylase is severely impaired under these conditions. 

In addition to the low plasma level immediately after birth it seems that human 
milk contains 5-6 times less vitamin K than cow’s milk [68]. Nevertheless the vi- 
tamin K concentration in human milk (about 1.7 ng/ml) is 8-10 fold higher than 
the physiological plasma concentration. So the vitamin K intake of a breast-fed baby 
will amount to approximately 1 pg/day. Whether this is sufficient to induce a rapid 
increase of the vitamin K level in the neonate’s plasma remains to be seen. 
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CHAPTER 5A 

Initiation mechanisms: 
The contact activation system in plasma 
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Department of Immunology, Scripps Clinic and Research Foundation, La JolIa, CA 
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1. Introduction 

When human plasma is exposed to a variety of negativ.ely charged materials, the 
intrinsic pathway of blood coagulation is activated. These materials include glass, 
kaolin, celite, certain connective or collagen preparations, pyrophosphate or urate 
crystals, endotoxin, and other substances. Central to this pathway is coagulation 
factor XI1 (Hageman factor). Activated factor XI1 (XII,) activates factor XI which 
then activates factor IX and thereby propagates the intrinsic coagulation pathway. 
Moreover factor XII, is capable of triggering the kinin-forming pathway, plasmin- 
ogen activation, conversion of factor VII to factor VII, and the conversion of pro- 
renin to renin. The purpose of this paper is to summarize some current biochem- 
ical information and to present several integrated hypotheses for the explanation 
of the molecular mechanisms that are responsible for activation of the contact sys- 
tem of plasma. Since this review is not particularly clinical the reader is referred 
for that to several recent review articles [l-51. 

The discovery of plasma proteins involved in contact activation reactions has been 
based on finding human plasmas deficient in specific plasma proteins. It now ap- 
pears that 4 plasma proteins are involved in normal contact activation reactions: 
factor XII, factor XI, plasma prekallikrein and high MW kininogen (Table 1). The 

TABLE 1 

Proteins of the contact activation system 

Concentration 

plasma (kg/ml) 

Molecular PI 
weight in citrated 

Factor XI1 74 WG80OOO 6.8 29 
Prekallikrein 80 000 8.5-9 .0 50 

High MW kininogen 110000 4.5 70 
Factor XI 160000 (dimer) 8.5-9.0 4 
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most readily observed property of plasmas deficient in contact activation proteins 
is the markedly prolonged activated partial thromboplastin time. Prolonged in- 
cubation time of prekallikrein-deficient plasma corrects the activated partial 
thromboplastin time whereas plasmas deficient in factor XII, high MW kininogen, 
or factor XI preserve a markedly prolonged clotting time. These deficient plasmas 
also exhibit abnormal surface-initiated fibrinolysis [6-81, kinin formation [6], pro- 
renin activation [9-11] and cold-dependent activation of factor VII [ 12,131. 
A congenital deficiency in any of the contact activation proteins except factor 

XI has not been conclusively associated with any particular disorder or with an im- 
munity to a specific disease. Thus a deficiency in one of these proteins remains a 
laboratory curiosity. One group suggests the existence of a factor XII, inhibitor 
that exhibits elevated levels in some patients with thrombotic disease, possibly im- 
plying that factor XI1 may be more important for fibrinolysis than for hemostasis 
[14]. Ratnoff and Saito [3] have reviewed the clinical literature and noted the gen- 
eral absence of hemorrhagic symptoms in patients with deficiencies of factor XII, 
prekallikrein, or high MW kininogen. Factor XI deficiency may be associated with 
a mild bleeding diathesis and there is marked variability in clinical bleeding in such 
patients. In severely affected patients, plasma infusions are an adequate source of 
factor XI to provide normal hemostasis. 

A deficiency in any one of the contact activation proteins is inherited as an au- 
tosomal recessive trait [3]. In hepatic disease each of the proteins is reduced, im- 
plying that the liver is a major source for synthesis of these proteins. Immunologic 
studies of factors XI1 and XI, prekallikrein and high MW kininogen have been re- 
cently reviewed [15]. 

2.  Structure-function relationship of components of the contact acti- 
vation mechanism 

(a) Factor XII 

Factor XI1 has been purified from human, bovine and rabbit plasma [16-191. 
Factor XI1 is a glycoprotein that exists as a single polypeptide chain of molecular 
weight 74000-80000. Factor XI1 is a serine protease zymogen that can be acti- 
vated by limited proteolysis. Cleavage of the single-chain native molecule within 
the disulfide loop generates a two-chain enzyme, a-factor XIIa; a second cleavage 
outside the disulfide bond gives a 28 000-dalton active enzyme, p-factor XIIa, de- 
rived from the carboxy terminal of the molecule [20-221. The amino-terminal 
polypeptide of a-factor XII, contains the major binding site for negatively charged 
surfaces while the carboxy-terminal 28 000-dalton portion contains the enzymatic 
active site [23]. Thus a-factor XII, binds to negatively charged surfaces whereas 
/3-factor XII, does not. Both a- and p-factor XII, molecules are potent prekalli- 
krein activators whereas p-factor XII, is at least 100 times less active than a-factor 
XII, in the activation of factor XI (22,24261. The differing potencies of different 
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Fig. 1 .  A tentative alignment of the domain organization of factor XII. Cleavage of factor XI1 by kal- 
likrein at site 1 generates a-factor XI&, which is composed of M, = 52000 and 30000 fragments. A 
second cleavage at site 2 generates p-factor XII, which consists of 40000 and 12000 fragments (based 
on the work of Fujikawa and McMullen [29] and data presented at American Heart Association, Miami, 
FL, November 1984). 

forms of factor XII, in activating its various substrates may ultimately allow a 
quantitative description of preferential activation of different factor XII-depend- 
ent pathways. Further information about the chemical changes accompanying pro- 
teolytic activation of factor XI1 comes from the amino acid sequence studies of 
human and bovine factor XI1 [27-291. 

The polypeptide structure of human factor XI1 is schematically presented in Fig. 
1 and is based on the work of Fujikawa and McMullen ([29] and data presented 
at American Heart Association, Miami, FL, November, 1984). The N-terminal 
heavy-chain region is connected to the light chain through a connecting region. The 
light chain contains the catalytic region. The heavy chain of a-factor XII, contains 
several folding domains that have been found in other proteins. These are the ‘type 
I’ and ‘type 11’ structures that have been found in fibronectin, the ‘growth factor’ 
structure found in epidermal growth factor, protein C, factor IX and factor X, and 
the kringle structure found in plasminogen, tissue plasminogen activator, uroki- 
nase and prothrombin (cf. Ch. 8). A tentative alignment of the domain organi- 
zation of factor XI1 is shown in Fig. 1. The heavy-chain region of a-factor XII, 
that is responsible for binding to negatively charged surface does not contain any 
sequence rich in basic amino acids, implying that the surface-binding properties of 
the molecule are based on the juxtapositioning of basic residues by the tertiary 
structure. 

P-Factor XII, has a two-chain structure [28], a chain of 243 amino acids and a 
chain of 9 amino acids [29]. The amino acid sequence of the carboxy-terminal chain 
that contains the active site shows a high degree of homology to the corresponding 
regions of other plasma serine proteases such as plasmin, thrombin, factor IX, and 
factor X,. P-Factor XII, has 6 internal and 1 interchain disulfide bonds. 

The level of factor XI1 antigen in normal plasma was reported to be 29 pg/ml 
(range 23-40 pg/ml) by Revak et al. [20]. Saito et al. [31] determined a normal 
value of 40 pg/ml using a radioimmunoassay for factor XI1 antigen. Factor XI1 an- 
tigen was found to be reduced in plasmas of patients with disseminated intravas- 
cular coagulation and hepatic cirrhosis [31]. Although factor XI1 deficiency ini- 
tially was reported to be associated with a total absence of factor XI1 antigen a 



Fig. 2. Titration of prekallikrein with high MW kininogen or its isolated light chain using rocket im- 
munoelectrophoresis with anti-prekallikrein antibodies. Prekallikrein alone does not migrate but it mi- 
grates after preincubation with either high MW kininogen or its light chain. The heights of the rocket 
increase as a function of increasing high MW kininogen or light-chain concentrations until a maximum 
height is reached (from ref. 40). 

more extensive study by Saito [20] indicated that in the plasma of 2 out of 49 sub- 
jects with factor XI1 deficiency, non-functional material immunologically indistin- 
guishable from normal factor XI1 was present. 

(b) Prekaflikrein 

Plasma prekallikrein has been purified from human, bovine and rabbit plasmas 
[32-373. Prekallikrein is a glycoprotein that exists as a single polypeptide chain of 
approximately 80 000 molecular weight. Prekallikrein isolated from human plasma 
consists of two very similar forms. In plasma prekallikrein circulates in a complex 
with high MW kininogen [38]. The formation of this complex can be demonstrated 
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by crossed immunoelectrophoresis and by Laurel1 rocket immunoelectrophoresis 
[39,40] (Fig. 2). Under conditions of the electrophoresis, prekallikrein alone does 
not migrate. Addition of high MW kininogen leads to complex formation and as 
a result, prekallikrein migrates with an anodal mobility. Using these immuno- 
chemical techniques it was shown that high MW kininogen or the light chain de- 
rived from it complexes with prekallikrein or with kallikrein [39,40]. These com- 
plexes contain equimolar amounts of each molecule [40]. 

Activation of human prekallikrein by p-factor XII, is associated with limited 
proteolysis [32,34,37]. Two slightly different forms of kallikrein are obtained that 
reflect the presence of two slightly different forms of prekallikrein. Kallikrein mol- 
ecules are composed of two polypeptide chains linked by disulfide bonds, a heavy 
chain of 43000 and a light chain of either 36000 or 33000 dalton [32,34,37]. Fol- 
lowing reduction and alkylation, the heavy and light chains of kallikrein were iso- 
lated by affinity chromatography using insolubilized high MW kininogen [41] (Fig. 
3). The alkylated light chain did not bind to high MW kininogen Sepharose while 
the heavy chain did bind with high affinity and was subsequently eluted. This dem- 
onstrated that the heavy chain of kallikrein possesses a high-affinity binding site 
for high MW kininogen. Binding of prekallikrein or kallikrein to high MW kini- 
nogen involves the light-chain region of high MW kininogen [40,42], therefore high- 

Fig. 3 .  Human kallikrein and its isolated heavy and light chains on 10% SDS polyacrylamide gels. Kal- 
likrein (10 pg) in the presence of dithiothreitol and 10 pg of isolated heavy chain or light chain were 
analyzed in the absence of reducing agent (from ref. 41). 
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affinity interactions between these 2 molecules involves binding sites localized in 
the heavy-chain region of kallikrein and the light-chain region of high MW kini- 
nogen. The enzymatic active site of kallikrein is localized on the light chain. The 
light chain was as effective as kallikrein in cleaving oligopeptide chromogenic sub- 
strates and factor XI1 in solution, suggesting that the heavy-chain region of kalli- 
krein plays no significant role in forming the enzyme active site. However a major 
role for the heavy-chain region of kallikrein may be inferred from the observation 
that the light chain is much less procoagulant than native kallikrein indicating that 
the heavy-chain region of kallikrein is required for surface-dependent activation of 
coagulation [41]. Recent studies have indicated that kallikrein can cleave its heavy 
chain, resulting in two fragments held together by disulfide bonds [43]. This cleav- 
age results in a loss of procoagulant activity. which may be caused by the fact that 
this form of kallikrein cannot form complexes with high M W  kininogen [44]. Other 
properties of kallikrein such as cleavage of small oligopeptide substrates are re- 
tained [40,44]. 

Prekallikrein exhibits amino acid sequence homology to factor XI [36]. As a 
protease, kallikrein is capable of liberating kinins from kininogens [45] activating 
factor XI1 [25,46,47], activating plasminogen [37] and activating factor IX [48,49]. 
Kallikrein is particularly potent in its action as a kininogenase and as an activator 
of surface-bound factor XII. 

Based on radioimmunoassay and Laurell rocket immunoelectrophoresis tech- 
niques values of approximately 50 pg/ml were found for prekallikrein in normal 
plasma [39,50]. The absence of prekallikrein antigen in plasma of Fletcher trait 
patients was reported by several authors [39,50,51]. However in several patients 
with a prekallikrein deficiency, low levels of prekallikrein antigen were detected 
using the sensitive radioimmunoassay and the Laurell rocket immunoelectropho- 
resis [52,53]. 

Prekallikrein antigen levels were also measured in plasmas of patients with high 
MW kininogen deficiency. Using the radial immunodiffusion technique values were 
reported of 0.4 and 0.71 units/ml [54,55], although the last value was reported to 
be 0.32 unitdm1 using a radioimmunoassay [ 5 5 ] .  In studies using rocket immuno- 
electrophoresis no prekallikrein rocket was observed in plasmas of patients with 
high MW kininogen' deficiency unless the plasmas were reconstituted with normal 
levels of high MW kininogen. Prekallikrein antigen levels in such deficient plasmas 
were found to be 30% of normal [39]. These levels are in agreement with the 
prekallikrein clotting activity levels in these plasmas. 

Prekallikrein antigen levels were reported to be decreased in hepatic cirrhosis, 
DIC, chronic renal failure, and nephrotic syndrome [50]. During typhoid fever, a 
decrease in prekallikrein clotting activity was found [50]. Prekallikrein antigen lev- 
els, however, apparently remained the same, and crossed immunoelectrophoretic 
analysis of these plasmas showed complexes of kallikrein with C1-inhibitor [56]. 
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(c) Factor XI 

Human factor XI is a glycoprotein with an apparent molecular weight of 16OOOO. 
It consists of two very similar or identical polypeptide chains that are held together 
by disulfide bonds [57-60]. Factor XI is present in plasma in a complex with high 
MW kininogen [61-63]. The binding site for factor XI was shown to be localized 
in the light-chain region of high MW kininogen [62,63]. During the activation of 
factor XI by factor XII, or trypsin an internal peptide bond in each of the two chains 
is cleaved giving rise to a pair of disulfide-linked heavy and light chains with mo- 
lecular weights of 48000 and 35000 respectively [57,58] (Fig. 4). Studies using di- 
isopropylphosphofluoridate or antithrombin I11 showed that each of these inhibi- 
tors bound to the light chain of factor XI, in a stoichiometry of 2 moles of inhibitor11 
mole of enzyme suggesting that each light chain of factor XI, bears one active site 
[58]. Direct evidence that the light chain contained the enzymatically active site 
derived from studies in which factor XI, was first reduced and alkylated and sub- 
sequently subjected to affinity chromatography on high MW kininogen-Sepharose 
[64]. The alkylated light chain did not bind while the heavy chain bound with high 
affinity. The isolated light chain retained the specific amidolytic activity of native 
factor XI, against an oligopeptide chromogenic substrate. However in clotting as- 
says using factor XI-deficient plasma in the presence of kaolin, the light chain was 
only 1% as active as native factor XI,. From these studies it was concluded that 
the light-chain region of factor XI, contains the entire enzymatic active site. The 
heavy-chain region contains the high-affinity binding site for high MW kininogen. 
In addition it was found that the heavy chain of factor XI, was involved in cal- 
cium-dependent mechanisms that accelerate the activation of factor IX [64], 

The major activity of factor XI, is the proteolytic activation of factor IX in a 
calcium-dependent two-step mechanism. Initially, an internal peptide bond in fac- 
tor IX is cleaved giving rise to two-chain disulfide-linked inactive intermediates. 
This intermediate is then converted to factor IX, by a second cleavage due to fac- 
tor XI,, resulting in the release of an activation peptide [65,66]. 

An antibody neutralization assay was used by Forbes and Ratnoff [67] and by 
Rimon et  al. [68] to study the presence of factor XI antigen in plasma from pa- 

a3,ooo 50,000 l+* 33.000 

83.000 50,000  ill^ 33.000 

CLE AVAGt  fACTOR XII, f [3H]OfP 
or TRVPSIN S r, 

* SITES 

if 
f A C l O R  XI, f A C l O R  XI 

Fig. 4. Schematic model of the polypeptide chain structure of factor XI and factor XI,. Activation of 
factor XI by activated factor XI1 or by trypsin can occur by limited proteolytic cleavage at the sites 
designated by the small arrows. The polypeptide chains of factor XI, that take up [3H]diisopropyl phos- 
phorofluoridate ([3H]DFP) and that contain the enzymatic active site are indicated (from ref. 57). 
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tients with factor XI clotting deficiency. Both studies indicated the absence of fac- 
tor XI antigen in plasma from these patients. The level of factor XI antigen in nor- 
mal plasma was determined by radioimmunoassay to be approximately 6 &ml [69]. 
In an extensive study of 125 patients with congenital factor XI deficiency of dif- 
ferent ethnic background the level of factor XI antigen was shown to be reduced 
in proportion to the reduction in factor XI clotting activities [70]. A reduction of 
factor XI antigen was also detected in plasma from patients with hepatic cirrhosis 
~ 9 1 .  

( d )  High and low MW kininogens 

Human plasma contains at least two distinct kininogens, high MW kininogen and 
low Mw kininogen that are single polypeptide chains of 11OooO and 50000-78000, 
respectively (Fig. 5). High MW kininogen is a non-enzymatic cofactor that is cen- 
tral to contact activation reactions [71-741. Low MW kininogen plays no known 
role in coagulation activation reactions, although it is highly homologous in its 
amino acid sequence with the N-terminal 60% of the high MW kininogen [75-771. 
Cleavage of low MW kininogen with trypsin gives a kinin-free molecule with a 

STRUCTURE AND FUNCTION OF HUMAN HIGH MW KININOGEN AND ITS FRAGMENTS 

i i 
natlra Moltcult 
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Active - 
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Fig. 5 .  Structural models for the polypeptide chain structure of high molecular weight and low molec- 
ular weight kininogens. These schematic models represent both molecules as single polypeptide chains 
and are based on the studies of human and bovine kininogens. Cleavage by plasma kallikrein at arrows 
1 and 2 liberates kinin. In the case of high molecular weight kininogen, the kinin-free molecule can be 
reduced and alkylated to yield isolated heavy and light chains as indicated in the figure. The alkylated 
heavy chains of high and low molecular weight kininogens are not procoagulant. These heavy chains 
share identical immunologic determinants and are homologous in amino acid sequence. These chains 
are thiol protease inhibitors [79]. The alkylated light chain in high molecular weight kininogen is unique 
to this molecule and possesses the entire procoagulant activity of the parent molecule (from ref. 40). 
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62000 MW heavy chain and a light chain of about 4000 MW. The heavy chain cor- 
responds to the amino-terminal part of the original kininogen molecule and the 
light chain to the carboxy-terminal part. 

Cleavage of high M W  kininogen by plasma kallikrein liberates bradykinin to give 
a kinin-free molecule with a 65 000 MW heavy chain and 44 800 MW light chain 
[75,77]. The kinin-free molecule retains its procoagulant activity. After reduction 
and alkylation the heavy and light chains were isolated. The alkylated heavy chain 
in high and low MW kininogen is not procoagulant. These heavy chains share 
identical immunologic determinants and are highly homologous in amino acid se- 
quence [78]. Recent data [79] indicate that the heavy-chain regions of high and 
low MW kininogen have an inhibitory effect on thiol proteases. The light chain of 
high MW kininogen is unique to this molecule and possesses the entire proco- 
agulant activity of the parent molecule [78,80,81]. High MW kininogen has been 
shown to contain an unusual and unique region of amino acid sequence that is rich 
in histidine, lysine and glycine [75-771. In a sequence of approximately 50 amino 
acids, approximately 30% are histidine, 30% are glycine and 10% are lysine. 
Moreover this portion of the carboxy-terminal region of the high MW kininogen 
molecule has been shown to be essential for the contact activation cofactor activity 
[77,81,82]. It may be speculated that this highly positively charged region of the 
molecule is responsible for the binding of the molecule to negatively charged sur- 

CHO 
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Fig. 6. The amino acid sequence of human high MW kininogen light chain (from ref. 83). 
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face. Recently the complete amino acid sequences of the light chains of human 
high and low MW kininogen were reported [83,84] (Fig. 6). The light chain of low 
MW kininogen contains 38 amino acids of which the first 11 residues show com- 
plete identity with the light chain of high MW kininogen. The complete gene 
structure for high and low MW kininogen was also recently reported [85]. High 
and low kininogens were shown to originate from one single gene, but different 
splicing mechanisms result in mRNAs specific for high and low MW kininogen [85]. 

Antisera against the isolated heavy chain precipitate both high and low MW 
kininogens [78]. Anti-light-chain antisera exclusively precipitate high MW kini- 
nogen [78]. These antisera were used to measure the levels of high and low MW 
kininogen in normals and in patients with high MW kininogen deficiency [39]. 
Laurel1 rocket immunoelectrophoresis gave a level of high MW kininogen in 20 
normal subjects of 70 pg/ml [39]. Based on hemagglutination inhibition assays [86] 
or radioimmunoassays [87] a normal level of 90 pg/ml has been reported. High 
MW kininogen antigen was absent from plasma of patients with high MW kini- 
nogen deficiency [39,55,86]. Low MW kininogen was present in reduced amounts 
in plasmas of 2 patients with high MW kininogen deficiency and absent from 3 other 
plasmas [39,54,88]. 

3. Roles of negatively charged surfaces 

Data collected in recent years allow a coherent series of hypotheses for the con- 
tributions of negatively charged surfaces to the activation of factor XI1 and to the 
expression of the activities of factor XII, [89]. Available evidence indicates that 
the 3 major roles of negatively charged surfaces are: (1) to induce a structural 
change in factor XI1 such that surface-bound factor XI1 is highly susceptible to 
proteolytic activation, (2) to promote high MW kininogen-dependent interactions 
between factor XI1 and prekallikrein that result in reciprocal proteolytic activation 
of each molecule, and (3) to promote the high MW kininogen-dependent activa- 
tion of factor XI by surface-bound a-factor XII,. 

(a) Surface-dependent activation of factor XII 

Studies employing highly purified factor XI1 indicated that the surface-bound 
molecule is much more susceptible to proteolytic activation by plasma and cellular 
proteases [46]. Evidence for such a hypothesis was obtained from kinetic studies 
of the cleavage of radiolabeled human factor XI1 by plasma kallikrein, plasmin, 
trypsin in the presence and absence of high MW kininogen and a variety of neg- 
atively charged surfaces. The data indicate that surface-bound factor XI1 is 500 
times more susceptible to proteolytic activation by kallikrein than is factor XI1 in 
solution. Similar data have been accumulated for purfied bovine factor XI1 [47,90]. 
Support for the importance of proteolytic activation of factor XI1 was derived from 
studies of radiolabeled factor XI1 in human plasmas that are subjected to contact 
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activation [21]. Radiolabeled factor XI1 was added to normal or various deficient 
plasmas that were then put into glass tubes. Factor XI1 in normal plasma rapidly 
binds to the glass surface and is then cleaved to give polypeptide fragments rep- 
resentative of a-factor XII, and p-factor XII,. In plasma deficient in prekallikrein 
or high MW kininogen, a rapid binding of factor XI1 to the glass surface occurs, 
however, no rapid cleavage of the surface-bound molecules occurs. These initial 
observations of the binding and cleavage of radiolabeled factor XI1 in human 
plasma have been extended to include studies of radiolabeled bovine as well as 
human factor XI1 in both bovine and human plasmas. Such studies showed that 
the initial observations of Revak et al. [21] are applicable to both the human and 
bovine molecules in either human or bovine plasmas. Although such studies are 
consistent with an emphasis on the proteolytic activation of factor XII, they do not 
rule out the possibility that the surface-bound factor XI1 in its single-polypeptide- 
chain form functions as an active enzyme. 

For many years it was assumed, but never proven, that factor XI1 is maximally 
activated by binding to negatively charged surfaces. Such a simple and attractive 
hypothesis is not consistent with the fact that surface-bound factor XI1 does not 
react with diisopropylfluorophosphate and does not exhibit enzymatic activity 
against small peptide or ester substrates [27,90,91]. These studies show that sur- 
face binding of factor XII, per se, does not result in the formation of a detectable 
number of active factor XII, single-chain molecules. Nonetheless, this question re- 
mains controversial. It was suggested that single-chain factor XI1 is as potent as a- 
factor XII, in the dextran sulfate-dependent activation of prekallikrein and factor 
XI [47,92]. Related but not identical studies in our laboratories provide no support 
for this hypothesis but rather support the suggestion that factor XI1 may exhibit 
much weaker (5% of maximum) enzymatic activity than a-factor XII, [90]. Fur- 
ther kinetic studies will be necessary to determine how much enzymatic activity 
the singie polypeptide chain of factor XI1 may exhibit in comparison to the activ- 
ities of a-factor XII, and p-factor XII,. 

(6) Reciprocal proteolytic activation of factor XII and prekallikrein 

Cochrane et al. [24] first proposed that a reciprocal proteolytic activation may 
be important in the activation of factor XI1 and prekallikrein when they observed 
that kallikrein could activate factor XI1 by limited proteolysis in the fluid phase. 
Previously, it was understood that factor XII, could activate prekallikrein in an 
enzymatic reaction [26,32]. Subsequently, the concept of reciprocal proteolytic ac- 
tivation was adapted to describe the surface-dependent reactions of the contact 
system [46,73,74]. Localizing reciprocal proteolytic activation on the surface fol- 
lowed from kinetic evidence that high MW kininogen accelerates the activation of 
prekallikrein by surface-bound a-factor XII, as well as the proteolytic activation 
of surface-bound factor XI1 by kallikrein [73]. This led to the following hypothe- 
sis, factor XI1 binds to a negatively charged surface where it is highly susceptible 
to proteolytic activation by kallikrein. Prekallikrein is associated non-covalently 
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Fig. 7 .  Representation of surface-dependent assembly of molecules responsible for contact activation 
reactions. The following abbreviations were used: Kal, kallikrein; PK, prekallikrein; HMW Kgn. high 
MW kininogen; XI, factor XI; HF, Hageman factor (factor XII). Subscript ‘a’ designates active en- 
zymes. The dashed lines represent a negatively charged surface. 

with high MW kininogen in the fluid phase, but in the presence of a negatively 
charged surface, high MW kininogen links prekallikrein to this surface. Prekalli- 
krein is then converted to kallikrein by limited proteolysis by surface-bound a-fac- 
tor XII, (Fig. 7). Studies of radiolabeled prekallikrein and kallikrein suggest that 
these molecules dissociate readily from their surface-binding sites [93]. Dissocia- 
tion of kallikrein from surface-binding sites and subsequent action on surface-bound 
factor XI1 at distant sites to propagate this reciprocal proteolytic cycle have been 
experimentally demonstrated [94]. a-Factor XII, is converted to p-factor XII, by 
a secondary cleavage by kallikrein. P-Factor XII, does not bind to negatively 
charged surfaces and can further propagate the reciprocal reactions in the fluid 
phase by activating prekallikrein. 

Current data support the hypothesis that reciprocal proteolysis involving factor 
XI1 and prekallikrein is the major normal pathway for activation of factor XII. 
Nonetheless, the ability of prekallikrein-dependent plasma to undergo autocor- 
rection upon prolonged incubation with kaolin shows that prekallikrein is not ab- 
solutely essential for surface-deficient activation of factor XII, factor XI, or plas- 
minogen. This observation suggests that other much less potent mechanisms exist 
for the activation of surface-bound factor XII. Recent evidence has raised the pos- 
sibility that either factor XI1 or prekallikrein zymogen molecules may possess low 
levels of inherent enzymatic activity [37,90]. Neurath and his colleagues [95] have 
shown that trypsinogen and chymotrypsinogen exhibit weak enzymatic activities 
and this challenges the idea that serine protease zymogens are totally inactive 
[95-971. If either factor XI1 or prekallikrein might function as weakly ‘active zym- 
ogens’ in analogy to trypsinogen or chymotrypsinogen, then activation of either 
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prekallikrein or of factor XI1 might take place when these molecules are brought 
into close proximity by binding to a negative surface. In this situation, the role of 
a negatively charged surface would be to assemble these molecules into productive 
enzyme-substrate complexes where a weak activity could be expressed. In this case 
surface binding essentially lowers K,,, for the reaction. Dissociation of kallikrein 
or of p-factor XII, from the surface could then propagate reciprocal proteolytic 
activation. The binding of factor XI1 and kallikrein to sulfatide surfaces has been 
shown to augment greatly the rate of factor XI1 activation by kallikrein (Rosing, 
Tans and Griffin, unpublished data). Another possible contribution for initiating 
reciprocal proteolysis might be the autoactivation of the zymogen factor XI1 by its 
own enzymatic form, a-factor XII, (cf. [98-1001 and Ch. 3). Although the occur- 
rence of autoactivation of factor XI1 was confirmed, the catalytic efficiency of kal- 
likrein-dependent factor XI1 activation is much greater than that of autoactivation 
indicating that factor XI1 activation by kallikrein is the more important process 
under physiologic conditions [101; Rosing, Tans and Griffin, unpublished data]. 
Another possible trigger for initiating reciprocal proteolysis might involve pro- 
teases such as plasmin. Proteases derived from damaged tissue or cells such as ba- 
sophils [lo21 or endothelial cells I1031 may function in this role. Another possi- 
bility involves the theory that surface binding alters factor XI1 such that it undergoes 
substrate-induced activation and then cleaves prekallikrein or factor XI [92]. De- 
pending upon the nature of the initiating surface and the local fluid phase con- 
tents, any one or all of these possibilities may function as the trigger of reciprocal 
activation. 

(c) Activation of factor XI 

Factor XI is activated by limited proteolysis by factor XII,. Factor XI circulates 
in plasma in a complex with high MW kininogen. This high MW kininogen links 
factor XI to a negatively charged surface. Factor XI1 which binds directly to the 
surface is converted to a-factor XII, by proteolytic activation by kallikrein. a-Fac- 
tor XII, activates factor XI by limited proteolysis to generate surface-bound factor 
XI,, which remains surface-bound. This hypothesis is derived from a variety of ex- 
periments. In kinetic studies of the activation of factor XI, high MW kininogen 
was shown to function as a non-enzymatic stoichiometric cofactor that increased 
the rate of activation by surface-bound a-factor XIIa[73,74,1O5,106]. Factor XI 
complexes with high MW kininogen in the fluid phase [61). Wiggins et al. [93] 
studied the binding and cleavage of radiolabeled factor XI in normal and various 
deficient plasmas subjected to contact activation and obtained data showing that 
in normal plasma factor XI is bound to kaolin and cleaved to give polypeptide 
chains typical of factor XI,. However, in high MW kininogen-deficient plasma 
containing kaolin, radiolabeled factor XI remains in the fluid phase and is not 
cleaved, thus demonstrating the necessity of high MW kininogen for the binding 
of factor XI to negative surfaces. Factor XI1 is required for the cleavage of factor 
XI but not for its binding to negative surfaces. 
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Sugo et al. [lo81 showed that when bovine high MW kininogen was activated by 
limited proteolysis by bovine plasma kallikrein, it became a much more efficient 
cofactor of factor XI1 activation than the intact form. This observation was further 
extended by Scott et al. [lo91 for human high MW kininogen. They demonstrated 
that cleavage of high MW kininogen by kallikrein enhances its association with a 
clot-promoting surface, which is necessary for expression of its cofactor activity. 
These studies suggest that high MW kininogen exists as a procofactor. 

4. The role of the contact activation mechanism in the intrinsicfibrin- 
olytic system 

A role for the proteins of the contact activation system in fibrinolysis was pro- 
posed because euglobulin clot lysis activity is enhanced by the presence of nega- 
tively charged surface [110] and because plasmas deficient in factor XI1 [110,111], 
high MW kininogen [112] and prekallikrein [113-1151, show defective generation 
of fibrinolytic activity after incubation with negatively charged surfaces (see Ch. 8 
for general discussion of fibrinolysis). Early studies of factor XII-dependent fibri- 
nolysis reported that activated factor XI1 did not activate plasminogen directly 
[116-1181 but later reports have implicated factor XII, as a plasminogen activator 
with weak activity [119]. Kallikrein was also reported to have plasminogen acti- 
vator activity [12,20], but on a molar basis its activity was 1650 times less than uro- 
kinase [37]. Mandle and Kaplan [I201 reported that the y-globulin fraction of a 
prekallikrein-deficient plasma contained one third of the plasminogen activator ac- 
tivity of the y-globulin fraction of normal plasma. They suggested that this residual 
factor XII-dependent plasminogen proactivator activity was factor XI since the 
factor XI procoagulant activity and plasminogen proactivator activities co-eluted 
during sulfopropyl Sephadex chromatography. These investigators also reported 
that factor XI, has plasminogen activator activity when assayed on fibrin plates and 
that it has an activity 25000-fold less than that of urokinase [122]. Saito [I231 has 
suggested that the autocorrection of the defective fibrinolytic activity in prekalli- 
krein-deficient plasma may be due to the activity of factor XI, as a plasminogen 
activator. However other investigators did not observe any plasminogen activator 
activity in yglobulin fractions of prekallikrein-deficient plasma [ 124,1251 and also 
other workers observed normal kaolin stimulated euglobulin lyses times in factor 
XI-deficient plasma [111,126,127]. In a direct study the relative potencies of plasma 
kallikrein, p-factor XU,, factor XI, and urokinase were compared as plasminogen 
activators using a radiolabeled fibrin plate assay [128]. Urokinase was approxi- 
mately 20000 times more active than kallikrein or factor XI, and 300000 times more 
active than p-factor XII,. Kallikrein and factor XI, were approximately equal in 
plasminogen activator activity and were 20 times more potent than p-factor XII, 
[128]. 

The isolation of urokinase-related enzymes was recently reported by two differ- 
ent groups of investigators. Wun et al. [129] isolated an urokinase-like enzyme from 
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human plasma and found this enzyme to be essentially identical to the 53 OOO com- 
ponent of human urinary urokinase. Wijngaards et  al. [130] found anti-urokinase 
antibodies capable of quenching a part of the plasma fibrinolytic activity. Dooi- 
jewaard et al. [131] described their plasma urokinase to be a two- or more-chain 
polypeptide with a molecular weight of 110 000, while subsequently the isolation 
of the fibrinolytically inactive single-chain pre-urokinase was also reported [ 1321. 
The identity of the enzyme which converts the zymogen form of urokinase into the 
active form has not yet been established. Wijngaards et al. [130] and later Kluft et 
al. [ 1331 demonstrated that urokinase-related fibrinolytic activity is present in dex- 
tran sulfate euglobulin fractions of factor XII- or prekallikrein-deficient plasmas in 
a similar concentration to that present in normal plasma, and that this urokinase- 
related fibrinolytic activity can be quenched with anti-urokinase antibodies. They 
conclude that the quenching involved the factor XII-independent portion of acti- 
vator activity [ 1331. 

Miles et al. [134] used dextran sulfate to stimulate fibrinolysis in whole plasma. 
After pretreating the plasma with N-flufenamyl p-alanine a component known to 
inactivate a,-antiplasmin and C1-inhibitor defective dextran sulfate-dependent fi- 
brinolysis was demonstrated in factor XII-deficient and prekallikrein-deficient 
plasma [ 1351. In addition, a requirement for plasma molecules immunologically 
related to urokinase was demonstrated. When plasma was preincubated with an 
immunopurified y-globulin fraction of goat antiserum to urokinase, 80% of dex- 
tran sulfate-dependent fibrinolytic activity was inhibited. A component of the uro- 
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Fig. 8. Dextran sulfate-dependent fibrinolysis in whole human plasma (from ref. 134). 
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kinase-dependent fibrinolytic activity is independent of the contact activation sys- 
tem since the low fibrinolytic plasmas were inhibited by antibodies to urokinase. 
Fig. 8 shows a model for dextran sulfate-dependent fibrinolysis based on these ob- 
servations. In the presence of dextran sulfate and high MW kininogen, kallikrein 
and factor XII, are generated. Factor XII, and kallikrein are weak plasminogen 
activators. Factor XII, was also shown to increase the urokinase-like activities of 
urokinase-like material purified from normal plasma by antibody affinity chro- 
matography [ 1361. Therefore activation of factor XI1 and prekallikrein also may 
lead to activation of plasma pro-urokinase which may then activate plasminogen. 
In addition the activation of plasma pro-urokinase can be stimulated independ- 
ently of factor XI1 and prekallikrein. Part of the discrepancies described above may 
be explained by the fact that whole plasma or plasma fractions were used, and by 
the fact that the antibodies used to block the urokinase activity were added either 
before or after the activation of the contact system by dextran sulfate. 

5. Regulation by inhibitors 

Plasma contains several protease inhibitors that are able to inactivate proteo- 
lytic enzymes. These plasma proteins regulate and modulate the involvement of 
several interrelated enzyme systems in various hemostatic and inflammatory re- 
actions. Table 2 gives a list of the major inhibitors and their effect on the com- 
ponents of the contact system. 

(a) Inactivation of factor XU,  

The relative importance of plasma protease inhibitors in the inhibition of factor 
XII, was established by studying the kinetics of inactivation of factor XII, using 
purified inhibitors, normal plasma and plasmas deficient in inhibitors. 

Using purified plasma protease inhibitors, the second-order rate constant for the 
reaction of pfactor XII, with C1-inhibitor was 18.5 X 104/M/min, compared to 0.91 
and 0.32 x lO"/M/min for the reactions involving p-factor XII, and q-antiplasmin 

TABLE 2 

Plasma inhibitors of activated components of the contact activation system 

Mol. wt. Concentration Factor XII, Factor XI, Kallikrein 
(mdml) 

Ci-Inhibitor 110000 0.2 ++ + ++ 
a,-Macroglobulin 720 OOO 2 - - 
a,-Antitrypsin 55000 3 - 
Antithrombin I11 65000 0.2 + + + 
a,-Antiolasmin 70 000 0.07 5 2 

+ 
++ - + 

- 

The inactivation of the enzymes by the inhibitors is qualitatively indicated by + +, major inhibitor; 
+, inhibitor; f minor inhibitor; - no inhibitory effect. 
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or antithrombin I11 [137]. No reaction was detected between the enzyme and plasma 
concentrations of a,-antitrypsin or a2-macroglobulin. Thus on a molar basis C1- 
inhibitor was the most efficient plasma inhibitor of p-factor XII,. These results are 
in agreement with previous studies [138-1421. SDS analysis of the en- 
zyme-inhibitor complexes resulting from the inactivation of [ 1251]p-factor XII, by 
purified C1-inhibitor, a2-antiplasmin, and antithrombin I11 indicated that com- 
plexes are generated with a molecular weight in agreement with a 1:l stoichiom- 
etry between p-factor XII, and the 3 inhibitors [137,140,142]. In the plasma milieu 
the rate constant for p-factor XII, inactivation was 14.4 X 10-2/M/min [137], well 
in agreement with the results obtained with the purified proteins. The dominant 
role of C1-inhibitor in inactivating p-factor XII, in the plasma milieu was further 
demonstrated by the observation that the rate constant for p-factor XII, inacti- 
vation by plasma deficient in C1-inhibitor was reduced to 13%. Also, inactivation 
of [ 1251]p-factor XII, in various plasmas and analysis of the reaction mixtures by 
SDS-polyacrylamide gel electrophoresis followed by autoradiography indicated that 
74% of ['251]P-factor XII, was complexed to C1-inhibitor, whereas the 26% was 
complexed to a2-antiplasmin and antithrombin I11 [137]. In agreement with the re- 
sults obtained with purified proteins, no other complexes were detected. 

The inactivation of a-factor XII, (80000 MW) was studied by plasma protease 
inhibitors in purified systems and in plasma. C1-Inhibitor, a2-antiplasmin, a2-mac- 
roglobulin and antithrombin I11 inhibited factor XII, with second-order rate con- 
stants of 2.2 X lo5, 1.1 X lo4, 5.0 X103 and 1.3 x 103/M/min [143]. The relative 
effectiveness of each inhibitor at plasma concentration in percent is 91, 3, 4.3 and 
1.5 for C1-inhibitor, a2-antiplasmin, a,-macroglobulin and antithrombin I11 re- 
spectively. This confirms the predominant role of C1-inhibitor in the inactivation 
of a-factor XII, as was also observed for p-factor XII, (factor XI&). a-Factor XII, 
and @factor XI, have virtually identical light chains, indicating that the heavy chain 
does not play an important role in inhibiting a-factor X I ,  in plasma. a-Factor XII, 
formed 1 : 1 stoichiometric complexes with C1-inhibitor, antithrombin I11 and a2- 
antiplasmin. No conclusive data are available for a2-macroglobulin but the results 
suggest that a2-macroglobulin can inhibit more than one &factor XII, molecule 
[ 1431. 

(b) Inactivation of kallikrein 

The relative importance of plasma protease inhibitors in the inhibition of kal- 
likrein in plasma was established by studying the kinetics of inactivation of kalli- 
krein in normal plasma and plasmas deficient in inhibitors [144]. In normal plasma 
a pseudo-first-order rate constant of 0.68/min was obtained. The absence of C1- 
inhibitor resulted in a markedly decreased rate of kallikrein inactivation and a 90% 
reduction in the pseudo-first-order rate constant whereas the rate constant was re- 
duced to 63% in the absence of a,-macroglobulin. The absence of antithrombin 
I11 appeared to have a minor influence on the rate of kallikrein inactivation. Thus 
C1-inhibitor and c~~-macroglobulin are the major inhibitors of kallikrein. Lewin et 
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Fig. 9. Autoradiogram of a SDS 5 2 5 %  gradient polyacrylamide slab gel containing mixtures of 
['UI]kallikrein incubated for different times at 37°C with A, norcal human plasma; B, a2-macroglob- 
ulin-dejcient plasma (20 min); C, purified q-macroglobulin; D C1, inbibitor-deficient plasma; E, pur- 
ified C1-inhibitor; F, plasma deficient in both a,-macroglobulin and C1-inhibitor; G ,  antithrombin III- 
deficient plasma; H. purified antithrombin 111 (from ref. 144). 

al. [ 1451 developed an enzyme-linked immunosorbent assay for the quantification 
of C1-inhibitor-kallikrein complexes. This assay provided insight in the regulation 
of kallikrein formation and inactivation in plasma at 37°C. Addition of kaolin to 
plasma induced the formation of C1-inhibitor-kallikrein complexes, after an ap- 
preciable delay, whereas addition of factor XI, fragments directly induced the 
formation of these complexes. 

In plasma, kallikrein forms a number of complexes with apparent molecular 
weights in the range of 400000-1OOOO00, 185000 and 125OOCL135000 [144]. By 
using purified proteins and plasmas deficient in inhibitors, the complexes were 
identified (Fig. 9). The complexes with molecular weights in the range of 
4OOOOO-1 OOOO00 were due to the formation of complexes between a,-macroglob- 
ulin and kallikrein, the complex at M, = 185000 was the C1-inhibitor-kallikrein 
complex, the complexes at M, = 125000-135000 were shown to be due to com- 
plex formation with antithrombin I11 and another inhibitor. Calculation of the in- 
corporation of radiolabeled kallikrein in the different complexes indicated that 35% 
of kallikrein formed a complex with a2-macroglobulin, 52% with C1-inhibitor and 
13% with antithrombin 111 and another inhibitor [144]. Similar data based on ki- 
netic studies were reported by Schapira et al. [146]. These quantitative data con- 
firm previous reports that suggested that C1-inhibitor and a2-macroglobulin are the 
major inhibitop of kallikrein in plasma [138,146-1541. 

Inactivation of kallikrein or its light chain by C1-inhibitor occurs with a second- 
order rate constant of 2.7 x 106/M/rnin or 4.0 X 106/M/min, respectively [155]. 
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Similar values were reported by Schapira et al. [153]. High MW kininogen was re- 
ported to protect kallikrein from inactivation by C1-inhibitor [152]. However, in 
contrast to this, no detectable effect of high MW kininogen on the rate of inacti- 
vation of kallikrein by C1-inhibitor was reported in another study [155] (Fig. 10). 
This latter observation complements the observation that the heavy chain of kal- 
likrein, which provides the high-affinity binding site for high M, kininogen [41], 
does not significantly affect the rate of kallikrein inactivation by C1-inhibitor. Kal- 
likrein [148,153,155,156] or its light chain [155] forms a 1:l stoichiometric complex 
with C1-inhibitor that is stable in SDS [148,153,155,156] indicating that the func- 
tional binding site for C1-inhibitor is localized in the light chain of kallikrein. Dur- 
ing the inactivation of kallikrein or its light chain, a 94000 MW fragment of C1- 
inhibitor is formed which is unable to inactivate or bind kallikrein or its light chain 
[ M I .  Plasmin also generated a 96000 MW fragment from C1-inhibitor which was 
inactive with regard to CIS binding [156]. Recently CIS was shown to release a 
fragment from C1-inhibitor during the inactivation of CIS [157]. This fragment was 
demonstrated on SDS gels. 

Human a2-macroglobulin (MW 726000) is a tetramer of 4 identical subunits (MW 
185 000) formed by the non-covalent association of 2 disulfide-linked pairs of sub- 
units [ 1581. a2-Macroglobulin is capable of forming complexes with endopepti- 
dases from all known classes of proteases [159]. Only active proteases appear to 
be bound by a2-macroglobulin. It was argued that the process was initiated by the 
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Fig. 10. Inactivation of kallikrein by Ci-inhibitor. Kallikrein at 85 nM was preincubated with different 
concentrations of high MW kininogen for 5 rnin in 0.05 M Tris at pH 7.4, 1 rndd BSA. Ci-inhibitor 
was then added at a final concentration of 0 &I (A), 0.11 pM (B), 0.21 pM (C), 0.42 pM (D) and 
1.0 p M  (E) and kallikrein arnidolytic activity was determined at various times. High MW kininogen 
was present at 0 pM (o ) ,  0.42 pM (e), 1.05 pM (0) and 2.10 pM (A) (from ref. 155). 
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cleavage of a vulnerable region near the middle of the a2-macroglobulin subunit 
chain, followed by a conformational change resulting in steric entrapment of the 
enzyme [159]. The active site of the bound protease is not involved in maintaining 
the complex, since activity toward small substrates is usually partly impaired or not 
impaired at all. The demonstration of Harpel [ l a ]  that the residual kallikrein es- 
terolytic activity, present in normal plasma after activation with kaolin, was re- 
sistant to inhibition by soybean trypsin inhibitor was the first indication of kalli- 
krein inactivation by a2-macroglolublin. 

Inactivation of kallikrein or its light chain by a2-macroglobulin occurs with a 
second-order rate constant of 3.5 x l@/M/min or 4.8 x 1O5/M/min, respectively 
[ l a ] .  This suggests that the heavy-chain region of kallikrein does not affect the 
rate of kallikrein inactivation by a2-macroglobulin. The presence of high MW kin- 
inogen decreases the inactivation rate of kallikrein by a,-macroglobulin [ 154,1611, 
due to its high affinity binding to the heavy chain of kallikrein [161]. This is in 
agreement with the observation that the rate of inactivation of the light chain is 
unaffected by high MW kininogen [ 1611. a2-Macroglobulin-bound kallikrein or a2- 
macroglobulin-bound kallikrein light chain retain considerable activity on low MW 
substrates [144, 1541, but very low reactivity towards high MW substrates [161-1631. 
The binding of kallikrein and its light chain to a2-macroglobulin is associated with 
a decrease in the apparent K,,, and k,,, for the hydrolysis of the low M I  substrate, 
H-D-Pro-Phe-Arg-p-nitroanilide [ 1611, In analogy Rinderknecht et al. [ 1641 found 
a lower apparent K ,  for the hydrolysis of 2-Gly-Gly-Arg-NNAP by a,-macroglob- 
ulin-bound trypsin as compared to the free enzyme. The kinetic effects of entrap- 
ment of an enzyme within a2-macroglobulin are likely to be complex and probably 
depend to a large degree on the altered microenvironment created by the ‘trap’. 
SDS gradient polyacrylamide gel electrophoresis indicated that the interaction be- 
tween kallikrein and a2-macroglobulin results in the formation of a number of 
complexes with approximate molecular weight of 4OOOO&l OOOOOO. Although the 
nature of these complexes seems rather complicated and at present unclear, the 
M, of the complexes suggest that one or more kallikrein molecules are linked to 
one or more a2-macroglobulin dimers. The fact that the interactions are stable in 
SDS implies that the formed bonds possess a stability normally characteristic of 
covalent bonds. The reaction of kallikrein with a,-macroglobulin leads to a cleav- 
age of some of the a2-macroglobulin subunits, producing a 85000 M I  fragment 
which is only detected after reduction [158]. Under reducing conditions 4 kalli- 
krein-a,-macroglobulin complexes were observed. Three of these complexes con- 
sisted of a2-macroglobulin and the light chain of kallikrein and one complex con- 
tained a2-macroglobulin and the heavy chain of kallikrein. 

High MW kininogen decreases the inactivation rate of kallikrein by a2-macro- 
globulin, In contrast high MW kininogen fails to protect kallikrein from inactiva- 
tion by C1-inhibitor in one study, whereas others did find a protective effect of 
high M W  kininogen on the inactivation of kallikrein by C1-inhibitor. Recent stud- 
ies, however, demonstrated that high MW kininogen, present at normal plasma 
concentrations, had no effect on the rate of kallikrein inactivation in plasma. This 
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can be explained by the observation that high MW kininogen does not affect the 
rate of kallikrein inactivation by C1-inhibitor which is the major inhibitor of kal- 
likrein in plasma, and also relatively high concentrations of high MW kininogen to 
kallikrein were necessary to demonstrate the protective effect of high Mw kini- 
nogen. 

(c) Inactivation of factor XI, 

Four different plasma proteins have been found to have inhibitory activity for 
factor XI,; C1-inhibitor [165], a,-protease inhibitor (al-antitrypsin) [166], anti- 
thrombin I11 [167] and a2-antiplasmin [141], whereas a,-macroglobulin djd not in- 
activate factor XI, [168]. The relative importance of plasma protease inhibitors in 
the inhibition of factor XI, in plasma was established by studying the kinetics of 
inactivation of factor XI, in normal plasma, and plasma deficient in inhibitors. In 
normal plasma a pseudo-first-order rate constant of 0.034/min was obtained [169]. 
The absence of C1-inhibitor or a,-antitrypsin reduced the rate constant to respec- 
tively 0.026 and 0.022/min. The absence of antithrombin I11 had only a minor ef- 
fect on the pseudo-first-order reaction rate constant. Thus, al-antitrypsin appears 
to be the major inhibitor of factor XI, in normal plasma. 

Using purified plasma protease inhibitors the second-order rate constants for the 
reaction of factor XI, and a,-antitrypsin, C1-inhibitor and antithrombin I11 were 
reported to be 4, 10, and 14.6Mmin X lo3 respectively [170]. These kinetic data 
predict that a,-antitrypsin accounts for 68%, antithrombin I11 for 16% and Cl-in- 
hibitor for 8% of the total inhibitory activity of plasma against factor XI,. The az- 
antiplasmin inhibitor accounts for the remaining 8% of inhibitory activity. 

High MW kininogen was reported to protect factor XI, for inactivation by C1- 
inhibitor and a,-antitrypsin [170]. In another study no effect of high MW kinino- 
gen on the rate of inactivation of factor XI, by a,-antitrypsin and C1-inhibitor was 
detected [169]. The inactivation rates of factor XI, and its isolated light chain by 
C1-inhibitor, a,-antitrypsin and antithrombin I11 were very similar, indicating that 
the heavy-chain region of factor XI, is not significantly involved in the inactivation 
of factor XI, by these inhibitors. The heavy-chain region provides the high-affinity 
binding for high MW kininogen, whereas the light chain of factor XI, contains the 
enzymatically active site. Complex formation of factor XI, with C1-inhibitor and 
a,-antitrypsin was shown to occur with the light chain. This indicates that the light- 
chain region contains the binding site for C1-inhibitor and a,-antitrypsin. 
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CHAPTER 5B 

Initiation mechanisms: 
Activation induced by thromboplastin 

BJARNE 0STERUD 

Department of Clinical Chemistry, Institute of Medical Biology, University of Tromsb, 
9OOO TromsQ (Norway) 

1 .  Introduction 

The induction of clotting is a crucial event in the hemostatic mechanism. Based 
on observations in vitro the intrinsic activation pathway of the coagulation system 
was thought to be the major pathway in thrombin generation. However, three or 
possibly four of the clotting factors essential for normal clotting through the in- 
trinsic pathway, factor XII, prekallikrein, high molecular weight kininogen 
(HMWK) and factor XI did not seem to play a key role in the hemostatic mech- 
anism. This conception stemmed from the observation that patients lacking one of 
these factors, have normal hemostatic functions, even after severe surgical pro- 
cedures (see Ch. 5A for extensive discussion). 

The existence of the extrinsic pathway has been acknowledged for a long time. 
Severe factor VII deficiency is closely associated with hemostatic defects similar to 
those seen in hemophilia. The extrinsic pathway, however, was not believed to be 
physiologically important despite the potent activation of factor X by factor VII 
and thromboplastin seen in vitro, because of the severe bleeding problems ob- 
served in hemophiliacs. That thrombotic episodes could occur, associated with 
moderate factor VII deficiency, was another reason for believing that the extrinsic 
system was not important in hemostasis. About 7 years ago, however, this concept 
was abandoned, when the factor VII-thromboplastin complex was clearly Shown 
to activate factor IX as well as factor X [1,2]. Based on this knowledge, the clas- 
sical hemophilias can be viewed as diseases of the coagulation system operating via 
the extrinsic pathway. Thromboplastin may therefore together with factor VII be 
the physiological inducer of blood clotting. 

2. The biochemistry of thromboplastin 

The existence of thromboplastin has been known for a long time [3]. Many years 
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after the first registration of thromboplastin as a procoagulant substance, Chargaff 
et al. [4,5] demonstrated that it was located in subcellular particles. They also 
showed that it consisted of a lipid part and a protein part both of which were nec- 
essary for the expression of procoagulant activity. Thromboplastin has recently been 
purified, and has been shown to consist of one species of protein, called apopro- 
tein 111, in a complex with a mixture of phospholipids [6,7]. Bovine apoprotein I11 
was reported to be a single-chain glycoprotein with apparent molecular weight of 
45000 [7], whereas a molecular weight of 52000 [6] was indicated for human apo- 
protein 111. 

Apoprotein I11 alone is devoid of any procoagulant activity, but will regain its 
full potency upon recombination with the appropriate phospholipids. In the hu- 
man system, the most potent phospholipid mixture was shown to be phosphatidyl 
choline, phosphatidyl ethanolamine and phosphatidyl serine in a ratio of 1:1:0.2 
[6]. Due to the hydrophobic character of apoprotein 111, such recombination is only 
accomplished in the presence of detergents as deoxycholate or sodium dodecyl sul- 
fate. Upon removal of detergent by dialysis, the phospholipids recombine with the 
apoprotein I11 molecule to form multilayered vesicles with procoagulant activity 
[61- 

3. The localization of thrornboplastin and its availability 

(a) Tissue 

Thromboplastin activity is probably present in almost all tissues [8]. Specially 
high activities of thromboplastin are observed in lungs, brain, bone marrow, kid- 
ney, placenta and mesenteral fat. Many cell types (i.e. endothelial and smooth 
muscle cells and fibroblasts) have a low activity of thromboplastin, but thrombo- 
plastin synthesis appears to be inducible in almost all cell types [9-151. The only 
exception so far are mouse trophoblasts [16] and sperm cells ((dsterud, unpub- 
lished) that apparently synthesize apoprotein I11 constitutively, i.e. the synthesis 
is uninfluenced by exogenous inducers. 

(b) Blood cells 

Blood cells were shown to generate thromboplastin activity upon incubation with 
endotoxin (lipopolysaccharides of Gram-negative bacteria). Both neutrophils and 
lymphocytes [ 17-21] were suggested to be responsible for the increased procoag- 
ulant activity identified as thromboplastin. In 1975, Rivers et al. [22] demonstrated 
that monocytes possessed thromboplastin activity after being exposed to endo- 
toxin. Today it is established that monocytes are the only blood cells with this 
property [2>28]. It is also recognized that normal circulating monocytes possess 
weak but significant thromboplastin activity in their plasma membranes, whereas 
granulocytes, lymphocytes, red cells and blood platelets are totally devoid of this 
activity [29]. 
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(c) Vessel wall 

In the vessel wall, one.finds that the cell layer in close contact with blood, the 
endothelial cells (EC) have low but significant thromboplastin activity in the cell 
membranes [30]. This activity is under normal conditions protected from the blood, 
but may upon cell damage or endothelial cell activation become available and trig- 
ger the clotting cascades. Upon more extensive damage of the vessels, other sub- 
endothelial cells such as smooth muscle cells, known to contain substantial amount 
of thromboplastin [13], may play a role in the hemostatic mechanism as well. Fur- 
thermore, fibroblasts and macrophages in the vessel wall are also known to con- 
tain thromboplastin activity. Thus the vessel wall seems to provide sufficient 
thromboplastin for potent activation of the clotting system. Evidence supporting 
this hypothesis was recently documented by the observation that the vessels of pla- 
centa which has a relatively high thromboplastin activity, contained the major part 
of the apoprotein I11 antigen (Bj$rklid, personal communication). 

Although the endothelial cells possess relatively weak thromboplastin activity in 
their native condition (15-301, blood may get in contact with rather large surfaces 
of endothelial cells. In the microcirculation for example, 200 p1 of blood is in di- 
rect contact with 1 m* endothelial surface [29]. Small injuries of the endothelial 
cell layer may therefore induce here a significant clotting activation. In a throm- 
botic situation, the endothelial cells may provide substantial trigger activity of the 
clotting system, as the thromboplastin synthesis is also inducible here [13-151. Its 

Figs. 1 and 2. A cartoon of a model for stimulation of cells to produce and expose apo 111, the protein 
entity of thromboplastin lipoprotein. 
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activity may increase up to 250-fold when exposed to certain inducing agents. Such 
agents are thrombin and endotoxin [15]. Low levels of thrombin are capable of 
enhancing thromboplastin synthesis in endothelial cell cultures and in whole um- 
bilical cord veins [15]. The effect of thrombin is accelerated manyfold by the pres- 
ence of platelets. A comparable inducing effect is also obtained by exposing en- 
dothelial cells to endotoxin [ 151. Recently we showed that the effect of endotoxin 
in endothelial cell cultures with human plasma medium, is complement dependent 
[30]. This might indicate that the vessel wall may become thrombotic in conditions 
where complement is activated. It should also be emphasized that when cells are 
induced to produce more thromboplastin, the newly synthesized thromboplastin 
becomes exposed on the surface of the cells, and thereby in direct contact with 
plasma coagulation factors [15] (see Figs. 1 and 2). 

4. Role of thromboplastin in pathology 

(a) Sepsis 

Blood clotting may also be triggered by thromboplastin in the cell membranes 
of monocytes. This source of thromboplastin is probably not involved in the he- 
mostatic process, but may play a significant role under thrombotic conditions, es- 
pecially in patients with sepsis. We have observed very high levels of thrombo- 
plastin in monocytes of patients with meningococcal infection, and the high content 
of thromboplastin appeared to be correlated with an unfavorable prognosis [31]. 
The acceleration of thromboplastin synthesis of blood monocytes is also comple- 
ment dependent [32]. This supports the earlier observation by Garner et al. [33], 
who found increased factor VII activity in decomplemented dogs given endotoxin 
shock, whereas factor VII in normal dogs in septic shock was rapidly removed from 
the circulation. This last phenomenon is probably caused by the stimulation of 
monocytes to produce surface-exposed thromboplastin to which factor VII binds 
[34,35]. Upon cell stimulation the monocytes and granulocytes are removed from 
the circulation, and in this way factor VII in the plasma will be withdrawn from 
the circulation. 

(b) Sh wartzman reaction 

It has generally been accepted that the white cells play an important role in the 
Shwartzman reaction [36,37]. Recently we found that by inducing Shwartzman re- 
action in rabbits by injecting intravenously a dose of endotoxin a relatively small 
(but significant) rise (7-fold increase) of-thromboplastin activity of the circulating 
monocytes resulted [38]. In contrast, a second dose of endotoxin, given 24 h after 
the first dose, caused a tremendous rise (70-fold) in the thromboplastin activity of 
the circulating monocytes. Interestingly, pretreatment of the rabbits with prior doses 
of corticosteroids, promoted a striking response to an endotoxin injection. The 
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thromboplastin activity of the monocytes was comparable to the thromboplastin 
activity induced by giving the animals two doses of endotoxin without pretreat- 
ment with steroids. There is therefore reason to believe that steroids may provoke 
disseminated intravascular coagulation (DIC), and that part of the Shwartzman re- 
action is caused by an extreme increase in and exposure of thromboplastin activity 
from blood monocytes. 

5. Factor VZZ 

(a) Properties and function 

Factor VII is a single-chain glycoprotein with a molecular weight of 54000 [39,40] 
for bovine factor VII and an apparent molecular weight of 50000 [41] or 47000 
[42] for human factor VII. Similar to other vitamin K-dependent factors IX, X, 
prothrombin and protein C, factor VII contains y-carboxyglutamic acid residues 
that are required for a calcium-mediated binding in the activation of factor IX and 
factor X. In contrast to all the other clotting factors in blood, factor VII circulates 
in a zymogen form that possesses strong esterase activity [43]. Fortunately, this form 
of factor VII has only very limited ability to induce clotting by itself. To exert its 
function in promoting clotting, factor VII has to interact with thromboplastin. 

The current concept of this interaction is that the thromboplastin acts as a co- 
factor for factor VII (cf. [44] and Ch. 3). The lipid part of the thromboplastin mol- 
ecule is an essential part in this reaction. In the same way apoprotein I11 is man- 
datory for the function of thromboplastin as shown by neutralization of the 
thromboplastin activity when thromboplastin is allowed to interact with an anti- 
body raised against purified apoprotein I11 antigen [45]. 

Native plasma factor VII is neutralized slowly when incubated with high con- 
centrations of diisopropylfluorophosphate (DFP) [42,46,47]. However, after factor 
VII has been allowed to interact with thromboplastin, the factor VII in the reac- 
tion product is much more readily inactivated by DFP, suggesting a conforma- 
tional change in the factor VII molecule. No molecular cleavage of factor VII oc- 
curs in forming the complex with thromboplastin. 

(b) Factor VII-phospholipid interaction 

Some years ago we proposed a model whereby factor VII, after interaction with 
thromboplastin, might be separated from thromboplastin and still retain its ability 
to activate factor X by itself [48]. This was based on experiments where factor VII 
incubated with thromboplastin, still retained its ability to activate factor X even 
after the phospholipid part of thromboplastin in the reaction mixture was broken 
down by phospholipase C. The activation product appeared, however, to be phos- 
pholipid dependent as further treatment with phospholipase C, abolished the pro- 
coagulant activity. 
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The role of phospholipid in the activation of factor IX and factor X by factor 
VII and thromboplastin has gained new interest after the recent observation by 
Dalaker and Prydz [49], who found that the elevated level of factor VII activity in 
pregnant women (about 2.5 times greater than in non-pregnant women) may stem 
from a complex of factor VII and phospholipid rather than an increased factor VII 
synthesis. By subjecting the plasma samples from pregnant women to phospholi- 
pase treatment, the factor VII level was reduced to normal level, strongly sug- 
gesting that the increased factor VII probably was reflecting a phospholipid in- 
volvement. The same authors have now also shown that factor VII, in the plasma 
of pregnant women, is much more readily susceptible to inactivation by DFP than 
factor VII in the plasma of non-pregnant women (Dalaker and Prydz, personal 
communication). It was suggested that such a phospholipid-factor VII may arise 
from the interaction of factor VII with, for example, exposed thromboplastin from 
the placenta. This complex of factor VII and phospholipid requires thromboplas- 
tin for its activating function on factors IX and X, but there is reason to believe 
that smaller amounts of thromboplastin will be needed for the expression of this 
type of factor VII. It certainly may be a thrombogenic factor during pregnancy. 

Many of the details of the interaction between factor VII and thromboplastin 
are still unknown. For example, what is the role of apoprotein I11 in the throm- 
boplastin molecule? Whether there is any direct interaction between factor VII and 
apoprotein 111, or a complex of factor VII and lipid requiring the presence of the 
apoprotein, or a complex with phospholipid alone, is unknown. 

Most probably there is a formation of a complex of factor VII bound to the lipid 
part of thromboplastin, so that the whole factor IX- and factor X-activating com- 
plex is constituted of a factor VII-phospholipid-apoprotein 111 complex. How- 
ever, the very high activity of factor VII in pregnant women [50], and our earlier 
results [48], may imply complexes of factor VII-phospholipids can be formed as a 
result of an interaction between factor VII and thromboplastin. In pregnant women 
this may occur as a result of exposure of blood to large amounts of thromboplastin 
in the placenta, and subsequent slow release of factor VII-lipid complexes. This 
complex is probably not itself efficient in activating factors IX and X, but, in the 
presence of thromboplastin, will exert a much more potent activating effect than 
factor VII and thromboplastin alone. Nevertheless, it is possible that such a factor 
VII-lipid complex may be able to activate sufficiently factors IX and X, even in 
the absence of thromboplastin, to account for the increased thrombogenicity dur- 
ing pregnancy. 

6 .  The activity state of factor VII and its potency to trigger clotting 

(a) The inherent activity of factor VIZ 

As already indicated above, factor VII circulates as a zymogen, a single-chain 
molecule with strong esterase activity. This form of factor VII can, however, be 
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converted into a two-chain molecule factor VII,, by the cleavage of a single bond. 
Both forms of factor VII participate actively in the clotting process, but the acti- 
vated form has been reported to be from 25- to 120-fold more active than the zym- 
ogen [41,51-531. Zymogen activation results in the formation of a two-chain pro- 
tein consisting of polypeptide chains with molecular weights of 29 500 and 23 500, 
that are held together by disulfide bonds [40]. Based on these observations, it was 
suggested that factor VII zymogen itself possesses low activity, of approximately 
0.8% that of the enzyme form [53]. However, the K,,, of the cleavage of a syn- 
thetic enzyme, benzoyl-o-carbonyl-arginine-p-nitrobenzyl ester, was approxi- 
mately 17-fold higher for factor VII than for factor VII,, whereas k,,, was only 2- 
fold lower [43]. Since factor VII is nearly absolutely dependent on thromboplastin 
for proteolytic activity, and thromboplastin is not normally exposed in the blood, 
the blood does not clot despite the fact that factor VII is circulating in a partially 
active form. 

(6) Factor VII, activation of factor X in the absence of thromboplastin 

Recent evidence seems to imply a role of factor VII in the activation of factor 
X even in the absence of thromboplastin. Thus, purified factor VII activated by 
incubation with purified factor X, in the presence of phospholipids, to yield a 3040- 
fold increase in factor VII activity, caused a slow but significant activation of fac- 
tor X in the absence of thromboplastin [54]. A concentration of 55 ng factor VII, 
(about 1 nM) induced 2% (200 ng) factor X, formation in 20 min incubation time. 
This activation process was also dependent on phospholipids. Whether factor VII, 
may play a physiological role in the absence of thromboplastin is not yet known. 
Under in vivo conditions it may not seem likely to form so much factor VII, that 
it can cause a significant factor X activation. It may, however, account for the fac- 
tor VIII bypassing effect in activated factor IX concentrates used to treat factor 
VIII-deficient patients with acquired factor VIII inhibitor. The activated factor IX 
concentrates have been shown to contain large concentrations of activated factor 
VII [ 5 5 ] .  Furthermore, factor VII, has been shown to persist in the blood circu- 
lation for some hours before it is removed, which gives the activated form enough 
time to interact with its substrates, factor IX and factor X [55]. 

(c) Factor VII and ischemic heart disease 

In a prospective study by Meade [56,57], it became clear that there was an in- 
creasing risk of cardiovascular death with increasing level of factor VII, factor VIII 
and cholesterol. The association seemed to be specific for cardiovascular disease, 
as no significant association was found between clotting factors at recruitment and 
later death from cancer. The rise in factor VII might stem from increased factor 
VII synthesis, but may also reflect an activation process that could play a direct, 
causal role in ischemic heart disease (IHD), or reflect other processes which are 
the direct causes. Some evidence for an activation process was indicated in this 
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study by the finding that there was a discrepancy between factor VII clotting ac- 
tivity and factor VII antigen [56]. This phenomenon strongly suggests that factor 
VII in these patients may have been subject to activation. 

Meade [57] also proposes an association between raised factor VII levels with 
increasing age, diabetes, obesity, the use of oral contraceptives and the occurrence 
of menopause, and increased risk of IHD. On the other hand, low levels of factor 
VII are associated with black ethnic groups and vegetarianism. These are known 
to have low risk of IHD. 

(d)  The activation of factor VII 

The conversion of the one-chain factor VII into the two-chain form, factor VII,, 
is probably a crucial mechanism in hemostasis and thrombosis. Several coagula- 
tion enzymes have been shown to have the ability to activate factor VII. These are 
thrombin [40], plasmin [58], factor XII, [5&60], factor IX, [58,61,62] and factor 
X, [4042,52,62]. In the recalcification and clotting of plasma, factor IX, appeared 
to be the most effective in converting factor VII to VII, [62]. In other studies how- 
ever, it has become evident that factor X, in the presence of phospholipids is the 
most potent activator of factor VII [52,61]. It is therefore reasonable to believe 
that factor X, bound to the surface of activated platelets or white cells will cleave 
factor VII to VII,, and thereby accelerate the formation of more factor IX, and 
factor X, when thromboplastin is exposed on the surface of activated or disrupted 
cells. The very rapid activation of factor VII by factor X, in the presence of phos- 
pholipids or activated platelets, may in vivo be essential for a normal hemostatic 
mechanism. But is may also cause severe enhancement of the coagulation activa- 
tion in a thrombotic situation, e.g. disseminated intravascular coagulation. 

7. The function of factor VII-thromboplastin complex 

When thromboplastin is exposed on disrupted or activated cells, it binds factor 
VII. The newly formed complex of factor VII-thromboplastin will slowly initiate 
the activation of factors IX and X, and the resultant generated enzymes, factors 
IX, and X,, can then proteolytically activate factor VII to the 40-120-fold more 
active enzyme. If there is excess of thromboplastin present, a rapid activation of 
more of factors IX and X will take place. However, normally only limited amounts 
of thromboplastin are likely to be exposed to blood plasma. Since native factor 
VII and factor VII, have the same affinity to thromboplastin [44], and factor VII 
is largely unconverted, factor VII zymogen will act as an inhibitor of factor VII, 
by competing with factor VII, for the available thromboplastin, and prevent full 
expression of the activity of the factor VII, present. This positive feedback acti- 
vation of factor VII and the control of the expression of factor VII-thromboplastin 
complex, is probably essential for normal hemostasis and may be required to pre- 
vent thrombosis as a result of an unnecessarily strong reaction. 
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The above model for factor VII function and expression appears also to agree 
with the older observations that patients with moderate factor VII deficiency may 
experience thrombotic episodes [63,64]. Under these conditions there are low lev- 
els of factor VII zymogen, so when factor VII, is formed, a much larger portion 
of this factor VII, will be expressed when thromboplastin becomes available. Due 
to the failure of the system to dampen the factor VII, formed, an overreaction that 
may lead to thrombosis may take place despite the low level of plasma factor VII. 
However, when the total level of factor VII gets too low, serious bleeding similar 
to that observed in hemophilia can be observed. This again demonstrates that fac- 
tor VII is important and essential for normal hemostasis. It is tempting to suggest 
that the discrepancy seen in bleeding tendency in moderate factor VII deficiency, 
may stem from the great variance in cellular concentrations and availability of 
thromboplastin between different individuals, indicated by measurements of 
thromboplastin in various blood cells as well as in cell cultures. 

8. Factor VII association with blood cells and its potency in triggering 
clotting 

Cells stimulated to synthesize and expose thromboplastin activity on their sur- 
faces bind factor VII as mentioned earlier. Thus, when heparinized blood is in- 
cubated with endotoxin, an increase in factor VII associated with the isolated 
monocytes parallels the increase in thromboplastin activity [65]. This factor VII 
was shown to be activated (factor VII,, probably through a first interaction be- 
tween factor VII zymogen and the exposed thromboplastin, followed by the acti- 
vation of factors IX and X and subsequent feedback activation of factor VII by the 
activation products, factors IX, and X,. Since this even occurred in blood anti- 
coagulated with heparin one may propose that factors IX, and X, are protected 
on the monocyte cell surface from being neutralized immediately by hepa- 
rin-antithrombin 111. Similar protection of these factors has been observed on ac- 
tivated platelets [66]. Recently it was shown that the number of factor VII-binding 
sites on stimulated monocytes paralleled the procoagulant activity of the cells [67]. 

Further evidence for a cellular expression of procoagulant activity was recently 
documented by Tracy et al. [68]. They showed that isolated peripheral blood mon- 
ocytes and lymphocytes interact with factor V, and factor X, to form a functional 
catalytic complex which proteolytically activates prothrombin to thrombin. The rate 
of thrombin generation by monocytes exceeded that of lymphocytes and increased 
as monocytes adhered to a surface. The monocyte prothrombinase activity ap- 
peared to be mediated through factor V, receptors for factor X, on the monocyte 
surface. Interestingly, the rate of thrombin generation per cell exceeded that pre- 
viously obtained with either bovine or human platelets. 

Obviously, the availability of thromboplastin activity on cell surfaces or dis- 
rupted cells may be crucial in inducing activation of the coagulation system. The 
availability of thromboplastin at the site of an injury is probably essential for a 



normal hemostatic mechanism. There is also reason to believe that thromboplastin 
exposure to blood is the major source of coagulation activation in diseases asso- 
ciated with intravascular coagulation. 
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CHAPTER 6 

Platelets and coagulation 
R.F.A. ZWAAL, E.M. BEVERS and P. COMFURIUS 

University of Limburg, Biomedical Centre, Maastricht (The Netherlands) 

1 .  Introduction 

Formation of a hemostatic plug at sites of vascular injury requires the partici- 
pation of blood platelets. This they do by clumping together into an aggregate and 
by promoting efficient coagulation which consolidates the plug with strands of fi- 
brin. Apart from this, platelets participate in a number of other physiological 
processes, such as phagocytosis, inflammation, immunological reactions, and in- 
teractions with tumor cells. To perform these functions, platelets show a wide va- 
riety of cellular reactions which also make them attractive research tools in bio- 
chemistry. It is evident that cellular organization and integrity is required for 
adequate platelet function. This organization critically depends on the presence and 
architecture of both plasma membrane and intracellular organelles. The plasma 
membrane plays a crucial role in the binding of external stimuli, in the transduc- 
tion of the signal into the cell, and in the execution of the platelet response. Part 
of this response consists of a secretory event [l], releasing components that inter- 
fere with coagulation such as factor V, von Willebrand factor, fibrinogen, and a 
heparin-neutralizing protein referred to as platelet factor 4. Moreover, coagula- 
tion is accelerated by virtue of binding of clotting factors to the plasma membrane, 
resulting in the assembly of multi-enzyme complexes with great catalytic effi- 
ciency. 

This essay will deal mainly with the participation of platelets in the coagulation 
process. Particular attention will be paid to the involvement of the platelet plasma 
membrane in prothrombin and factor X activation. Some information on platelet 
structure and function will be given first to set the scope for further discussions. 

2.  Structural and functional aspects of platelets 

(a) Non-activated platelet 

Blood platelets are formed in the bone marrow from cytoplasmic fragments of 
megakaryocytes [2]. In the absence of vessel wall injury, platelets circulate in the 
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blood for 8-11 days as smooth, disk-shaped cells that are non-adherent to each 
other or to vascular endothelium. 

(i) Plasma membrane 
The platelet is surrounded by a trilaminar plasma membrane of 7&80 8, in di- 

ameter [3]. This membrane displays a number of peculiar invaginations to form a 
sponge-like system of channels that burrow their way through the cytoplasm. This 
open canalicular system significantly increases the surface area of the cell in con- 
tact with its aqueous environment, and serves as a channel in which intracellular 
granules discharge their contents upon platelet activation. The plasma membrane 
is coated on the exterior with an electron-dense glycocalyx, representing carbo- 
hydrate-rich domains of more than 30 membrane glycoproteins exposed to the 
outside of the cell [4]. A schematic representation of the essential features of the 
platelet plasma membrane is shown in Fig. 1. The most abundant of these glyco- 
proteins are Ib, IIb, I11 and IV, their functional roles including that of glycopro- 
tein V are beginning to be understood (vide infra). At the cytoplasmic surface, the 
membrane contains cytoskeletal proteins that undergo structural changes during 
platelet activation [5]. These alterations involve polymerization of actin into fila- 
ments that associate with myosin. This interaction between myosin and actin fil- 
aments is regulated by the level of phosphorylation of the myosin light chains. Ac- 
tin polymerization is regulated by a number of proteins, such as profilin [6 ]  and 
gelsolin [7], while a-actinin has been implicated as the membrane attachment site 
for actin filaments [8]. Branching of actin filaments into a network is brought about 
by actin-binding protein [9]. The core of the membrane is formed by a lipid bilayer 
to which peripheral membrane proteins (such as cytoskeletal proteins) are at- 

GP Ib GP Ilb GP llla 

Fig. 1 .  Schematic representation of the platelet plasma membrane. GP, glycoprotein. 
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tached via polar interactions, and which is interrupted to allow hydrophobic in- 
teractions with integral membrane proteins (e.g. the hydrophobic domains of gly- 
coproteins). The lipid bilayer contains 70% phospholipids by weight, while the 
remainder consists predominantly of cholesterol plus a small amount of glyco- 
lipids. Five major phospholipid classes have been identified in human platelets 
[ 10,111: phosphatidylcholine (38%), phosphatidylethanolamine (27%), sphingo- 
myelin (19%), phosphatidylserine (10%) and phosphatidylinositol ( 5 % ) .  The lipid 
composition of the plasma membrane resembles that of the intracellular mem- 
branes although it contains more sphingomyelin and cholesterol. As in red cells, 
the phospholipids are asymmetrically distributed over the bilayer [ll-141. The ex- 
terior half of the plasma membrane contains most of the sphingomyelin, whereas 
phosphatidylserine and phosphatidylinositol are mainly confined to the interior 
leaflet of the membrane. Phosphatidylcholine and phosphatidylethanolamine are 
present on either side of the membrane, though not to the same extent. 

Fig. 2. Schematic view of the blood platelet. S, open canalicular system; MT, microtubules; G ,  a-gram 
ules; DG, dense bodies; M, mitochondria, Gly, glycogen granules. 
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(ii) lntracellular structures 
Several subcellular structures have been recognized in the platelet by the use of 

electron microscopy [2,3] (Fig. 2). Below the surface membrane and not in contact 
with the open canalicular system, platelets contain a dense tubular system which 
is presumably derived from the smooth endoplasmic reticulum of the parent me- 
gakaryocyte. Both the dense tubular system and the open canalicular system have 
been proposed to serve similar functions as the sarcotubules and the transverse 
tubuli of the sarcoplasmic reticulum of muscle cells [15]. Indeed, vesicles which 
are thought to be derived from the dense tubular system are able to accumulate 
Ca2+ as efficiently as sarcoplasmic reticulum of muscle [16,17]. The dense tubular 
system has been shown to contain amongst others the enzyme system required for 
the formation of thromboxane A2 from arachidonic acid [18]. It may also contain 
the site of the de novo synthesis of fatty acids and phospholipids, considering that 
it is derived from the megakaryocyte’s smooth endoplasmic reticulum. The discoid 
form of resting platelets is regulated by a circumferential bundle of hollow cylin- 
drical structures, similar in appearance to microtubules found in a wide variety of 
other mammalian cells. Together with microfilaments of polymerized actin, these 
tubules assemble in highly organized structures during cell activation. During 
platelet activation, they contract toward the center of the cell, thereby trapping 
the randomly dispersed storage granules to concentrate them into a tightly packed 
mass [3]. These storage granules can be divided in at least 3 sub-classes, dense 
bodies, a-granules, and lysosomal enzyme storage organelles [ 19-23], their abun- 
dance and mutual ratio being variable among different mammalian species. The 
a-granules are the most abundant in human platelets, and contain a number of non- 
enzymatic proteins, part of which interfere with coagulation such as fibrinogen, 
factors V and XIII, von Willebrand factor, and heparin-binding protein platelet 
factor 4. It is also the locus of platelet-derived growth factor, which is a low mo- 
lecular weight cationic protein that stimulates the proliferation of arterial smooth 
muscle cells and fibroblasts in tissue culture [24]. The lysosomal fraction contains 
a number of acid hydrolases, such as hyaluronidase, a-N-acetyl-glucosaminidase 
and p-glucuronidase. The dense bodies contain calcium and low molecular weight 
compounds, the most prominent of which are serotonin, ATP, ADP and pyro- 
phosphate. The energy-rich phosphates in these granules do not actively partici- 
pate in cell metabolism, and are distinguished from the metabolic pool of ATP and 
ADP [25], which is regulated by a few small-sized mitochondria and by active gly- 
colysis in conjunction with abundant glycogen granules in the cytoplasm. Platelets 
do not contain a cell nucleus and are devoid of DNA. A small amount of RNA is 
present and ribosomal structures have occasionally been observed. Protein syn- 
thesis is almost negligible, and presumably serves no function in platelet physiol- 
ogy * 

(b)  Activated platelet 

Platelets can be activated by a variety of structurally non-related compounds to 
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execute a number of cellular responses. Among these stimulators are collagen, 
thrombin, ADP, epinephrine, platelet-activating factor (PAF), Ca-ionophores, 
immune complexes, serotonin, arachidonic acid and prostaglandin intermediates. 
Evidence is accumulating that most of these activators exert their action by bind- 
ing to specific receptors of the platelet surface membrane [4]. A possible exception 
concerns the activation by thrombin, one of the most potent platelet activators 
known. Activation is initiated by a rapid proteolytic cleavage of glycoprotein V at 
the platelet outer surface [4]. Although thrombin also binds to glycoprotein Ib 
without splitting it, 'this is not sufficient to evoke platelet activation. The molecular 
mechanisms that are implicated in platelet activation are intricate and not com- 
pletely understood. A critical level of metabolic ATP is required and platelets re- 
spond to stimulation with an increase in glycolysis and tricarboxylic acid cycle to 
replenish ATP supplies [25]. Most of the data are consistent with the notion that 
a prerequisite for platelet activation is an increase of the cytoplasmic Ca2+ level 
of the cell [26]. Two different pathways have been distinguished in the regulation 
of the cytoplasmic Ca2+ concentration [27], i.e. an efflux of Ca2+ from the dense 
tubular system which is thought to sequester Ca2+ from the cytoplasm in resting 
platelets, and an influx of Ca2+ from the cell environment resulting from an in- 
creased permeability of the plasma membrane during interaction with different 
stimulators. Both pathways are presumably regulated by cAMP levels of the cell. 
Platelet stimulators can exert their action by decreasing the activity of adenylate 
cyclase or by increasing phosphodiesterase activity, whereas the reverse effect usu- 
ally results in inhibition of the platelet response [28]. cAMP might be involved in 
maintaining membrane integrity [27], and in the accumulation of Ca2+ by the dense 
tubular system controlled by a CAMP-dependent protein kinase [16]. Increase of 
cytoplasmic Ca2+ concentration has a number of effects that contribute to platelet 
activation. These include activation of phospholipases [29], inhibition of adenylate 
cyclase [30], activation of contractile proteins of microfilaments [5,31], depoly- 
merization of microtubules [32], activation of Ca-dependent protease [5] and fa- 
cilitation of fusion between granule membranes and the plasma membrane during 
the secretory process [12,33]. 

( i )  Platelet adhesion 
The initial reaction in hemostasis following injury to vascular endothelium is 

adhesion of platelets to subendothelial structures which comprise microfibrils of 
elastin, basement membrane-like amorphous material, and collagen fibrils [34]. Of 
these structures, collagen is required to achieve full release and aggregation fol- 
lowing adhesion. Platelet adhesion to subendothelium is mediated by a high mo- 
lecular weight plasma protein usually referred to as the von Willebrand factor [35]. 
For adhesion to collagen a specific receptor in the platelet membrane has been de- 
scribed [36]. Since resting platelets demonstrate low-affinity binding of von Wil- 
lebrand factor [37] while the amount of this protein bound to subendothelium cor- 
relates with the extent of platelet adhesion [38], it has been suggested that von 
Willebrand factor initially interacts with a subendothelial structure in a calcium- 
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dependent process leading to an alteration such that it will recognize specific re- 
ceptors on platelets [39]. This receptor has been identified as glycoprotein Ib mainly 
through studies on platelets from patients with Bernard-Soulier syndrome [40,41]. 
These platelets are deficient in glycoprotein Ib and this hereditary bleeding dis- 
order can be considered the mirror image of von Willebrand's disease where the 
plasma protein required for adhesion is missing. In both syndromes, ristocetin-in- 
duced platelet aggregation as well as platelet adhesion to subendothelium are ab- 
sent or disturbed [42,43]. 

( i i )  Shape change 
Most of the known platelet activators, except for epinephrine, produce shape 

change of the platelet from a disk to a sphere with pseudopod formation [44]. This 
process, which occurs directly after addition of platelet activators in vitro, is ac- 
companied by increased exposure of sialic acid residues at the membrane outer 
surface [45]. It also involves increased actin polymerization [5] and collection of 
storage granules by a ring of microtubules near the cell center [3]. Although ex- 
tracellular Ca2+ is not required, an influx of Ca2+ from the dense tubular system 
into the cytoplasm is suspected, the more so as platelet shape change is inhibited 
by CAMP. 

(iii) Release reaction 
The release reaction is the secretory process which involves discharge of gran- 

ular contents into the open canalicular system of the platelet after fusion of the 
granular membrane with the plasma membrane. All known platelet stimulators can 
evoke the release reaction in vitro. Secretion of the contents of a-granules and 
dense bodies occurs almost simultaneously [46], while lysosomal release is delayed 
and less complete [47]. Secretion of lysosomal enzymes is absent upon triggering 
of platelets with ADP or epinephrine [19]. Although it is generally assumed that 
the release reaction involves platelet contractile proteins, the precise molecular in- 
teractions involved are poorly understood. With a number of stimulators, release 
is mediated by the formation of prostaglandin endoperoxides and thromboxane A2 
[48]. These compounds are formed from free arachidonic acid, liberated from 
phospholipids by Ca*+-dependent phospholipases [4%54]. Thromboxane A, pro- 
duction is inhibited by aspirin which acetylates and blocks cyclo-oxygenase [%]. 
Nevertheless, thromboxane-stimulated release (and aggregation) can be bypassed, 
since activation of platelets by thrombin or higher concentrations of collagen is not 
inhibited by aspirin [46]. The suggestion that thromboxane A, may act as a Ca- 
ionophore [56], thus enlarging the cytoplasmic Ca2+ concentration to a level re- 
quired for the secretory event, is still a matter of debate. Although there is still 
controversy whether or not thromboxane A2 reduces the basal level of platelet cyclic 
AMP, it is generally accepted that it inhibits hormone-stimulated adenylate cy- 
clase activity [57]. Platelet release and aggregation by all stimuli so far tested are 
completely inhibited by prostacyclin produced by endothelial cells [58]. This is 
presumably due to elevation of platelet CAMP levels, resulting in complete inhi- 
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bition of the platelet response [59,60]. The release reaction is diminished or dis- 
turbed in platelets with storage-pool deficiencies [61]. These deficiencies have been 
observed for dense granules (Hermansky-Pudlak syndrome) as well as for a-gran- 
ules (gray platelet syndrome). 

(iv) Aggregation 
During activation, platelets interact with each other to form a tightly packed mass 

which functions as the primary hemostatic plug. In vitro, this process can be fol- 
lowed by measuring the increase in light transmission in a platelet aggregometer. 
Aggregation requires extracellular Ca2+, while extracellular fibrinogen is a re- 
quired cofactor for ADP-induced aggregation [62,63]. Moreover, when platelets 
are activated without stirring they do not aggregate but shape change and release 
still occur. ADP and epinephrine at  low concentrations produce primary reversi- 
ble aggregation without release, while this process is followed by release and sec- 
ondary aggregation with higher concentrations of these activators [25,64]. With 
potent platelet stimulators like collagen, thrombin, and PAF, this biphasic aggre- 
gation pattern is virtually not observed and full aggregation and release occur in 
parallel. Platelet aggregation is one of many examples of direct interaction be- 
tween cells, mediated by specific surface receptors. Recent studies have implicated 
two surface membrane glycoproteins, IIb and 111, in platelet aggregation and fi- 
brinogen receptor function. These two glycoproteins with apparent molecular 
weights of 136000 and 95000 [65] form a non-covalent complex in the presence of 
calcium [66-68]. In Glanzmann’s thrombasthenia, platelets are deficient in both 
glycoproteins [5,40,41]. These platelets do not aggregate in response to any stim- 
ulus in spite of normal release reaction [61], and fail to express increased binding 
of fibrinogen [69] as occurs with normal platelets in the presence of Ca2+ and ADP 
[70]. Antibodies directed against glycoproteins IIb and I11 prevent fibrinogen 
binding and aggregation of normal platelets [71]. It seems plausible that calcium 
induces the formation of the glycoprotein IIb-I11 complex, which becomes the re- 
ceptor for fibrinogen on the platelet membrane surface [70]. Subsequent aggre- 
gation would then occur by bridging of platelets via fibrinogen, which due to its 
symmetric structure is thought to have two interaction sites. 

(v) Clot-promoting activity 
Unlike resting platelets, activated platelets have been shown to accelerate clot 

formation in a variety of coagulation assays. Thus, ADP-treated platelets could 
shorten clotting times of non-contacted plasma in the presence of factor XI1 [72], 
while collagen-treated platelets promote clot formation in factor XII-deficient 
plasma provided that factor XI is present [73]. It has been shown that both activ- 
ities are related to the ability of activated platelets to promote proteolytic activa- 
tion of factor XI1 by kallikrein and of factor XI by both factor XII-dependent and 
factor XII-independent mechanisms [74]. The most powerful clot-promoting activ- 
ity of activated platelets, often referred to a platelet factor 3, concerns their ability 
to shorten the Russell’s viper venom ( R W )  clotting time [for reviews: refs. 13,751. 
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Since RVV activates both factors V and X [76], platelet factor 3 refers to the ca- 
pacity of platelets to promote the activation of prothrombin by the factor X,-factor 
V, complex. Although it was originally proposed that this was due to  certain plate- 
let lipoproteins [75], it has become evident that the reduction of the clotting time 
can be attributed to a combined effect of exposed procoagulant phospholipid and 
factor V(V,) (77,781 released from activated platelets [79,80]. In other coagulation 
assays, accessibility of procoagulant phospholipid will contribute to shorten the 
clotting time also by promoting activation of factor X by factor IX, and VIII, 
[81,82]. Indirect clot-promoting effects of platelets can be expected from release 
of certain a-granula proteins, such as heparin-neutralizing protein (platelet factor 
4), factor VIII-related antigen and fibrinogen [23]. 

3. Prothrornbin- and factor X-converting activities of platelets 

The interaction between the platelet surface membrane and various plasma pro- 
teins plays an essential role in several reactions which are necessary for normal 
hemostasis. Thus, adhesion of platelets at the site of vascular injury requires sub- 
endothelial-bound von Willebrand factor that recognizes glycoprotein Ib at the 
platelet outer surface [38,39]. Platelet aggregation requires binding of fibrinogen 
with an induced complex of glycoprotein IIb and I11 [69-711. Furthermore, minor 
quantities of thrombin formed early in hemostasis [83] bind to platelet receptors 
(presumably glycoprotein Ib) and produce splitting of glycoprotein V to elicit re- 
lease and aggregation [4]. The platelet surface membrane also interacts with fac- 
tors X, and V, to form the prothrombinase complex, as well as promoting the as- 
sembly of the factor IX,-VIII, complex required for factor X activation [13]. These 
interactions dramatically enhance enzymatic formation of both thrombin and fac- 
tor X,, in a way which strongly resembles the powerful catalytic activity of a neg- 
atively charged phospholipid surface in both reactions. At a phospholipid-water 
interface, binding of factors IX, X and prothrombin is brought about by Ca2+ which 
forms a complex between negative charges on the phospholipid molecules and y- 
carboxyglutamic acid residues that are introduced in the proteins by post-ribo- 
soma1 vitamin K-dependent carboxylation of a number of glutamic residues near 
the N-terminus of the polypeptide (cf. [84] and Ch. 4). The two non-enzymatic 
protein cofactors V, and VIII, are thought to interact with lipids by hydrophobic 
bonding. This interaction does not depend on Ca2+ but requires negatively charged 
phospholipids, which suggests that direct electrostatic interactions are also essen- 
tial [85-871. The reader is referred to Ch. 3 for a detailed discussion on the func- 
tion of phospholipids and cofactors in proteolytic conversions occurring during 
blood coagulation. 

(a) Activity of non-stimulated platelet 

Unstimulated platelets are able to bind factor V, with high affinity, and once 
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factor V, is bound it forms a locus on the platelet membrane which specifically binds 
factor X, with high affinity [88-911. Thrombin-induced platelet activation is not re- 
quired for, nor has any effect on the binding of factor v, and its subsequent in- 
teraction with factor X,. With human platelets, there are approximately 200CL3000 
binding sites for factor V, and binding does not require, but is stimulated by factor 
X, and prothrombin [91]. The number of factor V,-binding sites exceeds that of 
factor X,. Binding of factor X, to unstimulated human platelets requires exoge- 
nous factor Ya and is limited by some platelet component other than factor V,. At 
saturating levels of factor V,, there are approximately 2W300  factor X,-binding 
sites with an apparent Kd of 30-70 pM, while binding correlates precisely with rates 
of factor X,-dependent prothrombin activation at the platelet surface [89]. The 
binding is specific for factor X, since neither the zymogen factor X nor other co- 
agulation factors displace bound factor x,. Bovine platelets show minor differ- 
ences with respect to human platelets [88,90]. They have about 800-900 factor V,- 
binding sites with an apparent K d  of 400 pM. In contrast to human platelets, all 
the high-affinity bound factor V, participates in the receptor site of factor X, on 
bovine platelets, since at saturating concentrations of factor X,, the ratio of plate- 
let-bound factor X, to platelet-bound factor V, was found to be unity. Factor X, 
binding occurs with an apparent Kd of 600 pM, and kinetic experiments indicate 
that this high-affinity binding is functional in prothrombin activation at the platelet 
surface. 

Whether measuring the binding of a ligand to a cell surface has physiological 
importance is often difficult to ascertain. Relevance is inferred when binding cor- 
relates with some functional response. However, binding of factor V,, and to a 
lesser extent also of factor X,, to platelets is complex in that it is not simply hy- 
perbolic, saturation is not reached, and a significant amount binds non-specifically 
and with low affinity (cf. Ch. 2A). Therefore, the number of physiological impor- 
tant binding sites can only be estimated from determining the number of func- 
tional prothrombinase complexes at the platelet surface using conditions ap- 
proaching maximal velocity of prothrombin conversion by factor X,-V, in the 
presence of optimal calcium concentrations. Assuming that the turnover number 
(kcat) of the enzymatic prothrombinase unit (factor X,, V, and Ca2+) is the same 
when it is bound to negatively charged phospholipids or to platelets, the number 
of functional units on unstimulated platelets can be calculated from the rate of 
thrombin formation (Table 1).  Taking into account that the number of enzymatic 
units at saturating prothrombin concentration equals the number of functional 
binding sites, there appear to be 2500 sites for prothrombinase at the outer surface 
of human platelets [92]. This is in good agreement with the number of high-affinity 
sites for factor V, derived from binding experiments [91]. The same approach can 
be used to calculate the number of binding sites for the factor X-activating com- 
plex composed of factor IX, and VIII, in the presence of optimal Ca2+ concentra- 
tions. A maximal number of about 900 functional sites can be derived for the fac- 
tor X-activating complex on unstimulated human platelets [92] (Table 1). At 
present, no binding parameters for these coagulation factors and platelets are 
available from binding measurements. 
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TABLE 1 

Non-activated human platelets: procoagulant activity and functional binding sites 

Rate15 x lo6 plateletsiml 

Prothrombin activation 34.4 nM thrombinimin 2550 X,-V, sites 
Factor X activation 2.3 nM X./min 920 IX,-VIII, sites 

Functional sites/platelet 

The number of functional procoagulant sites per platelet is calculated with the formula: 

rate 
number of sitedplatelet = - x 1 v 9 x  Nlplatelets.l-’ 

kc,, 

k,,, prothrombin activation = 2700imin 1921; k,,, factor X activation = 500imin [92]; N = Avogadro’s 
number. 

The fact that the number of sites for the factor X-activating complex is smaller 
than that for the prothrombinase complex does not necessarily exclude that there 
may be gross similarities in the nature of both sites. Both complexes assemble on 
phospholipid surfaces but the optimal phospholipid requirement has been shown 
to be somewhat different for the two enzymatic complexes, and to depend on the 
concentration of the non-enzymatic cofactors V, or VIII, [92]. Also, prothrom- 
binase activity at the platelet surface is reduced when factors VIII, and IX, are 
added and vice versa, suggesting competition for similar binding domains at the 
outer surface of the membrane. Since factor V, promotes the binding of factor X, 
to the platelet surface, factor V, has been proposed to be the receptor for factor 
X, [89]. The term ‘receptor’ may be confusing, however, since it differs from the 
classical concept of a membrane receptor in that factor V, is not a conventional 
membrane protein but associates with platelets (or negatively charged phospho- 
lipids) with high affinity after being formed from its precursor factor V. Although 
the dissociation constant of factor V, for negatively charged phospholipid has been 
reported to be 2 orders of magnitude larger than that for platelets [85]. these data 
have been questioned in a recent study [86] showing a dissociation constant of 50 
pM for phospholipid vesicles containing 20% phosphatidylserine, i.e. binding 
properties similar if not identical to those for platelets. Moreover, factor V, bound 
to phospholipid promotes binding of factor X, with an apparent dissociation con- 
stant that is indistinguishable from binding of factor X, to platelet-bound factor V, 
[93]. Regardless of whether the enzymatic complex was composed of factor X,, 
Ca2+ and plasma factor V, plus negatively charged phospholipid, or activated 
platelets instead of the latter two components, similar specific activities were ob- 
served. It has also been mentioned that des(l44)factor X,, which lacks 44 amino 
acid residues at the NH,-terminal end including all of the y-carboxyglutamic acids, 
has a more than 100 times weaker affinity than factor X, for factor V, associated 
to platelets [91]. Since des(l44)factor X, is equivalent to factor X, in its ability 
to interact with factor V, in free solution and in its catalytic activity towards pro- 
thrombin, this indicates that binding of factor X, to its platelet receptor not only 
involves binding to platelet-bound factor V, but also requires interaction between 
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the y-carboxyglutamic acid-rich domain near the NH2-terminus and some platelet 
membrane component. Conflicting evidence has been proposed to claim that this 
component would be a specific protein receptor at the platelet surface (cf. [89,91] 
and Ch. 2A). It was shown that a monoclonal antibody reactive towards negatively 
charged phospholipid inhibited prothrombin activation in the presence of phos- 
pholipids, but not when platelets were substituted for phospholipids [94]. It went 
apparently unnoticed [91] that this antibody failed to react with negatively charged 
phospholipids when presented in the form of lysed platelets or  red cells, invali- 
dating it as evidence against the involvement of phospholipids in platelet pro- 
thrombinase activity. Moreover, in a recent study [95] prothrombinase activity in 
the presence of platelets as well as phospholipids was shown to be completely 
blocked by a particular lupus antibody with specificity for negatively charged phos- 
pholipids, supporting the notion that negatively charged phospholipids are impor- 
tant for the activation of prothrombin on the surface of platelets. Another argu- 
ment that has been forwarded to indicate that a membrane protein component 
would be required stems from studies with platelets from a patient with a mod- 
erately severe bleeding disorder, who had normal plasma coagulation factors and 
platelet factor V but prolonged clotting times in the presence of platelets [96]. This 
patient’s platelets showed abnormal binding of factor X, accompanied by lower 
factor X,-catalyzed prothrombin activation [97]. It remains unclear, however, why 
this would be caused by a deficiency of a certain membrane protein receptor, since 
these platelets have been shown to be equally impaired in their ability to promote 
the other ‘lipid-dependent’ reaction, i.e. factor X activation [142]. 

Involvement of phospholipid in platelet prothrombinase activity would require 
the presence of negatively charged phospholipids at the platelet outer surface. The 
major negatively charged phospholipid, phosphatidylserine, is predominantly con- 
fined to the cytoplasmic surface of the plasma membrane, although minor amounts 
of this lipid may be present in the exterior leaflet of the membrane [11,12,77,98]. 
We have demonstrated that prothrombinase activity in the presence of unstimu- 
lated platelets can be completely blocked by treatment of platelets with certain 
phospholipases using conditions where cell lysis is negligible [99]. Only those 
phospholipases that can exert their activity towards intact cells and are able to de- 
grade phosphatidylserine (i.e. phospholipase A2 from N .  nuju and bee venom), in- 
hibit platelet prothrombinase activity (Fig. 3). In contrast, phospholipases which 
cannot exert their action towards intact cells ( B .  cereus phospholipase C and C.  
adamanreus phospholipase A*), or attack the membrane but do  not degrade phos- 
phatidylserine (S. aureus sphingomyelinase), fail to produce any inhibition of 
platelet prothrombinase activity. Similarly, both phospholipase A2 from N .  nuju 
and bee venom also completely abolish factor X-converting activity of non-stim- 
ulated platelets [92]. Proteolytic pretreatment of platelets is, however, without ef- 
fect on both procoagulant activities. Since phospholipases have no effect on pro- 
thrombin and factor X activation in free solution, these observations strongly 
suggest that minor amounts of phosphatidylserine are implicated in the assembly 
of both complexes at the surface of unstimulated platelets. Therefore, there is at 
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Fig. 3 .  Prothrombinase activity of unstimulated platelets treated with different phospholipases. PL, 
phospholipase (PLC from C.  welchii produces cell lysis). 

present no necessity to postulate that prothrombin and factor X activation at the 
platelet surface would be essentially different from that at the surface of phospho- 
lipid vesicles. 

(b) Activity of stimulated plutelet 

It was originally proposed that platelet stimulation by thrombin was required to 
induce the high-affinity factor X,-binding sites at the outer surface [loo-1021. Ap- 
parently, this is due to release and activation of factor V from the platelets, thereby 
promoting the binding of factor X, to the outer surface. This requirement for 
platelet factor V was inferred from experiments showing that thrombin-stimulated 
platelets treated with an antibody to factor V as well as stimulated factor V-defi- 
cient platelets had decreased factor X, binding and factor X,-catalyzed prothrom- 
bin activation [103]. Activation of human platelets with thrombin expresses the 
same number of high-affinity binding sites for factor X, as unstimulated platelets 
to which exogenous factor V, is added. This strongly suggests that activation by 
thrombin does not result in the formation of new membrane domains that pro- 
mote assembly of the prothrombinase complex. Also, sufficient factor V is re- 
leased and activated to saturate factor X, binding [91]. In contrast, bovine plate- 
lets contain less factor V molecules than high-affinity sites for factor V, at the outer 
surface, and thrombin-induced release does therefore not saturate factor X, bind- 
ing unless exogenous factor V, is available [88,90]. 

It will be clear from the foregoing that platelets can be considered to provide a 
phospholipid-like surface to which factor V, binds thereby promoting high-affinity 
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TABLE 2 
Activated human platelets: procoagulant activity and functional binding sites 

Activator Prothrombin activation Factor X activation 

Rate Sites Rate Sites 

ADP (10 p,M) 36 2 670 2 920 
Thrombin (2 nM) 40 2 965 3 1200 
Collagen (10 pg/ml) 98 7 260 18 7 200 
Collagen + thrombin 352 26 090 47 18 800 
A23187 (1 pM) 793 58 780 94 37 600 
Diamide (5 mM) 356 26 390 45 18ooo 
Lysed platelets 1170 86 730 149 59 600 

For calculations consult Table 1 

binding of factor X,. The association constant of factor X, alone for platelets and 
phospholipids is at least 3 orders of magnitude less than that of factor V,, but fac- 
tor X, can be visualized to acquire high-affinity binding to a membrane surface due 
to its combined interaction with bound factor V, and negatively charged phospho- 
lipids. A similar situation can be imagined for the factor X-activating complex, i.e. 
factor VIII, and IX,. In order to establish whether platelets, activated by various 
stimulators, show increased functional binding of both complexes the effect of var- 
ious platelet activation procedures should be preferably compared at saturating 
concentrations of coagulation factors. This is particularly important for prothrom- 
binase, to make it independent from release and activation of factor V. Under these 
conditions, the activity of various stimulated platelet preparations has been com- 
pared in prothrombin and factor X activation [77,92,98,104] (Table 2). Relative to 
control platelets, stimulation by thrombin hardly shows a rise in activity. This is 
consistent with binding data from the literature [89,101] showing that thrombin ac- 
tivation does not significantly change the number of membrane sites that bind the 
factor X,-V, complex. Also, ADP, PAF, serotonin, epinephrine and arachidonic 
acid are without effect, but collagen produces a substantial (3-7-fold) increase in 
the capacity of platelets to stimulate prothrombin and factor X activation. Plate- 
lets stimulated by the combined action of collagen and thrombin promote a 10-fold 
increase in prothrombin activation and a 20-fold increase in factor X activation. 
Therefore, the effect of collagen alone may in fact be brought about by a combi- 
nation of collagen plus thrombin, since thrombin is rapidly formed in the pro- 
thrombiwse assay and is also present in the assay system to measure factor X ac- 
tivation because factor VIII has to  be activated by thrombin just before addition 
to the system. The most potent activation occurs with the non-physiological Ca- 
ionophore A23187, producing an activity increase in prothrombin and factor X ac- 
tivation which is twice as high as observed with collagen plus thrombin. Also 
diamide, an SH-oxidizing compound, stimulates platelets to become active in both 
procoagulant enzymatic reactions. In contrast to other activators, this occurs in the 
absence of release and aggregation. The highest increase in prothrombin and fac- 
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tor X activation is observed with completely lysed platelets, presumably repre- 
senting a situation where the maximal amount of procoagulant phospholipid is ex- 
posed to the coagulation factors. To test the notion that the procoagulant surface 
of activated platelets also has a ‘phospholipid-like’ nature, platelets were first stim- 
ulated with collagen plus thrombin and then treated with N. nuju phospholipase 
A, under conditions preventing significant cell lysis. Both prothrombin- and factor 
X-converting activities were almost completely abolished to values below those of 
unstimulated platelets. Since both activities were measured with saturating con- 
centrations of coagulation factors, the increase in enzymatic activity upon platelet 
stimulation is proportional to the increase in functional binding sites at the platelet 
surface (Table 2). Thus, the highest state of activation by physiological stimula- 
tors, i.e. collagen plus thrombin, would represent some 26000 binding sites for the 
complex of factors X, and V, and about 19000 sites for the complex of factors IX, 
and VIII,. These numbers are sufficiently close to suggest that similar sites partic- 
ipate in prothrombin and factor X activation, also since increase in platelet pro- 
thrombinase activity resulting from a certain activation procedure is accompanied 
by a similar increase in factor X-converting activity. It should be noted, that the 
binding sites can be considered to be associated with the cell surface since less than 
10% of the ‘procoagulant effect’ remained in the supernatant after centrifuging ac- 
tivated platelets at 7000 X g for 5 min. 

At first sight, it may look surprising that simultaneous (or sequential) platelet 
activation by two of the most potent stimulants is required to evoke maximal pro- 
coagulant activity. This situation, however, is not particularly unphysiological since 
combined triggering of platelets is likely to occur in situ. Upon vessel wall injury 
platelets will be activated by subendothelial collagen and traces of thrombin formed 
early in the hemostatic process; in fact, it can hardly be imagined that platelet ac- 
tivation in situ would occur with one single activator only. As required for the in- 
duction of platelet release and aggregation, it is essential that platelets are stirred 
during the activation procedure to evoke procoagulant activity [92]. Moreover, ex- 
tracellular Ca2+ is required and no procoagulant activity is produced in the pres- 
ence of calcium channel blockers dilthiazem and verapamil [ 1051. It is also of in- 
terest that platelets treated with prostacyclin or dibutyryl-CAMP lose their capability 
to become procoagulant when treated with collagen plus thrombin [ 1061. Aspirin, 
however, does not inhibit indicating that thromboxane A2 formation is not an es- 
sential requirement for the generation of a procoagulant lipid surface. The two types 
of arterial wall collagens, i.e. collagen type I and type 111, are equally effective in 
combination with thrombin. The effect of collagen can be completely abolished by 
a collagen-derived octapeptide [ 1071, in that the activity of collagen-plus-throm- 
bin-activated platelets is reduced to that of thrombin-activated platelets [ 1051. For 
the activation by collagen plus thrombin it is also essential that the active center 
of thrombin is not blocked. DIP-thrombin binds to platelets with the same affinity 
and number of, binding sites as thrombin [log]. However, no procoagulant activity 
is produced above the level of collagen alone when collagen plus thrombin is re- 
placed by collagen plus DIP-thrombin [105]. In combination with collagen, throm- 
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bin can be replaced, however, by y-thrombin, trypsin or a-clostripain without sig- 
nificant loss in the extent of generating procoagulant activity. These enzymes have 
in common with thrombin that they split glycoprotein V at the platelet outer sur- 
face [4], suggesting that this event is a prerequisite (in combination with platelet 
binding to collagen) for the generation of a procoagulant surface. Indeed, when 
collagen plus thrombin is replaced by collagen plus enzymes with different sub- 
strate specificity, such as chymotrypsin, thermolysin and pronase, no procoagulant 
activity above that observed with collagen alone is generated. 

4.  Membrane phenomena in relation to platelet procoagulant activity 

Although the platelet plasma membrane has many functions in common with 
plasma membranes of other cell types, it also performs a number of functions with 
regard to platelet hemostatic activities. An important part of this concerns its in- 
teraction with coagulation factors resulting in increased complex formation ensur- 
ing rapid generation of thrombin. It is very likely that membrane phospholipids 
actively participate in this process, while platelet activation by certain stimulants 
seems to improve the hemostatic performance of the plasma membrane. It is ob- 
vious that this phenomenon implies structural reorganization of membrane archi- 
tecture, not only in its phospholipid complement but presumably also in its protein 
part since lipid organization in biological membranes is considered to be governed 
by membrane proteins. In this section, a number of membrane phenomena rele- 
vant for platelet procoagulant activities will be discussed. 

(a) Intact versus lysed cells 

Maximal exposure of procoagulant (i.e. negatively charged) phospholipid is ob- 
viously attained when platelets are completely lysed either by freezing and thaw- 
ing or by sonication. This is reflected in maximal prothrombin- and factor X-con- 
verting activities of the platelet preparations (see Table 2). Moreover, when 
platelets are gradually disrupted by sonication at limited output of the sonifier, the 
loss of cytoplasmic lactate dehydrogenase to the supernatant runs in parallel with 
the increase in both procoagulant activities [ 1041. This strongly suggests that only 
limited amounts of negatively charged phospholipids at the outer surface of intact 
unstimulated platelets are available for interaction with coagulation factors, while 
disturbance of the membrane permeability barrier exposing the inner leaflet of the 
plasma membrane (as well as intracellular membranes) unmasks the majority of 
procoagulant phospholipid. The conspicuous difference in procoagulant activity 
between intact and lysed platelets is not at all specific for platelets. Table 3 shows 
a comparison of the capacity of intact and lysed blood cell preparations, as well as 
their phospholipid extracts, to promote prothrombinase activity under conditions 
where total phospholipid concentration is the same in each preparation. A dra- 
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TABLE 3 

Activity of blood cells and their lipids in thrombin formation by factor X, in the presence of factor V, 
and calcium 

Rate of thrombin formation 
(nM/min) 

Intact Lysed Phospholipid 
cells cells extract 

Platelets 34 1170 1153 

Leukocytes 8 910 1172 
Endothelial 11 1056 1130 

Phospholipid concentration is 1 pM in all cases, corresponding to 5x 106 platelets/ml. 

Erythrocytes 12 1137 1151 

matic increase in the rate of thrombin formation is observed when the different 
blood cells are ruptured, and no significant differences are apparent between the 
different cells. Moreover, prothrombinase activity of lysed cells equals that of their 
lipid extracts suggesting that no components other than phospholipids are respon- 
sible for this effect. Both in platelets and in red cells, negatively charged phos- 
pholipids (phosphatidylserine and phosphatidylinositol) are almost absent from the 
outer leaflet of the plasma membrane [ll-14,109,110]. This can easily explain the 
large difference in prothrombinase activity between intact and lysed cells. The 
similar behavior of leukocytes and endothelial cells strongly suggests that nega- 
tively charged phospholipids are predominantly confined to the cytoplasmic leaflet 
of the plasma membrane and to the subcellular organelles of these cells. There- 
fore, the asymmetric phospholipid distribution as observed for red cells and plate- 
lets may be uniformly present in all blood cells, and cells lining the vessel wall. 
Such a situation can be imagined to serve a physiological function in avoiding 
thrombosis and regulating hemostasis. 

The relatively small activity of (unstimulated) intact cells may be real but might 
just as well result from minor cell lysis due to handling of the preparations in vitro. 
Considering that the prothrombinase activity in the presence of intact red cells, 
leukocytes and endothelial cells is some 100 times smaller than in the presence of 
the respective lysed cell preparations, activity of intact cells could be easily pro- 
duced by 1% of the cell population being lysed. The activity of intact platelets is 
3 4  times higher than that of other cell preparations. Since measurements of lac- 
tate dehydrogenase in the supernatant suggest cell lysis to be less than 1%, activity 
should be attributed to small amounts of phosphatidylserine already present at the 
exterior face of the plasma membrane. From a physiological point of view it can 
be imagined that the presence of procoagulant sites on unstimulated platelets would 
represent a situation with potential risk for undesired clotting. This raises the in- 
triguing question of whether activity of unstimulated platelets, in as far as it can- 
not be explained by minor cell lysis, would originate from a minor fraction of 
platelets that has been activated in the circulation just prior to drawing the blood. 
Indeed, activated platelets in the circulation have been detected by measuring the 
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extent of degranulation reflected in a decrease of buoyant density of the platelets, 
and increased levels of less dense platelets were shown to occur after cardiopul- 
monary bypass [ 11 11. 

(b) Reorientation of membrane phospholipids 

The importance of platelet lipids in the hemostatic properties of these cells has 
evoked an interest in possible alterations in exposure of phospholipids at the outer 
surface during platelet activation. Two inherent difficulties accompany the deter- 
mination of the orientation of the membrane phospholipids in activated platelets. 
First, aggregation of platelets results in intimate platelet-platelet contact and may 
therefore reduce the amount of outer surface accessible for the probing agent. 
Second, fusion of granular membranes with the plasma membrane during the re- 
lease reaction will increase the amount of phospholipids in the surface membrane 
or may even alter its phospholipid composition. This imposes certain limitations 
as to the accuracy with which the total amount of phospholipid exposed at the outer 
surface can be measured. Therefore, the best one can say is that the lipids which 
are available for a non-permeable probing agent at the outside of intact activated 
platelets are (at least temporarily) located at the outer surface, but the location of 
the lipids that do not react remains uncertain. The first indication for an alteration 
in phospholipid orientation in activated platelets was obtained by comparing the 
reaction of the non-permeable probe TNBS on thrombin-activated and control 
platelets [112]. In activated platelet preparations, some 25% of the phospha- 
tidylethanolamine could be labeled being twice as much as observed with unacti- 
vated platelets. No labeling of phosphatidylserine could be detected, either in 
thrombin-activated or in control platelets. The main disadvantage of using probes 
such as TNBS is that the reaction is generally slow, incomplete, and limited to 
aminophospholipid. The use of phospholipases as tools to probe the phospholipid 

TABLE 4 

Composition of phospholipid fractions hydrolyzed by phospholipase A, and sphingomyelinase treat- 
ment of activated human platelets 

Unactivated Activated by 

Thrombin Collagen Collagen + Diamide A23187 
thrombin 

~~ 

PS 2.4 4.9 6.0 11.2 13.4 12.6 
PC 31.0 39.3 41.4 33.9 39.0 29.5 
PE 9.5 15.5 17.0 36.0 25.8 35.8 
SM 57.1 40.2 35.6 18.7 21.7 22.0 
Hydrolyzed fraction 

as % of total 
phospholipid 21 32 34 44 39 65 

Values are expressed as percentage of the hydrolyzed fraction. PS, phosphatidylserine; PC, phospha- 
tidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin. 
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orientation in biological membranes has the advantage over chemical reagents that 
a proper combination of them can in principle react with all phospholipid classes, 
and that reaction goes to completion. Although there are numerous pitfalls using 
phospholipases in sidedness studies (113,1141, it appears possible to obtain de- 
tailed information on the outer surface orientation of phospholipids in a variety of 
activated platelets (98,1151. Table 4 shows the maximal attainable amount, as well 
as the composition, of the phospholipids that can be degraded by treatment of ac- 
tivated platelets with a mixture of sphingomyelinase and phospholipase A,, in the 
absence of or prior to the onset of cell lysis [98]. With control platelets, some 21% 
of the total phospholipids can be hydrolyzed in the absence of cell lysis, repre- 
senting the phospholipid fraction in the external leaflet of the plasma membrane. 
This fraction is mainly composed of choline-phospholipids, sphingomyelin and 
phosphatidylcholine, whereas the exposure of aminophospholipids (particularly 
phosphatidylserine) is limited. Activation of platelets by collagen or by thrombin 
prior to addition of phospholipases results in 32-35% of phospholipid hydrolysis. 
Relative to unactivated platelets, the surface-exposed fraction is somewhat less rich 
in sphingomyelin and this decrease is mainly compensated by an increase in phos- 
phatidylethanolamine and phosphatidylcholine. It is difficult to ascertain whether 
or not phosphatidylserine is also increased in thrombin- or collagen-activated 
platelets, since for unknown reasons relatively large standard deviations are ob- 
served. Activation of platelets by a mixture of collagen plus thrombin, however, 
produces a quite different phospholipid pattern that is susceptible to exogenous 
phospholipases. The hydrolyzed phospholipid fraction shows a sharp increase in 
phosphatidylserine and phosphatidylethanolamine and a remarkable decrease in 
sphingomyelin. A very similar phenomenon is observed when platelets treated by 
diamide or by Ca-ionophore A23187 are subjected to treatment with phospholi- 
pases. Remarkably, some 65% of the phospholipids of ionophore-treated platelets 
can be degraded prior to the onset of cell lysis. As extensively discussed in ref. 98, 
the changes in phospholipid composition of the outer membrane leaflet of plate- 
lets activated by thrombin or collagen are mainly caused by the secretory event 
(release reaction), which involves fusion of granular membranes with the plasma 
membrane. On the other hand, the increased surface exposure of phosphatidyl- 
serine accompanied with a decreased exposure of sphingomyelin in platelets acti- 
vated by collagen plus thrombin, diamide, or ionophore, presumably results from 
an induced transbilayer movement of phospholipids as a result of the activation 
procedure. 

(c )  Significance of ultered phospholipid orientation 

Since phosphatidylserine is the majoraegatively charged phospholipid in plate- 
let membranes, its increased localization in the exterior half of the platelet plasma 
membrane can be expected to improve the procoagulant properties of platelets. 
From the data in Table 4, the percentage of total phosphatidylserine exposed at 
the exterior surface of platelets activated by various means can be calculated, and 
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compared with the prothrombinase activity of the respective platelet preparations. 
As shown in Fig. 4, unstimulated platelets have little phosphatidylserine exposed 
at their outer surface, and this is reflected in the relatively poor capacity of resting 
platelets to stimulate the formation of thrombin by factors X, and V, in the pres- 
ence of calcium. Depending on the activation procedure, platelets expose different 
amounts of phosphatidylserine at the outer surface, and the more phosphatidyl- 
serine they expose the higher is their capacity to stimulate prothrombinase activ- 
ity. It should be realized, however, that the procoagulant activity of a membrane 
phospholipid surface is not solely dependent on the concentration of negatively 
charged phospholipid. The relationship is extremely complicated, and certainly 
depends on the nature of neutral phospholipids present in the membrane surface. 
It is obvious from Table 4 that an increase of phosphatidylserine in the outer leaf- 
let is not the only result of platelet activation, but that this process is also accom- 
panied by a drastic change in the phospholipid composition of this leaflet. Besides 
a rise in phosphatidylserine, there is also a considerable increase in phosphatidyl- 
ethanolamine and a dramatic decrease in sphingomyelin, while phosphatidylcho- 
line remains relatively constant. Reducing the content of sphingomyelin in the outer 
surface may indirectly contribute to the expression of procoagulant activity by 
negatively charged phospholipids. For example, when the prothrombinase activity 
of artificial lipid vesicles containing 10% of phosphatidylserine and 90% of cho- 
line-phospholipid is measured under the conditions used for platelets, the rate of 
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Fig. 4. Correlation between exposure of phosphatidylserine and prothrombinase activity of human 
platelets (contr., unstirnulated platelet). 

Fig. 5. Prothrornbinase activity as function of the sphingomye1in:phosphatidylcholine ratio in phos- 
phatidylserine-containing vesicles. Vesicle composition = 90 mole% (sphingomyelin (Sph) + phos- 
phatidylcholine (PC)). 10 mole% phosphatidylserine, with or without 50 mole% cholesterol. 
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thrombin formation strongly depends on the ratio of sphingomyelin to phospha- 
tidylcholine in these vesicles (Fig. 5). Vesicles which only contain sphingomyelin 
in addition to phosphatidylserine are much less active than vesicles in which sphin- 
gomyelin is replaced by phosphatidylcholine. Also, addition of cholesterol which 
is a naturally occurring lipid with a high affinity for sphingomyelin [116] does not 
influence this effect. Therefore, the relationship between platelet prothrombinase 
activity and surface-oriented phosphatidylserine as shown in Fig. 4 is an over-sim- 
plification, though demonstrating the relative importance of this effect. The de- 
creased exposure of sphingomyelin can be expected to favor the expression of pro- 
coagulant activity by negatively charged phospholipids. In addition, the increased 
exposure of phosphatidylethanolamine might also have an influence on the pro- 
coagulant properties of the platelet outer surface [ 131. Phosphatidylethanolamine 
by itself does not stimulate prothrombin or factor X activation, but can modulate 
the procoagulant activity of negatively charged phospholipids. 

(d)  Membranes of pathological platelets 

The ability of platelets to alter their membrane phospholipid orientation upon 
platelet activation, can be expected to require the participation of other platelet 
(membrane) components or certain activation phenomena. In this respect, the be- 
havior of a number of different pathological platelets is of interest, since most of 
these are known to be based on molecular or structural defects. In Table 5, pro- 
thrombinase activity of a number of pathological platelets is compared, before and 
after activation by collagen plus thrombin. Experiments were carried out using 
saturating amounts of coagulation factors in order to make the reaction independ- 

TABLE 5 

Prothrombinase activity of pathological platelets 

Platelet abnormality Prothrombinase activity/106 plateletslml 
(nM IIJmin) 

Non-stimulated Stimulated by collagen 
olus thrombin 

Normal None 2-7 53-89 
(n=13) 

(n=5) 

(n=3) 

(n=3) 

Thrombasthenia GP IIb-111 deficient 3-9 

Gray platelet &-Granule deficient 0.1-8 

Hermansky-Pudlak &Bodies deficient 2-5 

Bernard-Soulier GPIb (GPV) deficient 26-83 

42-78 

67-145 

37-67 

1 17-232 
(n=5) 

Activity given as range. 
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ent of release and activation of factor V. It is evident that platelets from storage 
pool deficiencies (i.e. gray platelet and Hermansky-Pudlak syndrome) exhibit a 
normal behavior with respect to prothrombinase activity. This can be taken to in- 
dicate that the release reaction is not a prerequisite for the exposure of a procoa- 
gulant lipid surface to occur at the exterior of the platelet membrane. This is con- 
sistent with the notion outlined earlier [98], that negatively charged 
phosphatidylserine is not brought to the outer surface as a result of the secretory 
event, which involves fusion between subcellular and plasma membranes. Since 
intracellular membranes of platelets do contain phosphatidylserine [ 1171, this would 
imply that its location is restricted to the outer leaflet (i.e. cytoplasmic surface) of 
the granule membrane, which remains cytoplasmically oriented after the fusion 
process. Besides release, also platelet aggregation does not seem to be required 
for inducing a procoagulant surface. Platelets obtained from patients with Glanz- 
mann’s thrombasthenia fail to aggregate upon addition of collagen plus thrombin, 
but apart from normal release they exhibit a similar increase in prothrombinase 
activity as observed with normal platelets. Since these platelets show partial or 
complete deficiencies in membrane glycoproteins IIb and 111 [40,41], the involve- 
ment of these proteins in mediating transbilayer movement of phospholipids in 
platelet membranes can be excluded. On the other hand, platelets from patients 
with Bernard-Soulier syndrome exhibit a quite deviating behavior regarding their 
prothrombinase activity. In the unstimulated form, they are some 10 times more 
active than normal platelets. Stimulation by collagen plus thrombin produces some 
3-fold increase in prothrombinase activity to reach levels that are somewhat higher 
than those obtained with activated normal platelets. Bernard-Soulier platelets have 
a characteristic deficiency of glycoprotein Ib [40,41], while deficiencies of glyco- 
protein V have also been reported [118]. In addition, they have an abnormally large 
size which may point to defects in cytoskeletal organization. It is also of interest 
that Bernard-Soulier platelets have been reported to display an abnormal phos- 
pholipid sidedness in their plasma membrane [ 1191. Without activation, the pro- 
portion of phosphatidylserine and phosphatidylethanolamine in the outer leaflet of 
the plasma membrane is increased at the expense of sphingomyelin. This situation 
markedly resembles the altered phospholipid orientation in activated normal 
platelets, and may in fact explain why unstimulated Bernard-Soulier platelets ex- 
hibit an increased prothrombinase activity. It remains to be established whether 
this is related to a genuine disturbance of membrane asymmetry, or to a partly 
activated state of the platelets induced during circulation due to an increased sus- 
ceptibility towards activators. 

(e) Possible mechanisms of phosphatidylserine exposure 

Three distinct possibilities should be considered which can explain the increased 
availability of aminophospholipids at the exterior surface of activated platelets. 
First, aminophospholipids may be already present in considerable amounts at the 
outer surface of unstimulated platelets but they are segregated in distinct pools, 
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e.g. shielded by interaction with certain membrane proteins, making them un- 
available for chemical probes and phospholipases, as well as for interaction with 
coagulation factors. Non-reactivity of phospholipids at the outer surface towards 
phospholipases has been observed for mycoplasma hominis, but shielding was 
abolished after pretreatment with proteolytic enzymes [ 1201. However, proteolytic 
treatment of platelets does not increase the availability of phosphatidylserine for 
chemical probes [112]. Moreover, close to half of the plasma membrane phospho- 
lipids can be attacked by treatment of intact platelets with a suitable combination 
of phospholipases. This suggests but does not prove that, in analogy to erythro- 
cytes, phosphatidylserine is virtually absent from the membrane exterior of resting 
platelets. Secondly, aminophospholipids might be brought to  the cell surface dur- 
ing membrane fusion accompanying platelet release reaction. As discussed above, 
this mechanism may be operative for the increased exposure of phospha- 
tidylethanolamine (e.g. after thrombin stimulation), but does not explain why 
phosphatidylserine appears to a significant extent at the outer surface when plate- 
lets are activated by a mixture of collagen and thrombin. Thirdly, the increased 
exposure of phosphatidylserine results from an increased transbilayer mobility of 
phospholipids. This may tend to a more random distribution of phospholipids and 
would therefore explain why increased availability of phosphatidylserine at the outer 
surface is accompanied by a decrease in sphingomyelin, since these two lipids have 
the most asymmetric orientation in resting platelets. 

It is becoming increasingly obvious that flip-flop of phospholipids, the process 
whereby lipids move from one monolayer of the membrane to the other, can occur 
at significant rates when irregularities in the bilayer structure occur [121]. In ar- 
tificial bilayer vesicles, transbilayer movement can be induced by introducing dif- 
ferent physical properties between outer and inner monolayer, by insertion of bi- 
layer-spanning proteins, and by triggering the formation of non-bilayer 
arrangements in the lipid bilayer. In addition, increased transbilayer movement of 
phospholipids in red cell membranes has been shown to occur when cytoskeletal 
organization becomes disturbed [ 122-1241. We have obtained some evidence that 
formation of non-bilayer structures as well as changes in cytoskeleton formation 
upon platelet activation might be involved in phospholipid flip-flop across the 
plasma membranes. 

(i) Formation of non-bilayer structures 
It has been known for many years that hydrated lipids can adopt a variety of 

phases in addition to the bilayer phase [125]. Also, certain lipids do not accom- 
modate easily to the bilayer structure and tend to adopt non-bilayer arrangements 
within the bilayer [126]. These structures have been demonstrated using 31P-NMR 
and freeze-fracture electron microscopy, and include cylindrical hexagonal phases 
as well as its limiting case, the inverted lipid micelle. In particular, lipids which are 
cone-shaped with the polar head group at the smaller end of the cone tend to form 
hexagonal structures with the polar head group inside. Examples of these are 
phosphatidylethanolamine, phosphatidic acid and (monoglucosy1)diglycerides. It 
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Fig. 6. Prothrombinase activity of platelets and erythrocytes and exposure of phosphatidylserine dur- 
ing treatment with C. welchii phospholipase C. DG, diacylglycerol; PA, phosphatidic acid; PS, phos- 
phatidylserine. 

has been shown both for red cells [127] and platelets [128], that introduction of 
diglycerides in the membrane by the action of exogenously added phospholipase 
C from C. welchii results in the formation of phosphatidic acid. This suggests a 
transbilayer movement of diglycerides to the inner aspect of the membrane where 
diglyceride kinase and ATP are available. Treatment of platelets with this phos- 
pholipase also elicits release and aggregation, and eventually leads to lysis of the 
cells [129]. However, using a particular combination of phospholipases, it could be 
demonstrated that before the onset of lysis substantial amounts of phosphatidyl- 
serine appear at the external surface [130]. This phenomenon is accompanied by 
a strongly increased ability of these platelets to promote thrombin formation in the 
presence of factors X,, V,, and calcium (Fig. 6). Remarkably, this behavior does 
not seem to be restricted to platelets. Treatment of red cells with this phospholi- 
pase C also leads to exposure of phosphatidylserine and these cells also acquire 
the property of stimulating prothrombinase activity. The amount of negatively 
charged phosphatidic acid formed during these incubations amounts to 2 4 %  (of 
total phospholipid) and this is too low to account for the observed prothrombinase 
activity. It is, however, of the same order as formed in activated platelets resulting 
from triggering of the phosphatidylinositol cycle [131,132]. The initial steps of this 
cycle are the conversion of phosphatidylinositol into diglyceride by an endogenous 
phospholipase C ,  followed by a phosphorylation catalyzed by diglyceride kinase to 
form phosphatidic acid. It is conceivable that triggering of the phosphatidylinositol 
cycle may, under certain conditions, produce threshold concentrations of digly- 
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ceride and phosphatidic acid, required to introduce non-bilayer arrangements in 
the membrane bilayer. These may perturb bilayer structure and form a locus for 
increased transbilayer mobility of phospholipids, leading to increased exposure of 
phosphatidylserine in the outer membrane leaflet. 

(ii) Involvement of cytoskeletal proteins 
There is increasing consensus in the literature that the membrane cytoskeleton 

plays a role in the maintenance of phospholipid asymmetry in biological mem- 
branes, particularly in the red cell membrane (see ref. 124 for a review). There- 
fore, loss of membrane phospholipid asymmetry can be suspected to be preceded 
or accompanied by alterations in the architecture of cytoskeletal proteins. The first 

Fig. 7.  Protein patterns of activated platelets in SDS-PAGE. Lane 1 ,  unactivated platelet. Other lanes 
are from platelets activated by: 2, collagen; 3, thrombin; 4, collagen plus thrombin; 5,  ionophore A23187; 
6, ADP. 
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indication of the involvement of the cytoskeleton in phospholipid asymmetry was 
obtained from treatment of red cells with SH-oxidizing agents like diamide or te- 
trathionate [133]. Inner layer phospholipids became able to move to the outer 
leaflet upon oxidation of spectrin SH groups to disulfide bonds, which is paralleled 
by cross-linking of spectrin to form oligomers. As a result, an increased exposure 
of phosphatidylserine at the outer surface was demonstrated, while phospha- 
tidylethanolamine even exhibited a random distribution over the two layers. 
Treatment of platelets with diamide also results in extensive polymerization of cy- 
toskeletal proteins, particularly actin-binding protein (ABP), myosin and actin 
[ 134,1351. This process is also accompanied by increased exposure of aminophos- 
pholipids, formerly present in the internal leaflet of the membrane [98]. Apart from 
polymerization, hydrolysis of ABP in platelets is known to occur by endogenous 
calcium-dependent protease upon treatment of platelets with calcium ionophore 
A23187 in the presence of exogenous calcium chloride [136]. In this respect it is 
of interest that the extent of proteolysis of ABP upon platelet activation seems to 
correlate with the extent of exposure of phosphatidylserine at  the platelet outer 
surface. As shown in Fig. 7, virtually complete hydrolysis of ABP is apparent when 
platelets plus exogenous CaCI, are treated with A23187, while partial degradation 
occurs upon platelet activation with a mixture of collagen and thrombin. Activa- 
tion by collagen alone produces minor conversion of ABP, whereas thrombin ac- 
tivation is without effect on ABP hydrolysis. As shown above (Fig. 4), exposure 
of phosphatidylserine and concomitant platelet prothrombinase activity decrease 
in parallel with these series of platelet activation procedures. Moreover, when 
platelets are activated by collagen plus thrombin in the presence of calcium chan- 
nel blockers dilthazem or verapamil no hydrolysis of ABP occurs, and, as men- 
tioned before, no platelet prothrombinase activity is induced. This suggests that 
those platelet activation procedures which provoke transbilayer movement of 
phosphatidylserine require sufficient influx of calcium ions to activate calcium-de- 
pendent protease which subsequently degrades ABP. 

It is interesting to note that ABP in platelets serves a similar function as spectrin 
in erythrocytes. Both proteins interact with F-actin, undergo reversible phospho- 
rylation, and anti-spectrin antibodies cross-react with actin-binding proteins of dif- 
ferent cells [137]. Spectrin has been shown to interact preferentially with nega- 
tively charged phospholipids like phosphatidylserine [ 138,1391. This interaction has 
been proposed to contribute to maintaining the cytoplasmic orientntion of this lipid, 
since cross-linking of spectrin [133] or detachment from the membrane [140,141] 
allows phosphatidylserine to migrate to the outer leaflet. Whether or not induction 
of transmembrane movement of phospholipids upon degradation (or polymeriza- 
tion) of actin-binding protein occurs with a similar mechanism awaits further in- 
vestigation. 
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CHAPTER 7 

Fibrinogen, fibrin and factor XI11 
AGNES HENSCHEN and JAN McDONAGH 

Max-Planck-lnstitut fur  Biochernie, 0-8033 Martinsried bei Miinchen (F.  R .  G.), 
and Beth Israel Hospital, 330 Brooklyn Avenue, Boston, M A  02215 ( U . S . A . )  

I. Fibrinogen and fibrin 

(a) Introduction 

The importance of blood coagulation was recognized already several thousand 
years ago, and blood and blood flow were considered as essential for life. Hip- 
pocrates and Aristotle taught that all life processes take place in the blood, and 
one specific blood clot component which now can be identified as fibrin was indeed 
regarded as the symbol for one of the 4 elements, the ‘water’ or ‘phlegm’. The 
amount of ‘phlegm’ in a patient’s blood was of central medical diagnostic impor- 
tance for about 2000 years. 

100-150 years ago relatively pure preparations of the fibrous material from blood 
clots, now named fibrin, and its precursor from unclotted blood were analyzed by 
several scientists. Berzelius proposed the word protein first for fibrin. A soluble 
form of fibrin was named fibrinogen by Virchow. 

(b)  Occurrence and function 

Fibrinogen is a blood plasma protein. It may be defined as the protein which 
induced by the action of the enzyme thrombin is converted into an insoluble gel 
or clot, called fibrin. Fibrinogen exists in free form in the blood, but thrombin is 
normally present as its inactive precursor prothrombin. 

The fibrinogen-fibrin conversion proceeds in several steps. The first part of the 
reaction consists in the thrombin-catalyzed proteolytic cleavage of the fibrinogen 
molecule whereby a soluble fibrin monomer and low-molecular-weight peptides, 
called fibrinopeptides A and B, are formed. The second part of the reaction con- 
sists in a spontaneous polymerization of the monomers into the insoluble fibrin gel. 
The fibrin polymer may then be stabilized by a few covalent crosslinks, introduced 
by another enzyme, factor XIII,. 
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Fibrinogen thrombin fibrin monomer + fibrinopeptides 

Fibrin monomer - fibrin polymer 

Fibrin polymer factor '''5 crosslinked fibrin polymer 

The fibrin gel, in non-crosslinked or crosslinked form, may be dissolved again 
and fibrinogen can become unclottable by proteolytic cleavage. Many proteases are 
able to degrade fibrinogen and fibrin; of special importance is the effect of plas- 
min, which is present in blood in the form of its inactive precursor plasminogen. 

Blood plasma fibrinogen is synthesized in the parenchymal cells of the liver. Fi- 
brinogen occurs, however, also in the platelets, and this form of the protein seems 
to be synthesized in the megakaryocytes of the bone marrow. 

It is generally assumed that the most important biological function of fibrinogen 
is to clot and thereby form a bamer against blood leakage through a damaged blood 
vessel wall, the fibrin clot acting as a network retaining blood cells and certain 
plasma proteins. Fibrinogen and fibrin play, however, significant roles in many other 
physiological and pathological processes. The fibrin framework is believed to sup- 
port fibroblast proliferation during wound healing. The function of fibrinogen is 

TABLE 1 

Identified and predicted functional sites in fibrinogen 

Intrinsic sites 
Thrombin cleavage 
Polymerization 
Crosslinking 
Plasmin cleavage 

Protein interaction or binding sires 
Thrombin 
Factor XI11 
Plasmin(ogen) 
Plasminogen activators 
Fibronectin 
a,-Antiplasmin 
Thrombospondin 
Collagen 
(Calcium and other metal ions) 

Cell interaction or binding sites 
Platelets 
Erythrocytes 
Monocytes 
Macrophages 
Endothelial cells 
Fibroblasts 
Staphylococci, Streptococci 
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also assumed to be related to tumor metastasis, and as it belongs to the group of 
acute-phase proteins it may be involved in the defence mechanisms. 

The fibrin(ogen) molecules interact specifically with each other during coagu- 
lation and equally specifically with a large number of other proteins and cells dur- 
ing the execution of various functions. All these interactions must be governed by 
the structures of numerous functional sites. A tentative list of such sites is given 
in Table 1. Some of these sites have been well identified on the molecular level, 
others have so far been elusive. 

Fibrinogen has even during the past few years been the subject of some reviews 
[ 1-41 and several international conferences devoted to fibrinogen have been pub- 
lished [5-91. 

(c) Assay 

A large number of assay methods for fibrinogen, fibrin and their degradation 
products have been described in the literature and a wide range of properties of 
these proteins have been utilized for the tests. The fibrinogen assay methods are 
in most cases based upon one of the following determination principles: coagula- 
tion time or velocity, and amount of coagulable protein or specifically precipitable 
protein or specifically immunoreactive protein. Problems may be encountered with 
most methods when the fibrinogen concentration is low or when fibrin(ogen) deg- 
radation products or certain abnormal plasma components are present. 

In the classical coagulation time method of Clauss [lo] large amounts of throm- 
bin are added to diluted plasma; in this way the interference by various inhibitors 
is minimized. Instead of clotting time the velocity of clotting may be measured, 
e.g. photometrically [ l l ] .  

The amount of coagulable protein is measured, after addition of a thrombic en- 
zyme and separation of the fibrin clot, by quantitation of the protein in the clot. 
This is achieved by dissolving the clot and determining the tyrosine content col- 
orimetrically according to Ratnoff and Menzie [ 121 or the ultraviolet absorption 
according to Blomback [ 131. 

The fact that fibrinogen will precipitate specifically from a solution when it is 
heated to 52-58°C for a few minutes was known already 100 years ago (quoted in 
[14]). The method is still regarded as useful. The precipitate may be quantitated 
nephelometrically or turbidimetrically [ 151. 

A great variety of immunological fibrinogen assays have been developed, such 
as radial immunodiffusion, ‘rocket’ immunoelectrophoresis, latex agglutination, 
immunturbimetric measurement [ 161 and radioimmunoassay (see also under Sec- 
tion lp,  Antibodies). 

For fibrin and fibrin(ogen) degradation products special assays are available. Fi- 
brin and higher-molecular-mass degradation products can be selectively precipi- 
tated by means of the ethanol gelation [17] and the protamine sulfate precipitation 
[18] tests. In the staphylococcal clumping test fibrin(ogen) and degradation prod- 
ucts will precipitate [ 191. Highly specific radioimmunoassays may be employed to 
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differentiate among fibrinogen and its various products (see under Section lp ,  An- 
tibodies). An extensive review of assay methods has appeared in 1977 [20]. 

(d)  Purification 

The concentration of fibrinogen in blood plasma is 2-4 g/l. It is a euglobulin and 
one of the least soluble plasma proteins. Purification methods have mainly been 
based on the low solubility, the isoelectric point or the affinity for immobilized fi- 
brin. 

Fibrinogen can be precipitated by many salts, amino acids and alcohols. It is 
particularly insoluble at lower temperature. In the now classical large-scale prep- 
aration method of Cohn et al. [21] fibrinogen is precipitated by cold ethanol. In 
the modification of Blomback and Blomback [14] the characteristically low solu- 
bility in the presence of glycine is utilized. Glycine alone was employed by Kazal 
et al. [22] and palanine by Straughn and Wagner [23]. Several procedures in which 
fibrinogen is precipitated by ammonium sulfate [24], low pH [25], polyethylene 
glycol [26] or freeze-thawing (271 have been described. In some instances fibrin- 
ogen subfractions with increased solubility could be isolated, the heterogeneity 
seeming to be due to proteolytic degradation [28-311. 

Anion-exchange chromatography methods for fibrinogen purification are of spe- 
cial importance for the separation of fibrinogen subfractions which differ in charge 
[32]. By means of DEAE-cellulose [32,33] or -Sephacel [34] chromatography fi- 
brinogens containing peptide chain variants could be isolated (see under Section 
In,  Normal variants). A simple method for the purification of small amounts of 
fibrinogen has been developed; first the group of proteins of similar size as fibrin- 
ogen are fractionated out by gel filtration chromatography and then fibrinogen is 
isolated from this group by anion-exchange chromatography [35]. 

Fibrinogen may be highly selectively purified from plasma by means of affinity 
chromatography on immobilized fibrin, as described by Heene, Matthias and co- 
workers [36,37]. The column material is prepared by first coupling fibrinogen to 
cyanogen bromide-activated agarose, and then modifying the insolubilized fibrin- 
ogen by thrombin digestion or urea denaturation. The affinity of fibrinogen for this 
material is due to the same type of specific interaction as between fibrin molecules 
during polymerization (see under Section lh ,  Polymerization). Subfractions with 
different molecular mass may be contained in the adsorbed fibrinogen [37,38]. A 
related method is being developed in which the affinity to Gly-Pro-Arg-Pro-agarose 
instead of fibrin-agarose is exploited [39], Gly-Pro-Arg corresponding to one of 
the fibrin polymerization sites. 

Additional types of affinity chromatography for fibrinogen have been described. 
Here, ristocetin-agarose 1491 and anti-fibrinogen-antibody-agarose [41] were em- 
ployed as column material. 

Many of the fibrinogen purification methods are connected with two types of 
problems, the contamination of the end product with proteins having affinity for 
fibrinogen and the heterogeneity of the end product. Plasma proteins with affinity 
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for fibrinogen and which influence the quality of the preparation are: prothrom- 
bin, factor XIII, plasminogen and fibronectin. The activity of prothrombin may be 
removed by adsorption to barium sulfate [ 2 2 ] ,  that of factor XI11 by inactivation 
with a sulfhydryl-reactive reagent (see under Section 2, Factor XIII), that of plas- 
minogen by affinity chromatography on lysine-agarose [42] and that of fibronectin 
by affinity chromatography on gelatine-agarose [43]. The heterogeneity of fibrin- 
ogen preparations is due to the fact that fibrin monomers and higher-molecular- 
mass degradation products of fibrin(ogen) often will be co-purified as their solu- 
bilities, charges or affinities may be related or because they have affinity for fibrin- 
ogen. 

(e) Molecular shape and physicochemical properties 

The molecular mass of fibrinogen has been calculated from sedimentation dif- 
fusion and light-scattering data to be 340000 dalton, and this figure is in excellent 
agreement with the protein-chemical model (see under Section If, Covalent struc- 
ture). Some physicochemical data for fibrinogen are summarized in Table 2 [44,45]. 
A large number of publications dealing with various types of light scattering, tur- 
bidity, neutron scattering, laser Raman spectroscopy and rheological measure- 
ments on fibrinogen and fibrin have appeared in recent years [46-541. 

Much of the information about the shape of fibrinogen and about the molecular 
interactions during the fibrin polymerization comes from electron microscopic 
studies. Electron micrographs of fibrinogen, unidirectionally shadowed with plati- 
num, were published by Hall and Slayter in 1959 [55]. These micrographs showed 
fibrinogen molecules to be composed of 3 discrete nodules, with the outer two larger 
than the central nodule. On the basis of these data, Hall and Slayter proposed the 
trinadular structure of fibrinogen [55]. Since then many new methods of sample 
preparation have been developed and results were obtained which disputed the 
trinodular model. However, these were later found to be artifactual, and at the 
present time a large number of micrographs of fibrinogen samples prepared in var- 

TABLE 2 

Physicochemical data for fibrinogen 

Sedimentation coefficient (S,,,, w) 

Translational diffusion coefficient (D,,,, ,,,) 
Rotary diffusion coefficient (Oz0, ,,.) 
Translational frictional coefficient (f20, w) 

Frictional ratio (JJ-0) 
Intrinsic viscosity ([q]) 
Partial specific volume (J) 
Molecular volume (unhydrated) 
Hydration (g/g of protein) 
Extinction coefficient (Ei”,,, 2Ro ”,,,) 

a-Helix content 
Isoelectric point 

. 7.9 s 
2.OxiO-’ cm2/sec 
40 000/sec 
2 . 0 ~  lo-’ g/sec 
2.34 
25 cm’lg 
0.72 cm3/g 
3X1O5 A3 
5 
15 
33% 
5.5 
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Fig. 1. Electron micrographs of fibrinogen and fibrin. (a) Human fibrinogen rotary shadow-cast with 
tungsten; magnification 50 000x ; arrows indicate additional nodule. (b) Bovine fibrin fibers negatively 
stained with uranyl acetate; magnification 109 5 0 0 ~ .  (c) Polymerizing bovine fibrin rotary shadowed 
with platinum: increasing time after initiation of clotting from top to bottom panel. a was kindly pro- 
vided by Dr .  R. Gollwitzer and H .  Wiedemann, Max-Planck-Institute for Biochemistry, Martinsried, 
and b and c by Dr.  H .  Slayter, Dana Farber Cancer Institute and Harvard Medical School, Boston, 
MA. 

ious ways all confirm and refine the trinodular structure of fibrinogen [56-591. 
Fig. l a  shows the structure of human fibrinogen which was rotary shadow-cast 

with tungsten. The two outer nodules appear to be somewhat variable in presen- 
tation, ranging from approximately spherical to elongated structures with two sub- 
domains; they are connected to the central nodule by thin filaments. Fibrinogen 
has the following dimensions: length, 45 nm; diameter of the central nodule, 5 nm; 
diameter of the outer nodules, 6.5 nm in the least asymmetric presentation and 4.5 
nm x 9 mm in the most asymmetric orientation; diameter of the connector fila- 
ments, 1 nm [57] .  

A number of observations have clearly shown that the structure seen in the elec- 
tron microscope fits the structure derived from biochemical studies. Principal among 
these has been the use of antibodies or antibody fragments specific for the outer 
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and central nodules, i.e. the D or E domains (see under Section If, Covalent 
structure), to label these domains in the electron microscope [60-62]. The two 
subdomains in the outer nodule are thought to correspond one to the C-terminal 
part of the @chain and the other to the C-terminal part of the y-chain. In some 
orientations of heavily shadowed fibrinogen there is an additional smaller nodule 
near the central one but not contiguous with it (Fig. l a ,  at arrows). This additional 
nodule was only seen in fibrinogen samples which had not undergone any degra- 
dation; it was not visualized in fragment X preparations. The additional nodule 
has been interpreted as the carboxy-terminal a-chain segments looping over the 
outer nodules and coming together in the center [63]. Additional evidence in favor 
of this has come from scanning transmission electron microscopy, where extra mass, 
found in the region of the central nodule, was thought to represent these a-chain 
segments [64]. 

Proteolytically modified fibrinogen [58,59,65] and fibrinogen fragments [63,66] 
have also been analyzed by electron microscopy. Fragment X, i.e. fibrinogen which 
has lost the C-terminal parts of the Aa-chains, appears as a trinodular structure, 
with the central nodule being slightly smaller than in fibrinogen; fragment Y, a later 
degradation product, contains 2 nodules, and the end products D and E single 
nodules (63,661. These observations are in agreement with the asymmetric plasmin 
cleavage pattern of fibrinogen (see Section l j ,  Fibrinolysis). 

Morphologic analysis of fibrin is more difficult but can provide useful informa- 
tion [55,56,67,68]. Fig. l b  is a typical example of fibrin fibers visualized by nega- 
tive staining and showing a characteristic band pattern with a repeat unit of about 
23 nm [55]. The band pattern reflects a half-staggered overlap arrangement of fi- 
brin monomers (see Section l h ,  Polymerization). Early and intermediate stages in 
fibrin formation can also be observed (Fig. lc) .  Soon after initiation of clotting fi- 
brin monomers and short protofibrils can be seen (top panel). As time increases, 
first longer protofibrils are seen (second panel) and then lateral association with 
thicker fiber formation (third and fourth panel). Fibrin-related ordered aggregates 
have been obtained from fibrinogen by protamine sulfate treatment [69] or other 
precipitation procedures [70]. Electron microscopy has also been used to demon- 
strate that the covalent crosslinking of y-chains by factor XIII, occurs between 
molecules held end-to-end along the length of the protofibril [71] (see Section lh ,  
Polymerization). 

Crystals of native [59] and of slightly degraded [58,59,65,67] fibrinogen have been 
grown and used for laser diffraction, X-ray crystallography as well as general elec- 
tron microscopy studies. 

The influence of strong magnetic fields on fibrinogen and polymerizing fibrin has 
been analyzed [72]. The molecules became oriented by the field and highly or- 
dered polymers, similar to the ordinary polymers, were obtained. 

The structural organization of fibrin(ogen) has also been studied by scanning 
microcolorimetry [73-751. The results indicate that fibrinogen contains 12 do- 
mains, which can be located to central or terminal regions of the molecule and 
which differ in their thermal stability [73], and that the C-terminal regions of the 
a-chains (see below) interact with each other [75]. 
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I , 

CNBr Plasrnin 

Fig. 2. Human fibrinogen. a model of the covalent structure. The chains have been aligned according 
to homology. The N-termini of the chains are in the center. The thin, connecting lines represent di- 
sulfide bonds. the arrows thrombin cleavage sites and the diamonds carbohydrate side chains. O n  the 
left-hand side the 5 disulfide knots formed by cyanogen bromide cleavage and on the right-hand side 
the plasmic fragments D and E are white. 

(f) Covalent structure and protein-chemical properties 

The overall covalent structure of fibrinogen is an assembly of 3 pairs of non- 
identical peptide chains connected by disulfide bridges (Fig. 2). Denoting the chains 
Aa, Bp and y (according to the recommendations of the International Committee 
on Haemostasis and Thrombosis in 1973) the structure may be described as (Aa,  
BP, Y ) ~ .  On thrombin digestion fibrinopeptides A and B are released from the Aa- 
and Bp-chain, respectively, and fibrin, with the structure ( a ,  P,  y )2  is formed. (In 
some literature, however, both fibrinogen and fibrin chains are named a,  and 
Y.) 

(a ,  P, ~ ) 2  + 2A + 2B thrombin 
(A% BP, Y)2  

Fibrinogen Fibrin Fibrinopeptides 

The first clues to the structural organization of the fibrin(ogen) molecule came 
from the observations of Bettelheim and Bailey [76] and Lorand and Middlebrook 
[77] in 1952 and of Blomback and Yamashina [78] in 1958 that fibrinogen and fi- 
brin partly differed in their N-terminal amino acids. Tyrosine was found as N-ter- 
minal in both proteins, glycine in fibrin and various other amino acids in fibrino- 
gen, depending on the species analyzed. From the yield and pattern of the N- 
terminal amino acids it was concluded that fibrin(ogen) contains 6 peptide chains 
which may be painvise identical. 

In 1962 the 3 types of peptide chains could be isolated for the first time by 
Henschen [79] and by Clegg and Bailey [80] after cleavage of the disulfide bridges 
by sulfite. Later research on the covalent structure proceeded mainly along three 
lines: isolation of the peptide chains, plasmin degradation products and cyanogen 
bromide fragments, in  all cases attempts were gradually made to obtain the com- 
plete amino acid sequence information. All three approaches have been essential 
for our present-day understanding of the fibrinogen molecule. 
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Fig. 3 .  Human fibrinogen and fibrin peptide chain isolation by reversed-phase high-performance liquid 
chromatography using a dilute tritluoroacetic acid-acetonitrile (5% B) gradient. 

( 1 )  Amino acid sequence 
The complete amino acid sequences of the 3 human fibrinogen chains have been 

elucidated. Most of the sequence information is a result of the strategy first to iso- 
late the whole peptide chain and then to cleave it into fragments of a size which 
can be handled by the available sequencing methods. An obvious advantage of this 
strategy lies in the fact that fragments analyzed always can be definitely assigned 
to a certain peptide chain. For the purpose of this procedure the disulfide bridges 
of fibrin(ogen) were cleaved and modifed by S-carboxymethylation and the chains 
isolated in a pure form at that time by CM-cellulose chromatography in 8 M urea 
[81]. Nowadays, the corresponding separation would have been carried out by re- 
versed-phase high-performance liquid chromatography [82], as shown in Fig. 3. 

The first chain to be sequenced was the y-chain. By cleaving the chain or parts 
of it with cyanogen bromide, trypsin, staphylococcal protease, hydroxylarnine, N -  
bromosuccinimide and other enzymes or chemical reagents suitable fragments could 
be produced, and the analysis of these fragments led to the completion of the pri- 
mary structure by Henschen and coworkers in 1977 [83]. The sequence of an N- 
terminal and C-terminal fragment had already been published by Blomback et al. 
[84] and Sharp et al. [85],  respectively. The sequence was completely confirmed 
by results from analysis of the complementary deoxyribonucleic acid (cDNA) cod- 
ing for the y-chain in 1983 [86,87]. The human y-chain contains 411 amino acid 
residues and the sequence is shown in Fig. 4 (bottom panel) and the composition 
in Table 3. 

The charge heterogeneity of human fibrinogen was early related to  the existence 
of ?chain variants [88]. These two [32,33] or three [34] y-chain forms were later 
separated and characterized. It was demonstrated that the difference resides in the 
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1 A D S G E G D F L A E G G G V R + G P R V V E R H ~ S A C K ~ S D ~ P F C S D E ~  

4 1  W N V K C P S G C R M K G L I D E V N Q D F T N R I N K L K N S L F E V O K N N  

81 K D S H S L T T N I M E I L R G D F S S A N N R D N T V N R V S E D L R S R I E  
1 2 1  V L K R K V I E K V ~ H I O L L O K N V R A O L V D M K R L E V D I D I K I R S  
1 6 1  C R G S C S R A L A R E V D L K D V E D P P K P L E 9 Y I A K D L L P S R D R Q  

201  H L P L I K M K P V P D L V P G N F K S O L O K V P P E U K A L T D M P Q M R M  

2 4 1  E L E R P G G N E I T R G G S T S V G T G S E T E S P R N P S S A G S U N S G S  
2 8 1  S G P G S T G N R N P G S S G T G G T A T W K P G S S G P G S T G S W N S G S S  

3 2 1  G T G S T G N P N P G S P R P G S T G T U N P G S S E R G S A G H W T S E S S V  

3 6 1  S G S T G Q W H S E S C S F R P D S P G S G N A R P N N P D W G T F E E V S G N  

401  V S P G T R R E V H T E K L V T S K G D K E L R T G K E K V T S G S T T T T R R  

4 4 1  S C S K T V T K T V I G P D G H K E V T K E V V T S E D G S D C P E A M D L G T  

481  L S G I G T L D G F R H R H P D E A A F F D T A S T G K T F P G F F S P M L G E  

521  F V S E T E S R G S E S G I F T N T K E S S S H H P G I A E F P S R G K S S S V  
561  S K O F T S S T S V N R G D S T F E S K S Y K M A D E A G S E A D H E G T H S T  

601 K R G H A K S R P V  

1 Z G V N D H E E G F F S A R ' G H R P L D K K R E E A P S L R P A P P P I S G G G  

4 1  V R A R P A K A A A T Q K K V E R K A P D A G G C L H A D P D L G V L C P T G C  

8 1  Q L Q E A L L o Q E R P I R N S V D E L N N N V E A V S Q T S S S S F O V M V L  

121  L K D L W O K R Q K O V K D N E N V V N E V S S E L E K H Q L  V I D E T V N S N  

161  I P T N L R V L R S I L E N L R S K I O K L E S D V S A Q M E V C R T P C T V S  

201  C N I P V V S G K E C E E I  I R K G G E T S E M V L  I Q P D S S V K P V R V V C  

241  D M N T E N G G W T V I Q N R ~ D G S V D F G R K U D P V K O G F G N V A T N T  

281  D G K N V C G L P G E V U L G N D K I S O L T R M G P T E L L  I E M E D U K G D  

321  K V K A H V G G F T V Q N E A N K V Q I S V N K V R G T A G N A L M D G A S O L  

4 0 1  G U U V N R C H A A N P N G R V V W G G O V T U D M A K H G T D D G V V W M N W  
4 4 1  

3 6 1  M G E N + R T M T I H N G M F F S T Y D R ~ N D G W L T S D P R K O C S K E D G G  

K G S U V S M R K M S M K I R P F F P 0 0 

1 V V A T R D N C C I L D E R F G S V C P T T C G I A D F L S T V O T K V D K D L  

81 A A T L K S R K M L E E I M K V E A S I L T H D S S I R V L Q E I V N S N N O K  

121  I V N L K E K V A @ L E A O C Q E P C K D T V O I H D I T G K D C O D I A N K G  
161 A K O S G L V F I K P L K A N Q O F L V Y C E I D G S G N G U T V F O K R L D G  

2 0 1  S V D F K K N U I O V K E G F G H L S P T G T T E F U L G N E K I  H L  I S T Q S  
241  A I P V A L R V E L E D U N G R T S T A D V A M F K V G P E A D K V R L T V A V  
281  F A G G D A G D A F D G F D F G D D P S D K F F T S H N G M O F S T W D N D N D  

321  K F E G N C A E O D G S G W Y M N K C H A G H L N G V V V O G G T V S K A S T P  

3 6 1  N G V D N G I I U A T U K T R W V S M K K T T M K I I P F N R L T I G E G O ~ H  
4 0 1  H L G G A K O A G D V  

4 1  O ~ L E D I L H O V E N + K T ~ E V K O L I  K A I O L T Y N P D E S S K P N M I D  

Fig. 4. Human fibrinogen Aa-chain (top), Bpchain (middle) and ychain (bottom) amino acid se- 
quences. Arrows indicate thrombin cleavage sites and + carbohydrate side chains. For one letter code 
see Table 3. Z denotes pyroglutamic acid. 

C-terminus of the chain and this region of the most high-molecular-mass variant 
which is denoted as the 7'-chain, has subsequently been sequenced on the protein 
[33] as well as the cDNA [89] level. As shown in Fig. 5 the last 4 residues in the 
?chain main variant are replaced by 20 residues in the ?'-variant. The extended 
sequence has been explained as due to alternative processing during chain synthe- 
sis, giving rise to a read-through into an intron sequence and different mRNAs for 



TABLE 3 
Amino acid and carbohydrate composition of human fibrinogen and its peptide chains: residueshole, 
and calculated molecular weights 

~~ 

Fibrinogen Aa-Chain BP-Chain y-Chain 
Amino acids 

Asn 
Thr 
Ser 
Glu 
Gln 
Pro 

Ala 

Val 
Met 
Ile 
Leu 

Phe 

His 

ASP 

GIY 

CYS 

TYr 

LYS 

TrP 

D 
N 
T 
S 
E 
Q 
P 
G 
A 
C 
V 
M 
I 
L 
Y 
F 
K 
H 
R 
W 

190 
168 
196 
284 
192 
136 
138 
292 
142 
58 

134 
66 

116 
166 
100 
94 

208 
64 

154 
66 

35 
29 
48 
86 
44 
18 
35 
69 
22 
8 

28 
10 
17 
29 
9 

19 
39 
15 
40 
10 

28 
32 
22 
31 
30 
26 
23 
42 
23 
11 
25 
15 
16 
28 
21 
10 
31 
7 

27 
13 

32 
23 
28 
25 
22 
24 
11 
35 
26 
10 
14 
8 

25 
26 
20 
18 
34 
10 
10 
10 

Sum 2 964 610 46 1 41 1 

Carbohydrates 
N-Acetylglucosamine GlcNAc 16 - 4 4 
Galactose Gal 8 - 2 2 
Mannose Man 12 - 3 3 
N-Acetylneuraminic NeuAc 4-8 - 1-2 1-2 

acid 

Molecular mass 338 162 66 161 54 375 48 545 

the y- and 7’-chain [33,89]. The presence of a different type of ychain variants 
[81] with lower molecular mass has remained unexplained. 

The analysis of the next chain, the BP-chain, proceeded very similarly to that 
of the y-chain. The 461-residue sequence was published by Henschen and co- 
workers in 1977 [90]. A long N-terminal segment of the chain was sequenced by 

y - c h a i n  401 H L G G A K Q A G D V 

y ’ - c h a i n  401 

Fig. 5 .  Human fibrinogen ?chain and y’-chain C-terminal amino acid sequences. The numbers indi- 
cate the positions of the first residues. 

H L G G A K Q  V R P E H P A  E T E V 0 5 L V P E D D L 
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Hessel et al. [91]. The human BP-chain was analyzed on the protein level once 
more in 1979 [92] and on the cDNA level in 1983 [87,93] with minor disagree- 
ments in the results. Sequence and composition are shown in Fig. 4 (middle panel) 
and Table 3, respectively. 

The Aa-chain, finally, was sequenced first in its N-terminal part by Blomback 
et al. [94] and in one intermediate and the C-terminal part by Doolittle and co- 
workers [95,96]. The rest of the partly very difficult sequencing was carried out in 
parallel in the laboratories of Doolittle and Henschen, the complete primary struc- 
ture with 610 amino acid residues appearing in print in 1979 [97,98]. Most of the 
Aa-chain was sequenced protein-chemically once more [99]. The entire cDNA of 
the chain has been analyzed, and only minor differences between the two types of 
sequences were found, except for an unexpected 15-residue C-terminal extension 
in the cDNA coding for the Aa-chain [87,100] (see also under Section lg, Genes). 
Sequence and composition are shown in Fig. 4 (top panel) and Table 3, respec- 
tively. 

The size and solubility heterogeneity of human fibrinogen has since some time 
been related to Aa-chain degradation [28-31,1011, shorter or longer segments from 
the most C-terminal part of the Aa-chain missing in lower-molecular-mass or 
higher-solubility preparations. It has been noticed that Aa-chains lacking the most 
C-terminal 27 amino acid residues will separate from the full-length Aa-chains 
during CM-cellulose peptide chain isolation [96,102]. 

A complete primary structure is only available for the human protein. However, 
a few additional fibrinogen peptide chains have been sequenced. In bovine fibrin- 
ogen the total BP-chain [103-1061 and almost half of the Aa-chain [103,105,107] 
have been analyzed, most of it on the cDNA level. In rat fibrinogen the Aa-  and 
ychains [108-1101 are known, and in lamprey fibrinogen the sequence of the ‘y- 

chain [ l l l ]  has been determined, in both species mainly by cDNA analysis. Rat 
y-chain occurs in two forms [110], just as the corresponding human chain, al- 
though the biosynthetic mechanism for their formation is slightly different [89,110]. 

(2) Disulfde bridges 
The 6 peptide chains in fibrinogen are held together by 29 disulfide bridges [112]. 

No free sulfhydryl groups are present in the molecule [112]. The half-cystine res- 
idues are located in 3 clusters along each chain, i.e. one N-terminal cluster, one 
intermediate and one C-terminal. The disulfide bridge pattern was mainly eluci- 
dated by cleaving native fibrinogen with cyanogen bromide after the methionine 
residues and isolating cystine-containing fragments, so-called disulfide knots 
[113-1161. It turned out that the 29 disulfide bonds are also clustered, and that they 
are contained in 5 disulfide knots, denoted FCB 1-5 (fibrinogen-cyanogen bro- 
mide fragment), according to their order of appearance on gel filtration chroma- 
tography, or NDSK, IDSK, aCDSK, PCDSK and S D S K  (N, I and C for N-ter- 
minal, intermediate and C-terminal, respectively; DSK for disulfide knot), 
according to their position within the molecule. Some of their characteristics are 
listed in Table 4. The chain segments contained are indicated in Fig. 2 (left side, 
white segments). 
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TABLE 4 

Disulfide knots in human fibrinogen 

Designations FCB 1 FCB 2 FCB 3 FCB 4 FCB 5 

Position N-terminal Intermediate 
NDSK IDSK aCDSK BCDSK yCDSK 

C-terminal C-terminal C-terminal 
Number per molecule 1 2 2 2 2 
Chains involved Aa, BB, Y Aa, BB, r Aa BP Y 
Number of peptides 2 x 3  5 1 1 2 
Number of sulfur bridges 11 6 1 1 1 
Number of residues 2 x (51 + 118 (60+34+ 18 236 53 (43 + 26) = 69 

+ 78) = 494 + 63 + 170) = 345 

Disulfide bridges Aa28-Aa28’ Aa161- y139 Aa442-Aa472 BP394BP407 ~ 3 2 6 ~ 3 3 9  
Aa36Bp65 Aa165-Bp193 
Aa45- y23 Bp197- ~13.5 
Aa49-Bp76 Bp201-Bp286 
Bp80- y19 Bp211-Bp240 

78- Y9” y153- y182 
vs- Y9” 

a Opposite half of the molecule. 
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The 5 disulfide knots can be separated from each other and from additional 
fragments by the combination of gel filtration chromatographies and counter-cur- 
rent distribution [115,116]. In order to find the unique half-cystine partners it is, 
however, necessary to isolate peptide fragments which only contain 2 half-cys- 
tines, and as several disulfide bonds are contained in the two largest disulfide knots, 
subfragmentation and isolation of simpler knots had to be undertaken to complete 
the disulfide assignment [114-1171. The positions of the half-cystine residues in- 
volved in each disulfide bond are given in Table 4. The arrangement of the disul- 
fide bridges is to a large extent supported by data from other types of fragments 
than those obtained by cyanogen bromide cleavage, e.g. plasmic fragments (see 
under Section l j ,  Fibrinolysis). 

The largest disulfide knot, NDSK, encompasses the N-terminal regions of all 
peptide chains [113]. Like fibrinogen itself it is dimeric [114]. Out of its 11 disul- 
fide bonds, three connect the two halves of the fibrinogen molecule [114], one bond 
between the Aa-chains and two between the ychains. Those between the ychains 
link these chains in an antiparallel fashion [117]. Three bridges connect all 3 chains 
in a ring-like structure [114]. 

The second-largest disulfide knot, IDSK, contains the middle part of the 3 pep- 
tide chains [116]. Here, like in NDSK, 3 bridges arrange the chains in a ring-like 
structure [116]. Remaining disulfides are found in intra-chain bonds. The 3 small- 
est disulfide knots are located in the C-terminal region, one in each peptide chain 
[115,118], i.e. all bonds are of the intra-chain type. 

The disulfide bridges in fibrinogen are all remarkably stable, strongly denaturing 
conditions being needed to cleave them chemically [81,112]. It has, however, been 
possible to split 5 of the 29 bonds selectively under native conditions by means of 
the thioredoxin system, the susceptible bonds being those three between the two 
halves of the molecule and those at the C-termini of the two Aa-chains [119]. 

(3) Posttranslational mod$cations 

i.e. those carrying carbohydrate, those with phosphate and those with sulfate. 
Three types of modified amino acid side chains have been found in fibrinogen, 

C a r b o h y d r a t e  ( + )  

A a - c h a i n  N 269 S P R t j  P IS A G 

A a - c h a i n  N 400  V S G t j V  > P  G T 
B B - c h a i n  N 3 6 4  M G E t j+R 1 M  T I 
y - c h a i n  N 52 Q V E " K 1 S  E V 

P h o s p h a t e  ( 0 )  

A a - c h a i n  5 3 A D S o G  E G D L 

A a - c h a i n  5 345  N P G SoS E R G S 

Fig. 6. Human fibrinogen potential carbohydrate- and phosphate-carrying amino acid sequences. The 
numbers indicate the positions of modified amino acid residues. 
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Of the two common amino sugars, glucosamine and galactosamine, fibrinogen 
contains only the first mentioned [81], which implies that the carbohydrate side 
chains are of the N-glycosidic type. Scanning the amino acid sequences for attach- 
ment sites, i.e. for the sequence Asn-Xaa-Thr or -Ser, 4 potential sites are found, 
as shown in Fig. 6 (upper panel). However, only the BP- [120] and y-chains [84] 
carry indeed carbohydrate, the neighbouring proline residues in the Aa-chain se- 
quences might prevent glycosylation of this chain. The compositions of the sugar 
moieties are given in Table 3 (lower part). The structures of the side chains have 
been determined by nuclear magnetic resonance measurements and by sequential 
exoglycosidase digestion analyses [121-1231. They are of the biantennary type. The 
carbohydrate moieties are heterogeneous as regards the terminal neuraminic (sialic) 
acid residues, and both disialylated and monosialylated species have been found, 
but asialo side chains are not present in normal fibrinogen [124,125]. The structure 
is presented in Fig. 7. 

Human fibrinogen has been shown to contain phosphate linked to serine, but 
not threonine, residues in the Aa-chain [126,127]. In normal fibrinogen this chain 
is the exclusive phosphate carrier [127]. The modified serines are located close to 
the N-terminus in fibrinopeptide A [ 1261 and in the middle of the chain in position 
345 [127], respectively. The sequences around the modified residues are shown in 
Fig. 6 (lower panel). The two sites are only partially phosphorylated, approxi- 
mately 20% of position 3 and 34% of position 345 occurring in the modified form 
in adult fibrinogen [ 126,1271. However, newly synthesized fibrinogen seems to be 
fully phosphorylated [ 128,1291. Several kinase preparations have been demon- 
strated to incorporate phosphate into plasma fibrinogen, preferentially into the non- 
fibrinopeptide part of the Aa-chain [130,131]. 

Sulfate in the form of tyrosine-0-sulfate has been detected in human fibrin, the 
content being about 2.3 moles/mole of protein [132]. The location of the modified 
tyrosine residues in human fibrinogen is unknown. In several animal fibrinogens 
tyrosine-0-sulfate is found in the fibrinopeptides B, but this is not the case with 
the human peptide, which is devoid of tyrosine [126]. 

(4) Primary structure-based model building 
It is generally assumed that the primary structure data, including the amino acid 

sequences, the disulfide bridges and the posttranslationally modified side chains, 
must contain the complete information for all higher-order structures, and ob- 
viously all constructed models must be in agreement with the facts of the primary 
structure, as outlined in Fig. 2. In this sense the sequences of fibrinogen have been 

- 
M a n ( ~ 1 - 4 ) G l c N A c ( ~ 1 + 4 ) G l c N A c ( 6 l + N ) A s n  

+NeuAc(aZ+6)Gal(t3l-4)GlcNAc(t31-2)Man(al-3) 

- +NeuAc(aZ+6)Gal(~l+4)GlcNAc(~l+Z)Man(al+6) 

Fig. 7 .  Human fibrinogen carbohydrate side chain structure. For abbreviations see Table 3 .  ? indi- 
cates the partial absence of one of the N-acetyl neuraminic acid residues. 
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used to predict the secondary structure of the ychain [133] and a three-dimen- 
sional coiled-coil structure of the peptide chain regions between the disulfide rings 
of the N-terminal and intermediate disulfide knots [134,135]. 

(g) Genes, biosynthesis and turnover 

(1 )  Gene location and coding sequences 
Plasma fibrinogen is synthesized by the hepatic parenchymal cells. It has been 

demonstrated that the 3 peptide chains, Aa ,  BP and y, are synthesized separately 
from 3 different mRNAs, i.e. they are not formed by cleavage of a single precur- 
sor peptide chain [136-1391. The location of the human fibrinogen genes on the 
long arm of chromosome 4 was first reported when it was observed that a certain 
genetically abnormal fibrinogen variant cosegregated with the variants of the MNSs 
blood group [140], these blood group genes being known as located on chromo- 
some 4. The finding was confirmed by analyzing human-rodent somatic cell hy- 
brids containing rearranged chromosomes and by in situ hybridization of fibrino- 
gen cDNA to chromosomes of mitotic spreads [141-1431. The exact location was 
found to be the distal third of the long arm, band q2-32 [143]. 

Each peptide chain gene occurs as a single copy, and the 3 human genes are 
closely linked in the 5’-3’ direction in the order yAa-BP [143]. The y- and Aa-  
chain genes are oriented in tandem and transcribed towards the BP-chain gene, 
and the BP-chain gene is transcribed from the opposite DNA strand towards the 
Aa- and y-chain genes, according to Kant et al. [143]. 

Genomic DNA sequences have been determined for the human BP- [93] and y 
chains [144] and for the rat Aa- [lo91 and y-chains [110]. The number of introns 
in the regions coding for the mature peptide chains were 3, 7 and 8 for the Aa-, 
BP- and y-chain genes, respectively. Of these intervening sequences only two in 
each chain occur in the homologous positions in all 3 chains [109]. The y-chain 
variants are formed from a single gene by alternative mRNA splicing at the last 
intron of the y-chain [89,110,144,145]. (For cDNA sequences see under Section 
If, Covalent structure). 

Fibrinogen synthesis has recently been shown to take place also in the mega- 
karyocytes [ 146,1471. The platelet fibrinogen, which is synthesized in the mega- 
karyocytes, contains only the 41 l-residue ychain, the elongated y’-form is absent 
[ 148-1501. 

(2) Assembly and modifcation 
The peptide chains of fibrinogen are all synthesized in a precursor form 

[128,136,137,139,151], and according to Chung and coworkers the cDNA se- 
quences indicate the presence of signal peptides of 16 or 19 amino acid residues 
for the human pre-Aa-chain [loo], 16, 27 or 30 residues for the pre-Bp-chain [93] 
and 26 residues for the pre-y-chain [86,144]. All these N-terminal extensions have 
the characteristics of leader sequences involved in the translocation from the cy- 
tosolic to the cisternal side of the rough endoplasmatic reticulum. They have been 
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suggested to be important in chain assembly [137], and are lost before fibrinogen 
leaves the hepatocyte. The Aa-chain has an additional C-terminal 15-residue ex- 
tension, as demonstrated by cDNA analysis, which is removed during assembly, 
secretion or early during circulation in blood plasma [ 100,107]. 

The time course of the synthesis seems not identical for the 3 chains, as judged 
from incorporation of radioactive label [151,152]. According to Yu et al. [151] fi- 
brinogen assembly commences already at the stage when nascent, incomplete Bp- 
chains still are attached at the polysomes, by combination between the BP-chains 
and preformed Aa- or y-chains from an intracellular pool; later the B p A a  and 
B e y  complexes are completed by the missing chain. Within the rough endoplas- 
matic reticulum nascent fibrinogen is already fully disulfide-linked in dimeric form 
[128]. No mechanism has so far been found which convincingly explains the fact 
that in heterozygous cases of dysfibrinogenemia, when two different genes for one 
of the chains must be present, only symmetrically ‘normal and symmetrically ab- 
normal molecules, but no hybrids, can be detected in the blood plasma (1531, 

The time course of glycosylation was investigated by Nickerson and Fuller [ 1541; 
the y-chain was demonstrated to receive its core carbohydrate as an early cotrans- 
lational event and the BP-chain at the time of polypeptide termination or shortly 
after the release into the rough endoplasmatic reticulum. Phosphorylation and sul- 
fation occur somewhat later during the secretory stage [128]. 

(3) Regulation and turnover 
Fibrinogen is normally synthesized at a rate of about 30 mg/kg and day. The 

synthesis is stimulated during acute-phase reaction, by defibrination and fi- 
brin(ogen) degradation products and by certain hormones. Using non-specific 
traumatic agents, like turpentine, the synthesis can be increased 10-fold in labo- 
ratory animals [147,155]. 

Acute-phase reaction, defibrination and fibrinogen degradation may all have the 
formation of the degradation products of the D and E type (see Section l j ,  Fibri- 
nolysis) in common, and it seems likely that these breakdown products have an 
effect on leukocytes or monocytes [156,157] from the blood and macrophages [158] 
from the liver, i.e. Kupffer cells, which then produce factor(s) which stimulate the 
hepatocytes to synthesize more fibrinogen. Treatment with defined degradation 
products increased the synthesis [ 156,15%161]. Glucocorticoids had a stimulatory 
effect on cell cultures, but no effect when administered to animals [162]. Interleu- 
kin-1 may also stimulate the synthesis [ 1631. The hepatocyte-stimulating factor 
seems to control the synthesis at the level of gene transcription, i.e. by increasing 
the amount of specific mRNA, and not at the level of translation or secretion 
[ 157,1611. 

The normal catabolic pathways for fibrinogen are only partially known. Fibrin- 
ogen has been reported to have a half-life of 4.1 days, corresponding to a frac- 
tional catabolic rate of 24% of the plasma pool per day [164]. The blood clearance 
has been determined as being highly different for the various plasmic degradation 
products [ 1651. Asialo-fibrinogen and normal fibrinogen differed only modestly in 
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D e s i g n a t i o n  S e q u e n c e  

AP A D SOG E G D F L A E G G G V R 

A A D S G E G D F L A E G G G V R  

AY D S G E G D F L A E G G G V R  

B - A r g  Z G V N D N E E G F F S A  

B Z G V N D N E E G F F S A R  

Fig. 8. Human fibrinopeptide amino acid sequences. B-Arg, des-Arg-fibrinopeptide B; Z, pyroglu- 
tamic acid; S ,  phosphorylated serine. 

half-life time, indicating that fibrinogen is not removed from circulation by means 
of the liver asiabglycoprotein receptor [166]. 

(h) Fibrinogen-fibrin conversion 

(1) Fibrinopeptide release and interaction with thrombin 
When the fibrinogen-fibrin transition is initiated by thrombin cleavage only 1-2% 

of the molecular mass is removed. In each molecule of fibrinogen 2 molecules of 
each fibrinopeptide A and B may be released by proteolysis from the amino-ter- 
minal ends of the Aa- and Bp-chains, respectively (see Figs. 2 and 4). The re- 
moval of fibrinopeptides A is, however, sufficient for clotting to occur. 

The human fibrinopeptides were first isolated and sequenced by Blomback and 
coworkers in 1966 [126]. The peptides are present in the clot supernatant liquid in 
several forms, as shown in Fig. 8. Fibrinopeptide A occurs in 3 variants, i.e. a 
phosphorylated variant (AP) which accounts for about 20% of the total A-pep- 
tide, a main variant (A) accounting for 70%, and an N-terminally shorter variant 
(AY) accounting for 10% [126,167]. The missing N-terminal amino acid residue in 
peptide AY compared to A may be explained as caused by an aminopeptidase in 
blood. Fibrinopeptide B is present in fibrinogen in only one form. However, upon 
release it rapidly loses its carboxy-terminal arginine, due to the action of a car- 
boxy-peptidase which occurs in blood and contaminates most fibrinogen prepara- 
tions, and the des-Arg form (B-Arg) is obtained. Two molecules of an additional 
pepiide, Gly-Pro-Arg, are split off by thrombin from the amino termini of the fi- 
brin a-chains in fibrin(ogen) which has been denatured by cyanogen bromide 
cleavage into disulfide knots and other peptides [113] or by mercaptan cleavage 
into free peptide chains [81]. 

Many methods have been developed for the isolation, identification and/or 
quantification of fibrinopeptides. Older procedures were based on colorimetry, 
electrophoresis [81, 1261 or ion-exchange chromatography [see ref. 1681. Nowa- 
days, mainly immunoassays and HPLC analyses are employed. Radioimmunoas- 
says for fibrinopeptides have been extensively applied in many types of coagula- 
tion-related research. The great advantage of the methods lies obviously in their 
high sensitivity and selectivity even in solutions containing many other peptides. 
Different antisera have to be used for the analyses of fibrinopeptide A [169-1741, 
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fibrinopeptide B [ 175-1771 and des-Arg fibrinopeptide B [ 1761. Fibrinogen and 
certain degradation products interfere, as they cross-react, if not removed before- 
hand by precipitation [ 1691 or adsorption [ 1701. Sensitive enzyme-linked immu- 
noassays have also been developed [ 178,1791. 

Recently, HPLC-based procedures for fibrinopeptide analysis have been pub- 
lished [ 167,168,180-1831. Using reversed-phase HPLC columns all fibrinopeptide 
variants and their common degradation products can be isolated, identified as de- 
fined peptides and quantified simultaneously in pre-purified systems. It is note- 
worthy that in most of the structurally elucidated cases of genetically determined 
fibrinogen abnormality HPLC-fibrinopeptide analysis has been of decisive impor- 
tance [168]. (For HPLC patterns, see under Section 10, Abnormal variants). 

Thrombin is a trypsin-like enzyme, but cleaves higher-molecular-mass sub- 
strates, like fibrinogen, with a remarkably high degree of proteolytic specificity 
[81,113,184,185]. Under conditions where trypsin would split 120-130 out of a to- 
tal of 181 different arginyl and lysyl bonds in denatured human fibrinogen [186], 
thrombin will only split 3 arginyl bonds, i.e. those at positions 16 and 19 in the 
Aa-chain and 14 in the BP-chain. 

The thrombin-catalyzed cleavages of the various peptide bonds proceed with 
different rates in native as well as in denatured fibrinogen. The relative order of 
the cleavages has been investigated by means of N-terminal amino acid analysis 
[ 187-1891, radioimmunoassay of the free fibrinopeptides [ 175,189,1901 and HPLC- 
fibrinopeptide analysis [168,191-193,195-1971. Fibrinopeptide A always appeared 
with the highest initial release rate and fibrinopeptide B was delayed [168,175, 
187-1961; the tripeptide Gly-Pro-Arg is, as already mentioned, only split off from 
denatured fibrin(ogen) and appeared later than the fibrinopeptides [81,197]. Typ- 
ical curves for the time course of fibrinopeptide release are shown in Fig. 9. 

t I h l  

Fig. 9. Human fibrinopeptide kinetics of release as determined by HPLC analyses. 
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Much research work has been devoted to interpret the significance of the dif- 
ferences between the fibrinopeptides as regards liberation kinetics. In principle, 
two explanations have been proposed. According to one of them the peptides are 
released sequentially [188-190,1961, i.e. prior release of A-peptide is essential for 
release of B-peptide; in other words, thrombin recognizes only the N-terminal re- 
gion of the Aa-chain and splits off A-peptide, which initiates polymerization (ser 
below) and conformational change, which then leads to the recognition by throm- 
bin of the N-terminal region of the BP-chain and B-peptide removal. According 
to the other explanation the peptides are released independently of each other and 
the N-terminal regions of the Aa-  and the BP-chain compete for the active site of 
thrombin [191,194], i.e. B-peptide is liberated at a lower rate, as the N-terminal 
part of the BP-chain is a poorer substrate for thrombin than that of the Aa-chain. 

In favor of the first-mentioned explanation speak the facts that polymerization 
inhibition by addition of urea [189] or the peptide Gly-Pro-Arg-Pro [190] (see be- 
low) will slow down B-peptide liberation, and also certain calculations of kinetic 
data [196]. However, the accessibility of the thrombin cleavage sites both in the 
Aa-  and in the BP-chain of native fibrinogen to the interaction with specific an- 
tibodies [198,199], and perhaps also the fact that trypsin will cleave off both fibri- 
nopeptides, B-peptide even at a higher rate [175], indicate at least that the two 
cleavage sites are freely available on the surface of fibrinogen. As an appropriate 
compromise it has been suggested that a mechanism, characterized by independ- 
ent, competitive cleavage, most accurately describes the early stages of the throm- 
bin-fibrinogen reaction, and that another mechanism, characterized by polymeri- 
zation-dependent, sequential cleavage, describes the later stages [ 1941. 

The influence of the phosphorylation of serine in position 3 of fibrinopeptide A 
on the release kinetics has been studied, with the result that at higher fibrinogen 
concentrations A and AP are cleaved off at the same rate [168,192], but at lower 
substrate concentrations AP seems to be cleaved off slightly faster than A [194]. 

The interaction between thrombin and fibrinogen is not limited to the specific 
proteolytic fibrinopeptide liberation. Thrombin also binds in a specific and satur- 
able way to fibrin [200-2051. The maximum molar ratio between thrombin and fi- 
brin seemed to be 0.5 [200], and the binding was independent of the state of the 
active site in thrombin [200,204,205]. Thrombin could be desorbed by calcium ions 
[202] or released by proteolytic clot lysis [203]. 

Several thrombin-like snake venom enzymes have been isolated [206] and’char- 
acterized as regards their specificity towards fibrinogen. Of special interest have 
been those enzymes which selectively remove either fibrinopeptide A or B, but not 
both. Batroxobin from Bothrops utrox or moojeni, often called reptilase, and an- 
crod from Agkistrodon rhodostornu, also called arvin, will exclusively cleave off 
the A-peptide [ 175,187,2061. An enzyme from Agkistrodon contortrix contortrix 
will preferentially release the B-peptide, but slowly also the A-peptide, the reac- 
tion being more specific for the B-peptide at lower temperatures [175,20f.%208]. 
These snake venom enzymes provide the opportunity to study the A- and B-pep- 
tide-specific effects on the properties of fibrin(ogen) [175,187,207,208]. 
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Fig. 10. Schematic representation of the localization of binding sites in fibrin(ogen), and of various 
fibrin polymerization stages. 

(2) Polymerization 
Fibrin polymerization is a highly ordered process in which the monomers inter- 

act with each other in a most specific way. The interacting regions of the molecules 
are called polymerization sites, contact sites or binding sites. The models for the 
polymerization process are to a large extent based on the electron microscopic tri- 
nodular structure of fibrinogen and band pattern of fibrin (see Section l e ,  Molec- 
ular shape). The polymerization process has been investigated with a great variety 
of methods. In many types of experiments fragments of fibrin(ogen) have been 
employed in order to establish the functional properties of the various regions of 
the molecule. Both fragments obtained by proteolytic degradation with plasmin (see 
Section l j ,  Fibrinolysis), i.e. fragments X, Y, D and E, and fragments formed by 
cyanogen bromide cleavage, i.e. disulfide knots, have been tested. Small, syn- 
thetic peptide analogues of certain regions have also provided useful information. 

Several types of functional sites participate at the fibrin polymerization process. 
Certain sites are present both in fibrinogen and fibrin, others are only exposed or 
activated on fibrinopeptide release. Some kinds of interaction are symmetrical or 
homotypic, i.e. the corresponding regions of two molecules are in contact, and other 
interactions are unsymmetrical or heterotypic, i.e. the regions of the two mole- 
cules making contact are different from each other [209]. 

According to the present-day concept a number of consecutive stages may be 
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discerned in the polymerization process as outlined in Fig. 10. On release of fi- 
brinopeptide A from the N-terminal end of the Aa-chain an essential polymeri- 
zation site is activated. This site may be called A-site [188], or GPR-site (41 or  aN- 
site. It is located on the central nodule, i.e. the E-domain. The aN-site interacts 
with a preformed, complementary site in the C-terminal region of the y-chain of 
another molecule. The latter site is denoted as a-site [188] or s u - s i t e  (u for un- 
symmetrical), and is located on an outer nodule, i.e. a D-domain. A dimer with a 
half-staggered overlap between the participating units is formed, as indicated in 
Fig. 10. The contacts between the molecules have therefore been called DE-stag 
contacts [210]. 

Additional interaction between a D- and an E-domain may arise as a result of 
fibrinopeptide B release from the N-terminal part of the BP-chain within the cen- 
tral nodule, the new site being called B-site 11881, or GHR-site [4] or PN-site. Its 
preformed complementary site is assumed to reside in the P-chain within the outer 
nodule, and is called the b-site [188] or PC-site. The PN-PC interaction may have 
a different function than the a N - 6  interaction. 

When more fibrin monomer units are added to the growing polymer, a new type 
of contact is established (see Fig. 10). This contact is situated between two adja- 
cent outer nodules, and is therefore called the DD-long contact [210]. As the most 
C-terminal segments of the y-chains with the y-chain cross-linking sites (see be- 
low) should be of special importance for this contact, the corresponding site may 
be denoted 6 s  (s for symmetrical). The polymer is now composed of two rows of 
end-to-end linked monomer units where the units in one row are arranged in a 
half-staggered overlap with respect to the units in the other row. This type of pol- 
ymer is called a protofibril. 

Protofibrils combine to form straight or branching fibrin fibers by lateral asso- 
ciation. The interacting regions are less well defined than the previous, but have 
provisionally been denoted DD-lat contacts [210] and DE-lat contacts [209], de- 
pending on the assumed configuration (see Fig. 10). The PN-PC interaction seems 
to be relevant to lateral association. 

Finally, it may be predicted that important polymerization sites are present in 
the C-terminal region of the a-chain. These &-sites are at least partially active 
and give rise to symmetrical contacts in fibrinogen in form of the small additional 
nodule near the central one. Their fate during fibrin polymerization is largely un- 
known, but the difference in properties between polymers obtained from complete 
fibrin molecules and from those lacking the C-terminal a-chain regions, i.e. X-type 
fragments, indicates their functional significance. 

The polymerization-related interactions between fibrinogen, fibrin and various 
fibrin(ogen) fragments have been studied with ultracentrifugation, gel chromatog- 
raphy, light scattering, gel electrophoresis, coagulation measurement, equilibrium 
dialysis, affinity chromatography, amino acid or carbohydrate modification and 
several other methods. 

Ultracentrifugation experiments were performed with soluble fibrinogen-fibrin 
complexes [211,212]. The complexes were found to be specific but unstable. 
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The fibrin-solubilizing effect of fibrinogen was also analyzed by gel chromatog- 
raphy [213-216). When fibrinogen was activated with small amounts of thrombin 
stable oligomers in form of half-activated fibrinogen-fibrin complexes were ob- 
served [214,216]. Higher temperature, i.e. 37"C, favored desaggregation of fibrin- 
ogen-fibrin complexes [215]. 

Light-scattering [48-521 data indicated a correlation between B-peptide release 
and lateral association in some studies [48], but failed to indicate this in other 
studies [49]. It provided evidence for the polymerization-inhibiting effect of frag- 
ment D [217] and for the significance of the C-terminal region of the a-chain, when 
the polymerization rates of undegraded and slightly degraded fibrin monomers were 
compared [218]. 

Polyacrylamide gel electrophoresis [219] and crossed immunoelectrophoresis in 
agarose [220] were employed to demonstrate the complex formation between frag- 
ment DD, i.e. crosslinked D-fragments (see below), and fragments E of various 
sizes. 

The inhibitory effect on fibrin monomer polymerization has been one of the most 
useful parameters for testing polymerization sites [221-2251. It could be shown that 
X-fragment is more inhibitory than fibrinogen and Y- and D-fragments [221]. 
Comparing D-fragments of various sizes the polymerization site of the y-chain could 
in some laboratories be precisely localized to the 40 most C-terminal amino acid 
residues [222-2241; conflicting results were, however, obtained in other laborato- 
ries [225]. In a direct coagulation test fibrinogen devoid of the first 42 amino acid 
residues of the BP-chain was compared with undegraded fibrinogen; the pro- 
nounced delay in polymerization of the degraded sample points to the importance 
of the p-chain N-terminus in fibrin polymer formation [226]. 

Synthetic di-, tri- and tetra-peptides, identical with or related to the first few 
amino acid residues of the amino terminal in the fibrin a- and P-chains, and first 
described by Laudano and Doolittle, have found extensive use as probes for the 
functional sites involved in the polymerization process [4,227-2291, e.g. in poly- 
merization inhibition tests [227-2291 and in binding experiments, using equilib- 
rium dialysis [227]. Peptides similar to the N-terminus of the a-chain, i.e. starting 
with the sequence Gly-Pro-Arg, were shown to be efficient inhibitors of polymer- 
ization, provided sufficiently high concentrations were used. They strongly bound 
to fibrinogen or D-fragments in which the C-terminal end of the y-chain still was 
preserved, thus providing evidence for the C-terminal polymerization site of the 
y-chain. Peptides similar to the N-terminus of the P-chain, i.e. beginning with the 
sequence Gly-His-Arg, did not inhibit clot formation, but bound to fibrinogen and 
D-fragments of all sizes. The effects of the peptides were calcium ion concentra- 
tion dependent [227,228]. Photoaffinity label-containing peptides, similar to the 0- 

chain N-terminus, displayed potent inhibitory effects in monomer reaggregation 
tests [229]. 

The procedure of affinity chromatography on solid-phase-bound fibrin(ogen) was 
originally reported by Heene and Matthias [36,37,230,231]. It has gradually been 
developed into a most versatile and informative method for analyzing the various 
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interactions between fibrinogen, fibrin types, many fibrin(ogen) fragment types 
[36,37,39,23&237], and also other proteins (see Section 11, Interaction with other 
proteins). Fibrinogen or soluble fragments were covalently linked to activated 
agarose, and then if required modified by cleavage with thrombin, reptilase, mer- 
captoethanol or other agents. Fibrinogen-derived samples to be tested were re- 
acted with the solid-phase-bound material under physiological conditions; ad- 
sorbed material was desorbed with solvents containing high salt concentrations, 
denaturing agents and/or having an acidic pH. 

The results obtained strongly supported the concept of the complementary bind- 
ing sites, i.e. sites of the type which can be exposed or activated by fibrinopeptide 
release and sites of the preformed type. The former type was shown to be present 
in isolated form in the thrombin- or reptilase-treated N-terminal disulfide knot and 
in activated, but not extensively degraded fragment E [232,235]. The latter type 
of site was found in isolated form in D-fragment with C-terminally undegraded or 
only slightly degraded y-chain component [234-2361 and especially in the cross- 
linked D-fragment, i.e. DD [235]. Recently it has been reported that a tetrapep- 
tide analogue of the fibrin a-chain N-terminus, Gly-Pro-Arg-Pro, when attached 
to agarose, also can be employed for affinity chromatography of fibrinogen [39]. 

Chemical modification of certain amino acid residues has been used in the stud- 
ies of the polymerization sites. However, only in a few cases has it been feasible 
to achieve sufficiently specific and selective effects, so that the modification could 
be assumed to have changed the properties of single amino acid residues with pre- 
served nearly-native molecular structure. 

Alkylation of approximately 18 histidine residues by reaction with iodoacetate 
or iodoacetamide interfered with polymerization; histidines from both the D- and 
the E-region were affected [238]. Modification of about 16 tryptophan residues by 
oxidation with hydrogen peroxide did not influence the fibrin monomer polymer- 
ization, but further oxidation of 7 more residues destroyed the clotting activity; 
similarly oxidized fragment D lost its polymerization-inhibitory effect [239]. 

On photooxidation of fibrinogen in the presence of rose bengal and on reaction 
with diethyl pyrocarbonate histidine residues, primarily in the BP-chain, were 
modified; the reaction was accompanied by decreased susceptibility to thrombic 
cleavage [240]. However, on photooxidation in the presence of methylene blue, 
which also led to histidine modification, at least the initial fibrinopeptide release 
rate was normal, but the polymerization was strongly affected [241]. Photooxida- 
tion of the N-terminal disulfide knot from fibrin reduced its overall ability to bind 
to fibrinogen-agarose, so that a binding and a non-binding fraction could be sep- 
arated, in the dysfunctional fraction the histidine residue in position 2 of the fibrin 
P-chain was demonstrated to be selectively destroyed, indicating the essential 
function of this histidine residue in fibrin polymerization [241]. 

The influence of the carbohydrate side chains on the fibrinogen-fibrin conver- 
sion has been investigated by comparing biosynthetically non-glycosylated fibrin- 
ogen with ordinary fibrinogen as regards their incorporation into fibrin clots; no 
differences were found [242]. Desialylation of fibrinogen by neuraminidase treat- 
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ment increased the polymerization rate [166,243], which may be regarded as a re- 
sult of decreasing the acidic charges in fibrin(ogen), in a related way to the effects 
of decrease in negative charges on fibrinopeptide release or protamine sulfate 
treatment [69]. 

The gel structure of fibrin has been evaluated by measuring the permeation of 
liquid or particles through it; many factors, such as fibrin type and concentration, 
enzyme concentration, calcium concentration, were found to influence the fibrin 
network [50,244]. The mechanical properties of a fibrin gel [54] could be modified 
by allowing the tetrapeptide analogues of the fibrin a- and p-chain N-termini, Gly- 
Pro-Arg-Pro and Gly-His-Arg-Pro, to diffuse into it, and the clot would eventually 
liquefy [245]. Effects of calcium ions on the changes in fibrin(ogen) domain struc- 
ture during clotting were measured calorimetrically [246]. 

A large number of different antibodies which can discriminate among various 
products of fibrinogen have been produced (see Section lp ,  Antibodies). In this 
context it is of special interest that antibodies have been described which will dif- 
ferentiate between fibrinogen and fibrin [247-2511, some of them by recognizing 
the amino terminus of the fibrin a-chain [250] or @chain [248,249], and another 
by recognizing fibrinopeptide A in the linked form [251]. Antibodies specific for a 
polymerization site [252] and a crosslinking site [253] in the a-chain and such which 
are specific for the crosslinking of the y-chain region [254] have also been reported 
(see Section i,  Crosslinking). 

(i) Crosslinking 

After fibrinogen has been converted to fibrin, the polymerized product may be 
crosslinked by the introduction of isopeptide bonds. The reaction is catalyzed by 
coagulation factor XIIIa, a plasma transglutaminase, which is calcium ion-depend- 
ent and has an active center sulfhydryl group (see Section 2, Factor XIII). The 
isopeptide bonds are formed between the €-amino groups of a few, selected lysine 
residues and the y-carbamoyl groups of some specific glutamine residues. 

Crosslinking sites are present only in the y- and a-chains. Lysine in y-chain po- 
sition 406 is connected to glutamine in ychain position 398 of the neighboring fi- 
brin molecule, and the corresponding lysine of the second molecule is connected 
in the same way to the glutamine of the first molecule, so that the C-termini of the 
ychain are linked in antiparallel [85,255]. As it seems, only fibrin molecules within 
the same row of the protofibril in end-to-end contact will crosslink their D-do- 
mains (see Section lh ,  Polymerization). The isopeptide bond formation in the y- 
chain is fast. The higher-molecular-mass y-chain variants crosslink to the same ex- 
tent as the 411-residue ychain [33,34]. 

The crosslinking sites in the Aa-chains have not been as well identified, but it 
has been assumed that the participating glutamines are those in positions 328 and 
366, i.e. in the middle part of the chain, and the lysines may be those in positions 
508, 556 and/or 562, i.e. in the C-terminal region of the chain [97,253,25&258]. 
Several a-chains are gradually crossconnected. The reaction in the a-chain is con- 
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siderably slower than in the y-chain. (For further details concerning crosslinking 
and interactions between fibrin(ogen) and factor XI11 see Section 2, Factor XIII.) 

( j )  Fibrinolysis 

When fibrinogen and fibrin are degraded by common proteolytic enzymes fibrin- 
ogen is rendered unclottable and the fibrin clot is dissolved. Of special medical and 
biochemical interest are the degradations caused by plasmin and leukocyte pro- 
teinases (cf. Ch. 8). 

( I )  Degradation by and interaction with plasmin 
Plasmin is a trypsin-like enzyme, which is present in plasma as an inactive pre- 

cursor, plasminogen. Plasmin cleaves fibrinogen at lysyl and arginyl bonds, i.e. with 
the same peptide bond specificity as trypsin and thrombin. In native fibrinogen 
plasmin will split about 34 out of the 181 different arginyl and lysyl bonds. How- 
ever, these bonds are split at highly different rates, so that series of characteristic 
fragments are formed. 

Early detailed examinations of degradation products were made by Nussen- 
zweig et  al. in 1961 [259]. Since then much research has been devoted to the inter- 
pretation of the fibrinolytic pathway. The results have been of greatest importance 
for the understanding of the fibrinogen structure and function [260-2621. To begin 
with, gel electrophoresis was the most common analytical method, but gradually 
many fibrinolysis products have been isolated and characterized in terms of N-ter- 
minal sequence [95,96,118,219,223,263-2681. As special purification method affin- 
ity chromatography on fibrin-agarose [231,234-2361 or lysine-agarose [42] has often 
proven useful. In recent years, HPLC-based methods have been introduced 
[224,225,269,270]. 

A general scheme for the plasminolytic degradation has gradually emerged. First 
the C-terminal two thirds of the Aa-chain and a short N-terminal segment of the 
BP-chain are removed and fragment X is formed. This large fragment is cleaved 
asymmetrically, giving rise to one each of fragments Y and D. Finally, fragment 
Y is divided into one more fragment D and one fragment E. 

Fibrinogen - fragment X + peptides from Aa- and BP-chains 

Fragment X - fragment Y + fragment D + small peptides 

Fragment Y - fragment D + fragment E + small peptides 

The regions of fibrinogen contained in fragments D and E are indicated in Fig. 2 
and first characterizations of the plasmic fragments are listed in Table 5 .  It should, 
however, be noted that each fragment designation represents a whole family of 
fragments, which differ from each other in their peptide chain components, as often 
several cleavages will give rise to similar-size fragments. 



TABLE 5 

Main plasmic fragments of human fibrinogen 

Designation X Y D E 

Structure Dimeric symmetric Dimeric non-symmetric Monometric Dimeric symmetric 
Number per molecule 1 1 2 1 
Number of peptides 2 x 3  3+3 3 2 x 3  
Mass (approx.) 250 OOO 155 OOO 9oOOO 50 OOO 
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All the so far identified plasmic cleavage sites and their relative positions within 
human fibrinogen are indicated in Fig. 11 [102]. The first point of attack is near to 
the C-terminus of the Aa-chain, i.e. after position 583, and a 27-amino acid res- 
idue fragment is released [96]. This cleavage occurs partially already in the cir- 
culating fibrinogen and partially during preparation [ 1011, and on ion-exchange 
chromatography of the peptide chains the Aa-chain eluting late contains the com- 
plete chain, but the material eluting earlier contains the shorter chain [96,101,102]. 
These two Aa-chains show up as a characteristic doublet on SDS-gel electropho- 
resis. 

2: 

12: 
134 

-Th 4 
-K KREE 
-R ARPA 
-K KVER 

-K DNEN 

303 -K F F T S  

) 
357 -K ASTP 
374 -K TRWY 

407 -K O A G D  

Fig. 11. Human fibrinogen plasmic cleavage sites. The chains have been aligned with the N-termini at 
the top. The thin, connecting lines represent disulfide bridges. The arrows point to the cleavages in the 
indicated sequences, the numbers give the positions of the new N-terminal residues. Fragment E is white 
and D black. Th,  thrombin cleavage site; CHO, carbohydrate side chain. 
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Further early cleavages in the Aa-chain are those after positions 206 and 230. 
Hereby a 40 000-molecular-mass fragment is liberated (2631 and fragment X is 
formed. This large Aa-chain fragment is quickly degraded into fragments of half 
the size [95,263,266]. There is strong evidence that all these early clips partly al- 
ready take place in plasma, leading to fibrinogens with higher solubility and lower 
molecular mass, i.e. 305000 and 270000 [2&31,101,218,266]. In parallel with these 
early splits in the Aa-chain, the BP-chain N-terminus is attacked and the first 21, 
42, 53 or 54 amino acid residues, including fibrinopeptide B, are removed [269,271]. 
At this stage fibrinogen is progressively losing its clottability [30,31,218]. 

Next set of cleavages occur in the regions between D- and E-fragments in all 3 
chains, and fragments Y, D and slightly later E are produced. Earlier, less de- 
graded, and later, more degraded, variants of the fragments have been character- 
ized [219,234236,264,265,267,269,270]. The first formed fragment E has intact Aa- 
and y-chain N-termini, but is missing the 54 most N-terminal residues in the BP- 
chain; the C-termini of the peptide chain components are in positions 78 or 81,122 
and 62 for Aa-, BP- and y-chain, respectively [219,265]. In the most degraded form 
of fragment E the N-terminal 19 residues of the Aa-chain, including fibrinopep- 
tide A,  have been removed, together with a few C-terminal residues in the Aa- 
and y-chain components [219]. 

The immunological and chemical relationship between fragment E and the N- 
terminal disulfide knot had been discovered already at an early stage of the in- 
vestigations [260,261]. Fibrinogen-derived E-fragments were shown to be devoid 
of active polymerization sites, but early and intermediate fibrin-derived E-frag- 
ments would bind to crosslinked fibrin-agarose [219,235]. 

Early fragment D encompasses the positions 105-197 of the Aa-chain (234, 
264,2651. Subsequently, a few N-terminal residues of the Aa- and y-chain com- 
ponents, and, depending on the presence or absence of calcium ions, C-terminal 
segments of the y-chain disappear. The Aa-chain component of intermediate and 
late fragment D starts at position 111, the y-chain component at positions 86 and 
89, respectively [234,264,265]. 

Examining the protective effect of calcium ions in plasmin degradation Haver- 
kate, Nieuwenhuizen and coworkers [222,272] observed that the y-chain compo- 
nent of fragment D obtained in the presence of 2 mM calcium ions has a size in- 
dicating that the C-terminus of the chain is included, but the y-chain component 
obtained in the presence of metal ion chelators, such as EGTA, has lost approx- 
imately 100 amino acid residues from its C-terminal region. The calcium ion-pro- 
tected peptide bond was tentatively localized to position 302 [273]. The two D- 
fragment species were called D cate (for calcium terminal) and D EGTA [272]. D 
cate, but not D EGTA, could be shown to bind 1 mole of calciudmole of peptide 
[222]. The stabilizing effect of calcium and certain other divalent cations has been 
confirmed by several investigations [274-2761 (see also Section 11, Interactions). 

It had been noted that early and late D-fragments differed in their ability to bind 
to fibrin monomer-agarose and to inhibit fibrin polymerization [234,235,264], As 
late D-fragments were devoid of these activities, it was concluded that a polymer- 
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ization site is located in the C-terminal region of the y-chain. More recently an 
intermediate D-fragment, Dint, was described, which binds calcium ions, but lacks 
anticlotting properties [222]. The finding was interpreted as that the calcium bind- 
ing site was more distant from the y-chain C-terminus than the polymerization site. 
First attempts to isolate the segment of the y-chain responsible for polymerization 
inhibition and, thus, containing the polymerization site seemed succesful, and seg- 
ments corresponding to amino acid residues 374-411 [223] or 374-396 (2241 inhib- 
ited polymerization efficiently. However, segments 303-356, 357-373 and 374-405 
were found to be devoid of inhibitory activity in another investigation [225], and 
it was suggested that the polymerization site would correspond to a more extended 
region of the y-chain C-terminus. 

Fibrin and especially crosslinked fibrin are, to some extent, degraded in a dif- 
ferent way from fibrinogen [277-2841. The main end products are not the frag- 
ments D and E, but a non-covalent complex, DD-E or D-dimer E ,  as N-terminal 
polymerization site(s) are activated in fibrin E-fragment, which has an especially 
high affinity for the site(s) in crosslinked D-fragment [279-2801. Higher-molecular- 
mass intermediate complexes of the types DY-YD, DXD-YY and YXD-DXY 
have been characterized [280,281]. It was demonstrated that increased a-chain 
crosslinking, but not y-chain crosslinking, made the fibrin clot more resistant to 
plasmin [277]. Also crosslinked products of the DD-E type are more susceptible 
to further degradation in the presence of a calcium ion chelator, EDTA, and late 
fragments D,  devoid of affinity for fibrin fragment E, are released [278]. 

It may be sumarized that in native fibrin(ogen) about twice as many lysyl as ar- 
ginyl bonds are split by plasmin, and that about half the number of cleavages oc- 
cur in the Aa-chain. Most of the cleavage sites are found in a few hydrophilic clus- 
ters (see Fig. 11). The information about fibrinogen structure and functional sites 
gained by studying plasmic fragments is in excellent agreement with that obtained 
by analyzing chemical fragments and electron microscopy data [60-66]. 

A large number of antibodies against various plasmic fragments have been de- 
scribed. These antibodies have found extensive application mainly in clinical in- 
vestigations [285-2961, but also as probes for degradation-related surface exposure 
in fibrin(ogen) [297,298]. Antibodies against D-dimer [254,285-2911 and against 
the N-terminus of the Bpchain, i.e. positions 1 4 2  or 15-42 [269,270,292,293], have 
attracted considerable interest as markers for fibrinolysis in patients. An addi- 
tional useful antibody is the one directed against the C-terminal region of the Aa- 
chain [294]. 

Fibrinogen and fibrin bind Glu and Lys plasminogen and plasmin, mediated by 
the lysine-binding sites of the enzyme [299-3051. Limited degradation created ad- 
ditional binding sites [304], and certain regions within both fragments D and E 
seemed essential for binding [303]. Plasminogen and plasmin were found to bind 
in higher amounts to non-crosslinked than to crosslinked fibrin [302]. Furthermore 
plasminogen was observed to enhance fibrin polymerization [299]. 
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(2) Degradation by other enzymes 
Fibrinogen and fibrin can be degraded by a large number of other proteinases 

than plasmin. A few of these enzymes have clinical relevance, some others are of 
interest as the degradation products are endowed with special biochemical prop- 
erties. To the group with medical importance belong enzymes from polymorpho- 
nuclear neutrophil (PMN) leukocytes, i.e. leukocyte elastase [306-3091 and cath- 
epsin G [306], from monocytes-macrophages [310] and those contained in certain 
animal venoms. 

The cleavage pattern obtained with leukocyte elastase has been shown to resem- 
ble that with plasmin, in the way that X-, D- and E-like fragments were obtained, 
that calcium ions would protect against the most extensive degradation, and that 
certain fragments would possess anticlotting properties [306-3091. Little is, how- 
ever, known about the positions of the cleavage sites. 

Many snake venoms have been demonstrated to contain fibrinolytic enzymes 
[226,311-3141. Only in rare cases have the cleavage sites been identified [226]. 
Powerful fibrinolytic enzymes have also been found in a leech [315] and a cater- 
pillar [316]. 

A protease from Pseudomonas has the unique property to degrade fibrinogen 
into a crystalizing form [58,59,67]. 

(k )  Biologically active fragments 

Several well-defined low-molecular-mass fibrinogen fragments have been re- 
ported to display biological activity. Fibrinopeptides A and B showed an effect in 
experimental allergic encephalomyelitis and in carrageenan-induced inflammatory 
rat paw edema [317]. A pentapeptide, corresponding to positions 123-127 of the 
BP-chain, was isolated from a patient and demonstrated to inhibit lymphocyte E- 
rosette formation [318]. 

Another pentapeptide from the BP-chain, this time positions 43-47, induced va- 
sodilation, prostacyclin release and an increase in cyclic AMP; it also inhibited an- 
giotensin-converting enzyme, released histamine, and increased microvascular 
permeability and coronary blood flow [319,320]. A 14-residue peptide from the BP- 
chain, positions 30-43, increased also vascular permeability and coronary blood 
flow, and furthermore, it induced leukocyte emigration [321]. One more fragment, 
the 11-residue peptide from the Aa-chain, positions 220-230, was demonstrated to 
increase vascular permeability and release histamine; it also inhibited thymidine 
uptake in kidney cell culture [320]. 

It should be mentioned in this context that a putative cell attachment site se- 
quence, Arg-Gly-Asp, occurs twice in the Aa-fibrinogen, i.e. positions 95-97 and 
572-574; the C-terminal localization could possibly be implicated in platelet bind- 
ing [322]. 
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(1)  Interactions with other proteins and metal ions 

Fibrin(ogen) interacts in specific and unspecific ways with a large number of 
proteins, cells and metal ions (Table 1). Many of the specific interactions are of 
physiological importance, those related to thrombin and plasmin(ogen) having been 
mentioned above (see Section l h ,  Fibrinogen-fibrin conversion and l j ,  Fibrinol- 
ysis) and those related to factor XI11 and the crosslinking with several proteins being 
described below (see Section 2, Factor XIII). 

Fibrin binds certain types of plasminogen activators and may enhance the con- 
version of plasminogen to plasmin, especially when both plasminogen and acti- 
vator are bound to fibrin [301,323-3331. Tissue-type plasminogen activator shows 
a specific affinity for fibrin, but not for fibrinogen. The affinity has been suggested 
to be due to the so-called finger domain, which is present in this activator, but not 
in urokinase or streptokinase [324]. Most recently, however, it could be shown that 
tissue plasminogen activator devoid of the finger domain also binds strongly to fi- 
brin [325]. Single-chain urokinase-type plasminogen activator, i.e. prourokinase, 
has a higher affinity for fibrin than the activated two-chain form of the enzyme 
[32&329]. Cyanogen-bromide-cleaved and plasmin-digested fibrin enhance the 
plasminogen activation by tissue-type and urokinase-type activators [301,327,331] 
and by streptokinase [332,333]. 

The a,-plasmin inhibitor interacts in several ways with fibrin. It may be cross- 
linked to fibrin (see Section 2, Factor XIII), and it inhibits the binding of plas- 
minogen to fibrin [334]. Two forms of the inhibitor, which differ in fibrin-binding 
properties, have been described [335]. 

The affinity of fibronectin for fibrin(ogen) has been well documented [43, 
336-3401. The fibrin-binding regions of fibronectin contain large numbers of the 
so-called finger domains, which were first described for this protein [336] and later 
also discovered in a plasminogen activator [324]. Fibronectin has been demon- 
strated to be incorporated into and crosslinked with fibrin clots (see below). The 
possible inhibitory effect on clot formation, the enhancing effect on fibrin mon- 
omer solubility and the influence on gel structure have been discussed [337-3391. 
Fibronectin or its fragments may mediate the binding of fibrin to various cells, such 
as macrophages [340]. 

Fibrin(ogen) may furthermore bind certain types of collagen [341], serum amy- 
loid P component [342], various unrelated immunoglobulins and other plasma pro- 
teins [343,344]. Some plasma proteins affect fibrin polymerization [343,344]. The 
physiological significance is often unknown. Several autoantibodies against fi- 
brin(ogen) or fibrinolytic degradation products have been described [345], some of 
which influence the fibrinogen function. Hepatitis B surface antigen binds to fi- 
brinogen [346]. 

Physiologically less relevant, but still quite specific interactions have been dem- 
onstrated to occur between fibrin(ogen) and concanavalin A [347] or protamine 
sulfate [69]. 

Calcium ions influence many properties, functions and reactions of fibrinogen, 
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Fig. 12. Homology between calcium-binding sequence in calmodulin and suggested calcium-binding 
sequence in human fibrinogen y- and BP-chain. x - -2 ,  calcium ligands in calmodulin; X, hydrophobic 
residue; 0, oxygen-containing ligand residue; -, deletion; +, arbitrary residue; N', asparagine resi- 
due with carbohydrate side chain; arrow, calcium-protected peptide bond. Underlined are residues in 
agreement with calmodulin 'test sequence'. 

e.g. those related to fibrinopeptide release [348], fibrin polymerization, crosslink- 
ing, fibrinolytic degradation [222,272,274-2761 and conformation [246,275]. The 
fibrinogen molecule contains 3 calcium-binding sites [222,348,349], one in each D- 
domain [222,272,274,275] and one in the E-domain (3491. The difference in cal- 
cium ion-binding properties between D-fragments of certain sizes [222,272], the 
position of the calcium ion-protected peptide bond in the y-chain and the struc- 
tural similarity between C-terminal sequences in the y- and Bp-chains and the cal- 
cium-binding sequence in calmodulin and related proteins [273,350], as shown in 
Fig. 12, provided strong evidence for the localization of the calcium-binding site. 
The interpretation was recently supported by results of terbium ion-binding stud- 
ies [351]. 

Fibrinogen can be precipitated by many different metal ions. However, a spe- 
cific interaction seems to exist with zinc ions, which bind to D-fragments, but not 
at the calcium-binding site [352], and which reduce the thrombin clotting time (3531. 
Several other divalent metal ions increase both the fibrin polymerization and the 
fibrinogen precipitation rate [354]. 

(m) Interactions with cells and their constituents 

Fibrin(ogen) interacts in a specific and physiologically important manner with a 
large number of celIs, primarily those of the blood and the blood vessel wall. The 
cell constituents responsible have so far not been identified for most cells. 

Much research work has been devoted to the interaction between fibrinogen and 
platelets, especially with the purpose to elucidate the properties of the fibrinogen 
receptors and the relationship with the aggregation state of the platelets [355-3591. 
In fibrinogen, C-terminal regions of both the y-chain [357-3591 and the Aa-chain 
[356,359] can bind to the platelets. In the y-chain the residues 400-411 have been 
identified as being of primary importance [357,358]. On the platelet side, the 
membrane glycoproteins IIb and IIIa are involved in the binding [355-3591. The 
platelet protein thrombospondin, which is secreted from the platelet during co- 
agulation, also binds to fibrinogen, is incorporated into fibrin clots and may cross- 
link to fibrin [360-3611. The enhancing effect of increased fibrinogen concentra- 
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tion on erythrocyte aggregation and sedimentation was utilized for diagnostic 
purposes already several thousand years ago (see Section la,  Introduction). Re- 
cent investigations demonstrate the importance of fibrinogen concentration and 
erythrocyte aggregation for blood viscosity and flow and for erythrocyte adhesion 

Studies of the interactions between fibrin(ogen) and endothelial cells have been 
conducted. In some reports the binding of fibrinogen to these cells is described as 
specific [365], in other reports as unspecific [366]. Fibrinogen has been shown to 
induce endothelial cell migration [365], and fibrin seems to stimulate the forma- 
tion of capillary-like tubes from endothelial cells [367], as well as influence the shape 
of the cells in the culture [368]. Fibrin(ogen) may form an endoendothelial lining 
of the blood vessels [369]. 

A number of reports dealing with the interaction between fibrin(ogen) and 
monocytes [370], macrophages [371,372], fibroblasts [372,373] and melanoma cells 
[374] have also appeared. The binding region within fibrin(ogen) has been indi- 
cated to be the a-chain for monocytes [370], the amino terminus of the a-chain for 
macrophages [371] and the E-domain for fibroblasts [373]. 

The interaction of fibrinogen with many different types of bacteria has recently 
been reported. The interactions seem to be of pronounced pathophysiological im- 
portance, as the bacterial surface may get masked by fibrinogen binding. Several 
strains of Staphylococcus aureus both bind and are clumped by fibrinogen [358,375], 
others only bind [376]. The fibrinogen sites for the staphylococcal clumping reac- 
tion are localized at the carboxy termini of the y-chains, positions 397411 [358,375]. 
Many types of Streptococcus bind fibrinogen [376380], and the fibrinogen site 
seems to be present in the Aa-  and BP-chains [376], the bacterial site is related to 
the M protein, as extracted M protein will bind to and even precipitate fibrinogen 
[378-3801. 

[ 362-3641. 

(n) Normal variants 

Human fibrinogen occurs in a great number of different molecular forms, as there 
are several sites or sections of the molecule which exist in a number of different 
forms and the regional variants may be combined in various ways. The hetero- 

A a - c h a i n  S / T  47 K C P S/T G C R 

A a - c h a i n  T/A 2 9 6  S S G T /A  G G T 

A a - c h a i n  T/A 3 1 2  P G S T/A G S W 

BR- .cha in  P / A  1 6 2  S N I P/A T N L 
B 6 - c h a i n  N / D  2 9 6  W L G N/D D K I 
R B - c h a i n  R / K  448 Y 5 M R / K  K M S 
y - c h a i n  K / I  88  K 5 R K / I  M L E 

Fig. 13. Human fibrinogen amino acid sequences containing tentatively identified microheterogeneous 
positions. The numbers indicate these positions. 
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geneity of fibrinogen is evident already from the variations in solubility properties 
[28-311, ion-exchange chromatographic behavior of total fibrinogen [32-34,881 and 
of its peptide chain components [81,96,381], as well as the gel-electrophoretic be- 
havior of the peptide chains [124,382,383]. 

Heterogeneity in the Aa-chain is related to various degrees of C-terminal, prob- 
ably mainly fibrinolytic degradation [28-31,96,101,102,218] and to the phospho- 
rylation state of the serine residues in positions 3 [126,129] and 345 [127]. Variants 
of the Bp-chain are due to its carbohydrate side chain, i.e. the presence of one or 
two neuraminic acid groups [121-125,3811. The y-chain may differ in its C-termi- 
nal region depending on the type of mRNA involved at the synthesis 
[32-34,88,89,110,144,145] and in its carbohydrate side chain depending on the 
presence of one or two neuraminic acid groups [121-125,3811 (see also under Sec- 
tions Id, f, g and j). All fibrinogen forms which may arise from the above-men- 
tioned regional variations are expected to exist in all normal human beings. 

A different category of human fibrinogen variants is made up of those caused 
by genetic polymorphism in the population. The so far tentatively identified sites 
for microheterogeneity are listed in Fig. 13. Only for the 3 types of Aa-chain var- 
iants have both forms been observed on the protein-chemical level [99,114]. The 
DNA sequence of the Aa-chain predicted Ser in position 47,Thr in 296, but Thr 
[87] or Ala [loo] in position 312. For the site in position 162 of the BP-chain only 
the Pro-containing protein sequence was reported [90,92], but both DNA se- 
quences corresponding to Pro and such corresponding to Ala were detected [93]. 
For the BP-chain sites in positions 296 and 448, the protein sequences [90,92] and 
one of the DNA sequences [93] indicated Asn and Arg, respectively, the other 
DNA sequence [87] Asp and Lys, respectively. For the site in the y-chain, both 
the protein [83] and the cDNA sequence [ 1441 showed Lys, but the gene sequence 
predicted Ile [144]. 

It is clear that further research is needed for the unambiguous interpretation of 
the results summarized in Fig. 13 as due to polymorphism. A truly polymorphic 
site has, however, been identified by restriction fragment length analysis in a non- 
transcribed region of the Aa-chain locus [ 1421. 

Human platelet or megakaryocyte-synthesized fibrinogen seems to be identical 
with plasma fibrinogen, synthesized in the liver [ 146-1501, except for the absence 
of the higher-molecular-mass y-chain variant [ 148-1501. However, more evidence 
for the identity is required. 

The existence of a fetal form of fibrinogen has already been discussed in the lit- 
erature for a long time, as fibrinogen isolated from cord blood seems to differ in 
many of its properties from fibrinogen isolated from adult blood. Thus, cord plasma 
fibrinogen has often been described as characterized by delayed fibrin aggregation 
and a distinct fibrin clot appearance [384-3881. It has been firmly established that 
fetal fibrinogen contains at least twice as much phosphate as adult fibrinogen 
[127,389]; the phosphorylation degree is higher in the fetal form both in fibrino- 
peptide A and in the interior of the Aa-chain [127] (see Fig. 6). It seems that fetal 
fibrinogen contains more neuraminic acid than adult fibrinogen and that enzymatic 
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removal of the excess will normalize the clotting time [385-3881. Fetal fibrinogen 
has been fingerprinted and most of its Aa-chain has been sequenced, but the re- 
sults were in complete agreement with those for adult fibrinogen [99]. 

(0) Abnormal variants 

(1) Acquired abnormalities 
Acquired functional abnormalities of fibrinogen are associated with certain dis- 

eases, primarily those of the liver, such as cirrhosis, hepatitis, liver cell tumor 
[385,388,390,391]. The fibrinogen molecule may be defective in several ways, but 
the most common and best characterized abnormality is related to a delay in fibrin 
polymerization, which is caused by an increase in carbohydrate content, especially 
neuraminic acid. The relative excess in neuraminic acid is correlated with the 
thrombin time prolongation, and on treatment with neuraminidase both the num- 
ber of neuraminic acid residues and the thrombin time were normalized in a s in-  
ilar manner as described for fetal fibrinogen [385,388,390,391]. 

The additional neuraminic acid residues are only present in the B/3- and ychains, 
and are most likely accommodated by extra branches of the carbohydrate side 
chains [390], i.e. in the form of triantennary sugar moieties. The effect of the ab- 
normally high neuraminic acid content on fibrin polymerization may be explained 
as due to the additional negative charges of the acidic residues. 

A different type of fibrinogen with increased carbohydrate content is found in 
diabetic subjects [392] and may be obtained by incubation of fibrinogen with glu- 
cose [393]. The glucose is bound in a rearranged form to the €-amino groups of 
lysine and possibly to a-amino groups, and seems not to be of major importance 
for the fibrinogen function [392,393]. 

(2) Genetically determined abnormalities 
Several types of inherited fibrinogen disorders have been described: the fibrin- 

ogen synthesized may be dysfunctional, resulting in a dysfibrinogenemia, and the 
synthesis itself may be deficient, resulting in a hypo- or afibrinogenemia. 

The inherited fibrinogen dysfunctions are assumed to be due to mutations which 
lead to the synthesis of structurally abnormal variants. These variants differ usu- 
ally only in a single amino acid residue from the normal fibrinogen, and provide 
thus the unique means to correlate the details of the structure to the function. 
Various laboratory tests and clinical observations have led to the detection of dys- 
fibrinogenemias in over 130 families, and the number is rapidly increasing. Several 
detailed reviews have appeared during the last years [3,168,385,394-3971. 

Until recently the number of structurally elucidated cases of dysfibrinogenemia 
was small, because of the great problems related to identifying a single substituted 
amino acid residue in a molecule containing 2 x 1482 residues, most substitutions 
being expressed heterozygously. However, functional tests and protein-chemical 
analyses have been employed to find clues to the localization of the structural er- 
ror. The most commonly observed functional defect is the prolonged coagulation 



TABLE 6 
Classification of genetically abnormal fibrinogens according to the number and type of fibrioopeptide released 

~ ~~ -~ 

Group Homozygote Heterozygote 

FPA FPB FPA FPB 
Abnormal Normal Abnormal Normal Abnormal Normal Abnormal Normal 

- 
2 

1 
2 

- IIA 2 - - 2 1 1 2 
IIB 2 2 - - 2 1 1 
111 - 2 2 - 2 2 

- 
- - 

TABLE 7 
Structurally elucidated, genetically abnormal fibrinogens 

Group FPA FPA FPB FPB Rep. Add. thr. Error Gene 
abn norm. abn. norm. clott. clott. expr. 

++ Am16 R - K  ho 2 
2 + + Aa16 R+C he 
2 Aa16 R - K  he 
2 Aa16 R - K  he 
2 + + Aa16 R - K  he 
2 Aa16 R - L  he 
2 + + Aa16 R - K  he 
2 Aa16 R - L  he 

+ Am16 R-+C he 2 + 

1 Bp9-72 Del. he 

- - - - IA Metz 
- 1 

1 
1 
1 
1 
1 
1 
1 

2 

Amsterdam I - 
Bergamo I - 
Frankfurt I1 - 
Frankfurt I11 - 

Paris - 
Stony Brook - 
Schwarzach - 
Ziirich I - 

IB New York I * - 

- 

- 

- 

- 
- 
- 
- 

- 

h) 
0 
m 



TABLE 7 (continued) 

Group FPA FPA FPB FPB Rep. Add. thr. Error Gene 
abn norm. abn. norm. clott. clott. expr . 

IIA BicZtre 
B icCt re 
Amiens * 
Bern I1 * 
Chapel Hill I1 
Clermond-Ferrand * 
Leitchfield 
Louisville 
Manchester 
New Albany 
Petoskey * 
Sydney I 
Sydney I1 
White Marsh * 
Lille * 
Rouen 

I11 Detroit * 
Miinchen I 
Pontoise 
Bergamo I1 
Essen 
Haifa 

2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

- 
- 
- 
- 

- 
- 

- 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
2 

++ Aa16 R+H 
+ + Aa16 R-H 

Aa16 R+H 
A916 R-H 

+ + Aa16 R+H 
Aa16 R+H 
Am16 R+H 
Aa16 R-+H 
Aa16 R-+H 
Aa16 R+H 
Aa16 R+H 
Aa16 R+H 
Aa16 R-H 
Aa16 R+H 
Aa 7 D+H 
Aa12 G+V 

- 

+ + 

- ++ 

Aa19 R-S 
Aa19 R+N 
BP335A+T 

y275R+H 
y275R-H 
y275R-H 

++ - 

2 ++ - y3301kV - 2 Milano I - 
Abn., abnormal; norm., normal; rep. clott., reptilase clotting; add. thr. clott., additional thrombin clotting; expr., expression; ho, homozygous; he, 
heterozygous; del., deletion. 

ho 
he 
he 
he 
he 
he 
he 
he 
he 
he 
he 
he 
he 

he 

ho, he 
he 
he 
he 
he 
he 
he 

N 
0 
\D 
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A 

I a I b 

8-A 

C 

Fig. 14. Human fibrinopeptides from normal and genetically abnormal fibrinogen separated by re- 
versed-phase high-performance liquid chromatography using an ammonium acetate, pH &acetonitrile 
gradient and detection at 220 nm. a, normal fibrinogen; b. abnormal fibrinogen from group I A  (An 
16R-C); c, abnormal fibrinogen from group IIA (Aal6R-H). 

time. The delay may either be due to incomplete or slow release of fibrinopeptides 
A and/or B, or due to impaired fibrin polymerization in the absence of a release 
defect. 

The development of HPLC-based methods for quantitative and qualitative fi- 
brinopeptide analysis [ 167,168,1821 has made it possible to classify the genetically 
abnormal fibrinogens in a convenient way [ 168,396,3971. Thus, by determining the 
yields and types of fibrinopeptides released by an excess of thrombin after an ex- 
cess of time the 3 main groups shown in Table 6 may be discerned. Group I is 
characterized by the absence of fibrinopeptide release, group I1 by the release of 
an abnormal fibrinopeptide and group I11 by normal release. Groups I and I1 can 
be subdivided into A and B depending on the type of fibrinopeptide showing ab- 
normal behavior. Different patterns are obtained in homozygous and in hetero- 
zygous cases. Typical HPLC patterns for fibrinopeptides derived from normal fi- 
brinogen and from heterozygous cases belonging to groups IA and IIA are 
presented in Fig. 14. 

The 32 cases of structurally elucidated genetically determined fibrinogen abnor- 
mality are listed in Table 7, and the corresponding sequences surrounding the sub- 
stituted amino acid residues are compiled in Fig. 15. All variants, except those 
marked with *, have been elucidated by Henschen and coworkers. Detailed refer- 
ences to most of the variants have been published [3,168]. 

All 9 variants in group I A  have the same amino acid substitution, i.e. Aa 16 
Arg-Kys [ 168,385,396-400]. When the C-terminal Arg residue in the fibrinopep- 
tide A sequence is replaced by Cys, no cleavage occurs, but when Cys is deriva- 
tized by S-aminoethylation thrombin will cleave after the Lys analogue formed and 
a modified peptide may be identified [400]. In the single homozygous case, the fi- 
brinogen variant clotted after release of only fibrinopeptide B [398]. 

A single variant belonging to group IB has hitherto been identified. A large N- 
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terminal deletion corresponding to the second exon of the BP-chain explains the 
absence of fibrinopeptide B release [401]. 

In group IIA 13 of the 15 cases are characterized by the substitution A a  16 
Arg+His [153,168,193,197,385,402,403], i.e. this is the most common type of 
structurally elucidated genetic fibrinogen variant. Surprisingly, thrombin cleaves 
quantitatively and selectively, though much more slowly after His replacing Arg 
at the C-terminus of the A-peptide sequence. The modified A-peptide has a dis- 
tinct HPLC retention time (see Fig. 14). 

In group 111 the amino acid substitutions are localized in the fibrin part of fi- 
brinogen, in 2 cases close to the N-terminus of the a-chain [35,168,396,399,404] 
and in 5 cases in the C-terminal part of the P- or y-chain [405,406]. The substi- 
tution in the BP-chain induces a new carbohydrate attachment site, which indeed 
is fully glycosylated [405]. The substitutions in the y-chain are associated with im- 
paired calcium ion interaction [406]. It may be expected that inherited, dysfunc- 
tional fibrinogen variants corresponding to all the various properties and func- 
tional sites will be discovered some time in the future. 

Much less is known about the other categories of fibrinogen-related disorders 
and the causes of hypo- and afibrinogenemia have in most cases not yet been dis- 
covered [394,395,407-409]. However, one family has been described in which the 
low plasma fibrinogen level was due to disturbed secretion of fibrinogen from the 
hepatocytes, and massive deposits of fibrin(ogen) could be demonstrated in the liver 
(4081, i.e. the family suffered from a liver storage disease. In two afibrinogenemic 
patients no gross defects in the fibrinogen genes could be detected [409]. 

( p )  Antibodies 

Antibodies directed against fibrin(ogen) or specific regions of it have, obviously, 
found wide application in very many types of fibrinogen-related research. Re- 
cently, the preparation and properties of a number of the highly specific mono- 

Aa - c h a i n 0 7 A D S G E G D F L A E G G G V R 'G P R V V 
G 1 2  m V c 5  
R 1 6  H N  
R 19 

B g - c h a i n  G 9 - L 7 2  D e l e t i o n  

A 3 3 5  F T V Q N E A N K Y Q I  

y - c h a i n  R 2 7 5  P E A D K Y R L T Y A V 

D 3 3 0  G N C A E Q D G S G W W  

F P T  

H 

V 

Fig. 15. Human fibrinogen structurally elucidated genetically abnormal variants. The top line in each 
sequence represents the normal sequence, the amino acid substitutions are shown below. The numbers 
indicate the positions of the substitutions. 
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clonal antibodies have been reported. Only a few examples for the use of anti- 
bodies can be given here. 

General antifibrinogen antibodies have been employed as immunosorbents or 
immunoprecipitants during fibrinogen purification [41,137,138,151,156], for detec- 
tion of fibrinogen in gel electrophoresis [291], histologic sections [408] or for quan- 
tification of fibrinogen and degradation products in plasma [16,20,290]. 

Antibodies against fibrinopeptide A [169-174,178,179,189,198], fibrinopeptide 
B [175-177,189,191], BP 142  or 1542 or similar [199,248,249,269,270,283,292,293] 
have been used extensively both for studying patients and fibrinopeptide release- 
related biochemical mechanisms. Certain antibodies can differentiate between fi- 
brinogen and fibrin [247-2511 or can recognize polymerization or crosslinking sites 
in the a-chain [252,253] or the crosslinking site in the y-chain [254,285-2901. 

Also antibodies against fibrin(ogen) degradation products D, E and the C-ter- 
minal region of the Aa-chain have been of great value both for clinical and bio- 
chemical investigations [60-62,155,220,294-298,3051, such as electron microscopic 
localization [60-62] or surface exposure during degradation [297,298] (for BP 1-42, 
see above). A number of autoantibodies with various specificities have been dis- 
covered in healthy subjects as well as in patients [345]. 

It may be mentioned in this context that not only antibodies [297] but also 
chemical reagents [410,411] have been employed to analyze the surface of the fi- 
brinogen molecule and its solvent exposure. 

(4) Evolutionary aspects 

Speculations around the evolution of fibrinogen started when especially Blom- 
back and coworkers were able to demonstrate that fibrins from several animal spe- 
cies have the same N-terminal amino acids [78], but the corresponding fibrinopep- 
tides differ enormously in sequence [42], in fact show more inter-species variation 
than any other protein [413]. 

The evolutionary origin of the 3 peptide chains has also been discussed for a long 
time, and the fact that two of the chains, i.e. A a  and BP, release fibrinopeptides 
during coagulation was taken as an indication of their common ancestry. How- 
ever, when the two first peptide chain sequences, i.e. those of y and BP, became 
available [83,90], a striking and unexpected degree of homology between these 
chains was observed [414]. Identical residues were found in about 30% of the po- 
sitions (depending on alignment and gaps), the degree of identity being higher in 
the C-terminal two thirds of the chains [105,273,397]. The alignment of the chains 
offered an explanation for the absence of a ychain fibrinopeptide C, as the ychain 
is ‘too short’ at the N-terminus [105]. When later the Aa-chain sequence was com- 
pleted [97,98], it turned out that this chain is much less similar to the two other 
chains, only approximately 10% of the positions containing identical residues as 
the B P  or ychain [105,273,397], but the N-terminal regions being somewhat more 
homologous. The internal, 13-residue repeat in the middle of the Aa-chain has 66% 
of the positions in agreement with an ‘average’ sequence [97,273,397]. 
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Fig. 16. Evolution of the 3 fibrinogen chains 

The recently reported animal fibrinogen chains may also be compared with their 
human counterparts. Human and rat [lo91 Aa-chains show 53% identity, human 
and bovine [ 1061 BP-chains 82%, human and rat [ 1101 ychains 83%, and finally 
human and lamprey [ill] y-chains 50%. 

Because of the pronounced homologies among the 3 chains, it may be assumed 
that they all have a common evolutionary ancestor, and that they arose by gene 
duplications and subsequently have diverged due to separate mutations 
[103,273,397,415]. The 3 fibrinogen chains, also the BP and y, must have diverged 
during evolution before the appearance of vertebrates, as even the most primitive 
vertebrates [ 1111 possess 3 different peptide chains. The Aa-chain should have di- 
verged from a Bp-y-common ancestor earlier, as it is less similar. The evolution- 
ary time course may have been as outlined in Fig. 16. The two variants of the 
scheme illustrate how similaf (left side) and quite dissimilar (right side) amino acid 
exchange rates (symbolized by the relative slopes) relate to an earlier (left side) 
or later (right side) time point for the gene duplication event (marked as a ring). 
Assuming the Aa-chain to evolve faster than the other chains, it might have di- 
verged from the common ancestor only 800 million years ago (right side of Fig. 
16). 

The internal repeats in the Aa-chain would have arisen by partial gene dupli- 
cations (ring in Fig. 16) after the divergence of this chain from the others 
[87,100,109]. The ring on the common Aa-BPy  line symbolizes that the chains 
were elongated by means of gene duplication before they diverged from each other, 
as deduced from the sequence identities arount the half-Cys residues involved in 
the triple connections of the chains [273,397]. 

Fibrinogen, especially the y-chain, has been suggested to be related to K-casein 
(133,2731 and to P-thromboglobulin [416]. 

It seems worthwhile noting that the amino acid substitutions of the genetically 
abnormal, dysfunctional human fibrinogens are always found in positions which are 
evolutionary strictly non-variant. This fact may serve to illustrate the difference 
between ‘allowed’ and ‘not allowed’ structure in relation to appropriate and non- 
appropriate function [ 168,397,405,4061. 
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2. Factor XIII 

(a) Occurrence and function 

Factor XIII, (plasma transglutaminase, fibrinoligase, fibrin-stabilizing factor) 
belongs to a group of calcium ion-dependent enzymes designated as endo-y-glu- 
tamine: elysine transferases. The enzymes are more commonly referred to as 
transglutaminases, although this name is not strictly appropriate. The Enzyme 
Commission nomenclature recommends glutaminyl-peptide y-glutamyltransferase 
(EC 2.3.2.13). The function of these enzymes is catalysis of isopeptide bond for- 
mation between the y-carbamoyl group of peptide-bound glutamine and the E- 

amino group of lysine. By this mechanism, two polypeptides can be covalently 
joined together. 

Factor XI11 is essential for normal hemostasis, as evidenced by the bleeding 
problems of patients who are either congenitally deficient or who have acquired 
inhibitors. Factor XI11 may also have a more general role in the various processes 
involving cell proliferation, including wound healing and tissue repair, tumor growth 
and metastasis, and atherosclerosis. In addition, factor XI11 has also certain unique 
biochemical properties. The zymogen exists in two molecular forms, one of which 
is found intracellularly in platelets, megakaryocytes, monocytes, placenta, uterus 
and prostate tissue and is a dimer of two identical A chains (A2)*. The extracel- 
lular zymogen is found only in plasma; it has two A subunits and two B subunits 
(denoted A2B2). Activation of factor XIII to XIII, is a multi-step process that re- 
sults in exposure of an active center cysteine. Cysteine enzymes are principally in- 
tracellular, and plasma factor XIII, is the only sulfhydryl enzyme known to func- 
tion extracellularly. Factor XIII, is also the only enzyme in the blood coagulation 
mechanism which is not a serine proteinase. 

(b) Purification and assay 

Factor XI11 can be isolated from plasma, platelet lysate, and placental extract 
entirely in zymogenic form. Normal plasma does not have any transglutaminase 
activity, and there is evidence that in vivo both the intracellular and extracellular 
forms of factor XI11 normally exist as zymogens. However, activation can readily 
occur during purification, particularly of A,. In order to prevent activation, puri- 
fication should be done with EDTA present in all buffers and in the absence of 
reducing agents. 

The concentration of A2B2 in human plasma is 30 pglml, i.e. 0.0004% of the 
total protein [417]. It can be purified from plasma by procedures involving differ- 
ential precipitation, removal of fibrinogen, and ion-exchange chromatorgraphy on 

* The following nomenclature is used: A,, intracellular zymogen; A,B,, extracellular zymogen; A', and 
A12B2, thrombin-activated zymogens; A2 and A2B2, Ca2+-activated zymogens; A2*, active enzymes, also 
called factor XI&. A and B refer to the separated polypeptide subunits. 
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DEAE-cellulose [418421]. Precipitation is usually carried out from citrated plasma 
at pH 7.0-7.5 with ammonium sulfate, and fibrinogen is removed by denaturation 
at 56°C [418,419]. The final factor XI11 precipitate is chromatographed on 
DEAE-cellulose. A,B2 is 2000-4000 times purified after elution from the ion-ex- 
change column, and the yield is 20-30%. Further purification may be achieved by 
a second chromatography on DEAE-cellulose, HPLC or agarose gel filtration. 
Purified A,B, can be stored at 4°C in buffer containing EDTA. When factor XI11 
is purified from fresh or fresh frozen human plasma, essentially all of the factor 
XI11 protein isolated is in the tetrameric A,B2 complex. 

Intracellular factor XIII, free of contamination by the plasma component, can 
be prepared from washed platelets by ammonium sulfate precipitation, followed 
by DEAE-cellulose chromatography and affinity chromatography on organomer- 
curial agarose [422]. Rapid fractionation results in isolation of all the factor XI11 
in the zymogenic form. A, can also be purified from placental concentrate [417]. 

Although A and B are held together non-covalently in the plasma zymogen, they 
do not readily dissociate. Isolation of B protein from A2B2 can be achieved elec- 
trophoretically in SDS buffer [423]. B protein can also be isolated if the zymogen 
is first activated. In the absence of reducing agent A,' tends to precipitate, leaving 
the supernatant enriched in B. 

Factor XI11 will covalently bind to organomercurial agarose through free sulfhy- 
dryls in A. B protein has no free SH groups and is bound to the matrix only through 
its non-covalent association with A. B can be eluted in denaturing buffers or in 
non-denaturing buffers if the complex is first activated [422]. 

Quantitative assays to measure factor XI11 activity have been developed by Lor- 
and and colleagues [419] and are based on the normal function of the enzyme, which 
is covalent bond formation between lysine and peptide-bound glutamine (Fig. 17). 
In the most widely used assays, a labeled lysine analogue such as monodansylca- 
daverine or radiolabeled (14C or 3H) putrescine is incorporated into a protein ac- 
ceptor such as casein, and increased fluorescence or radioactivity of the protein is 
a measure of factor XI11 activity. These assays can also be used to quantitate fac- 
tor XI11 in plasma. However, in order to prevent clot formation when thrombin 
and calcium ions are added to activate factor XIII, fibrinogen is first heat-precip- 
itated [419] or the tetrapeptide fibrin polymerization inhibitor, Gly-Pro-Arg-Pro, 
is added to the assay mixture [424]. The assays can detect about 1% of the normal 
plasma factor XIII level or 0.15 pg/ml A protein. Totally synthetic assays using 
thiol esters, such as p-phenylpropionylthiocholine, and dansylcadaverine have pri- 
marily been used for kinetic studies with purified enzyme [419]. The active center 
can be titrated with iodoacetamide. 

Factor XI11 activity can be measured by in situ activity staining of gels following 
non-denaturing agarose electrophoresis [419]. The gels are overlayed with a stain- 
ing solution containing thrombin, calcium ions, dansylcadaverine and casein, which 
results in formation of a fluorescent band proportional to the amount of A protein 
in the gel. An additional method is based on quantitation of the amount of y y  
dimer formation in fibrin crosslinking [425]. In this assay, factor XI11 is added to 
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Protein-#- (7-glutamyl )lysyl-Protein Factor XLna 

Fig. 17. Diagrammatic representation of the covalent crosslinking of two substrate proteins by factor 
XIII,. 

fibrinogen, and the mixture is clotted with thrombin and calcium ions. Clots are 
dissolved and analyzed by SDS gel electrophoresis under reducing conditions. 

A and B proteins can also be measured immunochemically by radioimmunoas- 
say or electroimmunoassay [417,426]. Not all antibodies react equally well with the 
various conformational forms of A protein. With radioimmunoassays and dansyl- 
cadaverine activity assays, the specific activity of factor XIII, has been found to be 
1.5-1.7 units/pg A protein, where 1.0 unit is defined as the incorporation of 1.0 
pmole dansylcadaverine/30 min in a standard assay [417]. 

(c) Biosynthesis 

All of the intracellular forms of factor XI11 are immunochemically identical and 
are generally thought to be synthesized by the cells in which the zymogens are 
found. Platelet factor XI11 was identified by immunofluorescence in megakary- 
ocytes and in platelets [427]. Platelet A2 is not adsorbed from plasma [428]. These 
observations indicate, therefore, that megakaryocytes are the site of synthesis of 
A2 in platelets. A2 in monocytes and in a promonocyte tumor cell line has been 
shown by metabolic labeling and immunoprecipitation to be synthesized by these 
cells. A2 is found in the cytoplasm of megakaryocytes, platelets, and monocytes 
[427,429,430]. It is not present in platelet granules and is not a constituent of the 
platelet release reaction [429]. Placental tissue is a rich source of A2, but biosyn- 
thesis has not been studied in this tissue. 

Until recently, little was known concerning the biosynthesis of plasma factor XIII, 
but the liver has been implicated as the source since some, but not all, patients 
with chronic liver disease have decreased factor XI11 (431,4321. Recently, synthe- 
sis of plasma factor XI11 has been demonstrated in a human hepatoma cell line by 
metabolic labeling (Fig. 18) [433]. Mechanisms for regulating the biosynthesis have 
not yet been determined, although transfusion studies in factor XIII-deficient pa- 
tients (see below) indicate a regulatory effect of A on the concentration of B in 
plasma. 
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Fig. 18. Metabolic labeling of factor XI11 synthesized by human liver cell line (Hep G2). Crossed im- 
munoelectrophoresis with monospecific antiserum to B protein demonstrates that the immunoprecip- 
itation arc of culture medium intrinsically labeled with [35S]methionine (b) is identical to the immu- 
noprecipitation arc of A2B2 (a). 

(d)  Physicochemical properties 

The physicochemical characteristics of factor XI11 proteins are shown in Table 
8. The data are consistent with a tetrameric A2B2 structure for the extracellular 
zymogen, and a dimeric A2 complex for the intracellular zymogen. Intracellular 
factor XI11 has the characteristics of a globular protein composed of two identical 
A subunits held together non-covalently . On SDS gel electrophoresis the migra- 
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TABLE 8 
Physicochemical data for factor XI11 

A2B2 A2 A B 
Molecular mass 309000 154000 74000 88 000 
Sedimentation coefficient (S2,,, ,J 9.9 s 7.3 s 3.7 S 
Frictional ratio Cflf,,.) 1.8 1.4 1.8 

Extinction coefficient (Et*cm, 280 ", ) 14 
Isoelectric mint 5.2 

Stokes' radius (R,) 82 A 50 A 59 A 

TABLE 9 
Amino acid and carbohydrate composition of human factor XI11 A and B proteins: residueshole (amino 
acids) and % (carbohydrate), respectively 

A B 
Amino acids 
ASP 
Thr 
Ser 
Glu 
Pro 

Ala 

Val 
Met 
Ile 
Leu 
TYr 
Phe 
LYS 
His 
Arg 
Trp 

GIY 

CYS 

Sum 

Carbohydrates 
N- Acetylhexosamine 
Hexoses 
Fucose 
N-Acetvlneuraminic acid 

80 
40 
46 
75 
32 
51 
37 
6 

57 
14 
29 
45 
25 
28 
37 
14 
40 

5 

661 

0.2 
1.2 

0.2 
- 

72 
64 
72 
96 
56 
74 
27 
32 
36 
10 
28 
52 
39 
27 
53 
24 
38 
4 

804 

1.6 
1.9 
0.2 
1.2 

tion of A is the same under reducing and non-reducing conditions. The molecular 
mass of the A protein has been reported to be about 73 600 by sedimentation equi- 
librium [423]; for A2 the molecular mass estimates are about 153600 [434]. Elec- 
tron microscopy of rotary-shadowed samples shows that the A protein is approx- 
imately spherical with a diameter of 5 nm. It is usually seen as a dimer, but 
sometimes as a monomer [435]. These observations confirm that At consists of two 
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identical globular subunits that self-associate in dimers. The molecular mass of the 
B chain is 87800 by sedimentation equilibrium [423]. In electron microscopy, it 
appears as a long, thin, flexible strand with a length of 30 nm and a width of 2 nm 
[435]. 

Summation of the subunit molecular masses gives a value of 320600 for the 
plasma zymogen, in good agreement with the values determined by sedimentation 
equilibrium for A2B2 [423]. The two A subunits are held together by strong non- 
covalent interactions, and there are interactions between A and B. However, the 
B subunits do not appear to be bound to each other. The tetrameric structure of 
the plasma zymogen has also been demonstrated by chemical crosslinking exper- 
iments with dimethylsuberimidate [434]. By combining the appearance of the sub- 
units in the electron microscope with other physical data, a model of A2B2 can be 
constructed, consisting of the two globular domains of the A chains with the flex- 
ible B strands wound around them, i.e. B is more exposed to the surface than A 
in the zymogen. The model also explains why A2B2 behaves anomalously in su- 
crose density gradient centrifugation, i.e. corresponding to a molecular mass of 
1600o0, and why its gel filtration characteristics are different from fibrinogen, even 
though the molecular weights of the two proteins are nearly the same. 

(e) Protein characterization 

Table 9 shows the amino acid and carbohydrate compositions reported for fac- 
tor XI11 proteins. The A chains of A, and A2B2 are immunochemically identical 
[426], and have the same amino acid and carbohydrate compositions [422,423,436]. 
The B chain is immunochemically and structurally distinct [422,423]. The B pro- 
tein contains about 5% carbohydrate and the A protein about 1% [436]. The het- 
erogeneity in B, observed in isoelectric focusing, is due in part to sialic acid 
[419,436]. A protein has 6 free sulfhydryls, one of which is in the active center, 
and no disulfide bridges; in contrast, B protein contains 16 intrachain disulfide 
bonds and no free sulfhydryls [434]. This distribution of disulfides results in aber- 
rant migration of B on non-reduced SDS gels in the Weber-Osborn system, where 
B has a faster migration than A [423]. However, in the Laemmli SDS gel system, 
B migrates more slowly than A, as would be expected from the molecular weights 
(Fig. 19). The amino terminal residues are N-acetyl-serine for A and glutamic acid 
for B [437]. 

A large cyanogen bromide fragment (M,-48 000) of B chain has been isolated. 
This fragment, which contains disulfide bonds and about 50% of the B chain car- 
bohydrate, retains the ability to complex with A. Reduced and alkylated B will 
also bind to A,, but denatured B will not [438]. 

The activation peptide, active center, and principal calcium ion-binding sites are 
located in the A protein [419,421]. The active center cysteine is buried in the zym- 
ogen and cannot be alkylated with iodoacetamide. However, it is readily alkylated 
in the active enzyme, and this results in loss of enzymatic activity [439]. Fluores- 
cence polarization experiments indicate that the thrombin-binding site is contained 
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Fig. 19. SDS gel electrophoresis of factor XIII, A,B,, on 7% polyacrylamide gels. a, Weber-Osborn 
system with non-reducing buffer; b, Laemmli system with reducing buffer. The 3 lanes correspond to 
isolated A and B protein and their mixture. 

in the activation peptide, since A2 did not bind thrombin [440]. The activation 
peptide, cleaved from the amino-terminal end of A by thrombin, has been se- 
quenced for human and bovine factor XI11 (Fig. 20) [437]. The two peptides show 
a high degree of identity. The sequence around the active center of human factor 
XI11 has been determined to be -Gly-Gln-Cys-Trp- [442], which is identical to the 
active center sequence in guinea pig liver transglutaminase [443] and similar to that 
in papain [444]. The amino-terminal sequence of the B chain is Glu-Glx-Lys-Pro 
[437]. Additional primary structure data have not been reported. 

(f) Zymogen activation 

Expression of activity of factor XI11 and other transglutaminases requires cal- 
cium ions. However, factor XI11 is unique in that it is present in plasma, platelets 

1 10 20 
Ac S E T S R T A F G G R R A V P P N N S N 

30 40 
A A E D D L P T V E L Q G V P R ' G V B L Z Z  

Fig. 20. Amino acid sequence of the amino-terminal activation peptide of human factor XI11 A pro- 
tein. The bovine activation peptide is homologous, with 5 substitutions (Ser,, Gly,, Ile,d, Thr,,, Pro,,) 
and insertion of Leu following Gly,, in the human sequence. Arrow shows thrombin cleavage site. 
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and monocytes entirely in zymogenic form, while other tissue transglutaminases 
appear to be present as enzymes. Complete activation of A, or A,B, can be 
achieved in vitro by exposure of the zymogens to thrombin and calcium ions, and 
this is also presumed to be the principal mechanism for in vivo activation. Throm- 
bin cleaves the human A chain between Arg in position 36 and Gly in 37 (Fig. 20) 
to release the amino-terminal activation peptide. This cleavage does not result in 
full exposure of the active center, and only a small amount of activity is expressed. 
Complete exposure of the active center is then induced by calcium ions [439]. High 
concentrations of these ions alone, without activation peptide cleavage, can also 
result in some activity [419]. 

A model for the general mechanism of plasma factor XI11 activation is sum- 
marized in Fig. 21. It indicates that at least 4 conformationally distinct chemical 
states can be defined. State I is the metal-free zymogen which is fully maintained 
in vitro only in the presence of a chelating agent. Calcium ions can bind both to 
the intact zymogen and to the thrombin-cleaved intermediate [440]. Binding to 
zymogen produces state I1 and to the thrombin intermediate, state 111. In a puri- 
fied system, the Kd for calcium ions-A,B, complex is 2.5 mM [445]. The calcium 
concentration in plasma is 2.5 mM, the free ion concentration being about 1.3 mM. 
Hence, both state I and state I1 should exist in normal plasma, with about 3&50% 
of the molecules being in state 11. Any event, such as endothelial cell injury or 
death or platelet degranulation, which could raise the calcium ion concentrations 
in the microenvironment of incipient coagulation would also shift the equilibrium 
toward state 11. In vitro, the conformational effects of calcium ions can be re- 
versed by EDTA. State I11 is the conformational state induced by thrombin cleav- 
age of the zymogen in the absence of calcium ions, and state IV is the fully active 
enzyme. 

The dots in Fig. 21 represent non-covalent interactions between A and B and 
indicate that these are altered during activation. During the activation of the plasma 
zymogen, B becomes fully dissociated from A. That this occurs physiologically is 
demonstrated by the observation that B protein can be entirely recovered in serum 

I n 

I Thrombin I 
Fig. 21. Proposed mechanism for activation of extracellular factor XIII. Intracellular zymogen can be 
activated similarly except that B subunit is not present. Dots indicate non-covalent interactions. 
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after clotting normal plasma [417]. B protein will combine with A, in purified sys- 
tems to generate A2B2, but it will not recombine with A; [434]. These studies have 
led to the assumption that release of B occurs concomitantly with activation. How- 
ever, under physiological conditions, it is more likely that B is released when A’, 
or A,’ binds to substrate. 

The specific function of B protein in A2B2 is uncertain, although its presence in 
the extracellular complex and not the intracellular one implies that an additional 
protective or regulatory function is necessary in the plasma environment. The basic 
activation steps for A, are the same as for A,B, except that A, activation is more 
rapid and maximum activation can occur at a lower calcium ion concentration [434]. 
In a purified system with thrombin cleavage of activation peptide, the calcium ion 
concentration needed for generation of optimal activity from A,B2 is about 20 mM 
and from A,, 2 mM [418,434]. 

The high calcium ion concentration needed for maximal activation of A2B2 in 
purified systems could not be obtained in plasma. However, in the presence of 
physiological concentrations of fibrinogen, the calcium ion concentration required 
is lowered to about 1.5 mM [446]. This effect is mediated through the middle re- 
gion of the Aa-chain of fibrinogen (residues 242-424), which presumably contains 
a factor XIII-binding domain [447]. It has also been observed that fibrinogen or 
reptilase fibrin significantly enhances the cleavage rate of factor XI11 activation 
peptide by thrombin [448]. The mechanisms for these interactions are not known. 

(g) Enzyme action 

The reaction catalyzed by factor XIII, is the formation of a covalent bond be- 
tween the y-carbamoyl group of a peptide-bound glutamine and the E-amino group 
of lysine (Fig. 17). This reaction occurs via intermediary acylation and deacylation 
steps in which glutamine functions as the electron acceptor (or acyl donor) and 
lysine as the electron donor (or acyl acceptor). In the absence of amine substrate, 
hydrolysis of the glutamine substrate will occur. Factor XIII,, like all transglutam- 
inases, requires calcium ions for expression of enzyme activity. The catalytically 
active species is a metal-enzyme complex formed between calcium ions and A2’. 
Zn2+ inhibits enzyme activity (K,-lO-’ M) [418]. However, divalent metal ions 
can substitute for calcium ions (Sr2+>Ba2+>Mg2+) [439]. 

The enzymatic action of factor XIII, requires formation of a trimolecular mac- 
romolecule complex between the enzyme and two protein substrates. The active 
center cysteine of the calcium ion A,’ complex reacts with the y-carbamoyl of pep- 
tide-bound glutamine which results in formation of a y-glutamyl-S-ester interme- 
diate complex and aminolysis. It is postulated that the enzyme-substrate complex 
is conformationally altered so that a functional site for interaction of a lysine E- 

amino group with the active center is then formed [449]. The amino group reacts 
with the acylenzyme thioester bond, and formation of an E-( y-glutamy1)-lysyl bond 
occurs. 

Factor XIII, demonstrates a high degree of substrate specificity, so that only a 
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G l u t a m i n e  s i t e s  

F i b r i n o g e n  A m - c h a i n  Q 3 2 8  S T G N Q N P G S P  

F i b r o n e c t i n  Q 3  Z A Q - Q V Q P  

o 2 - P l a s m i n  i n h i b i t o r  Q 2 N Q E Q V S P  

8 - C a s e i  n Q 1 6 7  L S L S Q S K V L P  

F i b r i n o g e n  A a - c h a i n  Q 366  G S T G Q W H S E S  

F i b r i n o g e n  y - c h a i n  Q 398  I G E G Q Q H H L G  

L v s i n e  s i t e s  

F i b r i n o g e n  A a - c h a i n  K 5 0 8  A S T G K T F P G F  

F i b r i n o g e n  A a - c h a i  n K 5 5 6  P S R G K S S S Y S  

F i b r i n o g e n  A a - c h a i n  K 5 6 2  S S Y S K Q F T S S  

F i b r i n o g e n  y - c h a i n  K 406 L G G A K Q A G D V  

Fig. 22. Sequences around reactive glutamine and lysine sites in factor XIII, substrates. The numbers 
indicate these positions. 

few glutamine and lysine residues can participate in the crosslinking reaction. Al- 
though the determinants of this specificity are not entirely clear, secondary inter- 
actions between the extended active site and the glutamine substrate are thought 
to be critical. The active center of factor XIII, is thought to be located in a hy- 
drophobic pocket, and the extended active site contains about 10 amino acids [449]. 
Hydrophobic interaction between the active site and amino acids around the re- 
active glutamine is important. Examination of the linear sequences around known 
glutamine crosslinking sites shows some evidence for homology (Fig. 22). Gluta- 
mine 167 in p-casein has been found to be highly reactive with factor XIII, [450]. 
Synthetic peptides modelled after the linear sequence around Gln 167 have been 
used to study the determinants of specificity. A tridecapeptide corresponding to 
the sequence around Gln 398 in the y-chain of fibrinogen was found to be a poor 
substrate for factor XIII, [450]. These studies all indicate that important deter- 
minants of specificity are provided by the tertiary structure of the substrate. 

Little information is available concerning specificity of the lysine substrates, and 
specific reactive lysines have been identified only in the y and perhaps in the a- 
chains of fibrin (Fig. 22). Studies with small synthetic peptides have shown that 
introduction of a hydrophobic residue on the amino-terminal side of the reactive 
lysine significantly enhances the reactivity [449]. It has been proposed that th’e glu- 
tamine substrate contributes to the specificity for the lysine substrate [449]. 

(h) Substrates of factor XI11, 

Proteins are designated as substrates for factor XIII, if they can specifically in- 
corporate a lysine analogue such as putrescine or dansylcadaverine in a concen- 
tration- and time-dependent manner or if formation of a crosslinked complex can 
be demonstrated, usually by reduced SDS gel electrophoresis. Covalent complex 
formation has been observed for all of the plasma proteins which are considered 
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TABLE 10 

Crosslinked complexes formed by factor XIII, 

Fibrin-fibrin 
Fibrin-fibrinogen 
Fibrin-u2-plasmin inhibitor 
Fibrin-fibronectin 
Fibrin-von Willebrand factor 
Fibrin-actin 
Fibrin-thrombospondin 
Fibronectin-collagen 
Fibronectin-my osin 
von Willebrand factor-collagen 
Actin-myosin 

to be physiologically relevant substrates. These are listed in Table 10. Although a 
specific protein could be a substrate by virtue of either a reactive glutamine or ly- 
sine, the plasma proteins designated thus far all contribute reactive glutamines or 
both lysines and glutamines. These proteins also have several other features in 
common. Most of them are large, sticky proteins. They are both plasma constit- 
uents and platelet a-granule components, secreted by activated platelets. They all 
participate in assembly of a macromolecular protein complex on a surface, whether 
the surface be platelet or other cell membrane, fibrin polymer, or subendothe- 
lium. 

(1) Fibrinogen and fibrin 
Fibrin is the most well characterized crosslinking substrate with the most ob- 

vious physiologic significance. It was earlier observed that the fibrin clot formed 
from plasma in the presence of EDTA was more soluble than that formed without 
EDTA, which led to the discovery of factor XI11 and also gave rise to the name 
fibrin-stabilizing factor [451]. In this regard, factor XI11 differs from other coag- 
ulation factors, many of which were discovered through observations on patients 
with unexplained bleeding disorders. 

The crosslinking of fibrin is an orderly process that results in the formation of 
y-chain dimers and a-chain polymers. These can readily be observed by reduced 
SDS gel electrophoresis (Fig. 23). There is one reactive glutamine (Gln 398) and 
one reactive lysine (Lys 406) at the carboxy-terminal end of each y-chain (see Fig. 
4). Gln 398 in one y-chain forms a crosslink with Lys 406 in a second y-chain, and 
Lys 406 in the first y-chain and Gln 398 in the second one form another crosslink 
[85,255]. Crosslinking of y-chains is intermolecular and results in a product com- 
posed of one y-chain from each of two fibrin molecules, held together by two 
crosslinking bonds and oriented in antiparallel [85,255]. 

Crosslinking of fibrin y-chains is very rapid and occurs at  low enzyme concen- 
tration. It occurs at the stage of protofibril formation in the fibrin assembly process 
(see Section 2 h (2), Polymerization). Electron microscopy and gel electrophoresis 
have shown that crosslinks form linearly, along the length of the protofibril, re- 
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Fig. 23. Analysis of fibrin crosslinking by SDS gel electrophoresis under reducing conditions. Gel 1 has 
been allowed to crosslink for 1 min and contains predominantly the a-, p- and y-chains of non-cross- 
linked fibrin plus a trace of ydimer. Gel 2 is completely crosslinked and contains high-molecular-weight 
a-polymer, y-dimer, and P-chain. 

sulting in the monomer units in each strand of the protofibril being covalently joined 
together. However, the two strands of the protofibril are not crosslinked td  each 
other [71]. ?-Chain crosslinking alone does not make the fibrin gel insoluble in di- 
lute acid; this requires the crosslinking of a-chains [452]. 

a-Chain crosslinking is slower, requires a higher factor XIII, concentration, and 
is more complicated than y-dimer formation. The crosslinked polymer contains 5 
or more a-chains per polymeric unit. Spatial organization of the polymer has not 
been determined. However, the reactive glutamine and lysine residues are in the 
carboxy-terminal half of the a-chain, which is hydrophilic and not disulfide bonded 
to the rest of the molecule. Glutamine residues that may participate in a-polymer 
formation are at positions 328 and 366 [95,97,256]. The reactive lysines have been 
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tentatively assigned to positions 508 and 556 or 562 [258]. There is an additional 
glutamine, i.e. residue 237, that incorporates lysine analogues, but which seems 
not to be involved in a-polymer formation [95,97]; however, it may participate in 
the crosslinking of a-chains to other proteins [257]. 

a-Polymer is difficult to solubilize, and it conveys this insolubility to crosslinked 
fibrin. In crosslinked fibrin, the average number of crosslinks is 4-6/fibrin mon- 
omer unit. Plasmin hydrolysis of crosslinked fibrin differs from non-crosslinked fi- 
brin in that fragment D contains the y-chain crosslinks, which results in the ap- 
pearance of dimeric D as a terminal digestion fragment [453]. Crosslinking of a- 
chains also increases resistance of the fibrin gel to plasmin [454]. High-molecular- 
mass, early cleavage fragments of a-polymer can also be observed; but these are 
lost as plasmin digestion proceeds, due to the large number of plasmin cleavage 
sites in the a-chain [291]. 

Both y-dimer and a-polymer form readily in fibrin. There is no apparent dif- 
ference in the crosslinking of fibrin formed through cleavage of fibrinopeptide A 
only or fibrin from which both fibrinopeptides A and B have been cleaved. How- 
ever, fibrinogen is a relatively poor substrate. It can be crosslinked to form y-di- 
mers and a-polymers, but the rates are much slower. With high factor XIII, con- 
centration fibrinogen can be covalently crosslinked to form a gel [455]. It is generally 
assumed that the principal difference between fibrinogen and fibrin as crosslinking 
substrates resides in the orderly arrangement of fibrin monomers in the protofibril 
so that a-chains are appropriately aligned for crosslinking. Soluble fibrino- 
gen-fibrin oligomers can also be easily crosslinked; fibrinogen in high concentra- 
tion inhibits fibrin crosslinking [455]. Binding of factor XI11 to fibrin monomer and 
activation at  the site of polymerization may be an additional mechanism for con- 
centrating factor XI11 activity and thus enhancing the rate of crosslinking. 

(2) a,-Plasmin inhibitor 
a2-Plasmin inhibitor is the primary, fast acting inhibitor of plasmin activity in 

plasma. It can complex with plasmin both in solution and when it is crosslinked to 
fibrin. Plasmin inhibition is more efficient when the inhibitor is crosslinked to fi- 
brin and a trimolecular fibrin-a2-plasmin inhibitor-plasmin complex is formed, 
Covalent crosslinking occurs through a reactive glutamine (residue 2) in a,-plas- 
min inhibitor and a reactive lysine residue in the a-chain of fibrin, which has not 
yet been defined [456]. The average molar ratio of a,-plasmin inhibitor to fibrin 
monomer in the fibrin gel from blood plasma is 1:45. 

Crosslinking of a,-plasmin inhibitor to the fibrin gel is a principal mechanism for 
increasing the resistance of crosslinked fibrin to plasmin degradation [457]. Pa- 
tients who are congenitally deficient in a,-plasmin inhibitor have significant bleed- 
ing problems due to uncontrolled plasmin activity [457]. 

(3) Fibronectin, von Willebrand factor and thrombospondin 
After fibrin monomer, fibronectin is the next most abundant protein in the nor- 

mal fibrin gel and constitutes approximately 4% of the total protein in it [458]. 
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Under normal circumstances, the fibronectin in the gel is covalently crosslinked to 
the a-chain of fibrin [459]. This crosslinking reaction occurs principally through a 
glutamine at the amino terminus of fibronectin (residue 3) and a lysine in the fibrin 
a-chain [460]. A consequence of fibronectin-fibrin crosslinking is that the initial 
rate of a-polymer formation is decreased. If the crosslinking reactions are allowed 
to proceed, all the fibronectin and a-chains become crosslinked into high-molec- 
ular-mass heteropolymers. Crosslinking of fibronectin to itself can occur if the fi- 
bronectin dimer is first reduced [458]. Rapid crosslinking of fibronectin to a-chain 
requires a higher factor XIII, concentration than is needed for a-polymer forma- 
tion. 

The a-granule protein, thrombospondin, is a substrate for factor XIII, [461]. In 
vitro, in purified systems, thrombospondin readily crosslinks to itself to form high- 
molecular-weight polymers. Under certain conditions, it also appears to crosslink 
to fibrin. 

Plasma von Willebrand factor is also a substrate for factor XIII, and can be 
crosslinked to fibrin during gel formation [462]. Reduced, monomeric, but not pol- 
ymeric von Willebrand factor, will crosslink to itself. It crosslinks to fibrin through 
the a-chain and decreases the initial rate of a-polymer formation. This crosslinking 
reaction will occur in plasma when the clotting time is prolonged and can result in 
covalent crosslinking of 80% of the plasma von Willebrand factor to fibrin. 

(4) Collagen 
Factor XIII, will crosslink fibronectin to collagen types I ,  11, 111, and V but not 

type IV collagen [463]. There is also evidence that von Willebrand factor can be 
crosslinked to collagen. Direct crosslinking of fibrin to collagen has not been sub- 
stantiated. Both fibronectin and von Willebrand factor could serve as covalent 
bridges between fibrin and collagen in a wound site, but direct evidence for such 
crosslinked complexes has not yet been obtained. It is also possible that other 
structural proteins in the subendothelial matrix may be substrates for factor XIII,. 

(5) Platelet membrane and contractile proteins 
A2* binds to thrombin-activated platelets [464]. There is evidence for crosslink- 

ing between platelet actin and fibrin, actin and myosin, and myosin and fibronec- 
tin. Tropomyosin also incorporates lysine analogues and is thought to be a sub- 
strate for factor XIII, [465]. Actin crosslinking is inhibited by ATP. Since platelet 
factor XI11 is readily activated when the cytosolic calcium ion concentration is 
raised, as would occur during platelet activation, it has been proposed that cross- 
linking of the platelet contractile system by platelet factor XIII, may be a mech- 
anism for irreversibly stabilizing an activated platelet aggregate. Covalent cross- 
linking of the membrane glycoproteins IIb and I11 has also been observed [465]. 
It is not known whether crosslinking substrates secreted from platelet a-granules 
or distributed in the plasma environment can be crosslinked to platelet membrane 
proteins. 
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( i )  Physiological consequences of factor XI11 activity 

The concentration of factor XI11 in normal plasma is approximately 90 nM. Ra- 
dioimmunoassay data indicate that the molar concentration of the A and B pro- 
teins are equal and that the A2B, tetramer accounts for all of the A and B proteins 
in normal plasma [417]. However, there is a molar excess of B to A in the plasma 
of patients who are heterozygous for factor XI11 deficiency, and homozygous de- 
ficient patients have decreased but measurable B protein and no detectable A pro- 
tein in their plasma [417]. 

The crosslinking of fibrin is a principal catalytic function of factor XIII, in blood 
coagulation. Analysis of fibrin clots obtained at surgery has shown clearly that the 
fibrin crosslinking pattern observed in vitro also occurs in vivo. Clots formed in 
vivo contain crosslinked ydimers and a-polymers [257]. In vivo crosslinking of 
other proteins to fibrin has not been assessed. 

An important consequence of fibrin crosslinking is that equilibrium is shifted in 
favor of gel formation and therefore less fibrin monomer is required for formation 
of a stable hemostatic plug. Polymerization of fibrin monomers is readily reversi- 
ble in the absence of factor XI11 activity; but once crosslinking has occurred, de- 
polymerization is effectively inhibited. Crosslinking of a-chains alters the fibrin gel 
so that mechanical stability and resistance to plasmin degradation are increased 
[209]. In purified systems containing crosslinked or non-crosslinked fibrin, the in- 
itial stage of plasmin cleavage at a-polymer sites is slowed down, indicating that 
a-chain is a better plasmin substrate than a-polymer [454]. The crosslinking of a2- 
plasmin inhibitor to fibrin is also a critical reaction for inhibiting plasmin degra- 
dation of the gel [456,457]. In summary, it is apparent that the net effect in vivo 
of factor XIII, on fibrin is to promote the formation and maintenance of a fibrin 
network, both by enhancing and stabilizing the network and by protecting it from 
mechanical and enzymatic disruption. 

The hemostatic significance of fibrin crosslinking and a,-plasmin inhibitor-fibrin 
crosslinking is also substantiated by observations of the hemorrhagic disorders in 
patients who are deficient in factor XI11 or a,-plasmin inhibitor. The plasma con- 
centration of factor XI11 is greatly in excess of that needed for fibrin crosslinking, 
and there is also a high intracellular concentration in platelets and monocytes. The 
availability and distribution of factor XIII, have led to suggestions that factor XI11 
has important roles in platelet reactions and wound healing. 

There is also evidence for factor XI11 function in wound healing and tissue re- 
pair. Crosslinking of fibronectin to fibrin promotes fibroblast adhesion and spread- 
ing [466]. Fibroblast proliferation also occurs more readily on crosslinked plasma 
clots than on non-crosslinked clots. 

Placenta is a rich source of intracellular factor XIII. A specific physiologic func- 
tion for placental factor XI11 has not been established. However, in all reported 
cases of homozygously factor XIII-deficient women who became pregnant, spon- 
taneous abortion occurred unless the patient was treated during the pregnancy 
[467]. The incidence of spontaneous abortion also appears to be higher than nor- 
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ma1 in women who are heterozygous for factor XIII. What role placental factor 
XI11 may play is unknown, but crosslinking reactions may be necessary for pla- 
cental adherence or to prevent uterine or placental hemorrhage. 

( j )  Factor XI11 deficiency 

The gene loci for factor XI11 A and B proteins are located on autosomal chro- 
mosomes. The gene for A is linked to the HLA locus on chromosome 6 [468]. Both 
A and B are genetically polymorphic, as indicated by electrophoretic analyses [468]. 
Pedigree analyses of families with congenital factor XI11 deficiency also show au- 
tosomal transmission of factor XI11 genes and indicate that phenotypic expression 
of a hemorrhagic disorder is recessive. Heterozygotes do not generally have bleed- 
ing problems, but they can be identified by laboratory analysis [467]. About 200 
cases have been recorded in various countries around the world [469]. There is a 
high incidence of consanguinity in families with factor XIII deficiency [467]. 

Congenital factor XI11 deficiency is characterized biochemically by very low or 
undetectable levels of A in plasma, measured either functionally as factor XI11 ac- 
tivity or immunochemically as A protein [417]. Immunochemical analysis of B 
shows that homozygous deficient patients have about 50% of the normal plasma 
B level [426]. A patient totally deficient in B has also been observed. Assays for 
A in the platelets of one deficient patient showed that A was also absent in the 
platelets [428]. In the deficiency state, there is no crosslinking of the patient’s fi- 
brin, although the fibrin will crosslink normally if exogenous factor XI11 is added. 
Infusion of deficient patients with placental factor XI11 concentrate (Fibrogam- 
min, Behringwerke) results in rapid in vivo complex formation between the in- 
fused A, and the patient’s plasma B protein. There is an immediate, expected rise 
in factor XI11 activity in the patient’s plasma which slowly decreases. In addition 
there is a delayed increase in the plasma concentration of B, which appears to reach 
a maximum about 5 days after transfusion. The increase is a function of the amount 
of A, infused. 

These observations indicate that addition of A2 into the circulation of deficient 
patients has a specific effect on circulating B protein, which could be due to in- 
creased biosynthesis or secretion of B or to decreased degradation of B when it is 
complexed with A.  This effect also complicates determination of the half-life of 
plasma factor XIII in deficient patients. However, in transfused patients who re- 
ceive only A, concentrate, the half-life of A in the tetrameric zymogen complex 
has been found to be approximately 8.5 days [470]. 

Heterozygous members of factor XIII-deficient kindreds have decreased plasma 
levels of A and B, with A being approximately 5040% and B 80% of normal. 

Factor XI11 deficiency is characterized clinically by a moderate to severe hem- 
orrhagic diathesis. The reason for this variation is not obvious since all the patients 
have less than 1% plasma factor XIII. One possibility is that some patients have 
platelet factor XI11 while others do not. Delayed, repeat bleeding from superficial 
wounds is highly characteristic of factor XI11 deficiency. Hemorrhage in factor XI11 



deficiency can be treated with plasma, cryoprecipitate, or factor XI11 concen- 
trates. Antibody inhibitors to factor XI11 have been reported in a few patients, 
and antibodies to fibrin crosslinking sites have also been described [470]. 
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CHAPTER 8 

Fibrinolysis and thrombolysis 
D. COLLEN and H.R. LIJNEN 

Center for  Thrombosis and Vascular Research, University of Leuven, Campus 
Gasthuisberg, Herestraat 49, 8-3000 Leuven (Belgium) 

1. Introduction 

Mammalian blood contains an enzymatic system capable of dissolving blood clots, 
which is called the fibrinolytic enzyme system. Most of the components of the fi- 
brinolytic enzyme system have been identified between 1930 and 1950. The high- 
lights of this evolution have been reviewed by Astrup [l], Fearnley [2] and Collen 

The fibrinolytic system which is schematically represented below comprises a 
proenzyme, plasminogen, which can be activated to the active enzyme plasmin, 
that will degrade fibrin, by several different types of plasminogen activators. In- 
hibition of the fibrinolytic system may occur at the level of the activators or at  the 
level of plasmin. 

~31. 

Activator(s) t Antiactivator(s) 
.1 

Plasminogen -+ Plasmin t Antiplasmin(s) 
1 

Fibrin + Fibrin degradation products 

2. Main components of the jibrinolytic system 

(a) Plasminogen 

(i) Physicochemical properties 
Human plasminogen is a single-chain glycoprotein with a molecular weight of 

about 92 000, containing about 2% carbohydrate. The plasminogen molecule con- 
sists of 790 amino acids, it contains 24 disulfide bridges and 5 homologous triple 
loop structures or ‘kringles’ [4]. Native plasminogen has NH2-terminal glutamic acid 
(‘Glu-plasminogen’) but is easily converted by limited plasmic digestion to modi- 
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fied forms with NH,-terminal lysine, valine or methionine [S], commonly desig- 
nated ‘Lys-plasminogen’. This conversion occurs by hydrolysis of the Arg 67-Met 
68, Lys 76-Lys 77 or Lys 77-Val 78 peptide bonds. 

Affinity chromatography on lysine-Sepharose using gradient elution with 6-ami- 
nohexanoic acid separates plasminogen in 2 fractions, called type I and type I1 in 
the order of their elution from lysine-Sepharose [6]. Type 1 plasminogen contains 
a glucosamine-based carbohydrate chain on Asn 288 and a galactosamine-based 
carbohydrate chain on Thr 345, while type I1  plasminogen has only the latter [7]. 
These differences in carbohydrate composition play a role in their interaction with 
az-antiplasmin and fibrin, type I1 showing the strongest interaction with both [8]. 
Each of these two fractions can be separated in about 6 forms with different iso- 
electric points [5,Y] due to differences in sialic acid content. 

The concentration of plasminogen in plasma is about 2 p M  [lo]. 

(ii) Activation to plasmin 
Lys-plasminogen forms are converted to plasmin by cleavage of a single Arg- 

Val bond [ 101 corresponding to the Arg 560-Val 561 bond. The two-chain plasmin 
molecule is composed of a heavy chain or A-chain, originating from the NH2-ter- 
minal part of plasminogen and a light chain or B-chain constituting the COOH- 
terminal part [Y]. The B-chain was found to contain an active site similar to that 
of trypsin, composed of His 602, Asp 645 and Ser 740 [4]. 

Rickli and Otavsky [ 111 demonstrated the release of an amino-terminal peptide 
from human plasminogen by urokinase. In view of the great sensitivity of the Are 
67-Met 68 bond to plasmin it was suggested that the major pathway for activation 
of plasminogen is via Lys-plasminogen generated by plasmic cleavage of Glu-plas- 
minogen [12,13]. Activation of Glu-plasminogen in the presence of the physiolog- 
ical plasmin inhibitor a2-antiplasmin however generates inhibited Glu-plasmin [ 14). 
The exact mechanism of activation of plasminogen in vivo thus remains unsettled. 

Several groups have studied the kinetics of the activation of plasminogen by tis- 
sue-type plasminogen activator (t-PA) in the presence or the absence of fibrin. The 
activation obeys Michaelis-Menten kinetics with more favourable kinetic con- 
stants in the presence of fibrin than in its absence [15-181. The plasminogen-acti- 
vating properties of one- and two-chain forms of t-PA were found to be very sim- 
ilar [lY]. Hoylaerts et al. [17] found a marked decrease of K ,  (from 65 to 0.16 
pM) while the catalytic rate constant did not change significantly (k,,, from 0.06 
to O.l/sec) in the presence of fibrin. Except for the study of Nieuwenhuizen et al. 
[20] all authors report a K,, value in the absence of fibrin which is far above the 
plasminogen concentration in plasma (1.5-2 pM), which precludes systemic acti- 
vation of plasminogen by t-PA. 

Recently it was shown that the kinetic properties of recombinant t-PA for the 
activation of plasminogen are very similar to those of the natural t-PA [21]. 
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(iii) Lysine-binding sites 
The plasminogen molecule contains structures, called lysine-binding sites which 

interact specifically with certain amino acids such as lysine, 6-aminohexanoic acid 
and trans-4-aminomethylcyclohexane-l-carboxylic acid (tranexamic acid) [6,22,23]. 
Plasminogen contains one binding site with high affinity for 6-aminohexanoic acid 
( K d  = 9 pM), and about four with low affinity (& = 5 mM) 1241. These lysine- 
binding sites are located in the plasmin A-chain [22]. The high-affinity lysine-bind- 
ing site has been shown to be comprised within the first kringle structure of plas- 
minogen [25) .  

Plasminogen can specifically bind to fibrin through its lysine-binding sites. Both 
in purified systems [26] and in plasma [27] Lys-plasminogen has a higher affinity 
for fibrin than Glu-plasminogen. The presence of 6-aminohexanoic acid abolishes 
the adsorption of plasminogen to fibrin. The lysine-binding sites in plasminogen 
mediate its interaction with fibrin and with a,-antiplasmin [28] and histidine-rich 
glycoprotein [29]. On the basis of these interactions it was suggested that the ly- 
sine-binding sites play a crucial role in the regulation of fibrinolysis [3,30]. 

(b) Plasminogen activators and inhibitors of plasminogen activators 

Plasminogen activation may occur via different pathways but all mechanisms of 
plasminogen activation studied so far occur by hydrolysis of the Arg 560-Val 561 
peptide bond in plasminogen yielding the two-chain plasmin molecule. Some of 
these activators are counterbalanced by inhibitors. 

(i) ‘Intrinsic’ activation 
In the so-called intrinsic or humoral pathway of plasminogen activation all the 

components involved (factor XII, prekallikrein, high molecular weight kinin- 
ogen ...) are present in precursor form in the blood (see Ch. 5A). Kluft distin- 
guishes between a factor XII-dependent and a factor XII-independent activator 
activity [31]. Inhibitors of ‘intrinsic’ plasminogen activation occur in human plasma: 
C,-inactivator [32], and an inhibitor of factor XI1,-induced fibrinolysis [33]. Its 
biological role, however, is not well established. 

(ii) Urokinase and pro-urokinase 
Urokinase is a trypsin-like serine protease composed of 2 polypeptide chains ( M ,  

20 000 and 34 000) connected by a single disulfide bridge. It is isolated from human 
urine or cultured human embryonic kidney cells. Urokinase activates plasminogen 
directly to plasmin. It may occur in 2 molecular forms designated S, ( M ,  31600, 
low molecular weight urokinase) and S2 (M, 54000, high molecular weight uro- 
kinase), the former being a proteolytic degradation-product of the latter [34]. The 
complete primary structure of high molecular weight urokinase has been eluci- 
dated [35]; the light chain contains 157 amino acids and the heavy chain 253. 

Evidence that urokinase is secreted in an inactive form (pro-urokinase) which 
can be activated by plasmin, was already provided in 1973 [36], but the mechanism 
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of activation remained unknown. Recently several groups have apparently simul- 
taneously and independently isolated a single-chain form of urokinase [ 3 7 4 ] .  Most 
groups found that single-chain urokinase is a proenzyme which, following limited 
digestion with plasmin, is converted to fully active two-chain urokinase [37-41]. 

Urokinase differs from the tissue-type plasminogen activator both in its anti- 
genic characteristics [42] and in its enzyme specificity, particularly with respect to 
the activation of fibrin-associated plasminogen [ 15,171. From turnover studies of 
urokinase in rabbits (43,441 and in squirrel monkeys [44] it has been concluded that 
urokinase is rapidly removed from the blood by clearance and degradation in the 
liver. Recognition by the liver does not require a functional active site and is not 
mediated via carbohydrate side chains. 

Inactivation by plasma protease inhibitors does not seem to play a significant role 
in the inhibition of urokinase in vivo [44], although recently a new fast-acting in- 
hibitor of urokinase (and of t-PA) has been detected in very low concentrations in 
the blood [45]. 

Urokinase has successfully been used for thrombolytic therapy but its exact place 
in the management of the several clinical forms of thrombosis remains to be fur- 
ther established [46-48]. 

(iii) Streptokinase 
Streptokinase is a non-enzyme protein with M ,  47 000, produced by Lancefield 

group C strains of p-hemolytic streptococci, which activates the fibrinolytic system 
indirectly [49]. Streptokinase initially forms a 1: 1 stoichiometric complex with 
plasminogen which then undergoes a transition, allowing formation of a complex, 
which exposes an active site in the modified plasminogen moiety. This complex then 
enzymatically converts plasminogen to plasmin [49]. 

Human plasma contains antibodies directed against streptokinase, which most 
probably result from previous infections with P-hemolytic streptococci. The amount 
of streptokinase antibodies varies over a wide range [50]. Because streptokinase 
reacts with antibodies and is thereby rendered biochemically inert, sufficient 
amounts of streptokinase must be infused to neutralize the antibodies before fi- 
brinolytic activation is obtained [51]. 

Streptokinase is at present the most widely used thrombolytic agent but its op- 
timal dose regimen and exact place in the treatment of thromboembolic disease 
are still debated [48]. 

(iv) Tissue-type plasminogen activator 
The first satisfactory purification of human tissue-type plasminogen activator (t- 

PA) has been obtained from uterine tissues [42]. t-PA has been purified from the 
culture fluid of a stable human melanoma cell line [52]. Sufficient amounts were 
obtained to study its biochemical and biological properties. 

Recently, the gene of human t-PA has been cloned and expressed [53]. Human 
t-PA, obtained by expression of recombinant DNA coding for its entire sequence 
in eukaryotic cells, was shown to be indistinguishable from the natural activator 
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isolated from human melanoma cell cultures, with respect to biochemical prop- 
erties, turnover in vivo and specific thrombolytic effect [54]. 

(a) Physicochemical properties. Native t-PA is a serine protease with a mo- 
lecular weight of about 70 000, composed of one polypeptide chain containing 527 
amino acids, 35 cysteine residues and 4 potential N-glycosylation sites (Asn 118, 
186, 218 and 448) [53]. Upon limited plasmic action the molecule is converted to 
a two-chain activator linked by one disulfide bond [52,55]. This occurs by cleavage 
of the Arg 275-Ile 276 peptide bond yielding a heavy chain ( M ,  31000) derived 
from the NH,-terminal part of the molecule and a light chain ( M ,  28000) com- 
prising the COOH-terminal region. The heavy chain contains 2 regions of 82 amino 
acids each (residues 92-173 and 180-261) which share a high degree of homology 
with the 5 kringles of plasminogen and with similar kringles in prothrombin and 
urokinase. 

The catalytic site located in the light chain of t-PA is composed of His 322, Asp 
371 and Ser 478. The amino acid sequences surrounding these residues are highly 
homologous to corresponding parts of other serine proteases [53]. Comparison of 
the primary structures of high molecular weight urokinase and t-PA has revealed 
a high degree of homology between the two proteins, except that t-PA contains a 
43-residue-long amino-terminal region, which has no counterpart in urokinase; this 
segment was shown to be homologous with the finger domains responsible for the 
fibrin affinity of fibronectin. Limited proteolysis of this region leads to a loss of the 
fibrin affinity of the enzyme [56]. 

The one-chain and two-chain forms of t-PA have virtually the same fibrinolytic 
and plasminogen-activating properties [ 19,551. The one-chain activator is quickly 
converted to a two-chain form on the fibrin surface and therefore it was suggested 
that physiological fibrinolysis induced by native one-chain plasminogen activator 
nevertheless occurs mainly via a two-chain derivative [ 191. 

(b) Release and inhibition. The mean antigen level of t-PA in human plasma 
at rest was found to be 6.6 ? 2.9 ng/ml of which one third represents free t-PA 
[57]. This level increases about 3-fold by exhaustive physical exercise, venous oc- 
clusion or infusion of l-deamino-8-~-arginine vasopressin [57]. t-PA occurs in 
plasma as a free active form and as complexes with cu,-antiplasmin and a,-anti- 
trypsin [58]. In another study the baseline activity of t-PA in plasma was deter- 
mined to be 0.05 * 0.03 I U h l  or 0.2 * 0.1 ng/ml [59]. 

The mechanism of the release of t-PA remains unknown. Cash [60] had spec- 
ulated that t-PA release may be under neurohumoral control and that a plasmin- 
ogen activator-releasing hormone (PARH) would constitute the major pathway for 
its release from the endothelial cells. This hormone could, however, not be iden- 
tified in bovine pituitary or hypothalamic extracts [61]. From infusion experiments 
of bovine protein C in dogs, Comp and Esmon have concluded that activated pro- 
tein C might be involved in the release of t-PA in vivo [62]. This could, however, 
not be confirmed in squirrel monkeys using human protein C [63]. 

The mechanisms involved in the removal of t-PA from the blood are multiple 
and poorly understood. One main mechanism is through clearance by the liver, 
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which results in a tlI2 of a few minutes [64]. lz51-Labeled t-PA was found to dis- 
appear from the plasma of human volunteers with a half-life of 3-4 min [65]. 

In several pathological conditions (liver disease, pancreatitis, . . . but not in myo- 
cardial infarction or venous thrombosis) up to 50% of the patients develop a (tran- 
sient) fast inhibitory activity for t-PA [43]. Inhibition of t-PA is associated with the 
formation of a complex with M, 110000-130000, which could not be identified as 
a complex of t-PA with any of the known plasma protease inhibitors. From the 
molecular weight of t-PA (70000) and of this complex (120000) a molecular weight 
estimate of about 50000 for the inhibitor may be assumed. Assuming formation of 
a 1:l stoichiometric complex of t-PA with this inhibitor, the second-order rate 
constant has been estimated at 107/M/sec [66]. A positive correlation was found 
between inhibition of t-PA and of urokinase [43]. Several other laboratories have 
recently obtained evidence for the existence of a rapidly acting inhibitor of t-PA 
at low concentrations in plasma of healthy individuals [67-691, or at higher levels 
in pathological plasma samples [45,70]. Its exact pathophysiological role is not 
known. 

(c) Mechanism of action. t-PA is a poor enzyme in the absence of fibrin, but 
fibrin strikingly enhances the activation rate of plasminogen [15]. This has been 
explained by an increased affinity of fibrin-bound t-PA for plasminogen without 
significantly influencing the catalytic efficiency of the enzyme [ 171. The kinetic data 
of Hoylaerts et al. [17] support a mechanism in which t-PA and plasminogen ad- 
sorb to a fibrin clot in a sequential and ordered way yielding a ternary complex. 
Fibrin essentially increases the local plasminogen concentration by creating an ad- 
ditional interaction between t-PA and its substrate. The high affinity of t-PA for 
plasminogen in the presence of fibrin thus allows efficient activation on the fibrin 
clot, while no efficient plasminogen activation by t-PA occurs in plasma. 

(c) a,-Antiplasmin 

For a long time it was accepted that there were essentially two functionally im- 
portant plasmin inhibitors in plasma: an immediately reacting one and a slowly re- 
acting one identical with a,-macroglobulin and al-antitrypsin respectively [71]. 
Later, however, a new plasmin inhibitor occurring in human plasma has been de- 
scribed and called a,-antiplasmin [72-751. Upon activation of plasminogen in 
plasma, the formed plasmin is first preferentially bound to this inhibitor; only upon 
complete activation of plasminogen (concentration about 1.5 pM), resulting in sat- 
uration of this plasmin inhibitor (concentration about 1 pM), is the excess plasmin 
neutralized by az-macroglobulin. 

( i )  Physicochemical properties 
a,-Antiplasmin is a single-chain glycoprotein with an M, of 70 000 containing 

about 14% carbohydrate. The molecule consists of about 500 amino acids and 
contains 3 disulfide bridges. The NH2-terminal amino acid sequence is Asn-Gln- 
Glu-Gln-Val- and the COOH-terminal sequence -Pro-Lys [76,77]. a,-Antiplasmin 
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belongs to the same protein family as anti-thrombin 111, al-antitrypsin and oval- 
bumin [77]. 

The concentration of the inhibitor in normal plasma determined by electroim- 
munoassay is about 7 mg/100 ml (about 1pM) [73,76]. The half-life of purified 
biologically intact iodine-labeled a,-antiplasmin was found to be about 2.6 days, 
while the plasmin-a,-antiplasmin complex disappeared from plasma with a half- 
life of approximately 0.5 days [78]. 

The inhibitor in normal plasma is heterogeneous, consisting of functionally ac- 
tive and inactive material. Complete activation of the plasminogen present in nor- 
mal plasma converted only about 0.7 of the antigen material into a complex with 
plasmin, while 0.3 of the inhibitor-related antigen appeared to be functionally in- 
active [74]. Human plasma contains a form of the inhibitor which binds to plas- 
minogen and one which does not bind (about 0.4 of the total) but still remains an 
active plasmin inhibitor [79-811. Both forms are immunochemically indistinguish- 
able. It has been shown that the non-plasminogen-binding form lacks a 26-residue 
peptide from the COOH-terminal end of a,-antiplasmin [82]. This peptide was 
found to inhibit the interaction of a,-antiplasmin with plasmin suggesting that it 
contains the plasminogen-binding site(s) [82]. 

From studies of the ratio of both forms in the plasma of pregnant women sub- 
jected to extensive plasmapheresis, Wiman et  al. [83] concluded that the plasmin- 
ogen-binding form of a,-antiplasmin is primarily synthesized, and that it becomes 
partly converted to the non-plasminogen-binding form in the circulating blood. 

(ii) Mechanism of the interaction with plasmin 
In purified systems [73,76] and in plasma [72,74] a,-antiplasmin forms a 1 : l  stoi- 

chiometric complex with plasmin which is devoid of protease or esterase activity. 
a,- Antiplasmin, like many other plasma proteinase inhibitors, has a broad in vitro 
inhibitory spectrum, but its physiological role as an inhibitor of proteinases other 
than plasmin seems negligible. 

(a) Kinetics of the reaction. The kinetics of the inhibition of human plasmin 
by a,-antiplasmin have been extensively studied [84,85]. The disappearance of 
plasmin activity after addition of excess a*-antiplasmin does not follow first-order 
kinetics. Most of the plasmin is very rapidly inactivated, but the process only slowly 
proceeds towards completion. This time course of the reaction is compatible with 
a kinetic model composed of two successive reactions: a very fast reversible sec- 
ond-order reaction, followed by a slower irreversible first-order reaction: 

k2 
kl 

k -  I 

P + A & P A +  PA’ 

in which P represents plasmin, A a,-antiplasmin, PA the reversible but inactive 
complex formed in the first step, PA’ the irreversible inactive complex formed by 
an intramolecular transition in the second step and kl, k-, and k2 the rate con- 
stants. 
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The second-order rate constant k ,  is 2-4 X 107/M/sec [83]. This is among the 
fastest protein-protein reactions so far described. Such rate constants approach the 
theoretical values for a diffusion-controlled process. The dissociation constant of 
the reversible complex is 2 X lo-'' M. The half-time of the first-order transition 
PA + PA' was determined to be 166 sec corresponding to a k2 value of 4.2 x 
10-3/sec [83]. 

Plasmin molecules which have a synthetic substrate bound to their active site or 
6-aminohexanoic acid bound to their lysine-binding site(s) [79,83] do not react or 
react only very slowly with a,-antiplasmin. The first step of the process is thus 
clearly dependent on the presence of a free lysine-binding site and active site in 
the plasmin molecule. Later work [84] in which plasminogen fragments containing 
lysine-binding site(s) were allowed to compete with plasmin for the binding of az- 
antiplasmin indicated that mainly the high-affinity lysine-binding site(s) situated in 
triple loops 1-3 of the plasmin A-chain is responsible for the interaction with a2- 
antiplasmin [28]. 

(b) Mechanism of complex formation. Plasmin and cY,-antiplasmin form a stoi- 
chiometric 1:l complex with a molecular weight of about 140000 by strong inter- 
action between the light (B) chain of plasmin and the inhibitor. Upon reduction 
this complex is dissociated in two parts: an intact plasmin A-chain (M, 60000) and 
a very stable complex between the plasmin B-chain and a2-antiplasmin (M, 80000), 
provided that the complex formation is performed in excess a,-antiplasmin [76,85]. 
Wiman and Collen [85] demonstrated the release of a non-disulfide-bonded pep- 
tide (M, 8000) concomitantly with complex formation. In this study the peptide 
moieties of the plasmin-a,-antiplasmin complex were separated and character- 
ized. NH2- and COOH-terminal amino acid sequence analysis suggested that com- 
plex formation occurs by plasmic attack at a specific leucyl-methionyl peptide bond 
in the COOH-terminal portion of the inhibitor. Recent evidence (unpublished) 
suggests however that the reactive site peptide bond might consist of Arg-Met. A 
strong bond is formed between the active site seryl residue in plasmin and the spe- 
cific arginyl residue in the inhibitor. Indirect evidence that an ester bond may play 
a role in stabilizing the plasmin-a,-antiplasmin complex has been reported [ 871. 

3. Mechanism of physiological jibrinolysis 

The specific molecular interactions between the components of the fibrinolytic 
system described above enabled us to formulate a molecular model for the regu- 
lation of fibrinolysis [3,30]. When fibrin is formed, plasminogen activator and plas- 
minogen adsorb to the clot in a sequential and ordered way. Fibrin essentially in- 
creases the local plasminogen concentration by creating an additional interaction 
between t-PA and its substrate. In the presence of fibrin the affinity of t-PA for 
plasminogen is, high, indicating that efficient activation can occur. Plasmin formed 
on the fibrin surface has both its lysine-binding sites and active site occupied and 
is thus only slowly inactivated by a,-antiplasrnin. Efficient fibrinolysis in vivo how- 
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ever seems to require a continuous replacement at the fibrin surface of inactivated 
plasmin molecules by plasminogen molecules. In this respect, the finding that 
binding of plasminogen to fibrin is enhanced by the presence of t-PA [88] might 
be relevant. In plasma no efficient plasminogen activation by t-PA occurs and a2- 
antiplasmin rapidly binds free plasmin thereby protecting fibrinogen. These inter- 
actions thus indicate that the fibrinolytic process is triggered by and confined to 
fibrin. 

Although these molecular interactions between the components of the fibrino- 
lytic system are rather well established, less is known about the dynamics of clot 
dissolution in vivo. It has been shown that the rate of fibrinolysis depends on the 
amount of t-PA incorporated in a clot [89,90]. Not only the concentration of t-PA 
and of the fast reacting t-PA inhibitor but also their distribution between the clot 
and the surrounding plasma are important determinants for fibrinolysis [90]. 

As a consequence of this molecular model for fibrinolysis, thrombolysis is ex- 
pected to be more fibrin-specific with the use of plasminogen activators with an 
affinity for fibrin (t-PA and possibly pro-urokinase) as compared to the presently 
used streptokinase or urokinase (without specific affinity for fibrin). 

4. Thrombolytic properties of tissue-type plasminogen activator 

(a)  In vivo animal studies 

The thrombolytic effect of t-PA and urokinase was compared in rabbits with an 
experimental pulmonary embolus (911. t-PA caused thrombolysis at lower doses 
than urokinase (on a molar 'basis); thrombolysis with t-PA was achieved without 
extensive plasminogen activation in the circulating blood and without hemostatic 
breakdown. 

In dogs with an experimental thrombosis of the femoral vein, urokinase infusion 
at a rate of 2500 IU/kg/h for 4 h did not induce significant lysis [92]. With 25000 
IU of urokinase/kg/h for 4 h about 30% lysis was obtained but this was associated 
with defibrinogenation. Infusion of 2500 urokinase equivalent units of t-PA/kg/h 
for 4 h caused 2045% lysis without causing any fibrinogen breakdown. 

In a preliminary report, Sampol et al. [93] reported successful recanalization with 
porcine t-PA in dogs with femoral vein thrombosis. Carlin et al. [94] induced lysis 
of intravascular fibrin deposits in the lungs of rats following infusion of human t- 
PA. 

In rabbits with experimental jugular vein thrombosis the extent of thrombolysis 
by t-PA is mainly determined by the dose of t-PA and its delivery in the vicinity 
of the thrombus and much less by the age of the thrombus or the molecular form 
of the activator [95]. 

Agnelli et al. [96] used a quantitative bleeding model in rabbits to demonstrate 
that t-PA, in contrast to streptokinase, did not provoke hemorrhage at thrombo- 
lytic doses. 
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At present, 4 studies with t-PA in animal models for myocardial infarction have 
been completed [97-1001. Bergmann et al. [97] produced a thrombus in the left 
anterior descending (LAD) coronary artery with a copper coil. Intravenous or in- 
tracoronary infusion of t-PA, obtained from cell culture fluid, at a rate of 10000 
IU/min produced coronary reperfusion of 1-2-h-old occlusions within 10 min. In 
addition intermediary metabolism and nutritional myocardial blood flow were re- 
stored and thrombolysis was obtained without inducing a systemic fibrinolytic state. 

Van de Werf et al. [98] compared the thrombolytic effect of recombinant t-PA 
with that of urokinase in dogs with a 1-h-old LAD occlusion introduced with a 
copper coil. Intravenous infusion in 9 dogs of 1000 IU (10 pg)/kg/min of t-PA ob- 
tained by recombinant DNA technology (rt-PA) elicited reperfusion within 14 min 
without producing systemic fibrinolysis or distal coronary embolization. Infusion 
of urokinase at the same rate elicited thrombolysis in 7 of 10 dogs within an av- 
erage of 19 min. However, distal coronary embolization occurred in 2 dogs and 
systemic fibrinolysis was observed in all. In 3 dogs treated with urokinase throm- 
bolysis was obtained only with subsequent intracoronary infusion. Restoration of 
myocardial perfusion and metabolism assessed with positron-emission tomography 
was consistently noted in dogs treated with rt-PA. 

Gold et al. [99] studied the thrombolytic potency and infarct-sparing potential 
of rt-PA in open chested, anesthetized dogs. Localized coronary thrombosis was 
produced in the LAD by endothelial injury and instillation of thrombin and fresh 
blood. After 2 h of stable thrombotic occlusion, rt-PA was infused intravenously. 
At 5 pg/kg/min, time to reperfusion was greater than 40 min. However, at higher 
infusion rates a linear, dose-dependent time to coronary reperfusion was obtained 
(r=0.88): at 10 pg/kg/min reperfusion occurred after 31 min; at 15 pglkglmin it 
was 26 min; and at 25 pg/kg/min, lysis was obtained within 13 min. Thrombolysis 
was not associated with alterations either in plasma hemostatic factors (fibrinogen, 
plasminogen and a,-antiplasmin) or in systemic blood pressures. Epicardial elec- 
trographic measurements revealed a significant reduction in ST elevation in all re- 
perfused hearts. 

Gold et al. [99] also performed a randomized-blinded study using 15 pg/kg/min 
of rt-PA versus saline in 18 dogs with 30 rnin of coronary thrombosis. Reperfusion 
in the treated group occurred after 28 min. No evidence of thrombolysis occurred 
in the saline-treated group within 240 min. Myocardial infarct size was determined 
by triphenyl tetrazolium chloride staining and planimetry. Infarction involved 2.5% 
of the left ventricular wall in the rt-PA group, but 16% of the left ventricle in the 
saline group. 

Flameng et al. [lo01 produced occlusive thrombi in the LAD of 16 open chest 
baboons. In 6 control animals, occlusive thrombosis persisting over a period of 4 
h as evidenced by coronary arteriography , resulted in large transmural infarction 
(63% of the perfusion area). In 10 animals rt-PA was infused systemically at a rate 
of 1000 IU (10 pg)/kg/min for 30 rnin after 30-80 rnin of coronary thrombosis. Re- 
perfusion occurred within 30 min in 9 animals. In the rt-PA group mean duration 
of occlusion before reperfusion was 77 min. Recanalization resulted in an overall 
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reduction of infarct size to 38%. Residual infarction was related to the duration 
of occlusion (r=0.80). Reperfusion was associated with reduced reflow: myocar- 
dial blood flow in the reperfusion area of the LAD was only 70% of normal after 
4 h in spite of perfect angiographic refilling. The infusion of rt-PA was not asso- 
ciated with systemic activation of the fibrinolytic system, fibrinogen breakdown or 
clinically evident bleeding. 

From all these studies it is concluded that intravenous injection of t-PA may re- 
canalize thrombosed coronary vessels without inducing a systemic fibrinolytic state. 
Timely reperfusion results in infarct sparing and restoration of nutritional blood 
flow. 

(b) In vivo human studies 

The first patients were treated with t-PA in 1981. Intravenous administration of 
human t-PA (7.5 mg over 24 h) induced complete lysis of a 6-week-old renal and 
iliofemoral thrombosis in a renal allograft recipient [ 1011. Thrombolysis was 
achieved without systemic fibrinolytic activation or hemostatic breakdown, and was 
not associated with bleeding. The second case was a 73-year-old man with the ne- 
phrotic syndrome, who developed an ascending thrombosis of the iliofemoral vein 
after removal of an infarcted femoral-popliteal graft and mid-thigh amputation of 
the right leg. Venography showed thrombotic masses in the vena cava, and selec- 
tive venography revealed a thrombus of the right renal vein. t-PA, 5 mg, given 
intravenously over 24 h, resulted in resolution of the thrombosis in the iliac vein, 
vena cava, and renal vein. No side effects were noted, and again this thrombolytic 
therapy was not associated with consumption of fibrinogen, plasminogen, a,-an- 
tiplasmin or factor V [ lol l .  

In 4 patients with deep vein thrombosis over extended segments of the iliac and 
femoral veins, intravenous infusion of 5-15 mg of t-PA over 24-36 h did however 
not result in thrombolysis (unpublished). 

Van de Werf et al. [lo21 performed a pilot study with t-PA obtained from cell 
culture fluid in 7 patients with acute myocardial infarction. Coronary thrombo- 
lysis, confirmed angiographically, was induced within 19-50 min with intravenous 
or intracoronary t-PA in 6 of the 7 patients. Circulating fibrinogen, plasminogen 
and a*-antiplasmin were not depleted by t-PA, in contrast to the case in the 2 pa- 
tients subsequently given streptokinase. In the one patient in whom lysis was not 
inducible with t-PA, it was also not inducible with streptokinase. These observa-, 
tions indicate that clot-selective coronary thrombolysis can be induced in patients 
with evolving myocardial infarction by means of t-PA, without concomitant in- 
duction of a systemic lytic state. In two of these patients positron-emission tomo- 
graphy revealed an improved regional palmitate accumulation following coronary 
reperfusion with t-PA [103]. 

From all these studies it thus appears that specific thrombolysis without systemic 
activation of the fibrinolytic system can be achieved with t-PA. Limited experience 
in treatment of patients with myocardial infarction suggests that the potentially 
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widely available recombinant t-PA offers a promising practical approach for cor- 
onary thrombolysis. Coronary thrombolysis is however not a goal in itself but is 
employed to prevent necrosis and dysfunction of jeopardized myocardial cells. 
There is ample evidence in animals that the infarct size is smaller and the myocardial 
function better when an occluded coronary artery is reopened within at most a couple 
of hours [104]. The proof that coronary reperfusion is of real benefit to patients with 
acute myocardial infarction in terms of morbidity or mortality is however still lack- 
ing [105-1071. To this end several large-scale trials are required. 

5. Thrombolytic effect of pro-urokinase 

In vitro, pro-urokinase (pro-UK) is a true proenzyme, inactive in plasma but 
slowly activated in the presence of a fibrin clot. The single-chain proenzyme has a 
higher specific thrombolytic activity andor a better fibrin selectivity than two-chain 
urokinase [40,41,108]. 

In a standardized radiolabeled clot lysis assay, pro-UK purified from a trans- 
formed human kidney cell line, was found to lyse clots in a similar way as t-PA, 
with equivalent efficacy and fibrin specificity [log]. Using pro-UK obtained by re- 
combinant DNA technology in a system composed of a radioactive human plasma 
clot immersed in human plasma, Zamarron et al. [41] observed a similar fibrino- 
lytic effect of pro-UK and two-chain urokinase, while t-PA caused equivalent de- 
grees of clot lysis at 10-fold lower concentrations. With pro-UK significant clot lysis 
could be obtained without systemic activation of the fibrinolytic system. With two- 
chain urokinase, all concentrations which caused significant clot lysis also caused 
extensive fibrinolytic activation in the plasma. Whereas t-PA is progressively in- 
activated upon prolonged incubation in plasma, pro-UK retains its potential fi- 
brinolytic activity for at least 24 h [41,108]. Two-chain urokinase is inactivated in 
plasma within a few hours. 

In rabbits and squirrel monkeys, pro-UK was found to have an equally short 
half-life as active urokinase (3-6 min), due to clearance and degradation by the 
liver [43,44]. Its proenzyme nature as such does therefore not result in a prolonged 
thrombolytic effect in vivo. 

Clot lysis induced by pro-UK, as well as by two-chain urokinase and t-PA, is 
very variable from one species to another when assayed in an in vitro system con- 
sisting of 12sI-labeled autologous plasma clots immersed in plasma [109]. In gen- 
eral good reactivity towards t-PA is paralleled by good reactivity towards pro-UK 
and active urokinase. 

Several groups have compared the thrombolytic effect of single-chain pro-UK 
and two-chain active urokinase in animal models [108,110,111]. By intravenous 
administration of 3000 IU of urokinase/kg body weight in dogs with an experi- 
mental thrombosis, Sumi et al. [110) obtained complete thrombolysis within 1.5 h 
with pro-UK, whereas the lysis time was more than 3 h in the group treated with 
two-chain urokinase. Gurewich et al. (1081 studied the thrombolytic effect of pro- 
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UK of human kidney cell origin in rabbits and dogs with pulmonary embolus. In 
rabbits the mean extent of thrombolysis after 5 h was 6%, 17% and 53% following 
infusion of saline, two-chain urokinase and pro-UK respectively. Infusion of two- 
chain urokinase was accompanied by systemic fibrinogenolysis whereas pro-UK did 
not cause significant fibrinogen degradation. Dogs were found to be about 10 times 
more sensitive to human urokinase than rabbits, but otherwise similar results were 
obtained as in rabbits. 

The thrombolytic properties of recombinant pro-UK (rec-pro-UK), recombi- 
nant active urokinase (rec-UK) and natural urinary urokinase (nat-UK) were com- 
pared in rabbits with a radiolabeled thrombus in the jugular vein [ l l l ] .  The 
thrornbolytic agents were infused intravenously over a period of 4 h and the extent 
of thrombolysis was measured 2 h later as the difference between the radioactivity 
introduced in the clot and that recovered in the vein segment at the end of the 
experiment. Significant thrombolysis with nat-UK and rec-UK was only obtained 
with 240000 IU/kg or more, and this was associated with a marked systemic ac- 
tivation of the fibrinolytic system, as evidenced by consumption of plasminogen 
and a*-antiplasmin and fibrinogen breakdown. Infusion of rec-pro-UK induced 
thrombolysis at a dose of 60000 IU/kg or more and without associated activation 
of the fibrinolytic system. The specific thrombolytic activity of t-PA was however 
2-4-fold higher than that of rec-pro-UK. 

From these studies it is concluded that pro-UK has a better fibrin selectivity than 
active urokinase. However, in order to establish its potential value as a throm- 
bolytic agent, more studies are required. 
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CHAPTER 9A 

Inhibitors: antithrombin 111 and heparin 
MICHAEL J. GRIFFITH 

Department of Pathology, University of North Carolina, Chapel Hill, NC (U.S .A. )  

1 .  Introduction 

Antithrombin I11 appears to be the primary plasma inhibitor of thrombin. The 
correlation between thrombotic disorders and a deficiency in functional plasma an- 
tithrombin 111 levels [ 11 suggests that antithrombin 111 is intimately involved in the 
regulation of hemostasis in vivo. Heparin is an effective plasma anticoagulant; an 
activity of heparin which can be attributed, at least in part, to a rate-enhancing 
effect on blood coagulation protease inhibition by antithrombin 111 [2,3]. 

In the present chapter, the biochemistry of antithrombin I11 and heparin is re- 
viewed and discussed. The focus is on the structural and functional properties of 
both which appear to be important in terms of the rate of protease inhibition in 
purified component reaction systems. The objective is to define the current base 
of knowledge regarding the properties of antithrombin I11 and heparin in vitro 
which can then be applied to the more complex roles of these molecules in vivo. 
Antithrombin I11 is a single-chain a,-glycoprotein (M, = 58000) which has been 
isolated from mammalian, avian, reptilian and amphibian plasma [3-131. The pri- 
mary structure of human antithrombin I11 has been reported [14]. Three disulfide 
bonds have been found linking Cys8 to Cys128, Cys21 to Cys95, and Cys239 to 
Cys422 and 4 glucosamine-based oligosaccharide units are attached to Asn96, 
Asn135, Asn155 and Asn192 [14]. The carbohydrate content of human antithrom- 
bin I11 is -9% by weight [9,10] and consists of N-acetylglucosamine, mannose, 
galactose and sialic acid in molar ratios of approximately 1:1:0.6:1 [15]. Micro- 
heterogeneity in human antithrombin I11 has been detected by isoelectric focusing 
[10,16-181 with pf values of 3 major forms of the protein in the range of 4.9-5.3 
[lo]. Absorbtion (Eig coefficient values for human antithrombin I11 of 5.7-6.5 
have been reported [6,9,101 while the value calculated from the amino acid com- 
position [14] is 6.2. The hydrodynamic properties of human antithrombin 111, i.e. 
frictional ratio and intrinsic viscosity, suggest that the protein is asymmetrical [6,10], 
with an estimated axial ratio of -4.5 [lo]. The secondary structure of human an- 
tithrombin I11 appears to consist of -10% a-helix, 3040% p-structure and the re- 
mainder random conformation 110,191. 
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The antithrombin 111 concentration in pooled normal human plasma has been 
estimated in several studies [20-281. Conrad and coworkers [28] have estimated 
the plasma concentration of antithrombin 111 to be -2.5 pM (0.15 mg/ml) while 
Murano and coworkers [27] have found the level to be somewhat lower, -2.1 pM 
(0.125 mg/ml). It is not certain, however, to what extent the presence of heparin 
cofactor A in human plasma [29] has affected the estimated concentrations of an- 
tithrombin 111 reported to date. 

The early procedures described for the isolation of antithrombin 111 from hu- 
man plasma were associated with relatively low yields of the purified protein [3-51. 
Both the yield of purified protein and the ease with which the purification proce- 
dure is performed have been greatly improved by the use of heparin-agarose af- 
finity chromatography [6,8]. Several hereditary abnormal antithrombin I11 mole- 
cules have been identified [30-371, however only in the case of antithrombin 111 
Toyama has the site of structural mutation been characterized [38]. In addition to 
thrombin [3], purified antithrombin 111 inhibits factor X, [39,40], factor IX, [41,42] 
factor XI, [43], factor XII, [MI, kallikrein [45-48], plasmin [49,50], urokinase [51], 
C1 esterase [52] and trypsin [53,54]. The rates of inhibition of these serine pro- 
teases by antithrombin 111 are increased to varying degrees by heparin. Factor VII, 
does not appear to be inhibited at an appreciable rate by antithrombin 111 in the 
absence of heparin [40,55,56] while in the presence of heparin a measurable rate 
of inhibition has been observed [56]. Protease inhibition by antithrombin 111 in- 
volves the formation of a stable 1:l molar complex between the active site of the 
protease and a site referred to as the reactive site of antithrombin 111 [5]. The re- 
active site (peptide bond) of antithrombin 111 (Arg385-Ser386) appears to be the 
same for thrombin [57], factors IX, and X, [158] and trypsin [59]. 

In the following section the mechanism of protease inhibition by antithrombin 
I11 is discussed within the context of the standard mechanism of protease inhibi- 
tion by protein inhibitors. Heparin structure-function relationships are then dis- 
cussed as they pertain to antithrombin 111 binding and to the catalysis of anti- 
thrombin 111-protease reactions. The interaction of heparin with antithrombin I11 
is subsequently discussed in terms of the effects of heparin binding on antithrom- 
bin I11 structure and the structural properties of antithrombin I11 which appear to 
be important for heparin binding. A section has been devoted to the descrip- 
tion/derivation of possible kinetic mechanisms of action of heparin in catalyzing 
antithrombin 111-protease reactions and to the discussion of the currently avail- 
able evidence which supports these mechanisms. Finally, the structural and func- 
tional properties of heparin cofactor 11, which appears to be similar to antithrom- 
bin 111 in both regards, are discussed. It is sincerely hoped that the work cited in 
this chapter adequately and accurately credits the many contributions which have 
been made to attain our present level 6f understanding of antithrombin I11 and 
heparin. The limited scope of the present chapter has, however, excluded many 
significant contributions which are discussed elsewhere [23,6M8]. 
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2. Antithrombin 111-protease interaction 

Serine protease inhibition by protein inhibitors has been extensively studied 
[69,70]. The ‘standard mechanism’ of protease inhibition is closely related to the 
catalytic pathway of substrate hydrolysis (proteolysis) described for serine pro- 
teases [71]. The underlying interactions between the ‘reactive site’, i.e. scissile 
peptide bond, of the inhibitor molecule and the active site of the target protease 
have been established through in-depth analysis of both structural and functional 
properties of the reactants and of the stable inhibitor-protease complex. The data 
obtained from X-ray crystallographic examination of inhibitor-protease complexes 
have provided a detailed picture of the nature of the bonds formed. For the most 
part, the nature of the bonds formed in the stable antithrombin 111-protease com- 
plex is not known, although a number of interesting observations have been re- 
ported. The reaction sequence describing substrate hydrolysis by serine proteases 
and the standard mechanism of protease inhibition by protein inhibitors are briefly 
discussed below to provide a framework for discussion of protease inhibition by 
antithrombin 111. 

The reaction sequence describing substrate hydrolysis by serine proteases of the 
chymotrypsin family is shown schematically in Fig. 1. The initial interaction be- 
tween the protease and substrate involves the formation of a dissociable ‘Michae- 
lis’ complex wherein the susceptible peptide bond of the substrate becomes asso- 
ciated with the active site residues of the protease (see also Ch. 3). A pair of 
hydrogen bonds formed between the oxyanion hole of the protease and the car- 
bony1 oxygen of the P, residue of the substrate distorts the carbonyl carbon for 
nucleophilic attack by the active site serine 07-oxygen and formation of the co- 
valent tetrahedral adduct. Proton transfer from the active site histidine to the amide 
NH of the substrate results in the breakdown of the tetrahedral intermediate and 
formation of the acyl-enzyme intermediate and release of the leaving group. Dea- 
cylation of the acyl-enzyme intermediate occurs by reversing the order of the steps 
leading to formation of the acyl-enzyme with the exception that water of another 
nucleophile replaces the peptide leaving group in the sequence. 

Serine protease inhibition by protein inhibitors, as described by the standard 
mechanism, follows the reaction sequence for substrate hydrolysis shown in Fig. 
1, differing only in the relative rates at which the steps take place. While inhibitor 
hydrolysis can occur, the primary feature of the stable inhibitor-protease complex 
is the interaction between the carbonyl oxygen of the P, residue of the inhibitor 
with the oxyanion hole of the protease. The reactive site peptide bond of the in- 
hibitor is intact and covalent bonding between the active serine 07-oxygen and the 
carbonyl carbon, i.e. tetrahedral intermediate formation, does not occur. As a 
consequence, the active site serine of the protease is not required for stable com- 
plex formation and the cleaved inhibitor retains inhibitory activity. Conforma- 
tional changes during the formation of the stable inhibitor-protease complex are 
minimal indicating that the conformation of the reactive site residue of the inhib- 
itor easily attains the transition-state conformation upon binding to the active site 
of the protease. 
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Fig. 1. Reaction sequence for substrate hydrolysis by serine proteases. The reaction sequence for sub- 
strate (S) hydrolysis by serine proteases (E) of the chymotrypsin family is shown at the top of the fig- 
ure. E:S. dissociable Michaelis complex; E-S, covalent tetrahedral intermediate; E-S', covalent 
acyl-enzyme intermediate; E-P, enzyme-product tetrahedral intermediate; E:P, enzyme:product Mi- 
chaelis complex; P, product of bond cleavage. The lower portion of the figure attempts to illustrate the 
honds formed and broken in the reaction sequence leading to the formation of the acyl-enzyme inter- 
mediate. The active site aspartic acid (asp), histidine (his) and serine (ser) residues of the enzyme are 
shown. Noncovalent bonds are indicated by (...) . 

The reaction sequence describing protease inhibition by antithrombin 111 is not 
known. Several studies have been reported, however, which provide reasonable 
evidence that the reaction sequence shown in Fig. 1 is followed, but the standard 
mechanism of protease inhibition described above may not apply to protease in- 
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hibition by antithrombin 111. The most extensively studied antithrombin 
111-protease reaction has been the antithrombin 111-thrombin reaction. There- 
fore, the general observations related to thrombin inhibition by antithrombin I11 
are the primary focus of the following discussion. 

The antithrombin 111-thrombin reaction was shown in early studies to follow ap- 
parent second-order kinetics at protein concentrations of -10 pM [72]. Subse- 
quently, Jesty demonstrated that the antithrombin 111-thrombin reaction follows 
apparent pseudo-first-order kinetics in the presence of excess antithrombin 111 and 
that the reaction velocity is proportional to the antithrombin 111 concentration up 
to 20 pM [75]. From this it was concluded that the dissociation constant value for 
the antithrombin 111-thrombin (Michaelis) complex, if formed, must exceed 
M and that the apparent first-order rate constant value for the step leading to com- 
plex stabilization must be greater than 2/sec [73]. Recent work has shown that sat- 
uration kinetics for the antithrombin 111-thrombin reaction are detectable only 
when the antithrombin 111 concentration exceeds 70 pM [74]. By using stopped- 
flow fluorimetry with thrombin-bound p-aminobenzamidine as a probe, Olson and 
Shore have demonstrated the formation of a weak antithrombin 111-thrombin 
complex (Kd = 1.4 mM), followed by a first-order complex stabilization step (k = 

10.Wsec) in the antithrombin 111-thrombin reaction sequence [74]. Thus, it is rea- 
sonable to conclude that the mechanism of thrombin inhibition by antithrombin 
I11 involves at least two steps, one of which (Michaelis complex formation) is clearly 
an integral step found in the standard mechanism of protease inhibition. 

The chemical nature of the bond(s) formed between antithrombin 111 and 
thrombin during the complex stabilization step in the antithrombin 111-thrombin 
reaction sequence was initially addressed by Rosenberg and Damus [ 5 ] .  The in- 
volvement of the active site serine of thrombin in the formation of a stable anti- 
thrombin 111-thrombin complex was suggested from the observation that diisopro- 
pyl fluorophosphate-inactivated thrombin (DIP-thrombin) did not interact 
measurably with antithrombin 111 under a variety of experimental conditions [5]. 
However, the ability of the DIP-group to attain the transition state, tetrahedral 
intermediate structure and physically block antithrombin I11 binding, precluded this 
observation being taken as evidence for bond formation between the active site 
serine of thrombin and the reactive site carbonyl carbon of antithrombin 111. The 
stability of the antithrombin 111-thrombin complex to the denaturing conditions 
associated with SDS-polyacrylamide gel electrophoresis suggested, in the absence 
of direct evidence for covalent bond formation, that electrostaWhydrophobic in- 
teractions between the proteins could aid in the resistance of the complex to  den- 
aturing agents [ 5 ] .  Owen found in subsequent studies that the antithrombin 
111-thrombin complex is also stable in the presence of 6.0 M guanidine hydro- 
chloride, but could be dissociated by incubation at pH 12.0 in the presence of 0.1% 
SDS or at pH 7.5 in the presence of 1.0 M hydroxylamine, 0.1% SDS [75]. These 
observations provide strong evidence for the formation of a covalent bond be- 
tween antithrombin I11 and thrombin and suggest that the stable complex is anal- 
ogous to the acyl-enzyme intermediate formed in the reaction scheme shown in 
Fig. 1. 
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Under nondenaturing conditions, at neutral pH, the antithrombin III-thrombin 
reaction appears to be at least partially reversible [73.76]. Based on the observa- 
tion that the antithrombin III-thrombin reaction reaches an apparent equilibrium, 
Jesty found the apparent dissociation (equilibrium) constant value for the anti- 
thrombin III-thrombin complex to be 1.25 x lo-"' M [73]. This value was in good 
agreement with the dissociation constant value of 1.0 x lo-"' M calculated from 
the apparent second-order rate constant value measured for complex formation and 
the apparent first-order rate constant value for complex dissociation, thus sug- 
gesting that the antithrombin III-thrombin reaction is reversible [75]. Subsequent 
studies were reported which suggested that the reversibility of the antithrombin 
III-thrombin reaction is pH dependent (761. Based on the apparent rates of active 
antithrombin I11 and thrombin dissociation from the antithrombin III-thrombin 
complex it was found that increasing amounts of inactive antithrombin 111 are re- 
leased with thrombin as the pH of the solution is increased [76]. While the antith- 
rombin III-thrombin reaction appeared to be reversible at pH 7.0, as indicated by 
equivalent rates of dissociation of thrombin and active antithrombin 111, at pH 9.5, 
approximately 99% of the antithrombin I11 released from the complex was inac- 
tive. From these observations it has been suggested that thrombin inhibition by 
complex formation with antithrombin 111 does not require the formation of an acyl 
bond and concomitant cleavage of the antithrombin I11 molecule [76], but cova- 
lent bond formation, as in the tetrahedral intermediate, is not precluded. Similar 
studies reported more recently have not confirmed the dissociation of active an- 
tithrombin I11 from the antithrombin III-thrombin complex [77,78], thus suggest- 
ing that either the acyl-enzyme intermediate is the true form of the stable complex 
or that breakdown of the tetrahedral intermediate to the acyl-enzyme intermedi- 
ate is very sensitive to the experimental conditions. 

The inability of thrombin-cleaved antithrombin 111 to inactivate thrombin [79,W] 
suggests that the cleaved inhibitor does not readily attain the transition state con- 
formation required for complex stabilization. Alternatively, if the acylknzyme in- 
termediate is the stable form of the antithrombin III-thrombin complex, forma- 
tion of an acyl bond between thrombin and the cleaved inhibitor might not be 
thermodynamically favorable. In related studies, Mahoney and coworkers found 
that anhydrotrypsin, i.e. trypsin in which the active site serine has been chemically 
modified to dehydroalanine, does not form a stable complex with either anti- 
thrombin I11 or a,-antitrypsin [81]. This observation indicates that covalent bond 
formation between these inhibitors and the active site of trypsin is required for 
complex stabilization. It was also found, however, that dissociation of the a,-an- 
titrypsin-trypsin complex did not occur in the presence of hydroxylamine, nor was 
reactive site(s) peptide bond cleavage detected in the complex by amino terminal 
sequence analysis [81]. Interestingly, the a,-antitrypsin-trypsin complex, like the 
antithrombin III-thrombin complex is stable under the conditions of SDS- 
polyacrylamide gel electrophoresis. While antithrombin I11 and a,-antitrypsin ap- 
pear to be structurally very similar [82], it is not clear to what extent the functional 
properties of the two inhibitors can be related to one another. At the least, the 
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demonstration that the a,-antitrypsin-trypsin complex is stable to denaturing con- 
ditions without evidence for acyl-bond formation provides indirect support for the 
possibility that acyl-bond formation may not be required for thrombin inhibition 
by antithrombin 111. 

It should be apparent from the discussion above that much of the antithrombin 
III-thrombin reaction sequence remains uncertain. Until X-ray crystallographic data 
on the antithrombin III-thrombin complex are obtained, the chemical nature of 
the bonds formed in the stable complex will not be known with certainty. If the 
data obtained from the study of the antithrombin III-trypsin complex are gener- 
ally representative of antithrombin III-protease complexes, then the results ob- 
tained with anhydrotrypsin suggest that the antithrombin III-protease reaction se- 
quence deviates from the standard mechanism of protease inhibition in that covalent 
bond formation is required for complex stabilization. 

3. Heparin structure and function 

Heparin is one of 6 structurally related glycosaminoglycans containing an alter- 
nating uronic acid (L-iduronic acid and/or D-glucuronic acid), hexosamine (D-glu- 
cosamine or D-galactosamine) carbohydrate backbone [83]. The general backbone 
of heparin [84] is composed of a repeating disaccharide of 1+4-linked uronic acid 
(a-L-iduronic acid or P-D-glucuronic acid) and a-D-glucosamine. The majority of 
the glucosamine residues have O-sulfate groups at C-6 and sulfated or acetylated 
amino groups. Most of the iduronic acid residues have O-sulfate groups at C-2, 
but glucuronic acid residues are nonsulfated. Commercial heparin preparations 
consist of molecules ranging in apparent molecular weight from -5000 to -30000 
[85] which also vary in degree of sulfation [86], N-acetylation [87] and in the ratio 
of iduronic acid to glucuronic acid [88]. Chondroitin-4-sulfate, chondroitin-6-sul- 
fate and keratan sulfate, although structurally related to heparin, do not have 
measurable anticoagulant activity I891 and the anticoagulant activity of dermatan 
sulfate [89,90] appears to differ in mechanism from that of heparin [90]. Heparan 
sulfate differs from heparin in terms of iduronic acid:glucuronic acid ratio and de- 
gree of sulfation, but appears to have a mechanistically similar, albeit low, anti- 
coagulant activity [90]. 

Commercial heparin preparations have been fractionated according to size, 
charge and affinity for antithrombin 111 in order to correlate heparin structure with 
function. The anticoagulant activity of heparin, measured in whole blood [91], 
plasma [92], or in related purified systems containing antithrombin 111 [93], has been 
shown to increase with increasing heparin size [94-1141 and increasing degree of 
sulfation, i.e. increasing anionic charge density [ 100,103,115-1211. The affinity of 
heparin for antithrombin I11 has been shown to be a critical factor in the antico- 
agulant activity of heparin [102, 122,1231. Heparin with a high affinity for anti- 
thrombin 111, representing approximately 1/3 of the heparin in commercial prep- 
arations, was found to have an anticoagulant activity - 10-fold higher than heparin 
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with a low affinity for antithrombin 111. The isolation of heparin fragments, pre- 
pared by chemical and/or enzymatic degradation, led to the preliminary charac- 
terization of the structural properties of heparin which are required for high-affin- 
ity binding to antithrombin 111 [124-1271. The results obtained in subsequent studies 
[ 110,128-1391 have culminated in the identification of the monosaccharide se- 
quence of an octasaccharide fragment of heparin which contains the antithrombin 
111-binding site [138]. While a recently reported study has indicated that the high- 
affinity antithrombin 111 (0ctasaccharide)-binding site is located at  or near the 
nonreducing terminus of the heparin chain [140], there is also evidence that high 
molecular weight heparin may contain more than one antithrombin 111-binding site 
per chain [ 108,112,141]. Further resolution of the critical functional groups within 
the antithrombin 111-binding site can be anticipated, however, there appear to be 
additional structural properties of heparin beyond the antithrombin 111-binding site 
which are related to the anticoagulant activity of molecules which remain to be 
quantitatively characterized. 

4.  Heparin-antithrombin III interaction 

The results obtained in the initial investigation of antithrombin 111 structure and 
function suggested that there might be a functional link between the heparin-bind- 
ing site and the reactive site, i.e. protease-binding site, of the antithrombin 111 
molecule. Specifically, it was postulated that heparin binding via lysyl residues of 
antithrombin Ill causes a conformational change in the protein such that the re- 
active site arginine becomes more favorably exposed for rapid interaction with 
thrombin [5] .  Thus, it was considered that the antithrombin 111-protease reaction 
rate-enhancing effect of heparin was due to a direct effect of heparin on anti- 
thrombin 111 structure. A number of subsequent studies demonstrated changes in 
the spectral properties of antithrombin 111 in the presence of heparin. By UV dou- 
ble difference spectral analysis, Einarsson found that heparin binding to anti- 
thrombin I11 alters the environments of both tryptophan and tyrosine in the in- 
hibitor and that -1.8 moles of heparin are bound per mole of antithrombin 111 
with an average dissociation constant value of 4.5 x 1W6 M [142]. It was also found 
that the fluorescence emission intensity of antithrombin 111-bound l-anilino-8- 
naphthalene-sulfonate (ANS), which binds noncompetitively with respect to hep- 
arin to antithrombin 111, was decreased in the presence of heparin suggesting that 
heparin binding to antithrombin Ill  alters the environment of the ANS-binding site 
[142]. Further evidence that heparin alters the environments of tryptophan and ty- 
rosine was reported by Villanueva and Danishefsky who also showed by circular 
dichroism spectral analysis that heparin binding to antithrombin I11 results in a de- 
crease in the p-structure of the molecule with an associated increase in random 
structure [19]. Both studies [19,142] were, however, complicated somewhat by the 
fact that unfractionated heparin was used. In particular, Einarsson and Andersson 
subsequently found that antithrombin 111 affinity-fractionated heparin binds to only 
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one site on the protein with a dissociation constant value of 4.5 x lo-’ M, whereas 
unfractionated heparin appeared to be bound to two sites [143], as reported earlier 
[142]. This study also demonstrated that the intrinsic fluorescence emission of an- 
tithrombin 111 is increased by -30% in the presence of heparin [143]. Additional 
studies were reported which indicated that the spectral changes in antithrombin 111 
observed in the presence of high- (antithrombin 111) affinity and low-affinity hep- 
arin fractions are different [144,145], even though both fractions appear to bind to 
the same site on antithrombin 111 [146]. While these studies and others [147-1491 
convincingly demonstrated that spectral changes in antithrombin 111 are associated 
with heparin binding, the evidence for a heparin-induced conformational change 
in the inhibitor was still somewhat circumstantial. 

Evidence for a heparin-induced conformational change in antithrombin 111 was 
obtained after rigorous characterization of the protein fluorescence enhancement 
in the presence of heparin. Olson and Shore found that the fluorescence enhance- 
ment associated with heparin binding to antithrombin 111 is due to an alteration in 
the environment of buried tryptophan and concluded that this must result from a 
change in the conformation of antithrombin 111 [150]. Stopped flow fluorescence 
measurements indicated that heparin binding to antithrombin 111 is a two-step 
process in which rapid-equilibrium, low-affinity (Kd = 4.3 X M) heparin 
binding induces a conformational change in the protein to increase the affinity for 
heparin by > 300-fold [151]. 

Several studies have been reported in which the structure-function relationships 
in antithrombin 111 related to heparin binding have been probed by chemical mod- 
ification of the protein. Of particular interest is the observation that reduction of 
the Cys239-Cys422 disulfide bond in antithrombin 111 [152] results in a reduced 
affinity for heparin and a corresponding loss of heparin cofactor activity, i.e. anti- 
thrombin activity in the presence of heparin [153]. The antithrombin activity in the 
absence of heparin of reduced-antithrombin 111 is essentially unchanged, indicat- 
ing that the reactive site region is not significantly affected by reduction of the 
Cys239-Cys422 bond [ 152,1531. While complete reduction and S-carb- 
amidomethylation of antithrombin 111 results in a total loss of antithrombin activ- 
ity, the general conformation of the molecule is not substantially changed [143,154]. 
Thus, in view of the two-step heparin-binding process [151], reduction of the 
Cys239-Cys422 disulfide bond may not affect the initial rapid equilibrium hepa- 
rin-antithrombin 111 interaction, whereas the ability of antithrombin 111 to undergo 
the heparin-induced conformational change is lost. 

The involvement of tryptophan in the binding of heparin by antithrombin 111 has 
been shown in several chemical modification studies [150,155-1591. Bjork and 
Nordling found that N-bromosuccinimide (NBS) modification of approximately 1 
mole of tryptophan/mole of antithrombin I11 significantly decreases the rate of 
thrombin inhibition by the modified protein in the presence, but not in the ab- 
sence of heparin [ 1551. It was also found that heparin partially protects antithrom- 
bin 111 from modification with NBS. Similar results were obtained when anti- 
thrombin 111 was modified by incubation with dimethyl(2-hydroxy-5-nitro- 
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benzy1)sulfonium bromide (HNB) [ 156-1581. The fluorescence yield of solvent-ex- 
posed tryptophan, i.e. tryptophan susceptible to chemical modification, is not af- 
fected by heparin binding although a slight shift in the emission spectrum is ob- 
served [ 1501. These observations suggest that surface tryptophan, in close proximity 
to the heparin-binding site, is important for the high-affinity binding of heparin by 
antithrombin 111. 

Blackburn and coworkers recently reported that the Trp49 residue of antithrom- 
bin 111 is modified by HNB and suggested that the amino-terminal region of the 
protein may constitute a part of the heparin-binding domain [159]. A similar con- 
clusion was reached by Koide and coworkers who found sequence homology in the 
amino-terminal regions of antithrombin I11 and histidine-rich glycoprotein [ 1601, a 
protein which also binds heparin very tightly [161]. These investigators have also 
isolated a hereditary abnormal antithrombin 111; antithrombin I11 Toyama, which 
inhibits thrombin at a normal rate in the absence, but not in the presence of hep- 
arin [37,162]. The amino acid substitution in antithrombin 111 Toyama is at residue 
47 where cysteine has replaced the normal arginine residue [38], thus adding evi- 
dence that the amino-terminal region of antithrombin I11 is essential for heparin 
binding. 

The involvement of lysine in the binding of heparin to antithrombin I11 was shown 
in the early work of Rosenberg and Damus [5]. Recent studies by Pecon and 
Blackburn have shown that incubation of antithrombin I11 with pyridoxal-5’-phos- 
phate, followed by reduction with sodium borohydride, results in the modification 
of 3-4 moles of lysinehole of protein [ 1631. Phosphopyridoxylated antithrombin 
111 containing approximately 1 mole of modified lysine h o l e  of protein was ob- 
tained which had reduced activity in the presence, but not in the absence of hep- 
arin and did not show enhanced fluorescence in the presence of heparin. Fluores- 
cence energy transfer from tryptophan to the bound phosphopyridoxyl group was 
also found [163] which suggests that the modified lysine is in close proximity to 
tryptophan, although the specific residues involved have not, as yet, been identi- 
fied. While the specific lysyl residues involved in heparin binding to antithrombin 
I11 have not been identified directly, Villanueva has suggested that lysyl residues 
at positions 282, 286 and 289 may be involved [164]. These residues appear in an 
unstable helical segment (residues 281-292) of the molecule which has been iden- 
tified as being important for heparin binding from the results of antithrombin I11 
denaturation studies and secondary structure analysis [ 164-1671. Model building 
has shown that the lysyl residues in the helical segment can be aligned with sulfate 
groups in the antithrombin III-binding octasaccharide of heparin [ 1641. Identifi- 
cation of the phosphopyridoxylated-lysyl residue(s) of antithrombin I11 which ap- 
pear to be essential for heparin binding could add support for the involvement of 
the helical segment in heparin binding. 
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5. Kinetic mechanisms of action of heparin 

In 1959 Markwardt and Walsmann reported evidence for a catalytic role for 
heparin in the acceleration of thrombin inhibition by antithrombin I11 [168]. Sub- 
sequent work more rigorously demonstrated that non-stoichiometric amounts of 
heparin accelerate the reaction between antithrombin I11 and thrombin and thus 
a catalytic role for heparin was established [169]. The precise nature of the cata- 
lytic role, i.e. the mechanism of action, of heparin in accelerating thrombin inhi- 
bition by antithrombin I11 has not, as yet, been completely determined in spite of 
intense investigation. There is also reason to suspect that the mechanism of action 
of heparin is different for the various proteases inhibited by antithrombin I11 
[107,109,113]. While it would seem reasonable that a rigorous analysis of the ki- 
netics of the various heparin-catalyzed antithrombin 111-protease reactions would 
resolve many of the questions related to the mechanism(s) of action of heparin, 
heparin is simply too heterogeneous to expect that the experimental results ob- 
tained in different laboratories, using different heparin preparations and fractions, 
would necessarily lead to similar interpretations of data and conclusions regarding 
the mechanism(s). In the discussion which follows, experimental results are con- 
sidered within the context of two basic models for the mechanism of action of hep- 
arin. These models can be expressed mathematically and one or the other should 
provide a ‘fit’ for the kinetic data obtained with any highly fractionated heparin 
preparation. 

The primary assumption which is made in deriving the models for the mecha- 
nism of action of heparin is that heparin is functionally similar to an enzyme which 
catalyzes a bireactant, i.e. two-substrate, reaction. This assumption appears to be 
valid for the general models wherein heparin catalyzes the antithrombin 
111-protease reaction by (1) simultaneously binding both antithrombin I11 and pro- 
tease; a random-order bireactant reaction mechanism, or (2) by binding only an- 
tithrombin 111; an ordered bireactant reaction mechanism. The purpose in making 
this assumption is to put the heparin-catalyzed antithrombin 111-protease reaction 
system into the context of well-defined enzyme-substrate systems where the ef- 
fects of varying substrate concentration on reaction rates are quantitatively related 
to one another [170]. 

(a)  Random-order bireactant reaction mechanism 

The random-order bireactant reaction mechanism is described by the equilibria 
shown below. 

KP 
H + P Z H:P 
+ + 
I I 

H:I + P 
K ,  I t  KP 11 K ,  k KC 

H:I:P+ H:(I-P) Z H + I-P 
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In this system, antithrombin 111 ( I )  and protease (P) bind randomly and inde- 
pendently to heparin (H). K ,  and Kp are the heparin:antithrombin 111 and hepa- 
rin:protease dissociation constants, respectively, and k is the apparent first-order 
rate constant for the rate-limiting step in product formation. K ,  is the dissociation 
constant for heparin and the product of the reaction, the stable antithrombin 
111-protease complex (I-P). Assuming rapid equilibrium, the initial reaction ve- 
locity, v,, is described by the following rate equation: 

Under any set of experimental conditions the reaction velocity is proportional to 
the total heparin concentration, [HI,, and the fractional saturation of heparin with 
respect to both proteins. When the heparin concentration is much lower than the 
K ,  and KP values, the initial antithrombin 111 and protease concentrations are es- 
sentially equivalent to [ I ]  and [PI respectively and saturation kinetics are observed 
when the protein concentrations are varied. When the heparin concentration is 
varied the initial protein concentrations are not always equivalent to [I] and [PI (in 
Eqn. 1). To provide a more general rate equation to be used when the initial re- 
action velocity is measured as a function of heparin concentration, Eqn. 1 is mod- 
ified as shown in the following. 

[H:P] [H:I] 
V ,  = k*[H],.--- 

[HI, [HI1 

The heparin:inhibitor concentration, [H:I], at any initial inhibitor concentration, 
[Ill, is calculated by solving the quadratic equation shown in the following. 

[H:II = (Kl + [Ill + [HI, - V(KI + [Ill [HI,)* - 4.[Ill*~HI,)/2 (3) 

The heparin:protease concentration, [H:P], is calculated in a similar manner. When 
the heparin concentration is sufficiently high, [H:I] = [Ill and [H:P] = [PI, and Eqn. 
2 can be modified accordingly as shown in the following. 

(b)  Ordered bireactant reaction mechanism 

The ordered bireactant reaction mechanism is described by the equilibria shown 
below. 
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H:I:P + H:(I-P) H + I-P 

In this system the protease binds only to the heparin:antithrombin I11 complex. 
While the dissociation constant, K ,  value reflects the affinity of the protease for 
the complex, the binding of protease to the complex could involve only pro- 
tease-antithrombin I11 interactions. In other words, heparin could be considered 
to be a positive allosteric effector which alters the conformation of antithrombin 
I11 to enhance protease binding. However, since protease-complex binding could 
also involve limited interactions with heparin, as well as with antithrombin 111, K ,  
is defined simply as the dissociation constant for the protease from the pro- 
tease:heparin:antithrombin I11 complex. Assuming rapid equilibrium, the initial 
reaction velocity for an ordered reaction mechanism is described by the following 
rate equation. 

When the heparin concentration is much lower than the K ,  and K ,  values, the in- 
itial antithrombin I11 and protease concentrations are essentially equivalent to [I] 
and [PI. respectively and saturation kinetics are observed when the protein con- 
centrations are varied. When the protease concentration is much lower than the 
K P  value, the rate equation can be modified as shown in the following. 

Eqn. 6 relates the reaction velocity to the fractional saturation of antithrombin I11 
with respect to heparin, where [H:I] is calculated according to Eqn. 3. When the 
antithrombin I11 concentration is, in addition, much lower than the K ,  value, the 
rate equation is modified further as shown in the following. 

To establish a reaction mechanism for an enzyme-catalyzed reaction system based 
solely on the results of kinetic studies is inherently difficult. The heparin-catalyzed 
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antithrombin 111-protease reaction systems are associated with several problems 
which make the interpretation of kinetic data more complicated. First, the heparin 
preparation must be relatively homogeneous with respect to size, affinity for an- 
tithrombin I11 and, probably, affinity for the protease. Kinetic analysis of a reac- 
tion system containing multiple forms of an enzyme catalyzing the reaction is dif- 
ficult and a heterogeneous heparin preparation could result in similar difficulties 
in the analysis of the antithrombin 111-protease reaction kinetics. Second, accurate 
measurement of the initial reaction velocity can also be difficult. At  very low hep- 
arin concentration, the observed initial reaction velocity can be due to both the 
heparin-catalyzed and uncatalyzed antithrombin 111-protease reactions. The ob- 
served initial velocity, therefore, must be correlated to correspond to the heparin- 
catalyzed reaction velocity only. At relatively high heparin concentration, the in- 
itial reaction velocity can be extremely fast and steps must be taken to obtain 
measurable reaction rates. In this regard, reversible active site reagents (e.g. syn- 
thetic substrates [171], p-aminobenzamidine [172], DAPA [173]) can be added to 
the reaction solution or the reaction temperature andor protein concentrations can 
be lowered. Third, when the residual protease concentration is measured at timed 
intervals by removing samples from the reaction solution, the sampling procedure 
must immediately quench the antithrombin 111-protease reaction. Polybrene binds 
very tightly to heparin and is often used to quench heparin-catalyzed antithrombin 
111-protease reactions. However, at very high heparin concentration the transient 
presence of even a trace amount of free heparin during the mixing/equilibration 
time could result in significant protease inhibition and an overestimation of the re- 
action velocity. 

(c) Heparin-catalyzed antithrombin Ill-thrombin reaction 

Early work suggested that the rate of thrombin inhibition by antithrombin 111 is 
accelerated by heparin when (1) heparin binds to thrombin [168,174-1771, (2) when 
heparin binds to antithrombin 111 [5,20,72], or (3) when heparin simultaneously 
binds to both antithrombin 111 and thrombin [104,116,17&183]. The observation 
that heparin with a high affinity for antithrombin 111 is considerably more active 
than heparin with a low affinity for antithrombin I11 [102,122,123] provided com- 
pelling evidence that heparin binding to antithrombin 111 is an essential feature of 
the catalytic mechanism of action of heparin. Chemical modification of thrombin, 
however, was shown to decrease the rate of thrombin inhibition by antithrombin 
111 in the presence, but not in the absence of heparin [175,185,186] and relatively 
low concentrations of active site blocked thrombin were found to competitively in- 
hibit the heparin-catalyzed antithrombin 111-thrombin reaction [ 186,1871. These 
results, in addition to the observation that thrombin binds with relatively high af- 
finity to heparin in solution [188], provided good reason to believe that heparin 
binding to thrombin is an essential feature of the catalytic mechanism of action of 
heparin. Studies reported by Pomerantz and Owen strongly suggested that the cat- 
alytic mechanism of action of heparin involves the formation of a ternary complex 
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of antithrombin 111, thrombin and heparin [181]. Laurent and coworkers reached 
a similar conclusion based on the empirical relationship between heparin activity 
and heparin size [104]. While the results of relatively rigorous kinetic studies have 
argued for either a heparin-thrombin- [ 1871 or a heparin-antithrombin 111-binding 
model [189] for the kinetic mechanism of action of heparin, the weight of evidence 
from the above studies appears to favor the ternary complex (random order) model 
[ 104,116,178-1 831. 

Heparin does not appear to have a significant effect on the apparent first-order 
rate constant value for the rate-limiting step in the antithrombin 111-thrombin re- 
action sequence [74]. Results reported by Olson and Shore indicate that the pri- 
mary effect of heparin on the antithrombin 111-thrombin reaction is related to an 
increase in the apparent affinity of the proteins for one another [74]. While these 
results do not exclude the possibility that the heparin-induced conformational 
change in antithrombin 111 increases the affinity of antithrombin 111 for the active 
site of thrombin, the results of several recent kinetic studies suggest that the ap- 
parent increase in affinity is due to the simultaneous binding and effective con- 
centration of both proteins by heparin [ 190-1941. 

The heparin-catalyzed antithrombin 111-thrombin reaction is saturable with re- 
spect to both antithrombin 111 and thrombin [192]. In the presence of very low 
heparin concentration the apparent heparin:antithrombin 111 and hepa- 
rin:thrombin dissociation constant values were found to be 100 nM and 36 nM, 
respectively, and the apparent first-order rate constant value was 800/min. Nearly 
identical kinetic parameter values were empirically derived in earlier work when 
the initial antithrombin 111-thrombin reaction velocity was determined as a func- 
tion of heparin concentration [ 1911. Over a 1000-fold heparin concentration range 
(5 nM-5pM), and in the presence of several different protein concentrations, the 
observed initial reaction velocity could be fit to the random-order bireactant re- 
action mechanism when K , ,  K ,  and k values of 100 nM, 35 nM and 800/min were 
used to calculate the initial reaction velocity according to Eqn. 2 [191]. The ki- 
netically determined K ,  value was also identical to the heparin:antithrombin 111 
dissociation constant value measured by titration of the fluorescence enhancement 
in antithrombin 111 by heparin. The k value of 800/min (13hec) is also in reason- 
able agreement with the k values of 5/sec and lO/sec determined by Olson and Shore 
for the antithrombin 111-thrombin reaction in the presence and absence of hepa- 
rin, respectively [74]. The kinetically determined K ,  value, however, is approxi- 
mately 20-fold lower than the heparin:thrombin dissociation constant value deter- 
mined by equilibrium dialysis by Jordan and coworkers [190]. This difference can 
be explained by the difference between the apparent molecular weights of the 
heparin fractions used in the two studies [104,194]. 

Nesheim has shown that the kinetics of the heparin-catalyzed antithrombin 
111-thrombin reaction, determined over a range of heparin and protein concentra- 
tions, are described by a rate law [173] which is identical to that described by the 
rate equation for the random-order bireactant reaction mechanism (Eqn. 2). The 
reaction was shown to be second order overall and first order with respect to both 
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antithrombin 111 and thrombin in the presence of excess heparin and zero order 
overall when the proteins were in excess, indicating that the reaction is saturable 
with respect to both proteins [173]. The first-order rate constant value was also 
estimated to be 2-2.Ysec. Pletcher and Nelsestuen, however, have suggested that 
the heparin-catalyzed antithrombin III-thrombin reaction is described by an or- 
dered bireactant reaction mechanism [ 1951. The model proposed by these inves- 
tigators requires that the direct binding of heparin to thrombin decreases the af- 
finity of thrombin for the heparin:antithrombin 111 complex and thereby accounts 
for the decrease in the initial reaction velocity at high heparin concentration [195]. 
This model is essentially identical to that proposed by Jordan and coworkers [ 1901 
who found, using heparin:thrombin and heparin:antithrombin I11 dissociation con- 
stant values of 800 nM and 100 nM (determined by equilibrium dialysis), an ap- 
parent correlation between the binding of heparin to thrombin and the decrease 
in reaction velocity at high heparin concentration. It is worth noting, however, that 
the first-order rate constant values calculated (according to Eqn. 2) from the initial 
velocity data reported by Jordan and coworkers are on the order of 20 ? 4/sec 
over a heparin concentration range from 10 nM to -1000 nM. Given that these 
experiments were performed at 37"C, the first-order rate constant values would be 
expected to be approximately 2-fold lower at 25°C and thus consistent with values 
reported by other investigators [74]. The data in general are therefore also con- 
sistent with a random-order reaction mechanism. 

Hoylaerts and coworkers have greatly simplified the kinetic analysis of the hep- 
arin-catalyzed antithrombin III-thrombin reaction by preparing covalent hepa- 
rin-antithrombin 111 and heparin-thrombin complexes [ 1941, Apparent dissocia- 
tion constant values for the interaction between thrombin and the covalent 
heparin-antithrombin 111 complex were found to be 7 nM. 100 nM and 6 p M  when 
the molecular weights of the covalently bound heparins were 15000, 4300 and 3200 
respectively. The apparent first-order rate constant values obtained at saturation 
were, however, independent of the heparin size; k = 2/sec. Since active site-blocked 
thrombin inhibited the interaction between thrombin and the covalent hepa- 
rin-antithrombin I11 complex (heparin mol. wt. = 15000) with an apparent dis- 
sociation constant value of 4 nM, it was concluded that the rate-enhancing effect 
of heparin depends on noncovalent bonds between heparin and thrombin, i.e. the 
binding of thrombin to the covalent heparin-antithrombin I11 complex involves 
electrostatic interactions between thrombin and a site on the heparin chain adja- 
cent to antithrombin 111 [194]. While these results are consistent with the random- 
order bireactant reaction mechanism model, the model was extended by evidence 
that thrombin diffuses along the heparin chain to interact with antithrombin I11 
(1941. Thus, increasing the chain length of heparin results in reaction rate en- 
hancement due to a higher probability of interaction between thrombin and hep- 
arin in solution. 
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(d )  Heparin-catalyzed antithrombin 111-factor X ,  reaction 

While much less data are available on the kinetics of the heparin-catalyzed an- 
tithrombin 111-factor X, reaction at least two lines of evidence suggest that an or- 
dered bireactant reaction mechanism is followed. First, very low molecular weight 
heparin fragments, which bind tightly to antithrombin 111, enhance the antithrom- 
bin 111-factor X, reaction rate, but have little effect on the rate of thrombin in- 
hibition [ 107,109,113,134,190]. Second, while the heparin-catalyzed antithrombin 
111-factor X, reaction is saturable with respect to both antithrombin 111 and factor 
X, [ 193,1961, the reaction velocity increases with increasing heparin concentration 
as described by the ordered bireactant rate equation (Eqn. 7) [190,196]. Jordan 
and coworkers reported an apparent second-order rate constant, PaPP, value for 
the antithrombin 111-factor X, reaction of 3 X 10XIMlmin in the presence of sat- 
urating (with respect to antithrombin 111) heparin concentrations [190]. Under the 
experimental conditions used, i.e. very low protein concentration, P,,,=klKp. 
While the K ,  value was not measured in this study, values of 160 nM [193] and 
1.5 pM (Griffith, unpublished) have been observed with heparin preparations with 
apparent molecular weights of 11 000 and 7000 respectively. Thus, k values from 
0.8 to 7.5lsec can be estimated for the heparin-catalyzed antithrombin 111-factor 
X, reaction from the data reported by Jordan and coworkers [190]. Pletcher and 
Nelsestuen have reported an apparent K ,  value of 100 nM and an apparent first- 
order rate constant value of 0.7lsec for the heparin-catalyzed antithrombin 
111-factor X, reaction [ 1951. The apparent differences in K ,  values observed with 
different molecular weight heparin preparations suggest that the binding of factor 
X, to the heparin-antithrombin 111 complex involves interactions with both hep- 
arin and antithrombin 111 in the complex. This possibility is supported by the ob- 
servation that arginine-modified factor X, is inhibited by antithrombin 111 at a much 
slower rate than native factor X, in the presence, but not in the absence of heparin 
[ 1971. Active site-blocked factor X,, at relatively high concentration, has very little 
effect on the heparin-catalyzed antithrombin 111-factor X, reaction [ 1951 which 
strongly suggests that the K ,  value for the interaction between factor X, and the 
heparin-antithrombin 111 complex reflects interactions with both antithrombin I11 
and heparin. 

Further analysis of the kinetics of the various heparin-catalyzed antithrombin 
111-protease reactions can be expected to extend the proposed models for the 
mechanism of action of heparin. Existing evidence suggests that thrombin, factor 
IX, and factor XI, are inhibited by a random-order reaction mechanism in the 
presence of heparin, whereas factor X,, factor XIIa, kallikrein and plasmin are in- 
hibited by heparin-antithrombin 111 by an ordered reaction mechanism 
[107,109,113,134,190]. Resolution of these models is very much dependent on the 
use of highly characterized, homogeneous heparin preparations. Given this, rig- 
orous analysis of the antithrombin 111-protease reaction kinetics, to include K , ,  K ,  
and k determinations, coupled with independently measured hepa- 
rin:antithrombin I11 and heparin:protease dissociation constant values should pro- 
vide further insight into the mechanism(s) of action of heparin. 
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6 .  Heparin cofactor I I  

In 1974 Briginshaw and Shanberge demonstrated that there are at least two dis- 
tinct thrombin inhibitors in human plasma which react with thrombin at an accel- 
erated rate in the presence of heparin [29,198]. These inhibitors, termed heparin 
cofactor A and heparin cofactor B, differed in terms of apparent molecular weight 
and affinity for DEAE-cellulose [29]. In the absence of heparin, heparin cofactor 
A was shown to inhibit thrombin 30-40-fold more slowly than did heparin cofactor 
B 11981. While the rate of factor X, inhibition by heparin cofactor B was accel- 
erated by heparin, there was no inhibition of factor X, by heparin cofactor A in 
the presence or absence of heparin [198]. The evidence strongly suggested that 
heparin cofactor B was identical to antithrombin I11 while heparin cofactor A was 
a previously unrecognized antithrombin-heparin cofactor in human plasma, 

Several studies reported in the past few years [199-2021 have confirmed the 
original observations made by Briginshaw and Shanberge [29,198]. Tollefsen and 
Blank found that radiolabeled thrombin is incorporated into complexes with ap- 
parent molecular weights of 96 000 and 85 000 when incubated with human plasma 
in the presence of heparin [199]. The 85000 mol. wt. complex, immunologically 
identified as the complex between antithrombin 111 and thrombin, was the pre- 
dominate complex formed at low heparin concentration while the 96000 mot. wt. 
complex predominated at high heparin concentration. The 96000 mol. wt. com- 
plex was also found to form in normal quantities when radiolabeled thrombin was 
incubated with plasma which was immunodepleted with respect to all of the known 
protease inhibitors [199]. Other studies indicated that the plasma levels of appar- 
ent antithrombin 111 activity exceed the levels of antithrombin I11 antigen in an- 
tithrombin 111-deficient patients [201,202]. The discrepancy between activity and 
antigen levels was shown to be due to the presence of a second heparin cofactor 
in human plasma [201] which appeared to correspond to heparin cofactor A [202]. 
The second heparin cofactor appears to account for 20-35% of the total anti- 
thrombin 111-heparin cofactor activity in human plasma [199,201,202]. 

The second heparin cofactor has been purified to homogeneity from human 
plasma [203] and from Cohn fraction IV [200]. Heparin cofactor I1 [203] and an- 
tithrombin BM [200,204] are essentially identical in amino acid composition and 
functional properties and are very likely one and the same protein. The term hep- 
arin cofactor I1 is used herein. Unlike antithrombin 111, purified heparin cofactor 
I1 does not appear to inhibit factor X, [200,203], plasmin or trypsin [200] at ap- 
preciable rates in the presence or in the absence of heparin. The apparent molec- 
ular weight of heparin cofactor I1 is -65600 and consists of approximately 10% 
(w/w) carbohydrate [203]. The amino-terminal amino acid sequence of heparin co- 
factor I1 does not appear to be similar to that of antithrombin I11 [204,205] and 
there is little evidence for long stretches of structural identity between the two 
proteins as determined by tryptic peptide mapping [205]. A significant degree of 
structural similarity has been found between the carboxy-terminal regions of hep- 
arin cofactor I1 and antithrombin I11 [205]. Specifically, of the 36 residues identi- 
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fied in the reactive site peptide of heparin cofactor 11, i.e. the peptide formed by 
thrombin cleavage, 19 residues could be aligned with residues in the primary struc- 
ture of the reactive site peptide from antithrombin 111 [205]. Thus it appears that 
heparin cofactor 11, like antithrombin 111 is a member of the superfamily of pro- 
teins consisting of a,-antitrypsin, a,-chymotrypsin and ovalbumin which share a 
common genetic ancestry [82]. 

The rate of thrombin inhibition by heparin cofactor I1 is accelerated by der- 
matan sulfate as well as by heparin [206,207]. Earlier studies indicated that the an- 
ticoagulant activity of dermatan sulfate [89,90] is not dependent on the presence 
of antithrombin 111, thus suggesting a different anticoagulant mechanism of action 
for dermatan sulfate than that for heparin [90]. It now appears that the antico- 
agulant activity of dermatan sulfate is related to the accelerated rate of thrombin 
inhibition by heparin cofactor I1 [208]. Both heparin and dermatan sulfate can be 
fractionated by affinity for heparin cofactor I1 to obtain high-activity material [206]. 
At the present time there are very little data regarding the mucopolysaccharide 
structure required for high-affinity binding to heparin cofactor 11. There appears 
to be some degree of segregation of heparin with high heparin cofactor I1 activity 
from heparin with high antithrombin 111 activity when commercial grade heparin 
is fractionated by affinity for heparin cofactor I1 [206]. Hurst and coworkers have 
found essentially no difference between the heparin cofactor II-thrombin reaction 
rate-enhancing effects of heparins with high and very low affinity for antithrombin 
111 [209]. These results suggest that there are differences between the heparin 
structure required for binding to the two inhibitors. The ability of dermatan sul- 
fate to accelerate the heparin cofactor II-thrombin reaction while having little, if 
any, effect on the antithrombin III-thrombin reaction, further suggests that there 
are differences in the mucopolysaccharide structure required for binding to hep- 
arin cofactor I1 and antithrombin 111. However, since the dermatan sulfate- and 
heparin-binding sites on heparin cofactor I1 may be different further investigation 
is required to determine the correlation between mucopolysaccharide structure and 
function with respect to heparin cofactor 11. 

The heparin-catalyzed heparin cofactor-thrombin reaction appears to follow a 
random-order bireactant reaction mechanism similar to that described for the hep- 
arin-catalyzed antithrombin III-thrombin reaction [210]. In the presence of cata- 
lytic amounts of heparin, the heparin cofactor II-thrombin reaction is saturable 
with respect to both heparin cofactor I1 and thrombin. The apparent hepa- 
rin:heparin cofactor I1 dissociation constant value was, however, -4-fold higher than 
that determined for heparin antithrombin 111 [210] which is consistent with earlier 
studies where the affinity of heparin cofactor I1 for heparin was shown to be lower 
than that for antithrombin 111 [200,202,203,207]. There is essentially no difference 
between the apparent heparin:thrombin dissociation constant values determined 
from the kinetics of the heparin-catalyzed heparin cofactor II-thrombin and an- 
tithrombin III-thrombin reactions [207]. This observation is consistent with the 
random-order bireactant reaction mechanism which requires that inhibitor and 
protease bind independently to heparin and, therefore, the apparent affinity of 
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thrombin for heparin should not be different when determined from the kinetics 
of the two inhibitor-thrombin reactions if a random-order mechanism applies to 
both reactions. There is also qualitative evidence that the heparin cofactor 
11-thrombin reaction rate increases with increasing heparin size [206] which is again 
consistent with a random-order reaction mechanism. In the absence of heparin, 
the heparin cofactor 11-thrombin reaction rate appears to be approximately 20-fold 
slower than the antithrombin 111-thrombin reaction rate [205] as originally ob- 
served by Briginshaw and Shanberge [198], although Tollefsen and coworkers have 
observed similar rates of thrombin inhibition by heparin cofactor I1 and anti- 
thrombin I11 [203]. At  saturation with respect to both proteins, the heparin-cata- 
lyzed heparin cofactor 11-thrombin reaction velocity was found to be -4-fold slower 
than that observed for the antithrombin 111-thrombin reaction under similar con- 
ditions [210]. This result must be qualified since the heparin preparation used in 
the study was fractionated by affinity for antithrombin I11 and could contain hep- 
arin molecules unable to bind to heparin cofactor 11. 

At the present time the physiological role of heparin cofactor I1 is not known. 
Assay procedures for the specific measurement of heparin cofactor I1 activity lev- 
els in plasma have been recently described [211,212]. The normal range for hep- 
arin cofactor I1 appears to be much larger than that for antithrombin 111. Normal 
levels of heparin cofactor I1 have been found in patients with hereditary anti- 
thrombin I11 deficiency [202,211] and in patients with deep vein thrombosis [211]. 
Patients with liver disease or with disseminated intravascular coagulation have re- 
duced levels of heparin cofactor I1 which parallel the reduction in antithrombin I11 
levels [211]. Heparin cofactor 11, therefore, appears to be involved in protease in- 
hibition in patients with DIC, but the specific protease(s) inhibited by heparin co- 
factor I1 in vivo remains to be determined. Identification of the heparin cofactor 
11-protease complexes presumably formed during DIC could provide valuable in- 
sight into the physiological role of heparin cofactor 11. 
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CHAPTER 9B 

Inhibitors: protein C 
BJORN DAHLBACK, PER FERNLUND and JOHAN STENFLO 

Department of Clinical Chemistry, University of Lund, Malmo General Hospital, S-214 01 
Malmo (Sweden) 

1 .  Introduction 

In vivo clot formation is a precisely regulated process, but the nature of the fac- 
tors involved has been poorly understood. Recently, however, some insight into 
these mechanisms has been gained through the elucidation of the function of vi- 
tamin K-dependent protein C and the complex mechanisms involved in its acti- 
vation. Nonetheless, our knowledge is still very fragmentary and it is likely that 
some components of the system have yet to be isolated. In the anticoagulant pro- 
tein C system, interactions between proteins and cells, primarily endothelial cells, 
are important and resemble those that occur between certain clotting factors and 
platelets. Like the blood-clotting cascade, the protein C anticoagulant system pro- 
vides several examples of ‘regulation through limited proteolysis’. Although sev- 
eral reviews dealing with protein C structure, function, mode of activation and 
clinical relevance have been published in recent years [ 1-10], knowledge in this 
field advances rapidly, and here we have tried to cover the literature up to Oc- 
tober 1984. 

2 .  PuriJication of protein C 

So far protein C has only been purified from bovine and human plasma [11,12]. 
In the original procedure for the isolation of protein C from bovine plasma, ad- 
sorption to barium citrate of y-carboxyglutamic acid (Gla)-containing proteins was 
used as the first purification step [ll].  After elution of the adsorbed proteins with 
EDTA, they were fractionated by ammonium sulphate precipitation and finally 
chromatographed on a column of DEAE-Sephadex. The end product of this step 
was protein C incompletely separated from prothrombin. The contaminating pro- 
thrombin can be removed by chromatography on blue dextran Sepharose [13], or 
on heparin agarose [14]. Protein C was first purified from human plasma by Kisiel 
[ 121 with a procedure similar to that used for bovine protein C. However, human 
protein C separates less readily than its bovine counterpart from the other Gla- 
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containing proteins on DEAE-Sephadex chromatography. Several procedures have 
been designed to obtain the human protein in a highly purified form (15-181. In 
general, the methods for the purification of human protein C are more laborious 
than those used in purifying bovine protein C. In all purification procedures, in- 
hibitors of proteolytic enzymes (e.g. diisopropylphosphofluoridate and benzami- 
dine) are used to minimize the proteolytic degradation of protein C. The plasma 
concentration of bovine and human protein C is about 4-5 mg/l and the recoveries 
for the different purification procedures vary between 20% and 30%. 

3. Structure of protein C 

Bovine protein C, which has been more thoroughly characterized than the hu- 
man protein, is a glycoprotein with an apparent molecular weight of 56000-58000, 
as judged by SDS-polyacrylamide gel electrophoresis [ 11,191. Sedimentation equi- 
librium centrifugation in 6 M guanidine hydrochloride gave a minimum value of 
62000 [19] which, however, is only an approximation, owing to a tendency of the 

Gla-domain 
t- 

I 
5-s 5 s??s ss s s s s  s: 5 ? 

1 ' Activation s--s 5 s-s s-s \ peptide I 1  I I I  I 
-fs\'+ F COOH 

I I I Im coo- OH t 
c 3  Thrombin 

Ch Ch Ch 

Fig. 1. Schematic drawing of bovine protein C light chain (upper.) and heavy chain (lower). Dashed 
line connecting the two chains indicates the relation of the coding regions in the mRNA and the re- 
lation of the two parts in single-chain protein C. as it would be if analogous to the human protein. y- 
Carhoxyglutamic acid residues are indicated by vertical lines in the Gla domain. p indicates location 
of the a-hydroxyaspartic acid residue. Ch indicates symbols for carbohydrate chains. Probable disul- 
phide bridges are indicated, the others are left open. Im, COO- and OH indicate essential serine pro- 
tease components (His 56, Asp 102 and Ser 201, respectively). Cleavage sites for thrombin and chy- 
motrypsin are indicated. 
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protein to aggregate even under these conditions. SDS-polyacrylamide gel elec- 
trophoresis after reduction showed that bovine protein C is composed of two poly- 
peptide chains, a light chain and a heavy chain, with apparent molecular weights 
of 21000 and 41000, respectively (Fig. 1). The carbohydrate content of bovine 
protein C is about 18%. Recently, Miletich et al. [20] showed the presence of 
S-lSO/c of single-chain protein C in human plasma, indicating that the protein is 
synthesized as a single chain. In the newly synthesized molecule, the COOH-ter- 
minal of the light chain is linked to the NH2-terminal of the heavy chain by the 
dipeptide Lys-Arg, according to the recently determined nucleotide sequences for 
human and bovine protein C [21,22]. 

The complete amino acid sequence has been determined both for the light chain 
[23] and the heavy chain [24] of bovine protein C (Fig. 2). The light chain is com- 
posed of 155 amino acid residues. It contains one carbohydrate chain, attached to 
an asparagine residue in position 97 [23]. The heavy chain is composed of 260 amino 
acid residues and its 3 carbohydrate chains are attached to asparagine residues in 
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Fig. 2. Amino acid sequence of the light and heavy chains of bovine and human protein C. The se- 
quence for bovine protein C is from protein [23,24] and cDNA [22] sequence data. The sequence for 
the NH?-terminal part of the light chain of human protein C is from protein sequence data [12] and 
the remaining sequence from cDNA sequence data 1211. The standard IUPAC one-letter code for amino 
acid residues was used. y. ycarboxyglutamic acid residues; p. phydroxyaspartic acid residue. The boxes 
enclose residues identical in the two proteins. 



positions 93, 154 and 170 [24]. These carbohydrate assignments are in agreement 
with the distribution of carbohydrate obtained by radioactivity-labelling experi- 
ments which showed that 75% of the carbohydrate is present in the heavy chain, 
and 25% in the light.chain [19]. It should be pointed out that residue 172 in the 
heavy chain is a cysteine - which is probably in disulphide linkage with cysteine 
186 (see below). The attachment of carbohydrate to the asparagine residue 170 is 
thus an exception to the rule that carbohydrate-carrying asparagine residues in- 
variably have a serine or a threonine residue in the position two steps away in the 
COOH-terminal direction, a rule followed by the 3 other carbohydrate attach- 
ments in bovine protein C. 

The light chain of bovine protein C contains two different post-translationally 
modified amino acids: y-carboxyglutamic acid and P-hydroxyaspartic acid. y-Car- 
boxyglutamic acid is formed in a vitamin K-dependent carboxylation reaction (cf. 
Ch. 4) and is found in all vitamin K-dependent plasma proteins (251, as well as in 
a small protein present in bone tissue [26,27]. There are 11 y-carboxyglutamic acid 
residues (in positions 6, 7, 14, 16, 19, 20, 23, 25, 26, 29 and 35) in the light chain 
of bovine protein C. Since there is no unmodified glutamic acid residue within this 
segment, all the glutamic acid residues present in the polypeptide chain, up to a 
position corresponding to the last y-carboxyglutamic acid residue have been car- 
boxylated during the biosynthesis of the bovine protein C light chain. This pattern 
is characteristic for all proteins studied so far that contain y-carboxyglutamic acid. 

The second post-translationally modified amino acid present in the light chain 
of bovine protein C is P-hydroxyaspartic acid. Before its discovery in protein C 
[28], this amino acid was an unknown constituent of proteins. I t  was not identified 
with the conventional method for amino acid sequencing, and in the report of the 
sequence of the light chain of bovine protein C [23], there was no certain assign- 
ment for the amino acid in position 71, although it was suggested that the unusual 
amino acid might be a derivative of cysteine. Isolation of a heptapeptide corre- 
sponding to the relevant part of the light chain - including position 71 - and anal- 
ysis by 'H-NMR spectroscopy, mass spectrometry and comparisons with the syn- 
thetic compound, revealed that the unusual amino acid is erythro-phydroxyaspartic 
acid [28]. 

In contrast to y-carboxyglutamic acid, which is totally destroyed by acid hy- 
drolysis, 8-hydroxyaspartic acid can be measured by amino acid analysis after acid 
hydrolysis of the protein [29]. Such analysis has shown that bovine protein C con- 
tains approximately 1 mole of P-hydroxyaspartic acidhole  of protein [29], which 
is consistent with the finding of p-hydroxyaspartic acid in position 71 in the light 
chain, and in no other position in either the light or heavy chains of protein C. p- 
Hydroxyaspartic acid has also been demonstrated in several other vitamin K-de- 
pendent plasma proteins including human protein C (unpublished). Bovine coag- 
ulation factor VII [30], bovine and human factor IX, and factor X [29-321, contain 
about 1 mole of P-hydroxyaspartic acidhole  of protein, whereas bovine protein S 
contains 2-3 residues [29]. In contrast to this, prothrombin, which is the quanti- 
tatively predominant vitamin K-dependent protein in plasma, does not contain any 
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p-hydroxyaspartic acid [29,30]. A number of non-vitamin K-dependent proteins 
have also been analysed, but so far none has been found to contain p-hydroxyas- 
partic acid [29]. 

According to sequence similarity, p-hydroxyaspartic acid occupies a position in 
human and bovine factors IX and X [31,32] that corresponds to position 71 of the 
light chain of bovine protein C. The mRNA nucleotide sequences coding for hu- 
man protein C [21], bovine protein C [22], human factor IX [33], bovine factor IX 
[34], and human factor X [35], all have a triplet coding for aspartic acid at the po- 
sition for the p-hydroxyaspartic acid residue, proving that p-hydroxyaspartic acid 
is formed by a post-translational hydroxylation of aspartic acid. In the analyses of 
p-hydroxyaspartic acid-containing proteins [29), it was frequently found that the 
amount of p-hydroxyaspartic acid recovered was less than an integer value when 
expressed as moles/mole of protein, and also that the amount varied between dif- 
ferent preparations of the same protein [29]. The explanation for these findings is 
not entirely clear, but might be that unhydroxylated forms of the proteins exist. I t  
is possible that they represent different functional forms of the protein, although 
that remains to be shown. 

The amino acid sequence of the first 44 residues of the light chain of bovine pro- 
tein C, which is the Gla domain of the protein, is very similar to the corresponding 
parts of other vitamin K-dependent plasma proteins. The percentage of identical 
residues varies between 59% and 67% in comparison with bovine factor IX, factor 
X and prothrombin [23]. The remaining part of the light chain (residues 45-155) 
shows only a low degree of similarity to the corresponding part of prothrombin 
(8% identical residues). On the other hand, the similarity to factor IX and factor 
X is much stronger with 38% and 47% identical residues, respectively [23]. 

The heavy chain of bovine protein C is clearly homologous to other serine pro- 
teases. Sequence comparison with bovine factor IX, factor X, thrombin, and chy- 
motrypsin shows sequence identities amounting to between 35% and 40%, and the 
critical parts of a serine protease, such as the active site serine and the charge relay 
system are all present in bovine protein C [24]. 

The light chain of bovine protein C contains 17 half-cysteine residues and the 
heavy chain 7. The pairing of cysteines has not been determined for protein C, but 
at least one disulphide bridge links the light and the heavy chains, as reduction is 
required for separation of the chains. If the disulphide bridging in the heavy chain 
is homologous to that in bovine chymotrypsin A [36], then the following cysteine 
residues form intra-heavy-chain bridges: 41-57, 172-186 and 197-225. Cysteine 122 
is thus left unpaired, and is presumably the link between the light and heavy chains. 
The large number of cysteine residues present in the light chain, most of which 
must be in intra-chain disulphides, suggests that the light chain has a very compact 
structure. There is no disulphide connection, however, between the Gla domain 
and the rest of the light chain, as the Gla domain can be released from bovine 
protein C by limited digestion with chymotrypsin [37]. 

Human protein C has a molecular weight of 62000, when estimated by 
SDS-polyacrylamide gel electrophoresis [ 121, It contains about 23% carbohy- 
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drate, including mannose, galactose, glucosamine and sialic acid. Reduction and 
SDS-polyacrylamide gel electrophoresis reveal a light and a heavy chain with es- 
timated molecular weights of 41 000 and 21 000, respectively. As discussed. protein 
C is synthesized as a single-chain molecule and converted to its circulating two- 
chain state post-translationally [20-221. An extensive sequence similarity exists be- 
tween human protein C and its bovine counterpart, as shown by Foster and Davie 
[21] who determined the sequence of a cloned cDNA coding for human protein C 
(Fig. 2). 

4.  Activation of protein C 

Interest in protein C has intensified over the last couple of years owing to the 
elucidation of its mode of activation. Within the framework of such studies, pio- 
neered by Esmon and Owen [38] with the identification of a cofactor for protein 
C activation, new concepts were introduced relating to the regulation of blood co- 
agulation and the role of protein C in this process (Fig. 3). lt also provided an 
explanation for the puzzling fact that thrombin, the main procoagulant in plasma, 
when infused in low doses into an experimental animal, induces a state character- 
ized by anticoagulation and even bleeding rather than thrombosis [39,40]. 

Protein C was first shown to be activated to a serine protease by incubation with 
trypsin, after which ['HIDFP was incorporated in its heavy chain [41]. Subse- 
quently, Kisiel et al. demonstrated that thrombin activated bovine protein C by 
cleavage at the arginine residue in position 14 of the heavy chain [19], and the hu- 
man protein by cleavage at arginine 12 in its heavy chain [12]. The activation pep- 
tides from human and bovine protein C show little sequence similarity except that 
both have several negatively charged amino acids. 

Blood Clotting Cascade Protein C Anticoagulant astern 

Protein S 

Protein C. - Protein C 

Prothrombin Thrombin 

Procoagulant 

Thrombomodulin Fibrinogen Fibrin 

Fig. 3. Blood clotting cascade and the protein C anticoagulant system. 
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The in vitro activation of protein C by thrombin is very slow, and is slower in 
the presence of Ca2+ ions than in their absence [42]. Consistent with this was the 
finding that only the zymogen form of protein C was obtained when the protein 
was purified from serum [19]. Thus it was considered doubtful whether thrombin 
was the physiological activator of protein C .  I t  was suspected either that an uni- 
dentified protease was the activator of protein C in vivo, or that some cofactor not 
present in plasma had to be implicated. Studies on the rate of activation of protein 
C in the presence of platelets indicated that they had at most a minor effect [43]. 

Soon after bovine protein C was first purified, it was demonstrated that a mon- 
ospecific antiserum against bovine protein C reacted with autoprothrombin IIA - 
i.e., the anticoagulant formed from ‘prothrombin complex’ upon incubation with 
thrombin [14], which was first described by Mammen et al. in 1960 [45]. Several 
reports dealing with the properties of the inhibitor, published by Seegers and co- 
workers demonstrated the potential role of activated protein C as an anticoagulant 
[4648]. In 1970, Marciniak [49] demonstrated that the precursor of the antico- 
agulant activity was not identical to prothrombin, and that the anticoagulant ac- 
tivity elicited in vivo by small amounts of thrombin had properties in common with 
autoprothrombin IIA [49,50]. Thus, in retrospect thrombin apparently activ.ates 
protein C rapidly in vivo, contrasting to the very slow activation of protein C in 
vitro, suggesting that thrombin requires a cofactor for the activation of protein C 
- a cofactor which is present in vivo, but absent when thrombin is formed by the 
coagulation of plasma in vitro. 

( a )  Thrombomodulin, a cofactor for  protein C activation 

The mode of activation of protein C was resolved when’ Esmon and Owen dem- 
onstrated rapid activation of protein C by thrombin in the microcirculation [38,51]. 
They perfused the capillary bed in the myocardium, using the Langendorf heart 
preparation, and showed that protein C was activated at least 20000 times more 
rapidly by thrombin during perfusion than when an identical mixture of protein C 
and thrombin was incubated in vitro under otherwise identical conditions. In an 
elegant series of experiments, it was shown that the effect was due to a reversible 
high-affinity binding of thrombin to a receptor on the surface of endothelial cells. 
The receptor, now called thrombomodulin, is an integral membrane protein that 
binds thrombin reversibly with high affinity. The isolated thrombomodulin was half- 
saturated at a thrombin concentration of 0.48 nM, and the K ,  for the protein C 
activation by the thrombin-thrombomodulin complex was 0.72 pM [51] which is 
higher than the physiological protein C concentration in plasma (approximately 100 
nM). However, no corresponding measurements have yet been made, either with 
intact endothelial cells or in vivo. The half-life of the thrombin-thrombomodulin 
complex in the microcirculation is approximately 15 min. DIP-thrombin (diisopro- 
pylfluorophosphate (DFP)-inactivated thrombin) bound equally well ( K i  = 0.56 
nM) as active thrombin to the receptor, indicating that the active site was not in- 
volved in binding [50]. Attempts to activate protein C by thrombin employing en- 



292 

dothelial cells in tissue culture only led to an approximately 30-fold increase in the 
rate of activation attributable to the endothelial cells [51]. In this context, the 
enormous endothelial cell surface to blood volume ratio in the microcirculation 
compared to that obtaining in larger blood vessels should be emphasized - i.e., 
the surface to volume ratio is at least 1000 times larger in the capillaries than in 
the larger blood vessels [52]. So far thrombomodulin has only been identified on 
endothelial cells [51]. 

Thrombomodulin has been purified from rabbit lungs by Esmon et al. [53]. After 
initial solubilization with detergent, affinity chromatography on DIP-thrombin in- 
solubilized on agarose gave a homogenous preparation of thrombomodulin. Ap- 
proximately 1 mg of thrombomodulin was obtained from one rabbit lung. The 
purified thrombomodulin, which requires the addition of a detergent to remain 
soluble, proved remarkably resistant to denaturing agents, provided that the di- 
sulphide bonds were not reduced. For instance, it remained active after heating in 
6 M guanidine hydrochloride. 

The purified thrombomodulin retained its cofactor activity after purification and 
thus did not have an obligatory phospholipid requirement, which is noteworthy 
since the substrate for the thrombin-thrombomodulin complex is a vitamin K-de- 
pendent Gla-containing protein. The rate of protein C activation was saturable both 
with respect to cofactor and thrombin concentration also in vitro, utilizing purified 
thrombomodulin. The rate of activation also depended on the Ca'+ ion concen- 
tration. To investigate the effect of Ca2+ ions on the activation of protein C in more 
detail, Esmon et al. [37] selectively removed the region containing y-carboxyglu- 
tamic acid (Gla), by limited proteolysis using chymotrypsin, which cleaves the light 
chain of protein C at tryptophan 41. Contrary to what was expected, it was found 
that there was also a Ca2+ ion dependence for activation of the Gla-domainless 
protein C. Furthermore, whereas the half-maximum rate of activation was ob- 
tained at 250 pM Ca2+ for intact protein C, the half-maximum rate for the Gla- 
domainless protein was obtained already at 50 pM Ca2+ [37]. As already men- 
tioned Ca2' inhibits the rate of activation of protein C in the absence of throm- 
bomodulin. This inhibitory effect was also obtained with the Gla-domainless pro- 
tein. Half-maximum inhibitions were found at 50 pM and 250 pM Ca2+ for Gla- 
domainless and intact protein C,  respectively. It has subsequently been demon- 
strated by equilibrium dialysis that not only the Gla-domainless protein C [ 13,541 
has a single high-affinity Ca2+-binding site, but also Gla-domainless factor IX [55] 
and factor X [ 131. Saturation of the Ca2+ ion-binding site induces a conformational 
change in all 3 proteins. Indirect evidence suggests that the Gla-independent Ca2+- 
binding site is located in the vicinity of the P-hydroxyaspartic acid residue in the 
light chain of protein C and factor X [ 13,551. 

In contrast to experiments using purified thrombomodulin, activation studies 
performed with endothelial cells and intact or Gla-domainless protein C showed 
that activation of the intact protein proceeded much more rapidly than activation 
of the Gla-domainless protein [37]. Whether this is due to the Ca2+-dependent in- 
teraction of the Gla region with phospholipid, or to direct recognition of the Gla 
residues by a receptor adjacent to the thrombomodulin, is discussed below. 
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(b) Inhibition of the procoagulant activity of thrombomodulin 

When thrombin becomes bound to rabbit thrombomodulin, its specificity is al- 
tered in two ways, as outlined by Esmon et al. [56]. Free thrombin is a very slow 
protein C activator, whereas thrombin in complex with thrombomodulin activates 
protein C very rapidly. Secondly, and equally important, thrombin in complex with 
thrombomodulin has no or virtually no procoagulant activity. This ‘modulation’ of 
the thrombin specificity is fully expressed when an equimolar complex has been 
formed, and is completely reversible [56]. Accordingly, thrombin dissociated from 
the complex by an excess of DIP-thrombin regains full procoagulant activity. The 
activity of thrombin against low molecular weight substrates such as p-tosyl-L-ar- 
ginine methyl ester is only marginally affected by complex formation with throm- 
bomodulin [56]. Likewise, thrombin bound to thrombomodulin is inhibited by an- 
tithrombin 111 as readily as is free thrombin [5]. 

The thrombin procoagulant functions inhibited by thrombomodulin are fibrin 
formation, factor V activation, and platelet activation [56,57]. Due to the large en- 
dothelial cell surface exposed to the blood in the microcirculation, and thereby to 
the potentially high concentration of thrombin in complex with thrombomodulin, 
the inhibition of the thrombin procoagulant activity appears to be necessary to 
prevent thrombotization in the microvasculature. Superimposed on this effect is 
the anticoagulant effect of the thrombin-thrombomodulin complex manifested by 
the generation of activated protein C. The role of protein C in preventing throm- 
botization in the microcirculation is dramatically illustrated by the skin necroses 
which often afflict patients with protein C deficiency when they are put on War- 
farin anticoagulant therapy (see below). 

(c) Factor V ,  and protein C activation 

When human plasma is brought to coagulate in vitro by the addition of Ca2+ 
ions, factor V is first activated to V, by thrombin (cf. [58-61] and Ch. 2A). How- 
ever, on prolonged incubation the factor V, is degraded in a way that implies that 
activated protein C is involved. Salem et al. [62] have recently demonstrated that 
this is due to factor V, participating as a cofactor in the thrombin-catalysed acti- 
vation of protein C. Salem et al. subsequently demonstrated that the isolated light 
chain of factor V, retained full cofactor activity [63]. Thrombomodulin was esti- 
mated to be at least 20 times more effective as cofactor in protein C activation, 
than was the light chain of factor V,. An important difference between the two 
cofactors is that factor V, does not inhibit the procoagulant activity of thrombin 
[63]. In contrast to human factor V,, bovine factor V, has no cofactor activity [64] 
and it is also well established that in bovine serum the factor V activity is much 
more stable than it is in human serum. 

The light and heavy chains of human factor V, are linked non-covalently in the 
presence of Ca2+ ions [58,60,65]. If the Ca2+ is complexed by EDTA, the two 
chains dissociate and the factor V, procoagulant activity is lost. Protein C has sev- 
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era1 Gla-dependent Ca2+-binding sites and one with higher affinity that is not Gla- 
dependent. Thus, it is not surprising that the interactions between protein C and 
thrombin are considerably affected by Ca2+ ions. In the thrombin- 
thrombomodulin system the non-Gla-dependent Ca2+-binding site in protein C must 
be saturated for rapid activation [37]. In the thrombin-factor V, system the role 
of Ca2+ ions is complex [64,66]. Thus, Ca2+ ions inhibit the protein C activation 
when factor V, is used as the thrombin cofactor, whereas it has virtually no effect 
when the isolated factor V, light chain is used. In contrast to the throm- 
bin-thrombomodulin system, activation of protein C by thrombin, with the light 
chain of factor V, as cofactor, progressed more slowly if the protein C lacked the 
Gla region [64]. Another observation that may be of physiological importance is 
that, under certain conditions, thrombomodulin and factor V, act synergistically 
on the surface of endothelial cells [66]. In this context it should be borne in mind 
that factor V is synthesized in endothelial cells [67]. 

(5) Function of protein C as an anticoagulant 

Of utmost importance for the rapid advance of our knowledge on the function 
of protein C was the discovery that the activated protein C is identical to auto- 
prothrombin IIA [44], which is known to be a strong anticoagulant [44-501. 

In 1977, Kisiel et al. [68] reported of the anticoagulant effect of activated pro- 
tein C and demonstrated that it was obviated by prior incubation of the enzyme 
with diisopropylphosphorofluoridate (DFP) or phenylmethanesulphonyl fluoride 
(PMSF). They also found that activated protein C inactivated bovine factor V by 
limited proteolysis, and that the reaction depended on the presence of phospho- 
lipid and calcium ions. Two years later, Walker et al. [ 141 demonstrated that ac- 
tivated protein C selectively inactivated the thrombin-activated form of bovine 
factor V, whereas intact factor V was relatively resistant to degradation. 

Factor V, is an important non-enzymatic cofactor in the activation of prothrom- 
bin by factor X,, which occurs on the surface of negatively charged phospholipids 
in the presence of Ca2+ (cf. [25,69-721 and Ch. 3). The factor V, molecule and 
the surrounding negatively charged phospholipid serve as a receptor for factor X,, 
e.g., on the surface of platelets (cf. [73-771 and Ch. 6 ) .  The selective degradation 
of factor V, on the platelets by activated protein C destroys the receptor function 
of factor V,, and consequently inhibits prothrombin activation [43,78,79]. When 
factor X, is bound to factor V, the latter is protected from degradation by acti- 
vated protein C,  suggesting that factor X, sterically protects the peptide bonds in 
factor V, that are susceptible to activated protein C [ 14,15,43,78,80]. 

Factor V circulates as a 330-kDa single-chain precursor molecule which has little 
cofactor activity [58.60,72,81-831. Limited proteolysis of factor V by catalytic 
amounts of thrombin (Fig. 4) activates the pro-cofactor to a biologically active co- 
factor (cf. [58,60,61,72,81-831 and Ch. 2A). Presumably the factor V activity 
measured prior to activation is the result of partial activation of factor V in the 
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Fig. 4. Activation of factor V by thrombin and inactivation by protein C. Numbered vertical arrows 
above factor V denote peptide bonds cleaved by thrombin on activation of factor V to factor V,. The 
shaded parts form the heavy ( M ,  = 105000) and the light chain ( M ,  = 71000-74000) of factor V,,, held 
Fig. 3. Blood clotting cascade and the protein C anticoagulant system. 
two activation peptides formed. Protein C, inactivates factor V, to factor Vi by several proteolytic 
cleavages in both chains of factor V,. The number and the exact positions of the cleavages have not 
been determined, although the heavy-chain cleavages are probably the most important ones for the 
inactivation. 

assay. Factor V, consists of two polypeptide chains, a heavy chain (M, 105000) 
and a light chain (M, 74000). In the presence of Ca2+ ions the two chains associate 
non-covalently . The light chain bears the phospholipid-binding site of factor V, 
[15,76,86,87]. In bovine factor V, both the heavy and the light chains were found 
to be degraded by activated protein C [ 14,79,88], whereas in the human system 
the heavy chain is degraded much more rapidly [15]. In both species the loss of 
factor V, activity is the result of the heavy-chain cleavage [15,88]. The cleaved light 
chain of bovine factor V, retains full biological activity [88]. In both human and 
bovine factor V, the heavy chain is degraded to several fragments ranging in mo- 
lecular weight from 20 to 70 kDa, whereas the light chain is cleaved to two frag- 
ments with apparent M, of 50 and 25-30 kDa. The only notable difference in the 
two species seems to be the higher sensitivity of the bovine factor V, light chain 
for proteolysis by activated protein C. 

Factor V1II:c is a cofactor to factor IX, in the activation of factor X on the phos- 
pholipid surface (cf. [69-711 and Ch. 3). Factors V and VI1I:c thus seem to  have 
analogous functions in the activation of prothrombin and factor X, respectively. It 
is therefore interesting that the two proteins have sequence similarities indicating 
that they are homologous (cf. [89] and Ch. 2A and 2B). In 1980, Vehar and Davie 
[90] reported that bovine activated protein C inactivated bovine factor V1II:c by 
limited proteolysis in a reaction that required phospholipid and Ca2+. By analogy 
with factor V, the thrombin-activated bovine factor VII1:c was more susceptible 
to degradation by activated protein C than was unactivated factor V1II:c. The same 
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results have also been obtained with human factor V1II:c [16,91]. In recent years, 
factor VII1:c has been highly purified both from bovine [90], porcine [92], and hu- 
man [91,93-981 plasma but most preparations are apparently partially proteolyti- 
cally degraded and the structural organisation of the factor VII1:c molecule is still 
preliminary (see Ch. 2B for more details). Thrombin-activated human factor VIII:c, 
when analysed by SDS-polyacrylamide gel electrophoresis, showed fragments 
similar to those obtained by thrombin activation of factor V (cf. Ch. 2A and 2B). 
The generation of a 92-kDa polypeptide correlated with the increase in factor VII1:c 
activity [94,98], by analogy with the formation of the heavy chain of factor V,. 
Factor VIII:c polypeptides with M, of 79000-80000 and 71 000-72000 were sug- 
gested to be the structural analogues to the light phospholipid-binding chain of 
factor V, [94]. Human activated protein C selectively cleaved the 92-kDa factor 
V1II:c species, cleavage correlated with the loss of activity [91]. Similar findings 
were also reported by Vehar and Davie for the degradation of bovine factor V1II:c 
by activated protein C [90]. These results, together with the reported sequence ho- 
mology between factor V and factor VII1:c [89]. point to a strong structural and 
functional analogy between these two cofactors, and activated protein C appar- 
ently degrades both in a similar way. 

A very important property of activated protein C is its high selectivity favouring 
the degradation of phospholipid-bound, thrombin-activated, forms of both factor 
V and factor V1II:c [14-16,90,91]. Thus, activated protein C when infused into ex- 
perimental animals or endogenously formed by infused thrombin, does not affect 
the concentrations of the circulating procofactors, i.e., factor V and factor V1II:c 
[99,100]. In this context it is also important to note that in vitro and in vivo acti- 
vated protein C is inactivated very slowly by its physiological inhibitor [99,101-1031 
(see below). This suggests that activated protein C not only has a local regulatory 
function on blood coagulation but that it also has a systemic anticoagulant effect. 
Under physiological conditions a delicate balance exists between the rate of for- 
mation of activated cofactors (V and V1II:c) in vivo, and the concentration of lo- 
cal or circulating activated protein C. Disturbance of this balance will result either 
in an increased tendency to thrombus formation or in an enhanced anticoagulant 
effect. In this context it should be mentioned that Emekli and Ulutin [lo41 have 
found that activated protein C has a protective effect on experimental dissemi- 
nated coagulation in animals. 

The vitamin K-dependent part of activated protein C is essential for its function 
and binds the protein to the phospholipid surface. Recently, Esmon et al. [37] 
demonstrated that Gla-domainless protein C (formed by limited proteolysis using 
chymotrypsin) has no anticoagulant effect. 

6. Protein S ,  a cofactor to activated protein C 

Walker [ 105-1071 has presented evidence that the function of activated protein 
C is regulated by another vitamin K-dependent plasma protein called protein S. 
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Protein S is a single-chain 70-80-kDa protein [10&111] with a plasma concentra- 
tion of approximately 25 mg/l [lll].  About 60% of protein S in human plasma cir- 
culates in a 1:l non-covalently linked complex with C4b-binding protein [ 112-1151, 
which is an important regulator of the rate of activation of the classical comple- 
ment pathway [116]. The functional significance of this interaction for the regu- 
lation of the complement and coagulation systems is still largely unknown [lll-1151. 
In contrast to the other vitamin K-dependent coagulation proteins, protein S does 
not seem to be a serine protease since it cannot be activated by e.g. trypsin 
[ 109-11 11. Bovine protein S seems to have a higher affinity for Ca2+ and for neg- 
atively charged phospholipids than protein C [ 1171. When studying the degrada- 
tion of bovine factor V by activated protein C [105], Walker found that plasma 
contained a cofactor to activated protein C. He identified the cofactor as protein 
S which had just been purified to homogeneity. The cofactor function of protein 
S is most pronounced in experiments using low concentrations of phospholipid 
[6,105-107,118], or when platelets are used instead of the phospholipid [119]. The 
effect of protein S in the inactivation of factor V, by activated protein C has been 
attributed to an enhancement by protein S of the binding of activated protein C 
to phospholipid vesicles [6,105-1071. It has been suggested that protein S and ac- 
tivated protein C form a 1:l complex on the phospholipid surface [6,107]. In this 
context it is interesting to note that a single peptide bond close to the NH,-ter- 
minal of protein S is very susceptible to cleavage by thrombin [ l l l ] .  The Gla-con- 
taining peptide is linked to the large COOH-terminal fragment by a disulphide 
bridge [ 11 11. Thrombin-modified protein S has lost much of its calcium-binding ca- 
pacity [111,120] and has no activated protein C cofactor activity in the degradation 
of phospholipid-bound factor V, [6,118,120]. Both human and bovine activated 
protein C has been observed to be species specific, e.g. when assayed by an acti- 
vated partial thromboplastin (APT) time [12,49,50,68]. Thus, bovine activated 
protein C did not influence the APT time when added to human plasma. How- 
ever, when bovine protein S was added together with bovine activated protein C, 
the species specificity was lost [ 1061. Furthermore, bovine activated protein C,  
added to bovine plasma from which protein S had been removed by immunoad- 
sorption, exhibited very little anticoagulant activity [6]. These results show that 
protein S is an important cofactor to activated protein C. 

7. A protease inhibitor for activated protein C 

An inhibitor for activated protein C was identified in human plasma by Marlar 
and Griffin [ lol l .  On addition of activated protein C to plasma, its activity was 
reduced to less than 25% of the preincubation activity in approximately 30 min. 
Thus the inhibitor inhibited activated protein C very slowly in vitro, in comparison 
with the previously studied protease inhibitors in human plasma. Comp et al. [99] 
have also found that active protein C is cleared very slowly from the circulation in 
dogs. 
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The inhibitor for activated protein C was recently purified from human plasma 
and characterized by Suzuki et al. [102,103,121]. The starting material for the pu- 
rification was plasma from which the vitamin K-dependent plasma proteins had 
been removed by barium citrate adsorption. The subsequent purification steps 
were polyethylene glycol fractionation, followed by chromatographies on 
DEAE-Sepharose, dextran sulphate agarose, gel filtration on Ultrogel AcA 44 and 
DEAE-Sephacel. The purification steps, up to the dextran sulphate agarose chro- 
matography, are the same as used for the purification of human factor V [60]. 
Generous use of DFP and benzamidine seems to be required as in factor V puri- 
fication procedures. The overall recovery of protein C inhibitor was 9%, and 0.4 
mg of purified inhibitor was obtained per litre plasma. 

The purified protein C inhibitor was separated into two biologically active frac- 
tions by chromatography on DEAE-Sephacel [102]. It did not react with antisera 
against a,-antitrypsin, a,-antichymotrypsin, antithrombin 111, inter-a-trypsin in- 
hibitor, a,-plasmin inhibitor, a,-macroglobulin or C,-esterase inhibitor. A mono- 
specific antiserum against protein C inhibitor completely precipitated the protein 
C inhibitor activity in plasma, suggesting that protein C inhibitor is the function- 
ally important protein C inhibitor in vivo. The inhibitor is non-competitive and 
forms a 1:l complex with activated protein C. The inhibitor constant is 58 nM [102]. 

The rate of complex formation between activated protein C and protein C in- 
hibitor increases in the presence of heparin. However, the optimum heparin con- 
centration is higher than required for rapid inhibition of thrombin by antithrombin 
I11 [103,121]. The complex between activated protein C and protein C inhibitor is 
stable during SDS-polyacrylamide gel electrophoresis and has an apparent M, of 
102000. It is slowly cleaved at neutral pH, and a degraded, inactive inhibitor ( M ,  
= 54000) is formed, while the protease regains activity. Nucleophilic agents such 
as hydroxylamine rapidly cleave the enzyme-inhibitor complex. The inhibitor thus 
seems to be functionally similar to a,-antitrypsin and antithrombin 111. The NH2- 
terminal acid sequence does not show any homology to antithrombin 111, heparin 
cofactor I1 or APC-binding protein [121]. 

8. Protein C and fibrinolysis 

An involvement of protein C in fibrinolysis was first found by Zolton and See- 
gers, who demonstrated that it stimulated fibrinolysis in dogs, and suggested that 
the activated protein C depressed the function of plasmin inhibitors [122]. More 
recently Comp and Esmon [ 1231 found that infusion of physiological concentra- 
tions of activated bovine protein C into dogs increased the lysis rate of clots formed 
from postinfusion blood. This effect was primarily caused by increased concentra- 
tions of tissue plasminogen activator in the blood [7,123]. Treatment of dog blood 
in vitro with activated bovine protein C, and infusion of the treated blood after 
the protein C had been neutralized by antibodies, also resulted in increased plas- 
minogen activator concentrations, suggesting that the involvement of activated 
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protein C in the release of the plasminogen activator is indirect [123]. Fibrinolysis 
is also stimulated when protein C is activated in vivo. Thus, infusion of small doses 
of thrombin into dogs is followed by an increased concentration of circulating plas- 
minogen activator [99]. The role of protein C in fibrinolysis is unclear, and may 
differ from one species to another. Thus, recent experiments on squirrel monkeys 
[ 1001 have failed to demonstrate an effect on fibrinolysis by activated protein C 
(cf. Ch. 8). 

9. Determination of the plasma concentration of protein C 

Several immunological methods have been used to measure the concentration 
of protein C in plasma. In 1981, Griffin et al. [124] successfully used the Laurell 
rocket technique, supplemented with '2sII-labelled antiprotein C antibodies, to make 
the first identification of protein C deficiency in a patient. They later reported that 
the protein C concentration is approximately 4 ms/l plasma [125], a value since 
confirmed in studies from other laboratories [126129]. Stenflo et al. [126] used a 
modification of the Laurell rocket technique, in which the immunoprecipitates were 
enhanced by a second peroxidase-conjugated goat antirabbit IgG antiserum. Al- 
though other laboratories have since successfully used ordinary protein-stained 
Laurell rocket techniques [ 127,129-1311, enhancement of the immunoprecipitates 
makes the assays more sensitive. Protein C in plasma has also been measured by 
radioimmunoassay [ 1281. More sensitive and specific assays using well-defined 
monoclonal antibodies and peptide-specific antisera are currently under develop- 
ment in several laboratories, but have so far not been published. 

Several functional assays have recently been developed for protein C 
[ 127,128,132,1331 and have proved useful in the identification of patients with 
functionally abnormal protein molecules, but with a normal protein C concentra- 
tion as determined by immunological methods [127,128,133,134]. In the assay de- 
scribed by Francis and Patch [132], protein C is separated from its inhibitor by 
barium citrate adsorption. After elution it is activated by thrombin. The thrombin 
is then inhibited by antithrombin 111 and the amount of activated protein C is es- 
timated by its anticoagulant activity in a partial thromboplastin time assay. Bertha 
et al. [133] used a similar approach, but measured the activated protein C with a 
chrornogenic substrate (S2266). In an assay described by Sala et al. [128], the pro- 
tein C in the barium eluate is activated by a thrombin-thrombomodulin mixture. 
After inhibition of the thrombin, the amidolytic activity of activated protein C is 
measured using a chromogenic substrate (S2266). In the approach used by Comp 
et al. [127], protein C is activated directly in plasma by the throm- 
bin-thrombomodulin complex. The activated protein C is then immunoadsorbed 
with a solid-phase polyclonal antiprotein C antibody and measured using a chrom- 
ogenic substrate (S2238). The assay of Comp et al. [12] measures both acarboxy 
protein C (formed under dicoumarol treatment), and carboxylated protein C, 
whereas, owing to the barium or Al(OH)3 adsorption, the other 3 assays are ca- 
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pable of measuring carboxylated protein C only. The measurement of the acti- 
vated protein C by its inhibitory activity in a partial thromboplastin time assay, 
distinguishes the method of Francis and Patch [132] from the other 3 methods 
[127,128,133] and may prove useful in the identification of protein C species that 
are functionally defect in, for instance, factor V or factor VIII:c binding, but have 
full amidolytic activity. 

(a) Protein C deficiency 

The mean plasma concentration of protein C in healthy adults is approximately 
4 mg/l, with 95% of the values encountered lying between 70% and 150% of the 
mean value [124-1291. No differences relating to age, sex, or normal pregnancy 
have been found [131]. Concentrations around 30% of the adult value (with a 95% 
range of 18-57%) have been found in normal full-term infants [131]. 

During oral anticoagulant therapy with vitamin K-antagonistic drugs such as 
Warfarin and dicoumarol, the concentration of protein C antigen in plasma de- 
creases to approximately 40% of its pretreatment value [ 124-4331. Abnormal, 
acarboxy protein C, with poor Ca2+-binding properties is found in plasma during 
treatment with, for instance, Warfarin [135], and the concentration of functionally 
active protein C is thus lower than that indicated by the immunological assays 
[127,128,132,133]. Upon initiation of anticoagulant therapy, the fall in protein C 
concentration (both antigen and functional activity) is more rapid than that of fac- 
tors 11, IX and X and similar to that of factor VII [135,136]. From experience with 
infusion of protein C into an infant with homozygous protein C deficiency, it ap- 
pears that the half-life of protein C is approximately 8 h [136]. The more rapid 
decrease in protein C concentrations than in those of the other vitamin K-de- 
pendent clotting factors (11, IX and X) has been suggested as the cause of the se- 
vere skin necroses that may develop in heterozygous protein C-deficient patients 
after the initiation of oral anticoagulant therapy with vitamin K-antagonistic drugs 
[137-1391. The current hypothesis is that the temporary imbalance between pro- 
coagulant and anticoagulant vitamin K-dependent proteins results in the progres- 
sive local venular thrombosis that is characteristic of coumarin necrosis. 

Low concentrations of protein C antigen have also been demonstrated in pa- 
tients with disseminated intravascular coagulation, adult respiratory distress syn- 
drome, or chronic liver disease [125,131,132,140]. In hepatocellular disorders and 
vitamin K deficiency (e.g. coumarin therapy) the concentrations of all of the vi- 
tamin K-dependent plasma proteins are decreased. Low concentrations of protein 
C resulting from any of these conditions may be distinguished from hereditary spe- 
cific protein C deficiency (see below) by relating the protein C antigen concentra- 
tion to the concentration of one of the other vitamin K-dependent proteins 
[ 124,1301. 

Griffin et al. [124] were the first to find a family with recurrent venous throm- 
boembolism during early adulthood in conjunction with a low protein C concen- 
tration. The proband had 40% of the normal protein C antigen concentration. 
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Several similar patients and families have since been identified in various labora- 
tories, both in the U.S.A. and in Europe [127-131,133,134,137-1521. Among in- 
dividuals with heterozygous protein C deficiency, there is a very high incidence of 
venous thrombosis and pulmonary embolism during early adulthood. Broekmans 
et al. [ 1431 studied 18 heterozygous patients from 3 families, and reported that by 
the age of 30 more than half of the protein C-deficient patients had suffered from 
venous thromboembolism. However, in another family with a homozygous new- 
born infant (see below) and with 14 heterozygous for protein C deficiency, there 
was no history of thrombosis among the heterozygotes [129]. The pattern of in- 
heritance is consistent with an autosomal dominant trait with variable expression. 
As previously discussed, the heterozygotes for protein C deficiency have an in- 
creased incidence of skin necrosis after initiation of oral anticoagulant therapy 
[ 137-1391. Recently, patients with venous thromboembolism and functionally ab- 
normal protein C but with normal protein C antigen concentrations, have been 
identified [127,128,133,134]. Often, patients with venous thromboembolism are 
treated with oral anticoagulants when referred to a coagulant laboratory. The het- 
erozygotes for protein C deficiency can be identified in this group, for instance, by 
estimating the ratios of protein C to factor X or of protein C to prothrombin 
[124,130]. Altogether the identification of protein C deficiency in patients on an- 
ticoagulant therapy is less reliable than in untreated patients. 

Homozygous protein C deficiency (unmeasurable protein C concentration, i.e., 
below 5% of normal) has recently been described in a newborn infant with mas- 
sive venous thrombosis (1291. The proband died shortly after birth and the autopsy 
showed extensive venous thrombosis, although no thrombi were found in the ar- 
teries. Two siblings of the proband had died in the neonatal period. The parents 
were first cousins and both had heterozygous protein C deficiency. Other infants 
manifesting homozygous protein C deficiency have been reported [ 129, 
136,142,151,1521, one of whom was succesfully treated with protein C-rich factor 
IX concentrates [151] and another one with fresh plasma [152]. Another newborn 
with a coumarin-responsive chronic relapsing purpura fulminans and inherited 
protein C deficiency (protein C concentration of 6%) was described by Branson et 
al. [142]. Such cases as these demonstrate that severe isolated protein C deficiency 
is incompatible with life. 

Approximately 50% of heterozygous protein C-deficient individuals develop 
thrombosis, which suggests that additional factors may be involved. In a recent re- 
port Scully et al. [146] indicate that in the unstimulated platelets from a protein 
C-deficient patient there was an increase in the number of prothrombinase-binding 
sites, although whether this is a general phenomenon in protein C deficiency re- 
mains to be established. Other factors such as the protein S concentration or the 
amount of protein S complexed to C4b-binding protein [lll-1131, may also ex- 
acerbate any tendency to thrombosis in protein C-deficient individuals. Comp et 
al. [153] recently identified two related youths, who both had thrombosis and pro- 
tein S deficiency; they had reduced protein S antigen concentrations and appar- 
ently no free protein S in plasma. The small amount of protein S ht igen  detected 



in their plasma was complexed with the C4b-binding protein. To elucidate in detail 
the clinical significance of protein S and its complex with C4BP, independent 
measurements of free and complexed protein S are required as well as a functional 
assay for protein S.  

10. Concluding remarks 

During the last couple of years a rapid increase in the understanding of the reg- 
ulation of blood coagulation has been witnessed. Much of this development has 
centred around protein C,  which is now recognized as a most important regulator 
of blood coagulation. The role of protein C was definitely established when certain 
families with hereditary tendency to develop venous thrombosis in young adult- 
hood were found to have protein C deficiency. The most dramatic illustration of 
the role of protein C has been obtained in the few children, who apparently have 
been homozygous for protein C deficiency and who developed fatal thrombosis 
during the first week of life. 

The activation of protein C by thrombin bound to the endothelial cell cofactor 
thrombomodulin illustrated the importance in the regulation of haemostasis of the 
large endothelial cell surface to blood volume in the capillary bed. It has also given 
us an example of how the substrate specificity of a serine protease can be altered 
by another macromolecule i.e. the conversion of thrombin from a coagulant pro- 
tein into an anticoagulant (protein C activator) by complex formation with throm- 
bomodulin. 

The anticoagulant activity of activated protein C is due to degradation of factors 
V, and VIII, by limited proteolysis. It now seems to be established that another 
vitamin K-dependent plasma protein, protein S, is required as a cofactor to pro- 
tein C in vivo. Unlike the other vitamin K-dependent plasma proteins protein S is 
not a serine protease. Little is known about its mode of action. Recently the term 
‘the protein C anticoagulant system’ has been used to emphasize that several com- 
ponents are involved together with protein C. We are now only in the beginning 
of the elucidation of this pathway and it seems safe to predict that hitherto unrec- 
ognized proteins will ultimately prove important as modulators of protein C activ- 
ity. The rapid development in this field of research holds promise for an improve- 
ment in our ability to find out the causes of thrombosis in affected individuals and 
may ultimately enable successful intervention by the clinician, based on rational 
appreciation of cause and effect. 
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CHAPTER 10 

Interplay between medicine and 
biochemistry 

H. COENRAAD HEMKER 

University of Limhurg, Biomedical Centre, Maastricht (The Netherlands) 

Medical science, not surprisingly, flowers at the interface of medicine and sci- 
ence. Its bloom thus results from the confrontation of two different cultures. Al- 
though it is good custom to emphasize the warm relations between the two, it is 
of no use to dissimulate the distance that separates doctors and scientists. Indeed 
the gap is large enough to use the expression ‘two cultures’ not exclusively as a 
description of the situation between the sciences and the humanities. There is suf- 
ficient reason to maintain that it applies as well to the sciences confronting med- 
icine. A good doctor is primarily interested in the well-being of his patients and 
uses scientific insight only as one of the tools of his trade. It is rare to find him 
develop an expert knowledge in a branch of natural science. On the other hand a 
scientist opts for insight, no matter how delighted he may be to find his results of 
use in the diagnosis and treatment of the sick. The fundamental difference in at- 
titude between the two makes that the exploration of the interface between sci- 
ence and medicine often is difficult. In fact every symposium or congress in one 
field or another of human pathobiology teaches us that although doctors and sci- 
entists meet frequently, their views only amalgamate with difficulty. 

There is good reason to stress this point if one is to discuss the interplay be- 
tween medicine and science in the field of blood coagulation. There is hardly an- 
other subject of study in human biology where the clinics have remained the most 
important source of information for so long. Whereas e.g. endocrinology or im- 
munology had their science components developed already during the first half of 
this century, haemostasis research remained the playground of the doctors. There 
probably are multiple reasons for this, such as the rareness of congenital bleeding 
disorders, that are the most natural first object of study or the complexity of the 
problem that presents itself already after the first few experiments, to defy any 
simplifying hypothesis etc. I would not maintain that blood coagulation per se is 
more complicated than immunology or endocrinology or any other subject of hu- 
man pathophysiology. It only presents its complexity right at the beginning of the 
most simple experiments. This makes people tend to shy away from an attempt at 
a formal scientific approach. Even in 1962, when I planned to enter the field, my 
colleague biochemists were shocked to see that I would consider that kettle of fish 
worthy of my attention. My medical colleagues did not share these objections al- 
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though they failed to see why I should stop medical practice, while playing around 
with tubes. At that time the lab carrying most weight in the field of blood coag- 
ulation was that in Oxford where R.G. Macfarlane, M.D. and clinical pathologist, 
together with Rosemary Biggs, Ph.D. and originally a botanist, formed a nucleus 
around which many medical doctors and several scientists gathered and formed a 
group that was responsible for many fine contributions. Yet, even there, the ap- 
plication of modern biochemical techniques was less fruitful than the typical co- 
agulation approach, that in essence exists of measuring clotting times in endless 
permutations and combinations of mixtures. ‘After all’ Rosemary Biggs used to 
say ‘After all it is more like cooking than like anything else’. In Detroit, Walter 
Seegers, M.D. and professor of physiology, devoted his life to attempts at puri- 
fylng prothrombin and other clotting factors. Rereading the articles from this group 
one is struck by the tremendous amount of work, by the many observations done 
that can only be explained in the light of our newest knowledge (cf. Ch. 9B). Also 
by the fact that the results did not even allow the construction of a refutable set 
of hypotheses. 

It must be said that, with all their cooking and curing the doctors had done a 
good job. By 1960 most of the coagulation ‘factors’ had been defined as functions 
lacking in haemophilic disorders. The role of blood platelets had been discerned 
and the pathology of thrombosis had been described in great detail. A good start 
had been made with anticoagulant treatment and with the treatment of haemo- 
philia by the use of plasma fractions. 

Mentioning the pathology of thrombosis automatically evokes Virchow and the 
scientists of the 19th and early 20th centuries. What about the interactions be- 
tween medicine and science in those days? Buchanan (M.D.) was the first to re- 
port (1836) that catalytic amounts of clotted blood could coagulate a fibrinogen 
solution. His fibrinogen solution was prepared involuntarily in the scrotum of pa- 
tients suffering from a hydrocele. These experiments can - a posteriori - hardly 
be thought to be conclusive but they did introduce the concept of coagulation by 
enzymatic conversion that we now know to be correct. In the second half of the 
19th century this concept was heavily opposed a.0. by Alexander Schmidt who fa- 
voured the idea that fibrin arises from a stoichiometric interaction between blood 
proteins. Others, like e.g. Hammersten sustained Buchanan’s view, often with ex- 
perimental evidence that up to this moment seems convincing. Nevertheless, even 
with all the old literature on one’s desk it is hard to find out what was really meant. 
Some workers like Hammersten describe experiments with meticulous precision; 
others, like Schmidt prefer general considerations but in any case our observation 
of their results is tinged with our present knowledge. The controversy that domi- 
nates the blood coagulation literature in the latter half of the last century is that 
between those who see fibrin as the product of the catalytic action of thrombin on 
fibrinogen and those who think fibrin to arise from the stoichiometric action of fi- 
brinogen and a second substance. The gist of this controversy seems to be that at 
that time no distinction could be made between the functions of thrombin and that 
of thromboplastin. In trying to repeat the old experiments it often up to this day 
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cannot be made clear in what modern terms they should be explained. The same 
confusion repeats itself about half a century later when the two functions of 
thromboplastin are recognised: tissue thromboplastin as we know it and ‘blood- 
thromboplastin’ now known to be prothrombinase. With combinations of crude 
blood fractions and thromboplastin-containing preparations (cells, serum etc.) ob- 
servations can be made that indeed suggest stoichiometric interactions but others 
suggestive of enzymatic interaction are possible as well. Join to this that nomen- 
clature in those days was confused to the degree of complete incomprehensibility 
and that communications often hardly crossed the national borders then one will 
be hardly surprised by the fact that a communis opinio was not reached until around 
the turn of the century. After 1876 Schmidt began to accept reluctantly that 
thrombin might play a role in the generation of fibrin and he postulated that it cir- 
culates in the blood in an inactive precursor state. 

The type of argument used in the 19th century discussions switched from med- 
ical observations to chemical experiments and back with an astonishing ease, es- 
pecially where, as in the case of Schmidt, the borderline between discussion and 
speculation faded. Schmidt was a medical doctor and professor of physiology. 
Hammersten was a chemist. It would in my opinion be unjustified to attribute the 
difference in style between these two scientist to a difference in discipline. I would 
rather see it as a question of temper. Temper anyhow spices these discussions, even 
to a degree that we nowadays would think unpalatable. From the literature of the 
19th century the impression remains that doctors and chemists did not work in dif- 
ferent worlds but rather cooperated and penetrated each others fields freely. Out- 
side coagulation one might think of the chemist Pasteur who cured rabies or, con- 
versely, of the first generation of biochemists who were almost exclusively medical 
doctors. Perhaps in those times the new ground to cover was so enormous that one 
did not bother about subdivisions. Perhaps, on the other hand, we tend to stick 
too much to our disciplines these days. 

In the field of blood coagulation there is a very interesting personality that up 
to this moment did hardly get the attention he deserves: Cornelis A. Pekelharing 
(Fig. l ) ,  a medical doctor who became professor of general pathology at the Uni- 
versity of Utrecht, The Netherlands, in 1881. In 1894 he described experiments 
that up to this day can be easily repeated and that demonstrate the existence of 
prothrombin. By repeated precipitations with NaCl andor MgS04 he obtained two 
fractions from normal plasma, neither of which clotted upon addition of CaCI, 
and/or tissue thromboplastin. One of the preparations, however, after these ad- 
ditions acquired the capacity to make the other one clot. Pekelharing drew the 
correct conclusion: A proenzyme, prothrombin, is converted, under the influence 
of tissue thromboplastin and CaCl,, into an enzyme, thrombin that can make fi-  
brinogen clot. 

To my knowledge this does not only mark the discovery of prothrombin but also 
is the first demonstration of a proenzyme-enzyme conversion. It thus shows that 
the work of an M.D. on a medical problem often can yield results that are of sem- 
inal importance to biological sciences, to biochemistry in this case. It thus is a per- 
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Fig. I .  Cornelis A.  Pekelharing (1848-1922) 

fect example of one of the main features of the interaction of medicine and chem- 
istry: medical problems are a treasure trove for the biochemist who takes the pain 
to understand them correctly. Talking with a clinician and trying to understand his 
problems may be more difficult than running an ultracentrifuge or interpreting ki- 
netic data but it may be at least as fruitful. The traffic between biochemists and 
medical doctors is often hampered by the failure of either one to try and under- 
stand the other’s language. Now this can indeed be difficult. I have had the pleas- 
ure to work as a clinical assistant in the paediatric clinics of a pioneer of blood 
coagulation research: Prof. S .  van Creveld. The astonishing ease with which he 
could suggest the most complicated biochemical research on the spur of a patient 
seen (‘After this vacation we will attack von Willebrand‘s disease’) was only ri- 
valled by the astonishing answers that the scientists did indeed find under such 
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guidance. I remind you of the discovery of platelet factor 3 (Paulssen) or the pu- 
rification of factor VIII (van Mourik). On the other hand scientists tend to impose 
their way of thinking on their medical colleagues, more often focussing on prob- 
lems that are likely to be solved than on those that will help to gain insight in path- 
ophysiological mechanisms. Yet, up to this day, the liaisons and cross-fertilisations 
between scientists and practitioners remain many and varied. We see Prof. Mag- 
nusson, M.D.,  solve the primary structure of prothrombin and Prof. Duckert, Ph. 
D. ,  solve many problems directly related to patient care. We see the medical doc- 
tors continuously improve on the quality of their clinical trials under the contin- 
uous criticism of the statisticians and we continue to find patients that help us pose 
problems of fundamental interest and solve them. It is only relatively recently that 
the Fletcher and Fleaujac deficiencies led to the discovery of the details of contact 
activation, that a study of the membrane proteins in congenital thrombopathies gave 
important clues to the receptor functions in platelets or that the problems of the 
control of oral anticoagulation inspired the experiments that led to the discovery 
of carboxyglutamic acid and the mechanism of action of vitamin K. 

A ‘more than life size’ example plays just at this moment (October 1984) in our 
laboratory while Mrs. Scott is visiting us. Mrs. Scott is an American lady who was 
treated by Dr. Weiss in New York for a mild thrombopathy that he could define 
to be a lack of platelet procoagulant activity. Later the group of Dr. Majerus in 
St. Louis also did experiments with her platelets and they concluded that a mem- 
brane protein receptor for the formation of prothrombinase was lacking. On the 
basis of quite different experiments our group arrived at the conclusion that it is 
rather the transbilayer lipid movement in platelets that causes platelet procoagu- 
lant activity. It makes phosphatidyl serine available at the outside of the mem- 
brane, which is crucial to the procoagulant activity of any phospholipid prepara- 
tion. Now indeed if the platelets of Mrs. Scott can be shown to lack a protein 
receptor the ‘American’ view must be deemed right. On the other hand, if Mrs. 
Scott’s platelets do not show phospholipid flip-flop, our concept of PF 3 is the more 
likely one. So at this moment we are determining whether only prothrombinase- 
forming capacity is lacking in her platelets or whether the capacity to support the 
formation of the factor X-converting enzyme is lacking as well. If this is the case, 
either the receptor is aspecific or two receptors are lacking at the same time. We 
will also see whether or not phosphatidyl serine will show up at the outside of her 
triggered platelets. In this way we hope to settle a difference in opinion in a way 
that will convince our American colleagues (cf. Rosing et al. (1985) Blood 65, 

This case is a perfect modern example of the continuous need, also in modern 
biochemistry, of ‘the experiment of nature’ that is to be found in the clinics. Also 
of the continuous need for biochemists alert for rare cases presented by clinicians 
and of the need for continuous attention from the side of the doctors, in order to 
find those cases that may help solve scientific problems. Alas it must be said that 
only a small part of the doctors burdened by an everyday practice have the talent 
and/or interest to pay attention to this part of medical science. And also that those 

1557-1561). 
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who do, will often not find a scientist competent and willing to listen to their story 
and grasp its possible meaning. The fact that such contacts are rare makes one think 
that much valuable material slips constantly through the hands of the clinicians. 
This is readily illustrated by the fact that a relatively common disorder like con- 
genital fibrinogen abnormality seems to cluster around places where good coagu- 
lation labs are to be found. One wonders how this can be remedied. Making clin- 
ical doctors responsible for the research lab, as it used to be done in the past and 
still is often seen nowadays is, in my opinion, not a good solution. Both tasks are 
so formidable that one of them - usually the fundamental research - tends to be 
neglected. Our solution has been to engage people with a clinical training in our 
research group. These doctors have a part-time function in the hospital and thus 
help establishing the bridge between the ‘two cultures’. It may seem strange that 
we did not in the first place attempt a link via the routine coagulation lab. This 
however, was on purpose. More often than not the routine lab shields the clinics 
from the research department. Only in those cases where the latter is an integral 
part of the routine laboratory this can be avoided. If the head of the routine lab 
is not a research scientist with primary interest in the type of problems discussed 
in this article, the routine lab will not make the necessary ‘traits d’union’. The cli- 
nician thinks that he has done his duty in sending his samples to ‘the lab’. The 
clinical lab has its duty done if it applies routine tests to these samples and dis- 
cusses the results with the clinicians and the research interests are nowhere to be 
seen. If on the contrary the routine lab joins in an existing dialogue between re- 
searchers and clinicians their contribution as ‘case hunters’ may be of great use. I 
conclude that the interplay between clinics and basic science up to this day is of 
paramount importance in haemostasis and thrombosis research. We must confess 
that the difficulties that arise in establishing the necessary links are often of an or- 
ganisational and psychological nature. Recognising this may be a first step to a so- 
lution. 

In view of the special subject of this article it is hardly useful to publish a list of 
references. To the reader interested in the history of blood coagulation research 
an extensive bibliography of the literature up to around 1900 is available upon re- 
quest. 
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contact phase of coagulation, 75-80 
contact product forming activity, 103 
role in fibrinolysis, 1161  18 

Coumarin anticoagulants, 87 
Cyclic adenine nucleotides 

CAMP system in platelets, 145 

Descarboxy coagulation factors, 91, 150 
Dextrans, role in factor XI1 activation, 77 
Diamide. 153. 157-158, 165 
Dicumarol, 87 
Diglycerides, 163 
Disseminated intravascular coagulation, 52 
Docking protein, 88 
Dysfibrinogenaemia. 207, 21 1 

Echis curinatus, 64 
Ellagic acid. activation of factor XII, 79 
Endothelial cells 

antithrombin 111. 6 
factor V .  6. 17 
factor VIII, 6. 52 
plasminogcn activator, 6 
prostacyclin, 6 
protein C, 6, 291-292 
thrombomodulin, 6, 291-292 
thromboplastin, 6, 13C-132 

liberation of thromboplastin, 132 
Endotoxin 

Epinephrine, 146 
Erythrocyte spectrin, 165 

Factor V, 15-32 
activation, 18-20 
adsorption onto platelets, 24-26. 31. 148-155 
amino acid sequence, 22 
antibodies, 17, 31 
binding to factor X,, 24-25. 27-29, 67, 69-71 
binding to prothrombin, 25. 27-29, 68, 71 
calcium binding, 22-23 
chemistry, 17-24 
coagulation pathways, 8 
deficiency, 17 
homologies to ceruloplasmin, 22 
homologies to factor VIII, 20-22, 53 
inactivation by protein C, 294-295 
molecular weight, 17-18 
phospholipid binding, 23-24, 27-29, 31, 150 
platelet, 5 ,  1617,  148-155 
properties, 15-32 
protein C binding, 25 
proteolytic cleavage, 19-20 
prothrombin activation. 29-31, 69-72 
purification, 15-16 
synthesis, 16-17 
thrombin effect, 8, 18-20 

Factor VII, 133-138 
activation, 133, 135-136 
activation by factor IX,, 136 
activation by factor XIIa, 136 
adsorption onto platelets, 136-137 
complex with thromboplastin, 136137 
differences from other vitamin K-dependent 

influence of antithrombin 111, 137 
influence of factor X , ,  136 
influence of factor XHa, 136 
influence of phospholipid on 'activation', 

influence of plasmin, 136 
influence of thrombin, 136 
influence of tissue factor, 132, 136-137 
influence on factor IX, 136 
inHuence on factor X ,  135-136 
inherent esterase activity, 134-135 
ischemic heart disease, 135-136 
molecular weight, 133 
properties, 133 
similarity to prothrombin and factor X, 61, 133 
structure, 61. 133 

factors, 133 

133-135 

Factor VII deficiency, 129 
Factor VII plasma levcl, 134 

pregnancy, 134 
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Factor VIII. 20-22. 35-54 
activation hy thromhin. 8, 41-42. 44, 4%50 
activity in organs. 51-52 
amino acid sequence. 22. 43-44 
antihodics. 39. 45 
carbohydrate contcnt. 40 
complexing with factor IX,!, calcium and phos- 

complexing with von Willehrand factor, 5-3-54 
concentration in human plasma. 35. 47 
covalent bonds. 40 
cryoprecipitate. 38 
function. 4 6 5 1  
gene cloning. 42-45 
half-life. 52 
half-life in haemophilia and VWD. 52 
heterologous antihodies to. 45 
homologies to ceruloplasmin. 22. 44 
homologies to Factor V .  20-22. 53 
human antihodies to .  45. 52 
inactivation by protein C .  50-51. 295-296 
interaction with other coagulation factors. 5 0 .  

molecular weight. 3 6 4 0  
purification. 3 6 3 9  
rclation to von Willehrand factor. 45. 5.V.54 
site of synthesis. 51 
stability. 44, 49 
synthesis. 42-45, 51-52 

Factor Vll l  deticiency, 35 
Factor VIII inhibitors. 42 
Factor VIII plasma level, 35. 45, 52 

pholipid. 8 .  4 H 7  

73. 74 

antigen assays. 45 
correlation with level of von Willebrand factor. 

exercise. 52 
haemophilia carriers. 45 
liver disease. 52 

Factor VIII subunits. 20. 36-39 
clot-promoting activity. 48-50 
covalent bonding. 40 
non-covalent bonding. 40 
on reduction. 40-41 
procoagulant subunit, 48-50 
produced at low ionic strength. 39 

activation by factor VII;,, 75. 135 
activation hy factor XI,,. 75. 109 
activation by kallikrein. 108 

52 

Factor IX 

Factor IX (continued) 
activation kinetics. 75 
gene cloning. R9 
structure. 61 

in factor X activation, 46-47. 72-74 
influence on factor VIII. 50 

activation, 46-47, 72-75. 135 
activation by factor VII>,. 72-73 
activation by factor IX:t, 72-74 
activation. feedback controls. 75. 135 
activation, kinetics. 72-73 
activation. role of phospholipids and factor 

activation. role of platelets. 148-155 
activation, Russell's viper venom, 148 
inHuence of factor VIII on activation. 46 
inHuence of Russel's viper venom. 148 
similarity to prothrombin and factor VII. 61 
structure. 61 

activation of factor VIII. 50 
activation of prothrombin, 6 4 7 2  
affinity for phospholipid and calcium, 67, 70. 1.50 
binding to factor V,,, 24, 67. 70 
binding to factor VIIIs,. 48 
descarboxy form, 150 
formation. 72-75 
inHuence of antithrombin 111, 275 
inHuence on factor V, 18-19 
inhibition of antithrombin 111, 275 

activation. 76, 79-80. 109-1 10, 115-1 16 
inheritance of congenital deficiency. 104 
molecular weight. 103. 109 
plasma level, 103, 110 
properties. 61, 103. 109-1 10 
role in contact product formation. 77. 80 
role of HMWK in activation. 77. 80, 109. 

structure, 61, 109-1 10 

Factor IX,3 

Factor X 

VIII,. 4647. 72-74 

Factor X;, 

Factor XI. 10.3-123 

115-1 16 

Factor XI inactivator, inhibition of agents partic- 
ipating in surface-mediated reactions, 123 

Factor XI;, 
activation of factor IX, 109 
binding to HMWK, 109 
inHuence of alpha,-antitrypsin, 118. 123 
influence of antithrombin 111. 109. 118, 123 



316 

Factor XI, (continued) 
influence of CI inactivator. 118. 123 
inhibitor. 123 
plasrninogen activation, .I 16 
properties, 109-1 10 

Factor XI;, inhibitors. 118, 123 
Factor XII. 7fj-79. 103-123 

activation. 76-79, 112-1 15 
activation by dextran sulphate, 7 6 7 9 ,  113 
activation by ellagic acid, 79 
activation by kallikrein. 76-78. 112-114 
activation by sulphatides, 77-79, 1 15 
autoactivation, 76-77. 115 
effect of HMWK, 79 
mechanism of activation, 76-79, 104-106 
molecular weight, 103 
properties. 61, 103-I06 
purification, 104 
reciprocal activation, 76, 1 1 3 - 1  15 
role in activation of plasminogen. 1 16 
role in contact product formation. 78. 114 
structure. 61. 105 

Factor XI1 deficiency. 104-106 
Factor XII-dependent fibrinolysis. I 17-1 18 
Factor XI1 plasma levels. 103, 105 

Factor XII, 
liver disease, 105 

activation of factor XI. 77. 79, 115-1 16 
activation of prekallikrein, 79 
alpha and beta form. 79, 104-105, 113 
autoactivation of factor XII. 76-77. 115 
csterase activity, 77. 104-105 
functions, 77 

Factor XII, inhibitors, I I S 1 1 9  
antithrombin and heparin, 118-1 19 
CI- inactivator. I IS1 19 

Factor XI11, 215-230 
activation. 22(!-222 
amino acid composition, 218 

association with platelets, 214, 216, 227 
carbohydrate content, 218 
function. 214 
gamma-glutamyl-epsilon-lysine bonds, 222 
influence of calcium, 221-222 
influence of thrombin, 221 
molecular weight, 218 
plasma level. 214, 228 
platelet. 216. 227 

assay. 215-216 

Factor XIII. (continued) 
properties. 21 7-2 I9 
purification. 214-215 
role in coagulation, 214. 228 
structure, 214 
subunits. 214. 217-219 
synthesis. 216. 217 

Factor XI11 deficiency, 229-230 
Factor XIII,,, 22&224 

active centre, 219-220 
substrates, 223-224, 226-227 
transamidase activity, 222-223 

cross-linking, 196. 224226 
formation, I7 1- 172, 189- I9 1 
influence of plasmin, 172. 197-201 
intermediate polymers, 192-194 
polymerization, 191-196 

adsorption onto platelets. 147 
alpha-. beta-, and gamma-chain differences, 

alpha-. beta-. and gamma-chain homologies, 

amino acid sequence, 18(&183, 205 
antibodies. 21 1-212 
assay, 173 
carbohydrate content, 182, 185-186 
cleavage by plasmin. 199 
conversion to fibrin, 171-172. 189-191 
disordered synthesis in liver disease. 207 
disulphide bridges. 183-185 
electronmicrographs, 176-177 
evolutionary aspects, 212-213 
foetal. 206-207 
function, 17 1-173 
functional sites, 172-173 
genes, 187-189 
geometry, 176- I79 
half-life. 188 
influence of factor XWa,  226 
interaction with bacteria. 205 
interaction with calcium. 204 
interaction with cells, 205 
interaction with proteins, 203 
molecular weight, 17.5 
physicochemical properties. I75 
platelet, 5 ,  147 
posttranslational modifications, 185-186 

Fibrin, 171-213 

Fibrinogen. I7  1-213 

181-185 

181- 185 
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Fibrinogen. (continued) 
purification, 174-175 
role in platelet aggregation, 147. 204 
structure. 1 7 6  179 
synthesis. 187- 188 

antibodies, 201, 212 
fragment D. 197-198. 200-201 
fragment E, 197-198. 200-201 
fragment X.  197-198, 2W-201 
fragment Y ,  197-198. 20(l-201 
influence on fibrin monomer polymerization, 

Fibrinogen degradation products, 197-202 

192-195 
Fibrinogen variants, 205-21 1 

abnormal, 207-211 
normal, 205-207 

contact activation, 1 1 6 1  18 
dextran sulphate dependency, 117 
mechanism. 29-251 
role of protein C, 298-299 

Fibrinolytic inhibitors, 6 
factor XI1 dependent pathway, 118 

Fibrinopeptides, 179, 189-191, 202, 208-210 
Fibronectin, 226-227 
Fletcher trait, 108 
Foetal life and infancy, haemostatic parameters in. 

Foetal warfarin syndrome. 92 

Fibrinolysis, 5, 6. 1 1 6 1  18, 197-201, 243-255 

99 

Giant platelet syndrome (Bernard-Soulier), 146 

Glanzrnann's thrombasthenia, 147, 160-161 
prothrombinase activity, 160-161 

Haemophilia A (classic haemophilia), 11, 35, 45 
antibodies to factor VIII, 45, 52 
correction by cloned factor VIII, 42 
production of von Willebrand's factor, 45 
relation of factor VIII levels to symptoms, 45 

formation of platelet plug, 147 
in horseshoe crab. 2 
in invertebrates, 2 
in vertebrates, 2 
role of coagulation mechanism, 1-11 

Hagernan trait, 104 
Heparin, 259-278 

function, 265-266 
influence on antithrombin 111, 268-275 

Haemostasis 

Heparin, (conrinued) 
influence on thrombin, 272-274 
inhibition of factor X,, 275 
interaction with antithrombin I l l .  266268 
kinetics of action, 26Y-274 
reaction mechanism, 269-272 
structure, 265 

Heparin cofactors, 276-278 
HMWK, 110-112 

amino acid sequence, 11 1-1 12 
in factor XI activation, 79-80, 115-1 I6 
in factor XI1 activation, 79, 112-115 
in kallikrein inhibition, 122-123 
in prekallikrein activation, 79 
plasma level. 112 
structure, 110 

Kallikrein, 107-108, 119-123 
complex formation with HMWK, 79, 108, 116 
inactivation, 119-123 
in factor XI1 activation, 76-79. 114 
influence of alpha,-macroglobulin, 118, 120-122 
influence of CI- inactivator, 118-121 
inhibition of antithrombin I11 and heparin, 118. 

inhibitors, 118-123 
light chains and heavy chains, 77-78, 107-108 
molecular weight, 107-108 
role in factor XII-dependent activation of plas- 

120 

minogen, 117 
Kininogen, 110 
Kininogen, high molecular weight (Fitzgerald fac- 

tor), 79, 80, 103, 110-112 
amino acid sequence, 11 1-1 12 
intrinsic pathway, 79, 80 
plasma level, 112 
role in factor XII-dependent activation. 79, 80. 

112-115 
structure, 110 

Kininogen, low molecular weight, 110-1 12 
Kringle structure 

factor XII, 105 
plasminogen, 243 
tissue-type plasminogen activator, 247 

Liver disease, haemostatic defects, 52, 110 
Lupus anticoagulant. 151 

Megakaryocyte, 2 
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Meizothromhin, 64. 65. 70 
M on oc y t es 

prothrombinase activity. 25-26, 137 
thromhoplastin generation, 130. 132-133. 137 

Myosin, 142, 165 

Neuraminidase treatment of human factor VIII, 
10 

Osteocalcin. 93 

Phosphatidic acid, 163 
Phosphatidylcholine, 157-158 
Phosphatidylethanolamine. 157-158 
Phosphatidylinositol cycle. 163 
Phosphatidylserine. procoagulant activity, I5 I .  

Phospholipase A, 

151-152 
Phospholipase C 

151-152, 163 

157- 160 

inhibition of platelet prothromhinase activity, 

effect on platelet prothrombinase activity, 

inactivation of thromboplastin, 13F134 

exposure in activated platelets, 157-158. 161-165 
cxtrinsic and intrinsic pathway, 65-75 
non-hilayer structures. 162-164 
platelet, 143. 155-165 
role in activation of factor X, 46.72-74, 15 I ,  154 
role in protecting activated clotting factors, 49 
role in prothrombin activation, 23-31 65-69, 

role of polar headgroup. 69 
site of action of coagulation, 152-155 
thromboplastin, 130 
transbilayer movement (Hip-Hop), 162-165 

factor VIII level, 52 

inHuence on fibrinogen. 197-201 
plasmin-inhibitor complexes. 249-250 

activating agents, 116, 244 
amino-terminal sequences, 243-244 
lysine-binding sites, 245 
mechanism of activation, 244 
molecular weight, 243 
nomenclature, 243-244 
plasma level, 244 

Phospholipid 

151, 154 

Physical exercise 

Plasmin 

Plasminogcn, 243-248 

Plasminogen (continued) 
preparation, 214 
properties. 243-244 

Plasminogen activation. 116. 244 
Plasminogen activator. 244-248 

factor XII-dependent, 116. 245 
release into blood, 247-248 
streptokinasc, 246 
tissue-type, 246-248 
urokinase, 245-246 

in Bernard-Soulier syndrome, 146 
in Von Willebrand’s disease, 146 
t o  collagen, 145 
to suhendothelium, 145 

biphasic, conditions. 147 
in Von Willehrand’s discase. 146 
inducers. 145, 147 
influence of fibrinogen, 147 
influence of prostaglandins, 145 
primary and secondary phases. 147 
ristocetin-induced. 146 
role of librinogen. 147, 204 

Platelet contractile system, 142 
relationship to basic platelet reaction. 144 
role in platelet secretion. 144 

Platelet factor 3, 147-148 
biochemical nature, 148 

Platelet fibrinogen. 147. 204 
binding to glycoproteins IIh-IIIa. 147, 204 
function, 147 
significance, 147 

contents, 144 
dense and alpha granule secretion. 4, 143-144, 

146-147 
fibrinogen content. 5 
5-HT storage, 144 
lysosomal release, 146 
nucleotide content, 144 
storage pool deficiency. 147 

factor V,-X,, binding sites, 25-27, 31, 1 4 g I 5 0 ,  

factor VIIl.,-IX,, binding sites, 146150, 152-155 
phospholipid asymmetry, I56 165 
phospholipid flip-flop, 162-165 
thrombin-binding sites, 145 

Platelet adhesion, 145-146 

Platelet aggregation. 147 

Platelet granules. 143-144 

Platelet membrane. 142-143, 155-165 

152-155 
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Platelet nucleotides 
metabolic pool, 144 
storage pool, 144 

Platelet release reaction, 146-147 
Platelet secretion, 4, 145-147 

metabolic changes, 145 
role of ATP in secretion, 145 
role of calcium pools, 145 
thrombin-induced, 145 
weak and strong inducers of granule secretion, 

145 
Platelets, 141-165 

acid hydrolases, 144 
actin, 142. 165 
actin-binding protein, 142, 165 
actinin, 142 
actomyosin. 142 
adhesion, 145-146 
affinity for coagulation factors, 148-155 
aggregation, 147 
arachidonic acid, 5. 146 
behaviour and biochemistry, 141-148 
carbohydrate, 142 
citric acid cycle, 145 
collagen-induced coagulant activity, 147, 153 
contact phase of coagulation, 147 
contact product formation, 147 
contractile system, 142-144 
cyclic adenosine monophosphate (CAMP), 

cytoskeletal proteins and phospholipid asym- 

dense tubular system, 143-144 
disorders and prothrombinase activity, 16CL161 
exposure of procoagulant phospholipids, 

factor V,  17, 149 
factor XI activation, 147 
factor XI1 activation, 147 
factor XIII, 214, 216, 227 
fatty acids, 5 
fibrinogen binding, 147. 204 
formation, 141 
glycoproteins, 142, 146-147, I60 
granule contents and release, 4, 144, 146-148 
half-life, 142 
in storage pool disorder, 147 
influence on intrinsic coagulation pathway, 

145-146 

metry, 164-165 

155- 165 

147-148 

Platelets, (continued) 
intrinsic factor X,-forming activity, 148-155 
lysis and procoagulant activity, 155-157 
microtubules, 144 
mitochondria, 144 
myosin, 142, 165 
open canalicular system, 142-143 
phospholipids, 143, 151-152, 155-165 
plug formation, 147 
procoagulant activity, 148-155 
proteases, 19-20, 165 
protein metabolism, 164-165 
protein synthesis, 144 
prothrombin activation, 31, 148-155 
receptor for prothrombinase, 31, 150-152 
relationship to blood coagulation, 147-148 
release reaction, 146-147 
sarcoplasmic reticulum, 144 
sphingomyelin, 157-159 
secretion, 1461  47 
shape change, 146 
sterols, 159-160 
structure, 143 
thrombasthenia, 147, 160 
thromboplastic activity, 136 
thromboxane A,, 4, 146 

Post-translational modifications, 88, 185-186. 
288-290 

Prekallikrein 
activation, 107-108 
complex formation with HMWK, 79-80, 

molecular weight, 103, 106 
reciprocal activation, 76, 112-1 14 
structure, 61, 106-109 

107-108 

Prethrombin-1, 28, 64 
Prethrombin-2, 28, 64-65, 70-71 
Procoagulant surfaces, 62, 75 
Prostaglandins, 145-146 

induction of platelet secretion, 146 
influence on platelet aggregation, 145 

action on factor V, 18-19, 24-25 
activation, 61-75, 290-294 
amino acid sequence, 287-290 
anticoagulant properties, 294-296 
assay, 299-300 
binding to factor V,, 24-25. 293-294 
deficiency, 300-302 

Protein C, 285-302 
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Protein C .  (conrinued) 
disulphide bridges, 289 
during vitamin K antagonist treatment. 300 
effect of calcium, 292 
homologies to other coagulation factors. 289 
inactivation of factor Vk,, 293-295 
inactivation of factor VIII, SO-51, 295-296 
inhibitor, 297-298 
molecular weight. 286, 289-290 
plasma level. 299-302 
posttranslational modifications, 288-290 
protein S cofactor activity, 296-297 
purification, 285-286 
role in fibrinolysis, 298-299 
structure. 286-290 
thrombomodulin. 29 1-293 

Protein S ,  5C-51. 62, 296297. 301-302 
Protein Z. 93 
Prothrombin. 64-74 

activation, 29-31. 64-74 
activation by Echis caririarus venom. 64 
activation kinetics, 66. 68-69 
activation pathway, 64, 7U-71 
activation rate, 65 
activation. role of platelets, 148-155, 158-161 
adsorption onto platelets, 148-155 
conversion to thrombin, 64-74 
conversion to thrombin by factor X,. 65 
discovery. 309 
fragment 2 region: binding of factor V, 28,7&71 
fragments 1 and 2, 28, 64 
gene cloning, 89-90 
intermediates, 27-28. 64. 65, 70 
proteolytic cleavage, 64 
role of factor V, in conversion to thrombin, 

similarity to factors VII and X. 61 
structure, 61, 64 

29-3 I .  65. 69-72 

Prothrombin converting complex, 29-31, 64-67 
Prothrombinase complex, 27-29, 64-72 
Pro-urokinase, thrombolytic properties, 254-255 

Shwartzman reaction, 132-133 
Signal sequence. 88 
Solid-phase carboxylase. 95 
Soya bean trypsin inhibitor, inhibition of agents 

participating in surface-mediated reactions, 
I22 

Stem cell, 2 
Streptokinase 

min, 246 
complex formation with plasminogen and plas- 

Sulphatides in factor XI1 activation, 77-78. 115 

Secretory proteins, 88-89 
Serine ptoteases 

acyl enzyme intermediate, 8-10, 60, 161-162 
functional domains, 10 
Michaelis complex, 8-9, 60. 161-162 
tetrahedral intermediate, 9, 60, 161-162 

Serotonin (5HT). 144 

Thrombin 
action on factors V and VIII. 8, 18. 41,44, 48-50 
action on fibrinogen. 8, 179, 189-191 
activation of protein C. 290-292 
active centre serine, 8, 60 
binding sites on platelet membranes, 145 
formation by extrinsic pathway. 7-8. 66-65. 

formation by intrinsic pathway. 7-8. 64-65, 

generation on platelet surface. 25-27, 31 

5-HT and ATP release from platelets. 146 
induction of platelet secretion, 145 
influence on factor V, 8. 18 
influence on  factor VIII, 8. 48-50 
influence on  factor XIII, 8. 221 
influence on  platelet glycoprotein V ,  145 
influence on  platelet procoagulant activity. 

inhibition by antithrombin 111 and heparin. 

inhibition by DFP, 154, 263 
inhibition by heparin cofactor 11, 276278 
platelet alpha-granule and dense granule secre- 

protein C activation, 8. 29G294 
Thrombin-platelet interaction, 145 
Thrombolysis mechanism, 243-25 I 
Thrombolysis in vivo, 251-255 
Thrombomodulin, 291-293 
Thromboxane A:, 146 
Tissue repair, 5 
Tissue t hromboplastin, 129- 138 

70-7 1 

70-7 1 

148-155 

152- 155 

263-264, 272-214 

tion, 8, 145 

apoprotein 111. 130 
components, 130 
composition, 130 
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Tissues thromboplastin, (conrinued) 
extrinsic pathway, 5 .  129 
generation by endotoxin. 132 
influence on factor VII, 133-134 
mechanism of action, 136137 
molecular weight. 130 
monocytes, 130, 132-133, 137 
occurrence. 13C-132 
purification, 130 
role in coagulation. 5, 129 
sepsis, 132 

catalytic site, 247 
gene cloning, 246-247 
molecular weight, 247 
properties, 247 
purification. 246 
release and inhibition. 247-248 
thrombolytic properties, 25 1-254 

factor XI activation. 109 

Tissue-type plasminogen activator, 246248 

Trypsin 

Urokinase, 117-118. 245-246 

Vasoconstriction, 4 
Venoms 

Echis carinarus. 64 
Russell’s viper, 148 

Vessel wall, 92 
thromboplastin. 131-132 

Vitamin K, 87-99 
chloro-K, 96 
epoxidase, 95 
K and KO reductase, 96 
menaquinone, 98 
occurrence, 98 
phylloquinone. 98 
role in biosynthesis of clotting factors, 7.  63 

activation of, 63-75 
newborn, 99 

adhesion of platelets to subendothelium. 4,  

response to transfusion. 52 
similar reduction of factor VIII clot-promoting 

Vitamin K-dependent clotting factors, 7 ,  63 

Von Willebrand’s disease (VWD) 

145- 146 

activity and antigen, 52, 54 
Von Willebrand’s factor, 4. 145-146, 227 

complexing with factor VIII, 53-54 
in ha.emophilic plasma, 45. 54 
production by endothelial cells, 8 
relation to factor VIII, 53-54 
role in haernostasis, 4 

Zymogen activation, 60-62 


